© by PSP

Volume 31– No. 10/2022

Fresenius Environmental Bulletin

FEB - FRESENIUS ENVIRONMENTAL BULLETIN
Founded jointly by F. Korte and F. Coulston
Production by PSP - Vimy Str. 1e, 85354 Freising, Germany in
cooperation with PRT-Parlar Research & Technology - Vimy Str 1e, 85354 Freising
Copyright© by PSP and PRT, Vimy Str. 1e, 85354 Freising, Germany

All rights are reserved, especially the right to translate into foreign language or other processes - or convert to a machine language, especially
for data processing equipment - without written permission of the publisher. The rights of reproduction by lecture, radio and television
transmission, magnetic sound recording or similar means are also reserved.

Printed in Germany-ISSN 1018-4619

© by PSP

Volume 31– No. 10/2022

Fresenius Environmental Bulletin

FEB-EDITORIAL BOARD
CHIEF EDITOR:
Prof. Dr. H. Parlar
Parlar Research & Technology-PRT
Vimy Str.1e
85354 Freising, Germany

MANAGING EDITOR:
Dr. P. Parlar
Parlar Research & Technology-PRT
Vimy Str.1e
85354 Freising, Germany

CO-EDITORS:
Environmental Spectroscopy
Prof. Dr. A. Piccolo
Universita di Napoli “Frederico II”
Dipto. Di Scienze Chemica Agrarie
Via Universita 100, 80055 Portici, Italy
Environmental Biology
Prof. Dr. G. Schuurmann
UFZ-Umweltzentrum Sektion Chemische Ökotoxikologie
Leipzig-Halle GmbH, Permoserstr.15, 04318
04318 Leipzig, Germany
Prof. Dr. I. Holoubek
Recetox-Tocoen
Kamenice126/3, 62500 Brno, Czech Republic
Prof. Dr. M. Hakki Alma
Igdir Universitesi
76000, Igdir, Turkey
Prof. Dr. A. Reichlmayr-Lais
Technical University of Munich
Arcisstraße 31
80333 Muenchen,Germany
Environmental Management
Dr. K. I. Nikolaou
Env.Protection of Thessaloniki
OMPEPT-54636 Thessaloniki
Greece
Environmental Toxicology
Prof. Dr. H. Greim
Senatkommision – DFG / TUM
85350 Freising, Germany

Environmental Analytical Chemistry
Prof. Dr. M. Bahadir
Lehrstuhl für Ökologische Chemie
und Umweltanalytik TU Braunschweig
Lehrstuhl für Ökologische Chemie
Hagenring 30, 38106 Braunschweig, Germany
Dr. D. Kotzias
Via Germania29
21027 Barza(Va), Italy
Prof. Dr. R. Kallenborn
Norwegian University of Life Sciences
Universitetstunet 3 1430 As,Norway
Environmental Education
Prof. Dr. C. Bayat
Yeni Yüzyil Üniversitesi
34010 Zeytinburnu, Istanbul, Turkey
Environmental Medicine
Prof. Dr. I. Tumen
Bandirma 17 Eylül Üniversitesi
10200 Bandirma, Turkey
Dr. J. Burhenne
Universitaet Klinikum
Im Neuenheim Feld 410
69120 Heidelberg,Germany
Environmental Proteomic
Dr. A. Fanous
Halal Control GmbH
Stahlstraße 44
D-65428 Rüsselsheim, Germany

ADVISORY BOARD
Dr. D. C. G. Muir
University of Guelph
School of Environmental Sciences
50 Stone Road East
Guelph,Ontario,N1G 2W1,Canada

Prof. Dr. C. E. W. Steinberg
Institute für Biologie
Arbeitsgruppe Gewässerökologie
Humboldt-Universität zu Berlin
Späthstraße 80/81 12437 Berlin,Germany

Dr. J. P. Lay
Environmental Biologist
Wittlagerstraße.20
49152 Bad Essen

Prof. Dr. L. O. Ruzo
EAG Laboratories GmbH
Eislelauer Weg 4
89081 Ulm,Germany

Prof. Dr. R. Nießner
Institut für Wasserchemie und Chemische Balneologie
Lehrstuhl für analytische Chemie der TU München
Marchioninisraße 17 81377 München,Germany

Prof. Dr. K. Fischer
Analytische und Ökologische Chemie
Universität Trier
Beringstraße 21, 54296 Trier

Prof. Dr. W. Vetter
Institute für Lebensmittelchemie
Universität Stuttgart
70593 Stuttgart,Germany

Prof. Dr. K. Bester
Environmental Chemistry
Aarhus Universitet
Nordre Ringgade 1,8000 Aarhus ,Denmark

Marketing Manager
Cansu Ekici, MSC. of B.A.
PRT-Research and Technology
Vimy Str 1e 85354 Freising, Germany

E-Mail: harun.parlar@tum.de
parlar@prt-parlar.de
Phone: +49/8161887988

© by PSP

Volume 31– No. 10/2022

Fresenius Environmental Bulletin

Fresenius Environmental Bulletin is abstracted/indexed in:
Biology & Environmental Sciences, BIOSIS, CAB International, Cambridge Scientific abstracts,
Chemical Abstracts, Current Awareness, Current Contents/Agriculture, CSA Civil Engineering
Abstracts, CSA Mechanical & Transportation Engineering, IBIDS database, Information Ventures,
NISC, Research Alert, Science Citation Index (SCI), Scisearch, Selected Water Resources Abstracts

© by PSP

Volume 31– No. 10/2022 pages 9885-9889

Fresenius Environmental Bulletin

CONTENTS
ORIGINAL PAPER
DEEP LEARNING OF UNDERGROUND COGNITIVE RADIO MODULATION RECOGNITION TECHNOLOGY USING FOR COAL MINING

9890

Zhaoyang Liu, Anyi Wang, Li Li
RESEARCH ON MULTIPLE OBJECTIVE PLANNING MODEL OF E-COMMERCE LOGISTICS DISTRIBUTION CENTER UNDER CARBON
EMISSIONS

9901

Lingjie Cai
A NOVEL EMISSION CONTROL MODEL OF CONSTRUCTION DUST POLLUTION UNDER THE BACKGROUND OF ECOLOGICAL
ENVIRONMENT

9909

Fang Liu, Hongyan Han, Hongyan Gu
RESEARCH ON REVERSE INCENTIVE MECHANISM OF RURAL WASTE SEPARATION AND RECYCLING UNDER INTELLIGENT
ENVIRONMENT PROTECTION

9918

Zhengbao Lv, Qian Wang
A NOVEL CASING PROGRAM DESIGN METHOD FOR MANAGED PRESSURE DRILLING BASED ON ARTIFICIAL BEE COLONY
ALGORITHM

9926

Renjun Xie, Xingquan Zhang, Yuqiang Xu, Chao Han, Fan Xiao
RESEARCH ON THE CHEMICAL COMPOSITION OF THE COLOR GENESIS OF COLORED TOURMALINE BASED ON THE
REQUIREMENTS OF ENVIRONMENTAL PROTECTION PROPERTIES

9933

Ming Li
EXPERIMENTAL STUDY ON RESERVOIR DAMAGE MECHANISM AND TREATMENT OF CHEMICAL AGENTS IN FRACTURING FLUIDS

9941

Lijun Ma, Zhonghui Yao, Yan Feng, Yunpu Yang
EVALUATION OF RESERVOIR PROPERTIES OF UPPER PALEOZOIC TIGHT GAS SANDSTONES IN NORTHEASTERN ORDOS BASIN,
CHINA

9949

Zenghui Chen, Wenqiang Zhang, Yinbao Zhang, Xiang Kang
OPTIMAL DESIGN OF OUTDOOR WIND ENVIRONMENT FOR URBAN GREEN BUILDINGS

9958

Zhensheng Li
A NOVEL LOGGING INTERPRETATION METHOD FOR TIGHT SANDSTONE RESERVOIR-TAKING CHANG 6~7 RESERVOIRS IN
ZHENGNING-HESHUI AREA OF ORDOS BASIN FOR EXAMPLE

9966

Jie Hao, Yidong Yuan, Boyu Jiang, Meirong Liu
STUDY ON THE KEY TECHNOLOGY OF LONG-SPAN BRIDGE CONSTRUCTION IN MARINE ENVIRONMENT

9977

Xia Yang, Jing Hao
IDENTIFICATION OF DISTINCTIVE AGRO-PHYSIOLOGICAL AND MOLECULAR RESPONSES TO SEAWATER STRESS AMONG
TOLERANT AND SENSITIVE GENOTYPES OF BARLEY

9988

Samah A Mariey, Ismael A Khatab, Esraa H Mousa, Amal Alyamani, Mona A Farid
SIRTUIN 2 GENE EXPRESSION IN Helicobacter pylori INFECTED GASTRIC CANCER PATIENTS OF PESHAWAR PAKISTAN: A CASE
CONTROL STUDY

10007

Hazir Rahman, Asma Qudrat, Asad Ali Shah, Syed Ali Raza Shah, Mohamed A Alblihd, Khalid J
Alzahrani
THE STUDY ON RESIDENTS’ CHOICE OF SOLID WASTE SORTING MEASURES BY PIVOTAL STATISTICS AND STRUCTURAL
EQUATION MODEL

10011

Wenjun Zhang, Wenrou Yu, Yuanyan Jiang, Jiawei Huang, Chuan Huang, Li-ao Wang, Xiang
Wang, Lei Wang, Yingzhou Huang
ENVIRONMENTAL EVOLUTION AND GREEN DEVELOPMENT OF PASTORAL ECOLOGICAL RESERVES BASED ON REMOTE SENSING
AND GIS TECHNOLOGY

10020

Ke Liang, Zhanke Liu, Guopeng Li, Xiaomin Zhou, Weidong Liu, Xiubo Ren
THE POSSIBILITY OF SUSTAINABLE PRODUCTION OF BUCKWHEAT AND QUINOA CROPS ON MODERATELY DEGRADED LAND IN
VOJVODINA (NORTHERN SERBIA)

Tatjana Vijatov, Gordana Drazic, Jelena Milovanovic, Jela Ikanovic, Filip Jovanovic

9885

10027

© by PSP

Volume 31– No. 10/2022 pages 9885-9889

Fresenius Environmental Bulletin

TRACING THE EFFECT OF DIFFERENT SOURCES OF SOIL POLLUTION WITH HEAVY METALS ON THE STATUS OF POLLUTION
INDEXES AND THE DISTRIBUTION OF CHEMICAL FORMS FOR EACH ELEMENT AMONG ITS COMPONENTS

10037

Raafat, A Ali, Mohamed El-Kammah, Mai Abd Elhamid, Khaled Abdelaal, Shimaa Elmahdy
SYNTHESIS AND CHARACTERIZATION OF MICRO-NANO ENVIRONMENTAL FRIENDLY FILTRATION REDUCER FOR WATER-BASED
DRILLING FLUIDS

10046

Junyi Liu, Xueyu Zhao, Ye Xia
FIELD STRENGTH PREDICTION OF MINE ENVIRONMENT BASED ON LS-SVM PARAMETERS

10056

Guanni Ji
ON NON-POINT SOURCE POLLUTION OF RAINFALL RUNOFF - A CASE STUDY OF A UNIVERSITY IN NANCHANG

10064

Zhengong Tong, Wenxiu Chen, Zhicheng Xi, Yurun Liu, Caixai Kang, Longwang Fu
QUANTITATIVE EXPERIMENTAL STUDY ON HUMAN EXERCISE ENERGY CONSUMPTION IN HIGH TEMPERATURE AND HUMIDITY
NATURAL ENVIRONMENT

10074

Dayong Dong
EXPERIMENTAL STUDY ON THE EFFECT OF STRESS ON THE PERMEABILITY OF TIGHT SANDSTONE RESERVOIRS UNDER
SATURATED FORMATION WATER CONDITIONS

10082

Kai Li, Xiaolong Li, Lei Liu, Chenkai Liu
APPLICATION OF FRACTAL DIMENSION IN PORE STRUCTURE OF WATER SENSITIVE SANDSTONE RESERVOIR TAKING THE EAST
1ST MEMBER RESERVOIR OF NANPU OILFIELD AS AN EXAMPLE

10089

Xiulan Zhu, Yanlong Ran, Yining Zhou, Tai Xu, Zhanjun Chen, Shengling Jiang, Yidong Yuan,
Yanju Li
HEAVY METAL POLLUTION ASSESSMENT AND POLLUTANTS RELEASE CHARACTERISTICS OF SEDIMENTS UNDER DIFFERENT
DREDGING CONDITIONS

10098

Weihua Peng, Manli Lin, Bing Liao
EFFECT OF DIFFERENT CATIONS ON THE CADMIUM ADSORPTION ON GRAPHENE-MODIFIED BIOCHAR

10109

Yuna Zhang, Junxing Zhao, Xiaoli Huang
APPLICATION OF A THIAMETHOXAM-DEGRADING BACTERIUM, Bacillus ToyonensisSCQ-Z03 FOR BIOREMEDIATION OF
THIAMETHOXAM POLLUTION

10118

Yan Zhao, Yuanyuan Yu, Xiaolou Li, Chunhong Song, Chengxiao Zhao
STRUCTURAL DIVERSITY AND FOREST TREE SPECIES COMPOSITION OF SHERINGAL VALLEY DIR-KOHISTAN, PAKISTAN

10128

Noor Ullah, Juma Muhammad, Ibrahim Khan, Sohail Ahmad Jan, Mahmoud Moustafa,
Mohammed Al-Shehri, Arshad Iqbal
FUMIGANT AND CONTACT TOXICITY OF SOME ESSENTIAL COMPONENTS AGAINST THREE STORED PRODUCT INSECTS

10136

Hala Raafat Abu Arab, Attia Youssef Keratum, Ahmed Mohamed Abouelatta, Hisham Moustafa ElZun, Yaser Hafez, Khaled Abdelaal
EFFECTS OF PEAT AND MUSSEL SHELL ON MICROBIAL REMEDIATION OF SOIL PETROLEUM HYDROCARBON POLLUTION

10144

Juan Ping, Shijie Wang, Yunmin Zeng, Kejin Chen, Li Fan, Xiang Wang, Jing Luo, Yi Wang
MICROBIAL COMMUNITY REPLACEMENT IN BTEX CONTAMINATED SOIL UNDER FREEZING-THAWING-FREEZING CONDITIONS

10154

Yue Miao, Lei Zhang, Jiaxin Zhuo, Qi Zhao, Song Wang
THE AGE OF Sitotroga cerealella (OLIVIER) (LEPIDOPTERA: GELECHIIDAE) EGG SIGNIFICANTLY INFLUENCES THE FUNCTIONAL
RESPONSE OF Trichogramma evanescens (WESTWOOD) (HYMENOPTERA: TRICHOGRAMMATIDAE)

10163

Mohamed B Shawer, El-Kazafy A Taha, Ramzy M Sherif, Elizabeth Z Shenishen, Montaser M
Hassan, Kareem M Mousa
CONTROL OF MICROPORE STRUCTURE OF THE TIGHT VOLCANIC ROCK RESERVOIR TO GAS DELIVERABILITY IN YINGTAI GAS
FIELD

10171

Zhongcheng Li, Zhidong Bao, Sirui Lin, Qixuan Chen, Pu Wang, Di Wu, Liu Zhan
RESEARCH ON THE COUPLING AND COORDINATION OF GREEN FINANCE AND AGRICULTURAL ECOLOGICAL ENVIRONMENT:
ANALYSIS BASED ON THE DATA OF CHINA FROM 2009 TO 2020

Qi Guo, Cuijin Li, Guoyu Cong

9886

10181

© by PSP

Volume 31– No. 10/2022 pages 9885-9889

Fresenius Environmental Bulletin

EFFECTS OF FERTILIZATION ON PLANT-SOIL ECOLOGICAL STOICHIOMETRIC CHARACTERISTICS OF DEGRADED ARTIFICIAL
GRASSLAND IN KARST AREA

10190

Yongkuan Chi, Shuzhen Song, Degang Zhao, Jiahai Wu
RESEARCH ON THE DAMAGE MECHANISM OF LOWER PALEOZOIC RESERVOIRS IN CHANGQING GAS FIELD

10199

Ping Chen, Xiaofeng Dang, Yaogang Zhang, Zhigang Wang, Huaibing Chen, Yan Xue, Hui Mao
POLLUTION ASSESSMENT AND SOURCES OF SEDIMENT HEAVY METALS IN THE NORTHERN FOUR-ISLAND AREA OF YANTAI,
CHINA

10210

Pengpeng Zhang, Junwei Tang, Lei Hu, Xiangming Kong, Hongbo Liu, Xiaodan Wang, Bin Zhang,
Qiang He, Yanxiang Lei, Qiao Chen, Qinghai Deng, Xuewenyu Wang, Jie Cui
RESPONSE OF THE BIOMASS ALLOCATION PATTERN AND ALLOMETRIC GROWTH MODEL TO EXOGENOUS PLANT HORMONE OF
Hylotelephium erythrostictum

10221

Haoming Li, Qingfeng Li, Yan Qu, Yunfei Bai, Bin Dong, Zifan Wang
EFFECT OF RICE STRAW BIOCHAR ON CADMIUM AND LEAD UPTAKE BY PEANUT

10230

Fangyu Zhang, Baokun Su, Shangqiang Liao
EFFECT OF DIFFERENT CATIONS ON MERCURY SORPTION ON VARIOUS BIOCHAR

10236

Baokun Su, Zhi Li, Xin Song, Shangqiang Liao
INFLUENCE OF BRINE COMPONENTS ON PERFORMANCE OF WATER-BASED DRILLING FLUIDS IN HIGH-PRESSURE BRINE
FORMATIONS

10245

Haiyang Zhao, Wei Gao, Hao Luo, Hui Mao
TEMPORAL AND SPATIAL DYNAMIC CHANGES OF THE VOLATILE COMPONENTS OF Sedirea japonica

10254

Suhua Jiang, Fang Liang, Shiming Han, Suyan Niu, Xiuyun Yuan, Shenping Xu, Zhang Yan, Zhu
Yunhao
HUMIFICATION CHARACTERISTICS OF PRODUCTS FROM HYDROTHERMAL TREATMENT OF AQUATIC WASTES

10263

Huijun Zhang, Nana Xie, Tengtun Xu, Zihong Fan, Xiaomin Tang, Chunhong Tang
SENSITIVITY QUICK SCREENING OF WHEAT GENOTYPES TO WATER STRESS

10270

Seddiq Mohamed Ahmed El Musafah, Snezana Jankovic, Danijela Pavlovic, Divna Simic, Vesna
Kandic, Sladjan Stankovic, Nenad Duric
XRF, XRD, FT-IR AND SEM ANALYSIS THE BLACKENED TRAVERTINE RESEARCH IN HUANGLONG: A WORLD NATURAL HERITAGE
SICHUAN CHINA

10279

Xinze Liu, Wenhao Gao, Weizhen Zhang, Ying Zeng, Songjiang Zhao
SEEDS AND SEEDLINGS OF Glycyrrhiza uralensis FISCH. IN SALINE AND NON-SALINE HABITATS HAVE DIFFERENT SOIL MOISTURE
DEMANDS

10287

Jun-jun Gu, Miao Ma
GENETIC AND MOLECULAR EVALUATION OF SILICA NANOPARTICLES EFFECTS ON TOMATO PERFORMANCE UNDER SEAWATER
STRESS AND THEIR INFLUENCE ON THE EXPRESSION OF TWO SALINITY TOLERANCE RELATED GENES

10296

Nada A El-Morsy, Ali A Aboshosha, Antar N El-Banna, Said A Dora
THE RELATIONSHIP BETWEEN SPIDER MITE, Tetranychus Urticae AND ITS PREDATORY MITE, Amblyseius Fallacis IN THE
PRESENCE OF CHEMICALS

10311

Al-Shimaa M Abou-Akar, Attiah Y Keratum, Ahmed A Ismail, Yaser Hafez, Khaled Abdelaal
INVERSION OF SOIL NITROGEN CONTENT IN FARMLAND SOIL BASED ON SPECTROSCOPY AND PLSR

10319

Min Kang, Jie Kang, Shaodong Qu, Jinbao Liu
THE EFFECT OF AN IMPROVED IRRIGATION SYSTEM USING DIFFERENT ENERGY SOURCES ON THE PRODUCTIVITY OF CORN
CROP

10325

Hussain Mohamed Sorour, Mohamed Ibrahim Elmeadawy, Nermeen Mohammed Tolba, Shaimaa
Abd Elhamed abu-Rehap, Khaled Abdelaal
BACTERIAL LEAF SPOT DISEASE OF PEPPER CAUSED BY Xanthomonas axonopodis IN SAUDI ARABIA: IDENTIFICATION AND
BIOCONTROL USING Streptomyces sp. In-Vitro

10333

Ayman F Omar, Medhat Rehan, Ahmad Al-Turki
MULTI-INDEX CHEMOMETRICS ANALYSIS OF FIVE KINDS OF TEA PRODUCED IN YUNNAN, CHINA

Libing Zhou, Qin Zhang
9887

10342

© by PSP

Volume 31– No. 10/2022 pages 9885-9889

Fresenius Environmental Bulletin

GENE ANALYSIS OF THE GROWTH-PROMOTING FUNCTION OF Paenibacillus mucilaginosus ON GREENHOUSE TOMATO

10355

Wei Yang, Yang Yang, Yingnan Zhao, Minshuo Zhang, Xiaoxi Mao, Yanjie Guo, Xiangyu Li, Bu
Tao, Yongzhi Qi, Li Ma, Wenju Liu, Bowen Li, Hong J Di
SELECTIVE CATALYTIC REDUCTION (SCR) - UNIFORMITY EVALUATION METHOD AND IMPACT STUDY

10367

Ke Sun, Chang Huang, Dailong Shi, Guoxiang Li, Haiyang Zhao, Shuzhan Bai
PERFORMANCE EVALUATION AND MECHANISM STUDY OF ENVIRONMENT-FRIENDLY POLYMER MICROSPHERES/SURFACTANT
COMPOSITE FLOOD CONTROL SYSTEM

10375

Jiajie Zhu, Lu Yang, Kun Zhao, Yongquan Han
APPLICATION OF POLYCARBOXYLIC ACID SCALE INHIBITOR IN TEXTILE AIR CONDITIONING SPRAY WATER SYSTEM

10383

Suqian Yan, Rui Feng, Li Qin, Bo Shi
ANALYSIS ON COMPREHENSIVE TREATMENT STRATEGY OF DOMESTIC WATER POLLUTION IN URBAN AND RURAL RESIDENTIAL
ENVIRONMENT BASED ON WATER RESOURCES TREATMENT MODEL

10392

Fangming Zhou
RESPONSES OF RHIZOSPHERE SOIL PHYSICOCHEMICAL PROPERTIES, ENZYME ACTIVITIES AND BACTERIAL COMMUNITY TO
INTERCROPPING Sophora Viciifolia HANCE IN Pennisetum Sinese ROXB PLANTATIONS IN SUBTROPICAL CHINA

10400

Puchang Wang, Leilei Ding, Yujun Zhang, Zhongfu Long, Zhiwei Wang, Lili Zhao
ANALYSIS OF SAFE MUD DENSITY WINDOW AND ITS INFLUENCING FACTORS OF COALBED METHANE WELLS WITH MODERATE
COLLAPSE

10410

Wanlong Huang, Wentie Sun, Hanyu Liu
PHOTOCATALYTIC DEGRADATION OF NORFLOXACIN ON C dS/g-C 3 N 4 COMPOSITES IN WATER

10419

Guoqiang Lai, Jie Yang, Zanen Wu, Shibiao Wu, Xia Chen, Yejun Ge, Yaru Li, Yaqin Wang
SPATIAL VARIATIONS IN THE NITROGEN FORMS OF SEDIMENTS IN POYANG LAKE DURING THE DRY SEASON

10428

Caixia Kang, Yurun Liu, Wenxiu Chen, Zhicheng Xi, Zhengong Tong
MODEL FITTING ANALYSIS OF THE ADSORPTION BEHAVIOR OF AGED POLYLACTIC ACID MICROPLASTICS TO COPPER

10439

Jiangnan Zhang, Xiaoguang Mu, Yongjie Wang, Tianze Qu, Wensheng Xue, Wenbo Li
MOLECULAR IDENTIFICATION OF NEW RACES OF Agrobacterium SPP USING GENOMIC SEQUENCING-BASED ON 16S PRIMERS:
SCREENING OF BIOLOGICAL AGENTS AND NANO-SILVER WHICH MITIGATED THE MICROBE in vitro

10447

Yaser M Hafez, Kamal El-Kazzaz, Elsayed M El-Kady, Nahed M Riad, Kotb Attia, Khaled Abdelaal
RESEARCH ON REMEDIATION OF SOIL PETROLEUM POLLUTION BY FENTON-LIKE CATALYST CARRIED BY PERMUTITE

10459

Luo Yuhu, Lu Nan, Wei Yang
SPATIOTEMPORAL HETEROGENEITY AND DISPARITIES DECOMPOSITION OF CHINA'S URBAN GREEN AND LOW-CARBON
PRODUCTION EFFICIENCY

10466

Zihong Chen, Hualei Ju
SEDIMENTARY FACIES MODEL OF DONGYING FORMATION IN THE EASTERN SAG OF LIAOHE OILFIELD, CHINA

10476

Feilong Li, Lixun Sun, Xuesong Bai, Hengchun Zhuang
RESEARCH AND APPLICATION OF FULL-SPACE TRANSIENT ELECTROMAGNETIC RESPONSE IN CONCEALED WATER SOURCE
ENVIRONMENT AFFECTED BY LOW RESISTIVITY SHIELDING

10485

Changfang Guo, Tingjiang Tan, Xiang Wu, Yiding Chen, Tieyu Zhang, Liuzhu Ma
NOTICE
RESEARCH ON INTERNAL GEO-ECONOMIC RELATIONSHIP BASED ON COMPUTER FRACTAL MODEL IN LARGE-SCALE URBAN
AGGLOMERATION ENVIRONMENT

10498

Lingwei Chen
AUTOMATIC MONITORING METHOD OF HYDRAULIC OIL TANK LEAKAGE OF INTEGRATED BULLDOZER UNDER ENVIRONMENTAL
POLLUTION

10506

Lixin Gu
STUDY ON THE DAMAGE RISK ASSESSMENT OF MINING GEOLOGICAL AQUIFER BASED ON REMOTE SENSING MONITORING
METHOD

Xiaojing Wang, Chenxi Tan, Xiaobin Wang

9888

10513

© by PSP

Volume 31– No. 10/2022 pages 9885-9889

Fresenius Environmental Bulletin

OPPORTUNITIES AND PROBLEMS OF APPLICATION OF INDEX INSURANCE MODEL IN AZERBAIJAN

10523

Maharram Huseynov, Elchin Salahov, Tarana Bagirov, Aynur Mammadov, Tarana Ismayilova
APPLICATION OF CLUSTER ANALYSIS IN THE STUDY OF PETROLEUM GEOLOGICAL OVERPRESSURE - TAKING WELL Y1-9 AS AN
EXAMPLE

Jinhu Han

9889

10533

© by PSP

Volume 31– No. 10/2022 pages 9890-9900

Fresenius Environmental Bulletin

DEEP LEARNING OF UNDERGROUND COGNITIVE
RADIO MODULATION RECOGNITION TECHNOLOGY
USING FOR COAL MINING
Zhaoyang Liu, Anyi Wang*, Li Li
College of Communication and Information Engineering, Xi’an University of Science and Technology, Xi’an, 710054, China

ABSTRACT

INTRODUCTION

The intelligentization of coal mining is an important guarantee for the high-quality development
of the coal industry. However, the current coal mine
wireless communication network construction still
has problems such as low informatization and poor
compatibility of the equipments and systems. In order to solve these problems, in this paper, we propose
an algorithm to automatically identify a variety of
digital modulation signals, and then the automatic
modulation recognition of digital signals in underground mines is realized. The modulation recognition methods based on signal feature extraction and
deep learning have been systematically studied respectively. Nine commonly used modulation signals
of BPSK, QPSK, 8PSK, 16PSK, 16QAM, 64QAM,
256QAM, 4PAM and GMSK under the mine fading
channel are identified and classified. By analyzing
the relationship between the high-order cumulant of
the signal and the small-scale Nakagami fading of
the mine, the high-order cumulant of the signal passing through the fading channel is calculated. Then,
the fourth-order, sixth-order, and eighth-order cumulants of the signal are selected as the characteristic
parameters to construct the eigenvalue vector. In this
research, decision tree, support vector machine
(SVM) and fully connected neural network are used
as target classifiers to realize the identification of
nine modulation signals under mine fading channels.
The simulation comparison results show that the
CLDNN model has better recognition performance
than machine learning network models such as decision trees and genetic optimization support vector
machines. For the test on the simulated mine signal
data set, the recognition rate when the SNR is -5 dB
is 69%, and when the SNR is 0 dB, the recognition
rate is over 92%.

In recent years, with the rapid development of
coal mine wireless communication technology,
multi-base station wireless communication systems
such as ZigBee, WI-FI, 2G, 3G, 4G, and 5G can coexist underground [1-4]. Due to the different signal
modulation methods adopted by different communication systems, it is easy to cause the reliability and
compatibility of the communication system in a limited space such as a mine to deteriorate [5-7]. Therefore, accurately identifying the signal modulation
method will be the basis for the fusion of the mine
communication system [8-10]. In addition, the construction of smart coal mines requires the establishment of a new communication network system [1114]. Cognitive radio technology can allocate limited
spectrum resources in mines reasonably and efficiently through spectrum sharing [15-17]. Therefore,
it is necessary to study the identification of time-frequency overlap signal modulation in the spectrum
sharing mode [18-19].
At present, modulation recognition methods are
mainly divided into three categories: recognition
methods based on decision theory, pattern recognition methods based on feature statistics, and modulation recognition methods based on deep learning
[19-21]. The first type of method requires very high
signal prior information, and the second type of pattern recognition method based on feature statistics is
widely used and the algorithm is mature [22-23].
In recent years, deep learning has gradually
been applied in the field of wireless communication
[22-24]. These studies mainly use signal preprocessing methods to convert the signal into image information for deep learning. It uses the in-phase
component and quadrature component information
of the receiving end signal as the input of the deep
network model, which can achieve the purpose of
identifying the signal [23-26]. At present, most researches on digital modulation recognition based on
deep learning focus on ideal Gaussian white noise
environment. However, there are very few studies on
modulation recognition in the fading channel environment of mines.
In this paper, we propose an algorithm to auto-

KEYWORDS:
Coal mining, Modulation recognition, Nakagami fading
channel, high-order cumulant, deep neural network, fully
connected neural network
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matically identify a variety of digital modulation signals, and then the automatic modulation recognition
of digital signals in underground mines is realized.
This method combines high-order cumulant features,
Fourier transform, and deep neural network models,
and realizes the identification of nine modulation
signals with fewer feature parameters: BPSK, QPSK,
8PSK, 16PSK, 16QAM, 64QAM, 256QAM, 4PAM,
GMSK.

ing is a random variable that obeys a normal distribution, and its probability density function is as follows:

p( g )

2
2
1

e  (ln g u ) / 2V
°
2
® 2SV g
°0
¯

g >0

gd0
(4)
(3) High-order cumulant of the signal in the
fading channel environment of mine. The higher-order cumulant is calculated from the higher-order moments. The functions of higher-order moments and
higher-order cumulants are:

DATABASES AND METHODS
Mine information channel model. (1) Mine
small-scale fading channel. The space environment
of the mine is very complex, and the reflection and
scattering on the wireless signal propagation path are
full of uncertainty. Therefore, it is necessary to carry
out probability statistics on the channel characteristics to establish a downhole channel model. Among
the small-scale models, the Nakagami-m fading
channel model is the most representative mine smallscale fading model. In this paper, we found that when
the Nakagami distribution parameter m ȍ 
it is closer to the real mine channel environment. The
probability density function of this distribution is:
2m m r 2 m 1
mr 2
(1)
pR ( r )
exp(
)

* ( m): m
:

: =2V 2 =E ( R 2 )
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I ( w1 , w2 ,  , wn )
E{exp[ j ( w1 x1  w2 x 2      wn x n )]}

(5)

For a steady continuous random process x(t),
the p-th order q-th mixing moment can be expressed
as:
(6)
M pq E{[ x(t ) p  q x (t ) q ]}
In the above formula, E represents expectation,
and the relationship of its cumulative amount is as
follows:
q

Cum( x1 , x2 ,  xk )

¦ (1)

q 1

(q  1)! E{ xi } (7)
p 1

iU p

In the above formula, ¦ ( ) represents the sum
of all partitioned sets (x1, x2,..., xk). q is the number
of divided subsets, and Up represents the subscript
set of the p-th subset among the q subsets.
(8)
C20 Cum( X , X ) M 20

R2

(2)
In the above formula, ı is the variance of the
Gaussian distribution, ȍ is the average power, and
E(g) is the mathematical expectation. ī(g) is the
standard Gamma(g) function. The parameter m in
formula (1) is called the fading index, which controls
the amplitude of the fading.
:2
1
(3)
m
t
2
2 2
2
E R :
2

C21

Cum( X , X )

C40

C42

C60

When the value of m is closer to 1, the fading is
smaller. When the value of m is larger, the probability density curve is closer to the pulse shape, indicating that the fading is more serious.
(2) Mine large-scale fading channel. The largescale fading under the mine tunnel is mainly caused
by the change of the magnetic field intensity in a
large range between the communication transmitting
end and the receiving end. However, this change in
magnetic field strength is caused by fluctuations
caused by electromagnetic waves being blocked by
mining equipment and roadway rock formations during the propagation of electromagnetic waves in the
underground mine. Generally, average path loss and
shadow fading can be used to comprehensively describe large-scale fading. Because there are many
obstacles in the mine, it is easy to cause the average
value of the signal at the receiving end to change, so
shadow fading is used to describe the large-scale fading of the wireless channel in the mine. Shadow fad-

M 21

Cum( X , X , X , X )

(9)
2
M 40  3M 20
(10)

Cum( X , X , X , X ) M 42  | M 20 |2 2( M 21 ) 2
(11)
Cum( X , X , X , X , X , X ) M 60  15M 40 M 20  30( M 20 )3
(12)
2

C63 Cum( X , X , X , X , X , X ) M 63  9M 42 M 21  9 M 20 M 21  12M 213

(13)

C80 Cum( X , X , X , X , X , X , X , X )
M 80  28M 20 M 60  35M 402  420M 202 M 40  630M 204
(14)
According to the above formula, the theoretical
value of the high-order cumulant of the nine signals
of BPSK, QPSK, 8PSK, 16PSK, 16QAM, 64QAM,
256QAM, 4PAM and GMSK can be calculated when
the average power is 1. Among the nine common
modulation signals in mine communication systems,
the high-order cumulant difference of QAM signals
is relatively small, and other signals can be easily
distinguished.
Decision tree classification algorithm based
on high-order cumulant features. Among the sig-
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nal modulation recognition algorithms based on feature extraction, the application of decision tree algorithms based on decision threshold recognition is relatively simple. However, the algorithm calculation
of the decision tree classifier is relatively small and
the execution efficiency is high.
In different channel environments, the high-order cumulant characteristic value of each signal is
different even under the same signal-to-noise ratio.
Therefore, different decision tree decision thresholds
need to be established for different channels. The
flow of the decision tree algorithm is shown in Figure 1.

Fresenius Environmental Bulletin

applications. The second method is the indirect
method, and its main idea is to use multiple SVM
two classifiers to design multiple classifiers, mainly
including one-to-many method, one-to-one method
and binary tree method.
In this paper, considering the complexity of the
structure of the SVM multi-classifier and the computational cost, the one-to-many classification
method is adopted to realize the simulation experiment of the recognition of nine kinds of modulation
signals in the mine (Figure 2).
There are 9 types of modulation signals to be
recognized in the one-to-many method, and the number of SVM classifiers constituting the multi-classification is 9. In the training process of these nine
classifiers, taking the first classifier as an example, it
first sets the first type of data as a positive class, and
the remaining 8 types of data as a negative class. In
the same way, for the second category, set the second
category of data as the positive category, and the remaining 8 categories as the negative category. The
amount of positive and negative data in each classifier must be the same.

Support vector machine classification algorithm based on high-order cumulant features. To
use SVM to realize the identification of nine kinds
of modulation signals in the mine, it is necessary to
construct an SVM multi-classifier. Its construction
methods can be divided into two types: The first
method is to directly modify the objective function
to include all the parameters of the required multiclass problem. However, this method is computationally complex and not convenient for engineering

Modulation signal
Down conversion processing
calculate the characteristic parameters
f1 f 2 f 3
ǃ ǃ
Y

N

f 2 ! f 21

16QAM/64QAM/256QAM/Q
PSK/8PSK/16PSK/GMSK

4PAM/BPSK
Y

Y

N

f1 ! f11

16QAM/64QAM/
256QAM/QPSK

4PAM

BPSK

Y

Y

N

f1 ! f13

16QAM/64QA
M/256QAM

QPSK
Y

f1 ! f14

N

f1 ! f12

8PSK/16PSK/GMSK

N

f3 ! f31

8PSK/16PSK

GMSK
N

f3 ! f32

64QAM/256QAM

16QAM

Y
Y

f1 ! f15

64QAM

256QAM

8PSK

FIGURE 1
Process of modulation recognition method based on decision tree.
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Nine different modulation modes

SVM
Classifier1

SVM
Classifier2

BPSK
QPSK
8PSK
16PSK
16QAM
64QAM
256QAM
4PAM
GMSK

QPSK
BPSK
8PSK
16PSK
16QAM
64QAM
256QAM
4PAM
GMSK

.. .

SVM
Classifier8

SVM
Classifier9

.. .

4PAM
BPSK
QPSK
8PSK
16PSK
16QAM
64QAM
256QAM
GMSK

GMSK
BPSK
QPSK
8PSK
16PSK
16QAM
64QAM
256QAM
4PAM

FIGURE 2
One-to-many classifier.
The weight between each two layers of the neural network is W, the activation function is f(g), and
the output sequence is:

Basic structure of fully connected neural
network. The identification of modulation signals
based on the characteristics of high-order cumulants
can be solved using feedforward neural networks.
Generally, the feedforward neural network adopts
the structure of fully connected neurons, which is
also called Fully Connected Neural Network
(FCNN). The basic structure of a fully connected
neural network is composed of an input layer, a hidden layer, and an output layer. The number of neuron
nodes in the input layer is the data dimension, and
the number of neurons in the output layer is the number of categories of the classification problem. The
number of hidden layers in the middle and the number of neurons in each layer can be defined autonomously. The output of each neuron node is completed by the activation function (Figure 3).
+LGGHQOD\HU

y [ y (1), y (2),..., y ( N out )]T
Then we can get:

y f (Wx  b)
(18)
When the network is a multi-layer fully connected network, neurons in each layer can receive
signals from neurons in the previous layer. Through
the activation function of each layer of neurons, signals are generated and output to the next layer, and
the signals are processed repeatedly and finally output to the output layer. Assuming that the number of
hidden layers of the network is L, the output of the
hidden layer network is:
u

1








FIGURE 3
Schematic diagram of fully connected network
structure.

The essence of the neural network is to repeatedly train through the training sample data to finally
obtain the optimal network model parameters
(weight W in the neural network).

Suppose the input sequence is:

x [ x(1), x(2),..., x( N in )]T

(15)

The deviation term b can be expressed as:

b [b(1), b(2),..., b( N out )]T

f ( L 1) (... f (2) (W (2) f (1) (W (1) x  b(1) )  b(2) )...  b( L 1) )

(19)
In Equation 19, u is the output of the hidden
layer. When solving multi-classification problems,
the output layer can use the Softmax regression classifier, and the sum of each type of conditional probability output by the corresponding output layer
should be 1. That is to satisfy ¦ j y j =1 . Where yj
represents the probability of category j. The activation function of the output layer selects the softmax(g)
function, as shown in formula 20.
eui
(20)
yi
u
¦je j

2XWSXWOD\HU

,QSXWOD\HU

(17)

(16)
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RESULTS
Analysis of simulation results based on decision tree (DT) model. We use MATLAB R2020a
simulation platform to carry out numerical analysis.
Nine kinds of modulated signal data under additive
white Gaussian noise channel and mine Nakagamim fading channel are generated respectively. The
number of symbols is 500, the symbol rate is 40kbit/s,
the signal carrier frequency is 1 MHz, the sampling
frequency is 8 MHz, the signal-to-noise ratio is from
-10 dB to 30 dB, and the step size is 2 dB. For each
modulation signal, 200 independent simulation experiments were performed under each signal-tonoise ratio.
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FIGURE 4
Average recognition rate of nine modulation signals under two different channels.
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The overall recognition results of the 9 randomly generated modulation signals in Gaussian
white noise channel and mine Nakagami fading
channel are shown in Figure 4. It can be seen from
Figure 4 that when the signal-to-noise ratio is above
12 dB in the Gaussian white noise channel, the decision tree classifier has an average recognition rate of
88% for the nine modulation signals. It is 8% higher
than the recognition rate under the Nakagami channel under the same signal-to-noise ratio. When the
signal-to-noise ratio is between -10 dB and 0 dB, the
recognition result based on the decision tree classifier is very poor, and it can hardly recognize the signal modulation mode correctly. When the signal-tonoise ratio is positive and gradually increases, the
signal modulation recognition rate under the two
channels is improved. When the signal-to-noise ratio
is more than 10 dB, the recognition rate under the
two channels basically tends to be stable.
Figure 5 shows the recognition of various types
of signals by the decision tree modulation classification algorithm in two channel environments. Under
Gaussian white noise, the decision tree classification
algorithm can accurately identify 7 kinds of modulation signals except for 64QAM and 256QAM modulation signals. In the mine Nakagami channel environment, it has a poor recognition effect on 16PSK
and high-order QAM modulated signals, and it cannot accurately recognize 64QAM and 256QAM even
at a high signal-to-noise ratio. In response to this
problem, an experiment was carried out, that is, the
MQAM signal was simulated, and the 400 eigenvalues generated by each signal under each signal-tonoise ratio were averaged. Thus, the characteristic
parameter f1 varies with the signal-to-noise ratio, and
the result is shown in Figure 6.

FIGURE 5
The variation curve of the recognition rate of the decision tree classification algorithm for
various signals with the signal-to-noise ratio.
Notes: (a) Recognition rate under Gaussian white noise channel; (b) Recognition rate under the small-scale Nakagami fading
channel of the mine.
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FIGURE 6
The variation curve of characteristic parameter f1 with signal-to-noise ratio.
Notes: (a) Eigenvalue f1 in Gaussian white noise channel; (b) Eigenvalue f1 under the small-scale Nakagami fading channel of
the mine.

FIGURE 7
The distribution of the f1 and f3 eigenvalues of the QAM signal.
Notes: (a) Eigenvalue f1 in Gaussian white noise channel; (b) Eigenvalue f3 in Gaussian white noise channel; (c) Eigenvalue f1 under the small-scale Nakagami fading channel of the mine; (d) Eigenvalue f3 in the mine small-scale Nakagami
fading channel.

For the characteristic parameter f1 of 64QAM
and 256QAM in Figure 6, when the signal-to-noise

ratio is greater than 0 dB, the characteristic value
curves of the two signals are obviously different.
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However, the actual decision tree model has a very
low recognition rate for 64QAM and 256QAM. In
this case, the curve of the characteristic value versus
the signal-to-noise ratio is calculated based on the
average value of the characteristic values of 400 signal samples under each signal-to-noise ratio, so it
cannot represent the true distribution of the characteristic values.
Further experiments: We selected the features f1
and f3 that can distinguish QAM signals, randomly
generated N=1 000 samples in a channel environment with a signal-to-noise ratio of 20 dB, and observed the sample distribution of signals in the QAM
class. Figure 6 shows the distribution of the eigenvalues of QAM signals f1 and f3 under two different
channels in the experimental simulation.
The feature expression ability of the feature parameter f1 in Figure 7 is better than the feature expression ability of the feature parameter f3. It can be
seen from Figure 6 that the constructed feature parameter f1 can distinguish between 16QAM and
{64QAM, 256QAM} signals in a Gaussian white
noise channel. In addition, it can distinguish 16QAM
and {64QAM, 256QAM} modulated signals under
the small-scale Nakagami-m fading channel of the
mine. However, the f1 eigenvalue distributions of the
two signals, 64QAM and 256QAM, are relatively
similar.
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than that of the modulated signals in the mine Nakagami fading channel under the low signal-to-noise
ratio. Under the high signal-to-noise ratio, the overall signal recognition rate of the two channels is relatively close. This is because the high-order cumulant features selected in this paper have better antinoise ability, and the high-order cumulant features of
each modulation signal have better discrimination.
In Figure 9, the SVM model has a low overall recognition rate of the nine modulation signals under the
two channels under the low signal-to-noise ratio.
When the signal-to-noise ratio is very low, the highorder cumulants of the nine modulation signals under the two channels are all confused, so the overall
recognition rate under the two channels is relatively
low, thus there is not much difference.
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Analysis of simulation results based on support vector machine classification. The signal-tonoise ratio in the simulation is still in the range of 10 dB to 30 dB with a step size of 2. Considering that
the SVM one-to-many classifier needs to construct
positive and negative samples, when generating
training data, we first regard a certain type of modulation signal as a positive class, and the remaining
eight signals are unified as a negative class. The data
volume of the negative sample is the same as that of
the positive sample. In this simulation experiment,
each modulation method produces 400 sets of feature vectors at each signal-to-noise ratio. Taking
training SVM classifier 1 as an example, the Gaussian radial basis kernel is selected as the kernel function, the positive samples are BPSK modulated signals, and there are 400 sets of feature vectors at each
signal-to-noise ratio. The negative samples contain a
total of 400 sets, and each modulation method has 50
sets of feature vectors. In this process, the training
data size is 9×800, and the test data is 9×100. The
overall recognition rate test results under the two
channel signals are shown in Figure 8.
The experimental simulation results show that
under the two channel environments based on the
SVM classifier, the overall average recognition rate
reaches more than 90% when the signal-to-noise ratio is greater than 10 dB. It can be seen from Figure
8 that the recognition rate of modulated signals in the
Gaussian white noise channel environment is higher
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FIGURE 8
Average recognition rate of nine modulated signals under two different channels.
From the simulation results of the correct
recognition rate of the nine modulation signals in
Figure 9, it can be concluded that in the Gaussian
white noise environment, when the signal-to-noise
ratio is greater than or equal to 5, the recognition
rates of other signals except MQAM all reach 100%.
When the signal-to-noise ratio ranges from 0 dB to 5
dB, the correct recognition rate for 8PSK, 16PSK
and MQAM signals is lower than {BPSK, QPSK,
4PAM, GMSK}. Regardless of the information
channel environment, the recognition rate of highorder modulated QAM signals is much lower than
other signals. This is because the eigenvalues of the
high-order cumulants of 64QAM and 256QAM signals are relatively close, so the recognition rate of
64QAM and 256QAM is low. On the whole, the
SVM model based on training has better recognition
effect than the decision tree model, and the correct
recognition rate of the SVM classification model for
64QAM and 256QAM is higher than that of the decision tree.
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FIGURE 9
Recognition rate of nine modulated signals under two different channels.
Notes: (a) Recognition rate under Gaussian white noise channel; (b) Recognition rate of mine small-scale Nakagami fading
channel.
1

is 2, and the number of neuron nodes in each layer is
given as 3, 24, 32, and 9 in the experiment. The results of the overall average recognition rate of the
fully connected network model under the two different information channels are shown in Figure 10:
According to the simulation results of the overall recognition rate experiment, it can be seen that
the fully connected neural network based on highorder cumulant features can accurately identify the
nine common modulation methods in mines. And the
average recognition rate under the mine Nakagami
channel can basically reach more than 90% when the
signal-to-noise ratio is greater than 10 dB. Figure 10
shows the nine modulation signal recognition rates
under two channels.

0.9

0.8

AWGN Channel
Nakagami fading channel

Classification Accuracy

0.7
0.92

0.6

0.5

0.91

0.4
0.9

0.3
0.89

0.2
0.88

0.1

0
-10

10

-5

0

5

15

10

SNR

˄

20

15

dB

25

20

30

25

30

˅

Comparison of the three algorithms. According to the simulation results of DT, SVM and FCNN
recognition algorithms, it can be seen that there is a
certain theoretical recognition upper limit for the
feature-based modulation recognition method. This
is mainly determined by the selection of signal features and the structure of feature values. Generally,
if the artificially constructed features are distinguishable, the recognition rate is naturally high, and there
will not be much difference no matter what classifier
is used. For example, the three classifier methods in
this study can accurately identify the other seven
modulation signals except for the poor recognition
rate of 64QAM and 256QAM, and the correct recognition rate can reach 100% under high signal-tonoise ratio.
From the comparative experimental results in
Figure 11, it can be seen that the pattern recognition
method based on training is better than the decision
tree method based on threshold recognition, especially in the mine small-scale fading channel. When
the signal-to-noise ratio is high in the mine fading
channel, the correct recognition rate of the pattern
recognition method based on training is about 10%

FIGURE 10
Average recognition rate of nine modulated signals under two different channels.
Analysis of simulation results based on fully
connected neural network. The training data set of
the fully connected neural network is different from
the training data set of the support vector machine.
Fully connected nerves can achieve multiple classifications, so the training set contains nine types of
modulated signal data and the amount of data of each
modulated signal is the same, it does not need to be
divided and combined into positive and negative categories. For the nine modulation signals in this study,
each modulation signal generates 200 sets of feature
vectors at each signal-to-noise ratio, and the ratio of
the number of samples in the training set and the validation set is 8:2. The test set data is generated independently, and 100 sets of each modulation signal
are generated as the test network model data under
each signal-to-noise ratio.
The fully connected neural network model has
4 layers, among which the number of hidden layers
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FIGURE 11
The average recognition rate of nine modulated signals under two different information channels.
Notes: (a) Recognition rate under Gaussian white noise channel; (b) Recognition rate under the small-scale Nakagami fading
channel of the mine.

higher than that of the decision tree method. Comparing the SVM method based on the training model
and the fully connected neural network method in
Figure 12, the overall recognition rate of the two under the small-scale Nakagami channel of the mine is
equivalent. Under the Gaussian white noise information channel, the method based on the SVM classifier is slightly higher than the method based on the
fully connected neural network. For SVM classifiers
and fully connected neural network classifiers, the
final prediction or classification is achieved by training the model to find the optimal model parameters.
The SVM classifier is more direct than the fully connected neural network. Once the model parameters
are given, there is no need to pay attention to other
issues. However, the training results of the fully connected neural network model are related to the number of selected hidden layers and the number of neurons in each layer.

The high-order cumulant features selected in
this paper and the high-order cumulant calculation
formula derived under the small-scale Nakagami
channel of the mine can accurately identify the nine
modulation signals commonly used in underground
communication systems. However, feature recognition itself has certain limitations. The model recognition rate is related to the selection of features, and
feature values are easily affected by noise.

CONCLUSIONS
(1) In this paper, we propose an algorithm to
automatically identify a variety of digital modulation
signals, and then the automatic modulation recognition of digital signals in underground mines is realized.
(2) The modulation recognition methods based
on signal feature extraction and deep learning have
been systematically studied respectively. Nine commonly used modulation signals of BPSK, QPSK,
8PSK, 16PSK, 16QAM, 64QAM, 256QAM, 4PAM
and GMSK under the mine fading channel are identified and classified.
(3) By analyzing the relationship between the
high-order cumulant of the signal and the small-scale
Nakagami fading of the mine, the high-order cumulant of the signal passing through the fading channel
is calculated. Then, the fourth-order, sixth-order, and
eighth-order cumulants of the signal are selected as
the characteristic parameters to construct the eigenvalue vector. In this research, decision tree, support
vector machine (SVM) and fully connected neural
network are used as target classifiers to realize the
identification of nine modulation signals under mine
fading channels.
(4) The simulation comparison results show
that the CLDNN model has better recognition performance than machine learning network models
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FIGURE 12
Average recognition rate of nine modulated signals under two different channels.
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such as decision trees and genetic optimization support vector machines. For the test on the simulated
mine signal data set, the recognition rate when the
SNR is -5 dB is 69%, and when the SNR is 0 dB, the
recognition rate is over 92%.
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RESEARCH ON MULTIPLE OBJECTIVE PLANNING
MODEL OF E-COMMERCE LOGISTICS DISTRIBUTION
CENTER UNDER CARBON EMISSIONS
Lingjie Cai*
Department of Management, Hubei University of Technology Engineering and Technology College, Wuhan Hubei 430068, China

serious [2-3]. These problems have seriously
affected the construction of urban ecological
civilization and the sustainable development of ecommerce industry. Logistics distribution center is
an important part of e-commerce. Its location
planning has a direct impact on the basic form and
structure of e-commerce logistics network. The
paper selects a suitable logistics distribution center
through disciplinary methods to reduce logistics
distribution costs, save logistics distribution time, to
improve logistics delivery rate and customer
satisfaction. Therefore, the research on the planning
of e-commerce logistics distribution center is of
great significance.
Although the research on distribution center in
China is later than foreign countries, it has also made
some achievements. The current research mainly
focuses on the evaluation of logistics distribution
service quality, logistics distribution efficiency and
logistics distribution optimization. Foreign research
on logistics management theory began in the
transportation industry, but then studied enterprise
management, research on the efficiency of enterprise
logistics and third-party logistics enterprises, and
gradually formed the corresponding logistics
evaluation system. Scholars in relevant fields have
done a lot of research on the planning of e-commerce
logistics distribution center. Literature [4] takes
customer clustering as the core to carry out the
location planning of e-commerce logistics
distribution center, optimizes the multiple objective
evolutionary algorithm and determines the address
of e-commerce logistics distribution center based on
the results of customer clustering; Considering the
volatility of logistics demand, logistics distribution
and time, literature [5] constructs a planning model
from the perspective of multiple objective, and uses
heuristic algorithm to plan the location of emergency
logistics center. However, these methods do not
consider the carbon emission in the process of ecommerce logistics distribution. The significant
increase in the transportation of goods within the
region also leads to a significant increase in carbon
emissions within the region, which has a negative
impact on the ecological environment and human
health. Therefore, this paper studies the multiple
objective programming model of e-commerce
logistics distribution center under carbon emission,

ABSTRACT
Aiming at the high carbon emission and high
cost of traditional e-commerce logistics distribution,
this paper proposes a multiple objective
programming model of e-commerce logistics
distribution center under carbon emission to ensure
the economic benefits of e-commerce logistics
distribution and reduce the carbon emission in the
process of e-commerce logistics distribution. Under
the assumption that the demand of different demand
nodes is known, the paper constructed multiple
objective programming mathematical model with
the lowest carbon emission and the lowest
distribution cost generated in the process of logistics
distribution as the objective function, set the model
constraints and used the standardized and
normalized constraint method to solve the
constructed mathematical model. The optimal
solution of the multiple objective programming
model of e-commerce logistics distribution center
under carbon emission is obtained through the
process of forming points on Utopia line and Pareto
points. The experimental results show that with the
gradual increase of logistics cost, carbon emission
decreases gradually. The model can effectively
achieve the purpose of improving the economic
benefits generated by logistics and reducing the
carbon emissions generated by logistics process.

KEYWORDS:
Carbon emission, distribution centre, multiple objective
planning, distribution cost, constraints, Pareto point

INTRODUCTION
In contemporary times, online shopping brings
great convenience to human life and work [1]. At the
same time, it plays a great role in promoting China's
national economy. Therefore, e-commerce has
developed rapidly. However, the problems existing
in the process of e-commerce logistics distribution,
such as repeated construction of facilities, high
distribution cost, traffic congestion and environmental pollution, are becoming more and more
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constructs the multiple objective programming
mathematical model from the perspectives of carbon
emission and logistics cost, and solves the
constructed mathematical model through the
standardized regularization constraint method to
obtain the optimal e-commerce logistics distribution
center address.

center to the demand node is known, and the
distribution path is the same as the return path;
Setting 2: the demand quantity of different
demand nodes is known;
Setting 3: the distribution area contains two
types of roads with different levels, and the speed of
distribution vehicles is also different in different
levels of roads;
Setting 4: the transportation cost of distribution
vehicles and the cost of three-dimensional
commodity warehouse are known;
Setting 5: the number of logistics centers is
limited, which is limited by urban planning and land
resource division.
Setting 6: the logistics cost in the process of
commodity logistics distribution is basically linearly
correlated with the carbon emission and logistics
distribution distance.
Setting 7: in the process of model construction,
only the impact of carbon emissions in logistics
distribution on the ecological environment is
considered.
Setting 8: the number and type of logistics
distribution vehicles used in different e-commerce
logistics distribution centers have certain constraints,
and the carbon emissions and distribution logistics
costs of various logistics distribution vehicles in the
distribution process also have obvious differences.
The multiple objective programming model of
e-commerce logistics distribution center under
carbon emission takes the lowest carbon emission
and the lowest distribution cost as the objective
function [9].

MATERIALS AND METHODS
Multiple objective planning model of e-commerce logistics distribution center. E-commerce
logistics usually includes three levels: freight station,
logistics center and demand node [6]. Logistics
vehicles take back the goods from the freight station
and transport them to the logistics center, and then
transport the goods from the logistics center to the
goods demand node, so as to form a complete ecommerce logistics distribution network [7], as
shown in Figure 1.
The number and location of freight stations and
demand nodes in e-commerce logistics distribution
network are relatively fixed [8], while the number
and location of logistics centers can be selected
according to the actual demand and the principle of
optimal carbon emission and logistics cost from
freight stations to demand nodes.
Demand
node
Logistics
Centre
Freight
station

Demand
node

Freight
station
Logistics
Centre

...

N

Demand
node

P1

, P2

`

(1)
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Demand
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ª
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Freight
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1

In Equation (1), P1 and P2 represent carbon
emission function and logistics cost function
respectively represented by Equations (2) and (3)
respectively:

Demand
node

Freight
station

^P

min F

Logistics
Centre

§
·
ª X ij º
¨¨ 2c1 « »  c2 X ij ¸¸dij w j
¦¦
i 1 j 1©
« Wc »
¹
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P2

Demand
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M

M L §
M
·
ªX º
 ¦¦ ¨¨ 2c1 « jk »  c2 X jk ¸¸d jk w j  ¦ X ij c3 w j
j 1 k 1©
j 1
« Wc »
¹
(3)
In Equations (2) and Equation (3), i, j and k
respectively represent the freight station, logistics
center and demand node, N , M and L are the
quantities of the three respectively; Xij and Xjk
represent the freight volume from i to j and from j to
k respectively; dij and djk represent the distance from

FIGURE 1
E-commerce logistics distribution network.
Construction of multiple objective planning
model. In order to describe the problem, the paper
sets the multiple objective planning model of ecommerce logistics distribution center under carbon
emission.
Setting 1: the distance from the freight station
to the logistics center and distance from the logistics

i to j and from j to k, respectively;
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represents the carbon emission under the distribution
conditions of transportation volume per kilometer,
truck capacity and vehicle speed of X, Wc and v
respectively;

He v

ª P1 w1 , P2 w2 º is Utopia
¬
¼
1
point. l1 and l2 represents the distance between P
2
u
, P and P .
l1 P1 w2  P1 w1
°
®
1
2
°̄l2 P2 w  P2 w
of P is

and wj respectively represent

the carbon emission coefficient under the condition
of empty vehicle distribution and the decision
variables whether the alternative logistics center is
selected.

ª X ij º
ª X jk º
« » and «
» represent the number
« Wc »
« Wc »

(4)
The standardized analysis rules can be
described by Equation (5):

of deliveries. c1, c2 and c3 respectively represent the
cost required for empty vehicle distribution per unit
distance, the distribution cost per unit distance per
unit goods and the inventory cost per unit goods in
place.
Model constraints are set by:
N

Equation (1):

P

¦X

i 1

jk

ɾ among it,

Utopian line direction: N1 indicates the

k 1

1

M

L

¦¦ X

jk

Dk ɾ Dk is the

j 1 k 1

Normalized increment: the number of solutions
and normalized increment are expressed by m1 and

demand of k;
M

Equation (3) ʁ

¦X

ij

d Ci ɾ Ci is the

G1

j 1

respectively. The calculation process of

G1

needs to be carried out along the direction of N1 .

supply of i ;

The specific calculation is described by Equation
(7):

L

Equation (4) ˖

2

direction from P to P . The calculation process
is calculated by Equation (6):
(6)
N1 P 2  P1

j 1, 2,3, , M ;
Equation (2)ʁ

° P1 w  P1 w1 P2 w  P2 w2
,
®
l1
l2
°¯

(5)
Pareto points are generated on a standardized
space:

L

¦ X ij

P , Pu

¦ X jk d C j ˈ C j is the
k 1

G1

supply of j ;
Model solution. Since the mathematical model
contains two objective functions of the lowest
carbon emission and the lowest distribution cost, it
is a multiple objective model [10]. Compared with
the solution of single objective model, the solution
of this kind of model has both similarities and
differences. For example, the result of the solution of
multiple objective model is the set of Pareto solution
[11].
The standardized regularization constraint
method is used to solve the constructed
mathematical model [12]. This method can generate
a uniformly distributed Pareto solution set of
multiple objective problems by taking as few points
as possible. The specific solution process is
calculated by two steps: (1) Calculation anchor
point: two anchor points could be calculated by the
optimization of the lowest carbon emission and the
lowest distribution cost respectively, which are

1
m1  1

(7)
Points of the Utopian line: Equation (8)
determine the uniformly distributed points on the
Utopian line:

W pj

D1 j P 1  D 2 j P 1

(9)
Pareto points: for the points evenly distributed
on the Utopian line, Pareto points are obtained by
using the optimization problem shown in Equation
(9). Different optimization problems are relative to a
point on the Utopian line [15], so the optimization
problem corresponding to point J could be expressed
by Equation (10):

 PU 2c minP2
°
°° s.t. 1 2 3 4
T
®
° N1 P  W pj d 0
°
°¯P ª¬ P1 w P2 w º¼

P1 and P 2 respectively. Then
1
2
two anchor points connect P and P with a
represented by

(10)

Initial problem value: the initial objective
function value of each Pareto point can be calculated
in two different ways. The first way is to directly
determine the initial objective function value under

straight line, and define the line as Utopian line [13].
(2) Standardization: project the multiple objective
model into the normalized space to prevent
dimensional differences [14]. The standardized form

conditions that
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method is to determine the initial objective function
value based on the inverse transformation of the
previous process, shown by Equation (11):

^Pl  P

P

11

1

Pareto optimal curve. Figure 3 shows the
Pareto frontier diagram of the model solution
obtained by solving the model in this paper by using
the standardized normalization constraint method.

` (11)

w1 , P2l2  P2 w2

Through these process, the multiple objective
programming mathematical model of e-commerce
logistics distribution center under carbon emission
could be solved, to obtain the location planning
results of e-commerce logistics distribution center
under the condition of minimum carbon emission
and logistics cost.

720
680
Carbon emissions / kg

640

RESULTS
In order to verify the actual planning ability of
the multiple objective planning model of ecommerce logistics distribution center under carbon
emission, the paper took the area of 100mk × 80km
in a city as an target area, in which 25 demand nodes
and 8 freight stations are randomly generated, and
the coordinate positions of all demand nodes and
freight stations are known [16-18]. Six alternative
logistics distribution centers are reasonably selected
according to the coordinate positions of demand
nodes and freight stations, and the relevant data of
each alternative logistics distribution center are
known. Figure 2 shows the distribution of demand
nodes and alternative logistics distribution centers,
in which the circle represents the location of
alternative logistics distribution centers, the box
represents the location of demand nodes, and the
ellipse represents the location of freight stations.
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By analyzing Figure 3, it is found that the
uniformly distributed Pareto optimal solution can be
obtained by solving the model in this paper using the
standardized normalization constraint method. It is
also found that under the condition of increasing
logistics cost, carbon emission gradually decreases.
The Pareto optimal curve can be divided into three
parts: The first part fluctuates significantly, which
means that carbon emissions can be significantly
reduced under the condition of a small increase in
logistics costs; The second part fluctuates steadily,
that is, in the process of increasing logistics costs,
carbon emissions remain basically unchanged,
which means that carbon emissions cannot be
reduced by increasing logistics costs; The third part
is weak fluctuation, that is, after the logistics cost
increases to a certain value, increasing the logistics
cost again can reduce carbon emissions to a certain
extent, but the reduction range is relatively weak,
which means that under this condition, increasing the
logistics cost again has little effect on less carbon
emissions [19].
According to the correlation between carbon
emission and cost, it can be obtained that the carbon
emission standard can be determined according to
the budget cost, and the required logistics cost can be
determined according to the carbon emission
constraints. The upper limit of less carbon emission
under the condition of marginal cost can be
determined through marginal analysis, which can
optimize the logistics network.
Planning results. The six alternative logistics
distribution center addresses selected several of them
as 25 demand nodes to provide logistics distribution
services. After analyzing different constraints, Lingo
software is used to determine three of the optimal
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FIGURE 3
Pareto front diagram of model solution.
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FIGURE 2
Distribution of demand nodes and alternative
logistics distribution centers
On the basis of Figure 2, this model is used to
determine the optimal planning result of logistics
distribution center in the alternative logistics
distribution center.
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construction of logistics distribution centers. Figure
4 shows the location planning results of the logistics
distribution center. The circle represents the location
of the alternative logistics distribution center, the
box represents the location of the demand node, and
the ellipse represents the location of the freight
station.
By analyzing Figure 4, the final logistics
distribution center is selected in the alternative
logistics distribution center address. The results
show that the selected logistics distribution centers
are No. 1, No. 3 and No. 5. Among them, No. 1
logistics distribution center takes goods from No. 1
1

80
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and No. 2 freight stations and is responsible for
distributing No. 1, No. 2, No. 3, No. 4, No. 5, No. 6
and No. 7 demand nodes. No. 3 logistics distribution
center takes goods from No. 3, No. 4 and No. 5
freight stations, and is responsible for distributing
No. 8, No. 9, No. 10, No. 11, No. 12, No. 13, No. 14
and No. 17 demand nodes. No. 5 logistics
distribution center takes goods from No. 6, No. 7 and
No. 8 freight stations, and is responsible for
distributing No. 15, No. 16, No. 18, No. 19, No. 20,
No. 21, No. 22, No. 23, No. 24 and No. 25 demand
nodes.
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FIGURE 4
Location planning results of logistics distribution center.
TABLE 1
Comparison of carbon emissions and logistics costs
Planning goals
Before mode
After mode
Carbon emissions/kg/month
729.8
559.7
Logistics costs/yuan
9106.3
6952.8

FIGURE 5
Sensitivity analysis results.
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Table 1 shows comparison of carbon emissions
and logistics costs before and after logistics
distribution center planning in the target area using
the model.
According to the analysis of Table 1, before and
after adopting the model in this paper, the carbon
emission in the process of logistics distribution is
reduced by 23.31%, while the logistics cost is
reduced by 23.65%. The data fully show that the
location planning of logistics distribution center can
effectively reduce the carbon emission and logistics
cost in the process of e-commerce logistics
distribution in the target area, which verifies the
applicability of this model.
Sensitivity analysis. The sensitivity analysis of
the distribution times and carbon emission value can
get the impact of the fluctuation of distribution times
and carbon emission value on the objective function
value and Pareto front. The results are shown in
Figure 5.
According to the analysis of Figure 5 (a), under
the condition that the distribution times are
increased, the logistics cost is also increased, but the
change of carbon emission can be basically ignored.
With the reduction of distribution times, the logistics
cost also shows a downward trend, but the change of
carbon emission can be basically ignored. The
experimental results show that, compared with
carbon emissions, the impact of distribution times in
this model on logistics cost is more significant.
According to the analysis of Figure 5 (b), in this
model, when the carbon emission coefficient
increases under the condition of empty vehicle
distribution, the carbon emission also increases, but
the change of logistics cost can be basically ignored;
When the carbon emission coefficient decreases
under the condition of empty vehicle distribution, the
carbon emission also decreases, but the change of
logistics cost can be basically ignored [20]. The
experimental results show that compared with the
logistics cost, the carbon emission coefficient under

the condition of empty vehicle distribution in this
model has a more significant impact on the carbon
emission.
Calculating the carbon emission and logistics
cost of the logistics distribution center planned by
the model in this paper, the results are shown in
Figure 6. In order to illustrate the performance of the
model in this paper, the comparison model is made
by the planning model considering customer
clustering and the planning model based on sharing
mechanism. The models analyzed carbon emissions
and logistics costs of logistics distribution centers
planned. The results are shown in Figure 6.
Figure 6 shows the carbon emission and
logistics cost of the logistics distribution center
determined by the model planning in this paper are
lower than the two comparison models. In terms of
carbon emissions, the average annual carbon
emissions obtained by using the planning model
based on sharing mechanism and the planning model
considering customer clustering are about
660kg/month and 640kg/month respectively, while
the average annual carbon emissions obtained by this
model is less than 560kg/month. This is because the
planning model based on sharing mechanism and the
planning model considering customer clustering do
not consider the carbon emission index in the
planning and location process, but the carbon
emission index is considered in the design process of
this model. In terms of logistics cost, the average
annual logistics cost obtained by the planning model
based on sharing mechanism is about 7500
yuan/month, while the average annual logistics cost
obtained by the planning model considering
customer clustering and this model are about 7050
yuan/month and 6950 yuan/month respectively [2122]. It is concluded that the logistics distribution
center address planned by this model can improve
the economic benefits of logistics distribution and
reduce the carbon emissions generated in the process
of logistics distribution.

FIGURE 6
Comparison results.
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[5] Lai, Z., Wang, Z., Ge, D., Chen, Y. (2020) Robust optimization model for location selection
of multi-objective emergency logistics center.
Operations Research and Management. 170(5),
78-87.
[6] Feng, Y., Xia, X., Feng, Y. (2019) Reverse supply chain network planning model considering
inventory shortage. Modern Manufacturing Engineering. 6, 37-42, 9.
[7] Wang, D. (2019) Research on the optimization
of single center logistics distribution path under
the new retail model. Journal of Fuzhou University (Natural Science Edition). 47(5), 695-699.
[8] Lin, Z. and Zhao, L. (2019) Evaluation and analysis of coordinated development of ecological
environment and economy. Fresen. Environ.
Bull. 28(5), 4049-4053.
[9] Song, Y., Song, Y., Li, C., Wang, Z. (2020)
Emergency logistics distribution model considering the psychological impact of material damage. Chinese Journal of Safety Science. 30(7),
177-183.
[10] Li, J., Lu, M., Li, D., Liu, P. (2019) Fuzzy time
window multi-objective cold chain logistics
path planning. Journal of China Agricultural
University. 24(12), 128-135.
[11] Lee, L., Charles, V. (2021) The impact of consumers' perceptions regarding the ethics of
online retailers and promotional strategy on
their repurchase intention. International Journal
of Information Management. 57(2), 102264.
[12] Thompson, A. (2019) How China's online retailers are changing the way people shop. Candy Industry. 184(1), 22-22.
[13] Yuan, G., Han, J., Liang, H. (2019) Multi-objective recognition model and Simulation of urban
logistics center nodes. Computer Application
Research. 332 (06), 154-158.
[14] Duan, Z., Lei, Z., Sun, S., Yang, D. (2019) Multi
objective robust optimization method for stochastic time-varying vehicle routing problem.
Journal of Southwest Jiaotong University.
54(3), 565-572.
[15] Gan, W., Liu, Z., Su, L. (2020) Optimization of
distribution center location of o2o retail enterprises considering carbon emission and time
constraints. Ecological Economy. 359(11), 3641.
[16] Leng, L., Zhao, Y., Zhang, C. (2020) Adaptive
hyperheuristic algorithm based on sharing
mechanism to solve regional low-carbon location routing problem. Computer Integrated
Manufacturing System. 265(5), 261-278.
[17] Xu, X., Yang, Z., Liu, L. (2020) Spider monkey
algorithm for solving the location problem of logistics distribution center. Computer Engineering and Application. 56(1), 150-157.

CONCLUSIONS
Under large-scale expansion of e-commerce
logistics applications, constrained by the sustainable
development goals and relevant departments, the
goals pursued by different e-commerce logistics
companies are not only limited to economic benefits,
but also need to consider the construction of lowcarbon logistics network, so as to reduce the carbon
emissions in the e-commerce logistics distribution
link, which is also the main hot issue in the research
of relevant fields in the academic community.
Aiming at the location problem of e-commerce
logistics distribution center, this paper studies the
multiple objective programming model of ecommerce logistics distribution center under carbon
emission. Taking the lowest carbon emission and
logistics cost as the model objective function, the
standardized regularization constraint method is
used to solve the model.
The experimental results show that using this
model for logistics distribution center location
planning, the results can effectively reduce the
carbon emission and logistics cost in the process of
e-commerce logistics distribution in the target area.
The average annual carbon emission obtained by this
model is less than 560kg/month, and the lowest cost
is about 6950 yuan/month.
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ORJLFDOHQYLURQPHQW7KLVSDSHUHVWLPDWHVWKHIXJL
WLYH GXVW HPLVVLRQ DQG HPLVVLRQ LQWHQVLW\ RI FRQ
VWUXFWLRQ WDNHV WKH SROOXWLRQ HPLVVLRQ FRQWURO
DPRXQWDVWKHLQSXWRIWKHFRQWUROPRGHODQGUHDO
L]HVWKHHPLVVLRQFRQWURORIIXJLWLYHGXVWSROOXWLRQRI
FRQVWUXFWLRQWKURXJKWKHVWHSVRIZLQGUHVLVWDQFHGH
VLJQRIIXJLWLYHGXVWHPLVVLRQRQOLQHKXPLGLILFDWLRQ
WUHDWPHQWRIIXJLWLYHGXVWVHOHFWLRQDQGXVHRIGXVW
LQKLELWRU ,W FDQ EH VHHQ IURP WKH H[SHULPHQWDO UH
VXOWV WKURXJK WKH DSSOLFDWLRQ RI HPLVVLRQ FRQWURO
PRGHO WKH WRWDO HPLVVLRQ RI GXVW SROOXWLRQ FDQ EH
FRQWUROOHGEHORZWKHVWDQGDUGOLPLWWKHGXVWFRQFHQ
WUDWLRQ VKRZV DQ REYLRXV GRZQZDUG WUHQG DQG WKH
GXVWVXSSUHVVLRQHIILFLHQF\H[FHHGVZKLFKKDV
DJRRGFRQWUROHIIHFW



DQGLVDGVRUEHGRQWKHEDOFRQ\DQGJURXQGXQGHUWKH
DFWLRQ RI VWDWLF HOHFWULFLW\ >@ ,Q WKH RXWGRRU HQYL
URQPHQWGXVWZLOODGKHUHWRSODQWVRUPRYHWRSHRSOH
GXHWRLWVRZQJUDYLW\ZKLFKZLOOQRWRQO\DIIHFWWKH
JURZWKRISODQWVEXWDOVRGHVWUR\VWKHUHVSLUDWLRQRI
WKH KXPDQ ERG\ 2Q WKH ZKROH IXJLWLYH GXVW ZLOO
KDYH DGYHUVH HIIHFWV RQ DPELHQW DLU KXPDQ KHDOWK
DQGVXUIDFHYHJHWDWLRQ
,QRUGHUWRUHGXFHWKHSROOXWLRQGHJUHHRIGXVW
LQWKHDWPRVSKHUHDQGLPSURYHWKHHFRORJLFDOHQYL
URQPHQWLQWKHFLW\LWLVQHFHVVDU\WRFRQWUROWKHGXVW
JHQHUDWHG E\ EXLOGLQJ FRQVWUXFWLRQ IURP GLIIHUHQW
VRXUFHV$FFRUGLQJWRWKHLQGXVWULDODWWULEXWHVGXVW
FDQEHGLYLGHGLQWRFRQVWUXFWLRQGXVWURDGGXVWDQG
RWKHUGXVW$PRQJWKHPWKHDPRXQWRIGXVWJHQHU
DWHG E\ FRQVWUXFWLRQ LV ODUJHU DQG DFFRXQWV IRU D
ODUJHUSURSRUWLRQRIWKHWRWDODWPRVSKHULFGXVW'XVW
PD\EHJHQHUDWHGLQDQ\OLQNRIFRQVWUXFWLRQ'XHWR
WKHRSHQDQGXQRUJDQL]HGFKDUDFWHULVWLFVRIWKHFRQ
VWUXFWLRQ HQYLURQPHQW LW LV GLIILFXOW WR FRQWURO WKH
HPLVVLRQ RI FRQVWUXFWLRQ GXVW SROOXWLRQ 7KURXJK
ORQJWHUPUHVHDUFKLWLVIRXQGWKDWLQFUHDVLQJWKHXU
EDQJUHHQDUHDLVRQHRIWKHHIIHFWLYHPHDQVWRFRQ
WURO XUEDQ GXVW SROOXWLRQ EXW DIIHFWHG E\ WKH JHR
JUDSKLFDO HQYLURQPHQW DQG FOLPDWH FKDUDFWHULVWLFV
WKLV PHWKRG FDQQRW SOD\ D EHWWHU UROH LQ WKH ZDWHU
VKRUWDJHRUFROGVHDVRQ>@,QDGGLWLRQFOHDQLQJDQG
FRYHULQJWKHEDUHVWRUDJH\DUGFDQDOVRFRQWUROWKH
GXVWSROOXWLRQWRDFHUWDLQH[WHQWDQGILQDOO\DFKLHYH
WKHSXUSRVHRIFRQWUROOLQJWKHGXVWSROOXWLRQRIFRQ
VWUXFWLRQ+RZHYHUWKLVFRQWUROPHWKRGFDQQRWFRQ
WUROWKHHPLVVLRQRIGXVWSROOXWLRQIURPWKHURRW6R
WKHUHDUHVRPHSUREOHPVVXFKDVSRRUFRQWUROHIIHFW
DQG ORZ GXVW VXSSUHVVLRQ HIILFLHQF\ 7R VROYH WKH
SUREOHPVH[LVWLQJLQWKHGXVWSROOXWLRQHPLVVLRQFRQ
WURORIFRQVWUXFWLRQDWWKHSUHVHQWVWDJHFRQVLGHULQJ
WKH HFRORJLFDO HQYLURQPHQW WKH SROOXWLRQ HPLVVLRQ
RSWLPL]DWLRQ FRQWURO PRGHO LV GHVLJQHG LQ RUGHU WR
UHGXFHWKHDFWXDOHPLVVLRQRIGXVWGXULQJFRQVWUXF
WLRQDQGLPSURYHWKHDLUTXDOLW\RIFRQVWUXFWLRQDQG
LWVVXUURXQGLQJHQYLURQPHQW


0$7(5,$/6$1'0(7+2'6

&DOFXODWLRQ RI HFRORJLFDO HQYLURQPHQW FDSDF
LW\ %HFDXVH WKH HFRORJLFDO HQYLURQPHQW KDV WKH

.(<:25'6
(FRORJLFDOHQYLURQPHQWEXLOGLQJFRQVWUXFWLRQGXVWSROOX
WLRQSROOXWLRQGLVFKDUJHSROOXWLRQFRQWUROPRGHO



,1752'8&7,21

'ULYHQE\ZLQGDQGKXPDQDFWLYLWLHVWKHGXVW
RQWKHJURXQGHQWHUVWKHDWPRVSKHULFHQYLURQPHQWDW
DFHUWDLQVSHHGWRIRUPGXVWDQGH[LVWVLQWKHDWPRV
SKHULF HQYLURQPHQW IRU D ORQJ WLPH LQ WKH IRUP RI
RSHQSROOXWLRQVRXUFHV)XJLWLYHGXVWLVFRPSRVHGRI
SDUWLFOHV IURP PXOWLSOH VLQJOH GXVW VRXUFHV 'XH WR
WKHLQFUHDVHRIWKHDPRXQWRIIXJLWLYHGXVWLQWKHDLU
WKHFRQFHQWUDWLRQRILQKDODEOHSDUWLFOHVLQWKHDWPRV
SKHULFHQYLURQPHQWDOVRLQFUHDVHV:LWKWKHIORZRI
DLU GXVW HQWHUV WKH OLYLQJ VSDFH RI XUEDQ UHVLGHQWV
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IXQFWLRQRIVHOIUHJXODWLRQDVPDOODPRXQWRUDVPDOO
DPRXQWRIGXVWGLUHFWO\GLVFKDUJHGLQWRWKHDLUZLOO
VSUHDGUDSLGO\DQGZLOOQRWKDYHDVHULRXVLPSDFWRQ
WKH DWPRVSKHULF HFRORJLFDO HQYLURQPHQW +RZHYHU
LIWKHGXVWHPLVVLRQLVKLJKHUWKDQWKHDGMXVWDEOHFD
SDFLW\RIWKHHFRORJLFDOHQYLURQPHQWLWZLOOGLUHFWO\
DIIHFWWKHTXDOLW\RIWKHHFRORJLFDOHQYLURQPHQWDQG
FDXVHVHULRXVKDUPWRKXPDQERG\>@7KHUHIRUHLW
LVQHFHVVDU\WRFDOFXODWHWKHHFRORJLFDOHQYLURQPHQW
FDSDFLW\DVWKHFRQWUROVWDQGDUGRIGXVWHPLVVLRQEH
IRUHFRQWUROOLQJWKHHPLVVLRQRIGXVWSROOXWLRQIURP
FRQVWUXFWLRQ7KHDOORZDEOHDPRXQWRIGXVWHPLVVLRQ
SROOXWLRQLQDQ\FRQVWUXFWLRQDUHDFDQEHH[SUHVVHG
E\(TXDWLRQ  

Qai

ACSi

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

HPLVVLRQ PHGLXP 7KHGLVFKDUJH RI SROOXWDQWVZLOO
DIIHFWWKHFDSDFLW\RIWKHHFRORJLFDOHQYLURQPHQWVR
WKHDOORZDEOHGLVFKDUJHDPRXQWDQGUDWHRISROOXWLRQ
ZLOO FKDQJH DFFRUGLQJO\ 7KHUHIRUH WKH UHVXOWV RE
WDLQHG IURP (TXDWLRQ   DQG (TXDWLRQ   DUH QRW
IL[HGYDOXHV

'HWHUPLQDWLRQRIFRQVWUXFWLRQGXVWHPLVVLRQ
IDFWRUV,QWKHFRQVWUXFWLRQSURFHVVVKRZQLQ)LJXUH
 YHKLFOH WUDQVSRUWDWLRQ PDWHULDO ORDGLQJ DQG XQ
ORDGLQJDQGRWKHUVWHSVDUHLPSRUWDQWOLQNVWRJHQHU
DWHGXVW7KHUHIRUHWKHIDFWRUVRIFRQVWUXFWLRQGXVW
HPLVVLRQDUHGLYLGHGLQWRWKUHHSDUWVYHKLFOHWUDQV
SRUWDWLRQGXVWHPLVVLRQIDFWRUEXONPDWHULDOORDGLQJ
DQGXQORDGLQJHPLVVLRQIDFWRUDQGZLQGHURVLRQGXVW
HPLVVLRQIDFWRU'XHWRGLIIHUHQWURDGFRQGLWLRQVLQ
WKHFRQVWUXFWLRQDUHDWKHUHDUHVOLJKWGLIIHUHQFHVLQ
WKHDPRXQWRIGXVWJHQHUDWHGGXULQJYHKLFOHGULYLQJ
>@$PRQJWKHPQRQSDYHGURDGVDUHJHQHUDOO\IODW
DQGFDQKDYHDFHUWDLQVSHHGZKHQGULYLQJEXWWKH
JURXQG LV GU\ DQGKDV D ODUJH DPRXQWRIGXVW 7KH
DPRXQWRIGXVWRQWKHURDGDQGWKHGULYLQJVSHHGRI
YHKLFOHV DUH LPSRUWDQW IDFWRUV DIIHFWLQJ GXVW HPLV
VLRQ
)RUWKHHPLVVLRQFRHIILFLHQWRIURDGWUDIILFGXVW
WKH HPLVVLRQ IDFWRU LV FDOFXODWHG DFFRUGLQJ WR WKH
GXVW ORDG DQG DYHUDJH YHKLFOH ZHLJKW &RPELQLQJ
WKHVHWZRW\SHVWKHFDOFXODWLRQRIYHKLFOHWUDQVSRU
WDWLRQGXVWHPLVVLRQIDFWRULVVKRZQLQ(TXDWLRQ  


Si
  
S

7KH FDOFXODWLRQ UHVXOWV RI (TXDWLRQ   UHSUH
VHQWWKHDQQXDODOORZDEOHHPLVVLRQRIGXVWSROOXWLRQ
LQWKHiFRQVWUXFWLRQDUHDDQGAUHSUHVHQWVWKHLQLWLDO
FDSDFLW\ FRHIILFLHQW RI HFRORJLFDO HQYLURQPHQW
ZKLFKLVDFRQVWDQW,QDGGLWLRQ CSi LVWKHVWDQGDUG
OLPLWRIWKHDYHUDJHFRQFHQWUDWLRQRIGXVWLQWKHFRQ
VWUXFWLRQDUHDSiLVWKHDUHDRIWKHFRQVWUXFWLRQDUHD
DQGSLVWKHWRWDOFRQWURODUHDUHVSHFWLYHO\6LPLODUO\
WKHPD[LPXPHPLVVLRQUDWHRIIXJLWLYHGXVWLQDFRQ
VWUXFWLRQDUHDFDQEHREWDLQHGDVVKRZQLQ(TXDWLRQ
 

q pi



 . si he

  
KsiLVWKHVWDQGDUGOLPLWRIDQQXDODYHUDJHFRQ
FHQWUDWLRQ DQG he LV WKH HIIHFWLYH KHLJKW RI GXVW


&RQVW UXFWLRQ
SUHSDUDWLRQ
6XUYH\LQJDQGV HWWLQJ
RXW

6LWHO HYHOLQJ

(DUWKZRUNDOORFDWLRQ

3LOHIRXQGDWLRQHQJLQHHULQJ
)RXQGDWLRQSL WVXSSRUW

SUHFLSLWDWLRQ
(DUWKZRUNV
3LOHIRXQGDWLRQVWDWLF
ORDGWHVW
)RXQGDWLRQFXVKLRQ

'\QDP LFORDGWHVWRI
SLOHIRXQGDWLRQ

3LOHIRXQGDWLRQ
DFFHSWDQFH
0DLQZRUNV
8QGHUJURXQG
ZDWHUSURRILQJ
&RQVW UXFWLRQ
DFFHSWDQFH

EDFNILOO

),*85(
*HQHUDOIORZFKDUWRIEXLOGLQJFRQVWUXFWLRQ
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)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

WUDQVSRUWDQGGLIIXVHDQGSROOXWDQWVFKDQJHLQODPL
QDU IORZ SUHFLSLWDWLRQ SXULILFDWLRQ SKRWRFKHPLFDO
UHDFWLRQDQGRWKHUSURFHVVHVLQFOXGLQJWXUEXOHQWGLI
IXVLRQSUHFLSLWDWLRQSXULILFDWLRQDQGRWKHUSURFHVVHV
>@8QGHUWKHLQIOXHQFHRIPDQ\IDFWRUVGXVWVKRZV
WKHGLIIXVLRQDELOLW\RIDWPRVSKHULFGLIIXVLRQ8QGHU
FRQVWUXFWLRQ RSHUDWLRQV RI ORDGLQJ DQG XQORDGLQJ
WKHOLPLWDQFKRULQJIRUFHIRUGXVWOLIWLQJFDQEHH[
SUHVVHGE\(TXDWLRQ  
)D  &  *  )y   

d

:KHUHkLVWKHVL]HFRHIILFLHQWRIGXVWSDUWLFOH
acDQGdDUHWKHHPSLULFDOFRQVWDQWV rDQGMDUH
WKHVLOWFRQWHQWDQGPRLVWXUHFRQWHQWLQWKHURDGGXVW
UHVSHFWLYHO\DQGYLVWKHPRYLQJVSHHGRIWKHYHKL
FOH,QDGGLWLRQCUHSUHVHQWVWKHHPLVVLRQIDFWRURI
H[KDXVWHPLVVLRQDQGWLUHIULFWLRQZKHQWKHYHKLFOH
LVGULYLQJrLLVWKHGXVWORDGRQWKHURDGVXUIDFHDQG
WLVWKHDYHUDJHZHLJKWRIWUDQVSRUWYHKLFOHVSDVVLQJ
WKURXJKWKHSDYHGURDG7KHILQDOFDOFXODWLRQUHVXOWV
RI Ec DQG Ep DUH WKH HPLVVLRQ IDFWRUV RI QRQ SDYHG
URDGVDQGSDYHGURDGVUHVSHFWLYHO\>@&RQVLGHULQJ
WKH FRQVWUXFWLRQ EXLOGLQJ KHLJKW DQG GXVW SDUWLFOH
VL]HGLVWULEXWLRQWKHGXVWHPLVVLRQIDFWRURIWKHORDG
LQJ DQG XQORDGLQJ XQLW FDQ EH H[SUHVVHG E\ WKH
PHWKRGZKHQWKHPDWHULDOVDUHWKURZQIURPDFHUWDLQ
KHLJKW DQG WKH FDOFXODWLRQ H[SUHVVLRQ LV VKRZQ LQ
(TXDWLRQ  

ED



,Q(TXDWLRQ  CDQGFy DUHWKHDGKHVLRQDQG
JUDYLW\EHWZHHQGXVWSDUWLFOHVUHVSHFWLYHO\ZKLOHG
UHSUHVHQWVWKHVHOIJUDYLW\RIGXVWSDUWLFOHV7KHDG
KHVLRQEHWZHHQGXVWSDUWLFOHVLVUHODWHGWRWKHFRP
SRVLWLRQ RI GXVW PDWHULDOV FKDUJH SRODULW\ ZDWHU
FRQWHQW DQG ZKHWKHU WKHUH LV D ILOOLQJ PHGLXP EH
WZHHQSDUWLFOHV:KHQWKHDPRXQWRIFKDUJHFDUULHG
E\GXVWSDUWLFOHVLVNQRZQWKHJUDYLWDWLRQDOFKDUJH
EHWZHHQGXVWSDUWLFOHVFDQEHGHWHUPLQHGE\SK\VLFDO
HTXDWLRQV7KHTXDOLW\RIGXVWSDUWLFOHVGHSHQGVRQ
WKHPDWHULDOFRPSRVLWLRQZDWHUFRQWHQWDQGSDUWLFOH
VL]HRISDUWLFOHV>@7KHLQWHUJUDQXODUDWWUDFWLRQRI
GXVWSDUWLFOHVLVXQLYHUVDODQGLWVPDJQLWXGHLVGHWHU
PLQHGE\WKHSK\VLFDOHTXDWLRQ'ULYHQE\WKHXOWL
PDWHDQFKRULQJIRUFHGXVWSDUWLFOHVIORDWLQWRWKHDLU
HQYLURQPHQWDQGPRYHLUUHJXODUO\ZLWKWKHDFWLRQRI
DWPRVSKHULFWXUEXOHQFHDVVKRZQLQ)LJXUH
,WFDQEHVHHQIURP)LJXUHWKDWWKHWXUEXOHQW
DWPRVSKHUHDFWVRQWKHGXVWSDUWLFOHVLQWKHGLUHFWLRQ
RIx,IWKHDWPRVSKHULFWXUEXOHQFHILHOGLVXQLIRUP
WKHSDUWLFOHSRVLWLRQUHOHDVHGIURPWKHRULJLQLVUHS
UHVHQWHGE\yVRyZLOOFKDQJHZLWKWLPHEXWLWVDY
HUDJHYDOXHLV]HUR>@
(VWLPDWLRQRIIXJLWLYHGXVWHPLVVLRQDQGHPLV
VLRQ LQWHQVLW\ GXULQJ FRQVWUXFWLRQ (DFK RSHUDWLRQ
XQLWLVH[SUHVVHGE\WKHGXVWHPLVVLRQFRHIILFLHQWRI
WKHRSHUDWLRQXQLWDQGWKHHPLVVLRQRIGXVWGXULQJ
WKHFRQVWUXFWLRQRIHDFKVWDJHFDQEHH[SUHVVHGE\
(TXDWLRQ  


U   
M      

,Q (TXDWLRQ   WKH SDUDPHWHU U UHSUHVHQWV
WKH FRPSUHKHQVLYH GHQVLW\ RI PDWHULDOV H LV WKH
KHLJKW RI PDWHULDO KDQGOLQJ DQG U LV WKH DYHUDJH
ZLQGVSHHGGXULQJKDQGOLQJFRQVWUXFWLRQ6LPLODUO\
WKH TXDQWLWDWLYH FDOFXODWLRQ UHVXOWV RI ZLQG HURVLRQ
DQGGXVWHPLVVLRQIDFWRUVLQRWKHUFRQVWUXFWLRQOLQNV
FDQEHREWDLQHG
0HFKDQLVPRIFRQVWUXFWLRQGXVW7KHW\SHVRI
FRQVWUXFWLRQ GXVW HPLVVLRQ IDFWRUV ZLOO GLIIXVH LQWR
WKHHFRORJLFDOHQYLURQPHQWDQGGXHWRWKHGLIIHUHQW
FRPSRVLWLRQDQGVWUXFWXUHRIGXVWWKHUHZLOOEHVRPH
GLIIHUHQFHV LQ WKH GLIIXVLRQ GHJUHH DQG GLVWULEXWLRQ
LQ WKH DLU 8QGHU WKH DFWLRQ RI ZLQG SROOXWDQWV


\

0HDQZLQG

\
9DULDEOHVSHHG

SDUWLFXODWH
ı\

W 7

2

FRQFHQWUDWLRQ

'XVWWUDFN

7LPHWRUGLVWDQFH[

$YHUDJHVKDSHRIGXVW

),*85(
6FKHPDWLFGLDJUDPRIGXVWGLIIXVLRQFDXVHGE\DWPRVSKHULFWXUEXOHQFH
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WHPSHUDWXUH

(FR
HQYLURQPHQWDO
IDFWRUV

KXPLGL W\

ZLQGVSHHG

SUHVVXUH

,QSXWLQGH[RIGXVW HPLVVLRQ
FRQWUROPRGHO IRUEXLOGLQJ
FRQVWUXFWL RQ

&RQVW UXFWLRQ
DFWL YLWLHV
&RQVWUXFWLRQ
LQWHQVLW\
1XPEHURIYHKL FOHV
WUDQV SRUWHG


),*85(
,QSXWLQGH[EORFNGLDJUDPRIPRGHORIFRQVWUXFWLRQGXVWSROOXWLRQHPLVVLRQFRQWURO

,Q(TXDWLRQ   EriED DQG EwUHVSHFWLYHO\FRU
UHVSRQG WR WKH HPLVVLRQ IDFWRUV JHQHUDWHG E\ FRQ
VWUXFWLRQ OLQNV VXFK DV YHKLFOH WUDQVSRUWDWLRQ VRLO
PDWHULDO ORDGLQJ DQG XQORDGLQJ DQG ZLQG HURVLRQ
DQGGXVWZKLFKFDQEHH[SUHVVHGE\(TXDWLRQ  
ETi EC  E p   

KLJKHU WKH IUHTXHQF\ RI YHKLFOH DFWLYLWLHV DQG WKH
JUHDWHUWKHFRQVWUXFWLRQLQWHQVLW\DUHWKHJUHDWHUWKH
YDOXHRIYHKLFOHWUDQVSRUWDWLRQGXVWHPLVVLRQIDFWRU
DQGORDGLQJDQGXQORDGLQJGXVWHPLVVLRQIDFWRUDUH
ZKLFKZLOOHYHQWXDOO\LQFUHDVHWKHWRWDOHPLVVLRQRI
FRQVWUXFWLRQ7KHUHLVDSRVLWLYHFRUUHODWLRQEHWZHHQ
ZLQGVSHHGYHKLFOHDFWLYLW\IUHTXHQF\FRQVWUXFWLRQ
LQWHQVLW\DQGGXVWHPLVVLRQ>@
&RQWUROOLQJGXVWSROOXWLRQHPLVVLRQGXULQJFRQ
VWUXFWLRQ7RHQVXUHWKHHIIHFWLYHFRQWURORIFRQVWUXF
WLRQGXVWSROOXWLRQHPLVVLRQLQWKHFRQWUROPRGHORI
RSWLPDOGHVLJQWKHLQIOXHQFLQJIDFWRUVRIFRQVWUXF
WLRQGXVWHPLVVLRQDUHWDNHQDVWKHLQSXWLWHPVDQG
WKHLQSXWLQGH[HVRIWKHPRGHODUHVKRZQLQ)LJXUH

7KH LQGLFDWRUV DUH LQSXW LQWR WKH RSWLPL]DWLRQ
FRQWUROPRGHOWKHFDOFXODWLRQRXWSXWUHVXOWVRIHPLV
VLRQFRQWURODUHREWDLQHGWKURXJKPRGHOFDOFXODWLRQ
DQG WKH IXJLWLYH GXVW SROOXWLRQ HPLVVLRQ FRQWURO LV
FRPSOHWHG WKURXJK WKH XVH RI ZLQG UHVLVWDQFH KX
PLGLILFDWLRQDQGGXVWLQKLELWRU

&DOFXODWLRQ RI GXVW SROOXWLRQ HPLVVLRQ FRQ
WURO &RQVLGHULQJ PXOWLSOH LQIOXHQFLQJ IDFWRUV WKH
FRQWURO DPRXQW RI GXVW SROOXWLRQ LV FDOFXODWHG E\
(TXDWLRQ  

%\VXEVWLWXWLQJWKHFDOFXODWLRQUHVXOWVLQ(TXD
WLRQ  LQWR(TXDWLRQ  WKHVSHFLILFYDOXHRIYHKL
FOHWUDQVSRUWDWLRQHPLVVLRQIDFWRULQFRQVWUXFWLRQFDQ
EHREWDLQHG,QDGGLWLRQWKHYDULDEOHVRILT DQG17
LQ (TXDWLRQ   DUH WKH DYHUDJH WUDQVSRUWDWLRQ GLV
WDQFHRIYHKLFOHVDQGWKHWRWDOQXPEHURIYHKLFOHVUH
VSHFWLYHO\ VD UHSUHVHQWVWKHORDGLQJDQGXQORDGLQJ
YROXPHDQGSW DQGtLVWKHGXVWDUHDDQGWLPHH[
SRVHGWRWKHDLU>@,QDGGLWLRQWRWKHIXJLWLYHGXVW
HPLVVLRQIURPFRQVWUXFWLRQWKHHPLVVLRQLQWHQVLW\LV
DOVRRQHRIWKHGLUHFWIDFWRUVWKDWGLUHFWO\GHWHUPLQH
WKH GHJUHH RI SROOXWLRQ 7DNLQJ YHKLFOH WUDQVSRUWD
WLRQDVDQH[DPSOHWKHIXJLWLYHGXVWHPLVVLRQLQWHQ
VLW\DWWKLVVWDJHFDQEHFDOFXODWHGDFFRUGLQJWR(TXD
WLRQ  

EI

 u ETi u

\
   

,Q (TXDWLRQ   \ LV WKH WUDQVSRUW YHKLFOH
IORZ SDVVLQJ WKURXJK LQ XQLW WLPH 7KH FDOFXODWLRQ
UHVXOWRI(TXDWLRQ  FDQEHVXEVWLWXWHGWRREWDLQWKH
VROXWLRQ UHVXOW RI GXVW HPLVVLRQ LQWHQVLW\ EI LQ WKLV
OLQN2QWKLVEDVLVWKHFRQWUROLQWHQVLW\RIGXVWSRO
OXWLRQHPLVVLRQFDQEHGHWHUPLQHGWKURXJKWKHTXDQ
WLWDWLYHUHVXOWVRIFRQVWUXFWLRQHPLVVLRQDQGHPLVVLRQ
LQWHQVLW\
)DFWRUV DIIHFWLQJ FRQVWUXFWLRQ GXVW HPLVVLRQ
&RPELQHG ZLWK WKH DQDO\VLV UHVXOWV RI FRQVWUXFWLRQ
GXVWPHFKDQLVPLWFDQEHGHWHUPLQHGWKDWWKHZLQG
VSHHG YHKLFOH DFWLYLW\ IUHTXHQF\ DQG FRQVWUXFWLRQ
LQWHQVLW\RIFRQVWUXFWLRQHQYLURQPHQWDUHWKHGLUHFW
IDFWRUVDIIHFWLQJGXVWHPLVVLRQ>@,QDGGLWLRQWKH

Q Qai  Q   
,WFDQEHVHHQIURP(TXDWLRQ  WKDWWKHHPLV
VLRQ FRQWURO DPRXQW RI GXVW SROOXWLRQ LV WKH GLIIHU
HQFH EHWZHHQ WKH DOORZDEOHHPLVVLRQ RI HFRORJLFDO
HQYLURQPHQWDQGWKHDFWXDOHPLVVLRQ%\VXEVWLWXWLQJ
WKH VSHFLILF YDOXH RI UHOHYDQW GDWD WKH TXDQWLWDWLYH
VROXWLRQUHVXOWFDQEHREWDLQHGDQGRXWSXWDVWKHRS
HUDWLRQUHVXOWRIWKHFRQWUROPRGHO>@

'HVLJQRIGXVWHPLVVLRQDQGZLQGUHVLVWDQFH
$IHQFHLVVHWDWWKHERXQGDU\RIWKHFRQVWUXFWLRQVLWH
:KHQWKHGXVWVSUHDGVDURXQGDWDFHUWDLQVSHHGWKH
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IHQFHFDQEORFNSDUWRIWKHGXVW>@7KHGHVLJQVHWV
WKHFURVVVHFWLRQDOGLPHQVLRQRIWKHIHQFHDVRCWR
UHSUHVHQW GLIIHUHQW FURVVVHFWLRQDO YDOXH VHWV RI Rn
DQG WKH VWUHQJWK H[SUHVVLRQ RI WKH GHVLJQ ZLQG UH
VLVWDQWVWUXFWXUHLVVKRZQLQ(TXDWLRQ  

¦U cc c

i   

N !    

i 

,Q(TXDWLRQ   U i UHSUHVHQWVWKHGHQVLW\RI
VHOHFWHGZLQGUHVLVWDQWVWUXFWXUDOPDWHULDOVc1c2 DQG
c3 DUHWKHOHQJWKZLGWKDQGKHLJKWRIZLQGUHVLVWDQW
IHQFH UHVSHFWLYHO\ DQG N LV WKH QXPEHU RI IHQFHV
>@ $FFRUGLQJ WR WKH FRUUHVSRQGLQJ VLWXDWLRQ WKH
RSWLPDO REMHFWLYH IXQFWLRQ DQG FRQVWUDLQWV RI ZLQG
ORDG RQ GXVW SROOXWLRQ DUH XVHG 7KH H[SUHVVLRQ RI
WKHRSWLPDOREMHFWLYHIXQFWLRQRIZLQGUHVLVWDQFHGH
VLJQLVVKRZQ(TXDWLRQ  
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&RYHULQJZLWKGHQVHPHVK)RUWKHFRQVWUXF
WLRQVLWHLVSURQHWRSURGXFHGXVWDGHQVHPHVKQHW
VKDOOEHPDGHDQGFRYHUHGRQWKHFRQVWUXFWLRQVLWHRU
VRLOVWDFNLQJVXUIDFHWRIL[WKHGXVWSDUWLFOHVGRPL
QDWHG E\ VRLO DQG LPSURYH WKH ZLQG HURVLRQ UH
VLVWDQFHRIGXVWSDUWLFOHV>@7KHVWXG\FROOHFWVWKH
VSDWLDOVWUXFWXUHGDWDRIWKHFRQVWUXFWLRQVLWHDQGUH
DOL]HWKHSURGXFWLRQRIGHQVH PHVKQHWZRUN+RZ
HYHULQWKLVGXVWSROOXWLRQFRQWUROPRGHWKHFRYHU
DJH DQG UHPRYDO RI GHQVH PHVK QHWZRUN UHTXLUH
PDQSRZHUDQGWLPHLQYHVWPHQWVRLWLVQHFHVVDU\WR
FRPELQH RWKHU HPLVVLRQ FRQWURO PHWKRGV WR RYHU
FRPHLWVOLPLWDWLRQV

6HOHFWLRQ DQG XVH RI GXVW LQKLELWRUV 7KH
PHWKRGRIUHGXFLQJWKHVXUIDFHWHQVLRQRIZDWHUE\
DGGLQJ RUJDQLF DQG LQRUJDQLF IORFFXODQWV WR ZDWHU
FDQLPSURYHWKHGXVWUHPRYDOUDWH7KLVPHWKRGKDV
WKH DGYDQWDJHV RI VLPSOH RSHUDWLRQ ORZ RSHUDWLRQ
FRVWDQGKLJKGXVWUHGXFWLRQHIILFLHQF\DQGFDQEHW
WHU UHGXFH WKH GLVFKDUJH RI LQKDODEOH SDUWLFOHV
&KHPLFDOGXVWVXSSUHVVRUVDUHXVHG:DWHULVXVHGDV
WKH VROYHQW LQ WKH GXVW VXSSUHVVRU ZKLFK ZLOO QRW
KDYHWRRPXFKLPSDFWRQWKHSHUIRUPDQFHRIEXLOG
LQJUDZPDWHULDOV'XVWVXSSUHVVLRQFKHPLFDOFRP
SRQHQWVDUHDGGHGWRH[SDQGWKHGXVWGHQVLW\DQGSDU
WLFOHVL]HIURPDFKHPLFDOSRLQWRIYLHZVRDVWRLQ
FUHDVHWKHTXDOLW\RISDUWLFOHVDQGUHGXFHWKHSURED
ELOLW\RISDUWLFOHVEHLQJFDUULHGE\WKHZLQG>@$W
SUHVHQWWKHW\SHVRIGXVWLQKLELWRUVXVHGLQWKHPDU
NHWLQFOXGHZHWWLQJDJHQWK\JURVFRSLFDJHQWKLJK
SRZHUK\JURVFRSLFDJHQWHWF,QWKHDFWXDOXVHSUR
FHVVWKHUDWLRDQGGRVDJHRIGXVWLQKLELWRUVKDOOEH
VWULFWO\FDOFXODWHGDQGFRQWUROOHGWRDYRLGVHFRQGDU\
SROOXWLRQ,QDGGLWLRQIURPWKHSHUVSHFWLYHRIHQYL
URQPHQWDOSURWHFWLRQPRVWRIWKHFKHPLFDOGXVWLQ
KLELWRUVXVHGDUHQRQGHJUDGDEOHVXEVWDQFHVVRLWLV
QHFHVVDU\WRGHYHORSRUVHOHFWDQHZDOJLQDWHGXVWLQ
KLELWRU ,W KDV VLPSOH FRPSRVLWLRQ ZLGH VRXUFHV
QRQWR[LFDQGKDUPOHVVDQGFDQEHFRPSOHWHO\GH
JUDGHGXQGHUQDWXUDOFRQGLWLRQV,WLVDQHQYLURQPHQ
WDOSURWHFWLRQGXVWLQKLELWRU>@,QWKHDFWXDOGXVW
SROOXWLRQHPLVVLRQFRQWUROSURFHVVVRGLXPDOJLQDWH
DQGDQK\GURXVFDOFLXPFKORULGHDUHIXVHGLQWKHUDWLR
RIDQGGLVVROYHGLQZDWHUWRSURGXFHDFROORLGDO
VHPLVROLGFDOFLXPDOJLQDWHSURGXFHGE\WKHUHDFWLRQ
WRDFKLHYHWKHGXVWVXSSUHVVLRQHIIHFW
,QDGGLWLRQLQWKHH[FDYDWLRQVWDJHRIFRQVWUXF
WLRQEORFNH[FDYDWLRQFDQEHXVHGLQWKHIRXQGDWLRQ
SLWDQGEDFNILOOVRLOVRDVWRDYRLGODUJHVFDOHFRQ
VWUXFWLRQ GLVWXUELQJ WKH VRLO PDVV DQG PDNLQJ WKH
GXVWSROOXWLRQPRUHVHULRXV6HFRQGO\WKHH[SRVHG
DQGOHDNHGHDUWKVKDOOEHFRYHUHGLPPHGLDWHO\DIWHU
FRQVWUXFWLRQDQGEORFNH[FDYDWLRQVKDOOEHDGRSWHG
WRDYRLGODUJHDUHDH[FDYDWLRQDVIDUDVSRVVLEOH>@
6SULQNOHUV VKDOO EH VHW DURXQG WKH FRQVWUXFWLRQ VLWH
DQGVWDUWHGHYHU\PLQXWHV:RRGZRUNLQJHTXLS
PHQWLVVHOHFWHGWRUHSODFHWKHWUDGLWLRQDOZRRGZRUN
LQJPDFKLQHU\WRUHGXFHWKHGXVWSROOXWLRQHPLVVLRQ
LQWKHPDLQFRQVWUXFWLRQVWDJH

N

Ef



Sn  
  

,Q(TXDWLRQ  m2UHSUHVHQWVWKHZLQGORDG
RIEXLOGLQJFRQVWUXFWLRQHQYLURQPHQW2QWKLVEDVLV
WKHZLQGUHVLVWDQFHFRQVWUDLQWVRIGXVWHPLVVLRQDUH
VHWIURPWZRDVSHFWVRIKRUL]RQWDOSRVLWLRQDQGIUH
TXHQF\ 6R IDU WKH ZLQG UHVLVWDQFH GHVLJQ RI GXVW
SROOXWLRQLVFRPSOHWHG

2QOLQH KXPLGLILFDWLRQ RI IXJLWLYH GXVW $
VLPSOHDQGHIIHFWLYHZD\WRUHGXFHWKHHPLVVLRQRI
LQKDODEOHSDUWLFXODWHPDWWHULVWRKXPLGLI\WKHPDWH
ULDO ZKLFK FDQ EH KXPLGLILHG EHIRUH WKH PDWHULDO
IDOOVRUWKHZDWHUPLVWJHQHUDWHGE\WKHQR]]OHGXU
LQJ WKH PDWHULDO IDOOV WR PDNH WKH ILQH SDUWLFOHV
JDWKHU7KHWHQVLRQRIZDWHUPDNHVLWFRQGHQVHDQG
PL[ZLWKZDWHUWRIRUPODUJHUPROHFXOHVDQGLWVGHQ
VLW\DQGKXPLGLW\ULVH7KHIRUFHJHQHUDWHGE\ZLQG
RUKXPDQDFWLYLWLHVFDQQRWSURPRWHWKHVHFHPHQWHG
GXVWSDUWLFOHVWKDWLVWKHHPLVVLRQRILQKDODEOHSDU
WLFOHVFDQEHUHGXFHGE\SUHDGGLQJZDWHUDQGRQOLQH
DGGLQJZDWHU>@,QWKHSURFHVVRIRQOLQHKXPLGLIL
FDWLRQRIIXJLWLYHGXVWWKHKXPLGLILFDWLRQIORZDQG
SUHVVXUHQHHGWREHVHW8QGHUWKHVDPHDLUSUHVVXUH
WKHGURSOHWVL]HSURGXFHGE\GLIIHUHQWZDWHUDGGLWLRQ
DPRXQW LV GLIIHUHQW 7KH DPRXQW RI ZDWHU DGGLWLRQ
GHSHQGVRQWKHFDOFXODWLRQUHVXOWRIIXJLWLYHGXVWSRO
OXWLRQHPLVVLRQFRQWURODPRXQW'XHWRWKHGLIIHUHQW
DLU SUHVVXUH WKH GURSOHW VL]H LV DOVR GLIIHUHQW 7KH
ODUJHUWKHDLUSUHVVXUHLVWKHVPDOOHUWKHGURSOHWVL]H
LV )RU WKH JDV ZDWHU WZRSKDVH QR]]OH XVHG LQ WKH
H[SHULPHQWWKHDSSURSULDWHDLUSUHVVXUHPXVWEHVH
OHFWHG SUHIHUDEO\ 03D >@ 7KH DXWRPDWLF KX
PLGLILFDWLRQGHYLFHVKDOOEHLQVWDOOHGDWWKHSRVLWLRQ
ZKHUHWKHUHPD\EHGXVWHPLVVLRQGXULQJFRQVWUXF
WLRQ 7KH ZDWHU DGGLQJ SRVLWLRQ LV FORVH WR WKH H[
KDXVWSLSH:KHQGXVWHPLVVLRQLVGHWHFWHGWKHKX
PLGLILFDWLRQGHYLFHVKDOOEHVWDUWHGDQGWKHTXDQWL
WDWLYH DGGLWLRQ VKDOO EH FRPSOHWHG XQGHU WKH FRQ
VWUDLQWVRIIORZDQGSUHVVXUH
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OXWLRQLVWRXVHDVPDOOQXPEHURIUHSUHVHQWDWLYHHQ
YLURQPHQWDO PRQLWRULQJSRLQWVRUPRQLWRULQJWLPHV
WRUHIOHFWYDULRXVHQYLURQPHQWDOPRQLWRULQJLQGLFD
WRUV DQG WKHLU WHPSRUDO DQG VSDWLDO GLVWULEXWLRQ DQG
FKDQJH ODZ LQ WKH FRQVWUXFWLRQ DUHD WR WKH JUHDWHVW
H[WHQW$FFRUGLQJWRWKHFRQVWUXFWLRQFRQWHQWRIWKH
FRQVWUXFWLRQ SURMHFW WKH ORFDWLRQV ZKHUH GXVW PD\
RFFXULQHDFKFRQVWUXFWLRQVWDJHDUHVHWDVPRQLWRU
LQJRUVDPSOLQJSRLQWV(DFKFRQVWUXFWLRQDUHDLVVHW
ZLWK  PHDVXULQJ SRLQWV DQG WKH VHWWLQJ LQWHUYDO
EHWZHHQPHDVXULQJSRLQWVLVDWOHDVWP$IWHUVWD
WLVWLFVDWRWDORIPHDVXULQJSRLQWVDUHVHWVHQVRU
HTXLSPHQWLVLQVWDOOHGRQWKHPHDVXULQJSRLQWSRVL
WLRQVDQGWKHUHDOWLPHGDWDRQWKHPHDVXULQJSRLQW
SRVLWLRQVDUHUHDGWRREWDLQWKHTXDQWLWDWLYHGDWDRI
GXVWDQGDLUTXDOLW\LQWKHFRQVWUXFWLRQDUHD
&RQWURO HIIHFW LQGLFDWRUV DQG PHDVXUHPHQW
PHWKRGV$FFRUGLQJWRWKHWHVWSXUSRVHRIWKHFRQWURO
PRGHOWKHWHVWLQGLFDWRUVIRUGHWHUPLQLQJWKHFRQWURO
HIIHFWDUHWKHDFWXDOHPLVVLRQRIGXVWSROOXWLRQGXULQJ
FRQVWUXFWLRQ DQG WKHGXVW FRQFHQWUDWLRQ LQWKH HFR
ORJLFDO HQYLURQPHQW 7KH GXVW HPLVVLRQ FDQ EH GL
UHFWO\REWDLQHGE\UHDGLQJWKHGDWDDWWKHORFDWLRQRI
WKHPHDVXULQJSRLQWDQGWKHQXPHULFDOUHVXOWRIGXVW
FRQFHQWUDWLRQLQWKHDLUFDQEHH[SUHVVHGE\(TXDWLRQ
 

5(68/76

7RWHVWWKHGHVLJQHGHPLVVLRQFRQWUROPRGHORI
FRQVWUXFWLRQGXVWSROOXWLRQXQGHUWKHEDFNJURXQGRI
HFRORJLFDOHQYLURQPHQWIRUWKHHPLVVLRQRIGXVWSRO
OXWLRQLQWKHDFWXDOFRQVWUXFWLRQVLWHDFRQVWUXFWLRQ
SURMHFWLVVHOHFWHGDVWKHEDFNJURXQGWRWHVWWKHFRQ
WURO HIIHFW DQG WKH DFWXDO HPLVVLRQ RI GXVW DQG DLU
TXDOLW\ DUH PHDVXUHG WR YHULI\ WKH IHDVLELOLW\ DQG
SUDFWLFDO DSSOLFDWLRQ HIIHFW RI WKH SURSRVHG FRQWURO
PRGHO
2YHUYLHZ RI FRQVWUXFWLRQ ZRUNV 7DNLQJ D
ODUJHVFDOHFRQVWUXFWLRQSURMHFWXQGHUFRQVWUXFWLRQLQ
D FLW\ DV DQ H[SHULPHQWDO UHVHDUFK FDVH WKH PDLQ
EXLOGLQJFRQWHQWRIWKHSURMHFWLVFLYLOUHVLGHQFHZLWK
D WRWDO IORRU DUHD RI DERXW  P LQFOXGLQJ 
EXLOGLQJVRIGLIIHUHQWVL]HV7KHPDLQERG\RIFLYLO
UHVLGHQWLDOEXLOGLQJVLVGLYLGHGLQWRJURXQGDQGXQ
GHUJURXQG SDUWV VR WKH DFWXDO FRQVWUXFWLRQ DUHD RI
WKH FRQVWUXFWLRQ SURMHFW LV P 7KH FRQVWUXF
WLRQSHULRGRIWKHFRQVWUXFWLRQSURMHFWLVH[SHFWHGWR
EH  GD\V 'XULQJ WKH FRQVWUXFWLRQ SURFHVV WKH
VRXUFHVRIGXVWLQWKHVLWHLQFOXGHFRQVWUXFWLRQOLQNV
VXFK DV HDUWKZRUN H[FDYDWLRQ VLWH OHYHOLQJ HDUWK
ZRUNEDFNILOOLQJDQGWUDQVSRUWDWLRQLQWKHVLWH7KH
H[FDYDWLRQ GHSWK UDQJH RI WKH IRXQGDWLRQ SLW IRU
HDUWKZRUNH[FDYDWLRQLV>PP@DQGWKHWRWDO
HDUWKZRUNYROXPHLVP7KHH[FDYDWHGYRO
XPHLVDERXWPG7KURXJKWKHVXUYH\RIWKH
VXUURXQGLQJDLUTXDOLW\LWLVGHWHUPLQHGWKDWWKHHFR
ORJLFDOHQYLURQPHQWFDSDFLW\RIWKHFRQVWUXFWLRQHQ
YLURQPHQWFRUUHVSRQGLQJWRWKHFRQVWUXFWLRQSURMHFW
LVW'ZKLFKLVVHWDVWKHVWDQGDUGOLPLWRIIXJLWLYH
GXVW7RHQVXUHWKHQRUPDOSURJUHVVRIWKHFRQVWUXF
WLRQ SURMHFW WKH UHVLGHQWLDO DUHDV QHDU WKH SURMHFW
KDYHEHHQFRPSOHWHGEHIRUHWKHFRPPHQFHPHQWRI
WKHSURMHFW
/D\RXWRIGXVWSROOXWLRQVDPSOLQJSRLQWV7KH
SXUSRVHRIVDPSOLQJSRLQWVIRUFRQVWUXFWLRQGXVWSRO

cy

Q
  
Area

,Q (TXDWLRQ   Q DQG Area DUH WKH DFWXDO
HPLVVLRQRIGXVWDQGWKHDUHDRIFRQVWUXFWLRQDUHDUH
VSHFWLYHO\ 7KXV WKH GXVW VXSSUHVVLRQ FRQWURO HIIL
FLHQF\ RI WKH GHVLJQ FRQVWUXFWLRQ GXVW SROOXWLRQ
HPLVVLRQ FRQWURO PRGHO FDQ EH TXDQWLWDWLYHO\ H[
SUHVVHGE\(TXDWLRQ  

Meff

c y  c y 
cy 

  


:DWHULQJFDU

6SRXW

),*85(
5HDOPDSRIRQOLQHGXVWKXPLGLILFDWLRQWUHDWPHQW
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,Q (TXDWLRQ  



WLRQ  WKHTXDQWLWDWLYHWHVWUHVXOWVRIGXVWFRQFHQ
WUDWLRQLQWKHDLUFDQEHREWDLQHGDVVKRZQLQ)LJXUH

,Q )LJXUH  t0 and t1 UHVSHFWLYHO\ VKRZ WKH
VWDUWXSWLPHRIWKHPRQLWRULQJSURJUDPDQGWKHFRQ
WUROPRGHO7KHQH[WWLPHLVWKHVDPSOLQJWLPHRIWKH
GXVW FRQFHQWUDWLRQ XQGHU WKH FRQWURO RI WKH PRGHO
DQGWKHVDPSOLQJLQWHUYDOLVPLQ8QGHUWKHFRQ
WUROPRGHOWKHGXVWFRQFHQWUDWLRQLQWKHDLUDWHDFK
VWDJHRIEXLOGLQJFRQVWUXFWLRQLVORZHUWKDQJP
SURYLQJWKDWWKHDLUTXDOLW\OHYHOLVDOZD\VDERYHWKH
JRRGOHYHO7KHFRQFHQWUDWLRQWHVWUHVXOWDWt0LVWKH
VSHFLILFYDOXHRIWKHYDULDEOHRIܿ௬ LQ(TXDWLRQ  
7KHDYHUDJHYDOXHRIWKHFRQFHQWUDWLRQWHVWUHVXOWDI
WHU t1LVWKHDVVLJQHGYDOXHRIܿ௬ଵ 7KHUHIRUHLWFDQ
EHFRQFOXGHGWKDWWKHGXVWVXSSUHVVLRQFRQWUROHIIL
FLHQF\ RI WKH GHVLJQ FRQVWUXFWLRQ GXVW SROOXWLRQ
HPLVVLRQ FRQWURO PRGHO LV KLJKHU WKDQ  ZKLFK
SURYHVWKDWWKHGHVLJQFRQWUROPRGHOKDVDJRRGFRQ
WUROHIIHFW


&21&/86,216

,QRUGHUWRUHGXFHWKHQHJDWLYHLPSDFWRIGXVW
SROOXWLRQ RQ UHVLGHQWV  KHDOWK DQG XUEDQ HFRORJLFDO
ODQGVFDSHDFRQWUROPRGHOIRUGXVWSROOXWLRQFDXVHG
E\FRQVWUXFWLRQLVFRQVWUXFWHGDQGDSSOLHGWRWKHDF
WXDOFRQVWUXFWLRQVLWHHQYLURQPHQW)URPWKHH[SHUL
PHQWDOUHVXOWVWKHGHVLJQPRGHOKDVJRRGFRQWUROHI
IHFWDQGFDQFRQWUROWKHGXVWFRQFHQWUDWLRQDWWKHFRQ
VWUXFWLRQVLWHZLWKLQWKHDOORZDEOHUDQJH7KHFRQWURO
PRGHOFDQEHDSSOLHGWRRWKHUW\SHVRISROOXWLRQFRQ
WUROZRUNVRDVWRVFLHQWLILFDOO\DQGHIIHFWLYHO\JXLGH
WKHGXVWSROOXWLRQFRQWUROZRUN

c y  DQG cy UHVSHFWLYHO\

UHSUHVHQWWKHGXVWFRQFHQWUDWLRQEHIRUHDQGDIWHUWKH
DSSOLFDWLRQRIWKHFRQWUROPRGHO,QWKHDFWXDOPHDV
XUHPHQW SURFHVV WKH UHDGLQJV RI WKH VHQVRU DW WKH
PHDVXULQJSRLQWDUHUHDGDQGVXEVWLWXWHGLQWRWKHWZR
IRUPXODVWRREWDLQWKHVSHFLILFWHVWUHVXOWV
([SHULPHQWDO SURFHVV GHVFULSWLRQ DQG UHVXOW
DQDO\VLV7KHGHVLJQHGIXJLWLYHGXVWSROOXWLRQHPLV
VLRQFRQWUROPRGHOLVDSSOLHGLQDOOOLQNVRIEXLOGLQJ
FRQVWUXFWLRQDQGWKHRQOLQHKXPLGLILFDWLRQSURFHVV
RIIXJLWLYHGXVWLVVKRZQLQ)LJXUH
$V FDQ EH VHHQ IURP )LJXUH  GHQVH PHVK LV
ODLGRQWKHVXUIDFHRIWKHFRQVWUXFWLRQVLWHDFFRUGLQJ
WRWKHGHVLJQHGFRQWUROPRGHO$FFRUGLQJWRWKHFRQ
VWUXFWLRQ SURJUHVV WKH H[SHULPHQW LV GLYLGHG LQWR
IRXUOLQNV(DUWKZRUNH[FDYDWLRQPDLQFRQVWUXFWLRQ
VLWHOHYHOLQJDQGHDUWKZRUNEDFNILOOLQJDQGYHKLFOH
WUDQVSRUWDWLRQ UXQV WKURXJK WKH IRXU FRQVWUXFWLRQ
OLQNV,QWKHSURFHVVRIVDPSOLQJDQGPRQLWRULQJLW
LVQHFHVVDU\WRHQVXUHWKDWWKHZLQGVSHHGLQWKHHQ
YLURQPHQW GRHVQRW H[FHHG PV VR DV WR UHGXFH
WKHLQIOXHQFHRILUUHOHYDQWIDFWRUVLQWKHHQYLURQPHQW
RQ WKH H[SHULPHQWDO UHVXOWV $IWHU UHDGLQJ DQG UH
FRUGLQJUHOHYDQWGDWDWKHWHVWUHVXOWVRIVRPHPHDV
XULQJSRLQWVRQWKHDFWXDOHPLVVLRQRIFRQVWUXFWLRQ
GXVWSROOXWLRQSHUXQLWWLPHDUHREWDLQHGDVVKRZQLQ
7DEOH
,WFDQEHVHHQIURP7DEOHWKDWWKHWRWDOGXVW
SROOXWLRQHPLVVLRQPRQLWRUHGLQWKHZKROHFRQVWUXF
WLRQSURMHFW
LVWZKLFKLVVLJQLILFDQWO\ORZHUWKDQWKHVHWGXVW
VWDQGDUGOLPLWPHHWLQJWKHFRQWUROUHTXLUHPHQWVRI
WKHFRQVWUXFWLRQVLWHIRUGXVWSROOXWLRQHPLVVLRQ,Q
WHJUDWLQJ WKH HPLVVLRQ WHVW GDWD PRQLWRUHG DW DOO
PHDVXULQJ SRLQWV DQG VXEVWLWXWLQJ WKHP LQWR (TXD
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7$%/(
7HVWUHVXOWVRIDFWXDOHPLVVLRQRIGXVWSROOXWLRQIURPFRQVWUXFWLRQ
7KHWRWDO 7KHWRWDO 7KHWRWDO 7KHWRWDO
7KHWRWDO
7KHWRWDO
GXVW
GXVW
GXVW
GXVW
GXVWHPLV
GXVWHPLV
&RQVWUXFWLRQOLQNV
HPLVVLRQ HPLVVLRQ HPLVVLRQ HPLVVLRQ
VLRQRI
VLRQRI
RI
RI
RI
RI
03W
03W
03W 03W 03W 03W
(DUWKZRUNH[FDYDWLRQ






0DLQFRQVWUXFWLRQ






6LWHOHYHOLQJ






(DUWKZRUNEDFNILOO







$&.12:/('*(0(176

7KLVZRUNZDVFRPSOHWHGE\WKHDXWKRUVZLWK
RXW DQ\ IXQGV VXSSRUWHG $QG WKH DXWKRUV ZDQW WR
WKDQNDOOWKHWHFKQLTXHVDQGDOOWKHDXWKRUVRIWKHUHI
HUHQFHV


5()(5(1&(6

>@ :HL&:HQ1/LX4  7KHHIIHFWVRI
$LUYHQWV /D\RXWVRQ%HKDYLRXUDQG3ROOXWLRQ
RI 'XVW LQ 7XQQOH &RQVWUXFWLRQ (QYLURQPHQW
,23&RQIHUHQFH6HULHV(DUWKDQG(QYLURQPHQ
WDO6FLHQFH  
>@ *RSL56DUDYDQDNXPDU5(ODQJR.&KDQ
GUDVHNDU$1DYDQHHWKDQ.*RSDO1  
&RQVWUXFWLRQ (PLVVLRQ 0DQDJHPHQW XVLQJ
:LQG 5RVH 3ORW DQG $(502' $SSOLFDWLRQ
,23 &RQIHUHQFH 6HULHV 0DWHULDOV 6FLHQFH DQG
(QJLQHHULQJ  
>@ &KHUL\DQ'&KRL-+  $UHYLHZRIUH
VHDUFKRQSDUWLFXODWHPDWWHUSROOXWLRQLQWKHFRQ
VWUXFWLRQ LQGXVWU\ -RXUQDO RI &OHDQHU 3URGXF
WLRQ
>@ 0DQ]KLOHYVND\D 6 /LKRQRVRY $ 3HWUHQNR
/  )LQHGXVWDWPRVSKHULFSROOXWLRQIURP
WKH REMHFWV RI LQILOO FRQVWUXFWLRQ (6 :HE RI
&RQIHUHQFHV  
>@ <DQJ+6RQJ;'X/=KDQJ4<LQ6
  (VWLPDWLQJ 3DUWLFXODWH 0DWWHU (PLVVLRQ
IURP 'XVW 6RXUFHV 8VLQJ =< 'DWD DQG *,6
7HFKQRORJ\²$&DVH6WXG\LQ=KHQJ]KRX&LW\
&KLQD$WPRVSKHUH  
>@ +X-:DQJ+=KDQJ-=KDQJ0=KDQJ
+:DQJ6&KDL)  303ROOXWLRQ
LQ ;LQJWDL &KLQD &KHPLFDO &KDUDFWHULVWLFV
6RXUFH $SSRUWLRQPHQW DQG (PLVVLRQ &RQWURO
0HDVXUHV$WPRVSKHUH  
>@ 0D<*RQJ0=KDR+/L;  &RQ
WULEXWLRQRIURDGGXVWIURP/RZ,PSDFW'HYHO
RSPHQW /,' FRQVWUXFWLRQVLWHVWRDWPRVSKHULF
SROOXWLRQIURPKHDY\PHWDOV6FLHQFHRIWKH7R
WDO(QYLURQPHQW




7KHWRWDO
GXVWHPLV
VLRQRI
03W





>@ 6LQJK69HUPD 9 <DGDY 5 5DPNHVK 6
  (PLVVLRQ FRQWURO IURP DXWRPRELOHV H[
KDXVWXVLQJGXDODEVRUEHQW,23&RQIHUHQFH6H
ULHV 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ
  
>@ $OEXTXHUTXH7:HVW-$QGUDGH0<QRXH
50RUHLUD'  $QDO\VLVRI30FRQ
FHQWUDWLRQV XQGHU SROOXWDQW HPLVVLRQ FRQWURO
VWUDWHJLHVLQWKHPHWURSROLWDQDUHDRI6R3DXOR
%UD]LO (QYLURQPHQWDO 6FLHQFH DQG 3ROOXWLRQ
5HVHDUFK  
>@$KPDG06LYDVXEUDPDQL6  3RWHQWLDO
LPSDFWVRIHPLVVLRQFRQWUROSROLF\RQWKHYHKL
FOHWRJULGHQYLURQPHQWDQRYHODSSURDFK,(7
6PDUW*ULG  
>@5XL] 5 'XDUWH $   (PLVVLRQ FRQWURO
,QWHU7UDIILF:RUOG
>@/L=/HL//L<&KHQ&6XQ<  
$HURVRO FKDUDFWHUL]DWLRQ LQ D FLW\ LQ FHQWUDO
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the average level of the world. However, economic
development has brought great damage to the sustainable development of ecological environment.
The premise of economic development inevitably requires the expansion of industrial production, and the
development of economy will inevitably cause high
pollution to the ecological environment, which also
brings irreversible damage to the ecological environment [1-3]. Under this major premise, the government have gradually realized that paying attention to
the sustainable development of the ecological environment is equally noteworthy while developing the
economy. As a large agricultural country with a vast
rural area, the improvement of the rural ecological
environment is the basis for the improvement and
optimization of the rural surrounding ecological environment and the restoration of the damaged ecological environment. In the early years, the development of the economy led to serious damage to the
rural ecological environment, and in recent years, the
improvement of the economic level has improved
the living standards of rural residents, and the improvement of living conditions and the increasingly
decaying rural environment can no longer match the
current economic level of the countryside [4-5]. In
order to alleviate this situation, many researchers
have made relevant studies on managing rural waste
pollution: Zhang et al. [6] proposed an approach to
rural waste classification, in which farmers themselves actively participate and study the feasibility
mechanism of this disposal behavior, and use a decision model to analyze the waste classification and
disposal behavior, thus obtaining the analysis results.
We can obtain accurate analysis, but this approach
cannot analyze external factors; Pei et al. [7] studied
the behavior of rural waste sorting from several aspects, but it does not carry out research from the aspect of incentive mechanism. Therefore, further
analysis is still needed.
Computer technology has made tremendous
development at present, and intelligent environmental protection has made continuous development in
this context, which can play a good monitoring role
on the environment through computer technology
combined with control devices, and assist in reducing environmental pollution to a certain extent [8-10].

ABSTRACT
The problem of rural ecological pollution is becoming more and more serious, and the production
and domestic waste seriously affects the sustainable
development of rural environment. Therefore, the reverse incentive mechanism of rural waste separation
and recycling under the intelligent environmental
protection is studied. Data on the current amount of
rural waste production and disposal are collected to
understand and analyze the current status of rural
waste recycling. The game theory is used to analyze
the reverse incentive mechanism of waste separation
and recycling, and it is learned that under different
influencing factors, the government and residents
choose different optimal strategies. Based on the
game theory, we apply the game theory to the actual
rural waste separation and recycling activities and
learn the direction of the government's future work
on the reverse incentive mechanism for waste separation and recycling. By using intelligent garbage
bins and carrying out garbage collection and sorting
in rural areas, we analyze the effect of the reverse
incentive mechanism in the form of points to motivate residents to participate in garbage collection and
sorting activities. The results show that after the implementation of the incentive mechanism, the waste
separation and recycling rate increasing to 99% after
a certain period of time, the residents' awareness of
environmental protection was improved, the waste
disposal rate reached 100%, and the environment
was improved, which determined the effectiveness
of the incentive mechanism.

KEYWORDS:
Rural waste, smart environmental protection, sorting and
recycling, reverse incentive mechanism, game theory,
smart garbage cans

INTRODUCTION
With the rapid development of economic level,
China's comprehensive strength has been in the leading position around the world, and the cultural level
and various technical levels have been higher than
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Game theory is a reverse incentive based on computer technology to carry out research and analysis
related to the reverse incentive of rural waste classification and in-depth analysis of classification incentive mechanism, under the intelligent environmental
protection, combined with game theory, to provide
new research ideas for the future improvement of rural ecological environment [11].
This paper takes intelligent environmental protection as the background, and makes deep research
on the reverse incentive mechanism of rural waste
sorting and recycling from multiple perspectives, so
as to lay the foundation for future research related to
the incentive mechanism of rural waste sorting.

made by the relevant departments, 80% of rural
waste production was generated in China. By the end
of 2020, the annual waste production exceeds 2.05
h108 t, which is 3% higher, but the amount of waste
treatment and removal is not equal to the amount of
waste production, as shown in Figure 1 and Figure 2.
According to Figures 1 and Figure 2, it can be
seen that almost near 10% of village waste cannot be
disposed in time [12]. Unlike urban garbage, most
rural villages discharge domestic wastewater and irrigation wastewater into the surrounding river water
sources due to the agricultural production practices,
which produce a large amount of waste crops such as
straw and dead branches from growing crops, and a
large amount of manure and breeding waste from
raising livestock.
Most of the rural areas do not have fixed garbage collection points, and most of the villagers pile
up garbage indiscriminately or throw it away shown
in Figure 3 [13-15].

MATERIALS AND METHODS
The current situation of rural waste pollution environment. According to the rough statistics

Waste production / 10000 tons
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Annual waste disposal volume / 10000 tons

FIGURE 1
Annual waste production.
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FIGURE 2
Annual amount of garbage disposal.
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FIGURE 3
Current situation of rural garbage.

Instructions
Reduce
waste
production

government and rural residents are participants.
Waste recycling and sorting is not taking into account in the intermediate stages to simplify the problem, and whether the staff involved in each stage
work properly or not is the scope of the government's
work judgment [17]. Figure 4 shows the game relationship of waste sorting and recycling.
In terms of strategy, the government has to
make a choice about whether to require rural residents to separate their waste or not. Accordingly, rural residents also need make a choice in this game
theory: whether or not to separate their waste. The
government can develop differential incentives for
rural residents to participate in waste separation activities, and this also creates differential forms of
payment between the rural residents and the government. Exploring incentives to motivate rural residents to separate waste requires the use of a thorough
study of the choice of waste separation strategies between the government and resident groups involved
in waste separation. The precise choice of incentives
can reflect the current low participation or frequent
misclassification of rural residents.
Rural waste separation and recycling generates
a lot of costs, which include labor costs, publicity
costs, and management costs. As a result, the government's initial costs are higher in the exploration
stage, and rural residents find that they do not get the
best returns from participating in waste separation
and recycling activities, or even suffer from their
own interests as a result of participating in waste separation and recycling, so fewer and fewer rural residents are willing to participate in waste separation
and recycling activities. However, the government
has received instructions from the central government to take into account the sustainable development of the rural ecological environment and the
long-term development of economic interests to require rural residents to actively participate in waste
separation and recycling activities, which can help
reduce rural waste pollution. After the analysis, it can

Government

Environmental
constraints

Resident

Waste
production
Daily

FIGURE 4
Game relationship diagram of waste separation
and recycling
In this situation, relevant departments and local
governments have not taken measures to set up garbage collection points and sorting and treatment facilities due to financial constraints, and have not
managed the problem of rural garbage collection
from the root, resulting in a low amount of rural garbage treatment and removal, and the problem of rural
garbage pollution has become more and more serious at present.
Reverse incentive mechanism of waste separation and recycling based on game relationship
theory. Three elements are needed to carry out the
game, which are the people involved in the game, the
optional strategy and the game payment. Game theory is generally studied for adversarial or competitive game behavior. The collection of rural waste
separation at source can be considered as a game in
which rural waste producers are also waste providers.
Under the current smart environmental protection
environment, the government issues a directive to reduce the amount of rural waste produced, so the relationship between waste production and government requirements can be fully explained using
game theory [16]. For the rural waste separation and
recycling problem studied in this paper, both the
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be seen that there is a serious conflict relationship
between rural residents and the local government,
and this contradictory relationship needs game theory to solve, and it has been suggested both the government and rural residents have two alternative
strategies in this game process.
(1) Assume Pi and Ci denote the benefits gained
from waste separation and the costs paid by rural residents to carry out waste separation, respectively.
The revenue from waste separation is paid by the
government and the cost of waste separation is paid
by the rural residents, where the government generally recycles the waste after waste separation to obtain revenue.
(2) It is assumed that P2 indicates the revenues
that government receives direct benefits from the
participation of rural residents in waste separation
and recycling. This type of benefit is mainly obtained
from the government's advertising for the promotion
work at the beginning of waste separation and recycling; the other benefit is the participation of rural
residents in waste separation and recycling, and the
government does not need to carry out secondary
conversion of waste, which saves costs for the government's work to a certain extent.
(3) K indicates the cost of government supervision.
(4) P3 indicates the benefits that rural residents
can get if they do not participate in rural waste separation and recycling.
(5) Assume that P indicates the probability that
the relevant government monitoring mechanism
timely finds out that rural residents do not participate
in the activities of waste separation and recycling to
make punitive behavior. The amount of penalty is
represented by X.
(6) The probability that rural residents will actively participate in waste separation and the probability that the government will take the initiative to
supervise and manage waste separation are indicated
by Į and ȕrespectively. According to these assumptions, the game matrix between rural residents and
the government is drawn (Table 1).
Based on the game matrix in Table 1, if the difference between P1 and C1 with the subtraction is not

 wEg
°°
wE
®
° wEr
°¯ wD

PX  D PX  K  D

1

P1  C1  P3  E PX  E

less than P3, this relationship means that rural residents get less benefit from not separating garbage for
recycling than those who do, and under this relationship, rural residents can get incentives from the government by separating garbage for collection. Once
waste separation and recycling technologies are
widely used in rural areas, it will minimize the cost
and maximize the benefits of waste separation and
recycling. The government's knowledge of economy
and waste separation and recycling will help rural
residents understand the economic benefits of active
waste separation and recycling, which will motivate
them to actively participate in waste separation and
recycling. To sum up, the government plays a leading role in building a perfect information exchange
environment, through which the government collects
information on policies related to waste separation
and recycling and receives economic support from
all walks of life, which makes it possible to reduce
the cost of waste separation and recycling, so that
more residents can obtain the incentives provided by
waste separation and recycling. This will encourage
more rural residents to participate in waste separation and recycling.
(2) If the difference between P1 and C1 is less
than the difference between 3; and P3, that is, the
result of dividing the government's penalty for separating garbage and the revenue from not separating
garbage is greater than the net revenue from separating garbage, rural residents would rather accept the
government's penalty than continue to separate garbage. Statistics show that the majority of rural residents in China are currently faced with the situation
where they would rather be punished than participate
in waste separation and recycling, but most governments do not really punish residents, which further
causes rural residents to be reluctant to actively participate in waste separation and recycling.
If the difference between and is not less than
the difference between and, after solving the expectation function of the government and the expectation benefit function of the rural residents, the first
order derivation of the benefit function of the rural
residents and the government to obtain the optimal
condition of the rural residents and the government.
(Eq 1)

K
PX
C1  P3  P1
PX

(1)

TABLE 1
Game matrix
Residents
Government
Garbage sorting and recovery
Refuse garbage sorting and
recovery

Items

Without items

(P2-K, P1-C1)

(P2, P1-C1)

(PX-K, P3-PX)

(0, P3)
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According to the analysis, there is an optimal
relationship between the rural residents and the gov-

0  D  1

aspects of life, and to motivate them to join the team
of waste separation and recycling, so as to realize the
virtuous cycle of rural ecological environment.

K
PX , the rural residents

ernment. If
are required by the government to carry out waste
separation and recycling activities and are also monitored by the government, the best strategy for the
government is to accept the government's request to
carry out waste separation and recycling activities; if

1

Practical application effect. In the process of
the study, we cooperated with the rural government
in southwest China to study a village and town with
a resident population of 3,000 and a daily waste generation of about 1 ton, 40 intelligent garbage bins arranged in the village and town, compared the real incentive mechanism and thus the treatment effect after waste separation and recycling the waste generation, counted disposal and waste separation and recycling rates for 30 days. According to the results of
the game and the incentive strategy planned for the
government in subsection 3.1, the actual implementation of the waste separation and recycling mechanism for rural residents, combined with the current
overall environment of intelligent environmental
protection, the government increased the cost investment and arranged intelligent garbage cans in several
key sections of the rural areas, the shape and function
of such garbage cans are shown in Figure 5 and Figure 6.
This kind of intelligent garbage belongs to the
new high-tech products put into production in recent
years with intelligent face recognition system, and it
can also connect to cell phone through QR code, that
is to say, the garbage can only need to scan the appearance of the resident who delivered the garbage
to record the garbage classification and recycling situation of the resident, and the result of incentive
mechanism is sent to the resident's cell phone, and
the resident can use the result as a proof to exchange
to the government [12]; The intelligent garbage can
fully publicize the benefits of waste separation and
recycling, saving the government's publicity costs;
The smart garbage can also has its own exhaust system, which automatically deodorizes and improves
the residents' sense of use.
When rural residents use this intelligent garbage can to carry out garbage sorting and recycling,
the most important concern is whether the distribution of points is fair. For residents who participate in
garbage sorting and recycling, this sense of fairness
includes both vertical and horizontal sense of fairness, that is, the ratio between input and benefit and
the sense of fairness between residents who know
whether the benefits are the same. Missing fairness
will put rural residents into negative emotions, and if
vertical fairness cannot be achieved, there is a gap
between benefits and costs, and villagers cannot successfully realize the points in their accounts, making
residents lose confidence in the incentive mechanism,
which will then intensify the government cost investment to re-attract residents [19-20]. Since these types
of intelligent bins are used in rural areas, people tend
to apply it under the pressure, which leads to the lack
of horizontal fairness, and this lack of fairness form
will make the residents have a negative attitude,

K
D 1
PX
, the best strategy for the govern-

ment is not to require the rural residents to carry out
waste separation and recycling activities; if

0E 
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C1  P3  P1
PX
, the best strategy for the ru-

ral residents is not to carry out waste separation and

C1  P3  P1
 E 1
PX
recycling activities; If
, the
best strategy for rural residents is to take the initiative in waste separation and recycling.

RESULTS
Direction of government reverse incentive
mechanism implementation. The results of the
game relationship and solution in subsection 2.2
show that if the government increases the penalties
and adds a monitoring mechanism, it will increase
the probability of rural residents to carry out waste
separation and recycling; If the profit from waste
separation and recycling is lower, rural residents will
be less willing to carry out waste separation and recycling activities. From the large amount of data collected from rural waste disposal, the government can
motivate rural residents to actively participate in
waste separation activities in these ways:
(1) The government could increase the penalties for those who do not participate in waste separation and recycling, thus increasing the percentage of
people who participate in waste separation and recycling.
(2) The government should improve its own supervision mechanism to effectively monitor and reduce the cost of waste separation and to protect the
fundamental interests of rural residents who participate in waste separation.
(3) Encourage rural residents to participate in
rural waste separation and recycling by means of
economic incentives, and provide financial subsidies
to ensure that residents can enjoy a good living environment brought about by waste separation and recycling.
(4) To make up for the cost of waste separation
and recycling for rural residents by means of policy
incentives, to meet the demands of residents in all
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which is not conducive to the implementation of the
waste separation and recycling incentive mechanism.
After a large number of residents returned to the survey showed that rural residents are more concerned
about the lack of horizontal equity after participating
in waste separation and recycling, horizontal equity
is directly related to the enthusiasm of residents to
carry out waste separation and recycling, and if this
equity is missing it leads to the failure of the incentive mechanism, and the points function of smart garbage cans loses its original function [21].
After 30 days of statistics, the amount of garbage disposed was basically equal to the amount
generated, and the rate of garbage sorting and recycling increased, as shown in Figure 7 and Figure 8:
According to Figure 7 and Figure 8, it can be
seen that more and more residents are sorting garbage before throwing it to the designated place under
the incentive mechanism, and the rate of garbage
sorting and recycling has reached 89.3% on the 15th
day. Although the growth is slow in the later period,
the rate of garbage sorting and recycling is stable at
99% after the incentive mechanism is promoted, the
residents' awareness of environmental protection is
gradually improved and the environment is improved within 30 days. On this basis, the amount of
garbage disposal can basically be disposed on the
same day even if there is unprocessed garbage. The
unprocessed garbage is disposed on the 10th, 15th
and 25th days, and the disposal rate is 95.4%, 96.9%
and 97.9% respectively, and the other times all reach
100%. In general, the amount of waste generated and
the amount of waste disposed are basically equal,
and after implementing the incentive mechanism, the
waste separation and recycling rate reaches 99%.
Therefore, the method in this paper achieves the goal
of waste separation and recycling, reducing the cost
of disposal, and improving the literacy of residents.
After the game, it can be seen that the best strategy is to motivate rural residents to actively partici-

Fresenius Environmental Bulletin

pate in waste separation and recycling for government. Therefore, the government needs to fully optimize the point platform to drive the incentive mechanism and bring in market forces. Only by helping
these "customers" to gain income can the government motivate them to actively participate in waste
separation and recycling.

FIGURE 5
Construction of intelligent trash cans.

FIGURE 6
Intelligent function of garbage cans.

Garbage classification recovery rate /%





















Time / day

FIGURE 7
Garbage recovery rate.
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FIGURE 8
Comparison of garbage generation and disposal volume.
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under the managed pressure condition is consistent
with the conventional formation pressure profile. It
can significantly optimize the well structure.
Constant bottom hole pressure drilling method,
during the construction process such as tripping and
drilling, maintain the balance between bottom hole
pressure and formation pore pressure by adjusting
the wellhead back pressure. It can indirectly widen
the safe drilling fluid density window and also has
the potential to optimize the wellbore structure [4-6].
The main reasons that MPD can optimize well
structure are: Adjust ECD profile in the wellbore by
adjusting the pressure control parameters. The
purpose is to balance the formation pressure. This is
obviously different from the conventional drilling
method that uses static drilling fluid equivalent
density to case program design. Obviously, choosing
appropriate pressure control parameters and
obtaining the best ECD profile in the wellbore for the
open hole section is one of the keys to the optimal
casing program design of MPD.
In the actual situation, it is possible to obtain a
reasonable well structure through a large amount of
manual calculation and continuous adjustment of
pressure control parameters. It is inefficient to
determine the "reasonable" pressure control
parameters and the "optimal" ECD profile in the
wellbore structure design of pressure controlled
drilling. In recent years, particle swarm algorithm
and genetic algorithm, annealing algorithm, ant
colony algorithm and artificial bee colony (ABC)
algorithm have been used more and more. These
methods are used to efficiently solve optimization
problems in engineering practice [7–12]. Therefore,
according to the characteristics of MPD and the
actual needs of the optimized design of wellbore
structure. Through the intelligent algorithm, the
method of optimizing the pressure control
parameters of the open hole section and the method
of optimizing ECD profile in the wellbore are
proposed. On this basis, the well structure design
method of MPD is proposed. Thereby improving
design efficiency and accuracy of de-sign results.

ABSTRACT
At present, the casing program design of
Managed pressure drilling (MPD) relies on artificial
experience to determine the optimal pressure control
parameters and wellbore Equivalent cycle density
(ECD) in open hole section, which leads to heavy
workload, lack of scientific basis for design and
accuracy of results. By analyzing the feasibility of
artificial bee colony (ABC) algorithm to solve the
optimization problem of pressure control
parameters, a casing program design method for
MPD based on ABC algorithm is proposed. This
method can intelligently and efficiently analyze
ECD profile in the wellbore samples under different
pressure control parameters, and accurately optimize
ECD profile in the wellbore and its pressure control
parameters according to the safe drilling fluid
density window in the open hole section, so as to
obtain the accurate maximum safe running depth of
each layer casing. The example analysis shows that
the ABC algorithm can optimize the maximum
running depth of the second layer casing and its
pressure control parameters in 370 steps, which not
only reduces the workload of manual calculation, but
also improves the scientificity of the design process
and the accuracy of the design results.

KEYWORDS:
MPD, casing program design, ABC algorithm,
optimization of pressure control parameters, optimization
of wellbore ECD

INTRODUCTION
MPD technology is one of the powerful means
to improve the safety and efficiency of drilling in
deep water and deep formations with a narrow safety
density window as well as high pressure and high
temperature (HTHP). MPD is based on the different
ways of controlling pressure, it can be divided into
double gradient pressure control, bottom hole
constant pressure and so on [1-3]. Among them, the
deep-water dual-gradient drilling method, the
wellbore Equivalent cycle density (ECD) profile
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In addition, since there are multiple pressure
control parameters, there are many types of
combinations between each pressure control
parameter. The ECD profiles of different
combinations of pressure control parameters are also
different, belonging to multiple variables to solve the
"optimization" problem. If only manual calculation
is used, the workload is large and the calculation
accuracy is poor. If the ABC algorithm is used, it has
the advantages of high stability and high efficiency
to find the optimal solution. It can intelligently
calculate the optimal ECD and its corresponding
pressure control parameters in the wellbore under
pressure control conditions.

MATERIALS AND METHODS
Artificial bee colony algorithm. Bees in
nature find high-quality nectar sources with
extremely high efficiency in various environments.
The main reason for this is the intelligent behavior
of the swarm formed by the communication,
conversion and collaboration between bees in
different roles. According to the biological
phenomenon of honey bee collecting behavior, in
order to efficiently solve the optimization problem of
multiple variable functions. In 2008, Karaboga
proposed the ABC algorithm (ABC). The algorithm
is based on the bee colony foraging behavior model,
the bee colony foraging behavior model proposed by
Tereshko and Loengarov [9-11]. ABC algorithm is a
swarm intelligence algorithm, which is an
optimization method proposed by imitating the
behavior of bees. Compared with other intelligent
algorithms, artificial bee colony algorithm has the
advantages: few control parameters, strong
robustness, fast convergence speed, stable and
efficient, etc. The algorithm does not appear the
"premature" phenomenon of genetic algorithm, and
has a good application effect in the field of global
optimization of multivariable continuous functions
[9,12-16].

Basic calculation method of casing program
design for MPD. The basic calculation method of
the casing depth and the optimal pressure control
parameters of the open hole section of the MPD is
[3,17]:
(1) Determination of the geological mandatory
site: Based on the geological data, determine the
layer to be sealed.
(2) Determination of the safety pressure
window: Prediction results based on formation pore
pressure, formation fracture pressure and formation
collapse pressure before drilling. The safety pressure
window is deter-mined according to the design
coefficient of the regional casing program design.
Therefore, the lower limit of the safety pressure
window at the well depth H is ȡlower (H), and the
upper limit is ȡupper (H).
(3) Determination of adjustable range of
pressure control parameters: Pressure control
parameters have a direct impact of ECD profile in
the wellbore. Determine the pressure control
parameters according to the pressure control
characteristics and actual working conditions of
different pressure control drilling methods Ki
(i=1,2,……), and the adjustable range of each
pressure control parameter.
(1)
KLKiKH
(4) Wellbore ECD calculation under different
pressure control conditions: In step (3), within the
adjustable range of the various control parameters
involved. Using the wellbore ECD calculation model
to calculate the wellbore ECD profile under different
pressure control conditions.
The wellbore ECD under the condition of
pressure control parameter combination scheme j is
a function of well depth H:
(2)
ECD (H) j=f (Ki, H)
(5) The optimal pressure control parameters of
the open hole section and the determination of the
casing depth: In step (2), within the determined
safety pressure window [ȡlower (H), ȡupper (H)]. Under
the condition of a certain pressure control parameter
combination j, the maxi-mum safe well depth of
ECD profile in the wellbore is H1. j can be expressed
as :

Feasibility Analysis. The basic principle of the
ABC algorithm is: treat the solution of the problem
to be solved as a source of honey. The more the
amount of nectar source and the better the quality of
nectar source, the better the quality of the solution.
A group of artificial bees randomly search for rich
sources, exchange information and change roles, and
finally complete the optimal solution efficiently.
The application of ABC algorithm should have
the basic conditions [8,11,12]: (1) The problem to be
solved is a multi-parameter optimization problem.
(2) The objective function should be continuous or
approximately continuous. (3) a certain range of
values for variables.
In the casing program design for MPD, the
open hole section with the formation pressure
window should have the conditions: (1) There is an
optimal value for ECD profile in the wellbore under
managed pressure conditions. The pressure control
parameter corresponding to the optimal value of
ECD profile in the wellbore is the optimal pressure
control parameter. (2) The objective function is the
maximum running depth of the casing in the open
hole section. The objective function is a continuous
function of pressure control parameters; (3) The
variables of the objective function are pressure
control parameters, including wellhead back
pressure, drilling fluid density, etc. These pressure
control parameters have a certain range of values.
Therefore, solving the optimization problem of
pressure control parameters is the basic condition for
the application of ABC algorithm.

9927

© by PSP

Volume 31– No. 10/2022 pages 9926-9932

Fresenius Environmental Bulletin

H1, j=f -1(ECD (H) j)
(3)
For a certain pressure control parameter
combination scheme j, ECD profile in the wellbore
at the well depth Hi in the open hole section satisfies:
(4)
ȡlower(Hi (&' Hi) j ȡupper(Hi)
Then, the maximum casing depth H1 of the
open hole section is:
H1=max (H1, j)=max ( f -1(ECD (H) j))=
(5)
max (f -1(f (Ki, H))= H1, j0
Therefore, when the maximum casing depth of
the open hole section is H1, the pressure control
parameter scheme j0 at this moment.
The above is the basic calculation method of
the casing depth and the optimal pressure control
parameters of the open hole section of the MPD. The
process parameters of MPD are often more than two
(for example, the process parameters of Controlled
Mud Level (CML) Dual Gradient Drilling (DGD)
mainly include: displacement, mud pump position,
mud surface depth; bot-tom hole constant pressure
MPD process parameters mainly include: drilling
Liquid density, wellhead back pressure). There are
many combinations of pressure control parameters
within the adjustable range (the higher the accuracy
requirement, the more the calculation samples of
each pressure control drilling process parameter, the
more the number of combination plans will increase
exponentially). The ECD profile of the wellbore
under different pressure control parameter
combination schemes is also quite different.
Therefore, the conventional method requires a lot of
calculations, which greatly reduces the design
efficiency and cannot guarantee the optimization of
the design results.

drilling process parameters, which is automatically
generated by random).
(2) Calculate and evaluate the fitness of each
initial solution. The fitness function fitness is the
objective function itself, for H=f -1(f (Ki, H)).
(3) Lead bees uses formula (4) to search the
neighborhood randomly. A new position can be
obtained (referring to the MPD process parameter
combination scheme searched by each bee colony).
According to the principle of greedy selection, if the
fitness of the new position (referring to the
maximum depth of the casing) is greater than the
fitness of the original position. The original position
is updated with the new position. Otherwise, keep
the original position unchanged. When all the
leading bees have completed the neighborhood
search, the probability Pi is calculated according to
Formula (6).
(6)
Vij X ij  ) ij X ij  X kj
Pi

(7)

fitnessi
SN

¦ fitness

i

i

Among them, j{א1, 2, …, D},k{א1, 2, …, SN}
and ki.
(4) Follow bees uses the calculated probability
Pi and chooses to lead bees based on the roulette
principle. When the follower bees complete the
selection of the lead bees, use equation (5) to search
for the neighborhood, and also select the location
with high adaptability according to the greedy
selection principle.
(5) Determine whether there is a useless
solution. If lead bees do not change the result after
drilling process parameters Limit iterations, it will
change from lead bees to investigate bees. And
according to Formula (7), a new position is randomly
generated to replace the original position.
(8)
X ij X min j  rand 0,1 X max j  X min j

Casing program optimal design method for
MPD based on ABC algorithm. Since traditional
calculation methods cannot solve the actual needs of
optimized design of wellbore structure for pressurecontrolled drilling, artificial bee colonies are
introduced to solve this problem. The ABC
algorithm finds the optimal solution of the casing
running depth H1 of the open hole section under
controlled pressure conditions through intelligent
and high efficiency. And the optimal solution of the
MPD process parameters corresponding to the
optimal casing depth H1. The specific method is:
(1) Initialize the population: The total number
of bees SN; the number of lead bees and follow bees
˄ It is a combination scheme of MPD process
parameters, generally SN/2˅; Maximum number of
iterations MCN (generally 1000) and drilling process
parameter Limit (generally 20); Determine the
objective function H=f -1(f (Ki, H)); Search range of
each parameter {KLKiKH; ȡlower (Hi (&' Hi)j 
ȡupper (Hi), Hi[אH0,Hj]}; Ability to randomly generate
initial solutions {X1,X2,…,XSN}within the search
range(The initial solution is the random combination
scheme of investigating bees and command pressure

(6) Record the optimal solution of the bees
colony so far.
(7) If the current iteration number is greater
than the maximum number MCN, the iteration ends
and the algorithm ends; Otherwise, go to step (2), the
overall number of iterations Cycle=Cycle+1.
Through the detailed steps of the above
method, the optimization process of casing depth can
be obtained, and the ECD distribution under
controlled pressure parameters can be obtained, as
shown in Figure 1.

RESULTS
The basic information of Well A is: The
formation pore pressure and formation fracture
pressure information are shown in Figure 2. The
depth of the target well is 6600m. The geologically
necessary sealing points in this area are mainly loose
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gravel layer at 200m and easy-to-leakage stratum at
1700m. The design factors of the casing program
are: Sb=0.036 g/cm3; Sg=0.036 g/cm3; Sf=0.024
g/cm3; Sk=0.06 g/cm3; ǻP=22MPa. The upper part of
the well is drilled in conventional stratum (above
1700m) using conventional drilling methods. The
lower part of the complex pressure system is drilled
by bottom hole constant pressure MPD. The
technical parameters of MPD are mainly drilling
fluid density and wellhead back pressure. Among
them, the maximum pressure control value of the
wellhead pressure control equipment of Well A is 5
MPa.
According to the methods established in
Sections 2 and 3, combined with the formation
pressure of Well A, the casing program design
coefficients and other specific data, the upper limit
and lower limit of the safety pressure window of
Well A as shown in Figure 1 can be determined. Due
to the bottom hole constant pressure managed
pressure drilling method, the MPD process
parameters are drilling fluid density and wellhead
back pressure.
The adjustable range of drilling fluid density
needs to be determined opening times according to
the safety pressure window. The minimum value of
the lower limit of the safety pressure window of the
open hole section is the lower limit of the adjustable
range of drilling fluid density. The minimum value

of the upper limit of the safety pressure window of
the open hole section is the upper limit of the
adjustable range of drilling fluid density.
According to the well's data, conventional
drilling methods are used above 1700m, and MPD
methods have been adopted below 1700m (that is,
the first layer of technical casing). Taking an open
hole section below 1700m as a sample, the minimum
value of the lower limit of the safety pressure
window of the open hole section is 1.18 g/cm3, and
the minimum value of the upper limit of the safety
pressure window is 1.47 g/cm3, then the drilling fluid
density of the open hole section is adjustable the
range is 1.18~1.47 g/cm3.
The adjustable range of wellhead backpressure
is related to the performance of the pressure control
equipment. The adjustable range of Well A is 0-5
MPa.
The wellbore ECD under the condition of the
MPD process parameter combination plan j is a
function of the well depth H:
(9)
ECD (H) j=f (ȡd, Pwellhead, H)
g/cm3;
Among
them,
ȡd=1.18~1.47
Pwellhead=0~5 MPa.
The basic data of the ABC algorithm is:
Initialize the bee colony: the total number of bee
colonies SN is 50; the number of lead bees and
follow bees

FIGURE 1
Schematic diagram of wellbore ECD distribution and maximum casing depth determination under
different pressure-managed drilling process parameters in an open hole section.
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FIGURE 2
Schematic diagram of well A well formation pressure profile and
the casing program design method for MPD.

FIGURE 3
Optimal results of the second layer casing in Well A.
number Cycle=1; the objective function is H=f -1(f
(ȡd, Pwellhead, H)); the search range of each
parameter:{ȡd(1.18~1.47 g/cm3); Pwellhead(0~5 MPa);
ȡlower(Hi (&' Hi)j ȡupper(Hi); Hi[א1700,Hj].

are both 25; the individual dimension of each bee
colony is 2, namely drilling fluid density ȡd and
wellhead back pressure Pwellhead; The maximum
number of iterations MCN is 1000; the drilling
process parameter Limit is 20; the current iteration
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Taking the open hole section below 1700m as
an example, the ABC algorithm is used to optimize
the combination of MPD process parameters (as
shown in Figure 1). The maximum drilling depth of
the opening times is stable around 3685m, and the
optimal MPD process parameters under this scheme:
ȡd=1.44 g/cm3, Pwellhead=1.3 MPa. The ECD of the
open hole section under the MPD process parameters
is shown in Figure 3. The corresponding maximum
casing depth is 3685m, which is the design depth of
the second layer of technical casing.
Similarly, the design depth of the third layer of
technical casing is calculated to be 5260m, and the
corresponding drilling process parameters: ȡd=1.51
g/cm3, Pwellhead=5 MPa. The production casing is as
deep as 6600m. The corresponding drilling process
parameters: ȡd=1.45 g/cm3, Pwellhead=2 MPa.
Finally, the well structure design results of the
MPD of Well A and the pressure control parameters
of each opening are obtained, as shown in Table 1.

algorithm. In this way, the maximum depth of the
open hole section with risk management and control
capabilities and its pressure control parameters are
obtained.
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parameter of each MPD under the condition of
combination plan j; D is the dimension of the
problem; Xmaxj and Xminj respectively represent the
upper and lower bounds of the j-th dimension
parameter; ECD (H) j is the wellbore ECD under the
condition of MPD process parameter combination j,
which is a function of well depth H; j0 is the MPD
process parameter scheme corresponding to the
maximum casing depth; Xij refers to the parameter of
the jth dimension of the i-th bee colony individual,
that is, the value of the jth parameter of the i-th MPD
process parameter combination scheme; Xkj refers to
the parameter of the jth dimension of the kth bee
colony individual, that is, the value of the jth
parameter of the kth MPD process parameter
combination scheme; Vij is a new location created
near Xij; ĳij is a random number between [-1,1];
fitnessi is the fitness value of the i-th solution; Pi
is the probability of the follower bees choosing to
lead bees; ȡd is the static drilling fluid density,
g/cm3; Pwellhead is the wellhead back pressure,
MPa.

CONCLUSIONS AND SUGGESTION
Under the condition of MPD, the feasibility of
ABC algorithm used in well structure design to find
drilling process parameters is studied. At the same
time, it also looks for the optimal solution of the
ECD profile in the wellbore.
The basic method of wellbore structure design
for MPD is put forward. An intelligent optimization
design method using ABC algorithm is proposed.
Example calculations show that the use of ABC
algorithm can quickly and accurately obtain the
maximum casing depth of the open hole section
under managed pressure conditions and the
corresponding MPD process parameters. Improved
the scientificity, accuracy and efficiency of wellbore
structure design for MPD.
According to the ABC algorithm, the
convergence is better and the calculation efficiency
is higher. It is suggested that the risk assessment of
underground engineering should be added to the
optimization objective function of the ABC

TABLE 1
The casing program design results of Well A and technical parameters of MPD for each opening
MPD process parameters
Design depth of
Wellhead back pressure
Casing level
Drilling fluid density (g/cm3)
casing (m)
(MPa)
Surface casing
200
/
/
The first layer of
1700
/
/
technical casing
Second layer of
3685
1.44
1.3
technical casing
The third layer of
5260
1.51
5.0
technical casing
Production casing
6600
1.45
2.0

9931

© by PSP

Volume 31– No. 10/2022 pages 9926-9932

Fresenius Environmental Bulletin

[13] Ozturk, C., Gorkemli, B., Karaboga, D. (2014)
A Comprehensive Survey: Artificial Bee Colony
(ABC) Algorithm and Applications. Artificial
Intelligence Review: An International Science
and Engineering Journal. 24(5), 354-362.
[14] Kaya, E., Kaya, C. (2021) A Novel Neural
Network Training Algorithm for the
Identification of Nonlinear Static Systems:
Artificial Bee Colony Algorithm Based on
Effective Scout Bee Stage. Symmetry. 13(3),
419.
[15] Xu, Y., Zhang, H., Guan, Z. (2021) Dynamic
Characteristics of Downhole Bit Load and
Analysis of Conversion Efficiency of Drill
String Vibration Energy. Energies. 14, 72-78.
[16] Zhang, W., Wu, W. (2020) A novel spatial layout
planning method of urban greening environment
based on genetic algorithm. Fresen. Environ.
Bull. 29(8), 6960-6968.
[17] Liang, Q., Zhou, D. (20160 Probabilistic
Collocation Method for Strongly Nonlinear
Problems: 3. Transform by Time. Water Resources Research. 52(3), 7911-7928.

REFERENCES
[1] Wang, G., Liu, J., Ding, C., Fan, H. (2013)
Casing Program Optimization with the
Managed Pressure Drilling Technique. Acta
Petrolei Sinica. 34(03), 545-549.
[2] Nguyen, T.C., Oliveira, R, Al-Safran, E. (2017)
Casing-Design Optimization with CAML
Technique and Drilling-Fluid Performance. SPE
Drilling and Completion. 32(03), 208-212.
[3] Mashaal, M., Fuller, T., Brown, C., Bruce, K.
(2013) Managed Pressure Drilling Casing and
Cementing Enables Success in Conventionally
Undrillable Wells in the Harding Field. Paper
SUHVHQWHG DW WKH 63( $QQXDO 7HFKQ൴FDO
&RQIHUHQFH DQG ([K൴E൴W൴RQ 1HZ 2UOHDQV
/RX൴V൴DQD86$. 1-12.
[4] Yan, Z., Cheng, G., Xue, G., Wang, J. (2006)
Optimization of Casing Program of Deepwater
Well by Dual-gradient Drilling. Natural Gas
Industry. 26(12), 112-114.
[5] Xu, Y. (2012) Methods of Casing Program
Design in Managed Pressure Drilling. Qingdao:
China University of Petroleum (East China)
(Thesis). 42-48.
[6] Hu, L. (2019) New progress of drilling and
completion technologies for ultra-deep wells in
the Sichuan-Chongqing area. Oil Drilling and
Production Technology. 245(05), 6-12.
[7] Li, H., Zhong, J., Zhao, K. (2018) An Improved
Genetic Algorithm Optimization Fuzzy
Controller Applied to the Wellhead Back
Pressure Control System. Mechanical Systems
and Signal Processing. 142, 1-9.
[8] Jiang, D., He, L., Zhu, J., Wu, H., Liu, D. (2020)
Data-Driven Optimization for Fine Water
Injection in A Mature Oil Field. Petroleum
Exploration and Development. 47(3), 674-682.
[9] Karaboga, D., Akay, B. (2009) A Comparative
Study of Artificial Bee Colony Algorithm.
Applied Mathematics and Computation. 214(1),
108-132.
[10] Karaboga, D., Basturk, B.. (2007) A Powerful
and Efficient Algorithm for Numerical Function
Optimization: Artificial Bee Colony (ABC)
Algorithm. Journal of Global Optimization.
39(3), 459-471.
[11] Karaboga, D., Basturk, B. (2008) On the
Performance of Artificial Bee Colony (ABC)
Algorithm. Applied Soft Computing. 8(1), 687697.
[12] Irani, R., Nasimi, R. (2011) Application of
Artificial Bee Colony-Based Neural Network in
Bottom Hole Pressure Prediction in Underbalanced Drilling. Journal of Petroleum Science
and Engineering. 78(1), 6-12.

Received:
Accepted:

13.11.2021
31.07.2022

CORRESPONDING AUTHOR
Yuqiang Xu
College of Petroleum Engineering
China University of Petroleum, Qingdao
Shandong 266580 – China
e-mail: auyuqiang@163.com

9932

© by PSP

Volume 31– No. 10/2022 pages 9933-9940

Fresenius Environmental Bulletin

RESEARCH ON THE CHEMICAL COMPOSITION OF
THE COLOR GENESIS OF COLORED TOURMALINE
BASED ON THE REQUIREMENTS OF ENVIRONMENTAL
PROTECTION PROPERTIES
Ming Li*
Jewelry Institute, Guangzhou Panyu Polytechnic, Guangzhou 511483, China

by consumers. The chemical composition of tourmaline is very complex. In addition to silicate and borate, there are also many additional anions such as
fluorine and hydroxide. Its general chemical formula
is XY3Z6[Si6O18][BO3]3V3W. There are extensive
isomorphic substitutions between cations (such as
Fe, Mn, Ni, etc.) in the structure, which makes tourmaline extremely rich and changeable colors [1-15].
The structure of tourmaline is extremely complicated, as shown in Figure 1. The classification of
tourmaline mineral species is based on the main ions
occupying different crystal positions. Generally, Xposition and W-position are considered first. According to the X-position occupied by Na ions, Ca
ions and vacancies, tourmalines are divided into alkali tourmaline, calcium tourmaline and X-site-vacant tourmaline, while considering the situation that
W-site is occupied by OH-, O2- and F-. Secondly, the
Y position and the V position need to be considered.
Of course, compared to the V position which can
only be replaced by OH or O, the situation of the Y
position being replaced by an ion is much more complicated.
Finally, considering the Z position in the crystal
structure. Generally, the Z position is entirely occupied by Al3+. Of course, there are many special cases.
For example, in calcium tourmaline, a kind of tourmaline can be formed, and the Y position is entirely
occupied by Mg2+. At the same time, the Z position
is also occupied by part of Mg2+ and Al3+ to form
Uvite.
Its
chemical
formula
is
CaMg3(MgAl5)[Si6O18][BO3]3(OH)3F, which is
similar to calcium-lithium electric Liddicoatite.
Of course, there are at least 30 types of tourmalines that have been discovered. Gem-grade tourmaline is often formed in magma pegmatism or metamorphic environment. The tourmaline formed in
magma pegmatism environment is usually lithium
tourmaline or Liddicoatite, and the tourmaline
formed in the metamorphic environment is often a
series of similarities between Uvite and Uvite.

ABSTRACT
The chemical composition of tourmaline is the
basis of tourmaline color. In-depth study of the
chemical composition of colored tourmaline can reveal the relationship between elements and colors
and is of great significance to the in-depth development of tourmaline's environmental protection properties. The thesis uses micro-zone X-ray spectrometer and ultraviolet-visible spectrometer to conduct
in-depth research on the chemical composition and
color structure of six different colors of colored tourmaline, explore the relationship between color and
transition metal elements in the chemical composition, and reveal the causes of tourmaline color. The
research results show that the colorless tourmaline
contains almost no transition metal elements. The
pink tourmaline absorbs at 520nm in the green zone
and 720nm in the red zone, and its color is caused by
the Mn element. Yellow tourmaline produces broad
absorption at 404nm in the blue-violet region which
is caused by Ni. Green tourmaline absorbs at 410nm
in the blue-violet zone and 718nm in the red zone,
and its color is caused by Fe. The rose red tourmaline
absorbs at 400nm, 410nm and 520nm in the blue-violet zone, and its color is caused by the combined
effect of Ni and Mn. Blue tourmaline produces
strong absorption in the red zone at 640nm and
720nm and some weak absorption in the blue-violet
zone and the color is caused by the combined effect
of Fe and Mn.

KEYWORDS:
Colored tourmaline, environmental protection properties,
chemical composition, element, electron probe (EPMA)

INTRODUCTION
Tourmaline, commonly known as “bixi”, is a
precious medium and high-grade gem material. Because of its rich and unique color, it is deeply loved
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FIGURE 1
Tourmaline crystal structure (2.3 × 2.3 × 3.8 cell).
Notes: (a) perpendicular to the Z axis, (b) parallel to the Z axis.

the paramagnetism of cations for tourmalines with
different end-member compositions and found that
Fe-poor lithium tourmaline has Mn ions and is divalent (Mn2+), and black tourmaline and magnesium
tourmaline have Fe and are trivalent (Fe3+). The
color and spectroscopic characteristics of Fe-containing tourmaline, such as green and black, do not
show regular changes with Fe mass fraction, which
is considered to be due to the charge transfer between
Fe2+ and Fe3+ [18-19].

The coloring mechanism of tourmaline is a
mineralogical problem that has plagued people for a
long time. For example, some people think that the
pink color is derived from the d-d electronic transition of Mn in the octahedron, and some people think
that it is caused by the color center, which is similar
to brown quartz crystal. However, Chaudhry et al.
[16] did not find Mn in the analysis of the pink lithium tourmaline produced in Devonshire, denying the
view that the pink color is caused by the d-d electronic transition of Mn3+. Babinska et al. [17] used

FIGURE 2
Tourmaline crystal samples.

9934

© by PSP

Volume 31– No. 10/2022 pages 9933-9940

Fresenius Environmental Bulletin

Hong et al. [20-21] studied pink and green tone
tourmaline by X-ray photoelectron spectroscopy and
believed that the chemical states of transition metal
ions in tourmaline crystals of different colors are the
same, but their coordination environment with anions is in the lattice shows some differences in the
occupancy, and these differences may be the main
reason for the color difference.
A large amount of research data shows that the
rich color of tourmaline is related to the various transition metal cations it contains, but people still have
big differences on the relationship between color and
specific elements. This paper uses a micro-area Xray spectrometer and ultraviolet-visible spectrophotometer to study the chemical composition and color
structure of different colors of colored tourmaline
and explore the relationship between specific transition metal elements and color in the chemical composition.

80um. After the tourmaline crystal flakes are sprayed
with carbon, they are tested on the JXA-8100 electronic probe instrument.

RESULTS
The color structure characteristics of tourmaline. The test result of tourmaline ultraviolet-visible absorption spectrum is shown in Figure 3. Figure 3(a) shows the UV-Vis absorption spectrum of
the colorless tourmaline. The figure shows three absorption peaks which are at 480nm, 525nm and
718nm, respectively. The three absorption peaks
have good symmetry. Figure 3(b) shows the UV-Vis
absorption spectrum of pink tourmaline. The figure
shows two absorption peaks which are at 520nm and
720nm, respectively. The symmetry of the absorption peak at 720nm is good, and the symmetry of the
absorption peak at 520nm is slightly worse.
Figure 3(c) shows the UV-Vis absorption spectrum of yellow tourmaline. Because of the lower
transparency of the yellow tourmaline, the entire
spectrum presents a larger noise, and the smoothness
of the curve is poor. However, it can still be seen
from the figure that there is a broad absorption peak
centered at 404 nm.
Figure 3(d) shows the UV-Vis absorption spectrum of green tourmaline. The whole spectrum
mainly shows two obvious absorption peaks which
are at 410nm and 718nm, respectively. Both absorption peaks are relatively wide and gentle, and the
symmetry of the peak shape is not good. Figure 3(e)
shows the UV-Vis absorption spectrum of rose red
tourmaline. The whole spectrum mainly shows three
obvious absorption peaks which are at 400nm,
410nm and 520nm, respectively. The absorption
peak at 400nm is narrow and the symmetry is good,
the absorption peak at 410nm is a weak peak, and the
absorption peak at 520nm is relatively broad and the
symmetry is slightly worse. Figure 3(f) shows the
UV-Vis absorption spectrum of blue tourmaline. The
entire spectrogram also exhibits greater noise due to
the low transparency of the blue tourmaline, and the
smoothness of the curve is poor. However, several
typical absorption peaks can still be seen from the
figure. Their main peaks are at 417nm, 505nm,
560nm, 640nm and 720nm, respectively. Among
them, the three absorption peaks at 417nm, 505nm
and 560nm are all weak, and the absorption peaks at
640nm and 720nm have high intensity, and the peak
shape is wide.

MATERIALS AND METHODS
We select six representative colors (colorless,
pink, yellow, green, rose red, blue) tourmaline crystal samples, as shown in Figure 2.
The ultraviolet-visible absorption spectrum of
the crystal is due to that some groups in the crystal
absorb ultraviolet-visible radiation, and the electron
energy level transition occurs to produce the absorption spectrum. Since various substances have their
own different molecules, atoms and different molecular spatial structures, their absorption of light energy will not be the same. Therefore, each substance
has its own unique and fixed absorption spectrum
curve, which can be based on absorption. The determination of the absorbance at certain characteristic
wavelengths on the spectrum or the determination of
the content of the substance is the basis of spectrophotometric qualitative and quantitative analysis.
The absorption spectrum test is carried out on a Nicolet Evolution 300 ultraviolet-visible spectrophotometer, with a wavelength range of 390-780nm.
The transmission method is used to scan along the
direction perpendicular to the crystal axis.
According to Moseley's law, the characteristic
X-rays of various elements have their own definite
wavelengths. Detecting the X-rays of different
wavelengths to determine the elements contained in
the sample is the basis for the qualitative analysis of
the electron probe (EPMA). The quantitative analysis of the electron probe can be carried out by comparing the diffraction intensity of the elements in the
test sample and the standard sample. Before the
chemical composition test, the crystal is cut by a gem
cutter and ground by a gem grinder to make a thickened electronic probe sheet with a thickness of

Chemical composition characteristics of
tourmaline crystals. The test results of the electronic probe of the tourmaline crystal sample are
given in Table 1.
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FIGURE 3
UV-visible absorption spectrum of tourmaline.

/
Na2O
K 2O
Cr2O3
MgO
CaO
MnO
Al2O3
FeO
SiO2
CuO
NiO
Total

TABLE 1
Electron probe data of tourmaline sample (mass fraction %)
Colorless
Pink
Yellow
Green
Rose red
1.095
2.026
2.217
2.619
1.605
0.017
0.001
0.027
0.013
0.033
0.004
0.003
0.01
9.859
0.08
0.026
1.349
0.339
0.309
0.173
0.185
0.194
1.814
2.495
0.201
40.231
39.119
32.888
37.171
41.051
0.169
0.464
0.227
2.681
0.049
40.298
39.596
38.394
38.928
39.853
0.001
0.006
0.044
0.005
0.036
83.362
83.401
83.943
84.18
83.019

For colorless samples, the atomic mass fractions of Na, K, and Ca ions are generally at a relatively high level. The content of Na+ ions is 1.095%,
which is slightly lower than the other five colored
tourmaline samples, while the content of Ca2+ ions is
1.349%, which is relatively high. The mass fraction
of transition metal ions that often cause color in gems
is also very low, accounting for less than 1.000% of
tourmaline mass fraction. Only Fe and Mn are
slightly higher (also only FeO, 0.169%; MnO,
0.194%), which is one order of magnitude higher
than other chromogenic ions in this sample. This test
result is in good agreement with the common chemical composition and color development of colorless
tourmaline.
For the pink sample, the Na content is very
high, 2.026%. In terms of transition metal elements,
it contains three transition metal elements: Fe, Mn,
and Cr. The content of Cr is relatively high, and the
mass fraction of Mn is particularly high, nearly

Blue
2.679
0.021
0.035
0.013
0.075
0.709
35.926
6.267
38.048
83.773

2.000%. The test data clearly shows that there should
be a clear correlation between the pink color of tourmaline and the high content of Mn.
For the yellow sample, the content of K+ and
2+
Ca ions are low, and the content of Na is high. The
X crystal position in the yellow tourmaline structure
should be mainly occupied by Na ions. Another obvious feature is that the content of Al2O3 is 32.888%,
which is small. The content of Mg2+ is 9.859%,
which is particularly high, exceeding other specimens by two to three orders of magnitude. The Y
crystal position and Z crystal in the yellow tourmaline structure should be different from other colors
of tourmaline. In terms of transition metal elements,
yellow tourmaline contains Fe, Cr, and Ni. Among
them, the content of Cr element is very small, and
the content of Fe element is only relatively high.
However, the content of Ni element is significantly
higher than other color varieties.
For the green sample, its Na+ ion content is

9936

© by PSP

Volume 31– No. 10/2022 pages 9933-9940

Fresenius Environmental Bulletin

2.619%, which is much higher than other alkali
metal cations. Na+ should occupy most of the X sites
in the crystal structure. In terms of transition metal
elements, green tourmaline contains four elements:
Fe, Mn, Ni, and Cu. Among them, the content of Fe
and Mn is extremely high, higher than other samples
(except blue tourmaline). The content of Mn is
2.495%, which is the highest among all samples, and
is one order of magnitude more than other samples.
Obviously, the green tourmaline sample is a kind of
tourmaline rich in Fe and Mn. According to previous
studies, Fe is often the key element to form the green
tourmaline.
For the rose-colored sample, the content of Na+
is slightly lower and the content of Ca2+ is slightly
higher. However, Na+ still has an advantage over
Ca2+ in the occupation of X crystal sites. In terms of
transition metal elements, rose-colored tourmaline
contains three elements: Fe, Mn, and Ni, of which
the content of Fe is relatively low, while the content
of Mn and Ni is more prominent.
For the blue sample, the Na+ ion content is
2.678%, which is much higher than other X-site cations. The X crystal site is undoubtedly dominated by
Na ions, and the Al element content is relatively low,
only 35.926%. In terms of transition metal elements,
blue tourmaline contains three elements: Fe, Mn, and
Cr. Among them, the content of Mn is relatively
high, the content of Cr is one order of magnitude
lower, and the content of Fe is extremely high, reaching 6.267%. The special features of the blue tourmaline sample include, firstly, the very low Al element
and the high Fe element may reflect that the ion occupancy of the Y crystal site and the Z crystal site in
the blue tourmaline crystal structure is different from
that tourmaline of other colors; second, the particularly high Fe and Mn elements may have a great correlation with the blue color of tourmaline.
Although the mass fractions of X-site ions such
as Na+, K+, Ca2+ are different in different specimens,
and some orders of magnitude vary significantly.
Among the six samples, Na+ ions still dominate,
which determines that these tourmaline markers
should be produced in a geological environment with
a strong alkaline environment.
The content of Si4+ ions in the six tourmaline
samples tested is not much different. The content of
Mg2+ ions in the other five tourmaline samples except the yellow tourmaline sample is relatively average. The content of Mg2+ ions in the yellow sample
is particularly high. In addition, the content of Al3+
in the other five tourmaline samples except yellow is
relatively even, and the content of Al3+ in the yellow
sample is particularly low. This phenomenon shows
that in the structure of yellow tourmaline, the ion occupation of Y crystal site and Z crystal site should be
different from the other 5 kinds of tourmaline samples.
Fe element is present in the six tourmaline samples. In addition, the content of Fe element seems to

be closely related to the depth of tourmaline body
color. Both the green tourmaline sample and the blue
tourmaline sample have a very deep body color. Correspondingly, the content of Fe in them is also quite
high, which is 2.681% for green and 6.276% for
blue.
The prevalence of Mn element in tourmaline is
second only to Fe element. Among the six tourmaline samples tested, only the yellow tourmaline sample does not contain Mn element, and the other five
tourmaline samples contain varying amounts Mn element. Among them, the content of Mn in the pink
and green samples are significantly higher, 1.814%
and 2.495%, respectively. Many research materials
have shown that Mn is an important element that affects the appearance of pink tourmaline. It is easier
to understand that pink samples contain more Mn.
The existence of Cr element in tourmaline presents two characteristics. First, its universality is
much weaker than that of Fe and Mn, and only exists
in pink, yellow and blue tourmaline samples; second,
its content in tourmaline is also at a very low level,
which are 0.033% in pink, 0.004% in yellow, and
0.035% in blue. The prevalence of Ni element in
tourmaline is similar to Cr element. It exists in four
samples of colorless, yellow, green, and rose red, and
the content is not high.
Cu element is only detected in green tourmaline
samples, and the content is extremely low, 0.001%.
It is generally believed that the green color of tourmaline is caused by Fe element, not Cu element. On
the one hand, the extremely low content may make
Cu element not contribute to the green of tourmaline;
on the other hand, the existence state of Cu element
in green tourmaline and the surrounding chemical
environment may also affect its contribution to the
green of tourmaline However, the current electronic
probe data alone cannot explain this point, and further research is needed.
The influence of the chemical composition of
tourmaline on the color. Tourmaline electronic
probe test data shows that the 6 tourmaline samples
tested contain common elements in tourmaline group
minerals. These elements can be roughly divided
into four categories: Si elements used to form the
[SiO4] compound trigonal ring, occupying the X position of the crystal alkali metal elements such as Na,
K, and Ca, occupying the Y and Z positions of the
crystal Al and other elements, forming the transition
metal elements that are similar to the Y position and
Z position, such as Cr, Mn, Fe, Ni and Cu. The crystal positions of X, Y, Z in the tourmaline crystal
structure are shown in Figure 4.
In the tourmaline samples of different colors,
there are certain differences in the types and contents
of the first three types of elements, but the overall
reflection is not significant. However, the types and
contents of the transition metal elements that often
form the qualitative replacement of the Y-position
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and the Z-position are obviously different in samples
of different colors.
The colorless sample contains almost no transition metal elements, only Fe element, Mn element
and Ni element content are also very low. The pink
tourmaline sample contains three transition metal elements: Fe, Mn, and Cr. The mass fraction of Mn is
particularly high, nearly 2.000%. The pink color of
tourmaline should have a clear correlation with the
high content of Mn.
In terms of transition metal elements, yellow
tourmaline contains Fe, Cr, and Ni. Among them, the
content of Cr element is very small, and the content
of Fe element is also low. However, the content of
Ni element is significantly higher than other color
varieties. The significantly higher Ni element in yellow tourmaline may be the main reason for yellow
tourmaline to form yellow.
In terms of transition metal elements, green
tourmaline contains four elements: Fe, Mn, Ni, and
Cu. Among them, the content of Fe and Mn is extremely high, higher than other samples (except blue
tourmaline). The content of Mn is 2.495%, which is
the highest among all samples, and is one order of
magnitude or higher than other samples. Although
the Cu element exists, its content is extremely low.
Obviously, the green tourmaline sample is a kind of
tourmaline rich in Fe and Mn. According to previous
studies, Fe is often the key element to form the green

tourmaline. However, the high Mn content in the
green tourmaline sample makes people hard to understand, and the follow-up further research on Mn
is very important. At the same time, the existence
status of Ni element and Cu element and the relationship with tourmaline green are also worthy of indepth study.
In terms of transition metal elements, rose tourmaline contains three elements: Fe, Mn, and Ni, of
which the content of Fe is relatively low, while the
content of Mn and Ni is more prominent, which are
0.201% of MnO and 0.036% of NiO, respectively.
The existence of these two transition metal elements
in rose tourmaline is worthy of attention and followup in-depth study.
In terms of transition metal elements, blue tourmaline contains three elements: Fe, Mn, and Cr. The
particularly high Fe and Mn elements may have a
great correlation with the blue color of tourmaline.
The specific mechanism needs to be further studied.

CONCLUSIONS
Different colors of tourmaline form different
absorption spectra in the visible light range. In various colored tourmalines, there are obvious differences in the types and contents of transition metal

FIGURE 4
Y, Z,T, B positions in the tourmaline crystal structure island.
Notes: (a) perpendicular to the Z axis, (b) parallel to the Z axis.

9938

© by PSP

Volume 31– No. 10/2022 pages 9933-9940

Fresenius Environmental Bulletin

elements occupying the Y and Z positions of the
crystal structure. The colorless tourmaline uniformly
absorbs the three colors of red, green, and blue to
form colorless. It contains almost no transition metal
elements. The pink tourmaline absorbs at 520nm in
the green zone and 720nm in the red zone, forming a
pink color, which is caused by Mn. Yellow tourmaline produces a broad absorption at 404nm in the
blue-violet region, forming a yellow color, which is
caused by Ni. Green tourmaline absorbs at 410nm in
the blue-violet zone and 718nm in the red zone to
form green, which is caused by Fe. The rose red tourmaline absorbs in the blue-purple zone 400nm,
410nm and the green zone 520nm, forming a rose red
color, which is caused by the combined effect of Ni
and Mn. Blue tourmaline produces strong absorption
in the red zone at 640nm and 720nm and some weak
absorption in the blue-violet zone, forming blue
color. The blue color is caused by the combined action of Fe and Mn. The color of tourmaline is caused
by the rich transition metal elements, but the specific
state of the elements needs further study.
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oil and natural gas is increasing. With the continuous
development of new clean energy such as wind and
hydrogen, the increase of unconventional oil and gas
and non-renewable energy has also become an important trend of filling energy shortage [1-3]. At present, the crude oil recovery of non-renewable oil and
gas resources is mainly focused on the tertiary oil recovery measures of old oilfields, while the current
reservoir reconstruction measures such as tertiary oil
recovery are mainly focused on various types, such
as acid and plugging removal, wax removal, profile
control and water plugging and fracturing technology. As an important and simple reservoir reconstruction measure, fracturing technology has become
the focus of enhancing oil recovery of conventional
tertiary oil recovery [4-6]. As the most commonly
used fracturing technology, water-based fracturing
fluid has become an important reservoir reconstruction measure for conventional reservoirs because of
its advantages of low cost, easy operation and high
safety index. However, the liquid viscosity of waterbased fracturing fluid is low, and its temperature resistance and shear resistance are weak. Chemical
agents such as crosslinking agent need to be added
to remedy the defects of water-based fracturing fluid
[7-11]. At present, the chemical crosslinking agents
of fracturing fluid are mainly titanium, boron and
zirconium. The nano efficient chemical crosslinking
agents are gradually derived, which show excellent
capacity of temperature resistance, shear resistance
and thickening crosslinking.
When the crosslinking agent is added into the
water base fracturing fluid to form a gel to achieve
good fracturing pressure and crack extension, the
fracturing fluid containing crosslinker can drive the
crude oil from the injection well to the production
well [12-16]. A large number of chemical agents to
be added, such as crosslinking agent and preservative, are connected with the fracturing fluid after
fracturing, which can be discharged from the production well and empty the chemical agent in the reservoir. However, due to the difference of reservoir
conditions and molecular structure of chemical
crosslinking agent, it is impossible to completely
flowback, resulting in residual in the reservoir,
which pollutes the environment and groundwater resources, which is easy to block the fractures, reduce

ABSTRACT
Most fracturing fluid chemicals used in reservoir reconstruction belong to polar molecules, which
are easy to be adsorbed or blocked on the fracture or
rock surface, polluting the environment of reservoir.
The chemical crosslinking agent of guar gum fracturing fluid are studied, the damage evaluation platform of water-based fracturing fluid crosslinking
agent is developed according to the disadvantages.
The coupling model of chemical crosslinking agent
and damage degree is established to explore the damage impact of water-based chemical crosslinking
agent and the mechanism that can significantly reduce the damage of water-based fracturing fluid reservoir. The results show that the damage of chemical
agents in water-based fracturing fluid increases significantly with the increase of chemical crosslinking
agent content and pore pressure, and decreases with
the increase of reservoir temperature. With the increase of chemical crosslinker content and pore pressure, the reservoir damage degree increases, and the
reservoir adsorption capacity reaches 30 mg/L and
25 mg/L, while the reservoir adsorption capacity is
only 23 mg/L due to the increase of reservoir temperature. The reservoir plugging rate also increases
with the addition of chemical crosslinking agent, the
increase of reservoir residue leads to the increase of
reservoir damage. The chemical crosslinking agent
on the reservoir damage is mainly caused by the
crosslinking agent formed on the surface of the gel
group and plugging in the fracture, resulting in the
decrease of permeability and increase of rock surface
adsorption.

KEYWORDS:
Reservoir reconstruction, Fracturing fluid damage, Fracturing reconstruction, Enhancing oil recovery, Reservoir
damage control

INTRODUCTION
With the deepening of world economic trade
and the development of global economy, the consumption of conventional traditional energy such as
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acid purchased from Aladdin chemical reagent company, acrylamide modified polymer guar gum, 6-hydroxycaproic acid and ether provided by Nanjing
Chemical Reagent Company. The core is taken from
Gudao oil production plant 1 of Shengli Oilfield, and
the oil is taken from Gudao oil production plant of
Shengli Oilfield. The reservoir damage evaluation
platform used is the oil displacement and fracturing
platform as shown in Figure 1.

the permeability and reduce oil recovery [17-20].
Exploring the damage mechanism of chemical crosslinking agent in fracturing fluid and developing the
treatment method has become an important research
direction for reservoir reconstruction.
Based on the characteristics of reservoir and
ecological environment protection, aiming at the disadvantages, the damage evaluation platform of water-based fracturing fluid crosslinking agent is developed. The coupling model of chemical crosslinking
agent and damage degree is established to explore
the damage impact of water-based chemical crosslinking agent and the mechanism that can significantly reduce the damage of water-based fracturing
fluid reservoir. The chemical crosslinking agent and
reservoir pollution damage treatment scheme proposed in this paper provide basic concept and technical support for excellent ecological protection of
oil and gas reservoirs.

Synthesis of nano organic zirconium crosslinker. A little nano zirconia ZrO2 is added into a
three-QHFNHGIODVNZLWKႏZDWHUEDWKKHDWLQJ$
thermometer is insert into one mouth to observe the
temperature change. After the temperature is constant, 150mL water is poured and the temperature
JUDGXDOO\ LQFUHDVHV WR ႏ ZLWK VWLUULQJ IRU K
After cooling, the pH is adjusted to 1.8 with hydrochloric acid, 6-hydroxycaproic acid is added and the
mixture is stirred until a light white emulsion appears, which is the nano organic zirconium crosslinking agent. The preparation of chemical crosslinking agent for fracturing is shown in Figure 2.

MATERIALS AND METHODS
Materials. Nano zirconia (99.8%, radius 1025nm), hydrochloric acid, ethyl acetate and tartaric

FIGURE 1
Reservoir damage evaluation device of chemical agent for fracturing fluids.
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FIGURE 2
Preparation process of nano organic zirconium crosslinking agent.
crosslinker on reservoir residual damage and permeability damage was studied. As shown in Figure 3,
with the gradual increase of zirconium crosslinker
content, the permeability gradually decreases and the
reservoir damage gradually increases. The increase
of zirconium crosslinker content shows that the damage is increasing, and the oil recovery is obviously
reduced. When the commercial zirconium crosslinking agent is not added, the damage rate is 0%. When
the content of commercial zirconium crosslinking
agent is 0.2%, the damage rate is 45%, with a low
increase of only 45%. However, when the content of
commercially available zirconium crosslinker in
fracturing fluid increases from 0.2% to 0.35%, the
damage rate increases from 45% to 95%, with an increase of 50%. Commercial zirconium crosslinking
agent shows more damage to permeability. According to the results of Figure 3, when the content of
chemical crosslinking agent is 0.2%, it can ensure
the minimum damage to the reservoir, and has excellent fracturing and reservoir reconstruction ability.
As shown in Figure 3, when the content of nano
zirconium crosslinking agent prepared with the fracturing fluid is only 0%, the reservoir damage is 0%.
However, when the content of nano zirconium crosslinking agent in the fracturing fluid system increases
from 0% to 0.2%, the nano zirconium crosslinking
agent increases the damage rate from 0% to 35%, the
increase range is only 35%, which is lower than 45%
of commercial zirconium chemical agent, which is
conducive to reservoir protection. When the content
of nano zirconium crosslinker increases from 0.2%
to 0.35%, the reservoir damage rate increases from
35% to 80%, with an increase of 45%. When the content of the prepared nano zirconium cross-linking
agent increases from 0% to 0.35%, the reservoir
damage rate increases by 80%, which is far lower
than the increase range of 95% of the commercial
zirconium cross-linking agent. The chemical agent
nano zirconium crosslinker shows lower reservoir
damage performance than the commercial chemical
crosslinker.

Evaluation of reservoir damage of waterbased fracturing fluid. As shown in Figure 1, the
deionized water in the steel cylinder is added into the
pressure steel cylinder by the water pump for
standby. After it is added to a certain pressure, the
piston is pushed to push the water to the visualization
kettle. At the same time, the nano zirconium crosslinking agent is added and mixed into the fracturing
fluid through another pump, and then it is pushed to
the core displacement fracturing device to measure
the weight m1 and permeability s1. After fracturing,
the weight m2 and permeability s2 of dry core are
measured, and the reservoir damage of fracturing liquefaction agent is studied by comparing the weight
changes before and after fracturing. The residual is
the weight difference between the core weight m2 after fracturing and the core weight m2 before fracturing.
The damage of chemical agents is solved according to Equation 1.

N

K1  K 2
u100%
K1

(1)

Where, N is the plugging rate caused by the
change of permeability. K1 is the initial permeability,
×10-3 ȝP3. K2 is the permeability after damage of
fracturing fluid, ×10-3 ȝP3.

RESULTS AND DISCUSSIONS
Effect of chemical agent content on permeability and reservoir residue. Under the experimental conditions of 2.5% acrylamide modified guar
JXPႏ03DSRURVLW\DQGP'SHU
meability, the effects of nano zirconium crosslinker
content of different fracturing fluids on permeability
and reservoir residue were discussed. In addition,
taking the commercial chemical crosslinker B as the
control, the recovery performance of nano zirconium
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FIGURE 3
Effect of chemical crosslinking agent content on reservoir damage rate.
The damage rate of zirconium crosslinker content is mainly divided into two kinds. When it is
lower than 0.2%, the reservoir damage rate is obviously lower and the damage is small. Even the poor
commercial chemical crosslinker is only 45%. However, when the content of zirconium crosslinking
agent ranges from 0.2% to 0.35%, the damage increases significantly with the increase of content of
commercial chemical crosslinking agent.
In addition, Figure 4 also shows the difference
of reservoir residue under the different content of
chemical crosslinker. Similarly, the relationship
curve between the content of chemical crosslinking
agent and the residual amount is divided into two
sections. Taking the chemical crosslinking agent
content as 0.2%, when the chemical agent content is
lower than 0.2%, with the continuous increase of the
chemical agent content, the reservoir residue increases from 5mg/L to 10mg/L under the chemical
agent content of 0.2%, and the increase range is only
5mg/L. However, when the content of crosslinking

agent in fracturing fluid is greater than 0.2%, the residual amount of chemical agent increases significantly from 10mg/L at 0.2% to 30mg/L at 0.35%.
The residual amount of chemical crosslinking agent
is relatively large at this content with an increase
range of 20 mg/L. There are also two sections
bounded by 0.2% between the content of nano zirconium crosslinking agent and the reservoir residue.
The reservoir residue at the content of chemical
crosslinking agent lower than 0.2% only increases
from 3mg/L to 7mg/L at the content of chemical
agent 0.2%, and the increase range is only 4mg/L.
When the content of chemical crosslinking agent is
greater than 0.2%, the reservoir residue increases
from 7mg/L to 15mg/L with an increase range of 8
mg/L. when the content of nano zirconium crosslinking agent increases from 0% to 0.35%, the increase
range is 12 mg/L, which is far lower than the increase
range of 25 mg/L of commercial chemical crosslinking agent under the same conditions.

35

Reservoir residue/mg/L

30
25
20
15
10
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0
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FIGURE 4
Effect of chemical crosslinking agent content on damage rate.
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WRRIႏDQGWKHGHFOLQHUDQJHLVDVKLJKDV
20%. However, compared with the commercial
chemical crosslinking agent, the reservoir damage
rate of nano zirconium crosslinking agent decreases
slightly with the increase of reservoir temperature.
:KHQWKHUHVHUYRLUWHPSHUDWXUHLVORZHUWKDQႏ
the reservoir temperature of nano organic chemical
zirconium crosslinker has little effect on oil seepage
efficiency. The reservoir damage rate decreases from
 DW ႏ WR  DW ႏ, and the decrease
range is only 2%. However, when the reservoir temSHUDWXUHLQFUHDVHVIURPႏWRႏWKHGDPDJH
rate increases from 92% to 85%, and the increase
range is 7%. The commercial chemical crosslinking
agent can reduce the reservoir damage rate from 98%
DWႏWRDWႏDQGWKHRYHUDOOUHVHUYRLU
damage rate is reduced by 23%. It has less reservoir
damage ability than nano chemical zirconium crosslinking agent under the same temperature change.
The main reason is that chemical crosslinking
agents can form intermolecular hydrogen bonds
through hydroxyl groups in molecules to form micelles gels. It can also block the reservoir fractures to
realize the pressure blocking and achieve the purpose of fracture expansion, because nano zirconium
chemical crosslinking agent can form more molecular hydrogen bonds with melon gum molecules, and
the single bond length of intermolecular hydrogen
bond is shorter, the single bond energy is larger and
stronger. The macro micelle gel formed is more stable and has stronger ability to pick and hang. When
the reservoir temperature is relatively low, the formation of a large number of micelles gel can seal the
reservoir fractures, resulting in higher reservoir permeability and larger reservoir damage. However,
with the increase of temperature, a large number of
micelle gel molecules are more active due to the increase of temperature, and the intermolecular hydrogen bond breaking ability is stronger, resulting in
lower damage rate.

The difference of reservoir residues of chemical agents has become the direct cause of reservoir
damage. When the chemical crosslinking agent was
not added, the guar gum did not interact with the
chemical crosslinking agent and could not form the
gel and the micro mesh because of hydrogen bonding. However, with the addition of chemical crosslinking agent, a large number of gels were formed
inside the fracturing fluid, and plugging in the fracture would also cause the hydrogen bonds to be adsorbed on the surface of the rock. It leads to the decrease of permeability and the increase of chemical
crosslinking agent residue, resulting in the aggravation of reservoir damage.
Effect of reservoir temperature on permeability and reservoir residual damage. Not only the
content of chemical crosslinking agent can affect the
damage degree of crosslinking agent, but also the
reservoir temperature will affect the residual agent
and reservoir damage of chemical agent in reservoir.
Figure 5 shows the residual and damage capacity of
chemical crosslinking agent in reservoir core at different reservoir temperatures. As shown in Figure 5,
with the gradual increase of temperature, the permeability caused by chemical crosslinking agent is significantly greater than the initial permeability without chemical agent, but the reservoir damage decreases gradually with the increase of reservoir temperature.
The curve of the damage degree formed by
commercial chemical crosslinking agent is divided
into two sections with the increase of reservoir temSHUDWXUH 7DNLQJ ႏ DV WKH ERXQGDU\ ZKHQ WKH
content of chemical crosslinking agent is below
ႏWKHGDPDJHUDWHLVRQO\UHGXFHGIURPRI
ႏ WR  RIႏ DQG WKH GHFUHDVHUDQJH LV
3%. The overall reservoir damage rate is relatively
large. However, when the reservoir temperature is
ႏWKHGDPDJHUDWHGecreases rapidly from 95%

FIGURE 5
Effects of reservoir temperatures on reservoir damage.
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FIGURE 6
Effects of reservoir temperatures on the residual amount of chemical agents.
As another index of reservoir damage, the residue of chemical agent has become an important evaluation method for treating reservoir damage. As
shown in Figure 6, with the continuous increase of
reservoir temperature, the reservoir residue of guar
gum fracturing fluid added with chemical crosslinking agent shows a significant decrease, and the reservoir residue after crosslinking is also different. The
residual amount of commercial chemical crosslinking agent gradually decreases with the increase of
UHVHUYRLUWHPSHUDWXUHERXQGHGE\ႏ:KHQWKH
reservoir temperature increaVHV IURP ႏ WR
ႏ WKH UHVLGXDO DPRXQW RI UHVHUYRLU FKHPLFDO
DJHQWGHFUHDVHVIURPPJ/WRPJ/RIႏ
which is only 6 mg/L, but the temperature continues
WR LQFUHDVH DIWHU UHDFKLQJ ႏ 7KH UHVLGXDO
amount of chemical agent will reduce from 39 mg/L
DWႏWRPJ/DWႏZLWKDUHGXFWLRQXSWR
16 mg/L. However, nano zirconium crosslinking
agent shows more excellent change of reservoir residue. When the reservoir temperature increases from
ႏWRႏWKHUHVLGXDODPRXQWRIQDQR]LUFR
nium chemical agent in the reservoir decreases from
PJ/WRPJ/DWႏZKLFKLVRQO\PJ/
however, when the temperature continues to increase
DIWHU UHDFKLQJ ႏ WKH UHVLGXDO DPRXQW RI QDQR
zirconium chemical agent will decrease from 32
mg/L at 18ႏWRPJ/DWႏZKLFKLVDVKLJK
as 18 mg/L, The reservoir residue of nano zirconium
chemical crosslinker decreased as much as 22mg/L.

pressure on reservoir damage rate is mainly divided
into two sections. When the pore pressure is lower
than 20MPa, the pore pressure of commercial zirconium chemical crosslinker has a great impact on reservoir damage rate, increasing from 50% under 10
MPa to 65% under 20 MPa, with an increase range
of 15%. However, when the pore pressure increases
from 20 MPa to 30 MPa, the oil seepage efficiency
increases from 65% to 95%, and the increase range
is 30%. However, compared with commercial chemical crosslinking agents, nano organic zirconium
crosslinking agents have significantly lower reservoir damage rate under different sizes and pressures.
When the reservoir pressure is lower than 20 MPa,
the pore pressure of nano organic zirconium chemical agent has little effect on the reservoir damage
rate, which only increases from 45% under 10 MPa
to 55% under 20 MPa, and the increase range is only
10%. However, when the pore pressure increases
from 20 MPa to 30 MPa, the reservoir damage rate
increases from 55% to 75%, with an increase range
of 20%.
Table 1 shows the influence of different pore
pressures on the residual amount of reservoir chemicals. With the increase of pore pressure, the residual
amount increases gradually. When it reaches 20
MPa, the residual amount of commercial chemical
crosslinking agent reaches 15 mg/L, but when it
reaches 30MPa, the residual amount increases significantly to 35 mg/L, and the residual amount of reservoir shows a gradual increasing trend. However,
compared with the commercial chemical crosslinking agent, the reservoir residue of nano zirconium
chemical crosslinking agent is only 12 mg/L at 20
MPa and only 25 mg/L even at 30 MPa. The reservoir residue and reservoir damage capacity are significantly lower than those of the commercial chemical crosslinking agent.

Influence of pore pressure on reservoir damage. Due the pressure of different reservoirs varies
with the terrain, this study continues to deeply explore the reservoir damage degree of chemical crosslinking agent under different pressures. As shown in
Figure 7, the increase of pore pressure can significantly increase the reservoir damage rate and reservoir residue. However, the change curve of reservoir

TABLE 1
Influence of pore pressure on reservoir residue
Criterion
10MPa
15 MPa
20 MPa
Commercial chemicals
12
13
15
Nano chemicals
9
10
12
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25 MPa
20
18

30 MPa
35
25
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FIGURE 7
Effect of pore pressure on reservoir damage.
[3] Liu, Q., Li, S., Yu, H. (2020) Covalently crosslinked zirconium-based metal-organic framework aerogel monolith with ultralow-density
and highly efficient Pb (II) removal. Journal of
Colloid and Interface Science. 561, 211-219.
[4] Xia, L., Zhou M., Zhang, L., Jia W., Cao, J.
(2015) Performance Evaluation of Amphoteric/Anionic Surfactant Clean Fracturing Fluid.
Oilfield Chemistry. 32(03), 341-344.
[5] Wu, Y., Cao, M., Chen, D. (2001) Development
of HPAM/organic titanium weak gel profile
control and flooding agent. Oilfield Chemistry.
1(04), 351-353.
[6] Zhang, K (2021) Synthesis and performance
evaluation of organic zirconium crosslinking
agent for acid fracturing fluid. Oilfield Chemistry. 38(01), 34-41.
[7] Li, Q., Wang, Y., Owusu, A. (2019) A modified
Ester-branched thickener for rheology and wettability during CO2 fracturing for improved fracturing property. Environmental Science and
Pollution Research. 26(20), 20787-20797.
[8] He, Q. (2017) Application progress of crosslinking agent in water-based fracturing fluid system.
Oilfield Chemistry. 34(01), 184-190.
[9] Jiang, H., Zhang, G., Feng, X. (2017) Roomtemperature self-healing tough nanocomposite
hydrogel crosslinked by zirconium hydroxide
nanoparticles. Composites Science and Technology. 140, 54-62.
[10] Zhang, X., Tang, L. (2020) Preparation of P
(MAA/AMPS/DMAM/NVCL) thickener and
analysis of rheological properties during crosslinking. Oilfield Chemistry. 37(03), 397-402.
[11] Xiong, J., Zhao, L., Ma, C. (2021) Study on titanium modified nano silica crosslinker and
guanidine gum fracturing fluid. Applied Chemical Industry. 50(10), 2668-2671

CONCLUSIONS
(1) Based on the characteristics of reservoir
rocks, nano organic zirconium crosslinking agent
with excellent crosslinking ability to water-based
fracturing fluid and low reservoir damage and residual was synthesized and characterized to reduce reservoir damage in old oil fields. The evaluation platform of reservoir residue and reservoir damage of
fracturing liquefaction agent is constructed, the effect of different factors on reservoir residue and reservoir damage rate is studied, and the reservoir damage mechanism of chemical agent is revealed.
(2) Compared with the commercial zirconium
crosslinking agent, the organic nano zirconium
chemical crosslinking agent can achieve 80% reservoir damage rate at the content of 0.35%, which is
far lower than 95% caused by the commercial zirconium chemical crosslinking agent. At the same time,
the 15mg/L reservoir residue on the reservoir rock is
far lower than 30mg/L caused by the commercial zirconium chemical crosslinking agent.
(3) Selecting 0.2% chemical crosslinking
agent, increasing pore pressure and reducing reservoir temperature are conducive to improving reservoir protection effect, avoiding reservoir damage,
and enhancing oil recovery while protecting underground environment.
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ABSTRACT

INTRODUCTION

The comprehensive evaluation of the reservoir
properties of tight gas sandstone is of great significance for the efficient development of tight gas sandstone reservoirs. In this paper, taking the Upper
Paleozoic He 8 Member in the L area of the northeastern Sulige gas field in the Ordos Basin as an example, the sedimentary facies, lithologic characteristics, controlling factors of physical properties, and
the coupling relationship between brittleness and
fractures of tight gas sandstone reservoirs have been
systematically studied. The research results show
that the He 8 Member in the study area is characterized by gray and dark gray sandstone mixed with
light gray or variegated mudstone. Plate-like crossbedding, trough-like cross-bedding and wedge-like
cross-bedding can be used as the main identification
signs of underwater distributary channels. The sandstone reservoirs in the He 8 Member in the study area
are mainly composed of quartz and lithic debris, with
a small content of feldspar, which is distributed at
0.1%-0.5%. The mean value of lithic content in the
sandstone clastic composition decreases gradually
from bottom to top, while there is no obvious change
rule for quartz and feldspar. In addition, the content
of quartz in the tight sandstone of the He 8 Member
has a good positive correlation with reservoir porosity and permeability. This study defines the lithology
index and finds that there is a good positive correlation between the lithology index and the brittleness
index. That is, as the lithology index increases, the
brittleness index also shows a decreasing trend. The
coupling relationship between the brittleness index
and the degree of crack development shows that with
the increase of the brittleness index, the fracture linear density increases gradually. Furthermore, the
brittleness index of the sandstones of the fractured
intervals with commercial gas production is typically
greater than 60%. Therefore, high brittleness index
sandstone can form a more complex fracture network system after fracturing, and then it is easy to
obtain commercial production capacity.

Tight sandstone gas resources in China are
widely distributed and have potential huge economic
value [1-4]. It is also an unconventional natural gas
resource that should be developed at this stage.
Among them, the He-8 Member of the Upper Paleozoic in the Ordos Basin, China, has abundant natural
gas resources and is an important field of natural gas
development at present [5-8]. However, the geological conditions for the occurrence of tight sandstone
gas reservoirs are complex, and the water retained in
the pores of the rock occurs in various forms [9-11].
How to develop these difficult-to-recover reserves
economically and effectively has become a difficulty
in the sustainable development of current gas fields
[12-14]. It is well known that rocks contain free water and irreducible water, and the irreducible water
includes clay-bound water, non-argillaceous microporous formation water and capillary-bound water [14-16]. In the process of gas reservoir development, when the displacement pressure gradient is
small, the free water existing in the larger pore
throats or pores in the reservoir is discharged first
[17-19]. The irreducible water in the micro-pore
throats can migrate and be partially produced, which
has a great impact on the productivity of gas wells
[20-22]. The comprehensive evaluation of the reservoir properties of tight gas sandstone is of great significance for the efficient development of tight gas
sandstone gas reservoirs [23-25].
The Ordos Basin is one of the three major tight
gas regions in China. Among them, the accumulative
natural gas reserves of Sulige Gas Field reached
4.46×1012 m3. The gas field has tight reservoirs,
strong heterogeneity, complex gas-water distribution, and is currently under negative pressure. The
unique geological characteristics determine that its
gas wells have low single-well production, rapid
pressure drop, and difficulty in stabilizing production [26-28]. In this paper, taking the Upper Paleozoic He 8 Member in the L area of the northeastern
Sulige gas field in the Ordos Basin as an example,
the sedimentary facies, lithologic characteristics,
controlling factors of physical properties, and the
coupling relationship between brittleness and frac-
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tures of tight gas sandstone reservoirs have been systematically studied. This study has important reference value for the prediction of tight gas sandstone
sweet spots.

of the water body when the rock was formed. The
colors of rocks formed in shallow water bodies or in
oxidative environments are light and oxidized colors, mainly light gray, gray-yellow, gray-white, purple-red, etc. The color of the rocks formed by the
deep water body or the reduction environment is
dark, mainly gray, dark gray, gray-green, gray-black
or black. The He 8 Member in the study area is characterized by gray and dark gray sandstone mixed
with light gray or variegated mudstone, and some
mudstones are brownish-red in color.
The core observation results show that the target layer develops cross-bedding, horizontal bedding, scour surface, mudstone debris and paleontological structures. Cross-bedding is a series of laminae that are obliquely intersecting with the interface
of the layer system. It is mainly formed under strong
hydrodynamic conditions, and plate-shaped crossbedding, trough-shaped cross-bedding and wedgeshaped cross-bedding, etc. have been found many
times during core observation (Figure 1a). It can be
used as the main identification mark of underwater
distributary channels.
The horizontal bedding develops parallel to the
layers, and the inner laminae are straight and parallel
to each other, which are mainly developed under relatively stable hydrodynamic conditions. In the core
observation, it is found that horizontal bedding is developed in the thin layer of carbonaceous mudstone,
which is the main identification mark of the interdistributary bay.
The scour surface structure is an undulating
contact surface formed by the strong hydrodynamic
conditions, the sudden acceleration of the water flow
speed, and the erosion and scouring of the sediment
by the substances carried in the fluid. Generally, the
sediment particles above the scour surface are relatively coarse, and the sediment particles below the
scour surface are relatively fine (Figure 1b). The
scour surface is also one of the main identification
signs of underwater distributary channels.

MATERIALS AND METHODS
The tight sandstone samples in this paper were
taken from the He 8 Member of the Upper Paleozoic
in the L area of the northeastern Ordos Basin. Core
observation was carried out on 160m cores from 8
wells, including observation and analysis of lithology and sedimentary facies. The experimental tests
carried out include microscopic thin section analysis,
whole-rock X-diffraction mineral composition analysis, physical property testing and full-wave array
acoustic wave testing. The experimental equipment
for thin slice identification is a polarizing microscope. Polarized light microscopy was used to observe the microstructure, mineral composition content and microfracture development characteristics
of the samples. The testing instrument of X-diffraction experiment is D/max-2500, which was used to
determine rock composition, cement characteristics
and clay mineral composition. The quantitative relationship between them can be obtained by comparing and analyzing the physical parameters of the reservoir with different clastic particle compositions.
The full-wave train array acoustic wave test was
used to test the longitudinal wave and shear wave velocity of the rock, and then to evaluate the brittleness
of the rock.

RESULTS
Sedimentary facies and lithology identification. Color is the most intuitive identification sign of
sedimentary rocks. The native color of the rock directly reflects the physical and chemical conditions

FIGURE 1
Sedimentary characteristics of the cores of the He 8 Member in the study area.
Notes: (a) Well A1, 3321 m; (b) Well A2, 3217 m.
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Under the condition of strong hydrodynamic
force, the unconsolidated underlying mudstone
formed in the early stage is formed after being subjected to strong water flow shearing action. It can
also be used to identify underwater distributary
channels. In addition, some plant rhizomes or plant
leaf fossils were found in some argillaceous siltstones or mudstones during core observation. Its formation also represented that the target layer was in a
reducing environment with relatively weak hydrodynamic conditions at that time.
The lithology of the lower part of the target
layer is light gray-green medium-coarse sandstone
and medium-fine sandstone. Its electrical characteristics are dentate bell-shaped, which is a set of distributary channel deposits with stacked center-bank
deposits in the upper part. The top of the target layer
is the interdistributary bay deposit. The thickness of
the single sand body is small, and the overall performance is 2~3 positive cycles. From bottom to top,
side beaches, interdistributary bays, and distributary
channel deposits are developed respectively. The
bottom is light gray coarse sandstone, which becomes finer grain size upwards and turns into light
gray green medium-fine sandstone.
According to the identification of sandstone
thin sections, the sandstone reservoirs of the He 8
Member in the study area are mainly composed of
quartz and debris, and the feldspar content is between 0.1% and 0.5% (Figure 2). The mean value of
lithic content in the sandstone clastic composition
decreases gradually from bottom to top, while quartz

and feldspar have no obvious variation in different
depths.
The composition characteristics of sandstone
debris show that the composition of the He 8 Member is mainly metamorphic debris and volcanic debris (Figure 3). The metamorphic rock fragments are
mainly quartzite, hypermetamorphic rock, schist,
phyllite, metamorphic sandstone and slate, with an
average content of 8%-12%. Quartzite is one of the
main components in the metamorphic debris in this
area, and some quartz aggregates are also observed
under the cast thin sections. However, the volcanic
debris is mainly composed of chert, granite, cryptocrystal and eruptive rocks, with an average content
of 2.5%-7.4%. Sedimentary rock debris is not developed in the target layer, with an average content of
only 0.1%-0.5%. The average content of volcanic
debris in the He 8 Member has a trend of increasing
from bottom to top in the vertical direction, but there
is no obvious rule to follow for metamorphic debris
and sedimentary debris.
For the interstitial components, the interstitials
in the He 8 Member in the study area are mainly
filled with siliceous cements and clay minerals, and
the content of calcareous cements is relatively small
(Figure 3). The absolute percentage of siliceous cements in each sublayer in the study area is between
0.4% and 4.5%, and the cements observed under the
microscope are mainly secondary enlarged edges at
the edges of quartz grains. The average content of
siliceous cement in each sublayer decreases gradually from bottom to top.

FIGURE 2
Distribution of main mineral components in the He 8 Member in the study area.
Q-Quartz; F-Feldspar; R-Rock debris.
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FIGURE 3
Mineral composition and content distribution in the tight sandstone reservoir of the target layer.
Notes: (a) Distribution of main mineral components; (b) Distribution of clastic components; (c) Distribution of interstitial
components; (d) Distribution of clay minerals.

The average absolute percentage content of calcareous cements in each sublayer in the study area
ranges from 0.2% to 1.8%, and the cements are
mainly calcite and some iron calcite. Among them,
two phases of calcite cements were observed in some
of the cathodoluminescence flakes. Clay minerals
are the main components of interstitials, and the average absolute percentage content ranges from 6% to
12%.
The clay minerals in the study area are mainly
composed of kaolinite, illite, and chlorite (Figure 3).
The statistical results show that illite is the main
component of the clay mineral content in the study
area, and its absolute percentage average range is between 3% and 6.6%. In SEM pictures, illite mainly
exists in the intergranular pores or dissolved pores as
filamentous fillings. The average percentage of kaolinite is in the range of 1.5%-2.5%. Under the microscope, it can be seen that kaolinite and illite are cofilled in the feldspar dissolved pores. The absolute
percentage of chlorite in the target layer is relatively
small, with an average value ranging from 0.23% to
0.36%, and it tends to increase gradually from bottom to top. The chlorite film formed by a small
amount of chlorite wrapped around the edge of

quartz grains can effectively prevent the development of siliceous cementation such as secondary enlargement. The tuffaceous matter content also
showed an increasing trend of absolute percentage
content from bottom to top, and its average value
ranged from 0.3% to 2.8%.
Effect of mineral composition on physical
properties. There is a certain positive correlation between the content of quartz in the clastic components
of the He 8 Member in the study area and the porosity and permeability of the reservoir (Figure 4).
There is a certain negative correlation between debris content and porosity and permeability. The composition of debris in the study area is mainly composed of volcanic debris and metamorphic debris. By
intersecting volcanic debris and metamorphic debris
with the corresponding porosity and permeability
values in the reservoir, it is found that volcanic debris and porosity and permeability have a certain
negative correlation. With the increase of debris content, the porosity and permeability in the reservoir
decreased significantly. Metamorphic rock debris
also have a negative correlation with reservoir porosity and permeability, but the correlation is weaker
than that of volcanic rock debris.
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FIGURE 4
Relationship between quartz content and porosity and permeability in the He 8 Member of the study area.
In the formula, ȝnorm is the normalized Poisson’s ratio, %; ȝmax and ȝPLQ are the maximum and
minimum values of Poisson’s ratio, respectively.

Further, the porosity and permeability values
corresponding to different types of sandstones in the
He 8 Member in the study area were calculated.
From the statistical results, it can be seen that the
sandstone with the best reservoir properties in the
study area is lithic quartz sandstone, followed by
quartz sandstone. From this, it can be inferred that
lithic quartz sandstone and quartz sandstone are the
main sandstone types with high porosity and high
permeability in the reservoir.
The mean grain size of the target sandstone in
the study area gradually decreases from top to bottom in the vertical direction, but its corresponding
porosity and permeability have no obvious trend of
change. The clastic particles in the study area are
mainly distributed in the range of medium sand and
fine sand, and their porosity and permeability have
no obvious change trend with the increase of particle
size. This shows that the particle size has no obvious
control effect on the physical properties of the reservoir.

BI

(3)
Where BI is the rock brittleness index, %.
Continental tight oil reservoirs are essentially
composed of a variety of complex microscopic
framework minerals and matrix minerals. Among
them, the most direct components affecting reservoir
brittleness are b When the content of brittle mineral
components in the reservoir is greater than a certain
critical value, a better fracturing stimulation effect
can be achieved, which is beneficial to improve the
initial single well productivity. Quartz and carbonates are considered as brittle minerals in this
study.
Natural gamma logging is a method of radioactive logging, and the natural gamma curve is often
used to discriminate reservoir lithology. Clay rocks
contain high radioactive elements, and clay minerals
have strong adsorption capacity for cations and can
adsorb surrounding radioactive substances. Therefore, when a reservoir exhibits high shale content, its
gamma ray is usually high. On the contrary, when
the reservoir contains a large amount of non-radioactive substances such as quartz and carbonates, the
natural gamma curve is characterized by low values.
The photoelectric absorption cross section can
also well characterize the lithology of the reservoir.
This is because, when low-energy gamma rays have
a photoelectric effect with elements in the formation,
the gamma rays are absorbed by the atoms and photoelectrons are released. Therefore, the photoelectric
absorption cross section can characterize the strength
of the element in the formation to absorb the gamma
rays. Different rock and mineral compositions in the
formation correspond to different chemical elements, and the differences in these element compositions are manifested as differences in photoelectric
absorption cross-section indices.

Evaluation of the brittleness index. In this
study, full-wave train array acoustic data were used
to calculate the dynamic brittleness index. Furthermore, a reservoir brittleness index evaluation model
is constructed. The brittleness index calculated by
the full-wave train array sonic test was used as a constraint.
In previous studies on tight sandstone and shale
reservoirs, the normalized Young's modulus (E) and
Poisson's ratio (ȝ) were used to calculate the brittleness index of tight reservoirs:

E norm

E  E min
u 100
E max  E min

(1)

In the formula, Enorm is the normalized Young's
modulus, %; Emax and Emin are the maximum and
minimum values of Young's modulus, GPa, respectively.

P norm

P  P max
u 100
P min  P max

E norm  P norm
2

(2)
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FIGURE 5
Relationship between lithology index and brittleness index.
This paper defines the lithology index, which is
the product of natural gamma and photoelectric absorption cross section. The lithology index represents the quantitative response characteristics of formation natural gamma logging under the condition
of unit photoelectric absorption cross-section index
(Formula (4)).

LI

Influence of brittleness index on fracture development characteristics. Tight sandstone reservoirs, pores and fractures in mudstone together constitute the vertical migration channel of natural gas.
The transport system network composed of pores
and fractures is the main migration channel. In this
study, the fracture development degree of the target
layer was counted, and the relationship between the
brittleness index and the fracture development degree was compared.
The structure of the study area is stable, so the
overall fracture development degree of the He 8
Member is low, and the fracture line density is usually less than 2 per meter. The mudstone content in
some sandstones is relatively high, so the rocks have
strong plasticity, and the fractures developed in them
are small in scale, and they are often closed after the

GR  Pe

(4)
In the formula, LI is the lithology index, GR is
the natural gamma logging value, and Pe is the photoelectric absorption cross-section index logging
value.
For Well A3, a scatter diagram of the correspondence between lithology index and brittleness
index was drawn (Figure 5), and there was an obvious negative correlation between them. With the increase of lithology index, the brittleness index also
showed a decreasing trend. In this way, a mathematical method for calculating rock brittleness index using lithology index is obtained.

FIGURE 6
Relationship between rock brittleness and fracture linear density.
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cracking pressure condition disappears, so it is difficult to preserve them up to now. The fine observation
of the outcrops of the Upper Paleozoic in the eastern
margin of the Ordos Basin shows that the thick sandstone fractures are generally not developed, but the
mudstone fractures between the thick sandstones are
relatively developed. The reason for its formation
may be related to the geological background that the
overall structure of the Ordos Basin is not developed
and the tectonic activity is weak. Under the background of weak tectonic activity as a whole, the tectonic stress is not strong, and the tectonic stress is
difficult to break the thick sandstone and mudstone,
and the thin mudstone between the thick sandstone
becomes the stress concentration area, which leads
to more fractures in some mudstones.
The relationship between the brittleness index
of the tight sandstone in the He 8 Member and the
linear fracture density is shown in Figure 6. It can be
seen that on the whole, with the increase of the brittleness index, the fracture linear density gradually increases. This shows that the fractures are mainly developed in the sandstone. Furthermore, the brittleness index of the sandstones of the fractured intervals with commercial gas production is typically
greater than 60%. Therefore, high brittleness index
sandstone can form a more complex fracture network system after fracturing, and then it is easy to
obtain commercial production capacity.

the lithology index increases, the brittleness index
also shows a decreasing trend. The coupling relationship between the brittleness index and the degree of
crack development shows that with the increase of
the brittleness index, the fracture linear density increases gradually.
The brittleness index of the sandstones of the
fractured intervals with commercial gas production
is typically greater than 60%. Therefore, high brittleness index sandstone can form a more complex fracture network system after fracturing, and then it is
easy to obtain commercial production capacity.
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ABSTRACT

INTRODUCTION

With the continuous improvement of human
living standards and the intensification of environmental pollution, the wind direction design of architectural design directly affects the living experience
and health. Aiming at the disadvantages of poor ventilation and weak living experience in current urban
buildings, this study constructs a coupling model between urban green building design and outdoor wind
environment based on the sustainable development
strategy and the principle of green environmental
protection. By studying the effects of different architectural design factors on the flow direction and velocity of outdoor wind and the content of particulate
matter, this study explores the best outdoor design of
urban green buildings, and puts forward reasonable
design suggestions for outdoor green building based
on the concept of green sustainable development.
The results show that the height and number of vents
are directly proportional to the indoor wind speed
and particle content. Moderately increasing the
height and number of vents can significantly reduce
the particle content in the wind. When the height of
vents is 40cm, 5-hour of the speed in the outdoor
window can reach 4m/s, and the solid particle content in the outdoor wind can be reduced to 8/cm3. The
number of indoor turns and rooms significantly increase the content of solid particles. When the number of turns is 3 and the number of rooms is more
than 6, the number of indoor particles is as high as
10/cm3, and the wind speed decreases to 0.4m/s.
Moderately changing the design factors of urban
green buildings can significantly improve the outdoor wind environment and reduce the pollution degree of outdoor wind when entering the room, which
is conducive to the improvement of human living
quality.

Architecture has become an important part of
human survival and reproduction. With the continuous development of human society, a large number
of cities inhabited by human beings have gradually
appeared, and the architectural style and architectural function are also changing significantly, which
leads to the improvement of human requirements for
architectural function [1-2]. The design and multifunction coordination of various supporting facilities
and outdoor buildings to maximize the improvement
of human life quality has become an important embodiment of human home life [3-6]. In addition, with
the continuous deterioration of the global ecological
environment and the continuous improvement of the
greenhouse effect, changing the outdoor design of
urban buildings to alleviate the indoor circulation of
outdoor wind and the air quality of indoor wind has
become an important symbol that can significantly
improve the quality of human settlements.
However, at present, many architectural designs based on the outdoor wind environment of urban green buildings have not completely solved the
significant changes in the outdoor wind environment
and indoor air quality of buildings [7-12]. At present,
technology of numerical simulation CFD is often
used in the early stage to carry out many effects of
various urban architectural design factors on the outdoor wind environment [13-18], so as to explore the
optimal design that can maximize the safety factor of
urban green buildings and improve the quality of
outdoor wind control. However, the accuracy of
CFD simulation results largely depends on the selection of turbulence model, the establishment of
model, grid division and the setting of boundary conditions. Due to specific model differences and design
differences, the optimal design schemes of green visible outdoor wind environment in different cities are
different [19-20]. Finding a universal coupling
model to adapt to the optimal design of outdoor wind
environment of green buildings in most cities and exploring the impact of different architectural design
styles on outdoor wind environment has become the
focus and problem of current research.
Aiming at the disadvantages of poor ventilation
and weak living experience in current urban buildings, this study constructs a coupling model between

KEYWORDS:
Urban green building, outdoor building wind environment,
sustainable development, indoor environmental factors

9958

© by PSP

Volume 31– No. 10/2022 pages 9958-9965

Fresenius Environmental Bulletin

urban green building design and outdoor wind environment based on the sustainable development strategy and the principle of green environmental protection. By studying the effects of different architectural
design factors on the flow direction and velocity of
outdoor wind and the content of particulate matter,
this study explores the best outdoor design of urban
green buildings, and puts forward reasonable outdoor green building design suggestions based on the
concept of green sustainable development. At the
same time, it provides necessary theoretical basis
and technical support for enhancing the environmental protection of building home environment and the
improvement of ecological environment.

urban green buildings in Equation (4), the damage
degree of outdoor wind environment in the process
of urban green building design can be quantitatively
analyzed, and the pollution of different factors to the
outdoor wind ecological residential environment of
urban green buildings can be explored in order to
promote the optimization of outdoor wind of urban
green buildings from the perspective of sustainable
development.
Coupling evaluation model. The coordination
and balance between the outdoor environment of urban green buildings and the ecology around buildings has become an important index for the ecological environment of buildings around cities and the
suitability of human life. The comprehensive development level of the two can be expressed by Equation (5):

MATERIALS AND METHODS



 = )ݔ(ݐ ܽ ݔ ᩸ ᩸᩸᩸᩸᩸݁( = )ݔ ܾ ݕ ᩸ ᩸

Establishment of outdoor wind environment
DB model for urban green buildings. The outdoor
wind environment of urban green buildings is mainly
composed of housing environment system, natural
ecosystem, social system, human life circle and climate ecosystem. The model must realize the optimal
design of outdoor wind environment of urban green
buildings, ensure the comfort of human living environment from the perspective of sustainable development, and enhance the harmonious development
between man and nature. In this study, the entropy
weight method is used to construct the evaluation
value of outdoor wind environment quality of urban
green buildings. If the evaluation index of rural areas
in a certain area is composed of n, the index that can
evaluate the treatment of outdoor wind ecological
residential environment of urban green buildings is
m, expressed as xi (i = 1, 2, 3, 4.... m), and its matrix
can be expressed as Equation (1):
ܴˈ = ˄r , ݆݅)௫ (݅ = 1,2,3. . . . ݉,
݆ = 1,2,3. . . . ݊)
(1)
ˈ
r ij is the standardized evaluation value, which
is the value of the j-th evaluation object on the i-th
ˈ
evaluation index. It is mainly affected by min (r ij)
ˈ
and max (r ij). If it is deformed by the extreme value
method, the index evaluation value can be expressed
as Equation (2):
 ݎ, ݆݅ െ ݉݅݊| ݎ, ݆݅|
× 10
(2)
 ݎ, ݆݅ =
݉ܽ ݎ|ݔ, ݆݅| െ ݉݅݊| ݎ, ݆݅|
After making entropy for Equation (2), Hi of
the i-th evaluation index can be expressed as Equation (3):

ୀଵ

(5)

ୀଵ

In Equation (3), t(x) and e(x) can be regarded
as the comprehensive development level indicators
of outdoor environment and surrounding ecology of
urban green buildings, while ai and bi are expressed
as the weight of each index. The coordination degree
between urban green buildings and surrounding ecological environment can be expressed by Equation
(6):
)ݔ(݁)ݔ(ݐ

(6)
ተ ᩸ ᩸᩸᩸᩸
 )ݔ(ݐ+ ݁( )ݔଶ
ฬ
ฬ
2
C in Equation (4) represents the degree of coordination between the two, and k is considered as
the coordination coefficient of equation. When the
co-dispatching C is larger, it shows that the outdoor
design of urban green buildings and the coordinated
development of surrounding ecology are better, and
the design optimization of outdoor environment of
urban green buildings will not affect the surrounding
ecological environment. If the coordination degree C
is smaller, it is considered that the outdoor design of
urban green buildings has a great impact on the surrounding ecology, which can seriously damage the
surrounding ecology to a certain extent.
Based on Equation (4), it can be used to qualitatively judge the coordination and coupling relationship between the surrounding ecological environment caused by the outdoor design of urban green
buildings, and provide reasonable planning suggestions for reasonably optimizing and designing urban
green buildings and protecting the surrounding ecological environment of urban green buildings from
the perspective of social environment (Figure 1).
=ܥተ



ܪ = െ݇  ݂ ݈݂݊ ᩸



(3)

ୀଵ

In Equation (3), the entropy weight of the i-th
evaluation index is considered as wi:
1 െ ܪ
ݓ =
᩸᩸᩸
(4)
݉ െ σ
ୀଵ ܪ
Based on the entropy weight of residential
quality of outdoor wind ecological environment of

RESULTS
Urban green building height as an impact on
outdoor wind environment. As the main activity
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FIGURE 1
Construction process of outdoor optimization design model of urban green building.
place of human production and life, the height of urban green buildings can significantly affect the outdoor wind environment and the content of air particulate pollutants around the buildings to a certain extent, and then affect the air quality. Therefore, the
height of urban green buildings has important reference for the protection of the ecological environment
around urban green buildings, as well as regional air
quality and wind direction. Figure 1 shows the data
distribution of the influence of the height of green
buildings in different cities on the wind speed around
green buildings and the content of solid particles in
the air.
As shown in Figure 2, it shows the impact of
the height and number of floors of different urban
green buildings on the outdoor wind speed and direction of urban green buildings. It can be seen from
Figure 2 that the change of the height and number of
floors of urban green buildings can significantly
change the wind speed and direction to a certain extent. In Figure 2, when the height of urban green
buildings is 5 m, the wind speed can be regarded as
the wind speed on the land horizon. At this time, the
wind speed is relatively low, only reaching 0.2 m/s.
However, when the height of urban buildings
reaches 30 m, the wind speed increases to a certain
extent. The wind speed increases from 0.2 m/s when
the height is 5m to 0.9m/s when the height reaches
30 m, and the increase range of wind speed reaches

0.7 m/s. However, when the height of urban buildings reaches 30m, the wind speed of outdoor wind
environment of urban green buildings increases significantly. The wind speed gradually increases from
0.9 m/s when the height is 30 m to 2.5 m/s when the
height reaches 60m, and the increase range of wind
speed reaches 1.6 m/s. This growth trend is significantly higher than the increase of wind speed when
the building height is less than 30 m. In addition,
with the increasing outdoor height of urban green
buildings, the wind direction outside the buildings
has also changed a little. The change of outdoor wind
direction of urban green buildings is the direct embodiment of outdoor wind speed of buildings. When
the height of urban green buildings is less than 30m,
the outdoor wind direction will not change significantly. But when the height of urban green buildings
is more than 30m, the outdoor wind direction will
change to a certain extent due to the joint influence
of wind speed and aerodynamics. When the outdoor
height of urban green buildings is less than 30m, the
change of outdoor wind direction is small, and the
change range is about 5 degrees; However, when the
outdoor height of urban green buildings is more than
30m, the outdoor wind direction changes significantly. When the outdoor height of urban green
buildings is 70m, the rotation angle of outdoor wind
direction is as high as 25 degrees.

FIGURE 2
Influence of outdoor height of green buildings in different cities on outdoor environmental wind direction
and wind speed.
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FIGURE 3
Effect of outdoor height of green buildings in different cities on the content of solid particles in outdoor
environment wind.
will affect the indoor air quality.
Combined with the relevant data and models in
Figure 2 and Figure 3, it shows that the architectural
design of urban green buildings with an outdoor
height of 30m under the concept of green environmental protection is much higher than that of buildings with an outdoor height of more than 30m. The
change of outdoor wind speed and direction above
30m is not conducive to the protection of the ecological environment around the building. At the same
time, the height of outdoor urban buildings above
30m will significantly increase the content of outdoor wind solid particles, which is not conducive to
the living environment and human life and health.
From the perspective of overall green health, the optimized design of the building height of 30m has become the basic height to maintain the ecological stability around the building and enhance human life
and health.

Similarly, the outdoor height of green buildings
in different cities will also significantly affect the
content of air solid particles in outdoor wind. As
shown in Figure 3, the outdoor height of urban green
buildings is in direct proportion to the content of air
solid particles in outdoor wind. When the height of
urban green buildings is 5m, the content of solid particles is relatively small, most of which are 2/cm3.
However, as the height of urban green buildings
gradually increases from 5m to 30m, the content of
solid particles in the air outside the buildings increases to 4/cm3, with an increase range of 2/cm3;
When the height of urban green buildings gradually
increases from 30m to 60m, the content of air solid
particles in the outdoor wind of buildings increases
from 4/cm3 to 8/cm3, with an increase range of
4/cm3. The increasing outdoor height of urban green
buildings is not conducive to the reduction of the
content of solid particles in the outdoor air, which

FIGURE 4
Effect of the number of outdoor air outlets in different buildings on outdoor wind speed and direction.

9961

© by PSP

Volume 31– No. 10/2022 pages 9958-9965

Fresenius Environmental Bulletin



FIGURE 5
Effect of the number of outdoor air outlets of different buildings on the content of solid particles in outdoor ambient wind.
Impact of the number of building air outlets on
outdoor wind environment. In order to reduce the
outdoor height of urban green buildings to 30m and
enhance the stability of outdoor wind environment
and human health, the appropriate number of outdoor tuyeres of urban green buildings also affects the
outdoor wind speed and direction of buildings, and
also changes the content of air solid particles in outdoor wind. As shown in Figure 4, the impact of different numbers of outdoor air outlets of urban green
buildings on the speed and wind direction of outdoor
wind environment.
As shown in Figure 4, different numbers of outdoor air outlets are set in the design of urban green
buildings, showing different outdoor wind speed differences and wind direction conversion angles.
When the number of outdoor air outlets (less than 2)
is set in fewer buildings, the change of wind speed is
small, but it is basically maintained at the normal
outdoor wind speed, which is only about 0.4 m/s.
When the outdoor air outlet of the building is small,
it is basically the same as state when the building is
in the state of no air outlet. When the wind speed encounters a small number of air outlets, the pressure
relief capacity of the building is poor, and the wind
speed is basically low, which hits the surface of urban green buildings. At this time, the outdoor wind
direction of the building will change greatly. The
wind direction will gradually turn to both sides of the
urban building, and the wind direction is generally
stable at more than 50 degrees; However, when the
number of outdoor air outlets of urban green buildings is set to 4, the change of outdoor wind speed
increases relatively significantly, from about 0.4 m/s
when the number of air outlets is set as 2 to about 0.7
m/s when the number of air outlets is set as 4. With
the increase of the number of outdoor air outlets from
2 to 4, the growth rate of outdoor wind speed is as
high as 0.3 m/s. However, the change trend of outdoor wind direction is opposite to that of outdoor

wind speed. The wind direction angle gradually decreases with the increase of the number of outdoor
air outlets. When the number of outdoor air outlets
increases from 2 to 4, the outdoor wind direction
gradually decreases from about 50 degrees of the
number of air outlets to about 40 degrees. Moreover,
as the number of outdoor air outlets continues to increase to 6, the wind speed increases to about 1.1
m/s; While the wind direction decreases in the opposite direction, gradually decreasing from about 40
degrees when the number of air outlets is 4 to 25 degrees when the number of air outlets is 6. As the
number of outdoor air outlets of urban green buildings gradually increases, the wind hitting the building will flow through the air outlet and increase the
flow speed of outdoor air. At the same time, because
most air outlets flow forward and will not change the
wind direction too much, the change value of wind
direction will gradually decrease with the increase of
the number of outdoor air outlets of buildings.
In addition, with the gradual change of the
number of outdoor air outlets of urban green buildings, the content of solid particles in the outdoor
wind environment of buildings will also be significantly changed. It can be seen from Figure 5 that
with the gradual increase of the number of outdoor
air outlets of urban green buildings, the content of
solid particles in the outdoor ambient wind of buildings increases significantly. When the number of
outdoor air outlets is 0, the solid particle content is
1/m3; When it increases to 2, the solid particle content in the outdoor ambient wind is 2/ m3, and the
increase range is only 1/m3; However, when the
number of outdoor air outlets is increased from 2 to
6, the content of solid particles in the outdoor wind
environment is increased from 2/m3 to 8/m3, with an
increase of 6/m3.
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FIGURE 6
Influence of different outdoor air outlet spacing on wind speed and direction
of outdoor wind environment.
Influence of building air outlet spacing on outdoor wind environment. It can be seen from the
above that the number of outdoor air outlets of urban
green buildings has become an important factor affecting the outdoor wind environment of urban
buildings, and the spacing distance of outdoor air
outlets of urban buildings has also become an important content of the current research on the optimal
design of outdoor wind environment of urban buildings. Figure 6 shows the relationship between the
distance between outdoor air outlets of different urban buildings and the outdoor wind speed, wind direction and the number of solid particles in the outdoor wind of buildingsIn Figure 6, as the distance
between air outlets is 0, the number of air outlets is
close to infinity. It can be seen from Figure 5 that the
wind speed in the outdoor wind environment will be
close to the maximum wind speed; However, when
the distance between outdoor air outlets of urban
green buildings is 20cm, the wind speed gradually
decreases to 4m/s; When the distance between air
outlets of buildings increases from 20cm to 40cm,
the outdoor wind speed decreases from 4m/s to
2.5m/s, and the reduction range is relatively low; As
the distance between air outlets continues to increase
to 60cm, the wind speed decreases more significantly to 1 m/s. The greater the distance between the
outdoor air outlets of urban buildings, the fewer the
number of outdoor air outlets. The distance between
the outdoor air outlets of urban buildings presents a
significant inverse relationship with the number of
air outlets, resulting in the opposite wind speed
change relationship between Figure 4 and Figure 6.
In addition, Figure 6 also shows that with the
gradual increase of the air outlet spacing of urban
green buildings, the outdoor wind speed of the building shows the opposite relationship and trend with
the wind direction of the outdoor wind environment,
that is, the gradual increase of the outdoor wind direction of the building is caused by the air outlet

spacing of urban green buildings. In urban green
buildings, the wind direction is 20 degree when the
outdoor air outlet spacing is 20cm, but when the air
outlet spacing of green building gradually increases
from 20cm to 40cm, the wind direction of outdoor
wind environment gradually increases from 20 degree to 30 degree, and the increase range is 10 degree; However, when the air outlet spacing of green
buildings gradually increases from 40cm to 60cm,
the wind direction of the outdoor wind environment
of the building gradually decreases from 30 degree
to 45 degree, and the increase range is 15 degree. The
main reason is that with the gradual increase of the
air outlet spacing of urban green buildings, the number of air outlets of urban green buildings will be significantly reduced, so that the wind hitting the outdoor wall of urban green buildings gradually increases its ability to move to both sides of the wall,
resulting in the change trend shown in Figure 4 and
Figure 6. On the contrary, with the gradual increase
of the air outlet spacing of urban green buildings, the
number of air outlets of urban green buildings will
be significantly reduced, and the ability to hit the
outdoor wall of the building and scatter to both sides
will be reduced, so as to reduce the outdoor wind direction of the building.
The design optimization of outdoor air outlet
spacing of urban buildings also affects the content of
solid particles in the outdoor wind environment of
buildings. As the distance between air outlets of
green buildings gradually increases from 20cm to
40cm, the content of solid particles in the outdoor
wind environment of buildings gradually decreases
from 3/m3 to 2.5/m3, with a reduction range of
0.5/m3; However, when the distance between building air outlets gradually increases from 40cm to
60cm, the content of solid particles in the outdoor
(Table 1).
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TABLE 1
Influence of space difference between outdoor air outlets of buildings on the content of solid particles in
outdoor wind environment
Outdoor tuyere spacing
20cm
40cm
60cm
Solid particle content
3units/m3
2.5units/m3
1unit/m3
wind environment of the building decreases to 1/m3,
with a decrease range of 1.5/m3. To sum up, the moderate optimization design can ensure the most normal outdoor wind speed and direction of the building
and the minimum content of solid particles in the
outdoor wind environment when the outdoor air outlet spacing of urban buildings is 60cm

[3] Gao, F. (2021) Green hospital building design
under the concept of architectural wind environment. Engineering Technology Research. 6(02),
182-183.
[4] Hu, Z., Cao, H. (2021) A brief introduction to
the simulation calculation of urban building
wind environment. Low Temperature Building
Technology. 42(10), 9-13.
[5] Hagras, H., Doctor. F., Callaghan, V. (2007) An
Incremental Adaptive Life Long Learning Approach fortype-2 Fuzzy Embedded Agent in
Ambient Intelligent Environments. IEEE Transactions on Fuzzy Systems. 15(1), 41-55.
[6] Lin, Y., Zhang, W. (2020) Simulation Research
on Building Wind Environment at Block Scale.
Journal of Tianjin Urban Construction University. 26(05), 345-350.
[7] Zhang, S., Yan, B. (2020) Numerical Simulation
of Wind Environment of Slab High-rise Building Based on CFD Technology. Northern Architecture. 5(05), 48-53.
[8] Tian, Y., Feng, X. (2021) Analysis on the ecological performance management of operating
enterprises in port city under the transitional
economic environment. Fresen. Environ. Bull.
30(2), 943-948.
[9] Wang, Y., Qian, C. (2019) Analysis of the influence of building wind environment on human
comfort. City Building. 16(18), 115-116
[10] Zhuang, Z., Che, X. (2019) Green Building
Wind Environment Simulation Determined by
Dominant Wind Parameters. Building Science.
35(02), 129-134.
[11] Hu, J. (2020) Comparison of building resilience
in the international typical green building evaluation system based on the concept of ecological and environmental protection. Fresen. Environ. Bull. 29(8), 7147-7155.
[12] Yang, L., Liu, X. (2018) Research progress of
architectural wind environment. Building Science. 34(12), 147-156.
[13] Doctor, F., Hagras, H., Callaghan, V. (2005) A
fuzzy embedded agent-based approach for realizing ambient intelligence in intelligent inhabited environments. IEEE Transactions on Systems. Man and Cybernetics. Part A. 35(1), 5565.
[14] Li, Q., Wang, F., Kobina, F., Zhang, J., Zhang,
C., Chen, J., Xu, N., Wang, Y., Zhang, F. (2022)
Affecting analysis of the rheological characteristic and reservoir damage of CO2 fracturing
fluid in low permeability shale reservoir. Environmental Science and Pollution Research.
12(2), 1-12.

CONCLUSIONS
The outdoor wind environment DB model of
green buildings in Greentown, which can be used to
analyze and explore the concept of sustainable development strategy, is constructed and established.
Combined with the coupling data between the outdoor wind environment model of green buildings in
Greentown and the change data of outdoor wind environment factors, the coupling relationship between
the outdoor design optimization factors of urban
green buildings and the outdoor wind environment
of buildings is analyzed.
Ensuring that the design height of urban green
buildings is 30m, the optimal design is that the number of outdoor air outlets of buildings reaches 4 and
the distance between outdoor air outlets of buildings
is 40cm to ensure the stability of outdoor wind environment of urban green buildings and the minimum
air solid particles in outdoor wind environment. It
can not only maintain the building safety factor, but
also help to enhance the guarantee of human living
environment.
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ABSTRACT

INTRODUCTION

Tight reservoirs in some blocks of the Mesozoic in the Ordos Basin use classical Archie formulas
to explain oil saturation with lower accuracy. This
paper proposes new ideas and methods for interpretation of tight oil saturation base on CHANG 6~7
tight reservoirs in Zhengning-Heshui block of Ordos
Basin, China. There are magnitude differences in resistivity of rocks, crude oil, and formation water in
reservoirs. On the basis of still following the theory
of Archie's rock electricity experiment, the relationship between the water porosity and the resistivity of
the reservoir with or without oil is discussed. By discerning the relationship between the water-bearing
porosity and resistivity in the pure water layer, pure
oil layer, and oil-water layer, the interpretation chart
of formation resistivity and water-bearing porosity
was established. Interpretation of oil saturation in
tight reservoir is achieved by analyzing two parameters of porosity and water-bearing porosity. The interpretation results are basically consistent with the
results of tight oil test in Zhengning-Heshui block.
The study also discusses the differences of research
ideas between new method and the classic Archie
formula. It is considered that this method has certain
advantages by comparing with Archie’s formula in
terms of interpretation results, deviation margin, deviation source, implementation conditions, technical
and economic requirements, and conditions of application. The research also provides insights into interpretation errors and how to deal with them. The
shortcomings of new method was discussed objectively, which provides an analysis basis for the further research and improvement for the new method.

The interpretation of oil saturation in tight
sandstone reservoirs is related to the accuracy of reserve calculation. It guides oil production in high oilbearing belts. The Archie formula is widely applied
as a classical method in the study of interpretation of
oil saturation in the calculation of exploration reserves and the secondary interpretation of oil reservoirs [1-3]. The a, b, m, and n parameters involved
in the formation factor F and the resistance increase
rate I in this formula are important for interpretation
accuracy. These parameters can be obtained through
experiments, but the parameters affect each other
during the experiment. It causes the accuracy of each
parameter to be lower, and eventually leads to poor
interpretation results [4-5]. In order to cope with this
problem in the classic formula, it will be very interesting to explore new interpretation ideas and methods to improve the Archie formula and obtain better
interpretation accuracy.
Archie's formula is the law of sandstone resistivity published by G E Archie, a petroleum logging
engineer at Shell Company in the United States in
1942 [6-8]:
(1) For pure, non-muddy and 100% water-containing sandstone, the resistivity is proportional to
the resistivity of pore water, and its proportionality
factor is called formation factor F. Formation factor
F is a function of porosity

)

5R
5Z

D
IP

I:

(1)
(2) For pure sandstone with water saturation
less than 1 (there are other types of fluids such as oil
or natural gas in reservoir), the resistivity is directly
proportional to the resistivity of the same kind of
sandstone at 100% water content. The proportionality factor is called resistivity index or resistivity amplification factor I.
Resistivity index I is a function of water saturation Sw:

KEYWORDS:
Tight oil, oil saturation interpretation, logging interpretation, archie formula, error analysis.
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resistivity of formation water, it will affect the accuracy of reservoir water saturation.
(3) Application range of Archie formula. From
the publication of Archie's formula to the present,
model-based rock electrical research has not been
terminated. Archie's formula opens a new era for the
application of rock electrical research and electrical
logging data to the evaluation of oil and gas reservoirs, but the existing problems cannot be ignored:
The rock sample used by Archie has high porosity
and high permeability, but it is no longer effective
for rocks with low porosity. In addition, the Archie
formula does not consider the effect of muddy soil.
Experiments prove that the existence of clay minerals makes the conductive mechanism of rocks extremely complicated. Archie formula is ineffective
for freshwater saturated sandstones with very low
mineralization.
(4) The principle of Archie parameters is still
lacking in-depth understanding. In the formula representation, whether the parameters a and b are statistical parameters or correspond to a certain physical mechanism, is still a research question so far. According to the opinions of some scholars, the b value
is a reflection of the wettability of rocks. For a set of
observation data, different researchers often use different research methods to obtain different interpretation results.
The mechanism of some parameters in Archie's
formula has not been fully understood. Limited by
the differences between rock test conditions and
stratigraphic conditions, the error of the parameters
is difficult to be effectively corrected under the guidance of theory, so the error of saturation interpretation of some tight reservoirs is large.

(2)

According to (1) h (2):

Ro Rt

Rw Ro

FI

ab
I  swn
m

(3)

Simplified to get:

sw

n

ab  Rw
I m  Rt

(4)
Equation (4) is the Archie water saturation interpretation formula. The interpretation of the water
saturation in the formula is realized by analyzing the
percentage of pores in the reservoir volume and then
the percentage of the water volume in the pore volume.
The Archie formula is still are disputes in the
aspects [9-13]:
(1) Factors affecting the change of n value.
Archie believes that the saturation index is basically
independent of the type of rock and is close to 2. In
1953, GV Keller of Pennsylvania State University
discussed the effect of rock wettability on the resistivity of rocks. He believes that in hydrophilic rocks,
water forms a good channel for ion transport, and
this type of reservoir has a low resistivity and a small
n value. Lipophilic rocks with high oil saturations
will increase the resistivity and increase the n value.
The experimental results published by different researchers on the Archie formula contradict each
other. Some scholars have suggested that core data
should be used to determine the saturation index
when using Archie formula. In the absence of experimental data, other logging methods can be used to
estimate the saturation value. Never make any assumptions about the saturation index, especially do
not make the assumption of nĬ2, otherwise an incorrect evaluation will be obtained in conclusion. In
1985, P F Worthington et al. Used a model more
complicated than the tandem model to prove that the
saturation index of rocks containing microcapillary
pores decreases with increasing water saturation.
Additionally, Worthington and his collaborators
found that conventional drying processes can damage the micropores of rocks. Saturation index measured after conventional drying processes is higher
than actual value. When testing lithology in laboratory, the samples are often disturbed, and the saturation index is disturbed to varying degrees.
(2) Other interfering factors in the results of
rock electrical property experiments. Under actual
conditions, the reservoir rocks are subject to a certain
temperature and pressure and have wetting properties. The experimental conditions based on Archi are
different from the actual geological conditions. Secondly, Archie's formula is based on a large number
of core experiments. If there are too few or unrepresentative rock samples to obtain water saturation and

MATERIALS AND METHODS
Thoughts on the interpretation of tight oil
saturation. In view of the above problems, the author believes that to improve the interpretation accuracy of tight oil, the most feasible ideas are threefold:
(1) Further study the mechanism of the parameters of the Archie formula, and use theoretical
knowledge to guide the correction of errors, thereby
improving the interpretation accuracy.
(2) Reduce the difference between experimental conditions and stratigraphic conditions, or try
to obtain Archie's rock electrical parameters under
stratigraphic conditions to improve interpretation accuracy.
(3) Find new interpretation theories or methods
to improve the interpretation accuracy of tight oil
saturation.
Taking into account its own research level and
conditions, the researchers believe that the most feasible research guidance is Article (3), or attempt to
obtain the interpretation parameters under formation
conditions with reference to the second thought.
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In order to achieve the purpose of improving
the accuracy of tight oil interpretation, the research
is started from the basis of the state of oil and water
in the formation. Based on the recognition of the
basic concept that oil saturation is the percentage of
oil-phase fluid in the total volume of fluid in the reservoir, this study introduces the concepts of watercontaining porosity and oil-containing porosity. The
ratio of water-containing volume to the total volume
of the reservoir is water-containing porosity, and the
ratio of reservoir oil volume to total reservoir volume
is oil-containing porosity. The reservoir porosity becomes the sum of water-containing porosity and oilcontaining porosity (Eq. 5). Water saturation is the
ratio of water porosity to reservoir porosity (Equation 6), and oil saturation is the ratio of oil porosity
to reservoir porosity (Equation 7) [14].

I
sw

VR

IZ  IR
Vw Iw
VI I
  VZ

(2) Ideas for obtaining water porosity. The
analysis of the water saturation of the reservoir is relatively complicated, which is divided into two cases
to discuss.
(a) When the reservoir does not contain oil, the
relationship between formation resistivity and porosity is as shown in formula according to Archie's law,
the formula can be transformed into [4, 15]:

Im

a  Rw
Ro

(8)
Pores in the reservoir are only filled with water:

Im
w

a  Rw
Ro

(9)

(5)

(6)



IZ
I

(7)
From Equation (7), it can be found that, if the
oil saturation of the reservoir is to be interpreted, it
is necessary to attempt to obtain the reservoir porosity and the water-containing porosity.
Obtaining interpretation parameters. (1)
Obtaining reservoir porosity. Reservoir porosity
can be obtained in a variety of ways. Taking the
Zhengning-Heshui area (Figure 1) as an example,
there is a good correlation between the interval
transit time (AC for short) and the porosity of the
reservoir in CHANG 6-7 formation. Intersection of
measured porosity and AC to establish an explanation plate for porosity (Figure 2).

FIGURE 1
Geographical location of the study area.

FIGURE 2
Porosity-AC intersection diagram of CHANG 6 ~7 Formation in Zhengning-Heshui area.
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(b) When the reservoir filled both with oil and
water, the reservoir is in the form of coexistence of
rocks, oil, and water. Because the tight sandstone resistivity (ȍ·m) and petroleum resistivity
(>109ȍ·m) are much larger than the formation water
resistivity (ȍ·m) in Zhengning-Heshui area, reservoirs and crude oil are classified as high resistance
while formation water is classified as low resistance.
The combination of rocks and crude oil can be considered as oil-bearing rocks. Thus the formation is
divided into two parts: oil-bearing rocks and watercontaining pores. The antecedent of Formula (1) in
Archie's derivation process has no requirements on
the reservoir configuration. Oil-bearing rocks are
still rocks. Oil-bearing rocks and water-containing
pores also satisfy Formula (1) of Archie's formula.
The difference is that the porosity refers to the water-

containing porosity in this state (Equation 10) [16].

F

Ro
Rw

a

Im
w

(10)
Equation (10) can be transformed into:

Iwm

a  Rw
Ro

(11)
From the analysis of the above two cases, it can
be found that no matter whether the reservoir contains oil or not, the water-containing porosity in the
reservoir is a function of formation resistivity. Functions are expressed in the same form. The function
of aquifer porosity and aquifers resistivity can be expressed as Equation (12) [17].

Iw

f ( Ro )

FIGURE 3
Electrical diagram of the water layer of B-28 well.

FIGURE 4
Electrical curve of the water layer of Le 7 well.
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(3) Water porosity. In the application of
Archie's formula, it is generally considered that the
lithology coefficient a and formation water resistivity Rw of the same oil layer in the same area are constant. If the relationship between water porosity and
formation resistivity can be obtained, the problem of
interpretation of water porosity will be solved. In order to achieve this research purpose, pure water, pure
oil, and oil-water layers were identified by screening
more than 1,000 reservoirs in CHANG 6~7 Formation in Zhengning-Heshui block. When the reservoir is only filled by water, the water-containing porosity of the reservoir is equal to the reservoir porosity; when the reservoir is only filled by oil, the watercontaining porosity is close to bounded water porosity; When the reservoir is an oil-water layer, the
measured porosity and water saturation of the rock
sample must be used to obtain the water porosity. Fi-

nally, a corresponding interpretation plate is established based on the resistivity and water porosity
data. The relationship between formation resistivity
and water porosity could be obtained.
(a) Correspondence between pure water layer
and resistivity. The study takes Well B-28 and Le-7
as examples. The AC of the layer whiched only filled
by water in Well Ban-28 is 236 ȝs/m while the resistance is 5 ȍ·m. According to Figure 1, the reservoir porosity of this layer was calculated to be
10.85%. Its water-containing porosity is also 10.85%
(Figure 3). Therefore, when the formation resistance
is 5 ȍ·m, the corresponding water-containing porosity is 10.85%. The AC of water layer in CHANG 61
of L-7 well is 229 ȝs/m while resistance is 11ȍ·m.
The corresponding water porosity is 9.34% when resistivity of layer is 11 ȍ·m (Figure 4). There are
many water layers such as N-28, N-44 and N-26,
which are not listed here.

FIGURE 5
Electric curve of pure oil layer of Z- 283 well.

FIGURE 6
Electrochemical curve of pure oil layer of Z- 282 well.
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Formation of well Z-282 with a resistivity of 92 ȍ·m.
Its corresponding water porosity is 0.6% (Figure 6).
(c) Correspondence between oil-water layer
and resistivity. The water saturation of the oil-water
layer cannot be analyzed from a geological point of
view in the case of pure oil layers and pure water
layers. It can only be measured. Take CHANG 62
Formation of Well L-211 as an example. The average
of porosity of this reservoir (1555.13m ~ 1557.00m)
is 11.00%. The average of water saturation is 24.0%,
which is equivalent to about 2.60% water porosity
(Figure 7, Table 1). It can be considered that the water-containing porosity is about 2.60% when the formation resistivity is 43 ȍ·m.
According to the previous research ideas, the
resistivity and water porosity data of the aforementioned pure oil layer, pure water layer, and oil-water
layer are collated (Table 2). These data are used to fit
a functional relationship to establish interpretation
plates of the formation resistivity and water porosity

(b) Correspondence between oil layer and resistivity. The exploration well of Z-283 is located in
the area where source rocks in CHANG 73 Formation are most developed. Because of thickest
source rock, high saturation oil-bearing reservoirs
are formed in the CHANG 71 Formation and
CHANG 63 Formation. Accumulation conditions of
the reservoir at the depth of 1760m ~ 1767m are very
superior, which is overlaid with a 20m thick mudstone caprock and underlying high-quality source
rocks. The resistivity of this reservoir is 102 ȍ·m,
which belongs to the extremely high value in
CHANG 73 Formation in the study area. This reservoir is developed to produce pure oil and no flowing
water in the core. According to the analysis, there is
only 5.5% irreducible water saturation in this layer,
and the water porosity is about 0.5% under the background of porosity 9.23%, which can be understood
as the water porosity is 0.5% while formation resistivity is 110 ȍ·m (Figure 5). Similarly, there is a pure
oil layer at depth of 1675m ~ 1683m in CHANG 63

FIGURE 7
Electric curve of oil and water layer of CHANG 62 in Z-211 well.

Well
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211
Z-211

TABLE 1
Identification of core porosity and saturation of L- 211 well
Bottom
Water saturation
Porosity
Sample numTop depth
depth
(%)
(%)
ber
(m)
(m)
40
1555.13
1555.17
/
12.67
41
1555.29
1555.33
23.76
11.07
42
1555.42
1555.46
/
11.82
43
1555.56
1555.60
19.52
11.28
44
1555.7
1555.74
/
10.09
45
1555.84
1555.88
23.88
10.94
46
1555.99
1556.03
/
12.15
47
1556.13
1556.17
29.4
11.36
48
1556.27
1556.31
/
10.4
49
1556.41
1556.45
31.73
10.34
50
1556.54
1556.58
/
13.16
51
1556.68
1556.72
17.14
12.11
52
1556.80
1556.84
/
12.25
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Rock density
˄g/cm3˅
2.34
2.39
2.38
2.4
2.43
2.4
2.36
2.38
2.42
2.42
2.33
2.36
2.35
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TABLE 2
Formation resistivity and water porosity value table
Well
B-28
L-7
N-44
N-44
N-26
Z-283
Z-282
Z-211

AC
VȝP
236
229
237
231
235

234

Rt
(ȍ·m)
5
11
8
9
6
102
91
43

ĳw

Formation

Formation production

10.85
9.34
11.07
9.77
10.63
0.50
0.60
2.60

CHANG 61
CHANG 61
CHANG 61
CHANG 62
CHANG 61
CHANG 63
CHANG 63
CHANG 62

water layer
water layer
water layer
water layer
water layer
oil layer
oil layer
Water-oil layer

TABLE 3
Value Table of Petroelectric Parameters of CHANG 6 Reservoir in Heshui-Zhengning Area
Parameter
a
b
m
n
Rw
Value
1.000
1.130
0.266
1.890
ȍāP
applied the classic Archie formula to the interpretation of tight oil in this area. Most of the oil saturations in the reservoirs are above 80%. Interpretation
results show that all reservoirs are reservoirs or pure
reservoirs (Table 3). The difference is within 20%.
This study interprets 751 small layers, with oil saturation ranging from -21.6% to 95%, with improved
resolution (Table 4). The reason of negative interpretation will be discussed in the error comparison and
analysis research.
(2) Comparison of interpretation results
with production. The study projects the interpretation result of oil saturation to the plane, and delimits
the high saturation zone with 60% of the lower limit
of industrial oil saturation as the standard. The superimposition of five small-layer high-saturation oilbearing areas with high-production low-water-bearing areas found good correlation, indicating that the
interpretation results are relatively reliable.

FIGURE 8
Formation resistivity and aqueous porosity intersection diagram.
The choice of the rendezvous relationship between formation resistivity and water porosity will
have a decisive effect on the accuracy of interpretation results. It shows that the porosity and electrical
resistance have an exponential relationship in Archie
formula's relative resistivity Formula (1) and resistivity increase rate Formula (2). The previous derivation shows that whether the reservoir is oily or not,
the water porosity and formation resistivity also have
an exponential relationship according to Formulas (8)
and (12). Therefore, the index relationship between
the water porosity and resistivity was established in
this area (Figure 8).
According to the formula shown on this chart,
the logging resistivity is interpreted to obtain the water-containing porosity. Reservoir porosity has been
obtained through the aforementioned AC interpretation. Substituting the water porosity and reservoir
porosity into Equation (7) can obtain the oil saturation of the reservoir.

(3) Comparison of research ideas with
Archie's formula. The research idea of Archie's formula is: the oil layer is regarded as a combination of
rocks and pores, and the pores are regarded as a combination of water and oil. It is based on a large number of rock experiments. The interpretation of oil saturation is achieved analyzing the lithological characteristics (a, m parameters) of the pores, and then analyzing the rock electrical characteristics (b, n parameters) of oil and water in the pores. This is a longitudinal analysis.
In this study, according to the difference in resistivity, rocks and crude oil are taken as a whole.
The water in pore is taken as an independent part.
Study of oil saturation translates into reservoir porosity and water porosity, which belongs to the idea
of horizontal analysis. This idea follows the guiding
ideology of Article (3) in the previous research idea.
The a and m parameters during the study were derived from the fitting of the water porosity and formation logging resistivity.

Discussion. (1) Comparison of interpretation
results with Archie's formula. Previous scholars
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TABLE 4
Archi formula of the study area explains the oil saturation table (partial)
Well

N-44

N-45

N-46

Formatio
n
61
62
63
71
72
61
62
63
71
72
61
62
63
71
72

AC
VȝP

Rt
ȍāP

Porosity
(%)

Water saturation
(Archie)

Oil saturation
(Archie)

233
237
231
231
229
232
211
229
232
229
230
214
229
232
229

11
8
9
25
19
23
27
30
34
39
22
19
28
29
37

10.09
10.95
9.66
9.66
9.23
9.87
5.36
9.23
9.87
9.23
9.44
6.00
9.23
9.87
9.23

0.152
0.178
0.170
0.099
0.115
0.103
0.103
0.090
0.084
0.079
0.106
0.122
0.094
0.091
0.081

0.897
0.848
0.822
0.830
0.901
0.885
0.897
0.897
0.910
0.916
0.921
0.894
0.878
0.906
0.909

Water porosity
(%)

Oil saturation
˄this study˅

9.08
10.58
10.06
4.45
6.04
4.92
4.02
3.45
2.81
2.18
5.18
6.04
3.82
3.63
2.41

0.512
0.100
0.033
-0.041
0.540
0.346
0.501
0.250
0.627
0.715
0.764
0.451
-0.006
0.586
0.633

TABLE 5
Archi formula of the study area to explain the negative data table of oil saturation
Formation
N-78
61
Z-272
61
N-46
62
Z-50
61
Z-249
63
Z-234
62
Z-251
63
N-181
61
L-49
61
Z-163
61
Z-201
61
N-66
63
L-7
61
N-51
62
N-33
62
Z-73
61
L-56
71
Z-143
61
N-93
61
L-7
62
N-44
63
Well

AC
VȝP
211
223
214
215
211
221
221
230
213
224
224
233
229
229
218
218
225
224
210
228
231

Rt
ȍāP
21
10
19
18
23
14
14
8
23
13
13
7
10
10
19
19
13
14
28
11
9

Porosity
(%)
5.36
7.94
6.00
6.22
5.36
7.51
7.51
9.44
5.79
8.15
8.15
10.09
9.23
9.23
6.86
6.86
8.37
8.15
5.14
9.01
9.66

Water saturation
(Archie)
0.118
0.165
0.122
0.125
0.112
0.139
0.139
0.181
0.111
0.143
0.143
0.193
0.162
0.162
0.120
0.120
0.143
0.138
0.102
0.154
0.170

Oil saturation
(Archie)
0.882
0.835
0.878
0.875
0.888
0.861
0.861
0.819
0.889
0.857
0.857
0.807
0.838
0.838
0.880
0.880
0.857
0.862
0.898
0.846
0.830

Water porosity
(%)
6.51
9.36
6.96
7.19
6.10
8.21
8.21
10.00
6.10
8.48
8.48
10.34
9.36
9.36
6.96
6.96
8.48
8.21
5.17
9.06
9.68

Oil saturation
˄this study˅
-0.216
-0.180
-0.159
-0.157
-0.138
-0.093
-0.093
-0.059
-0.054
-0.040
-0.040
-0.025
-0.015
-0.015
-0.014
-0.014
-0.014
-0.007
-0.005
-0.005
-0.002

pret the water saturation Sw greater than 100%. Accordingly, the oil saturation So is negative. The author found that value of oil saturation can be between
0% and -150% if the parameters of Archie formula
were directly taken from rock resistivity experiment.
In this study, some interpretations also show that the
water-containing porosity is larger than the porosity,
which lead a negative value of oil saturation. The
study researches a total of 751 reservoirs. There are
21 data with negative saturation, accounting for 2.80%
of the total interpretation data (Table 5).
2) Comparison of error factors. a. Experimental
factor error. As disputed by the aforementioned
Archie formula, the error caused by the difference
between stratigraphic conditions and experimental
conditions cannot be ignored. The accuracy of the b
and n parameters is affected by a variety of factors

(4) Comparison of error analysis and
Archie's formula. 1) Comparison of error results.
Former scholars applied the classic Archie formula
to explain the tight oil in this area. The oil saturation
of all reservoirs is mostly above 80%. The interpretation results show that all reservoirs are oil layers or
pure oil layers, and the difference between the oil
saturations of all sand bodies is no more than 20%.
So, it is difficult to distinguish the water layer, oilwater layer, and pure oil layer. It is difficult to draw
a plane map of oil saturation. The oil saturation explained by this research method is distributed from 21.6% to 95%. As a result, a plane distribution map
of the high-saturation oil-bearing area can be drawn.
If there are deviations in the experimental parameters, the Archie formula may be used to inter-
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[18-19]. For example, whether the sample oil treatment is clean, re-injection of oil and water is to simulate the original formation pressure, whether it contains dissolved gas as in the formation, and whether
the oil-water distribution in the pore throat matches
the distribution of the original formation.
Further, since the b and n parameters are basically measured at the pore-throat scale. The rock
scale measurement is reduced to the pore scale. The
measurement scale is reduced by an order of magnitude while the measurement error is increased by an
order of magnitude. It is these factors that cause the
value of n in the rock test results of tight reservoirs
to differ greatly from the theory when the Archie formula is applied, so the value is often corrected to be
approximately 2.
The experimental rock samples in this study
will also be disturbed. There are differences between
the formation conditions and the experimental conditions, too. But only the porosity of the reservoir
and the volume of water in the reservoir pores need
to be measured [20]. Although the disturbance of oilwater occurrence state in rock of tight reservoirs has
a great influence on rock electricity parameters, no
matter how the disturbance, the water volume in the
pores is basically unCHANG ed. For example, an
oil-bearing rock sample was taken from the ground
to the surface, and the original state of oil and gas
CHANG ed due to volatilization and pressure. It is
difficult to simulate the original state of occurrence
in laboratory, so the electrical experiment of rock
may produce great errors. However, the formation
water in the rock sample is less volatile and tends to
be retained. Even if the formation water CHANG es
the occurrence location due to disturbance, volume
CHANG es little. The technical requirements for
measuring pore water volume are lower than those
of rock electric experiment parameter measurement
based on Archie's formula. The measurement methods are more mature.
b. Logging curve error. Both the Archie formula and the method used in this study applied AC
and Rt logs. Both interpretation methods will cause
errors due to inaccurate log curve data, too. The errors caused by the original data cannot be eliminated.
c. formula factor error. Archie's formula actually performed two sets of rock electricity experiments, which are relative resistivity experiments and
resistivity increase experiments. Equations (1) and
(2) need to measure the two mutually affecting parameters of a, m, b, and n, respectively. If there is an
error in the value of a, there will also be an error in
the value of m. So, the errors of the two sets of parameters are associated. The explanation of porosity
in this article is based on the AC chart (same as
Archie's formula), and the water porosity is based on
the water-porosity chart. There is no error association between each other. The measurement error cannot be transmitted [21-22].
The comparison of the causes and error ranges

of the above three aspects of errors shows that the
measurement method has better error resistance than
rock electrical experiments. The sample-level measurement scale during the research is larger than the
pore level of the Archie formula, and the measurement technology is lower than the Electrical experiments, and the error of a single parameter will not
cause a joint error. Except that the AC value explains
that the porosity and the Archie formula face the
same error, the anti-error performance is better than
the classic Archie formula in other aspects.
3) Correction of error results. Among the 751
reservoirs explained in the Zhengning-Heshui area,
there are 21 interpretation data of negative oil saturation, and the negative value accounts for 2.80% of
the total samples. The common feature of these reservoirs is that the resistivity is low. With reference to
the linear relationship between the AC and porosity
in Figure 1 of this article, it is believed that, due to
data measurement or plate accuracy limitations, a
low AC value or resistivity value may cause Oil saturation is interpreted as a negative value (the problem is also present in Archie formula). Its lower resistivity is a reflection of the high water-bearing
characteristics of the reservoir, which should be explained by the water layer. In addition, high AC and
resistivity measurements may also exist. The probability of larger and smaller measurements is equal,
so the probability that the large sample interpretation
result is generally higher or lower than actual value
is small.
It is undeniable that errors in logging curves
and porosity measurements are inevitable. A few of
negative values based on the interpretation results is
normal. We only need to mark this type of reservoir
as a water layer. There is no necessary to significantly modify the parameter plate. If the interpretation parameters are modified because of these negative results, then most of the relatively accurate interpretation results may cause greater errors after
correction [23]. The parameters should be considered only when negative values appear in large areas.
The modified objects include AC-porosity interpretation plates a resistivity-aqueous porosity interpretation plates.
(5) Advantages of this research method. 1)
The rock sample used by Archie has high porosity
and high permeability, and fails for low porosity
rocks (Article 3 in the controversial discussion of
Archie's formula). This study can provide some convincing explanations for tight oil saturation.
2) Archie's formula involves two sets of rock
electricity experiments. There are 4 parameters,
which require high experimental technology and a
large number of core experiments. The method in
this paper does not involve rock electricity experiments. Only 2 parameters related to porosity and water porosity are involved. The pure oil layer and pure
water layer used in the study can be verified by well
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logging, core and production [24]. The oil and water
layer data can be obtained based on ordinary core
analysis, and the experimental workload is greatly
reduced.
3) The research method in this paper can be applied to different gradient resistivities. Rock electrical experiments in Archie's formula generally use
formation true resistivity. In the absence of formation true resistivity logging data, saturation interpretation requires other electrical curves to explain
true resistivity. If the true resistivity of the well logging formation is missing or distorted, other gradient
resistivity and water porosity plate can be established according to this research method, which can
also achieve the purpose of explaining oil saturation.

the new interpretation method, and provided a research basis for the further research and improvement of the method.

SYMBOL ABBREVIATION
In the formula: F-Relative resistivity, dimensionless; Ro-Resistivity of water-bearing rocks, ȍ·m;
Rw-Formation water resistivity, ȍ·m; ĳ-rock porosity,
dimensionless; Į-Lithology coefficient, dimensionless; m -structural index, dimensionless; I - Resistivity increase rate, dimensionless; Rt-Rock resistivity, ȍ·m; b-Saturation coefficient, dimensionless;
Sw-water saturation, dimensionless; n-Saturation index, dimensionless; So-Oil saturation, dimensionless;
Vw-Formation water volume; Vĳ-Formation pore volume; ĳw-Water-containing porosity, dimensionless;
ĳo-Oil-containing porosity, dimensionless.

(6) Other analysis instructions. 1) The theoretical premise of this method is that the resistivity
of oil and formation rocks is significantly higher than
the resistivity of formation water. Rocks and oil can
be regarded as oil-bearing rocks only when this condition is met. This research method will greatly increase the error even not applicable if the rock is low
resistance or the formation water is high resistance.
2) The interpretation of reservoir porosity in
this paper can also be studied by other methods.
3) Practical verification shows that the oil saturation interpretation method in this paper has good
applicability to tight reservoirs. However, due to the
lack of experimental conditions and data, the applicability to high-permeability reservoirs has not
been verified.
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STUDY ON THE KEY TECHNOLOGY OF LONG-SPAN
BRIDGE CONSTRUCTION IN MARINE ENVIRONMENT
Xia Yang*, Jing Hao
Baotou Railway Vocational & Technical College, Baotou, Inner Mongolia 014060, P.R. China

span bridges across the Straits and Rivers play an important role, the number and mileage of which are
steadily increasing [2-4]. In 2020, the number of
highway bridges and super-large bridges built in
China was 114.1 million, covering 39600 kilometers,
an increase of 3.15% and 8.89% compared with the
previous year. The construction of marine highway
bridges not only promotes the development of
coastal economy, but also meets the needs of the national "one belt, one road" Initiative [5, 6]. Marine
bridge construction has developed rapidly, and a
large number of marine bridges with high scientific
and technological content have been built, such as
Hangzhou Bay Bridge, Shanghai Yangtze River
Bridge, Hong Kong-Zhuhai-Macao Bridge, etc.
Compared with inland long-span bridges, the water
environment of marine bridges is more complex [79]. Therefore, how to break through the key technical
bottleneck of long-span bridge construction in marine environment and overcome the technical challenges of strong corrosion, ultra deep water and large
span has become a major problem.
The United States is the first country to study
long-span bridges. An engineer used the steel structure of spindle type, also known as olive type, to
deeply improve the materials such as wrought iron
and steel to build the Forth Bridge [10]. Amman et
al. [11-13] first applied the deflection theory and tunnel anchor design idea to the construction of Washington highway bridge, which opened a new field of
research on long-span bridge construction. Ma et al.
[14] proposed a new method for wind-induced vibration modeling of long-span bridges. The method
used discrete vortex and least square method to calculate the aerodynamic derivatives of girder section,
and based on the semi inverse method of Sacalan, the
aerodynamic model with wings was added to simulate the flutter of bridges and determine the critical
wind speed. Bayraktar et al. [15, 16] analyzed the
load turbulence field of long-span bridges by using
the dual-mode transformation method of joint transformation of structural displacement principal coordinate and load excitation principal coordinate. In order to effectively solve the problem of corrosion affecting the service life of marine bridges, Savaliya et
al. [17] filled the pores with 1M ammonium phosphate (NH4H2PO4) and 0.1M calcium nitrate
[Ca(NO3)2], the aluminum coating prepared by arc
thermal spraying technology had longer exposure

ABSTRACT
The No.0 block of the reference segment is the
key to the cantilever pouring construction of the
long-span bridge. Through indoor experiments to
compare the chloride ion permeability, sulfate corrosion resistance and freeze-thaw resistance of No.0
concrete, the optimal concrete proportioning scheme
was selected. In order to prevent the stress concentration of the No.0 block support during the construction process, the Qingdao Gulf Bridge was
taken as an example and the finite element
MIDAS/Civil software was used to simulate the ratio
of the No.0 block concrete, the platform support and
the offset of the support. In addition, the pre-offset
of the design and actual support is analyzed to overcome the adverse effects of the deformation difference on the bridge girder. The results show that
F35S35T, which is mixed with 70% minerals (35%
fly ash and 35% ground slag powder) and coated
with HIS acrylic resin coating, has the best corrosion
resistance. The support material of block 0 is selected from Q235 steel coated with graphene inorganic zinc-rich anticorrosive coating, 8 columns are
arranged symmetrically along the bridge direction,
and 2-I56b longitudinal and transverse distribution
beams are set on the top. The wedge-shaped truss
spacing is 0.2, 2@0.3, 8@0.65, 2@0.3, 0.2m, its
strength and rigidity meet the construction requirements. In the calculation of the pre-offset, the actual
pre-offset delta 2 value is less than the pre-offset
delta 1 in the design drawing, which can effectively
overcome the adverse effect of the bearing deformation difference on the bridge girder.

KEYWORDS:
Marine environment, large-span bridge, block, concrete
ratio, design, deformation

INTRODUCTION
Driven by the rapid development of social
economy, the scale and speed of highway construction have made great progress. As the throat and key
node of road network, bridge plays an important role
in highway transportation [1]. In particular, the long-
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time in seawater, higher impedance value and
stronger corrosion resistance. Zhang et al. [18, 19]
made an in-depth study on the horizontal force and
braking force caused by the temperature change in
the multi-span long bridge structure, focusing on the
analysis of the relationship between the friction coefficient and the reaction force at the pier bottom and
the sliding of the movable bearing. A set of short-line
matching precast span-by-span suspension assembly
construction method was explored, and TMD damping system for the vortex induced vibration of the
bridge was designed. The above two technologies
played an important role in the construction of
Egongyan bridge on the Yangtze River [20]. In order
to accurately predict the corrosion rate of bridge
structural steel in marine environment, a grey prediction model based on Q235 exposure corrosion depth
test data was established [21-23]. Based on the study
of two-parameter cohesion index of bonding interface, the FRP-concrete bonding joint model by
means of boundary condition superposition method
was established, the influence of temperature difference, bonding length and layer number on the bonding performance of concrete interface was analyzed
[24].
In the cantilever casting of long-span bridges,
the No. 0 block of the reference segment is the key
link of construction. In this study, the chloride ion
permeability, sulfate corrosion resistance and freezethaw resistance under different ratios were analyzed
in laboratory, to optimize the best concrete ratio
scheme. By taking Qingdao Bay Highway Bridge as
a case, and the concrete ratio of Block 0, bearing
platform support and bearing offset were simulated
by MIDAS/Civil software. The strength and stiffness
of its slope adjusting truss, beam and longitudinal
beam were also analyzed, and the pre-offset of the
design and actual support was analyzed to overcome
the adverse effect of the poor deformation on the
bridge beam.

with obvious seasonal variation. The ice age in winter is about 60 days, resulting in about 50 freezethaw cycles per year. There is abundant rainfall in
summer, with an average annual precipitation of
662.1mm. The water environment where the bridge
is located is complex, with salinity ranging from 29.4%
to 32.6%, which is 1.5~2 times of that of other sea
crossing bridges, and the concentration of SO42- in
the water area is more than 1500mg/L [29-31].
Freeze-thaw cycle and high salinity put forward
higher quality requirements for bridge engineering
construction.
In the design of concrete ratio, the optimization
is mainly based on the test data. The test instruments
and equipment used include quick freeze-thaw box,
RCM device, electronic balance and compressive
strength testing machine. The concrete specimens
are formed as 100mm × 100mm × 400mm. The specimens with different mix proportions are numbered
and soaked in simulated seawater in advance to make
them saturated [32]. By comparing the mass loss,
strength loss and chloride diffusion coefficient of
different blocks at different ages and freeze-thaw cycles, the optimal raw material ratio of concrete is selected. The calculation steps of MIDAS/Civil finite
element method for Block 0 support are as follows:
according to Saint-Venant principle, the beam section which is 2 times of the beam height along the
symmetrical center line of the bridge pier is selected
as the simulation element. Then the displacement result is input into the position of the end section element of the detail model as the forced external load.
Finally, the additional live load on Block 0 is converted into static load and loaded on the deck of the
detail model, so as to simulate the strength and stiffness of the slope adjusting truss, beam and longitudinal beam [33, 34].

RESULTS AND DISCUSSION
Concrete ratio design. According to the structural position, the concrete of Block 0 can be divided
into underwater area, water level fluctuation area and
above water area. The water level fluctuation area is
most seriously eroded by chloride ion penetration,
sulfate erosion and freeze-thaw cycle. According to
the principle of care about high not about low and on
the premise of ensuring the strength grade, good
working performance and service life, five groups of
concrete proportions are designed. The consumption
of each raw material is shown in Table 1. Tests are
carried out with the help of quick freeze-thaw box,
RCM device, compressive strength machine and
other equipment, and the concrete proportion with
the most corrosion resistance is selected according to
the test results. Note: in F35S35T, F represents fly
ash, S represents ground slag powder, and F35 represents fly ash content accounting for 35% of the total amount of cementing materials. S35 represents

MATERIALS AND METHODS
Qingdao Bay Bridge Project is located in Qingdao, Shandong Province. The bridge starts from Bay
Bridge Interchange in the East, crosses Jiaozhou Bay,
connects Hongdao interchange to Huangdao East
Hub Section of Qinglan Expressway. It is a cross-sea
channel connecting Huangdao District, Licang District, Chengyang District and Jiaozhou City, and also
an important part of highway network S85. Qingdao
Bay Bridge is mainly composed of Cangkou channel
bridge, Hongdao channel bridge and Dagu River
channel bridge. The total length of the main line is
about 26.707km, including 25.881km of sea crossing
bridge, 0.827km of Huangdao side connection line
and 1.3km of Hongdao connection line [25-28]. The
bridge site belongs to the monsoon climate zone,

9978

© by PSP

Volume 31– No. 10/2022 pages 9977-9987

Fresenius Environmental Bulletin

ground slag content accounting for 35% of the total
amount of cementing materials. T represents that the
concrete surface is covered with HIS acrylic resin
anti-corrosion coating, VIVID-500 (%) represents
the proportion of high-efficiency water reducing
dosage in the total amount of cementing materials,
and the rest groups are the same.

Ca(OH)2. The reactants filled in pores and gel pores
effectively prevent the diffusion rate of chloride
ions.The combination of ground slag powder and
chloride ion can form verdry salt, which can reduce
the chloride ion content diffused into concrete and
effectively prevent the corrosion depth of chloride
ion. Therefore, the chloride ion resistance of the
mixed mineral concrete is obviously improved compared with the control group, especially in the early
stage of the test, the chloride diffusion coefficients
of the four groups are 1.84 × 10-12m2/s, 1.73 × 1012 2
m /s, 1.60 × 10-12m2/s and 1.56 × 10-12m2/s, which
are only 74.4%, 70.1%, 64.8% and 63.3% of the control group. With the progress of the test, the chloride
diffusion coefficient further decreases, until 90 days,
the chloride ion resistance of concrete tends to be
stable. Although the final diffusion coefficient of
F35S25 is smaller than that of F35S35T, the chloride
ion erosion is more serious in the early stage of the
test. Therefore, F35S35T has the best resistance to
chloride ion penetration in all concrete specimens.

Resistance to chloride ion penetration. The
electric flux values of different concrete specimens
at 30 days, 60 days and 90 days were measured, as
shown in Figure 1. The electric flux values of the five
groups of concrete specimens show a gradually decreasing trend with the passage of time. Compared
with the reference group, the durability of concrete
specimens mixed with fly ash and ground slag powder is greatly improved by the effects of mineral
morphology, micro-aggregate and volcanic ash. On
the 30th day, the electric flux of the control group
was 773.1C, while the electric flux of the four groups
of concrete mixed with mineral was less than 530C,
especially the electric flux of F35S35 and F35S35T
mixed with mineral was 483.6C and 419.7C, only
62.6% and 54.3% of the control group. On the 60th
day, the electric flux of five groups of concrete specimens decreased significantly, which decreased by
61.3%, 44.4%, 47.3%, 55.5% and 42.3% respectively compared with the data measured on the 30th
day. On the 90th day of the test, there was no significant difference in the electrical flux between the
specimens. The highest value of the electrical flux
was 179.8C of the control group, and the minimum
value was 126.7C of F35S35T. It can be seen that the
conductivity of F35S35T pore solution of concrete
specimen mixed with 70% mineral is the lowest, and
its durability is the best.
The chloride diffusion coefficients of five
groups of concrete specimens at 30 days, 60 days and
90 days were obtained by RCM device, as shown in
Figure 2. It can be seen that the chloride ion resistance of all specimens meet the requirements of
Qingdao Bay Bridge, which is far less than the national control limit of 2.5 × 10-12m2/s. Except for
F25S35, the chloride diffusion coefficient increases
after 60 days, the coefficient values of other concrete
specimens gradually decrease with the passage of
time. The incorporation of fly ash into concrete can
effectively improve the flocculation effect of gel materials, and also can react with cement to produce

Number
Control group
F25S35
F35S25
F35S35
F35S35T

Sulfate resistance. The corrosion mechanism
of sulfate is to react with hydrated products Ca(OH)2,
C3AH and C-S-H gel. The swelling salt causes the
cracking and spalling of the concrete surface, resulting in the loss of the quality of the specimen.From
the mass loss curve of concrete under sulfate attack,
it can be seen that the mass loss of concrete specimen
increases slowly in the early stage and tends to be
stable after a jump period, as shown in Figure 3. The
mass loss rate of concrete specimens in the control
group is the largest under sulfate attack environment,
ranging from 1.7% to 2.87%. Affected by the fluidity,
high activity index and glass phase composition of
ground slag powder, the sulfate resistance of concrete specimens after mixed with minerals has been
significantly improved. The ascending effect from
strong to weak is F35S35T, F35S35, F35S25 and
F25S35, and the mass loss after relative stability is
1.29%, 1.51%, 1.74% and 2.01% respectively.
Among the five groups, F35S35T had the lowest
mass loss, the smallest jump range, and the earliest
stage of stability against erosion. The anti-sulphate
erosion capability of each time period was 3.15 times
(15th day), 2.55 times (30th day), 2.46 times (60th
day), 2.77 times (90th day), 2.14 times (120th day)
and 2.15 times (150th day) of the control group, respectively.

TABLE 1
Mixing proportion of raw materials for concrete of Block 0
Mix ratio/(kg/m3)
W/B
Cement
SL
FA
Sand
Stone Water
214
813
1272
150
188
211
70
714
1117
150
188
164
117
714
1117
150
0.35
188
117
164
714
1117
150
141
211
117
714
1117
150
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FIGURE 1
Electric flux diagram of each specimen at different time

FIGURE 2
Chloride diffusion coefficient of each specimen at different time

FIGURE 3
Mass loss curve of concrete under sulfate attack

9980

© by PSP

Volume 31– No. 10/2022 pages 9977-9987

Fresenius Environmental Bulletin

FIGURE 4
Variation of concrete strength loss under sulfate attack

FIGURE 5
Mass loss curve of concrete under different freeze-thaw cycles
According to the strength calculation of standard curing 28 days, the strength loss coefficient of
concrete specimens under sulfate attack is below 1.6,
as shown in Figure 4. Adding fly ash in the construction process can effectively reduce the porosity of
concrete, increase the proportion of micro pores in
concrete, block the C-S-H diffusion channel in cement paste, and reduce the permeability of sulfate
ion. Therefore, compared with the control group, the
concrete strength of the four groups of samples
mixed with minerals has been improved at each time
period, and the average loss coefficients are 1.25,
1.27, 1.26 and 1.21 respectively, which are improved
by 5.76%, 4.26%, 5.39% and 8.9% compared with
the control group.The strength loss coefficient fluctuates with the test time, reaches the peak on the
120th day, and then gradually decreases to about 1.3.
The maximum strength loss of F35S35T was only
1.36, which was 0.02 higher than that of F25S35 at
90 days of age. The strength loss rate of other test
time was the minimum. Therefore, F35S35T has the
best sulfate resistance.

Freeze-thaw resistance. After 300 freeze-thaw
cycles in the quick freeze-thaw box, the mass loss
rate of the five groups of concrete specimens is less
than 3.5%, which still has a certain frost resistance,
as shown in Figure 5. Since the mass loss of concrete
at the early stage of freezing and thawing was mainly
the spalling of mortar on the block surface, the mass
loss rate increased slowly in the first 150 freeze-thaw
cycles, and the mass loss rates in the five groups
were 1.44%, 1.06%, 1.23%, 0.91% and 0.63%, respectively. With the continuous freezing and thawing,
the internal cohesion of Block 0 decreases, the aggregate and cement slurry fall off in a large area, and
the growth of erosion begins to accelerate.In the control group, no fly ash and ground slag powder were
added to the specimens, and the surface moisture and
internal pore storage moisture of the concrete increased, resulting in an increase in the amount of erosion on the surface of the concrete. After 300 freezethaw cycles, the mass loss rate was as high as 3.11 %.
After mixed with minerals, the mass loss phenomenon was significantly improved. Among them, the
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FIGURE 6
Distribution of concrete strength loss under different freeze-thaw cycles

FIGURE 7
Diagram of combined stress, shear stress and displacement of slope adjusting truss
mass loss rates of F35S35 and F35S35T specimens
in 300 freeze-thaw cycles were the smallest, which
were 1.21% and 1.13%, respectively, which were
62.1% and 59.4% lower than those of the control
group.
The distribution diagram of concrete strength

loss under different freeze-thaw cycles is drawn, as
shown in Figure 6. It can be seen that the variation
law of concrete strength loss coefficient is relatively
discrete, and the whole shows a fluctuating upward
trend with the increase of freeze-thaw cycles. The
aggregate inside the concrete is interlaced and close
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to each other. After adding fly ash and ground slag
powder, the continuous contact pores are filled, and
the filling is more dense, which is beneficial to the
strength performance after multiple freeze-thaw cycles. Therefore, the strength loss coefficient of the
four groups of concrete specimens mixed with mineral is lower than that of the control group. The
strength loss coefficient of F35S25 and F35S35T after 300 freeze-thaw cycles are lower, which are 1.25
and 1.28 respectively, which are 12.4% and 10.3%
lower than that of the control group. The strength
surplus degree of these two groups of concrete is
higher.
Through the analysis of chloride ion permeability, sulfate resistance and freeze-thaw resistance of
the above concrete specimens, it can be seen that the

conductivity of concrete specimen F35S35T is the
smallest and the chloride ion permeability is the best.
In sulfate attack tests, the mass loss of the specimen
is the lowest, the jump range is the smallest, and the
corrosion resistance stable stage appears the earliest.
Although the mass loss rate and strength loss of
F35S25 concrete specimens are less than that of
F35S35T under the same freeze-thaw cycles, based
on the study of chloride ion permeability and sulfate
corrosion, the F35S35T concrete with 70% mineral
(35% fly ash and 35% ground slag powder),
469kg/m3 cementitious dosage, 0.35 water-cement
ratio and HIS acrylic resin anticorrosive coating was
selected in the pouring of Block 0.

FIGURE 8
Combined stress, shear stress and deformation of beam
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FIGURE 9
Combined stress, shear stress and displacement of longitudinal beam
Support design. In the design of Block 0 support of Qingdao Bay Bridge, the structure and height
of pier body, the size of continuous beam and bearing
platform should be considered comprehensively. In
view of the complexity of water environment and
construction process, the supporting pier at the bottom of the support adopts a double-layer bearing
platform structure, with the upper diameter of
13.34m and the lower diameter of 19.84m. Q235
steel coated with graphene inorganic zinc-rich coating is selected as the support of Block 0. 8 columns
are symmetrically arranged along the bridge direction, and 2-I56B longitudinal and transverse distribution beams are set at the top, with wedge truss
spacing of 0.2, 2@0.3, 8@0.65, 2@0.3, 0.2m. With
the help of finite element MIDAS/Civil, the strength
and stiffness of its slope adjusting truss, beam and
longitudinal beam are simulated and analyzed, as
shown in Figures 7 to 9.
The simulation results show that: the distribution of combined stress and shear stress of slope adjusting truss is uniform, the maximum values are

135MPa (<215MPa) and 65.6MPa (<125MPa), respectively, and the maximum deflection appears on
both sides of the support, which is 0.7mm, less than
the allowable range of 2.3mm. The maximum combined stress and shear stress of the beam are 190MPa
and 68MPa, which appear at B1 and B3 beams. The
deflection of B3 beam center is the largest, which is
12.2mm, less than 14.5mm. The maximum combined stress of the beam is 175MPa, which is distributed in the center of S2 and S3 of the middle two
longitudinal beams. The maximum shear stress is
109MPa, and the maximum deflection is 2.7mm,
which is less than 8.75mm. Therefore, the strength
and stiffness of slope adjusting truss, beam and longitudinal beam meet the construction requirements.
Bearing offset design. In the process of cantilever construction, due to the influence of concrete
shrinkage and creep, elastic compression and temperature change of beam, the deformation of beam
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FIGURE 10
Plane design of Block 0 support

ᶭ1
ᶭ2

TABLE 2
Pre-offsetting ᶭ1 and ᶭ2 of design drawings
Pier number
23#
24#
25#
Pre-bias
22.32mm
0
36.26mm
Direction
ĸ
ĺ
Pre-bias
22.32mm
0
36.26mm
Direction
ĸ
ĺ

appears. Therefore, the eccentricity should be reserved in the design process to overcome the deformation difference between the upper and lower bottom plates of the support, so as to avoid adverse effects on the beam body. The bearing plane design of
block 0 of Qingdao Bay Bridge is shown in Figure
10. When calculating the pre-offsetting in the design
drawing, the closing temperature is 25Ԩ, and the
specific value of ᶭ1 is obtained. In the actual construction process, the closing time of beam bridge is
March, and the local climate temperature is 8Ԩ, ᶭ2
is shown in Table 2. The value of bearing offset in
ᶭ2 is less than the design pre-offsetting ᶭ1, which
meets the construction requirements.

26#
51.74mm
ĺ
51.74mm
ĺ

concrete in Block 0 pouring. 8 columns are symmetrically arranged along the bridge direction, 2-I56B
longitudinal and transverse distribution beams are
set on top of the support of Block 0, and the wedge
truss spacing is 0.2, 2@0.3, 8@0.65, 2@0.3,0.2m. In
the simulation of its strength and stiffness, the maximum combined stress, shear stress and deflection
are within the allowable range, meeting the construction requirements of bearing platform support of
Block 0. In addition, the actual pre-ffset delta 2 value
is less than the design drawing pre-offset delta 1,
which can effectively overcome the adverse effect of
bearing deformation difference on the bridge beam.
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To optimize the best concrete ratio scheme, the
chloride ion permeability, sulfate corrosion resistance and freeze-thaw resistance under different
ratios was compared by experiments. Taking Qingdao Bay Highway Bridge as a case, this study investigated the key technology, such as the concrete ratio,
bearing platform support and bearing offset, of longspan bridge construction in marine environment. The
main conclusions are as follows: F35S35T is a concrete mixed with 70% mineral (35% fly ash and 35%
ground slag) and coated with HIS acrylic resin anticorrosion coating. The resistance to chloride ion erosion was the best, and the diffusion coefficient of
chloride ion and the electric flux decreased significantly compared with the control group. The mass
and strength loss of the specimen was the smallest
under the same age of sulfate attack and the same
freeze-thaw cycles, which was the best proportion of
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causing desertification and land degradation and interferes with plant growth and development [1]. Abiotic stresses have unfavorable and negative effects
on cereal crops productivity and quality, salinity is
an important limiting factor, leading to low yield
with inferior quality. Salinity of soils and irrigation
water are the common problems effect on about 20%
of the world's cultivated area and nearly half of the
world's irrigated lands [2]. Salinity affects agricultural production, water effects on nutrient uptake and
metabolic activities in plant causing reducing economic yield [3]. Salinity problems are wide spread
nearly 30% of the irrigated farmlands are salt affected [4]. Numerous areas of the domesticated desert land nearby to the Nile Valley and Delta as well
as in Sinai and Oases grieve from water-logging and
salinity. The Nile water is not available lie in greatest
of Egyptian lands, thus irrigation by saline water for
could be used as an alternative resources of water for
irrigation. Not only recycled water, but also seawater
has been considered, the ultimate source of water is
seawater, desalinated seawater has been used for agricultural irrigation [5].
Barley is considered as a model plant species
for salinity tolerant due to its widely available genetic information which helps barley to grow under
marginal environments and gave grain yield with
low damage and high productivity [6]. The ability of
barley to survival under salt stress, depending on
their wide genetic diversity up to (8 dsm-1) [7, 8]
The Plant breeders apply various tools for improving salt tolerance in barley such as agro-morphological screening which was more efficient in
breeding for salt environments[9,10] .Germination
and seedling stages are very sensitive to salinity and
widely used as screening criteria to select salt tolerant genotypes [11,12] . Proline accumulation and antioxidant enzyme activities are good criteria for selecting salt tolerance genotypes under saline conditions, where the rate of proline accumulation and antioxidant enzyme activities were increasing in barley
plants under salt stress [13, 14, 15]. Salt stress indices; have been used as a powerful tool for intended
to ranking barley genotypes for salt tolerance [16, 9].

ABSTRACT
Estimation of phenotypic and genotypic diversity is one of the principal and essential steps in plant
breeding programs for detection tolerance of salinity
stress. Lysimeter experiments during two growing
seasons 2020/2021 and 2021/2022 were carried out
to investigate the responses to seawater stress among
fifteen barley genotypes based on agronomical,
physiological, and Related Amplified Polymorphism
(SRAP) marker analysis . Different levels of seawater were used (2.35 dSm-1 as a control and three
salinities levels 5.0, 10.0, and 15.0 dSm-1). The fifteen barley genotypes showed statistically significant responses to different salinity levels. High values of CAT activity were found in Giza 123, line 2,
Giza 137, Giza 131, Giza 136 and line 5 as tolerant
genotypes under three salinity treatments. Similarly,
high values of proline content were found in Giza
136 and Giza 123 seawater. Ten SRAP combination
primers were used, the percentage of polymorphism
for each primer combination varied from 33.3%
(me2+em2) to 80.0% (me5+em6). The highest PIC
was related to primer me5+em6 (0.89%), indicating
that this primer is highly informative. The dendrogram of SRAP markers had clustered all the genotypes into two major clusters include the closest genotypes together. The results showed that there were
high genetic differences among barley genotypes response for different seawater levels, which are useful
for their utilization in further barley breeding programs for detections of salt tolerance.

KEYWORDS:
Salinity stress, Hordeum vulgar, lysimeter, seawater, agrophysiological, SRAP markers

INTRODUCTION
Climate change is a worldwide phenomenon
causing abiotic stress that affects soils salinization,
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However, all these tools were effect by many environmental factors. Therefore the plant breeder was
looking for tools help them to directly evaluate genetic variation among relatives without effect of environmental factors this tools called plant molecular
breeding markers.
DNA markers are powerful tools for assessing
genetic variation, which have advantages in that the
DNA content of a cell cannot be influenced by the
environmental conditions, stages of plant development, or type of organ, which has significant bearing
on the reliability of the results[17] . Sequence related
amplified polymorphism (SRAP) is a PCR based
marker system as described by [18]. It is simple, discloses numerous co-dominant markers, targets open
reading frames (ORFs), as a functional genes, makes
it efficiently to use for marker assist selection (MAS)
and allows easy isolation of bands for sequencing.[18]. SRAP marker is a powerful technique for
the assessment of genetic variability. It has shown a
high degree of reproducibility and discriminatory

power, as well as high polymorphism, plentiful information, greater reproducible, simple, stable and
more informative than the other DNA markers. [19].
It has been successfully used to measuring the genetic diversity and relationships in barley. [20, 21, 22,
23]. Therefore, the aims of this study were to distinguish among 15 barley genotypes in tolerating salt
stress based on Argo--physiological and molecular
analysis using SRAP markers. This can be share in a
serious attempt to bridge the gap between production
and consumption of barley.

MATERIALS AND METHODS
Barley material. Fifteen Egyptian barley genotypes were kindly provided by Barley Res, Field
Crops Res., Institute, Agric., Res., Center, Egypt (Table 1) were used in both germination and lysimeter
experiments to study the effect of irrigation by sea
water levels on the phenotypic traits.

TABLE 1
Name and pedigree of 15 barley genotypes used in the two studied experiments
No.
1
2

Name
Giza 123
Giza 130

3

Giza 131

4
5
6
7

Giza 132
Giza 133
Giza 134
Giza 135

8

Giza 136

9

Giza 137

10

Giza 138

11
12
13
14
15

Breeding
Breeding
Breeding
Breeding
Breeding

Line 1
Line 2
Line 3
Line 4
Line 5

Pedigree
Giza 117/FAO 86
Comp.cross"229//Bco.Mr./DZ02391/3/Deir Alla 106
CM67B/CENTENO//CAMB/3/ROW906.73/4/GLORIABAR/ COME-B/5/FALCON
BAR/6/LINO
Rihane-05//AS 46/Aths*2Athe/ Lignee 686
ICB91-0343-0AP-0AP-0AP-281AP-0AP
ICB91-0343-0AP-0AP-0AP-289AP-0AP
ZARZA/BERMEJO/4/DS4931//GLORIABAR/COPAL/3/SEN/5/AYAROS
Plaisant/7/Cln-B/Ligee640/3/S.P-B//Gloriaar/ Come B/5/Falconbar/6/LinoclnB/A/S.P/Lignee640/3/S.P-B//Gloria-Bar/Come B/5/Falconbar/6/Lino
Giza 118 /4/Rhn-03/3/Mr25-//Att//Mari/Aths*3-02
Acsad1164/3/Mari/Aths*2//M-Att-73-337-1/5/Aths/ lignee686 /3/Deir Alla 106//Sv.Asa/
Attiki /4/Cen/Bglo."S")
C .C 89/3/Alanda/Hamra//Alanda-01
Giza 124/6/Alanda//Lignee527/Arar/5/Ager//Api/CM67/3/ Cel/WI2269//Ore/4/ Hamra-01
BLLU/PETUNIA1//CABUYA/3/Alanda// Lignee527 / Arar
Giza 118/3/Alanda/Hamra//Alanda-01
Rihane03/7/Bda/5/Cr.115/Pro/Bc/3/Api/CM67/4/Giza120/6/Dd/4/Rihane-03

FIGURE 1
Shape of the lysimeter
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Germination experiment conditions. Germination test was carried out at growth chamber of
plant breeding and biotechnology laboratory, Barley
Res., Sakha Res., Station in 2020/2021. Growth conditions in incubator were (20-25 oC, relative humidity of 55-60% and 16 h light period) using four saline
water levels with electrical conductivities EC as a
control (Ec=2.33dsm-1 equal 1504 ppm), S1 (Ec=5
dsm-1 equal 4000 ppm), S2 (EC=10 dsm-1 equal 8000
ppm), and S3 (Ec=15dsm-1 equal 12000 ppm) .Saline
water was prepared by mixing well water (2.33 dSm1
) with sea water (58.1 dSm-1) to achieve required
concentration according [24]. Each genotype was
surface sterilized with 5% sodium hypochlorite solution for 10 min then rinsed with sterile distilled water three times, after that placed on filter paper into 9
cm diameter petri dishes (25 seeds per Petri
dish).Germination tests were performed to measure
the viability traits according to the techniques specified by the International Seed Testing Association;
[25]

S1 (Ec=5 dsm-1 equal 4000 ppm), S2 (EC=10 dsm-1
equal 8000 ppm), and S3 (Ec=15dsm-1 equal 12000
ppm) .Saline water was prepared by mixing well water ( EC= 2.33 dSm-1) with sea water (EC=58.1 dSm1
) to achieve required concentration according [24].
As the total 108 experiment plots (15 genotypes x3
replication x4 irrigation water salinity treatments)
were used in the experiment plot size (experimental
unit) with 1.0 m2 . Lysimeter was a square shape; the
diameter of one mater and a height of 60 cm with
fitter (sand and gravel of 10 cm, each lysimeter was
filled by, 25kg of the day soil as shown in Figure 1,
were performed to measure the physiological and
grain yield and its related traits.

Lysimeter experiments growth conditions:
Two lysimeter experiments were carried out during
winter seasons 2020/2021 and 2021/2022 in soil improvement and conservation Research department at
Sakha Agricultural Research station, Karfer ElSheikh Governorate, which lies in 134 north Cairo,
Egypt. The site has an elevation of 6 meter above sea
level with Latitude 31° 06' 25.20" N and Longitude: 30° 56' 26.99" E. The experiment was conducted using two factors complete randomized block
design (CRD). The first factor was the irrigation by
four saline water levels with electrical conductivities
EC as a control (Ec=2.33dsm-1 equal 1504 ppm),

Irrigation saline water. The used irrigation saline water was prepared by mixing seawater (54.1
dsm-1) with well water (2.33 dsm-1) to obtain the required salinity levels (2.33, 5, 10 and 15 dS m-1). The
chemical properties of the saline water were analysis
according [24] as shown in Table 3.

Soil samples. Soil samples were collected from
all plots before experiment and after the first and second seasons in three consecutive depths of 0-20, 2040 and 40-60 cm. The physical and chemical characteristics of soil were analysis according [26] as
shown in Tables (2).

Studied Characteristics: Phenotypic characters were measured for each genotype in the two
growing seasons under control and the three different irrigation sea water levels, the types of traits,
unite and abbreviation of each traits are shown in Table 4.

TABLE 2
The mean values of soil moisture characteristics, some Physical and chemical properties of soil
Soil depth(cm)
0-20
20-40
40-60
mean
W.p*
22.11
21.5
20.16
21.26
Soil moisture characteristics
F.C*
42.85
40.57
38.75
40.72
A.w*
20.47
19.07
18.59
19.47
PH*
7.86
7.92
8.18
Chemical properties
3.42
3.78
4.65
3.95
ECe (dsm-1) *
SAR*
10.2
10.63
11.8
10.87
7.21
8
11.34
8.85
Ca++
4.2
4.72
6.63
5.18
Mg++
Soluble cations
24.38
26.8
35.6
28.95
Na++
meq100 1 g soil
0.6
0.71
0.91
0.74
K+
15.9
17.73
23.63
19.1
SO4
18.95
20.5
27.85
22.43
ClSoluble anions
1.5
2
3
2.17
HCO3
meq100-1 g soil
-----------------------CO3
Texture grade
clay
clay
clay
Physical properties
Bulk density (kg/cm3)
1.26
1.31
1.36
1.31
Clay
51.8
52.33
52.57
52.23
Particle size
Silt
32.25
32.92
33.45
32.87
Distribution (%)
Sand
15.95
14.75
13.98
14.9
*W.P.: wilting point, F.c: field capacity, A.W: Available water; PH: was determined in soil water suspension (1:2.5) EC: was
determined in saturated soil paste extract SAR: sodium adsorption ratio
Soil properties

characteristics
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TABLE 3
Chemical properties of tap water and different irrigation water used in the experiment
Chemical properties
PH
EC dsm-1
Sodium Absorpation Ratio (SAR)
Na+
K+
Ca++
Mg++
HCO3ClSO4--

(C = 2.33. dsm-1)
(S1=5 dsm-1)
7.54
7.92
0.6
5.0
4.1
12.19
Soluble cations meq100 1 g soil
4.05
35.0
0.4
0.7
1.15
10.5
0.85
60
Soluble anions meq100-1 g soil
1.25
4.0
2.75
25.8
2.45
22.4

(S2=10 dsm-1)
8.11
10.0
17.11

(S3= 15 dsm-1)
8.26
15,0
21.14

69.5
1.05
20.5
12.5

103.5
1.4
30
18

7.0
49.6
46.95

10.25
74.5
68.15

TABLE 4
The phenotypic studied traits their types unit and abbreviations.
Phenotypic parameters
Traits and its units
Germination percentage %
Germination parameters
Shoot length cm
Root length cm
Seedling vigor parameters
Seedling fresh weight mg/plant
Seedling dry weight mg/plant
chlorophyll fluorescence
Total chlorophyll content SPAD
Physiological parameters
Catalase activity µ mol g-1/sec
Proline activity µ/mg
Number of grains spike-1 grain
Number of tillers m-2
Grain Yield and its related traits
1000 grain weight g
Grain Yield g/plot
Stress susceptibility index %
Salt index
Stress tolerance index %
Germination percentage: was calculated as
total number of germinated seeds by total number of
seed used into 100 after ten days.

Abba.
(GP %)
(SL)
(RL)
(SFW)
(SDW)
(Fv/Fm)
SPAD
CAT
PA
NGS
NS
TKW
GY
(SSI)
(STI)

measured in absorption at 240 nm using H2O2 as
substrate according [27]
Biochemical character: Proline content was
spectrophotometric measured in absorption at 520
nm according to [28].

Seedling vigor characters. Shoot and root
length: the plants were separated into shoots and
roots. The distances from crown to leaf tip and root
tip were measured as shoot length and root length

Grain yield and its related traits: At harvest
stag ten guarded plants were randomly taken from
each plot to measure plant height cm, number of tillers m-2, number of grains spike-1, 1000 grain weight
and grain yield was determined using the full plot
area (g/m2).

Seedling fresh and dry weight: seedling fresh
weights of plants were measured then dried at 80 °C
in Pasteur oven during 24 hours then dry weights
were measured

Salt tolerance indices. Stress susceptibility index (SSI) was calculated as suggested by [29] and
stress tolerance index (STI) was calculated according to [30].

Physiological parameters. Chlorophyll characteristics: Chlorophyll fluorescence (Fv/Fm) was
recorded using a portable multimode chlorophyll fluorometer (Model, OS5P Opt sciences, Inc. Winn Avenue Hudson, USA) and total chlorophyll content
SPAD was determined using chlorophyll meter
(SPAD-502) Minolta Camera Co. ltd., Japan) at
heading stage.

Molecular Analysis. DNA Extraction and
SRAP – PCR Amplification. Genomic DNA was
extracted from 15 barley fresh leaves using CTAB
method according [31]. DNA concentration was
measured using Nanoodrop (ND-1000 Spectrophotometer).

Antioxidant enzymes activity assay: Catalase
(CAT) enzyme activity was spectrophotometric
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TABLE 5
Ten SRAP primer combinations their names and sequences
no
1
2
3
4
5
6
7
8
9
10

Name
me1
me2
me2
me2
me4
me4
me5
me5
me5
me6

primer sequences
F: TGAGTCCAAACCGGATA
F: TGAGTCCAAACCGGAGC
F: TGAGTCCAAACCGGAGC
F: TGAGTCCAAACCGGAGC
F:TGAGTCCAAACCGGAGC
F:TGAGTCCAAACCGGAGC
F:GAGTCCAAACCGGAAG
F:GAGTCCAAACCGGAAG
F: GAGTCCAAACCGGAAG
F: TGA GTC CAA ACC GGA CA

Name
em2
em1
em3
em2
em5
em6
em4
em5
em1
em3

primer sequences
R: GACTGCGTACGAATTTGC
R: GACTGCGTACGAATTAAT
R:GACTGCGTACGAATTAAT
R: GACTGCGTACGAATTTGC
R: GACTGCGTACGAATTTGC
R:GACTGCGTACGAATTGAC
R:GACTGCGTACGAATTTGC
R: GACTGCGTACGAATTTGC
R: GACTGCGTACGAATTAAT
R:GACTGCGTACGAATTAAT

TABLE 6
Analysis of variance of phenotypic traits for 15 barley genotypes under three irrigation sea water
Phenotypic traits
Genotypes
Treatments
GP %
**
**
SL
**
**
RL
*
**
SFW
**
**
SDW
**
**
Fv/Fm
*
**
SPAD
**
**
CAT
**
**
PA
**
**
NGS
**
**
NT
**
**
TKW
**
**
GY
**
**
SSI
**
**
STI
*
*
*and **; indicate significance at 0.05 and 0.01levels, respectively

PCR cycling was carried out as the following
program; 94 °C for 4 min for initial denaturation,
followed by five cycles comprising for 1-min denaturation at 94 °C, 1-min annealing at 35 °C, and
30 s of elongation at 72 °C. In the following 30 cycles, denaturation at 94 °C for 1 min, annealing at
50 °C for 1 min, and elongation at 72 °C for 30 s
were carried out, ending with an elongation step for
10 min at 72 °C. Ten SRAP primer combinations
were used their names and sequencing are listed in
(Table 4).
The PCR products were separated by electrophoresis using 1.5% agarose gels in 1X TAE Buffer
against 100 bp DNA Ladder as a size marker. Bands
were detected with Ethidium Bromide staining and
visualized under UV light, then photographed on Gel
Documentation.

treatment x genotypes
**
*
*
**
**
*
**
**
**
**
*
**
**
**
*

LSD 0.05
2.13
1.77
1.49
0.96
0.97
1.05
1.59
5.77
1.49
2.53
14.7
0.83
8.51
1.78
1.76

Genotypic data analysis. The amplified bands
from SRAP were scored as a binary data under the
heading of total scorable fragments which determined for each cultivar. The data were used to estimate the genetic similarity on the basis of number of
shared amplification products according to [32]. Polymorphism information content (PIC) values were
done to distinguish between cultivars for each primer
according [33]. Cluster analysis was performed to
produce a denderogram using un-weighted pairgroup method with arithmetical average (UPGMA)
using PAST program adapted by [34].

RESULTS
Effects of irrigations by different sea water
on the phenotypic traits. Analysis of variance. A
combined analysis of variance for the different phenotypic traits with homogeneous variance across the
two seasons were measured on the fifteen Barley
genotypes is presented in Table 6. Highly significant
differences in treatments (T) (between control and
three irrigation sea water stress) were found according to the Fisher variance comparison test for all phenotypic measured parameters. ANOVA analysis re
vealed highly significant differences among

Data analysis: Phenotypic data analysis. The
results from the two seasons were homogeneity and
statistically analyzed as the randomized complete
block design (RCBD) model using the SPSS software. There is no significant interaction was found
between year and treatment, thus, results were
pooled across years. Fischer’s protected least significant difference (LSD) at the 5% level of significance was used for treatment means.
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FIGURE 2
Effect of control and three concentration of saline water on germination percentage % of
fifteen barley genotypes

FIGURE 3
Effect of control and three concentration of saline water on shoot
and root length of fifteen barley genotypes
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FIGURE 4
Effect of control and three concentration of saline water on fresh
and dry weight shoot of fifteen barley genotypes

FIGURE 5
Effect of control and three concentration of saline water on
Chlorophyll characteristics of fifteen barley genotypes
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genotypes (G) in all studied traits. The genotype ×
treatment interaction was significant difference
among all studied.

mum lengths for both root and shoot value was expressed by Giza 131,123, line 2, Giza 137, line 5, 136
and Giza 135 under all salinity treatments. Whereas,
the minimum lengths for both root and shoot values
were found in line 1 and 132 were under 15 dSm-1
About, the effect of the four concentrations of
saline water on seedling fresh and dry weight as
shown in (Figure 4, A & B), genotypes Giza 136, 123,
131 and line 5 scored the highest values under all salinity levels for both fresh and dry weight, while line
1 and132 recorded the lowest values for both fresh
and dry weight under (5, 10 and 15 dSm-1) of sea water concentration compare with 2.33 dSm-1 control
treatments.

Mean performances of viability parameters.
The effect of different concentration of sea water on
germination percentage was shown in (Figure 2).
Germination percentages were decreased in all barley genotypes under (5, 10 and 15 dSm-1) of sea water concentration compare with 2.33 dSm-1. The results revealed that Giza 131,123, 137, line 2, line 5,
136 and Giza 135 scored high values of germination
percentage under all the four concentration of saline
water which they scored 100% GP under control
Conditions, also the same genotypes scored height
values under high salinity concentration with values
78, 74, 70, 70, 68, 67 and 63 % GP respectively. The
lowest values were observed by Giza line 1 (54%),
line 3 (45%) and Giza 132 (20%) under high salinity
treatment
Concerning shoot and root and length results in
(Figure 3, A, B & C) showed that shoots and roots
lengths of the 15 genotypes were decreased as different sea water concentrations increased. The maxi-

Mean performances of physiological parameters. Chlorophyll-fluorescence (Fv/Fm) is an efficient tool to determine the photosynthetic capacity of
and the health status of plants, salinity treatments
significantly decreased chlorophyll fluorescence
Fv/Fm in all the fifteen genotypes under 5, 10 and 15
dsm-1 camper by control 2.33 dsm-1 as shown (Figure
5 A). High values of Fv/Fm values were found in
Giza 137, line 5, Giza 136, Giza 131, Giza 123 and
line 2 under control and the three salinity treatments

FIGURE 6
Effect of control and three concentration of saline water on catalase enzyme and proline content of fifteen
barley genotypes
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FIGURE 7
Effect of control and three concentration of saline water on grain yield and its related traits
Total Chlorophyll content (SPAD) reflected the
major factors affecting photosynthesis which was
decreasing by increasing salinity levels. Results in
(Figure 5B) clearly indicated that the all genotypes
were varied significantly in total chlorophyll content.
High total chlorophyll content was recorded by Giza
137 with values of (51.23, 49.53, 48.30 and 42.93
SPAD reading), while lower total chlorophyll content was found by Giza 132 with values of (41.50,
40.80, 37.33 and 33.67 SPAD reading) under control
and 5,10 and 15dSm-1 concentration of seawater
treatments respectively.
Catalase enzyme CAT activity was significant
under all seawater treatments and was increased with
increasing salinity levels. High values of CAT activity were found in Giza 137, line 2, Giza 123, Giza
131, Giza 136 and line 5 under control and the three
salinity treatments as shown in Figure 6 A.
Proline content considers as a good indicator
for screening salinity tolerant genotypes, which salinity caused increasing proline content. Results in
(Figure 6 B) showed the effect of different salinity

concentrations on proline content high values of proline content were found in Giza 136 and Giza 123
under control and all used seawater treatments.
Mean performances of yield and its related
yield. Results in (Figure 7 A) clearly indicated that
all genotypes were varied significantly in No. of tillers m-2. The barley genotypes Giza131 and Giza 137
had the highest No of tillers m-2 when were irrigated
with different concentration (2.35, 5, 10 and 15 dsm1
) of seawater. However, the lowest No of tillers m-2
was recorded by Giza 132, line 1 and line 3 under
salinity treatments.
For number of grain spike -1, the results as
shown in (Figure 7 B) displayed that all genotypes
were differed significantly in No. of grain spike -1.
The barley genotypes Giza130, Giza 131, Giza133,
Giza 136, Giza 137, line2 and line 5 had high number
of grain spike -1 when were irrigated with the different three sea water concentration as shown (Figure 5,
B) in comparing with control.
There was highly significant variation in 1000
grain weight in all genotyped which were decreased
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by increasing the saline water concentration. Giza
137 had highest values of 1000 grain weight with
values (6.8, 6.2, 5.7 and 4.0 g) when irrigated with
different saline water treatments respectively, as
shown in (Figure 7 C). While lowest 1000 grain
weight was observed by line 3 and Giza 132 after irrigated by 15 dsm-1 saline water were (2.1 g).
Grain yield is considered as a main and multifaceted trait that depending on a large number of agronomical and physiological characters. In this study,
there was a significant difference among all genotypes when irrigated with the three levels of seawater.
Results in (Figure 5 D) showed that the highest yield
production was produced by Giza 137 under control
(196.2 g/plot), low salinity (183.2 g/plot), moderated
salinity (165.4 g/plot) and both Giza 123 and line 2
had highest yield production under high salinity effects with values (135.6 and 134.8 g/plot) respectively . In the current study, the results revealed a
wide variation among the genotypes for seawater
stress

Relationships between all studied traits under studied condition. Correlation coefficients.
Pearson correlation coefficient among all studied
phenotypic traits through the four salinity were
showed in (Figure 9, A) were done to understand the
relationships among all studied traits, Data indicated
clearly that the Pearson correlation coefficients between grain yield and all phenotype, were high positive and significantly correlated.
Simple correlation coefficient (Figure 9, B)
were done to understand the relationships between
all studied and salt tolerance indices, data indicated
clearly that it was a negative correction between SSI
index and all studied
Principal component analysis PCA. Principal
component analysis using bi-plot diagram were used
to classification the all the fifteen barley genotypes
based on the average of all the phenotypic studied
characters were shown in Figure 10. It is observable
that the PCA classical accounts for 75.1 % of the total variance of first PCA1 equal 64.9 and second
PCA2 equal 10.2% respectively and grouped all the
15 genotypes into four groups. Six genotypes,
Giza123, 131, 136, 137, line 2 and line5 are located
close on the right of the original points which they
had the highest GY and high average of almost
studied traits we consider them as a salt tolerant genotypes . Three barley genotypes (Giza 132, line1and
line3) located at the left of the origin point were less
genotypes in GY average of almost studied traits. Six
genotypes were located on the middle point, three
genotypes (Giza 138, 135 and 130), whereas, (Giza
134, 133 and line 4), had low GY and moderated average of almost traits.

Effect of sea water irrigation on salt stress
indices in barley genotypes. The responses of the
studied 15 barley genotypes under different salinity
levels, were evaluated by using stress susceptibility
index (SSI) and salt tolerance index (STI) were calculated on the basis of grain yield of barley genotypes over the two seasons 2020 /2021 and
2021/2022 under seawater irrigation concentration
(S1 =5dsm-1, S2 =10 dsm-1 and S3 =15 dsm-1) compare with control (C= 2.33 dsm-1) were shown in
(Figure 8). The results exhibited that the maximum
values of STI were detected by Giza 131, Giza 137,
Giza 123, Giza 136 and line5, which they were recognized as the tolerant genotypes. Whereas, genotypes line1, line3 and Giza 132 recorded the highest
SSI were identified as the sensitive genotypes

FIGURE 8
The effect of SSI and STI index on the 15 barley genotypes under high salinity
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FIGURE 9
Correlation coefficient (A). Pearson correlation coefficient heatmap among grain yield (GY), viability,
physiological and agronomical parameters, across the four salinity levels.
Correlation key and the scale reads, blue circle indicted positive correlation, smaller circle indicted lesser significance; bigger
circle indicted greater significance. The size of the circle is relative to the correlation coefficients. (B) simple correlation coefficient matrix between all studied phenotypic traits and salt tolerance indies studied. The green circle indicted positive correlation, red circle indicted negative correlation. Abbreviations of traits was shown in Table 2:

FIGURE 10
PCA-biplot analysis illustrates the genetic distance between 15 barley genotypes based on the average of
studied traits using PAST software.
Molecular marker analysis. The SRAP
marker was used to evaluate the genetic polymorphism among fifteen barley genotypes and attempt
to find linked marker with salt tolerance. Data in Table (7) showed that the total band were 97 bands.
Number of polymorphic band for used primers was

59 band ranged from six bands in (me2+em2) to fifteen bands in (me5+em6, Figure 11) with an average
(5.9%) per primer combination. The percentage of
polymorphism for each primer combination varied
from 33.3% (me2+em2) to 80.0% (me5+em6) with
average 56.9%.
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Polymorphic information content (PIC) values
were evaluated to assess the genetic diversity of ten
selected primers were ranged from 0.285 % related
to primer combination me5+em4 to highest PIC was
0.393%, which was related to primer combination
me5+em6. This primer had two positive bands with
band size 210 bp in Giza 123, Giza 130, Giza 131,
Giza 137, at same time, another band with size 290
found in genotypes Giza138, Giza 135, line5, and
line 2 as tolerant and moderate tolerant genotypes.
On the other hand, band with size 1500bp found only
in line1, line3, line 4, Giza 134 Giza 133 and Giza
132 as a sensitive and moderate sensitive genotypes.
Thus the primer combination me5+em6 was highly
informative and could be useful primer set to confirm the genetic differences among barley cultivars
for salt tolerant.
The dendrogram of SRAP markers constructed
by the Un-weighted Pair-Group Method (UPGMA)
as shown in Figure 12) had clustered all studied barley genotypes into two major clusters include the
closest genotypes together. Cluster I consisted of the
salt tolerant and moderated tolerant which dived in

No.
1
2
3
4
5
6
7
8
9
10

two sub groups, first group include the moderate cultivars (Giza 138 and Giza 135), second sub group
consisted of salt tolerant genotypes (Giza
137,123,136,131,130, line2 and line5). However, another cluster consisted of two sub clusters, salt sensitive (Giza 132, line 1 and line 3) and moderated
sensitive barley genotypes.
Interaction between genotype and environment. Multivariate analysis is usually utilized to
study the interaction between genotype and environment to provide more information about the genetic
difference of plant breeds, could detailed in
heatmaps. The multivariate compound include (15
phenotypic traits and 10 SRAP primer) were presented in a heatmap and hierarchical cluster analysis
among 15 barley using the module of a heatmap of
ClustVis heatmap which constructed using R software (Figure 13). The dendrogram was obtained using hierarchical clustering (Euclidean distance and
average linkage). The colors of heat map represent

TABLE 7
SRAP primer profiles for fifteen barley genotypes
PPP %
Primer Name
TNP
NPP
PIC
H
me1+ em1
7
4
57.1
0.391
0.141
me1+em2
9
5
55.6
0.325
0.391
me1+em3
8
5
62.5
0.334
0.365
me2+em1
10
5
50.0
0.350
0.32
me2+em2
6
2
33.3
0.295
0.461
me4+em5
7
3
42.9
0.355
0.302
me5+em4
12
7
58.3
0.285
0.482
me5+em5
12
8
66.6.
0.311
0.425
me5+em6
15
12
80.0
0.393
0.124
me6+em5
11
8
72.7
0.332
0.373
Average
9.7
5.9
56.9
0.337
0.338
Total
97
59.0
512.4
3.371
3.384

MI
0.141
0.391
0.365
0.32
0.461
0.302
0.231
0.497
0.391
0.284
0.338
3.383

DP
0.147
0.464
0.424
0.361
0.593
0.337
0.647
0.52
0.13
0.436
0.406
4.059

Which TNB: total number of bands; NPP, number of polymorphic bands, PPP%: polymorphic polymorphism percentage (%);
PIC: polymorphism information content, H: Heterozygocity index, MI: Marker Index and DP: Discriminating power

FIGURE 11
Amplification results of the primers combination me5+em5 using 15 Egyptian barley genotypes
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FIGURE 12
The dendrogram of SRAP markers constructed by the Un-weighted Pair-Group Method (UPGMA)

FIGURE 13
Heatmap of hierarchical cluster analysis for the 15 morphological parameters and 10 SRAP primers
among 15 barley genotypes under salinity stress using the module of a heat map of clustering and visualizing Abbreviations of traits was shown in Table 2.
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the relationship matrix value (dark to light red) indicate high and medium values of traits; whereas lowest and low values are (dark to light blue). Row dendrogram show the genetic similarity between the fifteen barley genotypes, which were distributed into
two main clusters. The first cluster included the tolerant genotypes Giza 123, Giza 131, Giza 136, Giza
137, Line 2 and Line 5. Second cluster divided in two
sub clusters, the first sub include the sensitive genotypes (Line 1, Line 3 and Giza 132), second sub include moderated tolerance genotypes (Giza 130,
Giza 138 and Giza 135), and moderated sensitive
genotypes (Line 4, Giza 133 and Giza 134). Column
dendrogram show the similarity between 15 morphological traits and the ten SRAP primer.

from our results and the results of others that the
higher CAT activities deal with the undesirable effect
of O2í and H2O2 and the activities of these enzymes
are strongly associated with tolerance to salt induced
oxidative stress barley genotypes
The increased levels of free proline in barley
genotypes under salinity stress enhance the levels of
proline activity which are regular responses of plants
against salinity stress. In the present study, the concentrations of proline were increased under salinity,
whereas the accumulation level of proline wideranging among studied barley genotypes. Among the
genotypes, the genotypes (Giza 137,123,136,131,
130, line2 and line5) showed a much higher level of
proline accumulation than the genotypes (Giza 132,
line 1 and line 3) under salt stress, accumulation of
proline under salinity also detected by [15,41]observed that the proline influenced the growth of barley under stress conditions. Moreover, [42,43], reported that proline accumulation under stress has
been considered an adaptive character and they explained that higher proline synthesis during stress
condition not only contribute to osmotic adjustment,
but also improved the growth and development of
the affected plants.
Chlorophyll- fluorescence is a well-organized
tool to define the photosynthetic capacity and the
healthy status of plants under normal or stress conditions [44]. Salinity made oxidative stress leads to
causing reduction in PSII activity by negative reaction centers of photosystem II (PSII), and reducing
activity of quinine acceptor [45]. The Fv/Fm ratio reflects the photochemical yield of PSII. Decreasing in
photosynthesis efficiency is the first indication of the
negative influence of stresses on a plant, which can
affect the maximum PSII major yield and is relative
to the Fv/Fm ratio, reflecting the effectiveness of
light in primary photosynthetic reactions. Salt stress
reduces photochemical efficiency and electron
transport in PSI and PSII decrease as a result of
changes in the structure of thylakoids, limiting the
biosynthesis of chlorophyll. Similar results in barley
were conducted [45, 44].
Total Chlorophyll content is a dynamic component of the photosynthetic tool, which had major
role in taking light energy and energy transduction
[46]. In the present study, salinity stress caused deceasing in SPAD reading in all genotypes under the
three salinity levels compare with the control conditions. High SPAD reading found in Giza 131, Giza
137, Giza 136 and Line 5 under different salinity levels among other genotypes. This result was similar
to the studies by [21, 47, 48, 49], they revealed a decreased in total chlorophyll content (SPAD) in barley
plant leaves due to salinity levels, and they had suggested that the SPAD reading could be used as a suitable selection measure to screen a large usual of genotypes for salt tolerance
Hence, Salinity significantly caused reduced in
grain yield and its related traits. In our study, we

DISCUSSION
The description of the phenotypic diversity is
very vital for genotypes harboring economically important traits [35]. Great germination percentage and
high values of seedling traits under different saline
conditions could be essential because it is the first
stage of plant growth, in this study, the obvious salt
stress effect on germination percentage and seedling
traits were detected. The studied barley cultivars
were differs in their sensitivity and tolerance to salinity under different concentrations of saline water
and it is clear that Giza 123,131, 137,136, 130, line
2 and line 5had high germination percentage, root
and shoot length and fresh and dry weights were
more advantages than the other cultivars in their ability to salinity tolerance. Moreover, the increase of
salt concentration had a negative effect on both germination and seedling traits. Similar results have
also been reported by several studies in barley [36,
37, and 12] they reported that the germination percentage and seedling traits were decreased with increasing salinity levels. This decrease might be
caused by the high osmotic pressure of the solutions
slowing down the intake of necessary water for germination and by the toxic effect of high salt concentration on embryo.
Salinity stress significantly affects physiological traits, which salinity positively promotes enzyme
activity in tolerant genotypes, where the tolerant
genotypes eventually develop an enhanced antioxidant enzyme system to handle the effects of ROS [38,
39]. In this study, significantly an increased CAT activity was found in tolerant barley genotypes in the
seawater treated plants. However, the relative activities of CAT were recorded higher in (Giza
137,123,136,131,130, line2 and line5) more a tolerant than in (Giza 132, line 1 and line 3) as a sensitive
genotypes. Our results corroborates previous studies
[15, 12, 40] which they had measured an enhanced
activity of CAT in barley under salinity stress and the
activities of that enzyme were higher in the detected
tolerant barley tolerant genotypes. Thus, it is evident
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found that barley genotypes; Giza 131, Giza 136,
Giza 137, Giza 123 line 2 and line 5 showed the
highest values of grain yield and all its component
traits (no. of spike m2, no. of grain spike -1 and 1000
grain weight) with low reduction as shown in Figure
6 under this study, those genotypes could be considered as a salt tolerant genotypes. While, Giza 132,
line 1 and line 3 had lowest values of these traits, that
could be consider as sensitive genotypes to salinity.
These results are agreement with [50, 15, 21] they
found salinity was significantly decreased number of
grains per spike, grain weight per spike, grain yields
of barley plants. In addition, [51,37,40,44] they
confirmed that the reduction in grain yield was due
to reduction in yield components which grain yield
is an final product of the action and interaction of a
large number of environmental, agronomical and
physiological characters reported that grain yield decrease could be attributed to the reduction plant
growth and yield components under salinity. Herein,
reduction in Giza 123, Giza 131, Giza136 and Giza
137 genotypes were less than 50%, so theses genotypes could be grown successfully up to Ec15 dsm-1
of irrigation of seawater and had economic yield.
Characteristics with low rates of variability are
not fit for selecting tolerant barley genotypes under
stress [52]. Traits with high variability among the
most indicative and responsive under salinity could
be used for the selection using tolerance indices,
such as the salinity susceptibility index (SSI), and
stress tolerance index (STI). [9, 53] stated that the
positive correlation among stress tolerance indices,
including STI, SSI, and GMP.
GGE bi-plot was used to draw the polygon for
interaction between Genotypes and Environments
(G × E) giving various interpretations [54], A bi-plot
analysis assessment is the most appropriate to imagine the interaction designs of environment/genotype
and understand the bi-plot. Moreover 75.1% of the
total variation divided into 64.9 and 10.2% variance
attributable to PCA1 and PCA2 principal component
respectively. This means the power of GGE bi-plot
analysis to distinguish among genotypes and environments. The genotypes which were located on the
right of original points were influenced by almost of
studied traits as shown in Figure 6. These genotypes
we could consider them as salt tolerance genotypes.
Our results in a good harmony with [55, 56, 21, 57]
they using the principal components model as multivariate analysis including GGE bi-plot in barley and
they reported that these methods give a set of useful
graphs that help plant breeders to discover the interrelationships among environments, genotypes, and
relations between genotypes and environment
Assessments of genetic diversity among genotypes are useful information for conservation and
plan effective breeding programs. Selection for salinity stress embraces the capability of cultivated
genotypes to produce high yields under stress [58]

The SRAP marker polymorphism of the used ten primer pair combinations showed highly polymorphism
with clear and scorable bands among 15 barley genotypes (Figure 8). A total of 97 bands were amplified,
which 59 were polymorphic with an average value
of 5.9 polymorphic bands per primer (Table 8). The
amplification profile of barley genotypes generated
using me5+em6 primer combination is presented in
Figure 3. The PIC values were evaluated to assess
the genetic diversity of ten selected primers were
ranged from 0.35 % related to primer combination
me4+em5 to highest PIC was 0.89%, which was related to primer combination me5+em6. This primer
had two positive bands with band size 210 bp in Giza
123, Giza 130, Giza 131, Giza 137, at same time, another band with size 290 found in genotypes Giza138,
Giza 135, line5, and line 2 as tolerant and moderate
tolerant genotypes. Un-weighted neighbor Joining
(UNJ) cluster analysis based on genetic distance matrix of SRAP markers, grouped barley genotypes into
two major clusters include the closest genotypes together. Cluster I consisted of the salt tolerant and
moderated tolerant and cluster II consisted of the salt
sensitive and moderated sensitive.
In the present study, SRAP marker was able to
distinguish among different barley genotypes under
salinity stress in all evaluated agronomic traits.
Moreover, SRAP showed its effectiveness by generating several specific bands for the tolerant and susceptible genotypes. The generated bands could serve
preliminarily as selectable markers for salt tolerance
in barley; however purification, sequencing and
analysis of these bands might be necessary in the
proximate research work. Our results were in agreements with [12, 21, 59, 23, 22] who studies barley
diversity and genotyping using SRAP markers and
indicated that SRAP was an effective method for
evaluation of barley diversity, and they concluded
that SRAP was an effective method to perform genetic diversity in barley and develop new cultivars.

CONCLUSIONS
It cloud be concluded that all the fifteen Egyptian barley genotypes showed different responses to
salinity stress, which produces changes in their agronomical and physiological features. Genotypes Giza
123,136, 137, Line2 and Line5 recorded high mean
values of all studied traits verifying to be more tolerant to salinity stress. The results indicated that using
SRAP markers is an efficient method to identify and
distinguish among Egyptian barley genotypes under
different salinity concentration to use this classification in salinity breeding program as a method to
solve salinity problems in Egypt.
Supplementary Materials: Table 1. Name,
type, and pedigree of fifteen barley genotypes used
in the lysimeter experimental. Table 2. Physical and
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chemical properties of soil samples from the lysimeter experiments. Table 3. Chemical properties of tap
water and different irrigation water used in the experiment. Figure 1. Shape of the lysimeter, Table 4.
The studied traits their types and abbreviations, Table 5, Names and sequences of ten used SRAP primer combinations. Table 6. analysis of variance of
the studied traits Figure 2. Effect of control and three
concentration of saline water on germination percentage % of fifteen barley genotypes. Figure 3. Effect of control and three concentration of saline water on shoot and root length of fifteen barley genotypes. Figure 4. Effect of control and three concentration of saline water on plant fresh and dry weight
of fifteen barley genotypes. Figure 6 Effect of control and three concentration of saline water on chlorophyll traits, Figure 7 Effect of control and three
concentration of saline water catalase and prolin,
Figure 8. The effect of the four levels of seawater irrigation on grain yield and its related traits, , Figure
9 The effect of Salt tolerance indices of the 15 barley
genotypes salinity levels condition across the two
cropping seasons 2020 and 2021, Figure8. The effect
of SSI and STI index on the 15 barley genotypes under high salinity. Figure 10 PCA-.biplot analysis illustrates the genetic distance between 15 barley genotypes based on the average of studied traits and
PCA analysis using PAST software. Table 7. List of
used SRAP primers names, no. of total fragment, No.
of polymorphic bands, Polymorphism % and polymorphism information contents (PIC). Figure 11.
Amplification results of the primers combination
me5+em5 using 15 Egyptian barley genotypes and
Figure 12. The dendrogram of SRAP markers constructed by the Un-weighted Pair-Group Method
(UPGMA) and Figure 13. Heat map and hierarchical
cluster analysis for the 15 morphological parameters
and 10 SRAP primers among 15 barley genotypes
under salinity stress using the module of a heatmap
of ClustVis—an online tool for clustering and visualizing.
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changes are generally categorized into four areas:
DNA methylation, chromatin remodeling, histone
modification, and miRNAs [5]. Disruption of epigenetic mechanisms lead to abnormal development and
malignant transformation. H. pylori is classified as
human carcinogen by World Health Organization [6].
CagA protein of H. pylori cause activation ERKSTAT3 signaling pathway and thus increases the
growth of gastric cells [7]. Similarly, in humans,
Sirtuins (SIRTs) which are NAD dependent deacetylase has vital role in cell cycle and tumorigenesis [8].
Sirt2 protein is an important factor in inflammation and has contributing role in the survival of
tumor cells [8]. Recently, Sirt2 is regarded as key
molecule in the inflammatory and infection cycle. So
far variable expression of Sirt2 gene is reported in
different types of cancers [9, 10].
In the undertaken study, biopsy samples were
processed for Sirt2 gene expression in gastric cancer
patients with respect to H. pylori status. Further investigation will help in the molecular understanding
of H. pylori role in gastric carcinoma via Sirt2 gene
expression.

ABSTRACT
Helicobacter pylori causes gastritis, ulcer and
gastric cancer. Bacterial infections may lead to epigenetics alteration via Sirtuin 2 in inflammatory and
carcinogenesis process. In this case control study,
expression of Sirt2 gene in gastric cancer with respect to H. pylori was investigated.
A total of 20 biopsies samples were obtained
from patients with GI disturbances and gastric
cancer. H. pylori was detected in staining, biochemical and species-specific PCR. After confirmation of
H. pylori, total RNA was extracted for cDNA synthesis from gastric cancer biopsy of case and control
samples. Real Time PCR was used to check the expression of Sirt2 gene.
Among the 20 biopsies, gastric ulcer (n=5),
gastritis (n=2) and gastric cancer (n=12) were diagnosed with endoscopy and histopathology. H. pylori
was confirmed in three samples of gastric cancer. On
real time PCR, the expression of Sirt2 gene was
increased by 2.6-fold; however non-significant (p>
0.05) correlation was observed between case and
control samples. Findings of this study will help in
H. pylori role in gastric cancer via Sirt2 gene expression.

MATERIALS AND METHODS
Sampling. In this study, 20 biopsies were collected from patients having GI disturbances or/and
gastric cancer. The mean age range of gastric cancer
patients were from 42 to 80 years. Gastric morphology was confirmed by endoscopy. Three biopsy samples were obtained from each patient. One for culture,
one histopathology and one for RNA extraction. This
study utilized human samples that was approved by
the Ethical Review Board of Tertiary Care Hospital,
Peshawar, Khyber Pakhtunkhwa, Pakistan.

KEYWORDS:
H. pylori, Gastric cancer, PCR, Sirt2 expression

INTRODUCTION
Helicobacter pylori is microaerophilic Gran
negative bacteria that can cause gastric ulcer, duodenal ulcers and gastric cancer [1]. About half of the
world population are infected with H. pylori and
reaches upto 90 % in developing countries [2]. The
predominant predisposing factors of H. pylori infection are older age and poverty during childhood [3].
Epigenetic alterations cause suppression of tumor suppressor proteins that are involve in H. pylori
associated chronic inflammation [4]. Epigenetic

Isolation and identification of H. pylori. 0.9%
normal saline was used for washing biopsy samples
and then seeded on Columbia agar supplemented
with 10% sheep blood and selective antibiotic supplement DENT (Oxoid, UK). Morphological identification of H. pylori was done on Gram staining and
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biochemical tests. After biochemical assays, genomic DNA was extracted from H. pylori samples
and processed for PCR using hp1 (5-GCGACCTGCTGGAACATTAC-3)
and
hp2
(5CGTTAGCTGCTTCTGGAG-3) H. pylori species
specific 16SrRNA gene primers previously reported
[11]. The reaction mixture for PCR contained 5ul
master mix, 0.4ul each forward and reverse primer,
1ul DNA and 3.2ul nuclease free water. The initial
denaturation was performed at 95°C followed by 35
cycles. Each cycle consists of denaturation at 95°C
annealing followed by elongation at 72°C. The PCR
amplicon was resolved on agarose gel and visualized
under UV transilluminator.

Fresenius Environmental Bulletin

Sirt2 gene expression was checked in three replicates
of both groups of patients Case (gastric cancer with
H. pylori) vs Control (gastric cancer without H. pylori) by relative quantification. The aPSOL¿FDWLRQ cycle comprised of initial denaturation (95°C, 10
minutes), second denaturation (95oC, 10 seconds),
annealing (60°C, 15 seconds) and extension (72oC, 1
minute). The expressions of Sirt2 gene in relation to
internal control GAPDH in gastric cells were measured by Ct comparative method [13].

RESULTS
A total of 20 biopsies samples were collected
from patients with GI disturbances and gastric cancer through endoscopy and H&E staining. Of the
collected 20 samples, 15% (n=3) were positive for H.
pylori and gastric cancer. The association between
the various endoscopic diagnosis and presence of H.
pylori were summarized in Figure 1 and Table 1.

cDNA synthesis and quantitative PCR. Cell
lysis was done in TRIzol reagent (Invitrogen, USA).
The RNA was extracted using chloroform/isopropanol method. Fresh extracted RNA was processed immediately for cDNA synthesis. cDNA was prepared
(Invitrogen, USA). Real time PCR (ABI 7500, USA)
was performed using specific primers of Sirt2 [12].

FIGURE 1
Identification of H. pylori
A) Culture on Columbia blood agar. B) H& E staining. C) Urease test C1 represents H. pylori positive. C2 shows negative test
for H. pylori and C3 represents positive control. D) Molecular detection of H. pylori using species specific16s rRNA gene (139
bp): Lane 1 is showing M (100bp) DNA marker. Lane 2&3 showing 16s rRNA gene (139bp). Lane 4 is depicting positive
control.

TABLE 1
Endoscopic findings and detection of H. pylori.
Endoscopic Findings

No. of patients

Gastric ulcer
Gastritis
Gastric cancer

5
2
12

Detection of H. pylori
Histology
4
2
3

PCR
3
2
3

TABLE 2
Sirt2 gene expression in gastric cancer patients in case and control samples.
Patients Description
Case (n=3)

ǻFW
7.6

Control (n=3)

9.0

10008

ǻǻFW

Fold change

p value

1.4

2.6

0.627726
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ǻct was calculated for Sirt2 gene in both the
case and control samples. The fold change (2.6) of
Sirt2 gene in gastric cancer patients was calculated
by 2-ǻǻct, which showed a non-significant (0.627726,
p>0.05) correlation exist between Sirt2 expression
and H. pylori infection (Table 2).
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DISCUSSION
In our study of total 20 biopsies, 3 (15%) patients were positive for H. pylori with gastric cancer.
Sirt2 gene expression was checked in the gastric
cells of case and control samples.
In humans, Sirtuins (SIRTs) known as NADdependent deacetylase functions in cell cycle and tumorigenesis. It is already reported that Sirt2 regulate
mitosis cycle through epigenetic alterations and thus
control tumorigenesis activity in gastric cells. Further the deacetylase activity of Sirt2 cause p53
deacetylation and thus regulate the cell cycle [9].
Some studies reported that Sirt2 gene expression altered in gastritis cancer cells [9, 12]. In the
present study, sirt2 gene expression was increased by
2.6 fold in H. pylori infected cancer patient tissue as
compared to control; however the change in Sirt2 expression was non-significant H. pylori infected gastric cancer individual. In one study conducted by reported that Sirt2 gene expression was augmented in
gastritis patients with Helicobacter pylori infection
[12].
It is important to mention that further in-depth
sirt2 expression and functional studies are needed on
large sample size to conclude its role in the H. pylori
induced gastric cancer. Genetic and geographical
variations are reported earlier in different studies that
are linked to the severity of gastric diseases. Such
variations may be responsible for different phenotypes and disease onsets worldwide [14, 15].
Overall, the current study reported non-significant upregulation of Sirt2 gene expression in H. pylori infected gastric cancer. Further studies would
help to understand the role of H. pylori in the pathogeneses of gastric cancer through Sirt2 gene expression.

ACKNOWLEDGEMENTS
This work was supported by Taif University
Researchers
Supporting
project
number
(TURSP.2020/93), Taif University, Saudi Arabia.
We are thankful to the support of Higher Education Commission of Pakistan under HEC/NRPU5896.
ۆHazir Rahman and Asma Qudrat has contributed equally to this study.

10009

© by PSP

Volume 31– No. 10/2022 pages 10007-10010

[14] Covacci, A., Telford, J.L., Del, G.G., Parsonnet,
J., Rappuoli, R. (1999) Helicobacter pylori virulence and genetic geography. Science. 284,
1328-1333.
[15] Van, D.L.J., Figueiredo, C., Megraud, F., Pena,
S., Midolo, P., Queiroz, D.M., Caneiro, F., Vanderborght, B., Pegado, M.D., De-Boer, W.,
Schneeberger, P.M., Correa, P., Ng, E.K., Atherton, J., Blaser, M.J., Quint, Q.G. (1991) Geographic distribution of vacA allelic types of Helicobacter pylori. Gastroenterology. 116, 823830.

Received:
Accepted:

13.03.2022
07.06.2022

CORRESPONDING AUTHOR
Hazir Rahman
Department of Microbiology,
Abdul Wali Khan University Mardan,
Pakistan
e-mail:

hazirrahman@awkum.edu.pk

10010

Fresenius Environmental Bulletin

© by PSP

Volume 31– No. 10/2022 pages 10011-10019

Fresenius Environmental Bulletin

THE STUDY ON RESIDENTS’ CHOICE OF SOLID
WASTE SORTING MEASURES BY PIVOTAL
STATISTICS AND STRUCTURAL EQUATION MODEL
Wenjun Zhang1,3, Wenrou Yu3, Yuanyan Jiang3, Jiawei Huang3, Chuan Huang3, Li-ao Wang4,
Xiang Wang3, Lei Wang1,5,*, Yingzhou Huang1,2
1

State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongqing University, Chongqing, 400044, China
2
College of Physics, Chongqing University, Chongqing, 400044, China
3
College of Environment and Ecology, Chongqing University, Chongqing, 400044, China
4
College of Resources and Safety Engineering, Chongqing University, Chongqing, 400044, China
5
College of Chemistry and Chemical Engineering, Chongqing University of Science and Technology, Chongqing, 401331, China

Yearbook of the National Bureau of Statistics of
China, the removal amount of solid waste reached
242 million tons in 2019 [1]. While, traditional
landfill occupied a large area and coursed secondary
pollution problems such as leachate leakage and
odor [2, 3]. The Chinese government had to actively
adjust the DSW disposal modes to cope with the
declining land area per capita. Residents' DSW
sorting could not only reduce waste, produce
economic benefits, and separated harmful waste to
reduce pollution, but also obtain pure kitchen waste
providing conditions for subsequent compost gas
production and fertilizer production [4-6]. Residents'
DSW sorting was the starting point for disposing of
DSW by category. It was also the most complicated
link involving the largest number of people in the
DSW sorting and disposal process [7]. Promoting
DSW sorting might inevitably change the residents’
original waste disposal habits, which could bring
certain resistance to the sorting work. However,
getting the support and active participation of
residents was of decisive significance to the DSW
sorting work. It was very necessary to predict
residents' willingness of measures. Understanding
the residents' willingness might provide a basis for
the government to issue more effective domestic
waste management policies and formulate more
humane policies.
So far, Many studies on individual waste
prevention behavior [8], source waste separation
behavior [9], and recyclable resource recovery
behavior [10] had been completed. At the same time,
there were also some studies on the main influencing
factors of urban residents’ DSW sorting behavior.
Xu et al. [11] used moral obligations and past
behaviors to extend the classic model of TPB, the
results showed that the willingness to sort DSW was
only affected by subjective norms and past
behaviors, not controlled by attitude or perceived
behavior. Meng et al. [12] showed that the
behavioral choices of Suzhou residents were
significantly related to four subjective factors such
as “willingness to participate in classification” and

ABSTRACT
Domestic solid waste (DSW) sorting was the
core task of waste-free city buildings. Implementing
domestic solid waste sorting measures that residents
were willing to accept, was an effective way for
municipal solid waste management. This study used
online questionnaires which investigated 777 adults
across China to research the residents’ choices and
the influence factors. Pivotal statistics method and
structural equation model were used to analyze the
main factors and their impact levels on 4 target
variables, such as “expected distance from DSW
disposal point”. The results showed that age
obviously determined the residents’ choice of these
4 target variables to a large extent. At the same time,
the residents' DSW sorting willingness was also
greatly affected by the corresponding external
factors. Finally, the study put forward relevant
recommendations
for
the
comprehensive
management of urban DSW sorting and recycling at
the community level. The study may play an
important role in promoting domestic solid waste
sorting.

KEYWORDS:
Solid waste sorting, residents’ choice, pivotal statistics
method, structural equation model

INTRODUCTION
Chinese government attached great importance
to urban solid waste sorting these years. From 2016
to 2020, the recycling rate of DSW increased to more
than 35%. The domestic solid waste (DSW) sorting
work was fully launched in prefecture-level and
above cities across China in 2019. By 2020, 46 key
cities had basically completed DSW sorting and
treatment systems, and the national prefecture-level
and above cities will basically have completed DSW
sorting processing system in 2025. According to the
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seven objective factors such as “influence of
neighbors”.
The factors of DSW sorting had been studied,
but there were still few predictive analyses on the
residents' willingness to measure related to DSW
sorting. In this study, the structural equation model
(SEM) was used to bring the questionnaire data into
a hypothetical measurement model for verification.
Significant fitting paths and good fitting criteria
were obtained. Finally, according to the sensitivity
coefficient of observed variables to the target
variables, the key influencing factors, and the
influence trend had been found. The research might
provide theoretical support for the formulation of
DSW sorting and recycling policies.
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specifying, evaluating, and setting the model. It
facilitated the establishment of behavior and attitude
models that could truly reflect complex
relationships. SEM was widely used in municipal
solid waste management and the spread of air
pollutants in the environmental field [13-15].
Conceptual model. It was the measured
relationship between latent variables and observed
variables, as follows:
a)
Sociodemographic
variable
(SV):
Sociodemographic variable was highly correlated
with residents’ throwing habits (HT) and the
communities they lived in [16]. So, they were not
used as latent variables. Social and demographic
attributes of residents included gender, age,
educational backgrounds, income, occupation,
residential address, community type, whether it was
a floating population, and the number of people
living in the same household, etc. were commonly
used in community DSW sorting. In this survey,
“age” (SV1), “educational backgrounds” (SV2), and
“income” (SV3) were selected, and the latent
variables to which they belong were determined by
subsequent analysis [17, 18].
b) The habit of throwing DSW (HT): To
measure the applicability of timed recycling among
different groups of people, time (HT1) and
frequency of DSW disposal (HT2) were applied to
measure the residents' DSW disposal habits.
c) Mandatory measures (MM): The main
measures for mandatory promotion of DSW sorting
included: regular assessment and ranking at the
grassroots level, the transformation of waste disposal
stations, arrangement of supervisors, fixed-time
recycling points, etc. The questionnaire selected
three broad aspects: the removal of trash bins in the
corridor (MM1), the type of DSW placement
(MM2), and the method of DSW collection (MM3)
to measure community mandatory measures [19].
d) Flexible measures (FM): Flexible measures
promoted the active classification of residents by
enhancing residents’ awareness of DSW sorting. In
this study, it was measured by means of “publicity
method” (FM1), “publicity frequency” (FM2), and
“rewards” (FM3) [20-23].

MATERIALS AND METHODS
Questionnaire design and data collection.
The investigation and analysis target groups in this
study were adults. Considering the uneven
educational backgrounds, this research adopted the
three-level Likert scale to design the questionnaire.
The questionnaire consisted of 3 parts:
a) The socio-demographic attributes of the
interviewees,
including
age,
educational
background, and income;
b) Community measures related to DSW
sorting;
c) Residents' willingness towards community
DSW sorting facilities and measures.
This study conducted a national online
questionnaire
survey
and
collected
893
questionnaires. Then, the questionnaires under the
age of 18 or from the cities that had not started DSW
sorting were deleted. The distribution of the
characteristics of the 777 valid questionnaires were
shown in Table 1.
Measurement model. In this study, software
Origin version 2021, SPSS version 22, and AMOS
version 24.0 were used for pivotal statistics and
structural equation model (SEM) testing. The SEM
could display the assumed influence and relationship
between the variables on an intuitive road map by

TABLE 1
Distribution of the socio-demographic characteristics of the samples.
Social attribute characteristics
Frequency
Proportion (%)
Age
19~30
339
43.6
31~55
314
40.4
Above 55
124
16.0
Educational backgrounds
Junior high school and below
52
6.7
High school and university
462
59.5
Master and above
263
33.8
Family monthly income
0~5000
353
45.4
5001~20000
319
41.1
Above 20000
105
13.5
Sample number
777
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TABLE 2
Pearson bivariate correlation analysis
Variables
SV1
SV2
SV3
HT1
HT2
FM1
FM2
FM3

MM1
MM2

MM3
RW1
RW2
RW3
RW4

SV1
1
0.011
0.149
**
0.199
**
0.272
**
0.085
*
0.108
**
0.026
0.039
0.058
0.009
0.078
*
0.128
**
0.047
0.033

SV2

SV3

HT1

HT2

FM1

FM2

MM
RW
RW2 RW3
RW
3
1
4
SV1(0.199**), FM1(0.113**) < -- HT1; SV1(0.272**), SV3(0.119**) < -- HT2;
FM2(0.208**), FM3(0.232**) < -- RW1; SV1(0.128**), MM1(-0.071*) < -RW2.
SV1, FM1 < -- HT1 indicated that HT1 had a significant correlation with SV1
and FM1. At the same time, this study selected age (SV1) and income (SV3) to
analyze reasonable reward (RW3) and used age (SV1) and educational backgrounds (SV2) to analyze reasonable punishment methods (RW4).

1
0.001

1

-0.046

0.035

1

0.04

0.119**

-0.003

0.231**

-0.031

0.185**

0.091
*
-0.002

-0.014

0.110
**
0.113
**
0.091
*
0.000

0.078*

0.009

-0.024

0.273**

0.062

-0.059

-0.018

-0.003

-0.05

-0.016

-0.023

0.041

0.083
*
0.032

-0.026

-0.010

-0.017

-0.004

0.014

0.025

FM3

MM1

MM2

1
0.03
6
0.06
4
0.09
7**
0.04
4
0.01
9
0.02
5
0.07
0
0.04
1
0.01
9
0.00
4

1
0.728*
*
0.248*
*

1
0.225*
*

1

0.176*
*
0.391*
*

0.157*
*
0.393*
*

0.157*
*
0.203*
*

0.039
0.202*
*
0.039

0.094*
*
0.208*
*
0.014

0.135*
*
0.232*
*
-0.062

0.051

0.044

-0.004

0.071*
-0.036

-0.040

-0.033

-0.009

0.005

1
0.167*
*

1

0.034

0.105*
*
0.125*
*
-0.004

0.069

0.026
-0.003

1
0.069

1

0.001

0.02
4
0.04
7
0.03
6

0.001
0.005

1
0.056
0.036

1
0.037

Note: *p < 0.05, **p < 0.01, the correlation is significant.

FIGURE 1
Pivotal statistical analysis results of residents' DSW disposal habits
e) Residents' willingness (RW): This part was
the main target of this research. This research
measured residents’ willingness from two aspects:
(1) Disposal behavior: “residents dispose DSW bags
and DSW separately (RW1); (2) Choice of related
measures and facilities: “the distance of the DSW
disposal point” (RW2) [24], “the most reasonable
reward” (RW3) and “the most reasonable
punishment method” (RW4) [25]. Due to the large
differences between these four target variables, this
study measured them separately.

RESULTS AND DISCUSSION
Pivotal statistics analysis of residents’
disposal habits and related willingness. The
effects of other variables on residents’ waste
disposal
habits (HT1 and HT2) and target variables (RW1,
RW2, RW3, and RW4) were shown in Table 2:
Residents’ DSW disposal habits. The results
in Figure 1 showed that:
a) With the publicity methods increasing,
residents were accustomed to throwing DSW at
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regular intervals. The proportion of people who
threw DSW in the morning or evening increased by
about 20%. Under conditions of publicity and
promotion, the disposal time became more regular
with the age increasing. The proportion of people
who threw DSW in the morning or evening increased
from 50% to 80%. Therefore, multi-method
publicity should be carried out to implement fixedtime disposal DSW. Fixed-time disposal DSW could
be prioritized in communities with a large proportion
of old people.
b) With the increase of age, the throwing
frequency of “once a day” had a significant
increasing trend, which increased from 45% to 70%.
The result showed that the older people might pay
more attention to the indoor environment, and the
amount of DSW might be correspondingly larger.
Among people with a monthly income of less than
5,000 CNY, the throwing frequency of “once a day”
increased by 15% more than that of other income
groups with the increase in age.
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inclined to material reward, among the
5,000~20,000 CNY income group. However, the
high-income group's (above 20,000 CNY) attitude
towards rewards selection was hardly affected by
age.
d) Approximately 50% of people thought that
criticism education and fines were the most effective
ways of punishment. The proportion of people aged
31 to 55 years old was more than other groups that
believed that they should not be punished. Among
other age groups, the proportion of people who
thought the punishment was unnecessary increased
with educational backgrounds enhancing.
Data inspection. KMO and Bartlett's
sphericity test were performed on the questionnaire
sample data. According to the results in Table 3, the
KMO value was 0.763 (>0.7), and the p of Bartlett's
sphericity test was 0.000 (< 0.001), indicating that
the questionnaire data had good validity, and it was
suitable for factor analysis.
To evaluate the internal correlation of common
factors (latent variables), the study used the
maximum variance method to perform factors
analysis on 11 observed variables including
propaganda methods, etc. The extraction results of 4
common factors were shown in Table 4.
It could be seen from Table 4 that the load value
of HT1 (residents' time habit of throwing out DSW)
was more than 0.4 in the common factor, factor 2,
and factor 4. However, its load value in factor 2 was
greater and more consistent with cognition, so it was
classified as factor 2. Then, only the load value of
SV2 (educational backgrounds) was greater than 0.4
in factor 4, which meant that SV2 was not greatly
relevant to other observed variables, so SV2 was
deleted in the subsequent analysis. The load values
of other observed variables were all greater than
0.45, indicating that the internal correlation of these
variables was strong, and they could be well
explained by corresponding common factors.
Path analysis of SEM. The direct influence
degree of the observed variable on the target variable
could be obtained by multiplying the path value
(Figure 3). Taking RW1 as an example:
a) The degree of influence of “age” (SV1) on
RW1 was: 0.64 × 0.12 = 0.0768;
b) The degree of influence of “publicity
method” (FM1) on RW1 was: 0.86× (0.12 × 0.18+
0.39 × 0.54) = 0.1997;
c) The degree of influence of “demolition of
trash bins in corridors” (MM1) on RW1 was: 0.29 ×
0.39 = 0.1131.
The impact of other observed variables on the
target variable could also be calculated similarly.
Taking the effect of “age” on “residents dispose
DSW bags and DSW separately” (RW1) as an
example, if age increased by 1 unit, the effect of
RW1 would increase by 0.0768 units.

Residents’ willingness to DSW sorting
measures. The results in Figure 2 were shown as
follows:
a) Approximately 60% of residents never
disposed of bags and DSW separately (RW1) when
they disposed of the kitchen waste. With rewards and
the frequency of publicity increasing, the behavior of
RW1 increased significantly, which changed from
10% to 80%. At the same time, when there was no
publicity, the material reward had an obvious effect
on the behavior of RW1, growing by about 30%. The
effect of spiritual reward was more obvious when
there was publicity on DSW sorting, growing about
35%.
b) Among the three age groups (19~30, 31~55,
above 55), residents at the age of 19 to 30 were
inclined to closer DSW disposal points, whose
proportion of choosing “within 20 meters” was
5%~10% more than other groups. Residents over 30
years old tended to place DSW at longer distances,
whose proportion of choosing “above 50 meters”
was 10% more than residents at the age of 19 to 30.
Perhaps older people paid more attention to the
living environment and physical health. The trash
bins in the corridors were removed more thoroughly,
and the residents preferred closer DSW disposal
points, which might be more in line with their
original DSW disposal habits.
c) Material reward was the most expected
reward (RW3) for residents, which was selected by
more than 70% of residents. Among the three
income groups (0~5,000 CNY, 5,000~20,000 CNY,
and above 20,000 CNY), the age groups most
inclined to material reward were different. Among
residents with an income of 0~5,000 CNY per
month, groups aged 19 to 30 were most inclined to
material reward. Groups aged 31 to 55 were most
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FIGURE 2
Analysis results of accepted DSW sorting measures.

Item
KMO
Bartlett sphericity test

Observed variables
FM1
FM2
MM2
SV3
SV1
HT2
HT1
FM3
MM3
MM1
SV2

TABLE 3
KMO and Bartlett sphericity test
Value
Good value
0.763
˚0.7
Chi-square

1243.702

df

105

p

0.000

Relevance evaluation
Relatively strong

˘0.001

TABLE 4
Component matrix after maximum variance method rotation
Extracted common factors
Factor 1
Factor 2
Factor 3
0.842
0.812
0.691
0.493
0.764
0.746
0.450
0.707
0.613
0.536

Reliable

Factor 4

-0.444

0.758

Sensitivity of observed variables. The weight
results of all observed variables on the target
variables were shown in Table 5:
a) For RW1, the sensitivities of rewards and
publicity were significantly higher than other items,
and they had a positive effect. That was, the greater
the rewards and publicity, the higher the acceptance
of disposing of DSW bags and DSW separately by
residents.

b) For RW2, the sensitivities of age and the
frequency of disposal were significantly higher than
that of other observed variables, both of which were
positive effects. Namely, the increase in age and
frequency of disposal, and the increase in the
distance of the residents' expectation of the disposal
point.
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FIGURE 3
Supported hypotheses in the modified model and standardized path coefficient estimates
(*P < 0.05, ** P < 0.01, ***P < 0.001)
Note: GFI: goodness-of-fit index, AGFI: adjusted goodness-of-fit index, RMSEA: root-mean-square error of approximation.
“***” indicated significance at the 0.001 level. This study took a 95% confidence interval, that was, “*” meant that it was
significant at the 0.05 level. In this case, the path coefficient was significant.

Observed variables
SV1
SV3
HT1
HT2
MM1
MM2
MM3
FM1
FM2
FM3

TABLE 5
The weight of all observed variables to target variables
Target variables
RW1
RW2
RW3
0.0768
0.1224
-0.0335
0.0557
-0.0037
0.0020
0.0384
0.0540
-0.0150
0.0492
0.0702
-0.0200
0.1131
-0.0297
0.0099
0.1068
-0.0070
0.0038
0.0741
-0.0171
0.0057
0.1997
-0.0132
0.0071
0.1950
-0.0129
0.0070
0.2145
-0.0477
0.0153

RW4
0.0264
-0.0037
0.0124
0.0160
-0.0132
-0.0072
-0.0076
-0.0134
-0.0131
-0.0204

TABLE 6
Comparison of pivotal statistical analysis and structural equation model (SEM) analysis
Main impact factor
Target variables
Pivotal statistical analysis
SEM path analysis
Residents dispose of DSW bags
Rewards (+) and publicity freRewards (+), publicity method, and
and DSW separately
quency (+)
publicity frequency (+)
Expected distance from the DSW
Age (+) and demolition of trash
Age (+), frequency of residents
disposal point
bins in corridors (-)
throwing out DSW (+)
The most reasonable reward
Age (-) and income (*)
Age (-)
The most reasonable punishment
Age and educational backAge (+)઼ rewards (-)
grounds (*)
Note: “+” indicated positive impact; “-” indicated negative impact; “*” indicated non-unidirectional impact.
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c) For RW3, the measurement results showed
that it was mainly affected by age. As age increased,
the expected reward was more biased towards
material reward;
d) For RW4, results showed that it was mainly
affected by age and rewards. As the age increased or
the material reward decreased, the force required for
effective punishment increased.

Fresenius Environmental Bulletin

d) Most people believed that criticism
education and fines were the most reasonable
punishments. At the same time, a higher proportion
of people aged 31 to 55 than those of other ages
believed that they should not be punished. Among
other age groups, with educational backgrounds
enhanced, the proportion of people who thought that
punishment was unnecessarily increased.
Therefore, there should adopt 3 or more types
of publicity methods in the community. The distance
from DSW points should be set in consideration of
residents’ age and the demolition of trash bins in
corridors. DSW sorting’s rewards could be set
according to the above rules. Criticism education and
fines could be set as punishment for malicious
mistakes in most communities.
There were still some shortcomings in this
research that needed further improvement. Firstly, in
the pivotal statistics analysis part, the impact of part
observed variables on the target variables was
analyzed. Secondly, since there were no observed
variables strongly correlated with RW3 and RW4,
the observed variables were artificially selected for
pivotal statistical analysis.

Comparison of two methods’ analysis
results. The results of the two analysis methods were
shown in Table 6. The age attribute of community
residents was an important factor in predicting
residents' willingness. As age increases, the expected
distance from DSW sorting points and the
reasonable
punishment
would
increase
correspondingly, and the material rewards could be
moderately reduced. In terms of “separating DSW
bags and DSW”, “expected distance from DSW
sorting points”, and “reasonable rewards”, the two
analysis methods’ impact factors were partially
different, and the same impact factors had the same
direction of influence. SEM could quantify the size
of the impact and judge the high impact factor.
However, according to the two methods’ differences
in the reasonable punishment, SEM occasionally
under-fitted and missed part of the data characteristic
information.
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CONCLUSIONS
This study used pivotal statistics and the
structural equation model to analyze “residents
dispose DSW bags and DSW separately”, “expected
distance from the DSW disposal point”, “the most
reasonable reward” and “the most reasonable
punishment”. The main conclusions were as follows:
First, according to the results of residents' DSW
disposal habits, timed and fixed-point placement
could be prioritized in communities with more senior
residents, and multi-channel publicity should be
carried out. Such communities should also be
equipped with larger-capacity DSW bins.
Secondly, the results of the two methods were
concluded that:
a) The increase in age and publicity, the
increase in “residents separate DSW bags and
DSW”;
b) The age and frequency of residents throwing
out DSW (strongly correlated with age) increased
and the degree of demolition of trash bins in
corridors decreased, the expected distance from the
DSW disposal points correspondingly increased;
c) As the age increased, the expected reward
decreased. The material reward was the most
expected reward for residents. Among the three
income groups (0~5,000 CNY, 5,000~20,000 CNY,
and above 20,000 CNY), the age groups most
inclined to material reward were different;
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ABSTRACT
The construction of nature reserves in pastoral
areas is an important carrier to promote the
construction of ecological civilization. For the
pastoral ecosystems in Qinghai Province, China,
there are relatively few studies on the evaluation of
the ecological environment of protected areas using
remote sensing and GIS technology. Therefore, in
this study, remote sensing and GIS technology were
used to carry out ecological environment quality
monitoring and green development strategy
research in pastoral area A in Qinghai Province.
The research results show that in the past 30 years,
the vegetation index (N1), humidity component
(W2) and other indices in the study area showed a
wave-like change trend. The N1 index rose from
0.65 in 1980 to 0.66 in 2010. The index W2 and N1
have a similar trend of change. The W2 index rose
from 0.24 in 1980 to 0.27 in 2010, with an increase
of about 12.5%. According to the study, the quality
of the ecological environment in this area is
generally on the rise. The calculation results of the
GIS-based kernel density estimation method show
that the highest value of the core density of natural
landscape place names appears in the eastern part of
the study area, which is between 150 and 200; it is
about 3 to 4 times that of the south-central and
western regions. It means that there are more
natural landscape names in the east, and less in the
middle and west. In addition, the cultural landscape
place names with the highest population density
showed a zonal distribution, while the natural
landscape place names were more distributed in the
animal husbandry-based areas with lower population density. The areas with the lowest core
density values are found in the central and western
parts of the study area, with values usually below
100. The core density of place names is closely
related to vegetation index or ecological environment of pastoral areas. In view of the special ecological geography and natural conditions of plateau
pastoral areas, modern green ecological pastoral
agriculture should be actively developed and a
green industrial system should be constructed.

INTRODUCTION
The construction of nature reserves in pastoral
areas is an important carrier to promote the construction of ecological civilization [1-3]. Strengthening the construction and management of pastoral
nature reserves is a specific action to implement the
new development concept of green, open and
shared, and it is also an effective measure to protect
biodiversity and improve the quality of the
ecological environment [4-5]. Currently, more than
15% of China's land area is protected by different
categories and levels. It has played a pivotal role in
the protection of natural resources and ecological
environment in China and the world. Especially for
plateau pastoral areas with relatively fragile
ecological environment, effective monitoring of
their ecological reserves and accurate assessment of
their protection effects are important tasks that must
be carried out in pastoral reserves [6-8].
The construction of nature reserves is one of
the important ways to protect biodiversity and
human living environment. Qinghai Province in
China is located in the plateau area. The reserves
are rich in glaciers, permafrost and wetland
resources, which play an important role in water
conservation and biodiversity conservation [9-11].
In recent years, the influence of natural and human
activities has exacerbated many ecological problems such as soil erosion, biodiversity reduction,
and vegetation degradation in Qinghai Province.
The protection and restoration of ecological
environment in Qinghai Province needs urgent
attention. Therefore, it is of great significance to
effectively monitor the ecological environment
quality of Qinghai pastoral nature reserves [12-13].
For the pastoral ecosystem in Qinghai
Province, there are relatively few studies on the
evaluation of the ecological environment of the
protected area by using remote sensing and GIS
technology. Therefore, in this study, we used
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soil and building index (N4) were used to analyze
the ecological characteristics of the region [14-16].
The vegetation index is represented by N1,
and its calculation formula is shown in formula (1):
N1 = (b4-b3) /(b4+b3)
(1)
In the formula, b4 is the near-infrared band; b3
is the red light band.
The calculation formula of the humidity
component W2 is shown in formula (2):
W2=
0.03×b1+0.2×b2+0.3b3+0.2b4-0.6×b50.5×b7
(2)
In the formula, b1, b2, b3, b4, b5, and b7
represent the reflectance of the 1st, 2nd, 3rd, 4th,
5th, and 7th bands of the image, respectively.
The surface temperature is represented by the
LST calculated by the single-window algorithm for
inversion of surface temperature derived from the
surface heat radiation conduction equation. The
calculation formula of this algorithm is shown in
formula (3~5):
Ts = {a×(1-C-D) + [b×(1-C-D)+C+D]×TiD×Ta}/C
(3)
C= ε×τ
(4)
D= (1-ε)×[1+(1-ε)×τ]
(5)
Where Ts is the surface temperature; Ta is the
average action temperature of the atmosphere; Ti is
the pixel brightness temperature detected by the
sensor at the satellite height; a and b are constants;
C and D are intermediate variables; ε is the surface
specific emissivity; τ is the atmospheric
transmittance.
The bare soil and building index is represented
by the weighted average result (NDBSI) of the bare
soil index (SI) and the building index (IBI).
NDBSI = (SI+IBI)/2
(6)
IBI
=[2×b5/(b5+b4)b4/(b4+b3)+b2/(b2+b5)]/[2×b5/(b5+b4)+b4/(b4+b3)+b2/
(b2+b5)] (7)
SI=[(b5+b3)-(b4+b1)]/[(b5+b3)+(b4+b1)] (8)

remote sensing and GIS technology to monitor the
quality of the ecological environment in pastoral
area A in Qinghai Province. The research results
have certain reference value for ecological
environment protection in pastoral areas.

MATERIALS AND METHODS
The study area is located in a pastoral
ecological reserve in Qinghai Province, China
(Figure 1). The ecological environment of plateau
pastoral areas is relatively fragile. Using advanced
testing technology to systematically study the
changes of ecological environment in these areas in
different years is of great significance to the
formulation of environmental protection strategies.
A monitoring study on the evolution of the ecological environment was carried out in the pastoral
area A in southern Qinghai Province. The region
includes three regions, the west, the middle and the
east, and the vegetation coverage increases
gradually from the west to the east. The area has a
continental alpine and semi-humid mountain
climate, with an annual precipitation of 150 mm to
600 mm, covering various ecological resources
such as forests, grasslands, rivers, and glaciers, with
rich and diverse species. The ENVI software was
used to preprocess the images such as radiometric
calibration, atmospheric correction, splicing and
cropping, and at the same time, digital elevation
model (DEM) data with a spatial resolution of 25 m
was selected as auxiliary data. DEM data is sourced
from the Geospatial Data Cloud. Meteorological
data come from China Meteorological Data
Network.
In this study, among the natural factors
reflecting the quality of the ecological environment,
the normalized vegetation index (N1), humidity
component (W2), surface temperature (L3), bare

FIGURE 1
Pastoral ecological reserve in Zeku region of Qinghai Province.
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In the formula, b1, b2, b3, b4, and b5 represent
the reflectance of the 1st, 2nd, 3rd, 4th, and 5th
bands of the TM image or the reflectance of the
2nd, 3rd, 4th, 5th, and 6th bands of the OLI image,
respectively.
In addition, the GIS-based core density
estimation method is used to carry out research on
the plane distribution of spatial elements. The core
density estimation method can be understood as
setting a density value window at a specified radius
distance to calculate the density of point or linear
geospatial features in its space [17-18]. The natural
discontinuity method is used to divide it into
several different value ranges to analyze the spatial
distribution of point or linear features. Its
expression formula is shown in formula (9):
n

f ( x)

¦ k(
i 1

Fresenius Environmental Bulletin

RESULTS
Analysis of environmental quality changes in
ecological reserves. We conduct spatial superposition and weighted summation analysis on the
four indicators, and count the mean values of the
four indicators from 1980 to 2010 (Figure 2). It can
be seen from Figure 2 that the N1 and L3 indices in
the study area showed a wave-like trend in the past
30 years. The N1 index rose from 0.65 in 1980 to
0.66 in 2010. It increased slightly, but not by much.
The overall quality of the ecological environment in
this region is on the rise. The index W2 has a
similar trend to N1, with the W2 index rising from
0.24 in 1980 to 0.27 in 2010. Its rise is about
12.5%. The change trend of the index L3 is not
large, and it has always remained at the level of
0.72. There was a small increase in the index N4,
which rose from 0.54 in 1980 to 0.55 in 2010.

x  xi
)
h

(9)
Where: f(x) is the core density value within
the threshold range; h is the specified search
distance of the density value window; n is the total
number of names within the specified spatial range.

FIGURE 2
Changes in mean values of vegetation index (NDVI), humidity component (WET), land surface
temperature (LST), bare soil and building index (NDBSI) from 1980 to 2010.

FIGURE 3
Distribution of vegetation index in the study area in different years.
Notes: (a) 1980; (b) 1990; (c) 2010. From white to yellow to green to blue represents a gradual increase in
vegetation cover.
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in small tributaries and small lakes. We further
analyzed the relationship between vegetation index
and core density, and the results are shown in
Figure 5. It can be seen that the vegetation index
has a good positive correlation with the core
density. This indicates that the core density of place
names is closely related to the vegetation index or
the ecological environment of pastoral areas. On the
whole, the distribution of natural landscape
toponym kernel density is positively correlated with
vegetation index (N1) and humidity component
(W2); while it is negatively correlated with surface
temperature (L3), bare soil and building index (N4).

Figure 3 more intuitively shows the change
trend of the vegetation index in the study area in
different years, and the overall vegetation index
shows an increasing trend. The colors shown in the
study area range from white to blue, representing a
gradual increase in vegetation coverage or a change
in ecological environment quality from poor to
good. Comparing the three-year N1 classification
images, it was found that the overall vegetation
coverage or ecological environment quality in the
study area improved to some extent from 1980 to
2010.In 1990, there were significantly more white
areas than in other years, and the areas with poor
ecological environment quality were mainly
concentrated in bare land. In 2010, there were more
areas with excellent ecological environment quality
than in other years, which means that the degree of
ecological environment improvement in this area is
gradually increasing.
Spatial distribution characteristics of
natural landscape place names in ecological
reserves. The study of place names by spatial
analysis method can not only directly reflect the
natural geographical features of the region, but also
reflect the human cognition of the natural
environment [19-20]. Human landscape place
names usually reflect local regional culture,
economic development, land use, urbanization,
distribution of educational and medical resources,
etc., and are a spatial manifestation of human and
social phenomena. It can be seen from Figure 4 that
the highest kernel density of natural landscape
place names appears in the eastern part of the study
area, between 150 and 200. It is about 3 to 4 times
that of the south-central and western regions. It
means that there are more natural landscape names
in the east, and less in the middle and west. From
the comparison of place names and population
density distribution, the human landscape place
names with the highest population density show a
zonal distribution, while the natural landscape place
names are more distributed in animal husbandrybased areas with lower population density.
The regions with the lowest core density
values appear in the central and western parts of the
study area, and their values are usually below 100
(Figure 4). This is related to the fact that the
population density of traditional pastoral areas and
semi-agricultural and semi-pastoral areas is
generally low, and they are less affected by human
activities. The distribution of hydrological place
names is relatively uniform, with the highest kernel
density values ranging from 100 to 150,
concentrated in the central and eastern regions.
There are many small lakes and small rivers in the
east, and this area has the most lakes in the whole
region. As arid areas with few water sources, the
distribution of hydrological place names is not
concentrated in high-level river basins, but mostly

FIGURE 4
Distribution of core density of natural landscape
toponyms in the study area.
Modern green ecological pastoral development strategies for traditional villages in pastoral
areas. The topography of the plateau pastoral area is
complex, and the topography is divided into three
types: hilly plateau, alpine plain, and alpine canyon.
Many traditional villages are distributed in plateau
pastoral areas, forming unique traditional villages.
How to realize the ecological protection of
traditional villages is the objective requirement of
the green development of modern pastoral areas
[21-22].
Due to the strong uplift of the plateau and the
strong cutting of river water, the terrain in the study
area fluctuates significantly. The spatial distribution
pattern of traditional villages is affected by the
combined effects of natural environment factors
and human factors. This study selects the aspect
slope and uses the GIS spatial analysis method to
measure and analyze the influencing factors of the
spatial distribution pattern of traditional villages in
the study area, thereby providing a theoretical basis
for the rational development and environmental
protection of traditional villages [23].
Changes in slope aspect will cause changes in
temperature, precipitation, soil and other conditions, and affect the distribution and production
methods of animal and plant types, which in turn
directly or indirectly affect the site selection and
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contradiction between grass and livestock is
prominent, and the level of industrial greening is
low. Secondly, affected by the occluded natural and
geographical environment, the herd has serious
inbreeding, the breed is degraded, and the production performance is low [25]. In addition, the
raw material production, processing and sales of
animal husbandry products are separated, and the
deep processing and finishing of the industry are
insufficient, resulting in a low degree of industrial
integration and low income of herdsmen.
Influenced by the self-sufficiency of small farmers,
people's concept of commodities is weak, resulting
in a low commodity rate of livestock products.
In view of the special ecological geography
and natural conditions of plateau pastoral areas, it is
recommended to actively develop modern green
ecological pastoral agriculture based on the
abundant resource advantages of high-altitude areas
in agricultural areas (Figure 6). That is to adhere to
the concept of green development, vigorously
promote "ecology + industry", increase the
development of green products, build a green
industry system, and

layout of traditional villages. Taking the true north
direction (0° or 360°) as the starting point and 45°
intervals, it is divided into 8 slopes clockwise,
including north, northeast, east, southeast, south,
southwest, west, and northwest. The aspect analysis
was carried out on the DEM elevation map of the
study area, and the number of traditional villages in
different aspect ranges was obtained [3,24].
According to statistics, the traditional villages in the
study area are dominated by southwest, west,
southeast, south, east and northeast slopes,
accounting for 80% of all traditional villages; and
the southwest slope is the most, with 32 in total,
accounting for 15% of all traditional villages. The
positive direction is obvious; while the north slope
is the least, accounting for 5% of all traditional
villages.
The long-term overloading and overgrazing of
pastures in high-altitude areas of pastoral areas has
transformed a large number of high-coverage
grasslands into medium-low-coverage grasslands.
Although there is an extremely wide natural
grassland, the grazing intensity is too high, causing
ecological problems such as grassland coverage
decline and desertification. Furthermore, the

FIGURE 5
Relationship between vegetation index and core density.

FIGURE 6
Modern green ecological pastoral area in Qinghai Province.
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develop an ecological economy. In addition, it is
necessary to actively promote the development of
eco-tourism, build eco-tourism areas, follow the
development awareness of "take it in a reasonable
way, and use it in time", and provide tourism
product experience and recreational activities that
integrate man and nature. In turn, various forms of
ecotourism such as ecotourism, leisure and
vacation, health preservation, scientific research
and education will be formed to achieve ecological
harmony among "people, nature and society".
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China's independent high precision 2' h2' spatial
resolution construction of global gravity field
model” (No. 41774020).
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by modern society is owed to the fertility of agricultural land. Hence, it is an alarming fact that the
areas of arable land are decreasing, while the
world's population is growing [4]. It is estimated
that an increase of as much as 60% in global food
production and related ecosystem services will be
needed by 2050 [3]. On the other hand, the area of
degraded land has significantly increased in recent
decades, which greatly reduces its production potential, and thus the amount of produced usable
goods [5]. One third of the world’s arable land
today is undergoing moderate or intense soil degradation processes [3]. Factors contributing to soil
degradation are erosion, reduction of organic matter, increased amount of harmful and dangerous
substances, salinization, alkalization, acidification,
flooding, repurposing, and loss of biodiversity [5].
Diversification of crops contributes significantly to the security of food supply and nutrition
improvement, which can have a positive effect on
soil fertility and pest control in agricultural production. Hence, one of the ways to contribute to sustainable agriculture can be the use of alternative
grains in the diet, i.e., the introduction of new or
neglected plant species in agricultural production,
such as quinoa (Chenopodium quinoa Willd., fam.
Chenopodiaceae) and buckwheat (Fagopyrum esculentum Moench, fam. Polygonaceae) [6]. Alternative grains have several advantages over true cereal
grains (fam. Poaceae). First of all, they have high
nutritional value of the main product (grains), while
their by-products (leaves, stems, etc.) are used in
various industries. Another advantage is that they
show great tolerance to growing conditions (climate
and soil); thus, they can be successfully grown in
different areas and under different environmental
conditions. In addition, compared to many other
field crops, alternative grains are more tolerant of
environmental pollution [7] and most of these
grains can be grown very successfully on degraded
lands [8]. The technological advantage is their short
vegetation, which allows them to be grown as a
stubble crop, which increases the total annual profit
from the agricultural area [7]. During the vegetation
period, they are attacked by a small number of
pests, so they can be easily grown in a system of

ABSTRACT
This study analyzes the possibility of sustainable production of high biological value food, quinoa and buckwheat, on a fertile agricultural and
moderately degraded land – in an area outside their
native range. The research was conducted during
three consecutive years on two locations and two
types of soil in Vojvodina, the Republic of Serbia,
and included one variety of quinoa (KVL 52.2) and
one variety of buckwheat (Novosadska). The trial
was set up in the city of Nova Pazova (on fertile
meadow black soil) and the village of ,ODQGåD (on
degraded marshy black soil). The aim of the research was to determine the impact of pedological
conditions on the sustainable production of quinoa
and buckwheat in different locations in Vojvodina.
It was found that moderately degraded land can be
used for sustainable production of high-value food
without the prior application of agro-ameliorative
measures. The yield of buckwheat was significantly
higher and less influenced by pedological conditions than the yield of quinoa, suggesting the use of
this alternative crop species for the production of
high-quality food on moderately degraded land in
Vojvodina.

KEYWORDS:
Buckwheat, Quinoa, Sustainable Production, Degraded
land, Serbia

INTRODUCTION
Sustainable Development Goal 2 (Zero Hunger) seeks to "end hunger, achieve food security
and improved nutrition and promote sustainable
agriculture" [1]. Sustainable agriculture is considered to be the eco-efficient production of highvalue quality food with minimal use of land and
investment [2]. The basis for the production of
high-value food is the preservation of land, which
contributes to local and global security in the supply of food to population [3]. It has been estimated
that as much as 93% of the food products received
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organic and sustainable agricultural production.
Since being gluten-free, they are classified as food
products that can be used by people with celiac
disease [9]. Buckwheat and quinoa are nutritionally
valuable food that can meet the daily needs of most
essential amino acids, and as such can have numerous benefits for human health if consumed as part
of various food products [10]. Still, in addition to
crop diversification, provision of protection, application of the latest technologies and pest control, it
is necessary to stimulate scientific research in this
field. One of the operational goals of the "Strategy
of Agriculture and Rural Development of the Republic of Serbia for the period 2014-2024” [11]
implies more efficient use of low-quality land. The
aforementioned, as well as the fact that quinoa and
buckwheat are considered to be the food of the
future in the fight against hunger [12], have determined the subject of the research presented in this
paper.
Arable land occupies over 65% of the territory
of Serbia, and the soils that are most suitable for
crop production are located in the country’s flatlands – Vojvodina [13]. According to all their production properties, these soils are mostly among the
best soils in Europe and in the world [14]. The most
widespread types of soil in Vojvodina include chernozem, meadow black soil and marshy black soil –
on which almost all cultivated plants are grown
(44%, 17% and 16%, respectively). These soils
have a high fertility potential and represent the
basis of agricultural production capacity in Serbia.
The endangerment of the mentioned pedosystematic units in Vojvodina is most often related to contact with salt marshes, and it is expressed as a high
or low degree of loading with harmful mobile salts
[5]. In order for degraded soils to become suitable
for the production of conventional field crops, it is
necessary to perform a series of interventions to
improve their physical, chemical and biological
properties, which is a time-consuming, demanding
and expensive process. On the other hand, buckwheat and quinoa are plants originating from areas
with less favorable climatic and soil conditions than
those usually prevailing in Serbia, so that crops of
these plants on local agricultural lands give higher
yields and nutritional value of grain than in the
countries of their origin. In addition, in Serbia,
areas under alternative grains are still insufficient to
meet the growing needs for their production [13].
Therefore, the assumption is that the use of alternative field crops, such as buckwheat and quinoa,
which are resistant to various agro-ecological conditions, represent the potential for the production of
high biological value food on low-quality lands.
Numerous authors have recently studied the
physical, chemical and nutritional properties of
alternative grains, including buckwheat [e.g., 15–
18]. For instance, some authors [15] looked into the
chemical composition of buckwheat grains from a
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nutritional aspect. They stated that buckwheat is a
type of alternative grain with high nutritional value,
whose phytochemical composition from the nutritional perspective is significantly higher compared
to small grains and millet grains, which is expressed in terms of quantity and quality of proteins,
vitamins, minerals, phytosterols, and antioxidants.
A number of field trials of buckwheat was conducted in Serbia, as well. Summarizing the results of
numerous studies, some authors [13] noted significant variations in the values of yield parameters,
but still overall satisfying grain yield. Meanwhile,
other authors [e.g., 19–22] have recently studied the
nutritional characteristics of quinoa and the possibility of its sustainable production. For example,
one research [22] focused on characterizing the
amino acid profiles of quinoa, buckwheat and amaranth proteins, pointing out that buckwheat, quinoa
and amaranth are nutritionally valuable raw materials that can meet people's daily needs of most essential amino acids. According to one study [13],
quinoa has been grown in experimental fields in
Serbia for about ten years, with results showing that
this species can be grown in all parts of the country
with small variations in grain yield and that agroecological conditions have had little impact on grain
quality. Still, although quinoa and buckwheat production has already been the subject of many studies in the world and in Serbia, due to different research approaches, sufficient data on the possibility
of sustainable production of high-value food on
degraded land is not available, which prompted the
need for further research of these species.
This paper analyzes the results of research
conducted in the northern part of Serbia (Vojvodina), addressing the subject of the possibility of
sustainable production of high biological value food
on low-quality land. They were obtained by analyzing the variability of selected morphological and
production characteristics of buckwheat and quinoa
at different sites, by comparing the productivity of
these two field crops in different pedological conditions. The aim of the research was to evaluate the
possibility of establishing sustainable production of
buckwheat and quinoa on fertile and moderately
degraded land in order to answer the question of
whether degraded soils can be used for sustainable
production of high biological value food, without
prior agromelioration.

MATERIALS AND METHODS
The data on the variability of morphological
and productive traits of buckwheat and quinoa were
obtained by setting up a field trial in order to compare the productivity of these two species in different pedological conditions. Having in mind the
concept of sustainable production, the productivity
of growing these two alternative grains in northern
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Serbia was compared in order to determine the
sustainability of their production on fertile and
moderately degraded land.
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ferent soil conditions were tested. All statistical
analyzes were performed using Statgraphics software (ver. XVI.I., 2009; Statpoint Technologies,
Inc., Warrenton, VA).

Field experiment. The field trial was conducted during three consecutive years (2017–2019)
in two locations and on two soil types in Vojvodina
and included one variety of quinoa ("KVL 52.2",
University for Life Science, Copenhagen, Denmark) and one variety of buckwheat ("Novosadska", Institute of Agriculture, Novi Sad, Serbia).
The trial was set up in Nova Pazova (on fertile land,
meadow black soil) and ,ODQGåD (on degraded land,
marshy black soil). The marshy black soil in
,ODQGåD has been exposed to excessive fertilization
and irrigation in the last few decades, which led to
salinization of the arable layer and redistribution of
small aggregates and particles and worsened the
water properties of this soil. At both locations, the
thermal regime and the amount of precipitation in
the vegetation period were monitored during the
trial. The thermal regime was uniform per year and
per location, while the amount of precipitation in
the vegetation period, per year, ranged from 294
mm to 371 mm in Nova Pazova, and 211 mm to
309 mm in ,ODQGåD The crops were sown on four
plots of 16 m2 (4 x 4 m) in size. The sowing was
performed every year at the beginning of April,
with a manual single-row seeder, on a row spacing
of 50 cm. Crop care consisted of manual weeding.
Quinoa was harvested by hand in the second half of
August, by cutting off stalk parts with inflorescences, which were subsequently dried in ventilated
rooms. After drying, the grains were manually
separated from chaffs and other plant residues by
sieving. Manual harvesting of buckwheat was done
in the second half of August.

RESULTS AND DISCUSSION
Due to the biological differences existing between the studied crop species, comparing the morphological and productive characteristics of quinoa
and buckwheat is not meaningful, but these characteristics were simultaneously analyzed for both
species, using statistical tests, in order to identify
the differences in traits of the species when grown
in different pedological conditions and to establish
by comparative analysis which of these two crops is
more productive on low-quality land. Based on trial
data on the three studied morphological and productive traits, determined for one variety of buckwheat and one variety of quinoa, whose crops were
produced during three consecutive years in different
locations in Vojvodina, an overview is given of the
results of successful cultivation of the two species
of alternative grains on fertile and moderately degraded land (Table 1; Figure 1).
Descriptive statistics. The lowest recorded
value of height for specimens of buckwheat grown
on fertile land was 120.70 cm, while on moderately
degraded land it was 100.70 cm. The highest value
of the height of a buckwheat specimen grown on
fertile land was 143.00 cm; on degraded land, it
was less than the lowest value recorded on fertile
land and amounted to 129.20 cm. The average
height of buckwheat plants grown on fertile land is
135.89 cm, while on degraded land is 115.48 cm.
On the other hand, the values of the height of quinoa specimens grown on fertile and degraded lands
are similar. The lowest measured height of quinoa
on fertile land was 112.00 cm, and, on degraded
land, it was slightly higher (129.00 cm). In addition,
the highest measured values of quinoa height on
fertile and degraded lands differed only slightly
from each other (152.00 cm and 150.00 cm, respectively), which also applies to the mean values of
this morphological trait determined on specimens
grown on fertile and degraded lands (144.30 cm
and 141.07 cm, respectively). When it comes to the
obtained biomass, the relationship between these
two crop species was opposite to the example of the
height of the specimens. The minimum amount of
buckwheat biomass on fertile land was 5,420.00
kg/ha, and on degraded land was 4,185.00 kg/ha.
The highest amount of biomass of this species on
fertile land was 5,885.00 kg/ha and on degraded
5,570.00 kg/ha. The average values of this productive characteristic of buckwheat grown on fertile
and degraded lands are 5,704.20 kg/ha and 4,801.70
kg/ha, respectively. On the other hand, the lowest

Morphological and yield measurements.
From all plots, 10 plants were selected from two
middle rows for the analysis of morphological and
productive characteristics. The grains were separated, and subsequently cleaned and dried to a moisture content of 10%. The yield was calculated at a
given humidity and was determined by measuring
the mass of separated seeds. The following morphological and productive characteristics of both species were analyzed: plant height (cm), grain yield
(kg/ha) and biomass yield (kg/ha).
Statistical analysis. The obtained numerical
data were processed by descriptive, univariate and
multivariate statistical methods. Descriptive statistics included the determination of the following
statistical parameters: mean value (;ࡃ), standard
deviation (±SD) and coefficient of variation (CV,
%). Using analysis of variance (ANOVA), principal
component analysis (PCA), and cluster analysis
(CA), the differences between the morphological
and productive parameters of the two crops in dif-
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amount of quinoa biomass obtained on fertile land
was 945.00 kg/ha and on degraded land 540.00
kg/ha. The highest amount of biomass of this species on fertile land was 1,120.00 kg/ha and on degraded land 974.00 kg/ha. The average values of
this productive characteristic of quinoa on fertile
and degraded lands are 1,010.00 kg/ha and 804.40
kg/ha, respectively. As in the case of biomass, the
yields of buckwheat on fertile and moderately degraded lands were more similar one to another than
those obtained from quinoa. The lowest production
of buckwheat on fertile land was 830.00 kg/ha, and
on degraded land 626.00 kg/ha. The highest yield of
buckwheat on fertile land was 980.00 kg/ha, while
on degraded land 880.00 kg/ha. The average values
of this productive characteristic of buckwheat on
fertile and degraded lands are 912.97 kg/ha and
769.50 kg/ha, respectively. On the other hand, the
lowest quinoa yield obtained on fertile land was
875.00 kg/ha, while on degraded land 488.00 kg/ha.
The highest yield of quinoa on fertile land was
1,010.00 kg/ha, and on degraded land 710.00 kg/ha.
The average values of quinoa yield on fertile and
degraded lands are 946.63 kg/ha and 600.27 kg/ha,
respectively (Table 1).
The obtained values of morphological and
productive characteristics of the two field crops
were compared with the corresponding literature
data. According to these comparisons, the average
biomass yield determined on buckwheat crops, on
fertile and moderately degraded lands, was lower
than the average value stated in the literature for a
given characteristic of this species (8,312.70 kg/ha)
[23]. The average yield of buckwheat on fertile land
was almost close to the average yield of buckwheat
in the world (913.00 kg/ha) [24], but lower than the
yield of buckwheat stated by various authors for
Serbia (1,180.00–2,263.00 kg/ha) [24, 25] and other
areas (999.20–1,086.40 kg/ha) [16]. The average
yield of this species on degraded land was about
16% lower than on fertile land and roughly corre-
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sponded to that recorded by one research [10] in
western Serbia (800 kg/ha). Since data on the average height of buckwheat are not available in literature, their comparison with the measured values
was not possible. On the other hand, the average
height of quinoa on fertile land was close to that
stated in the literature (144.00 cm) but was slightly
lower than that stated for the studied quinoa variety
(146.00 cm) [26]. The average height of quinoa
specimens on degraded land (141.07 cm) was
somewhat lower than that on fertile land. The average quinoa biomass obtained on fertile land was
higher than the values stated in the literature for the
studied trait of this species, while the amount of
biomass obtained on degraded land corresponds to
the range of values in the literature (717.90-982.90
kg/ha) [27]. The average quinoa grain yield on
fertile land corresponds to the range of values reported in the literature for Serbia (690.00–1,509
kg/ha) [10, 26]. The average yield of quinoa grain
on degraded land was almost 37% lower than that
on fertile land, but this yield was still higher than
that recorded by one study in 2012 (382.00 kg/ha)
[6], which was a very dry year in Serbia.
According to the values of the coefficient of
variation (CV), the studied morphological and productive characteristics of both studied species of
alternative grains showed a low degree of variability  ޒon fertile land. The same applies to all
morphological and productive characteristics of
buckwheat, as well as to the height of quinoa specimens on degraded land, while the quinoa biomass
and yield obtained on degraded land showed a
higher degree of variability (CV = 10–20%) (Table
1). This result confirms the data in the literature,
according to which the coefficient of variation for
the height of quinoa specimens ranged from 3.00%
to 7.65%, while the grain yield had somewhat higher values (10.70–14.55%) [26] or significantly
higher values of this coefficient (23.80–36.60%)
[6].

TABLE 1
Descriptive statistics, ANOVA (F-ratio and P-value), and factor loadings in principal component analysis
(PC1 and PC2) for height, biomass and yield of buckwheat and quinoa raised on fertile (f. l.) and degraded lands (d. l.) in Vojvodina (northern Serbia).
Buckwheat
Quinoa
PCA
ANOVA
;ࡃ
MIN MAX SD CV
;ࡃ
MIN MAX SD CV PC1 PC2
F
P
Eigenv.
Percent
Height F. l.
D. l.
Biomass F. l.
D.l.
Yield F. l.
D. l.

135.89 b
115.48 c
5704.20 a
4801.70 b
912.97 b
769.50 c

120.70
100.70
5420.00
4185.00
830.00
626.00

143.00
129.20
5885.00
5570.00
980.00
880.00

5.18
7.22
134.21
357.56
46.14
66.72

3.81
6.25
2.35
7.45
5.05
8.67

144.30 a
141.07 a
1010.00 c
804.40 d
946.63 a
600.27 d

112.00
129.00
945.00
540.00
875.00
488.00

152.00
150.00
1120.00
974.00
1010.00
710.00

7.76
5.37
55.47
136.07
39.00
69.36

1.56 1.18
52.00 39.20
5.96 -0.81 0.49 115.17 0.0000
4.22
5.49 0.92 0.20 4613.48 0.0000
16.92
4.12 0.22 0.95 231.93 0.0000
11.56

Note: Mean values with different letters within a morphological or productive trait are significantly different at the 95%
confidence level. Bold values indicate variables with factor loadings >0.70 in the principal component analysis (PCA) and P
 ޒ0.05 in the analysis of variance (ANOVA).
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FIGURE 1
Box-and-Whisker plots of basic statistical parameters for (A) plant height, (B) biomass, and (C) yield of
buckwheat and quinoa raised on (1) fertile land, and (2) degraded land. Legend: middle sign – mean value, middle line – median, box – mean value and standard deviation, whiskers – range.
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FIGURE 2
Scatterplot in principal component analysis (PCA) for two species of alternative grains (the left group –
quinoa, the right group – buckwheat) based on their height, produced biomass, and yield on (1) fertile
land, and (2) degraded land.

FIGURE 3
Dendrogram showing the relationships between two species of alternative grains (I – quinoa, II – buckwheat) based on their height, produced biomass and yield during three consecutive years (2017–2019) on
(a) fertile land, and (b) degraded land.
Analysis of variance. The ANOVA showed
significant statistical differences (P = 0.00) between
the mean values of all morphological and productive traits of the studied species. The highest contribution to species differentiation had the amount of

biomass (F = 4,613.48), and the smallest – plant
height (F = 115.17) (Table 1).
Principal component analysis. In the PCA,
the first two principal components (with eigenvalues >1) were sufficient to explain as much as
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By statistical analysis of morphological and
productive traits of the two species of alternative
grains raised on fertile and moderately degraded
lands in Vojvodina, it was determined that the differences obtained by comparing the amount of
biomass and grain yield of buckwheat in different
pedological conditions were significantly less than
the differences observed for these traits in the case
of quinoa. It was the opposite result when it comes
to the height of the specimens of these two species,
but not to a significant extent since there are only
small differences between the values of the coefficient of variation. According to the literature, the
growth of buckwheat is mostly influenced by climatic conditions [13, 28], primarily the water regime, while the location has less impact on the
average plant height, although it is expected to be
slightly greater on fertile rather than poor soil [25].
On the other hand, it is reported for quinoa that,
apart from genotype (variety), location has a significant influence on plant height variation [26]. When
it comes to the grain yield, weather conditions have
the greatest impact on buckwheat yield in the
plains, while soil conditions do not significantly
affect buckwheat production, although it is understandable that grain yield is slightly higher in more
favorable soil conditions than in other locations [13,
28]. The yield of buckwheat depends mostly on the
amount of precipitation in the initial phenophases
of development [25]. In contrast, although the literature states that quinoa can adapt well to unfavorable climate and soil conditions and can show high
tolerance to frost, drought, and soil salinity [19] and
that it can be grown in all regions, with very small
variations in grain yield [13], the grain yields obtained in trials in different pedological conditions
indicate that quinoa yield depends on chemical and
physical properties of soil [10], as well as other
environmental factors [26], primarily moisture and
temperature [6], and to a lesser extent on genotype
[26]. Since multivariate analysis (PCA), as well as
CA, in this paper showed that crops of buckwheat,
compared to crops of quinoa, are less morphologically and productively differentiated in relation to
the location (land) in Vojvodina, it can be argued
that the results testify in support of the aforementioned claims expressed in the literature.
The results of the research presented in this
paper, which include analysis of variability of morphological and productive characteristics of quinoa
and buckwheat, as well as their comparative
productivity in different pedological conditions of
Vojvodina, with the aim of determining the possibility and sustainability of the production of these
crops outside their native ranges, suggest that the
successful and sustainable production of quinoa and
buckwheat as high-quality food is also possible in
areas outside their native ranges and can be sustainable in the conditions of currently prevailing climatic conditions in the region. Also, the hypothesis

91.20% of the total variation obtained for both
studied species. Most of this variation was explained by the first axis (PC1 = 52.00%), and
39.20% by the second one (PC2). Two morphological and productive traits (plant height and biomass),
with factor loadings >0.70, had an impact on the
first axis, while the second axis was influenced by
the yield (Table 1). As significantly less pronounced than the variation of shape (the second
axis), the variation of size (the first axis) resulted in
the separation of species along the first axis. Corresponding to the two studied crop species, two
groups of points are formed, as shown in Figure 2.
Points belonging to quinoa formed a group in the
negative part of the first axis, in contrast to the
points representing buckwheat that were grouped in
the positive part of the same axis. Within these two
groups, a clear-cut differentiation of points representing quinoa along the second axis can be observed depending on the land on which the corresponding specimens were raised (1 – fertile land,
and 2 – moderately degraded land). The points that
refer to the specimens grown on fertile land were
grouped in the positive part of the second axis, and
the points that refer to the specimens grown on
moderately degraded land formed a group in the
negative part of the same axis. On the other hand, in
the case of the points related to the specimens of
buckwheat, an overlap may be observed between
the two groups, and there is only a trend of separation of the points related to the specimens that were
grown on fertile land and those grown on moderately degraded land.
Cluster analysis. Similar to the results in the
PCA, in the cluster analysis (CA) the studied crop
species are differentiated into two main clusters, as
shown in Figure 3. Within both of these clusters,
two groups (subclusters) can be distinguished depending on the land on which the crops of these two
species were produced, suggesting significant morphological and productive differences between the
two species in relation to pedological conditions.
The first group represents the quinoa specimens
grown on fertile land (Ia) for three years, while the
second group represents the specimens of this species grown on moderately degraded land (Ib). The
third group represents the buckwheat specimens
grown on fertile land (IIa), while the fourth group
represents the specimens of this species grown on
moderately degraded land (IIb). At the same time, it
can be noticed that the first two groups are formed
at a slightly greater linkage distance within the
overall cluster than it is the case with the other two
groups. This means that crops of buckwheat were
morphologically and productively more homogeneous on fertile and moderately degraded lands compared to crops of quinoa grown in different pedological conditions.
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was confirmed that moderately degraded land can
be used for successful and sustainable production of
high-value food, with small variations in grain
yield, where preference should be given to buckwheat because its production on such land has
proven more successful than the production of
quinoa. These findings are in accordance with the
claims stated in the literature, according to which
buckwheat is not demanding in terms of soil, so it
can be successfully grown on poorer mediums [29],
and high and stable grain yields can be achieved
[25]. Despite the fact that significant variations in
yield parameters were found in trials conducted in
Serbia, the yield of buckwheat grain was generally
satisfactory, which is why this species is considered
to thrive in the agroecological conditions of Serbia
[13].
Buckwheat has a significant role in the diet of
the population of northern and northeastern Europe,
eastern Asia, and North America [29]. The total
area under buckwheat in the world in 2014 was
about 2,113,000 ha [24], and in 2017 it increased to
3,940,526 ha [28], with a tendency to grow. The
largest producers are China (34.25%), Russia
(32.24%) and Ukraine (11.46%) [24]. Buckwheat is
grown for its achenes, which, when hulled, have
great nutritional value. The phytochemical composition of buckwheat from the nutritional aspect is
higher compared to the small grains and millet
grains, which is expressed in terms of quantity, as
well as quality, the content of proteins, vitamins,
minerals, phytosterols, and antioxidants [15]. The
content of amino acids in buckwheat (162.46 g/100
g of proteins) is higher than in quinoa (125.37
g/100 g of proteins) [10]. It belongs to the group of
plants suitable for the production of high biological
value food [29], and it is recommended to add its
flour to bakery and confectionery products from
other cereals to increase the nutritional potential of
food and thus improve the health status of a population [15]. However, the production of this field crop
in Serbia has been neglected, partly due to the
widespread opinion that buckwheat is the food of
the poor [28]. It is cultivated only in small areas,
mainly in the hilly and mountainous region of
southwestern Serbia [24]. Growing this crop is
potentially very profitable for agricultural producers in Serbia, especially in the regime of organic
production and in combination with beekeeping,
since buckwheat is not only an important crop but
also a honey-bearing species. It is also a desirable
crop species in terms of sustainable ecological food
production, bearing in mind that its production
technology contributes to a favorable physical
structure and soil conservation, and better biological balance in the environment [28]. It also has
agro-technical importance, because as a dense sowing crop, it covers the soil well and controls weeds.
It can absorb phosphorus from hard-to-reach forms
and prevent its leaching into deeper soil layers and
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underground watercourses [29]. In the production
of buckwheat, the average yield depends on the
sowing density, with preference given to the average sowing density (120 grains/m2) [30] and the
"Novosadska" variety which is superior to other
buckwheat varieties [24]. Buckwheat should be
harvested to 80% seed ripening as the optimum
harvest stage [16]. It was estimated [28] that its
production has the potential to significantly contribute to the rural development of Serbia; however,
it is necessary to support producers, because potential benefits cannot be expected in the short term.

CONCLUSIONS
Based on the results presented in this paper,
the following conclusions can be drawn:
1. Efficient and sustainable production of quinoa and buckwheat, as high biological value foods,
is possible in areas outside their native ranges;
2. Quinoa and buckwheat production in Vojvodina (northern Serbia) is sustainable in the currently prevailing climate conditions of the region;
3. Moderately degraded land can be used for
sustainable production of high-value food without
prior application of agroameliorative measures,
whereby preference is to be given to buckwheat
which was more productive on such land than quinoa.
These results can serve as a starting point for
further research and elaboration of this important
issue. Their scientific and practical significance lies
in proposing possible solutions to the problem of
establishing sustainable production of high-quality
food, as well as meeting the needs of modern society for an ecological approach to the food supply.
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health [18]. Environmental pollution, especially
chemical pollution, is the most important factors that
help to subversion the components of the biosphere
and environment and these heavy metals have
typical characteristics of being persistent and thus do
not deteriorate or decompose with time, where heavy
metals remain in the soil for a long time and have a
residence time Ranging from a few to several
hundred years there by making them toxic when
concentrations exceed permissible limits [18,19].
Trace metals (TMs) have negative effects on
humans, animals, microorganisms and plants.
Pollution and risk are associated with the presence of
minerals in the soil. They can be transmitted by
water or plants because of their mobility and
bioavailability. The effects associated with heavy
metals are critically dependen on their chemical
species [20]. Speciation can be defined as forms of
phases in which the elements occur. Sequential
extraction is the usual method of metal speciation
analysis It involves successive extraction steps using
chemical reagents of different binding strengths and
metal specificity in principle, each step is supposed
to destroy the bond between the metals and inorganic
specific fraction of the soil Therefore, metal species
determined
by
chemical
extractions
are
operationally defined, and may reflect the exact
nature of the existing species. Tessier’s procedure is
the most commonly used to determine both the
actual and potential mobility of trace elements in
soils [21,22]. Soil pH is the main factor affecting the
availability of heavy metals in soil. Soil pH is
generally negative Linked to the availability of
copper, nickel, lead and zinc [23]. The availability of
heavy metals is also related to Soil organic matter
(SOM), the ability to exchange cations in the soil,
soil salinity, and other factors [24]. Increased
industrial development has led to the production and
emissions of heavy metals such as Mn, Cu, Zn, Mo
and Ni. This causes an increase in essential or
beneficial micronutrients for microorganisms, plants
and animals, but in very high concentrations, all of
these metals have strong toxic effects and pose an

ABSTRACT
This study was conducted on some agricultural
clayey soils in Kafr El-Sheikh governorate in order
to explore the effect of different sources of heavy
metal pollution on the type and quantity of some
tested metals (Cu, Cr, Mn, Zn and Pb) in these soils.
Also, to identify the distribution of these metals
among the different components of tested soils. The
different indicators (Cif , Igeo and Eif ) of pollution
with these elements were calculated in each soil to
determine the significance of the pollution of each
metal under different pollution conditions. The
results of this study showed a difference in the
content and type of tested metals (Cu, Cr, Mn, Zn
and Pb) compared to the control (virgin soil).
Consequently, the data of this study showed a
difference in the values of the pollution indicators for
each metal in the tested soils, affected by the
different sources of pollution and amount of heavy
polluting metals that reached to each soil. Likewise,
the results of the chemical forms for each tested
metal showed that they are concentrated in each of
the following soil fractions F3 and F4.

KEYWORDS:
Heavy metals, pollution, polluted soil, contamination
factor, potential ecological risk index, geoaccumulation
index

INTRODUCTION
Abiotic stress factors have negative effects on
the plant and soil such as drought [1-7], salinity [814], heat stress [15-17]. One of the most harmful
abiotic factors is heavy metals, heavy metals
contamination is a global environmental issue.
Pollution by heavy metals especially (Pb – Cu – Cr
– Zn – Cd – Ni) in the soil causes a decrease in
agricultural production. Because of the negative
effects on crop growth, food quality and human
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higher concentrations of soluble copper, zinc and
manganese than soil fertilized with mineral
fertilizers due to higher content of cadmium, copper
and zinc in manure usually excessive fertilizers are
used in greenhouse soils, availability and
accumulation of heavy metals related to soil pH,
SOM, Soil nutrients in greenhouse soils need further
research [30]. Therefore, our study aims to find out
the following:
1-Assess the amount of pollution of some
alluvial soils which affected by different sources of
pollution with some heavy metals.
2-Studying the distribution of chemical forms
for that estimated heavy metals among the different
components of those studied soils
3-Estimation of the different pollution
indicators in these samples by calculating the various
pollution indicators to determine the impact of
different pollution sources on them.

environmental threat. Economically, heavy metal
pollution can be defined as an imbalance in the
physical, chemical or biological properties of soil,
water, and air that may harm the environment,
plants, animals and humans. Greenhouse arable soil
layer is generally 0 - 40 cm the total concentrations
of metals were elevated in surface layers. It
demonstrated that the contents of metals in the order:
surface soil (0 - 20 cm) > subsurface soil (20 - 40
cm). Heavy metal accumulation in soil is generally
caused by elevated fertilization, pesticides, sewage
irrigation and agricultural residues [25]. Greenhouse
products can absorb heavy metals from the soil. The
products may then form a file public health risk after
consuming them [26]. Heavy metal accumulation in
agricultural products is not only related to the total
mineral Soil concentrations are also highly
dependent on the physical and chemical soil of the
soil Properties, absorption mechanisms, soil texture,
nature and amount of nutrients, climate, etc. factors
[27]. The availability of heavy metals such as copper
(Cu), nickel (Ni) and lead (Pb) in the soil is closely
related to crop uptake of the minerals [23].
Human health may be affected by heavy
minerals through the path of soil, plants and humans.
The availability of heavy metals in soil may be
affected by several factors. Previous studies
suggested a longer planting period in a greenhouse
will increase the movement of heavy metals in the
soil [28]. Heavy metals are transported directly from
the soil according to the concentration of the mineral
available in the soil, in the soil enriched with
nitrogen/phosphorous/potassium
(NPK)
and
compost, soluble forms of heavy metals typically,
copper, nickel, lead and zinc are increased [29]. Soil
fertilized with regular manure tends to be so it has

MATERIALS AND METHODS
Sampling and analyses. The used soils in this
experiment were collected from 4 sites differ in their
pollution sources from Kafr El-Sheikh governorate,
Figure (1) and Table (2). Soils were air‐dried, sieved
(<2 mm) for determined physical and chemical
properties. Textural analysis was performed using
the pipet method [31]. The pH was measured in the
equilibrium solution in deionized water in soil: water
ratio of 1:2.5 for soil according to Thomas [32], and
electrical conductivity (EC) was determined in soil:
water ratio of 1:5 [33]. The data of some chemical
and physical properties were in Table (1).

FIGURE (1)
Map showing the sampling sites.
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TABLE 1
The mean values of some physical and chemical properties of the studied soil samples.
Locations and source of pollution
Soil
Disuq
El-Mahallah
College farm
El-Hamul
parameters
Control soil
Kafr el-sheikh
El-Kubra
El-Karakat
(VIRGIN) (S1)
Industrial
university
village
Fertilizers (S3)
Mixed drainage
drainage water (S2)
water (S4)
PH (1: 2.5)
7.57
8.10
7.76
8.04
EC,dS/m-1 (1: 5)
1.82
0.28
2.17
0.65
Soluble
Ca++
5.33
1.30
12.26
1.61
Mg++
5.90
2.26
6.96
4.06
Cations,
meq /L
Na+
0.16
0.02
0.14
0.14
K+
0.06
0.01
0.01
0.01
0.00
0.00
0.00
0.00
Soluble
CO3-2
Anions,
1.91
1.41
1.58
1.25
meq /L
HCO3Cl6.00
1.66
3.50
2.18
SO4- 2
3.04
0.51
14.31
2.41
Mean values for three depths (0-5, 5-10, 10-15 cm).

TABLE 2
Locations of tested soil samples and sources of irrigation water and its pollution sources.
Locations
Source of irrigation water
Source of pollution
Disuq Along Nile river
Nile water
Control soil
( VIRGIN )
El-Mahallah El-Kubra
Industrial drainage water
Industrial drainage
College farm
Fresh water
Fertilizers (Greenhouse)
Kafr el-sheikh university
El-Hamul El-Karakat village

Mixed drainage water

Mixed drainage

ecological risk assessment from toxic metals is now
widely used.

Total concentrations of the heavy metals (Mn,
Cu, Cr, Zn, and Pb) were determined after digestion
in Aqua-regia (nitric acid, hydrochloric) according
to Cottenie et al. [34]. The available concentrations
of tested heavy metals were extracted by using
diethylene- triamine-penta-acetic acid (DTPA)
procedure [35]. All the tested heavy metals were
measured using ICP-OES (ICP-P85-01) model
prodigy 7. All the data of tested heavy metals for the
tested soils were in the Tables (3 and 4).

Contamination factor (Cif). Was calculated
according to Proshad et al. [37] using the equation
below:
Cif = C heavy metal /C background
The categories of Cif were four categories
as follow: (Cif <1) is low level , (1 ≤ Cif< 3) is
moderate level , (3 ≤ Cif < 6), is considerable and (Cif
≥ 6) is very high level of pollution.

Sequential extraction. For sequential
chemical extraction of tested heavy metals [21]. The
concentrations of heavy metals during the sequential
extraction of each soil sample in the obtained
supernatant were finally determined by ICP-OES
(ICP-P85-01) model prodigy 7. These fractions were
soluble and exchangeable, bound to carbonates,
bound to iron and manganese oxides, bound to
organic materials and residual fraction.

Geo-accumulation
index
(Igeo).
Was
calculated according to Yu J et al. [38] using the
following equation:
Igeo= log2 (Cn/1.5Bn)
The interpretation of the results is as follows:
Igeo≤ 0 – practically uncontaminated;
0 ≤ Igeo≤ 1 – uncontaminated to moderately
contaminated; 1 ≤ Igeo ≤ 2 – moderately
contaminated; 2 ≤ Igeo≤ 3 moderately to heavily
contaminated; 3 ≤Igeo≤ 4 – heavily contaminated; 4 ≤
Igeo≤ 5 – heavily to extremely contaminated; and 5 <
Igeo–extremely contaminated.

Some of pollution indexes. Assessment of
ecological hazard for soil pollution. A
methodology was developed by Hakanson, [36] for
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TABLE 3
Total amounts of heavy metals extracted with aqua- regia in different tested polluted soils.
Locations
Source of pollution Depth, cm
Cu
Cr
Mn
Zn
Pb
Ppm
Disuq
Control soil
0–5
141.22
86.99
219.08
71.57
7.81
(VIRGIN)
5 – 10
140.58
52.80
200.81
63.55
6.68
(S1)
10 – 15
71.57
48.54
141.39
52.49
3.97
Mean
117.79
62.77
187.09
62.53
6.15
El-Mahallah
Industrial drainage
0–5
352.22
191.41
604.56
336.68
5.61
El-Kubra
water
5 – 10
330.29
174.88
553.37
322.46
3.55
(S2)
10 – 15
288.16
162.31
571.27
292.94
0.00
Mean
323.55
176.20
576.40
317.36
3.05
Faculty farm
0–5
287.86
226.05
756.09
556.78
36.58
Kafr el5 – 10
268.51
224.75
743.68
439.78
6.76
sheikh uniFertilizers
10 – 15
220.59
161.01
471.75
340.25
5.48
versity
(S3)
Mean
258.98
203.93
657.17
445.60
16.27
El-Hamul
Mixed drainage wa0–5
90.23
795.12
1159.87
503.59
8.91
El-Karakat
ter
5 – 10
81.77
836.89
784.66
433.87
8.82
village
(S4)
10 – 15
64.17
777.62
703.21
404.68
7.09
Mean
78.72
803.21
882.58
447.38
8.27
Potential ecological risk index (Eif). It was
calculated according to the method which used by Lu
et al. [39] using this equation:
Eif = Cif x Tif
Cif is the sullying variable of individual metal
and Tri is the biological toxic factor of a single
element. The dangerous reaction factors for Cd=30,
Cu=Pb=Ni=5, Cr=2, Zn=1. Indices and grades of
ecological risk assessment were as follow: Efi <40 is
low ecological risk, Efi 40–80 is moderate ecological
risk, Efi 80–160 is considerable ecological risk, Efi
160–320 is high ecological risk and >320 is
significantly high ecological risk.

industrial drainage S2 (3.05 ppm) but the highest
was (16.27 ppm) in the S3 soil sample. The heavy
metal contents were increasing in greenhouse soils
(S3) such as Mn was (657.17 ppm) and Zn was
(445.60 ppm). These results are agreed with those
obtained by Ling et al. [40]. Commonly, the mean
values of the estimated heavy metals differed greatly
due to the different sources of pollution. In general,
the most obvious sources of pollution on the various
elements were the excessive use of commercial
mineral fertilizers and the irrigation with mixed
wastewater (S4).
Available DTPA-extractable heavy metals in
tested soils. The results of available of heavy metals
were reported in Table (4). The heavy metals amount
in control soil (S1) was as follows: Cr > Cu > Zn >
Mn > Pb.
The results in Table (4) showed that, the
average values of the estimated metals in all the soils
under study were very low compared to the total
values of the same metals. This may be due to the
fixation of large amounts or their entry into
complexed with organic matter and calcium
carbonate in the samples under study and also the
deposition of large amounts of them as affected by
the PH values prevalent in it. The same interpretation
was agreed with interpretation of Nriagu [41] and
Gowd et al. [42].

RESULTS AND DISCUSSIONS
Total heavy metals amount in the tested
soils. Data were shown in Table (3) Shows the
amounts of heavy metals which were very low for
(S1) uncontaminated soil (VIRGIN) compared to
other contaminated soils. The descending order of
heavy metals amounts for (S1) was as follows: Mn
> Cu > Cr > Zn > Pb.
The amounts of heavy metals in contaminated
soils were very high in the surface layers and
decreases with increasing depth. For example, the
concentration of Cu in the contaminated soil by
industrial drainage (S2) in the (0 - 5 cm) depth was
352.22 ppm, in the second depth (5 -10 cm) was
330.29 ppm and in the third depth (10 - 15 cm) was
288.16 ppm. The amounts of Cr were higher in
contaminated soil by mixed drainage (803.21 ppm)
and lower amount was in control soil S1 (62.77
ppm). Generally, the highest amounts of heavy
metals were for Mn in contaminated soil by Mixed
drainage S4 (882.58 ppm), and the lowest one of
heavy metals was Pb for the contaminated soil by

Distribution of chemical forms of the
estimated heavy metals within the different
components of each tested soil.
1- Soluble and exchangeable fraction (F1)
Table (5) show the highest amount of heavy
metals was for Cu in polluted soil by mixed drainage
water (S4) was 20.20 ppm, and the lowest amount of
heavy metals was for Cr in polluted soil by fertilizers
(S3) was 0.02 ppm.
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TABLE 4
Available amounts of heavy metals which extracted with DTPA in different tested polluted soils.
Locations
Source of pol- Depth, cm
Cu
Cr
Mn
Zn
Pb
lution
ppm
Disuq
Control soil
0–5
1.17
2.43
1.00
0.54
0.08
(VIRGIN)
5 – 10
1.16
2.39
0.38
0.52
0.06
(S1)
10 – 15
1.00
2.11
0.16
0.51
0.05
Mean
1.11
2.31
0.51
0.52
0.06
El-Mahallah El-KuIndustrial
0–5
3.69
7.18
2.60
9.36
0.31
drainage wabra
5 – 10
2.90
7.14
2.28
6.73
0.21
ter
10 – 15
1.19
6.37
1.67
6.22
–
(S2)
Mean
2.59
6.89
2.18
7.43
0.26
College farm
Fertilizers
0–5
0.93
6.39
3.28
0.71
0.13
Kafr el-sheikh uni(S3)
5 – 10
0.70
5.36
1.94
0.29
0.09
versity
10 – 15
0.46
3.19
1.72
0.32
0.05
Mean
0.69
4.98
2.31
0.44
0.09
El-Hamul El-KaraMixed drain0–5
1.95
7.43
1.19
0.31
0.11
age water
kat village
5 – 10
1.39
7.26
1.72
0.28
0.001
(S4)
10 – 15
1.16
6.39
1.19
0.16
0.08
Mean
1.50
7.02
1.36
0.25
0.06
active groups of the organic matter, or they are
adsorbed on their surfaces. Generally, the trends in
the distribution of chemical forms of the heavy
metals under study recorded an irregular trend in the
tested soils, affected by the quantities of each
pollutant element, chemical and physical properties
and the mineral composition of each soil.

2- Carbonate fraction (F2)
The highest amount of heavy metals was for
Mn in polluted soil by fertilizers (S3) 79.54 ppm.,
and the lowest amount of heavy metals was for Cu
also in S3 was 0.01 ppm according to Yuan et al.
[43].
3- Fe–Mn bound fraction (F3)
The highest amount of heavy metals was for
Mn in polluted soil by fertilizers (S3) was 370.95
ppm, and the lowest amount of heavy metals was for
Cr and in control soil (S1) was 0.04 ppm. These
results are agreed with those obtained by Smeda and
Zyrnicki, [44].
4- Organic matter fraction (F4)
The highest amount of heavy metals was for Zn
in polluted soil by mixed drainage water (S4) was
355.80 ppm, and the lowest amount of heavy metals
was Cu for uncontaminated soil (S1) 0.04 ppm.
5- Residual fraction (F5)
The highest amount of heavy metals was for
Mn in polluted soil by industrial drainage water (S2)
was 59.01 ppm, and the lowest amount of heavy
metals was for Pb in control soil (S1) was 0.03 ppm.
Through the results in (Table 5), it was found that the
application of both industrial wastewater and mixed
wastewater in the soil irrigation had a clear effect on
increasing the values of chemical fraction for all
tested heavy metals. In general, the results (Table 5)
showed the concentration of chemical forms of the
various studied heavy metals in both of F3 and F4.
Where in F3, the tested elements were bound to iron
and manganese oxides, either adsorbed on the
surfaces in the form of unavailable complexes.
Either in the case of F4, in which the chemical forms
of the heavy metals were more closely related to the
organic matter in the form of complexes with the

Studding some indicators of pollution
under different pollution conditions for some
alluvial soils. These indicators were used to assess
the presence and intensity of anthropogenic
contaminant deposition on surface soil. These
indexes of potential contamination are calculated by
the normalization of one metal concentration in the
topsoil respect to the concentration of a reference
element. A reference element is an element
particularly stable in the soil, which is characterized
by absence of vertical mobility and degradation
phenomena. The constituent chosen should also be
associated with finer particles and its concentration
should not be anthropogenically altered [45]. The
index of the pollution factor, which calculated
mathematically for each heavy metal component of
the tested elements in all the soil under study,
showed irregular trends Table (6) for the difference
in the polluting load under the conditions of each
pollutant source. The average values of tested
contamination factor (CF) for the tested metals (Cu,
Cr, Mn, Zn and Pb) in all samples of the soils under
study showed irregular trends in the value of (CF) for
all metals within each sample and also, between each
sample and the other as shown in Table (6). In
general, the values of those elements were lower
than in the control soil sample (S1) than in other
tested soils.
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TABLE 5
The sequential chemical extraction of tested heavy metals for all the tested soils affected by the different
sources of pollution.
Locations
and
source
of pollution
Disuq
Control
soil
Virgin
(S1)

El-Mahallah
El-Kubra
Industrial
drainage water (S2)

Tested
elements

Mean values of tested chemical fractions (F)
F1
F2
F3
F4
F5

Mn
Cu
Cr
Zn
Pb

3.06
0.11
1.38
0.04
0.03

26.65
0.51
0.04
1.87
0.05

120.13
0.05
0.04
22.90
3.60

90.98
0.04
20.28
115.76
1.49

9.28
0.05
10.65
3.59
0.03

Mn
Cu
Cr
Zn
Pb

11.83
9.89
0.23
0.46
1.15

45.02
2.12
5.17
4.04
0.70

289.89
1.06
0.72
21.48
2.69

214.35
12.88
46.99
219.65
11.18

59.01
2.35
41.47
15.19
0.87

Locations
and
source
of pollution
College
farm
Kafr elsheikh
university
Fertilizers (S3)
ElHamul
ElKarakat
village
Mixed
drainage water (S4)

Tested
elements

Mean values of tested chemical fractions (F)
F1
F2
F3
F4
F5

Mn
Cu
Cr
Zn
Pb

6.48
0.05
0.02
0.25
1.15

79.54
0.01
0.41
2.55
0.70

370.95
0.49
0.32
49.60
2.69

206.43
5.44
54.11
198.85
11.18

33.26
2.26
22.33
7.89
0.87

Mn
Cu
Cr
Zn
Pb

10.25
20.20
0.07
1.42
4.32

57.40
1.39
3.73
50.85
1.73

236.96
2.05
0.77
259.34
3.25

131.79
2.84
50.70
355.80
10.94

44.04
3.28
30.72
27.40
1.33

TABLE 6
The mean values of Contamination factor (CF) of the total heavy metals content in the tested soils.
Locations
Source of pollution
Mean values, ppm for Contamination factor (CF)
Cu
Cr
Mn
Zn
Pb
Disuq
Control soil (VIRGIN) (S1)
3.02
1.05
0.38
0.88
0.22
El-Mahallah El-Kubra
Industrial drainage water (S2)
2.95
2.95
3.18
5.11
0.62
College farm
Fertilizers (S3)
2.34
3.39
3.49
7.06
2.35
Kafr el-sheikh university
El-Hamul El-Karakat village
Mixed drainage water (S4)
0.64
13.67
4.72
7.19
1.41
Low level (CF< 1): Moderate level (1< CF< 3): Considerable level (3 <CF< 6): Very high level (CF > 6).

TABLE 7
The mean values of Geo-Accumulation Index (Igeo) of the total heavy metals content in the tested soils.
Locations
Source of pollution
Mean values, ppm for Geo-Acccumulation Index (Igeo)
Cu
Cr
Mn
Zn
Pb
Disuq
Control soil (VIRGIN) (S1)
0.58
0.12
-0.29 0.10
-0.53
El-Mahallah El-Kubra
Industrial drainage water (S2)
0.57
0.58
0.61
0.83
-0.05
College farm Kafr el-sheikh
Fertilizers (S3)
0.48
0.64
0.66
0.96
0.39
university
El-Hamul El-Karakat village
Mixed drainage water (S4)
-0.03
1.24
0.79
0.97
0.26
Values of Igeo were: ≤ 0 Practically uncontaminated, 0 < 1 moderately contaminated

TABLE 8
The mean values of Potential ecological risk index (Eif) of the total heavy metals content in the tested soils.
Locations
Source of pollution
Mean values, ppm for Potential ecological risk index (Eif)
Cu
Cr
Mn
Zn
Pb
Disuq
Control soil (VIRGIN) (S1)
15.13
2.10
0.38
0.88
1.10
El-Mahallah El-Kubra
Industrial drainage water (S2) 14.78
5.90
3.18
5.11
2.08
College farm Kafr el-sheikh
Fertilizers (S3)
11.71
6.78
3.49
7.06
11.78
university
El-Hamul El-Karakat village
Mixed drainage water (S4)
3.20
27.34 4.72
7.19
7.08
All values of Potential ecological risk index (Eif), In all the tested soils were Low Potential Ecological Risk where (Eif <40)
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[4] Hafez, Y., Attia, K., Alamery, S., Ghazy, A., AlDoss, A., Ibrahim, E., Rashwan, E., El-Maghraby, L., Awad, A., Abdelaal, K.A. (2020)
Beneficial Effects of Biochar and Chitosan on
Antioxidative Capacity, Osmolytes Accumulation, and Anatomical Characters of WaterStressed Barley Plants. Agronomy. 10, 630.
[5] Abdelaal, K.A.A., Rashed, S.H., Ragab, A.,
Hossian, A., El Sabagh, A. (2020) Yield and
quality of two sugar beet (Beta vulgaris L. ssp.
vulgaris var. altissima Doll) cultivars are influenced by foliar application of salicylic Acid, irrigation timing, and planting density. Acta
Agric. Slov. 115, 239–248.
[6] Abdelaal, K.A.A., Elafry, M., Abdel-Latif, I.,
Elshamy, R., Hassan, M., Hafez, Y. (2021) Pivotal role of yeast and ascorbic acid in improvement the morpho-physiological characters of
two wheat cultivars under water deficit stress in
calcareous soil. Fresen. Environ. Bull. 30,
2554–2565.
[7] Abdelaal, Kh.A.A., AlKahtani, M.D.F., Attia,
K., Hafez, Y., Király, L., Künstler, A. (2021)
The pivotal role of plant growth promoting bacteria in alleviating the adverse effects of drought
and facilitating sustainable agriculture, Biology.
10(6), 520.
[8] Abdelaal, K.A.A., EL-Maghraby, L.M., Elansary, H., Hafez, Y.M., El-Banna, M., El-Esawi,
M., Elkelish, A. (2020) Treatment of Sweet Pepper with Stress Tolerance-Inducing Compounds
Alleviates Salinity Stress Oxidative Damage by
Mediating the Physio-Biochemical Activities
and Antioxidant Systems. Agronomy. 10, 26.
[9] El-Shawa, G.M.R., Rashwan, E.M., Abdelaal,
K.A.A. (2020) Mitigating salt stress effects by
exogenous application of proline and yeast extract on morphophysiological, biochemical and
anatomical characters of calendula plants. Sci. J.
Flowers Ornam. Plants. 7, 461-482.
[10] ALKahtani, M.D.F., Kotb, A., Hafez, Y.M.,
Khan, N., Eid, A.M., Ali, M.A.M., Abdelaal,
K.A.A. (2020) Chlorophyll Fluorescence Parameters and Antioxidant Defense System Can
Display Salt Tolerance of Salt Acclimated
Sweet Pepper Plants Treated with Chitosan and
Plant Growth Promoting Rhizobacteria. Agronomy. 10, 1180
[11] Abdelaal, K.A., Mazrou, Y.S., Hafez, Y.M.
(2020) Silicon Foliar Application Mitigates Salt
Stress in Sweet Pepper Plants by Enhancing
Water Status, Photosynthesis, Antioxidant Enzyme Activity and Fruit Yield. Plants. 9, 733
[12] El-Banna, M.F., Abdelaal, K.A.A. (2018) Response of Strawberry Plants Grown in the Hydroponic System to Pretreatment with H2O2 before Exposure to Salinity Stress. J. Plant Prot.
Mansoura Univ. 9, 989–1001.

It is clear that the average values of (Igeo) in
the tested elements is confined between (0 < 1), this
means almost no pollution.
Data in (Tables7 and 8), showed an increase in
the calculated values of pollution index Eif in the
case of the effect of commonly used chemical
fertilizers (S3). Also, we note an increase in the value
of Eif in the case of (S4) which identifying the effect
of irrigation with mixed wastewater compared to the
control (virgin soil, S1). The results of the Igeo
which presented in (Table7) showed the increase in
the values in the case of S3 and S4 they were affected
by the type of applied irrigation water and used
fertilizers.

CONCLUSION
No doubt; the mineral composition of the
Egyptian soils plays a fundamental and important
role in increasing its stock of heavy metals, either
through :1). Adsorption on the surfaces of clay
mineral or 2) making complexes with them or with
organic matter and 3) occurrence of chemical
fixation of some of them, thus increasing the values
of the various pollution indicators and increasing the
connection of those pollutants with the various
components of the soils under study. Also, the
quality of the used irrigation water, and various
agricultural treatments have an effective role in the
process of enriching the soil with heavy metals or
not. We should not forget the effect of the
application of commercial chemical fertilizers in
increasing the pollution load of these soils.
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MICRO-NANO ENVIRONMENTAL FRIENDLY
FILTRATION REDUCER FOR WATER-BASED
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ABSTRACT

INTRODUCTION

In order to improve the high temperature stability, salt resistance performance and reduce the environmental pollution of the filtration reducer, a new
organic/inorganic composite micro-nano environmental-friendly filtration reducer (EFR-1) was synthesized by grafting sodium vinyl sulfonate (SVS),
N-vinylpyrrolidone (NVP), acrylamide (AM) and 2acrylamide-2-methylpropanesulfonic acid (AMPS)
onto the surface of nano calcium carbonate through
inverse emulsion polymerization. Furthermore, the
physical and chemical characteristics of EFR-1 were
characterized by fourier transforms infrared spectroscopy, transmission electron microscopy, and particle size distribution tests. The new-synthesized
EFR-1 is characterized by core-shell structure and
high sphericity with D50 VL]HRIȝP as well as
Zeta potential absolute value above 40mV, which
leads to good dispersion. EFR-1 also exhibited excellent filtration reduction performance in saturated
salt water and high temperature resistance up to
200Ԩ and API filtration volume of 11.2 mL. Besides, biological toxicity (EC50) of 96500 mg/L and
biodegradability (BOD5/CODCr) of 18.56% proved
an excellent environmental-friendly performance.
The mechanism was clarified that the micro-nano
particles easily absorb on the surface of the clay particles through hydrogen bonding, resulting in the colloidal stability of bentonite slurry under high temperature and high salt concentration, which is in favor
of forming a thin and dense filter cake to effectively
reduce the filtration volume of drilling fluids.

In recent years, a series of studies on filtration
reducers for water-based drilling fluids were conducted [1-3]. At present, filtration reducers for water-based drilling fluids could be mainly divided into
three categories [4]. The first category was natural
materials [5-7], such as date kernel powder, walnut
shell powder, coconut shell powder, etc.; the second
category was modified natural polymer materials [811], mainly including starch, cellulose, humic acid,
resins and their modified products; the third category
was artificial synthetic polymers [12-14], which
mainly use various monomers to synthesize binary
polymers and ternary polymers through different
polymerization methods. Among them, the first two
types of filtration reducers were inexpensive, but
these two type had poor high temperature stability,
and generally could not be used in water-based drilling fluids above 140°C. There were many types of
synthetic polymer filtration reducers and could be
used in water-based drilling fluids above 160°C,
which were expensive and different to biologically
degrade. Further studies had shown that inorganic
nanoparticles had the advantages of strong rigidity,
dimensional stability and good thermal stability. Inorganic nanoparticles, such as graphite, silica, calcium carbonate, iron oxide, etc., were added to synthetic polymer filtration reducers that could be applied to water-based drilling fluids above 200Ԩ [15].
Due to its large specific surface area and high
surface energy, the nanoparticles were easy to agglomerate and could not be uniformly dispersed in
the composite materials [16]. In order to avoid the
agglomeration of nanoparticles, the particles could
be chemically coated or grafted with high molecular
polymers [17-18], such as surfactants or polymers.
The large number of functional groups on the surface
of high molecular polymers could give nano materials special properties, and highly complex structure,
nano-scale molecular size and strong dispersibility
could improve the dispersibility of nano materials.
Among them, organic/inorganic nanocomposites
combined the rigidity, dimensional stability, and
thermal stability of inorganic nanomaterials with the

KEYWORDS:
Water-based drilling fluid, filtration reducer, environmental-friendly, organic/inorganic composite, high temperature
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toughness, processability performance of polymers,
which made full use of the synergistic and complementary effects between the components to obtain
excellent performance [19]. The polymer/inorganic
nanocomposite material could meet the requirements
of “one agent, multiple functions”, such as high temperature stability, salt resistance, filtration reduction,
rheology enhancing performance of drilling fluid additives, which had a broad field application prospect
in the drilling fluid additives [20-21].
In the present study, in order to solve technical
problems of filtration reducers that it is difficult to
balance temperature resistance, salt resistance and
environmental protection performance, it was proposed to developed a new organic/inorganic composite micro-nano environmental-friendly filtration reducer (EFR-1) by grafting functional monomers onto
the surface of nano calcium carbonate. The new-synthesized EFR-1 was characterized by Fourier transforms infrared spectroscopy (FT-IR), scanning electron microscope (SEM) and transmission electron
microscope (TEM) , and the filtration reduction performance, high temperature stability and salt resistance of EFR-1 were evaluated respectively. Furthermore, the action mechanism of EFR-1 was also
investigated from the aspects of clay particle dispersion stability, high-temperature stability and salt resistance.
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coupling agent (KH570), ethanol, acetone, emulsifiers, AR grade, were all purchased from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China) and
used as received. White oil and distilled water was
used throughout the experiments.
Surface modification of nano-calcium carbonate. Many hydroxyl groups (-OH) are enriched
on the surface of nano-calcium carbonate. The hydration of -Si(OCH3)3 in silane coupling agent
KH570 produces silanol groups (-SiOH), which reacts with the hydroxyl groups on the surface of nanocalcium carbonate form hydrogen bonds. Through
dehydration synthesis, the hydrogen bonds will produce -SiO-CaCO3 covalent bonds. Meanwhile, the
silanol of the silane coupling agent associates with
each other, forming a reticular membrane surface of
nano-calcium carbonate, marking the completion of
the surface modification of nano-calcium carbonate.
The specific experimental steps are as follows:
weigh 10g of nano-calcium carbonate powder, and
dry the powder to constant weight in a thermostatic
drying oven. Then, disperse the nano-calcium carbonate powder and 20g of KH570 into 100mL of absolute ethyl alcohol. Next, transfer the solution into
an ultrasonic cell disrupter for 0.5h of ultrasonic dispersion at the power of 800-1000W. After that, transfer the suspension into a three-necked flask for 2-4h
reaction in nitrogen atmosphere at the temperature of
60~70Ԩ. Purity the products with acetone, followed
by drying and grounding.

MATERIALS AND METHODS

Synthesis of EFR-1. Sodium vinyl sulfonate
(SVS), N-vinylpyrrolidone (NVP), acrylamide
(AM), 2-acrylamido-2-methyl propane sulfonic acid
(AMPS) were selected as reaction monomers.
Through the inverse emulsion polymerization, adsorption groups, hydration groups, and hydrophobic
groups were introduced to the surface of nano-calcium carbonate (Figure 1). The micro-nano environmentally friendly filtrate reducer (EFR-1) could be
prepared in these steps.

Experimental materials. (1) Chemical agents.
Sodium vinyl sulfonate (SVS), N-vinylpyrrolidone
(NVP),
acrylamide
(AM),
2-acrylamide-2methylpropanesulfonic acid (AMPS) and nano calcium carbonate, the core chemical reagents to synthesize the micro-nano environmental friendly filtration reducer (EFR-1), were obtained from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China) and used without further purification. Silane

FIGURE 1
Synthesis route of EFR-1.
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Preparation of continuous phase. Add a certain mass of emulsifier A and emulsifier B to the continuous phase oil, stir to dissolve the emulsifiers, and
obtain a uniform transparent liquid. (2) Preparation
of dispersed phase: take a proper amount of deionized water, slowly add the reaction monomers in turn,
including SVS, NVP, AM, and AMPS, stir to dissolve the reaction monomers, and obtain a uniform
transparent liquid. At a fixed stirring speed, slowly
add a proper amount of nano-calcium carbonate
modified by KH570, and heat up the solution to a
certain temperature for a period of reaction. (3) Under the stirring condition, slowly drip the dispersed
phase to the continuous phase, aerate nitrogen, stir
the solution well, heat up the solution to a certain
temperature, and add the initiator for a period of reaction. (4) After the reaction ends, wash repeatedly
with absolute ethyl alcohol, and obtain the final
product through drying: micro-nano environmentally friendly filtrate reducer, EFR-1.
The new-synthesized EFR-1 was characterized
by Fourier transforms infrared spectroscopy (FTIR). The FT-IR spectra were recorded by NEXUS
670 FT-IR spectrometer (Thermo Nicolet Corporation, USA) and scanned from 4000 to 400 cm-1. The
physical and chemical characteristics of EFR-1 were
also analyzed through scanning electron microscope
(SEM) and transmission electron microscope
(TEM), particle size distribution and Zeta potential
tests.
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HTHP filtration(FLHTHP)=2×FLGGS (mL) (5)
Where, AV is the apparent viscosity, mPa·s; PV
is the plastic viscosity, mPa·s; YP is the yield point,
Pa; ĳ600 and ĳ300 are dial readings at 600 and
300r/min respectively; FLAPI is the API filtration volume, mL; FLZNS is filtration volume measured with
the ZNS-2A filtration apparatus, mL. FLHTHP is the
HTHP filtration volume, mL; FLGGS is filtration volume measured with the GGS42-2 filtration apparatus,
mL.
Environmental friendliness evaluation. The
environmental-friendliness of EFR-1 was evaluated
through biological toxicity and biodegradability tests
[22-23]. The half-maximal effective concentration
(EC50) was adopted as the evaluation parameter of
biological toxicity, and the biological toxicity tests
were conducted with the Microtox Model 500 Biological Toxicity Tester (SDI Corporation, USA) by
the luminescent bacteria method. The ratio of biochemical oxygen demand (BOD) to chemical oxygen demand (COD) was adopted as the evaluation
parameter of biodegradability, and the biodegradability tests were conducted with the Biochemical Oxygen Demand Tester (JUCHUANG, China) by the
air pressure difference method and the Chemical Oxygen Demand Tester (XINGHUAN, China) by the
rapid digestion spectrophotometry method.
Action mechanism discussion. The action
mechanism of EFR-1, such as clay particle dispersion stability, high-temperature stability and salt resistance, was investigated through particle size distribution, Zeta potential, and scanning electron microscope (SEM).

Performance evaluation of EFR-1. The filtration reduction performance, high-temperature stability and salt resistance of micro-nano environmentalfriendly filtration reducer (EFR-1) was investigated
based on the evaluation of rheological and filtration
behaviors. The experimental fluids were vigorously
stirred for 20min at 10000r/min before each measurement. To characterize the properties of drilling
fluids based on industrial practice, the rheological
behaviors of the water-based drilling fluids were
measured at a fixed rate of 600 and 300 r/min according to the API Recommended Practice for Standard
Procedure for Field Testing Water-based Drilling
Fluids (API RP 13B-1), using a model ZNN-D6 viscometer. The initial and 10min gel strengths - Gelin
and Gel10min - were recorded as the half-maximal dial
readings at a fixed rate of 3r/min after being undisturbed for 10 s and 10 min, respectively. The filtration performance was measured using the ZNS-2A
filtration apparatus at room temperature for 7.5 min,
and the GGS42-2 filtration apparatus at 180Ԩ for 30
min. The parameters was calculated using Eq (1)Eq(5).
(1)
Apparent viscosity(AV)=ĳ600/2 (mPa·s)
(2)
Plastic viscosity(PV)=ĳ600-ĳ300 (mPa·s)
(3)
Yield point(YP)=(ĳ300-PV)/2 (Pa)
(4)
API filtration(FLAPI)=2×FLZNS (mL)

RESULTS AND DISCUSSION
Characterization of HMHEC. (1) FT-IR
spectra. The FT-IR spectra of nano calcium carbonate and EFR-1 were illustrated in Figure 2. It
could be seen that there exist significant differences
in the absorption bands of nano calcium carbonate
and EFR-1. In the FT-IR spectra of EFR-1, the absorption bands at 3382 cm-1, 3199cm-1 and 2947cm1
, were corresponding to the bending vibration of NH group, hydroxyl (-OH) and methylene (-CH2-).
The peak increase at the absorption bands at 1664
cm-1 and 1128cm-1 also reflected the amido and sulfonic acid groups in the molecule structure of EFR1. It could be confirmed from the above discussion
that EFR-1 was obtained by grafting sodium vinyl
sulfonate (SVS), N-vinylpyrrolidone (NVP), acrylamide (AM) and 2-acrylamide-2-methylpropanesulfonic acid (AMPS) onto the surface of nano calcium
carbonate.
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FIGURE 2
FT-IR spectrum of EFR-1.
Scanning electron microscope (SEM). The
ZEISS Sigma 300 SEM was adopted to test and analyze the morphology and particle size of nano-calcium carbonate, modified nano-calcium carbonate,
and EFR-1. As shown in Figure 3, nano-calcium carbonate was square or nearly spherical; some particles
were aggregated; the particle size was mostly 100300nm. After being modified by KH570, the particle
shape had not changed greatly, but remained square;
lots of aggregated particles could be observed.
Through modification by polymer grafting, many
nano-spherical particles formed aggregates, so did
some micro-particles. Hence, EFR-1 is composed of
micro-nano particles of different sizes.

some micro-particle aggregates. There was a layer of
polymer on the surface of irregular nano-calcium
carbonate; the edges of the particles were relatively
smooth. This means the micro-nano environmentally
friendly filtrate reducer obtained through modification has a core-shell structure.

FIGURE 4
TEM images of EFR-1.
Particle size distribution and Zeta potential.
Firstly, 0.5% EFR-1 suspension was prepared with
deionized water, and ultrasonically dispersed for
10min. Then, the particle size distribution was measured with Bettersize 2000 laser particle size analyzer.
According to the results, the particle size distribution
of EFR-1 had multiple peaks. The D50 particle size
ZDV ȝP WKH D90 SDUWLFOH VL]H ZDV  ȝP
and the specific surface area (SSA) was 79205 cm2/g.
The Zeta potential was measured with a high
sensitivity Zeta potential analyzer. Under the test
temperature of 25Ԩ, the measurement was performed three times, and the mean value was taken as

FIGURE 3
SEM images of EFR-1.
Transmission electron microscope (TEM).
The JEOL JEM-2100 UHR TEM was adopted to test
and analyze the microstructure of EFR-1. As shown
in Figure 4, EFR-1 contained lots of square or nearly
spherical particles between 200 and 300nm, plus
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the final result. The absolute Zeta potential of EFR1 was greater than 40mV, a sign of good dispersion
stability. This is mainly attributable to the sulfonic
acid groups introduced to the surface of nano- calcium carbonate.

measured before and after hot rolling at different
temperature (160Ԩ, 180Ԩ, 200Ԩ, 220Ԩ) for 16h.
As shown in Table 2, it could be seen that the API
filtration of experimental fluids slightly increased
accordingly with the increase of hot rolling temperature. When the hot rolling temperature were 160Ԩ,
180Ԩ, 200Ԩ and 220Ԩ, the API filtration were 9.2
mL, 9.4 mL, 11.2 mL, 12.0 mL and the HTHP filtration were 24.8 mL, 27.6 mL, 31.0 mL, 34.2 mL, indicating good high temperature stability. In addition,
there was no significant difference in the viscosity
and yield point with the increase of hot rolling temperature, which could meet the demand of deep and
high temperature wells drilling operation.

Evaluation results of EFR-1. (1) Filtration
reduction performance. Firstly, a series of experimental fluids were prepared by adding different concentration of EFR-1 (0.25%, 0.5%, 0.75%, 1.0%,
2.0%, 3.0%) into the 4% pre-hydrated bentonite
slurry. Then the rheological and filtration behaviors
was measured before and after hot rolling at 160Ԩ
for 16h. As shown in Table 1, it could be seen that
the API filtration of experimental fluids decreased
accordingly with the increase of the EFR-1 concentration. When the concentration of the EFR-1 was
1%, the API filtration sharply decreased to 9.2mL
(<10mL) after hot rolling at 160Ԩ for 16h, indicating good filtration reduction performance. In addition, the apparent viscosity, plastic viscosity and
yield point of experimental fluids increased monotonically with the increase of the EFR-1 concentration, indicating good rheology enhancing performance.

Salt resistance. Firstly, a series of experimental fluids were prepared by adding 1% EFR-1
and different concentration of NaCl (5%, 10%, 20%,
36%) into the 4% pre-hydrated bentonite slurry.
Then the rheological and filtration behaviors was
measured before and after hot rolling at 200Ԩ for
16h. As shown in Table 3, it could be seen that the
API filtration of experimental fluids increased accordingly with the increase of NaCl concentration.
When the NaCl dosage were 5%, 10%, 20%, 36%,
the API filtration were 22mL, 30.8mL, 30.8mL,
42.8mL, 48.8mL after hot rolling at 200Ԩ for 16h,
indicating good salt resistance.

High temperature stability. Firstly, a series of
experimental fluids were prepared by adding 1%
EFR-1 into the 4% pre-hydrated bentonite slurry.
Then the rheological and filtration behaviors was

Concentration /%
0
0.25
0.5
1.0
2.0
3.0
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TABLE 1
Rheological and filtration properties of EFR-1
Conditions
AV /(mPa·s)
PV /(mPa·s)
before hot rolling
7.0
5.0
after hot rolling
3.5
2.5
before hot rolling
10.5
6.0
after hot rolling
11.5
10.0
before hot rolling
18.0
11.0
after hot rolling
20.0
18.0
before hot rolling
32.5
17.0
after hot rolling
28.5
24.0
before hot rolling
62.5
31.0
after hot rolling
67.5
37.5
before hot rolling
98.5
54.0
after hot rolling
105.0
60.0

Conditions
Before hot rolling
After 160Ԩ hot rolling
Before hot rolling
After 180Ԩhot rolling
Before hot rolling
After 200Ԩ hot rolling
Before hot rolling
After 220Ԩ hot rolling

TABLE 2
High temperature stability of EFR-1
AV /(mPa·s)
PV /(mPa·s)
YP /Pa
32.5
17.0
15.5
28.5
24.0
4.5
32.5
17.0
15.5
25.0
21.0
4.0
32.5
17.0
15.5
21.0
17.0
4.0
32.5
17.0
15.5
24.5
19.0
5.5

10050

YP /Pa
2.0
1.0
4.5
1.5
7.0
2.0
15.5
4.5
31.5
30.0
44.5
45.0

FLAPI /mL
8.0
9.2
8.0
9.4
8.0
11.2
8.0
12.0

FLAPI /mL
25.4
36.6
11.8
20.6
9.0
16.8
8.0
9.2
6.8
6.4
6.0
6.0

FLHTHP /mL
/
24.8
/
27.6
/
31.0
/
34.2
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Concentration
/%
0
5
10
15
36

NO.
1
2
3
4
5

Conditions
Before hot rolling
After hot rolling
Before hot rolling
After hot rolling
Before hot rolling
After hot rolling
Before hot rolling
After hot rolling
Before hot rolling
After hot rolling
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TABLE 3
Salt resistance of EFR-1
AV
PV
/mPa·s
/mPa·s
32.5
17.0
21.0
17.0
7.5
6.5
7.5
5.0
11.0
7.0
6.0
4.0
16.5
11.0
7.5
5.5
18.0
12.0
5.5
5.0

TABLE 4
Environmental-friendliness of EFR-1
Items
Total Lead, Cr
Lead, Pb
Cadmium, Cd
Biological toxicity, EC50
Biodegradability, BOD5/CODCr

Environmental-friendliness. Table 4 displays
the biological toxicity and biodegradability test results. It could be seen that the newly-synthesized
EFR-1 exhibited excellent environmental-friendliness, with the EC50 value being 96500 mg/L (not biologically toxic) and the BOD5/CODCr ratio being
18.56% (easy to biodegrade). In addition, the content
of heavy metals was very low, so it could be introduced as an environmental-friendly additive to water-based drilling fluids.

YP
/Pa
15.5
4.0
1.0
2.5
4.0
2.0
5.5
2.0
6.0
0.5

FLAPI
/mL
8.0
11.2
11.2
22.0
24.4
30.8
46.2
42.8
59.2
48.8

Results/(mg/L)
0.04
0.01
᧸0.01
96500
18.56%

the Zeta potential of each test fluids was measured
with a Brookhaven nanoparticle size analyzer. The
test results were recorded as Figure 5.
The Zeta potential of the bentonite slurry was
about -16mV. After the addition of EFR-1, the absolute Zeta potential gradually increased. When the
EFR-1 dosage reached 3%, the Zeta potential of the
suspension arrived at -40.3mV, suggesting a good
dispersion stability. This is because EFR-1 surface
contains adsorption groups like amide group, which
could be adsorbed on the surface of clay particles via
hydrogen bonding. Meanwhile, the sulfonic acid
groups in the polymer molecular chain on EFR-1 increases the surface charge density of clay particles,
pushing up the absolute Zeta potential. According to
the basic principles of colloid and interface chemistry, the dispersion stability will be improved significantly, if the absolute Zeta potential of colloidal particles surpasses 30mV; the well dispersed colloidal
particles facilitate the formation of dense mud cakes,
thereby dragging down the filtration volume.
Particle size distribution of bentonite slurry.
Different concentrations of EFR-1 were added to the
4% pre-hydrated bentonite slurry, and stirred at a
high speed for 30min. Then, the particle size distribution of each test fluids was measured with a Bettersize2000 laser particle size analyzer. The test results are recorded as Figure 6.
The mean particle size of the bentonite slurry
ZDVȝP$IWHUWKHDGGLWLRQRI()5-1, the mean
particle size of test fluids increased. The increment
continued to rise with the growing concentration of
EFR-1. When the EFR-1 concentration reached
WKHPHDQSDUWLFOHVL]HVWRRGDWDURXQGȝP

FIGURE 5
Effect of EFR-1 on Zeta potential
of bentonite slurry.
Action mechanism discussion. (1) Clay particle dispersion stability. Different concentration of
EFR-1 were added to the 4% pre-hydrated bentonite
slurry, and stirred at a high speed for 30min. Then,
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The mean size of clay particles increased, because
the polymer on EFR-1 surface is adsorbed in the surface of the clay particles by hydrogen bonding. With
the growth of EFR-1 concentration, however, multiple peaks appeared on the particle size distribution
curve. At this time, the drilling fluid system contains
some large particles as bridge particles, and also
some fine particles for gap filling. In addition, EFR1, after being coated by polymer, becomes particles
hard in the inside and soft on the outside. These particles could significantly increase the compressibility of mud cakes, making them thinner and denser.
Hence, the filtration volume of the drilling fluid
could be effectively reduced.
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merely 29.4mL and 14mL, down by 58.9% and
61.5%, respectively. Hence, the EFR-1 achieves a
good filtrate reduction capacity.

Mud cake microstructure. Pre-hydrated bentonite slurries (concentration: 0.5% and 2%) and
EFR-1 suspensions (concentration: 0.5% and 2%)
were prepared, and separately subjected to API filtration measurement (filtration time: 30min). When
the bentonite concentration was 0.5%, the API filtration volume was as high as 71.5mL; when the bentonite concentration rose to 2%, the API filtration
volume fell to 36.4mL. The filtration volume of the
EFR-1 suspensions of the same concentrations was

FIGURE 6
Effect of EFR-1 on particle size of bentonite
slurry.

(a) 0.5%bentonite slurry

(b) 0.5%EFR-1 suspension

(c) 2%bentonite slurry

(d) 2%EFR-1 suspension
FIGURE 7
SEM images of API mud cakes.
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(a) before hot rolling
(b) after hot rolling
FIGURE 8
Effect of high temperature on API mud cakes before and after hot rolling.

(a) before hot rolling
(b) after hot rolling
FIGURE 9
Effect of NaCl on API mud cakes before and after hot rolling.
Each API mud cake was frozen in liquid nitrogen, and dried in a freeze dryer. The microstructure
of the dried API mud cake was tested using a Hitachi
SU8010 SEM. As shown in Figure 7, when the bentonite slurry reached the concentration of 0.5%, the
particles could not form a reticulate structure, failing
to produce a dense mud cake. There are large-aperture filtration channels within the mud cake. In the
mud cake produced by 0.5% EFR-1 suspension,
small particles aggregated into a sheet membrane,
while some small particles filled the pores of the mud
cake, thereby significantly increasing the mud cake
density. When the bentonite slurry reached the concentration of 2%, the interaction between some clay
particles produced a grid structure, which cut down
the filtration volume. In the mud cake produced by
2% EFR-1 suspension, the particles interacted to
form a dense sheet membrane, which effectively prevents the filtration volume of the drilling fluid, resulting in an excellent filtration reduction performance.

High-temperature stability of drilling fluid.
The 1% EFR-1 was added to 4% pre-hydrated bentonite slurry. The solution was hot rolled at 200Ԩ for
16h, and subjected to an API filtration experiment
(filtering time: 30min). Each API mud cake was frozen in liquid nitrogen, and dried in a freeze dryer.
The microstructure of the dried API mud cake was
tested using a Hitachi SU8010 SEM.
Figure 8 presents the SEM images of the API
mud cake of EFR-1 before and after the hot rolling.
Before hot rolling, the mud cake formed after the addition of EFR-1 contained lots of honeycomb pores.
The filamentous “tentacles” traversed the mud cake,
forming a 3D grid structure. This is a typical structure of polymer adsorption on clay particles. A membrane structure also emerged on the mud cake. It
could be inferred that, the EFR-1 being added to the
bentonite mud adsorbs onto clay particles via hydrogen bonding, and the EFR-1 particles interact to
form a membrane structure. In this way, the filtration
of water molecules is blocked, and lots of water molecules are adsorbed, preventing them from migration.
This adds to the compressibility of the mud cake.
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clay particles from aggregation, and form a dense
mud cake with a membrane structure. The filtration
volume is thereby reduced.

After hot rolling at 200Ԩ, most of the filamentous “tentacles” of polymer disappeared and fractured, because the polymer was destructed by the
high temperature. But a few filamentous structures
were still observable, indicating the good high-temperature stability of EFR-1 even after being heated
to 200Ԩ. Furthermore, the membrane structure remained on the mud cake, mainly because nano-calcium carbonate enhances the high-temperature stability of the polymer on its surface. After the hot rolling, a dense membrane could still be generated
through the interaction between particles of EFR-1
and the interaction between EFR-1 particles and clay
particles, thereby suppressing filtration volume.

CONCLUSIONS
The micro-nano environmental-friendly filtration reducer (EFR-1) was firstly synthesized by
grafting sodium vinyl sulfonate (SVS), N-vinylpyrrolidone (NVP), acrylamide (AM) and 2-acrylamide-2-methylpropanesulfonic acid (AMPS) onto
the surface of nano calcium carbonate through inverse emulsion polymerization.
It was proved that EFR-1 was high sphericity
with core-shell structure and D50 VL]HRIȝP
and its Zeta potential absolute value was above 40
mV. EFR-1 exhibited excellent filtration reduction
performance with high temperature resistance of
200Ԩ and salt resistance of 36% NaCl. EFR-1 also
exhibited good environmental-friendly performance
with biological toxicity (EC50) of 96500 mg/L and
biodegradability (BOD5/CODCr) of 18.56%.
The action mechanism of EFR-1 were furtherly
investigated and discussed, and EFR-1 could easily
absorb on the surface of the clay particles through
hydrogen bonding, resulting in the colloidal stability
of bentonite slurry under high temperature and high
salt concentration, which is in favor of forming a thin
and dense filter cake to effectively reduce the filtration volume of drilling fluids.
The micro-nano environmental-friendly filtration reducer (EFR-1) could be environmental
friendly and priority alternatives to conventional filtrate reducers in water-based drilling fluids, especially in the deep and high temperature wells drilling
operations.

Salt resistance of drilling fluid. The 1% EFR1 was added to 4% pre-hydrated bentonite slurry.
Then, 30% NaCl was added, and stirred rapidly until
the NaCl completely dissolved. After that, the solution was hot rolled at 200Ԩ for 16h, and subjected to
an API filtration experiment (filtering time: 30min).
Each API mud cake was frozen in liquid nitrogen,
and dried in a freeze dryer. The microstructure of the
dried API mud cake was tested using a Hitachi
SU8010 SEM.
Figure 9 presents the SEM image of the API
mud cake of EFR-1 before and after the hot rolling.
After being added, EFR-1 was firmly adsorbed onto
clay particles before and after the hot rolling at 200Ԩ.
The stacking structure between clay particles and
EFR-1 was rather tight, and the API mud cake was
relatively smooth, without large clay aggregates or
obvious pores/micro-cracks. Therefore, even if the
environment is hot and highly saline, EFR-1 could
firmly adhere to the surface of clay particles, weaken
the high-temperature dehydration effect, prevent
clay particles from aggregation, optimize the particle
size distribution of clay particles. In this way, the
mud cake of the drilling fluid is less permeable, and
better in quality. The filtration volume is thereby reduced.
Action mechanism summary. According to the
above tests and analysis, the key action mechanism
of EFR-1 could be summarized as: (1) EFR-1 boasts
a hard core of nano-calcium carbonate and a viscoelastic shell of organic polymer, and improves the
grain size distribution of clay particles in the drilling
fluid. In this case, the drilling fluid system contains
some large particles as bridge particles, and also
some fine particles for gap filling, forming a dense
mud cake. (2) Adding EFR-1 into bentonite mud
could increase the Zeta potential of the system, enhance the colloid stability of the clay dispersion system, and thus improve the filtrate reduction effect of
the drilling fluid. (3) EFR-1 could be prepared by
covering modified nano-calcium carbonate with organic polymer. Therefore, it has a large number of
polar adsorption groups. Even if the environment is
high temperature and highly saline, EFR-1 could
firmly adhere the surface of clay particles, prevent
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FIELD STRENGTH PREDICTION OF MINE ENVIRONMENT
BASED ON LS-SVM PARAMETERS
Guanni Ji*
School of Zhongxing Communication, Xi'an Traffic Engineering Institute, Xi'an, Shaanxi, 710300, China

there are fewer scholars studying the prediction of
downhole field strength, so this article conducts research and experiments based on the current state of
ground research. Zhang et al. [1-2] proposed a hybrid
model for predicting propagation loss in tunnels and
verified its rationality through experiments, but the
calculation of this model in the far-field is more complicated. The logarithmic correction model and the
double slope model are proposed respectively [3-5].
However, due to the complicated roadway propagation environment. None of the above models can
well reflect the nonlinear characteristics of the channel field strength, and there is a problem that the prediction accuracy is low. In addition, the scholars
made an in-depth analysis of the radio wave propagation characteristics in the mine roadway, and took
some considerable results [6-9]. The scholars also
conducted an in-depth analysis of the propagation
characteristics of the electric wave in the roadway
and obtained some useful conclusions [10-13]. Forooshani et al. [14] summarized the work of the predecessors, analyzed the usage scenarios of different
models, and compared the advantages and disadvantages of different models.
Yang et al. [15] proposed a field strength prediction method based on a modular neural network,
which makes full use of the characteristics of wireless signal field strength distribution to establish a
model for electromagnetic propagation prediction.
However, the neural network is prone to fall into a
local optimum and there is overfitting. Yang et al. [16]
used the ray tracing method to predict and simulate
the urban environment radio wave propagation and
actual measurement, this method has severe refraction for the complex environmental signals downhole. Support vector machine can overcome the
shortcomings of long training time of neural network,
randomness, and overfitting of training results [1718]. On this basis, according to the actual measurement data of underground mine, this paper establishes a field strength prediction model based on the
least squares support vector machine (LS-SVM).
The model takes the actual measurement data as the
training sample, and by setting the appropriate parameters, it can meet the requirements of prediction
accuracy.

ABSTRACT
Under the mine environment, electromagnetic
propagation is polluted by solid particles and noise.
For the problem of low accuracy of current prediction of field strength in the mine tunnel, a prediction
model based on the least squares support vector machine (LS-SVM) method which was optimized by
particle swarm optimization was proposed to predict
field intensity in mine tunnel. The measured data of
a certain roadway is used as training samples to predict the mine roadway field strength. The influence
of training set construction and parameter selection
on the prediction effect was analyzed in detail. The
simulation results show that the optimized LS-SVM
prediction model has a higher prediction accuracy
than the dual-slope model and logarithmic correction
model.

KEYWORDS:
Mine environment, field intensity, prediction model, LSSVM parameters

INTRODUCTION
With the advance of intelligent mining and the
development of mine intelligence, the noise of large
mechanical equipment and underground dust have
caused great pollution to the electromagnetic environment. Mine wireless communication systems
play a key role in ensuring the safety of coal mining
and optimizing production, field strength coverage
of the underground tunnel direct impact on system
performance. Before the completion of the underground base station, the law of electromagnetic propagation path loss in its application environment is
understood, and the accuracy of field strength prediction is improved. It can avoid the network coverage weak zone and blind zone caused by the too
small coverage of the base station and the waste of
resources caused by the excessive coverage of the
base station. The propagation of electromagnetic
wave in mine tunnel includes all kinds of propagation mechanisms, such as direct radiation, reflection,
diffraction, scattering and so on, which is similar to
the propagation mode in tunnel.
After consulting a large amount of literature,
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wide and about 3.5m high. The experimental parameters and test methods are as follows:
1) Selected single-frequency point cell, the frequency point number is 9504 (center frequency
1900.8 MHz, frequency range 1900~1901.6 MHz),
the base station transmit power is 20 dB, and the antenna gain is 12 dBi.
2) Starting from the position of transmitting antenna, the received level value displayed by the terminal is recorded every 5 m in the mine roadway,
and 30 times at each measuring point until the end of
the roadway.

MATERIALS AND METHODS
High order statistics LS-SVM algorithm theory. LS-SVM converts the quadratic programming
problem into the solution problem of linear equations, which has the characteristics of a fast solution.
Assume that the training set is T ˙ ̗ (x_i,
y_i) ,i=1,2,…,N̙, Where x is the input data, y is the
output data, N is the number of samples included in
the training set, and n is the dimension of T. First, the
nonlinear function x is used to map the sample from
the input space Rn to the high-dimensional feature
space. Then the optimal decision function y is constructed in the high-dimensional feature space,
where Ȧ is the weight coefficient and b is the offset.
Use the principle of structural risk minimization to
find the optimal parameters Ȧ, b. The optimization
problem of LS-SVM can be expressed as Formula (1)
[19-21].

min
w ,b , ei

(2) Method steps of field strength prediction
based on LS-SVM. Step 1: Divide the sample into
training samples and test samples, and perform
model training on the training samples.
Step 2: Use PSO (Particle Swarm Optimization)
to optimize the model parameters.
(1) Various parameters of initialization, c1 = c2
= 1.4959, maximum number of iterations Gmax =
300, population number of particle swarms N = 30,
weight of inertia is 0.9, k-fold cross-validation is
adopted, and initialize k = 3.
(2) Predict the data sample corresponding to
each particle, calculate the current position value and
mean square error of each particle, treat the mean
square error as the fitness value of each particle, and
the fitness value of the current position of the particle
Compared with its own fitness value, it updates its
optimal position.
(3) The fitness value of the optimal position of
the particle itself is compared with the fitness value
of the optimal position of the group. If it is better, the
optimal position of the particle is used as the optimal
position of the group.
(4) Determine whether the termination condition for finding the optimal solution is met (usually
by setting the maximum number of iterations and
prediction accuracy). If the termination condition for
optimization is met, the algorithm ends and the optimal solution is output; otherwise, step (2) is skipped,
and then A new round of searches.
Step 3: Use the parameters optimized by PSO
as the optimal parameters, train the support vector
machine prediction model, and finally predict the
test sample set.
Step 4: Analyze the prediction results of the test
samples.
The model flow chart is shown in Figure 1.

1
J N
2
Z  ¦ ei2
2
2i1

s.t. yi

Z T I xi  b  ei

(1)

e
Ȗis the regularization parameter; i is the error.
Define the Lagrange function as Formula (2):
ଵ
ଵ
ݓ(ܮ, ܾ, ݁ , ܽ ) =  ݓ ் ݓ+ ߛ σே
ୀଵ ݁ െ
ଶ
ଶ
ே
்
σୀଵ ܽ (ݔ(߶ ݓ ) + ܾ + ݁ െ ݕ )
(2)

ai is a Lagrange multiplier.
According to the KTT (Karush-Kuhn-Tucker)
condition, the partial derivative of Ȧ, b,
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ei , ai is

e

obtained, and Ȧ, i is eliminated, thus obtaining.
0
்ݒ
0
ܾ

(3)
൨ቂ ቃ = ቂ ቃ
 ܭ ݒ+ ߛ ିଵ ܽ ܫ
ܻ
்
In the formula: [ = ݒ1 1 … 1] ; K is an N-order square matrix, and the elements of the i-th row
and the j-th column are ܭ = ߶(ݔ )் ߶(ݔ ) =
ݔ(ܭ , ݔ ), (ܭή,ή) is a kernel function; ܫis an N-order identity matrix; ܽ = [ܽଵ ܽଶ . . . ܽே ]் ; ܻ =
[ݕଵ ݕଶ . . . ݕே ]் .
Commonly used kernel functions include linear
kernel functions, polynomial kernel functions, and
radial basis kernel functions [22]. This paper chooses
the radial basis kernel function:
|௫ି௫ |మ


)
(4)
ݔ(ܭ, ݔ ) = ݁ (ݔെ
ଶఙ మ
In the formula: X is the training input sample
and ıis the kernel parameter.
Calculate Įand b by least squares method, and
obtain the predicted output of the LS-SVM model
ר
(5)
 = )ݔ(ݕσே
ୀଵ ܽ ݔ(ܭ, ݔ ) + ܾ

(3) Data preprocessing. Because of the complexity of the mine environment, in order to ensure
the effectiveness of the measurement results and
eliminate the influence of accidental factors, it is
necessary to preprocess the measurement data and
filter out the influence of fast fading. We perform
arithmetic averaging on the data of each measurement point to obtain the average reception level
value of 101 measured points, as shown in Figure 2.

Data measurement and preprocessing. (1)
Measurement scheme. Taking a mine straight road
as a test environment, the roadway is about 4.2m
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FIGURE 2
Measured field strength distribution.

FIGURE 1
Model flow chart.

FIGURE 3
LS-SVM prediction results (training set A).

FIGURE 4
LS-SVM prediction results (training set B).
D. Training set A has a total of 51 training data,
evenly distributed in the 0 to 500m test range; Training set B has a total of 21 training data, evenly distributed in the 0 to 500m test range; Training set C
has a total of 21 training data, evenly distributed in
the 0 to 400m test range ; Training set D has a total
of 21 training data, non-uniformly distributed in the
0 to 500m test range. The training sets A, B, C, and
D are used to train the LS-SVM model, and the test
set is used to test. The LS-SVM prediction results
under different training sets are shown in Figure
3~Figure 6.

RESULTS
Roadway field strength prediction based on
LS-SVM. (1) Influence of training set structure
on prediction effect. After testing, 101 measured
data were obtained, which were evenly distributed in
the range of 0 to 500 m from the base station. The
training set and the test set are constructed separately
using the measurement data. In order to evaluate the
influence of training set composition on LS-SVM
prediction effect, four different training sets A, B, C,
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FIGURE 5
LS-SVM prediction results (training set C).

FIGURE 6
LS-SVM prediction results (training set D).
the time cost. Therefore, under the condition of
meeting certain precision requirements, the measurement data should be reduced as much as possible.
As can be seen from Figure 5, the prediction error is -5 to 5 dB in the range of 0 to 400 m, and the
error is up to 30 dB in the range of 400 to 500 m,
which indicates that the prediction accuracy is
closely related to the selected range of the training
data. Within the coverage of the test set, the LS-SVM
can more accurately predict mine field strength coverage.
Compared with Figures 4 and 6, the prediction
effect of LS-SVM in non-uniform distribution of
training data is better than that in uniform distribution. In the traditional SVM method, the two parameters are artificially given values, and cannot dynamically find the optimal parameters suitable for the
current data set. The PSO can dynamically set the
parameters according to the set conditions and output the optimal parameters. Finally, this paper uses
BP neural network to make predictions. The results
show that neural networks can also learn the electromagnetic wave transmission characteristics of mine
tunnels, but the prediction results are not as accurate
as those of SVM. The prediction result of BP neural
network is shown in Figure 7.

FIGURE 7
BP neural network prediction results.
Comparing Figure 3 and Figure 4, when the
training data distribution range is unchanged and the
number is reduced from 51 to 21, the LS-SVM prediction error increases, and the error at individual positions reaches 6 dB, this indicates that the size of the
training set has a significant impact on the prediction
of the LS-SVM. The more training data, the larger
the training set, the better the prediction accuracy.
But the more measurement data you need, the greater
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FIGURE 8
Effect of Ȗ on LS-SVM prediction results.

FIGURE 9
7KHLQIOXHQFHRIıRQWKHSUHGLFWLRQUHVXOWVRI/6-SVM.
Select training set A, keep fixed Ȗ=100, and analyze the influence of ı on prediction accuracy.
When ıis 0.1, 0.5, 1, 2, the LS-SVM prediction results are shown in Figure 9. As can be seen from the
figure, the smaller the ı is, the more accurate the prediction result of the model is without considering the
generalization ability of the model.
According to the support vector machine theory,
the requirements of the model accuracy and complexity on the parameters are contradictory [23]. In
actual application, you should select the best model
parameters according to your needs. In this paper, t
this article used particle swarm optimization algorithm to select parameters. When Ȗ=100, =0.1, the
average prediction error of the model can be controlled at about 0.5 dB. At the same time, the maximum prediction error can be controlled within 3dB,
and the prediction accuracy can meet the actual requirements.

(2) Influence of parameter selection on prediction effect. The LS-SVM prediction needs to find
the optimal regularization parameter Ȗand the kernel
parameter ı. Theoretically, Ȗ is used to control the
compromise between the complexity of the model
and the approximation error. The larger Ȗ is, the
higher the fitting degree of the data is, but at the same
time, the complexity of the model becomes larger. ı
is used to control the number of support vectors and
generalization ability. The larger the ı, the smaller
the number of support vectors, the stronger the generalization ability, but the accuracy will be reduced.
In order to analyze the influence of the regularization
parameter Ȗ and the kernel parameter ıon the prediction accuracy of the LS-SVM model, the fixed
variable method is used for analysis (Figure 8).
Select training set A, keep ı . and analyze
the influence of Ȗon prediction accuracy. When Ȗ are
1, 10, 100, and 1,000, the prediction results of the
LS-SVM are shown in Figure 8. It can be seen from
the figure that for different Ȗ, the prediction results
of the model are not significantly different. When Ȗ>
10, the prediction results almost all overlap.

Model prediction performance analysis. (1)
Model predictive performance indexes. The statistical average difference between predicted and measured values [5, 24-26].
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(6)
ே ୀଵ 
In the formula, ܲ is the measured value and
ܲ is the predicted value.
The standard deviation between the predicted
and measured values is:
݁௦ = ට

ଶ

ଵ
ேିଵ

ଶ
(σே
ୀଵหܲூ െ ܲ ห െ ܰߤ )

the LS-SVM model are much smaller than those predicted by the logarithmic correction model and double slope model, and r reaches 0.9982, which proves
the superiority of LS-SVM model.

CONCLUSIONS

(7)

The correlation coefficient between the predicted value and the measured value is:

The LS-SVM algorithm is used to establish the
prediction model of mine environment field strength,
and the influence of training set structure and parameter selection on the prediction accuracy of the
model is analyzed. The experimental results show
that the model effectively improves field strength
prediction accuracy. However, this paper is a prediction of field strength in a specific frequency and
roadway environment, the model is relatively simple,
and the prediction range is limited. The factors that
affect the electromagnetic propagation of mine roadways, such as frequency, roadway cross-section (including shape and size) and the position parameters
of antenna, are used as inputs, and the field strength
change of channel is used as output to train the support vector machine model, so as to obtain a more
generally applicable field strength prediction model,
which will be the further research direction.

N

¦ ( P  P)( P
i

r

pi

 Pp )

i 1

N

N

¦ ( P  P) ¦ ( P
2

i

pi

 Pp ) 2

(8)
In the formula: ܲ is the average value of the
measured value; ܲ is the average value of the predicted value.
The smaller ȝand ݁௦ is, the better the prediction effect is, and the larger the  ݎis, the closer the
predicted value is to the measured value.
i 1
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i 1

(2) Prediction results and performance analysis. The logarithmic correction model, double slope
model, and LS-SVM model are analyzed by regression analysis based on the measured data, and the results are shown in Figure 10. The training set of the
LS-SVM model is A, Ȗ=100, ı =0.1. It can be seen
from the diagram that the prediction results of the
LS-SVM model are closer to the measured data.
The prediction performance index of the logarithmic correction model, double slope model, and
LS-SVM model is shown in Table 1. It can be seen
that the performance indexes ȝand ݁௦ predicted by
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FIGURE 10
Three model regression results.

TABLE 1
Three models predict performance indicators.
Predictive Model
ȝ
݁௦
Logarithmic correction model
3.4993
2.8779
Double slope model
2.2192
1.8730
LS-SVM model (Training set A)
0.5328
0.5310
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r
0.9446
0.9726
0.9982
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ON NON-POINT SOURCE POLLUTION OF RAINFALL
RUNOFF - A CASE STUDY OF A UNIVERSITY IN
NANCHANG
Zhengong Tong, Wenxiu Chen*, Zhicheng Xi, Yurun Liu, Caixai Kang, Longwang Fu
School of Civil Architecture, East China Jiaotong University, Nanchang 330013, Jiangxi Province, China

[9] and a significant cause of water pollution [10].
Non-point source pollution in urban area has brought
great pressure and challenges to the water supply environment [11]. In general, one of the factors leading
to non-point source pollution lies in rainfall and surface runoff [12]. Rainfall runoff non-point source
pollution is one of the important causes of wa ter pollution. Therefore, it is of great significance and necessity to explore on how to control rainfall runoff
non-point source pollution for the improvement of
water environment.

ABSTRACT
In order to explore the variation law of pollutants in different underlying surfaces with time, a
university in Nanchang was selected as the research
area. Four types of underlying surfaces in this university, namely, the main road of the whole school,
the main road of the student dormitory area, school
leisure square and student dormitory roof, were selected for analysis. Under the circumstance of a single rainfall, the variation law of Suspended Solids
(SS), Chemical Oxygen Demand (COD), Total Nitrogen (TN) and Total Phosphorus (TP) pollutants in
the four aforementioned underlying surfaces with
rainfall time was analyzed to figure out the variation
process of pollutants with rainfall duration. The results have shown that the variation range and variation law of water quality were different for varied
underlying surfaces and rainfalls. The pollutant concentration of rainfall runoff on the whole showed an
attenuation trend, and the attenuation rate was fast in
the early stage and became slower in the late stage.
Finally, the main pollutants in rainfall runoff of four
different underlying surfaces were obtained via analysis.

MATERIALS AND METHODS
Rainfall Runoff Monitoring Scheme. Regional Overview.Nanchang, located in East China,
is a city of north-central Jiangxi Province, downstream of Ganjiang River and Fuhe River, and the
southwest bank of Poyang Lake. It is situated in the
subtropical region of the northern hemisphere, enjoying the subtropical monsoon climate because of
the East Asian monsoon. The school to be studied is
located in the north of Nanchang, with the longitude
of 115°86’ and latitude of 28°73’ and the two campuses in the north and south of Shuanggang East Avenue, respectively. The roads in the school are crisscross, the Kongmu Lake is connected with the outside of the school, and the school is built along the
water.

KEYWORDS:
Rainfall Runoff, Underlying Surface, Non-point Source
Pollution

Selection of Sampling Sites and Sampling
Method. According to the use and traffic flow of different roads in the school, several representative
types of underlying surface within the school were
selected and arranged. In this study, the main road of
the school (A), the main road of the student dormitory area (B), the leisure square of the school (C) and
the roof of the student dormitory (D) were selected.
The above four sampling sites involve several different underlying surface functional areas, such as the
main road of the school, the residential area, the leisure area and the hard roof, which are representative
of the campus environment. The basic characteristics
of the areas are shown in Table 1.

INTRODUCTION
With the rapid development of economy and
society, urban water pollution has become increasingly serious [1]. Water pollution, which dramatically affects agricultural and industrial production
activities, results in huge economic losses and poses
a threat to human health [2]. Non-point source pollution becomes one of the main causes of urban water pollution [3-7], given that point source pollution
has been gradually controlled. Non-point source pollution is one of the main sources of water pollution
in urban rivers [8], which has become an important
source of pollution in the current water environment

10064

© by PSP

Volume 31– No. 10/2022 pages 10064-10073

Sampling point
A

B

C
D
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TABLE 1
Sampling point analysis
Pavement type
Pavement characteristics
The pavement material is asphalt; Road activities
School main road
are dominated by cars. At the same time, there are
many pedestrians and electric vehicles
The pavement material is concrete; The roads that
students must pass through during and after class.
Main road of student dormitory area
The road activities are mainly electric vehicles,
bicycles and pedestrians
The pavement material is full brick; Pavement acCampus leisure Square
tivities are for pedestrians only
Student dormitory roof
The pavement material is waterproof roll roofing

Sampling
date

Days before
sunny

2020.08.12

10

2020.08.25
2020.09.04

13
10

2020.09.11

7

2020.09.15

4

2020.09.16

1

2020.09.22

6

2020.10.15

23

TABLE 2
Basic information of rainfall monitoring
Rainfall
Rainfall duration
Rainfall category
(mm)
(min)
Large in the early stage and small in the
25.3
240
later stage
10.7
150
Medium term larger
0.4
50
Roughly uniform
Large in the early and late stage and small
29.2
300
in the middle stage
Small in the early stage and large in the
1.8
120
later stage
0.6
25
Roughly uniform
Small in the early stage and large in the
11.6
300
later stage
Large in the early stage and small in the
1.8
20
later stage

Rigid polyethylene plastic bottles were used to
collect rainwater. At the initial stage of each rainfall,
the runoff was collected every five minutes for 12
times; at the middle stage of rainfall, the runoff was
collected every 10 minutes for three times; at the final stage, the runoff was collected every 12 minutes
for three times.

Among the four rainfall samples successfully collected, there were two heavy rains (08/12/2020 and
09/11/2020) and two moderate rains (08/25/2020
and 09/22/2020).

RESULTS AND DISCUSSION

Detection Indicators and Methods. The indicators of pollutants measured include Suspended
Solids (SS), Chemical Oxygen Demand (COD), Total Nitrogen (TN) and Total Phosphorus (TP). SS
was determined by gravimetric method, COD by
rapid digestion spectrophotometry, TN by alkaline
potassium persulfate digestion ultraviolet spectrophotometry, and TP by ammonium molybdate spectrophotometry.

Variation Law of Rainfall Pollutant Concentration with Time. In order to grasp the variation
law of pollutant concentrations with time for each
underlying surface, this paper analyzed the distribution law of SS, COD, TN and TP concentrations in
different underlying surfaces with time for a single
rainfall event, so as to reveal the variation process of
pollutant concentrations with rainfall time.
Analysis of Variation Law of Rainfall Runoff
Pollutant of SS with Time. Rainfall monitoring was
carried out on the main road of the school (A), the
main road of the student dormitory area (B), the
school leisure square (C) and the roof of the student
dormitory (D) within the research area. With the beginning moment of rainfall as the starting point of
sampling, the variation of SS concentrations in rainfall runoff with the rainfall time were analyzed, and
the results are shown in Figure 1 to Figure 4.

Rainfall Monitoring and Analysis. During the
rainfall monitoring period from August 2020 to December 2020, a total of eight effective rainfalls were
monitored, as shown in Table 2.
Among them, only four times of valid rainfall
runoff were collected, on August 12, August 25, September 11, and September 22, 2020, respectively. As
specified by the National Meteorological Administration, the rainfall intensity level should be classified according to the 24-hour rainfall amount.
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FIGURE 1
The variation curve of SS with rainfall time on August 12
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FIGURE 2
The variation curve of SS with rainfall time on August 25
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FIGURE 3
The variation curve of SS with rainfall time on September 11
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FIGURE 4
The variation curve of SS with rainfall time on September 22
The above rainfall events showed that the concentration of SS in the rainfall runoff of the main
road of school, main road of the dormitory area, leisure square of school and student dormitory roof presented the same variation law. With the extension of
rainfall time, the concentration of SS fluctuated to
some extent, but on the whole, it showed an attenuation trend, with rapid attenuation in the early stage,
slow attenuation in the later stage; it finally tended
to be stable. For the same type of underlying surface,
there were differences in pollutant concentration levels and pollutant attenuation in different rainfall
events. For the two rainfalls on August 12 and September 11, the initial rainfall intensity was relatively
high, and the concentration level of SS in the initial
rainwater runoff was higher than those in other rainfalls. This may be caused by the high-intensity rain-

fall which quickly washed the pollutants accumulated on the pavement into the runoff, and the pollutants were thoroughly washed in the initial stage of
rainfall.
Under the same rainfall conditions, there were
also significant differences in the water quality of
different underlying surfaces. From Figure 1 to Figure 4 above, it can be seen that the SS concentration
of the school main road was the highest and that in
the school leisure square was the lowest. On the one
hand, the confluence area on the main road was large,
and greater amount of pollutants were washed into
the runoff by rainfall. On the other hand, the main
road are mainly for vehicle activities, and there are
also a lot of people flow; in contrast, the school leisure square only has relatively small flow of people,
so the pollution level of SS in rainwater runoff was
the lowest.
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FIGURE 5
The variation curve of COD with rainfall time on August 12
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FIGURE 6
The variation curve of COD with rainfall time on August 25
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FIGURE 7
The variation curve of COD with rainfall time on September 11


6FKRROPDLQURDG
'RUPLWRU\PDLQURDG
/HLVXUHVTXDUH
6WXGHQWGRUPLWRU\URRI





&2' PJ/

© by PSP








          

5DLQWLPH PLQ

FIGURE 8
The variation curve of COD with rainfall time on September 22
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were well-behaved, so the road environment was relatively good, and the COD concentrations were generally low. After one hour of rainfall, the COD concentrations in rainwater runoff tended to be stable,
and there was little difference among the COD concentrations in rainwater runoff of different underlying surfaces.

Analysis of Variation Law of Rainfall Runoff
Pollutant of COD with Time.Rainfall monitoring
was carried out on the main road of the school (A),
the main road of the student dormitory area (B), the
school leisure square (C) and the roof of the student
dormitory (D) within the research area. With the beginning moment of rainfall as the starting point of
sampling, the variation of COD concentrations in
rainfall runoff with the rainfall time were analyzed,
and the results are shown in Figure 5 to Figure 8.
The above rainfall events showed that the concentration of COD in the rainfall runoff of the main
road of school, main road of the dormitory area, leisure square of school and student dormitory roof presented the same variation law. With the extension of
rainfall time, the concentration of COD on the whole
showed an attenuation trend. Students in the campus

Analysis of Variation Law of Rainfall Runoff
Pollutant of TN with Time.Rainfall monitoring was
carried out on the main road of the school (A), the
main road of the student dormitory area (B), the
school leisure square (C) and the roof of the student
dormitory (D) within the research area. With the beginning moment of rainfall as the starting point of
sampling, the variation of TN concentrations in rainfall runoff with the rainfall time were analyzed, and
the results are shown in Figure 9 to Figure 12.
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FIGURE 9
The variation curve of TN with rainfall time on August 12
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FIGURE 10
The variation curve of TN with rainfall time on August 25
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FIGURE 11
The variation curve of TN with rainfall time on September 11
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FIGURE 12
The variation curve of TN with rainfall time on September 22
According to the above rainfalls, the concentration of TN in the rainfall runoff of the main road of
school, main road of the dormitory area, leisure
square of school and student dormitory roof presented the same variation law. With the extension of
rainfall time, the concentration of TN on the whole
showed an attenuation trend. In addition, for the two
high-intensity rainfalls (August 12 and September
11), the pollutant concentrations in the early stage
presented a significant trend of decrease. After one
hour of rainfall, TN concentration in rainwater runoff tended to be stable, and there was little difference
among TN concentrations in rainwater runoff of
other underlying surfaces except roof.

sampling, the variation of TP concentrations in rainfall runoff with the rainfall time were analyzed, and
the results are shown in Figure 13 to Figure 16.
According to the above rainfalls, the concentration of TP in the rainfall runoff of the main road of
school, main road of the dormitory area, leisure
square of school and student dormitory roof presented the same variation law. With the prolongation
of rainfall time, the concentration of TP on the whole
showed a trend of steep attenuation during the initial
stage and of slow attenuation in the late stage. The
attenuation of TP concentration mainly appeared
within the first one hour of rainfall. It can be seen
from the above figure that the overall TP concentration was low and decreased significantly after being
washed by rainfall runoff, and the water quality of
runoff in all underlying surfaces finally tended to be
stable, and the difference of TP concentration in runoff of different underlying surfaces after stabilization
was not significant.

Analysis of Variation Law of Rainfall Runoff
Pollutant of TP with Time. Rainfall monitoring was
carried out on the main road of the school (A), the
main road of the student dormitory area (B), the
school leisure square (C) and the roof of the student
dormitory (D) within the research area. With the beginning moment of rainfall as the starting point of
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FIGURE 13
The variation curve of TP with rainfall time on August 12
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FIGURE 14
The variation curve of TP with rainfall time on August 25
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FIGURE 15
The variation curve of TP with rainfall time on September 11
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FIGURE 16
The variation curve of TP with rainfall time on September 22
CONCLUSIONS
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QUANTITATIVE EXPERIMENTAL STUDY ON HUMAN
EXERCISE ENERGY CONSUMPTION IN HIGH
TEMPERATURE AND HUMIDITY
NATURAL ENVIRONMENT
Dayong Dong*
Qingdao University of Technology, Qingdao 266520 China

ABSTRACT

INTRODUCTION

Worldwide, high temperature and high humidity environment are ubiquitous, and the research of
energy consumption in high temperature and high
humidity environment is very important for healthy
exercise. At present, the understanding of energy
consumption in high temperature and high humidity
environment is insufficient. In this study, the high
temperature and high humidity environment is defined. The external environment where the ambient
temperature exceeds 32 degree and the relative humidity exceeds 60% is called a high temperature and
high humidity environment. In addition, the maximum oxygen uptake (VO2max) is defined as the
change index of the influence of high temperature
and high humidity environment on exercise energy
consumption. The testing process for VO2max includs preparation, wearing equipment, starting running platform, increasing speed, increasing the incline, reaching the limit and testing analysis. Based
on the test analysis of 20 volunteers from a sports
university, the body weight changes of the volunteers' exercise intensity under the conditions of 40%,
60% and 80% VO2max under normal temperaturehigh humidity and high temperature-high humidity
were analyzed. The results show that the proportion
of fat energy consumption increase gradually with
the increase of exercise intensity in high temperature
and humidity environment. This research can provide a reference for reasonable exercise in high temperature and humidity natural environment.

With the continuous progress of economic development and improvement of people's living
standards, people's health indicators are constantly
decreasing due to the lack of exercise. Healthy sports
have received more and more attention from the public. Reasonable and healthy sports can maintain
physical and mental health. There must be energy
consumption in the process of exercise, especially
the analysis of energy consumption in some special
environments is very important for healthy exercise
[1-2]. Worldwide, high temperature and high humidity environment are ubiquitous, so the analysis of
high temperature and high humidity environment on
the impact of exercise energy consumption, especially under high-intensity exercise, can provide
guidance and suggestions for healthy exercise [3].
Because there is a lack of understanding of
sports energy consumption in high temperature and
humidity environment, in this study, the definition
and its main indicators of sports energy consumption
under high temperature and humidity environment
were summarized. This research constructs a test
method for VO2max during exercise, which mainly
includes seven steps: preparation, wearing equipment, starting the running platform, increasing
speed, increasing the incline, reaching the limit and
testing analysis. Through the test and analysis of 20
volunteers in a sports university, the weight changes
of 40% VO2max, 60% VO2max and 80% VO2max
treadmill under normal temperature-humidity and
high temperature-high humidity environment were
obtained. The changing law of the energy consumption of fat and sugar with different exercise intensities in high temperature and high humidity environment was clarified, which provides a reference for
reasonable movement in high temperature and humidity environment.

KEYWORDS:
High temperature and humidity environment, maximal oxygen uptake, energy consumption
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FIGURE 1
Influence model of humidity and temperature on human energy consumption.
organs of the human body will consume a lot of energy and materials. According to the different ways
of energy consumption, exercise can be divided into
aerobic exercise and anaerobic exercise. In our
sports life, aerobic exercise is the most important and
accounts for the largest proportion. Aerobic exercise
is also the basis of our life. There are many evaluation indexes in the evaluation process of energy consumption for the aerobic exercise. Among them,
VO2max is the main index reflecting the ability and
intensity of human exercise. It is defined as the oxygen intake when the exercise intensity reaches the
highest value in the process of exercise, and the human body cannot continue to maintain the exercise
intensity [6-8].
Analysis method of sports energy consumption.
The energy consumption of exercise in high temperature and high humidity environment is related to
many factors, and its energy consumption mainly include the energy consumption of sugar and fat in the
body. In order to study the energy consumption law
of exercise in high temperature and high humidity
environment, this paper selected 20 sports college
students with certain sports experience as the research object. Through comparative analysis, the energy consumption of 40%, 60% and 80% VO2max
in conventional environment and high temperaturehigh humidity environment were compared [9-10].

MATERIALS AND METHODS
High temperature and humidity environment. The definition of high temperature and high
humidity environment is relatively broad. In China,
the surrounding environment with temperature over
32 degree and relative humidity over 60% is called
high temperature and high humidity environment.
The normal temperature environment usually refers
to the natural environment with temperature of 23
degree and relative humidity of 45% [4]. The high
temperature and humidity environment in China are
mainly concentrated in the southeast areas. Generally, there are more than 30 days of high temperature
and high humidity environment in most areas of
China every year. The research on energy consumption under high temperature and high humidity environment can provide reference for people's daily
health exercise [5].
The effects of different humidity environments
on human energy metabolism under high temperature are significant. At high temperature (environmental humidity coefficient RH=50%), the total energy consumption of the human body is the largest,
which is 275.8cal/min/kg. The suitable humidity for
the human body is 45%RH-65%RH. The relationship between humidity and human energy consumption is shown in Figure 1a. In the existing living environment, we generally believe that the most suitable temperature for human survival is 20°C. When
the temperature is lower than 20°C, the human body
needs to increase its own consumption to generate
heat. When the temperature is higher than 20°C, the
human body needs to increase the heat dissipation
through sweating and other methods, and its own
consumption will also increase. The relationship between temperature and human energy consumption
is shown in Figure 1b.

Analysis of the survey objects. In this paper,
in the process of studying and analyzing the energy
consumption of sports in high temperature and high
humidity environment, 20 male volunteers from the
institute of physical education of a sports university
were selected. The average age of the volunteers was
20 years old. The selected volunteers had long-term
exercise with reasonable intensity. Most of the volunteers had been training for more than 5 years, and
in order to eliminate the influence of other factors,
the selected volunteers did not take special exercise
in high temperature, high humidity and other environments. The subjects had no other history and experience that affected the results of the experiment

Exercise energy consumption. Energy consumption is the basis of supporting the human body
in sports activities. In the process of sports, various

10075

© by PSP

Volume 31– No. 10/2022 pages 10074-10081

Number of test subjects
20

Sex
Male

Average
age
20
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TABLE 1
Subject analysis
Average height/
cm
178

and they were in good health. Before the experiment,
in order to ensure the accuracy of the experiment, the
subjects filled in the informed consent form, and
they all volunteered to participate in the study [1114]. The basic information of the subjects is shown
in Table 1.

Average
weight/kg
71

Average training
years
5

weight and energy consumption in normal temperature and humidity environment and high temperature-high humidity environment were tested respectively. In the process of energy consumption test, in
order to ensure the accuracy of the test, each subject
should avoid high-intensity exercise training before
the test, and keep the same diet two days before the
test. In order to test safety, an appropriate amount of
drinking water should be added before the test, and
no water can be added during the tests. Due to the
different body states of different subjects, this paper
uses self-control to test the energy consumption of
subjects in two environments.

Measurement of maximal oxygen uptake. In
order to analyze the exercise energy consumption in
normal temperature environment and high temperature-high humidity environment, the maximum oxygen uptake of each subject was tested in the two conditions. The test flow of VO2max is shown in Figure
2 [15-16].
Figure 2 shows that the test process mainly includes seven steps, including preparation, wearing
equipment, starting running platform, increasing
speed, increasing the incline, reaching limit and testing analysis [17]. First of all, in order to ensure the
safety of the subjects and the accuracy of the results,
the first step is to carry out unified preparatory activities for all subjects. All the subjects carry out 5
minutes of preparatory activities on the treadmill under the intensity of 8 km/h. under the intensity of exercise, the subjects can adapt to the treadmill exercise intensity and adjust their body states; after the
preparation, all the subjects wear breathing masks to
test their breathing capacity, and then start the treadmill to carry out the exercise test according to the
scheme. In this paper, the maximal oxygen uptake
test is carried out by gradually increasing the loading
degree. The starting speed of the treadmill is 8 km/h
and the starting incline is 1%. Then, it gradually increased the treadmill speed, keeping the treadmill
speed at 1 km/h/min, until the running speed reached
the maximum set value of 17 km/h. After the speed
increase was over, it increased the incline at a rate of
1% per minute until the subject could no longer
move at the incline and stopped running. The test
standard of VO2max was that the subjects' VO2max
did not increase during the exercise and could not
continue to maintain the original VO2max under the
condition of exercise loading. In order to ensure the
accuracy of measurements, it is necessary to make
multiple measurements and take the average value.
The time interval of each measurement is one week
to ensure that the body level of each measurement
subject is in a normal state [18-19].

FIGURE 2
Flow chart of maximal oxygen uptake test.
In order to test the oxygen consumption and
carbon dioxide output of the subjects in the process
of exercise, the volunteers need to wear a professional breathing mask before the treadmill exercise.
Before starting the treadmill, they first test the gas
metabolism and other indicators of the subjects in a
quiet state. After 2 minutes of preparatory exercise,
each subject completed 40% VO2max, 60% VO2max
and 80% VO2max intensity of treadmill exercise,
each intensity of continuous exercise for 20 minutes.
The interval of each intensity test shall be at least 48
hours. The total energy consumption (TEC) in this
test process mainly includes sugar energy consumption (SC) and fat energy consumption (FC). The calculation formulas of sugar energy consumption (SC)

Test and calculation method of energy consumption. In this paper, in order to analyze the influence of exercise consumption in high temperature
and high humidity environment, the changes of body
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and fat energy consumption (FC) are shown in Equation (1) and Equation (2) [20].

SC

4 u 4.585 u VCO2  3.226 u VO2

FC

4 u 1.695 u VO2  1.701u VCO2

more obvious the weight changes under the two exercise environments.
Analysis of energy consumption in normal
state. The energy consumption (EC) of human body
in the process of exercise mainly includes the energy
consumption of fat (FC) and sugar (SC). It is of great
significance to study the changes of energy consumption of human body under different exercise intensity and exercise time. In this paper, the energy
consumption of fat (FC) and sugar (SC) under different exercise intensities in normal temperature and
humidity environment were analyzed.
Figure 3 shows that in the beginning of exercise, the energy consumption of fat (FC) is basically
the same as that of sugar (SC). With the gradual increase of exercise time, the energy consumption of
sugar gradually decreases, while the energy consumption of fat gradually increases. The energy consumption of fat and sugar was 78 cal/min and 56
cal/min, respectively, accounting for 58.2% and
41.8% of the total energy consumption, indicating
that the rate of fat consumption increased gradually
with the increase of exercise time.
Figure 4 shows that the energy consumption of
fat (FC) is much higher than that of sugar (SC) under
the normal temperature and humidity 60% maximum
oxygen uptake exercise intensity. With the gradual
increase of exercise time, the energy consumption of
sugar gradually decreases, while the energy consumption of fat gradually increases. The energy consumption of fat and sugar was 156 cal/min and 38
cal/min, respectively, accounting for 80.4% and
19.6% of the total energy consumption, which indicates that with the increase of exercise time, the rate
of fat consumption gradually increased, and the fat
consumption accelerated under high-intensity operation.
It can be seen from the change of energy consumption under 80% maximum oxygen uptake exercise intensity at normal temperature and humidity in
the Figure 5, the energy consumption of fat (FC) is
much higher than that of sugar (SC) under high intensity exercise, which is similar to 60% maximum
oxygen uptake exercise intensity. With the gradual
increase of exercise time, the energy consumption of
sugar gradually decreases, while the energy consumption of fat gradually increases [23-25]. After 14
minutes, the energy consumption of fat was 209
cal/min, and that of sugar was 32 cal/min, accounting

(1)
(2)
In Equation (1) and Equation (2), SC is the energy consumption of sugar, kcal/min; FC was the fat
energy consumption (FC), kcal/min; VO2 was the
oxygen uptake during exercise, L/min; VCO2 was
the output of carbon dioxide during exercise, L/min.
In this paper, in order to accurately and carefully understand the characteristics of exercise ability consumption in high temperature and humidity
environment, the test index of stable exercise for 14
minutes was selected for analysis in the test process,
and the test results were taken every 2 minutes as a
test point, a total of 7 test points were tested and analyzed [21].

RESULTS
Analysis of weight influence after exercise.
The change in body weight of subjects before and
after exercise is a simple measure of exercise energy
expenditure. In this paper, 20 volunteers from a
sports university were tested and analyzed, and the
weight changes under 40%, 60% and 80% VO2max
treadmill exercise intensity in normal temperature
and humidity environment and high temperature high humidity environment were analyzed. The results are shown in Table 2.
It can be seen from the changes of average body
weight before and after exercise under different intensities in Table 2 that the average body weight of
the subjects decreased after different intensities of
exercise on the treadmill in different environment.
Under the same exercise intensity, the weight loss
degree under the high temperature and humidity environment was significantly higher than that under
the normal temperature and humidity environment.
It shows that sports in high temperature and humidity
environment will consume more energy [7, 22]. At
the same time, comparing the weight changes under
different exercise intensity, we found that the higher
the exercise intensity, the greater the weight consumption, the higher the exercise intensity, and the

Exercise intensity
40%VO2max
60%VO2max
80%VO2max

Fresenius Environmental Bulletin

TABLE 2
Average weight changes before and after exercise at different intensities
Number
Before exerAfter exercise
Environment
of people
cise (kg)
(kg)
Normal temperature and humidity
20
71.2
71.81
High temperature and high humidity
20
71.1
71.75
Normal temperature and humidity
20
70.9
71.37
High temperature and high humidity
20
71.1
71.84
Normal temperature and humidity
20
70.8
71.31
High temperature and high humidity
20
71.3
72.28
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Difference
0.61
0.65
0.47
0.74
0.51
0.98
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FIGURE 3
Variation of energy consumption under 40% maximal oxygen uptake exercise intensity
at normal temperature and humidity.

.
FIGURE 4
Variation of energy consumption under 60% maximal oxygen uptake exercise at normal
temperature and humidity.

FIGURE 5
Variation of energy consumption under 80% maximal oxygen uptake exercise intensity
at normal temperature and humidity.
for 85.7% and 14.3% respectively. By comparing the
changes of FC of fat and SC of sugar under different
exercise intensity, we can find that with the increase
of exercise intensity, the proportion of FC of fat increases gradually, while SC of sugar decreases
slightly.

Energy consumption analysis of high temperature and high humidity. The experiments were carried out in the normal temperature and humidity environment. In this paper, we set the high temperature
and high humidity environment with 32 degree and
60% relative humidity. Through the experimental
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steps, we analyzed the changes of fat energy consumption (FC) and sugar energy consumption (SC)
under different exercise intensity in the high temperature and high humidity environment.
Figure 6 shows that with the gradual increase
of exercise time, the energy consumption of sugar
gradually decreased, while the energy consumption
of fat gradually increased. After 14 minutes of exercise, the energy consumption of fat was 85 cal/min,
and that of sugar was 35 cal/min, accounting for
59.4% and 40.6% respectively. The results show that
with the increase of exercise time, the rate of fat consumption gradually increased, and the total energy
consumption in high temperature and humidity environment was higher than that in normal temperature
and humidity environment.
Figure 7 shows that the energy consumption of
fat (FC) and sugar (SC) is higher than that of normal
temperature and humidity at 60% maximum oxygen
uptake exercise intensity, and the change rule with
time is similar. The energy consumption of fat (FC)
and sugar (SC) under 80% maximal oxygen uptake

Fresenius Environmental Bulletin

exercise intensity at high temperature and high humidity environment are shown in Figure 8.
It can be seen from the change of energy consumption under 80% maximum oxygen uptake exercise intensity in the Figure 8 that with the gradual
increase of exercise time, the energy consumption of
sugar gradually decreases, while the energy consumption of fat gradually increases. The change rule
is similar to the results mentioned. After 14 minutes,
the energy consumption of fat is 215 cal/min, and
that of sugar is 65 cal/min, 7% and 23. 3% respectively. By comparing the changes of sugar energy
consumption (SC) and fat energy consumption (FC)
under different intensity in the high temperature and
high humidity environment [26-28], it can be found
that with the increase of exercise intensity, the proportion of fat energy consumption gradually increases. At the same time, the total energy consumption in high temperature and humidity environment
is higher than that in normal temperature and humidity environment under the same exercise intensity.

FIGURE 6
Variation of energy consumption under 40% maximum oxygen uptake exercise intensity at
high temperature and high humidity.

FIGURE 7
Changes of energy consumption under 60% maximum oxygen uptake exercise intensity at high temperature and high humidity.
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FIGURE 8
Changes of energy consumption under 80% maximum oxygen uptake exercise intensity at high temperature and high humidity.
CONCLUSIONS
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ABSTRACT
Tight reservoirs have complex rock mineral
composition and pore structure, which lead to extremely complex reservoir permeability stress sensitivity in the process of developing oil and gas resources. Quantitative evaluation of the effect of
stress on reservoir permeability has important reference value for formulating reasonable development
strategies. In this paper, taking the deep tight sandstone in L Oilfield as an example, the variation law
of stress sensitivity of tight sandstone under saturated formation water condition was measured by
overburden pressure porosimeter. The research
shows that the acoustic and dynamic mechanical parameters of the samples after water saturation tend to
increase, and the increments are: Vp, 12.3%; Vs,
1.5%; Young's modulus, 9.9%; Poisson's ratio, 40%.
The values of mechanical parameters were increased
in triaxial conditions compared with those in uniaxial conditions. When the core contains a certain number of micro-fractures, the fracture permeability accounts for most of the core permeability; when the
stress increases, the fractures close, resulting in a significant decrease in permeability. When the fracture
is basically closed and the effective stress continues
to increase, the fracture permeability will not change
much; however, it will cause deformation of the matrix pores of the rock skeleton, and the matrix permeability will decrease. Therefore, when the effective stress reaches a certain level, the change of rock
permeability tends to be stable. The flow pressure
decreases during the elastic-plastic deformation process, and the permeability of the sample is difficult
to return to the initial state during the pressure recovery process, resulting in irreversible core damage.
The change of the stress sensitivity coefficient with
the initial value of permeability conforms to the linear function distribution. In low-permeability reservoirs, the better the development of rock fractures,
the greater the porosity and permeability of the reservoir, but in contrast, fractures are easier to seal than
matrix pores, so fractures play a leading role in the
stress sensitivity of rock.

INTRODUCTION
Tight sandstone oil and gas reservoirs are the
main force for the future development of oil and gas
fields [1-2]. However, due to the complex rock mineral composition and pore structure of tight reservoirs, the stress sensitivity of reservoir permeability
is extremely complex in the process of developing
oil and gas resources [3-4]. The stress sensitivity
evaluation of tight sandstone reservoirs has always
been the focus of research by different scholars
around the world, but no unified conclusion has been
reached so far [5-6]. These studies mainly obtained
the relationship data between effective stress and
permeability through variable confining pressure
tests, and then calculated the stress sensitivity coefficient and permeability loss rate according to the
stress sensitivity model formula [7-8]. Therefore, determining the effective stress and selecting the
stress-sensitive model and formula are the keys to
evaluating the stress-sensitivity of the reservoir [910]. How to combine laboratory results with model
calculation or production parameter design is a key
issue in stress-sensitive research. Over the years, researchers have proposed a variety of models to correlate experimental results with internal laws [1112]. The premise of these models is that the permeability of the reservoir is assumed to be high, and generally one or more parameters need to be determined.
There is a certain gap with the experimental data
when there is a certain gap between the permeability
and ultra-low permeability reservoirs, and there is an
analysis error [13-14].
Stress sensitivity mainly refers to the properties
of the reservoir rock that change with the change of
the stress environment [15-16]. This phenomenon is
especially obvious for low-permeability tight sandstone reservoirs. In this paper, taking the deep tight
sandstone in L Oilfield as an example, the variation
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law of stress sensitivity of tight sandstone under saturated formation water condition was measured by
overburden pressure porosimeter. The research is of
great significance to the rational development of
tight oil reservoirs and the determination of the rational production work system.
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RESULTS
Acoustic parameter characteristics of samples under saturated water condition. It can be
seen from Figure 1 that the P-wave velocity, Young's
modulus, and Poisson's ratio of sandstone increased
obviously after saturated water at room temperature
and pressure, but the increase of shear wave velocity
was not obvious. The increments of the acoustic parameters after water saturation are: Vp, 12.3%; Vs1,
1.5%; Vs2, 1.7%; Young's modulus, 9.9%; Poisson's
ratio, 40.1%. The main reasons for the difference in
the incremental velocity of the longitudinal and
shear waves are the propagation mode of the acoustic
wave and the properties of the rock. For a shear modulus of 0 for water or gas, the bulk modulus of the
rock increases with water saturation while the shear
modulus does not change [17-18]. After the water is
saturated, the longitudinal wave will increase accordingly while the shear wave will change less. The
increase in Poisson's ratio clearly indicates that the
water medium has a certain "softening" of the sandstone [19-20].
With the increase of the confining pressure, the
values of all acoustic parameters increase, but the
wave velocity and Young's modulus of the longitudinal and shear waves gradually decrease with the
increase of the confining pressure [21-22]. The increment of Poisson's ratio in each stage changed little, with an average of 0.242. In fact, the increment
of each stage of Poisson's ratio is very small, about
3% of the initial value, and the increment of Young's
modulus is also very small, about 4.4% of the initial
value. When each acoustic parameter reaches the
formation conditions, the incremental increments are
small, the slope of the accumulated value slows
down, and there is a trend of gradually becoming stable.

MATERIALS AND METHODS
Experimental samples. The size of the sample
is 25 mm in diameter, 50 mm in length, and the sampling depth is 3500-4000 m. The average content of
quartz minerals in the samples was 64%, the average
content of feldspar minerals was 9.1%, and the average content of rock chips was 21%.
Experimental equipment and methods. The
experiment adopts the "MTS rock physics test system" imported from the United States. The system
includes (1) digital electro-hydraulic servo rigid rock
mechanics test; (2) ultrasonic measurement; (3) porosity change test. 140 MPa; Pore pressure, 70 MPa;
Ambient temperature, 200 Ԩ; Pore fluid medium,
saturated with water or gas. The measurement error
of the pressure sensor is less than 1%; the range of
the axial displacement sensor is -50 mm~+50 mm,
and the displacement resolution accuracy is 0.0001
mm; the frequency of the ultrasonic transducer is 1
MHz for the 25 mm diameter sample and 500 kHz
for the 50 mm diameter sample.
In this experiment, uniaxial gas-saturated
(room temperature 25°C) and triaxial saturated water
acoustic and mechanical tests were performed on
sandstone samples. The sound wave velocity value
(Vp, Vs) can be obtained automatically by the system, and mechanical parameters such as compressive strength, static elastic modulus, static Poisson's
ratio can be obtained from the stress-strain curve
drawn by the test value. In addition, two processes
of confining pressure increase and confining pressure decrease were designed in the experiment. In
this experiment, there are 9 groups of confining pressure rising points and confining pressure falling
points: 3, 5, 10, 15, 20, 25, 30, 40, 50 MPa, and the
stabilization time of each confining pressure point is
20 min. When the confining pressure is stable, the
core permeability is measured by the overburden
pressure porosimeter. The specific steps are: (1) Preheat the overburden porosimeter for 30 minutes; (2)
After checking the air tightness of the device, put the
rock sample into the holder; (3) Start the test after
turning on the gas source, and set the downstream
pressure For one set of test pressures, wait for the
upstream chamber, rock sample pores and downstream chamber pressures to reach thermal pressure
equilibrium; (4) Manually adjust the downstream
chamber pressure; (5) Record the rock sample permeability at different confining pressure points
value.

Mechanical parameter characteristics of
samples under saturated water condition. The
uniaxial lower rock sample has obvious compaction
section, and then transitions to elastic deformation
section. As the confining pressure increases, the
pores and cracks are gradually closed, and the slope
(elastic modulus) of the curve increases. The main
failure mode of rock samples under uniaxial is brittle
failure, and the stress drop is obvious [23-24]. Under
triaxial conditions, the rock exhibits elastic-plastic
deformation. The higher the confining pressure, the
greater the plastic deformation before failure. The
main failure mode is compression-shear failure. We
made statistics on the rock mechanical parameter
values of all the tested samples (Figure 2). The uniaxial compressive strength of water-saturated sandstone is distributed in the range of 3.7~76.4 MPa,
with an average of 42.2 MPa; the elastic modulus is
distributed in the range of 5.9~14.1 GPa, with an average of 9.9 GPa; the Poisson's ratio is distributed
between 0.103 and 0.180, with an average of 0.141.

10083

© by PSP

Volume 31– No. 10/2022 pages 10082-10088

Under the simulated formation temperature and pressure conditions, the compressive strength is distributed in the range of 119-278 MPa, with an average
of 217 MPa; the elastic modulus is distributed in the
range of 22.4-33.7 GPa, with an average of 27.5
GPa; the Poisson's ratio is distributed in the range of
0.214-0.419, with an average of 0.272. The mechanical parameters of the triaxial condition are increased
compared with that of the uniaxial condition.

Fresenius Environmental Bulletin

26]. Other factors including the hydrostatic and hydrodynamic pressure of the fluid will cause the fracture face to propagate. In addition, the chemical corrosion and weakening of the reservoir fluid will also
affect the permeability. Considering the interaction
between the external confining pressure and the internal pore fluid pressure, the mathematical relationship between the effective stress and the permeability model can be established based on the experimental test data and taking the effective stress as a
variable [26-28].
When describing formation pressure sensitivity, the sensitivity coefficient representing rock permeability sensitivity is usually defined as formulas
(1) and (2):

Evaluation of the stress sensitivity of permeability. In the process of reservoir production, the effective stress on the rock increases, and the rock
skeleton particles and fracture end faces are deformed, thereby causing permeability changes [25-

FIGURE 1
Comparison of acoustic parameters under saturated gas/water saturated conditions.
Notes: (a) Difference of longitudinal wave velocity Vp under saturated water and saturated gas conditions; (b) Difference of
shear wave velocity Vs under saturated water and saturated gas conditions.

FIGURE 2
Distribution of mean values of mechanical parameters of water-saturated rock samples under uniaxial
and triaxial stress conditions.
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FIGURE 3
Variation of permeability retention under different effective stress conditions.

D

dK
Kdp

K ( p)

indicates that the flow pressure decreases during
elastoplastic deformation. During the pressure recovery process of some cores such as the A2 core, it
is difficult for the permeability to return to the initial
state, resulting in irreversible core damage. The
curve is divided into two stages. The permeability
decreases rapidly in the first stage. The permeability
of the A2 core decreases by 55%, while the permeability change of the A1 core is only 6%. When the
effective stress reaches the maximum pressure for
fracture closure, the stress sensitivity curve enters
the second stage, and the permeability of all core
samples does not change much in this stage, decreasing by less than 30%.
The change of the stress sensitivity coefficient
with the initial value of permeability conforms to the
linear function distribution, and the linear function
distribution with the best fitting degree is selected in
this paper (Figure 4). The samples in this experiment
are taken from continental sediments, and the rocks
in this formation are mostly composed of minerals
such as quartz, feldspar, and cuttings. In the process
of increasing the effective stress, the rock with more
clay minerals is prone to plastic deformation, and the
shape variable is larger, which leads to the stronger
pressure sensitivity of the rock. Therefore, the stress
sensitivity analysis mainly considers clay minerals.
Although the higher the clay mineral content, the
stronger the stress sensitivity, the porosity permeability of clay minerals is much smaller than that of
fractured rocks. Therefore, it is not the main factor
controlling the stress sensitivity of rock.
In low-permeability reservoirs, the better the
development of rock fractures, the greater the reservoir porosity and permeability; in contrast, fractures
are easier to seal than matrix pores, so fractures play
a dominant role in the stress sensitivity of rock. It is
not difficult to find from the experimental results that
the stress sensitivity of cores with developed fractures is higher than that of undeveloped cores. Under
the same effective stress condition, fracture permeability is positively correlated with stress sensitivity.

(1)

K i e -D (pi -p)

(2)
Where Į is the pressure sensitivity coefficient,
MPaí1; p is the reservoir pore fluid pressure, MPa; pi
is the initial fluid pressure of the reservoir pores,
MPa; K is the reservoir permeability, mD; Ki is the
initial reservoir permeability rate, mD.
The variation curve of core permeability under
different effective stress is shown in Figure 3. In the
process of increasing effective stress, the permeability of core A1 changes little in the whole pressure
range. This is because the core did not fracture. The
permeability of core A2 decreased rapidly before the
pressure was 30 MPa, and then leveled off. This is
because the core contains a certain number of microfractures, and the fracture permeability accounts for
most of the core permeability. When the stress increases, the fractures are closed, resulting in a significant decrease in permeability. When the fracture is
basically closed and the effective stress continues to
increase, the fracture permeability will not change
much, but the matrix pores of the rock skeleton will
be deformed, and the matrix permeability will decrease. Therefore, when the effective stress reaches
a certain level, the change of rock permeability tends
to be stable.
Reservoir rock skeletons and interstitials have
different hardness and mechanical properties. Rigid
minerals such as quartz and feldspar have low compressibility, while plastic minerals such as mica and
clay are easily deformed and broken by force. When
the rock is stressed, the rigid minerals are under pressure, and the pore throat volume is compressed. The
fine particles generated by plastic mineral breakage
migrate into the rock pores or plug the pore throats,
resulting in a decrease in sample permeability and
porosity.
The study also found that as the reservoir pressure decreased, the permeability became smaller and
smaller. It is also difficult to restore the permeability
to 100% levels if the pressure is added back. This
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FIGURE 4
Relationship between initial permeability and stress sensitivity coefficient.

FIGURE 5
Classification results of sample seepage properties considering stress sensitivity.
The seepage velocity is calculated according to
the measured reservoir matrix permeability, threshold pressure gradient, and stress sensitivity coefficient. When the seepage velocity is sufficiently
small, it can be regarded as inefficient seepage. Finally, the seepage area chart is drawn (Figure 5). Hydraulic fracturing is an important means to achieve
good development.
Tight oil reservoirs have strong stress sensitivity, which will affect the fluid flow ability of the reservoir and affect the development of the reservoir.
The change of effective stress will change the diversion effect of different layers in heterogeneous reservoirs. The increase of effective stress will increase
the flow rate of high-permeability layers, decrease
the conductivity of low-permeability layers, and
make the fluid distribution more uneven.Therefore,
the productivity of the oil field is affected by two aspects. On the one hand, the pressure can increase the
production capacity; on the other hand, the pressure
cannot be maintained too high, otherwise the permeability of the reservoir will be reduced, and on the

contrary, it will inhibit the production increase of the
oil field. Therefore, in the process of developing
tight oil reservoirs, both the influence of pressure
sensitivity coefficient on productivity and the influence of actual production factors should be considered.

CONCLUSIONS
In this paper, taking the deep tight sandstone in
L Oilfield as an example, the variation law of stress
sensitivity of tight sandstone under saturated formation water condition was measured by overburden
pressure porosimeter.
The research shows that the acoustic and dynamic mechanical parameters of the samples after
water saturation tend to increase, and the increments
are: Vp, 12.3%; Vs, 1.5%; Young's modulus, 9.9%;
Poisson's ratio, 40%. The values of mechanical parameters were increased in triaxial conditions compared with those in uniaxial conditions.
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When the core contains a certain number of micro-fractures, the fracture permeability accounts for
most of the core permeability; when the stress increases, the fractures close, resulting in a significant
decrease in permeability. When the fracture is basically closed and the effective stress continues to increase, the fracture permeability will not change
much; however, it will cause deformation of the matrix pores of the rock skeleton, and the matrix permeability will decrease. Therefore, when the effective stress reaches a certain level, the change of rock
permeability tends to be stable.
The flow pressure decreases during the elasticplastic deformation process, and the permeability of
the sample is difficult to return to the initial state during the pressure recovery process, resulting in irreversible core damage.
The change of the stress sensitivity coefficient
with the initial value of permeability conforms to the
linear function distribution. In low-permeability reservoirs, the better the development of rock fractures,
the greater the porosity and permeability of the reservoir, but in contrast, fractures are easier to seal than
matrix pores, so fractures play a leading role in the
stress sensitivity of rock.
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ABSTRACT

INTRODUCTION

According to the pore structure characteristics
of water sensitive sandstone reservoir, with the help
of fractal theory, a good research idea and means are
provided. By means of cast thin section, scanning
electron microscope, X-ray diffraction and highpressure mercury injection experiment, taking the
East first member reservoir of Nanpu oilfield as an
example, combined with fractal theory, quantitatively evaluate the characteristics of reservoir micro
pore structure and deeply analyze the changes of reservoir water sensitive pore structure, which is of
great significance to the efficient development of
water sensitive sandstone reservoir. The results show
that the linear fitting shape of capillary pressure
curve and wet phase saturation is consistent with the
distribution frequency law of pore throat radius. The
reservoir is divided into class I high-quality reservoir, class II good reservoir and class III poor reservoir; The higher the fractal dimension, the greater
the difference of pore throat radius, the complex connectivity and the strong heterogeneity of pore throat;
After water sensitivity, the fractal dimension of the
reservoir increases obviously, but the increase range
is different. The higher the permeability, the greater
the increase range of the fractal dimension of the
rock sample, the more obvious the decrease of the
throat radius and the worse the connectivity. On the
whole, the phenomenon of water sensitivity greatly
aggravates the complexity of the pore structure.
Therefore, we should focus on the prevention and
treatment of the damage caused by water sensitivity
to the reservoir. The research results provide a reference for the optimization of water injection scheme
and EOR in the middle and later stage of similar reservoirs.

Reservoir pore structure is the space of fluid
flow and occurrence in rock, which not only restricts
the micro seepage of fluid in the reservoir, but also
affects the macro physical properties and oil displacement efficiency. Therefore, reservoir pore
structure, as the focus of researchers, is also the current research hotspot [1-3]. Domestic and foreign
scholars have conducted in-depth research on reservoir pore structure by using a variety of experimental
methods. Casting thin section and scanning electron
microscope are the most common methods to directly observe the pore structure. Mercury injection
method has the advantages of fast test speed and
wide test pore size range [4-7]. It can characterize the
pore system with pore throat radius in the range of
hundreds of microns to several nanometers. It is a
classic and important means for the study of reservoir pore structure.
Fractal theory regards the reservoir pore structure as a rough or fragmentary geometry. Its local
and local, local and overall have self similarity in
shape, function and other information and different
scale pore structures have different hierarchical
structures. At present, fractal theory has significant
advantages in quantitatively characterizing the complex pore structure of reservoir [8-9]. Fractal theory
is widely used in reservoir pore structure to describe
and measure the order and complexity of the micro
morphology of complex geological bodies at different micro scales. Predecessors have carried out a lot
of research work to reveal the characteristics of reservoir pore size distribution from the perspective of
multifractal theory; The multifractal characteristics
are studied by piecewise fitting and the complexity
of different pore structures is analyzed; Realize reservoir classification and grading evaluation and
quantitatively analyze the correlation between fractal dimension and reservoir mineral composition,
pore structure parameters and physical parameters;

KEYWORDS:
High pressure mercury injection, fractal dimension, pore
structure, water sensitivity, clay minerals
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In addition, the fractal geometric description of reservoir pore structure can also be used to qualitatively
evaluate the changes of pore structure under the
damage of reservoir water sensitivity and stress sensitivity.
Water sensitive sandstone reservoir has strong
reservoir sensitivity, which seriously restricts the efficient development of this kind of reservoir and it is
also an urgent problem to be solved in the process of
oilfield development [10-12]. At present, there are
relatively few studies on the pore structure of water
sensitive reservoir by using fractal theory to analyze
the changes of reservoir physical properties. Therefore, using cast thin section, scanning electron microscope, X-ray diffraction and high-pressure mercury injection experiment, taking the East first member reservoir of Nanpu oilfield as an example, this
paper analyzes the characteristics of reservoir rock
mineralogy and clay minerals, introduces fractal theory, uses fractal dimension to study the characteristics of reservoir pore structure and evaluates the
change characteristics of micro pore structure of water sensitive reservoir. Based on this, it plays an important role in the exploration and development of
oil and gas fields to clarify the micro pore structure
of the reservoir and analyze the pore throat structure
in the oil and gas reservoir.
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Dongyi formation is 7.1 ~ 34.2%, with an average of
23.6%; The permeability is 13.5 ~ 6280×10-3 µm2,
with an average of 311×10-3 ȝP2, most of which belong to medium porosity, high permeability and
weakly consolidated reservoirs. However, due to different sedimentary facies zones, the reservoir performance and physical properties of some reservoirs become worse.
The reservoir lithology of the first member of
the East is mainly gray and light gray fine sandstone,
the rock type is mainly feldspar lithic sandstone,
feldspar is mainly alkaline feldspar and plagioclase
is less; Rock debris is mainly acidic extrusive rock
and metamorphic rock, with a small amount of sedimentary rock debris. The clastic particles are mainly
sub prismatic sub circular, with medium sorting and
the particles are mainly in point line and line point
contact [13-16]. The content of interstitial filler is
low, with an average of less than 5%. The cement is
mainly argillaceous and carbonate, with an average
content of 4.6%. The cementation type is mainly
pore filling cementation. The reservoir is dominated
by mechanical compaction and weak secondary cementation. The cementation is dominated by recrystallization and transformation of argillaceous heteromatrix, followed by carbonate cementation and
metasomatism, accompanied by a small amount of
secondary enlargement of quartz.
The clay minerals in the reservoir are mainly
kaolinite and illite/montmorillonite mixed layer, followed by illite and montmorillonite, with less chlorite content (Table 1). With the increase of burial
depth, burial diagenesis is enhanced, montmorillonite gradually transforms into illite and the content
of Iraq / montmorillonite mixed layer increases. The
clay minerals in the reservoir fill the pores or distribute on the particle surface, so that some large pores
in the rock become micro pores or block the pore
throat, reducing the pore space of the reservoir. The
average relative content of kaolinite is 10.6 ~ 2.2%,
the average relative content of kaolinite is 10.6 ~
2.2% and the average relative content of kaolinite is
10.6 ~ 2.2%. Therefore, the contents of kaolinite and
montmorillonite in different blocks are quite different and the reservoir sensitivity and degree are also
different in the process of development.

MATERIALS AND METHODS
Geological background. Nanpu oilfield is an
oil-rich depression located in the north of Huanghua
depression in Bohai Bay basin. It is bounded by Nanzhuang Baigezhuang fault in the north and Shaleitian
uplift in the south. Its evolution is controlled by the
activities of boundary faults and generally presents a
structural pattern of North Fault exceeding south,
East fault exceeding West. The first member of
Paleogene Dongying Formation (the first member of
Dongying Formation) is deposited in the front of
Braided River Delta. It is very rich in oil and gas resources and shallow buried depth. It is one of the
main oil-bearing strata in Nanpu Sag, but the sedimentary conditions are complex, the types of sand
bodies are diverse and the reservoir heterogeneity is
strong. Nanpu reservoir itself has the characteristics
of strong seepage capacity, high single well productivity, strong self injection capacity, long anhydrous
oil production period and stable production, but the
natural production decreases rapidly and the natural
energy of the reservoir itself is not sufficient. Therefore, the East 1st member has good oil and gas exploration prospect and production potential, but it
needs to supplement formation energy to ensure efficient crude oil production.

Fractal characteristics of pore structure.
Fractal theory and its fractal dimension. In 1975,
French scientist Mandelbrot founded fractal geometry, which is mainly used to explain irregular and
complex structures with self similarity. When characterizing the complexity and regularity of rock pore
structure, it can better quantitatively describe the reservoir pore structure. Assuming that the wetting angle is not affected by the pore size, the fractal dimension based on mercury injection experimental data is
Formula (1) [17-19]:

Characteristics of reservoir pore structure.
The distribution range of reservoir porosity in
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Well
number

Well
section
(m)

2608.92
̚
2613.67
2716.89
P-2
̚
2718.45
2636.82
̚
2643.00
P-3
2724.20
̚
2726.65
average
P-1
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TABLE 1
Statistics of clay minerals in reservoir rocks of Nanpu Oilfield
Absolute content (%)
Relative content (%)
NumMixed
Iraqi /
Iraqi /
ber
kakamontmontlayer
MonMonof
ChloChloooIlIlmomoratio
golian
golian
sam- lin- lite
rite
rite
linlite
rillorillo(%)
mixed
mixed
ples
ite
ite
nite
nite
layer
layer

Total
mud
(%)

2

22.4

2.3

61.9

11.2

2.2

15.6

2.8

0.3

7.7

1.4

0.3

12.5

7

60.1

13.7

3.1

20.4

5.7

30

6.0

1.4

0.03

2.0

0.6

10.0

12

53.8

9.3

12.8

18.2

5.8

36.3

5.9

1.0

1.4

2.0

0.6

10.9

5

48.0

9.6

8.6

27.2

6.6

34.0

4.8

1.0

0.9

2.7

0.7

10.0

26

52.0

10.0

13.2

20.0

5.7

32.6

5.5

1.1

1.4

2.1

0.6

10.6

(1)
lg(1-SHg)=(D-3)lgPc+(3-D)lgPcmin
Where: SHg - cumulative mercury saturation
(non wetting phase saturation), %; D - fractal dimension;
Pc - capillary pressure corresponding to mercury feeding, MPa; Pcmin-the minimum capillary
pressure corresponding to the maximum pore radius,
MPa.
The scatter diagram of lg(1-SHg) and lgPc is
drawn by using the experimental data of high-pressure mercury injection and the slope h is obtained by
linear fitting regression scatter diagram, so the fractal dimension D is as Formula (2):
D=3+H
(2)
The fractal dimension of the reservoir is between 2 and 3 and the closer the fractal dimension is
to 2, indicating that the pore structure of the reservoir
is relatively homogeneous and simple and the sur-

face is relatively smooth; When the fractal dimension is close to 3, the pore structure of the reservoir
is heterogeneous and complex and the coarser the inner surface of the pore is.
Pore and fractal characteristics. Based on the
analysis of cast thin section of reservoir core and
scanning electron microscope, the reservoir space
types of the first member of the East mainly include
intergranular pores and intergranular dissolved pores
and develop intragranular dissolved pores, mold
pores and clay mineral intergranular micropores
[3,20]. The pore throat radius of rock samples varies
greatly and varies significantly, with pore diameter
RIaȝP7KURDWGLDPHWHUaȝP7KH
pore throat coordination number is 1~4, the face rate
is 3~20%, with an average of 14.3%. It belongs to
super large pore medium fine throat type.
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FIGURE 1
Three typical capillary pressure curves.
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FIGURE 2
Distribution frequency diagram of pore throat radius of different types of reservoirs.
Based on the experimental data of high-pressure mercury injection, the capillary pressure curve
characteristics of different reservoir micro pore
structures are evaluated. The capillary pressure
curve can be divided into three types (Figure 1).
Class I reservoirs are mostly coarse sandstone
and coarse sandy medium sandstone, which are
mostly developed in river sand body. The shape of
capillary pressure curve is platform type, with low
displacement pressure and good sorting; The distribution frequencies of large, medium and small holes
are the same (Figure 2). The distribution range of porosity is 27.9 ~ 33.6% and the distribution range of
permeability is 618 ~ 3160×10-3 ȝP2, the displacement pressure is between 0.01 ~ 0.05 MPa, the median pressure is between 0.06 ~ 0.36 MPa and the
DYHUDJHGLDPHWHURISRUHWKURDWLVaȝP
the separation coefficient is 49.96 ~ 141.32 and the
mercury removal efficiency is 7.21 ~ 31.31%.
Class II reservoir is medium sandy fine sandstone~fine sandy medium sandstone, which is developed in channel sand, estuarine bar and thin sand between rivers. The shape of capillary pressure curve
is gentle slope, with low displacement pressure and
medium sorting; The pore distribution frequency of
WKURDWUDGLXVaȝPLVDQGWKHGLVWUL
bution frequency of other pores is the same (Figure
2). The distribution range of porosity is 16.8 ~ 28.4%
and the distribution range of permeability is
12.2~480×10-3 ȝP2, the displacement pressure is between 0.05 ~ 0.14 MPa, the median pressure is between 0.73 ~ 4.11 MPa and the average diameter of
SRUHWKURDWLVaȝPWKHVHSDUDWLRQFRHIIL
cient is 8.54~36.05 and the mercury removal efficiency is 9.93 ~ 37.65%.
Class III reservoir is very fine sandy fine sand
siltstone, which mostly occurs in front thin sand microfacies and some inter River thin sand microfacies.
The shape of capillary pressure curve is steep, there
is no obvious straight section and the sorting is poor;

The pore distribution frequency of throat radius
aȝPLVDQGWKHYRLGUDWLRUDGLXVRI
WKHUDGLXVLVaȝPLVKLJKer than 1.60~25.0
ȝPEXWWKHGLVWULEXWLRQIUHTXHQF\RISRUHVLQWKHWZR
ranges is the same (Figure 2). The distribution range
of porosity is 11.7 ~ 23.2% and the distribution range
of permeability is 0.18~96×10-3 ȝP2, the displacement pressure is between 0.08 ~ 2.24 MPa and the
DYHUDJHGLDPHWHURI KROHWKURDWLVaȝP
the separation coefficient is 0.4 ~ 13.56 and the mercury removal efficiency is 14.95 ~ 32.89%.
According to the above classification, the fractal dimension of class I reservoir is between 2.6641
and 2.836, with an average value of 2.79. It is a highquality reservoir with strong homogeneity, good porosity and permeability properties and pore structure;
The fractal dimension of class II reservoir is between
2.7929 and 2.8718, with an average of 2.84, which is
a good reservoir; The fractal dimension of class III
reservoir is between 2.85 and 2.38, with an average
value of 2.916. It is a poor reservoir with strong heterogeneity, poor porosity and permeability properties and complex pore structure. Based on the pore
throat radius distribution diagram (Figure 2), it is
found that the pore throat size distribution law of
type I reservoir is obviously different and the pore
throat size distribution law of type II and type III reservoir is similar, but the proportion of type III reservoir pores is higher and the difference of type III reservoir pores is more obvious, resulting in worse
physical properties of type III reservoir [21-23].
The mercury injection data of rock samples are
calculated by water saturation method and the fractal
curve is drawn to obtain the fractal dimension. It is
found that the scattered points of mercury injection
data of type I reservoir rock samples meet a single
linear relationship and the scattered points of mercury injection data of type III reservoir rock samples
show a two-stage linear relationship [24-26]. Therefore, No. 12 rock sample of type I reservoir and No.
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15 rock sample of type III reservoir are selected as
the research object to explore the size distribution
law of reservoir pore throat. Figure 3(a) and Figure
3(b) are the scatter points and fitting lines of capillary pressure and wet phase saturation of No. 12 and
No. 15 rock samples respectively. The pore structure
of No. 12 rock sample has a single fractal feature,
which is consistent with the distribution law of pore
throat radius. The average pore throat radius is 9.925
ȝP7KHSHUPHDELOLW\ LVî-3 ȝP2, indicating
that the pore permeability of rock sample is good.
The correlation coefficient of No. 15 rock sample is
poor during overall fitting. Piecewise fitting shows
that the pore structure of rock sample has multifractal characteristics, which is consistent with the distribution law of pore throat radius. The heterogeneity
of pore structure is strong and the average pore throat
UDGLXV LV  ȝP 7KH SHUPHDELOLW\ LV î-3
ȝP2, indicating that the pore structure of rock sample
is complex, the pore throat space is small and the reservoir property is poor.
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capillary pressure curve, the pore structure parameters are obtained and the relationship between the
fractal dimension of reservoir rock samples and pore
structure parameters is analyzed (Figure 4). It is
found that when the fractal dimension of reservoir
rock samples is lower, the higher the porosity and
permeability, the lower the displacement pressure
and median pressure, the higher the average value of
pore throat diameter, the higher the separation coefficient, the lower the heterogeneity of pore structure,
the smoother the inner surface of pores and the better
the physical properties of rocks. The correlation between the mercury removal efficiency of pore structure parameters and reservoir physical properties is
poor, indicating that the micro heterogeneity of reservoir pore structure is serious. The above analysis
results show that the fractal dimension can better
represent the homogeneity characteristics of rock
micro pore structure and measure the permeability of
reservoir rock.
Pore structure and fractal characteristics of
water sensitive reservoir. Three rock samples with
different permeability (different pore size and distribution, similar montmorillonite content) are selected
to test the capillary pressure curves in the process of
gas drive oil (anhydrous) and gas drive water displacement respectively. Figure 5 shows the comparison of capillary pressure curve characteristics. After
the rock sample meets water, the whole capillary
pressure curve shifts to the upper right, the middle
gentle section becomes high and narrow, the pore
throat diameter becomes smaller and the sorting of
pore throat is worse. The lower the permeability and
the worse the physical properties, the stronger the
heterogeneity of the pore structure of the rock sample and the more complex the pore structure becomes
after encountering water, indicating that the reservoir water sensitivity causes the reservoir rock with
poor pore structure to become worse and the characteristics of pore structure also change greatly. The

Fractal characteristics of pore structure parameters. The physical properties of reservoir are
closely related to the thickness, size, sorting and surface roughness of pore throat. The thickness, size,
sorting and surface roughness of pore throat have a
great impact on the homogeneity of pore structure,
resulting in the change of fractal dimension [27].
Therefore, the correlation between fractal dimension
and reservoir pore structure parameters is used to analyze the characteristics of reservoir physical properties and pore structure homogeneity.
The reservoir of the first member of the East is
dominated by medium and fine throats. The pore
throats are generally poor in sorting and low in homogeneity. There are great differences in the micro
pore structure of different reservoir lithology. The
fractal characteristics of reservoir capillary pressure
curve show that the fractal dimension is between 2
and 3. The higher the fractal dimension, the stronger
the heterogeneity of pore structure. With the help of
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FIGURE 3
Relationship between capillary pressure and wet phase saturation of rock sample.
Notes: (a) No. 12 rock sample: fitting a single linear relationship; (b) No. 15 rock sample: fitting piecewise linear relationship.
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Correlation between fractal dimension and pore structure parameters.
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permeability of the three rock samples is in turn
48.77×10-3 ȝP2, 77.62×10-3 ȝm2, 147.72×10-3 ȝm2.
With the decrease of the original permeability of the
reservoir rock, the rock fractal dimension increases
before and after water sensitivity and the heterogeneity of rock pore structure increases. However, the
increase of rock fractal dimension decreases after
water sensitivity. At this time, the fractal dimension
curve of gas-water system displacement is similar to
a horizontal line. It shows that the rock pore structure
becomes complex and lack of regularity, which has
nothing to do with the permeability, but is closely
related to the reservoir pore size and its micro distribution characteristics, the type and content of clay
minerals, etc.

RESULTS
The shale content of Dongyi formation is high
and montmorillonite and Iraq / Mongolia mixed
layer are relatively developed. According to the experimental results of water sensitivity evaluation, the
water sensitivity index ranges from 8.69 to 97.9,
with weak to very strong water sensitivity. Previous
studies have found that the relative content of clay
minerals has a great influence on the pores and then
affects the fractal dimension of rock samples [9, 28].
Comparative analysis of No. 1-1 rock sample (Figure
6) was carried out by scanning electron microscope.
In the original state of the rock sample, the rock
structure is relatively loose and the pores are mainly
intergranular pores and fractures. A large number of
flake and honeycomb montmorillonite and Iraqi /
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Mongolian mixed layer minerals are distributed between particles and on the surface of particles, kaolinite is mainly distributed in intergranular pores and
a small amount of Iraqi/Mongolian mixed layer
"bridging" exists. Comparing the water sensitive
state of No. 1-1 rock sample with the original state,
it is found that the hole and throat become smaller,
especially the filling degree of throat is higher. In the
water sensitive state, the end of montmorillonite is
thickened and a large number of Iraqi / Montmorillonite Mixed layers are "bridged" to divide the pore
throat, occupying and reducing the pore throat space;
Some montmorillonite and Iraq / Mongolia mixed
layer fall off from the rock surface and block the

Fresenius Environmental Bulletin

pores and throats, resulting in the increase of the difference of reservoir pore structure and the deterioration of rock physical properties. Accordingly, the capillary pressure curve of reservoir rock samples increases and moves to the right as a whole, the middle
section becomes steeper and the fractal dimension
increases and approaches 3, which greatly aggravates the complexity of pore structure. From the
above analysis, it can be seen that the type and content of clay minerals in the first member of the East
Reservoir determine the water sensitivity of the reservoir and the clay minerals and pore structure
jointly restrict the damage degree of water sensitivity.
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FIGURE 5
Comparison of capillary pressure curves under different conditions.

FIGURE 6
SEM magnification of 1-1 rock sample under different conditions.
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[3] Peng, J., Han, H., Xia, Q., Li, B. (2018) Fractal
characterization and genetic mechanism of micro-pore structure in deeply buried tight sandstone reservoirs: A case study of Kalpintag Formation in Shuntuoguole area, Tarim Basin. Acta
Petrolei Sinica. 39(07), 775-791.
[4] Shen, J., Zhang, C. (2008) Study on the heterogeneity of the pore structure of Chang 6 reservoir in ZJ oilfield, Erdos Basin using fractal theory. Journal of Xi'an Shiyou University (Natural
Science Edition). 6, 19-23+28+118.
[5] Yang, Y., Zhang, J., Xu, L., Li, P., Liu, Y.,
Dang, W. (2022) Pore Structure and Fractal
Characteristics of Deep Shale: A Case Study
from Permian Shanxi Formation Shale, from the
Ordos Basin. ACS Omega. 7(11), 1-12.
[6] Zhong, G., Zhang, X., Li, Y. (2020) Study on
the variation rule of rock electrical parameters
for tight sandstone reservoirs in Chang 7 Member of Yanchang Formation in Longdong Area
of Ordos Basin, China. Fresen. Environ. Bull.
29(1), 385-392.
[7] Liu, Y., Chen, L., Tang, Y., Zhang, X., Qiu, Z.
(2022) Synthesis and characterization of nanoSiO2@octadecylbisimidazoline quaternary ammonium salt used as acidizing corrosion inhibitor. Reviews on Advanced Materials Science.
61(1), 186-194.
[8] Hong, D., Cao, J., Wu, T., Dang, S., Hu, W.,
Yao, S. (2020) Authigenic clay minerals and
calcite dissolution influence reservoir quality in
tight sandstones: Insights from the central Junggar Basin, NW China. Energy Geoscience. 1(12), 8-19.
[9] Chen, Z., Li, Q., Liu, M., Song, B., Cao, M.,
Wang, M. (2021) Uranium mineralization
formed through multi-stage superposition: Case
of the Qianjiadian deposit in Songliao Basin,
China. Energy Geoscience. 2(1), 32-40.
[10] Mishra, S., Dixit, A., Mishra, V. (2021) Pore
structures and fractal dimensions in Early Permian Barakar shales of Rajmahal Basin, Jharkhand, India. Arabian Journal of Geosciences.
14(22), 1-19.
[11] Rautenbach, R., Matjie, R., Strydom, C., Bunt,
J. (2021) Transformation of inherent and extraneous minerals in feed coals of commercial
power stations and their density-separated fractions. Energy Geoscience. 2(2), 136-147.
[12] Khangar, R., Mendhe, V., Kamble, A. (2021)
Variation in Pore Structure and Associated Fractal Dimensions of Barakar and Barren Measures
Carbon-Rich Gas Shales of Jharia Basin, India.
ACS Omega. 6(43), 28678-28698.
[13] Chen, G., Liu, Y., Guo, N., Zhang, K. (2016)
Fractal characterization of casting thin sections:
A case study from Kunbei area in Qaidam Basin. Lithologic Reservoirs. 28(1), 72-76+87.

CONCLUSIONS
Based on fractal theory, the fractal dimension
of reservoir rock samples in the first member of the
East are calculated with mercury injection data. According to the fractal dimension and pore structure
parameters, the reservoir is divided into class I highquality reservoir, class II good reservoir and class III
poor reservoir. The corresponding reservoir fractal
dimension increases, the proportion of small pore
throats gradually increases, the heterogeneity of pore
throats increases and the connectivity becomes poor.
The fractal dimension have a direct correlation
between the micro pore structure of rock. The scatter
points and fitting lines of capillary pressure and wet
phase saturation of rock samples is consistent with
the distribution frequency of pore throat radius. The
fractal dimension have a certain correlation with the
variation law of pore structure parameters. Among
them, the pore structure of rock samples of class I
high-quality reservoir has single fractal characteristics and the pore structure is relatively homogeneous; The pore structure of rock samples of class III
poor reservoir has multifractal characteristics, has
strong heterogeneity with its pore structure and small
holes account for a large proportion of pore space.
The fractal dimension combined with scanning
electron microscope show that the fractal dimension
increases after water sensitivity. Water sensitivity
leads to pore shrinkage, part with montmorillonite
and Iraq / Montmorillonite Mixed Layer fall off the
particle surface, disperse and migrate to block the
pores, resulting in the deterioration of the overall
pore structure and the enhancement of heterogeneity.
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with up to 80% of urban rivers contaminated to varying degrees [1]. As the largest storage and resource
of pollutants, sediments have a special role in the fate
of pollutants [2, 3]. On the one hand, pollutants (e.g.
dissolved metals) can enter the aquatic ecosystem
through different routes, and can be accumulated in
sediments through metal adsorption, precipitation/co-precipitation and biological processes. On
the other hand, once the physical and chemical conditions of the water body (e.g. pH, organic matter
and redox potential) change, pollutants are likely to
be released into the overlying water again, resulting
in endogenous pollution of the water body, thereby
affecting water quality and water environment safety,
which results in toxic risks to aquatic organisms and
human health [2, 4]. When external pollution is controlled, pollutants in the sediments of rivers and
lakes may cause the re-pollution of the overlying water [5]. At present, endogenous pollution has become
an important source of water pollution. When it is
serious, it can cause black and smelly water and even
threaten human health [6].
Luling and Guanzui sections are two state-controlled sections of Tuo River, a tributary on the left
bank of Huai River in China. The water quality of
Tuo River often exceeds the Class III of Environmental quality standards for surface of water (GB
3838-2002) [7], and the main pollutants are chemical
oxygen demand (COD), total phosphorus (TP) and
fluoride (F) [8, 9]. Since 2018, the Suzhou government has exerted immense effort to improve the water environment of the river basin. By the end of
2019, intercepting and receiving sewage pipes at the
sewage outlets of all industrial enterprises had been
completed. Existing pollution discharge outlets of
rivers still include a county domestic sewage treatment plant and nine township sewage treatment
plants [8]. After the external pollution of water had
been controlled, the prevention and control of internal pollution will be called an important undertaking
in the next stage. Clarifying the content and release
characteristics of pollutants in sediments is an important basis for endogenous prevention and control
of water pollution and also a crucial prerequisite for

ABSTRACT
To explore the possible impact of river sediments on the endogenous pollution of water body under different dredging conditions, sediments in the
Luling and Guanzui sections of Tuo River were selected as research object. On the basis of pollution
assessment of typical heavy metals (i.e. Cd, Cr, Cu,
Ni, Pb, Zn), the release characteristics of chemical
oxygen demand (CODCr), total phosphorus (TP) and
fluoride (F) in these two sediments were studied using an indoor disturbance test device. Results show
that sediments of the Luling and Guanzui sections
were unpolluted to moderately polluted by Cd and
Cu. The comprehensive ecological risk of the selected heavy metals in the Luling and Guanzui sediments was low. However, the single potential ecological risk of Cd was at moderate risk level. Pollution level of heavy metals in Guanzui sediment is
higher than that in Luling sediment. Owing to the influences of mineral composition, content of pollutants and chemical species of pollutants in sediments,
CODCr, TP and F in the sediments of the two sections
show different release characteristics. The Guanzui
and Luling sediments showed release ‘source’ characteristics for CODCr and F, respectively, to overlying water. CODCr and F were the priority pollutants
of endogenous pollution in the Guanzui and Luling
sections, respectively, of Tuo River.

KEYWORDS:
Sediment, Heavy metals, Pollutant release, Endogenous
pollution

INTRODUCTION
Urban water pollution has become common
with the acceleration of urbanisation and industrialisation. Nitrogen, phosphorous, organic compounds
and heavy metals are ubiquitous in China’s rivers,
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The main function of Tuo River is flood control, waterlogging removal and irrigation, having numerous
connotation gates (20 in total) in the basin, and with
a drainage capacity of 5–160 m3/s [8, 18]. Tuo River
is a seasonal river and controlled by atmospheric precipitation. Water level increases during the rainy season and flow increases rapidly. Flow decreases or
even dries up during the dry season. The river is in
flow state only from July to August [8]. Luling section (Figure 1c) is located in Luling Town, Suzhou
City, Anhui Province, and flows through the Luling
coal mining subsidence area. In the nearby area is
Luling coal mine, a large national unified coal mine
with an annual output of 2 million tons of raw coal.
Guanzui section (Figure 1d) is located at the northern
end of Tuo Lake in Wuhe County, Bengbu City, Anhui Province. Tuo Lake, with a total area of 11000
km2, is a lake wetland of river trace depression type,
with a north–south trend. It connects Tuo River in
the north, Congtong River in the south and eventually flows into Hongze Lake. The bottom of the lake
is relatively flat, and the deepest normal water level
is 3 m [21].

the selection of protection projects.
Previous studies have been conducted on the
release characteristics of sediment pollutants from
different perspectives. Huang [10] used PVC column
to simulate the release conditions of sediments, and
studied the release of sediment pollutants diffuse to
overlying water under natural conditions. Zhu et al.
[11] conducted a test of circulating long straight
flume to study the effects of hydrodynamic conditions on the endogenous release effect of sediment
pollutants. Yan et al. [12] took the sediments of
Hangzhou West Lake as research object, and quantitatively evaluated the release risk of phosphorus
through the analysis of phosphorus species. Zhang et
al. [13] studied the influence of disturbance on pollutants release in urban river sediments based on a
dynamic simulation experiment. The preceding studies have mostly focused on nitrogen (TN, NH3-N),
phosphorus (TP, dissolved phosphorus) and organic
pollutants (CODCr). Moreover, only a few studies
have been conducted on the release characteristics of
F.
For the surface water of Tuo River, predecessors have analysed the hydrochemical characteristics
[14], water quality evaluation (e.g., heavy metals,
nutrients and F) [9, 15, 16], hydrological relationship
between river and groundwater [17], source analysis
of pollutants (e.g. organic matter and heavy metals)
[15, 18, 19], heavy metal pollution and migration capacity in sediments [20], and accumulation of heavy
metals in organisms [21]. However, no relevant research has been conducted on the release of pollutants from the sediments of Tuo River, particularly
the release characteristics of typical pollutants (e.g.,
F) in the study area.
The current study takes the Luling section of
previously dredged reach and Guanzui section of
non-dredged reach of Tuo River Basin as research
objects. Based on the analysis of water quality and
sediment characteristics (heavy metals and mineral
components) of the two sections, this paper focuses
on the release characteristics of CODCr, TP and F in
sediments, and discusses the release characteristics
of the two sediments and their possible impact on
water quality. This study can provide basic reference
for water environment treatment in the study area.

Sample collection. Surface sediments and the
corresponding overlying water near the downstream
of Luling section (Figure 1c) and Guanzui section
(Figure 1d) were sampled in July 2020. Water samples were collected with a pre-cleaned 0.5-L polyethylene bottle. Before sampling, it was cleaned with
the water sample 3–5 times. After the water sample
is full, it is sealed with sealing film and sent it to the
laboratory within 24 h. Sediments were collected using a grab type sediment sampler (ETC-200) and
stored in polyethylene boxes. The box was labeled
and recorded the sampling information, including
the longitude and latitude of the sampling site. Before collecting the sediment, 50 L of overlying water
at the corresponding location was firstly collected.
After the sediment was sent to the laboratory, gravel,
leaves and snails were removed through a 2-mm
plastic wet screen. After natural air drying, the sediments were crushed with wooden sticks, ground with
agate mortar and screened with 100-mesh nylon for
index analysis. The screened wet mud was used for
sediment pollutant release experiment.
Sample analysis. Field indicators of water
quality, including temperature, pH, total dissolved
solids (TDS), conductivity (Cond) and redox potential (ORP) were measured using portable test pen
(OHAUS, Suite 310). Dissolved oxygen (DO) was
measured using a professional portable dissolved oxygen meter (Wiggens, DO80). CODCr, TP and F were
measured in accordance with Water quality - Determination of the chemical oxygen demand - Dichromate method (HJ 828-2017), of total phosphorus Ammonium molybdate spectrophotometric method
(GB/T 11893-1989), and of Inorganic Anions (F−,
Cl−, NO2−, Br−, NO3−, PO43−, SO32−, SO42−) - Ion

MATERIALS AND METHODS
Study area. Tuo River originates in the northeast of Shangqiu City, Henan Province, and flows
successively through Yucheng County, Xiayi County,
Yongcheng City, Suixi County, Yongqiao District,
Guzhen County and Wuhe County. This river flows
into Huai River south of Wuhe County [22]. The
main stream of Tuo River has a length of 103 km,
with water depth of 0.5–1.5 m during the dry season
and 5–6 m during the flood period, and an average
annual river water flow of 3.52–72.10 m3/s [8, 18].
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FIGURE 1
Location of the study area.
Anti spectrophotometric method (HJ 632-2011), of
water soluble fluoride and total fluoride - Ion selective electrode method (HJ 873-2017), and of organiccarbon - Combustion oxidation nondispersive infrared absorption method (HJ 695-2014), respectively. The five-step continuous chemical extraction
method [23] was used to determine the speciation of
P in the sediments.

Chromatography (HJ 84-2016), respectively. The
model of ion chromatography is ICS-600/ICS-900 of
Thermo Company in the US.
Sediment test indicators mainly included TP,
fluoride (including water soluble fluoride and total
fluoride) and total organic carbon (TOC), which
were measured in accordance with Soil - Determination of Total Phosphorus by alkali fusion - Mo-Sb
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[26, 30] and Eir is the PER index of an individual element, whilst RI is the comprehensive PER index,
which is the sum of Eir. The evaluation criteria for
Eri and RI are presented in Table 1.

XRF (Skyray Instrument EDX5500H) and
XRD (Bruker advance D8) were used to analyse the
concentration of heavy metals and composition of
minerals in the sediments. On the basis of the XRF
results, fine analysis of XRD spectra was performed
using the Rietveld method at Hangzhou Yanqu Information Technology Co., Ltd. (Nanjing Station).

Pollutant release experiment in sediments.
Two treatments were set for each type of sediment.
One treatment is subject to mechanical disturbance
(disturbance group), while the other is not subject to
mechanical disturbance (control group). Each treatment is set in triplicate. Release test was performed
in a graduated PP plastic bucket (31 cm × 27.5 cm),
and the mixing device is a standard overhead mixer
(WIGGENS WB2000-M). According to the moisture content of the pretreated sediment (approximately 50%), 1800-g wet weight sediment was
firstly weighed into the PP barrel (equivalent to approximately 900-g dry weight). Under a solid–liquid
ratio of 1:10 (g/ml), 9000 ml of corresponding overlying water was added. After fully stirring and standing for 24 h, the disturbance experiment was started.
At 0, 3, 6, 12, 24, 36, 48, 72 and 120 h after the start
of the disturbance experiment, 5-, 40- and 20-ml
overlying water of each treatment was collected using a disposable medical syringe into a centrifuge
tube with specifications of 5, 50 and 50 ml, respectively. After filtering using a 0.45-μm water filtration
membrane, the filtrate of overlying waters was used
to determine F, CODCr and TP, respectively. All experiments were conducted in a constant temperature
laboratory (25 °C).

Evaluation method of heavy metals in sediments. Geo-accumulation index [24] and potential
ecological risk index [25] were used to evaluate the
pollution levels and ecological risks of heavy metals
in the Luling and Guanzui sediments.
(1) Geo-accumulation index. Geo-accumulation index (Igeo) method was firstly introduced by
Müller [24], and is widely regarded as a classical assessment model that enables the evaluation of heavy
metal pollution in sediments [24, 26]. Igeo is calculated using Eq. 1 [24, 26]:

, geo

log 2 (& L .% L )

,
(Eq. 1)
where Ci is the measured concentration of element ‘i’ in the sediments; K is the background matrix
correction factor (K = 1.5), introduced to take care of
possible variations of the background values caused
by lithologic variations [27] and Bi is the corresponding background concentration of element ‘i’. Background values of elements in the soil (layer A) of Anhui Province were used in the present study. Background values of Cd, Cr, Cu, Ni, Pb and Zn were
0.097, 66.5, 20.4, 29.8, 26.6 and 62 mg/kg, respectively [28]. Igeo İ 0 is classified as practically unpolluted; 0 < Igeo İ 1, unpolluted to moderately
polluted; 1 < Igeo İ 2, moderately polluted; 2 < Igeo
İ 3, moderately to strongly polluted; 3 < Igeo İ 4,
strongly polluted; 4 < Igeo İ 5, strongly to extremely polluted and Igeo > 5, extremely polluted [29].

RESULTS AND DISCUSSIONS
Water quality analysis results. The results of
the physical and chemical analyses of water quality
are shown in Table 2. DO and pH of Luling and
Guanzui sections met the Classes I to III of GB 38382002 [7]. DO, TDS, pH and Cond in the water of Luling section are higher than those of Guanzui section.
Supersaturation of DO in Luling section may be related to the shallow water level and large wind and
wave during sampling. ORP also shows that the oxidation environment of the water body in this reach is
relatively strong.

(2) Potential ecological risk index. The potential ecological risk (PER) index method was also
used to assess the contamination degree of HMs in
sediments. This method was developed by Håkanson
in 1980 [25] and has become a useful method in evaluating the degree of polluted sediments quantitatively and PER. The potential ecological risk index
(RI) can be calculated using Eq. 2 [25, 26, 30]:
Where Cid is the content of HMs in the samples;
i
C r is the background value of HMs, which was chosen from the background values of elements in the
soil (layer A) of Anhui Province [28]; Cif is the single
element pollution factor; Tir is the biological toxicity
factor of an individual element, which are often defined as Cd = 30, Cr = 2, Cu = Ni = Pb = 5, Zn = 1
n

5,

¦ ( UL
i 1

n

Sediment testing and pollution assessment
results. Table 3 shows the sediment index test results
of the two sections. TOC, total fluoride and TP of
Luling section are lower than those of Guanzui section, whilst soluble fluoride is higher than that of
Guanzui section. The results of phosphorus speciation analysis showed that NH4Cl solution-extractable phosphorus (Labile-P), sodium dithionite/.
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TABLE 1
Assessment criteria of potential ecological risk (PER) index for single heavy metal (Eri) and all heavy metals (RI) used in this study.
Eri
<40
40–80
80–160
160–320
>320

RI
< 150
150–300
300–600
>600

PER of single heavy metal
Low
Moderate
Considerable
High
Very high

PER of all heavy metals
Low
Moderate
High
Very high

TABLE 2
Test results of basic physical and chemical indicator for ssurface water (n=3).
Sections
Luling
Guanzui
GB 3838-2002 (I to Ⅲ) [7]

Temperature
(°C)
32.8
30.8
/

DO (mg/L)
13.93
9.11
≥5

TDS
(mg/L)
419
359
/

pH
8.79
8.39
6̚9

Cond
(μs/cm)
875
759
/

ORP
(mV)
89
124
/

TABLE 3
Test results of chemical composition in sediments (n=3).
Sections

TOC
(g/kg)

Total fluoride
(mg/kg)

Soluble fluoride (mg/kg)

TP
(g/kg)

P species (mg/kg)a
Labile-P

BD-P

NaOH-IP

HCl-P

Res-P

Lu4.95
672
7.6
0.50
2.38
9.52
51.18
219
35.2
ling
Guan13.41
729
7.0
0.87
9.52
12.69
222.48
187.98
30.67
zui
a Labile-P, BD-P, NaOH-IP, HCl-P and Res-P represent NH Cl solution-extractable phosphorus (Labile-P), sodium dithio4
nite/sodium bicarbonate mixed solution-extractable phosphorus (BD-P), sodium hydroxide solution extractable-inorganic
phosphorus (NaOH-IP), hydrochloric acid solution-extractable phosphorus (HCl-P) and residual phosphorus (ResP), respectively.

TABLE 4
Heavy metals in sediments and calculation results of evaluation index (n=3).
Heavy metals
Cd
Cr
Cu
Ni
Pb
Zn

Concentrations (mg/kg)
Luling
0.19
65.45
33.2
39.8
24.1
87.3

Guanzui
0.21
80.9
38.9
43.85
37.5
93.3

Geo-accumulation index
(Igeo)
Luling
0.38
−0.61
0.12
−0.17
−0.73
−0.09

Guanzui
0.53
−0.30
0.35
−0.03
−0.09
0.00

Potential ecological risk
index for single heavy
metal (Eri)
Luling
Guanzui
58.76
64.95
1.97
2.43
8.14
9.53
6.68
7.36
4.53
7.05
1.41
1.50

five heavy metals was < 40, belonging to low risk
level. RI of the six heavy metals in Luling and Guanzui sections were 103.30 and 114.11, respectively,
both below 150, indicating that the overall risk level
was low. Ecological risk of Guanzui sediment was
higher than that of Luling sediment, which is consistent with the evaluation results of Iego. Li et al. [20]
found that the ecological risk assessment results of
heavy metals in the sediments of Luling section was
low risk level. Zhang and Li [15] showed that the
pollution sources of Cu and Cd in the Luling coal
mine section of Tuo River may mainly come from
coal washing wastewater, accumulated waste, sewage irrigation and domestic sewage. Bao et al. [21]
demonstrated that Cu and Cd in typical aquatic animals (e.g. Pelteobagrus fulvidraco, Macrobrachium
rosenbergii, Cipangopaludina cahayensis) in Tuo

sodium bicarbonate mixed solution-extractable
phosphorus (BD-P), and sodium hydroxide solution
extractable-inorganic phosphorus (NaOH-IP) of
Guanzui section were higher than those of Luling
section
The measured heavy metal in sediments and
calculation results of the evaluation index are listed
in Table 4.
The measured six heavy metals in the Guanzui
sediment were higher than in the Luling sediment.
Iego of Cd and Cu in the two sections were 0–1, indicating that Cd and Cu were unpolluted to moderately
polluted. The pollution degree of the Guanzui sediment was higher than that of the Luling sediment. Iego
of the other four heavy metals < 0, indicating unpolluted. Eir of Cd in the two sections was 40–80, belonging to moderate risk level, whilst Eir of the other
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ing for 57.3% and 63.5%, respectively. Luling sediment was mainly composed of secondary minerals
calcite and dolomite, accounting for 14% and 13.1%,
respectively. However, Guanzui sediment was
mainly composed of primary minerals muscovite
and albite, accounting for 11.67% and 10.8%, respectively. Note that after being redeposited by surface runoff, the mineral composition of the previously dredged sediments of Luling section was different from that of the non-dredged sediments of
Guanzui section.

Lake had exceeded the limit in the industry standard
of pollution-free food and aquatic products issued by
the Ministry of Agriculture. Thus, amongst the six
heavy metals measured in this study, Cd and Cu were
the priority pollutants of heavy metals, which should
be given special attention in environmental management.
XRD analysis results. XRD analysis results of the
Luling and Guanzui sediments are shown in Figures.
2 and Figure 3 respectively. Sediments of the two
sections were mainly composed of quartz, account-

FIGURE 2
XRD analysis results of the Luling sediment.

FIGURE 3
XRD analysis results of the Guanzui sediment.
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the disturbance enhances the degradation of organic
matter by microorganisms [31]. For the Guanzui section (Figure 4b), CODCr in the control group generally showed an increasing trend, particularly in the
period of 12–24 h, when the increase was the largest
but fluctuated thereafter. Generally, the trend was
stable. CODCr in the disturbance group changed substantially in the first 36 h, and tended to be stable.
Throughout the experiment, CODCr in the disturbance group was consistently higher than that in the
control group.

Results and discussion of the release experiment. (1) Release characteristics of CODCr. The
change of CODCr in the overlying water of the two
sections is presented in Figure 4, which shows that
the two sections have different release characteristics.
For Luling section (Figure 4a), CODCr in the control
and disturbance groupsshowed a downward trend.
Before 48 h, CODCr in the disturbance group was
generally higher than that in the control group. After
48 h, CODCr in the disturbance group significantly
decreased, and the CODCr content was lower than
that in the control group. The possible reason is that
50

50

(b)
CODCr for Guanzui (mg/L)

CODCr for Luling (mg/L)

(a)
40

LL
LL-R

30
20
10
0
0

40

GZ
GZ-R

30
20
10
0

12 24 36 48 60 72 84 96 108 120
Time (h)

0

12 24 36 48 60 72 84 96 108 120
Time (h)

FIGURE 4
Change of CODCr in the overlying water of Luling section (a) and Guanzui section (b) during pollutant
release experiments.
(LL and LL-R represent the control and disturbance groups, respectively, of Luling section; GZ and GZ-R represent the control
and disturbance groups, respectively, of Guanzui section)
1.25

1.25

(a)

0.50

TP for Guanzui (mg/L)

0.75

0.075

0.050

0.025

0.000

0.25

0

(b)

1.00

0.100

TP for Luling (mg/L)

TP for Luling (mg/L)

1.00

LL
LL-R

12 24 36 48 60 72 84 96 108 120
Time (h)

GZ
GZ-R

0.75
0.50
0.25
0.00

0.00
0

0

12 24 36 48 60 72 84 96 108 120
Time (h)

12 24 36 48 60 72 84 96 108 120
Time (h)

FIGURE 5
Change of TP in the overlying water of Luling section (a) and Guanzui section (b) during pollutant release
experiments.
(LL and LL-R represent the control and disturbance groups, respectively, of Luling section; GZ and GZ-R represent the control
and disturbance groups, respectively, of Guanzui section)

peared in the period 36–48 h. The trend firstly increased and decreased thereafter, and the highest
value appeared at 72 h. TP in the disturbance group
repeatedly increased firstly and decreased thereafter
in the period 0–120 h. The highest value of TP in the
overlying water appeared in 48 h, which was 24 h
earlier than the control group. For Guanzui section

(2) Release characteristics of TP. Change of
TP in the overlying water of the two sections is
shown in Figure 5. For Luling section (Figure 5a),
TP in the control group did not change significantly
before 12 h, and increased firstly and eventually decreased after 12–72 h. The lowest point of TP ap-
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F content in the overlying water of Luling section
was higher than that of Guanzui section after 84 h of
disturbance.
Sediments are often the ‘sink’ of pollutants.
Once physical and chemical conditions are changed,
it may also become the ‘source’ of pollutants in overlying water [2, 4]. Under the disturbed conditions of
this experiment, CODCr in the overlying water of
Guanzui section was significantly higher than that of
the control group, and CODCr in the overlying water
of the control group generally increases gradually
(Figure 4b). The sediment of Guanzui section
showed evident release ‘source’ characteristics for
CODCr to the overlying water. However, the dredged
sediment of Luling section did not show evident release ‘source’ characteristics for CODCr and TP to
the overlying water. However, F in the overlying water of Luling section was affected by disturbance
conditions and generally showed an increasing trend
(Figure 6a). After 36 h, F in the overlying water of
the disturbed group was higher than that of the control group. This result indicates that Luling sediment
showed release ‘source’ characteristics for F to the
overlying water under the disturbance conditions.
Thus, F and CODCr were evidently the priority pollutants of endogenous pollution in the Luling and
Guanzui sediments, respectively, of Tuo River.

(Figure 5b), TP in the control group generally increased firstly and decreased thereafter. The trend
tended to be stable, and the highest value appeared
at 36 h. TP in the disturbance group increased substantially at 6 h. TP concentration was as high as 1.0
mg/L, decreased substantially thereafter and eventually tended to be stable. Note that TP release in
Guanzui sediment under disturbed conditions was
extremely rapid. Hui et al. [32] used a glass trough
to perform a simulation study on pollutants released
from reservoir sediment. They found that the TP release curve also tended to be stable after 3 d. In this
study, after 72 h, TP in disturbance group of the two
sections was lower than that of the control group.
The possible main cause is related to the migration
and transformation of P species. On the one hand,
DO in the disturbance group was relatively sufficient.
With the microbial degradation of organic matter, organic phosphorus was oxidised and transformed into
inorganic phosphorus and accumulated in sediments.
On the other hand, DO was sufficient, and the oxidation environment in the water will inhibit the release
of phosphorus [33].
(3) Release characteristics of F. Change of F
in the overlying water of the two sections is shown
in Figure 6. For Luling section (Figure 6a), F in the
control group increased firstly and decreased thrice
thereafter. F in the disturbance group increased
firstly and decreased overall thereafter before 24 h
and increased after 48 h. Under present experimental
conditions, F reached 1.10 mg/L at 120 h, which had
slightly exceeded the F standard value (1 mg/L) of
Classes I to III of GB 3838-2002 [7]. The change
range of F in the disturbance group was significantly
greater than that in control group. For Guanzui section (Figure 6b), F in the control group generally decreased firstly and increased thereafter, and the lowest content of 0.78 mg/L appeared at 48 h. F in the
disturbance group was higher than that in the control
group within 12–72 h but lower than that in the control group at 120 h. Overall change trend of the entire
process was as follows: during 3–12 h, F decreased
firstly, increased thereafter and eventually decreased
after 12 h. At 3 h and 12–24 h, F in the disturbance
group had slightly exceeded the F standard value (1
mg/L) of Classes I to III of GB 3838-2002 [7].
The release of sediment pollutants is related to
the degree of sediment pollution. The higher the degree of pollution, the stronger the release capacity
[34]. During the entire release experiment, the release contents of CODCr (Figure 4) and TP (Figure 5)
in the overlying water of Luling section were generally lower than those of Guanzui section, which was
mainly related to the relatively high contents of TOC,
TP and weakly bound phosphorus in Guanzui section
(Table 3). Although the total fluoride of Luling sediment was lower than that of Guanzui sediment, owing to the relatively high soluble fluoride (Table 3),

CONCLUSIONS
(1) According to the analysis results of the
measured six heavy metals, the pollution level of Cd
and Cu in the Luling and Guanzui sediments was unpolluted to moderately polluted level. The comprehensive potential ecological risk of the measured six
heavy metals in the Luling and Guanzui sediments
was low, but the single potential ecological hazard
index of Cd was moderate risk level.
(2) Concentrations of TOC, total fluoride and
TP in the Luling sediment were lower than those in
the Guanzui sediment. However, soluble fluoride
was higher than that in Guanzui sediment. Additionally, the different mineral compositions of the sediments of the two sections made the CODCr, TP and F
in the sediments show different release characteristics to the overlying water.
(3) Under present experimental conditions, sediments of Guanzui and Luling sections showed evident release ‘source’ characteristics for CODCr and F,
respectively, in the overlying water. F and CODCr
were the priority pollutants of endogenous pollution
in the Luling and Guanzui sediments of Tuo River,
respectively. These two pollutants are also the focus
of water environment pollution prevention and control.
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FIGURE 6
Change of F in overlying water of Luling section (a) and Guanzui section (b) during pollutant release experiments.
(LL and LL-R represent the control and disturbance groups, respectively, of Luling section; GZ and GZ-R represent the control
and disturbance groups, respectively, of Guanzui section)
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EFFECT OF DIFFERENT CATIONS ON THE CADMIUM
ADSORPTION ON GRAPHENE-MODIFIED BIOCHAR
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chemical treatment technology and other physical
methods. Among them, the adsorption method in
physical and chemical treatment technology is to adsorb pollutants in water on the surface of large solid
with large pores or porous solids to achieve the purpose of removal [9]. Adsorption by adsorbing materials is an economical and effective treatment
method. This method is suitable for a wide range,
economic and effective, strong operability, will not
cause secondary pollution [10]. China is rich in agricultural waste resources, and straw, as one of them,
has been widely used in the development and utilization of clean energy [11]. In China's rural areas,
straw is usually treated by returning straw to the
field, replacing straw with fuel that provides heat energy, straw feed and direct combustion. This not only
reduces the utilization rate of straw and decreases
soil fertility, but also increases greenhouse gas emissions and air pollution by direct combustion [12].
Rational utilization and treatment of agricultural
waste, after carbonization treatment into clean environmental biomass energy, can not only improve energy efficiency but also directly reduce pollution, undoubtedly has great significance for human development and reform.
Biochar is a new adsorbent in recent years and
it is a highly aromatized and refractory solid material
produced by pyrolytic charring of plant biomass in
complete or partial anoxia [13]. Compared with raw
materials, pyrolytic carbonized biomass carbon has
a large surface area and a well-developed pore structure, a relatively strong ion exchange capacity, and a
surface containing carboxyl, phenolic hydroxyl, carbonyl, and anhydride groups, which give biochar
good adsorption properties and stability [14-16].
Thus, biochar has a strong adsorption capacity and
large adsorption capacity for heavy metals to effectively reduce the activity of heavy metals and reduce
the biological toxicity [17]. As a major agricultural
country in the world, the straw of wheat, corn, and
other agricultural crops is not used effectively every
year, making China the country with the largest agricultural waste output rate, so the resource utilization and harmless treatment of agricultural waste is
especially important for China. As one of the methods to source agricultural waste materials, the preparation of biomass carbon from agricultural waste
can effectively solve the problem of treatment and

ABSTRACT
This study used graphene-modified and unmodified rice straw, peanut shells, and corn straw biochar to investigate the impact of different cations
concentrations of K+, Ca2+, Na+, and Mg2+ on cadmium sorption in solutions based on thermostatic adsorption experiments. Results showed that cations
(K+, Ca2+, Na+, and Mg2+) inhibited cadmium adsorption on different biochar. The cadmium adsorption amount decreased with the increasing ionic
strength. The adsorption capacity affected by Ca2+
was reduced by 13.2%58.7%, much larger than the
other three ions. The graphene-modified biochar performed better than the unmodified biochar. The inhibitory effect on cadmium sorption followed the descending sequence of Ca2+ > Mg2+ > K+> Na+. The
cadmium adsorption also varied significantly with
different materials of biochar.

KEYWORDS:
Biochar, Graphene-modified biochar, Cation, Adsorption
capacity, Cadmium

INTRODUCTION
Water is the source of life on which we humans
depend. Less than 1% of fresh water on earth or
about 0.007% of water can be directly used by human beings. China's per capita fresh water resources
only account for a quarter of the world's per capita
fresh water resources but the cadmium (Cd) content
in natural water bodies is generally 0.33.0 ug/kg [12]. With the industrialization process, Cd content in
water bodies grow rapidly [3-6]. Cd is non-degradable, accumulative and metastatic in the water environment [7]. Long-term consumption or use of Cdexceeding domestic water will cause respiratory irritation, long-term exposure will cause liver and kidney damage and may lead to osteoporosis and other
serious health hazards [8]. Therefore, how to control
and remove Cd in water has become an important research topic nowadays.
The Cd pollution to the water environment usually is removed through phytoremediation technology, biological treatment technology, physical and
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disposal of agricultural waste [18]. In the removal of
Cd ions from wastewater, the adsorption that occurs
in solution after a given adsorbent and adsorbent
mass is related to the pH value of the solution, ionic
strength and temperature [19-21], and the effect of
ionic strength on adsorption is complicated. In the
actual adsorption process, the equilibrium adsorption
amount increases, remains essentially constant and
decreases with the increase of ionic strength [22-23].
In addition, the ionic strength not only affects the adsorption thermodynamics, but also has an effect on
the adsorption kinetics [24]. However, few studies
have been conducted to investigate the effect of different biochar and ionic strength on the adsorption of
Cd.
Based on the above problems, graphene-modified/unmodified corn straw, rice straw and peanut
shell biochar were used as experimental materials in
this study. By adding different concentrations of K+,
Ca2+, Na+ and Mg2+ in a large number of adsorption
experiments, the effects of different concentrations
of K+, Ca2+, Na+ and Mg2+ on Cd adsorption on biomass charcoal could be investigated, and the differences between the Cd adsorptions on modified and
unmodified biochar also were explored.
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muffle furnace for 4-5 h. The four types of biochar
were modified by adding graphene to each of them.
Using 0.01 mol/L NaSO4 as the supporting electrolyte, 0.05 g of (graphene-modified) biochar was accurately weighed into a 50 mL tube. A standard solution of 25 mL Cd at a concentration of 15 mg/L
containing 00.5 mol/L of K+, Na+, Mg2+ and Ca2+
was added. All of the solutions were shaken at 160
rpm for 3 h at 25 Ԩ and then were filtrated. The Cd
content in the filtrate was determined by atomic absorption spectrophotometer. Three parallel tests
were performed.
The experimental data were statistically analyzed by SPSS 19.0 using Duncan's multiple comparisons with a significant difference level of 0.05.

RESULTS
Effect of different ionic strengths on Cd adsorption. Figure 1 illustrated the Cd adsorption on
modified and unmodified corn straw biochar in
aqueous solution with different cation concentrations. The maximal Cd adsorption capacity of modified and unmodified corn straw biochar was 11.0 and
9.50 mg/g, respectively, in the solutions without any
designed cation. The addition of different cations led
them both to significantly change and the changes
were highly dependent on the cation concentrations.
For instance, the Cd adsorption amount on modified
and unmodified corn straw biochar significantly decreased with the increasing cation concentrations.

MATERIALS AND METHODS
The raw materials (wheat straw, corn straw, and
peanut shells) of biochar were collected from the
farmland of Qingdao, China. The crashed materials
were grounded and charred with at 350-500 Ԩ in a

FIGURE 1
Effect of cations on the Cd adsorption by modified- and unmodified corn straw biochar
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The addition of K+, Ca2+, Na+, and Mg2+ induced a
final percentage decrement of 27.3%, 58.7%, 21.3%,
and 50.0% for the modified corn straw biochar, respectively, while 25.0%, 58.0%, 18.0% and 48.7%
for corn straw biochar, respectively. At the same
concentration gradient, the saturation Cd adsorption
by modified corn straw biochar was greater than by
corn straw biochar. Among the four ions added, Ca2+
had the strongest competition for Cd adsorption,
much stronger than the other three ions, followed by
Mg2+. The K+ had a slightly larger competition for
Cd adsorption than Na+. Generally, the effect of different ions on Cd adsorption followed the descending sequence of Ca2+ > Mg2+ > K+ > Na+.
Figure 2 showed the effect of different cationic
concentrations on the Cd adsorption by modified and
unmodified peanut shell biochar. The maximal Cd
adsorption capacity of modified and unmodified peanut shell biochar was 6.70 and 6.00 mg/g, respectively, in the solutions without any designed cation.
The addition of different cations led them both to significantly change and the changes were highly dependent on the cation concentrations. The Cd adsorption amount on modified and unmodified peanut
shell biochar significantly decreased with the increasing cation concentrations. The addition of K+,
Ca2+, Na+, and Mg2+ induced a final percentage decrement of 27.3%, 40.0%, 25.3%, and 34.7% for the
modified corn straw biochar, respectively, while
25.3%, 38.6%, 24.7% and 33.3% for peanut shell biochar, respectively. The Cd adsorption slightly decreased when the cation concentrations were below
0.05 mg/L, while it decreased significantly once exceeding 0.05 mg/L. The effects of different cations
on the Cd adsorption by peanut shell biochar followed the descending sequence of Ca2+ > Mg2+ > K+
> Na+. The differences in the Cd adsorption amounts
were non-significant under K+ and Na+ concentrations of 0, 0.01 and 0.05 mg/L, while those were significant under all of the Ca2+ and Mg2+ concentrations.
Figure 3 displayed the effect of different cationic concentrations on the Cd adsorption by modified and unmodified rice straw biochar. The maximal
Cd adsorption capacity of modified and unmodified
rice straw biochar was 5.50 and 4.50 mg/g, respectively, in the solutions without any designed cation.
The addition of different cations led them both to significantly change and the changes were highly dependent on the cation concentrations. The Cd adsorption amount on modified and unmodified rice
straw biochar significantly decreased with the increasing cation concentrations. The addition of K+,
Ca2+, Na+, and Mg2+ induced a final percentage decrement of 14.0%, 32.7%, 12.7%, and 27.3% for the
modified corn straw biochar, respectively, while
13.3%, 30.0%, 9.30% and 20.7% for peanut shell biochar, respectively. The adsorption of Cd by modified rice straw biochar was reduced by 14%, while
that of unmodified rice straw biochar was reduced by
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13.3%. The addition of K+, Ca2+, Na+ and Mg2+ reduced the Cd adsorption on rice straw biochar. The
changes of Cd adsorption between modified and unmodified rice straw biochar were basically similar.
However, at the same concentration gradient, the saturation adsorption of Cd by modified rice straw biochar was greater than that by unmodified rice straw
biochar. When the concentration of Ca2+ and Mg2+
ions was less than or equal to 0.05 mol/L, the decrease in the adsorption of Cd in water by rice straw
biochar was slowed down. The decrease in the adsorption of Cd increased when the ion concentration
was greater than 0.05 mg/L. Among the four ions
added, Ca2+ had the strongest competition for the adsorption of Cd by corn straw char, much stronger
than the other three ions, followed by Mg2+, and K+
had similar competition for the adsorption of Cd than
Na+, slightly larger than Na+. In addition, the analysis by Duncan's multiple comparison method
showed that for K+ and Na+, there were significant
differences between the adsorption amounts at the
concentration gradients from 0 mol/L to 0.5 mol/L,
while there were significant differences between the
adsorption amounts of Ca2+ and Mg2+ at the concentration gradients from 0 mol/L to 0.5 mol/L. In general, the influence of different cations on the adsorption of Cd followed the descending sequence Ca2+ >
Mg2+ > K+ > Na+. The facts were similar to those for
corn straw biochar and peanut shell biochar even after they were modified by graphene.
Correlations between ionic strength and Cd
adsorption on biochar. Figure 4 showed the correlation between the ionic strengths of K+, Ca2+, Na+
and Mg2+ and the Cd adsorption on graphene-modified- and unmodified corn straw biochar. The adsorption of Cd by corn straw biochar was significantly and negatively correlated with the cation concentrations. The correlation coefficients of Ca2+ and
Mg2+ for the adsorption of Cd from modified and unmodified corn straw biochar were higher than 0.9.
The correlation coefficients of Mg2+ were slightly
lower compared to calcium ions, followed by K+.
The lowest correlation coefficient of Na+ was observed. The correlation coefficients of Ca2+ and Mg2+
on the adsorption of Cd by both graphene-modifiedand corn straw biochar were all greater than 0.8,
which proved that the adsorption of Cd by corn straw
biochar was closely related to the concentration of
Ca2+ and Mg2+ ions. The concentration of Ca2+ ions
was most closely related to the adsorption of Cd by
corn straw biochar. The correlation coefficients of
K+ and Na+ ranged from 0.5 to 0.8, indicating that
the concentrations of K+ and Na+ were moderately
correlated with the adsorption of Cd on corn straw
biochar. The correlation between the modified and
unmodified corn straw biochar was not significant,
but the adsorption of Cd on modified corn straw biochar was more closely related to the ionic strength.
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correlation coefficients of K+ and Na+ ranged from
0.5 to 0.8, indicating that the concentrations of K+
and Na+ were moderately correlated with the adsorption of Cd by peanut shell biochar, and the correlation between modified and unmodified peanut shells
was not significant, but the adsorption of Cd by modified peanut shell biochar was more closely related
to the ionic strength.

Figure 5 displayed the correlations between the
ionic strengths of K+, Ca2+, Na+ and Mg2+ and Cd adsorption on peanut shell biochar. The adsorption
amount decreased with the increase of ion concentration. The correlation coefficients of Ca2+ and
modified and unmodified peanut shell biochar were
higher than 0.9. The correlation coefficients of Mg2+
were slightly lower compared with Ca2+, followed by
K+ and the lowest correlation coefficient of Na+. The

FIGURE 2
Effect of cations on the Cd adsorption by modified- and unmodified peanut shell biochar

FIGURE 3
Effect of cations on the Cd adsorption by modified- and unmodified rice straw biochar
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FIGURE 4
Correlation between the cation strength and Cd adsorption on corn straw biochar

FIGURE 5
Correlation between the cation strength and Cd adsorption on peanut shell biochar
The correlation between the ionic strengths of
K+, Ca2+, Na+ and Mg2+ and Cd adsorption on rice
straw biochar was shown in Figure 6. There was a
statistical difference between the different ionic
strengths and the Cd adsorption on rice straw biochar. The adsorption of Cd by rice straw biochar was
negatively correlated with the increase of ion concentration. At concentrations less than or equal to
0.05 mol/L, the scattering density of Cd adsorption
was tighter and the difference in Cd adsorption was
smaller, while at ion concentrations greater than 0.05

mol/L, the scattering density of Cd adsorption was
looser and the difference in adsorption was larger.
The correlation coefficients of Ca2+ and Mg2+ were
above 0.9, followed by Mg2+, while the correlation
coefficients of K+ ranged from 0.5 to 0.8, indicating
that the concentration of K+ was moderately correlated with the adsorption of Cd by rice straw biochar,
and the correlation coefficients of Na+ and rice straw
were 0.3 < r < 0.8. The correlation coefficient between Na+ and rice straw biochar is 0.3< r < 0.5,
which proves that there is no relationship between
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the different ionic strengths of Na+ and the adsorption of Cd on rice straw biochar. The correlation between modified and unmodified rice straw biochar is
not significant, but the correlation between modified
rice straw biochar, like corn straw and peanut shell
biochar, is stronger than that of unmodified rice
straw biochar. Among the four different ionic
strengths, the correlation with the adsorption effect
of rice straw biochar on Cd was in the order of
Ca2+>Mg2+>K+>Na+.
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number of Cd ions are adsorbed on the surface of biochar, which is the main chemical adsorption
method for removing hexavalent Cd [11, 22]. The
adsorption capacity of both modified and unmodified biochar increases with the increase of time, but
the initial adsorption capacity of modified biochar is
larger than that of unmodified biochar, because the
modified biochar surface makes its pores larger and
is easy to adsorb heavy metals [23].
This study found that under the same ion concentration gradient, the adsorption of Cd on the modified biochar was affected by the ions to a greater extent than that on the unmodified biochar. This is
probably due to the fact that the modified biochar has
a larger specific surface area, developed pore structure and various surface functional groups than the
original one after high temperature cracking in the
Fermat furnace [4, 16]. Many of these surface functional groups have aromatic electron conjugation
structures, which can be used as ligands to enhance
the adsorption and stabilization of Cd by coordination reactions, thus, enhancing the adsorption stability of biochar for heavy metals [19]. There are many
factors affecting the physical and chemical properties of biochar, such as the materials used to prepare
biochar. Different materials also have different physical and chemical properties due to their differences
in internal structure and characterization morphology [24]. The high temperature during pyrolysis will
affect the pH value, pore structure and specific surface area [6]. The ash content and yield of biochar
are also affected by pyrolysis temperature [9]. As a
result, the adsorption of Cd on the modified biomass
char was greatly increased compared to the original
material.

DISCUSSION
Biochar is good for the adsorption rate of Cd
[25]. Adsorption of Cd ions on biochar mainly occur
on the surface [26]. As constant of adsorption, excessive adsorption mass will transfer to the micropore
size larger hole, and then the mass transfer rate gradually becomes slow [27]. The adsorption capacity increases with the increase of time, until the adsorption
equilibrium is reached [28]. The adsorption mechanism of biochar for Cd mainly includes hydrogen
bonding, chelation, electrostatic action and chemical
adsorption [10]. The removal mechanism of Cd by
modified biochar is mainly physical adsorption by
electrostatic action [12]. The main mechanism of
electrostatic attraction is that -COOH- and -OH on
the surface of biochar can protonate with H+ to form
positive functional groups, which increases the Cd
adsorption capacity [20]. During the adsorption process, C=O existing on the surface of biochar is
bonded in the form of hydrogen bond, and -COOH
is bonded with Cd ion to form COOCd, and a large

FIGURE 6
Correlation between the cation strength and Cd adsorption on rice straw biochar
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This study also found that the adsorption of Cd
in aqueous solution by different biomass charcoals
in the presence of K+, Ca2+, Na+ and Mg2+ differed
significantly, and different concentrations of K+,
Ca2+, Na+ and Mg2+ could inhibit the adsorption of
Cd by biomass charcoals. The above phenomenon is
due to the fact that the adsorption of K+, Ca2+, Na+
and Mg2+ can compete with Cd ions in water during
the adsorption of biochar [22]. The fact makes the
active sites of biochar to combine with Cd ions decrease to different degrees [27]. The difference in the
binding capacity of the four ions to the active sites of
different materials of biochar determines the degree
of influence of the ions on the adsorption capacity
[29]. Therefore, the charge density of Ca2+ and Mg2+
is higher than that of K+ and Na+, and the binding
capacity of Ca2+ and Mg2+ is higher than that of K+
and Na+, so it is relatively easy for Ca2+ and Mg2+ to
be adsorbed by biochar. Mg2+ ions are more difficult
to be adsorbed by biochar than Ca2+, and K+ ions are
more easily adsorbed by biochar than Na+ ions. In
summary, among the four ions added, Ca2+ and Cd2+
have the most similar radii and are both divalent
ions, and their effects are greater than those of K+
and Na+. K+, Ca2+, Na+, and Mg2+ have a greater effect on Cd adsorption on biochar following the descending sequence of Ca2+ > Mg2+ > K+ > Na+. The
adsorption of Cd in aqueous solution by biochar
shows a decreasing trend, which may be due to the
formation of outer surface complexes on biochar,
where the added electrolyte ions compete with the
adsorbed ions in ion exchange, thus inhibiting adsorption, which decreases with increasing ionic
strength [22]. Another reason is the forces between
the adsorbent and the adsorbent are electrostatic interactions, hydrophobic interactions, complexation,
hydrogen bonding, etc. [23]. In general, when the
ionic strength of the solution increases, the electrostatic interaction between the adsorbent and the adsorbent decreases [24], and when the cation increases from 0 to 0.5 mol/L, the ionic strength in the
aqueous solution increases, and the interaction force
between the biomass carbon as the adsorbent for Cd
decreases, thus reducing the ability of the adsorbent
to bind to the adsorbent and causing the adsorption
of heavy metals by Cd to decrease with the increase
in ionic strength. The amount of heavy metal adsorbed by Cd decreases with the increase of ionic
strength.
Biochar is economical and efficient in both material preparation and effect. It is prepared directly
from the conversion of waste between fields. Not
only is the way to obtain raw materials very convenient, but also can reduce the adverse impact of agricultural waste on the natural environment, and truly
realize the economic value principle of "turning
waste into treasure" [29]. Biochar application is very
wide also, as a kind of renewable clean energy, the
most commonly used purification soil, using its
unique physical and chemical structure and chemical
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properties, can enter the soil adsorption in the soil
residues of pesticides, heavy metals, organic pollutants such as, at the same time can increase the organic matter content in soil, the crops needed nutrients, improve soil fertility [30-31]. Due to its special
chemical and biological properties, biochar is highly
inert to microorganisms [12]. When it enters the soil,
it is difficult to be used by microorganisms in the soil
and it is difficult to preserve the organic carbon in
the soil, thus reducing the content of CO2 and the risk
of greenhouse effect [32]. To sum up, as a renewable
clean energy, biochar can solve a series of problems
in environmental development, agricultural pollution and other fields, which is of great significance
to the construction of a human-friendly environment,
the realization of sustainable energy development,
land and food security.

CONCLUSION
Under the same concentration gradient of the
same ions, the adsorption of Cd by the modified biochar was influenced by the ions to a greater extent
than that by the unmodified biochar. The ions K+,
Ca2+, Na+ and Mg2+ all inhibited Cd adsorption on
biochar, and the amount of Cd adsorption decreased
with the increase of ionic strength. The Ca2+ ion reduced Cd adsorption on biochar by 13.2%58.7% at
high concentrations, which was much larger than the
other three ions. The inhibition effect was ranked
from Ca2+ > Mg2+ > K+ > Na+ in descending order.
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water solubility coupled with the extensive application in the agricultural activities, thiamethoxam had
been commonly detected in soils and waters[11].
The half-time of thiamethoxam varied from months
to years, and exhibited persistence and accumulation
properties in soil[12]. High levels of thiamethoxam
residues in surface soil, sediment and water had been
observed around the world, and which could be huge
threats to non-target organisms, such as pollinators[13,14]. Thiamethoxam could act on the nervous
system of insect, and several researchers had reported negative influences of thiamethoxam and
some other neonicotinoids exposure on honeybee
population [15]. Therefore, the residue of thiamethoxam in the environment and its toxicity to non target organisms must be paid enough attention[16,17].
The extensive use of neonicotinoids in the past
two decades had caused serious impacts on many
kinds of living beings[18,19]. This class of pesticides was likely to be a key factor responsible for the
pollinator decline and was known to cause lethal effects and a wide range of sub-lethal effects on various bee species[20,21]. Therefore, the rapid removal
of neonicotinoids from the contaminated sites was
essential for environmental safety.
The effective way to remove neonicotinoid residues was to use the microbial degradation technology because it was considered to be more efficient
and environmentally friendly [22-25]. Now, it was
still necessary to isolate thiamethoxam-degrading
strains with excellent performance [26,27]. In addition, many environmental factors could affect the
degradation of pesticide residues by microorganisms, and these factors should also be paid attention
to [28-32]. In this study, Bacillus toyonensis SCQZ03 which could degrade thiamethoxam was isolated. The degradation potential of SCQ-Z03 and its
application in the biodegradation of pesticides were
studied.

ABSTRACT
A bacterium named SCQ-Z03 was isolated
from soil and identified as Bacillus toyonensis,
which could efficiently degrade thiamethoxam. The
strain SCQ-Z03 was highly resistant to thiamethoxam and could tolerate thiamethoxam at a level of
not less than 4000 mg/L. The degradation rate of thiamethoxam (the initial concentration was 500 mg/L)
by SCQ-Z03 in inorganic salt medium could
reach80.4% in 3 days. It had been found that biochar
or fresh soil could promote the degradation of thiamethoxam by SCQ-Z03. In addition, SCQ-Z03
could also effectively degrade some other neonicotinoids. Therefore, it was considered that SCQ-Z03
could be used for bioremediation of thiamethoxam
pollution or other neonicotinoids pollution.

KEYWORDS:
Thiamethoxam, neonicotinoid, pesticide pollution, biodegradation,Bacillus toyonensis

INTRODUCTION
Since the introduction of neonicotinoids in the
1990s, they had become highly favored and used
worldwide[1]. Neonicotinoids currently represent
the largest selling class of insecticides and seed treatments on the global market as they provide effective
pest control and have numerous uses in agriculture
[2,3].Since 2010, the market value of neonicotinoid
insecticides had accounted for about one quarter of
the total global insecticides, and had become the
largest insecticide category in terms of market
value[4,5]. Thiamethoxam (CAS:153719-23-4) was
a second generation neonicotinoid, had been registered for use on more than 100 crops in at least 60
countries for controlling pests such as aphids, beetles
and whiteflies[6-8].
Thiamethoxam was extensively applied on
many crops through foliar sprays, soil drenches, and
seed treatment due to the broad-spectrum insecticidal activity [9,10]. Due to its properties of high-

MATERIALS AND METHODS
Chemicals and Media. Chemicals: thiamethoxam (99.0%)was purchasedfrom FULUCompany
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(Shanghai). Other chemicals used were of analytical
grade.
Culture media: (1). Inorganic salt medium:
Magnesium sulfate heptahydrate 0.2 g, Ammonium
sulfate 0.1 g, Dipotassium hydrogenphosphate 0.1g,
Calcium sulfate 0.05 g, Ferrous sulfate heptahydrate
0.01 g, water 1.0 L, pH 7.0. (2). Inorganic salt medium containing thiamethoxam (500 mg/L) was used
as isolation medium for isolating the thiamethoxamdegrading bacteria. (3). Nutrient broth medium: tryptone 9.0g, beef extract 5.0g, sodium chloride 5.0g,
water 1.0 L, pH 7.0.
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were 4000, 3000, 2000, 1000 and 500 mg/L, respectively. The pH value of inorganic salt medium containing thiamethoxam was 7.0. Strain SCQ-Z03 was
inoculated respectively for shake culture at 30°C.
OD600 was recorded regularly to assess the tolerance
of SCQ-Z03 to thiamethoxam.
Degradation of dinotefuran, imidaclothiz,
nitenpyram and clothianidin by strain SCQZ03.The final concentration of dinotefuran in the inorganic salt medium was 150mg/L by adding dinotefuran wettable powder. The inorganic salt medium
containing 150 mg/L of imidaclothiz (or nitenpyram,
or clothianidin) were simultaneously prepared in the
same manner.
5% strain SCQ-Z03 inoculant was inoculated in
an inorganic salt medium containing 150mg/L dinotefuran for shake culture at 30°C. The concentration of dinotefuran residue was determined periodically. Testing for other 3 neonicotinoid pesticides
were carried out simultaneously in the same manner.

Isolation
of
thiamethoxam-degrading
strains. The soil samples were taken from the vegetable field in Shanghai City, China. Thiamethoxam
has been used for more than 5 years in the sampling
site. 5.0 g of soil was added to 120 ml isolation medium and incubated in the shaker (30°C, 100 rpm).
The content of thiamethoxam in medium was measured regularly according to the method described in
the literature [33-36]. 5ml culture solution with 3day degradation efficiency >70% was transferred to
nutrient broth medium containing the same concentration of thiamethoxam, and continuously subculture in same medium for 5 times. After the degradation ability of strains was confirmed again, the
above-mentioned nutrient brothculture solution was
coated on an isolation culture plate for inverted culture at 30°C. Select vigorous colonies and repeatedly
streak on the culture plates to obtain pure cultures
[37-39]. The new strains were identified by
16SrRNA sequence analysis.

Degradation of thiamethoxam by SCQ-Z03
and fresh soil (or biochar). ᬅ15 ml of SCQ-Z03
inoculant was inoculated into 250ml of inorganic salt
medium containing 200 mg/L thiamethoxam.ᬆ15
ml of SCQ-Z03 inoculant and 5.0 g of fresh soil
(from sampling site of SCQ-Z03) were added to
250ml of inorganic salt medium containing 200
mg/L thiamethoxam. ᬇ15 ml of SCQ-Z03 inoculant and 5.0 g of biochar were added to 250ml of inorganic salt medium containing 200 mg/L thiamethoxam. ᬈControl group (no inoculant, soil and biochar).Finally, they were incubated at 30°C, and the
concentration of thiamethoxam was determined regularly.

Effect of temperature on the growth of SCQZ03. Strain SCQ-Z03was incubated in nutrient broth
mediumat 30°C. After 24 hours of incubation, bacterial cells were collected by centrifugation and rinsed
with sterile water.Resuspend bacterial cells in saline,
and approximately 1×106 cells/ml, andthis bacterial
solution would be used as inoculant for subsequent
research [40-42].
5% strain SCQ-Z03 inoculant was inoculated
into inorganic salt medium containing 500 mg/L thiamethoxam and incubated at different temperatures.
OD600 and the concentration of thiamethoxam were
determined every 12 hours after shake culture.

Degradation of thiamethoxam in soil by
SCQ-Z03 and biochar. The fresh soil was put into
32 cm × 32 cm plastic boxes, forming a 10 cm depth
in each box so as to make sure each box contained
the same weight of soil.Divide these soils into 4
groups(n=5). First group: The sterile thiamethoxam
was added to the sterilized soil (the fresh soil was
sterilized at 121 °C for 30min),the final concentration of thiamethoxam in the soil was 200 mg/kg. Second group: Add sterile thiamethoxam to fresh soil so
that the concentration of thiamethoxam was 200
mg/kg(In the subsequent groups, the concentration
of thiamethoxam in the soil was also the same).
Third group: The sterile thiamethoxam was added to
fresh soil and then inoculated with SCQ-Z03 inoculant (add 60ml inoculant per kilogram of soil).
Fourth group: The sterile thiamethoxam was added
to fresh soil, then SCQ-Z03 and biocharwere added
(add 60ml inoculant and 30g biochar per kilogram of
soil). All samples were incubated in an artificial climate chamber at 30 °C (under natural light), and the
concentration of thiamethoxam was determined regularly.

Effects of pH on the growth of SCQ-Z03. The
pH value of inorganic salt medium containing 500
mg/L thiamethoxam was adjusted to 6.0, 6.5, 7.0, 7.5
and 8.0, respectively. These media were then inoculated with 5% inoculant each. Shake culture at 30°C,
OD600 and the concentration of thiamethoxam were
determined regularly.
Tolerance of strain SCQ-Z03 on thiamethoxam. Thiamethoxam was added to inorganic salt
medium, the final concentrations of thiamethoxam
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16SrRNA sequence (GenBank Accession No.
ON331911).The phylogenetic tree of strain SCQZ03 was shown in Figure 2

RESULTS AND DISCUSSION
Characterization of thiamethoxam-degrading strain. A strain named SCQ-Z03 was isolated
from soil which could effectively degrade thiamethoxam. The degradation rate of thiamethoxam (the initial concentration was 500 mg/L) by strain SCQZ03 in inorganic salt medium was 80.4% in 3
days(Figure 1). The strain SCQ-Z03 was an obligate
aerobe, gram-positive, rod-shaped, 0.5-1.0×2.5-3.5
ȝPPRWLOHDQGIRUPHGZKLWHDQGRSDTXHFRORQLHV
on nutrient broth culture plate. It was positive in tests
for catalase, oxidase and amylase, but negative for
D-glucose fermentation, gelatinase, urease and methyl red test (The test method referred to the records
in the literature [43-47]). The strain SCQ-Z03 was
identified as Bacillus toyonensis according to

Effects of temperature and pH on the
growth of SCQ-Z03. It could be seen in Figure 3
that temperature would affect the growth of SCQZ03 to a certain extent. SCQ-Z03 had its highest
growth efficiency at 30-35°C, and other temperatures would inhibit its growth. Generally, temperature had a great influence on the growth of microorganisms and enzyme activity, and it also directly affected the biodegradation of organic matter by microorganisms [48-51].According to the above results, 30-35°C was considered an optimal temperature range of SCQ-Z03 for growth or degrading thiamethoxam.

Concentration of thiamethoxam(mg/L)

500
450
400
350
300
250
200
150
100
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thiamethoxam

50
0
0

1

2

3

4

5

6

7

Time(d)
FIGURE 1
The curve on degradation of thiamethoxam by strain SCQ-Z03
ON331911(Bacillus toyonensis SCQ-Z03)
NR121761(Bacillus toyonensis BCT-7112)
OM267661(Bacillus albus GK101)
MF682044(Bacillus wiedmannii F76)
LT604372(Bacillus toyonensis RI2-25)
NR170510(Bacillus yapensis XXST-01 )
KY400274(Bacillus megaterium JL06)
MN866019(Bacillus stratosphericus MB25)
KX242453(Bacillus safensis EC3)
KC668317(Bacillus alcalophilus LW9)
HQ184470(Bacillus halodurans TSEV1)
0.01

FIGURE 2
Phylogenetic tree of strain SCQ-Z03
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FIGURE 3
Effect of temperature on the growth of SCQ-Z03
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FIGURE 4
Effect of pH on the growth of SCQ-Z03
change in OD600, indicating that 1000 mg/L of thiamethoxam did not inhibit the growth of strain SCQZ03.If the concentration of thiamethoxam was further increased to 2000 or 3000 mg/L, the growth of
strain SCQ-Z03 would be inhibited. Under the condition of higher concentration of thiamethoxam, the
growth curve of strain SCQ-Z03 still showed an increasing trend, which may be due to the degradation
leading to a gradual decrease in the concentration of
thiamethoxam, and its effect of inhibiting the growth
of the strain SCQ-Z03 was partially alleviated. 4000
mg/L of thiamethoxam could result in greater inhibition on the growth of strain SCQ-Z03, but strain
SCQ-Z03 still did not stop growing. Therefore, it

Microbial growth and degradation ability were
usually affected by environmental pH [52-54]. The
results in Figure 4 showed that the strain SCQ-Z03
had the best growth state at pH 7.0. Therefore, the
optimal pH of SCQ-Z03 was considered to be pH7.0.
In general, pH could directly affect the activity of degrading enzymes, and could also affect the growth of
microorganisms and the expression of related degrading enzyme genes [55-58].
Tolerance of the strain SCQ-Z03on thiamethoxam. It could be seen from Figure 5 that when
the concentration of thiamethoxam increased from
500 mg/L to 1000 mg/L, there was no significant
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was preliminarily believed that SCQ-Z03 could tolerate at least 4000mg/L thiamethoxam in inorganic
salt medium, and these may be closely related to the
repeated exposure of SCQ-Z03 to neonicotinoids
[59-61]. According to the existing experimental results, it was inferred that SCQ-Z03 could be used for
bioremediation of high concentration of thiamethoxam pollution.

SCQ-Z03 could effectively degrade dinotefuran, imidaclothiz, nitenpyram and clothianidin.The degradation efficiencies of four neonicotinoid pesticides
by SCQ-Z03 were respectively 97.1%, 95.1%,
99.4% and 100% in 7d.Usually the neonicotinoid
pesticides contained some similar chemical structures, some microorganisms or enzymes capable of
cleaving these similar chemical structures may have
the ability to degrade a variety of neonicotinoid pesticides. Therefore, SCQ-Z03 was also recommended
for bioremediation of some other neonicotinoid pollutants, not just degradation of thiamethoxam.

Degradation of dinotefuran, imidaclothiz,
nitenpyram and clothianidin by strain SCQ-Z03.
According to the experimental data in Figure 6,
2.4
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FIGURE 5
Effect of concentration of thiamethoxam on the growth of SCQ-Z03
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FIGURE 6
The curve on degradation of 4 neonicotinoid pesticides by SCQ-Z03
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ochar was further added, the 7-day degradation efficiency could reach 100%.Therefore, it was considered that the combination of SCQ-Z03 and biochar
could effectively improve the biodegradation efficiency of thiamethoxam in soil.
As shown in Figure 8, the degradation efficiency of thiamethoxam in fresh soil was higher than
that in sterilized soil, which may be due to the participation of microorganisms or enzymes in fresh
soil [66-68]. The concentration of thiamethoxam decreased by 19.5% after 7 days in sterilized soil, it
may be caused by hydrolysis and photodecomposition [69-73]. In addition, the degradation efficiency
of thiamethoxam in the fresh soil was about 52.5%
after 7 days, which indicated that thiamethoxam was
easy to be degraded in this soil.

Degradation of thiamethoxam by strain
SCQ-Z03 and fresh soil. The results shown in Figure 7 indicated that the combination of SCQ-Z03 and
fresh soil for the degradation of thiamethoxam could
achieve higher degradation efficiencythan that of
strain SCQ-Z03 alone, which might be due to the fact
that some microorganisms, soil enzymes or other ingredients in soil were involved in the degradation of
thiamethoxam or play a supporting role. The microorganisms and enzymes in soil may also only participate in the degradation of the intermediate metabolites of thiamethoxam, but it would facilitate the degradation of thiamethoxam[62-65]. In this study, the
application of fresh soil significantly improved the
degradation efficiency of thiamethoxam, but it was
not clear which factor in fresh soil played a role. In
addition, the experimental results also showed that
an appropriate amount of biochar could also effectively improve the degradation of thiamethoxam by
SCQ-Z03.Some previous literatures had also reported that biochar could accelerate the biodegradation of some organic pollutants. Therefore, in the
practice of degrading thiamethoxam by SCQ-Z03,
adding biochar may be an effective way to improve
the biodegradation efficiency.

CONCLUSION
According to the data of this research, it was
believed that microorganism was one of the main
factors causing the degradation of thiamethoxam.B.
toyonensisSCQ-Z03 isolated from soil could efficiently degrade thiamethoxam, and could tolerate
thiamethoxam at a level of not less than 4000 mg/L.
The degradation efficiency of thiamethoxam
(500mg/L) in inorganic salt medium by SCQ-Z03
could reach about 80.4% in 3 days.Adding a small
amount of biochar during the degradation of thiamethoxam by SCQ-Z03 could improve the degradation efficiency. In addition, SCQ-Z03 could also degrade some other neonicotinoids,such as dinotefuran
and imidaclothiz. Therefore, it was considered that
SCQ-Z03 could be used for bioremediation of thiamethoxam or other neonicotinoids pollution.

Degradation of thiamethoxam in soil. The
data in Figure 8 could indicate that it was feasible to
degrade thiamethoxam in the soil by applying SCQZ03. The degradation efficiency of thiamethoxam in
fresh soil with SCQ-Z03 was significantly higher
than that in soil without SCQ-Z03. In addition, the
addition of biochar could also accelerate the degradation of thiamethoxam by SCQ-Z03. The degradation efficiency of thiamethoxam (200 mg/kg) in
fresh soil by SCQ-Z03 could reach about 97.9% after
7days of incubation. If an appropriate amount of bi200
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FIGURE 7
Degradation of thiamethoxamby strain SCQ-Z03 and soil (or biochar)
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FIGURE 8
The degradation of thiamethoxam in the different treated soils
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$%675$&7

7KHSUHVHQWVWXG\SURYLGHVFRPSUHKHQVLYHGH
WDLODERXWIRUHVWVSHFLHVFRPSRVLWLRQDQGVWUXFWXUDO
GLYHUVLW\RI6KDKRRU6KHULQJDODQG.DQGDRYDOOH\DW
6KHULQJDO IRUHVW VXEGLYLVLRQ 'LU XSSHU .K\EHU
3DNKWXQNKZD3DNLVWDQ7KHZKROHDUHDZDVGLYLGHG
LQWRIRXUVLWHV6KDKRRU%DOD6KDKRRU3D\HQ.DQ
GDRDQG-DQDV6DPSOLQJZDVVWDUWHGIURPWKHEHG
RI WKH VWUHDP DQG FRQWLQXHV XS WR WKH WRS RI WKH
PRXQWDLQ'LIIHUHQWVWDWLRQVZHUHHVWDEOLVKHG4XDG
UDW VL]H RI P î P ZDV WDNHQ IRU VWXG\LQJ DQG
PHDVXULQJWUHHV$WRWDORIWUHHVSHFLHVEHORQJLQJ
WR QLQH IDPLOLHV ZHUH LGHQWLILHG LQ WKH VWXG\ DUHD
'LIIHUHQWVDPSOLQJVLWHVZHUHPDUNHGDWGLIIHUHQWHO
HYDWLRQV 7KH GLIIHUHQW TXDQWLWDWLYH SDUDPHWHUV LH
GHQVLW\ UHODWLYH IUHTXHQF\ FRYHU UHODWLYH GHQVLW\
UHODWLYH FRYHU DQG IUHTXHQF\ ZHUH FDOFXODWHG IRU
HDFKWUHHLQHDFKVWXG\VLWHDQGLPSRUWDQFHYDOXHLQ
GH[HVZHUHUHFRUGHGIURPGLIIHUHQWEORFNV6'5YDO
XHV ZHUH WKHQ XVHG IRU LGHQWLI\LQJ WKH GRPLQDQW
FRPPXQLW\LQHDFKVWXG\VLWHCedrus deodara ZDV
REVHUYHGDVWKHKLJKHVWDYHUDJH6'5YDOXHRI
,W LV GRPLQDQW VSHFLHV DQG IRXQG LQ DOO VLWHV KRZ
HYHU LW ZDV PRUH GRPLQDQW LQ -DQDV VLWH ZKHUH LWV
6'5 YDOXH LV QRWHG DV  7KH VHFRQG KLJKHVW
GRPLQDQW VSHFLHV LV Quercus baloth KDYLQJ D 
6'5YDOXH7UHHVSHFLHVGLYHUVLW\ZDVRSWLPXPDW
WKHPLGGOHRI-DQDVVLWHDVFRPSDUHGWRWKH6KDKRRU
3D\HQZKHUHGLUHFWDQWKURSRJHQLFDFWLYLWLHVDUHFRQ
WLQXRXV7KHPLQLPXPGLYHUVLW\ZDVREVHUYHGDWWKH
WRSRI-DQDVDQG6KDKRRU%DODGXHWRKLJKDOWLWXGHV
,W LV REVHUYHG WKDW KXJH YROXPHV RI IXHOZRRG DQG
WLPEHU FRQVXPSWLRQ ZHUH UHFRUGHG IURP WKH DUHD
7KLVZRUNZLOODOVREHXVHIXOLQIXWXUHIRUDVVHVVPHQW
RIFOLPDWHFKDQJHRQYHJHWDWLRQDORQJHOHYDWLRQ
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7KHIRUHVWVRI3DNLVWDQSOD\DQLPSRUWDQWUROH
DQGGLIIHUHQWIXQFWLRQV,WSURGXFHVGLIIHUHQWJRRGV
SURWHFWVZLOGOLIHDQGELRGLYHUVLW\,WKDVDPDMRUUROH
LQWKHUHJXODWLRQRIVWUHDPIORZSURGXFWLRQRIZDWHU
FRQVHUYDWLRQRIVRLOPDLQWHQDQFHRIHFRORJLFDOEDO
DQFH DQG VDIHJXDUGV WKH VRFLRFXOWXUDO YDOXHV >@
6WXGLHVDERXWIORULVWLFFRPSRVLWLRQDQGVWUXFWXUHGL
YHUVLW\LQIRUHVWVDUHWKHLQVWUXPHQWVXVHGLQWKHVXV
WDLQDELOLW\RIIRUHVWVVLQFHWKH\SOD\DYLWDOUROHLQWKH
IRUHVWHFRV\VWHPPDQDJHPHQWDQGWKHFRQVHUYDWLRQ
RISODQWVSHFLHVDVDZKROH>@7RNQRZDERXWWKH
WUHHVSHFLHVGLYHUVLW\LGHQWLI\LQJLPSRUWDQWVSHFLHV
SURWHFWLQJWKHWKUHDWHQHGVSHFLHVDQGPDQDJLQJWKH
IRUHVW IRU VXVWDLQDEOH FRQVHUYDWLRQ LQIRUPDWLRQ
DERXWWKHIORULVWLFFRPSRVLWLRQRIWKHIRUHVWDQGWKHLU
VWUXFWXUDO GLYHUVLW\ LV YHU\ LPSRUWDQW .QRZOHGJH
DERXW YDULRXV WUHH VSHFLHV FRPSRVLWLRQ LV QRW RQO\
FULWLFDOIRUEDODQFLQJIXQFWLRQLQJDQGLPSURYLQJWKH
HFRV\VWHPEXWDOVRWRFKHFNDQGEDODQFHWKHLUIXUWKHU
GHJUDGDWLRQ>@
)RUVRXQGPDQDJHPHQWSUDFWLFHDQGORQJWHUP
VWUDWHJ\ GHYHORSPHQW WKH HFRORJLVW FRQVLGHUV WKH
QHHG RI WKHVH LPSRUWDQW HFRORJLFDO DVSHFWV IRU WKH
PDQDJHPHQW RI QDWXUDO UHVRXUFHV WKH\ FODVVLI\ WKH
QDWXUDO HFRV\VWHP LQWR GLIIHUHQW SODQW FRPPXQLWLHV
DQGKDELWDWVWRNQRZWKHFKDQJHVLQVSHFLHVFRPSR
VLWLRQ DQG VWUXFWXUDO GLYHUVLW\ DORQJ ZLWK HQYLURQ
PHQWDO DVSHFWV OLNH DOWLWXGLQDO VORSH VRLO IHDWKHUV
GHQVLW\HWFLQDPRXQWDLQRXVHFRV\VWHP>@7KH
VWUXFWXUDOGLYHUVLW\DQGFRPSRVLWLRQRIGLIIHUHQWVSH
FLHVYDU\GXHWRFOLPDWLFFKDQJHVDQGWRSRJUDSKLFDO
YDULDWLRQ >@ )RU WKH GHYHORSPHQW RI FRQVHUYDWLRQ
VWUDWHJ\ DQG HVWLPDWLRQ RI WKRVH FKDQJHV RFFXUULQJ
LQWKHIORULVWLFSDWWHUQRIDQDUHDWKHLUGHWDLOHGVWXG\
LVHVVHQWLDOEDVHGRQFRUUHFWLGHQWLILFDWLRQDQGFRO
OHFWLRQ>@
'LUXSSHULVWKHVHFRQGULFKHVWGLVWULFWRI3DNL
VWDQZKLFKFRYHUVSHUFHQWRIWKHIRUHVW7KHIRU
HVWVRI6KDKRRU-DQDVDQG.DQGDRYDOOH\SOD\DVLJ
QLILFDQWUROHLQSURWHFWLRQRIWKHQDWXUDOHQYLURQPHQW

.(<:25'6
)RUHVWWUHH6KDKRRU6KHULQJDOYDOOH\6'5YDOXH6WUXF
WXUHYDULDELOLW\4XDQWLWDWLYHWUDLWV
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DQG SURGXFWLRQ RI QXPHURXV JRRGV ,W ZLOO EH HQ
0$7(5,$/6$1'0(7+2'6
VXUHG DQG PDLQWDLQHG LI WKHUH H[LVWV D EDODQFH EH

WZHHQ VXVWDLQDEOH SURGXFWLRQ DQG FRQVXPSWLRQ RI
6WXG\$UHD%DFNJURXQG7KHSUHVHQWVWXG\LV
WKHIRUHVWV7KHSUHVHQWWUHQGRIXQV\VWHPDWLFFRQ
SODQQHG WR ILQG RXW WKH VSHFLHV FRPSRVLWLRQ DQG
VXPSWLRQRIIRUHVWUHVRXUFHVLVXQVXVWDLQDEOHZKLFK
VWUXFWXUDOGLYHUVLW\LQWKHIRUHVWRI6KDKRRUDQG-D
OHDGVWRDORVVLQELRGLYHUVLW\DQGDOVRDGYHUVHO\LP
QDV.DQGDRYDOOH\DW6KHULQJDO)RUHVW6XEGLYLVLRQ
SDFWV IRUHVW WUHH VSHFLHVGLYHUVLW\  'LU .RKLVWDQ LV
'LU8SSHU3DNLVWDQ7KHSUHVHQWVWXG\LVSODQQHGWR
RQH RI WKH PRVW EDFNZDUG DUHDV RI .K\EHU 3DNK
ILQGRXWWKHVSHFLHVFRPSRVLWLRQDQGVWUXFWXUDOGLYHU
WXQNKZD0RVWRIWKHLUYDOOH\VOLNH6KDKRRU-DQDV
VLW\LQWKHIRUHVWRI6KDKRRUDQG-DQDV.DQGDRYDO
DQG NDQGDR KDYH QRW EHHQ VWXGLHG ZLWK DGYDQFHG
OH\DW6KHULQJDO)RUHVW6XEGLYLVLRQ'LU8SSHU3D
WRROVGXHWRKDUVKSK\VLRJUDSKLFFRQGLWLRQVUHPRWH
NLVWDQ$OWLWXGHDQG&RǦRUGLQDWHVRIVWXGLHGVLWHVLV
ORFDWLRQDQGKDUGVKLSLQDFFHVVLELOLW\WKHSUHVHQWVLW
JLYHQLQ7DEOH'XHWRWKHYDULDWLRQRIWRSRJUDSK\
XDWLRQRIWKHXQVXVWDLQDEOHDQGLQWHQVHOHYHORIIRUHVW
DOWLWXGH WHPSHUDWXUH DQG SUHFLSLWDWLRQ WKH IRUHVWV
H[SORLWDWLRQQHHGWREHH[SORUHG7KHSUHVHQWVWXG\
DUH PDLQO\ RUJDQL]HG DV SXUH 'HRGDU IRUHVWV 'HR
ZLOOSURYLGHEDVLFGDWDDERXWIRUHVWVSHFLHVFRPSR
GDUNDLO IRUHVWV PL[HG GHRGDUNDLOILUVSUXFH IRU
VLWLRQDQGVWUXFWXUDOGLYHUVLW\RIWKLVKLOO\DUHDLQRU
HVWV2DNVFUXEIRUHVWVDQG$OSLQHSDVWXUHV
GHUWRH[SORUHWKHDUHDIRUHQYLURQPHQWDOLVWVIRUHVW

PDQDJHUVDQGIXWXUHUHVHDUFKHUV7KHUHIRUHWKHSUH
'DWD&ROOHFWLRQDQG$QDO\VLV7KHILHOGZRUN
VHQW VWXG\ LV FRQGXFWHG WR PHDVXUH IRUHVW VSHFLHV
ZDVFDUULHGRXWGXULQJWKHVXPPHUVHDVRQ 0D\$X
FRPSRVLWLRQOLNHGHQVLW\FRYHUIUHTXHQF\DQGLP
JXVW (OHYDWLRQRIWKHDUHDYDULHVIURPDERXW
SRWHQWYDOXHLQGLFHVDQGHQXPHUDWHWKHDEXQGDQFHRI
IHHW DW WKH ERWWRP RI 6KDKRRU 3D\HQ ZKLOH 
VSHFLHVDQGLGHQWLI\SUHGRPLQDWLQJFRPPXQLWLHVRI
IHHWDWWKHWRSRI-DQDV7KHFXUUHQWVWXG\ZDVSHU
WUHHV
IRUPHGLQWKHIRXUVLGHYDOOH\V7KHZKROHDUHDZDV

GLYLGHG LQWR IRXU VLWHV 6KDKRRU %DOD 6KDKRRU

3D\HQ .DQGDR DQG -DQDV WKHLU FRRUGLQDWHV DUH

JLYHQLQ7DEOH
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3LQDFHDH
'LDU

Pinus gerardiana
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Pinus wallichiana
3LQDFHDH
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3LQDFHDH
.DFKDO

Picea smithiana
3LQDFHDH
.DQGDO
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7D[DFHDH
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Quercus baloth
)DJDFHDFH
6HUDL

Quercus dilatata  
)DJDFHDFH
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Juglan sregia
-XJODQGDFHDH
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(EHQDFHDH
7RRUDPORRN

Olea ferruginea
2OHDFHD
.KRQD

Salix tatrasperma
6DOLFDFHDH
:DOD


Robinia pseudocacia
)DEDFHDH
.LNDU

Populus alba
6DOLFDFHDH
6SHUGDU


Morus Alba
0RUDFHDH
7RRW
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9HJHWDWLRQ 6DPSOLQJ 'HVLJQ DQG $VVHVV
PHQW)LHOGWULSVZHUHFDUULHGRXWWRGLIIHUHQWVLWHV
RI VWXG\ DUHDV 7KH VDPSOH ZDV FROOHFWHG IURP WKH
VWUHDPEHG PRVWO\IURPWKHULYHU3DQMNRUD DQGFRQ
WLQXHVXSWRWKHWRSRIWKHPRXQWDLQ'LIIHUHQWVWD
WLRQVZHUHHVWDEOLVKHG4XDGUDWHVZHUHXVHGIRUVDP
SOLQJYHJHWDWLRQ>@4XDGUDWVL]HRIPîPZDV
WDNHQ IRU VWXG\LQJ DQG PHDVXULQJ WUHHV 6DPSOLQJ
ZDVVWDUWHGDWHDFKVLWHIURPWKHEHJLQQLQJRIWKHVLWH
DWDQDYHUDJHGLVWDQFHRIPHWHUVIURPWKHIRUHVW
PDUJLQV 7KHQ RQZDUGV TXDGUDWHV ZHUH WDNHQ DW
HYHU\  P GLVWDQFH XQWLO WKH YHJHWDWLRQ FOLPD[
FRPPXQLW\ VKRZLQJ PLQLPXP GLVWXUEDQFH ZDV
UHDFKHG7UHHVJUHDWHUWKDQIRXUPHWHUKHLJKWVZHUH
FRQVLGHUHGPDWXUHWUHHV7KHTXDGUDWHVDWHDFKVLWH
ZHUH WDNHQ UDQGRPO\ DFFRUGLQJ WR WKH DUHD 7KH
TXDQWLWDWLYH SDUDPHWHUV GHQVLW\ IUHTXHQF\ FRYHU
DQGLPSRUWDQFHYDOXHLQGH[ZHUHUHFRUGHGIURPGLI
IHUHQWEORFNVDORQJDQDOWLWXGLQDOJUDGLHQW7KHDOWL
WXGH RI WKH VHOHFWHG ORFDOLWLHV ZDV PHDVXUHG ZLWK
*36RI*DUPLQH7UH[7KHLUDYHUDJHGHQVLW\IUH
TXHQF\FRYHUDORQJZLWKUHODWLYHGHQVLW\IUHTXHQF\
DQGFRYHUZHUHGHWHUPLQHE\XVLQJWKHIROORZLQJIRU
PXODV

'HQVLW\ 'HQVLW\ FDQ EH GHILQHG DV WKH WRWDO
QXPEHURILQGLYLGXDOWUHHVLQDXQLWDUHD'HQVLW\FDQ
EHFDOFXODWHGRQWKHEDVLVRISHUPHWHU7RILQGRXW
VSHFLHVGHQVLW\WKH(TZDVXVHG>@
6SHFLH
GHQVLW\
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୭୲ୟ୪୬୳୫ୠୣ୰୭୯୳ୟ୰ୢୟ୲

E\VSHFLHLQTXDGUDWHV)RUWKHFDOFXODWLRQRIFURZQ
FRYHUWKH(TZDVXVHG>@
୭୲ୟ୪ୡ୭୴ୣ୰୭ୟୱ୮ୣୡ୧ୣୱ

&RYHU 
୭୲ୟ୪୬୳୫ୠୣ୰୭୯୳ୟ୰ୢୟ୲ୣୱ
୰ଵା୰ଶ

&RYHUDJH 
>(T@
ଶ
:KHUHUUDGLXVRIFURZQLQRQHGLUHFWLRQ
UUDGLXVRIFURZQLQDQRWKHUGLUHFWLRQ

5HODWLYH)UHTXHQF\5HODWLYHIUHTXHQF\LVWKH
SURSRUWLRQ RI IUHTXHQFLHV RI VSHFLH WR WKH WRWDO
IUHTXHQF\RIDOOVSHFLHVWKDWRFFXULQWKHTXDGUDWHV
)RUWKHPHDVXUHPHQWRIWKHUHODWLYHGHQVLW\WKH(T
ZDVXVHG>@
5HODWLYH
IUHTXHQF\


୰ୣ୯୳ୣ୬ୡ୷୭ୟ୮ୟ୰୲୧ୡ୳୪ୟ୰ୱ୮ୣୡ୧ୣ
î>(T@

୭୲ୟ୪୰ୣ୯୳ୣ୬ୡ୷୭ୟ୪୪୲୦ୣୱ୮ୣୡ୧ୣୱ


5HODWLYH &RYHUDJH 7KH UHODWLYH FRYHU LV WKH
FRYHURIDVSHFLHVZLWKFRPSDUHWRWKHWRWDOFRYHURI
DOO VSHFLHV )RU WKH PHDVXUHPHQW RI WKH UHODWLYH
FRYHUWKH(TZDVXVHG
5HODWLYHFRYHUDJH 
େ୭୴ୣ୰ୟୣ୭ୟ୮ୟ୰୲୧ୡ୳୪ୟ୰ୱ୮ୣୡ୧ୣ
î
୭୲ୟ୪ୡ୭୴ୣ୰ୟୣ୭୰ୟ୪୪ୱ୮ୣୡ୧ୣ୵୧୲୦୧୬୲୦ୣ୯୳ୢ୰ୟ୲ୣୱ

>(T@

5HODWLYH'HQVLW\5HODWLYHGHQVLW\LVWKHGHQ
VLW\RIDSDUWLFXODUVSHFLHVZLWKFRPSDUHWRWKHWRWDO
GHQVLW\RIDOOVSHFLHVLQTXDGUDWHV)RUWKHPHDVXUH
PHQWRIWKHUHODWLYHGHQVLW\WKH(TZDVXVHG>@
5HODWLYH
GHQVLW\


ୈୣ୬ୱ୧୲୷୭୮ୟ୰୲୧ୡ୳ୟ୪୰ୱ୮ୣୡ୧ୣ୧୬ୟ୮୪୭୲
î>(T@
୭୲ୟ୪ୢୣ୬ୱ୧୲୷୭୰ୟ୪୪୲୦ୣୱ୮ୣୡ୧ୣୱ୧୬ୟ୮୪୭୲

>(T@

)UHTXHQF\,WLVWKHRFFXUUHQFHRIDVSHFLHVLQ
TXDGUDWHV)UHTXHQF\LVPHDVXUHGLQSHUFHQWDJH>@
)RUIUHTXHQF\FDOFXODWLRQWKH(TZDVXVHG
)UHTXHQF\
 
୳୫ୠୣ୰୭ୱୟ୫୮୪ୣ୯୳ୢ୰ୟ୲ୣୱ୧୬୵୦୧ୡ୦ୟୱ୮ୣୡ୧ୣ୭ୡୡ୳୰ୣୢ
î


,PSRUWDQFH9DOXH,PSRUWDQFHYDOXHRIHDFK
VSHFLHV LV FDOFXODWHG DV WKH VXP RI DOO WKH UHODWLYH
GHQVLW\UHODWLYHIUHTXHQF\DQGUHODWLYHFRYHU (T 
,PSRUWDQFHYDOXH 5HODWLYHGHQVLW\5HODWLYH
IUHTXHQF\5HODWLYHFRYHUDJH>(T@
7KH VSHFLH LQ TXDGUDWHV ZDV QDPHG DIWHU WKH
WKUHH PRVW GRPLQDQW VSHFLHV ZLWK WKH KLJKHVW LP
SRUWDQWYDOXHV



୭୲ୟ୪୬୳୫ୠୣ୰୭୯୳ୟ୰ୢୟ୲ୣୱୱୟ୫୮୪ୣୢ

>(T@

&RYHUDJH &RYHUDJH LV WKH WRWDO DUHD FRYHUHG


6SHFLHV1DPH
Cedrus deodara
Quercus baloth
Quercus diltata
Pinus wallichiana
Pinus roxberghi
Picea smithiana
Abies pindrow
Juglan sregia
Taxus baccata
Robinia pseudocacia
Populus alba
Salix tatrasperma

7$%/(
)RUHVWWUHHDQDO\VLVDW6KDKRRU%DODVLWH
$YHUDJH
$YHUDJH
$YHUDJH
5'
5)
'HQVLW\
IUHTXHQF\
&RYHU



 



 





















































5&

,9

6'5
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6SHFLHV1DPH

7$%/(
)RUHVWWUHHDQDO\VLVDW6KDKRRUSD\HQVLWH
$YHUDJH
$YHUDJH
$YHUDJH
5'
5)
'HQVLW\
IUHTXHQF\
&RYHU



 



 









































Cedrus deodara
Quercus baloth
Pinus wallichiana
Pinus roxberghi
Picea smithiana
Abies pindrow
Juglan sregia
Oleaferru ginea
Robinia pseudocacia
Diospyros lotus

6XPPRQHG 'RPLQDQFH 5DWLR 6XPPRQHG
GRPLQDQFH UDWLR 6'5  LV WKH UDWLR RI LPSRUWDQFH
YDOXH 5HODWLYHGHQVLW\5HODWLYHIUHTXHQF\5HO
DWLYHFRYHUDJH  (T >@,WLVFDOFXODWHGDVWKHLP
SRUWDQFHYDOXHGLYLGHGE\WKUHH (T >@
6XPPRQHG 'RPLQDQFH 5DWLR 6'5  
୍୫୮୭୰୲ୟ୬ୡୣୟ୪୳ୣ
>(T@
ଷ


5(68/76

7UHH6SHFLHV&RPSRVLWLRQRIWKH6WXG\$UHD
7KH DUHD ZDV DQDO\]HG GXULQJ VXPPHU VHDVRQ IRU
JHWWLQJLQIRUPDWLRQDERXWWKHIORUDOFRPSRVLWLRQ7R
WDO  WUHH VSHFLHV EHORQJLQJ WR QLQH IDPLOLHV ZHUH
LGHQWLILHGLQWKHVWXG\DUHD7DEOHVKRZVWKHIRUHVW
WUHHVSHFLHVFRPSRVLWLRQRIWKHVWXG\DUHD
)RUHVW WUHH $QDO\VLV DW 6KDKRRU %DOD 6LWH
6KDKRRU%DODVLWHLVORFDWHGDWDQDOWLWXGLQDOUDQJHRI
WR)URPWKLVVLWHWRWDOWZHOYHTXDGUDWHV
ZHUH WDNHQ LQ ZKLFK D WRWDO RI  VSHFLHV ZHUH
IRXQG$FFRUGLQJWRVSHFLHGRPLQDQWUDWLRCedrus
deodara KDV WKH KLJKHVW 6'5 YDOXH LH  IRO
ORZHGE\Quercus baloth DQG Pinus roxberghi DQG
ZKLFKKDYHDQG6'5YDOXHV7KHRWKHU
FRGRPLQDQWVSHFLHVLQFOXGHPicea smithiana,  
Abies pindrow,   DQG Juglan sregia  
Taxus baccata, Robinia pseudocacia, Populus alba,
DQGQuercus diltataDUHDVVRFLDWHGVSHFLHVWKDWZHUH
SRRUO\GLVWULEXWHG 7DEOH 
7DEOH  VKRZV D GHWDLOV GHVFULSWLRQ RI IRUHVW

6SHFLHV1DPH
Cedrus deodara
Piceas mithiana
Pinus wallichiana
Pinus roxberghi
Abies pindrow
Quercus baloth
Taxus baccata

$YHUDJH
'HQVLW\



5&

,9

6'5


































VSHFLHV GHQVLW\ IUHTXHQF\ FRYHU UHODWLYH GHQVLW\
5'  UHODWLYH IUHTXHQF\ 5)   UHODWLYH FRYHU
5& DQGLPSRUWDQFHYDOXH ,9 DWWKH6KDKRRU
%DODVLWH2XUILQGLQJVVKRZHGWKDWCedrus deodara
KDV WKH KLJKHVW DYHUDJH GHQVLW\   IUHTXHQF\
  DQG FRYHU   Cedrus deodara DOVR
VKRZVKLJKUHODWLYHGHQVLW\UHODWLYHIUHTXHQF\DQG
UHODWLYHFRYHUZKLFKZHUHFDOFXODWHGDVDQG
 UHVSHFWLYHO\ 7KH QG KLJKHVW GHQVLW\ IUH
TXHQF\DQGFRYHUZHUHUHFRUGHGLQQuercus ballot
KDV   DQG  :KLOH LWV UHODWLYH GHQVLW\
UHODWLYHIUHTXHQF\DQGUHODWLYHFRYHUZHUHFDOFXODWHG
DQGUHVSHFWLYHO\6LPLODUO\WKHORZ
HVWGHQVLW\RISalix tatraspermaZDVLWVFRYHU
DQGIUHTXHQF\ZHUHPDQGUHVSHFWLYHO\
7KHUHODWLYHSDUDPHWHUVRI Salix tatrsperma ZDVRE
VHUYHGDVWKHUHODWLYHIUHTXHQF\ZDVDQG
WKHUHODWLYHFRYHUZDVUHFRUGHG 7DEOH 

)RUHVW7UHH$QDO\VLVDW6KDKRRU3D\HQ6LWH
6KDKRRU3D\HQ VLWH LV DGMDFHQW WR 6KDKRRU%DOD RQ
WKH 6RXWKZHVW VLGH ,WV DUHD VWDUWV IURP WKH 5LYHU
3DQMNRUDDWDQDOWLWXGHRIIHHWDQGH[WHQGVXS
WR IHHW7HQ WUHHVZHUH UHFRJQL]HGIURP 6KD
KRRU3D\HQVLWH7DEOHVKRZVWKDWQuercus baloth
KDV WKH KLJKHVW VXPPRQHG GRPLQDQW UDWLR 6'5 
IROORZHGE\Cedrus deodaraDiospyros
lotus Robinia pseudocacia DQGOlea ferruginea ZHUH
RWKHUSRRUO\GLVWULEXWHGDVVRFLDWHGVSHFLHVWKDWKDYH
DQGUHVSHFWLYHO\



7$%/(
)RUHVWWUHHDQDO\VLVDW.DQGDRVLWH
$YHUDJH
$YHUDJH
5'
5)
IUHTXHQF\
&RYHU









5&

,9

6'5
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6SHFLHV1DPH
Cedrus deodara
Quercus baloth
Pinus wallichiana
Abies pindrow
Picea smithiana
Salix tatrasperma
Quercus dilatata
Morus Alba


$YHUDJH
'HQVLW\









7$%/(
)RUHVWWUHHDQDO\VLVDW-DQDVVLWH
$YHUDJH
$YHUDJH
5'
IUHTXHQF\
&RYHU

























5)

5&

,9

6'5





































7$%/(
6'59DOXHVRI)RUHVW7UHHVSHFLHVDW6KDKRRU%DOD6KDKRRU3D\HQ.DQGDRDQG-DQDV6LWHV
6SHFLHV1DPH
6KDKRRU%DOD
6KDKRRU3D\HQ
.DQGDR
-DQDV6'5
6'5
6'5
6'5
Cedrus deodara




Quercus baloth




Pinus wallichiana




Picea smithiana




Abies pindrow




Quercus diltata




Pinus roxberghi




Juglans regia




Taxus baccata




Robinia pseudocacia




Populus alba




Salix tatrasperma




Olea ferruginea




Diospyros lotus




Morus Alba





Quercus baloth KDVWKHKLJKHVWDYHUDJHGHQVLW\  
IUHTXHQF\   DQG FRYHU   Cedrus deodara
VKRZVWKHQGKLJKHVWDYHUDJHGHQVLW\DYHUDJHIUH
TXHQF\DQGDYHUDJHFRYHUZKLFKZHUHFDOFXODWHGDV
DQGUHVSHFWLYHO\ZKLOHLWVUHODWLYHGHQ
VLW\UHODWLYHIUHTXHQF\DQGWKHUHODWLYHFRYHUZHUH
FDOFXODWHGDQGUHVSHFWLYHO\ 7DEOH 
7KHWKLUGKLJKHVWGHQVLW\IUHTXHQF\DQGFRYHUZHUH
UHFRUGHGLQJuglan sregia ZKLFKZDVDQG
WKHLUUHODWLYHGHQVLW\UHODWLYHIUHTXHQF\DQG
WKHUHODWLYHFRYHUZDVFRPSXWHGDQG
UHVSHFWLYHO\

)RUHVW7UHH$QDO\VLVDW.DQGDR6LWH.DQGDR
VLWH LV DOVR DGMDFHQW WR 6KDKRRU %DOD DW QRUWK VLGH
)URPWKLVDUHDDWRWDOHLJKWTXDGUDWHVZHUHWDNHQ$W
.DQGDR VLWH VHYHQ IRUHVW WUHHV VSHFLHV ZHUH UHFRJ
QL]HG Cedrus deodara KDV WKH KLJKHVW VXPPRQHG
GRPLQDQW UDWLR  IROORZHG E\ Quercus baloth
ZKLFKKDV 6'5YDOXH 7DEOH 7KHRWKHUFR
GRPLQDQWVSHFLHLVPinus walachina ZKLFKKDV6'5
YDOXH  Piceas mithiana, Abies pindrow, Pinus
roxberghi, DQGTaxus bacata ZHUHRWKHUDVVRFLDWHG
VSHFLHV SRRUO\ GLVWULEXWHG LQ WKH DUHD KDYLQJ
DQG6'5YDOXHVUHVSHFWLYHO\
7DEOHSUHVHQWGHWDLOVGHVFULSWLRQDERXWIRUHVW

DYHUDJHVSHFLHVGHQVLW\DYHUDJHIUHTXHQF\DYHUDJH
FRYHU UHODWLYH GHQVLW\ 5'   UHODWLYH IUHTXHQF\
5) UHODWLYHFRYHU 5& DQGLPSRUWDQFHYDOXH
,9 DW.DQGDRVLWH$FFRUGLQJWRWKHGDWDGHVFULEH
LQWDEOHWKHDYHUDJHGHQVLW\RICedrus deodaraLQ
WKHVWXG\DUHDZDVFDOFXODWHGDVDYHUDJHFRYHU
ZDV GHWHUPLQHG DV  P ZKLOH WKH DYHUDJH IUH
TXHQF\ RI Cedrus deodara LQ WKH VWXG\ VLWH ZDV
7KHUHODWLYHGHQVLW\RICedrus deodaraZDV
UHFRUGHG  UHODWLYHIUHTXHQF\  DQGUHODWLYH
FRYHU  Quercus baloth VKRZWKHQGKLJKHVW
UHODWLYH GHQVLW\ UHODWLYH IUHTXHQF\ DQG UHODWLYH
FRYHUZKLFKZHUHFRPSXWHGDVDQG
FRUUHVSRQGLQJO\ ZKLOH LWV UHODWLYH GHQVLW\ UHODWLYH
IUHTXHQF\ DQG UHODWLYH FRYHU IRU Picea smithiana
ZDVFDOFXODWHGDQGUHVSHFWLYHO\7KH
UG KLJKHVW GHQVLW\ IUHTXHQF\ DQG FRYHU ZDV UHF
RUGHGLQJuglan sregia ZKLFKZDVDQG
WKHLU Pinus roxberghi UHODWLYH GHQVLW\ UHODWLYH IUH
TXHQF\DQGUHODWLYHFRYHUZDVFRPSXWHG
DQGUHVSHFWLYHO\ 7DEOH 

)RUHVW7UHH$QDO\VLVDW-DQDV6LWH-DQDVVLWH
LVORFDWHGRQWKHQRUWKRI.DQGDRYLOODJH(LJKWIRU
HVWWUHHVSHFLHVZHUHIRXQGLQWKHDUHD)URPWKLVVLWH
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HLJKWTXDGUDWHVZHUHVDPSOHG,WZDVFOHDUIURP7D
EOHWKDWCedrus deodara KDVWKHKLJKHVW6'5YDOXH
IROORZHGE\Quercus blothDQGPinus wallichiana ZKLFKKDYHDQGUHVSHFWLYHO\Picea
smithiana DQGAbies pindrow ZHUHWKHQH[WFRGRP
LQDQWVSHFLHVZLWKWKH6'5YDOXHRIDQG
7KHRWKHUDVVRFLDWHGVSHFLHVLQWKLVVLWHZHUHUHSUH
VHQWHGSRRUO\KDYLQJLQVLJQLILFDQWGLVWULEXWLRQWKH\
DUHSalix tatraspermaQuercus dilatate, DQGMorus
alba ZKLFKH[KLELWDQGFRQVHTXHQWO\
7DEOH .
7DEOHJLYHV6SHFLHVZLVHGHWDLODERXWDYHUDJH
IUHTXHQF\   DYHUDJH GHQVLW\ DQG DYHUDJH FRYHU
PDQGDOVRUHODWLYHIUHTXHQF\UHODWLYHGHQVLW\ 5'
  UHODWLYH FRYHU 5&   LPSRUWDQFH YDOXH ,9 
DQGVXPPRQHGUDWLRRI-DQDVVLWH'DWDVKRZWKDWDY
HUDJHGHQVLW\IRUCedrus deodaraZDVFDOFXODWHGDV
WUHHVLQDTXDGUDWHLWVDYHUDJHFRYHUZDVFDOFX
ODWHGDVPDQGLWVDYHUDJHIUHTXHQF\ZDV
7KHUHODWLYHGHQVLW\UHODWLYHFRYHUDQGUHODWLYHIUH
TXHQF\ RI Cedrus deodara ZHUH GHWHUPLQHG DV
  DQG  FRUUHVSRQGLQJO\ Quercus
baloth KDV WKH VHFRQG KLJKHVW DYHUDJH GHQVLW\  
DYHUDJH IUHTXHQF\   DQG DYHUDJH FRYHU  
7KHUHODWLYHGHQVLW\UHODWLYHIUHTXHQF\DQGUHODWLYH
FRYHURIQuercus baloth ZHUHGHWHUPLQHGDV
DQGUHVSHFWLYHO\

6'5 9DOXHVRI )RUHVW 7UHH6SHFLHV DW 6KD
KRRU %DOD6KDKRRU 3D\HQ .DQGDR DQG -DQDV
6LWHV 7DEOH  VKRZ VXPPRQHG GRPLQDQW UDWLR
DPRQJ DOO RI WKH IRXU VLWHV $FFRUGLQJ WR WKH GDWD
Cedrus deodara KDVWKHKLJKHVW6'5YDOXH  
WKDW LV UHFRUGHG DW -DQDV VLWH 7KH VHFRQG KLJKHVW
6'5 YDOXH LV DOVR UHFRUGHG ZLWK Cedrus deodara
  VSHFLHV ZKLFK DUH IRXQG DW 6KDKRRU %DOD
VLWH 7KH WKLUG GRPLQDQW VSHFLHV LV Quercus baloth
  WKLV VSHFLHV LV UHFRUGHG DW 6KDKRRU 3D\HQ
VLWHCedrus deodaraKDVDOVRWKHKLJKHVWVXPPRQHG
GRPLQDQWUDWLR  DW.DQGDRIROORZHGE\Quercus baloth ZKLFKKDV 6'5YDOXHDWWKHVDPH
VLWH7KHRWKHUFRGRPLQDQWVSHFLHVLQFOXGLQJQuercus blothDQGPinus wallichiana :KLFKKDYH
DQG  VXPPRQHG GRPLQDQW UDWLR UHVSHFWLYHO\
DQG IRXQG DW .DQGDR VLWH IROORZHG E\ Quercus
baloth  DQGPinus roxberghi  DW6KDKRRU
%DOD VLWH 7KH PRVW SRRUO\ GLVWULEXWHG VSHFLHV LV
Taxus baccata  ZKLFKLVREVHUYHGDW6KDKRRU
%DODVLWH-DQDVMorus alba,Salix tatrasperma.Diospyros lotus Robinia pseudocacia, Populus alba
DQG Olea ferruginea ZHUH RWKHU DVVRFLDWHG VSHFLHV
SRRUO\ GLVWULEXWHG LQ WKH DUHD RI .DQGDR 6KDKRRU
%DODDQG6KDKRRU3D\HQVLWHUHVSHFWLYHO\7KHWDEOH
DOVR VKRZ WKDW Populus alba, Olea ferruginea, Diospyros lotus DQG Morus alba DUH WKH RQO\ VSHFLHV
ZKLFK DUH UHFRUGHG RQO\ DW 6KDKRRU %DOD 6KDKRRU
3D\HQDQG.DQGDRVLWHV




',6&866,21

:HVWXGLHGGLIIHUHQWTXDQWLWDWLYHSDUDPHWHUVLQ
6KDKRRU .DQGDR DQG -DQDV VLWHV 7KH ULFKQHVV RI
IRUHVWDQGLWVJHQHWLFGLYHUVLW\LVGLUHFWO\FRUUHODWHG
ZLWKYDULRXVRWKHUSDUDPHWHUVOLNHORFDWLRQLWVHYR
OXWLRQDU\FRPSHWLWLRQLWVUHODWLRQZLWKKXPDQDFWLY
LWLHVDQGPDQ\PRUH>@)RUVRXQGPDQDJHPHQW
SUDFWLFH DQG ORQJ WHUP VWUDWHJ\ GHYHORSPHQW WKH
HFRORJLVWFRQVLGHUWKHQHHGRIWKHVHLPSRUWDQWHFR
ORJLFDO DVSHFWV IRU WKH PDQDJHPHQW RI QDWXUDO UH
VRXUFHVWKH\FODVVLI\WKHQDWXUDOHFRV\VWHPLQWRGLI
IHUHQW SODQW FRPPXQLWLHV DQG KDELWDWV WR NQRZ WKH
FKDQJHVLQVSHFLHVFRPSRVLWLRQDQGVWUXFWXUDOGLYHU
VLW\DORQJZLWKHQYLURQPHQWDODVSHFWVOLNHDOWLWXGLQDO
VORSH VRLO IHDWKHUV GHQVLW\ HWF LQ D PRXQWDLQRXV
HFRV\VWHPV>@7KHVWUXFWXUDOGLYHUVLW\VSHFLHV
FRPSRVLWLRQ DQG IXQFWLRQ RI IRUHVW HFRV\VWHP
FKDQJHGXHWRFOLPDWLFFKDQJHVWRSRJUDSKLFDOYDUL
DWLRQ DQG DQWKURSRJHQLF LPSDFWV >@ 7KH SURSHU
LGHQWLILFDWLRQDQGHYDOXDWLRQRISODQWVSHFLHVLVLP
SRUWDQWIRULWVLPSURYHPHQW>@
7KH IRUHVW RI'LU 8SSHUKDV WKHLU VRFLDO HFR
QRPLF DQG HFRORJLFDO LPSRUWDQFH WKDW UHTXLUHV LP
PHGLDWHHIIRUWVIRUVXVWDLQDEOHFRQVHUYDWLRQPDQDJH
PHQWRIWKUHDWHQHGDQGUDSLGO\GHSOHWLQJIRUHVWWUHH
VSHFLHV4XDGUDWVZHUHXVHGIRUVDPSOLQJYHJHWDWLRQ
>@4XDGUDWVL]HRIPîPZDVWDNHQIRUVWXG
\LQJ DQG PHDVXULQJ WUHHV 7UHHV JUHDWHU WKDQ IRXU
PHWHU KHLJKWV ZHUH FRQVLGHU DV D PDWXUH WUHH 7KH
TXDGUDWVDWHDFKVLWHZHUHWDNHQUDQGRPO\DFFRUGLQJ
WRWKHDUHD7RWDOWUHHVSHFLHVEHORQJLQJWRQLQH
IDPLOLHVZHUHLGHQWLILHGLQWKHVWXG\DUHD7KHPDLQ
WUHHVVSHFLHVRIWKHVWXG\DUHDDUHCedrus deodara,
Pinus gerardiana, Pinus wallichiana, Abies pindrow, Picea smithiana, Parrotia persica, Juglans
regia, DQG Robinia pseudocacia $FFRUGLQJ WR WKH
GDWDCedrus deodara hasWKHKLJKHVW6'5YDOXHWKDW
LV UHFRUGHG DW -DQDV VLWH IROORZHG E\ Cedrus deodaraIRXQGDW6KDKRRU%DODVLWH7KHPLQLPXPGL
YHUVLW\ZDVREVHUYHGDWWKHWRSRI-DQDVDQG6KDKRRU
%DOD GXH WR KLJK DOWLWXGHV [HULF FRQGLWLRQ EXW LQ
WKHVHUHJLRQVWKHKLJKJUD]LQJSUHVVXUHDOVRWULJJHU
WKLVGHFUHDVH7KHDELRWLFDQGDQWKURSRJHQLFIDFWRUV
KDYHGLUHFWLPSDFWRQWKHIRUHVWDWERWKWKHXSSHUDQG
ORZHUDOWLWXGH>@6LPLODUILQGLQJVZHUHUHFRUGHG
E\,O\DVet al.>@ZKRUHFRUGHGPD[LPXPIORULVWLF
DQG YHJHWDWLRQ VWUXFWXUH YDULDELOLW\¶V LQ WKH EURDG
OHDYHV¶IRUHVWVRI.DEDOYDOOH\6ZDW.33DNLVWDQ
7KHOlea ferrugineaLVRQHRIWKHGRPLQDQWVSHFLHV
LQ0DODNDQG.3UHJLRQV>@
,PSRUWDQW WUHH VSHFLHV LQFOXGLQJ Cedrus deodara, Abies pindrow, Picea smithiana, Pinus wallichiana, Quercus baloth, DQG Pinus roxburghii DUH
XQGHUSHUVLVWHQWSUHVVXUHGXHWRYHU\H[WHQVLYHIXHO
ZRRG DQG WLPEHU H[WUDFWLRQ 3UHIHUUIXHOZRRGRRG
WUHHVSHFLHVLQFOXGLQJQuercus baloth, Cedrus deodara, and Pinus roxburghii DUHXQGHULPPHQVHSUHV
VXUH. ,WLVREVHUYHGWKDWKXJHYROXPHVRIIXHOZRRG
DQG WLPEHU FRQVXPSWLRQ ZHUH UHFRUGHG IURP WKH
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DUHD ,PSRUWDQW WUHH VSHFLHV LQFOXGLQJ Cedrus deodara, DQGQuercus baloth DUHXQGHUSHUVLVWHQWSUHV
VXUHGXHWRYHU\H[WHQVLYHIXHOZRRGDQGWLPEHUH[
WUDFWLRQORFDOIRUHVWUHVHUYHVDQGDOSLQHVSDVWXUHVDUH
WKH RQO\ VRXUFH RI IXHO ZRRG WLPEHU PHGLFLQDO
SODQWV DQG OLYHVWRFNIRUDJHIRU WKH ORFDO FRPPXQL
WLHV 7KH DYDLODELOLW\ RI ORZ JUD]LQJ DUHD IRU OLYH
VWRFNDQGLOOHJDOJUD]LQJDUHWKHWZRPDLQIDFWRUVWKDW
DIIHFWWKHLPSRUWDQWWUHHVSHFLHV>@6RLOHUR
VLRQRYHUJUD]LQJDQGHQFURDFKPHQWRIGHPDUFDWHG
IRUHVW ODQGV LV VHYHUHO\ GLVWXUELQJ WKH UHJHQHUDWLRQ
SDWWHUQRIWKHVHFRQLIHUVZKLFKZHUHYHU\VLJQLILFDQW
LQDOOWKHVLWHVRIWKHDUHD


&21&/86,21

7KHSUHVHQWVWXG\SURYLGHVFRPSUHKHQVLYHGH
WDLODERXWIRUHVWVSHFLHVFRPSRVLWLRQDQGVWUXFWXUDO
GLYHUVLW\RI6KDKRRU6KHULQJDODQG.DQGDRYDOOH\DW
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distinctive odor, flavor [3]. Distillation of one ton of
geranium herb for 1.5 h produces 250 L of floral water. Produced floral water has soluble essential oils.
To increase the yield for producers Hashem Brothers
for Essential Oils and Aromatic Products Company
has a special apparatus which can extract the oils
from floral water instead of losing it in waste water
(Stripping column). Regarding to its safety EOs various investigations aiming to evaluate the potential
of Eos and its compounds for insecticidal properties
[4,5]. Moreover, their local availability, rapid degradation in the environment and low mammalian toxicity are a few advantages of the use of essential oils
as cost-effective control agents [6-8]. Most essential
oil chemicals are relatively non-toxic to mammals
and fish in toxicological tests, and meet the criteria
for “reduced risk” pesticides. Some of these oils and
their constituent chemicals are widely used as flavoring agents in foods and beverages and are even exempt from pesticide registration [3]. Pelargonium
graveolens essential oil was extracted from dried
leaves by a clevenger apparatus and the composition
of this essential oil was analyzed by GC-MS. The
main results showed that P. graveolens essential oil
was characterized by the predominance of two compounds: citronellol and geraniol with respective
amounts of 27.53 and 25.85 %. In addition to that, P.
graveolens essential oil was characterized by the
predominance of oxygenated monoterpenes (70.64
%) which were followed by sesquiterpenes (11.88
%), acids (1.76 %) and hydrocarbon monoterpenes
(2.02 %). Other compounds were detected with an
amount of 11.83 % [15]. The extraction method had
an effect on the chemical composition of essential
oils obtained from P. graveolens herb in Egypt, [9].
Air drying had an effect on the yield and chemical
composition of P. graveolens essential oil, zero time
directly after harvesting, after 1, 2, 3, 4, 5 and 6 days
from harvesting were studied [8]. Wheat is the most
important crop worldwide and represents the main
source of protein in poor and developing countries
[10]. The storage of wheat is very important during
transportation between wheat-producing countries
and consumer countries and to protect wheat grains
throughout the year. Especially during the summer

ABSTRACT
Pelargonium graveolens is an important economic plant, so many farmers work in producing geranium essential oil, to increase their income and
also increasing the national income. Distillation of
geranium herb produces floral water and factories
throw it as a waste water. Using stripping column
Hashem Brothers for Essential oils and Aromatic
Products Company produced essential oil from
waste water. The waste water contains from 0.06 to
0.2 kg/ton essential oil. Citronellol is the main component is geranium stripping oil with 31.88% followed by geraniol and linalool with 22.45% and
10.10%, respectively. Geranium stripping oil and its
main components (citronellol, geraniol and linalool)
were evaluated as insecticides. Triboleum castaneum
is more tolerant than Rhizopirtha dominica and
Sitophilus oryzae in contact and fumigant experiments. All tested components had no effect on T.
castaneum as contact while geranium stripping oil
had the strongest effect on R. dominica and S. oryzae. All tested components had a fumigant effect
against the three tested insects. After 24 h of exposure for R. dominica, linalool had the strongest effect
with LC50 of (410.3 mg/L) while, citronellol had the
strongest effect on T. castaneum and S. oryzae with
LC50 of (628.2 and 898.9 mg/L), respectively. Citronellol also had the strongest toxicity against S. oryzae at the same time of exposure.

KEYWORDS:
GC-MS analysis, essential oils, Limonene, Triboleum
castaneum, Rhizopirtha dominica, Sitophilus oryzae

INTRODUCTION
Geranium (Pelargonium graveolens, Fam. Geraniaceae) is an economic plant in Egypt [1]. The
largest scale of geranium production is in Egypt, followed by China and Morocco [2]. Essential oils are
products of secondary metabolism in plants and have
strong aromatic components that give the plant its
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months when crops are not produced and high temperatures and humidity occur, which are the best
conditions for stored-product pests [11]. Tribolium
castaneum (Coleoptera: Tenebrionidae), Sitophilus
oryzae (Linnaeus) and Rhyzopertha dominica (Bostrychidae: Coleoptera) are two major pests of stored
products. Insect infestation during storage can cause
the complete weight loss of stored wheat within six
months if no prophylactic measures are in place [11].

injector temperature was 240 °C. Relative percentage amounts were calculated from peaks total area
by apparatus software. The compounds were identified by matching the mass spectra data with those
held in a computer library (Wiley 275.L), according
to (Swigar and Silverstein, 1981) [12] and (Adams,
1995) [13]. All steps of Sample preparation, extraction, and analysis procedure were carried out in the
Analytical Laboratory of Hashem Brothers Company for Essential Oils and Aromatic Products.

MATERIALS AND METHODS

Oil components tested. The monoterpenoid
compounds, Citronellol, Geraniol and Linalool were
the main components in the oil and the most important components. Components were imported
from International Flavors and Fragrances Company
(IFF), Grass, France.

Test insects. Wheat grains and flour were used
for rearing adults of Rhyzopertha dominica, Sitophilus oryzae and Tribolium castaneum respectively,
wheat grains and flour were heated at 50 oC for 6 h
to get rid of any prior insect infestations. Six glass
jars, each of 500 ml, four of them were provided with
250 g wheat grains and two were provided with 250
g of flour, 100 adults R. dominica, S. oryzae and T.
castaneum were transferred to the jars. All cultures
ZHUHNHSWDWƕ&DQG5+ZLWKOLJKW
dark photoperiod of 16:8h. The newly emerging
adults (0-7 days) were collected by sieving the diets.
Adult insects, used for all bioassays were of mixed
sexes.

Fumigant toxicity. The fumigant effect of geranium stripping essential oil and three components
against adults of T. castaneum, S. oryzae and R. dominica were evaluated using the technique described
by Ko et al. (2009) [16]. In brief, 6 cm-diameter
pieces of filter paper (Whatman No. 1) impregnated
with the desired concentrations (500, 1000, 2000 and
4000 mg/L) of plant oils and attached it to the undersurface of the screw cap of glass jars (170 cm3). Ten
unsexed adult insects of tested insects were separately transferred into glass jars covered with their
screw caps attached with treated filter paper. Pieces
of filter paper (Whatman No-1) treated with acetone
only saved as control. Three replicates for treatments
and control were used. Mortality was recorded after
6, 12 and 24 hours from the commencement of exposure. Mortality data were corrected by using Abbott’s formula (Abbott, 1925) [17]. The slope, LC50
and confidence limit values were estimated using the
method of Finney’s analysis (Finney, 1971) [18].

Plant Materials and extraction techniques.
Geranium herb, Pelergonium graveolens L'Hér,
(Fam. Geraniacae), grown in Regwa which is a
sandy land (62 km far from Cairo) Egypt were harvested after 180 days from plantation within the
summer of 2018 and 2019. The extraction of crude
geranium essential oils was carried out in Hashem
Brothers Company for Essential Oils and Aromatic
Products factory (69 Abdel Moneim Riad St., Giza,
Egypt). The obtained oil was filtrated twice and
maintained in the refrigerator until use.

Contact toxicity. Various concentrations
(10000, 20000, 40000 and 80000 mg/kg) of the stripping oil and components were prepared in acetone,
then mixed with 20 g of wheat grains for R. dominica, 20 g of flour for T. castaneum and 20 gm of
rice for S. oryzae in 50 ml glass jar. Before adding
10 pairs of unsexed insects, 1 ml of selected concentrations was mixed with wheat grains in glass jars
using a rotary shaker for 15 min, to uniformly distribute the oil on wheat grains, rice and flour. Notably, before adding insects make sure the solvent
evaporates. This method described by (Hashem et al
2018) [19]. Ten unsexed adult insects of tested insects were separately transferred into glass jars covered with their screw caps. Jar were treated with acetone only saved as control. Three replicates for
treatments and control were used. Mortality was recorded after 24 and 48 h. from the commencement of
exposure. Mortality data were corrected by using
Abbott’s formula [17]. The slope, LC50 and confidence limit values were estimated using the method

Geranium stripping oil. Geranium stripping
oil isolated from the waste floral water obtained during the distillation of geranium herbs by direct steam
distillation (during producing geranium oil). Instead
of throwing this water to waste water, water pumped
to stripping column (which is an especial apparatus
of Hashem Brothers Company), with hydrodistillation of this water and after one hour, oil separated
from water with a glass separator, the oil obtained
filtered twice using filter paper and kept in the fridge
[1].
GC-MS analysis. The constituents of obtained
essential oils analyzed by gas chromatography-mass
spectrometry (GC/MS) using the model (HP5890)
made in the USA system with an HP column (60PHWHU [  PLOOLPHWHU  ȝP ILOP WKLFNQHVV 
(HP-5ms). The initial temperature was 60 °C and the
maximum temperature was 250 °C for 65.3 min. The
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TABLE 1
Chemical constituents (%) of tested essential oil extracted from waste floral water of the distillation of
Geranium herb, Pelergonium graveolens
Geranium Stripping oil
Compounds
RTa (min)
%
Limonene
9.50
0.15
Cis oxyderose
13.04
0.95
Trans oxide rose
12.04
0.30
Menthone
15.51
0.88
Iso menthone
6.72
5.41
Linalool
4.78
10.10
Citronellyl Formate
20.54
1.18
Geranyl Formate
21.90
2.17
Citronellol
19.03
31.88
Geraniol
20.22
22.45
Geranyl butyrate
39.08
0.46
Epi-Ȗ-Eudesmol
35.61
3.22
aRT,

Retention time

TABLE 2
The effect of temperature on the yield of geranium stripping oil and the total geranium oil yield
Date
01/06/2018

02/06/2018

03/06/2018

04/06/2018

05/06/2018

06/06/2018

07/06/2018

08/06/2018

09/06/2018

10/06/2018

11/06/2018

12/06/2018

Hour Temperature Oil/Ton (Kg) stripping oil/ton (Kg) total oil yield/ ton
07:00
21
13:00
32
0.6
0.5
0.1
18:00
24
07:00
20
13:00
33
0.7
0.58
0.12
18:00
25
07:00
20
13:00
33
0.6
0.49
0.11
18:00
25
07:00
19
13:00
32
0.7
0.1
0.8
18:00
25
07:00
19
13:00
31
0.97
0.13
1.1
18:00
25
07:00
20
13:00
33
0.72
0.08
0.8
18:00
26
07:00
21
13:00
37
0.7
0.1
0.8
18:00
29
07:00
21
13:00
39
0.64
0.06
0.7
18:00
31
07:00
22
13:00
41
0.67
0.13
0.8
18:00
31
07:00
22
13:00
41
0.78
0.12
0.9
18:00
31
07:00
21
13:00
33
0.61
0.09
0.7
18:00
28
07:00
21
13:00
32
0.71
0.19
0.9
18:00
27

Date
01/06/2019

02/06/2019

03/06/2019

04/06/2019

05/06/2019

06/06/2019

07/06/2019

08/06/2019

09/06/2019

10/06/2019

11/06/2019

12/06/2019

10138

Hour Temperature Oil/Ton (Kg) Stripping oil/Ton (Kg) total oil yield/Ton
07:00
21
13:00
40
0.51
0.09
0.6
18:00
31
07:00
21
13:00
40
0.92
0.08
1
18:00
30
07:00
21
13:00
38
0.99
0.11
1.1
18:00
29
07:00
21
13:00
35
0.84
0.06
0.9
18:00
29
07:00
21
13:00
34
0.75
0.15
0.9
18:00
29
07:00
21
13:00
35
0.63
0.07
0.7
18:00
27
07:00
21
13:00
37
0.98
0.12
1.1
18:00
30
07:00
21
13:00
34
0.92
0.08
1
18:00
27
07:00
19
13:00
34
0.44
0.06
0.5
18:00
25
07:00
21
13:00
35
0.66
0.14
0.8
18:00
30
07:00
22
13:00
40
0.9
0.2
1.1
18:00
33
07:00
21
13:00
37
1.02
0.09
1.11
18:00
34
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TABLE 3
Fumigant toxicity of stripping essential oil extracted from Pelargonium graveolens and three main components against adults of Rhizobirtha dominica, Tribolium castaneum and Sitophilus oryzaea.
95% Confidence
Slope
LC90
Exposure peLC50
Component
ڣð
(mg/L)
limits
value
(mg/L)
riod (h)
Rhizobirtha dominica
Geranium stripping oil
6
2726.7
1834.6 – 6045.9
1.42 1.59 21717.7
12
1471.5
944.5 – 2345.3
1.38 0.77 12529.7
24
590.7
310.1 – 824.9
1.93 3.76 2729.6
Linalool
6
2364.3
1731.5 – 3802.9
1.82 2.24 11935.6
12
1177.9
747.9 – 1708.7
1.52 1.45 8164.1
24
410.3
136.1 – 632.5
1.79 2.48 2132.9
Geraniol
6
2550.9
1888.1 – 4081.0
1.94 0.81 11676.4
12
1274.9
845.1 – 1839.2
1.58 0.46 8202.5
24
441.0
188.9 – 639.4
2.10 1.97 1832.2
Citronellol
6
1726.9
1238.8 – 2581.9
1.70
2.0
9800.4
12
1221.2
771.4 – 1796.9
1.48 0.58 8915.2
24
527.3
291.9 – 716.9
2.30 1.85 1898.6
Tribolium castaneum
Geranium stripping oil
6
--- ----12
2859.8
2031.1 – 5316.2
1.73 0.67 15686.5
24
812.6
209.0 – 1379.2
2.17 1.50 3160.5
Linalool
6
--- ----12
3062.6
2120.6 – 6315.2
1.63 0.43 18580.9
24
644.3
Geraniol
6
--- ----12
4252.2
2807.2 – 11134.5
1.70 0.18 23960.7
24
924.3
653.4 – 1200.5
2.22 0.48 3489.7
Citronellol
6
--- ----12
2647.2
1861.6 – 4966.9
1.62 0.18 16264.5
24
628.2
336.0 – 879.6
1.86 0.59 3065.9
Sitophilus oryzae
Geranium stripping oil
6
7887.8
4009.5 – 11850.8
1.68 0.94 66050.1
12
2470.8
1644.9 – 5471.3
1.34 0.38 22119.4
24
1310.4
823.0 – 1997.9
1.41 1.21 10618.6
Linalool
6
5213.7
3294.0 – 17444.6
1.74 0.25 28389.5
12
2399.6
1736.1 – 4005.3
1.74 0.93 12999.0
24
1194.9
639.8 – 1918.8
1.22 0.74 13408.9
Geraniol
6
4940.8
3224.7 – 14077.3
1.85
0.0 24422.9
12
2399.6
1799.5 – 4245.4
1.74 0.81 13551.3
24
1618.4
980.2 – 3006.5
1.19 1.03 19242.6
Citronellol
6
4176.8
2480.4 – 9819.5
1.85 0.22 20545.3
12
1736.8
1230.2 – 2657.6
1.63 0.84 10594.2
24
898.9
416.4 – 1368.3
1.28 0.75 8932.5
aAdults

were exposed for 6, 12 and 48 h at 30qC and 70 % R.H. using oil- impregnated filter paper technique (Ko et al. 2009)

[16].

of Finney’s analysis [18].

RESULTS

Data analysis. The percentage of mortality in
the different tests cumulated in time according to the
concentrations of essential oil was analyzed using a
one-way ANOVA and a subsequent least significant
difference (LSD) test for mean separation at P= 5%,
using the SPSS software program. The 50% lethal
concentrations (LC50), slope and 95% confidence
limits (CL) were calculated based on Finney’s analysis [18] using the Pc Probit software program, and
significant difference between LC50 values was estimated based on 95% CL overlapping.

Stripping oil, chemical composition. Data in
Table 1 showed the main 12 components in geranium stripping oil accounting 79.26 of the total oil.
Citronellol is the main component (31.88%) followed with geraniol (22.45%) and linalool (10.10%),
while the minor component is limonene (0.15%).
Geranium stripping oil is brownish and the density is 0.903g/ml.
Data in Table 2 showed the yield of geranium
stripping oil and the total yield of geranium oil of 13
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acres during two seasons (2018 and 2019). Obtained
data showed that, the yield increased when the temperature increased. The highest yield of stripping geranium oil in 2019 is 0.2 kg/Ton at 11/6/2019 when
the temperature was 41 oC at 13:00 O'clock. While
at the same temperature in 2018 the stripping oil
yield was 0.13 kg/Ton.

Fresenius Environmental Bulletin

DISCUSSION
Essential oils are generally products of complex compositions used in aromatherapy. For centuries as aromatic medicinal plant species in traditional
systems of medicine. Aromatic formulas are used for
the treatment of a variety of illnesses, including
those that affect the central nervous system [20].
Most of essential oils have small structures with less
than 12 carbons and present low polarity chemical
functions, therefore quite volatile. Since most natural
EOs are formed by complex mixtures, their bioactivities are obviously dependent on the contribution of
their various components [1]. The present study
evaluated fumigant and contact activities of geranium stripping oil extracted from the waste water of
the extraction of Plargonium graveolens growing in
Egypt and three natural components (linalool, geraniol and citronellol) against three major stored product insects (Rhizopirtha dominica, Tribolium castaneum and Sitophilus oryzae). Several studies studied
the essential oils obtained via steam distillation, extraction of the geranium plant (P. graviolanes), geranium oil often used as fragrances in the perfume

Fumigant toxicity. Data in Table 3 cleared that
all tested components had fumigant toxicity against
the three tested insects. For R. dominica after 24 h of
exposure linalool had the strongest effect with LC50
of (410.3 mg/L). For T. casteneum citronellol had the
strongest effect with LC50 of (628.2 mg/L) after 24 h
of exposure while after 6 h of exposure all tested
components had no effect on T. castaneum. Citronellol also had the strongest toxicity against S. oryzae at
the same time of exposure. Data obtained from Table
3 showed that T. castaneum is the most tolerant insect between the three tested insects.
Contact toxicity. Data in Table 4 showed that
all tested components had no effect on T. castaneum
at both exposure periods, while geranium stripping
oil had the strongest effect on R dominica and S. oryzae with LC50 of (1338.3 and 1456.5) respectively.

TABLE 4
Contact toxicity of stripping essential oil extracted from Pelargonium graveolens and three main components against adults of Rhizobirtha dominica, Tribolium castaneum and Sitophilus oryza.
Rhizobirtha dominica
Geranium stripping oil
24
2123.7
1275.2 – 3059.0
1.51
1.2
14990.4
48
1338.3
854.6 – 1766.9
2.28
0.53
4864.9
Linalool
24
3279.8
2231.8 – 5177.4
1.49
0.24
23721.5
48
1841.4
1051.4 – 2627.6
1.54
0.03
12459.6
Geraniol
24
4542.0
2930.1 – 10676.0
1.23
0.15
50220.7
48
2257.6
1341.4 – 3339.8
1.42
0.16
17884.9
24
3155.6
2189.2 – 4736.7
1.59
1.21
20071.3
Citronellol
48
1687.6
1105.5 – 2250.4
2.00
0.46
7357.0
Tribolium castaneum
Geranium stripping oil
24
--- ----48
--- ----Linallol
24
--- ----48
--- ----Geraniol
24
--- ----48
--- ----Citronellol
24
--- ----48
--- ----Sitophilus oryzae
Geranium stripping oil
24
4015.2
2938.2 – 6169.5
1.78
0.53
20987.1
48
1456.5
479.1 – 2303.5
1.19
0.26
17066.1
Linallol
24
5851.1
4334.5 – 9641.9
2.06
0.26
24528.3
48
2822.9
1863.3 – 4282.4
1.48
0.16
20652.5
Geraniol
24
7104.9
4241.1 – 8880.0
2.57
1.68
22352.5
48
3836.8
2855.5 – 5626.7
1.90
1.21
18075.6
Citronellol
24
6158.5
4411.2 – 11268.4
1.85
0.88
30337.5
48
3143.1
2141.1 – 4865.9
1.51
1.33
22127.4
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industry and more recently for aromatherapy and as
herbal medicines [21]. Earlier study to evaluated the
toxicity of geranium essential oil against the cowpea
beetle, Callosobruchus maculatus and proved that
geranium oil had effect on insects by repellent,
oviposition inhibitory, fumigant, and progeny
production inhibitory activities [11]. In the present
study analyze geranium stripping oil extracted from
the waste water of P. graveolens investigated that,
main constituents were: citronellol (31.88 %),
geraniol (22.45 %), linalool (10.10%) and Epi-ȖEudesmol (3.22%). Several studies studied the
essential oils obtained via steam distillation,
extraction of the geranium plant (P. graviolanes),
geranium oil often used as fragrances in the perfume
industry and more recently for aromatherapy and as
herbal medicines [21]. Earlier study to evaluated the
toxicity of geranium essential oil against the cowpea
beetle, Callosobruchus maculatus and proved that
geranium oil had effect on insects by repellent,
oviposition inhibitory, fumigant, and progeny
production inhibitory activities [11]. In the present
study analyze geranium stripping oil extracted from
the waste water of P. graveolens investigated that,
main constituents were: citronellol (31.88 %),
geraniol (22.45 %), linalool (10.10%) and Epi-ȖEudesmol (3.22%).
In agreement with current study a study carried
out with [21] and found that the chemical composition of P. graveolens essential oil they found that the
main compounds were citronellol (24.54%), geraniol
(15.33%), citronellyl formate (10.66%) and linalool
(9.80%). Also, in agreement with current study [1
and 9] studied the chemical composition of stripping
geranium essential oil and found that a total of 13
components were detected in the essential oil of geranium stripping oil accounting for 79.26% of the total constituents also found that the major compounds
were citronellol (31.85%) and geraniol (22.47%)
while the minor component was limonene (o.13%).
In agreement with our findings, a study carried out
by [22] studied the fumigant and the repellent effect
of geranium oil on Sitophilus oryzae and found that
geranium oil had a fumigant effect on S. oryzae. [23]
discovered that essential oils extracted from Azilia
eryngioides have an effect on S. oryzae and T.castaneum as fumigant. [24] evaluated the contact and fumigant toxicity of geranium oil on S. oryzae and C.
maculatus and found that geranium oil had fumigant
and contact effect on both tested insects. [9] studied
the fumigand and contact toxicity against T. castaneum and R. dominica and found that geranium essential oil had fumigant effect on both tested insects
while geranium oil had no contact effect on T. castaneum. [25] studied the fumigant and repellent effects
of Eucalyptus occidentalis essential oil against T.
castaneum and R. dominica and found that R. dominica was much sensitive than T. castaneum. Geranium oil has a repellent effect on S. oryzae [26]. [27]
evaluated the contact toxicity of P. graveolanes
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against S. oryzae (L.) and T. castaneum and found
that P. graveolanes oil had a toxic effect on both insects while T. castaneum was more tolerant than S.
oryzae (L.). [28] found that geranium oil can be used
as fumigant and cause 88% mortality against C. maculatus. P. graveolens exhibited significant fumigant
toxicity and repellent effect against T. castaneum
and R. dominica, toxicity bioassays showed that R.
dominica is more sensitive towards these EO than T.
castaneum, T. castaneum was more tolerant, [29].
The findings of the present study indicate that
essential oils can be used as a tool in insect pest management. However, before its application, it must be
kept in mind that essential oil should be toxic to target insects but not toxic to non-target organisms such
as other beneficial insects and other animals such as
fish, birds, and humans. Degradation in the environment and chronic toxicity to be used effectively for
control of stored-product insect populations [30].
These essential oils can be provide an alternative source of insect control agents because they contain a range of bioactive chemicals, most of which
are selective and have little or no harmful effect on
the environment and the non-target organisms including humans. Essential oils-based formulations
can be used as alternative tools in stored-grain insect
management [31].
In conclusion, the present study revealed that R.
dominica was more sensitive than T. castaneum and
S. oryzae in both contact and fumigant experiments.
This study can increase the income for geranium
farmers and producers by 20% because of producing
stripping oil from waste water instead of losing it in
waste water.
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unfavorable environmental problems, especially soil
environmental pollution[1]. Soil petroleum pollution
is caused by oil exploitation, smelting, oil
transportation, oily wastewater discharge, irrigation,
incomplete combustion of petroleum products, and
so on [2, 3]. "Total Petroleum Hydrocarbons" (TPH)
refers to petroleum-based hydrocarbons derived
from crude oil[4]. When TPH enters the soil, it can
cause widespread and lasting damage to ecosystems,
threatening the survival of humans, animals, and
plants[5]. Microbial remediation is a common
method for soil TPH pollution; it refers to the
degradation of TPH by microorganisms with
particular degradation ability existing in the
contaminated site, or microorganisms screened
under other conditions [6, 7]. Under natural
conditions, the degradation efficiency of petroleum
hydrocarbons by microorganisms is affected by
various environmental factors. Modifiers are often
added during the bio-remediation process to obtain a
better remediation effect.
The accumulation of plants forms peat remains
in the swamp, which cannot be fully decomposed
due to insufficient oxygen supply. About 3% of the
world's land area is peatland, found in 175
countries[8]. Peat contains a lot of organic mattes,
including cellulose, hemicellulose, lignin, humic
acid, and so on[9], which can provide sufficient
nutrients for the growth and reproduction of
microorganisms. The traditional adsorption theory
holds that humic acid plays a decisive role in the
adsorption of hydrophobic organic matter[10]. The
vast source and low cost of peat make it suitable for
soil and groundwater remediation of organic
pollution. The aquatic products industry produces
high amounts of mussel shells worldwide. If these
shells cannot be adequately handled, they will
become a global problem. The main component of
the mussel shell is CaCO3. The crushed mussel
shells(CMS) obtained from the processing (crushing
and screening) of mussel shells are often used to
improve the pH of acid-polluted soil[11], which can
accelerate the solidification of heavy metals and
have the potential to adsorb pollutants. It is

ABSTRACT
Soil petroleum hydrocarbon pollution is a
serious environmental problem facing the world,
posing a massive threat to human health and
ecological environment security. This study used
two common materials in daily life (the peat and the
mussel shell) as soil conditioners to remediate
petroleum hydrocarbon-contaminated soil. During
the 300-day test period, the performance of soil
microorganisms was measured by total soil
heterotrophic bacteria and petroleum hydrocarbondegrading bacteria, and the degradation of soil TPH
was examined. The results showed that the mixed
addition of the crushed mussel shell (CMS) and peat
could significantly promote the degradation of
petroleum hydrocarbons in soil. This may result
from a combination of physicochemical and
microbial interactions between the modifier and the
petroleum hydrocarbon. Peat provides rich nutrients
for soil microorganisms. The addition of peat as a
soil amendment significantly enhanced the activity
of soil microorganisms. The promotion of soil
petroleum hydrocarbon degradation by CMS was
slightly weaker. Different concentrations of TPHcontaminated soil had different responses to
amendments. In conclusion, the promotion effect of
peat on soil petroleum hydrocarbon degradation is
more significant than that of CMS, and peat is a
modifier that can be considered for soil petroleum
hydrocarbon remediation.

KEYWORDS:
Petroleum hydrocarbon, Microbial remediation, Peat,
CMS

INTRODUCTION
To meet the energy demand of population
growth, the continuous expansion of oil production,
distribution, and utilization has brought many
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commonly used to remediation heavy metal
contaminated soil such as As, Cd, Cr, Cu, Ni, and
Pb[12-14].
This study explored the effects of these two
naturally occurring soil modifiers, peat and the
crushed mussel shell (CMS), on the degradation of
soil petroleum hydrocarbons. The purposes are as
follows: (1) to explore the degradation of petroleum
hydrocarbons by soil microorganisms under
different pollution levels; (2) to explore the effects
of different modifiers and different dosages on the
degradation of soil petroleum hydrocarbons; (3) to
explore the relationship between the response of soil
microorganisms to different treatment methods and
the degradation of petroleum hydrocarbons.
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Content in Soil. The soil petroleum hydrocarbon
content was determined by the gravimetric method
[15]. The specific steps are as follows: soil samples
were dried at 45°C, thoroughly stirred, mixed,
crushed, and passed through a 2 mm sieve.
Chloroform was used as the extractant, 15g of airdried soil samples were put into the extraction tank
equipped with the rapid extractor for 2 cycles of
extraction, and the extract was collected. The round
bottom flask was washed and dried to constant
weight, cooled to room temperature, weighed, and
recorded. The extract was transferred to a roundbottomed flask, and the solvent chloroform was
removed by rotary evaporation at 40-50°C. After
distillation, the round-bottom flask was put into an
oven at 40-50°C (about 24 h) until constant weight,
cooled in a desiccator, and the total weight of the
round-bottom flask and residual oil was weighed and
recorded. The total petroleum hydrocarbon content
in the samples was calculated as follows:
(m%)˙ 0   0  u 

MATERIALS AND METHODS
Experiment
Material.
The
basic
characteristics of oily sludge collected from Shengli
Oilfield (Shandong Province, China) are shown in
Table 1. It is mixed with background soil without
petroleum hydrocarbons to obtain 0% (without
adding sludge), 1%, 3%, and 10% TPHcontaminated soil samples. The mussel shells were
air-dried, ground, and passed through a 2 mm sieve
to obtain a crushed mussel shell (CMS) for
experimental addition. The peat used in the
experiment was commercial added peat purchased
from Jilin Province, China.

0

In the formula, M1—the weight of the roundbottomed flask, g;
M2—the total weight of the flask and residual
oil, g;
M—the weight of the air-dried soil sample, g.
Soil Microbial Analysis. The total number of
heterotrophic bacteria and petroleum hydrocarbondegrading bacteria in soil were analyzed by standard
plate count methods. 5 g of fresh soil sample was
added to 45 mL of sterile NaCl solution (0.9%, m/V)
and oscillated on a shaker to prepare serial dilutions.
Dilutions with different dilution ratios were
inoculated on tryptone soy agar medium (TSA) and
10% diesel selective medium. Selective medium is
prepared from sterilized diesel oil, trace element
solution, and agar. The inoculated plates were
cultured in a dark environment at (24 ± 1) °C, and
the abundance of soil microorganisms was
calculated according to the number of colonies
formed by the dilution factor and the sampling
amount.

Experimental Design. To explore the effects
of CMS/peat on soil microorganisms and soil TPH
removal, the experimental variables were designed
as follows: (1) 0%, 1%, 3%, 10% TPH polluted soil;
(2) 0%, 3%, 10% CMS; (3) 0%, 5% peat. A total of
24 experimental samples. All experimental groups
were supplemented with nutrients (NH4)2HPO4 and
maintained 20% soil moisture regularly To ensure
the normal operation of the experiment. Soil samples
were collected at the beginning and end of the
experiment (t=0 d and t=300 d) to determine TPH
content and soil microbial biomass.
Determination of Basic Physical and
Chemical Properties of CMS and Peat. The
HORIBA LA 950 was used to test the laser
diffraction particle size distribution of the CMS. The
pore size distribution was determined with a nitrogen
analyzer. The elemental composition and surface
characteristics were analyzed with a scanning
electron microscope (SEM) equipped with an energy
dispersive X-ray spectrometer (EDS). According to
national standards (China) and industry standards
(Jilin Province, China), the nutrient elements such as
nitrogen, phosphorus, and potassium in peat were
analyzed and determined.

RESULTS AND DISCUSSION
Basic Physicochemical Properties of CMS
and Peat. The results of the particle size distribution
of the CMS by laser diffraction are shown in the
Figure 1(a). The particle size of the CMS after
grinding and sieving is quite different. Statistical
analysis showed that the average particle size,
average particle size, and particle size of the CMS
XVHGLQWKHH[SHULPHQWZHUHȝPȝP
DQG  ȝP UHVSHFWLYHO\ LQGLFDWLQJ WKDW WKH
particle size of the CMS was minimal. Pore size
distribution analysis (Figure 1(b)) showed that CMS
has a vast surface area and porosity, and has great

Determination of Petroleum Hydrocarbon
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Characteristics
Oily Sludge

pH
8.60
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TABLE 1
General characteristics of the aged sludge.
TOC (%)
TN (mg/kg)
TP (mg/kg)
TK (mg/kg)
2.33
15.00
78.00
1690.00

TPH (m%)
23.93

FIGURE 1
Test laser diffraction particle size distribution of CMS using HORIBA LA 95 (a). Pore size distribution
desorption of crushed shellfish using analysis gas of nitrogen, the red stands for pore volume, and the blue
stands for Dv (b).

FIGURE 2
SEM-EDS analysis of CMS.
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Nutrient element
Total N (m%)
Available N (mg/kg)
Total P (m%)
Available P (mg/kg)
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TABLE 2
Nutrient element analysis of peat.
peat
Nutrient element
1.49
Total K (m%)
844
Available K (m%)
0.12
Ash Content (m%)
167
Coarse Protein (m%)

application potential in soil bioremediation,
primarily can provide a place for growth and
reproduction of microorganisms [16]. SEM analysis
(Figure 2) also showed that there are a lot of pores
on the surface of CMS. In addition, EDS analysis
showed that CMS mainly contains elements such as
C, O, Ca, Si, and Al, which is consistent with the
known main component of CMS is CaCO3. The
CMS is an environmentally friendly material that
can be used for on-site bioremediation without any
biological toxicity and secondary pollution.
As shown in Table 2, the peat is rich in N, P,
and K; these nutrients can stimulate the growth and
reproduction of microorganisms to a certain extent,
accelerate the adaptation of microorganisms to the
polluted environment, and provide favorable
conditions for the microbial degradation of
petroleum hydrocarbons[2]. Secondly, the properties
of soil porosity, water-holding capacity, and
aggregation were improved after peat was added to
the soil. Because peat is mainly composed of weakly
humified plant litter and has a high organic matter
content, the quality of organic matter in peat has a
specific influence on the degradation of polycyclic
aromatic hydrocarbons (PAHs) [17].

peat
1.26
0.72
15.4
9.31

change[18].
Under the condition of petroleum hydrocarbon
pollution, microorganisms can resist adverse
conditions by improving environmental adaptability,
membrane transport capacity, and amino acid
metabolism so that microorganisms can adapt to the
new environment[19, 20]. The degradation of
petroleum hydrocarbons by microorganisms mainly
depends on their hydrocarbon-degrading enzymes,
whose expression and activity are closely related to
the physiological activities of microorganisms[21].
The synthesis of petroleum hydrocarbon-degrading
enzymes requires sufficient time, so the degradation
of TPH by microorganisms requires a specific time.
TPH is not an essential substrate for petroleum
hydrocarbon-degrading bacteria, and the utilization
of TPH by microorganisms is limited[22]. The
ability to biodegrade TPH is related to the
concentration and composition of hydrocarbons.
High levels of petroleum hydrocarbons strongly
inhibit the growth of microorganisms, resulting in
lower biodegradation efficiency and even the death
of microorganisms[23, 24]. The concentrations of
TPH used in the experiment did not seriously affect
the toxicity and death of microorganisms, and the
abundance of total heterotrophic bacteria was
significantly increased. Petroleum hydrocarbondegrading bacteria are more sensitive to TPH
concentration; 10% TPH inhibited the proliferation
of petroleum hydrocarbon-degrading bacteria. A
recent study showed that the essential functional
genes of microbial degradation of most
hydrocarbons were significantly related to the
concentration of petroleum pollutants; the
expression of their essential proteins was stressed by
high concentrations of petroleum hydrocarbon
compounds [25].

Responses of Soil Microbes to Different
Degrees of Petroleum Hydrocarbon Pollution. As
shown in Figure 3, the abundance of total
heterotrophic bacteria and petroleum hydrocarbondegrading bacteria in all experimental groups
increased considerably on the 300th day, and soil
microorganisms showed different response results to
varying degrees of TPH pollution. The total
heterotrophic bacteria abundance change in the
experimental group with TPH = 10% was 3-4 times
that of other experimental groups (Figure 3 (a)).
Figure 3(b) shows that the abundance of petroleum
hydrocarbon-degrading
bacteria
increased
dramatically in all pollution groups. In the case of
significant differences in initial abundance, the
abundance of petroleum hydrocarbon-degrading
bacteria in the experimental group with TPH=10%
and the control group was similar on the 300th day.
Different concentrations of TPH had distinct effects
on petroleum hydrocarbon-degrading bacteria; the
addition of TPH stimulated the proliferation of
petroleum hydrocarbon-degrading bacteria. Changes
in specific microorganisms in soil communities: the
transition from "rare" to "dominant" is constrained
by
environmental
conditions,
and
TPH
concentrations play an essential role in this

Effects of Different Modifiers on the
Degradation of Petroleum Hydrocarbons. As
shown in Figure 4, when t=300 d, the degradation
efficiency of microorganisms to low concentration
TPH was higher than that of the high concentration
pollution group, regardless of the treatment method.
Among all treatments, the addition of 10% CMS +
5% peat had the highest TPH removal rate, the
effects of different treatments on the degradation of
petroleum hydrocarbons showed similar trends at all
contamination concentrations: 10% CMS+5% peat >
3% CMS+5% peat > 5%peat> 10%CMS>3% CMS>
control. The results show that the addition of CMS
can promote the degradation and removal of soil
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TPH, and the removal rate increases with the
increase of the additional amount within a certain
range. The promotion effect of peat is more
significant, and studies have shown that the addition
of appropriate nutrients helps obtain higher pollutant
removal rates[26, 27]. The combined addition of
CMS and peat had a higher TPH removal rate than
the single amendment group; the more CMS in the
combined modifier, the higher the removal rate of
TPH.
The different effects of CMS and peat on TPH
removal were mainly due to their different roles in
the degradation process. CMS is often used to adsorb
pollutants in various environments due to its porous
structure and large specific surface area. Its porous
structure provides potential sites for the colonization
of microorganisms, facilitating the proliferation of
microorganisms and the degradation and utilization
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of TPH. Furthermore, the addition of CMS increases
the permeability of air in polluted soil, which is
beneficial to the aerobic degradation of petroleum
hydrocarbons[28]. Sufficient nitrogen and a suitable
C/N ratio are crucial for the growth and metabolism
of microorganisms[29]. Studies have shown that
about 150 g of nitrogen and 30 g of phosphorus are
needed to convert 1kg of hydrocarbons in bacterial
cells[30]. Especially in the soil environment polluted
by TPH, the significant increase of C content leads
to the extreme lack of N for microorganisms. Studies
have shown that when the soil C/N ratio is 100:10, it
is beneficial to the microbial degradation of
petroleum hydrocarbons[31, 32]. The addition of
peat supplements N elements for petroleum
hydrocarbon-contaminated soil and stimulates the
activity of microorganisms.

FIGURE 3
The total heterotrophic bacteria (a) and petroleum hydrocarbon degrading bacteria (b) in soil under
different petroleum hydrocarbon contamination conditions.

FIGURE 4
Degradation of TPH under different modifier treatments.
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FIGURE 5
(a) and (b), (c) and (d), (e) and (f), (g) and (h) are the numbers of total heterotrophic bacteria and
petroleum hydrocarbon-degrading bacteria on day 0 and day 300 under different treatments for
TPH=0%, TPH=1%, TPH=3%, and TPH=10% test groups, respectively.
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CMS treatment group showed different trends from
the no-contamination group. The addition of CMS
will have a large impact on the soil environment; in
addition to enhancing soil permeability and
increasing oxygen tolerance, it will also have a
certain dilution effect on nutrient elements.
Compared to the group without treatment, total
heterotrophic bacterial abundance did not
significantly increase in all treatment groups under
3% TPH contamination conditions, as shown in
Figure 5 (e) (f). Total heterotrophic bacterial
abundance in the 10% TPH contaminated group
increased at day 300, showing a different trend from
the other contamination concentration groups
(Figure 5 (g) (h)). Petroleum hydrocarbon-degrading
bacteria abundance was significantly increased in the
3% CMS-treated and 5% peat-treated groups, similar
to the 1% TPH-contaminated group changes. Peat
has shown positive effects in reducing the impact of
adverse environmental factors on microorganisms
and enhancing their adaptive capacity. However, this
effect of peat was limited. Although nutrient-rich
peat can promote the proliferation of total
heterotrophic microorganisms to a certain extent, it
also changes the original soil environment, which
produces a screening for various organisms in the
soil. Selectivity of exogenous amendments on soil
microbial communities is prevalent in various
contaminated remediation environments[33]. Peat
promoted the proliferation of other microorganisms
and the promotion of petroleum hydrocarbondegrading bacteria. This promotion was minimal,
probably due to the limited nutrient and ecological
niche.
.

Soil Microbial Responses to Different
Amendments. In the absence of TPH
contamination, the abundance of total heterotrophic
microorganisms in all treatment groups decreased
significantly on the 300th day, except for the 5% peat
treatment group and the untreated control group
(Figure 5(a)). Comparing the 3% CMS and 10%
CMS groups, the inhibitory effect on total
heterotrophic microorganisms was enhanced with
the increase of CMS. Compared with 3% CMS and
3% CMS + 5% peat, the addition of peat alleviated
the inhibitory effect of CMS on total heterotrophic
microorganisms to a certain extent. As shown in
Figure 5(b), potential petroleum hydrocarbondegrading bacteria were present in the
uncontaminated environment, and their abundance
increased under different treatments over time. The
inhibitory effect of shell powder on TPH-degrading
microorganisms may be due to its physical
adsorption. The adsorption of pollutants into the
interior of the micropores reduces their
bioavailability.
Under TPH=1% contamination conditions,
similar to the group of TPH=0%, the 5% peat
treatment group exhibited an increase in total
heterotrophic bacterial abundance at day 300 (Figure
5(c)). The increase in the abundance of petroleum
hydrocarbon-degrading bacteria is much more
significant than that in the non-pollution treatment
group (Figure 5(d)). This may indicate that the
presence of petroleum hydrocarbons has made
selections for microorganisms in the environment,
and microorganisms with strong adaptability and
short adaptation period can proliferate in a polluted
environment, which is manifested as the increase of
petroleum hydrocarbon-degrading bacteria. The 3%

FIGURE 6
Principal component analysis diagram of total heterotrophic bacteria, petroleum hydrocarbon-degrading
bacteria, and TPH removal rate based on TPH pollution degrees and treatment methods. The figure's
small triangles with varying colors represent other treatment groups, and the numbers marked under the
small triangles represent the TPH removal rate (%).
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As shown in Figure 6, the increase in the
abundance of petroleum hydrocarbon-degrading
bacteria during microbial remediation was highly
correlated with changes in total heterotrophic
bacteria abundance. The 10% CMS treatment group
and the 10% CMS+5% peat treatment group showed
more similarities in all TPH concentration groups.
But the 10% CMS+5% peat treatment group had
higher removal efficiency of TPH, which may
indicate that 10% CMS has a more significant
inhibitory effect on microorganisms in all pollution
concentration groups; the addition of peat did not
weaken this effect. However, the combined action of
peat and CMS may increase the porosity of the
polluted soil and the adsorption of pollutants,
making it more likely that the contaminants would
be immobilized or volatilized. Peat showed a
significant promoting effect on soil microorganisms
in the high-concentration pollution group. Among all
treatment groups, the similarity between the 10%
CMS+5% peat treatment group and 3% CMS+5%
peat treatment group increased with TPH
concentration; CMS showed different effects on
microorganisms at different TPH concentrations,
thus showing a tremendous difference in different
concentration groups

Fresenius Environmental Bulletin

petroleum hydrocarbon-contaminated soils.
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MICROBIAL COMMUNITY REPLACEMENT IN BTEX
CONTAMINATED SOIL UNDER
FREEZING-THAWING-FREEZING CONDITIONS
Yue Miao, Lei Zhang*, Jiaxin Zhuo, Qi Zhao, Song Wang
School of Earth Sciences, Northeast Petroleum University, Daqing Heilongjiang 163000, China

and then freezing. Under the action of this process, a
new biological system appears. In this system, the
gene-related functional expression and relative
abundance of bacteria will change, and compared
with before, the phylogenetic relationship and functional gene diversity of biological population will be
obviously different [1, 2]. It is common knowledge
that when the soil is frozen in winter, some microorganisms will die because of the low temperature [35]. According to the latest research, even in the coldest winter, microorganisms will have life activities.
As winter approaches, the temperature decreases,
and some microorganisms will die because of the inhibition of protein expression and the inability to
synthesize DNA. Even in the coldest weather, there
will still be a small number of microorganisms to
maintain normal metabolism and nutrition supply to
maintain life activitie [6-8]. The change of ambient
temperature will affect the activity of microorganisms [9, 10]. The number of soil microorganisms in
subalpine and subalpine forests in western Sichuan
will be affected by freezing and thawing temperature,
and it is also found that the population structure of
microorganisms will be greatly affected by freezing
and thawing temperature [11]. There are also many
types of frozen soil on the Qinghai-Tibet Plateau,
and there are great differences in microorganisms in
different types of frozen soil, which makes the distribution of microorganisms diverse [12, 13].
Most oil production areas in China will face the
problem of seasonal frozen soil. Improper operation
in oil gas field development, oil storage and transportation, oil refining and other processes may pollute soil groundwater, and benzene, toluene,
ethylbenzene and xylene (BTEX) are the main pollutants[14,15]. Therefore, studying the microbial
community structure of BTEX-containing soil in
seasonal frozen soil area will be of great guiding significance for better studying the separation of highefficiency degradation bacteria and the development
of biological methods to treat oil pollution.
In this experiment, samples were taken from
Daqing city, and the soil samples were chernozem
containing BTEX. The experiment adopted the
method of freezing and thawing cycle at low temperature, studied the microbial community structure by
changing the experimental conditions, and explored

ABSTRACT
In order to study the influence of freeze-thaw
alternation process on biodegradation of BTEX in
seasonal frozen soil area.The author took chernozem
polluted by BTEX in Daqing area as the research object, through indoor simulation experiment, controlled - 15 ℃ ~ 5 ℃, - 10 ℃ ~ 5 ℃, - 5 ℃ ~ 5 ℃
and 5 ℃, simulated freeze-thaw alternation and
freezing process, combined with 16SrDNA DGGE
technology to study the effect of different freezing
factors Biodegradation and transformation of BTEX
and change of microbial community structure. The
results showed that the community structure of
BTEX contaminated soil was affected by temperature, freezing and thawing frequency, freezing time
and BTEX concentration. The results show that the
change of microbial community structure under 5 ℃
low temperature is mainly controlled by the concentration of BTEX, and the microbial abundance is
high under low concentration; the change of microbial community structure under freeze-thaw condition is affected by the triple effects of freeze-thaw
temperature, freeze-thaw frequency and BTEX concentration. With the decrease of freeze-thaw temperature, the increase of freeze-thaw frequency, the increase of BTEX content, the decrease of microbial
abundance and the increase of microbial evenness.
Biodiversity studies showed that freeze-thaw temperature had the greatest impact on microbial community structure. When the temperature reached 10 ℃, the microbial community would not change.
Stenotrophomonas, Arthrobacter sp. and uncultured
Ethanoligenens were dominant in the environment
containing BTEX under freeze-thaw conditions.

KEYWORDS:
Freeze-thaw soil, BTEX, microbial community structure,
biodiversity

INTRODUCTION
Seasonal frozen soil area, that is, after the seasonal change from spring to winter, the soil will go
through a cyclic process from freezing to melting
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At last, add 20 ml BTEX saturated solution prepared
above and 4 g of soil into the threaded centrifuge
tube, mix them, plug and put them into the circulation box, and each centrifuge tube is regarded as a
single-day sample.
The experimental scheme is shown in Figure 1,
which controls other variables to remain unchanged,
forming a freeze-thaw cycle in days with a period of
60 days. Four samples were taken from each experimental group to determine the microbial population
structure characteristics.

the effects of BTEX and freezing and thawing on microbial diversity [16, 17] by DGGE [18] and gene
sequencing method.

MATERIALS AND METHODS
Sample Collection. In this study, mixed samples were used in the summer of 2017. When collecting soil samples, the principles of random, equal and
multi-point mixing are adopted. At the same time, Stype sampling method is adopted to collect unpolluted soil near an oil production are [19]. The sampling points are controlled at 15 ~ 20, and each point
is shoveled out with a soil shovel at first, and then 1
~ 2 kg of soil samples are taken parallel to the section
at a depth of 20 cm. To avoid contact with air after
taking it out, mix it evenly immediately and put it in
a sample bag for sealing, so as to ensure that the sampling amount at each sampling point is consistent,
and record the mixed samples. Samples are sent to
the laboratory for cold storage immediately after collection [20].

DNA Extraction and PCR-DGGE. After the
screw centrifuge tube is centrifuged, genomic DNA
was extracted from about 1g soil by using Tiangen
soil DNA extraction kit. Each base change in V3 region can be changed into different genera, even different kinds of bacteria. Therefore, V3 region can be
used as the highest resolution fragment of bacterial
universal primer, and its sequence is as follows:
338F-FACTCCTACGGGAGGCAGC
518R-ATTACCGCGGCTGCTGG
GC
clipsCGCCCGCCGCGCGCGGCGGGGCGGGGGCACGGGGGG
PCR expansion of V3 region was carried out in
sterile and cold water chamber environment, and the
operation was as follows: 1 μl and 0.25 μl of ExTaq
DNA enzyme were as primer from 2.5 mmol/L dNTP
5μl, 10×buffer 5 μl and 20 pmol/L. The PCR amplifier is PE9700 (American Applied Biosystems). Predenature it at 95℃ for 5 min, denature it at 94℃ for
45 s, anneal it at 60℃ for 45 s, extend it at 72℃ for
1 min, have 35 cycles, and finally extend at 72℃ for
10 min. After amplification, 1% agarose gel was
added to 5 μl of the product for electrophoresis,
which was irradiated by ultraviolet transmission instrument and the results were analyzed.

Freeze-thaw Simulation Experiment. In order to ensure the fluidity of liquid, 20% ethanol solution was added into the circulation box by using
the experimental device of low-temperature freezing
circulation box with adjustable temperature ranging
from 20℃ to-15℃.
Firstly, the sample is pretreated, and the collected soil is ground and screened by a 0.25 mm
sieve after removing impurities in an asepsis room.
And prepare saturated BTEX solution, take 10 ml
benzene, 5 ml toluene, 2 ml o-xylene, 2 ml m-xylene
and 2 ml p-xylene in 1L deionized water, mix them
thoroughly for 1 d, and then seal them for later use.

FIGURE 1
Freeze-thaw cycle experiment scheme
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as template, and 2% agarose gel and amplified products were electrophoresed and detected. The results
showed that only one bright DNA band was amplified on the sample (Figure 2). The amplified product
is a bright DNA fragment of about 200bp, which accords with the conditions of subsequent DGGE operation analysis.
It can be seen from the electrophoresis diagram
of soil bacteria in Figure 3 that bands with different
positions and brightness will be displayed on the
DGGE electrophoresis diagram at different freezing
and thawing temperatures, and DNA fingerprints can
be obtained by analysis, thus obtaining comprehensive diversity information of soil microorganisms.
Through the analysis of experimental pictures, it is
concluded that in DGGE map, the dominant bands
are obvious, the number of bands is more, and the
map with uniform distribution of bands is soil samples containing BTEX. There are the same bands
with different brightness in all samples, which indicates that there is the same microbial population with
different abundance. When freezing and thawing is
at low temperature, the number of bands in the sample is ≤5, which indicates that the microbial population species is not abundant. The number of bands on
DGGE map will be different at different freezing and
thawing temperatures (5℃, -15℃ ~5℃, -10℃ ~5℃,
-5℃ ~5℃), and the least number of bands is -15℃
~5℃, which indicates that soil microbial species will
be affected by different temperatures. At a certain
freezing and thawing temperature, increasing the
freezing and thawing time will also change the number of bands and the brightness of bands. Therefore,
we can conclude that increasing the freezing and
thawing temperature will also change the species and
abundance of microorganisms in the soil.

16SrRNA sequence was amplified by DGGE.
PCR products were separated by Dcode TM gene
mutation detection system of Bio-Rad company.
PCR products were injected into polyacrylamide gel
(8% [wt/vol] acrylamide in 1-TAE buffer, with a denaturation gradient of 45% to 65% (100% denaturant
is 7 mol/L urea and 40% [vol/vol] deionized formamide). Add 6 μl of PCR sample and 6 μl of loading
buffer to the loading hole. Under the voltage of 150
V, electrophoresis was performed at 60 ºC for 400
min. DNA fragments were stained by silver staining
[21]. Scan the stained gel with UMAX PowerLook
1000 transmission scanner to obtain gel images. The
Quantity one software was used for DGGE banding
analysis [22].
The single-stranded DNA recovered from the
cut-off representative and specific bands was used as
a template, and the same primers without GC clips
were used to amplify, clone and sequence by using
the same pre-system and PCR program. TA clone
products were sent to Shanghai Sangon for sequencing, and the sequences obtained were compared in
GenBank after removing the vector sequence, and
the phylogenetic tree was constructed by MEGA
software. Then Biodap was used for biodiversity
analysis, and Canoco 5 software was used for PCA
analysis.
Calculate Diversity Index. Each detected
band is defined as an OTU, and the number of bands
is defined as the genotype richness of each sample
[23].The Quantitative One software is used to detect
the band spectrogram, and the relative abundance (Pi)
indicates the percentage of the intensity of each band
in the total intensity of the sample [24].
The diversity index of DGGE map was calculated. Dominance index (Simpson index, D), richness index (Shannon index, H) and evenness index
(Pielou index, E) were calculated according to the
following equations [25-27]:

Biodiversity Analysis. In DGGE fingerprint,
the sample number corresponds to the sample name.
It can be seen from Table 1 that the Shannon value
of soil sample J in 40 days is the highest at -10℃
~5℃. The evenness index of microbial population is
the highest in soil sample K at -10℃ ~5℃ in 56 days,
and the number of species in microbial population is
the most stable at this time. The Shannon value of
sample B is the highest when it is frozen at 5℃ for
17 days without freezing and thawing, which indicates that the diversity and community structure of
microorganisms are the most single at this time.
Without freezing and thawing at 5℃, the concentration of BTEX in soil gradually decreased with
the extension of freezing and thawing time, and
Shannon index first decreased and then increased, indicating that BTEX concentration will affect the
community structure of microorganisms, and the
smaller BTEX concentration, the better the abundance and diversity of microorganisms. When the
experimental group was frozen and thawed at -5℃,
Shannon value did not change obviously with the increase of freezing and thawing time, but Simpson

S

¦ Pi lnPi

H

i 1
S

D

¦ Pi

E

H / ln( S )
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2

i 1

The S in the equations is the total number of
species in the sample. The diversity index was calculated by Simpson, Pielou and Shannon, and the
evenness of microbial species, species richness and
the most common dominant species in samples under different environmental conditions were evaluated.

RESULTS
DGGE Analysis and PCR Products. During
DGGE amplification operation, total DNA was used
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value gradually increased, which indicated that with
the decrease of BTEX concentration, microbial community diversity tended to be single and community

Fresenius Environmental Bulletin

dominance gradually improved. When the experimental group was frozen and thawed at -10℃, with
the decrease of BTEX concentration, sample uniformity increases.

FIGURE 2
The amplified DNA fragment was obtained

FIGURE 3
DGGE fingerprints at different freeze-thaw temperatures and times
(A: 5 ℃-10 d˗B: 5 ℃-17 d˗C: 5 ℃-44 d˗D: 5 ℃-60 d˗E: -5 ℃-1 d˗F: -5 ℃-20 d˗G: -5 ℃-40 d˗H: -5 ℃-60 d˗I:
-10 ℃-16 d˗J: -10 ℃-40 d˗K: -10 ℃-56 d˗L: -15 ℃-1 d˗M: -15 ℃-20 d˗N: -15 ℃-40 d˗O: -15 ℃-60 d)

Sample number
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O

TABLE 1
Microbial diversity analysis
Pielou index
Shannon index
0.761645758
1.05586522
0.742156415
0.815342158
0.94592048
1.311324228
0.881910334
1.419379927
0.930764093
1.290313014
0.853733465
1.374031006
0.785287838
1.263872019
0.728203091
1.171997663
0.690571081
1.111431279
0.823109806
1.474814789
0.97242,0206
1.348060648
0.943089316
1.3073994
0.913409247
1.266254089
0.885900725
1.22811918
0.89577594
1.241809134
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Simpson index
0.426817922
0.537396407
0.287132777
0.306566323
0.296387689
0.305351029
0.371994994
0.430136759
0.458801617
0.305970757
0.268085864
0.288776824
0.307261751
0.330383973
0.318652568
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thawing for 20 days. When the freezing and thawing
temperature dropped to -10℃ ~5℃ for 56 days, Bacillus sp. was detected, but Clostridium was not detected. When the freezing and thawing temperature
is -15℃ ~5℃, the species structure remains unchanged. The results showed that when the freezing
and thawing temperature was at -15℃ ~5℃, the microbial population structure remained basically unchanged, the freezing and thawing time was prolonged, and there would be no new dominant species
and community succession. At this time, the microbial activities were particularly rare.
According to the results of sequence alignment,
it can be seen from Table 2. The homology between
the sequences obtained in this experiment and those
obtained by alignment reached 100%. A community
phylogenetic tree was constructed (Figure 4) based
on 9 characteristic microorganisms in soil samples,
and the length of each branch represented the evolutionary history of species.
Principal component analysis (PCA) was used
to explore the main factors affecting microbial diversity and community richness. It can be seen from figure 5. The population structure of 10 days and 17
days was similar at 5℃ of freezing and thawing temperature. At -5℃ ~5℃, the population structure was
similar from 20 days to 60 days. When the freezing
and thawing temperature is lower than -10℃ ~5℃
and the freezing and thawing time is more than 40
days, the microbial population structure is close to
the same, and the microbial population overlaps to
some extent[29,30].

For the experimental group under the freezethaw condition of -10℃, with the decrease of benzene series concentration, the evenness index gradually increased, the difference of species number in
microbial community decreased, and the evenness of
species increased. Under the freeze-thaw condition
of -15℃, the change range of richness and evenness
index decreased, and the microbial community structure gradually stabilized.
The gel was cut from the bands in Figure 3 and
the Target DNA was recovered. After purification,
PCR amplification, TA cloning and sequencing were
performed, and nine bands (samples numbered 1-9
in Figure 2) were separated. Compared with GenBank (Table 2), these bacteria belong to Actinobacteria, Firmicutes and Proteobacteria. Among them,
Arthrobacter sp, Stenotrophomonas and Uncultured
Ethanoligenens were found in all samples. However,
it varies with the freezing and thawing temperature
and time. Therefore, these three microorganisms
have stronger adaptability to freeze-thaw environment. The composition of microbial community is
different with different freezing and thawing temperature and time.
At 5℃, with the extension of freeze-thaw time,
the abundance of Arthrobacter remained stable, but
the abundance of Stenotrophomonas increased [28].
When freeze-thaw lasted for 60 days, Psychrobacillus appeared in the community. When the freezing
and thawing temperature drops to -5℃ ~5℃, the
freezing and thawing time is prolonged and the abundance of Arthrobacter is increased. Clostridium vincentii appeared in the community after freezing and

FIGURE 4
Phylogenetic tree
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TABLE 2
Strip sequencing comparison results
The length of
the sequence
197
172
172
174
172
197
212
177
194

Stripe
1
2
3
4
5
6
7
8
9

A similar sequence

Log in

Taxonomic status

Homology

Psychrobacillus soil
Thioclava indica strainDT23-4
Clostridium neuense
Uncultured Ethanoligenens
Clostridium vincentii
Bacillus sp.
Bacillus
Arthrobacter sp. Strain BGS-12
Stenotrophomonas maltophilia

MK484459.1
KX618918.1
NR_156156.1
KJ842115.1
KR857406.1
MK504309.1
AY4448282.1
MK558844.1
MK559583.1

Firmicutes
Proteobacteria
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Proteobacteria

100%
100%
100%
100%
100%
100%
100%
100%
100%

TABLE 3
BTEX content in microbial environment
Benzene content
Xylene content
˄mg/L˅
˄mg/L˅
26.11
34.36
25.57
31.03
17.73
15.05
13.29
12.54
80.6
142.6
18.99
26.24
16.38
20.2
16.51
11.67
25.61
28.64
17.47
15.86
17.52
14.62
80.6
142.6
30.75
25.82
18.66
24.64
20.54
16.91

The sample name
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O

Toluene content
˄mg/L˅
18.38
28.73
17.11
11.99
80.14
11.85
8.12
7.15
18.24
19.66
11.23
80.14
15.84
13.64
9.61

1.5

DISCUSSION
Under the conditions of different freeze-thaw
time and temperature, the BTEX content in the environment of each microbial community is all different
(Table 3). When the microbial community is the
same, the evenness index of microorganisms and the
richness index of species will also be different.
Therefore, freezing and thawing temperature, BTEX
concentration and freezing and thawing frequency
all have great influence on the population of microorganisms. With the extension of experimental time,
BTEX concentration in each experimental group decreased gradually under different conditions; When
the freezing and thawing temperature changes, the
lower the temperature, the higher the relative content
of benzene series in the same time system. At the
same time, BTEX also acts as a biological inhibitor.
In the presence of BTEX, the microbial mortality
rate is higher.
When the freeze-thaw temperature is 5℃, with
the extension of freeze-thaw time, the BTEX concentration will gradually decrease, the abundance of
Stenotrophomonas will gradually increase, and the
abundance of Arthrobacter will remain unchanged,
indicating that Arthrobacter can effectively resist

1

2

4
3
7

5
12 11
13

6
9

15

8

14

-1.0

10

-1.0

1.5

FIGURE 5
PCA analysis
(1-4 represents the microbial community on the 10th, 17th,
44th and 60th day at 5℃; 5-8 represents the microbial
community on the 1st, 20th, 40th and 60th day when the
freeze-thaw temperature is -5℃; 9-11 is the microbial
community on the 16th, 40th and 56th day at -10℃; 12-15
represents the microbial community on the 1st, 20th, 40th
and 60th day at -15℃)
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frequency is, and the faster the decrease of community abundance is. Because freezing and thawing
temperature affects BTEX concentration, freezing
and thawing temperature and BTEX concentration
have similar effects on community alternation. Bacterial community changes in succession, and the microorganisms in the experimental samples can adjust
their own communities to better adapt to the influence of environmental temperature and BTEX content changes.

BTEX, but Stenotrophomonas is relatively weak,
and the abundance of the whole population will gradually increase, so that microorganisms can slowly
adapt to this environment and begin to multiply at
the same time, but the evenness of the whole community will change greatly, and the microbial population will change greatly with the extension of time.
When the freezing and thawing temperature is -5℃
~5℃, the BTEX concentration is very high in the initial stage, which also indicates that Arthrobacter can
effectively resist BTEX, and the BTEX concentration is basically stable after decreasing gradually in
21 days. At this time, Clostridium appears in the
community, and the microbial community begins to
change, which indicates that the decrease of BTEX
concentration will affect the microbial community,
and the abundance value of microbial community
will gradually decrease, indicating that freezing and
thawing will affect the structure of biological community many times, reduce the activity of microorganisms and slow down reproduction. As a result, the
evenness of microorganisms increases and the functions of bacteria in the community tend to be the
same. When the freezing and thawing temperature is
-10℃ ~5℃, the community composition of microorganisms is the same as that of -5℃ ~5℃ in the initial stage, but it is different from that of 6 days. At
this time, Bacillus appears in the community and
BTEX concentration decreases. It can be concluded
that the resistance of Bacillus is weaker than that of
Clostridium, and the community structure of microorganisms will change with the change of BTEX
concentration. Compared with the experimental
group at -5℃ ~5℃, the overall abundance index of
microbial community will gradually decrease due to
the decrease of temperature. When the microbial
community structure changes, there will be microorganisms that can adapt to the new environment, and
the community abundance value will immediately
increase, because the community alternation will reduce the community evenness index. However,
when the freezing and thawing temperature is -15℃
~5℃, the microbial community does not change,
which is consistent with the freezing and thawing
temperature of -10℃ ~5℃ for 56 days, indicating
that BTEX concentration can affect the microbial
community structure, and with the extension of
freezing and thawing time, the community abundance will gradually decrease due to the increase of
freezing and thawing times.
The combined effects of freezing and thawing
temperature and BTEX concentration changed the
microbial community structure. The decrease of
BTEX content will increase the abundance index of
microbial community in unfrozen group. BTEX concentration and freeze-thaw frequency affect the
freeze-thaw experimental group together. The lower
BTEX concentration is, the slower the decrease of
community abundance, the faster the freeze-thaw

CONCLUSIONS
Soil microbial treatment of oil pollution in seasonal frozen soil areas has received widespread attention from society. According to the freeze-thaw
experiment of soil containing BTEX under indoor
conditions, it can be concluded that:
1. Characteristics of microbial species. In the
freeze-thaw experiment of BTEX-containing soil,
nine kinds of microorganisms adapted to this environment were detected, and the species of microorganisms was much smaller than that of soil, among
which Arthrobacter sp., Stenotrophomonas and Uncultured Ethanoligenens had great advantages in the
freeze-thaw environment of BTEX-containing soil.
2. Characteristics of microbial community.
Without freezing and thawing, the microbial community will change due to the decrease of BTEX
concentration, and the overall abundance of microbial community will gradually increase. With freezing and thawing, the BTEX concentration will gradually decrease and the overall evenness of microbial
community will also change. Under the joint influence of BTEX concentration and freezing and thawing temperature, the microbial community will gradually change, and the freezing and thawing temperature will become lower and lower, so BTEX concentration will not affect the microbial community structure. Therefore, appropriate microbial flora should
be used to treat BTEX pollution at different freezing
and thawing temperatures.
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ABSTRACT

INTRODUCTION

Growing awareness has been raised to minimize the misuse of pesticides by searching for alternative pest control methods including insect parasitoids. The use of the egg parasitoid belonging to the
genus Trichogramma to beat economic insect pests
is gaining increasing attention, however, there are
multiple factors can have a substantial influence on
the performance and the efficacy of parasitoid wasps.
The current study was created to evaluate the impact
of host egg age on some biological parameters for
Trichogramma evanescens wasps. Thirteen ages of
Sitotroga cerealella eggs with six hours intervals
were affirmed; the youngest age was zero hr (newly
laid eggs) and the oldest one was 72 hrs. The %
emergence, sex ratio, longevity, and the emergence
of first generation (F1) of the T. evanescens were investigated. The obtained data showed that as the age
of S. cerealella eggs proceed, a drastic reduction in
adults emergence occurred. Females emerged from
newly laid host eggs lived for the longest time when
females were still alive 94.00 hrs representing eight
hours more longevity compared to females emerged
from 72 hrs eggs. The female percentage also was
influenced by the host egg age, it declined from
62.54% in fresh eggs to 59.25% in 72 hrs old eggs.
In F1 progeny, fewer emerged parasitoid wasps were
recorded with the aging of host eggs. It could be concluded that the % emergence, longevity, sex ratio,
and F1 progeny fitness of T. evanescens were largely
hosted egg age-dependent. For effective and commercial mass production, newly laid eggs were recommended to obtain the maximum % adults' emergence can live a long time.

True egg parasitoids are insects whose larvae
and pupae live in a host egg and eventually restrain
its hatching [1]. One of the most widely egg parasitoids successfully used in biological control programs is the parasitoids belonging to the genus
Trichogramma (Hymenoptera: Trichogrammatidae)
[2-3], which some have been used for the controlling
of numerous insect pests [4-7]. The relative ease in
the way of mass rearing of genus Trichogramma
with low costs [8-10], short generation time [11], the
capability of adaptation with multiple agro-ecosystems [12], ability to be compatible with diverse pest
control tools [13] and varying degrees of competence to attack a variety of insect pests in their egg
stage before causing any damage to crops [8] are presumably led up to the commercial use of genus
Trichogramma in biological control of insect pests.
In the laboratory, cost-effective is a limiting
factor for the success or failure of parasitoids mass
rearing [7,14,15], however, in the field, some agricultural methods potentially could affect the populations and the abundant of the pests and the efficiency
of parasitoid/predator to control insect pests, e.g.,
pesticides, intercropping, plant nutrients, growth
season and resistant varieties [16-23]. Inundative releasing of parasitoids wasps for controlling insect
pests contingent on their cost-effectiveness during
mass rearing procedures [7]. Sometimes, in most
cases, storage for host eggs is required for a period;
which would increase production costs; whether this
storage is for freshly unparasitized or parasitized
eggs during the commercial production and transportation before the release of the wasps. In the past few
years, many authors discussed the impact of storage
periods for parasitized eggs [24-28] and parasitoid
emergence time [29] on parasitism capacity, emergence rate, sex ratio, and longevity of Trichogramma
adults, however, information about how host unpar-
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asitized eggs influence the attraction and the performance of parasitoid wasps are not sufficient enough.
The ability of Trichogramma adults to parasitize a variety of hosts and leave others leads us to
search about the nutritional requirements of the adult
wasps as a development limiting factor. In particular,
host freshly laid eggs seem to be more acceptable
and adequate than those kept for a longer time. Host
freshly laid egg surpasses in its nutrient quality and
chemical composition, which progressively deteriorates synchronizing with the host egg aging, further,
the egg chorion becomes harder over time [30].
Trichogramma larvae which live in and entirely depend upon the host egg, inevitably will be affected
by the contents of a single host egg for its nutritional
content. Hence, the availability of nutrients within
host egg, which varies over time, could be a limiting
factor for the development and the performance of
Trichogramma wasps.
In mass rearing programs, parasitoids quality
and performance e.g., emergence capacity, parasitism rate, fecundity, and longevity can be improved
through the understanding of parasitoid requirements and biology. Accordingly, searching in, maintaining, and developing parasitoids' trophic rearing
systems could further ameliorate its characteristics
for ensuring effective pest control tools. We may hypothesize that the host egg age maybe has a significant impact on the performance of Trichogramma. In
this context, this study was undertaken to search for
the most perfectly adequate host egg age for T. evanescens needs, that may improve parasitoid performance.
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Trichogramma evanescens mass rearing. The
mass rearing of T. evanescens was accomplished according to Abd El-Hafez [32], by scattering the
newly S. cerealella eggs; <24 hrs old; on a square
paper card covered with a thin layer of glue. After a
while, cards were exposed to T. evanecsens, and
drops of honey solution were added for feeding the
newly prospective parasitoid's adults.
Aging S. cerealella eggs. To set up the experiment, 13 ages of S. cerealella eggs with 6 hrs intervals were established as follows; 0 hr (newly laid
eggs), 6, 12,18, 24, 30, 36, 42, 48, 54, 60, 66, and 72
hrs. Cards of host eggs (containing approximately
250 eggs) from each age were introduced individually into 300 ml glass jars each containing 20
male/female pairs of freshly emerged parasitoids
(<24 hrs), jars were covered with cloth-wrapped cotton and supplied with water–honey (1:1) drops for
wasps feed. This set was repeated in five replicates
for each age.
Studied parameters. Cards of different ages
were exposed to parasitoid wasps for 24 hrs, after
that, they had to be removed to avoid super parasitism. The parasitized eggs were kept at 25 ± 1°C and
16:8 hrs (L:D) photoperiods. Parasitized eggs were
examined daily until the melanization of the exposed
eggs. Thereafter, emergence percentages by counting the emerged adults, parasitoids longevity
through daily observations with five hrs intervals
and sex ratio were recorded. Males were distinguished from females by examining antenna, the ovipositor, and body size. The female percentage was
calculated using the following formula:

MATERIALS AND METHODS
% females =

Experimental site. The current study was conducted at the Biological Control Laboratory, Rice
Research and Training Center, Sakha Agricultural
Research Station, Sakha, Kafrelsheikh, Egypt.

No. females
Total population

× 100

The sex ratio was determined as number of females: number of males, then this ratio was approximated to its simplest form. To examine the performance of F1 progeny, 10 male/female pairs emerged
from each age of host eggs were randomly chosen
and placed into a tube glass (3 × 7 cm) and kept for
24 hrs for mating. Then they were transferred to jars
containing 1 × 1 cm cards with approximately 120
fresh eggs of S. cerealella, and this set was repeated
in five replicates for each age. Wasps were removed
and the cards were kept until the emergence of the
wasps to examine the emergence percentage of F1.

Rearing procedures. Angoumois grain moth
mass rearing. The mass rearing of the host, Sitotroga cerealella (Olivier) (Lepidoptera: Gelechiidae)
has been done according to the method described by
Hassan [31]. In climate chambers at 25±1ƕC, 70±5%
RH, and a photoperiod of 14:10 hrs (L:D), wheat
grains were introduced into aluminum trays; each
tray was covered with a metal net to protect wheat
grains from falling downward while handling. Eggs
of S. cerealella were homogenously sprinkled on
wheat grains at a rate of 1 g of eggs/1 kg of wheat
grains. After 25-30 days, S. cerealella moths started
to emerge; during that period larvae were monitored
and sterilized water was regularly sprayed to ensure
the moisture level. Twice a day, moths were collected
and put into cylindrical trays to extract the moth's
eggs and used fresh or kept at 4ºC for the subsequent
experiments.

Statistical Analysis. Data of this experiment
were evaluated using SPSS statistical software [33].
The Shapiro–Wilk normality test was used to examine the normality of the data, which revealed the normal distribution of the data. Therefore, the analysis
was performed on the original data. One-way analysis of variance was used to find the variations among
the treatments. The comparisons among means were
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separated using the Tukey’s HSD Post-hoc test significant difference was set at P< 0.05. Pearson correlation coefficient was used to find the correlations
between host egg age and number of emerged parasitoids, emergence percentage, longevity, % females,
the number of emerged parasitoids for F1 progeny,
and emergence percentage for F1 progeny.
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Female longevity. The longevity of the female
wasps emerged from different host egg ages was insignificantly different except between the newly laid
eggs and the rest ages of eggs which were significantly different (Figure 1; df =12; F = 5.73; P =
0.0001). Females emerged from host fresh eggs during the time of parasitism lived for 94.00 hrs, however, live-time continued to decline as long as the increase in host eggs age. These findings corroborate
the possibility that female wasps can recognize the
most appropriate hosts to ensure the development of
the next generation, which in turn affects the efficiency of pest control. In biological control programs,
females longevity is considered a very important feature, where longer-lived female wasps have the ability to parasitize for a longer time, giving wasps superior efficiency in the field. According to our findings, negative correlation was detected between host
egg age and female's longevity (Table 3, r = - 0.347;
P = 0.0046). This noticeable extension in live time
when parasitoids emerged from younger host eggs,
could be attributed to the distinctive quality of
younger host eggs compared to older ones which
have lesser yolk [38-39].

RESULTS AND DISCUSSION

Emergence percentage. Significant differences in emergence percentage were recorded between wasps emerged from young host eggs and elder ones (Table 1; df =12; F = 3577.47; P = 0.0001).
The high emergence rates of 97.25, 95.30, 92.50, and
90.73% presented by host eggs in the age of 0, 6, 12,
and 18 hrs respectively, indicates the relative preference of the wasps toward host eggs in the youngest
ages.
Data in Table 1 indicate the influence of host
egg age on the emergence percentage of wasps.
Trichogramma can oviposit an egg at various ages of
host egg, and no previous studies denied the ability
of genus Trichogramma to oviposit its own egg
Sex ratio. Within our examined laboratory culpromptly into host egg after it was laid by a moth
ture
of
T. evanescens, females emerged from fresh
female, however, it was noticeable that the oviposihost
eggs
significantly more than males (Figure 2; df
tion rate was remarkably lower in elder ages of host
=12;
F
=
14.44;
P = 0.0001). Our data revealed that
eggs [34-35]. Moreover, some Trichogramma fethe female percentage was influenced by the age of
males refuse to parasitize old eggs [36], and parasihost eggs, where females emerged from fresh eggs
toids show a significant preference for younger host
was 62.54%, however, this percentage declined to
eggs [37]. In our results, a striking decrease has oc59.25% in the oldest egg age (72 hrs). No differences
curred with the aging of host eggs, only 30.71% of
were recorded in the sex ratio for the group of eggs
parasitoid eggs emerged when they were oviposited
ages between 48 hrs and 72 hrs, nor the group of ages
in the old host egg (72 hrs), while the % emergence
between six and 42 hrs when compared with the
was 97.25 % in the newly laid host eggs. This sharp
newly laid eggs (Table 1). Significant negative cordecline points a finger to chemical composition and
relation between host egg age and % female was denutrient quality which could variate between egg
tected (Table 3; r = -0.749; P = 0.0001).
ages and may turn chorion harder over time [30],
hence the availability of nutrients will definitely decrease.
TABLE 1
Performance of T. evanescens reared on different ages of S. cerealella eggs.
Host egg age
No. emerged parasiSex ratio (Females:
No. exposed eggs
% emergence
(hrs)
toids
males)
0
254.2±1.36
247.2±1.39a
97.25±0.17a
1.67:1a
6
251.4±1.08
239.6±2.04b
95.30±0.47b
1.59:1ab
c
c
92.50±0.33
1.51:1bcde
12
250.6±1.08
231.80±0.92
90.73±0.33c
1.53:1bcd
18
254.6±1.33
231.00±1.87c
d
d
24
253.0±1.00
193.40±1.03
76.44±0.21
1.58:1ab
72.28±0.43e
1.55:1b
30
246.8±0.58
178.40±1.44e
68.03±0.32f
1.59:1b
36
253.4±0.98
172.40±1.12e
f
g
61.32±0.35
1.55:1bc
42
253.4±1.60
155.40±1.47
48
253.0±1.00
144.00±1.70g
56.91±0.47h
1.46:1cde
47.88±0.34i
1.46:1de
54
245.6±0.81
117.60±1.12h
44.19±0.21j
1.45:1de
60
253.0±1.00
111.80±0.92h
39.57±0.57k
1.43:1e
66
244.2±1.24
96.60±1.03i
72
254.0±1.14
78.00±1.38j
30.71±0.48l
1.45:1de
P value
0.0001
0.0001
0.0001
Means (± SE) within a column with the same letters are not significantly different (Tukey’s HSD test, P < 0.05).
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FIGURE 1
Longevity by hours of T. evanesces wasps emerged from different ages of S. cerealella eggs. Different letters above the bars indicate a significant difference (P < 0.05).

FIGURE 2
T. evanescens % females emerged from different ages of S. cerealella eggs. Different letters above the bars
indicate a significant difference (P < 0.05).
By providing more parasitoid females in the
field, Trichogramma quality control gets the maximum benefits. Our results indicate high female numbers when a newly laid host egg was introduced, and
this percentage decreased with the aging of the host
egg. This might be due to the capability of female
parasitoids to recognize host quality prior to laying
whether male or female egg [40], where host egg

quality is the major feature influencing sex ratio in
genus Trichogramma [41]. van Lenteren and Bueno
[42] reported that a sex ratio over 0.60 i.e., 1.5:1 females: males is an acceptable ratio and adequate for
ensuring successive biological control programs;
based on our results, this ratio was significantly
achieved in 0, 6, 12, 18, 24, 30, 36, and 42 hrs old
eggs (Table 1 and Figure 2).
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TABLE 2
Pearson correlation coefficient for host egg age and some functional parameters of T. evanesces.
Parameter

Host egg
age

No.
Emerged
parasitoids

Emergence
%

longevity

% females

F1 No.
emerged
parasitoids

F1 emergence %

Host egg age
No. Emerged para-0.99**
sitoids
Emergence %
-0.99**
0.99**
longevity
-0.34**
0.30*
0.31*
% females
-0.74**
0.71**
0.70**
0.25*
F1 No. emerged
-0.83**
0.83**
0.84**
0.32**
0.54**
parasitoids
F1 emergence %
-0.94**
0.94**
0.94**
0.46**
0.66**
0.88**
*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed).

TABLE 3
Emergence of T. evanescens F1 progeny as affected by different egg ages of S. cerealella.
Host egg age (hrs)
No. exposed eggs
No. emerged parasitoids
% emergence
a
0
111.60±2.66
89.20±2.08
80.01±1.83a
a
6
116.40±2.73
89.60±3.26
76.91±1.40ab
a
12
116.40±4.74
89.20±3.62
76.63±0.24b
ab
18
114.20±1.69
84.80±1.50
74.25±0.34b
24
107.80±1.50
74.60±1.03cd
74.25±0.26c
30
118.40±3.88
77.00±2.43bc
65.05±0.27d
63.67±0.19de
36
120.00±4.47
76.40±2.80bc
cd
42
112.40±2.25
69.00±1.30
61.40±0.29ef
cd
48
113.40±1.40
69.00±1.00
60.84±0.26ef
cd
54
113.80±1.36
67.80±1.02
59.57±0.35fg
d
60
112.20±1.02
65.40±0.51
58.29±0.21fg
cd
66
121.60±1.44
72.20±1.02
59.37±0.31fg
57.11±0.18g
72
115.20±2.60
65.80±1.59d
P value
0.0001
0.0001
Means (± SE) within a column with the same letters are not significantly different (Tukey’s HSD test, P < 0.05).

The emergence of F1 progeny. The percentage
of parasitoids emerged for F1 progeny of T. evanescens was significantly reduced due to the aging in
S. cerealella eggs (Table 2; df =12; F = 138.63; P =
0.0001). F1 parasitoids emergence percentages degenerated from 80.01% in the newly laid host eggs,
to 59.57, 59.29, 59.37, and 57.11% in 54, 60, 66, and
72 hrs old, respectively. There were strong negative
correlations between host egg age and the number of
emerged parasitoids and emergence percentage of F1
progeny (Table 3; r = -0.833, p = 0.0001; r = - 0.946,
P = 0.0001, respectively).
One of the advantages of the genus
Trichogramma is that it can easily be reared and multiplied under laboratory conditions at a low cost
[7,9,10,43]. However, after several generations, the
effectiveness of wasps' performance may reduce due
to inbreeding and genetic erosion, which could reduce the parasitism rate [44].

emergence percentage, longevity, sex ratio, and F1
progeny fitness are largely host egg age-dependent.
Adults' emergence achieved 97.25 % and lived for
the longest time when newly laid eggs were used,
while it declined to 30.71 % and longevity of the
emerged wasps was shortened in the oldest host egg
age. Furthermore, the number of females was significantly higher when emerged from newly laid eggs,
while in the rest of the host egg ages the ratio of
emerged females was insignificantly higher. The
emergence percentage of the next generation (F1)
also was negatively affected by host egg aging.
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genetic mechanism, gas production mechanism and
distribution characteristics [4-7]. After reservoir formation, gas is generally contained in tight reservoir,
and reservoir formation is not controlled by structure.
One of the biggest characteristics of tight formation is the complex pore structure. In tight formation, there are two main factors determining reservoir permeability, one is that the porosity is too
small, and the other is that the pore structure is complex [8-9]. In conventional formations, the size of
porosity has the greatest influence on permeability,
and the influence of pore structure is small. However,
in tight formation, the influence of pore structure on
permeability is much higher than that of conventional formation, and even exceeds the influence of
pore size on permeability. It can be seen that pore
structure measurement is the key parameter to calculate productivity. There is a positive correlation between porosity and permeability of conventional reservoirs, but there is no such relationship between porosity and permeability of dense gas reservoirs [10].
Therefore, starting with the study of reservoir pore
structure, this paper discusses the relationship between pore structure and reservoir productivity.
Yingtai fault depression is located in the north
of the Western fault depression zone in the south of
Songliao basin. It is characterized by double fault
graben. Two sets of source rocks of Shahezi Formation and Yingcheng Formation are mainly developed. Large area lake transgression occurred in
Yingtai gas field during the second member of Ying
formation. The deposition of this block is a transitional volcanic sedimentary facies between volcanic
lithofacies and terrigenous clastic sedimentary facies.
It is controlled by the dual action of lake basin evolution and volcanic eruption, and has the characteristics of volcanic sedimentary sequence. There are
three kinds of reservoir spaces: primary pore, secondary pore and fracture. The pore structure is complex, the types are diverse, and the porosity and permeability are very low. It belongs to dense pyroclastic rock reservoir.
Previous studies on tight gas reservoirs are
mostly found in sandstone, conglomerate and car-

ABSTRACT
Tight gas generally exists in the tight sandstone,
conglomerate, low porosity carbonate rocks, logging
response and interpretation methods in this kind of
gas reservoir are different from conventional gas reservoir for low porosity and low permeability, so the
logging evaluation is difficult. Therefore, this article
will take the second group secondary volcanic clastic
rock of Yingtai gas field for example, analyze the
main impact factor of assessment to tight volcaniclastic rock reservoir recognition from the microscopic pore structure characterization Otherwise,
quantitative evaluation of pore structure classification for tight gas reservoir was carried out by using
capillary pressure data. The microscopic pore structure of tight gas reservoir evaluation technology
which puts forward suggestions for optimizing test
gas layer was finally formed through analysis of relationship between gas test effect and pore structure.
This method has put into popularization and application in the Yingtai gas field tight volcanic clastic rock
area and interpretation results validated by the test
gas, and solved technical problems of logging evaluation for unconventional tight volcanic rock gas
reservoir, meet the needs of the production operation.

KEYWORDS:
Volcaniclastic rock, tight, well logging, pore structure

INTRODUCTION
Tight gas refers to unconventional natural gas
produced from low-permeability tight sandstone reservoir. The porosity of this low-permeability tight
sandstone is generally less than 12% and the permeability is less than 0.1 ×10-3ȝm2, single well has no
natural productivity or the natural productivity is
lower than the lower limit of industrial gas flow [13]. However, under certain economic conditions and
technical measures, industrial output can be obtained.
Compared with conventional natural gas, the most
remarkable feature of tight gas is that it has special
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bonate rocks, while there are few studies on tight pyroclastic reservoirs. With the large-scale development of volcanic reservoirs, the gas bearing properties of tight pyroclastic rocks have attracted more
and more attention. However, due to the complex
pore structure of pyroclastic rocks, the control effect
on gas reservoirs needs to be further studied, Based
on this research idea, this paper studies the control of
micro pore structure of dense pyroclastic reservoir in
Ying 2 member of Yingtai gas field on gas reservoir
productivity.
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for a small proportion. The reservoir is mainly developed in tuffaceous sandy conglomerate, sandstone
and fine sandstone of Ying 2 member, and the gas
reservoir is mainly developed in tuffaceous sandy
conglomerate and sandstone.
(2) Storage space .According to the observation and description of 95.1m drilling coring pores
and fractures of 7 coring wells in Longshen 2 and 3
blocks of Yingtai gas field, the observation and identification of 116 rock thin sections and cast thin sections, and the identification of FMI Imaging Logging
of 9 wells, the analysis shows that the reservoir space
of pyroclastic rocks and sedimentary rocks in Ying 2
member of Yingtai gas field can be divided into
pores and fractures according to morphological types.
The pores developed in the reservoir space are
mainly secondary pores and fractures, in which the
secondary pores are mainly intragranular dissolved
pores and intergranular dissolved pores, followed by
matrix dissolved pores; the secondary fractures are
mainly structural fractures, followed by dissolution
fractures, which are partially opened.

MATERIALS AND METHODS
Basic characteristics of tight reservoir. (1)
Petrological characteristics. Yingtai gas field
Ying2 member reservoir lithology is mainly volcanic
sedimentary rock and sedimentary rock, in which
mudstone accounts for 39.01%, sandstone accounts
for 28.98%, breccia accounts for 10.65%, glutenite
accounts for 10.63%, and other lithology accounts

FIGURE 1
The relationship between the mean value of throat diameter and porosity and permeability of the volcanic
reservoir of the second member of Yingcheng Formation in Yingtai Fault Depression.

10172

© by PSP

Volume 31– No. 10/2022 pages 10171-10180

Fresenius Environmental Bulletin




FIGURE 2
Relationship between volcanic reservoir sorting coefficient and physical properties of the second member
of Yingcheng Formation in Yingtai Fault Depression.
(3) Physical characteristics. Physical property
analysis of sedimentary pyroclastic rock samples in
the study area shows that the maximum porosity is
19%, generally 2% ~ 16%, with an average of 7%,
the maximum permeability is 2 md, with an average
of 0.06md, the logging interpretation porosity is 5%
~ 12%, and the average porosity is 8%, which is in
line with the characteristics of tight reservoir.

Yingcheng Formation in Yingtai Fault Depression
are positively correlated with the pore throat sorting
coefficient (Figure 2), and the correlation between
permeability and sorting coefficient is better than porosity. The relationship between the sorting coefficient and the porosity is divided into two cases with
0.1 as the limit, less than 0.1 is negatively correlated
with porosity, and greater than 0.1 is positively correlated with porosity. The pore-throat sorting coefficient of the reservoir in the study area varies greatly,
ranging from 0.01 to 4.97, with an average of 0.357.
The sorting coefficient for reservoirs with good
physical properties is larger, and the coefficient for
reservoirs with poor physical properties is smaller
[14-16].

Types and characteristics of microscopic
pore structure. (1) Mean throat diameter. The average throat diameter is a parameter that reflects the
size of pores and throats, measures pore volume and
throat volume, and represents the average pore throat
size of all pores.
The average throat diameter of the Yingcheng
Formation volcanic reservoir in the Yingtai Fault Depression is between 0.02 ȝm and 1.74 ȝm, with an
average of ȝm, which is positively correlated
with both porosity and permeability (Figure 1),
which also reflects that large pore throats are determined and an important factor to improve reservoir
performance and permeability. If there are many
large pore throats in the reservoir, the fluid seepage
ability is strong, and the exploration and development potential is great; otherwise, the exploration
and development are difficult [11-13].

(3) Homogeneity coefficient. The homogeneity coefficient is also a parameter that reflects the degree of throat sorting. The larger the homogeneity
coefficient, the more uniform pore throat distribution.
The general situation is that the larger the homogeneity coefficient of the reservoir with the
thicker pore throat, the better the sortability of the
pore throat, the more even the pore throat distribution, and the greater the permeability of the reservoir.
The Yingcheng Formation volcanic rock in the Yingtai Fault Depression is dominated by fine throats.
The reservoir has a low homogeneity coefficient,
which is positively correlated with permeability and
negatively correlated with porosity (Figure 3). On

(2) Sorting coefficient. The physical properties
of the volcanic reservoir of the second member of
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the contrary, the porosity tends to decrease slightly,
which may be the difference between pyroclastic and
clastic sandstone reservoirs. Although the increase in
the homogeneity coefficient can improve the pore
throat sorting performance, the fine pore throat and
poor connectivity of the micropores will cause the
increase of "blind pores" that do not contribute to the
porosity, which manifests as the effective pore space
of the reservoir reduce.
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the Yingcheng Formation volcanic reservoir in Yingtai Fault Depression (Figure 4), especially better correlation with permeability, indicating that the higher
the permeability, the lower the drainage pressure,
that is, the more sensitive the drainage pressure is to
permeability than porosity.
(5) Characteristic structural parameters.
The characteristic structural parameters reflect the
sorting coefficient and pore-throat connectivity. The
larger the characteristic structural parameters are, the
better the relative sorting of pores is, and the smaller
the difference between pore sizes is. The pore structure coefficient of volcanic rock reservoir in Yingcheng Formation of Yingtai Fault depression ranges
from 0.01 to 8.9, with an average of 0.8. The pore
structure coefficient is positively correlated with porosity and permeability. The higher the permeability,
the higher the characteristic structure parameter, the
better the oil test and production effect and the higher
the oil displacement efficiency of rock (Figure 5).

(4) Drain pressure. The expulsion pressure
represents the starting pressure at which the nonwetting phase begins to enter the pores of the rock,
i.e., the minimum pressure required to establish a
continuous flow in the largest connected pore throat
of the rock. Good permeability and large pore radius
mean low displacement pressure, indicating good
petrophysical properties, and vice versa. So, the permeability of rock can be evaluated according to the
displacement pressure. There is an exponential negative correlation between the drainage pressure and
porosity and permeability of the second member of

FIGURE 3
Relationship between homogeneity coefficient and physical properties of volcanic reservoirs in the second
member of Yingcheng Formation in Yingtai Fault Depression.
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(6) Mercury removal efficiency. Mercury removal efficiency reflects capillary effect recovery of
non-wetting phase and is an important parameter to
study reservoir recovery. Obviously, the greater the
mercury removal efficiency, the more uniform the
size of pores and throats in the rock, reflecting better
reservoir performance and higher recovery. The exit
efficiency of 47 samples from the second member of
Yingcheng Formation in Yingtai Fault depression
ranges from 16.08% to 51.01%, with an average of
33.65%, which is poorly correlated with porosity and
permeability. In general, mercury withdrawal efficiency and high pore permeability reservoir porosity
and permeability are positively correlated relationship, reference of volcanic rock reservoirs refer to
multiple fields related information, such a low porosity and permeability - class of low porosity and
permeability reservoir, it is difficult to see the efficiency of mercury withdrawal and pore permeability
has a strong correlation between that hole low permeability reservoir in the factors that influence effi-
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ciency of mercury withdrawal is complex, high permeability reservoir, Further study is needed. For low
permeability reservoirs, pore volume is often emphasized in reservoir evaluation during exploration,
which represents reservoir capacity. During reservoir
evaluation in development stage, more attention
should be paid to throat volume, which represents
the recoverable part of reserves. Therefore, mercury
removal efficiency should be taken into account in
the classification of reservoir microscopic pore
structure (Figure 6).
Reservoir classification and evaluation criteria based on microscopic pore structure. Establishing tight gas reservoir classification criteria; the
quantitative limits of tight gas are as follows: the permeability limits of Class 宬 and Class 宬宬 reservoirs are
0.05mD, and the porosity is 5.4% for sandy conglomerate and 8.6% for pebbly sandstone.

FIGURE 4
Relationship between displacement pressure and physical properties of volcanic reservoirs in the second
member of Yingcheng Formation in Yingtai Fault Depression.
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FIGURE 5
Relationship between characteristic structure parameters and physical properties of volcanic reservoirs in
the second member of Yingcheng Formation in Yingtai Fault Depression.
The type II pore structure is "coarse-slope-line
length" type, and the curve is two-stage. The inclination of the curve is small, the slope is gentle, the mercury inlet section is longer, slightly closer to the
lower horizontal axis, and the pore throat is thicker.
The overall performance is that the pore throat size
is relatively concentrated, the sortability is better, the
throat radius is larger, the coarse pore throat is relatively developed, the drainage pressure is small, and
the maximum mercury saturation value is high.
The type III pore structure is "fine state-steep
slope-short line" type, and the curve is two-stage.
The inclination of the curve is relatively large, the
slope is relatively steep, the mercury inlet section is
relatively short, the curve is far from the horizontal
axis, and the pore throat is relatively thick. The overall performance is the characteristics of high drainage pressure, small throat radius, and low maximum
mercury saturation; the overall performance is poor
sorting, small throat radius, well-developed pore
throat, high drainage pressure, and relatively low
maximum mercury saturation. Low-level features [3,
19]. In contrast, reservoirs with type III pore structure are poor reservoirs (or reservoirs with no commercial value).

RESULTS
Classification and evaluation of the microscopic pore structure of the reservoir. According
to the reservoir evaluation principle of capillary
pressure curve, the shape and characteristic parameters of 31 mercury injection curves are analyzed, and
the maximum mercury saturation is considered. The
pore structure of volcanic reservoirs in the second
member of “Yingcheng Formation” in “Longshen 2”
and “Longshen 3” blocks can be divided into three
types. Among them, there are 14 reservoirs with type
I pore structure, 5 reservoirs with type II pore structure, and 12 reservoirs with type III pore structure.
The type I pore structure is "coarse-slope-line
length" type, most of the curves are two-stage, and
some are three-stage. The inclination of the curve is
small, the slope is gentle, the mercury inlet section is
long, close to the horizontal axis below, and the pore
throat is thick [17-18]. The overall performance is
that the pore throat size is relatively concentrated,
the sortability is good, the throat radius is large, the
coarse pore throat is developed, the drainage pressure is small, and the maximum mercury saturation
value is high.
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FIGURE 6
Relationship between mercury withdrawal efficiency and physical properties of volcanic reservoirs in the
second member of Yingcheng Formation in Yingtai Fault Depression.
Pore structure type and productivity. There
was a total of 14 samples of Type I reservoirs in the
second member of Yingcheng Formation in Yingtai
Gas Field, representing 14 small layers, distributed
in the volcanic development section of 5 wells, of
which 10 small layers of 5 exploratory wells have
been tested for gas. The porosity interval of the gas
test layer is 6.0%-11.4%, the permeability interval is
0.04×10-3 ȝm2-0.61×10-3 ȝm2, and the gas production
intensity interval is 0.4×103 m3/m -10.83×103 m3/m.
Among them, No.273 of “Longshen 305“has the best
gas test effect, with a gas production intensity of
10.83 thousand cubic meters, and No.241 of
“Longshen 306” has the worst gas test effect, with a
gas production intensity of 0.4 thousand cubic meters.
Among, there are 4 horizons where the gas production intensity is greater than 1000 m3/m. The relationship between the pore throat radius and the
amount of mercury removal shows double peaks, the
main peak is located at the big roar end, and the main
and secondary peaks are not much different (Figure
7a). Large throat radius occupies a higher proportion,
and the peak area where the mercury removal rate is

greater than 2% corresponds to a wide pore throat
range, continuous mercury removal, large mercury
removal rate and high gas production intensity, respectively corresponding to No.273 of “Longshen
305” layer, No.262 of” Longshen 307”. The primary
pores or inter-gravel and internal pores are mainly
developed in the acid lava of overflow facies and
eruptive breccia or breccia lava. The relationship between the radius of the pore throat and the amount of
mercury removal shows that the main peak of a single peak is biased toward the end of the small throat,
and the small pore throat accounts for a higher proportion (Figure 7a), but the peak area with mercury
removal greater than 2% corresponds to a wider
range of pore throats. It shows continuous mercury
withdrawal, with larger mercury withdrawal and
higher gas production intensity, corresponding to
layers No.236 and No.218 of “Longshen 306” respectively. The primary grains are mainly reduced
pores, mostly explosive tuff or sintered tuff.
There are 6 layers with gas production intensity
less than 1000 m3/m. The relationship between the
pore throat radius and the mercury removal rate
shows double peaks. The main peak is located at the
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end of the large throat (Figure 7b). The high value
area of greater than 2% mercury rejection corresponds to the narrowing of the pore throat range, and
low values appear between peaks, the continuous
exit of mercury is disturbed, and the gas production
intensity is low. It is dominated by secondary devitrified micropores and intercrystalline pores, mostly
developed in volcanic sedimentary facies tuff reservoirs.
From the comparison between Figure 8 and
Figure 7, it can be seen that reservoirs with small
pore throats are not necessarily inferior reservoirs.
The peak range of mercury rejection greater than 2%
is wide and shows continuous mercury rejection and
gas production intensity. It can also achieve the gas
production effect shown by the large pore throat [20].
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Therefore, there is no direct correspondence between
the pure pore throat distribution ratio and the gas
production intensity. It is necessary to comprehensively analyze multiple microscopic pore structure
parameters to finally make a comprehensive judgment on the reservoir productivity.

CONCLUSIONS
(1) Compared with conventional tight sandstone reservoirs, the pore structure of the volcanic
clastic reservoirs of the second member of the Ying
2 Member has a more obvious impact on permeability and productivity;

FIGURE 7
The relationship between the amount of mercury withdrawal and the radius of the roar and the corresponding relationship with each gas test horizon.
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FIGURE 8
Distribution ratio of pore throats in layers with gas production intensity greater than 1000 m3/m.
(2) The sorting coefficient, homogeneity coefficient, mean value of throat and exit efficiency are
all high with good gas test effect, and the displacement pressure and median pressure are low. The sorting coefficient, homogeneity coefficient, throat
mean value and exit efficiency with poor gas test results are all low, and the displacement pressure and
median pressure are high;
(3) A single microscopic pore parameter cannot
be used as a single reservoir productivity judgment
standard, and a comprehensive judgment needs to be
made based on the microscopic parameters sensitive
to the reservoir in the study area.
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become an important factor restricting sustainable
development [1, 2, 3]. In recent years, as one of the
important ways for sustainable development, the development of green finance has received extensive
attention. Green finance aims to guide financial resources to be tilted towards ecological protection,
which is conducive to promoting the sustainable development of economy and environment. Promoting
green finance to support the development of agricultural ecological environment is a new direction for
sustainable agricultural development. Therefore, this
paper studies the coupling relationship between
green finance and agricultural ecological environment, which is beneficial to provide a scientific basis
for the sustainable development of green finance and
agricultural ecological environment in China.
Many scholars at home and abroad have conducted a lot of research on the relationship between
green finance and the ecological environment.
Labatt et al. believe that green finance can promote
the development of the ecological environment,
transfer and spread environmental risks [4, 5]. Ren
studied the relationship between green finance and
environmental protection in recent years, and concluded that green finance has important effects on
sustainable development [6]. Jiang calculated the
coupling degree, coupling coordination degree, and
comprehensive coordination index of green finance
and ecological environment in the two urban agglomerations in China from 2008 to 2014, and found
that most areas were in an antagonistic stage with a
low level of coupling coordination[7]. Li et al. took
the three economic circles of China as the research
objects, and discussed the coupling and coordinated
development relationship between the ecological environment and green finance from 2008 to 2015. The
study found that the ecological environment and
green finance of the three major economic circles
have not yet achieved coordinated development [8].
Ji et al. used the coupling coordination model to analyze the coupling and coordinated development relationship between green finance and ecological environment in Gansu Province from 2013 to 2018.
The research showed that the driving force of green

ABSTRACT
Taking China as the research object, this paper
constructs a measurement index system for green finance and agricultural ecological environment, and
measures the comprehensive level of green finance
and agricultural ecological environment in China
from 2009 to 2020. Using the coupling degree model
and the coupling coordination degree model, this paper calculates the coupling degree and coupling coordination degree of China's green finance and agricultural ecological environment in 2009-2020. The
study found that the development level of green finance in China from 2009 to 2020 was on the rise,
but the overall development was still weak. The level
of agricultural ecological environment showed a
downward trend from 2009 to 2014, and increased
rapidly from 2015 to 2020. From 2009 to 2020, the
coupling degree of green finance and agricultural
ecological environment fluctuated between 0.3083
and 0.5000, which was in the antagonistic stage and
gradually approached the running-in stage. From
2009 to 2020, the degree of coupling and coordination between green finance and agricultural ecological environment developed from moderate imbalance to basic coordination and moderate coordination, and the level of coupling and coordination gradually increased.

KEYWORDS:
Green finance, Agricultural ecological environment, Coupling and coordinated development

INTRODUCTION
Since the reform and opening up, the level of
agricultural development in China has been continuously improved. However, in the agricultural production process, due to the use of pesticides, fertilizers, plastic films and etc, the problems of agricultural
non-point source pollution and agricultural ecological environment damage are still serious, which has
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finance in Gansu Province to promote ecological environment improvement and sustainable development was still insufficient [9] . Sache et al. pointed
out that green finance increased the investment and
financing of green projects through new financial
tools and new policies to improve the ecological environment and achieve the goal of sustainable development [10]. Liu et al. studied the relationship between green finance, environmental change and economic growth based on the data from 2000 to 2015
in five northwestern provinces and regions in China,
and found that green finance had a positive effect on
environmental quality, but the effect was low [11].
Jia et al. analyzed the mechanism of green finance
development on environmental governance, and
pointed out that the development of green finance
was conducive to environmental governance and
sustainable development of the ecological environment [12].
To sum up, many scholars have done a lot of
research on the relationship between green finance
and the ecological environment, but there are few researches on the relationship between green finance
and agricultural ecological environment. Therefore,
in this paper, the ecological environment is specific
to the agricultural ecological environment, and the
coupling and coordinated development relationship
between green finance and the agricultural ecological environment is studied. Based on the data of
China from 2009 to 2020, this paper establishes a
coupling coordination model of green finance and
agricultural ecological environment, analyzes the
coupling stage of green finance and agricultural ecological environment, and provides a basis for further
promoting the coordinated development of green finance and agricultural ecological environment.
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proportion of interest expenses in high-energy-consuming industries reflects the constraints imposed by
financial institutions on high-pollution and high-energy-consuming industries, it mainly reflects green
credit indicators in the industry. This paper only selects the proportion of green credit scale as the secondary indicator of green credit, and the proportion
of green credit scale is calculated by dividing the
green credit balance by the total credit. Considering
the availability of data, this paper selects the four
major state-owned banks (Bank of China, Agricultural Bank of China, China Construction Bank and
Industrial and Commercial Bank of China) as the
main source of green credit data, and the data comes
from the social responsibility reports of each bank.
Green insurance is an important means of environmental risk management under market economy
conditions. Referring to previous research by scholars, this paper selects agricultural insurance that is
closely related to the agricultural ecological environment to measure the development level of green insurance. Specifically, this paper selects the proportion of agricultural insurance scale as the secondary
indicator of green insurance, and the proportion of
agricultural insurance scale is calculated by dividing
agricultural insurance premium income by property
insurance premium income. Regarding green investment, this paper selects the proportion of investment
in environmental pollution control and the proportion of expenditure on energy conservation and environmental protection to measure it. Among them,
the proportion of environmental pollution control investment is calculated by dividing the environmental
pollution control investment by GDP, and the proportion of energy conservation and environmental
protection expenditure is calculated by dividing the
energy conservation and environmental protection
expenditure by the national fiscal expenditure. The
specific indicators, indicator properties and data
sources of the green finance indicator system are
shown in Table 1.
Table 2 shows the proportion of green credit,
the proportion of agricultural insurance, the proportion of investment in environmental pollution control, and the proportion of energy conservation and
environmental protection expenditures in China
from 2009 to 2020. It can be seen that the proportion
of green credit in China has generally shown an upward trend from 2009 to 2020, rising from 4.1048%
in 2009 to 10.0186% in 2019. The proportion of agricultural insurance scale has also shown an upward
trend in general, rising from 1.2023% in 2009 to
1.8007% in 2020. From 2009 to 2020, the proportion
of investment in environmental pollution control
showed a slow downward trend, ranging from
0.9277% to 1.8471%. From 2009 to 2020, the proportion of energy conservation and environmental
protection expenditure in the national fiscal expenditure also showed a steady growth trend, from
2.5348% in 2009 to 3.0940% in 2019, and a slight

MATERIALS AND METHODS
Green Finance Indicators. At present, the
main forms of green finance in China include green
credit, green securities, green insurance, green investment and carbon finance. Since this paper
mainly studies the coupling relationship between
green finance and agricultural ecological environment, considering the availability, continuity of data
and the correlation with agricultural ecological environment, this paper selects green credit, green insurance, and green investment as the first-level indicators of green finance. The formal development of
China's green finance began with the introduction of
the green credit policy in 2007. Considering the
availability and integrity of green finance data, this
paper selects green finance data from 2009 to 2020
for coupling and coordination testing.
Regarding green credit, scholars usually choose
the proportion of green credit scale and the proportion of interest expenses of high-energy-consuming
industries as their measurement indicators. Since the
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decrease in 2020 to 2.5799%. It can be seen that from
2009 to 2020, the proportion of green credit, the proportion of agricultural insurance premium income,
the proportion of energy conservation and environmental protection expenditure in the national fiscal
expenditure showed an upward trend, and the proportion of environmental pollution control investment in GDP showed a slight downward trend.

adopts the density of agricultural mulching film, the
density of agricultural chemical fertilizers and the
density of pesticide to measure the agricultural ecological environment. The three indicators are all inverse indicators, which are calculated by dividing the
amount of agricultural mulching film, agricultural
chemical fertilizers and pesticides by the sown area
of crops. Consistent with the green finance data
range, this paper selects the agricultural ecological
environment indicator data from 2009 to 2020, and
the data comes from the "China Rural Statistical
Yearbook". The specific agricultural ecological environment index system is shown in Table 3.

Agricultural Ecological Environment Indicators. The main sources of agricultural ecological
environment pollution include: chemical fertilizers,
pesticides, agricultural waste, livestock and poultry
manure pollution, etc. Based on the principles of data
availability, accuracy and comparability, this paper

First-level
indicators
Green credit
Green insurance
Green investment

Fresenius Environmental Bulletin

TABLE 1
Green finance indicator system
Indicator
Secondary indicators
nature
The proportion of green credit scale (%)
Positive
The proportion of agricultural insurance scale
Positive
(%)
Proportion of investment in environmental polPositive
lution control (%)
Proportion of energy conservation and environPositive
mental protection expenditure (%)

Data sources
CSMAR
National Bureau of Statistics
of China
China Environmental Statistical Yearbook
National Bureau of Statistics
of China

TABLE 2
Green finance indicator data

Years
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

The proportion of
green credit scale
(%)
4.1048
4.1645
4.3972
4.0951
5.0250
5.5884
6.4343
6.7058
6.9495
7.5461
10.0186
8.7977

The proportion of
agricultural insurance scale (%)
1.2023
0.9354
1.2137
1.3210
1.7802
1.6100
1.5439
1.3516
1.3091
1.5065
1.5769
1.8007

The proportion of investment in environmental
pollution control (%)
1.5088
1.8471
1.4580
1.5325
1.5241
1.4879
1.2784
1.2352
1.1465
0.9777
0.9277
1.0496

The proportion of energy conservation and
environmental protection expenditure (%)
2.5348
2.7171
2.4174
2.3528
2.4500
2.5138
2.7308
2.5218
2.7660
2.8508
3.0940
2.5779

Data sources: CSMAR, China Environmental Statistical Yearbook, National Bureau of Statistics of China

TABLE 3
Agricultural ecological environment index system
Indicator naSysterm
Indicators
ture
Use density of agricultural
Reverse
mulch
Agricultural ecological envi- Agricultural fertilizer application
Reverse
density
ronment
Pesticide use density
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Data sources
China Rural Statistical
Yearbook
China Rural Statistical
Yearbook
China Rural Statistical
Yearbook
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TABLE 4
Agricultural ecological environment indicator data
The application density of
Use density of agriculagricultural chemical fertural mulch film(kg/hm2)
tilizers(kg/hm2)
7.1736
343.6731
7.4663
350.7389
7.7638
355.6988
8.0890
360.2613
8.3200
361.1435
8.7236
362.9906
8.7215
361.0278
8.8056
358.4782
8.6394
352.2715
8.4956
340.7667
8.3117
325.6541
8.1021
313.4987

Years
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Use density of pesticides(kg/hm2)
10.8749
11.0985
11.1624
11.1679
11.0567
10.8970
10.6696
10.4230
9.9500
9.0656
8.3890
7.8394

Data sources: China Rural Statistical Yearbook, CSMAR.

Table 4 shows the use density of agricultural
plastic film, the application density of agricultural
chemical fertilizers, and the use density of pesticides
in China from 2009 to 2020. It can be seen from Table 4 that the use density of agricultural mulch film
was relatively stable from 2009 to 2020. The use
density of agricultural mulch film increased from
7.1736 kg/ha in 2009 to 8.8056 kg/ha in 2016. A
turning point occurred in 2017, a small decrease
from 2017 to 2020. From 2009 to 2020, the application density of agricultural chemical fertilizers
showed a trend of rising first and then falling, rising
from 343.6731 kg/ha in 2009 to 362.9906 kg/ha in
2014, from 2015 to 2020, it showed a downward
trend, from 361.0278 kg/ha in 2015 to 313.4987
kg/ha in 2020. The use density of pesticides generally showed a downward trend from 2009 to 2020,
from 10.8749 kg/ha in 2009 to 7.8394 kg/ha in 2020.
It can be seen that the use density of agricultural
mulch film, the application density of agricultural
chemical fertilizers, and the use density of pesticides
all showed a downward trend from 2009 to 2020 in
general.

Standardization of reverse indicators:
X୧୨ᇱ =

ଡ଼ౠ ି୫୧୬(ଡ଼ౠ )
୫ୟ ୶൫ଡ଼ౠ ൯ି୫୧୬(ଡ଼ౠ )

j=1,2,……n

+0.0001

+0.0001

i=1,2,……m;

j=1,2,……n
(2)
Among them, X୧୨ represents the original value
of the i-th indicator in the j-th year, and X୧୨ᇱ represents the standardized value of the i-th indicator in
the j-th year.
(2) Calculate the entropy value of the evaluation index.
=-K
e୧
j=1,2,……n
ଡ଼ᇲౠ

P୧୨ =σ

ᇲ
ౠసభ ଡ଼ౠ

σ୬୨ୀଵ( P୧୨  כlnP୧୨ )

i=1,2,……m;
(3)
(4)

Among them, e୧ represents the entropy value
ଵ
of the index i; K= , n is the number of samples.
୪୬ ୬
(2) Determine indicator weights.
ଵିୣ
W୧ =
i=1,2,……m
(5)
ౣ
୫ିσసభ ୣ

In this paper, the development level of green finance and the comprehensive level of agricultural
ecological environment are represented by U and
Uୣ respectively, and the calculation formulas are as
Eq. 6 and Eq. 7.
(6)
U =σସ୨ୀଵ W୧ X୧୨ᇱ
(7)
Uୣ =σଷ୨ୀଵ W୧ X୧୨ᇱ
Among them, W୧ represents the weight of the ith indicator in the system, and X୧୨ᇱ represents the
standardized value of the i-th indicator in the j-th
year.

Entropy Method. This paper uses the entropy
method to determine the weight of each index in the
green finance and agricultural ecological environment index system. The entropy method is a method
of objectively assigning weights to the indicators in
the system. It is an information entropy method to
assign weights to each indicator according to the effective information amount of each indicator data.
The specific steps of entropy method is:
(1) Standardization of data.
Standardization of positive indicators :
X୧୨ᇱ =

୫ୟ୶൫ଡ଼ౠ ൯ିଡ଼ౠ
୫ୟ ୶൫ଡ଼ౠ ൯ି୫୧୬(ଡ଼ౠ )

Coupling degree and coupling coordination
degree model. Coupling refers to the dynamic relationship in which two or more systems influence
each other, interact and tend to be coordinated and

i=1,2,……m;

(1)
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unified. This paper regards green finance and agricultural ecological environment as two systems, and
studies the coupling relationship between green finance and agricultural ecological environment in
China by calculating the coupling degree and coupling coordination degree between the two systems.
The functional form of the coupling degree between the green finance system and the agricultural
ecological environment system is as Eq. 8.
C=

ඥ כ
 ା

Fresenius Environmental Bulletin

tural ecological environment, and a and b are undetermined coefficients. Since green finance and agricultural ecological environment are equally important, this paper selects a=b=0.5.
In this paper, referring to the classification
method of Wang et al[14], the coupling coordination
degree classification of green finance and agricultural ecological environment is shown in Table 6.

(8)

RESULTS AND DISCUSSION

Among them, C represents the coupling degree
between the green finance system and the agricultural ecological environment system, U and Uୣ respectively represent the development level of green
finance and the comprehensive level of agricultural
ecological environment. The value of coupling degree C ranges from 0 to 1. The higher the value is,
the higher the coupling degree between systems is,
and the more coordinated the development between
systems is. Referring to the method of Ma et al. [13],
this paper uses the median segmentation method to
divide the coupling degree into four stages, as shown
in Table 5.
The coupling degree can only reflect the
strength of the mutual influence between the two
systems, but cannot examine the development level
and dynamic growth of the system. It is necessary to
build a coupling coordination degree model based on
the calculation of the coupling degree function. The
coupling coordination degree model is as Eq. 9.
D=ξC  כTˈ T=aU +bUୣ
(9)
In the formula, D represents the degree of coupling coordination between green finance and agricultural ecological environment, T is the comprehensive coordination index of green finance and agricul-

Comprehensive evaluation of green finance
and agricultural ecological environment. Based
on the entropy method, the weights of each indicator
of green finance and agricultural ecological environment are shown in Table 7. In the green finance system, the proportion of green credit scale, the proportion of agricultural insurance scale, the proportion of
investment in environmental pollution control, and
the proportion of energy conservation and environmental protection expenditure accounted for 0.4024,
0.1335, 0.2208 and 0.2433 respectively. In the agricultural ecological environment system, the weights
of density of agricultural mulch film, agricultural
fertilizer application density and pesticide density
are 0.2480, 0.3315 and 0.4206 respectively.
The calculation results of the development
level of green finance and the comprehensive level
of agricultural ecological environment in China from
2009 to 2020 are shown in Table 8. From 2009 to
2020, the development level of green finance generally showed an upward trend, rising from 0.2412 in
2009 to 0.5562 in 2020. Among them, the development level of green finance developed rapidly in

TABLE 5
Type division of coupling stages of green finance and agricultural ecological environment
Coupling C
Coupling phase
Features
Low degree of orderly development of green finance and
Very low coupling
0˘&
agricultural ecological environment.
The contribution of green finance to the improvement of
Antagonistic phase
0.3˘&
agricultural ecological environment is small.
Green finance can better improve the level of agricultural
ecological environment,
Run-in stage
0.5˘&
the two system gradually tend to be benign coupling.
Green finance plays a great role in improving the agriculVery high coupling
0.8˘&
tural ecological environment.
TABLE 6
Classification of the degree of coupling coordination between green finance and agricultural
ecological environment
Coupling coordination level
Coupling coordination degree D
Severely disordered
0.0˘'
Moderately disordered
0.2˘'
Basic coordination
0.4˘'
Moderate coordination
0.5˘'
Highly coordination
0.8˘'
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TABLE 7
The weights of green finance and agricultural ecological environment indicators
System
Specific indicators
Weights
The proportion of green credit scale (%)
0.4024
The proportion of agricultural insurance scale (%)
0.1335
The proportion of investment in environmental
0.2208
Green finance
pollution control (%)
The proportion of energy conservation and envi0.2433
ronmental protection expenditure(%)
Use density of agricultural mulch film
0.2480
Agricultural ecologiAgricultural fertilizer application density
0.3315
cal environment
Pesticide use density
0.4206

Nature
Positive
Positive
Positive
Positive
Reverse
Reverse
Reverse

TABLE 8
The development level of green finance and the comprehensive level of agricultural
ecological environment
Development level of green finance
Comprehensive level of agricultural ecological
Years
environment Uୣ
U
2009
0.2412
0.4145
2010
0.3452
0.2945
2011
0.2121
0.2080
2012
0.2048
0.1273
2013
0.3687
0.1003
2014
0.3930
0.0468
2015
0.4612
0.0890
2016
0.3710
0.1245
2017
0.4398
0.2511
2018
0.4981
0.4617
2019
0.7448
0.6764
2020
0.5562
0.8591
2019, reaching a peak of 0.7448, while the development level of green finance in the rest of the years
was between 0.2 and 0.6. It can be seen that the development level of green finance is still in the initial
stage, and there is still a lot of room for development
in supporting the agricultural ecological environment. The strength of the country and all sectors of
society is needed to further promote the rapid development of green finance. From 2009 to 2020, the
overall level of China's agricultural ecological environment showed a trend of first decreasing and then
increasing. From 2009 to 2014, the comprehensive
level of agricultural ecological environment dropped
from 0.4145 to 0.0468. Since 2015, the comprehensive level of agricultural ecological environment has
gradually improved. From 2015 to 2020, the comprehensive level of agricultural ecological environment has increased from 0.0890 to 0.8591 year by
year, and the agricultural ecological environment has
been greatly improved.

green finance and agricultural ecological environment is generally between 0.3 and 0.5, and the coupling stage is in the antagonistic stage. From 2009 to
2020, the coupling degree of green finance and agricultural ecological environment generally showed a
trend of first rising, then falling and finally rising.
Specifically, the coupling degree continued to increase from 2009 to 2011, from 0.4822 in 2009 to
0.5000 in 2011. The coupling degree decreased year
by year from 2012 to 2014, and dropped to 0.3083 in
2014. From 2015 to 2020, the coupling degree
showed an upward trend, rising from 0.3682 to
0.4884, gradually approaching the running-in stage.
It can be found that the coupling degree between green finance and agricultural ecological environment is low, and the support of green finance
for agro-ecological environment is in its infancy.
Due to the late development of green finance in
China, the contribution of green finance to improving the agricultural ecological environment is still
small. The coupling relationship between green finance and agricultural ecological environment is
gradually approaching the running-in stage. With the
further development of green finance, green finance
will be able to better improve the level of agricultural
ecological environment.

Results of the coupling degree between green
finance and agricultural ecological environment.
The calculation results of the coupling degree between green finance and agricultural ecological environment are shown in Table 9. It can be seen that
from 2009 to 2020, the coupling degree of China's
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2015
2016
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TABLE 9
The coupling degree of green finance and agricultural ecological environment
C
Coupling phase
0.4822
Antagonistic phase
0.4984
Antagonistic phase
0.5000
Antagonistic phase
0.4862
Antagonistic phase
0.4100
Antagonistic phase
0.3083
Antagonistic phase
0.3682
Antagonistic phase
0.4337
Antagonistic phase
0.4810
Antagonistic phase
0.4996
Antagonistic phase
0.4994
Antagonistic phase
0.4884
Antagonistic phase
ecological environment in 2017 and 2018 were
0.4076 and 0.4897 respectively, which were in the
basic coordination stage. The coupling coordination
degrees of green finance and agricultural ecological
environment in 2019 and 2020 were 0.5957 and
0.5879 respectively, which were in the moderate coordination stage.
It can be found that the degree of coupling and
coordination between green finance and agricultural
ecological environment in China has been continuously enhanced. Currently, it is in the stage of moderate coordination, but has not yet reached the stage
of high coordination, and there is still a lot of room
for development. To achieve a high degree of coupling and coordination between green finance and
agricultural ecological environment, it will take a
long time to practice. We should always aim at sustainable development and continuously increase the
support of green finance for the development of agricultural ecological environment.

The results of the coupling coordination degree between green finance and agricultural ecological environment. The results of coupling coordination between green finance and agricultural ecological environment are shown in Table 10. It can be
seen that from 2009 to 2020, the coupling coordination degree of China's green finance and agricultural
ecological environment has developed from moderate imbalance to basic coordination and moderate
coordination, and the level of coupling coordination
has gradually improved. Specifically, before 2016,
the degree of coupling and coordination between
green finance and agricultural ecological environment in China was relatively low. From 2009 to
2016, the coupling coordination degree of green finance and agricultural ecological environment fluctuated between 0.2604 and 0.3993, which was in the
stage of moderate imbalance. After 2016, the degree
of coupling and coordination between China's green
finance and agricultural ecological environment has
gradually improved. Among them, the coupling coordination degrees of green finance and agricultural

Years
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

TABLE 10
The results of the coupling coordination degree between green finance
and agricultural ecological environment
D
T
Coupling coordination type
0.3976
0.3993
0.3241
0.2841
0.3101
0.2604
0.3183
0.3278
0.4076
0.4897
0.5957
0.5879

0.3279
0.3198
0.2100
0.1661
0.2345
0.2199
0.2751
0.2477
0.3454
0.4799
0.7106
0.7077

Note: D is the coupling coordination degree, T is the comprehensive coordination index.
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Moderately disordered
Moderately disordered
Moderately disordered
Moderately disordered
Moderately disordered
Moderately disordered
Moderately disordered
Basic coordination
Basic coordination
Moderate coordination
Moderate coordination
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[2] Wang, F.L., Wang, X.X., Song, N.N. (2021)
Polyethylene microplastics increase cadmium
uptake in lettuce (Lactuca sativa L.) by altering
the soil microenvironment. Science of the Total
Environment. 784, 147133
[3] Wang, F.L., Liu, Y., Liang, B., Liu, J., Zong,
H.Y., Guo, X.H., Wang, X.X., Song, N.N.
(2022) Variations in soil aggregate distribution
and associated organic carbon and nitrogen fractions in long-term continuous vegetable rotation
soil by nitrogen fertilization and plastic film
mulching. Science of the Total Environment.
835, 155420
[4] Labatt, S., White, R. R. (2002) How might environmental finance prepare us for the challenges ahead? In: Environmental Finance: A
Guide to Environmental Risk Assessment and
Financial Products. John Wiley and Sons, Inc.,
Toronto. 9-12.
[5] Wang, F.L., Wang, X.X., Song, N.N. (2021) Biochar and vermicompost improve the soil properties and the yield and quality of cucumber
(Cucumis sativus L.) grown in plastic shed soil
continuously cropped for different years. Agriculture, Ecosystems & Environment. 315,
107425.
[6] Ren, H. (2009) Environmental protection, sustainable development and construction of green
finance System. Modern Economic Research.
(10), 85-88.
[7] Jiang, J. (2018) Research on the coupling coordination degree based on ecosystem and green
finance: Taking the two major urban agglomerations as examples. Contemporary Economics.
(12), 56-58.
[8] Li, H., Yuan, Y.C., Wang, N. (2019) Evaluation
of the coordinated development of regional
green finance and ecological environment. Statistics and Decision. (08), 161-164.
[9] Ji, X.L., Wang, S.Q. (2020) Analysis of the coupling coordination between green finance and
regional ecological environment. Research on
Development. (02), 55-63.
[10] Sachs, J. D., Woo, W. T., Yoshino, N., Taghizadeh-Hesary,F. (2019) Importance of green finance for achieving sustainable development
goals and energy security. In: Handbook of
Green Finance: Energy Security and Sustainable
Development. Springer, Berlin. 3-12.
[11] Liu, S., Liu, M. (2020) Green finance, economic
growth and environmental change: Is it possible
for the environmental index in the northwest to
fulfill the "Paris Agreement"?. Modern Economic Science. 42(01), 71-84.
[12] Jia, Y.F., Liu, C.M. (2022) Research on impact
of green finance on environmental governance.
Environmental Science and Management. 47
(04), 10-14.

CONCLUSIONS
This paper uses the coupling degree model and
the coupling coordination degree model to analyze
the coupling relationship between green finance and
agricultural ecological environment based on the
data of China in 2009-2020. The main conclusions
are as follows:
(1) From 2009 to 2020, the development of
green finance in China generally showed an upward
trend, and the development level of green finance
rose from 0.2412 in 2009 to 0.5562 in 2020. However, the development level of green finance is still
in its initial stage, and there is still a lot of room for
development in supporting agricultural ecological
environment.
(2) From 2009 to 2020, China's agricultural
ecological environment showed a trend of first decreasing and then increasing. The comprehensive
level of agricultural ecological environment showed
a downward trend in 2009-2014, from 0.4145 to
0.0468. The comprehensive level of agricultural ecological environment increased rapidly from 0.0890
to 0.8591 from 2015 to 2020, and the agricultural
ecological environment was greatly improved.
(3) From 2009 to 2020, the coupling degree of
China's green finance and agricultural ecological environment fluctuated between 0.3083-0.5000, which
was in the antagonistic stage and gradually approached the running-in stage. From 2009 to 2020,
the coupling coordination degree of China's green finance and agricultural ecological environment developed from moderate imbalance to basic coordination and moderate coordination, and the level of coupling coordination gradually improved.
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grassland. However, artificial grasslands are very
prone to degradation, generally in 2-3 years without
management measures [4]. Fertilization is the most
common way of improving artificial grasslands, and
different fertilization ratios and methods often lead
to different states of plant-soil stoichiometric characteristics of grasslands, which in turn changes the
nutrient relationship between plants and soils [5],
which will ultimately affect artificial grasslands. Use
effects. Different fertilization ratios will have great
differences in the evolution of artificial grasslands,
especially on the ecological restoration effect of typical fragile ecological areas such as karst rocky desertification areas, and even endanger the ecological
security of the area.
The fertilization ratio has a certain influence on
the composition of grassland vegetation and community structure characteristics, and ultimately affects
the ecosystem structure and function of grassland
[5]. Plant functional traits and forage quality can reflect the response of vegetation to the ratio of fertilization [6], with the most obvious manifestations in
terms of photosynthetic physiology and morphological characteristics [7], and this performance is more
obvious in arid ecosystems [8]. Fertilization methods
can also cause changes in the nutritional quality of
forage grass [9]. Some studies have shown that fertilization reduces the crude protein content of forage
grass, increases fiber content, and reduces forage
grass quality compared with mowing [10]. Some
scholars have studied the stoichiometric stability of
typical grassland plants in Inner Mongolia, and
found that plants with more stable stoichiometric
characteristics usually have higher dominance and
uniformity, that is, stoichiometric stability can affect
the composition and stability of ecosystems to a certain extent [11]. Therefore, it is particularly important to study the effect mechanism of fertilization
ratio on grassland plants (grass) in-depth and systematically.
Soil nutrient characteristics have an important
impact on grassland productivity and even grassland
ecological environment, and are an important indicator for measuring soil quality and a key factor in de-

ABSTRACT
Artificial grassland is an important basis for the
development of animal husbandry, and has irreplaceable ecological, social and economic functions for
human well-being, but at the same time, artificial
grassland is prone to degradation, which seriously
affects the normal performance of its functions. To
this end, in a typical karst rocky desertification ecological restoration area in Guizhou, China, we set
different fertilization ratios, mowed three stalks, and
observed the ecological stoichiometric characteristics of E. The results showed that with the increase
of the number of stubble cutting, the contents of C
and N in the four treatments showed a decreasing
trend, while P was not significant; different stubble
cutting numbers would cause the stoichiometry of
plants and soil There are large differences in characteristics; fertilization can change the growth-limiting
elements of forage grass in the soil. We suggest that
in the future, precise fertilization should be carried
out according to the cutting time, and the research on
the ecological stoichiometric characteristics of longterm forage growth cycles should be strengthened.

KEYWORDS:
Grassland, Plant-soil, Ecological stoichiometry, Karst,
Rocky desertification

INTRODUCTION
Grassland is an important component of terrestrial ecosystems and has irreplaceable ecological, social and economic functions for human well-being
[1]. Artificial grassland is an important basis for the
development of animal husbandry and an effective
means to improve the ecological environment and
solve the contradiction between grass and livestock
[2]. The productivity of artificial grassland in the
same area is 10-15 times that of natural grassland,
and 20-40 times that of natural grassland in terms of
protein yield [3]. The economic benefits of artificial
grassland are more significant than that of natural
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termining ecosystem productivity [12]. Under the influence of factors such as soil nutrients, plant traits
will also change [13]. In the ecological process, the
various nutrient elements of soil, such as carbon, nitrogen, phosphorus, etc., are coupled with each
other. Studying the content changes of soil nutrient
elements alone cannot fully understand the characteristics of soil nutrient changes in the ecosystem.
14]. Therefore, using the stoichiometric characteristics of soil, the ratio of carbon, nitrogen and phosphorus content can show the coupling relationship
between soil nutrient element supply capacity and elements [15]. The C/N value of soil is inversely proportional to the decomposition rate of organic matter
[16], so when C/N is at a lower level, the decomposition of organic matter is faster, which is beneficial
to the mineralization of nitrogen. Soil C/P can judge
the mineralization ability of soil phosphorus. Soil
N/P is the same as plant N/P. It can be used as an
indicator to judge nutrient limitation and can also be
used to judge nitrogen saturation. N/P also affects organic matter. The decomposition rate plays a certain
role [15].
Although predecessors have done more basic
research on the impact of degraded grassland improvement on plant-soil, the current systematic research on artificial grassland plant-soil based on the
improvement of fertilization ratio is obviously lacking, especially for karst rocky desertification in
southwest China. The research on governance area is
still in the stage of sporadic exploration. The karst
mountainous area in southwest China is an important
ecological barrier in the middle and upper reaches of
the Yangtze and Pearl Rivers. The habitats of the
ecosystem are highly heterogeneous [17-18]. Longterm unreasonable human disturbance has caused serious ecosystem degradation and resulted in rocky
desertification [19], which has seriously restricted
the Regional natural socio-economic sustainable development [20-21]. Since 1999, China has implemented large-scale special projects of returning
farmland to forests and grasslands and the restoration of vegetation for the ecological control of rocky
desertification in the karst areas of the southwest.
The area of ecological measures dominated by planting artificial grassland exceeds 10,000 km2 [22-23].
However, under the background of a large number of
uninterrupted artificial grasslands, the impact mechanism of fertilization improvement methods on the
plant-soil ecosystem of rocky desertification control
and degraded grassland ecosystems in karst areas is
not yet clear. Influence mechanism to serve ecological strategies and social needs such as ecological
governance and security in fragile ecological regions
of the world.
Based on this, this study plans to take the
Huajiang Grassland Ecological Animal Husbandry
Base of the National Karst Rocky Desertification
Control Engineering Technology Research Center as
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the research area (a typical karst plateau canyon medium-strength rocky desertification area), and the
degraded imperial bamboo grass grassland plantssoil as the research area. The research object,
through field experiments and indoor analysis, using
ecological stoichiometry and other research methods, elucidates the difference characteristics of fertilization ratio on degraded grassland plants and soils,
and reveals the response mechanism of artificial
grassland plants and soils to fertilization improvement methods. Provide scientific and technological
support for the sustainable utilization of artificial
grassland in rocky desertification areas.

MATERIALS AND METHODS
Overview of the study area. The study area is
located in the Huajiang section of Beipanjiang Gorge
ƍƎ-ƍƍƍ(ƍƍƍDWWKHMXQFWLRQ
of Guanling Buyi and Miao Autonomous County
and Zhenfeng County in southwest China's Guizhou
Province. -ƍƍƍ1 ZKLFKLVDW\SLFDONDUVWSODW
eau canyon medium-strength rocky desertification
area. The karst area in the study area accounts for
87.92% of the total area, the altitude difference is
450-1450 m, and the height from the bottom to the
top of the valley is high. About 1000m away, it is a
typical karst plateau canyon area, where dolomitedominated carbonate rocks are widely exposed, the
dolomite karst landform is extremely developed, the
bedrock exposure rate is high, the terrain is broken,
and the rocky desertification is strongly developed.
The suitable arable land resources on both sides of
the canyon are insufficient, the distribution is discontinuous, the soil layer is shallow, the quality of arable
land is poor, the water retention and drought resistance are poor, the input-output ratio of traditional
agricultural land is low, and the contradiction between human and land is prominent. The primary
vegetation and secondary vegetation are mainly imperial bamboo grass, alfalfa, dragon fruit, loquat and
pepper.
Experimental Design. According to the environmental characteristics of the study area, we have
determined the typical artificial grassland of P.
chinensis for research. One kind of P. chinensis is a
typical C4 tall grass, P. chinensis, which is suitable
for growing in the study area. The imperial bamboo
grass was planted in the form of cuttings in late
March 2017. Based on previous field surveys on the
proportion of weeds in grasslands and according to
relevant literature, grasslands with a weed proportion of 20% - 50% were identified as degraded grasslands [5].
In September 2020, four fertilization treatments
were set up in the degraded grassland of the study
area, and three parallel treatments were set up in each
treatment (the aboveground vegetation and soil

10191

© by PSP

Volume 31– No. 10/2022 pages 10190-10198

physical and chemical properties of each parallel
sample were basically the same), and soil sampling
was carried out. After the soil samples, the experimental design fertilization was carried out on the imperial bamboo grass grassland according to the designed fertilization treatment. In September 2021,
the soil samples in all the quadrats were sampled
again, and this soil sample was used as the improved
soil sample. Refer to the research results of the team
to confirm the proportion of fertilizer [24]. The stubble height of the imperial bamboo grass is 13 cm.
After each grass cutting, potassium sulfate (containing K44%) and urea (containing N46%) are applied
to the grassland, and the ratio of potassium fertilizer
and nitrogen fertilizer is set to H1 representing potassium fertilizer: Nitrogen fertilizer ratio 60 kg/hm2:
60 kg/hm2 (1:1), H2 represents potash fertilizer: nitrogen fertilizer ratio 40 kg/hm2: 80 kg/hm2 (1:2), H3
represents potash fertilizer: nitrogen fertilizer ratio
30 kg/hm2: 90 kg/hm2 (1:3) and the control group (no
fertilization, CK), a total of three crops were mowed
(on May 25, June 30, and July 30, respectively).
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Data Analysis. The obtained C, N, and P data
of plants and soils were calculated with the element
unit mass ratio to obtain C/N, C/P and N/P. The data
were preprocessed by Microsoft excel 2013 software, and the carbon, nitrogen and phosphorus, nutrient contents and stoichiometric characteristics of
the plants and soils under different fertilization ratios
and different cutting stubble numbers were analyzed
by software SPSS 22.0. Data values are presented as
mean and standard deviation.

RESULTS
Effects of different fertilization ratios on the
carbon, nitrogen, and phosphorus contents of the
imperial bamboo grass. In order to comprehensively compare the C/N/P characteristics of different
fertilization ratios, we show the C/N/P changes of
each cutting of the C. chinensis in the table below
(Table 1). The characteristic analysis of C/N/P content in the imperial bamboo grass is carried out, and
the results are shown in Table 1. In the first crop, the
variation range of C content in the imperial bamboo
grass: 439.17±4.65mg/g-481.67±4.46mg/g, the second crop 421.53±3.87mg/g-465.57±0.61mg/g in the
middle, and 348.60±5.84mg/g-429.10±4.95mg/g in
the third crop. The content of C in the three stalks
was the highest in H1, indicating that the 60 kg/hm2:
60 kg/hm2 fertilization treatment had the best preservation effect on C, followed by H2, but in the third
stubble, the C content of H3 treatment was the best.
lowest content.
In the first stubble, the variation range of N content in the imperial bamboo grass: 24.23±0.22mg/g31.93±0.186mg/g, in the second stubble
20.90±0.09mg/g-27.42±0.21mg/g, in the third stubble 19.47±0.44mg/g-25.89±0.06mg/g. The content

Measurement items and methods. Forage
pre-treatment: After the forage is mowed, it is
weighed and brought back to the laboratory, put in
an oven at 105°C for 30 minutes, and then dried in
an oven at 75°C for 48 hours until the forage is dried
to a constant weight, and the forage is dried and powdered. A 40-mesh sieve was bagged for testing.
Soil sampling: The soil samples in each quadrature were sampled by the 5-point method, and the
physical soil was collected in layers with a ring
knife. Each layer was set to 10 cm. rock) and mix.
Graphite plate digestion-indophenol blue colorimetric method was used for total nitrogen in plants
and soil, graphite plate digestion-molybdenum blue
colorimetric method was used for total soil phosphorus, and potassium dichromate oxidation-external
heating method was used for organic carbon.

TABLE 1
Nutrient contents of carbon, nitrogen and phosphorus in the sagebrush under different
fertilization methods
Chemical inFertilizer ratio
First crop (mg/g)
Second crop (mg/g)
Third crop (mg/g)
dicators
C
CK
439.17±4.65
421.53±3.87
388.53±2.42
H1
481.67±4.46
465.57±0.61
429.10±4.95
H2
458.57±3.25
426.93±2.30
399.33±3.87
H3
452.50±3.50
422.83±0.15
348.60±5.84
N
CK
24.23±0.22
20.90±0.09
19.82±0.37
H1
31.93±0.18
27.42±0.21
25.89±0.06
H2
27.40±0.55
22.27±0.81
20.75±0.25
H3
25.66±0.33
21.44±0.28
19.47±0.44
P
CK
1.38±0.53
1.83±0.24
1.69±0.22
H1
1.68±0.09
1.53±0.17
1.67±0.20
H2
1.88±0.08
1.76±0.24
1.63±0.24
H3
1.52±0.12
1.53±0.27
1.44±0.06
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of N in the three stalks was the highest in H1, indicating that the 60 kg/hm2: 60 kg/hm2 fertilization
treatment had the best preservation effect on N, followed by H2. Also in the third stubble, the N content
of the H3 treatment was the best. lowest content.
In the first crop, the variation range of the P
content in the imperial bamboo grass:
24.23±0.22mg/g-1.88±0.08mg/g, in the second crop
1.53±0.17mg/g-1.83±0.24mg/g, in the third crop
1.44±0.06mg/g-1.69±0.22mg/g. The content of P in
the first crop was the highest in H2, in the second
crop was the highest in CK, and in the third crop was
the highest in CK, indicating that the preservation effect on P was the best in the natural state.
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Effects of different fertilization ratios on soil
carbon, nitrogen and phosphorus content. In order to comprehensively compare the soil C/N/P characteristics of different fertilization ratios, we show
the changes of soil C/N/P before and after fertilization in the following table (Table 3). The characteristics of soil nutrient content were analyzed, and the
results are shown in Table 1. The variation range of
soil C content before fertilization was
18.12±0.13mg/g-22.30±0.20mg/g, and the variation
range of soil C content after fertilization was
17.38±0.06mg/g- 29.23±0.23mg/g . Compared with
before fertilization, the C content of CK and H1 increased, and H1 increased significantly; the C content of H2 and H3 decreased, especially H3 decreased significantly.
The variation range of soil N content before fertilization: 0.55±0.09mg/g-0.83±0.24mg/g, and the
variation range of soil N content after fertilization:
0.60±0.07mg/g-3.00±0.26mg/g. Except for CK, the
N content of H1, H2 and H3 increased after fertilization compared with before fertilization, and CK
showed a decreasing trend.
The variation range of soil P content before fertilization: 2.94±0.57mg/g-3.10±0.14mg/g, and the
variation range of soil P content after fertilization:
0.27±0.07mg/g-0.32±0.03mg/g. The P content
showed a decreasing trend.

Effects of different fertilization ratios on
stoichiometric characteristics. In order to comprehensively compare the C/N/P characteristics of different fertilization ratios, we show the C/N/P
changes of each cutting of the C. chinensis in the table below (Table 2). The C/N/P stoichiometric characteristic analysis of C. chinensis was carried out,
and the results are shown in Table 1. In the first crop,
the C:N variation range of C. chinensis: 15.09±0.2218.12±0.29, and in the second crop 16.98±0.13 19.72±0.26, 16.57±0.16-19.60±0.25 in the third crop
. The C:N content of forage grass was the highest in
CK among the three crops, followed by H3. Except
for the second crop of CK and the third crop of H1,
C:N increased with the increase of cutting times.
In the first stubble, the C:P variation range of C.
chinensis was 244.16±8.42-347.77±113.42, in the
second stubble 233.45±35.04-307.31±32.15, and in
the third stubble 232.57±30.66-259.69±28.49. The
C:P of P. chinensis showed a decreasing trend from
the first to the third in CK and H3, but it was the opposite in H2.
In the first crop, the variation range of N:P of P.
chinensis was 14.60±0.86-19.14±6.09, 11.56±1.6118.10±1.90 in the second crop, and 11.86±1.4715.67±1.74 in the third crop. In H1 and H3, the C:P
of P. chinensis showed a decreasing trend from the
first to the third crop, while in CK and H2, the first
crop > the third crop > the second crop.

Effects of improvement methods of different fertilization ratios on soil stoichiometric characteristics. In order to comprehensively compare the soil
C:N, C:P, N:P characteristics of different fertilization ratios, we show the changes of soil C:N, C:P,
N:P before and after fertilization in the following table (Table 4). The stoichiometric characteristics of
soil nutrients were analyzed, and the results were
shown in Table 4. The variation range of soil C:N
content before fertilization: the variation range of
soil C:N before fertilization was 23.99±1.0639.89±6.54, and the variation range of soil C:N after
fertilization was 5.82±0.51-31.02±4.46. Except for
CK, C:N decreased after fertilization compared with
before fertilization, and the decrease was more obvious.

TABLE 2
The stoichiometric characteristics of P. chinensis under different fertilization methods
Chemical indicators
Fertilizer ratio
First crop
Second crop
Third crop
C:N
CK
18.12±0.29
20.17±0.24
19.60±0.25
H1
15.09±0.22
16.98±0.13
16.57±0.16
H2
16.74±0.45
19.19±0.79
19.25±0.42
H3
17.63±0.13
19.72±0.26
17.91±0.10
C:P
CK
347.77±113.42
233.45±35.04
232.57±30.66
H1
286.66±14.61
307.31±32.15
259.69±28.49
H2
244.16±8.42
245.83±35.44
248.68±37.78
H3
299.69±24.93
281.15±46.42
242.27±7.04
N:P
CK
19.14±6.09
11.56±1.61
11.86±1.47
H1
19.01±1.08
18.10±1.90
15.67±1.74
H2
14.60±0.86
12.87±2.38
12.94±2.11
H3
16.99±1.37
14.25±2.32
13.53±0.36
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TABLE 3
Nutrient contents of soil carbon, nitrogen and phosphorus under different fertilization methods
Chemical indicaFertilizer ratio
Before fertilizing
After fertilization
Mean difference
tors
(mg/g)
(mg/g)
(mg/g)
C
CK
18.12±0.13
18.42±0.93
0.30
H1
22.30±0.20
29.23±0.23
6.93
H2
21.14±0.66
20.81±0.64
-0.33
H3
21.66±0.13
17.38±0.06
-4.28
N
CK
0.76±0.04
0.60±0.07
-0.16
H1
0.83±0.24
2.47±0.21
1.64
H2
0.78±0.07
2.50±0.27
1.72
H3
0.55±0.09
3.00±0.26
2.45
P
CK
2.94±0.57
0.27±0.07
-2.67
H1
3.10±0.14
0.28±0.04
-2.82
H2
2.87±0.31
0.28±0.06
-2.59
H3
3.04±0.28
0.32±0.03
-2.73
TABLE 4
Soil stoichiometric characteristics under different fertilization methods
Chemical indicators
Fertilizer ratio
Before fertilizing
After fertilization
Mean difference
C:N
CK
23.99±1.06
31.02±4.46
7.02
H1
28.23±7.16
11.88±0.92
-16.35
H2
27.31±2.95
8.35±0.62
-18.96
H3
39.89±6.54
5.82±0.51
-34.07
C:P
CK
6.33±1.32
69.35±12.24
63.02
H1
7.19±0.33
105.95±15.22
98.76
H2
7.44±1.03
76.00±19.26
68.56
H3
7.16±0.63
55.27±5.76
48.12
N:P
CK
0.26±0.04
2.27±0.56
2.01
H1
0.27±0.08
8.89±0.73
8.62
H2
0.27±0.02
9.24±3.07
8.97
H3
0.18±0.04
9.57±1.43
9.38
The variation range of soil C:P before fertilization was 6.33±1.32-7.44±1.03, and the variation
range of soil C:P after fertilization was 55.27±5.76105.95±15.22. Compared with before fertilization,
the C:P levels increased after fertilization, and the
increase was more obvious.
The variation range of soil N:P before fertilization was 0.26±0.04-0.27±0.08, and the variation
range of soil N:P after fertilization was 2.27±0.569.57±1.43. Compared with before fertilization, the
N:P ratio increased after fertilization, and the increase was more obvious.

lowest. Except for the second crop of H1 and H2, the
average carbon content of P. chinensis in this study
was lower than the global plant carbon content of
464 g/kg[26]. The average nitrogen content of the
first and second stalks of P. chinensis was slightly
higher than the global (20.10 g/kg) and my country's
average (20.20 g/kg), and the third part of the treatment was lower than the global and my country's average levels. Except for the CK in the first crop and
the H3 treatment in the third crop, the phosphorus
content of the imperial bamboo grass was 1.46 g/kg
higher than that of plants in my country. The content
of carbon, nitrogen and phosphorus in the imperial
bamboo grass had different responses to different
fertilization ratios and different mowing periods.
The response of carbon content to different fertilization treatments was not significant, and the C content
in H1 treatment was higher than that in other treatment plots in each stubble. Different fertilization
methods had certain effects on the carbon content, as
well as nitrogen and phosphorus content of P.
chinensis, and each crop had different characteristics. The overall nutrient content of P. chinensis was
relatively stable, which may be that the response of
P. chinensis to the fertilization method had a certain
elasticity, but the overall response trend showed a
downward trend. In this study, the carbon, nitrogen

DISCUSSION
Carbon, nitrogen and phosphorus are all necessary elements for plant life activities. Generally, the
carbon content of plants is relatively stable and is not
easily disturbed by the external environment, while
nitrogen and phosphorus are greatly affected by the
environment and are prone to fluctuations [25].
Among the three elements of plant carbon, nitrogen
and phosphorus, carbon content was the highest, and
the coefficient of variation was small, followed by
nitrogen content and phosphorus content was the
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and phosphorus contents of the stubble were decreased with the increase of the number of cuttings,
which may be due to the reduction of falling objects
caused by cutting, which reduced the nutrient return
effect of carbon, nitrogen and phosphorus. . However, some studies also believe that mowing provides
effective conditions for plant recovery, significantly
increases vegetation productivity, and improves
plant growth conditions, thereby increasing nitrogen
and phosphorus nutrient content gradually. At the
same time, mowing will cause the redistribution of
nutrients in plants, because mowing removes the top
of the vegetation and part of the litter, increases the
sunlight exposure area at the base of the plant, improves the photosynthesis efficiency of this part, and
is conducive to plant growth. and nutrient content accumulation [14].
The stoichiometric characteristics of plants can
reveal the adaptive response of forages in terms of
elements in the process of ecosystem development.
At the same time, the stoichiometric characteristics
of plants can be used to judge the situation of plant
uptake of nutrient elements and the transformation
efficiency of organic matter. It is of great significance for scientific research [27]. In ecological
chemistry, both C/N and C/P of plants can reflect the
ability of plants to absorb nutrients and assimilate
carbon. The magnitude of plant C/N and C/P is related to the nutrient utilization efficiency of plants.
N/P is a key indicator that determines community
structure and function, and N/P can also be used to
determine the nutrient elements that limit productivity [14]. In this study, the C/N values of the different
fertilization treatments were 15.09±0.22 for the first
crop of H1, and the highest was 19.25±0.42 for the
third crop of H2, both lower than the national level
of 20.88 and far lower than the global level. Level
22.5, the change in CK ranged from 18.12 ± 0.29 to
20.17 ± 0.24. The average C/P values of the fertilization
treatments
were
242.27±7.04
to
307.31±32.15, which were higher than the global
level of 232. The average C/P values of the CK group
ranged from 232.57±30.66 to 347.77±113.42, showing a downward trend. The common plant N/P nutrient limitation model holds that when N/P is lower
than 14, nitrogen becomes the limiting element for
biological growth; when N/P is greater than 16,
phosphorus element becomes the limiting element
for growth; when N/P is between Between 14 and 16,
it is limited by both nitrogen and phosphorus elements [28]. In this study, the average N/P of the first
fertilization treatment group was 19.01±1.08,
14.60±0.86, 16.99±1.37, and CK was 19.14±6.09,
except that H2 was between 14 and 16. It is limited
together with phosphorus element, other treatments
are more than 14, N/P is greater than 16, phosphorus
element becomes the element that restricts the
growth of the imperial bamboo grass. The N/P of the
second crop of H1 was greater than 16, and phosphorus element became the element restricting the
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growth of P. chinensis. H3 between 14 and 16 is colimited by nitrogen and phosphorus elements, and
the rest of the treatments are N-limited. In the third
crop, except that H1 between 14 and 16 was limited
by nitrogen and phosphorus elements, all other treatments were limited by N.
The soil nutrients in this study showed a downward trend as a whole, specifically, except for H1
and CK, the C content in the soil increased after
mowing, the other treatments decreased. The N content was increased in H1 and H2 treatments, and decreased in other treatments. The P content all showed
a downward trend, and H1 decreased the most. The
results of the study were inconsistent with those of
Wu Yuqing et al. [14], who believed that mowing
was beneficial to increase soil nutrient content and
phosphorus content. This may be related to the inconsistency of the study area and the inconsistency
of forage species. The forage in this study is the tall
C4 forage grass, which may have a greater demand
for P elements, which is more consistent with the
previous research of our team [24].
The stoichiometric ratio of carbon, nitrogen and
phosphorus is an important parameter to measure the
composition of soil organic matter and the balance
characteristics of soil carbon, nitrogen and phosphorus. Before fertilization, the C/N values of the imperial bamboo grass were 23.99±1.06, 28.23±7.16,
27.31±2.95, 39.89±6.54, which were significantly
higher than the average of 12.3 in mainland China,
but after one year of mowing, C/N N was
31.02±4.46, 11.88±0.92, 8.35±0.62, and 5.82±0.51,
which were lower than the national average except
for CK. The average soil C/P values before the first
mowing were 6.33±1.32, 7.19±0.33, 7.44±1.03, and
7.16±0.63, which were far lower than the national
average of 52.7. At the end of the test period, the average soil C/P values were 69.35±12.24,
105.95±15.22, 76.00±19.26, and 55.27±5.76, which
were higher than the national average of 52.7, and
the H1 treatment increased the most. The average
soil C/N values before the first mowing were
0.26±0.04, 0.27±0.08, 0.27±0.02, and 0.18±0.04,
which were far lower than the national level of 3.9
[29]. At the end of the test period, the average soil
C/N values were 2.27±0.56, 8.89±0.73, 9.24±3.07,
and 9.57±1.43, respectively, which were higher than
the national average except for CK. C/N can reflect
soil fertility to a certain extent, and C/N affects the
decomposition process of soil organic matter. The
smaller the C/N, the faster the decomposition of organic matter, which is conducive to the accumulation
of nitrogen [30]. In the early stage of the experiment
in this study, it was shown that forage mowing was
beneficial to the decomposition of organic matter
and increased the accumulation of nitrogen, indicating that the mineralization of organic matter was better. Soil C/P can be regarded as an index to describe
the mineralization ability of soil phosphorus. The
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lower the C/P, the higher the soil mineralization ability [31]. The level of mineralization ability is determined by the decomposition rate of soil organic matter. A lower C/P is conducive to microbial decomposition of organic matter to release nutrients, thereby
promoting the increase of available phosphorus content in soil, which also means that soil phosphorus
availability is higher [16] . In this study, the soil C/P
treated by fertilization showed an increasing trend as
a whole, and showed the law of H1>H2>H3>CK.
Soil N/P can affect species composition, vegetation
productivity, community diversity, etc., as well as
the composition and activity of soil microorganisms
[32-33]. Soil N/P can be used to determine soil nutrient-limiting elements. In this study, due to the low
N/P in the early stage of the experiment, the forage
productivity in the study area may be limited by soil
nitrogen. Productivity may be attenuated by soil nitrogen limitation.

Fresenius Environmental Bulletin

REFERENCES
[1] Xiao, H., Chen, H., Chi, Y.K., (2021) Preliminary evaluation of ecosystem service value of
natural grassland in China. Fresen. Environ.
Bull. 30(3), 2670-2685.
[2] Xin, X.P., Jin, D.Y., Ge, Y., Wang, J.H., Chen,
J.Q., Qi, J.G., Chu, H.S., Shao, C.L., Murray,
P.J., Zhao, R.X., Qin, Q., Tang, H.J. (2020) CliPDWH FKDQJH GRPLQDWHG ORQJဨWHUP VRLO FDUERQ
losses of Inner Mongolian grasslands. Global
Biogeochemical Cycles. 34, e2020GB006559.
[3] Fang, J.Y., Jing, H.C., Zhang, W.H., Gao, S.Q.,
Duan, Z.Y., Wang, H.S., Zhong, J., Pan, Q.M.,
Zhao, K., Bai, W.M., Li, L.H., Bai, Y.Y., Jiang,
G.M., Huang, J.H., Huang, Z.Y. (2018) The
concept of “Grass-based Livestock Husbandry”
and its practice in Hulun Buir, Inner Mongolia.
Chinese Science Bulletin. 63(17), 1619-1631.
[4] Chi, Y.K., Song, S.Z., Xiao, H., Wang, Y.S.,
Chen, H. (2022) The comprehensive nutrition
value evaluation of common forage compositae
plant in the karst area. Fresen. Environ. Bull.
1(1A), 1370-1379.
[5] Li, L. (2020) Study on stability of karst grassland community. Beijing. Science Press.
[6] Gultekin, Y., Filley, S.J., Smallman, M.A., Hannaway, D.B., Ates, S. (2021) Pasture production, persistence of legumes and lamb growth in
VXPPHUဨGU\KLOOSDVWXUHV*UDVVDQG)RUDJH6FL
ence. 76(1), 159-172.
[7] Gusha, J., Masocha, M., Mugabe, P.H. (2017)
Impact of grazing system on rangeland condition and grazing capacity in Zimbabwe. The
Rangeland Journal. 39(3), 219-225.
[8] Lian, X., Piao, S.L., Chen, A.P., Huntingford,
C., Fu, B.J., Li, L.Z.X., Huang, J.P., Sheffield,
J., Berg, A.M., Keenan, T.F., McVicar, T.R.,
Wada, Y., Wang, X.H., Wang, T., Yang, Y.T.,
Roderick, M.L. (2021) Multifaceted characteristics of dryland aridity changes in a warming
world. Nature Reviews Earth & Environment.
2(4), 232-250.
[9] Cai, H., Li, F., Jin, G. (2020) Soil nutrients, forest structure and species traits drive aboveground carbon dynamics in an old-growth temperate fores. The Science of the Total Environment. 705, 135874.
[10] Beck, P.A., Beck, M.R., Gunter, S.A., Biermacher, J.T., Gillen, R.L. (2020) Stocking rate impacts performance and economics of grazing
beef steers on mixed-grass prairies of the Southern Great Plains. Translational Animal Science.
4(3), 1-13.
[11] Yu, Q., Chen, Q., Elser, J.J., He, N., Wu, H.,
Zhang, G., Wu, J., Bai, Y., Han, X. (2010) Linking stoichiometric homoeostasis with ecosystem
structure, functioning and stability. Ecology
Letters. 13, 1390-1399.

CONCLUSION
(1) With the increase of the number of stubble
cuttings, the C and N contents of the four treatments
showed a decreasing trend, while the P was not significant.
(2) The stoichiometric characteristics of plants
and soils will vary greatly depending on the number
of stubble cuttings. There are some differences in the
stoichiometric characteristics of the forage grass in
the three mowing times in this study. In the later
stage, we can carry out more scientific fertilization
treatment according to the forage grass production.
(3) Fertilization will change the growth-limiting elements of forage grass in the soil. In the future,
more attention should be paid to the ecological stoichiometric characteristics of the long-term growth
cycle of forage grass.

ACKNOWLEDGEMENTS
The acknowledgement is for the supports by the
Guizhou Province High-level Innovative Talent
Training Plan "Hundred" Level Talents Qiankehe
Platform Talents [(2016)4024]; Natural Science Research Project of Education Department of Guizhou
Province [Qianjiaohe KY Zi (2022) 157]; Academic
New Seedling Fund Project of Guizhou Normal University (Qianshi Xinmiao B15); Research on the Policy System and Working Mechanism of Poverty Alleviation and Relocation in Karst Mountain Areas(Qian Jiaohe KY Zi [2017] No. 126); Guizhou
Province Graduate Education Innovation Program
(Qianjiaohe YJSKYJJǒ2021Ǔ097). We thank Dr.
Changhui Zou for his funding and overall guidance
on this research.

10196

© by PSP

Volume 31– No. 10/2022 pages 10190-10198

[12] Mayel, S., Jarrah, M., Kuka, K. (2021) How
does grassland management affect physical and
biochemical properties of temperate grassland
soils? A review study. Grass and Forage Science.
76(1), 215–244.
[13] Seibold S., Gossner M.M., Simons, N.K., Bluthgen, N., Muller, J., Ambarli, D., Ammer, C.,
Bauhus, J., Fischer, M., Habel, J.C., Linsenmair,
K.E., Nauss, T., Penone, C., Prati, D., Schall, P.,
Schulze, E.D., Vogt, J., Wollauer, S., Weisser,
W.W. (2019) Arthropod decline in grasslands
and forests is associated with landscape-level
drivers. Nature. 574(7780), 671-674.
[14] Wu, Y.Q. (2020) Effects of different utilization
methods on stoichiometric characteristics in the
grassland ecosystem of Hulunbuir. Beijing, Beijing Forestry University.
[15] Liu, X.H., Gong, Y.Q., Chen, W.F., Huang,
B.H., Zhu, R.S. (2018) C, N and P stoichiometry
of typical plants and soils in the Yellow River
Delta Natural Reserve. Chinese Journal of EcoAgriculture. 26(11), 1720-1729.
[16] Wang, S.Q., Yu, G.R. (2008) Ecological stoichiometry characteristics of ecosystem carbon, nitrogen and phosphorus elements. Acta Ecologica Sinica. 28(8), 3937-3947.
[17] Tang, X.G., Xiao, J.F., Ma, M.G., Yang, H., Li,
X., Ding, Z., Yu, P.J., Zhang, Y.G., Wu, C.Y.,
Huang, J., Thompson, J.R. (2022) Satellite evidence for China's leading role in restoring vegetation productivity over global karst ecosystems.
Forest Ecology and Management. 507, 120000.
[18] Xiong, K.N., Xiao, J., Zhu, D.Y. (2022) Research progress of agroforestry ecosystem services and its implications for industrial revitalization in karst regions.Acta Ecologica Sinica.
41(3), 851-861.
[19] Jiang, Z.C., Lian, Y.Q., Qin, X.Q. (2014) Rocky
desertification in Southwest China: Impacts,
causes, and restoration. Earth Science Reviews.
132, 1-12.
[20] Li, S.L., Xu, S., Wang, T.J., Yue, F.J., Liu, C.Q.
(2020) Effects of agricultural activities coupled
with karst structures on riverine biogeochemical
cycles and environmental quality in the karst region. Agriculture, Ecosystems & Environment.
303, 107120.
[21] Wang, K.L., Yue, Y.M., Chen, H.S., Wu, X.B.,
Xiao, J., Qi, X.K., Zhang, W., Du, H. (2019)
The comprehensive treatment of karst rocky
desertification and its regional restoration effects. Acta Ecologica Sinica. 39(20), 74327440.
[22] Qiao, Y.N., Jiang, Y.J., Zhang, C.Y. (2021)
Contribution of karst ecological restoration engineering to vegetation greening in southwest
China during recent decade. Ecological Indicators. 121, 107081.

Fresenius Environmental Bulletin

[23] Liu, M., Bai, X.Y., Tan, Q., Luo, G.J., Zhao,
C.W., Wu, L.H., Hu, Z.Y., Ran, C., Deng, Y.H.
Monitoring impacts of ecological engineering
on ecosystem services with geospatial techniques in karst areas of SW China. Geocarto International
Doi:10.1080/10106049.2021.1903580.
[24] Song, S.Z. (2019) Study on coupling of degraded grassland improvement and semi-house
feeding cattle and sheep in the karst rocky desertification area. Guiyang, Guizhou Normal
University.
[25] Sterner. (2002) Ecological stoichiometry.
Princeton, Princeton University Press.
[26] Elser, J.J., Fagan, W.F., Kerkhoff, A.J., Enquist,
N.G.S.A. (2010) Biological stoichiometry of
plant production: metabolism, scaling and ecological response to global change. New Phytologist. 186(3), 593-608.
[27] Sinsabaugh, R.L., Lauber, C.L., Weintraub,
M.N., Ahmed, B., Zeglin, L.H. (2008) Stoichiometry of soil enzyme activity at global scale.
Ecology Letters. 11(11), 1252-1264.
[28] Koerselman, W., Meuleman, A. (1996) The
Vegetation N:P Ratio: a New Tool to Detect the
Nature of Nutrient Limitation. Journal of Applied Ecology. 33, 1441-1450.
[29] Tian, H., Chen, G., Chi, Z., Melillo, J.M., Hall,
C.A.S. (2010) Pattern and variation of C:N:P ratios in China’s soils: a synthesis of observational
data. Biogeochemistry. 98(s1-3), 139-151.
[30] Luo, Y.L., Li, Q.Q., Wang, C.Q., Zhang, W.,
Zhang, H., Li, X.L., Chen, J.W., Ma, Y. (2015)
Spatial variability of soil C/N ratio and its influence factors at a county scale in hilly area of
Mid-Sichuan Basin, Southwest China. Chinese
Journal of Applied Ecology. 26(1), 177-185.
[31] Wu, J.G., Han, M., Chang, W., Ai, L., Chang,
X.X. (2007) The mineralization of soil nitrogen
and its influenced factors under alpine meadows
in Qilian Mountains. Acta Prataculturae Sinica.
16(6), 39-46.
[32] Wu, W., He, X.D., Zhou, Q.X. Review on N: P
stoichiometry in eco-system. (2010) Journal of
Desert Research. 30(2), 296-302.
[33] Xiao, X.M., Chang, S.H., Jia, Q.M., Peng, Z.C.,
Zhang, C., Liu, Y.J., Wu, E.P., Hou, F.J. (2021)
Effects of utilization modes, planting patterns,
and nitrogen applications on the yield and quality of perennial forage. Pratacultural Science.
38(4), 703-715.

10197

© by PSP

Received:
Accepted:

Volume 31– No. 10/2022 pages 10190-10198

07.06.2022
25.07.2022

CORRESPONDING AUTHOR
Jiahai Wu
Postdoctoral Workstation,
Guizhou Academy of Agricultural Sciences,
Guizhou Institute of Animal Husbandry and
Veterinary Medicine,
Guiyang 550002 – China
e-mail: wujhgzxms@163.com

10198

Fresenius Environmental Bulletin

© by PSP

Volume 31– No. 10/2022 pages 10199-10209

Fresenius Environmental Bulletin

RESEARCH ON THE DAMAGE MECHANISM OF LOWER
PALEOZOIC RESERVOIRS IN CHANGQING GAS FIELD
Ping Chen1, Xiaofeng Dang2, Yaogang Zhang3, Zhigang Wang3, Huaibing Chen1, Yan Xue1, Hui Mao4,*
1

Drilling & Production Technology Research Institute, CNPC Chuanqing Drilling Engineering Company Limited, Xi’an 710018, China
2
NO.1 Gas Extraction Plant, CNPC Changqing Oilfield Company, Jingbian 718500, China
3
NO.6 Gas Extraction Plant, CNPC Changqing Oilfield Company, Yanan 716000, China
4
College of Energy Resources, Chengdu University of Technology, Chengdu 610059, China

sources (external) and composite damage sources
(interaction between internal and external damage
sources) [1-3]. Internal factors are related to the internal properties of the reservoir, such as reservoir
microstructure and sensitive minerals [4-5]. External
factors refer to various external operating factors,
mainly including the nature of the invading fluid, operating pressure difference and temperature [6-7].
The specific forms of reservoir damage include: reservoir damage caused by the migration of solid phase
particles (external and internal); damage caused by
the incompatibility of foreign fluids with reservoir
rocks and reservoir fluids; damage to the reservoir
by microorganisms [8-9].
Another manifestation of water lock damage is
the phenomenon of capillary self-absorption. Due to
the poor porosity and permeability properties of lowpermeability oil and gas reservoirs and small pore
throats, the capillary force is strong, and capillary
self-priming is prone to occur [10-11]. Due to the existence of high capillary force, the self-absorbed liquid phase is difficult to drive out and stays in the pore
throat, resulting in the water phase retention effect,
which in turn causes the phenomenon of water lock
[12-13].
The damage of fracturing fluid to low-permeability reservoirs is mainly to damage the bedrock and
fracture walls and the fracture proppant packing
layer [14-15]. For the bedrock or fracture wall, fracturing fluid causes formation damage in the form of
filtrate and filter cake; for fractures, it is mainly the
retention of fracturing fluid residue, unbroken fracturing fluid and high-viscosity residual fluid, which
affects proppant filling. The entry of fracturing fluid
filtrate into the formation will cause physical-chemical changes in formation rock minerals [16-17].
Reservoir damage that can result from stimulation operations is caused by residues, fluid retention,
and formation and working fluid incompatibility
[18-19]. The use of low-retention gelling agents can
significantly reduce the damage of fracturing fluid to
fracture flow capacity and matrix permeability near
fracture walls. High-severity organics and alcohols
are especially suitable for water-sensitive reservoirs.
In addition, fluid loss of fracturing fluids in high-permeability gas reservoirs can cause a reduction in

ABSTRACT
In recent years, the number of shut-down wells
in China's Changqing Gas Field has been increasing
at a rate of 3% of the total number of wells every
year, which seriously affects the stable production of
natural gas in the gas field. Among them, the number
of shut-down gas wells caused by reservoir damage
is the largest, which seriously affects the productivity of gas wells. In this paper, the damage mechanism
of the reservoir is clarified on the basis of the systematic evaluation of the geological characteristics
of the cores of the lower Paleozoic tight sandstone
reservoir in Changqing Oilfield. The research results
show that in the early stage of well construction, the
lower Paleozoic reservoir cores have weak high temperature and high pressure flow velocity sensitivity,
acid sensitivity and alkali sensitivity damage. For
moderate-to-strong high-temperature and high-pressure water-sensitive damage and moderate-to-weak
high-temperature and high-pressure salt-sensitive
damage, the salinity of the fluid entering the well
should be guaranteed to be 40323.5 mg/L ~ 69126
mg/L. It can avoid too high or too low mineralization
to cause clay minerals to hydrate, disperse or fall off,
block small throats and micro-fractures, and then reduce reservoir permeability. In addition, the Paleozoic reservoir cores in the study area have strong
stress-sensitive damage. Therefore, with the gradual
increase of the production time, the decrease of the
reservoir pressure and the decrease of the production
pressure difference will further aggravate the stress
damage of the reservoir, and finally cause the rapid
decrease of the reservoir permeability and gas production in the near-wellbore zone.

KEYWORDS:
Formation water environment, water lock damage, reservoir damage, sensitivity analysis, permeability

INTRODUCTION
Reservoir damage is a complex system engineering, which is the result of internal damage
sources (inherent in the reservoir), external damage
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flow rates in gas wells. In some cases, the fluid damages the formation more severely during the fracturing process [20-21]. Therefore, the gas flow rate can
be severely reduced, especially for medium to high
permeability formations (10-50 mD). Moreover, various improper treatment parameters in fracturing
construction (such as fracturing fluid viscosity, injection rate, injection time and support concentration, etc.) will cause damage to the fracturing layer
[22-23].
There are inevitably all kinds of solid phase
particles in drilling fluid, some of which are necessary components, and some are harmful solid phases
that are not removed. After they invade the oil and
gas layer, they will inevitably deposit and bridge the
throat of the oil and gas layer, thereby causing blockage [23-24]. The process and law of this blockage
(its physical model and mathematical model) are the
main contents of its mechanism research. The liquid
phase entering the oil and gas layer will inevitably
interact with the sensitive substances in the throat of
the rock cavity, especially the clay minerals, thereby
causing various damages. Such damages are actually
the performance of reservoir sensitivity. When the
salinity of the aqueous solution entering the formation is lower than the criticality of the formation,
for example, when the freshwater drilling fluid encounters montmorillonite, damages such as clay hydration, lattice expansion, dispersion, migration, and
shedding will occur [25]. If the fluid flow rate of the
drilling fluid is high, and when it encounters minerals such as clay minerals, microcrystalline quartz,
and microcrystalline feldspar, it will cause damage
to the oil and gas formation such as dispersion and
migration. The original particles in the formation
will come into contact with the particles brought in
by the working fluid, and new particles will be produced by the interaction between the working fluid
and the rock. New particles generated by changes in

Serial
number
1
2
3
4
5
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formation temperature, pressure and other conditions
flow in the water phase and the oil phase, and further,
the two-phase and multi-phase flow may cause migration, deposition, blockage and other damage to
the oil and gas layers.

MATERIALS AND METHODS
Porosity and permeability. The basic physical
property of the reservoir is an important parameter
for evaluating the reservoir, and it is also one of the
important parameters for the evaluation of reservoir
damage, drilling and completion, and the design of
reservoir fracturing. According to the industry regulations of SY/T-5336-2010, the experiments measured the length, diameter, porosity, permeability and
other parameters of a total of ten groups of cores in
the Lower Paleozoic strata in the study area. The experimental results are shown in Table 1.
From the experimental data in Table 1, it can be
seen that the porosity and permeability of the Lower
Paleozoic reservoirs in the study area are generally
low. The lower Paleozoic reservoir core has a porosity distribution of 0.07%-4.54%, an average porosity
of 1.634%, a permeability distribution interval of
0.001mD-2.2258 mD, and an average permeability
of 0.4802 mD. This indicates that the Lower Paleozoic reservoir in the study area has the characteristics
of low porosity, low permeability and strong heterogeneity.
Mineral composition analysis. Whole-rock
mineral X-diffraction whole-mineral composition
analysis was carried out on the wellbore scaling
powder samples from the Lower Paleozoic strata in
the study area. The experimental results are shown
in Table 2.

TABLE 1
Physical parameters of the cores from the Lower Paleozoic in the study area.
Length
Diameter
Skeleton volPore volume
PorosPermeability
Well
(cm)
(cm)
ume (cc)
(cc)
ity(%)
(mD)
T101
5.206
2.472
24.986
24.7696
0.86
0.1634
J17
5.334
2.472
25.600
25.4020
0.77
0.0044
S58
5.086
2.472
24.410
23.3018
4.54
0.0072
S477
5.266
2.482
25.479
25.4616
0.07
0.0010
S255
5.248
2.482
25.391
24.8996
1.93
2.2258

TABLE 2
Whole-rock mineral X-diffraction test results of powders from Lower Paleozoic reservoir cores in the
study area (unit: %).
Serial
Potassium
PlagioCalAnDoloAnhy- SiderWell Quartz
Clay
number
feldspar
clase
cite
kerite
mite
drite
ite
1
S255 4.20
0.00
0.66
0.64
0.00
88.13
0.00
0.00 4.81
2
T101 10.93
0.00
0.36
18.88 0.00
59.77
0.00
0.00 8.60
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TABLE 3
Basic information on cores used in high temperature sensitivity evaluation experiments.
Serial number
Well
Test items
Porosity (%)
Gas permeability (mD)
1
T101
Flow sensitivity
0.86
0.1634
2
S58
Salt sensitivity (decreased salinity)
4.54
0.0072
3
4
5

S58
S255
J17

Salt sensitivity (increased salinity)
Alkali sensitivity
Acid sensitivity

It can be seen from the experimental results that
the core components of the Ma 5 Member of Well
S255 are mainly dolomite, 4.2% quartz, 4.8% clay
minerals, and a small amount of plagioclase and calcite. The core components of Ma5 Member in Well
T101 are mainly dolomite, calcite 18.9%, quartz
10.9%, clay minerals 8.6%, and a small amount of
plagioclase.

4.54
1.93
0.77

0.0072
2.2258
0.0044

RESULTS
Mineral composition. The experiments were
carried out according to the standard of "SY/T 53682000 Identification of Rock Thin Sections". The
analysis of the experimental results of the rock sample thin section from Well S255 is shown in Figure
1. As shown in Figure 1, the samples from Well S255
have a micrite structure. The rock is mainly composed of calcite minerals (about 85%), most of
which have a micrite structure, and the grain size is
mostly less than 0.01 mm. Some calcites are randomly distributed in the rock in the form of needles
and columns, and some calcites are distributed locally in the form of bright grains and aggregates, and
the grains can reach 1.2 mm. Dolomite (about 15%)
is mostly euhedral and scattered in micrite calcite,
and part of it is replaced by calcite. A small amount
of pyrite is mostly scattered in the rock in granular
form, and a small amount of organic matter is filled
between the calcite grains in the gypsum pseudocrystal.

High temperature and high pressure sensitivity evaluation experiments. In this study, nitrogen gas was selected as the flow medium combined
with the characteristics of low permeability gas reservoirs, and the gas permeability under the irreducible water saturation of the core was used as the initial
permeability. According to the temperature and pressure data of the reservoir of the target layer in the
study area, the formation temperature is set to 105110°C, and the net confining pressure is set to 2
MPa. A low-osmotic sensitivity evaluation tester
(the flow range of the instrument is 0.01-45 mL/min,
the test accuracy is 0.1% F·S, and the maximum temperature is 180 °C) is used to carry out the high-temperature and high-pressure sensitive flow experiment.
The core information is shown in Table 3.

FIGURE 1
Thin-section analysis results of samples numbered 8-16/22 from Well S255.

10201

© by PSP

Volume 31– No. 10/2022 pages 10199-10209

Test items
Sodium
Magnesium
Aluminum
Calcium
Manganese
Iron
Barium
Fluoride
Chloride
Nitrate
Sulfate
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TABLE 4
Test results of the water samples on site.
Formation water samples from Well
Formation water samples of well
G40-6 (mg/L)
G26-19 (mg/L)
3.39×103
380
1.62×103
63.3
9.58
6.1
7.94×103
625
2.67
0.284
97.3
20.3
128
14.6
˘0.600
˘0.600
1.98×104
1.05×103
89.0
˘1.60
38.8
˘1.80

Formation water composition. The ion analysis of the formation water samples can provide
basic data for the later study of the damage mechanism of the reservoir fluid to the reservoir. The experimental results are shown in Table 4.

possibility of particle migration in the pore throat is
low. However, micro-fractures are developed in the
reservoir, and the particles on the fracture surface
fall off, potentially causing a certain degree of velocity-sensitive damage [17-18]. The test data show that
the permeability of the core changes little with the
increase of the flow rate, and the final core velocitysensitive damage rate (1-Ki/K0) under high temperature and high pressure conditions is 19.2%, which
belongs to weak damage and has no critical flow
rate.

Discussion. (1) Evaluation of HTHP flow velocity. In the high temperature and high pressure velocity sensitivity experiment, the core was heated to
105-110 °C, and then the confining pressure was applied to 2 MPa, and nitrogen was injected into the
core at different injection rates to measure the core
permeability under different gas flow rates. The initial permeability is K0, and the permeability is Ki under different flow rates. The Ki/K0 ratio is used to
judge the sensitivity of the reservoir core to the flow
rate and determine the critical flow rate of the reservoir. The experimental results are shown in Figure 2.
The clay minerals in the Paleozoic reservoirs in
the study area are mainly illite/smectite mixed layer
and illite. They are filled between the quartz particles. The pore throat of the reservoir is small, and the

(2) Evaluation of HTHP water sensitivity.
Water sensitivity refers to the phenomenon that
when the external fluid incompatible with the formation enters the formation, it causes the formation
clay to expand, disperse and migrate, resulting in a
decrease in permeability. The strength of formation
water sensitivity damage is mainly evaluated by
evaluating the damage of reservoir permeability
when salinity decreases [21-23].

FIGURE 2
Experimental curve of velocity sensitivity of high temperature and high pressure.
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FIGURE 3
Experimental curve of water sensitivity of high temperature and high pressure.
In this experiment, the simulated formation water of the Paleozoic formation in the study area (8590
mg/L NaCl, 13720 mg/L MgCl2·6H2O, 22034 mg/L
CaCl2, 1740 mg/L FeCl3, total salinity 46084 mg/L)
was used as the initial point, and then measure its
permeability, recorded as K0. At the same time, distilled water and simulated formation water were
mixed in proportion to obtain eight fluids with different salinities, namely 7:8 formation water salinity,
6:8 formation water salinity, 5:8 formation water salinity, 4:8 formation water salinity, 3:8 formation
water salinity, 2:8 formation water salinity, 1:8 formation water salinity, distilled water. The above
fluid permeability Ki is measured, and the water sensitivity of the core is judged by the ratio of Ki/K0. As
the salinity decreases, when the ratio of the core permeability to the initial permeability is greater than
20%, the previous point of the salinity is the lower
limit critical salinity. The evaluation results are
shown in Figure 3.
The Paleozoic reservoirs in the study area have
high contents of illite and illite/smectite mixed layers. When these water-sensitive clay minerals are in
contact with the low salinity fluid invading the reservoir, they are prone to hydration expansion, dispersion or shedding, which reduces or even blocks the
pore throat or micro-fracture space of the reservoir.
From the test data, it is shown that with the test brine
salinity from the simulated formation water salinity
to the 4:8 formation water salinity, and then to distilled water, the final permeability damage rate is
45.8%. That is to say, the reservoir has suffered high
temperature and high pressure water sensitive damage, and the damage is moderately strong. When the
salinity decreased from 40323.5 mg/L to 34563
mg/L, the permeability change rate of the core

reached 20%, and the lower critical salinity was determined to be 40323.5 mg/L.
(3) Evaluation of HTHP salt sensitivity. In
this experiment, the salinity of the simulated formation water (23042 mg/L) was increased by 1/4 until the critical salinity was measured. With the increase of salinity, when the ratio of core permeability
to initial permeability is greater than 20%, the previous point of this salinity is the upper limit critical salinity. The evaluation results are shown in Figure 4.
The results of high temperature and high pressure salt sensitivity experiments show that the final
core permeability change rate is 41%, the salt sensitivity damage rate is 59%, and the salt sensitivity degree of rock samples is generally moderate to strong.
It shows that high salinity fluids can also cause reservoir damage when they come into contact with the
formation. According to the standard of reducing the
permeability by 20%, it can be determined that the
upper limit critical salinity is 69126 mg/L when the
salinity increases. Combined with the lower limit
critical salinity in the water sensitivity evaluation,
the salinity of the fluid entering the well should be
guaranteed to be 40323.5 mg/L ~ 69126 mg/L. In
this way, excessively high or low mineralization can
prevent clay minerals from hydrating, dispersing or
falling off, blocking small throats and micro-fractures, and reducing reservoir permeability [19-21].
(4) Evaluation of HTHP acid sensitivity. The
high temperature and high pressure acid sensitivity
experiment uses simulated formation acidification
fluid (15% hydrochloric acid) as the flowing medium. It takes the permeability of the initial test as
the initial point K0, and then reversely injects acidizing liquids of different volume multiples. The
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FIGURE 4
Experimental curve of salt sensitivity of high temperature and high pressure.

FIGURE 5
Experimental results of acid sensitivity at high temperature and high pressure.
permeability of each experimental point is Ki. The
acid sensitivity of the reservoir can be judged by
comparing the Ki/K0 ratio with the change range of
the permeability of the rock samples before and after
acid injection. The experimental results are shown in
Figure 5.
The Paleozoic reservoir in the study area contains a small amount of chlorite, which is a mineral
sensitive to hydrochloric acid. When the reservoir is
acidified, the acid reacts with the sensitive minerals
of the reservoir. It not only changes the reservoir
structure, but at the same time the released particles
may form precipitation again, causing secondary
damage and plugging the pore throats and micro-

fractures of the reservoir. The experimental results
show that the high temperature and high pressure
acid-sensitive damage rate of the Paleozoic reservoir
simulated acidification fluid in the study area is
11.8%, which is a weak acid-sensitive damage.
(5) Evaluation of HTHP alkali sensitivity.
The purpose of alkali-sensitivity evaluation is to
clarify the critical value of alkali-sensitivity and the
corresponding degree of damage, so as to provide a
basis for the design of various well-entry fluids. In
the high temperature and high pressure alkali sensitivity evaluation experiment, potassium chloride so-
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lution with different pH values was used as the flowing medium, the fluid permeability at pH=7 was the
initial point K0, and the fluid permeability measured
at different pH values was the fluid permeability Ki.
As the pH value increases, when the ratio of the core
permeability to the initial permeability is greater
than 20%, the point b efore the pH value is the critical pH value. The experimental evaluation results are
shown in Figure 6.
The experimental results show that when the
pH value increases to 12, the permeability change
rate of the core is 25.4%, high temperature alkali sensitive damage occurs, and the critical pH value is 11.
When the alkalinity of the fluid entering the oil and
gas layer is too high, it will destroy the structure and
occurrence of clay minerals in the reservoir, thereby
blocking the reservoir and causing damage. The pH
value of the fluid entering the well should be controlled not to be higher than 11.
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In the experiment, the experimental temperature (110 °C) and the displacement pressure were
kept unchanged:
1) Change the net confining pressure to 2 MPa,
3 MPa, 5 MPa, 8 MPa, 12 MPa, 17 MPa, 23 MPa in
turn, and each pressure point lasts for 30 min. After
the flow state becomes stable, record the detection
data and measure the permeability of the rock sample;
2) Slowly reduce the net confining pressure
value to 17 MPa, 12 MPa, 8 MPa, 5 MPa, 3 MPa, 2
MPa in turn, and each pressure point lasts for 30 min.
When the flow state becomes stable, record the test
data and measure the permeability of the rock sample.
The evaluation results are shown in Figures 7
and Figure 8. The test results show that the maximum core permeability damage rate is 97.91% in the
process of simulating the change of net stress with
the change of confining pressure. It is a strong high
temperature and high pressure stress sensitive damage. In addition, the critical stress is 2 MPa, and the
irreversible permeability damage rate is 36.39%,
which is moderate to weak irreversible damage.

(6) Sensitivity evaluation of variable confining compression stress. In this study, the high-temperature stress sensitivity evaluation under two loading methods was carried out for the low-porosity and
low-permeability gas reservoirs in Changqing Paleozoic reservoirs. The basic information of the cores
used is shown in Table 5.

TABLE 5
Basic information of cores for high temperature stress sensitivity evaluation.
Serial number
Core number
Porosity (%)
Gas permeability (mD)
1
No. 4-14/55 of T101 well
0.86
0.1634

FIGURE 6
Experimental results of alkali sensitivity of high temperature and high pressure.
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FIGURE 7
Experimental results of stress sensitivity at high temperature and high pressure.

FIGURE 8
Change characteristics of permeability ratio under the condition of changing confining pressure.
(7) Water lock damage mechanism. The core
core from Well S225 was selected after the core aging experiment. Nitrogen was used as the flowing
medium, and the gas permeability under the irreducible water saturation of the core was used as the initial permeability to evaluate the influence of water
saturation on the gas permeability. The specific experimental steps are:
1) Determination of initial gas permeability; 2)
Cores are saturated with formation water, and drying
methods are used to establish different core water
saturations. Load the core into the core holder, and
remove the core after measuring the gas permeability
when the change rate of the displacement pressure,

flow rate and gas humidity is less than 2%. The gravimetric method was used to calculate water saturation.
Equation (1) is used to calculate the permeability damage rate caused by water lock:

Dwb

K 0  K min
u 100%
K0

(1)

In the formula, Dwb is the maximum permeability damage caused by water lock, %; K0 is the initial
permeability of the core, mD; Kmin is the core permeability when the water saturation increases to nearly
100% saturation, mD.
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FIGURE 9
Test results for core-flooded water lock damage.
The test results are shown in Figure 9. It can be
seen from Figure 9 that with the increase of water
saturation, the gas permeability of the lower Paleozoic low-permeability cores in the study area decreases rapidly. The average initial water saturation
of the Lower Paleozoic is 21.6% (logging interpretation), and the average irreducible water saturation is
31.6% (logging interpretation). The regression analysis shows that when the water saturation increases
from the initial water saturation to the irreducible
water saturation, the permeability damage rate is
65.4%, and when the water saturation continues to
increase to nearly 100% saturation, the permeability
damage rate is 95.7% , which is a strong water lock
damage.

moderate-to-strong high-temperature and high-pressure water-sensitive damage and moderate-to-weak
high-temperature and high-pressure salt-sensitive
damage, the salinity of the fluid entering the well
should be guaranteed to be 40323.5 mg/L ~ 69126
mg/L. It can avoid too high or too low mineralization
to cause clay minerals to hydrate, disperse or fall off,
block small throats and micro-fractures, and then reduce reservoir permeability.
(3) The Paleozoic reservoir cores in the study
area have strong stress-sensitive damage. Therefore,
with the gradual increase of the production time, the
decrease of the reservoir pressure and the decrease
of the production pressure difference will further aggravate the stress damage of the reservoir, and finally cause the rapid decrease of the reservoir permeability and gas production in the near-wellbore
zone.
(4) The evaluation results of water lock damage
show that the reservoir space of the Lower Paleozoic
in the study area is dominated by irreducible water,
and the initial water saturation is lower than that of
the binding technique. The external fluid is prone to
self-priming and stays in the pore throats and microcracks, causing serious damage to the water lock.

CONCLUSIONS
(1) In this study, the water quality of the Upper
Paleozoic formation water in Changqing Oilfield
was analyzed, and the results showed that its water
type was CaCl2 type. Mineral analysis experiments
show that the average clay mineral content of the
Lower Paleozoic core is 2.86%, and the maximum
content is 8.6%. Therefore, it has certain hydration
swelling characteristics and potential reservoir damage risk. Thin section experiments show that the rock
types of the Lower Paleozoic are mainly fine powder
crystal dolomite, micrite dolomite, lime-bearing micrite dolomite and breccia dolomite. Among them,
the fine powder crystal dolomite has a fine powder
crystal structure, and micro-cracks and micro-pores
are relatively developed.
(2) In the early stage of well construction, the
lower Paleozoic reservoir cores have weak high temperature and high pressure flow velocity sensitivity,
acid sensitivity and alkali sensitivity damage. For
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ABSTRACT

INTRODUCTION

Sediment heavy metals are significant for
global seafood safety and human health, and there is
no research detailing the characteristics and sources
of sediment heavy metals in remote island areas.
Sediments in the northern four-island area of Yantai,
China were sampled. Enrichment factor (EF), Geoaccumulation index (Igeo), Potential ecological risk
(ER) and Risk index (RI) were used to assess the
contamination. Generally, sediment Cr, Cu, Pb, Zn,
Co and Hg are no or minor enrichment (EF<3), no
pollution (Igeo<0) and low potential ecological risk
(ER<40). Besides, 20.87% Cd and 10.43% As are
moderate enrichment (3<EF<5), 36.63% Cd are no
to moderate pollution (0<Igeo<1), and 44.55% Cd and
7.92% Hg falls within a moderate potential risk
(40<ER<80). However, the average sediment heavy
metals are lower than those in shallow sea in China
except Cd. All heavy metals in the samples fall
within the safety standards referencing to the Oceanic Sediment Quality of China. Such facts indicate
the sediments have low heavy metal levels because
of the remote distance and fewer anthropogenic inputs. Correlation and Principal Component Analysis
(PCA) are used to identify the sources of heavy metals. The prevailing culturing activities slow down
ocean current and cause fine sediment, which deeply
affects sediment Cr, Cu, Pb, Zn, Co, Cd and Hg levels. Additionally, the daily pollution discharge is another source of sediment Hg and Cd, and shipping is
another source of sediment Pb. Sediment As is not
influenced by grain sizes, but by the ocean current.
The findings provide information on the scientific
management, development and utilization of marine
space in remote island areas.

Heavy metals are toxic to creatures and human
bodies. Heavy metals are not easy to degrade, and
can subsequently accumulate in organisms. Heavy
metals can bind to cells and proteins once they enter
the human body, resulting in canceration, dysmorphosis and mutation[1]. Heavy metals are considered
to be one of the most severe threat to ecological system and human health[2].
The ocean provides numerous food for humans.
It is predicted that global ocean products will reach
2100-4400×104 tons in 2050, accounting for 12-25%
of the total demand of meat[3]. The heavy metals in
the ocean environment deeply affect global food
safety and human health. Generally, heavy metals in
the ocean are mainly in dissolved and particulate
forms. Among which, particulate form, depositing in
sediment, almost accounts for 80-90%[4]. The stability of sediment heavy metals is governed by a series of physical and chemical conditions, such as pH,
salinity, temperature and redox. Sediment heavy
metals can be released into the water through co-precipitation, adsorption, ion exchange or complexation,
and enter seafood when these conditions change[56]. Therefore, the pollution assessment and sources
of heavy metals in ocean sediments are significant
for seafood quality.
Sediment heavy metals are the results of complex origins, including natural origins such as runoff,
atmospheric precipitation, weathering, waves and
wind bioturbation, and anthropogenic activities such
as transportation, industries, fuel production, sludge
dumping, agricultural activities and wastewater[7-9].
Moreover, pollution degree and its source are also
linked to the surrounding background as industrial
types, geological parents, agricultural patterns and so
on. So, sediment heavy metals in different regions
must have different sources because of the different
backgrounds.
Sediment heavy metals are concerned because
of the dense population and huge economy along
coastal areas. A series of related researches in coastal
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areas has been documented in China, such as in
Jiaozhou Bay, Weihe, Yangtze Estuary, Pearl River,
Bohai Sea, Dongshan Bay, Sansha Bay, Beibu Gulf,
Sanya Bay and Laizhou Bay[10-18]. Most of these
studied areas are near the mainland, and the remote
island areas are hardly mentioned. However, the islands far away from the mainland are generally characterized by low-density populations and inconvenient transportation. Fishing, culturing and tourism
are prosperous, and agriculture and industry are undeveloped on these islands. The sources of sediment
heavy metals in remote island areas differ greatly
from other areas. But there is no research detailing
the characteristics and sources of sediment heavy
metals in remote island areas.
On the basis mentioned above, the northern
four-island area of Yantai, an area far away from the
mainland, is selected. The sediment heavy metals are
assessed, and the possible sources are discussed,
with the aims to: (1) characterize the levels and distribution of typical heavy metals in this area; (2) assess the sediment quality and potential ecological
risk through Enrichment Factor (EF), Geo-accumulation index (Igeo), Potential ecological risk (ER) and
risk index (RI); and (3) discuss the possible sources
of sediment heavy metals through correlation and
principal component analysis (PCA).
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9300T Laser Particle Sizer after the dispersion by
HCl, H2O2 and (NaPO3)6. Sediment pH were measured at the solid-to-liquid ratio of 1:2.5. The sediments were ground into particles of less than 200
mesh for other analysis. X-ray Fluorescence Spectrometry (XRF) was used to determine Al2O3, Fe2O3,
Cr, Li, Be, Cu, Mn, Ni, Cd, P, Pb, B, Ti, V and Zn.
Inductively-Coupled Plasma Mass Spectrometry
(ICP-MS) was used to analyze Co, Mo and Sc.
Kjeldahl Distillation Volumetric Method was used
for the analysis of Nitrogen (N). K2Cr2O7 volume
method was used to analyze organic matter (OM).
As and Hg was determined using Atomic Fluorescence Spectrometry (AFS). Sediment F was analyzed by Ion Selective Electrode (ISE). Parallel samples, blanket samples and standard samples were
also analyzed for quality control, and the errors were
less than 10%.

RESULTS AND DISCUSSION
Characteristics of sediment heavy metals.
Figure 2 illustrates the typical sediment heavy metal
levels. The sediment Cr, Cu, Pb, Zn, Co, Cd, Hg and
As levels are in the range of 8.83-66 ug/g, 5.94-22.17
ug/g, 15.82-23.20 ug/g, 10.43-67.55 ug/g, 3.0616.34 ug/g, 0.03-0.19 ug/g, 6.7-40.7 ug/g and 4.2614.51 ug/g, with an average of 43.63 ug/g, 12.19
ug/g, 18.91 ug/g, 35.83 ug/g, 9.41 ug/g, 0.09 ug/g,
16.34 ug/g and 6.93 ug/g respectively.
Zhao and Yan[19] reported an average sediment Cr of 60 ug/g, Cu of 15 ug/g, Pb of 20 ug/g, Zn
of 65 ug/g, Co of 12 ug/g, Cd of 0.065 ug/g, Hg of
25 ug/kg and As of 7.7 ug/g in the shallow sea in
China. The average sediment Cr, Cu, Pb, Zn, Co, Hg
and As in the northern four-island area are lower,
while Cd is higher than those in the shallow sea in
China. 13.86 % of Cr, 20.79 % of Cu, 19.8% of Pb,
3.96% of Zn, 17.82% of Co, 78.22% of Cd, 7.92%
of Hg and 20.79% of As samples are higher than the
average levels in the shallow sea in China. The Oceanic Sediment Quality of China has set Cr of 80 ug/g,
Cu of 35 ug/g, Pb of 60 ug/g, Zn of 150 ug/g, Cd of
0.5 ug/g, Hg of 200 ug/kg and As of 20 ug/g as the
safety standards (GB18668-2002), and all the samples fall within the safe limits. Such a fact implies
the sediment has low levels of heavy metals because
of the less anthropogenic inputs in the remote island
area.
Generally, Cr, Cu, Pb, Zn, Co, Cd and Hg near
islands are obviously higher than those far away
from the islands, implying the activities by the local
islanders contribute to the heavy metal enrichment
although the levels are still within the safe limit. The
As level decreases from north to south, and from
west to east (Figure 2).

MATERIALS AND METHODS
Sample gathering. The four islands (Beihuangcheng, Nanhuangcheng, Xiaoqin and Daqin
Islands from north to south) in the northern part of
Yantai City are involved in this work. These islands
belong to part of the Miaodao archipelago. The islands are at the junction of the Bohai Sea and the
Yellow Sea, and have D ORQJLWXGH RI ƍƎƍƎDQGDODWLWXGHRIƍƎ-ƍƎ
(Figure 1). The islands are more than 50 km away
from the mainland, and are characterized by no industry and agriculture, and less density of population
because of the remote distance. However, the area is
rich in marine sources, and fishing and tourism are
prevailing. The area is the conservation area for
many endangered species and is also planned to be a
future important marine culturing area.
The sediments were sampled using a DDC-2
box corer, and 101 samples were gathered at the density of 2×2 Km (Figure 1). The sediments were put
into plastic bags, and sent to the laboratory as soon
as possible.
Analysis methods. The sediments were naturally dried. For every sample, part of the sediments
was used for analysis, and the rest was used for reserve. Sediment grain sizes were analyzed by a BT-

10211

© by PSP

Volume 31– No. 10/2022 pages 10210-10220

Fresenius Environmental Bulletin

FIGURE 1
The geographical sites and sampling locations of sediments.

FIGURE 2
The levels and distribution of sediment heavy metals in the northern four-island area.

(Ci / C Ni ) sample
(Ci / C Ni )background
Where: Ci is the heavy metals, and CNi is the Ni level.
The average sediment levels in the shallow sea in
China are referenced as background values. EF<1,

Enrichment factors of sediment heavy metals. Enrichment factor (EF) is used to determine the
pollution degree of heavy metals. Ni is selected as
the reference element, and EF is computed as the following formula:

EF
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1<EF<3, 3<EF<5, 5<EF<10, 10<EF<25, 25<EF<50
and EF>50 indicate no enrichment, minor enrichment, moderate enrichment, moderately severe enrichment, severe enrichment, very severe enrichment
and extremely severe enrichment, respectively.
EF values of sediment heavy metals showed
their enrichment in Figure 3. The average EFs of sediment Cr, Cu, Pb, Zn, Co, Cd, Hg and As are 1.28,
1.43, 1.85, 0.94, 1.41, 2.53, 1.17 and 1.80 respectively. The EFs of sediment Cr, Cu, Zn, Hg in all
samples are less than 3. All these indicate these sediment heavy metals are mainly characterized by no
or minor enrichment in this area. Only a small ratio
of samples has Pb (7.83%) and Co (0.87%) EF of
more than 3. 20.87% Cd and 10.43% As have EFs of
more than 3. The sediments having Cd EF of 3-7 are
sporadically distributed in a small area, which may
result from the local sources. The sediments having
As EF of 3-7 are distributed in the northwest of this
area, where sediment As levels are also high.

Fresenius Environmental Bulletin

Ci
1.5Cref
Where: Ci is the measured levels of sediment heavy
metals. Cref is the background level of heavy metals,
and average levels in sediments in the shallow sea in
China are referenced. Igeo<0, 0<Igeo<1, 1<Igeo<2,
2<Igeo<3, 3<Igeo<4, 4<Igeo<5, and Igeo>5 indicate no
pollution, no to moderate pollution, moderate pollution, moderate to heavy pollution, heavy pollution,
heavy to extreme pollution, and extreme pollution,
respectively.
Igeo values of heavy metals are presented in Figure 4. The average Igeo of sediment Cr, Cu, Pb, Zn,
Co, Cd, Hg and As are -1.11, -0.96, -0.67, -1.54, 0.98, -0.20, -1.28 and -0.77. The average Igeo of all
heavy metals is less than zero. Igeo for Cr, Cu, Pb, Zn,
Co in all samples is less than zero, and only with Igeo
of 1 sample (for Hg) and 2 samples (for As) are
slightly more than zero. Generally, Cr, Cu, Pb, Zn,
Co, Hg and As in sediments in this area belong to no
pollution. While 37 samples (36.63%) have 0<Igeo<1
for Cd, indicating sediment Cd is no to moderate pollution. The sediments having Cd of 0<Igeo<1 are
mainly distributed surrounding the islands.
I geo

Geo-accumulation Index of sediment heavy
metals. Geo-accumulation Index (Igeo) is used to assess the pollution levels. Igeo is calculated by the
equation:

log 2

FIGURE 3
EFs of sediment heavy metals in the northern four-island area.

10213

© by PSP

Volume 31– No. 10/2022 pages 10210-10220

Fresenius Environmental Bulletin

FIGURE 4
Igeo of sediment heavy metals in the northern four-island area.
Hg and As are in the range of 0.29-2.21, 1.98-7.39,
3.95-5.80, 0.16-1.04, 3.06-16.34, 13.42-88.68,
10.72-65.12, and 5.53-18.84, with the mean of 1.45,
4.06, 4.73, 0.55, 9.41, 42.07, 26.14 and 8.99 respectively. The ER of Cr, Cu, Pb, Zn, Co and As in all
samples falls in the low potential ecological risk, and
only 8 samples (7.92%, slightly >40) for Hg have
moderate potential ecological risk. While 45 samples
(44.55%) for Cd are characterized by moderate potential ecological risk, which is mainly distributed
surrounding the islands.
The sediments in this area have a RI of 53.31163.91 (Figure 6), with an average of 97.41, indicating a general low ecological risk of heavy metals except for 6 samples. The sediment RI also decreases
with the increased distance away from the islands.

Potential ecological risk (ER) and risk index
(RI) of sediment heavy metals. Hakanson[20] proposed the potential ecological risk index (ER) and
risk index (RI) to assess the toxicology of heavy metals and their risk to the environment. ER and RI were
calculated as the following:
n
C
ER Ti u i ; RI ¦ ER
Cref
i 1
Where: Ci and Cref represent heavy metal levels in
samples and background respectively. The background levels refer to the average levels of sediments
in the shallow sea in China. Ti is the toxicity factor
and described as: Cr=2, Cu=5, Pb=5, Zn=1, Co=12,
Cd=30, Hg=40, As=10. ER is the ecological risk of
each element, and RI shows the ecological risk of
multiple elements. ER<40, 40<ER<80, 80<ER<160,
160<ER<320, and ER >320 are low, moderate, considerable, high and very high potential ecological
risks,
respectively.
RI<150,
150<RI<300,
300<RI<600, and RI >600 are low, moderate, considerable and very high ecological risk.
Figure 5 shows the ER of different heavy metals in this area. The ER of Cr, Cu, Pb, Zn, Co, Cd,

Correlations of sediment heavy metals in the
northern four-island area. The correlations between heavy metals can identify their possible
sources. Pearson correlations of sediment heavy
metals are shown in Table 1, and many significant
positive correlations (P<0.01) occur. Cu, Cr, Zn and
Co are significantly positively correlated among
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each other, with high coefficients (>0.8), indicating
the possible common sources. Also, Pb, Hg and Cd
all are significantly positively correlated with the el-
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ements of Cu, Cr, Zn and Co, but only with coefficients of 0.3-0.6. While As has no significant correlations with other elements.

FIGURE 5
ER of sediment heavy metals in the northern four-island area.

FIGURE 6
RI of sediment heavy metals in the northern four-island area.
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TABLE 1
Correlation matrix of sediment heavy metals in the northern four-island area.
Cu
Cr
Pb
Zn
Co
Hg
As
Cd
1
.855**
1
.544**
.485**
1
**
.939
.917**
.541**
1
.916**
.539**
.924**
1
.882**
**
**
**
.728
.589
.481
.685**
.600**
1
0.059
-0.05
0.099
0.044
0.049
0.079
1
.600**
.533**
.356**
.604**
.570**
.690**
0.076
1

** indicates significant correlation (P<0.01).

TABLE 2
Values of rotated component analysis of sediment properties in the northern four-island area.
PC1
PC2
PC3
PC4
Cu
.936
.063
.160
-.020
pH
.433
-.477
-.098
-.341
OM
.847
.077
.331
.099
Al2O3
.654
-.325
-.483
.324
Fe2O3
.769
.043
-.210
.334
Cr
.944
-.074
-.093
.065
Mn
.217
.787
.206
-.296
Ni
.973
.039
.008
-.040
P
.680
.522
-.023
-.299
Pb
.559
.002
.160
.401
Ti
.946
-.131
-.145
.029
V
.970
-.034
-.157
.013
Zn
.975
.046
.036
-.041
Co
.961
.001
-.077
.086
Mo
.583
.011
.498
.187
B
.701
.114
.040
.141
Sc
.926
-.106
-.117
-.029
Hg
.670
.071
.583
.146
As
.015
.923
-.086
.158
Sand
-.940
-.094
-.037
.224
Silt
.954
-.029
-.049
-.154
Clay
.913
-.035
-.119
-.157
F
.750
.102
-.079
-.286
Li
.951
-.090
.048
.002
Be
.549
-.271
-.038
.355
Cd
.635
.132
.536
-.119
N
.864
.103
.309
-.134
Eigenvalue
16.856
2.278
1.573
1.138
Total variance (%)
62.459
8.438
5.825
4.214
Cumulative variance˄%˅
62.429
70.867
76.692
80.906
Principal component analysis (PCA) is widely
used to trace the origins of pollutants by extracting a
subset of factors. The biggest four powers of exponent rotation were selected, and the result is shown
in Table 2. Kaiser-Meyer-Olkin (0.921) and Bartlett
significance (0.000) validate the PCA. Four rotated
principal components (PC1-4) with eigenvalue >1
were extracted. The cumulative variance of the 4 PC
is 80.906. Cu, Cr, Zn and Co fall in PC1 with a total
variance of 62.459. As was strongly correlated as
PC2 with a total variance of 8.438. Cd and Hg have
high loading in both PC1 and PC3, and Pb has high
loading in both PC1 and PC4.

Characteristics of sediment heavy metals
and the possible sources. Oceanic sediment heavy
metals have been of wide concern about in nearshore
areas. These regions are characterized by large populations, rapid economic development, and dense anthropogenic activities. Numerous heavy metals were
observed to discharge into ocean sediments, and sediment is prone to be greatly contaminated in these
nearshore areas[21-22]. However, the sediments in
the northern four-island area generally have low levels of heavy metals, with the domination of EF of no
or minor enrichment and of Igeo of no pollution. The
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sediments are also assessed to be a low potential ecological risk in the mass. The further distance from
the mainland, the smaller population, and the fewer
industrial and agricultural activities cause the fewer
heavy metals in sediments in the remote island area.
But it should be noted that sediments around the islands have relatively higher levels of Cr, Cu, Pb, Zn,
Co, Cd and Hg than those far away from the islands
although they are still within the safe limits, indicating the contribution of local islanders’ activities to
sediment heavy metals in this area. Especially, 78.22%
sediments have Cd levels higher than the average in
the shallow sea in China, with 20.87% Cd of EF>3
and 36.63% of 0<Igeo<1. 44.55% samples for Cd and
7.92% for Hg have moderate potential ecological
risk.
The PCA was performed to define the possible
source of heavy metals. Cu, Cr, Zn and Co fall in
PC1, with high loading of 0.936, 0.944, 0.975 and
0.961 respectively. These elements have significant
positive correlations between each other (Table 1),
indicating the same origin. Besides, sediment grain
sizes are found to also have high loading for PC1
(Table 2). Cu, Cr, Zn and Co all are also significantly
correlated with sediment grain sizes (r>0.85). Numerous researches confirmed sediment heavy metals
concentrate in fine fractions[23-24]. Thus, the sediment grain sizes can well explain PC1. Additionally,
sediment OM, Fe2O3, Ni, Ti, V, Sc, Li and N have
high loading in PC1 (Table 2), and they are also observed to be related to fine particles[25-26]. In fact,
the marine culturing has been the most important
economical industry in the northern four-island area,
and the culturing areas are mainly located around the
islands. Culturing activities are widely observed to
slow down the ocean current velocity, such as culturing areas in Thau Bay, Taozi Bay and Luzhou
Bay[27-30]. Jackson and Winant[31] even simulated
and theoretically proved that normal ocean current
velocity should be 101/(2-3) times of that in culturing
areas. Also, the sediments around the islands are observed to be finer than those far away in this area.
Therefore, the prosperous culturing activities near
the islands result in lower current velocity and fine
particles, and potentially cause higher sediment Cu,
Cr, Zn and Co levels than further away from the island. It seems that anthropogenic inputs occupy less
of these heavy metals in the remote island areas. The
dominant EF of these elements is also less than 1.5,
which also suggests anthropogenic input isn’t the
main source of these elements[32]. However, sediment Cu, Cr, Zn and Co all still fall within safe limits,
and have low EF, Igeo and ER values because of their
slight contributions.
Hg and Cd were identified as both PC1 and PC3.
Hg has loadings of 0.67 in PC1 and 0.583 in PC3,
and Cd has those of 0.635 in PC1 and 0.536 in PC3.
The correlations of Hg and Cd with PC1 mean variation of sediment grain sizes due to culturing activities in this area also partly govern sediment Hg and
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Cd levels. Sediment Hg and Cd are also significantly
correlated with grain sizes, but with relatively low
coefficients (r=0.499 and 0.486). On the other hand,
the sediments with the highest Hg and Cd levels are
located at the margin of the islands, and PC3 possibly represents the daily pollution discharge. The OM
and N also have high loading in PC1 and PC3, which
also indicates PC3 represents the daily pollution discharge. The EFs of sediment Hg and Cd are 0.847.09 and 0.57-2.43, also indicating the natural and
anthropogenic sources. Sediment Hg has low Igeo and
ER values. 78.22% samples have higher Cd levels
than average in the shallow sea area in China, 20.87%
samples have Cd of 3>EF>7, 36.63% samples have
Cd of 0>Igeo>1, and 44.45% Cd in sediments have
moderate potentially ecological risk. But sediment
Hg and Cd are still within the safe limits. The daily
pollution discharge seems to affect sediment Hg and
Cd to some extent.
Sediment Pb has high loading of 0.559 in PC1
and 0.401 in PC4. Pb is also observed to be significantly positively correlated with clay (r=0.575).
Thus, the finer sediments by culturing activities also
increase sediment Pb levels. Additionally, the sediments with high Pb levels are mainly distributed
along the shipping lanes. There are two main shipping lanes in this area: (1) the south-north Beituoji
lane, and (2) the east-west transportation lane for the
round trip to the mainland (Figure 1). Besides, fishing vessels are widely prevailing during culturing activities. The use of Pb-bearing fuel from shipping
may be an important Pb source in this area. So, PC4
possibly represents the shipping activities. Also, sediment Pb is still within the safety limit and has low
EF, Igeo and ER values.
As is not significantly correlated with sediment
grain sizes, and only fall in PC2. This means grain
size is not the key factor influencing sediment As.
Mn also falls in PC2, with a loading of 0.787. Sediment Mn and As are significantly positively correlated (r=0.633). Sediment Mn and As seems to have
the same origin. Mn and As both are the important
components of fertilizer and pesticide[33]. However,
there are no obvious agricultural activities in the island area, and sediment As doesn’t concentrate near
the island. The sediment As is possibly related to the
ocean current. That is, the ocean current is oriented
from west to east, and from north to south, causing
the higher As levels in the northwestern. Sediment
As levels are within the safety limits, with Igeo of 01 and low potential ecological risk.
To be summarized. The northern four-island
area is far away from the mainland, and less anthropogenic inputs contribute to sediment heavy metals.
The sediment heavy metals are within the safety
range. The prevailing culturing activities slow down
ocean current and cause fine sediment, which is an
important dynamic of Cr, Cu, Pb, Zn, Co, Cd and Hg
enrichment. Besides, the daily pollution discharge
contributes to Hg and Cd enrichment, and shipping

© by PSP

Volume 31– No. 10/2022 pages 10210-10220

contributes to sediment Pb levels too. Sediment As
is not influenced by grain sizes, but by the ocean current.
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ABSTRACT
The various organs of plants characterize different functions, and the pattern of biomass distribution of each organ of plant indicates the coordination
of their ability to acquire resources. In the process of
plant growth and development, the various organs
would show a specific pattern of allometric growth.
The biomass distribution pattern and growth pattern
were malleable. Using cytokinin, gibberellin,
chlormequat, polypotazolol, Pollination fruit essence treatment and water, and was sprayed on the
leaf surface at the beginning of the current bud period of Hylotelephium erythrostictum, until the flowering period is present. In the flowering period of
plants, the various organs of plants in each treatment
area of fresh weight (FW), dry weight (DW) and
other indicators to determine and calculate. The results showed that: (1) The blades of Hylotelephium
erythrostictum had the highest water content and the
lowest roots. The water content of the leaves under
CCC treatment was the highest, which showed that
the cold resistance of the CCC treatment plants was
the strongest; (2) the root biomass under the action
of 5 exogenous plant hormones was lower than that
of the control group. The distribution pattern of biomass under CK and CCC treatment was as follows:
roots and flowers and leaves, the highest leaf biomass under GA treatment, the main form of rootstem-leaf-flower, the ratio of leaf/ground part biomass under PP333 treatment, the highest root crown
ratio under CK, stem/ The above-ground biomass ratio was the highest under CCC treatment, while the
ratio of flower/ground part was also the largest under
CK control; (3) from the growth pattern, except for
the plant under Pol organ biomass was isometry, the
remaining 5 kinds of treatment were allometry, and
CK, CCC was conducive to the accumulation of
stem biomass, CTK, CTK, CTK, GA was beneficial
to the accumulation of stem and flower biomass,
PP333 was conducive to the accumulation of leaf biomass. According to the actual needs of plants could
be applied to the application of foreign plant hormones for targeted regulation.

INTRODUCTION
Biomass means the basic biological characteristics and functional traits in studying plants, which
can be used to characterize the ability to accumulate
substances and utilize resources and environment for
plants [1]. The distribution of biomass among various organ components varies due to environmental
differences, which is the result of long-term adaptation of plants to the environment [2-4]. Biomass allocation plasticity can make effective adaptation
strategies for plants in the face of habitat changes [5].
Each organ of a plant regulates different functional
behaviors, and the change of the biomass allocation
pattern of each organ can characterize the adjustment
of the plant's ability to acquire resources. Plants have
developed many correlated growth patterns during
the face of natural selection pressures and their own
developmental constraints, often reflecting differences in plant life history strategies [6]. Correlative
growth can be divided into two categories: isometry
and allometry [7]. In the process of plant growth and
development, there is an obvious allometric growth
law among various organs [8-9]. In recent years, allometric growth patterns and biomass allocation
have been studied together. Among them, woody
plants are the key applied objects [10-12]. Garden
plants are still rare. An exogenous phytohormone is
a compound relative to a plant's endogenous hormone, and is also often referred to as a plant growth
regulator. It can be used to regulate the growth and
development behavior of plants within a certain concentration range [13]. In this study, the common ornamental plant Hylotelephium erythrostictum was
used as the test material, and five kinds of exogenous
hormones were sprayed on its foliage to explore the
response of the biomass distribution pattern of each
organ to exogenous plant hormones and its own allometric growth behavior characteristics.
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each organ and the plasticity of biomass allocation.
Allometric analysis was performed on the biomass
of each organ using the allometric equation model
Y=ȕXĮwhere: Y is the biomass of a certain organ;
X is the biomass of another organ; Įis the allometric
index (slope); ȕis the allometric constant (intercept).
The SMATR package of the R software is used, after
the log10 of the data was converted, a standard spindle regression was performed to analyze the effect of
biomass on the relationship of allometric growth
[18].

MATERIALS AND METHODS
Overview of the study area. The study area is
located on the campus of Inner Mongolia Agricultural University in Saihan, Hohhot, Inner Mongolia,
at 40°48ƍƎN; 111°42ƍƎE, with an altitude of
1060 m. It belongs to the northwest continental climate, and there are obvious seasonal changes. The
average annual temperature is 6.5°C, the average annual rainfall is about 400 mm, and the average annual evaporation in the urban area is about 1766 mm
[14].

RESULTS AND DISCUSSION

Experiment material. The campus green plant
species Hylotelephium erythrostictum is used in the
experiments. Hylotelephium erythrostictum is a perennial herb belonging to the genus Babao of the
Crassulaceae family [15]. The leaves are succulent
and belong to CAM plants. It has strong adaptability
to the environment and extensive management and
protection. It is often used in landscaping [16].

Effects of different plant hormones on water
content of various organs of Hylotelephium
erythrostictum. By studying the response of water
content of various components (roots, stems, leaves,
flowers) of Hylotelephium erythrostictum to different plant hormones. The results showed (Table 2),
from the perspective of different organs, the water
content of leaves was the highest under the 6 treatments, which was significantly higher than that of
other organs (P<0.05), and the water content of roots
reached the lowest; From the perspective of the types
of plant hormones, the root water content of the
PP333 treatment was significantly higher than other
treatments, up to 56.95%, and the coefficient of variation was the smallest. in the control group CK. The
PP333 treatment also had the highest stem water
content, which was 84.61%, and only this treatment
had higher stem water content than the CK group.
The leaves under the CCC treatment had the highest
water content (93.88%), which was significantly
higher than other treatments. The flower water content of plants under the CCC treatment was also the
highest, higher than that of the Pol treatment but not
significant (P>0.05), and the flower water content of
the plants under the five phytohormones treatments
were all higher than those of the control group CK.
On the basis of single factor research, the water
content of Hylotelephium erythrostictum was analyzed from the two factors of plant hormone types
and plant organs (Table 3). There was no significant
difference in water content under the interaction results with organs. It can be seen that the water content of Hylotelephium erythrostictum is very sensitive to plant hormones, but the changes in organ
components are relatively conservative.

Experiment design. The planting area of sedum is about 70 m2. When the plants are in the budding stage, spray (foliar spray) cytokinein (CTK),
gibberellin (GA), chlormequat chloride (CCC),
Paclobutrazol (PP333) and Pollination fruit essence
(Pol) 5 kinds of phytohormones and Water for comparison. The specific configuration concentration is
shown in Table 1. The random block design was
adopted, the plot area was 6 m2, and each treatment
was repeated 3 times. They are sprayed every 10d
until the flowering period of the plant (2018.8.32018.8.10), a total of 4 sprays, each spray is selected
after 17:00 on a sunny and windless evening, and
they are sprayed evenly until the droplets fall off the
leaf surface.
Indicator determination. On August 30, 2018
(full bloom period), destructive sampling was performed in each experimental plot in turn, and 5
plants were cut from the ground in each plot. After it
was brought back to the laboratory, each plant was
separated into roots, stems, leaves, and flowers in
turn. After washing the root soil and its impurities
with clean water, the excess water on the surface was
dried. Each organ of the plant was weighed by a balance with an accuracy of 0.01 (fresh sample mass,
FW, g), then dried in a 65°C oven to a constant
weight (about 60 h), and weighed again by the balance (dry sample mass, DW, g). On this basis, the
water content and biomass of each part of the plant
were measured, and the distribution of organ biomass and the ratio of each organ biomass to aboveground biomass were calculated. The equation is as
followed: (Eq 1)

TABLE 1
Preparation of exogenous phytohormone
Exogenous phytoFormulation concentration
hormone species
CTK
5 mL diluted in 4 L water
CCC
10 g diluted in 3 L water
PP333
3 g diluted in 3 L water
Pol
3 g diluted in 4 L water
GA
3 mL diluted in 3 L water

Data analysis. SPSS 20.0 software was used
for data analysis, and one-way and two-way ANOVA
was used to compare the biomass characteristics of
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ிௐିௐ
ிௐ

× 100%

(Eq 1) [17]

TABLE 2
Effect of plant hormones on water content of various organs
Treatment
CK
CTK
CCC
PP333
Pol
GA

Root (%)
Mean±SE
52.02±0.09Dc
48.12±0.02Dd
52.74±0.06Db
56.95±0.02Da
52.69±0.05Db
48.38±0.03Dd

CV
0.18
0.05
0.12
0.03
0.10
0.06

Stem (%)
Mean±SE
84.07±0.03Bb
81.25±0.03Cd
81.02±0.02Cd
84.61±0.01Ba
82.75±0.01Cc
83.68±0.01Bb

CV
0.03
0.04
0.03
0.01
0.01
0.01

Leaf (%)
Mean±SE
92.27±0.01Ab
84.53±0.08Af
93.88±0.02Aa
87.24±0.06Ad
85.75±0.08Ae
87.70±0.08Ac

CV
0.01
0.10
0.02
0.07
0.09
0.09

Flower (%)
Mean±SE
81.09±0.03Cc
81.62±0.00Bb
84.28±0.03Ba
81.94±0.02Cb
83.76±0.02Ba
81.89±0.00Cb

CV
0.04
0.00
0.03
0.03
0.02
0.00

Note: Different lowercase letters in the same column represent significant differences in water content under different plant
hormones (P<0.05); different capital letters in the same pair represent significant differences in water content of different organs
(P<0.05).

TABLE 3
Two-factor analysis of phytohormone types and organs on water content of Hylotelephium erythrostictum
Source
DF
MS
F value
P value
Plant hormone species
5
0.24
28.68
˘0.0001
Plant organ
3
0.003
0.39
0.76
Plant hormone species* Plant organ
15
0.003
0.32
0.99

FIGURE 1
Effect of plant hormones on biomass of various organs of plants
Note: Different uppercase letters represent significant differences in biomass of different organs under the same phytohormone
(P<0.05). Different lowercase letters represent different plant hormones have significant differences in biomass of the same
organ (P<0.05).

root biomass under the hormone treatment was significantly lower than that in the control; the stem and
flower biomass under the CCC treatment were the
largest. The distribution pattern of biomass under the
CK and CCC treatments was as follows:
root>stem>flower>leaf; the leaf biomass under the
GA treatment was the highest, which was
root>stem>leaf>flower; under CTK, PP333 and Pol
treatments the lower biomass distribution pattern is
root>leaf>stem>flower (Figure 1).

Effects of different plant hormones on plant
biomass. Effects of Different Plant Hormones on
Plant Biomass Distribution Pattern. The biomass
of Hylotelephium erythrostictum showed significant
differences in plant hormone species and organs in
different parts. The biomass of roots reached the
maximum under the six treatments, which was obviously larger than that of other organ components. In
terms of plant hormone species, the root biomass under CK in the control group was the largest, and the
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TABLE 4
Two-way analysis of variance of plant hormones and organs on the biomass of
Hylotelephium erythrostictum
Source
DF
MS
F value
P value
Plant hormone species
5
4283.11
7.91
˘0.0001
Plant organ
3
24.65
0.05
0.99
Plant hormone species* Plant organ
15
378.52
0.70
0.77
TABLE 5
Allometric growth of biomass in various parts of Hylotelephium erythrostictum under different
phytohormones
logY

logX

root

stem

root

leaf

root

flower

stem

leaf

stem

flower

leaf

flower

Hormone
species
CK
CCC
CTK
PPP333
Pol
GA
CK
CCC
CTK
PP333
Pol
GA
CK
CCC
CTK
PP333
Pol
GA
CK
CCC
CTK
PP333
Pol
GA
CK
CCC
CTK
PP333
Pol
GA
CK
CCC
CTK
PP333
Pol
GA

R2

P

Slope

LowCI

UppCI

Interc

LowCI

UppCI

P-1.0

0.99
0.49
0.50
0.10
0.36
1.00
0.20
0.03
0.30
0.52
0.60
0.71
0.93
0.35
0.01
0.72
0.18
0.98
0.13
0.67
0.96
0.57
0.95
0.67
0.87
0.02
0.42
0.83
0.22
0.99
0.45
0.48
0.62
0.92
0.07
0.56

0.00
0.04
0.03
0.00
0.09
0.00
0.23
0.66
0.13
0.03
0.02
0.00
0.00
0.09
0.83
0.00
0.26
0.00
0.34
0.01
0.00
0.02
0.00
0.01
0.00
0.69
0.06
0.00
0.20
0.00
0.05
0.04
0.01
0.00
0.51
0.02

2.51
2.02
1.32
2.39
1.82
1.70
1.24
-0.24
-0.53
0.39
0.37
0.57
3.18
-1.13
2.80
2.03
1.99
2.23
0.49
-0.12
-0.40
0.16
0.20
0.34
1.27
0.56
-2.12
0.85
-1.09
1.32
2.56
-4.79
5.33
5.25
-5.38
3.91

2.3
1.11
0.73
2.28
0.93
1.63
0.60
-0.52
-1.05
0.21
0.21
0.36
2.51
-2.20
1.26
1.36
0.95
1.94
0.23
-0.19
-0.48
0.09
0.17
0.21
0.93
0.25
-4.01
0.59
-2.26
1.19
1.37
-8.80
3.14
4.06
-11.76
2.23

2.74
3.68
2.40
2.51
3.53
1.77
2.58
-0.11
-0.26
0.69
0.64
0.91
4.01
-0.58
6.25
0.02
4.17
2.57
1.06
-0.07
-0.33
0.28
0.25
0.55
1.73
1.24
-1.12
1.21
-0.53
1.45
4.77
-2.61
9.02
6.79
-2.46
6.85

-1.35
-1.46
-0.01
-1.57
-0.63
-0.82
0.81
1.97
2.25
1.07
1.22
1.07
-0.97
2.85
0.03
0.57
-0.04
-0.05
0.86
1.70
1.72
1.11
1.02
1.11
0.15
1.09
2.46
0.89
2.25
0.45
-1.43
5.21
-1.86
-1.31
6.06
-1.95

-1.62
-3.54
-1.06
-1.72
-2.30
-0.93
-0.03
1.81
1.63
0.76
0.93
0.71
-1.63
2.09
-1.40
0.16
-1.46
-0.31
0.51
1.65
1.63
0.99
0.96
0.89
-0.20
0.63
1.63
0.74
1.49
0.35
-2.92
2.32
-3.55
-1.99
1.97
-3.86

-1.01
0.61
1.03
-1.42
1.04
-0.71
1.64
2.14
1.18
1.38
1.50
1.42
-0.32
3.61
1.47
0.97
1.38
0.21
1.20
1.75
1.80
1.23
1.07
1.34
0.50
1.55
3.29
1.05
3.00
0.56
0.05
8.11
-0.18
-0.64
10.15
-0.05

0.00
0.03
0.06
0.00
0.06
0.00
0.60
0.00
0.00
0.60
0.12
0.66
0.00
0.00
0.15
0.00
0.13
0.00
0.36
0.00
0.00
0.08
0.54
0.28
0.00
0.65
0.00
0.14
0.01
0.00
0.01
0.01
0.01
0.00
0.02
0.01

ANOVA was performed on Hylotelephium
erythrostictum biomass from two factors of phytohormone species and organ components (Table 4).
The results showed that there were extremely significant differences in plant biomass under phytohormone species, while there was no significant difference in biomass between organ components, hormone species and organ components. It can be seen
that the biomass and water content of Hylotelephium
erythrostictum are consistent with the sensitivity of
hormone types and organs, and both show extremely
sensitive changes in hormone types.

Biomass allometric model analysis of various organs of Hylotelephium erythrostictum under different plant hormones. The allometric
model can characterize the asynchrony of various
parts of the plant during growth and development. In
the CK control group, there were extremely significant differences in biomass between roots and stems,
roots and flowers, and between stems and flowers,
and there were no significant differences among the
other combinations. Moreover, the slopes of the
above three combined SMAs are significantly different from the H0 hypothesis (alternative hypothesis)
with a slope of 1, so they belong to the allometric
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growth type. The model intercepts of the first two
combinations were negative, which hindered the accumulation of biomass in the roots, and the intercepts of the last combination were positive, which
was beneficial to the accumulation of biomass in the
stems; comprehensively, the CK treatment was more
favorable for the biomass accumulation in the stems
accumulation (Table 5).
Under the CCC treatment, there were significant positive correlations between the biomass of
roots and stems, stems and leaves, leaves and flowers, and there was no obvious relationship between
the other combinations. And the three combinations
belong to the allometric growth type. The intercepts
in the allometric models of roots and stems are negative, which is more conducive to the accumulation
of stem biomass. Biomass accumulation. Overall,
CCC treatment was beneficial to the accumulation of
stem biomass.
Under CTK treatment, there were obvious positive correlations between roots and stems, stems and
leaves, leaves and flowers, and there was no significant difference between the slope of the SMA of the
combination of roots and stems and the H0 hypothesis (alternative hypothesis) with a slope of 1. Therefore, It belongs to isostatic growth. The other two
combinations belong to allometric growth, in which
the intercept between stem and leaf is positive, and
the intercept between leaf and flower is negative.
Overall, CTK treatment was beneficial to the biomass accumulation in stems and flowers.
Under the treatment of PP333, there were obvious positive correlations among each combination.

Fresenius Environmental Bulletin

Considering the growth type, root and stem, root and
flower, leaf and flower belonged to allometric
growth, and the other combinations belonged to isokinetic growth. In the allometric model, the intercept
between root and flower is negative, and the other
two combinations are positive. Overall, PP333 treatment was beneficial to the accumulation of leaf biomass.
Under Pol treatment, there were obvious positive correlations between roots and leaves, stems and
leaves, and the biomass between the two combinations showed an isokinetic growth pattern.
Under GA treatment, there were obvious correlations among all combinations. Except for the isokinetic growth pattern between root and leaf, stem
and leaf, the other combinations showed allometric
growth pattern. In the allometric model, the intercepts between root and stem, root and flower, leaf
and flower are negative, and the intercept between
stem and flower is positive. Overall, GA treatment
was beneficial to biomass accumulation in stems and
flowers.
Effects of Different Plant Hormones on Partition Ratio of Plant Organs. The organ allocation
ratios of Hylotelephium erythrostictum were analyzed under different phytohormones (Figure 2). The
leaf/stem and root/stem were the largest under the
CK control group, the leaf/flower, leaf/root, and
stem/flower ratios were the largest under the PP333
treatment, and the root/flower was the largest under
the CTK treatment.

FIGURE 2
Effect of phytohormone on the biomass ratio of Hylotelephium erythrostictum
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FIGURE 3
Effect of plant hormones on the ratio of biomass to aboveground biomass of Hylotelephium erythrostictum
Note: Different uppercase letters represent the significant ratio of different organs to aboveground biomass under the same
phytohormone (P<0.05), and different lowercase letters represent significant biomass ratios between different phytohormones
(P<0.05).

leaf biomass and water content of plants is very
small and can be ignored. The correlation coefficient
between flower biomass and water content was
0.740, and the correlation was also relatively large,
but not significant.

TABLE 6
Correlation analysis of biomass and water content in various parts of plants
Correlation coefficient
P value
Part
(R2)
root
0.999
0.02
stem
0.988
0.08
leaf
0.163
0.73
flower
0.740
0.38

Analysis of organ water content in Hylotelephium erythrostictum under different exogenous plant hormones. Water is an indispensable
substance in the whole life activities of plants, and
the water content in plant tissues is an important indicator to reflect the water status of tissues [19]. In
this study, the water content of each organ of Hylotelephium erythrostictum under the action of different exogenous phytohormones was used as a comparative study. The results showed that from the perspective of plant organs, the water content of plant
leaves under each treatment was significantly higher
than other organs. The root has the lowest water content, which is significantly lower than that of the
stem and flower. The reason for this phenomenon
may be related to the composition and structure of
each organ. Chen Xuejiao and others have conducted
anatomical experiments on the vegetative organs of
quinoa, and found that the xylem of the root is
reached, and the number of vessels is correspondingly larger, and the space for storing water will be
reduced. The stem has a well-developed pith structure, which enhances the storage capacity of water.
In the leaf structure, there are palisade tissue and
spongy tissue, and the two are evenly arranged, resulting in a loose leaf structure, which is more conducive to the storage of water. storage [20]. At this
time, Hylotelephium erythrostictum is in the full
bloom stage, and the water demand of reproductive

The ratio of various organ parts to aerial parts
of Hylotelephium erythrostictum has certain differences in phytohormone species (Figure 3). Under
several treatments, the root-shoot ratio was the highest. It was significantly higher than the ratio of other
parts to aboveground biomass (P<0.05). From the
difference of plant hormone species, the ratio of
leaf/aerial biomass was the highest under PP333
treatment, followed by Pol treatment; the root-shoot
ratio was the highest under CK, which was significantly higher than that of PP333 treatment, and
higher than other treatments, but not obvious; The
biomass ratio of stem/aerial part was the highest under CCC treatment, while the ratio of flower/aerial
part was also the highest under CK control, which
was significantly higher than that in hormone treatment group.
Relationship between plant organ biomass
and water content. It can be seen from Table 6 that
there is an obvious positive correlation between the
biomass and water content of the roots and stems of
Hylotelephium erythrostictum, and the correlation
coefficients can reach 0.999 and 0.988, respectively,
and both are significant. The correlation between
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organs increases, which lays the foundation for the
later reproduction and growth. Therefore, the water
content of flowers is also in a high state; from the
perspective of exogenous phytohormones, leaves
and flowers have the highest water content under
CCC treatment, and the water content of plants is
closely related to their drought resistance [21]. It can
be seen that spraying CCC can enhance the drought
resistance of plants.
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and CCC is also conducive to the accumulation of
stem biomass. CCC can shorten the internodes of
plants and improve the strength of stems [25]. It can
be seen that the stems of plants under CCC treatment
are thickened to increase biomass and improve lodging resistance. CTK and GA are promoters in exogenous plant hormones, which can improve the vegetative growth of plants and lay a certain nutritional
foundation for the reproduction and growth of plants.
PP333 treatment can increase the biomass accumulation of leaves, which are organs of photosynthesis
and can produce basic substances required for plant
growth and development, so it can be more conducive to the reproduction and renewal of plants. The
roots, stems and leaves under Pol are in an isokinetic
growth mode, which can make the nutrients in the
plant evenly provided and utilized.

Analysis of organ biomass and distribution
pattern of Hylotelephium erythrostictum under
different exogenous plant hormones. The regularity of resource allocation to various organs in plants
is an important part of studying the changes in plant
growth patterns [22]. The distribution pattern of biomass can determine the main factors of plant resource acquisition and competition and reproductive
behavior, and can also characterize plant competition
ability [23]. In this study, five exogenous plant hormones were compared with water, and the results
showed that the biomass of roots was significantly
higher than that of other organs. This is related to the
development of the roots of Hylotelephium
erythrostictum. The developed roots can better hold
the plant body, and can absorb more water and minerals dissolved in water, and transport water and
minerals to the stem. Nutrients absorbed in the environment and soil. However, the root biomass under
the action of five exogenous plant hormones was
lower than that of the control group. It can be seen
that spraying exogenous plant hormones will reduce
the underground part of plants, thereby reducing the
motive force of absorbing water and nutrients. This
is mutually supportive with Fan Gaohua et al.'s proposal that when nutrients are limited, plants will increase the distribution of root biomass [24]. The stem
biomass of CCC and GA was higher than that of the
control group, which could increase the uprightness
of the plant and fix the plant body more effectively.
The leaf biomass of plants under the hormones except CCC treatment was higher than that of the control group. The leaves are the places where the plants
perform photosynthesis. The biomass accumulation
in different organs of the plants is different, which is
caused by the accumulation of photosynthesis products in each part. More of the required nutrients can
be recycled for plants.

CONCLUSIONS
Cytokinin, gibberellin, chlormequat, polypotazolol, Pollination fruit essence treatment and water
was used, and was sprayed on the leaf surface at the
beginning of the current bud period of Hylotelephium erythrostictum, until the flowering period is present. In the flowering period of plants, the
various organs of plants in each treatment area of
fresh weight (FW), dry weight (DW) and other indicators to determine and calculate. The results
showed that: (1) The blades of Hylotelephium
erythrostictum had the highest water content and the
lowest roots. The water content of the leaves under
CCC treatment was the highest, which showed that
the cold resistance of the CCC treatment plants was
the strongest; (2) the root biomass under the action
of 5 exogenous plant hormones was lower than that
of the control group. The distribution pattern of biomass under CK and CCC treatment was as follows:
roots and flowers and leaves, the highest leaf biomass under GA treatment, the main form of rootstem-leaf-flower, the ratio of leaf/ground part biomass under PP333 treatment, the highest root crown
ratio under CK, stem/ The above-ground biomass ratio was the highest under CCC treatment, while the
ratio of flower/ground part was also the largest under
CK control; (3) from the growth pattern, except for
the plant under Pol organ biomass was isometry, the
remaining 5 kinds of treatment were allometry, and
CK, CCC was conducive to the accumulation of
stem biomass, CTK, CTK, CTK, GA was beneficial
to the accumulation of stem and flower biomass,
PP333 was conducive to the accumulation of leaf biomass. According to the actual needs of plants could
be applied to the application of foreign plant hormones for targeted regulation.

Analysis of Allometric Growth Patterns of
Hylotelephium erythrostictum. Allometric growth
patterns can give a large insight into the growth situation of plants. From the test results, CK and CCC
were beneficial to the accumulation of stem biomass,
CTK and GA were beneficial to the accumulation of
stem and flower biomass, and PP333 was beneficial
to the accumulation of leaf biomass. The roots, stems
and leaves of Pol showed an isokinetic growth model.
In the natural state, Hylotelephium erythrostictum
has advantages in the accumulation of stem biomass,
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Biochar has been widely used for the remediation of heavy metals-polluted soil and performed
well [7, 8]. Biochar is a carbon-rich material made
from waste biomass by pyrolysis technology [9]. Biomass wastes were produced every year in China and
were not well ultimate. Using these biomass wastes
as raw materials for biochar can not only achieve rational utilization of resource but also effectively reduce environmental pollution [10]. Biochar is of
great significance for remediation of heavy metal
pollution in soil. With developed pore structure and
large specific surface area, biochar can change properties and can effectively adsorb Pb, Cd and other
heavy metal ions [11].
Therefore, this study selected rice straw as the
biochar raw material, and used graphene to modify
biochar to reduce plant uptake by peanut grown in
Pb- and Cd-contaminated neutral and alkaline soils
in China.

ABSTRACT
The biochar addition to heavy metals-contaminated soil can increase the soil adsorption capacity
of heavy metals and thereby decreasing plant heavy
metals uptake. In this study, graphene-modified and
unmodified rice straw biochar were added to Cd- and
Pb-contaminated soil to reduce the peanut heavy
metals accumulation. The results showed that compared with the control, the Pb and Cd content and the
enrichment factor in peanuts were significantly reduced by the addition of the two biochar. The modified biochar performed better than rice straw biochar.
The accumulation of Cd and Pb in the underground
part for alkaline soil was reduced by 59.8% and
64.3%, respectively, while those for neutral soil by
58.7% and 53.3%, respectively. The research recommends the graphene-modified rice straw biochar for
the neutral and alkaline soil remediation with Cdand Pb-combined pollution at a level of 0.5%.

MATERIALS AND METHODS
KEYWORDS:
Biochar, Graphene-modified biochar, Cadmium (Cd),
Lead (Pb), Soil remediation, Plant uptake

The neutral soil has a pH of 6.53, and the contents of CEC, Cd and Pb of 21.4 cmol/kg, 2.34 mg/kg
and 46.7 mg/kg, respectively. The alkaline soil has a
pH of 7.38, and the contents of CEC, Cd and Pb of
10.7 cmol/kg, 0.67 mg/kg and 32.2 mg/kg, respectively. The biochar was made from rice straw under
an anaerobic condition at ႏPart of the biochar
was modified by graphene. More details and the biochar properties were given in the reference [12].
The tested peanut is Fenghua-6. The container used
in the culture experiment was a polyethylene plastic
pot of 6.5cm×8cm×10cm, and the weight of soil in
each pot was 400g. The naturally dried soil was
screened by 20mm for reserve. The addition ratio of
biochar was set as 1%, 2% and 5%, and there were
differences between unmodified biochar and graphene-modified biochar. Therefore, there were 7 soil
treatments in the pot experiment and 3 replicates in
the experiment. After 21 days of plant growth, biomass, Pb and Cd content in plants were measured to
evaluate the effect of biochar on peanut growth in
contaminated soil. The experimental data were statistically analyzed by SPSS 19.0 using Duncan's
multiple comparisons with a significant difference

INTRODUCTION
Combined heavy metals pollution in soil potentially affects the normal growth and development of
plants, and then enter the human body through the
food chain and food web [1]. Lead (Pb) potentially
causes harm to human nervous system, digestive system, immune system and kidney [2]. Cadmium (Cd)
potentially causes dysfunction of human stomach
and interfere with human secretory system [3]. People have attached great importance to toxic heavy
metals pollution governance. Soil remediation technology of heavy metals usually composes of have
physical, chemical, bioremediation technology, and
their joint technologies [4-6]. Various technologies
have their advantages and disadvantages. Therefore,
it is necessary to research and develop low-cost and
effective materials for the treatment and remediation
of heavy metals in soil.
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level of 0.05.

Fresenius Environmental Bulletin

ure 1 illustrated the plant biomass responses to modified and unmodified rice straw biochar. The addition
of biochar to soil can obviously promote the growth
of peanut, and the toxic effect of heavy metal on peanut was reduced. The addition of rice straw biochar
to contaminated soil did not have a great effect on
peanut biomass. In neutral soil, adding biochar and
adding modified rice straw biochar non-significantly
increased the plant biomass. In the soil for the merit
of the tested soil town of processing, without adding
biochar and biomass of peanut is 6.75 g per pot. The
1% biochar treatment had no significant effect, while
2% and 5% treatments induced significant higher biomass. The highest peanut biomass was 8.19g per
pot, with a growth rate of 21.3% compared with CK.
However, there was no significant difference between the two treatments with 2% biochar and 5%
biochar. Among the addition of modified biochar, the
addition of biochar with 1% concentration, 2% concentration and 5% concentration significantly increased the biomass of peanut, but there was no significant difference among treatments with different
concentrations. The results showed that biochar had
little effect on peanut biomass in contaminated soil.

RESULTS AND DISSCUSSION
Effect of biochar on plant biomass and
height. Plant growth in soil is a complex process
[13]. Roots play a crucial role in plant uptake of water and nutrients, biosynthesis and storage of compounds, and interaction with abiotic and biological
factors in the soil environment [14]. Healthy soils allow roots to penetrate soil particles, absorb water and
nutrients, and consume oxygen, thus allowing plants
to grow to their maximum potential [15]. The soil in
question, on the other hand, inhibits root growth,
hinders water and nutrient uptake, and reduces plant
growth based on constraints [16]. Xiang et al. (2017)
conducted a meta-analysis of 2108 pairs of observations from 136 articles and found that biochar application could increase the biomass of plant roots by
32%, root volume by 29%, surface area by 39%, root
length by 52% and root tip number by 52% [17]. Fig-

FIGURE 1
Effect of modified- and unmodified biochar on peanut plant biomass

FIGURE 2
Effect of modified- and unmodified biochar on plant height
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Heavy metals in soil will interfere with the
whole growth process of plants, especially in agricultural production, which will not only affect crop
growth and reduce yield, but also directly cause excessive heavy metals in crops, resulting in food
safety problems [18, 19]. The introduction of biochar
can solve the drawbacks of active heavy metals in
agricultural wastes, and can also be used as a soil
modifier to enhance soil fertility, improve soil-vegetation biological stability and promote crop growth
[20-22]. Figure 2 showed the effect of modified and
unmodified biochar on plant height. Without biochar,
the plant height of tested peanuts in the contaminated
neutral soil was about 23.0 cm. With the addition of
biochar of different concentrations, the plant height
of tested peanuts increased to 30.0 cm with an increased rate of 30.4%. The modified biochar had a
better effect, with the highest addition of 5% modified biochar. The selected peanut plant height is 21.5
cm, in the same way, with the increase of the concentration of the applying biochar peanut varieties
were also significantly higher plant height, up to 29.0
cm, the growth rate of 34.9%, add modification
added biochar effect than unmodified biochar effect
is better, up to 31.0 cm. The growth rate was 44.2
percent. All different soil treatment compared with
CK, the trend of present significantly higher, there
were differences between different soil treatment
concentrations. The figure showed that increased as
the concentration of added biochar, the trend of selected peanut plant height was increased, and added
the graphene-modified biochar processing, in comparison with unmodified biochar processing effect
was more obvious. Therefore, the addition of rice
straw biochar can effectively improve the growth of
peanut in contaminated soil.
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Peanut has strong characteristics of heavy metal enrichment [24]. Heavy metals enter plants in various
ways. For example, nutrient metals such as Fe and
Ca are absorbed through specific transporters on
plant cell membranes. However, these cationic transporters often interact with Cd and others to enter
plants [25]. Cu and Zn elements are essential nutrients and microelements for plant growth. It plays an
important role in the synthesis, growth and metabolism of plant substances (protein, nucleic acid, etc.),
or lack of a role, but excess can cause in the plant
DNA, and oxidative damage to proteins, biofilms,
and more saturated fatty acids occur lipid peroxidation, which leads to the destruction of biofilm integrity, decreased fluidity and substance exchange [15,
16]. As a result, plant photosynthesis is weakened,
biomass declines and other adverse effects [26]. Figure 3 displayed the effect of modified and unmodified rice straw biochar on plant Pb contents. Adding
biochar to soil effectively reduced Pb contents both
in above- and underground parts. The application of
biochar has a significant effect on Pb content in
aboveground part of peanuts. Compared with CK
and other biochar treatments, there were significant
differences. Among the unmodified biochar, the best
treatment effect was 5% biochar with 4.54mg/kg.
The modified biochar with 5% concentration had the
best treatment effect, and the Pb content was
4.24mg·kg-1, with a reduction rate of 28.6%. In the
treatment of neutral soil, different concentrations
had a significant effect on the aboveground Pb content. However, the underground Pb content of peanut
in 5% biochar was 11.7 mg/kg. In the alkaline soil,
all treatments had significantly reduced effects compared with CK. The addition level 5% performed the
best in both unmodified and modified treatments.
The two tested soils showed that the modified rice
straw biochar had a more obvious effect on reducing
the bioavailability of heavy metals.

Effect of biochar on plant heavy metals content. In addition to growth indexes, heavy metal content in plants is also the focus of our attention [23].

FIGURE 3
Effect of modified- and unmodified rice straw biochar on plant Pb contents
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FIGURE 4
Effect of modified- and unmodified rice straw biochar on plant Cd contents
TABLE 1
Transfer and enrichment coefficients of plant Cd and Pb under different treatments
Cd
Pb
Treatments
Transfer
Enrichment coTransfer coeffiEnrichment cocoefficient
efficient
cient
efficient
CK
0.399
4.17
0.455
0.590
1%Biochar
0.417
3.88
0.460
0.520
2%Biochar
0.480
3.25
0.486
0.467
5%Biochar
0.351
2.80
0.536
0.404
Alkaline
soil

Neutral
soil

1%Modified biochar
2%Modified biochar
5%Modified biochar
CK
1%Biochar
2%Biochar
5%Biochar

0.458
0.443
0.448
0.383
0.423
0.353
0.454

3.34
2.63
1.79
5.55
4.59
4.24
3.84

0.486
0.522
0.649
0.413
0.470
0.525
0.348

0.482
0.442
0.335
0.571
0.439
0.400
0.336

1%Modified biochar
2%Modified biochar
5%Modified biochar

0.687
0.610
0.729

3.28
2.71
2.21

0.488
0.373
0.411

0.380
0.263
0.226

Heavy metal stress on plant growth is mainly
manifested in inhibiting seed germination, reducing
enzyme activity, inhibiting plant growth and changing plant avoid interconfiguration and dry weight [16,
20]. In woody plants, heavy metal absorption can be
divided into two types, one is exclusion [27]. This
type mainly accumulates heavy metals in plant
roots. The other kind of accumulation transfers
heavy metals to the ground [4, 13]. The heavy metal
concentration in the aboveground tissues is often
higher than that in the substrate [26]. Currently, studies on using peanut as a remediation plant for heavy
metal contaminated soil are gaining heat [25], but as

a food, its heavy metal content cannot be ignored.
Figure 4 showed the impact of modified- and unmodified biochar on plant Cd contents. After the addition of biochar, the content of Cd in peanuts is significantly reduced. In neutral soil, different treatments had a significant effect on both the above- and
underground Cd contents. The soil treatment with 2%
modified biochar had the best effect, and the aboveground Cd content of tested peanuts was 2.07mg/kg.
In alkaline soil, the effects of soil treatments at different concentrations were significantly lower than
those of CK. Among the graphene-modified biochar
with 5% concentration, the best treatment effect was
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the modified biochar with a 0.37 mg/kg of Cd content. Compared with CK, the effect of 1% biochar
addition on the underground Cd content was not significant, while 2% biochar and 5% biochar had a significant effect. The best treatment was 5% modified
biochar, with underground Cd content of 0.83 mg/kg.
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CONCLUSION
After adding rice straw biochar to contaminated
soil, 5% modified biochar has the best treatment effect. Among them, in neutral soil, compared with CK,
the plant height increased by 37.5%. Treatment effect of biochar: modified biochar > unmodified biochar. In alkaline soil, compared with CK, the reduction rate of Pb accumulation in underground part of
peanut by biochar reached 64.3%. The transport capacity of heavy metals from underground part to
aboveground part of peanut was poor in different soil
treatments. With the increase of the concentration of
biochar, the enrichment ability of peanut to heavy
metals decreased, and the effect of modified biochar
was more significant.

Effect of biochar on plant transfer and enrichment coefficients. The form and bioavailability
of heavy metals determine the enrichment ability and
biotoxicity of heavy metals in organisms [16]. It is
an important way to reduce the enrichment and toxicity of heavy metals in plants by changing the occurrence form of heavy metals in soil and reducing
their availability and migration in soil [3, 14]. Biochar can adsorb heavy metal cations in soil, and reduce the bioavailability of heavy metals in soil
through large specific surface area, functional group
complexation, ion exchange and co-precipitation,
and ʌelectron attraction to metal ions [9, 21-22]. In
addition, biochar itself is alkaline, adding to the soil
will increase soil pH, and reduce the bioavailability
and mobility of heavy metals in the soil by alkalizing
the soil [12]. Besides pH, organic matter content is
the most important factor affecting soil bioavailability of heavy metals [16]. The enrichment coefficient
reflected the ability of plants to enrich heavy metals
in soil [24]. The transport coefficient represents the
ability of heavy metals to be transported from the underground part to the aboveground part (Table 1). As
can be seen from Table 3, the heavy metal transport
coefficients of peanuts were significantly different
among different treatments, but the transport coefficients were all less than 1. The fact indicated that the
heavy metal transport capacity of the overground
part was poor for the underground part. Both alkaline
and neutral soil, peanut variety tested for Pb, Cd enrichment coefficient was increased with the increase
of concentration of biochar to reduce the trend. The
Cd enrichment coefficient of alkaline soil, the 5%
level treatment was the most significant effect compared with CK, reduced by 2.38. In neutral soil, similar phenomenon was observed with a reduction of
3.34. As can be seen from the Pb enrichment coefficient, in alkaline soil, the effect of 5% modified biochar was the most significant, which decreased by
0.256 compared with CK. In neutral soil, the 5%
modified biochar treatment effect was the most significant, compared with CK, decreased by 0.345.
Therefore, 5% modified biochar significantly reduced the enrichment ability of plants to heavy metals. The Cd enrichment coefficients of peanut were
all greater than 1. The fact indicated that peanut was
a plant with a high Cd enrichment ability.
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biomass to adsorb pollutants has attracted widespread attention [9]. As a kind of biomass, straw is
rich in cellulose, hemicellulose and lignin, and its
molecular chain contains a large number of active
groups such as hydroxyl [10]. In addition, straw has
high porosity, large specific surface area and good
affinity for heavy metal ions [11, 12].
Biochar is a kind of carbon-containing, stable
and highly aromatic solid substance obtained by
thermal pyrolysis of biomass in the absence of oxygen or hypoxia [13-15]. It was found that the biochar
basically retained the good pore structure of the original biomass and had large porosity and specific surface area [16]. Biochar has a highly aromatic structure, and its surface contains carboxyl, phenolic hydroxyl, carbonyl, anhydride and other groups [17].
These structural characteristics enable biochar to
have good adsorption characteristics and stability
[18, 19]. As a new type of environmental functional
material, biochar has attracted wide attention and has
great application potential in metal-contaminated
soil remediation, and has become a research hotspot
in recent years [20-22]. Biochar has a good adsorption and fixation effect on heavy metal ions (Cd2+,
Pb2+, Hg2+, etc.), which can reduce the migration and
availability of heavy metals in soil and therby reduce
the heavy metal content in plants [23-24].
Therefore, this study used graphene-modified/unmodified maize straw, rice straw and peanut
shell biochar as experimental materials to investigated the effects of different concentrations of K+,
Ca2+, Na+ and Mg2+ on the Hg adsorption by biochar.
The differences between the Hg adsorptions on modified and unmodified biochar also were explored.

ABSTRACT
The heavy metal mercury is harmful to the ecosystem and human health. This study aimed to investigate the impact of ions on the mercury adsorption
by different biochar. The results showed that there
was a promoting effect of ions on the mercury adsorption by both biochar and modified biochar with
a descending sequence of Ca2+ > K+ > Na+ > Mg2+.
The modified biochar performed better than unmodified biochar in the mercury adsorption. At the concentration of 0.5mol/L Ca2+, modified maize straw
has the largest adsorption amount and the best adsorption effect. Modified maize stalk biochar has the
best adsorption effect on mercury in aqueous solution. The adsorption ability of various biochar followed the descending sequences of modified maize
stalk biochar > modified peanut shell biochar > modified rice straw biochar, and maize stalk biochar >
peanut shell biochar > rice straw biochar.

KEYWORDS:
Biochar, Graphene-modified biochar, Cation, Sorption capacity, Mercury (Hg)

INTRODUCTION
Mercury (Hg) in water can be transformed into
methylmercury with potential neurotoxicity under
anaerobic conditions [1]. Methylmercury accumulates and amplifies in the aquatic food chain, causing
serious impacts on the ecosystem and human health
[2]. To protect the ecosystem, many countries have
formulated very strict mercury emission standard
limits for wastewater treatment [3]. There are many
treatment methods for heavy metals in wastewater,
including chemical precipitation method, electrochemical method, membrane technology, ion exchange method and adsorption method, etc. [4-6].
Adsorption method has become a hot spot in current
research due to its wide sources of adsorbents, good
adsorption effect, low cost and environmental
friendliness [7, 8]. Biomass has the advantages of
cheap, porous and biodegradable, so the use of waste

MATERIALS AND METHODS
The raw materials (wheat straw, maize straw,
and peanut shells) of biochar were collected from the
farmland of Qingdao, China and charred with at 350500 Ԩh. The three types of biochar were modified
by adding graphene to each of them. Using 0.01
mol/L NaSO4 as the supporting electrolyte, 0.05 g of
(graphene-modified) biochar was accurately
weighed into a 50 mL tube. A standard solution of
25 mL Cd at a concentration of 15 mg/L containing
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00.5 mol/L of K+, Na+, Mg2+ and Ca2+ was added,
shaken, and filtrated. The Hg content in the filtrate
was determined Three parallel tests were performed.
The experimental data were statistically analyzed by SPSS 19.0 at a significant difference level
of 0.05.
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modified and unmodified maize stalk biochar and
Hg2+ weakened, and the hydrophobic effect increased [25]. K+, Na+, Mg2+ and Ca2+ can affect the
adsorption by ion exchange competition with Hg2+,
salting out or salting out effect on modified and unmodified maize stalk biochar, and forming ion
equivalence with adsorbent ions [26]. The adsorption that occurs in solution is related to the pH value,
ionic strength and temperature of the solution [27].
The pH value of the solution not only affected the
surface properties of modified and unmodified maize
stalk biochar, but also affected the chemical morphology of Hg2+ in the solution [23]. When the pH
value of solution is lower than the zero charge point
of modified and unmodified maize stalk biochar, the
surface charge of modified and unmodified maize
stalk biochar is positive [20]. When the pH value of
solution is higher than the zero charge point of modified and unmodified maize stalk biochar, the surface
charge of modified and unmodified maize stalk biochar is negative [11, 19]. The influence of solution
pH value on adsorption is mainly realized by changing the charge of adsorbent and adsorbent, and then
affecting the electrostatic interaction between adsorbent and adsorbent [14]. The pH of this experiment
is around 5, which may be because the zero charge
point of modified and unmodified maize stalk biochar is lower than 5, and Ca2+ has the best effect on
the electrostatic interaction between enhanced modified and unmodified maize stalk biochar and Hg2+
[16].

RESULTS AND DISCUSSION
Effect of different ionic strengths on Hg adsorption. Figure 1 illustrated the Hg adsorption on
modified and unmodified maize straw biochar in
aqueous solution with different cation concentrations. The minimal and maximal adsorption capacity
of modified- and unmodified maize stalk biochar for
Hg at the Ca2+ concentrations of 0 and 0.5 mol/L.
The adsorption capacity of modified and unmodified
maize stalk biochar for Hg increased with the increasing cation concentrations. Compared with CK,
the maximal Ca2+ concentration induced the adsorption capacity of unmodified- and modified maize
stalk biochar for Hg to increase by 8.1% and by
4.9%, respectively. The K+ by 9.5% and 8.6%, respectively. The Na+ by 11.4% and 10.4%, respectively. The Mg2+ by 14.4% and 12.1%, respectively.
Among the four metal ions, the order of promoting
effect of modified and unmodified maize stalk biochar on mercury adsorption followed the descending
sequence of Ca2+ > K+ > Na+ > Mg2+.
When the ionic strength of the solution increased, the electrostatic interaction between the

FIGURE 1
Effect of cations on the Hg adsorption by modified- and unmodified maize straw biochar
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Figure 2 showed the effect of different cationic
concentrations on the Hg adsorption by modified and
unmodified peanut shell biochar. The adsorption capacity of modified and unmodified peanut shell biochar for mercury is the minimum at Ca2+ concentration of 0mol/L, and the maximum at Ca2+ concentration of 0.5mol/L. With the increase of Ca2+ concentration, the adsorption capacity of modified and unmodified peanut shell biochar to mercury increased,
and the adsorption capacity of peanut shell biochar
to mercury increased by 6.4%, and the adsorption capacity of modified peanut shell biochar to mercury
increased by 5.3%. When Ca2+ concentration was 0,
0.01, 0.05, 0.1, 0.25 and 0.5mol/L, there was no difference in the adsorption of Hg2+ from aqueous solution by modified peanut shell biochar, and no difference in the adsorption of Hg2+ from aqueous solution
by unmodified peanut shell biochar.
The adsorption capacity of modified and unmodified peanut shell biochar was the minimum at
K+ concentration of 0mol/L, and the maximum at K+
concentration of 0.5mol/L. With the increase of K+
ion concentration, the adsorption capacity of modified and unmodified peanut shell biochar to mercury
increased, and the adsorption capacity of peanut
shell biochar to mercury increased 7.5%, and the adsorption capacity of modified peanut shell biochar to
mercury increased 6.1%. When K+ concentration is
0, 0.01, 0.05, 0.1, 0.25 and 0.5mol/L, there is no difference in the adsorption of Hg2+ in aqueous solution
by modified peanut shell biochar, and no difference
in adsorption of Hg2+ in aqueous solution by unmodified peanut shell biochar.
The adsorption capacity of the modified and
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unmodified peanut shell biochar to mercury was the
minimum when the Na+ concentration was 0mol/L,
and the maximum when the Na+ concentration was
0.5mol/L. With the increase of Na+ ion concentration, the adsorption capacity of modified and unmodified peanut shell biochar to mercury increased, and
the adsorption capacity of peanut shell biochar to
mercury increased 9.1%, and the adsorption capacity
of modified peanut shell biochar to mercury increased 6.7%. When Na+ concentration is 0, 0.01,
0.05, 0.1, 0.25 and 0.5mol/L, there is no difference
in the adsorption of Hg2+ from aqueous solution by
modified peanut shell biochar, and no difference in
the adsorption of Hg2+ from aqueous solution by unmodified peanut shell biochar.
The adsorption capacity of modified and unmodified peanut shell biochar to Mercury was the
minimum at Mg2+ concentration of 0mol/L, and the
maximum at Mg2+ concentration of 0.5mol/L. With
the increase of Mg2+ concentration, the adsorption
capacity of modified and unmodified peanut shell biochar for mercury increased, and the adsorption capacity of peanut shell biochar for mercury increased
by 12%, and that of modified peanut shell biochar
for mercury increased by 8.6%. When Mg2+ concentration was 0, 0.01, 0.05, 0.1, 0.25 and 0.5mol/L,
there was no difference in the adsorption of Hg2+ in
aqueous solution by modified peanut shell biochar at
different concentrations, and no difference in the adsorption of Hg2+ in aqueous solution by unmodified
peanut shell biochar. Among the four ions, the order
of promoting effect of modified and unmodified peanut shell biochar on mercury adsorption is Ca2+ > K+
> Na+ > Mg2+.

FIGURE 2
Effect of cations on the Hg adsorption by modified- and unmodified peanut shell biochar
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the adsorption of Hg2+ in aqueous solution by modified rice straw biochar, and no difference in the adsorption of Hg2+ in aqueous solution by unmodified
rice straw biochar.
The adsorption capacity of modified and unmodified rice straw biochar for mercury was the lowest when the concentration of Na+ was 0mol/L, and
the maximum when the concentration of Na+ was
0.5mol/L. With the increase of Na+ ion concentration, the mercury adsorption capacity of modified
and unmodified rice straw biochar increased, and the
mercury adsorption capacity of rice straw biochar increased by 12.5% and 8.5%, respectively. When Na+
concentration was 0, 0.01, 0.05, 0.1, 0.25 and
0.5mol/L, there was no difference in the adsorption
of Hg2+ from aqueous solution by modified rice
straw biochar, and no difference in the adsorption of
Hg2+ from aqueous solution by unmodified rice
straw biochar.
The adsorption capacity of modified and unmodified rice straw biochar for Hg was the minimum
at Mg2+ concentration of 0mol/L, and the maximum
at Mg2+ concentration of 0.5mol/L. With the increase
of Mg2+ concentration, the adsorption capacity of
mercury on rice straw biochar increased both modified and unmodified, and the adsorption capacity of
mercury on rice straw biochar increased by 18.3%
and 11.1%, respectively. When Mg2+ concentration
was 0, 0.01, 0.05, 0.1, 0.25 and 0.5mol/L, there was
no difference in the adsorption of Hg2+ from aqueous
solution by modified rice straw biochar, and no difference in the adsorption of Hg2+ from aqueous solution by unmodified rice straw biochar. Among the
four ions, the order of promoting effect of modified
and unmodified rice straw biochar on mercury adsorption is Ca2+ > K+ > Na+ > Mg2+.
When the ionic strength of the solution increased, the electrostatic interaction between the
modified and unmodified rice straw biochar and
Hg2+ weakened, and the hydrophobic effect increased [21]. K+, Na+, Mg2+ and Ca2+ can affect the
adsorption by ion exchange competition with Hg2+,
salting out or salting out effect on modified and unmodified rice straw biochar, and forming ion equivalence with adsorbent ions [11]. The adsorption that
occurs in solution is related to the pH value, ionic
strength and temperature of the solution [14]. The
pH value of the solution not only affected the surface
properties of the modified and unmodified rice straw
biochar, but also affected the chemical morphology
of Hg2+ in the solution [17, 24]. When the pH value
of solution is lower than the zero charge point of
modified and unmodified rice straw biochar, the surface charge of modified and unmodified rice straw
biochar is positive [23]. When the pH value of solution is higher than the zero charge point of modified
and unmodified rice straw biochar, the surface
charge of modified and unmodified rice straw biochar is negative [17, 26]. The influence of solution

When the ionic strength of the solution increased, the electrostatic interaction between the
modified and unmodified peanut shell biochar and
Hg2+ weakened, and the hydrophobic effect increased. K+, Na+, Mg2+ and Ca2+ can affect the adsorption by ion exchange competition with Hg2+,
salting out or salting out effect on the modified and
unmodified peanut shell biochar, and forming ion
equivalence with adsorbent ions. The adsorption that
occurs in solution is related to the pH value, ionic
strength and temperature of the solution [26]. The
pH value of the solution not only affected the surface
properties of the modified and unmodified peanut
shell biochar, but also affected the chemical morphology of Hg2+ in the solution [24]. When the pH
value of the solution is lower than the zero charge
point of the modified and unmodified peanut shell
biochar, the surface of the modified and unmodified
peanut shell biochar is positively charged [27].
When the pH value of the solution is higher than the
zero charge point of the modified and unmodified
peanut shell biochar, the surface of the modified and
unmodified peanut shell biochar is negatively
charged [25]. The influence of solution pH value on
adsorption is mainly realized by changing the charge
of adsorbent and adsorbent, and then affecting the
electrostatic interaction between adsorbent and adsorbent [22]. However, the pH of this experiment is
around 5, which may be because the zero charge
point of modified and unmodified peanut shell biochar is lower than 5, and Ca2+ has the best effect on
the electrostatic interaction between enhanced and
unmodified peanut shell biochar and Hg2+.
Figure 3 displayed the effect of different cationic concentrations on the Hg adsorption by modified and unmodified rice straw biochar. The adsorption capacity of modified and unmodified rice straw
biochar for mercury is the minimum at Ca2+ concentration of 0mol/L, and the maximum at Ca2+ concentration of 0.5mol/L. With the increase of Ca2+ concentration, the mercury adsorption capacity of rice
straw biochar increased both modified and unmodified, and the mercury adsorption capacity of rice
straw biochar increased by 7.7% and 5.8% respectively. When Ca2+ concentration was 0, 0.01, 0.05,
0.1, 0.25 and 0.5mol/L, there was no difference in
the adsorption of Hg2+ in aqueous solution by modified rice straw biochar, and no difference in the adsorption of Hg2+ by unmodified rice straw biochar.
The adsorption capacity of modified and unmodified rice straw biochar was the minimum at K+
concentration of 0mol/L, and the maximum at K+
concentration of 0.5mol/L. With the increase of K+
ion concentration, the mercury adsorption capacity
of rice straw biochar increased both modified and
unmodified, and the mercury adsorption capacity of
rice straw biochar increased by 5.3% and 6.9% respectively. When K+ concentration was 0, 0.01, 0.05,
0.1, 0.25 and 0.5mol/L, there was no difference in
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pH value on adsorption is mainly realized by changing the charge of adsorbent and adsorbent, and then
affecting the electrostatic interaction between adsorbent and adsorbent [14]. The pH of this experiment
is around 5, which may be because the zero charge
point of modified and unmodified rice straw biochar
is lower than 5, and Ca2+ has the best effect on the
electrostatic interaction between enhanced and unmodified rice straw biochar and Hg2+.

Fresenius Environmental Bulletin

adsorption of mercury on maize stalk biochar was
significantly correlated with Mg2+ ion strength, and
the trend line of modified maize stalk biochar was
r=0.824> 0.8, therefore, the adsorption of mercury
on modified maize stalk biochar was significantly
correlated with Mg2+ ion strength; Trend line of
maize stalk biochar under Ca2+ r=0.858> 0.8, therefore, the adsorption of mercury on maize stalk biochar was significantly correlated with Ca2+ strength,
and the trend line of modified maize stalk biochar
was 0.5<r=0.744<0.8. Therefore, the adsorption of
mercury on modified maize stalk biochar was moderately correlated with Ca2+ strength.
Figure 5 displayed the correlations between the
ionic strengths of K+, Ca2+, Na+ and Mg2+ and Hg
adsorption on peanut shell biochar. with the increase
of K+, Na+, Mg2+ and Ca2+ concentrations, the adsorption capacity of mercury on modified and unmodified peanut shell biochar gradually increased,
and the trend line of peanut shell biochar at K+ was
r=0.810> 0.8. Therefore, the adsorption of mercury
on peanut shell biochar was significantly correlated
with K+ ion strength, and the trend line of modified
peanut shell biochar was r=0.828 > 0.8. Therefore,
the adsorption of mercury on modified peanut shell
biochar is significantly correlated with K+ ion
strength; The trend line of peanut shell biochar under
Na+ condition r=0.825 > 0.8, so the adsorption of
mercury on peanut shell biochar was significantly
correlated with Na+ ionic strength, and the trend line
of modified peanut shell biochar was 0.5<
r=0.788<0.8, so the adsorption of mercury on modified peanut shell biochar was moderately correlated

Correlations between ionic strength and Hg
adsorption on biochar. Figure 4 showed the correlation between the ionic strengths of K+, Ca2+, Na+
and Mg2+ and the Hg adsorption on graphene-modified- and unmodified maize straw biochar. with the
increase of K+, Na+, Mg2+ and Ca2+ concentrations,
the adsorption capacity of mercury on modified and
unmodified maize stalk biochar gradually increased,
and the trend line of maize stalk biochar at K+ was
r=0.861 > 0.8, therefore, the adsorption of mercury
on maize stalk biochar was significantly correlated
with K+ ion strength, and the trend line of modified
maize stalk biochar was r=0.826>0.8, therefore, the
adsorption of mercury on modified maize stalk biochar was significantly correlated with K+ ion
strength; The r=0.856 > 0.8 of the trend line of maize
stalk biochar under Na+; therefore, the adsorption of
mercury on maize stalk biochar was significantly
correlated with Na+ ion strength, and the trend line
of modified maize stalk biochar was r=0.819 > 0.8,
therefore, the adsorption of mercury on modified
maize stalk biochar was significantly correlated with
Na+ ion strength; The trend line of maize stalk biochar under Mg2+ was r=0.861 > 0.8, therefore, the

FIGURE 3
Effect of cations on the Hg adsorption by modified- and unmodified rice straw biochar
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FIGURE 4
Correlation between the cation strength and Cd adsorption on maize straw biochar

FIGURE 5
Correlation between the cation strength and Hg adsorption on peanut shell biochar
with Na+ ion strength; r=0.811>0.8 of peanut shell
biochar trend line under Mg2+. Therefore, the adsorption of mercury on peanut shell biochar was significantly correlated with Mg2+ ion strength, and the
trend line of modified peanut shell biochar was 0.5<
r=0.780< 0.8, so the adsorption of mercury on modified peanut shell biochar was moderately correlated
with Mg2+ ion strength. Trend of peanut shell biochar
under Ca2+ r=0.817>0.8, therefore, the adsorption of
mercury on peanut shell biochar is significantly correlated with Ca2+ ion strength; r=0.8 for the trend of
modified peanut shell biochar. Therefore, the adsorption of mercury on modified peanut shell biochar is moderately correlated with Ca2+ ion strength.

The correlation between the ionic strengths of
K+, Ca2+, Na+ and Mg2+ and Hg adsorption on rice
straw biochar was shown in Figure 6. with the increase of K+, Na+, Mg2+ and Ca2+ concentrations, the
adsorption capacity of mercury on modified and unmodified rice straw biochar gradually increased, and
the trend line of rice straw biochar under K+ was
0.5<r=0.763<0.8, therefore, the adsorption of mercury on rice straw biochar was moderately correlated
with K+ ion strength, and the trend line of modified
rice straw biochar was 0.5<r=0.748<0.8, therefore,
the adsorption of mercury on modified rice straw biochar was moderately correlated with K+ ion
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FIGURE 6
Correlation between the cation strength and Hg adsorption on rice straw biochar
strength; Trend line of rice straw biochar under Na+
0.5<r=0.763<0.8, mercury adsorption of rice straw
biochar was moderately correlated with Na+ ion
strength, and the trend line of modified rice straw biochar was 0.5<r=0.748<0.8, therefore, the adsorption of mercury on modified rice straw biochar was
moderately correlated with Na+ ion strength; the
trend line of rice straw biochar under Mg2+;
0.5<r=0.759<0.8, so the adsorption of mercury on
rice straw biochar was moderately correlated with
Mg2+ ion strength, and the trend line of modified rice
straw biochar was 0.5<r=0.750<0.8, therefore, the
adsorption of mercury on modified rice straw biochar was moderately correlated with Mg2+ ion
strength; Trend line of rice straw biochar under Ca2+
0.5<r=0.763<0.8, therefore, the mercury adsorption
of rice straw biochar was moderately correlated with
Ca2+ strength, and the trend line of modified rice
straw biochar was 0.5<r=0.748<0.8. Therefore, the
adsorption of mercury on modified rice straw biochar was moderately correlated with Ca2+ strength.

promoting effect of four kinds of ions on the adsorption of mercury by biochar and modified biochar is
Ca2+ > K+ > Na+ > Mg2+.
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the probability of encountering complex formation
intervals will also be greatly improved [3-4]. Facing
the high temperature and complex environment of
deep wells, the aging problem of drilling fluid is
more difficult to control. For ultra-deep well drilling
that encounters multiple sets of pressure formations,
the technical problems of rheological control of drilling fluids and fluid loss control become more and
more prominent [5-6]. When drilling into high-pressure saline aquifers, drilling fluid pollution caused
by oil, gas, salt, and poor soil is very likely to occur.
For example, the high-density drilling fluid used for
drilling in the piedmont structural belt of the Tarim
Basin is extremely prone to pressure leakage of salt
rock formations and salt-gypsum formations, resulting in a series of complex accidents such as lost circulation, span collapse, and stuck pipe [7-10].
Oil-based drilling fluids and brine-based drilling fluids are mainly used for drilling in high-pressure brine formations. Both oil-based and brinebased drilling fluids have strong resistance to salt
and calcium pollution and shale inhibition. Numerous studies have shown that drilling fluids should
have low HPHT fluid loss when drilling into highpressure saline aquifers [11-14]. Furthermore, it can
improve the plugging and anti-slump capabilities of
the system, and still has good rheological properties
and sedimentation stability at higher solid content.
When drilling high-pressure brine formations,
oil-based drilling fluids have better anti-pollution
properties than water-based drilling fluid systems.
This is also the reason why many oilfield brine formation drilling fluids mainly use high-density oilbased drilling fluids [15]. However, oil-based drilling fluids have problems such as high cost, unenvironmental waste, and complicated disposal. Therefore, it is of great practical significance to study the
properties of high-temperature and high-density water-based drilling fluids resistant to high-pressure
brine intrusion.
The properties of high-pressure brine in the
SHB area of the Tarim Basin are complex and generally contain high concentrations of monovalent
and divalent cations. When it invades into the waterbased drilling fluid, the clay minerals seriously com-

ABSTRACT
In this paper, taking the high-pressure formation brine in the SHB area of the Tarim Basin as
an example, the properties of high pressure formation brine and its influence mechanism on waterbased drilling fluid are systematically studied. The
research results show that the high-pressure formation brine in this area mainly contains three cations: Na+, K+, and Ca2+, and the anion is mainly Cl-.
Moreover, the monovalent cation brine has a great
influence on the rheology of the base slurry, and the
divalent cation brine has a greater influence on the
filtration loss of the base slurry. The effect of the
simulated high pressure formation brine on the base
slurry rheology is similar to that of monovalent cation brine. The effect of Zeta potential on fluid loss
tends to be that of divalent cation brines. In addition,
the simulation of high-pressure formation brine on
four commonly used water-based drilling fluid treatment agents found that it mainly affects the fluid loss
reduction of the experimental slurry; when 20% simulated high-pressure formation brine was used to infiltrate the experimental slurry, the fluid loss increased sharply. Finally, the mechanism of highpressure salt water intrusion into drilling fluid was
revealed, which mainly includes two aspects: (1) The
damage of the composite salt to the stability of the
colloidal particles in the water-based drilling fluid
leads to the coalescence and flocculation of the hydrated bentonite particles; (2) The key treatment
agent of water-based drilling fluid is ineffective due
to salt water intrusion.

KEYWORDS:
Water-based drilling fluid, high pressure formation brine,
ion concentration, water invasion, particle stability

INTRODUCTION
With the reduction of medium and shallow oil
and gas resources, deep and ultra-deep drilling has
become the main field to obtain more oil and gas resources [1-2]. However, as the well depth increases,
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press the electric double layer and cause great damage to the stability of the drilling fluid. In this paper,
taking the high-pressure formation brine in the SHB
area of the Tarim Basin as an example, the properties
of high pressure formation brine and its influence
mechanism on water-based drilling fluid are systematically studied. This research is of great significance
for improving drilling efficiency.
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8000 rpm for 30 minutes. Subsequently, it was
placed in an airtight container for curing for 24.0 h
to obtain a 4% base slurry.
Preparation of sodium chloride brine: Weighing
the required quality of sodium chloride with the
same salinity as the simulated high-pressure formation brine in a beaker, dissolving it with a small
amount of pure water, pouring it into a volumetric
flask, set the volume, and sealing it for later use. The
preparation method of the rest of the brine is the
same as that of the sodium chloride brine.

MATERIALS AND METHODS
The structural location of the SHB area in the
Tarim Basin is located in the Shuntuoguole Low Uplift of the basin, where the target horizon is deep and
the formation temperature is high. Due to the development of shale interbeds, the mud-sandstone interbeds in the fissures are poorly cemented, and there
are abnormally high salinity brines. Repeated lost
circulation and formation brine overflow occurred in
the 5600-6200 m well section. The rock of this formation exhibits weak expansion and moderate dispersibility and the mineral content of the rock
changes in a jumping manner with the increase of the
well depth. Therefore, it is necessary to strictly control the water loss and rheology of the drilling fluid
in the whole well section.
In order to better clarify the reasons why the
high-pressure formation brine contaminates the drilling fluid during the drilling process, this study firstly
analyzes the components of the high-pressure saline
formation brine [16-17]. Furthermore, the high-pressure brine samples of Carboniferous and Ordovician
in the SHB area were collected, respectively, and the
chemical composition and content of the samples
were tested. Through analysis, it was found that the
brine mainly contains the following components:
fluoride, nitrate, nitrite, sulfate, phosphate, carbonate, sodium, magnesium, potassium, calcium,
iron, aluminum, manganese.
The brine analysis was carried out with reference to "SY/T 5523-2016 Oilfield Water Analysis
Method". Sodium, potassium, calcium, magnesium,
barium, sulfate, nitrate, fluoride, chloride, bromide
and sulfate were determined by ion chromatography
[18-20]. Ion chromatography is a separation mechanism based on ion exchange and is a separation mode
in liquid chromatography. Manganese and chromium
were detected by atomic absorption method, and alkalinity was detected by potentiometric titration
method. Water type classification adopts the Surin
water type method.
The brine samples taken on site were from the
SHB area, including one Ordovician high-pressure
water sample and one Carboniferous water sample.
The samples are shown in Figure 1.
Preparation of 4% base slurry: taking 1000 mL
of tap water, adding bentonite with a mass fraction
of 4.0%, then adding soda ash with a mass fraction
of 5% of the bentonite, and stiring in the blender at

RESULTS
The results of the high-pressure saline aquifer
brine samples are shown in Table 1. The pH value of
Ordovician high-pressure formation brine is 6.7,
which is neutral water. The cations are mainly Na+,
K+ and Ca2+, which account for 98% of the cations
in the formation water. The anion is mainly Cl-. According to the Surin water type, it can be known that
the water type of the formation water belongs to the
calcium chloride type. The pH value of the Carboniferous high-pressure formation brine is 7.1, and the
ionic composition is the same as that of the Ordovician high-pressure formation brine, but the ion content is higher than that of the Ordovician.
Effect of brine on the properties of base
slurry. Clay is one of the important treatment agents
in water-based drilling fluids, and bentonite is the
most common and widely used slurry material for
water-based drilling fluids [15, 21]. Bentonite is a
kind of clay with a large content of montmorillonite,
and the montmorillonite itself has a large amount of
negative charges. It can adsorb a large number of cations and water molecules during the hydration process, which increases the distance between layers of
montmorillonite and increases the volume several
times, thereby hindering the flow of free water.
Therefore, bentonite has low permeability. Bentonite
is mainly classified into sodium bentonite and calcium bentonite according to the cations between the
montmorillonite layers [22-23]. Compared with calcium bentonite, sodium bentonite has more residual
surface charge and exchangeable Na+ amount, which
makes sodium bentonite have stronger hydration
swelling ability and low permeability.

FIGURE 1
Field brine samples.
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Component
Potassium
Sodium
magnesium
Barium
Calcium
Iron
Aluminum
Manganese
Fluoride
Chloride
Bromide
Nitrate
Sulfate
Phosphate
Carbonate
Bicarbonates
pH value
Water type
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TABLE 1
Content of each component of the brine.
Ordovician formation brine /(mg/L)
Carboniferous formation brine /(mg/L)
1.50×104
1.60×104
4
2.76×10
3.13×104
151
213
—
—
2.72×103
3.99×103
752
265
1.05
0.696
3.72
5.23
˘0.06
˘0.06
5.57×104
7.04×104
—
—
˘0.400
˘0.400
5.18×103
4.17×103
˘1.80
˘1.80
—
—
2.81×103
1.65×103
6.7
7.1
Calcium chloride type
Calcium chloride type

FIGURE 2
Effects of different brine intrusions on the rheology of base slurry after aging.
The main function of bentonite in drilling fluid
is to increase viscosity and shear force and to form
dense mud cake with low permeability, and the main
mechanism of action of fluid loss reducer in drilling

fluid is through the interaction with bentonite particles. Therefore, when different volumes of simulated
high-pressure formation brine (compound brine),
pure water and single-component brine were added,
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the changes in rheology, fluid loss, and Zeta potential
of 4% base slurry after hot rolling at 180 °C were
measured.

Fresenius Environmental Bulletin

main factor controlling the flocculation process at
the microscopic level. When the Zeta potential value
is 0~±5 mV, the colloid system is in a state of rapid
aggregation or agglomeration. When the Zeta potential value is ±10~±30 mV, the colloid system is in a
state of becoming unstable; when the Zeta potential
value is ±40~±60 mV, the colloid system is in a better stable state.

(1) Effect of brine on the rheology of base
slurry. It can be seen from Figure 2 that with the increase of the water intrusion volume, the apparent
viscosity and dynamic shear force of the base slurry
are basically unchanged, and the plastic viscosity
shows a decreasing trend. With the increase of the
intrusion volume of the sodium chloride brine, the
apparent viscosity and plastic viscosity of the base
slurry increased first and then decreased, and the dynamic shear force showed an increasing trend. Both
magnesium chloride brine and calcium chloride
brine are divalent cation brines, and their intrusion
has little effect on the rheology of the base slurry
[24-25]. The apparent viscosity, plastic viscosity and
dynamic shear force of the base slurry changed little
with the increase of the brine intrusion volume. With
the increase of the simulated high-pressure formation brine, the apparent viscosity and dynamic
shear force of the base slurry first increased and then
decreased, and the plastic viscosity decreased. The
effect of simulated high pressure formation brine on
the apparent viscosity of the base slurry is different
from that of pure water and brine containing divalent
cations, and is similar to the intrusion of sodium
chloride brine.

FIGURE 3
Effects of different brines on filtration loss of
bentonite slurry.

(2) Influence of brine on base slurry filtration. It can be seen from Figure 3 that the filtration
loss of the base slurry is basically unchanged with
the increase of the amount of water added. The fluid
loss increased slowly with the intrusion volume of
the sodium chloride brine. The divalent cation brine
has a certain influence on the fluid loss of the base
slurry. When the brine intrudes more than 10% of the
volume, the increase rate of the fluid loss slows
down. The analysis shows that in the simulated highpressure formation brine, the filtration loss of the
base slurry is mainly affected by the divalent cations
in the brine, and the dilution effect of water and the
compressive electric double layer effect of monovalent cations are less.

FIGURE 4
Effects of different brines on Zeta potential of
bentonite slurry.

(3) Effect of brine on the Zeta potential of
base slurry. The Zeta potential test can detect the
size of the electric charge of clay particles dispersed
in water. Since some of the aluminum atoms in the
aluminum-oxygen octahedron are replaced by dipotassium ions such as magnesium and iron, the bentonite slurry containing a large amount of montmorillonite is negatively charged. The size of the Zeta
potential can measure the strength of the interaction
between the particles and also represents the stability
of the dispersion system. Generally, the change of
colloidal Zeta potential has a great influence on the
stability of aggregates. The potential on the surface
of suspended particles in aqueous solution is the

It can be seen from Figure 4 that the Zeta potential (absolute value) decreases gradually as the intrusion volume of water increases. The main reason
for this is that the pH of the base slurry is lowered
due to the intrusion of water. As the electrolyte
strength increases, the Zeta potential (in absolute
value) decreases with increasing electrolyte concentration. The main reason is that the smaller the electrolyte concentration, the lower the ability of the
counter ions in the solution to shield the electric field,
and the stronger the electric field around the particles,
which leads to the increase of the Zeta potential of
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the colloidal particles. It can be seen from the intrusion of 5% volume of different brines that the Zeta
potential values of bentonite colloidal particles are 6.71 mV and -8.37 mV after calcium chloride brine
and magnesium chloride brine intrusion. The Zeta
potential value of bentonite colloidal particles was 39.44mV after being infested with sodium chloride
salt water. The Zeta potential of bentonite colloids in
each ionic system showed a decreasing trend with
the increase of ionic concentration. Moreover, the divalent ions can obtain a lower Zeta potential at a
lower concentration, which reduces the stability of
the colloidal system.
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sharply. From the perspective of Zeta potential, the
polymer fluid loss reducer can effectively increase
the zeta potential value. The addition of 5% saline
has reduced the absolute value of the Zeta potential,
resulting in a decrease in the stability of the colloidal
particles. With the continuous increase of the amount
of invading saline, the absolute value of Zeta potential continued to decrease, and at 25% saline, the absolute value of the potential dropped to about 15 mV.
The analysis shows that the addition of 5%
brine is mainly affected by salt ions, and the stability
of bentonite slurry and the protective effect of polymer fluid loss reducer are damaged to a certain extent by the addition of salt. When 10%-20% salt water invades, the polymer fluid loss reducer can reduce the change of the absolute value of the Zeta potential of the bentonite colloid particles, the change
of the aggregation degree of the polymer molecular
chain particles, and the change of the fluid loss.
However, colloidal particles are already quite unstable. When 25% salt water invades, the gel-reducing
effect of the polymer fluid loss control agent has
failed. The main reason for the failure at this time is
the dilution effect of a large amount of water on the
polymer fluid loss reducer. A small amount of salt
water will cause the curling of the long chain of the
polymer, but it still has a certain protective effect.
The dilution effect of a large amount of salt water
directly causes the bentonite particles to be exposed
to salt water, so the stability of the colloidal particles
is greatly reduced. Its macroscopic performance is a
sharp increase in filtration loss. Therefore, it is considered that under this condition, the effect of polymer fluid loss reducer begins to fail when 20% salt
water invades.

Effect of simulated high pressure formation
brine addition on drilling fluid treatment agent.
(1) Polymer fluid loss control agent. The specified
mass fraction of common drilling fluid treatment
agent was added to 4% base slurry, and stirred for 30
min in the mixer at 8000 rpm/min. The rheological
properties, fluid loss and Zeta potential of the experimental pulp before and after aging ႏh)
were tested respectively. As shown in Figure 5, from
the perspective of rheology, with the addition of simulated high-pressure formation brine, the apparent
viscosity, plastic viscosity and dynamic shear force
of the 1# experimental slurry before and after aging
continued to decrease. From the perspective of fluid
loss, the medium pressure fluid loss of API before
aging did not change significantly with the addition
of simulated high-pressure formation brine, but the
medium pressure fluid loss of API after aging increased slowly with the increase of brine addition.
When the brine intrusion is greater than 20%, the
medium pressure fluid loss of aged API increases

FIGURE 5
Influence of simulated high-pressure formation brine dosage on polymer fluid loss control agent.
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FIGURE 6
Effect of compound brine addition on sulfonated resin fluid loss reducer.

FIGURE 7
Effect of compound brine addition on sulfonated lignite fluid loss control agents.
force all showed a trend of first increasing and then
decreasing after aging. From the perspective of fluid
loss, the API medium pressure fluid loss before aging does not change significantly with the addition
of simulated high-pressure formation brine. However, when the salt water intrusion is greater than
10%, the medium pressure fluid loss of the aged API
increases significantly. From the perspective of Zeta

(2) Sulfonated resin fluid loss control agent.
As shown in Figure 6, from the perspective of rheology, with the addition of simulated high-pressure
formation brine, the apparent viscosity and plastic
viscosity of the sulfonated resin fluid loss reducer
before aging are less affected. At 25% saline, the dynamic shear force suddenly increased, while the apparent viscosity, plastic viscosity and dynamic shear
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potential, compared with that before adding the treatment agent, the Zeta potential can be stabilized to 20%
saline, and then decreased. Therefore, combined
with rheology, fluid loss and Zeta potential, it is considered that the sulfonated resin fluid loss reducer
begins to fail when 15% saline is intruded.
(3) Sulfonated lignite fluid loss control agent.
As shown in Figure 7, from the perspective of rheology, with the addition of simulated high-pressure
formation brine, the apparent viscosity and plastic
viscosity of the sulfonated resin fluid loss reducer
before aging are less affected.
After aging, the apparent viscosity, plastic viscosity and dynamic shear force first increased and
then decreased. In terms of fluid loss, the medium
pressure fluid loss of the aged API increased significantly when 20% salt water invaded. From the perspective of Zeta potential, the Zeta potential of the
base slurry changed little when the sulfonated lignite
fluid loss control agent was added and the brine was
added with less than 20% volume. When more than
20% volume of brine was added, the Zeta potential
change of the experimental pulp continued to decrease. It shows that the protective effect of the sulfonated lignite-type fluid loss reducer is weakened
when the amount of brine is increased, which leads
to a sharp increase in the API fluid loss of the experimental pulp when 20% brine is intruded. Therefore,
combined with the rheology, fluid loss and Zeta potential, it is considered that the sulfonated lignitetype fluid loss reducer begins to fail when 20% brine
invades.
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dynamic shear force of the experimental slurry before aging increased, and the plastic viscosity decreased. After aging, the apparent viscosity and plastic viscosity decrease, and the dynamic shear force
first increases and then decreases. In terms of fluid
loss, the medium pressure fluid loss of the aged API
increased significantly when 10% salt water invaded.
Afterwards, with the increase of salt water intrusion,
the API fluid loss continued to increase.
The analysis shows that the effect of compound
brine on sulfonated asphalt is mainly reflected in the
dilution effect. The Zeta potential of the experimental slurry with the addition of sulfonated asphalt
is basically the same as that of the base slurry. It
shows that the sulfonated asphalt has no protective
effect on the bentonite. The main function of sulfonated asphalt to reduce filtration loss is to fill the
mud cake with its own small particles. However,
saltwater intrusion would directly affect bentonite,
resulting in changes in the experimental pulp rheology and fluid loss. Combined with rheology and filtration loss, the analysis shows that the effect of sulfonated asphalt is not obvious when 10% salt water
invades.
Mechanism analysis of salt water intrusion
into water-based drilling fluid. Due to the high salinity and the complex ions of brine components, the
mechanism of brine intrusion into sewage-based
drilling fluids is ambiguous. But the overall reasons
can be summed up in two aspects.
One is the fouling of water-based drilling fluid
by compound salt, which is the main mechanism of
high-pressure saline formation brine invading sewage-based drilling fluid. According to this study, the
intrusion of pure water into the base slurry has little
effect on the overall performance of the base slurry,
while the brine with high salinity, especially the divalent cation brine, has a greater impact on the over

(4) Sulfonated asphalt plugging agent. As
shown in Figure 8, from the perspective of rheology,
with the increase of the simulated high-pressure formation brine intrusion, the apparent viscosity and

FIGURE 8
Effect of compound brine addition on sulfonated asphalt fluid loss control agents.
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all performance of the base slurry [12, 26]. This is
mainly because the bentonite contained in the waterbased drilling fluid itself has a high degree of hydration, and the intrusion of water has little effect on its
hydration degree, so the overall performance of the
base mud changes little. However, the large amount
of cations brought by the intrusion of salt water will
cause severe compression of the electric double layer
of the montmorillonite particles in the bentonite, the
Zeta potential (absolute value) will drop rapidly, and
the montmorillonite particles will form a surface-tosurface structure. Therefore, the overall performance
of the base paste changes dramatically.
Second, the intrusion of salt water caused the
failure of key treatment agents for water-based drilling fluids. From the Zeta potential analysis, it can be
concluded that a small amount of salt water invades
the fouling, and the Zeta potential decreases, but
some drilling fluid treatment agents can protect the
glue to a certain extent. However, when the salt water is infested to a certain extent, the protective effect
of the gel drops rapidly, which may be caused by the
dilution effect of the salt water. Therefore, in the construction of high-temperature and high-density water-based drilling fluid systems resistant to highpressure salt water intrusion, it is necessary to emphasize the selection of key treatment agents against
complex salts and the adjustment of key treatment
agents in the entire system.
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flowers. The flowers have orange like aroma and
long lasting fragrance, which has high horticultural
value [1].
In order to perform volatile matter analysis, we
divided the experiment into three parts :(1) extraction of volatile compounds;(2) detection of volatile
substances; and (3) mass spectrometric analyses.
Available literature suggests that with the continuous
innovation and development of science and technology and testing techniques, experiments on the
above mentioned three parts have developed to varying degrees [2-4]. For instance, there are many extraction techniques for the determination of volatile
organic compounds, such as liquid-liquid extraction,
distillation extraction, supercritical extraction, purging-capture method, etc. [5, 6]. Solid phase microextraction (SPME) is characterized by the integration
of sampling, extraction, enrichment, and sample injection that is easy to operate. It is the direct interaction between sample and solid phase coating, and almost consumes no solvent, which reduces the cost
and protects human body and the environment [7, 8].
The mainstream gas chromatography-mass spectrometry (GC-MS) was used for detection of results
in accurate data. The experimental instruments could
be connected with the instruments of SPME; reducing the possibility of oxidative pollution of pretreated materials [9, 10]. In terms of mass spectrometric analysis, the NIST2014 mass spectrometric
library retrieval and Shimadzugc-MS Solution data
processing system can be used to accurately determine the chemical composition and relative content
of various volatile substances.
The volatile matter in flowers is a complex
mixture of many volatile lipophilic molecules with
low molecular weights and low boiling points [11].
With the help of GC/MS and SPME techniques: it is
easy to identify the volatile compounds from flower
as well as from fruits. More than 1700 kinds of volatile organic compounds have been identified from
more than 90 kinds of plants [12]. Such organic compounds are mainly terpenes, phenylpropane, fatty acids or amino acid derivatives [13]. Among all the
plant organs, flowers produce the greatest variety
and amounts of volatile organic compounds including aromatic compounds, whose synthesis and emis-

ABSTRACT
The aim of this experiment was to analyze the
changes of volatile components in different florescence and flower parts of Sedirea japonica, and
provide basis for illustrating the formation and release mechanism. Solid-phase microextraction
(SPME) and gas chromatography-mass spectrometry (GC/MS) technology are used to optimize the water bath temperature, adsorption time, and heating
program. Moreover, the volatile components and
their relative contents at different flowering stages
and in different parts of flowers were determined and
discussed. It is found that 30℃ water bath adsorption
for 30 min is the best water bath temperature and adsorption time. Similarly, the best heating procedure
is to set the initial column temperature at 40℃ for 2
min, then raise it to 170℃ at a rate of 4℃/min, keep
it at 1min, and raise the temperature at 20℃/min to
270℃ for 2 min. 9 volatile compounds were detected
at bud stage, 37 at full bloom stage, and 20 at declining period. With the flowering and withering, the alcohol and ester compounds increased first and then
decreased, while the aldehyde/ketone compounds increased gradually. The terpenes and aromatic compounds also showed a decreasing trend. Among the
four different parts of S. japonica in full bloom, the
highest relative content in petals, sepals, labial petals
and pistils were all alcohol compounds, and alcohols
were important compounds that affected the volatile
components of S. japonica. There are common floral
aroma substances between different flowering periods and different parts of the flower.

KEYWORDS:
Sedirea japonica, Volatile components, Dynamic temporal
and spatial changes, SPME, GC/MS

INTRODUCTION
Sedirea japonica is an orchid with about 1cm
long stem that is surrounded by persistent leaf
sheaths, and 4-6 of or obovate-lanceolate leaves. The
raceme is 18cm long, pendulous and sparse with 6
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a 20 mL headspace bottle. The flower samples were
microextracted with a 30 μm polydimethylsiloxane
(PDMS) solid-phase microextraction head. The samples were adsorbed in water bath at 30℃, 40℃ and
50℃ for 30 min, respectively, for GC-MS analyses.
Adsorption time optimization: The procedure
for optimizing the adsorption time was the same as
the water bath temperature optimization, and the adsorption time was changed to 15min, 30min, 45min,
60min in the water bath at 30℃, and then GC-MS
analyses were performed. Similarly, the test procedure for optimizing the temperature of the heating
program was the same as that for optimizing the water bath temperature.

sion of odors are considerably influenced by environment [14-16].
In this study, we aimed to analyze volatile components of the flowers of S. japonica qualitatively
and quantitatively by GC-MS. In order to determine
the volatile components of S. japonica, we first established optimum conditions including extraction
time, extraction temperature, and temperature program. Next, we determined the chemical components and relative contents of volatile substances at
different flowering stages and from different parts of
S. japonica. So far, S. japonica research mainly focused on the gene cloning and expression analysis.
Studies regarding sweet substance of S. japonica are
still lacking. Thus one of the main objectives of this
study was to determine the composition of the volatile components. The use of genetically engineered S.
japonica of ornamental traits provides not only (Provide what) but also theoretical basis and technical
support. In addition, the volatile components in the
flowers of S. japonica can be used to synthesize the
essential oil artificially, that can give a boost to the
industrial and commercial value of the plant.

Detection of Volatile Substances of S. japonica. First of all pretreatment was carried. In this experiment, 1.00 g samples (flowers separated from
different parts of 10 flowers and at different stages)
were first weighed, and then mixed. For micro-extraction, these1.00 g samples were analyzed by GCMS to study the volatile compounds in sepals, petals,
labellum, and synthetica column at flowering bud
stage, flowering stage and decline stage. The data
were collected and analyzed to confirm the final
chemical composition.

MATERIALS AND METHODS

Mass Spectrometric Retrieval. Total Ion
Flow Map was obtained after GC-MS analysis of the
samples. The separated components were retrieved
by NIST2014 mass spectrometry library. Retention
index (RI) was calculated for the retention time of
each component by using C6-C30 n-alkanes under
the same chromatographic conditions.

Experimental Materials. The test sample was
S. japonica, provided by the Bioengineering Research Center of Zhengzhou Normal University, Henan Province. The volatile components releasing
process was divided into three stages, namely bud
stage, blooming stage, and decline stage. The flower
of S. japonica was divided into four parts: the gynoste, labellum, petal, and sepal. Twenty-one seedlings
with normal growth and flowering were selected under the same environmental conditions, and 1.00 g
was weighed for each treatment. Volatile components were determined within 30 min after harvest.
All the steps were performed three times for each
sample.

Quantitative analysis of volatile substances.
The relative content of each chemical component
was determined by the peak area normalization
method through the Shimadzugc-MS solution data
processing system.
Sensory determination of aroma. Ten pots of
each of the three flowering stages were taken and
placed in a room with the same environmental conditions. Sensory identification of flowers was conducted after 10~20 min. Aroma concentration was
divided into 5 grades [17]: 0, 0.5, 1.0, 1.5 and 2.0.
The higher the grade is, the higher the aroma concentration will be. According to the olfactory senses
in the opening process, the aroma concentration at
different flowering stages was evaluated and its
aroma concentration index was determined.

Test method. Solid phase microextraction
and GC-MS detection. At blooming stage, 4-6
flowers were collected. After mixing, 1.00 g flower
samples were accurately weighed in a 20 mL headspace flask, preheated in a water bath at 30℃ for 10
min for equilibrium. After SPME adsorption extraction for 30min, GC-MS analysis was performed.
Mass spectrometric conditions were as follow: electron bombardment ion source (EI) was used in which
ion source temperature was set at 200℃; ionization
voltage at 70eV and interface temperature as 280℃
and detector voltage as 1050 V. The scanning speed
was 2500 at full scan acquisition mode with a scanning quality range of 40 ~ 600 m/z.

RESULTS AND DISCUSSION
Optimization of detection conditions for volatile components in S. japonica. The results of water bath temperature optimization were compared
and analyzed with the results of GC-MS. The results

Optimization of detection conditions. Water
bath temperature optimization: The blooming flowers were collected, mixed and accurately weighed in
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compounds in S.japonica increased first and then decreased. Names and relative contents of the compounds in relation to the highest concentration of the
volatile component contents are presented in Table 1.
As can be seen from Table 1, the relative contents (%) of volatile components of basilene isomer
mixture, p-cresol, linalool, and caryophylene were
higher at the bud stage of S. japonica. With the opening of flowers, the floral fragrance was gradually released and consequently, the relative content (%) of
these four compounds decreased sharply. These findings suggest that S. japonica releass volatile compounds at the bud stage, but the species were very
few. The relative contents of 3, 7-dimethyl-1, 6ocdiene-3-alkylate and L-menthol were very high at
the full flowering stage, reaching 42.07%. In terminal decline methyl ketone of heptene relative to the
highest levels, of which only coated detected in 22
species of higher relative content of volatile composition, only detected in bud stage four classes, higher
relative content of volatile composition only detected in terminal decline higher relative content of
volatile composition 5 classes, coated the volatile
composition is rich, but the relative content of each
category is low, the bud stage and the kinds of floral
composition of declinism is less, but the relative content of each higher, explain volatile composition in
different periods of open composition and relative
content change is bigger.

showed that the water bath at 30℃ had more peaks
and higher peaks without tailings, while the water
bath at 40℃ and 50℃ had fewer and smaller peaks.
A comprehensive analysis showed that the water
bath at 30℃ was the best test condition (Figure 1).
The GC-MS spectra of four different adsorption times were compared, and the results showed
that the response value increased gradually with an
increase of adsorption time, such that 30 min duration increased significantly compared with 15 min,
while 45 min increased slowly compared with 30
min. Based on comprehensive analyses, 30℃ water
bath adsorption for 30 min was selected as the best
detection condition (Figure 2).
According to the results of GC-MS analysis,
the initial column temperature was determined to be
40℃ for 2 min and then increased to 170℃ at a rate
of 4℃/min for 1 min. It was then increased to 270℃
at 20℃ for 2 min, with total of 42.5 min (Figure 3).
Analysis of volatile compounds at different
flowering stages of S. japonica. The data revealed
that all three stages (bud, blooming and declining)
showed relatively higher contents of the volatile
chemicals such that 9 main volatile organic compounds were observed bud stage, 37 at blooming
stage and 20 at declining stage. This clearly shows
that with the opening of flowers, the types of volatile

FIGURE 1
Total ion current chromatogram of the volatile compounds in a 30℃ water bath of S. japonica

FIGURE 2
Total ion current chromatogram of the volatile substances in an adsorption time 30 min of S. japonica
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FIGURE 3
Total ion current chromatogram of the volatile matter based on the optimal temperature
program of S. japonica
TABLE 1
Changes of main aroma components and their contents at different flowering stages of S. japonica
NO.

Component name

1
2
3
4
5
6
7
8

3-Hexen-1-ol, (Z)1-Hexanol
5-Hepten-2-one, 6-methylbeta.-Myrcene
D-Limonene
Benzyl alcohol
1,3,6-Octatriene, 3,7-dimethyl-, (Z)2-Furanmethanol, 5-ethenyltetrahydro-.alpha.,.alpha.,5trimethyl-, cisp-Cresol
alpha.-Terpineol
Benzoic acid, methyl ester
Linalool
6-Octenal, 3,7-dimethyl-, (R)Methyl salicylate
Citronellol
1,6-Octadien-3-ol, 3,7-dimethyl-, formate
Levomenthol
2,6-Octadienal, 3,7-dimethyl-, (Z)Geraniol
2,6-Octadienal, 3,7-dimethyl-, (E)(Z)-3-Phenylacrylaldehyde
trans-Geranic acid methyl ester
2-Propenoic acid, 3-phenyl-, methyl ester
Caryophyllene
5,9-Undecadien-2-one, 6,10-dimethylBenzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl1,6,10-Dodecatrien-3-ol, 3,7,11-trimethyl-, (E)trans-Farnesol
aR-Turmerone
4-(2,6,6-Trimethyl-1-cyclohexen-1-yl)-1-butanol
2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyltrans-Geranylgeraniol
2,6,10-Dodecatrien-1-ol, 3,7,11-trimethylMethyl tetradecanoate
2,6,10-Dodecatrienal, 3,7,11-trimethyl(2E,6E)-Methyl 10,11-dihydroxy-3,7,11trimethyldodeca-2,6-dienoate
Pentadecanoic acid, 14-methyl-, methyl ester
Isopropyl myristate
2,4-Di-tert-butylphenol
Cedrol
D Germacrene D
Hexanal
Creosol
6-Hepten-1-ol, 2-methyl2,6-Octadien-1-ol, 3,7-dimethyl-, (Z)1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester
Dibutyl phthalate

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
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Relative content (%)
Flower Stage
0.48±0.03
0.73±0.04
3.39±0.12
0.53±0.04
0.36±0.03
0.82±0.02
0.24±0.03
1.96±0.06

Decline Stage
8.61±0.37
7.6±0.3
28.08±0.11
4.12±0.34

-

0.25±0.03
0.18±0.03
3.25±0.25
6.21±0.14
0.56±0.04
0.1±0.02
0.1±0.01
24.48±0.1
17.59±0.41
1.05±0.06
0.45±0.03
1.02±0.04
0.36±0.02
1.27±0.09
0.29±0.03
0.33±0.04
0.89±0.04
0.17±0.03
3.07±0.26
2.59±0.31
0.53±0.04
9.39±0.41
1.42±0.08
0.41±0.02
0.29±0.03
0.15±0.03
1.58±0.1
0.57±0.04

2.39±0.2
1.03±0.09
2.00±0.08
1.53±0.04
0.43±0.02
1.77±0.07
1.5±0.12
4.34±0.12
1.58±0.08
4.09±0.1
-

0.53±0.02
2.93±0.16
1.49±0.10
3.74±0.15
1.54±0.14
-

7.95±0.26
-

4.01±0.2
6.67±0.24
3.88±0.19
1.22±0.06
1.27±0.06
0.93±0.05

Bud Stage
15.23±0.31
34.55±0.22
17.65±0.32
21.16±0.23
-
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TABLE 2
Classification of the scent compositions of different florescence of S. japonica
Bud stage
Flower stage
Decline stage
Component name
NO.
Relative
NO.
Relative
NO.
Relative
content (%)
content (%)
content (%)
Alcohol
2
19.14
14
44.36
7
25.32
Aromatic compounds
3
39.02
1
0.25
1
2.39
Aldehydes and
0
0
7
9.02
4
43.18
ketones
Terpenes
3
40.13
6
3.59
2
5.62
Esters
1
0.53
9
38.42
6
10.54
and flower stage were 1,3,6-Octatriene, 3,7-dimethyl-, (Z)-, the common substance between bud stage
and decimal stage was Isopropyl myristate, there
were 11 substances between the flower stage and the
decimal stage, which were substances No. 1, 2, 3, 8,
11, 14, 15, 22, 25, 27, and 29 in Table 1.
Comparison of volatile components in different parts of flowers. By GC/MS analysis, 8 kinds of
volatile compounds, 16 kinds of petals, 19 kinds of
sepals, and 6 kinds of labellum were found in the
syntheticum column of C. calymata at the full flowering stage. It is further evident that the composition
of volatile compounds in each part of the flower is
relatively simple, especially the labellum. Names
and relative contents of the compounds in comparison with the highest content of the volatile components of each part are presented in Table 3. The results revealed that although all the four parts contained some of the same compounds, their contents
varied significantly. The relative content of cislinalol oxide in labellum, syntheticum, petal and sepal was 58.71%, 21.13%, 0.61% and 0.3%, respectively. The relative content of linalool in sepals, synthetica, petal and labellum was 19.16%, 16.00%,
15.65% and 4.61% respectively. The relative content
of methyl palmitate was 18.75 in labellum, 10.74%
in synthetica column, 1.2% in sepals, and 1.24% in
petals. The total relative contents of nerolein, linalool and citronellol in sepals are 72.62%, which constitute the main volatile components of sepals. The
relative content of citronellol in petals was higher
(52.74%), followed by nerolein (16.00%) and linalol
(15.65%). The total relative content of these three
compounds was 84.39%, which constituted the main
volatile components of petals. The relative content
of cis-linalol oxide was higher in labellum, which
was 58.71%, followed by methyl palmitate, while
the other compounds were very low. The relative
content of cis-linalool oxides was higher in the synopsis column, which was 21.13%, followed by nhexanol, nerolol and linalool.
Table 4 also depicts that the four parts of S. japonica mainly consist of four compounds: alcohols,
aldehydes/ketones, terpenes and esters. Among these
alcohols are found the most in all the three parts (Sepal, petal, Labellum). For instance, the highest relative content in petals was of alcohol compounds,

FIGURE 4
Common substances in three different periods of
bud stage, flower stage and decimal stage
The relative composition of the five volatile
constituents of S. japonica were terpenes, alcohols,
aldehydes/ketones, esters, and aromatic compounds.
The composition and relative content changes of the
five compounds during three flowering stages are
shown in Table 2. As can be seen from Table 2, the
relative contents (%) of various compounds changed
significantly with different flowering periods. The
relative contents of terpenes, alcohols and aromatic
compounds reached 98.29% at bud stage. The relative contents of aldehydes/ketones and alcohols were
higher at flowering stage (82.78%), and the total relative contents of aldehydes/ketones and alcohols
were higher at declining stage (68.50%). With the
blooming and withering of flowers, the alcohol and
ester compounds were increased first and then decreased, while the aldehyde/ketone compounds were
increased gradually. The terpenes and aromatic compounds exhibited a decreasing trend.
From Figure 4, it was found that there are common floral aroma substances among the different
flowering periods of S. Japonica.Bud stage, flower
stage and decline stage had three substances in common, namely p-Cresol, Linalool and Caryophyllene,the common substances between bud stage
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which are substances 1, 3, 6, 8, 10, 11, 12, 14, 15, 16,
and 18 in the Table 3.

with the relative content of 86.07%, while the rest of
other compounds were found in very low amounts.
Similarly, the relative content of alcohols was the
highest in sepals, followed by aldehydes/ketones.
The relative content of terpenes compounds was the
highest in labellum, which was close to 70.81%, followed by alcohol compounds. The highest relative
content in the synthetes column was also observed
for alcohol compounds, followed by terpenes, while
the content of aldehydes/ketones was 0 in labellum
and gynostemium.
From Figure 5, there were common floral substances among the different tissue interactions of S.
japonica, there were three common substances between Sepal, petal, labellum and gynostemium,
namely Linalool, 1-Hexanol, 2-Furanmethanol, 5ethenyltetrahydro-.alpha.,.alpha.,5-trimethyl-, cis-,
there was one substance between Sepal, petal and
gynostemium, which was 2,6-Octadien-1-ol, 3,7-dimethyl-, (Z)-, there was one substance between Sepal, labellum and gynostemium, which is 1,3,6-Octatriene, 3,7-dimethyl-, (Z)-, there were two substances between labellum and gynostemium, namely
trans-Linalool oxide (furanoid) and Caryophyllene,
there were 11 species between Sepal and petal,

FIGURE 5
Common substances among different tissues of
sepal, petal labellum, gynostemium

TABLE 3
The main scent compositions and relative content in different flower parts of S. japonica
NO.
Relative content (%)
Component name
Sepal
petal
Labellum Gynostem
ium
1
5-Hepten-2-one, 6-methyl0.86±0.03
0.89±0.04
2
beta.-Myrcene
1.36±0.06
3
D-Limonene
0.28±0.03
0.2±0.02
4
1,3,6-Octatriene, 3,7-dimethyl-, (Z)0.16±0.02
5.52±0.02 5.71±0.19
5
2-Furanmethanol, 5-ethenyltetrahydro0.3±0.02
0.61±0.03 58.71±0.31 21.13±0.1
.alpha.,.alpha.,5-trimethyl-, cis6
6
Benzoic acid, methyl ester
1.22±0.07
0.24±0.05
7
Linalool
19.16±0.24 15.65±0.28 4.61±0.34 16.00±0.4
1
8
6-Octenal, 3,7-dimethyl-, (R)2.11±0.28
2.29±0.28
9
2,6-Octadien-1-ol, 3,7-dimethyl-, (Z)32.98±0.3
16.4±0.14
12.26±0.2
8
10
Citronellol
20.48±0.13 52.74±0.35
11
2,6-Octadienal, 3,7-dimethyl-, (Z)8.19±0.18
3.28±0.12
12
Geraniol
1.42±0.16
0.76±0.02
13
trans-Geranic acid methyl ester
0.6±0.03
1.01±0.02
14
1,6,10-Dodecatrien-3-ol, 3,7,11-trimethyl-,
0.15±0.02
0.23±0.04
(E)15
2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl0.12±0.01
0.29±0.03
16
trans-Geranylgeraniol
0.13±0.02
17
2,6,10-Dodecatrienal, 3,7,11-trimethyl1.07±0.01
1.06±0.02
—
18
Hexadecanoic acid, methyl ester
1.2±0.21
1.24±0.04 18.75±0.05 10.74±0.3
3
19
1-Hexanol
15.93±0.1
2
20
trans-Linalool oxide (furanoid)
6.46±0.28 9.04±0.26
21
Caryophyllene
5.95±0.15 9.19±0.34
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ketones
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TABLE 4
Classification of the scent compositions of different parts of S. japonica
Sepal
Leans petal
Labellum
Gynostemium
Relative
Relative
Relative
Relative
NO.
NO.
NO.
NO.
content (%)
content (%)
content (%)
content (%)
7
74.44
6
86.07
2
11.24
4
53.23
4

12.23

4

7.52

0

0

0

0

4
3

2.1
3.02

2
3

0.81
2.49

3
3

70.81
18.75

3
3

36.03
10.74

Florescence
Bud stage
Flower stage
Decline period

TABLE 5
Aroma sensory evaluation of S. japonica
Organoleptic evaluation of aroma
Faint green grass scent
Rich orange aroma
Light orange aroma

Concentration index
0.5
2.0
1.0

aroma [18]. Citronellol is a terpene and naturally occurring essential oils contain dextro-citronellol and
levo-citronellol, both of which have sweet rose fragrance [19]. Linalool oxide has a strong aroma of
woody, floral, terpene. It is a kind of aromatic fragrance with camphor, citrus wood, and white lemon
[20]. The main components of S. Japonica fragrance
are mainly rose and orange fragrance, supplemented
by lemon and citrus fruit aroma, making its aroma
mainly orange fruit fragrance. Meanwhile, the aroma
of several substances is light and mild, so the fragrance of S. japonica is light orange fragrance. These
aromas match the tangerine scent of the S. japonica.
By comparing Table 1 with Table 3, it can be
seen that there are many differences among these
substances, and here are two speculations: (1) the interaction of aroma substances contained in each part
leads to the appearance of volatile compounds in the
whole flower of S. japonica. (2) There were some
errors in the extraction process, which caused the oxidation of volatile components in the samples. Considering the above two theories, first of all these differences matter itself as it is easy to react in normal
environmental conditions. Secondly S. japonica
most volatile components of each part in the material
basis of spices in the ingredients, contains citrus
aroma and orange aroma, fruit aroma is not much,
and S. japonica flower fragrance doesn't conform to
these aroma, but to mix with each other or the product of the reaction after most of the citrus aroma and
orange aroma or is the aromas of pleasure, and compatible with the floral aroma of S. japonica.
The variety of volatile components in the sepals
and petals of S.japonica is much more than that in
the gynoste and labellu. Meanwhile, the gynoste and
labellu almost do not contain the main volatile components in the whole flower of S.japonica, so the
volatile components of S.japonica mainly lies in the
sepals and petals.
With the blooming of flowers, the number of

Sensory evaluation of volatile components of
S. japonica. The results of sensory assessment of
volatile components and the concentration index of
volatile components at different flowering stages are
shown in Table 5. The results showed that the unique
volatile compounds were released at the bud stage,
and the volatile components were the most intense at
the full flowering stage. With the prolongation of the
flowering time, the flower fragrance was gradually
faded. The results of sensory evaluation were basically consistent with the change trend of relative
contents of alcohols determined by GC/MS.
In this study, SPME and GC/MS were used to
optimize the water bath temperature, adsorption time
and temperature rise program, which laid a good
foundation for the accurate detection of volatile organic compounds in S. japonica. According to the
GC/MS results, alcohols are the important compounds affecting the volatile components of S. japonica, among which 3, 7-dimethyl-1, 6-ocdiene-3alkaloformate, citronellol, orange alcohol and cislinalool oxide are the main floral compounds of S.
japonica.
The relative contents of all kinds of volatile
compounds were changed significantly with the
opening of flowers of S. japonica. The relative contents of alcohols were relatively higher at different
flowering stages and in different parts, and there
were many kinds of alcohols. Therefore, it was concluded that alcohols were the key compounds that affected the concentration of volatile compounds of S.
japonica. 3, 7-dimethyl-1, 6-octadiene-3-alkaloformate and L-menthol were detected only during full
flowering stage, and their contents were relatively
higher, It indicated that the volatile compounds varied greatly during the flowering process of S.japonica. The content of nerolyl was higher in sepals, citronellol was higher in petals, and linalool oxide was
higher in labellum. Neroli alcohol has the aroma of
rose and neroli, with fresh fragrance and citrus
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volatile components of S.japonica were gradually increased, which was consistent with the change rule
of the volatile components of Oncidium hybridum
[21]. In addition, the contents of alkene and ester
compounds were generally increased during the
opening process of S.japonica, which was basically
consistent with the reports of Chimonanthuspraecox,
Jasminum sambac and Zingiber officinale Roscoe
[22, 23]; The content of alcohols was relatively high
in S.japonica, the results obtained from Oncidium
hybridum and Phalaenopsis [24] consistent with the
results of studies on the volatile components of S.japonica.
In this study, SPME combined with GC-MS
was used to identify and analyze the volatile compounds in S.japonica at different flowering stages
and in different flower parts. However, the mechanism of the formation and release of floral fragrances
is complex, and the specific sources of volatile compounds in S.japonica and the relationship between
the changes of related enzyme activities and the release of floral fragrances still need to be further investigated.
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amount of aquatic wastes has also been greatly increased, such as fish head, viscera, skin, bones,
which accounts for a large proportion in aquatic
products. For example, silver carp produces about 40%
of leftovers [1-2] during processing, among which
fish head accounts for 30%, viscera accounts for 8%,
fish swim bladder for 1% and fish scales for 1%. In
squid processing, 15% of the processing amount is
waste. Making full use of the leftover of aquatic
products as resources is not only an important research direction of aquatic products waste, but also
an inevitable requirement for improving ecological
and social benefits.
At present, most of the research on the utilization of aquatic waste focuses on the extraction of valuable substances such as fatty acids and fish proteins
or pretreatment to accelerate anaerobic digestion [35]. The treatment cost is high, the product is single,
and its economy and practicality can not meet the requirements. In addition, there is a lack of research on
the utilization and final disposal of the recovered
products after hydrothermal treatment. In addition, it
is generally believed that the biomass with high water content is more suitable to be treated and utilized
by microbial anaerobic method, and the typical treatment method of anaerobic method is biogas engineering, and the random discharge of a large amount
of biogas slurry has become a new pollution source,
so the rational utilization of biogas slurry is urgent to
be solved Compared with it, hydrothermal process is
a more effective method for recycling organic wastes.
Hydrothermal treatment technology refers to
that in a sealed pressure vessel, a certain form of reaction substance is usually placed in a high-pressure
reaction kettle in the laboratory, and water is used as
solvent to carry out hydrothermal reaction at a certain temperature (130 ~ ႏ  and pressure [6].
From the point of view of process type, hydrothermal treatment can save the process of dehydration or
drying, which is suitable for the treatment of biomass
with high water content. From the point of view of
resource reuse, it is the key to realize resource recycling to maximize the reuse of recycled products and
reduce the final residue. Compared with extracting a
single product, the hydrothermal products of aquatic
wastes after hydrothermal treatment can be fully

ABSTRACT
Taking aquatic product processing waste as the
main experimental object, the effects of reaction
temperature, reaction time and inorganic weak acid
on the formation and transformation of humus in hydrothermal process were investigated. By analyzing
the pH value of hydrothermal products, the content
of organic matter and humus, humification rate, and
infrared spectrum analysis and verification, the formation mechanism of humus can be inferred. The results show that hydrothermal treatment can promote
the formation of humus to a certain extent. Under the
working conditions of ႏand 80min, the humus
content of aquatic wastes reaches 78.1% and the humification rate reaches 0.35. In addition, within a
certain treatment intensity, the hydrothermal humification intensity will increase with the increase of reaction time and temperature. Under the same working conditions mentioned above, adding a certain
amount of inorganic acid for hydrothermal treatment,
the humus content is slightly higher than that of the
group without acid. The humification rate reaches
0.45, which is 0.3 times higher than that of the group
without acid. It shows that hydrothermal treatment
can promote the formation of humus to a certain extent. Additionally, the humic rate of acid-hydrothermal treatment group (acid-HT) is obviously better
than that of hydrothermal treatment group (HT).
Compared with prolonging the reaction time, the increase of temperature has a more obvious effect on
the increase of humification rate.

KEYWORDS:
Aquatic waste, Hydrothermal treatment, humification, humus

INTRODUCTION
Based on the progress forecast report of China's
aquaculture industry in recent years, China's aquaculture output has exceeded 40 million tons [1) as of
last year. With the development of aquaculture, the
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used in agriculture and forestry, which has a better
prospect. In recent years, the research on chemical
synthesis, coal liquefaction and waste treatment with
water as the reaction volume in various countries in
the world has attracted much attention [7-11]. Some
studies have shown that after inorganic acid-hydrothermal treatment, due to the promotion of hydrogen
ions in the whole process, the humus content and humification rate have been significantly improved
[12-13]. Therefore, this paper focuses on aquatic
wastes, and investigates the effects of reaction temperature, reaction time and inorganic weak acid on
the formation and transformation of humus in hydrothermal process. The aim is to study the humification
process and mechanism of aquatic wastes in hydrothermal process, and to provide guidance for subsequent research and application.

of raw material samples are determined in Table 1.
The hydrothermal treatment device used in the
experiment is a 1L autoclave (FCF-1, Gongyi City
Yingyu Boyan Instrument and Equipment Factory),
and the centrifugal equipment is (TG165, Shanghai
Luxiang Instrument). Freeze-drying (LGJ-18A, Beijing Sihuan Scientific Instrument); Total organic carbon analyzer (TOC-L-CPH, Shimadzu Instrument);
Fourier transform infrared spectrometer (IRPrestige21, Shimadzu Instrument).
The conditions of hydrothermal treatment are
reaction temperature of ႏႏand ႏrespectively. The treatment time are 20, 40, 60 and 80
minutes, which were divided into hydrothermal
treatment group (HT) and acid-hydrothermal treatment group (Acid-HT) with 0.01% sulfuric acid. The
heated sample is centrifugally dehydrated, dried in a
drying oven at ႏfor 1 hour and dried at -ႏfor
24 hours in low temperature vacuum (LGJ-18A type),
and then analyzed. The content of organic matter was
determined by potassium dichromate method in
NY525-2012 standard. Humus is determined by sodium pyrophosphate extraction step by step, and its
total carbon content is determined by potassium dichromate volumetric method, and the content of humic acid and fulvic acid is measured. In this paper,
the humic rate is defined as the ratio of humic acid
content to fulvic acid content.

MATERIALS AND METHODS
The experimental raw materials are aquatic
wastes (such as fish head, viscera, skin). Rinse the
raw materials repeatedly with deionized water. After
cleaning, put the raw material samples into a cooking
machine and smash them, and then put them into
sealed bags for later use. The remaining samples are
frozen (-ႏ for storage. The principal components

Moisture content %
80.5±0.13

Fresenius Environmental Bulletin

TABLE1
Characteristics of the Dry Aquatic Waste
Organic content % Humification content % Humification riton
85±1.83
8.25±0.27
0.096-0.135

pH
6.75

Note: The content of organic matter is the ratio of the mass of organic matter to the total mass of dry basis; Humus content: the
ratio of humus mass to total mass on dry basis; Humification rate is the ratio of humic acid content to fulvic acid content.

7.0
165Ȼ- HT
180Ȼ - HT

6.5

195Ȼ - HT
165Ȼ Acid-HT

6.0
pH

180Ȼ Acid-HT
195Ȼ Acid-HT

5.5
5.0
4.5
4.0
20

40

60

80

Processing time (min)
FIGURE 1
pH of products under different hydrothermal conditions
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downward trend is especially obvious when the reaction temperature is ႏ

RESULTS AND DISCUSSION
Changes of pH by Hydrothermal Treatment.
Figure 1 shows the change of pH of products under
different hydrothermal conditions. In the process of
hydrothermal reaction, the macromolecular organic
matter in the raw materials of aquatic waste samples
breaks the bond, and some acidic groups such as carbon group, carboxyl group, aldehyde group and phenolic hydroxyl group are generated. At the same time,
during the reaction, a part of the generated organic
acids enter the solution, which makes the solution after the reaction acidic. It can be seen from Figure 1
that when the reaction time reaches 20 minutes, the
pH of the solution is already acidic. However, when
the reaction time of acid-hydrothermal treatment
group (acid-HT) reached 60 minutes, the pH of the
solution slightly increased after the reaction, which
indicated that some organic acids in the product were
decomposed at this time. This made the pH of the
solution increase. On the whole, however, with the
increase of temperature and the extension of time,
the pH of the solution after the reaction decreased to
varying degrees, which indicated that with the intensification of hydrothermal degree, the primary hydrolysis reaction of organic matter became more intense. Easily degradable organic matter was decomposed under the promotion of hydrogen ions of water
self-ionization, and organic acids were generated. At
the same time, the generated organic acids promoted
the hydrolysis reaction, and the pH of the solution
after the reaction showed a downward trend. This

Changes of organic matter by hydrothermal
treatment. Figure 2 shows the change of organic
matter under different hydrothermal conditions.
From the figure, it can be seen that in the initial hydrolysis stage of hydrothermal reaction, there is obvious loss of organic matter. The reason is that in this
stage, acromolecules are decomposed into small
molecules and dissolved in the liquid phase. With the
extension of treatment time, the hydrothermal reaction went to the second stage, and some small molecules condensed with aromatic compounds to generate various new organic matters. Therefore, the content of organic matter began to show an upward trend
again. It can also be seen from Figure 2 that in acidhydrothermal treatment group (acid-HT) at ႏ
when the hydrothermal treatment time is 40-60
minutes, the organic matter content always shows a
slow downward trend, while at ႏand ႏthe
organic matter content begins to show an upward
trend after 40 minutes of hydrothermal reaction. This
shows that the increase of temperature can accelerate
the decomposition reaction at the initial stage of hydrothermal treatment. It can also be found from the
figure that there is a certain loss of organic matter
after hydrothermal treatment, but the loss is relatively small, and the content of organic matter
reaches 79.1% at 1ႏ and 20min, which is 45%
higher than the national standard of organic fertilizer
agriculture.

Organic matter content˄%˅

86
84
82
80
78
76
74

165Ȼ HT
195Ȼ HT
180Ȼ Acid-HT

72

180Ȼ HT
165Ȼ Acid-HT
195Ȼ Acid-HT

70
0

20

40
60
Processing time (min)

80

FIGURE 2
Organic matter content of products under different hydrothermal conditions
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Humifieation rate

0.6
165Ȼ HT

180Ȼ HT

195Ȼ HT

165Ȼ Acid-HT

180Ȼ Acid-HT

195Ȼ Acid-HT

0.4

0.2

0
20

40
60
Processing time (min)

80

FIGURE 3
Humifieation rate of products under different hydrothermal conditions
with the humification rate of raw materials, which
shows that hydrothermal treatment can promote the
formation of humus to some extent.

Effect of hydrothermal treatment on humification process. Figure 3 shows the influence of hydrothermal treatment on humification process. In
this paper, the humification rate is defined as the ratio of humic acid content to fulvic acid content. Although there is no corresponding evaluation standard
for humification rate in hydrothermal treatment, hydrothermal products are similar to compost products,
this paper evaluates the maturity of hydrothermal
process with reference to the evaluation standard of
compost. It is generally believed that when the humification rate is greater than > 0.8, the compost can
be considered as mature [14). The humic rate of raw
material samples is 0.096, and the degree of maturity
is extremely low. Generally speaking, the humification rate has a corresponding increasing trend with
the content of humus, and the humification rate of
acid-hydrothermal treatment group (acid-HT) is obviously better than that of hydrothermal treatment
group (HT). Acid-hydrothermal treatment group
(acid-HT) has a humification rate of 0.35 at ႏ
for 60min. With the increase of temperature to ႏ
the humification rate of hydrothermal products increases more obviously. When the reaction time
reaches 60min and 80min, the humification rate is
0.44 and 0.45 respectively. At ႏthe increasing
gradient of humification rate in hot group (HT) is
small, and the humification rate is only 0.23 when
the reaction time is 60min. This shows that compared
with prolonging the reaction time, the increase of
temperature has a more obvious effect on the increase of humification rate. Figure 3 shows that under six hydrothermal conditions, the humification
rate does not meet the requirement of the evaluation
standard that the humification degree is greater than
0.8, but it is increased by about 2-4 times compared

Infrared spectrum analysis. Infrared spectrum can be used to infer and semi-quantitatively determine the functional group characteristics of molecules, and further verify the structure and composition of organic compounds. The infrared spectrum
curves (Figure 4) of hydrothermal group (HT) and
acid-hydrothermal group (acid-HT) after treatment
have similar characteristics, which indicates that the
basic structural units of humic acid do not change
greatly during the humification of raw materials.
However, the relative intensities of some absorption
peaks are different, indicating that the content of
these structural units has changed. Taking the treatment at ႏas an example, the difference of humification degree after different hydrothermal treatments was further analyzed by using the second-order guide map of spectrogram (Figure 4). By searching the spectrogram [15], it is recognized that the infrared spectrogram drawn by the Group of HT treatment group at ႏfor 80 minutes belongs to the
following absorption peaks: one absorption peak of
aromatic substances (benzene skeleton stretching vibration at 1506.40cm-1) and two absorption peaks of
sugar substances (OH stretching vibration of sugar
C-OH at 446.79 cm-1; stretching vibration of sugar
C-OH at 1014.56cm-1), two absorption peaks of phenolic alcohols (-OH stretching vibration of phenolic
hydroxyl group at 319.79 cm-1;C-O telescopic vibration of alcohols at 1230.58cm-1) and two absorption
peaks of hydrocarbon substances (CC triple bond
stretching vibration at 2320.31cm-1; CH2 deformation vibration at 721.38cm-1).
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FIGURE 4
The infrared spectra different hydrothermal conditions
Through the comparison of spectrogram retrieval, it is recognized that the absorption peaks of
each region in the infrared spectrogram drawn by the
acid-water heat treatment group (acid-HT) at ႏ
for 80 minutes belong to the following: four absorption peaks of aromatic substances (Aromatic aldehyde stretching vibration at 1,716.65 cm-1; aromatic
C=C telescopic vibration at 1,612.49 cm-1; benzenelike skeleton stretching vibration at 1,506.41 cm-1;
symmetric stretching vibration of aromatic acid ester
C-O-C at 1039.63cm-1),1 carbohydrate absorption
peak (OH stretching vibration of sugar C-OH at
3446.79cm-1),1 absorption peak of phenolic alcohols (-OH Telescopic Vibration of Phenol Hydroxyl
at 3419.79cm-1), 2 absorption peaks of hydrocarbons (CC triple bond telescopic vibration at
2320.37cm-1; CH2 deformation vibration at
721.38cm-1).
Humic acid contains a large number of aromatic unsaturated substances, and there are many alkyl chain hydrocarbons and long branched chains.
Fulvic acid is mainly carbohydrate and contains
more carboxyl groups. From the above analysis, it
can be seen that the products under hydrothermal
conditions at ႏfor 80 minutes contain more aromatic functional groups than those under hydrothermal conditions at ႏ for 80 minutes. This
shows that with the deepening of the reaction degree,
the formation of macromolecular humic acid becomes more intense, so the aromatic compounds in

the product increase. This also shows that hydrothermal reaction can promote the formation of humus to
a certain extent, and aquatic wastes can gradually
mature with the increase of temperature in hydrothermal reaction. The humic degree of acid-hydrothermal treatment group (acid-HT) is obviously better than that of hydrothermal treatment group (HT)
(Figure 4), which is consistent with the above inference results (3.3).

CONCLUSIONS
Hydrothermal treatment and acid hydrothermal
treatment were carried out at different treatment time
and temperature, respectively. By analyzing the pH,
organic matter and humus content and humification
rate of samples, the influence of hydrothermal treatment on humification was explored, and the main
conclusions were as follows:
(1) In the process of hydrothermal treatment, it
mainly includes two reaction stages: the first stage is
that various degradable organic matters (starch,
sugar, etc.) in raw materials are degraded and hydrolyzed under heated conditions, and hydrogen ions
ionized by water and electricity promote the hydrolysis reaction; The second stage is the self-condensation reaction of degradation products, and the
polymerization reaction of some small molecules
with complex aromatic compounds to generate water-insoluble humus.
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(2) With the progress of hydrothermal reaction,
the pH of hydrothermal products gradually decreased, which indicated that organic acids were
formed during hydrothermal treatment. In the primary stage, all kinds of hydrolysis reactions are
more intense, and then more organic acids are produced, which makes the pH value drop continuously.
During hydrothermal treatment, the organic matter
first decreased and then showed an upward trend,
which was due to the self-condensation reaction of
degradation products in the later stage of hydrothermal reaction with the extension of treatment time,
and some small molecules condensed with aromatic
compounds to generate various new organic matters.
(3) In the actual working condition, the humification rate of acid-water heat treated samples at ႏ
for 80min is 0.45, which only reaches 50% of the requirement of the evaluation standard that the degree
of humification is > 0.8, but compared with the humification rate of raw materials, it is increased by
about 2-4 times, indicating that hydrothermal treatment can promote the formation of humus to a certain extent. In addition, the humic rate of acid-hydrothermal treatment group (acid-HT) is obviously better than that of hydrothermal treatment group (HT).
The experimental results show that, compared with
prolonging the reaction time, the increase of temperature has a more obvious effect on the increase of
humification rate.
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species and more than 1,000 recognized varieties.
During the development of wheat, there is a relatively high need for water (ideally 650-750 mm of
precipitation) [2]. Therefore, water is considered to
be one of the main environmental factors that cause
osmotic stress and the occurrence of irreversible
damage to plants [3]. Water deficiency affects the
overall growth of plants: growth, development and
especially the yield that can be reduced by up to 50%
[4]. Lack of water reduces grain quality, increases
the protein content and decreases oil content [5]. By
naturally activating certain mechanisms (ionic homeostasis, an antioxidant enzyme, cell detoxification, etc.) crops can mitigate or neutralize the negative effects of stress [6-8] with the help of science
and genetic engineering. Producers are therefore
very interested in growing drought-tolerant genotypes because frequent and severe droughts appear
in many wheat cultivation areas in the world, especially during periods of sowing and flowering of
plants [9]. The aim of these studies was to determine
which parameter would be a reliable indicator of varieties’ tolerance for cultivation in arid regions
(Libya) and relatively favourable climatic conditions
in Serbia. Based on the obtained results, tolerant genotypes could be distinguished.

ABSTRACT
Wheat production in Libya is limited by water
scarcity and high soil salinity, so the selection of tolerant genotypes is an important step in achieving
high yields. Water takes up the position of the main
environmental factor that causes osmotic stress and
affects growth, crop development and especially
yields. The aim of these studies was to determine the
most reliable parameter (germination parameters and
length, fresh and dry weight of vegetative parameters) for the separation of the genotypes sensitive to
water deficit and the selection of the most tolerant
one. Based on the percentage of seed germination in
drought conditions, genotypes were classified into
three categories: poor (<80%) V5, V2, V7 and V3,
medium (80-90%) V1, V4, V8 and V12, and good
germination (>90%) V6, V9, V10 and V11. The
most reliable parameters for the separation of the
sensitivity were: germination percentage and index
of germination, shoot and root length, fresh weight
of root and shoot, and dray shoot weight. Based on
the overall analysis, the most tolerant varieties for
water deficit are V6 (Bhoth 306, Libyan) and V11
(NS Vlajna, Serbian), while the most sensitive are
V9 (Marshosh, Libyan) and V10 (Zemunska rosa,
Serbian).

MATERIALS AND METHODS
KEYWORDS:
Wheat, water stress, germination, growth, PEG polyethylene glycol

Germination of nine Libyan and three Serbian
varieties of wheat was examined. Libyan varieties
are Abkhir (V1), Ashtar (V2), Slambo (V3), Acsad
901 (V4), Khrise (V5), Bhoth 306 (V6), Abu Al-Jud
(V7), Bhoth 208 (V8) and Marshosh (V9), and Serbian Zemunska rosa (V10), NS Vlajna (V11) and NS
Rani otkos (V12). Growth response under osmotic
stress induced by polyethylene glycol (PEG) was investigated. The following parameters were measured: mean germination time (MGT), coefficient of
variation of germination time (CVT), mean daily
germination (MDG), germination percentage, germination index (GI), coefficient of the velocity of
germination (CVG), coleoptile (CL) and root (RL)
length, fresh and dry mass of shoot (FSW, DSW) and

INTRODUCTION
Agricultural production in Libya is predominantly extensive and limited by water scarcity and
high soil salinity. Wheat is grown on an area of
179,558 ha [1]. It is a Mediterranean belt in the province of Tripolitania. Although the production of this
field crop is in the second place in the world, Libya,
due to unfavourable agro-ecological conditions and
edaphic factors, imports certain quantities of wheat.
Wheat belongs to the genus Triticum, which has 22
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root (FRW, DRW) and root/shoot ratio (RSR =
FRW/FSW, RSR = RDW/ SDW, RSR = RL/SL) under stress conditions and were compared with control. To test germination, 10 seeds of each variety
were placed in Petri dishes in different concentrations of PEG solution: 5, 10 and 15% (5 ml per Petri
dish). The experiment was set up in three replicates.
Seeds were incubated at 20 ± 2 Û& and 12 hours lightdark period (10 days). Germination was measured
every day (10 days). The seed was considered as
‘germinated’ visually (radicle 1 mm). After 14 days,
the values of the tested traits were measured in the
fresh state, then the plants were deposited in the
dryer and after three days the weights of dry samples
were measured and the average value per plant was
calculated. The obtained results were processed by
variance analysis (one-way analysis of varianceANOVA), significant difference test at 5% probability (LSD test) and t-test (Statistics 7).
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yan varieties will exhibit high germination under water stress conditions and form good coleoptile and
root. Analysis of the results showed that the best answer on water deficit resistance can be obtained on
the base of germination percentage (Table 1, Figure
1). All examined varieties (V1-V9 Libyan, V10-V12
Serbian) based on the percentage of seed germination (average) in drought conditions were classified
into three categories: weak (<80%) V5, V2, V7 and
V3, medium (80-90%) V1, V4, V8 and V12, and
good germination  ޓV6, V9, V10 and V11.
Based on that, it can be concluded that genotypes
from Libya have low to medium seed germination
(except V6 and V9 - good germination), and Serbian
good germination (except B12 - medium germination). The t-test showed that there are statistically
significant differences in the germination of varieties
V1, V2, V3, V5, V7 and V8 in relation to varieties
V9, V10 and V11, as well as varieties V2, V3 and
V5 in relation to V6.
The effect of a more pronounced water deficit
on the germination process is observed after the application of PEG in concentrations of 10 and 15%
(Figure 1). A PEG concentration of 10% inhibited
the germination of varieties V4, V8, V9 (Libyan) and
Serbian V10  V1, V2, V5 and V7 (Libyan)
<20% and 30.93% of Serbian V12 (Figure 1). The
greatest germination inhibition is found after the application of 15% PEG of Libyan varieties 4.12-50%
(Figure 1). However, the analysis showed that the
changes were statistically significant compared to
the control in the varieties: V4, V7 and V8 (Libyan)
after the application of 15% PEG and in V12 (Serbian) after the application of 10% PEG (Table 1).
Based on the percentage of germination, it can be
concluded that the Libyan varieties V1, V2, V3, V5,
V6 and V9, and Serbian V10 and V11 are tolerant to

RESULTS AND DISCUSSION
During ontogenesis, the relatively greatest
needs of plants for water are in the germination
phase. In this phenophase water enables seed swelling, activation of hydrolytic enzymes and decomposition of reserve nutrients that provide the initial
growth of the embryo/germ. The deficit of soil water
might reduce the potential length of the coleoptile
and the development of seedling by inhibiting cell
growth [10]. At this stage of plant development, a
well-formed seedling will ensure that seedlings later
adapt more easily to poor environmental conditions
(i.e. mechanical soil composition). In these studies,
it was hypothesized that the seeds of the tested Lib-

FIGURE 1
Germination decrease of different wheat genotypes (V1-V12) in PEG solution

10271

© by PSP

Volume 31– No. 10/2022 pages 10270-10278

Fresenius Environmental Bulletin

TABLE 1
Statistical analysis of germination parameters in different wheat varieties (ANOVA, LSD)
GP (%)

MDG (day)

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
83.33
14.35

NS
NS
NS
3.05
0.30

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
72.50
14.85

NS
NS
NS
2.95
0.47

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
78.33
16.97

NS
NS
 Ĺ
2.89
0.51

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
 Ļ
85.83
26.78

NS
NS
NS
2.63
0.33

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
71.67
18.01

NS
NS
NS
2.81
0.51

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
90.83
11.64

NS
NS
NS
2.72
0.26

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
 Ļ
76.67
23.48

NS
NS
NS
2.97
0.48

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
 Ļ
85.83
14.43

NS
NS
NS
2.68
0.23

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
95.00
7.98

NS
NS
 Ĺ
2.71
0.52

C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
96.67
8.88

NS
NS
NS
2.64
0.44

MGT (day)
V1
NS
NS
NS
0.33
0.03
V2
NS
NS
NS
0.35
0.06
V3
NS
 Ļ
 Ļ
0.36
0.07
V4
NS
NS
NS
0.38
0.05
V5
NS
NS
NS
0.37
0.07
V6
NS
NS
NS
0.37
0.03
V7
NS
NS
NS
0.34
0.06
V8
NS
NS
NS
0.37
0.03
V9
NS
NS
 Ļ
0.38
0.07
V10
NS
NS
NS
0.39
0.06
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CVT (%)

GI

CVG

NS
NS
NS
38.33
7.51

NS
NS
NS
3.11
0.62

NS
NS
NS
33.08
3.29

NS
NS
NS
45.47
9.67

NS
NS
NS
2.57
0.66

NS
NS
NS
34.72
5.81

NS
NS
NS
42.52
7.33

NS
NS
NS
2.85
0.67

NS
 Ļ
 Ļ
35.78
7.28

NS
NS
NS
36.42
13.76

NS
NS
 Ļ
3.79
0.84

NS
NS
NS
38.59
4.96

 Ĺ
NS
NS
50.80
18.07

NS
NS
NS
2.52
0.73

 Ĺ
NS
NS
36.74
6.81

NS
NS
NS
39.70
12.19

NS
NS
NS
3.59
0.61

NS
NS
NS
37.06
3.54

NS
NS
NS
41.18
21.23

NS
NS
 Ļ
2.7
0.91

NS
NS
NS
34.53
6.33

NS
NS
NS
41.99
14.40

NS
NS
 Ļ
3.42
0.61

NS
NS
NS
37.58
3.20

 Ĺ
NS
 Ĺ
37.02
14.59

NS
NS
 Ļ
3.70
0.78

NS
NS
 Ļ
38.13
7.02

NS
NS
 Ĺ
31.24
14.23

NS
NS
NS
3.98
0.68

NS
NS
NS
2.50
1.17
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V11
C vs 5%
C vs 10%
C vs 15%
mean
SD

NS
NS
NS
95.83
6.68

NS
NS
 Ĺ
2.88
0.25

NS
NS
NS
NS
NS
NS
NS
NS
 Ļ
NS
NS
 Ļ
0.35
36.34
3.49
35.03
0.03
11.00
0.43
3.20
V12
C vs 5%
NS
NS
NS
NS
NS
NS
C vs 10%
 Ļ
NS
NS
NS
NS
NS
C vs 15%
NS
NS
NS
NS
NS
NS
mean
86.67
3.80
0.32
33.55
2.87
32.08
SD
15.57
0.43
0.05
11.87
0.52
4.64
V1-V12 wheat vDULHWLHV 5, 10 and 15% 3(* NS-nonsignificant difference, p<0.05*, p<0.  SD-standard GHYLDWLRQ Ccontrol GP-germination SHUFHQWDJH MGT-mean germination WLPH CVT-coefficient of variation of germination time: MDGmean daily JHUPLQDWLRQ GI-germination index CVG-coefficient velocity of germination

during seed maturation before harvest can affect the
quality and characteristics of seeds (dormancy, germination, etc.) [18], which is addressed in a wellconducted breeding program [19]. Also, some authors consider that storage conditions (especially in
wheat, barley, cabbage and onion) may affect the inverse relationship between MDG and the final percentage of germination [20]. Often the definition and
calculation of MGT (used to compare specific pairs
or groups of means to evaluate seed vigour) can influence the conclusion and calculation of the germination rate [21]. In practice, this means that the seeds
of one individual or population may have the same
percentage of germination but different germination
rates caused by different stages of dormancy break
[22]. Although in our research the analysis of MGT
showed certain differences between genotypes (ttest: V1 and V12 vs V4, V6, V8, V9 and V10), no
regularity was found. The explanation for the lack of
regularity lies in the fact that the shift (rise) of MGT
can be caused by stress but also by seed biology (e.g.
age) [23] and naturally aged seeds [24]. On the other
hand, the CVT parameter (variations during germination) shows that there are statistically significant
differences (t-test) between varieties: V5 vs V1, V4,
V11, and 9 V2 and V3 vs V10 and V12. In contrast, ANOVA analysis showed that changes compared to the control were recorded even after the application of lower (5% in V5, V9 and V10) and
higher (15% in V9 and V10) PEG concentrations
(Table 1). In general, changes in CVT parameters are
associated with stress conditions but also with seed
biology (physiological processes, different dormancy, maturation conditions, etc.) [25]. The authors emphasize that variation in seed germination is
due to a complex of environmental and genetic factors during seed formation.
A frequently used parameter for measuring the
level of sensitivity of varieties (i.e. defining the vigour of seeds) is the germination index (GI). Based on
this parameter, the studied genotypes were ranked,
from V5 (GI = 2.36), V2, V7, V12, V3, V1, V8, V11,
V9, V4, V6 to V10 (GI = 3.82). However, statistically, significant differences were obtained in the
variant with the use of 15% PEG (GI lower than in

water deficit (Table 1). Based on the obtained results, the germination percentage parameter proved
to be reliable for measuring the susceptibility of
wheat cultivars to water deficit. Other researchers
have stated similar conclusions and high reliability
of this parameter. Mahpara et al. [11], based on the
germination of seeds of wheat cultivars grown in
Turkey, classified cultivars into three categories:
sensitive, particularly sensitive and tolerant to water
deficit. Asilan et al. [12] and Salehi [13] stated similarly. The researchers examined the effect of water
deficit on the alfalfa seed and bean crops germination process. They concluded that water deficit
markedly reduced the germination percentage. However, Khan [14] concludes that varieties that have a
similar germination percentage are water deficit tolerant even when drought intensifies. In contrast,
Kiani et al. [15] point out that germination decreases
in drought conditions because of changed metabolic
and physiological processes in the seed, i.e. the hydraulic conductivity of seeds decreases.
The analysis of parameters (GP, MDG, MGT,
CVT, GI, CVG) did not provide a certain regularity
in the sensitivity of the examined varieties. Therefore, the classification of sensitivity was observed on
the basis of individual parameters or some interrelated parameters (MDG vs MGT). Under stress conditions, MGT (germination as a function of time) is
prolonged, which affects the reduction of MDG
(daily germination) [16], which was confirmed by
statistical analysis for Serbian variety V11, and Libyan V3 and V9, after the application of 15% PEG
(Table 1). Researchers point out the association of
these parameters with the final percentage of germinated seeds [17]. They state that the percentage of
germination of berry plant seeds, in conditions of severe drought, decreases and thus prolongs the time
required for germination (MGT) with a decrease in
daily germination (MDG). The correlation of the
germination percentage (GP) parameter with the
MDG and MGT parameters was not obtained during
the experiment (Table 1) since the changes in germination in varieties V3, V9 and V11 were not statistically significant compared to the control. This can be
partly explained by the fact that a number of factors
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the control) in the Libyan varieties: V4, V7, V8 and
V9 (Table 1). These results confirm their sensitivity
to water stress. Similar conclusions (reduction of GI)
are reached by Qadir [26]. He states that water stress
(160 g/l PEG) causes a decrease in GI in wheat varieties. Based on the CVG parameter, the author also
defines the sensitivity of wheat varieties from Iraq in
water deficit conditions. The CVG parameter decreased significantly with increasing PEG concentration (0, 80 and 160 g/l), which is in accordance
with our results (Table 1). In varieties V3 (Libyan),
V9 (Libyan) and V11 (Serbian) there is a decrease in
CVG under conditions of 15% PEG application. The
growth of CVG parameters after the use of 5% PEG
in variety V5 is explained by the fact that a small
amount can stimulate the germination process.
Based on the overall analysis of measured germination parameters (processed by ANOVA), it can
be concluded that Libyan genotypes V1, V2, V5, V6
and V9, and Serbian V10 and V12 are tolerant to water deficit (Table 1). The most reliable parameters
are germination percentage and germination index.
The germination phase is the most important
for the further development of the individual plant.
Water needs are greatest in the seed germination
phase and any delay in this process is significantly
reflected in many aspects of plant growth (e.g. limits
the root and shoot) [27]. During plant development,
water needs grow depending on the plant species and
production conditions [28, 29]. Water deficit mostly
affects seed germination, but significantly reduces
shoot and root length in stress conditions (water deficit), root emerge before other parts of plants [30].
Application of 5% PEG did not affect shoot and root
growth, in contrast to statistically very significant
differences in the length of the measured parameters
compared to the control after the application of 10
and 15% PEG (Table 2). Therefore, both parameters
can be used when defining the sensitivity of wheat
varieties under water stress conditions, which is in

V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
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line with the conclusions of other authors [31-35].
Some researchers state that one should be careful
when making conclusions based on shoot length because its maximum value may be affected more by
the duration of the germination process than by the
lack of moisture [36].
A comparison of varieties based on the shoot
and root length (t-test) showed more differences between different shoot length genotypes than root
(Table 3). However, the classification of the examined varieties was done on the basis of RSR parameters (tolerant to sensitive): V11, V6, V4, V12, V1,
V5, V7, V3, V10, V8, V2 and V9 (Table 2). Based
on the derived classification, it can be stated that the
most sensitive varieties are: Serbian V10 and Libyan
V9, and the most tolerant to drought conditions are:
Serbian V11 and V12, and Libyan V6.
Changes in fresh root and shoot mass after application of different PEG concentrations proved to be reliable parameters for separating the sensitivity/tolerance of the tested genotypes (Table 4). Based on the
analysis, it can be concluded that the highest tested
concentrations of PEG influenced on statistically
significant reduction in fresh weight. Also, it can be
stated that changes in fresh root mass in genotype
V10 (Serbian) were not significant compared to the
values measured in the control (Table 4). Mohammadi and Mojadamm [16] conclude that the weight
of shoot parameter is a more reliable parameter because changes occur as a result of reduced transport
of nutrients from storage tissue. Also, good root
growth in drought conditions is related to the fact
that longer root length in water deficit conditions occurs due to the tendency to grow in the direction of
soil volume for water [37, 38]. In contrast, photosynthesis related characteristics in drought conditions
decline [39]. Comparison of genotypes (t-test) based
on changes in shoot and root mass in water deficit
conditions showed that the examined genotypes differ more on the base of fresh root weight (Table 3).

TABLE 2
Statistical analysis (LSD) of shoot and root length after growth in different
PEG concentrations
Coleoptile length (CL)
Root length (RL)
5%
10%
15%
5%
10%
15%
NS
0.027*
0.008**
NS
0.0002**
0.0002**
NS
0.007**
0.0007**
NS
0.006**
0.0001**
NS
0.002**
0.0000**
NS
0.034*
0.0008**
NS
0.025*
0.0001**
NS
NS
0.0001**
NS
0.001**
0.0000**
NS
NS
0.0004**
NS
0.015*
0.0001**
NS
NS
0.0008**
NS
0.0005**
0.0000**
NS
0.0000**
0.0000**
NS
NS
0.0005**
NS
0.0098**
0.0004**
NS
0.005**
0.0000**
NS
NS
0.0000**
NS
0.001**
0.0000**
NS
NS
0.034*
NS
0.005**
0.0000**
NS
NS
NS
NS
0.011*
0.0000**
NS
0.0000**
0.0000**

V1-V12 wheat varieties, 5, 10 and 15% PEG, NS-nonsignificant difference,
p<0.05*, p<0.01**, RSR=RL/SL
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1.32
1.49
1.37
1.26
1.32
1.24
1.33
1.43
1.61
1.38
1.08
1.31
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TABLE 3
Differences between genotypes (t-test) based on vegetative parameters after germination and growth in
different PEG concentrations
Shoot length
varieties
p
V1vsV6
*
V2vsV6
*
V2vsV10 *
V2vsV11 *
V3vsV6
*
V3vsV10 *
V3vsV11 *
V6vsV7
*
V6vsV12 *

Root length
varieties
V10vsV1
V10vsV2
V10vsV3
V12vsV10
V12vsV11
V12vsV6

p
*
*
*
*
*
*

Fresh shoot weight
varieties
p
V2vsV6
*
V3vsV6
*
V5vsV6
*
V6vsV12
*

Fresh root weight
varieties
p
V1vsV6
*
V1vsV8
*
V1vsV10
*
V2vsV5
*
V2vsV10
**
V3vsV5
*
V3vsV10
**
V4vsV5
*
V4vsV10
**
V5vsV6
**
V5vsV7
*
V5vsV8
**
V5vsV9
**
V5vs10
**
V5vs11
**
V6vsV10
**
V8vsV11
*
V10vsV11
**
V10vsV12
**

Dray shoot weight
varieties
p
V1vsV6
*
V2vsV6
**
V2vsV8
*
V2vsV10
**
V2vsV11
*
V3vsV6
**
V3vsV8
*
V3vsV10
**
V3vsV11
*
V4vsV6
*
V5vsV6
**
V5vsV8
*
V5vsV10
**
V5vsV11
*
V6vsV7
*
V6vsV9
*
V6vsV11
*
V6vsV12
**
V8vsV12
*
V10vsV12
*

Dray root weight
varieties
p
V1vsV6
**
V1vsV8
**
V1vsV10
**
V2vsV5
*
V2vsV6
**
V2vsV8
**
V2vsV10
**
V2vsV12
*
V3vsV6
**
V3vsV8
**
V3vsV10
**
V4vsV5
**
V4vsV6
*
V4vs V8
*
V4vsV10
*
V4vsV12
**
V5vsV6
**
V5vsV7
*
V5vsV8
**
V5vs V9
**
V5vsV10
**
V5vsV11
*
V6vsV7
*
V6vsV9
*
V6vsV11
**
V6v V12
**
V7vsV8
*
V7vsV10
*
V7vsV12
*
V8vsV9
*
V8vsV11
**
V8vsV12
**
V9vsV10
*
V9vsV12
**
V10vsV11
**
V11vsV12
*

V1-V12 wheat, varieties, p<0.05*, p<0.01**

Based on the measured vegetative parameters
(length, fresh and dry mass) and statistical processing, it can be stated that varieties V6 (Libyan)
and V11 (Serbian) are the most tolerant while V9
(Libyan) and V10 (Serbian) are the most sensitive to
water stress, i.e. drought.

The tested genotypes were classified based on RCR
parameters (Table 4): (1) V5 and 9 (2) V1, V4,
V7, V8, V9 and 9 and (3) V2, V3, V12 and V10.
Based on this, resistant V5 and V6 (Libyan) and sensitive varieties V2 and V3 (Libyan) and V10 (Serbian) are singled out.
Separation of varieties based on dry shoot and
root weight parameters showed that the dray shoot
weight parameter was more reliable (Table 5). Similar results are reported by Belachew et al. [40] who
point out that the reductions in fresh and dry mass
can be 2-3x higher than the control due to water deficit conditions. By comparing the varieties based on
these parameters (t-test), it was concluded that the
dray root weight parameter showed greater variations between genotypes in drought conditions (Table 3). Separation of the examined genotypes was
performed on the basis of RSR parameters (Table 5):
(1) V5, V6, V11 and 9 (2) V1, V2, V3, V4 and
9 and (3) V8, V9 and V10. Based on the classification, it is concluded that the most drought tolerant
varieties are: Libyan V5 and V6, and Serbian V11
and V12.

CONCLUSION
Successful production of field crops depends
on modern scientific knowledge that is the result of
studying the tolerance of genotypes to changing environmental factors. Water regime is, in addition to
thermal conditions, the most important agro-ecological factor of plant production. Therefore, current
scientific knowledge and rapid screening of seed tolerance are a reliable way to select drought-tolerant
varieties. Based on the results of these studies, it can
be concluded that the most reliable parameters for
defining resistance/tolerance to drought are the following factors: germination percentage and index of
germination, shoot and root length, fresh weight of
root and shoot, and dray shoot weight. The obtained
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TABLE 4
Statistical analysis (LSD) of fresh shoot and root weight after growth in different
PEG concentrations
Fresh shoot weight (FSW)
Fresh root weight (FRW)
5%
10%
15%
5%
10%
15%
0.047*
0.005**
0.001**
0.0008**
0.0000**
0.0000**
0.034*
0.002**
0.0001**
0.03*
0.0011**
0.0002**
NS
0.0000**
0.0000**
NS
0.001**
0.0003**
0.018*
0.0025**
0.0000**
0.036*
0.005**
0.0002**
NS
0.004**
0.0001**
NS
0.027*
0.001**
NS
0.0013**
0.0000**
0.008**
0.004**
0.0004**
0.0029**
0.0000**
0.0000**
NS
0.0002**
0.0001**
NS
0.016*
0.0002**
NS
NS
0.001**
0.04*
0.0000**
0.0000**
NS
0.016*
0.001**
NS
0.0004**
0.0000**
NS
NS
NS
NS
0.002**
0.0000**
NS
NS
0.012**
NS
0.0000**
0.0000**
0.026*
0.0003**
0.0000**

RSR
0.2
0.25
0.25
0.2
0.12
0.15
0.2
0.2
0.2
0.3
0.2
0.25

V1-V12 wheat varieties, 5, 10 and 15% PEG, NS-nonsignificant difference, p<0.05*, p<0.01**, RSR= FRW/FSW

V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12

TABLE 5
Statistical analysis (LSD) of dry shoot and root weight after growth in different
PEG concentrations
Dry shoot weight (DSW)
Dry root weight (DRW)
5%
10%
15%
5%
10%
15%
NS
0.048*
0.008**
NS
0.04*
0.014*
NS
0.008**
0.001**
NS
NS
NS
NS
0.007**
0.0003**
NS
NS
0.005**
NS
NS
0.0001**
NS
NS
0.01*
NS
0.03*
0.0001**
NS
NS
0.005**
NS
NS
0.02*
NS
NS
0.01*
NS
0.0003**
0.0000**
NS
0.002**
0.0000**
NS
NS
0.0003**
NS
NS
0.046*
NS
0.001**
0.0000**
NS
NS
0.005**
NS
0.0002**
0.0000**
NS
NS
NS
NS
0.03*
0.0005**
NS
NS
NS
NS
0.002**
0.0001**
NS
0.01*
0.01*

RSR
0.5
0.5
0.5
0.54
0.4
0.44
0.54 2
0.64
0.64
0.61
0.42
0.41

V1-V12 wheat varieties, 5, 10 and 15% PEG, NS-nonsignificant difference, p<0.05*, p<0.01**, RSR=RDW/RSW

results showed that the most tolerant to drought were
Libyan varieties V1, V2, V5, V6 and V9, and varieties V10-V12 originating from Serbia. Based on indicators of vegetative parameters, the most tolerant
genotypes were Bhoth 306 (V6) from Libya and NS
Vlajna (V11) from Serbia, while the most sensitive
varieties were Libyan Marshosh (V9) and Serbian
Zemunska rosa (V10).
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FRPSRVLWLRQFRQWHQWRIWUDYHUWLQH8QGHUWKHFRQGL
WLRQWKDWWKHPDLQHOHPHQWVZHUHWKHVDPHWKHFRQ
WHQWVRIWUDFHHOHPHQWVLQWKHVXUIDFHOD\HUDQGWKH
LQWHULRURIWUDYHUWLQHZHUHVLJQLILFDQWO\GLIIHUHQWDQG
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SHDNVLQGLFDWLQJWKDWWKHSKDVHFRPSRVLWLRQRIWUDY
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WHUPODQGVFDSHZDWHUFRQVHUYDWLRQFDQQRWREWDLQWKH
SKDVH FRPSRVLWLRQ RI WUDYHUWLQH FDOFLWH FRPSDUHG
ZLWKPDJQHVLXPFDOFLWH0DJQHVLDQ WUDQVIRUPDWLRQ
7KHFKHPLFDOERQGVDQGIXQFWLRQDOJURXSVRIWUDYHU
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REYLRXV WRJHWKHU ZLWK LQRUJDQLF SHDNV RI VLOLFRQ
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VLXPDQGRWKHULQRUJDQLFVDOWV0RUSKRORJ\RIWUDY
HUWLQHZDVFKDUDFWHUL]HGE\6(0DQGLWZDVIRXQG
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WKHWUDYHUWLQHODQGVFDSHUHVRXUFHVYDVWLQIRUPDWLRQ
LQSUHGLFWLQJWKHIXWXUHHQYLURQPHQWDOFKDQJHVDQG
UHFRQVWUXFWLRQRISDOHRHQYLURQPHQWDQGVRRQVFLHQ
WLILFUHVHDUFKYDOXH
3UHYLRXV VWXGLHV JHQHUDOO\ EHOLHYH WKDW WKH
EODFNHQLQJRIWKHSRROJURXSLVGXHWRWKHGHFUHDVH
RIZDWHUDUHDWKHORVVRIODQGVFDSHZDWHUFRQVHUYD
WLRQRIWKHHGJHSRROWKHGHDWKRIDTXDWLFDOJDHDQG
RWKHU RUJDQLVPV LQYROYHG LQ WUDYHUWLQH GHSRVLWLRQ
DQGWKHSUROLIHUDWLRQRIDHULDOF\DQREDFWHULDUHVXOW
LQJLQWKHGU\LQJDQGEODFNHQLQJRIWKHDGMDFHQWSRRO
>@ %ODFNHQLQJ SRROV JHQHUDOO\ VWLOO PDLQWDLQ WKH
RULJLQDOVWUHQJWKDQGEDVLFVWUXFWXUHWKLVSKHQRPH
QRQPDLQO\RFFXUVLQWKH:XFDLFKL<LQJ\XHFDLFKL
<LQIDQJFKL<LQJELQFKLDQGRWKHUODUJHFRORUSRROV
GRZQVWUHDP/XHWDO>@  SURSRVHGWKHFRQFHSWRI
PLQHUDOPHPEUDQHVRQWKHHDUWK VVXUIDFHEDVHGRQ
QHDUO\  \HDUV RI UHVHDUFK RQ URFN SDLQW >@
SRLQWLQJRXW WKDW PLQHUDO PHPEUDQHV LV WKH PRVW
ZLGHO\GLVWULEXWHGQDWXUDOVRODUILOPRQHDUWK>@
DQGWKHUHLVDFRPSOH[LQWHUDFWLRQSURFHVVEHWZHHQ
PLQHUDOVDQGPLFURRUJDQLVPVLQWKHPLQHUDOPHP
EUDQHV >@7KH DXWKRU EHOLHYHV WKDW WKH VXUIDFH
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IDFHRIWKHWUDYHUWLQHDQGKDVDQREYLRXVERXQGDU\
ZLWKWKHXQGHUO\LQJWUDYHUWLQH>@ZLWKDWKLFNQHVV
RIWHQVWRKXQGUHGVRIPLFURQV
;UD\IOXRUHVFHQFHVSHFWURPHWU\KDVORQJEHHQ
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SRZHUIXOPHWKRGLVDNLQGRIIDVWUHOLDEOHDQGQRQ
GHVWUXFWLYH VSHFWURVFRS\ >@ GLUHFW DQDO\VLV RI
VROLGVDPSOHVZLWKRXWSUHWUHDWPHQWLQPLQHUDOHQ
YLURQPHQWPDWHULDODJULFXOWXUHDQGRWKHUDUHDVKDYH
WKH DSSOLFDWLRQ >@ )RXULHU WUDQVIRUP LQIUDUHG
VSHFWURVFRS\ KDV EHHQ XVHG WR VWXG\ WKH FKHPLFDO
ERQG VWUXFWXUH RI PLQHUDOV DQG PLFURELDO EDFWHULD
GXHWRLWVDGYDQWDJHVRIOHVVFRQVXPSWLRQIDVWQRQ
GHVWUXFWLYH QRQSROOXWLQJ DQG KLJK VHQVLWLYLW\ >@
>@;UD\GLIIUDFWLRQKDVWKHFKDUDFWHULVWLFVRI
IDVW DQDO\VLV KLJK DFFXUDF\ DQG QRQGHVWUXFWLYH
VDPSOHV>@6FDQQLQJHOHFWURQPLFURVFRS\FDQ
PDJQLI\WKHPLFURVFRSLFPRUSKRORJ\RIVXEVWDQFHV
WHQVRIWKRXVDQGVRIWLPHVWRREVHUYHYDULRXVIHDWXUH
LPDJHVRQWKHVDPSOHVXUIDFH>@0RUSKRORJ\PL
FURVFRSLFDQDO\VLVRIVROLGVXEVWDQFHVDQGWKHPLFUR
DUHDDQDO\VLVRIFRQYHQWLRQDOFRPSRQHQWVDUHZLGHO\
XVHG LQ WKH FKHPLFDO LQGXVWU\ >@ PDWHULDOV >@
PHGLFLQH>@ELRORJ\>@PLQHUDOV>@DQGRWKHU
ILHOGV
7KHDXWKRUVXVHG;UD\IOXRUHVFHQFHVSHFWURV
FRS\ ;5) ;UD\SRZGHUGLIIUDFWLRQVSHFWURVFRS\
;5'  )RXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\
)7,5  VFDQQLQJ HOHFWURQ PLFURVFRS\ 6(0  WR
FRPSUHKHQVLYHO\ DQDO\]H WKH WUDYHUWLQH LQ
+XDQJORQJ:RUOG1DWXUDO+HULWDJHVLWH7KHGLIIHU
HQFHVDQGFRPPRQDOLWLHVRIWUDFHHOHPHQWFKHPLFDO
FRPSRVLWLRQSKDVHFRPSRVLWLRQFKDUDFWHULVWLFIXQF
WLRQDOJURXSVDQGPLFURVFRSLFPRUSKRORJ\RIWUDY
HUWLQHZHUHDQDO\]HGDQGWKHFKDUDFWHULVWLFVRIWUDY
HUWLQH PLQLPL]DWLRQ ZHUH XQGHUVWRRG IURP D QHZ
SHUVSHFWLYH
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5HVHDUFK$UHD+XDQJORQJFRUHVFHQLFDUHDLQ
VRPH DUHDV LQ UHFHQW \HDUV EHFDXVH RI VXSHUILFLDO
WUDYHUWLQH VWUXFWXUH DIIHFWHG E\ YHJHWDWLRQ UHFRQ
VWUXFWLRQ ZHDWKHULQJ FDXVH ZDWHU OHDNDJH WKH VXU
IDFHRIWUDYHUWLQHORVHZDWHUFRQVHUYDWLRQWUDYHUWLQH
EODFNWKHSKHQRPHQRQVXFKDVGHVHUWLILFDWLRQWUDY
HUWLQH SRROV EHDFK ODQGVFDSH DUHD UHGXFHG HVSH
FLDOO\UHIOHFWHGRQ0DWLKDL:XFDLFKLDUHDWUDYHUWLQH
ODQGVFDSH DUHD VKULQNLQJ 7KH YHJHWDWLRQ DUHD H[
SDQGHGDQGWKHVWUXFWXUHRIWKHSRROVZDVGDPDJHG
)LJXUH 
,QWKLVVWXG\WZRW\SLFDOEODFNHQHGWUDYHUWLQH
VDPSOHVZHUHFROOHFWHGWRH[SORUHWKHFKDUDFWHULVWLFV
RIWKHVXUIDFHOD\HURIEODFNHQHGWUDYHUWLQHE\XVLQJ
PRGHUQWHVWLQJWHFKQLTXHVDLPLQJDWWKHSKHQRPH
QRQ RI ODUJH DUHD EODFNHQHG SKHQRPHQRQ DW WKH
HGJHV RI :XFDLFKL DQG <LQJ\XHFDLFKL WR SURYLGH
WKHRUHWLFDO UHIHUHQFH DQG VXSSRUW IRU WKH FRQVHUYD
WLRQZRUNRI+XDQJORQJ6FHQLF6SRW

0DWHULDO 3HUHQQLDO ZDWHU ORVV DIWHU WKH :X
FDLFKLDQG<LQJ\XHFDLFKLRILQWHUPLWWHQWZDWHUVDP
SOHVZHUHFROOHFWHGFRSLHVRIHDFKJSLFNXS
WRPRVVSODQWUHVLGXHVEURXJKWWUDYHUWLQHWRWKHODE
IRUaGD\VDLUGU\RQWKHVXUIDFHDIWHUGU\LQJEODFN
WUDYHUWLQH *%*% DQGLQWHUQDOZKLWHWUDYHU
WLQH * *  VHSDUDWHO\ JULQGLQJ D VWDQGDUG
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ZDWHUIRUPDQ\\HDUV7KHVXUIDFHOD\HURIWUDYHUWLQH
KDV EHHQ FRPSOHWHO\ EODFNHQHG DQG FRYHUHG E\
PRVVHVDQGSODQWUHVLGXHVIRUDORQJWLPH6DPSOLQJ
VLWH*LVORFDWHGLQ<LQJ\XHFDLFKLEHDFKZKLFKLV
LQWHUPLWWHQW ZDWHU ORVV ,Q WKH DQQXDO ZHW VHDVRQ
-XO\6HSWHPEHU DVPDOOSDUWRIWKHODQGVFDSHZDWHU
FRQVHUYDWLRQ ZLOO EH REWDLQHG DQG WKH VXUIDFH RI
WUDYHUWLQHLVVHPLEODFNZLWKRXWPRVVDQGSODQWUHV
LGXH FRYHUDJH 7KH VDPSOH OLVW DIWHU WUHDWPHQW DQG
FODVVLILFDWLRQLVVKRZQLQ7DEOH

,QVWUXPHQWVDQG(TXLSPHQW3Z;
UD\IOXRUHVFHQFH6SHFWURPHWHU ;5) 5KDQRGHWDU
JHWYROWDJHN9FXUUHQWP$ZRUNLQJWHPSHUD
WXUHႏ
3KDVHDQDO\VLVRIWUDYHUWLQHVDPSOHVXVLQJ&X
.Į Ȝ $ DVUDGLDWLRQVRXUFHZLWKWKHYROWDJH
RI N9 DQG FXUUHQW RI P$ ZDV FDUULHG RXW E\
3DQDFR; 3HUW352;UD\'LIIUDFWRPHWHU ;5' 
7KH IXQFWLRQDO JURXSV DQG FKHPLFDO ERQGV RI
WUDYHUWLQHVDPSOHVZHUHTXDOLWDWLYHO\DQDO\]HGE\WKH
$PHULFDQ3HUNLQ(OPHU)RXULHU7UDQVIRUP,QIUDUHG
VSHFWURPHWHU )7,5  7KH VSHFWUDO VFDQQLQJ UDQJH
ZDVFPWKHUHVROXWLRQZDVFPDQGWKH
VFDQQLQJWLPHVZHUHWLPHV
7KH PLFURPRUSKRORJ\ RI WUDYHUWLQH VDPSOHV
ZDVFKDUDFWHUL]HGE\WKH+LWDFKL686(0VFDQ
QLQJHOHFWURQPLFURVFRSH +9N9VFDQQLQJDFFX
UDF\ȝP 

([SHULPHQWDO PHWKRGV ;UD\ IOXRUHVFHQFH
;5)  *ULQG WR  PHVK EHIRUH WKH H[SHULPHQW
XVHSRO\HWK\OHQHFXSDVVDPSOHFRQWDLQHUERULFDFLG
HGJH VXEVWUDWH DXWRPDWLF K\GUDXOLF SUHVV PDFKLQH
GLUHFWO\SUHVVHGLQWRGLVFV>@
;UD\ GLIIUDFWLRQ ;5'  %HIRUH WKH H[SHUL
PHQW WKH VDPSOHV ZHUH SODFHG LQ DQ HOHFWULF EODVW
GU\LQJRYHQDWႏIRUKWKHQJURXQGLQDQDJDWH
PRUWDUXQWLOQRREYLRXVSDUWLFOHVHQVDWLRQZDVIRXQG
DQGWHVWHGWKURXJKWDUJHWTXDVLVFUHHQV>@
)W,5%HIRUHWKHH[SHULPHQWWKH.%USRZGHU
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ZDVSODFHGLQDQHOHFWULFEODVWGU\LQJRYHQDWႏ
IRUKLQDGYDQFH$IWHUGU\LQJLWZDVJURXQGLQDQ
DJDWHPRUWDUWRJHWKHUZLWKWKHVDPSOH$IWHUPL[LQJ
HYHQO\WKHWDEOHWZDVSUHVVHGIRUWKHWHVW3XUH.%U
WDEOHW ZDV XVHG DV WKH EDFNJURXQG DQG WKH LQVWUX
PHQW DXWRPDWLFDOO\ GHGXFWHG WKH EDFNJURXQG VSHF
WUXPGXULQJPHDVXUHPHQW>@
6FDQQLQJ HOHFWURQ PLFURVFRS\ 6(0  %HIRUH
WKH H[SHULPHQW WKH VDPSOH VL]H ZDV FRQWUROOHG
ZLWKLQWKHPD[LPXPGLDPHWHURIPPDQGWKHPD[
LPXPWKLFNQHVVRIPP7KHQGRXEOHVLGHGDGKH
VLYH ZDV XVHG WR VWLFN WKH VDPSOH RQ WKH WUD\ DQG
FRQGXFWLYHVLOYHUSDVWHZDVXVHGWRFRQQHFWWKHVDP
SOH WR WKH WUD\ WR HQVXUH JRRG FRQGXFWLYLW\ EHIRUH
VFDQQLQJ>@


5(68/76$1'',6&866,21

&KHPLFDO &RPSRVLWLRQ ;UD\ IOXRUHVFHQFH
VSHFWURPHWU\ ;5) ZDVXVHGWRDQDO\]HWKHFKHPL
FDOFRPSRQHQWVRIEODFNHQHGWUDYHUWLQHRQWKHVXU
IDFH *%*% DQGZKLWHWUDYHUWLQHRQWKHLQ
VLGH ** 7KHGHWHFWLRQSDUDPHWHUVDUH0J2
&D21D2.26L2$O27)H20Q232
&X%D6U7KHUHVXOWVDUHVKRZQLQ7DEOH
7DEOHVKRZVWKDW&D2LVWKHPDLQFKHPLFDO
FRPSRQHQWRIWUDYHUWLQHLQ*DQG*DQGLWVFRQ
WHQWȦ % H[FHHGV7KHFRQWHQWVRI0J26L2
DQG $O2 DUH   DQG 
 UHVSHFWLYHO\ 7KH FRQWHQWV RI 1D2 .2
327)H20Q2%DDQG6UDUHUHODWLYHO\ORZ
ZKLOH WKH FRQWHQW RI &X LV DW WKH ORZHVW OHYHO7KH
FRQWHQWV RI * ZHUH KLJKHU WKDQ * H[FHSW IRU
6L2ZKLFKZDVDERXWWKHVDPH([FHSWIRU6L2DQG
$O2WKHFRQWHQWVRI*%FRPSRQHQWVDUHKLJKHU
WKDQ*%ZKLFKPD\EHGXHWRWKHOHQJWKRIZDWHU
FRQVHUYDWLRQ
7KH VXUIDFH OD\HU DQG LQWHUQDO WUDFH FRPSR
QHQWVRIWKHWZRWUDYHUWLQHVDPSOHVGLIIHUJUHDWO\DQG
WKH EODFNHQHG VXUIDFH OD\HU RI .2 6L2 $O2
7)H20Q232&X%DDQG6UVKRZVDWUHQGRI
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UHJXODUDQGXQLIRUPJURZWKFRPSDUHGZLWKWKHLQWH
ULRURIWUDYHUWLQH7KHJURZWKUDWHRIHDFKFRPSRQHQW
LVVKRZQLQ)LJXUH
$VFDQEHVHHQIURP)LJXUHWKHUHLVDJUHDW
GLIIHUHQFH EHWZHHQ WKH HOHPHQWV RI VXUIDFH EODFN
HQHGWUDYHUWLQHDQGLQQHUZKLWHWUDYHUWLQH7KHRYHU
DOOEODFNHQHGWUDYHUWLQHRI*DQG*VKRZDVLJ
QLILFDQW JURZWK WUHQG LQ ZKLFK .2 LQFUHDVHV E\
DQG6L2E\DQG$O2
E\DQGUHVSHFWLYHO\7)H2LQFUHDVHG
E\  DQG  0Q2 E\  DQG 
32E\DQG&XE\DQG
%DE\DQGDQG6UE\DQG
UHVSHFWLYHO\ )LJXUH  LQ WKH WZR VDPSOHV RI EODFN
WUDYHUWLQHPLQHUDOFKHPLFDO FRPSRQHQWVDUHVKRZQ
UHPDUNDEOHJURZWKWKHFKDUDFWHULVWLFVRIWKHVDPSOH
*GDUNHQLQJJURZWKUDWHVDUHKLJKHUWKDQWKDWRI
* WUDYHUWLQH HOHPHQW WUDFH HOHPHQW FRQWHQW LV
PRUH REYLRXV EHFDXVH RI ILOWUDWLRQ WLPH H[WHQGHG
7KLV SKHQRPHQRQ LQGLFDWHV WKDW ZKHQ WUDYHUWLQH LV
GHSULYHGRIZDWHUVXSSO\VXQOLJKWZLOOLQGXFH>@
PLQHUDOHOHPHQWVWRPLJUDWHWRWKHEODFNHQHGVXUIDFH
7KHEODFNHQLQJRI+XDQJORQJWUDYHUWLQHPD\EHWKH
VSHFLILF H[SUHVVLRQ RI PLQHUDO SKRWRHOHFWURQ HIIHFW
>@

3KDVHFRPSRVLWLRQ$JDWHZDVXVHGWRJULQG
LQJLWWRQRREYLRXVVHQVHRISDUWLFOHVL]H$IWHUVLHY
LQJPHVK;5'VFDQQLQJZDVFDUULHGRXWWRRE
WDLQWKH;UD\SRZGHUFU\VWDOGLIIUDFWLRQSDWWHUQ
$VVKRZQLQ)LJXUHUHJDUGOHVVRIWKHEODFN
HQHGVXUIDFHDQGLQWHULRURIWUDYHUWLQHZLWKSHUHQQLDO
RU LQWHUPLWWHQW ZDWHU ORVV WKH ;5' VSHFWUD KDYH D
VWDEOH SHDN SDWWHUQ VWDEOH EDVHOLQH DQG IHZ VWUD\
SHDNVLQGLFDWLQJWKDWWKHSXULW\RIWUDYHUWLQHLQWKH


+XDQJORQJDUHDLVKLJK
* DQG *% DUH WKH ;5' SDWWHUQV RI WKH
VDPSOHVWDNHQIURPWKHQRUWKVLGHRIWKH:XFDLFKLDW
WKHILUVWVDPSOLQJVLWH5HVSHFWLYHO\ORFDWHGDW  
              RI
ș       
    7KH GLIIUDFWLRQ SHDNV RI
&D0J &2 -&3'6 1R  DQG WKH FU\VWDO
SODQHV RI     DQG   ZHUH LQ SHUIHFW
DJUHHPHQW ZLWK WKRVH RI &D0J &2 -&3'6
1R  LQGLFDWLQJ WKDW WKH FRQWHQW RI
&D0J &2 LQ WKH :XFDLFKL DQG LWV YLFLQLW\ ZDV
KLJKDQGFDOFLWHDQG0DJQHVLDQZHUHWKHPDLQSURG
XFWV
* DQG *% DUH ;5' SDWWHUQV RI VDPSOHV
WDNHQIURPWKHVHFRQGVDPSOLQJVLWH<LQJ\XHFDLFKL
EHDFK              
 DWș 
DQG    
DQG  DUHFRQVLVWHQWZLWKWKHFKDUDFWHULVWLFGLI
IUDFWLRQSHDNVRI&D&2 -&3'61R WKLV
LQGLFDWHV WKDW WKH FRQWHQW RI &D&2 LQ DQG DURXQG
WKH<LQJ\XHFDLFKLLVKLJKPDLQO\FDOFLWH
7KH QRUWK VLGH RI WKH:XFDLFKL *  LV LQ D
VWDWHRISHUHQQLDOZDWHUORVVDQGWKHEODFNHQHGWUDY
HUWLQHFDQQRWJHWWKHFRQVHUYDWLRQRIODQGVFDSHZD
WHU IRU D ORQJ WLPH 7KH QRUWK VLGH RI WKH <LQJ
\XHFDLFKL 3RRO *  LV LQWHUPLWWHQW ZDWHU ORVV
ZKHUHWKHWUDYHUWLQHZLOOKDYH DVKRUWFRQVHUYDWLRQ
VWDJHGXULQJWKHZHWVHDVRQIURP-XO\WR6HSWHPEHU
HYHU\\HDU;5'DQDO\VLVVKRZVWKDWWKHSKDVHFRP
SRVLWLRQ RI FDOFLWH ZLOO EH FRQYHUWHG WR PDJQHVLDQ
FDOFLWHLIVXVWDLQHGZDWHUORVVRFFXUVDIWHUWUDYHUWLQH
EODFNHQHG



*
*





*UURZWKUDWH
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)XQFWLRQDO JURXS FKDUDFWHULVWLFV ,QIUDUHG
VSHFWURVFRS\ )7,5 ZDVXVHGWRVFDQWKHEODFNHQHG
OD\HURQWKHVXUIDFHDQGWKHZKLWHFDOFLILFDWLRQLQWKH
LQWHULRU RI WKH WZR WUDYHUWLQH VDPSOHV ZLWK ZDYH
QXPEHUVRIFPUHVSHFWLYHO\DQGWKHLU)7
,5VSHFWUDDUHVKRZQLQ)LJXUH
7KH)7,5VSHFWUDRIWKHWZRWUDYHUWLQHVDPSOHV
VKRZHGPDQ\FRPPRQFKDUDFWHULVWLFV7KHLQWHUQDO
DQGH[WHUQDOLQIUDUHGDEVRUSWLRQSHDNVZHUHWKHVDPH
ZLWKREYLRXVDEVRUSWLRQSHDNVFPFP

 FP EHLQJ WKH WKUHH W\SLFDO FKDUDFWHULVWLF
SHDNVRIFDOFLWH7KHZDYHQXPEHUDW  FP

LVWKHDV\PPHWULFVWUHWFKLQJYLEUDWLRQRI&2LQ
FDOFLWH&2&+DQG&+LQDOLSKDWLFJURXSDQG
SULPDU\ DPLGH DQG WKH ZDYH QXPEHU DW  
FPLVWKHRXWRISODQHEHQGLQJYLEUDWLRQRI2í&í2
LQFDOFLWH&27KHZDYHQXPEHUDW  FP
LV 2í&í2 EHQGLQJ YLEUDWLRQ LQ FDOFLWH &2 7KH
ZDYHQXPEHUVRIFPFPFPUH
VSHFWLYHO\UHSUHVHQWWKHFRPELQHGIUHTXHQF\SHDNV
RI &2 YLEUDWLRQ 7KH ZDYHQXPEHUV RI WKH FDU
ER[\OJURXSPHWK\OJURXSDOGHK\GHJURXSDQGDOL
SKDWLFJURXS&+RIRUJDQLFDFLGVRUIDWW\DFLGVDUH
V\PPHWULF DW   FP 7KH ZDYHQXPEHU RI
 FPLVWKH2í+VWUHWFKLQJYLEUDWLRQRI
WKH FDUER[\O JURXS RI FDUER[\OLF DFLG WKH ZDYH
QXPEHURI  FPLVWKH675(7&+,1*YL
EUDWLRQRIWKH& 2GRXEOHERQGRINHWRQHVHVWHUV
DOGHK\GHV RU DFLGV DQG WKH ZDYHQXPEHU RI
  FP LV WKH 2+ VWUHWFKLQJ YLEUDWLRQ RI
WKH LQWUDPROHFXODU DVVRFLDWLRQ RI ZDWHU RU SKHQROV
7KHZDYHQXPEHUDW  FPLVWKHVWUHWFKLQJ
YLEUDWLRQ RI FDUER[\O PHWK\O DOGHK\GH DQG DOL
SKDWLF&+ERQGVRIRUJDQLFDFLGVRUIDWW\DFLGVDQG
FPLVWKHVWUHWFKLQJYLEUDWLRQRIFDUER[\OPH
WK\ODOGHK\GHDQGDOLSKDWLF2í+ERQGVRIRUJDQLF
PDWWHU>@
)LJXUHDFDQEHVHHQWKH:XFDLFKLDQG<LQJ
\XHFDLFKLWZRWUDYHUWLQHLQIUDUHGPDLQO\FRPHVIURP
WKH &2 7KH UHVXOWV VKRZ WKDW WKHUH DUH RUJDQLF
FRPSRQHQWVLQWUDYHUWLQHEHVLGHV&D&27KHVHRU
JDQLF JURXSV PD\ EH GHULYHG IURP DOJDH DQG WKHLU
([WUDFHOOXODU 3RO\PHULF 6XEVWDQFHV (36  DOVR FDQ
H[SODLQWKHIRUPDWLRQRIWKHWUDYHUWLQHLVDIIHFWHGE\
WKHPHWDEROLVPRIDOJDHJURZWK
,QDGGLWLRQORFDOPDJQLI\LQJZDVSHUIRUPHGRQ
WKH VSHFWUD RI FP ,Q )LJXUH E LW ZDV
IRXQG WKDW DQ DEVRUSWLRQ SHDN ZLWK ZHDN YLEUDWLRQ


FP
FP




FP

*
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;UD\SRZGHUGLIIUDFWLRQ ;5' DQDO\VLVVSHF
WUXP
FP

*%
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7UDQVPLWWDQFH

7UDQVPLWWDQFH


FP



凚 E凛


FP

FP


FP

LQWHQVLW\ DSSHDUHG DWZDYHQXPEHU FP ([LVW
LQJOLWHUDWXUHKDVVKRZQWKDW6L26LIOH[XUDOYLEUD
WLRQDQG)H2VWUHWFKLQJYLEUDWLRQPD\PDLQO\H[LVW
QHDUFPDQG0Q2VWUHWFKLQJYLEUDWLRQH[LVWV
DURXQGFPDQGFPLQWKHPDS7KHUHLVYL
EUDWLRQDEVRUSWLRQRI32LQFPFU\VWDO7KH
ZDYHQXPEHUFP0D\EHWKHYLEUDWLRQDEVRUS
WLRQ RI 6L20J DQG 6L2$O ZKLFK LV FRQVLVWHQW
ZLWK WKH PLQHUDO WUDFH HOHPHQW DQDO\VLV UHVXOWV RI
WUDYHUWLQHE\;5)
)LJXUH F VKRZV WKH ORFDO LQIUDUHG DPSOLILFD
WLRQDQDO\VLVRIZDYHQXPEHUaFP7KH
ZDYHQXPEHUFPLVWKHPRVWREYLRXVPDLQO\
WKH VWUHWFKLQJ YLEUDWLRQ RI 6L2 WKH ZDYHQXPEHU
FPLVVXVSHFWHGWRKDYHWKHVWUHWFKLQJYLEUD
WLRQ RI 0J2+ WKH ZDYH QXPEHU FP 0D\
KDYHWKHYLEUDWLRQDEVRUSWLRQRI$O$O2+
)LJXUH E DQG )LJXUH F VKRZ WKDW WUDFH HOH
PHQWVLQFDOFLILFDWLRQKDYHREYLRXVDEVRUSWLRQSHDNV
DWZDYHQXPEHUVFPDQGFPUHVSHFWLYHO\
DQG WKHUH DUH ZHDN YLEUDWLRQ SHDNV DW RWKHU ZDYH
QXPEHUVZKLFKDOOSRLQWWRWKHSRVVLELOLW\ RILQRU
JDQLFFKHPLFDOERQGVJHQHUDWHGE\WUDFHPLQHUDOHO
HPHQWVLQWUDYHUWLQH&RPELQHGZLWK;5)WHVWUHVXOWV
FRPSUHKHQVLYH DQDO\VLV ,W LV FRQVLGHUHG WKDW WUDFH
HOHPHQWV VXFK DV 6L 3 )H 0Q 0J DQG$O DUH LQ
YROYHGLQWKHIRUPDWLRQRIWUDYHUWLQHDQGWKLVNLQG
RIVLWXDWLRQRFFXUVLQVXUIDFHDQGLQWHULRUH[WHQVLYHO\


*

*%

*

7UDQVPLWWDQFH

凚 D凛

                   )UHVHQLXV(QYLURQPHQWDO%XOOHWLQ
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*
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D

F

E

G

),*85(
6(0UHVXOWVRIWUDYHUWLQH DE*WUDYHUWLQHˈFG*WUDYHUWLQH  

0LFURVWUXFWXUH 6(0 VFDQQLQJ ZDV SHU
IRUPHG RQ WKH WZR WUDYHUWLQH VDPSOHV UHVSHFWLYHO\
7KHPLFURVFRSLFPRUSKRORJ\RIWKHWZRVDPSOHVLV
VKRZQLQ)LJXUH
)LJXUHDDQG)LJXUHERQEHKDOIRISHUHQQLDO
ZDWHUORVV*SRLQWWUDYHUWLQH)LJXUHFDQG)LJXUH
GRQEHKDOIRILQWHUPLWWHQWZDWHUORVVRI*SRLQW
WUDYHUWLQHFRQWUDVWIRXQGDELJJHUGLIIHUHQFHWKHPL
FURVWUXFWXUH RI ERWK * WUDYHUWLQH FRPSOHWH ZLWK
FDOFLWHFU\VWDOVKDSHHGJHSURILOHLVFOHDUFOHDUODP
LQDWHGVWUXFWXUHERWKWKHVSDUU\UKRPERKHGURQPL
FULWLF DQG GLP OLJKW ERG\ 8QGHU WKH LQIOXHQFH RI
IOXLGORYLQJRUJDQLVPVDOJDOERGLHVRI*WUDYHU
WLQHDUHHDV\WRDWWDFKWR&D&2SDUWLFOHV$WWKHPL
FURVFRSLFVFDOHDOJDO(36IRUPVDFROORLGDOVKHDWK
DQGELQGV&D&2SDUWLFOHVOHDGLQJWRWKHGHHGJLQJ
RIPRUSKLFFU\VWDOVZKLFKDUHGRPLQDWHGE\PLFULWH
DQGPLFUREULJKWHQHV


&21&/86,216

,QYLHZRIWKHFXUUHQWVLWXDWLRQRI+XDQJORQJ
WUDYHUWLQH EODFNHQLQJ UHSUHVHQWDWLYH VDPSOHV RI
WUDYHUWLQH EODFNHQLQJ ZHUH FROOHFWHG DQG FRPSUH
KHQVLYHDQDO\VLVZDVHVWDEOLVKHGRQWKHVXUIDFHDQG

LQWHULRURI+XDQJORQJWUDYHUWLQHXVLQJPRGHUQDQDO
\VLVDQGWHVWLQJWHFKQLTXHV68&+DV;5);5')7
,5DQG6(0ZKLFKSURYLGHGWKHRUHWLFDOVXSSRUWIRU
WKHVXEVHTXHQWFRQVHUYDWLRQZRUNRIWKHVFHQLFVSRW
7KHPDLQFRQFOXVLRQVRIWKLVVWXG\DUHDVIROORZV
  7UDFH HOHPHQWV LQ WUDYHUWLQH PRYH WRZDUG
WKHVXUIDFHRIEODFNHQLQJLQWKHORQJWHUPORVVRIZD
WHU
 7KHLQWHULRUDQGEODFNHQHGVXUIDFHRIWUDY
HUWLQH ZLWK ORQJWHUP DQG LQWHUPLWWHQW ZDWHU ORVV
KDYHKLJKSXULW\
 7KHUHLVDWHQGHQF\RIFDOFLWHWRPDJQHVLXP
FDOFLWHLQWKHSKDVHFRPSRVLWLRQRIGHK\GUDWHGWUDY
HUWLQH
 7KHFKHPLFDOERQGVRIWUDYHUWLQHDUHPDLQO\
LQDGGLWLRQWR&2EXWDOVRFRQWDLQRUJDQLFJURXSV
ZKLFKPD\EHGHULYHGIURPDOJDHDQGH[WUDFHOOXODU
RUJDQLFVVHFUHWHGE\DOJDH
  7UDFH HOHPHQWV SURGXFHG ZHDN LQRUJDQLF
FKHPLFDOERQGVLQWUDYHUWLQHZKLFKZLGHO\RFFXUUHG
LQWKHLQWHULRUDQGVXUIDFH
 7KHPRUSKRORJ\RIFDOFLWHZLWKORQJWHUP
ZDWHUORVVLVPRUHVLJQLILFDQWWKDQWKDWZLWKLQWHUPLW
WHQWZDWHUORVV
 7KHFKDUDFWHULVWLFVRIEODFNHQHGWUDYHUWLQH
DUH FRQVLVWHQW ZLWK WKH FRQFHSW RI PLQHUDO PHP
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EUDQHVRQWKHVXUIDFHDQGWKHUHLVDFRPSOH[LQWHU
DFWLRQ SURFHVV EHWZHHQ PLQHUDOV DQG PLFURRUJDQ
LVPV


$&.12:/('*(0(176

:DWHUF\FOHFKDUDFWHULVWLFVDQGODQGVFDSHFRQ
VHUYDWLRQ WHFKQRORJ\ RI +XDQJORQJ 1DWLRQDO *H
RSDUN 1R +XDQJORQJJRX $O
JDH&RQWURO3URMHFW1R1DWXUDO
UHVWRUDWLRQDQGFRQVHUYDWLRQGHPRQVWUDWLRQVWXG\RI
WUDYHUWLQHODQGVFDSHLQ+XDQJORQJ1DWLRQDO*HRORJ
LFDO3DUN 3KDVH, 1R

'LVFORVXUHVWDWHPHQW1RSRWHQWLDOFRQIOLFWRI
LQWHUHVWZDVUHSRUWHGE\WKHDXWKRUV


5()(5(1&(6

>@ &RQUDGLQ.(QJHVVHU0DQG:LHVPDQQ8
 )RXUGHFDGHVRI:RUOG1DWXUDO+HULWDJH
KRZFKDQJLQJSURWHFWHGDUHDYDOXHVLQIOXHQFH
WKH 81(6&2 ODEHO 'LH (UGH =HLWVFKULIW GHU
*HVHOOVFKDIWIU(UGNXQGH]X%HUOLQ  
 
>@ =KDQJ-:DQJ+/LX=$Q'DQG'UH\
EURGW:  6SDWLDO±WHPSRUDOYDULDWLRQVRI
WUDYHUWLQHGHSRVLWLRQUDWHVDQGWKHLUFRQWUROOLQJ
IDFWRUVLQ+XDQJORQJ5DYLQH&KLQD±$ZRUOG V
KHULWDJHVLWH$SSOLHG*HRFKHPLVWU\  
 
>@ *XR+ (G   $WODVRIUHPRWHVHQVLQJ
IRU:RUOG+HULWDJH&KLQD6SULQJHU
>@ 3HUU\56DQG$GDPV-%  'HVHUWYDU
QLVKHYLGHQFHIRUF\FOLFGHSRVLWLRQRIPDQJD
QHVH1DWXUH  
>@ 'RUQ5,  5RFNYDUQLVK$PHULFDQ6FL
HQWLVW  
>@ 'RUQ5,  5RFNFRDWLQJV(OVHYLHU'H
YHORSPHQWVLQ(DUWK6XUIDFH3URFHVVHV
>@ 'RUQ5,  %DNLQJEODFNRSDOLQWKHGH
VHUWVXQ7KHLPSRUWDQFHRIVLOLFDLQGHVHUWYDU
QLVK&RPPHQW$QG5HSO\&RPPHQW*HRORJ\
  HH
>@ 'RUQ 5,   'HVHUW 5RFN &RDWLQJV
6SULQJHU1HWKHUODQGV6SULQJHU'RUGUHFKW

>@ $QKXDL/8:DQJ;<DQ/,'LQJ+5
:DQJ &4 =HQJ &3 8QLYHUVLW\ 3  
0LQHUDO SKRWRHOHFWURQV DQG WKHLU LPSOLFDWLRQV
IRUWKHRULJLQDQGHDUO\HYROXWLRQRIOLIHRQ(DUWK
6FLHQFH&KLQD(DUWK6FLHQFHV   
>@/X$ /L< 'LQJ + ;X ; DQG +RFKHOOD
0)  3KRWRHOHFWULFFRQYHUVLRQRQ(DUWK V
VXUIDFH YLD ZLGHVSUHDG )H DQG 0QPLQHUDO
FRDWLQJV3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\
RI6FLHQFHV   


                   )UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


>@/X$/L</LX)/LX<DQG:DQJ&  
7KH SKRWRJHRFKHPLFDO F\FOH RI 0Q R[LGHV RQ
(DUWK VVXUIDFH0LQHUDORJLFDO0DJD]LQH  
 
>@+MD%;[D&%Z$4LDQ:$2ME'
<DQ/&<W$  3KRWRFDWDO\WLFR[LGD
WLRQ RI GLVVROYHG 0Q ,,  RQ QDWXUDO LURQ R[LGH
PLQHUDOV *HRFKLPLFD HW &RVPRFKLPLFD $FWD
 
>@+DJLZDUD..RLNH<$L]DZD0DQG1DND
PXUD7  2QVLWHGHWHUPLQDWLRQRIDUVHQLF
VHOHQLXPDQGFKURPLXP 9, LQGULQNLQJZDWHU
XVLQJ VROLGSKDVH H[WUDFWLRQ GLVNKDQGKHOG ;
UD\ IOXRUHVFHQFH VSHFWURPHWHU $QDO\WLFDO 6FL
HQFHV3
>@'X3OHVVLV3,*D]OH\0)7D\6/7UXQIXOO
().QRUVFK 0 %UDQFK7 DQG )RXULH/)
  4XDQWLILFDWLRQ RI .DROLQLWH DQG +DO
OR\VLWH 8VLQJ 0DFKLQH /HDUQLQJ IURP )7,5
;5) DQG %ULJKWQHVV 'DWD 0LQHUDOV   
 
>@0DUWLQX]]L 6 *LRYDQL &*LXUODQL:*DO
YDQHWWR(&DOLVL1&DVDOH0,QQRFHQWL0
 $ UREXVW DQG FRVWHIIHFWLYH SURWRFRO WR
IDEULFDWHFDOLEUDWLRQVWDQGDUGVIRUWKHWKLFNQHVV
GHWHUPLQDWLRQRIPHWDOFRDWLQJVE\;5)6SHF
WURFKLPLFD$FWD 3DUW %$WRPLF 6SHFWURVFRS\
 
>@6LNRUD$/ 0DJXLUH /: 1DLUQ 5: DQG
.QR[5&  $FRPSDULVRQRI;5)6DQG
,&32(6PHWKRGVIRUVRLOWUDFHPHWDODQDO\VHV
LQ D PLQLQJ LPSDFWHG DJULFXOWXUDO ZDWHUVKHG
(QYLURQPHQWDO 0RQLWRULQJ DQG $VVHVVPHQW
   
>@7KLFNHWW'DQG3UHW]HO%  )7,5VXUIDFH
DQDO\VLV IRU FRQVHUYDWLRQ +HULWDJH 6FLHQFH
   
>@3RNKUHO1$JLRXWDQWL(.HOHV&$IURX]6
DQG 6DUYHU (   &RPSDULVRQ RI PLQHUDO
FRQWHQWLQUHVSLUDEOHFRDOPLQHGXVWVDPSOHVHV
WLPDWHG XVLQJ )7,5 7*$ DQG 6(0('; ,Q
0LQH9HQWLODWLRQ&5&3UHVV
>@3DSDJHRUJLRX 07VHOLRV & DQG9DURWVLV &
  3KRWRVHQVLWLYLW\ UHVSRQVHV RI 6DJLWWXOD
VWHOODWD SUREHG E\ )7,5 IOXRUHVFHQFH DQG 5D
PDQPLFURVSHFWURVFRS\56&$GYDQFHV  
 
>@$QGUHRX )7 %DU\OVND % &LHVLHOVND =
6]F]HUED0'HUNRZVNL$*LRQLV9&KU\V
VLNRV*'  ,QWHUFDODWLRQRI1PHWK\OIRU
PDPLGHLQNDROLQLWH,QVLWXPRQLWRULQJE\QHDU
LQIUDUHGVSHFWURVFRS\DQG;UD\GLIIUDFWLRQ$S
SOLHG&OD\6FLHQFH 
>@.HUQ-$ORQVR0RUL57UDQ5+DWWQH-
*LOGHD 5- (FKROV 1 6LHUUD 5*  
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SEEDS AND SEEDLINGS OF Glycyrrhiza uralensis FISCH.
IN SALINE AND NON-SALINE HABITATS HAVE DIFFERENT
SOIL MOISTURE DEMANDS
Jun-jun Gu, Miao Ma*
Ministry of Education Key Laboratory of Xinjiang Plant Medicinal Resources Utilization, College of Life Sciences, Shihezi University,
Shihezi, Xinjiang 832003, China

ABSTRACT

INTRODUCTION

Wild Glycyrrhiza uralensis Fisch. populations
have diverse habitats, and seeds from different habitats are often mixed for cultivation. However, differences in the responses of seeds from different habitats to soil moisture conditions at the germination
and seedling growth stages are unclear. We compared the response of seed germination and seedling
growth, yield, and quality of medicinal materials
from saline and non-saline populations with different
water supplies. The seed germination stage was more
tolerant to drought in non-saline compared to saline
populations. Seedlings from saline populations
showed the highest net photosynthetic rate, biomass
of roots, stems, and leaves, and glycyrrhetinic acid
content in roots under high water treatment. Following low water treatment, glabridin showed the highest content, and the net photosynthetic rate, biomass,
and other medicinal components were significantly
decreased. Under high water treatment, the glycyrrhizic acid, liquiritin, liquiritigenin, isoliquiritigenin,
glabridin, and total flavonoid contents in non-saline
population seedlings were highest among all treatment groups; the opposite results were observed under low water conditions. Therefore, to optimize the
yield of medicinal material yield and glycyrrhetinic
acid content, seeds from saline populations with sufficient water should be selected. Although the root
biomass of non-saline populations did not significantly differ under the two water supply conditions,
the contents of glycyrrhizic acid, liquiritin, liquiritigenin, isoliquiritigenin, glabridin and total flavonoids in the roots were significantly higher in the
high than in the low water treatment group. During
liquorice cultivation, an adequate water supply is
necessary, and seeds from the two populations
should be collected and sold separately.

Glycyrrhiza uralensis Fisch. (Leguminosae),
commonly known as liquorice, is a perennial herb
mainly distributed in arid and semiarid areas of Asia,
Europe, and other countries [1-2]. Its roots and rhizomes contain many types of secondary metabolites
with multiple medicinal properties, including antiinflammatory [3], anti-cough [4], and anti-cancer
cell proliferation properties [5]. The plant shows
strong ecological adaptability and is highly resistant
to cold [6], drought [7], heat [8], salt, and alkali
stress [9]. It is commonly used as an additive in tobacco products, chewing gums, and candies [10].
The enormous market demand for subsoil organs
drove the over-exploitation of wild liquorice resources and species extinction, with the use of cultivated liquorice as a substitute for wild plants gradually increasing.
Seed germination and seedling growth are key
stages in a plant’s life cycle and are crucial to establishing populations but are also the most sensitive
stages to environmental stresses [11-12]. Soil moisture is a key factor affecting seed germination and
seedling survival [13], particularly in arid and semiarid regions with intense solar radiation and severe
evaporation. It has been reported that different ecotypes of the same plant show large differences in water demand at the germination and seedling growth
stages [14-15]. The habitat types of wild G. uralensis
population are diverse, and seeds from different habitats are often mixed as a seed source of cultivated G.
uralensis. However, the differences in the responses
of seeds in different habitats to soil water conditions
during germination and seedling growth are unclear.
Therefore, we compared the response of seeds from
saline and non-saline populations to the water supply
during germination and subsequent seedling growth,
as well as the yield and quality of medicinal materials, to provide a basis for selecting cultivated liquorice seeds and the rational supply of water.

KEYWORDS:
Liquorice, seed germination, seedling, water stress, polyethylene glycol, photosynthetic gas exchange
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MATERIALS AND METHODS
Seed collection. The seeds of both saline and
non-saline populations of G. uralensis were collected from a flood impact plain in Buerjin County,
Xinjiang (47°54.9234ƍN, 86°50.2838ƍE). The nonsaline population (NSP) was at the edge of farmland
in the middle of the plain (soil salt content of 0.4 g/kg
and average altitude of 496 m), and the saline population (SP) was from a salinized lowland meadow in
the lower part of the plain (soil salt content as high
as 10.1 g/kg and average altitude of 484 m). The
seeds were collected randomly from the populations
to represent the genetic diversity of each population.
The seeds were separated from the bean pods and
stored at -4°C in paper bags until use in the germination experiment in February 2021.
Germination experiment. Test methodology.
Healthy and uniform seeds from SH and NSH were
soaked in 98% sulfuric acid solution for 30 min,
rinsed with distilled water, submerged in 10% sodium hypochlorite solution for 15 min, and thoroughly washed with water. Filter paper was used to
absorb water from the seed surface. Polyethylene
glycol 6000 (PEG-6000) solutions of different concentrations were used to simulate various soil water
conditions [16]. Five concentrations of PEG were
used: 50, 100, 150, 200 and 250 g L-1 (50, 100, 150,
200 and 250 g PEG dissolved in 1 L of water, respectively); distilled water was used as control. Thirty
seeds were placed evenly in a 9 cm diameter Petri
dish lined with double-layer filter paper, and 5 mL
PEG solution at various concentrations was added.
The Petri dishes were placed in artificial climate
boxes (PQX-330A-12H; Ningbo Life Technology
Co., Ltd., Ningbo, China) for seed germination at ႏ
for 12 h to ႏfor 12 h in the dark. Twelve treatment conditions were evaluated (6 PEG treatments ×
2 populations), and each treatment was prepared in
triplicate. The filter paper and PEG solution in the
Petri dishes were renewed every 2 days. Water lost
by evaporation was replenished using a weighing
method to maintain the PEG solutions at constant
concentrations [17]. The number of germinated
seeds was counted every day for 7 days. After the
germination test, ungerminated seeds were removed
from the PEG solutions and washed with distilled
water. The seeds were then placed in another Petri
dish lined with double filter paper, and 5 mL distilled
water was added to continue the seed germination
test under the above conditions for 7 days.
Calculation of seed germination parameters.
An emerged radicle exceeding 1 mm in length was
used as the criterion to evaluate germination. The
seed germination rate, germination index, and seedling vigour index were calculated.
The germination rate (Gr) was calculated as the
percent germination on day 7. The germination
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speed was calculated using the following formula:
Germination index = Gt/Dt
Where Gt is the number of germinated seeds on
day t and Dt is the number of days in the germination
test. After the germination test, 30 seedlings were
randomly selected from each treatment to determine
the length of the seedling radicle and germ. Seedling
vigour was calculated as follows:
Seedling vigour index = Gr × (Lr + Ls)
where Lr is the length of the seedling radicle and Ls
is the length of the seedling hypocotyl (cm). In the
250 g L-1 PEG treatment group, a few seeds only germinated but did not form seedlings. Thus, this treatment was not statistically analysed.
The germination recovery percentage was calculated as follows:
recovery rate = (a - b)/(c - b) × 100%
Where a is the total number of seeds germinated after being transferred to distilled water, b is
the total number of seeds germinated in PEG solution, and c is the total number of seeds.
Seedling growth experiment. Seeds from SP
and NSP treated with concentrated sulfuric acid were
selected in an above artificial climate chamber (temperature: 15°C for 12h and 25°C for 12h; Light 3000
lx) as those that germinated and formed seedlings.
Liquorice seedlings grown under the same conditions were selected and transplanted into a flowerpot
30 cm in height and 23 cm in diameter in April 2021.
Glycyrrhiza uralensis field soil was used as the cultivation substrate (pH 7.8, total nitrogen content
0.315 g·kgí1, total phosphorus content 0.131 g·kgí1,
total potassium content 5.47 g·kgí1, available nitrogen content 52.59 mg·kgí1, available phosphorus
content 5.23 mg·kgí1, available potassium content
50.04 mg·kgí1, organic matter 6.64 mg·kgí1). Four
seedlings were planted in each pot and treated with
water for 12 weeks. Two water gradients were set:
low water treatment (watering every 2 days to 90%
of the soil maximum water-holding capacity) and
high water treatment (watering every morning and
evening to maintain 90% of the soil maximum waterholding capacity). Four treatments were applied: the
saline population was treated with a high water content (SP-H), saline population was treated with a low
water content (SP-L), non-saline population was
treated with a high water content (NSP-H), and nonsaline population was treated with a low water content (NSP-L). Each step was repeated five times. All
flowerpots were placed randomly in the open area of
the Shihezi University campus. The distance between two adjacent pots was at least 50 cm. We
change the position of the flowerpots randomly
every 3 days to ensure that the light conditions of
each basin were consistent.
Determination of photosynthetic gas exchange parameters. On day 90 after water treatment, the healthy, mature, and fully expanded leaves
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of the upper part of the G. uralensis seedling were
selected. In sunny and cloudless weather, between
9:00 and 11:00 Beijing time, an Li-6400 portable
photosynthetic tester (model Li-6400, Li-Cor Biosciences, Lincoln, NE, USA) with a red-blue artificial light source (model li-6400-02b) was used to
measure the instantaneous gas exchange indices of
the leaves: net photosynthetic rate (Pn), transpiration
rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci). The light intensity was
1800 mol·m2·s-1. The same parts of the leaves were
collected to determine the relevant parameters; 10
plants were randomly selected from each treatment
group to calculate the average value of each parameter.
Determination of seedling biomass. After 95
days of water treatment, 10 seedlings were randomly
selected from each treatment group, and the roots,
stems, and leaves were placed in an incubator at ႏ
dried to a constant weight, and used to for biomass
measurements (dry weight).
Determination of medicinal components of
roots. The dried roots of G. uralensis are mixed,
crushed into powder, and passed through a 40-mesh
sieve. The content of total flavonoids was determined by ultraviolet spectrophotometer (UV-1900,
Shimadzu, Japan). The standard stock solution was
prepared with liquiritin, and the absorption value
was measured at 400 nm. The standard curve was
plotted, and the regression equation was
Y=0.0487435X+0.167866, R2 = 0.9950. The results
showed that the linear range was 0-26.7 ȝg mL-1.
0.100 g of powder in each treatment was weighed
accurately and put into a 10 mL test tube, 7 mL of
60% ethanol was added, and the tube were placed
into a 300W ultrasonic extractor (KQ-300E, Kunshan Ultrasonic Instrument Co., Ltd., China) to ultrasonically extract for 2 h, and then centrifuged with
refrigerated centrifuge (12000 r min-1) for 30
minutes, the supernatant liquor was obtained, and filtered through a 0.25 ȝm microfiltration membranes.
2 mL of the sample solution was taken, then 2 mL of
10% potassium hydroxide was added, it was put at
room temperature for 5 minutes and diluted to 10 mL
with 70% ethanol, and the absorbance was measured
at 400 nm. Each treatment was measured 3 times,
and the average total flavonoid content was calculated.
The UPLC-MS/MS studies on glycyrrhizic
acid content, glycyrrhetinic acid, liquiritin, liquiritigenin, isoliquiritigenin and glabridin concentration
determination were performed on water’s manufactured Acquity Ultra-performance Liquid Chromatography System combined with MS detector, three
samples were weighed for each treatment, and each
sample was measured in three replicates. UPLCMS/MS separations were performed on 50 mm×2.1
mm UPLC BEH C18 column with particle size of
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ȝm, flew through the column at a rate of 0.3 mL
per minutes, the column temperature was 30 ႏand
the injection volume was 1 ȝL. Optimized mobile
phase: 0.1% formic acid - water (A), acetonitrile (B),
gradient elution: 0-3.0 min, 20%-98% B; 3.0-4.5 min,
98% B; 4.5-5.0 min, 98 %-20% B; 5.0-7.0 min, 20%
B.
The ion source was an electrospray ionization
source (ESI), and the multi-reaction detection mode
(MRM) was used for content determination. The
desolvation temperature-450 ႏ source temperature-150 ႏdesolvation gas flow rate was 800 L·h1
, cone gas flow-150 L·h-1, capillary voltage-2300 V.
The product ions of the six compounds were optimized based on the collision-induced dissociation of
their parent ions. The quantitative analysis of ion
pairs, fragmentation voltage and collision energy are
shown in Table 1.
Statistical analysis. All statistical analyses
were performed using SPSS software (version 19.0;
SPSS, Inc. Chicago, IL, USA). One-way analysis of
variance was used to detect differences among treatments at the 5% level of probability. The significance
of the population and treatment interaction effects
were evaluated by two-way analysis of variance. The
graphs were prepared using Origin Pro 2017
(OriginLab, Northampton, MA, USA). The column
height in the histogram represents the average value
of the parameters, and the error bar represents the
standard error of the average value.

RESULTS
Effects of soil moisture on seed germination.
The population and PEG treatment significantly affected the germination rate, germination index, and
seedling vigour index, indicating that these parameters varied by population and water treatment. In the
control group, the germination rate, germination index, and seedling vigour index of seeds from the SP
and NSP groups significantly differed, and the above
indices of seeds from the NSP group were higher, indicating differences in their germination characteristics. With increasing PEG concentrations, the germination rate of seeds from SP first increased and then
decreased; the highest germination rate was observed in 50 g L-1 PEG solution (90%) and was significantly higher than that in the control (82.2%). A
further increase in the PEG concentration resulted in
a continuous decline in the seed germination rate of
SPˈwith a rate of only 12% in 25% PEG solution.
The germination rates of seeds from NSP in 50 or
100 g L-1 PEG solutions did not significant differ
from that of the control; even in 25% PEG solution,
the germination rate was still as high as 20%. With
increasing PEG concentrations, the germination rate
between the two populations significantly increased,
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whereas the germination speed of the two populations showed a downward trend and seedling vigour
first decreased and then increased and decreased.
The seed germination index and seedling vigour of
SP decreased more significantly in 10–25% PEG solution, and in 25% PEG solution were only 4% and
5% of the values in the control. At different PEG
concentrations, seeds that failed to germinate were
transferred to distilled water to test their capacity to
retain viability. Seeds that had been treated with high
PEG concentrations showed greater recovery of the
germination rate from both SP and NSP. Overall, the
seed germination rate and seedling vigour of NSP
were highest under conditions with sufficient soil
moisture. Slight drought can improve the germination rate of SP. With the aggravation of drought stress,
the germination rate, germination speed, and vigour
index of the seeds of the two populations decreased
significantly. Compared with the NSP, seeds from SP
decreased more significantly overall, and seed vigour was lower under severe drought stress, demonstrating that these seeds were more sensitive to water

Secondary metabolite
Glycyrrhizic
acid
Glycyrrhetinic
acid

Parent
ion
(m·z1
)
821.2
469.2

Liquiritin

417.0

Liquiritigenin

257.2

Isoliquiritigenin

257.0

Glabridin

323.0
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deficits during germination (Figure 1).
Effects of soil moisture on seedling growth.
Root biomass, stem biomass, and leaf biomass significantly differed among the different treatment
groups (P < 0.001, P < 0.001 and P < 0.001), indicating that biomass accumulation varied with the
seed source and water status. The root biomass, stem
biomass, and leaf biomass of the SP-H were highest,
with values of 6.2, 1.1, and 1.3 g, respectively. Seedlings from the SP group showed better growth potential under high water conditions, but the biomass of
each organ decreased significantly under low water
conditions and were only 40%, 26%, and 34% of
those in the high water treatment groups, indicating
that seedlings from SP were vulnerable to water deficit. Water had no significant indigenous effect on
the root biomass and leaf biomass of seedlings from
the NSP group (P = 0.062 and P = 0.142) (Figure 2).

TABLE 1
Optimized mass spectrometry conditions, regression equations and
correlation coefficients for 6 compounds
colliRetenDaugh
IonizaVoltsional
tion
regression equation
ter ion
tion
age(V
energy
time
(m·z-1)
mode
)
(eV)
(min)
350.9*
62
42
2.48
Y=87.2 X -3.76
ˉ
113.0
62
56
355.1*
100
44
3.81
Y=136.8X-122.4
ˉ
409.2
100
46
254.9*
52
20
1.00
Y=750.9 X+356.9
ˉ
134.9
52
30
137.0*
92
24
+
1.97
Y=509.2X+925.6
147.0
92
18
136.9*
2
24
Y=8775.1X+2617.
+
2.47
147.0
2
18
2
201.0*
2
24
3.25
Y=591.8 X+223.3
ˉ
134.9
2
18

R2

0.9992
0.9990
0.9999
0.9980
0.9993
0.9994

linear
over
(ng·mL-1)
1.0 –
978.0
1.4 –
993.2
1.0 992.3
0.9 –
962.5
1.1 –
985.6
1.1 –
982.7

Note: “*” represents quantitative ion, R2 represents correlation coefficient.

TABLE 2
Effects of soil moisture on medicinal components in seedlings of G. uralensis from different germplasms.
Treatment
SP-H
SP-L
NSP-H
NSP-L
IsoliquiritiȝJP/ 5.07 ±0.41 b
1.24 ±0.22
c
6.80 ±0.22
a 4.37 ±0.09
genin
55.70
100.77
79.32
Glabridin
ng/mL
b
a
81.53 ±0.32
a
±0.26
±0.15
±0.38
18.16
18.01
Liquiritigenin ȝJP/
b
6.55 ±0.28
c
26.59 ±0.74
a
±0.60
±0.28
Glycyr105.7
59.01
ng/mL
a 39.03 ±0.58
c
61.77.30 ±0.35
b
rhetinic acid
±0.38
±0.15
53.16
86.12
Liquiritin
ȝJP/
c 22.03 ±0.58
d
164.78 ±1.75
a
±1.48
±1.16
Glycyrrhizic
35.42
25.08
ȝJP/
b 15.08 ±0.14
d
49.32 ±0.62
a
acid
±0.50
±0.13
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FIGURE 1
Effects of PEG on seed germination rate, germination index, seedling vigor index and recovery rates of
saline and non-saline populations.
(Germination rate: Ppopulation<0.001, PPEG<0.001, Ppopulation*PEG=0.01. Germination index: Ppopulation<0.001, PPEG<0.001, PpopulaSeedling vigor index: Ppopulation=0.001, PPEG<0.001, Ppopulation*PEG=0.858. Recovery rates: Ppopulation=0.001,
PPEG<0.001, Ppopulation*PEG=0.16.) Uppercase letters represent differences between populations and lowercase letters represent
differences between PEG levels.

tion*PEG=0.029.

FIGURE 2
Effects of soil moisture on biomass of various organs of seedlings of different G. uralensis germplasms.
Different lowercase letters represent distinct differences between different processes.
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FIGURE 3
Effects of soil moisture on photosynthetic gas exchange parameters of seedlings from different
germplasms of G. uralensis. Different lowercase letters represent distinct differences
between different processes.
promoted that of seedlings from NSP (Figure 3).

Effects of soil moisture on photosynthetic
gas exchange parameters of seedling leaves. The
differences in Pn, Tr, Ci, and Gs in the leaves of G.
uralensis among different treatment groups were significant (P < 0.001, P < 0.001, P < 0.001, and P <
0.001). This result indicates that the characteristics
of photosynthetic gases also differ by seed source
and soil moisture. The net photosynthetic rate and
stomatal conductance were highest in the SP-H
group. Low water treatment significantly reduced
the Pn, Tr, and Gs of seedlings from SP, which were
50.97%, 26.48%, and 59.84% of those in the high
water treatment groups, respectively, whereas the Pn,
Ci, Gs, and Tr of seedlings from NSP were increased
by 1.4-, 1.2-, 1.6-, and 1.9-fold compared to in the
high water treatment, respectively. In summary, water deficit significantly affected the photosynthetic
gas exchange parameters of the two populations; this
effect was opposite between populations, i.e., low
water treatment significantly reduced the photosynthetic capacity of seedlings from SP but significantly

Effect of soil moisture on accumulation of
medicinal ingredients. Glycyrrhizic acid, glycyrrhetinic acid, liquiritigenin, isoliquiritigenin,
glabridin, liquiritin, and total flavonoids significantly differed among different treatments, possibly
because of differences in the germplasm and soil
moisture. The glycyrrhetinic acid content was highest in SP-H (105.7 ng/mL) among the four treatment
groups. With decreasing soil moisture, the glabridin
content increased significantly and was highest
among the four treatment groups (100.77), whereas
the contents of the other medicinal components decreased significantly. The contents of glycyrrhizic
acid, liquiritin, liquiritigenin, isoliquiritigenin, and
total flavonoids in NSP-H were highest among the
four treatment groups; with decreasing soil moisture,
the contents of these medicinal components decreased (Table 2).
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significantly with decreases in soil moisture, indicating their greater growth potential under drought conditions. Photosynthesis is the basis of seedling
growth and yield formation and an important manifestation of plant vitality. The response pattern of
photosynthetic characteristics of seedlings in the two
populations to water was consistent with changes in
their total biomass; as water was decreased, the net
photosynthetic rate, root, stem, and leaf biomass of
seedlings from SP decreased significantly. Although
water deficit had no significant effect on the root and
leaf biomass of seedlings from NSP, it significantly
increased the stem biomass, and the net photosynthetic rate was consistent with changes in the total
biomass. Differences in water demand among the
same species from different populations may be
caused by differences in the maternal habitat. The local elevation of SP is lower and groundwater level is
higher than those of NSP. Therefore, the growth
characteristics of seedlings from different populations may be closely related to the soil moisture of
their original habitat as an adaptation to these habitats [25].
Glycyrrhizic acid, glycyrrhetinic acid, liquiritin,
glabridin, liquiritigenin, isoliquiritigenin, and total
flavonoids are the main active components of G.
uralensis and their contents determine the quality of
G. uralensis [26]. Glycyrrhizic acid and glycyrrhetinic acid are natural sweeteners. As the sweetness of glycyrrhetinic acid is 250-fold higher than
that of sucrose, it is widely used in candy and processing [27]. Glabridin is widely used in the cosmetics industry because of its excellent skin whitening
effects [28]. The contents of these medicinal components significantly differed between SH and NSH,
indicating that the yield and quality of medicinal materials significantly differed. A decrease in soil moisture significantly reduced the content of most medicinal components of G. uralensis [29], which agrees
with our results. Therefore, a low water supply
greatly decreases the quality of G. uralensis (Table
2).

DISCUSSION
Seeds of the same plant in different habitats
may have unequal needs for soil water at the germination stage [18]. Therefore, understanding the water
demand of seeds in the germination stage is important for formulating a reasonable irrigation
scheme and must be considered before sowing [19].
The germination rate, germination index, vigour index, and germination recovery rate are important indices for evaluating seed vigour [20]. The germination rate, germination index, and seedling vigour index of seeds from SP and NSP decreased with increasing PEG concentration, whereas the recovery
germination rate of ungerminated seeds was higher
after rewatering. These results indicate that PEG solution inhibited seed germination of G uralensis only
through an osmotic effect. Although the germination
rate of seeds from SP was highest under sufficient
water conditions, it germination percentage, germination speed, and seedling vigour were lower than
those in NSP under drought conditions, indicating
that seeds from SP were more sensitive to water deficit during germination, and their drought tolerance
was significantly lower than that of NSP. Therefore,
seeds from SP should be provided with sufficient soil
moisture during sowing. The effects of the drought
level on the seed germination parameters varied with
genotype, and the two populations showed different
germination patterns under drought stress, indicating
differences in the drought tolerance of G. uralensis
seeds in the two populations.
Similar to our results, the germination rate of
Salsola passerina Bunge. seeds in PEG concentrations was higher in non-saline than in saline populations [21]. In contrast, Lv et al. reported a higher germination rate of Haloxylon ammodendron Bunge.
seeds from salinized soil under drought stress, indicating that seeds from saline habitats were more tolerant to drought stress [22]. These results indicate
that the drought tolerance of populations in saline
and non-saline habitats at the seed germination stage
varies among species.
The root of G. uralensis is widely used as a traditional Chinese medicine in China, Japan, and
South Korea because it contains a variety of medicinal active ingredients [23]. Water is essential for
seedling growth and for the yield and quality of medicinal materials [24]. However, differences in the
water requirements of germplasms from different
habitats during seedling growth stages have not been
widely examined. There were significant differences
in the water requirements of G. uralensis seedlings
from SP and NSP. Seedlings from SP showed high
fitness under sufficient water, with significantly
higher photosynthetic capacity, root, stem, and leaf
biomass than in the other treatments, whereas these
advantages were lost under water deficit. The photosynthetic capacity of seedlings from NSP increased

CONCLUSIONS
(1) Germination, subsequent seedling growth,
and the yield and quality of medicinal materials significantly differ between saline and non-saline populations. Thus, seeds from saline and non-saline habitats should be collected and stored separately.
(2) The yield and glycyrrhetinic acid content of
seedlings from the saline population were highest
under high water treatment, with values 2.5- and 3.1fold higher than those under low water treatment, respectively. Although there was no significant difference in the root biomass of seedlings from non-saline
habitats under different water conditions, the contents of glycyrrhizic acid, liquiritin, liquiritigenin,
isoliquiritigenin, glabridin, and total flavonoids in
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the roots under high water conditions were 1.9-, 1.9-,
1.4-, 1.6-, and 2-fold higher, respectively, than those
in the low water treatment group. Therefore, an adequate water supply is necessary for liquorice cultivation.
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8QGHUVDOWFRQGLWLRQWRPDWRH[SUHVVRQHRIWKH
WROHUDQWJHQHVWKHDQWLR[LGDWLYHGHIHQFHV\VWHPLQ
FOXGHV DQWLR[LGDWLYH HQ]\PHV VXFK DV F\WRVROLF
DVFRUEDWHSHUR[LGDVH $3; ZKLFKFDQGHWR[LI\
UHDFWLYH 526 > @ $OVR $3; HQ]\PHV SOD\ D
NH\UROHLQFDWDO\]LQJWKHPRGLILFDWLRQRI+2LQWR
+2 XVLQJ DVFRUEDWH DV D VSHFLILF HOHFWURQ GRQRU
>@
$QRWKHUW\SHRIVDOWWROHUDQFHJHQHVFRGHVIRU
WUDQVFULSWLRQIDFWRUVZKLFKUHJXODWHPDQ\JHQHVLQ
UHDFWLRQWRVWUHVVLWLQFOXGHVDEVFLVLFDFLGUHVSRQVLYH
HOHPHQWELQGLQJSURWHLQ $5(% >@
0DQ\ UHVHDUFKHUV FRQVLGHU WKDW WRPDWR SODQWV
DIIHFWHGZLWKVDOWVWUHVVKDYHLQFUHDVHGIUXFWRVHJOX
FRVH WRWDO VROXEOH VROLGV DPLQR DFLGV DQG RUJDQLF
DFLGV>@WKDWPD\FRQWULEXWHLQLPSURYLQJWR
PDWRGHYHORSPHQWZLWKVHDZDWHUH[LVWHQFHDLPLQJ
WRLPSURYHIUXLWTXDOLW\ZLWKRXWDIIHFWLQJ\LHOGVDQG
JURZWK
(QKDQFLQJ WROHUDQFH WR VDOW VWUHVV LQ SODQWV LV
WKHPRVWHIIHFWLYHZD\WRJHWWKHEHQHILFLDOHIIHFWVRI
JURZLQJWRPDWRXQGHUVDOWHGVLWXDWLRQV7KHLQIOX
HQFHRIVLOLFDQDQRSDUWLFOHVRQWRPDWRVDOLQLW\WROHU
DQFHVWLOOQRWLGHQWLILHG\HWDVLWUHO\LQJRQWKH6L13V
GRVHVDQGW\SHV:HDUHORRNLQJIRUZDUGWRDVFHUWDLQ
WKHORQJLPSDFWVRI6L13VRQWRPDWRHVZKLFKJHUPL
QDWHGDQGJURZQXQGHUVHDZDWHUFRQFHQWUDWLRQVDQG
ILJXUHRXWWKHHIIHFWLYH6L13VWUHDWPHQWWRHQKDQFH
JHQHVDQGSURWHLQVUHVSRQVLEOHIRUVDOLQLW\WROHUDQFH
LQWKUHHWRPDWRFXOWLYDUVXVLQJ6'63$*(DQGWKH
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),*85(
;5'RIWKHXVHGFKHPLFDO6L213V



),*85(
7(0LPDJHVRIWKHXVHGFKHPLFDO6L213V

'LIIHUHQW PHGLD FRPELQDWLRQV H[FHSW JHOOLQJ
DJHQW  ZHUH DGGHG DQG GLVVROYHG LQ GLIIHUHQW GLOX
WLRQVRIVHDZDWHUZLWK(& G6PIRUVDOLQLW\
VWUHVV RU GLVWLOOHG ZDWHU IRU FRQWURO 7KUHH FRQWURO
PHGLDZHUHXVHGWREHFRPSDUHGDQGV\PEROHGZLWK
& D QHJDWLYH FRQWURO ZLWKRXW VHDZDWHU RU VLOLFD
13V &7 ZLWKRXWVLOLFD13V DQG&6 ZLWKRXWVHD
ZDWHU 7KHS+RIHDFKPHGLXPZDVDGMXVWHGWR
 DQG VROLGLILHG ZLWK  DJDU $OO PHGLD ZHUH
DXWRFODYHGDWR&IRUPLQ
7RPDWRVHHGVZHUHVXUIDFHVWHULOL]HGIRUPLQ
LQ YY HWKDQROIROORZHGE\LPPHUVLQJIRU
PLQ LQ D  VROXWLRQ RI FRPPHUFLDO EOHDFK
&ORUR[ FRQWDLQLQJVRGLXPK\SRFKORULWH$I
WHU WKDW VHHGV ZHUH ZDVKHG ILYH WLPHV ZLWK VWHULOH
GLVWLOOHG ZDWHU XQGHU VWHULOH FRQGLWLRQ LQ ODPLQDU
IORZKRRG)RUJHUPLQDWLRQWHQVWHULOL]HGVHHGVZHUH
GLUHFWO\WUDQVIHUUHGWRJODVVJDUVZLWKPOJHUPL
QDWLRQPHGLDDQGLQFXEDWHGDWR&IRUGD\VLQ
WKHGDUNDQGWKHQXQGHUDOLJKWGDUNSKRWRSHUL
RGLFUHJLPH7KHH[SHULPHQWZDVDUUDQJHGLQDUDQ
GRPL]HG FRPSOHWH EORFN GHVLJQ ZLWK WKUHH UHSOL
FDWHV$IWHUWHQGD\VVHHGJHUPLQDWLRQSHUFHQWDJH
*3 ZDVUHFRUGHGIRXUGD\VODWHUVHHGOLQJVVKRRW
OHQJWK 66/  VHHGOLQJ VKRRW IUHVK ZHLJKW 66): 
DQG VHHGOLQJ URRW IUHVK ZHLJKW 65):  ZHUH UHF
RUGHG
7RLGHQWLI\KRZVLOLFDQDQRSDUWLFOHVDIIHFWWR
PDWRVDOLQLW\WROHUDQFHLQYHJHWDWLYHJURZWKSKDVH
WHQ IXOO\ GHYHORSHG SODQWOHWV IURP HDFK WUHDWPHQW



DQG WKH WKUHH FRQWUROV ZHUH UDQGRPO\ VHOHFWHG DQG
UHPRYHG IURP in vitro YHVVHOV DQG JHQWO\ ZDVKHG
ZLWKVWHULOHZDWHUWRUHPRYHDQ\UHPDLQLQJPHGLXP
IURPWKHURRWV7KHQSODQWVZHUHUHORFDWHGWRSRWV
FRQWDLQLQJVWHULOHYHUPLFXOLWHVDQGDQGVRLOLQWKHUD
WLRRIDQGZUDSSHGZLWKSRO\WKHQHEDJVWRNHHS
WKH UHODWLYH KXPLGLW\   &RYHUV ZHUH VH
TXHQWLDOO\ SHUIRUDWHG HYHU\ GD\ DQG FRPSOHWHO\ UH
PRYHGDIWHUWZRZHHNV3ODQWVZHUHZDWHUHGDQGIHU
WLOL]HG DFFRUGLQJ WR WKH UHFRPPHQGDWLRQV RI WKLV
SKDVH DQG NHSW XQGHU FRQWUROOHG FRQGLWLRQV LQ D
JURZWKURRP R&UHODWLYHKXPLGLW\
KSKRWRSHULRG 
$FFOLPDWL]HG SODQWVZHUH WUDQVIHUUHG WRZLGHU
SRWVDWWKH([SHULPHQWDO*UHHQKRXVHRIWKH+RUWLFXO
WXUH 'HSDUWPHQW )DFXOW\ RI $JULFXOWXUH
.DIUHOVKHLNK 8QLYHUVLW\ $ UDQGRPL]HG FRPSOHWH
EORFNGHVLJQZDVDSSOLHGLQWKHH[SHULPHQW7KHDJ
ULFXOWXUDO SUDFWLFHV ZHUH H[HFXWHG DFFRUGLQJ WR WKH
UHFRPPHQGDWLRQVIRUDFRPPHUFLDOWRPDWRFURSXQ
GHUWKHVDPHUHJLRQ6DOLQLW\WUHDWHGSODQWVZHUHLUUL
JDWHGZLWKVHDZDWHUGLOXWLRQVWKDWZHUHWUHDWHGZLWK
LQVHHGOLQJSKDVHZKLOHFRQWUROSODQWV &6 ZHUHLU
ULJDWHGZLWKRQO\WDSZDWHU6HDZDWHUGLOXWLRQVZHUH
DGGHGWRWKHWUHDWHGWRPDWRSODQWVWZLFHDPRQWKWKDW
ZHUHDERXWIRXULUULJDWHVRIVHDZDWHUZLWKRXWDQ\DG
GLWLRQ RI 6L13V GRVHV LQ WKLV VWDJH 7KDW LW FDQ
FOHDUO\ VKRZHG LI WKH HIIHFWV RI 6L13V WUHDWPHQWV
DGGHGLQWKHHDUO\SKDVHVWLOOREVHUYHGRQSODQWVDOLQ
LW\WROHUDQFHZLWKLQSODQWYHJHWDWLYHJURZWK
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)IRUZDUGSULPHU5UHVHUYHSULPHU&$&DKRXVHNHHSLQJJHQHZDVXVHGDVVWDQGDUGJHQH)RUZDUGDQGUHYHUVHSULPHUV
GHVLJQHGIURPWRPDWRVDOWVWUHVVJHQHVVHTXHQFHVDYDLODEOHRQ6*1GDWDEDVHCKWWSVROJHQRPLFVQHW


$IWHUGD\VIURPWUDQVSODQWLQJWKUHHSODQWV
IURPHDFKH[SHULPHQWDOXQLWZHUHUDQGRPO\VHOHFWHG
WR VWXG\ WKH KRUWLFXOWXUDO FKDUDFWHULVWLFV SODQW
KHLJKWVWHPGLDPHWHUYHJHWDWLYHDQGURRWIUHVKDQG
GU\ZHLJKWVDQGWRWDOFKORURSK\OO

%LRFKHPLFDO DQG PROHFXODU DQDO\VHV 7RWDO
VROXEOHSURWHLQZDVVHSDUDWHGE\VRGLXPGRG\HF\O
VXOSKDWH SRO\DFU\ODPLGH JHO HOHFWURSKRUHVLV 6'6
3$*(  XVLQJ  SRO\DFU\ODPLGH JHO DFFRUGLQJ
WR>@
3XUH51$ZDVH[WUDFWHGXVLQJWRWDO51$3XUL
ILFDWLRQ .LW IROORZLQJ WKH PDQXIDFWXUHU SURWRFRO
7KHUPR 6FLHQWLILF )HUPHQWDV .  &RPSOH
PHQWDU\'1$ F'1$ ZDVDSSOLHGXVLQJ5HYHUW$LG
+ PLQXV 5HYHUVH 7UDQVFULSWDVH ZKLFK LV D JHQHW
LFDOO\PRGLILHG00X/957WRFRQYHUW51$LQWR
F'1$XVLQJ5HYHUVHWUDQVFULSWLRQNLW 7KHUPR6FL
HQWLILF )HUPHQWDV (3  7KH SXULW\ DQG FRQ
FHQWUDWLRQRI51$DQGF'1$ZHUHPHDVXUHGXVLQJ
WKH
4
8Y9LV
VSHFWURSKRWRPHWHU
486$ 
5HDOWLPH3&5ZLWK6<%5*UHHQZDVXVHGWR
PHDVXUHH[SUHVVLRQRIP51$VRIWKHWDUJHWJHQHV
7KHH[WUDFWHGF'1$ZDVDPSOLILHGXVLQJ;0D[
LPD6<%5*UHHQ52;T3&50DVWHU0L[DQGJHQH
VSHFLILFSULPHUVDFFRUGLQJWRWKHPDQXIDFWXUHU VSUR
FHGXUH 7KHUPRVFLHQWLILF86$. 7KHXVHG
SULPHUVDUHVKRZQLQ7DEOH
7KH H[SUHVVLRQ SURILOHV RI WZR WRPDWR VDOW
VWUHVV JHQHV $3; F\WRVROLF DVFRUEDWH SHUR[LGDVH
  DQG $5(% DEVFLVLF DFLG UHVSRQVLYH HOHPHQW
ELQGLQJ SURWHLQ  DGGLWLRQDOO\ WKH LQWHUQDO FRQWURO
JHQH&$& FODWKULQDGDSWHUFRPSOH[HV ZHUHLQYHV
WLJDWHGZLWKWKHTXDQWLWDWLYH573&5

3&5 UHDFWLRQV KDG EHHQ FRPSOHWHG LQ D WRWDO
YROXPHRIȝOWKH3&5UHDFWLRQPL[WXUHFRQVLVWHG
RI O  QJȝO  F'1$ WHPSODWH  O ;
0D[LPD6<%5*UHHQ52;T3&50DVWHU0L[O
ȝ0 IRUZDUGSULPHUO ȝ0 UHYHUVH
SULPHUDQGOQXFOHDVHIUHHZDWHU
7KHFRPSOHWHUHDFWLRQPL[WXUHZDVSODFHGLQD
6WHS2QH3OXVUHDOWLPHWKHUPDOF\FOHU $SSOLHG%LR
V\VWHPV /LIH WHFKQRORJ\ 86$  7HPSODWH F'1$
ZDVLQLWLDOO\GHQDWXUHGDW&IRUPLQIROORZHG
E\F\FOHVXQGHUWKHIROORZLQJSDUDPHWHUVGHQD
WXUDWLRQIRUVHFDW&DQQHDOLQJDW&IRU

VHFDQGH[WHQVLRQIRUVHFDW&7RFRQVWUXFWD
PHOWFXUYHWKHWHPSHUDWXUHZDVLQFUHDVHGIURP
WR&DWWKHHQGRIWKHSUHYLRXVF\FOH7KHKRXVH
NHHSLQJJHQH &$& VHUYHVDVDQRUPDOL]HUIRUFDO
FXODWLQJUHODWLYH JHQH H[SUHVVLRQRU IROG FKDQJH LQ
WKH WDUJHW JHQH 7KHUHIRUH WKH ¨¨&W DSSURDFK ZDV
XVHG WR QRUPDOL]H WKH TXDQWLWLHV FULWLFDO WKUHVKROG
&W RIWDUJHWJHQHZLWKTXDQWLWLHV &W RIKRXVHNHHS
LQJJHQH>@

6WDWLVWLFDO DQDO\VLV $OO WKH GDWD ZHUH H[
SUHVVHG DV PHDQV 6( 7KH VWDWLVWLFDO VLJQLILFDQFH
ZDVHYDOXDWHGE\DQDO\VLVRIYDULDQFH $129$ XV
LQJ 6366  VRIWZDUH  DQG WKH LQGLYLGXDO
FRPSDULVRQV ZHUH REWDLQHG E\ 'XQFDQ V PXOWLSOH
UDQJHWHVW '057 9DOXHVZHUHFRQVLGHUHGVWDWLVWL
FDOO\VLJQLILFDQWZKHQS


5(68/76$1'',6&866,21

7RPDWR YDULHWLHV SHUIRUPDQFH LQ JHUPLQD
WLRQ DQG JURZWK VWDJHV 6LJQLILFDQW GLIIHUHQFHV
ZHUH UHFRUGHG DPRQJ WKH VHOHFWHG YDULHWLHV IRU DOO
VWXGLHGFKDUDFWHULVWLFVVHHGJHUPLQDWLRQSHUFHQWDJH
VHHGOLQJDQGYHJHWDWLYHFKDUDFWHULVWLFVH[FHSWSODQW
KHLJKWDVVKRZQLQ7DEOH
7KH YDULHW\ 6XSHU 6WUDLQ % PHDQ YDOXH ZDV
KLJKO\VLJQLILFDQWIRU*3  :KLOHWKHYD
ULHW\5LR*UDQGHPHDQVTXDUHVZHUHVLJQLILFDQWIRU
VHHGOLQJVKRRWIUHVKZHLJKW PJ DQGVHHG
OLQJURRWIUHVKZHLJKW PJ )RUWKHOHQJWKRI
VHHGOLQJ VKRRWV WKH GLIIHUHQFHV EHWZHHQ PHDQ
VTXDUHVRI6XSHU6WUDLQ%DQG5LR*UDQGHYDULHWLHV
ZHUHLQVLJQLILFDQWDQGWKHOHDVWYDOXHZDVUDQNHGE\
WKHYDULHW\(GNDZ\ FP DVZHOODVWKHUHVWVHHG
OLQJWUDLWV7KHLQIOXHQFHRIVHDZDWHUVDOLQLW\RQGLV
WLQFW JURZWK SKDVHV GLIIHUHG EDVHG RQ WKH JURZWK
VWDJHVDOLQLW\OHYHODQGFXOWLYDU>@,QDSUHYLRXV
VWXG\ RQ YDU 6XSHU 6WUDLQ % E\ 6LGGLTXL DQG $O
:KDLEL>@DSSOLFDWLRQRIJ/QDQRVLOLFRQGLR[
LGH Q6L2VL]HQP VLJQLILFDQWO\HQKDQFHGWKH
FKDUDFWHULVWLFVRIVHHGJHUPLQDWLRQ
)RU YHJHWDWLYH FKDUDFWHULVWLFV PHDQ YDOXHV
ZHUH GHWHUPLQHG WR EH KLJKO\ VLJQLILFDQW IRU PRVW
VWXGLHGWUDLWV 6'9):9':DQG7& REWDLQHGE\
WKHYDULHW\(GNDZ\IROORZHGE\5LR*UDQGHYDULHW\
&RQWUDU\ 5LR*UDQGHYDULHW\ H[KLELWHG WKHKLJKHVW
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PHDQYDOXHVIRU5):DQG5': DQGJ 
UHVSHFWLYHO\DQG(GNDZ\RFFXSLHGWKHVHFRQGUDQN
ZLWK PHDQ YDOXHV  DQG J  UHVSHFWLYHO\
7KH GLIIHUHQFHV EHWZHHQ (GNDZ\ DQG 5LR *UDQGH
PHDQYDOXHVZHUHQRWLFHGLQFORVHDQGKLJKHUWKDQ
WKHYDOXHVREWDLQHGE\6XSHU6WUDLQ%7KLVZRXOG
LQGLFDWHRYHUDOOWKDW5LR*UDQGHYDULHW\PHDQSHU
IRUPDQFHVVXUSDVVHGWKHRWKHUYDULHWLHVLQERWKVHHG
OLQJ DQG YHJHWDWLYH FKDUDFWHUV 7KHVH ILQGLQJV DUH
FRQVLVWHQWZLWKWKHVWXG\RI(O$EGet al>@ZKR
UHSRUWHGWKDW(GNDZ\YDULHW\LVDVDOWWROHUDQWJHQR
W\SH$QRWKHUVWXG\E\$WWD$O\et al.>@ZKRLQ
VXUHGWKDWWKHVDOWWROHUDQWYDULHW\(GNDZ\ZDVDEOH
WRDEVRUEVXIILFLHQWZDWHUWRPDLQWDLQJURZWKZLWKD
PLQLPXP ORZHULQJ RI ZDWHU SRWHQWLDO GXULQJ WKH
HDUO\ VWDJHV RI JURZWK DQG E\ DFFXPXODWLQJ PRUH
&DDQG1DWKDQWKHOHVVVDOWWROHUDQWYDULHWLHVGXU
LQJWKHWRWDOSHULRGRIJURZWK$FFRUGLQJWR0DODVK
et al>@WKHYDULHW\(GNDZ\KDGDPLQLPDO\LHOG
GURSXQGHUVDOLQLW\LUULJDWLRQZDWHUXSWRG6P
ZKLOH6XSHU6WUDLQ%KDGWKHELJJHVW\LHOGUHGXFWLRQ
0RUHRYHULWFRXOGEHGHFLGHGWKDWWKHJHQRW\SH
6XSHU6WUDLQ%SURYHGWREHWROHUDQWLQVHHGOLQJVWDJH
EXW LW ZDV VHYHUHO\ KDUPHG E\ VDOW VWUHVVDQG VXS
SUHVVHGFHOOH[SDQVLRQDQGFHOOJURZWK7KHJURZWK
UHGXFWLRQ LV UHODWHG ZLWK D GHFOLQH LQ FHOO HQODUJH
PHQW XQGHU VDOW VWUHVV IRU WKH VXVFHSWLEOH SODQWV
(GNDZ\ YDULHW\ UHPDLQHG WROHUDQW DQG ZDV QRW DG
YHUVHO\ DIIHFWHG E\ VDOLQLW\ VWUHVV FRQGLWLRQ GXULQJ
JURZWKVWDJHDQGFRQILUPHGLWVVXSHULRULW\DWPRVWRI
JURZWK FKDUDFWHUV DQG EHLQJ LGHQWLILHG DV WKH PRVW
GHVLUDEOHJHQRW\SH
5HJDUGLQJ5LR*UDQGHYDULHW\PDQ\SUHYLRXV
VWXGLHVTXDOLILHGLWDVVDOWWROHUDQWJHQRW\SH>
 @ LQ FRQWUDVW :DVWL et al. >@ UHSRUWHG 5LR
*UDQGHDVDVDOWVHQVLWLYHZKHQLWZDVSXWXSDJDLQVW
DQRWKHU VDOW WROHUDQWJHQRW\SH FDOOHG 0RQH\PDNHU
7KHWKUHHYDULHWLHVRIWRPDWRXVHGLQWKLVLQYHVWLJD
WLRQ UHDFWHG GLIIHUHQWO\ WR VDOLQLW\ VWUHVV GHSHQGLQJ
RQWKHJHQRW\SHWROHUDQFHOHYHO6HHGWUHDWPHQWZLWK
GLYHUVH VDOLQLW\ OHYHOV DIIHFWHG SODQW WUDLWV LQ ODWH
JURZWKVWDJHV&RQVHTXHQWO\WUHDWLQJVHHGOLQJVZLWK
VHDZDWHU GLOXWLRQV LQFUHDVHG PDWXUH SODQW VDOLQLW\
DGDSWDELOLW\

,QWHUDFWLRQ EHWZHHQ VDOLQLW\ DQG 6L13V RQ
WRPDWR SODQWV 1DQRSDUWLFDOV RI VLOLFD  VKRZHG
SRVLWLYH DQG KLJKO\ VLJQLILFDQW HIIHFWV RQ WKH PRVW
WRPDWR WUDLWV RYHU  FRQWURO DV VKRZQ  LQ 7DEOH 
+LJKO\ VLJQLILFDQW YDULDWLRQV ZHUH HVWLPDWHG  E\
WUDWHPHQW  7 %LRJHQLF 5+6L13V  PJO 
ZKLFK JDYH WKH PRVW GHVLUDEOH PHDQ YDOXHV XQGHU
ERWKQRQVWUHVVDQGVWUHVVFRQGLWLRQVDQGUHDFKHGLWV
SHDNLQ*366/DQG66):XQGHUWKUHHOHYHOVRI
VDOLQLW\VWUHVVDQGG6PDVVKRZQLQ7DEOH
)RU *3 YDOXH LW ZDV LQFUHDVHG LQ 7 XQGHU WKH
WKUHH OHYHOV RI VDOLQLW\ IURP   DQG 
FRQWURO WRDQG 7 UHVSHFWLYHO\
,W LV LPSRUWDQW WR PHQWLRQ KHUH WKDW WKH
PD[LPXP UHGXFWLRQ ZDV GHWHFWHG LQ WKH VHHGOLQJ



VKRRW OHQJKW PHDQ YDOXHV ZLWK KLJK OHYHO RI
VDOLQLW\7KHPHDQYDOXHZDVGHFUHDVHGIURPWR
FPXQGHUG6PLQFRQWURO7KH7WUHDWPHQW
SRVLWLYHO\ DIIHFWHG VHHGOLQJ VKRRW OHQJWK XQGHU
QRUPDO DQG VWUHVV FRQGLWLRQV DQG WKH PHDQ YDOXHV
UDQJHG EHWZHHQ  XQGHU QRUPDO DQG  FP
XQGHUG6PDVVKRZQLQ)LJXUH
%DVHGRQWKHREWDLQHGUHVXOWVWKHWUHDWPHQW
ZKLFK JDYH KLJKHU VHHGOLQJ VKRRW OHQJWK DOVR UHF
RUGHGKLJKHUIUHVKVKRRWZHLJKWZLWKPHDQYDOXHRI
 PJ XQGHU  G6P ZKLOH WKH FRQWURO SRV
VHVVHGPJXQGHUG6P7KHUHIRUHWKHJHQ
RW\SHVFRXOGEHUDQNHGGLIIHUHQWO\IURPWUHDWPHQWWR
FRQWURO FRQGLWLRQV 0RUHRYHU 7 JDYH WKH KLJKHVW
GHVLUDEOHPHDQYDOXHV PJ IRUVHHGOLQJVKRRW
IUHVKZHLJKWXQGHUQRQVWUHVVFRQGLWLRQIROORZHGE\
77&7DQG7 DQG 
UHVSHFWLYHO\ ,W FRXOG EH GHFLGHG WKDW WKH 7 WUHDW
PHQW VKRXOG EH XVHG LQ UHFRPPHQGDWLRQV IRU LQ
FUHDVLQJWKLVWUDLWDQGWKLVVKRZHGWKHVLJQLILFDQWLP
SRUWDQWRIWKHFKHPLFDO6L13VLQWKHQRUPDOFRQGL
WLRQ
&RQFHUQLQJ FRQWURO WUHDWPHQW VHHGOLQJ URRW
IUHVKZHLJKW7DEOHVKRZHGWKHQHJDWLYHLQIOXHQFHV
XQGHU VDOLQLW\ VWUHVV JUDGXDOO\ IURP   
 PJ WLOO LW UHDFKHG WKH PRVW XQGHVLUDEOH PHDQ
YDOXH PJ IRUWKLVWUDLWZKLFKZDVREWDLQHGE\
VDOLQLW\ OHYHO RI  G6P %\ XVLQJ 6L13V WKHUH
ZHUH KXJH HQKDQFHPHQWV LQ YDULHWLHV SHUIRUPDQFH
7XQGHUQRQVWUHVVDQGG6PWUHDWPHQWVVFRUHG
WKHKLJKHVWYDOXHVRIPJUHVSHFWLYHO\
$OVRLWLVLQWHUHVWLQJWKDW7DFKLHYHGKLJKHUYDOXH
E\PD[LPL]DWLRQWKHOHYHORIVDOLQLW\DQG
PJDWDQGG6PUHVSHFWLYHO\DQGKHQFHXQ
GHU VWUHVV FRQGLWLRQV 7 %LRJHQLF 5+6L13V 
PJO ZDVDEOHWRIHDVLEOHDJHQHWLFLPSURYHPHQW
2YHUDOODGGLWLRQRI6L13VVXSSRUWHGSODQWVDJDLQVW
VDOLQLW\KDUPIXOHIIHFWVRQJHUPLQDWLRQDQGVHHGOLQJ
JURZWK VWDJH 7KHVH UHVXOWV ZHUH FRUURERUDWHG E\
WKRVHRI+DJKLJKLet al.>@DQG$OPXWDLUL>@ZKR
UHSRUWHGWKDWWKHVLJQLILFDQWLQKLELWLRQRIVDOLQLW\RQ
WKH JHUPLQDWLRQ RI VHHGV VHHGOLQJ SURJUHVV DQG
JURZWKRIWRPDWRSODQWVZDVDOOHYLDWHGZLWKWKHH[
SRVXUH WR6L13V 7KHVHUHVXOWV ZHUH DOVR IRXQGRQ
VHYHUDOSODQWVSHFLHVOLNHOHQWLO>@DQG9LFLDIDED
>@$SSOLFDWLRQRIVLOLFRQ 6L LPSURYHGSODQWEH
KDYLRXUE\LQFUHDVLQJWKHJURZWKFDSDFLW\RI1D&O
VWUHVVHGSODQWVE\HOLFLWLQJDPHOLRUDWLYHHIIHFWV7KLV
LQIOXHQFHRQSODQWYDULHGGHSHQGLQJRQWKHFRQVLG
HUHGFXOWLYDUDQG6LFRQFHQWUDWLRQ>@
7KH,QIOXHQFHVRIGLYHUVHWUHDWPHQWVRI6L13V
RQYHJHWDWLYHVWDJHRIWRPDWRSODQWXQGHUWKUHHOHYHOV
RIVDOLQLW\VWUHVVHVDUHH[KLELWHGLQ7DEOH$FFRUG
LQJ WR WKH GDWD SODQW KHLJKW YDOXHV ZHUH LQVLJQLIL
FDQWO\GHFUHDVHGE\OHYHOVDQGRIVDOLQLW\XQGHU
QRQWUHDWHG FRQGLWLRQ DQG ZHUH VLJQLILFDQWO\ LQ
FUHDVHGE\PRVW6L13VWUHDWPHQWVLQQRQVWUHVVFRQ
GLWLRQ 8QGHU VDOLQLW\ FRQGLWLRQ IRU OHYHOV  DQG 
G6P7UDQNHGWKHKLJKHVWYDOXHVDQG
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KLJKHVW PHDQ YDOXHV XQGHU WKH WKUHH VDOLQLW\ VWUHVV
OHYHOV DQGG6P WKHLUPHDQYDOXHVZHUHDV
VDOLQLW\WROHUDQWWUHDWPHQWVDQGJUH
VSHFWLYHO\ $OO WUHDWPHQWV ZHUH LPSOLFDWHG E\ WKH
KLJKHVWOHYHORIVDOLQLW\VWUHVVG6PDQGWKHYDO
XHV ZHUH GURSSHG LQ &7 7 7 7 DQG 7 WUHDW
PHQWV WR     DQG J UHVSHF
WLYHO\
6DOLQLW\VWUHVVKDVDVLJQLILFDQWLQKLELWRU\HIIHFW
RQURRWGHYHORSPHQWDQGJURZWKHYHQVXUYLYHVGXH
WRWKHRVPRWLFVWUHVVDQGLRQWR[LFLW\1HYHUWKHOHVV
URRWIUHVKZHLJKWXQGHUWKHQRQVWUHVVFRQGLWLRQ&7
DQGWKHIRXUWUHDWPHQWV777DQG7JDYHPHDQ
YDOXHVRIDQGJUHVSHF
WLYHO\ 7KH ZHLJKW RI WKH URRW ZDV GHFUHDVHG WR LWV
KDOIRUPRUHXQGHUWKHKLJKHVWFRQFHQWUDWLRQRIVD
OLQLW\G6PWREHDQG
JUHVSHFWLYHO\DVVKRZQLQ7DEOH6R7WUHDWPHQW
LVUHFRPPHQGHGIRUVDOLQLW\HQYLURQPHQWDQG7IRU
QRQVWUHVVHQYLURQPHQW
)RU URRW GU\ ZHLJKW WKH VLOLFD IUHH WUHDWPHQW
&7 XQGHUQRQVWUHVV FRQGLWLRQJDYH PHDQYDOXHRI
JZKLOHWKHEHVWWUHDWPHQWZDV7ZLWKPHDQ
YDOXHUHDFKHGWRJIROORZHGE\7 J WKHQ
7  J  EXW WKH ORZHVW PHDQ YDOXH ZDV 7
J $GGLWLRQDOO\GDWDSUHVHQWHGLQGLFDWHGWKDW
WUHDWPHQWV FRQWDLQLQJ 6L13V VOLJKWO\ LPSURYHG WKH
URRWGU\ZHLJKWLQWRPDWRLUULJDWHGE\VDOLQHZDWHU
2XUUHVXOWVVXJJHVWHGWKDW6L13VVXSSOHPHQWLQ
HDUO\JURZWKVWDJHRIWRPDWRHVZDVEHQHILFLDOLQYHJ
HWDWLYHJURZWKHQFKDQWPHQW DQGLPSURYLQJVDOLQLW\
WROHUDQFHRIWKHWRPDWRSODQWVWKDWZDVLQDJUHHPHQW
ZLWK 5RPHUR$UDQGD et al. >@ DQG +DJKLJKL DQG
3HVVDUNOL >@ LQYHVWLJDWLRQV RQ WRPDWR SODQWV WKDW
VKRZHGHOLPLQDWLRQRIWKHGDPDJLQJHIIHFWRIVDOLQ
LW\ VWUHVV RQ SODQW IUHVK ZHLJKW SODQW GU\ ZHLJKW
FKORURSK\OO FRQFHQWUDWLRQ SKRWRV\QWKHWLF UDWH DQG
WKHOHDIZDWHUFRQWHQWE\6L13VWUHDWPHQWV

%LRFKHPLFDO DQG PROHFXODU DQDO\VHV 6'6
3RO\ DFU\ODPLGH JHO HOHFWURSKRUHVLV 6'6
3$*( 3URWHLQSURILOHVIRUWKHWKUHHWRPDWRYDULH
WLHVVKRZHGPDQ\EDQGVGLIIHULQJLQWKHLUH[SUHVVLRQ
OHYHODWWKHVDPHVDOWFRQFHQWUDWLRQDQG6L13VWUHDW
PHQWVDVVKRZQLQ)LJXUH5HOHDVLQJ+VS KHDW
VKRFNSURWHLQ LVGHYHORSPHQWDOO\UHJXODWHGDQG
VKRZVGLIIHUHQWLDOH[SUHVVLRQLQUHVSRQVHWRGLYHUVH
DELRWLFVWUHVVHV>@
)RU WKH WROHUDQW YDULHW\ (GNDZ\ XQGHU QRQ
VWUHVVFRQGLWLRQGHQRYRSURWHLQEDQGZHLJKWHGDS
SUR[LPDWHO\.'DZDVDSSHDUHGE\77DQG7
6L13VWUHDWPHQWVKRZHYHULWGLGQRWH[SUHVVLQWKH
XQWUHDWHG SODQWV +HQFH LQ WKH FDVH RI VDOLQLW\
VWUHVVHGSODQWVXQGHU(&G6PWKHSURWHLQEDQG
RI  .'D ZDV H[SUHVVHG LQ 6L13V WUHDWPHQW 7
+RZHYHUWKH.'DSURWHLQEDQGZDVIRXQGLQDOO
WUHDWPHQWVXQGHUWKHPHGLXPVDOWVWUHVVG6P DQG
LWZDVREVHUYHGWKDWWKHKLJKHVWGHQVLW\LQWKLVVDOLQ
LW\OHYHOZDVDSSHDUHGLQ7WUHDWPHQWIROORZHGE\
7WUHDWPHQW7KH.'DPDUNHUEDQGZDVH[LVWHG

FP UHVSHFWLYHO\ :KLOH SODQW KHLJKW ZDV GUDPDWL
FDOO\GHSUHVVHGXQGHUVDOLQLW\OHYHOG6PLQ&7
77DQG7DQGHVWLPDWHGDQG
FPEXWLQWKHFDVHRI7WUHDWPHQWSODQWVUH
PDLQHGWDOODQGGLGQRWLQIOXHQFHE\KLJKOHYHOVRI
VWUHVV FRQGLWLRQV DQG JDYH WKH PD[LPXP WDOO PHDQ
YDOXH FP DVVKRZQLQ)LJXUH,WFRXOGEH
FRQFOXGHGWKDWVHQVLWLYHJHQRW\SHVQHHGHGWUHDWPHQW
7IRUVDOLQLW\WROHUDQFH
6WHP GLDPHWHU GDWD GHPRQVWUDWHG WKDW XQGHU
QRQ VWUHVV FRQGLWLRQ WKH XQWUHDWHG WUHDWPHQW 
PP ZDVKLJKHUWKDQ6L13VWUHDWPHQW7 PP 
ZKLOHVWHPGLDPHWHUPHDQYDOXHVZHUHLQFUHDVHGE\
7 PP 7 PP DQG7 PP $V
ZHOODVXQGHUVWUHVVVDOLQLW\OHYHOG6PWKHWUHDW
PHQWV ZKLFK WUHDWHG E\ 6L13V 7 7 7 DQG 7
VKRZHGOHVVSHUIRUPDQFH DQG
PPUHVSHFWLYHO\ WKDQWKHXQWUHDWHGRQH PP 
0HDQZKLOH6L13VSOD\YLWDOUROHZLWKLQFUHDVLQJVD
OLQLW\VWUHVV7 %LRJHQLF6L13VPJO ZDVWKH
PRVWVXSHULRUWUHDWPHQWXQGHUVDOLQLW\OHYHOG6P
ZKLOH WKH PHDQ YDOXH UHDFKHG  FP 7KLUGO\ DW
KLJKOHYHORIVDOLQLW\G6P7 &KHPLFDO6L13V
 PJO  UDQNHG WKH KLJKHVW YDOXH  PP  IRO
ORZHG E\ 7  PP  7KH FRPELQHG GDWD LQGL
FDWHG WKDW DGGLQJ VLOLFD 13V DW ORZ VDOLQLW\ VWUHVV
G6P ZDVDVVRFLDWHGZLWKGHFUHDVLQJSODQWVWHP
GLDPHWHUEXWXQGHUKLJKOHYHORIVDOLQLW\VWUHVVHVVLO
LFD13VZHUHXVHIXOWRKHOSSODQWVVXUYLYHLQVWUHVVIXO
FRQGLWLRQV
$V VKRZQ LQ 7DEOH  VDOLQLW\ VWUHVV GHFOLQHG
PDUNHGO\ WKH WRWDO FRQWHQW RI FKORURSK\OO WKDW ZDV
FOHDUO\GHPRQVWUDWHGDWFRQWUROWUHDWPHQWZKHUHXQ
GHUQRQVWUHVVFRQGLWLRQFKORURSK\OOFRQWHQWVFRUHG
 63$' EXW E\ LQFUHDVLQJ VDOLQLW\ OHYHO LW
VFRUHG63$'6LJQLILFDQWGLIIHUHQFHVZHUHGH
WHFWHG LQ VLOLFD 13V WUHDWPHQWV ZKHUH 7 DQG 7
DFKLHYHGKLJKHUFKORURSK\OOFRQWHQWZLWKPHDQYDO
XHV RI  DQG  63$' UHVSHFWLYHO\ XQGHU
QRQVWUHVV7KHKLJKHVWPHDQYDOXHXQGHUVWUHVVFRQ
GLWLRQZDVREWDLQHGE\7DWVDOLQLW\OHYHOVDQG
E\ YDOXHV RI  DQG  63$' UHVSHFWLYHO\
PHDQZKLOH WKH KLJKHVWYDOXHDW VDOLQLW\ OHYHO  RE
WDLQHGE\7ZKLFKJDYH63$'
9HJHWDWLYHIUHVK ZHLJKW LV UHJDUGHG DV RQHRI
WKH PRVW FUXFLDO SDUDPHWHUV DQG SRWHQWLDO IRU WKH
EUHHGHUXOWLPDWHJRDO'DWDSUHVHQWHGLQ7DEOHLQ
GLFDWHGWKDWWKHYHJHWDWLYHIUHVKZHLJKWGLIIHUHGVLJ
QLILFDQWO\LQDOOWUHDWPHQWVIURPQRQVWUHVVWRVWUHVV
FRQGLWLRQVWKHUHIRUH7FDQEHUDQNHGDVWKHPRVW
GHVLUDEOH WUHDWPHQW ZLWK PHDQ YDOXHV RI  J 
XQGHUQRQVWUHVVDQG7UHYHDOHGWKHPRVWGHVLUDEOH
YDOXHVXQGHUWKHWKUHHVDOLQLW\VWUHVVOHYHOV DQG
G6P VLQFHWKHLUPHDQYDOXHVZLWKWKHVDOLQLW\
WROHUDQW WUHDWPHQWV ZHUH   DQG  J
UHVSHFWLYHO\
,WLVZRUWKWRQRWLFHWKDWYHJHWDWLYHGU\ZHLJKW
VKRZHG WKH VDPH WUHQG RI YHJHWDWLYH IUHVK ZHLJKW
6RXQGHUQRQVWUHVV7PHDQYDOXH J ZDVWKH
KLJKHVW IROORZHG E\ 7  J  $OVR 7 KDV WKH
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RQO\LQ7DQG76L13VWUHDWPHQWVXQGHUG6P
VDOWOHYHO)URPWKHSUHYLRXVGDWDLWFRXOGEHFRQ
FOXGHG WKDW 6L13V FRQFHQWUDWLRQV ZHUH DVVRFLDWHG
ZLWKWKHH[SUHVVLRQRIVRPHSURWHLQVXQGHUKLJKOHY
HOV RI VDOLQLW\ ZKLFK PD\ HQKDQFH SODQW WROHUDQFH
WKDQWKHXQWUHDWHGSODQWV
7RJDLQLQVLJKWLQRWKHUYDULHWLHVLGHQWLI\LQJ
.'DEDQGZDVHVVHQWLDOZKHUHH[SUHVVLRQZDVYDU
LHGDPRQJWUHDWHGSODQWV)LUVWO\LWZDVDEVHQWLQ5LR
*UDQGHDQG6XSHU6WUDLQ%6L13VXQWUHDWHGSODQWV
6HFRQGO\)RU5LR*UDQGHWKH.'DSURWHLQEDQG
ZDVDEVHQWRUYHU\ORZLQWKHXQWUHDWHGFRQWUROSODQWV
&7  LQ DOO VDOLQLW\ OHYHOV KRZHYHU LWV H[SUHVVLRQ
ZDVLQGXFHGE\7DQG7WUHDWPHQWVLQQRQVWUHVV
FRQGLWLRQDQGE\DOOWUHDWPHQWVXQGHUG6PVDOLQLW\
OHYHOEXWH[SUHVVHGLQKLJKGHQVLW\LQWKHVDPHWUHDW
PHQWV7DQG7$WG6POHYHO7ZDVDIIHFWHG
SRVLWLYHO\1RH[SUHVVLRQZDVIRXQGXQGHUG6P

VDOWOHYHO7KLUGO\6XSHU6WUDLQ%ZDVWKHVHQVLWLYH
YDULHW\ VKRZ D WROHUDQW EHKDYLRU  .'D EDQG H[
LVWHG LQ ORZ GHQVLW\ LQ WUHDWHG SODQWV ZLWK 6L13V
7 7  DQG 7 7  XQGHU WKH XQVWUHVVHG FDVH
DQGG6PVDOLQLW\GHJUHHUHVSHFWLYHO\DVVKRZQ
LQ)LJXUH
'XULQJ WKH LQYHVWLJDWLRQ D SURWHLQ EDQG ZLWK
PROHFXODU ZHLJKW RI DSSUR[LPDWHO\  .'D H[KLE
LWHGLQWKH(GNDZ\YDULHW\SODQWVLQDOO6L13VWUHDW
PHQWVXQGHUXQVWUHVVHGDQGG6PVDOLQLW\VWUHVV
FRQGLWLRQV RYHU WKH XQWUHDWHG FRQWURO SODQWV &7 
7KHH[SUHVVLRQRIWKLVEDQGZDVUHGXFHGLQWKHWZR
KLJKHUVDOLQLW\UDQNVDQGG6PEXWWKHWUHDW

PHQWV7DQG7ZHUHPRUHHIIHFWLYHLQWKHVHVDOLQ
LW\OHYHOV)RU5LR*UDQGHYDULHW\WKH.'DSUR
WHLQ EDQG ZDV DEVHQW RU YHU\ ORZ LQ WKH XQWUHDWHG
SODQWVZKLOHLWDSSHDUHGLQKLJKHUGHQVLW\E\6L13V
WUHDWPHQWV7RLOOXVWUDWHXQGHUG6PVDOWOHYHOWKH
.'DEDQGZDVRYHUH[SUHVVHGE\WKHWUHDWPHQWV
7DQG7FRPSDULQJZLWKWKHXQWUHDWHGRQH
7KH ORZHVW SURWHLQ LQWHQVLW\ ZDV SURGXFHG LQ
WKH VHQVLWLYH YDULHW\ 6XSHU 6WUDLQ % LQ XQVWUHVVHG
SODQWV FRQVHTXHQWO\ XQGHU  G6P VDOLQLW\ OHYHO
WKH.'DEDQGGHFOLQHGLQXQWUHDWHGSODQWV$GGL
WLRQDOO\77DQG7H[KLELWHGWKH.'DSURWHLQ
H[SUHVVLRQ ZKLFK PHDQV PRUH WROHUDQFH DELOLW\ LQ
WKHVHFDVHV7KHVHUHVXOWVDUHLQOLQHZLWKWKHILQGLQJV
RIDSULRUVWXG\RI$OKDUE\et al.>@WKH\IRXQGWZR
SRVLWLYHPDUNHUVDWPROHFXODUZHLJKWVRIDQG
 N'D UHODWHG WR VDOLQLW\ WROHUDQFH RQ WRPDWR
VDOWWROHUDQWYDU(GNDZ\
7ZRDGGLWLRQDOSURWHLQEDQGVZHLJKWHGDSSUR[
LPDWHO\DQG.'DUHODWHGWRVDOLQLW\ZHUHGLI
IHUHG DPRQJ YDULHWLHV DFFRUGLQJ WR WKHLU WROHUDQFH
GHJUHH7KDWZDVLQDFRUUHODWLRQZLWK.KDOLID>@
LQYHVWLJDWLRQZKRUHSRUWHGWKDWIRXUEDQGVRI
 DQG.'D LQGXFHG LQ WKH P0 1D&O WUHDW
PHQWLQWKHVDOWVHQVLWLYHYDULHW\ &DVWOHURFN WKHQ
UHGXFLQJWRXQGHWHFWDELOLW\DWKLJKHUFRQFHQWUDWLRQV
KRZHYHUPRVWRIWKHSURWHLQVGHPRQVWUDWHGPRUHRU
OHVVVWDEOHH[SUHVVLRQSDWWHUQDQGPDLQWDLQHGH[SUHV
VLRQWKURXJKWKHP01D&OWUHDWPHQWLQWKHVDOW
WROHUDQWYDULHW\ (GNDZ\ 



),*85(
6HHGOLQJVWDJHIRUWKHVWXGLHGWRPDWRYDULHWLHV$FRQWUROZLWKRXWVDOLQLW\%&DQG'VHHGOLQJVJURZQ
XQGHUDQGG6PVDOLQLW\OHYHOV
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7$%/(
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1V

1V
1V


1V
9[7[6
*3 *HUPLQDWLRQSHUFHQWDJH 66/ 6HHGOLQJVKRRWOHQJWK 66): 6HHGOLQJVKRRWIUHVKZHLJKW 65): 6HHGOLQJURRW
IUHVKZHLJKW  1VLQGLFDWHV33DQGQRWVLJQLILFDQWUHVSHFWLYHO\DFFRUGLQJWR)WHVW0HDQVRIHDFKIDFWRU
ZLWKLQHDFKFROXPQ9DOXHVKDYLQJWKHVDPHDOSKDEHWLFDOOHWWHUZLWKLQHDFKIDFWRUDUHQRWVLJQLILFDQWO\GLIIHUHQWDWWKHOHYHO
DFFRUGLQJWR'XQFDQ¶VWHVW


5HJDUGLQJ EDQGV LQ RXU VWXG\ ZLWK PROHFXODU
ZHLJKWVRIDQG.'DZKLFKZHUHGHFUHDVHGRU
DEVHQWXQGHUVDOLQLW\FRQGLWLRQVIRUWKHVDOWVHQVLWLYH
YDULHW\ 6XSHU 6WUDLQ % VXSSOHPHQWLQJ ZLWK 6L13V
LQGXFHGWKHH[SUHVVLRQRIWKH.'DEDQGXQGHU
G6PDQGN'DEDQGXQGHUDOOVDOLQLW\OHYHOV$F
FRUGLQJ WR YDULRXV UHVHDUFKHUV WKH GHFUHDVH LQ WKH
QXPEHU RI EDQGV LQ VHQVLWLYH JHQRW\SHV FRPSDUHG
ZLWKWROHUDQWJHQRW\SHVKDVEHHQOLQNHGWRWKHGHQD
WXUDWLRQ RI HQ]\PHV LQYROYHG LQ WKH SURGXFWLRQ RI
DPLQR DFLGV DQG SURWHLQV XQGHU DELRWLF VWUHVV >@
7KHH[SUHVVLRQRIWKHVHEDQGVUHPDLQHGPRUHRUOHVV
VWHDG\LQ(GNDZ\XQGHUHLWKHU6L13VWUHDWPHQWVRU
VDOLQLW\VWUHVVRQO\7KHVDPHUHVXOWVZHUHREWDLQHG
LQ5LR*UDQGHIRUWKH.'DEDQGEXWWKHH[SUHV
VLRQZDVZHDNWREHGHWHFWHGLQDOOFDVHVRI.'D
SURWHLQEDQG
%DVHG RQ WKHVH UHVXOWV DSSOLFDWLRQ RI 6L13V
VXJJHVWHGDQDOWHUQDWLYHZD\WRDPHOLRUDWHWKHKDUP
IXOHIIHFWVRIVDOLQLW\RQWRPDWRDQGLPSURYHWKHDELO
LW\RIVDOWVHQVLWLYHJHQRW\SHVE\DGMXVWLQJWKHLUELR
FKHPLFDO SURFHVVHV DQGUHGXFWLRQ PHWDEROLF DFWLYL
WLHVWRHQKDQFHH[SUHVVLRQH[LVWLQJSURWHLQVRUV\Q
WKHVLVQHZWROHUDQFHRQHV


5HODWLYH H[SUHVVLRQ RI $3; DQG $5(%
JHQHV 7ZR FRPELQDWLRQV RI VDOLQLW\ DQG 6L13V
WUHDWPHQWV ZHUH DSSOLHG 7 XQGHU VDOLQLW\ VWUHVV
(&   G6P DQG 7 XQGHU VDOLQLW\ VWUHVV (&  
G6P%RWKWUHDWPHQWVZLWKWKHLUFRQWUROVIURPWKH
VDPH VDOLQLW\ OHYHO LQ DGGLWLRQ WR WKH QRQWUHDWHG
FRQWURO ZLWKRXW DQ\ VDOW RU 6L13V WUHDWPHQW ZHUH
FKRVHQ IRU WKH TXDQWLWDWLYH 573&5 DQDO\VLV $V
VKRZQ LQ )LJXUH  WKH P51$V IRU WKH FODWKULQ
DGDSWHU FRPSOH[HV &$&  JHQH XVHG DV D SRVLWLYH
FRQWUROZHUHH[SUHVVHGDSSUR[LPDWHO\XQLIRUPO\LQ
DOOWKHWHVWHGWUHDWPHQWVDQGWKHLUFRQWUROV
,Q RXU UHVXOWV WKH H[SUHVVLRQ RI $3; DQG
$5(%JHQHVZDVXSUHJXODWHGLQDOOWRPDWRYDULHWLHV
DVDUHVXOWWRVDOLQLW\VWUHVV+RZHYHUWKHKLJKHVWH[
SUHVVLRQV XQGHU VDOW FRQGLWLRQV ZHUH JLYHQ ZKHQ
VHHGOLQJVZHUHWUHDWHGZLWK6L13VPDWHULDOV,QVHHG
OLQJVWDJHWKHH[SUHVVLRQRIWKH$5(%JHQHXQGHU
VDOLQLW\LQWKHWKUHHWRPDWRYDULHWLHVZDVKLJKHUWKDQ
$3; JHQH H[SUHVVLRQ EXW ERWK JHQHV ZHUH H[
SUHVVHGXQGHUWKHG6P(&OHYHOKLJKHUWKDQWKDW
XQGHUG6P(&OHYHO,Q(GNDZ\YDULHW\WKHH[
SUHVVLRQRI$5(%DQG$3;JHQHVZDVXSUHJXODWHG
WRDQGIROGFKDQJHVXQGHUG6PZKLOH
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LW ZDV FKDQJHG XQGHU WKH KLJKHVW VDOLQLW\ OHYHO 
G6PWRDQGIROGUHVSHFWLYHO\
$3;JHQHVDUHH[SUHVVHGLQUHVSRQVHWRELRWLF
DQGDELRWLFVWUHVVRUVDVZHOODVWKURXJKRXWSODQWGH
YHORSPHQW7KH$3;UHDFWLRQVSOD\DGLUHFWUROHLQ
SURWHFWLQJ SODQW FHOOV IURP KDUPIXO HQYLURQPHQWDO

FRQGLWLRQV >@ 1DQRSDUWLFOHV UHGXFHG DQWLR[LGDQW
VWUHVVE\ORZHULQJ+2OHYHOVDQGERRVWLQJWKHOHY
HOVRIFHUWDLQHQ]\PHVVXFKDV$3;ZKLFKUHVXOWHG
LQLQFUHDVLQJVHHGJHUPLQDWLRQLQVRPHSODQWVSHFLHV
>@


7$%/(
,QIOXHQFHVRIGLIIHUHQWWUHDWPHQWVRI6L13VRQWRPDWRXQGHUWKUHHOHYHOVRIVDOLQLW\VWUHVV
6DOLQLW\
6L13V7UHDWPHQWV

7UDLWV
G6P
&7
7
7
7
7
/6'
&6
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/6'OHDVWVLJQLILFDQFHGLIIHUHQFHDWOHYHODFFRUGLQJWR'XQFDQ¶VWHVW
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),*85(
9HJHWDWLYHJURZWKVWDJHIRUWKHVWXGLHGWRPDWRYDULHWLHV$FRQWUROZLWKRXWVDOLQLW\%SODQWVJURZQXQ
GHUG6PVDOLQLW\OHYHO





),*85(
3URILOHRQ6'63$*(IRUWRPDWRYDULHWLHVIURPYHJHWDWLYHJURZWKVWDJH&6 :LWKRXWVDOLQLW\ &7 :LWK
RXW6L13V 7 &KHPLFDO6L13VPJO 7 &KHPLFDO6L13VPJO 7 %LRJHQLF5+6L13VPJO 
7 %LRJHQLF5+6L13VPJO DQG0 ODGGHU.'D 
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),*85(
5HODWLYHH[SUHVVLRQRIWZRJHQHV$3;DQG$5(%XVLQJ&$&KRXVHNHHSLQJJHQHDVDSRVLWLYHFRQWUROXQ
GHUWZROHYHOVRIVDOLQLW\VWUHVVDQGZLWKWKHDGGLWLRQRIWZRGLIIHUHQW6L13VWUHDWPHQWV7 &KHPLFDO
6L13VPJO DQG7 %LRJHQLF5+6L13VPJO LQGLYLGXDOO\IURPWKHWKUHHWRPDWRYDULHWLHVRQVHHG
OLQJJURZWKVWDJHLQDGGLWLRQWRWKHYHJHWDWLYHJURZWKVWDJHLQ(GNDZ\YDULHW\

GRZQUHJXODWHGZLWK6L13VXQGHU1D&OVWUHVV$GGL
:LWK WKH DGGLWLRQV RI 6L13 PDWHULDOV WKH H[
WLRQDOO\WKHH[SUHVVLRQRI$5(%JHQHZDVXSUHJX
SUHVVLRQRI$5(%DQG$3;JHQHVZDVXSUHJXODWHG
ODWHGE\6L13VXQGHUVDOWVWUHVVLQWKHVDPHVWXG\
DV D UHDFWLRQ RI LQFUHDVLQJ VDOLQLW\ WROHUDQFH )RU
$EVFLVLF DFLG $%$  LV D YLWDO SK\WRKRUPRQH LQ
(GNDZ\YDULHW\JHQHH[SUHVVLRQZDVXSUHJXODWHGE\
YROYHGLQDKRVWRIELRORJLFDOGHYHORSPHQWVLQFOXG
7 DQG 7 WUHDWPHQWV WR  DQG  IROG
LQJELRWLFDQGDELRWLFVWUHVVUHVSRQVHVLQSODQWV>
FKDQJHV IRU $5(% JHQH IROORZHG E\  DQG
@8QGHUGURXJKWFRQGLWLRQDQGKLJKVDOLQLW\WKHUH
IROGFKDQJHVIRU$3;JHQH
ZDV VHYHUDO LQGXFWLRQV RI $5(% $5(% DQG
,Q D SUHYLRXV VWXG\ RQ WRPDWR E\ $OPXWDLUL
$%)LQSODQWV>@
>@WKHH[SUHVVLRQSDWWHUQRIWKH$3;JHQHZDVQRW
7KH H[SUHVVLRQ RI WKH $3; JHQH IRU DGXOW
DSSHDUHGLQWKHQRQWUHDWHGSODQWVZKLOHLWZDVDS
(GNDZ\ SODQWV DV VKRZQ LQ )LJXUH  XSUHJXODWHG
SHDUHGZLWK6L13VWUHDWPHQWZKLFKPHDQVWKDWWKLV
KLJKO\ZLWKERWKWUHDWPHQWVE\6L13VFRPSDUHGZLWK
JHQHZDVLQGXFHGDOVRE\6L13V7KHH[SUHVVLRQRI
WKHH[SUHVVLRQXQGHUVDOLQLW\VWUHVVRQO\5HJDUGLQJ
WKLV JHQH ZDV XSUHJXODWHG LQ WKH 1D&O VWUHVV DQG
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WKH$5(%JHQHWKHJHQHH[SUHVVLRQDOVRZDVXSUHJ
XODWHG E\ 6L13V WUHDWPHQWV XQGHU VDOLQLW\ KLJKHU
WKDQWKDWXQGHURQO\VDOLQLW\WUHDWPHQWVEXWWKHXS
UHJXODWLRQZDVORZHUWKDQWKDWLQ$3;JHQH
0DQ\ UHVHDUFKHV DUJXHG WKDW LQFUHDVHG $3;
JHQHDFWLYLW\FRQWULEXWHVWRSODQWVDOWWROHUDQFH>
@ +RZHYHU /LQ DQG 3X >@ DOVR UHSRUWHG WKDW
VZHHWSRWDWRVDOWWROHUDQWJHQRW\SHVKDGKLJKHU$3;
DFWLYLW\ WKDQ VDOWVHQVLWLYH JHQRW\SHV 6LJQLILFDQW
UROHRI$3;KDVEHHQUHSRUWHGLQVDOWWROHUDQWWRPDWR
FXOWLYDUZKLFKH[KLELWHGKLJKHUDFWLYLWLHVH[SRVHGWR
YDU\LQJOHYHOVRIVRLOVDOLQLW\>@
*HQHUDOO\ WKH JHQH H[SUHVVLRQ RI $3; DQG
$5(%JHQHVDVVRFLDWHGZLWKH[SRVXUHWR6L13VVXJ
JHVWHG D SRVVLEOH FRQQHFWLRQ RI 6L13V LQ WKH UH
VSRQVHRIWRPDWRWRVDOLQLW\VWUHVV6L13VZHUHVXI
ILFLHQWWRHQKDQFHVDOLQLW\WROHUDQFHJHQHVDQGWKHLU
HIIHFWV H[WHQGHG WR WKH YHJHWDWLYH JURZWK VWDJH
KRZHYHU JHQH H[SUHVVLRQ FRXOG EH FKDQJHG LQ UH
VSRQVH WRSODQW GHYHORSPHQWDO VWDJH 6L13V VRXUFH
DQGFRQFHQWUDWLRQSOD\DQHVVHQWLDOIXQFWLRQLQVDOLQ
LW\ WROHUDQFH VWLPXODWLRQ DGGLWLRQDOO\ WKH UHVSRQVH
RIGLIIHUHQWYDULHWLHVWKDWGHSHQGRQYDULRXVQXPEHUV
RIJHQHV
,WFRXOGEHFRQFOXGHGWKDWVLOLFDQDQRSDUWLFOHV
LQ DSSURSULDWH FRQFHQWUDWLRQ UHVXOWHG LQ VXSSRUWLQJ
WRPDWRSODQWVDJDLQVWVDOLQLW\KDUPIXOHIIHFWVLQYHJ
HWDWLYHJURZWKDVZHOODVVHHGJHUPLQDWLRQDQGVHHG
OLQJJURZWKVWDJHV:HUHFRPPHQGWKDWWKHPRVWGH
VLUDEOHWUHDWPHQWVZHUHWKHELRJHQLF5+6L13VZLWK
PJOIRUQRUPDOFRQGLWLRQDQGPJOIRUVD
OLQLW\ FRQGLWLRQ 6DOLQLW\ WROHUDQFH SURWHLQ PDUNHUV
ZHLJKWHG  DQG  .'D ZHUH LQGXFHG RU RYHUH[
SUHVVHGE\6L13WUHDWPHQWV$OWKRXJKLQWKHFDVHRI
WKHVHQVLWLYHYDULHW\6XSHU6WUDLQ%SURWHLQPDUNHUV
ZHLJKWHG DQG .'D ZHUH GLVDSSHDUHG RUGH
FOLQHGXQGHUVDOLQLW\VWUHVVEXWWKHDGGLWLRQRI6L13V
WUHDWPHQWV FRQVHUYHG WKH LQGXFWLRQ RI RQH RU ERWK
EDQGVXQGHUVDOLQLW\FRQGLWLRQ7KHUHIRUHELRFKHP
LFDO DQDO\VLV ZDV SURYHG WR EH DQ HIIHFWLYH ZD\ WR
GHWHFWJHQRW\SHVDOLQLW\WROHUDQFH0RUHRYHUT57
3&5UHSUHVHQWHGDXVHIXOPHWKRGIRUGHPRQVWUDWLQJ
PLQRUFKDQJHVLQJHQHH[SUHVVLRQ([RJHQRXV6L13V
FRXOGHQKDQFHWKHH[SUHVVLRQSDWWHUQVRI$3;DQG
$5(% JHQHV LQ VHHGOLQJ DQG YHJHWDWLYH JURZWK
VWDJHV 7KH H[SUHVVLRQ RI WKHVH JHQHV ZDV XSUHJX
ODWHGE\VDOLQLW\EXWKLJKHUDQGVLJQLILFDQWXSUHJX
ODWLRQZDVSURPSWHGE\6L13WUHDWPHQWVFRQILUPLQJ
DSRVVLEOHFRQQHFWLRQRI6L13VLQWKHUHVSRQVHRIWR
PDWRWRVDOLQLW\VWUHVV


$&.12:/('*(0(176

1RWDSSOLFDEOH

$XWKRU FRQWULEXWLRQV &RQFHSWXDOL]DWLRQ
1$( DQG $1( PHWKRGRORJ\ 1$( $$$
$1( DQG 6$' IRUPDO DQDO\VLV 1$( DQG
$1(LQYHVWLJDWLRQ$$$DQG6$'UHVRXUFHV

1$( GDWD FXUDWLRQ 1$( ZULWLQJ²RULJLQDO
GUDIWSUHSDUDWLRQ1$($1(DQG6$'ZULW
LQJ²UHYLHZDQGHGLWLQJ1$(DQG$1(VXSHU
YLVLRQ $$$ DQG  6$' $OO DXWKRUV KDYH UHDG
DQG DJUHHG WR WKH SXEOLVKHG YHUVLRQ RI WKH PDQX
VFULSW

)XQGLQJ1RWDSSOLFDEOH

$YDLODELOLW\ RI GDWD DQG PDWHULDOV $OO GDWD
JHQHUDWHGRUDQDO\]HGGXULQJWKLVVWXG\DUHLQFOXGHG
LQWKLVSXEOLVKHGDUWLFOH7KHGDWDVHWVXVHGDQGRUDQ
DO\]HG GXULQJ WKH FXUUHQW VWXG\ DUH DYDLODEOH IURP
WKHFRUUHVSRQGLQJDXWKRURQUHDVRQDEOHUHTXHVW

(WKLFVDSSURYDODQGFRQVHQWWRSDUWLFLSDWH
1RWDSSOLFDEOH

&RQVHQWIRUSXEOLFDWLRQ1RWDSSOLFDEOH


5()(5(1&(6

>@ 'DQ < <DQ + 0XQ\LNZD 7 'RQJ -
=KDQJ < DQG $UPVWURQJ &/   0L
FUR7RP²D KLJKWKURXJKSXW PRGHO WUDQVIRU
PDWLRQ V\VWHP IRU IXQFWLRQDO JHQRPLFV 3ODQW
&HOO5HSRUWV  
>@ 0DDV (9   6DOW WROHUDQFH RI SODQWV
$SSO$JU5HV
>@ 6LQJK-6DVWU\(9DQG6LQJK9  (I
IHFW RI VDOLQLW\ RQ WRPDWR /\FRSHUVLFRQ HVFX
OHQWXP 0LOO  GXULQJ VHHG JHUPLQDWLRQ VWDJH
3K\VLRORJ\ DQG 0ROHFXODU %LRORJ\ RI 3ODQWV
  
>@ =KDQJ 3 6HQJH 0 DQG 'DL <   (I
IHFWV RI VDOLQLW\ VWUHVV RQ JURZWK \LHOG IUXLW
TXDOLW\DQGZDWHUXVHHIILFLHQF\RIWRPDWRXQGHU
K\GURSRQLFV V\VWHP 5HYLHZV LQ $JULFXOWXUDO
6FLHQFH
>@ 6XQ:;X;=KX+/LX$/LX//L-
DQG +XD ;   &RPSDUDWLYH WUDQ
VFULSWRPLF SURILOLQJ RI D VDOWWROHUDQW ZLOG WR
PDWR VSHFLHV DQG D VDOWVHQVLWLYH WRPDWR FXOWL
YDU3ODQWDQG&HOO3K\VLRORJ\  
>@ *XSWD%DQG+XDQJ%  0HFKDQLVPRI
6DOLQLW\7ROHUDQFHLQ3ODQWV3K\VLRORJLFDO%L
RFKHPLFDODQG0ROHFXODU&KDUDFWHUL]DWLRQ,Q
WHUQDWLRQDO-RXUQDORI*HQRPLFV$U
WLFOH,'
>@ $VDGD .   7KH ZDWHUZDWHU F\FOH LQ
FKORURSODVWVVFDYHQJLQJRIDFWLYHR[\JHQVDQG
GLVVLSDWLRQ RI H[FHVV SKRWRQV $QQXDO 5HYLHZ
2I3ODQW%LRORJ\  
>@ *XSWD.-6WRLPHQRYD0DQG.DLVHU:0
 ,QKLJKHUSODQWVRQO\URRWPLWRFKRQGULD
EXWQRWOHDIPLWRFKRQGULDUHGXFHQLWULWHWR12
LQ YLWUR DQG LQ VLWX -RXUQDO RI ([SHULPHQWDO
%RWDQ\  



E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


>@$\GLQ66%\N,DQG$UDV6  5H
ODWLRQVKLSVDPRQJOLSLGSHUR[LGDWLRQ62'HQ
]\PHDFWLYLW\DQG62'JHQHH[SUHVVLRQSURILOH
LQ/\FRSHUVLFXPHVFXOHQWXP/H[SRVHGWRFROG
VWUHVV*HQHWLFVDQG0ROHFXODU5HVHDUFK  

>@6*1 6RO*HQRPLFV1HWZRUN   7KH6RO
*HQRPLFV 1HWZRUN 6*1 ²IURP JHQRW\SH WR
SKHQRW\SH
WR
EUHHGLQJ
>KWWSVVRO
JHQRPLFVQHW@ -DQXDU\ 
>@$RNL.<DQR.6X]XNL$.DZDPXUD6
6DNXUDL16XGD..XUDED\DVKL$6X]XNL
77VXJDQH7:DWDQDEH02RJD.  
/DUJHVFDOHDQDO\VLVRIIXOOOHQJWKF'1$VIURP
WKHWRPDWR 6RODQXPO\FRSHUVLFXP FXOWLYDU0L
FUR7RPDUHIHUHQFHV\VWHPIRUWKH6RODQDFHDH
JHQRPLFV%0&*HQRPLFV«««  
>@=RX/3/L+;2X\DQJ%=KDQJ-+
DQG<H=%  0ROHFXODUFORQLQJH[SUHV
VLRQDQGPDSSLQJDQDO\VLVRIDQRYHOF\WRVROLF
DVFRUEDWH SHUR[LGDVH JHQH IURP WRPDWR )XOO
/HQJWK5HVHDUFK3DSHU'1$6HTXHQFH  

>@$OPXWDLUL =0   (IIHFW RI QDQRVLOLFRQ
DSSOLFDWLRQ RQ WKH H[SUHVVLRQ RI VDOW WROHUDQFH
JHQHVLQJHUPLQDWLQJWRPDWR 6RODQXPO\FRSHU
VLFXP / VHHGOLQJVXQGHUVDOWVWUHVV3ODQW2P
LFV  
>@&DYHU]DQ$3DVVDLD*5RVD6%5LEHLUR
&: /D]]DURWWR ) DQG 0DUJLV3LQKHLUR 0
 3ODQWUHVSRQVHVWRVWUHVVHVUROHRIDVFRU
EDWH SHUR[LGDVH LQ WKH DQWLR[LGDQW SURWHF
WLRQ*HQHWLFV $QG 0ROHFXODU %LRORJ\   

>@2UHOODQD6<DQH]0(VSLQR]D$9HUGXJR
, *RQ]DOH] ( 5XL]Ǧ/DUD 6,0Ï1 DQG
&DVDUHWWR-$  7KHWUDQVFULSWLRQIDFWRU
6O$5(%FRQIHUVGURXJKWVDOWVWUHVVWROHUDQFH
DQG UHJXODWHV ELRWLF DQG DELRWLF VWUHVVǦUHODWHG
JHQHV LQ WRPDWR 3ODQW &HOO DQG (QYLURQPHQW
  
>@%DVWtDV$<DxH]02VRULR6$UERQD9
*yPH]&DGHQDV $ )HUQLH $5 DQG &DV
DUHWWR -$   7KH WUDQVFULSWLRQ IDFWRU
$5(% UHJXODWHV SULPDU\ PHWDEROLF SDWKZD\V
LQ WRPDWR IUXLWV -RXUQDO 2I ([SHULPHQWDO
%RWDQ\  
>@6DWR66DNDJXFKL6)XUXNDZD+DQG,NHGD
+  (IIHFWVRI1D&ODSSOLFDWLRQWRK\GUR
SRQLFQXWULHQWVROXWLRQRQIUXLWFKDUDFWHULVWLFVRI
WRPDWR /\FRSHUVLFRQHVFXOHQWXP0LOO 6FLHQ
WLD+RUWLFXOWXUDH  
>@:X0DQG.XERWD&  (IIHFWVRIKLJK
HOHFWULFDO FRQGXFWLYLW\ RI QXWULHQW VROXWLRQ DQG
LWVDSSOLFDWLRQWLPLQJRQO\FRSHQHFKORURSK\OO
DQG VXJDU FRQFHQWUDWLRQV RI K\GURSRQLF WRPD
WRHV GXULQJ ULSHQLQJ 6FLHQWLD +RUWLFXOWXUDH
  

>@ 1DLU59DUJKHVH6+1DLU%*0DHNDZD
7<RVKLGD<DQG.XPDU'6  1DQR
SDUWLFXODWHPDWHULDOGHOLYHU\WRSODQWV3ODQW6FL
HQFH  
>@5H\QROGV *+   )RUZDUG WR WKH IXWXUH
QDQRWHFKQRORJ\ DQG UHJXODWRU\ SROLF\ 3DFLILF
5HV,QVW
>@6KHLNK1+DVVD]DGHK*%DJKHVWDQL0DQG
=DEG%  6WXG\WKHHIIHFWRI]LQFIROLDU
DSSOLFDWLRQ RQ WKH TXDQWLWDWLYH \LHOG RI JUDLQ
PDL]HXQGHUZDWHUVWUHVV(OHFWURQ-&URS3URG

>@$ODJKDEDU\.=KX=DQG6KL4  ,Q
IOXHQFHRIVLOLFRQVXSSO\RQFKORURSK\OOFRQWHQW
FKORURSK\OOIOXRUHVFHQFHDQGDQWLR[LGDWLYHHQ
]\PH DFWLYLWLHV LQ WRPDWR SODQWV XQGHU VDOW
VWUHVV-RXUQDO2I3ODQW1XWULWLRQ  

>@<XYDNNXPDU 5 (ODQJR 9 5DMHQGUDQ 9
.DQQDQ16DQG3UDEX3  ,QIOXHQFHRI
QDQRVLOLFDSRZGHURQWKHJURZWKRIPDL]HFURS
=HD PD\V /  ,QWHUQDWLRQDO -RXUQDO RI *UHHQ
1DQRWHFKQRORJ\  
>@.DUXQDNDUDQ * 6XUL\DSUDEKD 5 0DQLYDVD
NDQ3<XYDNNXPDU55DMHQGUDQ93UDEX
3.DQQDQ1  (IIHFWRIQDQRVLOLFDDQG
VLOLFRQVRXUFHVRQSODQWJURZWKSURPRWLQJUKL
]REDFWHULDVRLOQXWULHQWVDQGPDL]HVHHGJHUPL
QDWLRQ,(71DQRELRWHFKQRO  
>@6LGGLTXL0+$O:KDLEL0+)LUR]0DQG
$O.KDLVKDQ\0<  5ROHRIQDQRSDUWL
FOHV LQ SODQWV 1DQRWHFKQRORJ\ $QG 3ODQW 6FL
HQFHV
>@$OKDUE\+)0HWZDOL(0)XOOHU03DQG
$OGKHELDQL $<   7KH DOWHUDWLRQ RI
P51$H[SUHVVLRQRI62'DQG*3;JHQHVDQG
SURWHLQV LQ WRPDWR /\FRSHUVLFRQ HVFXOHQWXP
0LOO XQGHUVWUHVVRI1D&ODQGRU=Q2QDQRSDU
WLFOHV 6DXGL -RXUQDO 2I %LRORJLFDO 6FLHQFHV
  
>@.DPDO $+0 .LP .+ 6KLQ .+ &KRL
-6%DLN%.7VXMLPRWR++HR+<3DUN
&6 DQG :RR 6+   $ELRWLF VWUHVV UH
VSRQVLYHSURWHLQVRIZKHDWJUDLQGHWHUPLQHGXV
LQJSURWHRPLFVWHFKQLTXH$XVWUDOLDQ-RXUQDO2I
&URS6FLHQFH  
>@8OODK,$NKWDU10HKPRRG16KDK,$
DQG1RRU0  (IIHFWRIPDQQLWROLQGXFHG
GURXJKWVWUHVVRQVHHGOLQJWUDLWVDQGSURWHLQSUR
ILOHRIWZRZKHDWFXOWLYDUV-$36-RXUQDORI$Q
LPDODQG3ODQW6FLHQFHV  
>@)UHHPDQ:0:DONHU6-DQG9UDQD.(
  4XDQWLWDWLYH 573&5 SLWIDOOV DQG SR
WHQWLDO%LRWHFKQLTXHV  
>@6WU]HQEDXP65DQG.LOOH3  &RQWURO
JHQHVLQTXDQWLWDWLYHPROHFXODUELRORJLFDOWHFK
QLTXHVWKHYDULDELOLW\RILQYDULDQFH&RPSDUD
WLYH%LRFKHPLVWU\DQG3K\VLRORJ\3DUW%%LR
FKHPLVWU\DQG0ROHFXODU%LRORJ\  
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>@.DKODRXL%+DFKLFKD00LVOH()LGDOJR
)DQG7HL[HLUD-  3K\VLRORJLFDODQGEL
RFKHPLFDOUHVSRQVHVWRWKHH[RJHQRXVDSSOLFD
WLRQRISUROLQHRIWRPDWRSODQWVLUULJDWHGZLWKVD
OLQHZDWHU-RXUQDORIWKH6DXGL6RFLHW\RI$JUL
FXOWXUDO6FLHQFHV  
>@8U5DKPDQ6%DVLW$$UD1DQG8OODK,
 0RUSKRSK\VLRORJLFDO5HVSRQVHVRI7R
PDWR*HQRW\SHV8QGHU6DOLQH&RQGLWLRQV*H
VXQGH3IODQ]HQ  
>@:DVWL60DQDD$0LPRXQL+1VDLUL$
,EWLVVHP 0 *KDUEL ( *DXWLHU + DQG %HQ
$KPHG +   ([RJHQRXV DSSOLFDWLRQ RI
FDOFLXPVLOLFDWHLPSURYHVVDOWWROHUDQFHLQWZR
FRQWUDVWLQJ WRPDWR 6RODQXP O\FRSHUVLFXP 
FXOWLYDUV-RXUQDORI3ODQW1XWULWLRQ  

>@+DJKLJKL0$ILILSRXU=DQG0R]DIDULDQ0
 7KHHIIHFWRI16LRQWRPDWRVHHGJHU
PLQDWLRQXQGHUVDOLQLW\OHYHOV-%LRO(QYLURQ
6FL  
>@6DEDJKQLD1DQG-DQPRKDPPDGL0  
*UDSKLF DQDO\VLV RI QDQRVLOLFRQ E\ VDOLQLW\
VWUHVV LQWHUDFWLRQ RQ JHUPLQDWLRQ SURSHUWLHV RI
OHQWLOXVLQJWKHELSORWPHWKRG$JULFXOWXUHDQG
)RUHVWU\3ROMRSULYUHGD L 6XPDUVWYR    

>@4DGRV$0$DQG0RIWDK$(  ,QIOX
HQFHRIVLOLFRQDQGQDQRVLOLFRQRQJHUPLQDWLRQ
JURZWK DQG \LHOG RI IDED EHDQ 9LFLD IDED / 
XQGHUVDOWVWUHVVFRQGLWLRQV$PHULFDQ-RXUQDORI
([SHULPHQWDO$JULFXOWXUH  
>@5RPHUR$UDQGD05-XUDGR2DQG&XDUWHUR
-  6LOLFRQDOOHYLDWHVWKHGHOHWHULRXVVDOW
HIIHFW RQ WRPDWR SODQW JURZWK E\ LPSURYLQJ
SODQWZDWHUVWDWXV-RXUQDO2I3ODQW3K\VLRORJ\
  
>@+DJKLJKL0DQG3HVVDUDNOL0  ,QIOX
HQFHRIVLOLFRQDQGQDQRVLOLFRQRQVDOLQLW\WRO
HUDQFHRIFKHUU\WRPDWRHV 6RODQXPO\FRSHUVL
FXP/ DWHDUO\JURZWKVWDJH6FLHQWLD+RUWLFXO
WXUDH
>@:DQJ:9LQRFXU%6KRVH\RY2DQG$OW
PDQ $   5ROH RI SODQW KHDWVKRFN SUR
WHLQV DQG PROHFXODU FKDSHURQHV LQ WKH DELRWLF
VWUHVV UHVSRQVH 7UHQGV ,Q 3ODQW 6FLHQFH   

>@.KDOLID 16   3URWHLQ H[SUHVVLRQ DIWHU
1D&OWUHDWPHQWLQWZRWRPDWRFXOWLYDUVGLIIHULQJ
LQVDOWWROHUDQFH$FWD%LRORJLFD&UDFRYLHQVLDV
%RWDQLFD  
>@'XEH\56DQG5DQL0  ,QIOXHQFHRI
1D&OVDOLQLW\RQJURZWKDQGPHWDEROLFVWDWXVRI
SURWHLQDQGDPLQRDFLGVLQULFHVHHGOLQJV-RXU
QDO2I$JURQRP\DQG&URS6FLHQFH  





>@0XUDVKLJH7DQG6NRRJ)  $UHYLVHG
PHGLXPIRUUDSLGJURZWKDQGELRDVVD\VZLWKWR
EDFFR WLVVXH FXOWXUHV 3K\VLRO 3ODQW  

>@<DOFLQ 1 DQG 6HYLQF 9   6WXGLHV RQ
VLOLFDREWDLQHGIURPULFHKXVN&HUDPLFV,QWHU
QDWLRQDO  
>@.DOERXVK =$ *DEU:(DQG+DVVDQ$$
  %LRJHQLF 6LOLFD1DQRSDUWLFOHV 6\QWKH
VLV &KDUDFWHUL]DWLRQ $QG $QWLIXQJDO $FWLYLW\
$JDLQVW7ZR5LFH3DWKRJHQLF)XQJL(J\SWLDQ
-RXUQDO RI $JULFXOWXUDO 5HVHDUFK    

>@/DHPPOL 8.   &OHDYDJH RI VWUXFWXUDO
SURWHLQVGXULQJWKHDVVHPEO\RIWKHKHDGRIEDF
WHULRSKDJH71DWXUH
>@/LYDN.-DQG6FKPLWWJHQ7'  $QDO
\VLVRIUHODWLYHJHQHH[SUHVVLRQGDWDXVLQJUHDO
WLPH TXDQWLWDWLYH 3&5 DQG WKH í ǻǻ&7
PHWKRG0HWKRGV  
>@+DMHU $6 0DOLEDUL $$ $O=DKUDQL +6
DQG $OPDJKUDEL 2$   5HVSRQVHV RI
WKUHHWRPDWRFXOWLYDUVWRVHDZDWHUVDOLQLW\(I
IHFWRIVDOLQLW\RQWKHVHHGOLQJJURZWK$IULFDQ
-RXUQDORI%LRWHFKQRORJ\  
>@6LGGLTXL 0+ DQG $O:KDLEL 0+  
5ROH RI QDQR6L2 LQ JHUPLQDWLRQ RI WRPDWR
/\FRSHUVLFXP HVFXOHQWXP VHHGV 0LOO  6DXGL
-RXUQDO2I%LRORJLFDO6FLHQFHV  
>@(O$EG 62 $EGHO0DZJRXG $05 6DV
VLQH <1 DQG $ERX+DGLG $)   (WK
\OHQHSURGXFWLRQDQG$PPRQLXPDFFXPXODWLRQ
LQWRPDWRSODQWVDVDIIHFWHGE\$PPRQLXPDQG
6DOLQLW\ VWUHVV DQG SUHVHQFH RI DQWLHWK\OHQH
(XURSHDQ -RXUQDO RI 6FLHQWLILF 5HVHDUFK 

>@$WWD$O\ 0$ (O%HOWDJ\ $6 DQG 6DOWYHLW
0(  (IIHFWRIVDOWVWUHVVRQWKHYHJHWD
WLYHJURZWKDQGGHYHORSPHQWRIWRPDWRSODQWV
,Q6\PSRVLXPRQ6RLODQG6RLOOHVV0HGLDXQGHU
3URWHFWHG&XOWLYDWLRQLQ0LOG:LQWHU&OLPDWHV
 0DUFK 
>@0DODVK 1 *KDLEHK $ <HR $ 5DJDE 5
DQG&XDUWHUR-  (IIHFWRILUULJDWLRQZD
WHUVDOLQLW\RQ\LHOGDQGIUXLWTXDOLW\RIWRPDWR
,Q,QWHUQDWLRQDO 6\PSRVLXP RQ 7HFKQLTXHV WR
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ABSTRACT

INTRODUCTION

The present study in directed to evaluate the
relative toxicity of six chemicals of different mode
of action, four Acaricides (abamectin, ethion,
chlorfenapyr and Cyhalothrin), one mineral oil (Nat1) and one plant extract (black cumin) against the
adult female mite, Tetranychus urticae and its predatory mite, Amblyseius fallacies using standardized
method for bioassay. The effects of sublethal doses
of these chemicals on some biological aspect of the
mite and its predator were also evaluated. Results indicated that abamectin was the most toxic compound
of LC50 value of 0.15 ppm, white black Cumin extract was the least one (47930. 18 ppm) to adult females of T. urticae, Also, results showed that
abamectin was the most effective chemical on A.
Fallacis while black cumin extract was the least
toxic compound to adult females of A. Fallacis. The
accumulated eggs deposited by the adult females of
mite T. urticae, results suggested that cyhalothrin
was the most effective compound on egg deposition
followed by ethion and abamectin. Nat - 1 and black
cumin extract had about the same effect on that character-Cyhalothrin was the most effective compound
on egg hatchability, while Nat-1 and black cumin extract were the least effective in egg hatchability.
Cyhalothrin and abamectin caused the highest decrease in prey egg consumption by the predator, the
most effective on predator egg production and
caused highly decrease in egg hatchability comparable to the control treatment - Nat - 1 and black cumin
extract were the least effective compounds in prey
egg consumption, predator egg production and predator egg hatchability.

The two-spotted spider mite, Tetranychus urticae is one of the most important pests in many cropping systems worldwide and the most poly phagous
species with in the family of the Tetranychidae. It's
host plants (nearly 800 plant species) comprise of
vegetables, fruits, crops and a wide range of ornamentals [1]. The greatest problem with this mite is
its ability to rapidly evolve resistance to pesticides
[2]. Control of T. urticae currently depends mainly
on the application of pesticides as evidenced by the
increasing demand and market value of Acaricides
[3]. In the pest’s control, biological control and natural product are important approach in control of
pests and protect the plants from the insects and plant
pathogens [4-12]. Biological control by predatory
mites has been used in some areas [13-17]. The use
of predatory mites of the family phytoseiidae had
proved effective control method in IPM programs
for controlling pest mites especially the two spotted
spider mite T. urticae [18]. Amblyseius Fallacies
(Garman) is an important phytoseiid mite on valious
crops [19], and it is a key predator for managing spider mites [20]. So, the present study was carried out
examine:
1. The toxic effect of tested compounds against
the adult females of the two spotted spider mite, T.
urticae and predatory mite A. fallacies.
2. The side effect of sub-lethal doses of tested
compounds on some biological aspects of spider
mite T. urticae (fecundity and hatchability of eggs)
and its predatory mite A. Fallacis (feeding behavion,
fecundity and hatchability for the predator).

MATERIALS AND METHODS
KEYWORDS:
Tetranychus urticae, Amblyseius fallacis, Abamectin,
ethion, chlorfenapyr, cyhalothrin, Nat- 1, black cumin extract

Prey Cultures. The two-spotted spider mite
Tetranychus urticae (Koch) was reared according to
Dittrich [21]. T. urticae colonies were obtained from
infested castor bean plants from Kafr El-Sheikh governorate and reared under laboratory conditions on
Castor beans, Ricinus communis (L.) plants. The
prey culture was kept at 25± 2 ஈC 16 hours photoperiod and 70±5 R.H. An artist brush (No. 0) was used
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Production of prey eggs. Red spider mite eggs
for use a prey were obtained by placing approximately 10 adult females T. urticae on a clean castor
bean leaf disc placed up on water-Soaked cotton
wool pad in a petri dish. Sufficient discs were set up
to provide enough eggs for the following day's experiments. The mites were allowed to oviposite overnight and were then removed. Eggs were transferred
to experimental arenas as required. Prey eggs were
never longer than 24 hours old at the start of an experiment. This ensured that they would not hatch
during the experimental period, which way never
longer than 72 hours, prey eggs were used rather than
other stages, firstly because they are easily collected
and handled, secondly because a proportion of motile stages might walk off the experimental arenas
making an accurate assessment of the numbers of
prey eaten difficult, and thirdly because eggs and
nymph have been shown to be the prey stages preferred by the predator [24].

to transfer mites from plant to another.
Predator culture. The predator Amblyseius
fallacis (Garman) was collected and describeol by
Garman [22], was reared on pollen grains of castor
bean (R. communis) plants as described by Overmeer
et al. [23]. The culture was kept under the same conditions of temperature and humidity and photoperiod
as T. urticae culture. This predator has been used
throughout the world for two spotted mite control in
green houses and crops for many years.
Chemicals used. Abamectin: is a mixture containing a minimum of 80% avermectin B, a (5-O-deinethyl avermectin A1a) and a maximum of 20%
avermectin B, b (5-O-deinethyl-25-de-(1-methylpropyl)-25-(1-methyl ethyl) avermectin A, a).
1. Ethion: O, O, O, O-tetraethyl 5,5-methylene bis phosphorodithioate).
2. Cyhalothrin: A reaction product comprising
equal quantities of (S)-2-cyano-3 phynoxy - benzy l
(Z) - (IR3R) 3 - (2 chloro - 3, 3, 3 - tri-fluropropeny
l - 2, 2- dimethyl cyclopropane carboxylate and (R)a-cyanophenoxy-benzyl(z)-(1S, 3S) -3 (2 - chloro 3, 3, 3 – trifluropropeny l - 2, 2- dimethyl cyclopropane-carboxylte.
3. Chlorfenapyr: 4-Bromo-2-(chlorophenyl)
ethoxymethyl-5(trifluromethyl)-1H-pyrrol-3-carbonitril-4-bromo-2-(4-chlorophenyl)-1-(ethoxymethyl-5-(trifluromethyl) pyrole-3carbonitrile.
4. Nat1: Mineral oil 96% EC.
5. Plant extract (Black cumin): An amount of
5 g black cumin seeds powder (Nigella sativum) was
extracted in 100 ml of absolute ethanol (75%), extraction runs over night followed by filtration.

Techniques for the assessment of tested compounds. The most important consideration with any
bioassay technique is that variation between tested
animals and between environmental conditions before, during or after testing should be minimized to
ensure that Consistent results are obtained. It detailed discussion of the most important biological
and environmental factors which might influence the
susceptibility of a test organism is given by Busvine
[25]. When testing pesticides during the course of
this study, care was taken to ensure that tested mites,
and experimental conditions and procedures were as
uniform as possible.
Toxicity of tested compounds to the adult female mites, T. urticae and its predator A. Fallacis.
The Toxic effects of tested chemicals to the adult female mites, T. urticae and its predator A. fallacies
were evaluated by the leaf disc dip technique according to Siegler, [26]. Mortality counts were made 24
hours after treatment. Correction for the control mortality was made by using Abbott's formula [27].
Dada was plotted on log dosage probit papers and
statistically analyzed according to Litchfield and
Wilcoxon [28].

Experimental techniques. Leaf discs are convenient means for providing experimental arenas of
standard size standardization of arenasize has the advantage that offering a Known number of preys automatically provides those preys at a fixed density
number / unit area). Discs can be cut so as to provide
more uniform surface with respect to feeding and
oviposition sites than whole leaves.
Preparation of discs. Castor bean discs were
cut using cork borer, so that they were bisected by
the midrib, and placed lower surface upper on watersoaked cotton wool bad in petri dishes. The size of
the disc varied depending on the nature of the experiment. In predation experiments, the required number of T. urticae eggs way then laid out on each disc.
Discs were left for one hour after which they were
checked in case of any prey eggs had been damaged
during transfer. Damaged eggs were replaced before
predators were introduced to the discs. Unless otherwise stated, leaf disc experiments were conducted at
25± 2 ஈc, with 16 hours photo period.

Effect of compounds residues on T. urticae
egg laying and its hatchability. The residual effect
of each tested chemical at LC25 level on adult prey
mites was evaluated according to Keratum et al.
[29].
Effect of compounds residues on egg consumption, egg laying and its hatchability by predatory mite A. Fallacis. The method which was
adopted by Keratum et al. [30] was used to evaluate
the effect of tested Compounds residues on egg consumption, egg laying and its hatchability by the predatory mite A. Fallacis.

10312

© by PSP

Volume 31– No. 10/2022 pages 10311-10318

Fresenius Environmental Bulletin

(Eq. 1)

(Eq. 2)

(Eq. 3)

(Eq. 4)

(Eq. 5)
Statistical analysis and equations:
1- Abbott's formula [27]: was used to correct
% mortality according to natural mortality. (Eq. 1)
2- The toxicity lines were statistically analyzed
according to Litchfield and Wilcoxon [28].
3- Selectivity ratio of tested compounds on
predator mites P. persimilis determined according to
Wilkinson [30]. (Eq. 2)

RESULTS AND DISCUSSION
Toxicity of tested compounds against adult
females of two-Spotted spider mite T. urticae.
Based on LC50 values Table (1) results indicated
that abamectin was the most toxic compound, followed by cyhalothrin and ethion to adult females of
T. urticae with LC50 values of 0.15, 39.27 and
760.47 ppm respectively. While chlorfenapyr and
Nat 1 have a moderate toxicity to adult females of T.
urticae with LC50 values of 3078.40 and 4508.83
ppm respectively. Black cumin extract was the least
toxic to adult females of T. urticae of Lc50 value
47930.184 ppm. The data in Table (1) showed that
abamectin as an acaricide was more toxic to adult females of T. urticae than the other compounds. The
obtained results are in agreement with the results obtained by [32,33].
Concerning the toxicity index at LC50 level, the
data in Table (1) confirmed that abamectin was the
most toxic compound to adult females of T. urticae
with toxicity index of 100, followed by a drastic drop
in toxicity index in case of cyhalothrin with toxicity
index of 0.39, while ethion, Chlorfenapyr, Nat 1 and
black cumin extract have poor toxic effects to adult
females of T. urticae of toxicity indexes of 0.02,
0.01, 0.003 and 0.0003 respectively.

4- Selectivity index (Eq. 3)
5- Egg mortality. The percentage of mortality
was calculated as follows:
Egg mortality = (a/b) x 100
Where:
a = Unhatched eggs
b = Number of total eggs which counted before
treatment with toxicant
1. Safety index of tested compounds on predator mite. (Eq. 4)
2. Toxicity index of tested compounds was determined according to Sun [31]. (Eq. 5)

TABLE 1
Toxicity of different compounds to adult females of two-spotted spider mite T. Urticae
Compounds
LC50 (ppm)
C.L for LC50
Toxicity Index*
Lower
Upper
0.15
0.12
0.19
100
Abamectin
760.47
735.91
784.29
0.02
Ethion
3078.40
1709.0
5046.62
0.01
Chlorfenapyr
39.27
34.58
43.75
0.39
Cyhalothrin
4508.83
3547.27
5309.29
0.003
Nat 1
47930.18
44193.50
51657.91
0.0003
Black cumin extract
*Toxicity index was calculated with respect to abamectin as the most effective compound.
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TABLE 2
Toxicity and toxicity parameters of different compounds to adult females of predatory mite A. fallacis
Compounds
LC50
C.L. for LC50
Toxicity
Safety in- Selectivity
Selectivity
Lower
Upper
(ppm)
index
dex
ratio (S.R)
index
0.0001
0.00003
0.0001
100
0.000006
0.00065
0.085
Abamectin
52.38
32.58
82.50
0.0002
3.28
0.069
8.97
Ethion
306.09
228.37
441.88
0.00003
19.14
0.099
12.96
Chlorfenapyr
30.13
16.77
87.24
0.0003
1.88
0.767
100.00
Cyhalothrin
943.85
670.63
1185.74
0.00001
59.02
0.21
27.28
Nat 1
1599.14 1263.42 2137.45
0.000006
100.00
0.03
4.35
Black cumin
extract
Toxicity index was calculated with respect to abamectin as the most effective compound.

different tested compounds to adult females of predatory mite A. Fallacies, Nat 1 and black cumin extract are the safest compounds to adults of predatory
mite A. fallacies while Cyhalothrin has the highest
selectivity index and highest selectivity ratio in spite
of it's safety values, so it can be recommended in
IPM programs. Abamectin has the least values of selectivity index and selectivity ratio and its low safety
index make us to keep it in mined under certain conditions (in case of rare predators with high level of
phytophagous mites). The present data are accessional in agreement with that of others investigators
who showed the toxicity of the tested compounds
against adult females of predatory mite A. fallacis

Toxicity of tested compounds to adult females predatory mite A. Fallacis. The data in Table
(2) showed that abamectin was the most effective
with LC50 of 0.0001 ppm, followed by cyhalothrin
and ethion with LC50 values of 30.13 and 52.38 ppm
respectively, while chlorfenapyr and Natl have a
moderate toxic effect with LC50 of 306.09 and
943.85 ppm respectively. Black cumin extract was
the least toxic compound to adult females of A. fallacis of LC50 value of 1599.14 ppm. Based on LC50
values in table (2) the data showed that abamectin
and cyhalothrin were more toxic to adult females of
A. fallacis than ethion and chlorfenapyr but black
cumin extract was the least toxic one, while the mineral oil Nat1 was more toxic than black cumin extract. Concerning the toxicity index at LC50 level, the
data in Table (2) confirmed that abamectin was the
most toxic compound to adult females of A. fallacies
with toxicity index of 100. Cyhalothrin and ethion of
0.0003 and 0.0002 respectively. chlorfenapyr and
Nat-1 have low toxic effect to adult females of A.
fallacies with toxicity indexes of 0.00003 and
0.00001 respectively, while black cumin extract was
the poorest toxic compound to adult females of A.
fallacies with toxicity index 0.000006. [34-36].
The safety index, selectivity index and selectivity ratio values in Table (2) showed that black cumin
extract is the safest compound to adults of predatory
mite A. fallacies with safety index of 100, followed
by Nat- 1 with safety index 59.02, while
chlorfenapyr, ethion and cyhalothrin were of moderate safety effect on adults of A. fallacies with safety
indexes of 19.14, 3.28 and 1.88 respectively. But
abamectin was of the least safety with safety index
of 0.000006. These results confirmed that cyhalothrin appeared to be of high selective effect on predatory mite A. fallacies with selectivity ratio of 0.77
and selectivity index of 100. Nat - 1, chlorfenapyr,
ethion and black cumin extract have a moderate selective effect with selectivity ratio of 0.21, 0.099,
0.069 and 0.03 for A. fallacies, and selectivity index
values of 27.28, 12.96, 8.97 and 4.35 for A. fallacies.
Abamectin has the lowest selective effect with selectivity ratio of 0.00065 and selectivity index of 0.085.
Reviewing the above results about the toxic effect of

Effect of compound's residues on the biology
of mites. Effect of compound's residues on the biology of two spotted spider mite T. urticae
Effect of compound's residues on egg deposition by the adult females of T. urticae. From the
mean number of eggs deposited by adult female
mites T. urticae on smole plants treated by different
compounds (Table 3), results suggested that cyhalothrin was the most effective compound on egg deposition followed by ethion and abamectin. While
chlorfenapyr, Natl and black cumin extract had a
moderate effect on that character and were about
similarly effective in reducing mite fecundity. In
general, the effect of different compounds can be arranged descending as follows:
cyhalothrin > ethion > abamectin >
chlorfenapyr > Nat1 > black cumin extract > control.
Several studies were carried out on the effect of
different compounds on mite biology indicated that
these compounds always showed positive effect on
egg deposition of the prey. The obtained results are
in agreement with that reported by some researchers
[37-39].
Effect of compound's residues on eggs hatchability of two-spotted spider mite T. urticae. The
data were shown in Table (4) indicated that all compounds caused decreased in egg hatchability comparable to the control treatment. In general, the effect
of different compounds (Table 4) can be arranged
descendingly as follows:
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Abamectin
Ethion
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Black cumin
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Volume 31– No. 10/2022 pages 10311-10318

Fresenius Environmental Bulletin

TABLE 3
Effect of different compound’s residues on egg deposition of T. urticae:
No of eggs deposited 1s adults
1st day
2nd day
3rd day
4th day
5th day
27.75± 0.96a
28± 1.41a
29.25± 0.96a 32.25± 0.96a 35.75± 0.96a
11.5± 1.00e
14± 0.82e
16.25± 0.96e 21.25± 0.96d 25.75± 1.50c
8± 0.82f
10.25± 0.50f 12.75± 0.96f 18.75± 1.23e
20± 1.83d
14.5± 0.58d
17± 0.82d
20.75± 0.96d
24± 0.82c
28.25± 0.96b
5.25± 0.96g 6.25± 0.96g 11.25± 1.70f 13.25± 1.50f 18.25± 1.50d
16.5± 2.08c
19± 1.41c
22.5± 1.29c 24.75± 1.26c
29± 1.15b
21.5± 0.58b 22.5± 0.58b 24.24± 0.50b
28± 1.41b
34± 2.70a

General
Mean
30.6± 0.00a
17.75± 0.36e
13.95± 0.74f
20.9± 0.53d
10.95± 1.24g
22.35± 0.80c
25.95± 0.59b

TABLE 4
Effect of different compound’s residues on hatchability of spider mite T. urticae:
Compounds
No of eggs deposited 1s adults
General
Mean
1st day
2nd day
3rd day
4th day
5th day
Control
Abamectin
Ethion
Chlorfenapyr
Cyhalothrin
Nat 1
Black cumin
extract

13.75± 0.5e
22.5± 2.08b
24.75± 0.50a
20± 0.82c
25± 0.00a
18.50± 1.29cd
18.25± 0.96d

10± 1.83d
17± 1.83b
21.75± 2.99a
15.50± 058bc
24± 0.82a
13.25± 2.63c
13.25± 0.96c

4.75± 0.96e
15.25± 0.96b
17± 1.83b
13± 0.82c
19± 0.82a
7.7± 1.26d
7.50± 1.73d

1.25± 0.96f
12± 1.15c
13.75± 1.50b
10.75± 0.96c
16± 0.00a
7± 1.15d
3.25± 0.50e

0.25± 0.50e
9.5± 0.58c
11.75± 1.26b
9.5± 0.58c
14.5± 1.29a
5± 0.82d
1± 0.82e

6± 0.73g
15.25± 0.41c
17.80± 1.14b
13.75± 0.53d
19.7± 0.20a
10.30± 1.10e
8.65± 0.25f

Hatchability
%
76.00
39.00
28.80
45.00
21.20
58.80
65.40

TABLE 5
Effect of different compound’s residues on number of T. urticae eggs consumed, number of eggs laid and
number of eggs hatched by the predatory mite A. fallacis
Compounds
No. of consumed eggs
Average
Deposited eggs / adult/ day
Average
/adult/ day
1st day
2nd day
1st day
2nd day
Control
10.75±
10.25±
10.5± 0.91a
3.25± 0.50a
3.5± 0.58a
3.38± 0.48a
0.96a
1.50a
Abamectin
2.75±
3.25± 0.96d 3.0± 0.70f
0.50± 0.58c
1.25± 0.50b
0.88± 0.25c
0.50de
Ethion
3.5± 0.58d 4.5± 0.58cd 4.0± 0.40e
1.5± 0.58b
1.75± 0.50b
1.63± 0.25b
Chlorfenapyr
5.5± 0.58c 5.25± 0.96c 5.38± 0.63d 1.75± 0.50b
2.00± 0.82b
1.88± 0.25b
Cyhalothrin
2.25± 0.50e 3.25± 0.50d 2.75± 0.50f
0.50± 0.58c
1.5± 0.58b
1.00± 0.40c
Nat 1
8.00± 0.82b 7.00± 0.82b 7.50± 0.58c 2.00± 0.00b
3.25± 0.50a
2.63± 0.25a
Black cumin 9.00± 0.82b 9.00± 0.82a 9.00± 0.40b 2.75± 0.50a
3.25± 0.50a
3.00± 0.40a
extract
Compounds
Predator eggs un-hatching at
Average
Hatchability %
1st day
2nd day
Control
0.00± 0.00f
0.50± 0.58e
0.25± 0.29e
97.5
Abamectin
8.5± 0.58b
8.0± 0.82a
8.25± 0.65a
17.5
Ethion
7.5± 1.00c
7.00± 1.16ab
7.25± 0.50b
27.5
Chlorfenapyr
6.5± 1.00d
6.00± 0.82bc
6.25± 0.65c
37.5
Cyhalothrin
9.75± 0.50a
8.25± 1.26a
9.00± 0.70a
10.0
Nat 1
6.00± 0.00d
5.00± 1.16cd
5.5± 0.58c
45.0
Black cumin
4.25± 0.50e
3.75± 0.50d
4.00± 0.40d
60.0
extract
cyhalothrin > ethion > chlorfenapyr > Natl >
black cumin extract > control.
From the percent hatchability as shown in Table (4), results suggested that cyhalothrin was the
most effective compound on egg hatchability

(21.2%) followed by ethion and abamectin (28.8 and
39%). While chlorfenapyr had a moderate effect on
that character (45%). Nat1 and black cumin extract
were the least effective in egg hatchability (58.8 and
65.4%). The obtained results are in agreement with
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the results obtained by Ismail et al. [40].
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egg consumption and predator oviposition. This relation may take the linear appearance if it was free
from any disruptive factors. The presence of chemicals on leaf discs which is considered a disruptive
factor may be coincide with the unsuitable structures
of the host plant leaves to increase the above-mentioned disruption leading to disturbed relation between egg consumption and predator egg deposition.

Effect of compound's residues on the biology
of predatory mite A. Fallacis. Effect of compound's residues on feeding capacity of predatory
mite A. Fallacis. The data of this study shown in Table (5) indicated that most of tested compound's residues caused in prey egg consumption comparable to
the control treatment. It is apparent from the calculated average number of eggs consumed by one adult
predator through the first and second days, that
cyhalothrin and abamectin were the most effective
compounds that reduced the prey egg consumption
(2.75 eggs/adult/day) for cyhalothrin and 3.0
eggs/adult/day for abamectin comparable to control
of 10.5 eggs/adult/day, followed by ethion
(4.0eggs/adult/day)
and
chlorfenapyr
(5.38
eggs/adult/day). While Nat1 and black cumin extract
were the least effective compounds in this respect
but
not
similar
to
control
treatment
(7.50eggs/adult/day and 9.0 eggs/adult/day) respectively. The presence of a pollutant (chemical) and
morphological features of the host plant may disturb
the searching activities of the predator to find it's
food material (egg stage). In spite of the egg stage of
spider mite is the main food of the predator A. fallacis, the leaf surface may have a negative or positive
chemical stimuli that determine or evaluate the contact process. Renwich and Redke [41] stated that visual stimuli may play a role in landing process on
plant leaves. This step may also decide, for a certain
extent, the rate of egg consumption of the prey mite
by the predator.

Effect of compound's residues on number of
eggs hatched of predatory mite A. fallacis. The
hatchability of predator eggs was shown in Table (5)
and exhibited that the safest compounds were black
cumin extract and Nat1 (60.0 and 45%) that allowed
the predator's eggs to hatch to produce the next
stages necessary to complete the biological agent to
minimize prey populations. The data in Table (5)
also indicated that cyhalothrin and abamectin were
the most effective compounds on hatching of eggs.
produced by the predator mite (10.0 and 17.5 %)
comparable to control treatment (97.5%). Ethion and
chlorfenapyr were of moderate effect on predator's
egg hatchability (27.5 and 37.5%). The obtained results are in agreement with their recorded by many
investigations [3,42].
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years, hyperspectral remote sensing has the advantages of high spectral resolution, strong continuity of band, fine spectral information and so on [5,6],
and has wide application prospect in rapid soil physical and chemistry content acquisition [7-9].
In order to overcome the shortcomings of
chemical analysis methods, researchers chose visible
and near infrared spectroscopy to improve the efficiency of soil element content detection [10-12]. By
combining the visible/near-infrared spectral analysis
technology and the element content of the sample to
establish a prediction model, the detection and analysis of unknown soil samples can be quickly realized, and the original samples will not be polluted,
and the analysis process is safer [13,14]. Liu et al established a spectral analysis model of soil nitrogen
content based on particle swarm optimization and
convolutional neural network. The method has
higher prediction accuracy, the coefficient of determination of the test set is 0.9707, the root mean
square error is 0.8818, and the relative analysis error
is 5.88 [15]. Wang et al. collected the spectra of 75
paddy soil samples in Wuzhong area of Ningxia, and
used Savitzky Golay smoothing (SG smoothing),
multiple scatter correction (MSC), and standard normal variate (SNV) spectral data for preprocessing..
Studies have shown that genetic algorithm (Genetic
gorithms, GA), continuous projection algorithm
(Successive projections algorithm, SPA), competitive adaptive reweighted algorithm (Competitive
adaptive reweighted Sampling, CARS), random frog
leap (Random frog, RF) can be Effectively reduce
the number of wavelengths involved in modeling,
and the continuous projection algorithm is superior
to full-spectrum modeling. The number of selected
wavelengths is only 1% of the number of full-spectrum wavelengths. Its prediction coefficient of determination (R2), prediction root mean square error and
relative analysis The error values are 0.726, 3.616,
1.906 respectively [16]. Liu et al. used different
methods to preprocess the soil spectrum, and found
that wavelet denoising combined with far-scattering
correction can effectively eliminate the noise and
background information of the original spectrum.
Dimension, the least squares support vector machine
regression algorithm (LS-SVR) was used to establish

ABSTRACT
Soil nitrogen supply capacity is not only an important indicator for evaluating soil fertility, but also
an important basis for estimating the amount of nitrogen fertilizer. In this study, the farmland soil of
the Weihe Plain in Shaanxi Province was taken as
the research object. The samples were air-dried indoors, ground and sieved, and spectral information
was obtained by ASD spectrometer. In order to extract the spectral characteristic information of soil nitrogen, Different Differential Transforms were carried out to deal with the reflectance, and the correlation with nitrogen content was analyzed. Based on
the characteristic information obtained by different
treatment methods, partial least squares was used to
establish the spectral prediction model of soil nitrogen content. The results show that different preprocessing methods can effectively improve the spectral
signal-to-noise ratio. Combined with the correlation
analysis method, the spectral information of soil nitrogen can be effectively obtained. The maximum
correlation coefficient is 0.61. The prediction model
established based on SNV and SD has the best stability, Rc2 = 0.6639, RMSEC = 0.0837; Rv2 =
0.7443, RMSEP = 0.0920. This study is of great significance for the rapid monitoring of soil nitrogen
content in the Weihe Plain.

KEYWORDS:
Soil nitrogen, Spectroscopy, Partial Least Squares Regression, Weihe Plain

INTRODUCTION
Nitrogen is an important nutrient element in the
soil and is an important indicator of soil fertility and
nitrogen nutrition [1,2]. Traditional soil nitrogen determination methods include potassium dichromate sulfuric acid digestion[3], perchloric acid - sulfuric
acid digestion. Although the accuracy is high, the results are stable, but because of its long measurement
time, more supplies, it is difficult to obtain real-time
nitrogen content in the field and other shortcomings
affect the measurement efficiency [4]. In recent
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the soil nitrogen content estimation model, the calibration set and prediction set R2 were increased to
0.921 and 0.917, respectively, with higher accuracy
than the PLS algorithm [17].
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and steps, and different forms of spectral processing
are required. The commonly used processing includes outlier removal, spectral enhancement, spectral smoothing and denoising.
In the process of studying the visible light-near
infrared spectrum, both the test spectral data and the
chemical properties should be used to identify and
eliminate abnormal samples. The methods commonly used to remove outliers are: standard deviation method, principal component analysis method,
Mahalanobis distance and box plot [21]. Mahalanobis distance refers to the distance from each sample
point to the sample center, that is, the covariance distance of the data. A sample with too large Mahalanobis distance can be considered as an abnormal sample, and a large Mahalanobis distance indicates that
the regression model is more dependent on the sample. Mahalanobis distance can exclude the influence
of the correlation between dimensions and samples,
while exaggerating the contribution of small variables.
Use the ViewSpecpro to remove the jump spectrum curve and calculate the average as the actual reflection spectrum of the soil sample. In order to eliminate the influence of scattering between soil samples, the average reflectance spectra (Normalization,
NOR), Multiplication Scatter Correlation (MSC),
Standard Normal Variation (SNV) treatment [2224].
The original spectral spectrum was optimized
by standard normal variable transformation, and the
chromatogram information was purified. Differential transformations can improve the band resolution
and sensitivity, greatly reducing the noise generated
in different test backgrounds. In this study, the second deviation transformation of the first deviation
and the reciprocal logarithm of the reflectance was
given as follows: differential, second order differential, reflectance reciprocal logarithm, reflectance reciprocal logarithm logarithm [25,26].

MATERIALS AND METHODS
Sample collection and data processing. In
this study, the soil samples were collected according
to the "S" -shaped sampling method. The sampling
depth was the thickness of the tillage layer, usually
0-30cm. A total of 44 soil samples were sampled.
After the sample was air-dried, the samples were
weighed and dried in 0.149mm 1.0 ~ 3.0g, Semitrace Kjeldahl method for the determination of total
nitrogen [18], the statistical results shown in Table
1:
Spectral data determination. The reflectance
spectrum data of soil samples were measured by
ASD Fieldspec4 spectrometer from ASD (Analytical
Spectral Devices). Realize the design of high-precision full-band VNIR spectroscopy, it optimizes the
spectral data collection workflow, is more portable
and easier to operate, it is a truly portable, full-band
visible-NIR spectrometer, with faster speed and data
It is more accurate and easier to operate, and it is an
easier method to collect full-band spectral data at
present [19,20]. Contact probe for soil spectrum
measurement by the external stray light interference
less, you can get more accurate data. In this study,
soil reflectance spectroscopy was performed in the
field using a high density reflective probe equipped
with an ASD Field Spec HR spectrometer. The
wavelength range of the spectrometer is 350 ~ 2500
nm, the sampling bandwidth is 1.3 nm (350 ~ 1000
nm) and 2 nm (1000 ~ 2500 nm), and the sampling
interval is 1 nm. High-density reflective probes can
effectively avoid the effects of soil stray light and
eliminate the effects of weather. 2cm front view area
can avoid the soil in the stone tablets, crop roots.
Pour the soil sample to be tested into the petri
dish, the height is higher than the wall of the dish,
and then use a ruler to scrape the upper surface of the
petri dish. Place the petri dish on the observation
platform, press the instrument collection window on
the sample, keep the sample and the instrument stable, press the instrument trigger once and release it.
After collecting the soil sample spectrum, pour the
soil sample in the petri dish back into the soil sample
storage bag, clean the instrument collection window
and petri dish, and repeat the collection of the next
soil sample.
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Modeling and inspection. Partial least squares
regression (PLSR) is a new method of multivariate
statistical data analysis, which solves the problem
that the number of samples is less than the number
of variables, and reduces the height between the variables. Linear correlation problem, PLSR in the
spectral dimensionality while taking into account the
role of the target variable matrix, effectively combined with the regression.
In this study, the abnormal samples were removed by Mahalanobis distance method, 70% was

Spectral data processing. Use the built-in
software of the spectrometer to view and store the
sample data, and output the data to the third-party
software ViewSpecPro for subsequent processing.
At this time, the spectral curve still has certain noise
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selected as the modeling group and 30% as the verification group. The prediction model was validated
by using the one-way cross validation. The model results are verified by the decision factor R2 and the
root mean square error RMSE.
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forming several undulations. Among them, there are
three obvious moisture absorption valleys near 1400
nm, 1900 nm and 2200 nm, mainly because the
moisture absorbs the nearby electromagnetic waves.
Correlation analysis of soil TN and reflectance. In order to deeply analyze the sensitive bands
of soil nitrogen, this study used SPSS correlation
analysis method to conduct correlation analysis on
soil total nitrogen content and spectral reflectance,
and screened the characteristic bands of soil total nitrogen. Correlation analysis refers to the analysis of
the degree of linear correlation between two or more
variables to determine whether or not there is a correlation between the variables, and the correlation
coefficient is used to measure the correlation.
Compared with the original reflection spectrum, the reflection spectrum of the differential
transformation, the correlation significantly improved. The original reflectance was negatively correlated with soil total nitrogen content in the range
of 350-2500 nm, reaching a maximum at -0.23 in
2010 nm. There was a positive correlation between
the total nitrogen and the first deviation of reflectance at 1428nm, 1982nm, 1963nm, 2204nm and
2307nm. The correlation coefficient was the highest
at 1982 nm, which was 0.56. The correlation coefficients of soil total nitrogen and reflectance second
deviation at 1114nm, 1470nm, 1967nm, 2372nm and
2402nm are all 0.5 or more, and the maximum value
is 0.61 at 1967nm (Figure 2).
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RESULTS
Soil TN spectroscopy. Figure 1 shows the
spectral curves of the total nitrogen content in 44 soil
samples, and the trend of each spectral curve is approximately the same. Compared with different total
nitrogen content of the spectral curve, the higher the
total nitrogen content, the lower the spectral reflectance. In the range of 350 ~ 568nm, the reflectivity
increases rapidly with the increase of wavelength,
and the curve is steep. In the range of 535 ~ 781nm,
the curve growth trend is slightly slowed down. 781
~ 1350nm and 1495 ~ 797nm range, the reflectivity
gradually increased, but the trend is relatively slow.
The slope of the near-infrared band varies unevenly,

Indicator
TN

Samples
44
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TABLE 1
Descriptive statistics of TN in soil samples
Maximum
Minimum
Average
1.60
0.61
1.35

Standard error
0.16

0,6

Reflectance

0,5
0,4
0,3
0,2
0,1
0
350

850

1350

1850

Wavelength (nm)
FIGURE 1
The characteristics of spectral curves of different TN content
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0,6

R
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FIGURE 2
The Correlation of TN content based on different transformations
soil heavy metal spectral inversion model, the following conclusions are obtained:
Compared with the original reflection spectrum, the reflection spectrum of the differential
transformation, the correlation significantly improved. There was a positive correlation between
soil total nitrogen and first order differential of reflectance, and the correlation coefficient was the
highest at 1982 nm, which was 0.56. There was a
significant positive correlation between soil total nitrogen and second order differential of reflectance,
the maximum value was 0.61 at 1967 nm.
The prediction model based on SNV and SD
works best, the coefficient of calibration and validation were 0.6639 and 0.7443, respectively. The mean
square error of the model is 0.0837 and 0.0920.

Prediction Model. The partial least squares regression model and the principal component regression model were established with the original reflectance (Table 3, Figure 3), first and second deviation
and reflectance reciprocal logarithmic correlation
coefficient as independent variables and total nitrogen content as dependent variables. Comparing the
results of the two modeling methods, we can conclude that the two models based on the reciprocal
logarithm of reflectivity are the worst. In the PLSR
model modeling group, the second-order differential
model based on the reflectivity is the best, Rc2 =
0.7882, RMSEC = 0.0689, but its prediction effect is
poor, Rv2 = 0.4559, RMSEP = 0.112. In contrast,
based on the model established by 13 transformations, it can be concluded that the model with the
second order differential after SNV transformation is
the best, Rc2 = 0.6639, RMSEC = 0.0837; Rv2 =
0.7443, RMSEP = 0.0920.
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CONCLUSIONS
In this study, by comparing the effects of different pre-treatment methods on the establishment of
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TABLE 2
The result of regression based on different pre-treatment methods.
Calibration
Validation
Pre-treatment
Rc2
RMSEC
Pc
Rv2
RMSEP
0.112
0.4135
7
0.0975
0.4915
S+C
0.0896
0.5882
4
0.0884
0.6136
C+FD
0.112
0.4559
4
0.0689
0.7882
C+SD
0.116
0.4177
10
0.0975
0.4913
C+LOG
0.0992
0.6337
5
0.0949
0.5311
NOR+FD
0.0981
0.6470
7
0.0889
0.6081
NOR+SD
0.105
0.4874
9
0.101
0.4356
NOR+LOG
0.107
0.5901
1
0.0964
0.5096
MSC+FD
0.128
0.2021
7
0.0952
0.5262
MSC+SD
0.0920
0.6666
6
0.102
0.4216
MSC+LOG
0.0997
0.6370
6
0.0953
0.5249
SNV+FD
0.0920
0.7443
8
0.0837
0.6639
SNV+SD
0.0958
0.6165
4
0.102
0.4148
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FIGURE 3
Comparison between measured and predicted of soil TN content
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tively, at all levels of irrigation. The operating efficiency for solar pumps was 64.4%, while it was 50
and 55% for electric and diesel pumps, respectively.
Also, the annualized life cycle cost for a solar pump
was 87434.52 L.E/year, whereas it was 260172.62
L.E./year and 111651.41 L.E./year for electric and
diesel pumps, respectively.

ABSTRACT
The need for water to irrigate crops is increasing because water is an essential source of life for
humans and one of the most basic requirements for
crop production. Irrigating crops at the appropriate
time is necessary for sustainability and farm productivity. Even when there is rain, crop survival and
productivity have been shown to benefit from lifesaving irrigation during a lengthy dry spell. Due to
groundwater depletion below the critical zone, energy-intensive irrigation pumping is not a viable option in most sections of the country. As a result, utilizing existing runoff water via surface storage systems and pumps may be a realistic method for
achieving the aim. As a result, the operation of the
system necessitates the use of a stable power source.
Therefore, water must be provided in various ways,
especially in surface irrigation areas, through the improvement of field irrigation projects in the old
lands, improving the field irrigation systems, and
maximizing the utilization of the land and water
units, in addition to work to increase water and crop
productivity. There are different types of irrigation
pumps, like solar, electrical, and diesel pumps, and
there are advantages and disadvantages to each of
them. Reliance on conventional diesel or electricity
is reduced when using solar water pumping as the
diesel pump requires expensive fuel, which results in
noise and air pollution. So solar photovoltaic (PV)
pumps are rapidly becoming more attractive than traditional electrified and diesel-operated pumps.
Therefore, in this research, water quantity, operating
efficiency, annual life cycle cost (ALCC), and energy were compared for an irrigation system without
development (control) and a development irrigation
system by using different energy sources (electric,
diesel, and solar), in addition to studying the effects
of these systems on the productivity of the corn crop
in Kafr El Duweir, Buhaira Governorate, during the
period from 2020 to 2021. The results showed that
water quantity for the control pump was 5111.60
m3/fed while it was 1346.63, 1228.44, and 1076.36
m3/fed for diesel, electric, and solar pumps, respec-

KEYWORDS:
Improved irrigation, corn productivity, Electrical Station,
Pump efficiency, Water quantity

INTRODUCTION
Irrigation is an essential operation in farming
and the energy requirement for irrigation is primarily
available from conventional energy sources like diesel fuel, but due to constraints like high operating
costs and uninterrupted supply, there is a decrease in
the productivity of agriculture and, in extreme cases,
loss of crop due to unavailability of power for irrigation. Also, conventional sources cause a carbon foot
print, which leads to global warming and other harmful effects. A solar water pump could be the best solution. According to [1] a solar-powered pumping
system generally costs more initially than a gas, diesel, or propane-powered generator, but requires far
less maintenance and labor. [2] Showed that the total
initial cost, operation, maintenance, and replacement
cost of a diesel pump are three times higher than that
of a solar photovoltaic (PV) pump. Egypt enjoys a
privileged position in terms of solar energy. In 1991,
the Solar Atlas of Egypt indicated that it enjoys
2900–3200 h of sunshine per year with a direct annual natural energy density between 1970 and 3200
kW/m2. Energy is a major driver of modern economic development according to [3] .Hence, it was
necessary to maximize the use of solar energy available in Egypt and to use it for irrigation. The solar
powered water pumping system increases the efficiency of energy and water used compared to conventional irrigation methods which is in agreement
with the results of [4]. PV pumping is one of the most
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potential applications of solar energy, given the lack
of grid electricity in rural and distant places. The
technology is comparable to any other traditional
water pumping system, with the exception that it is
powered by solar energy. PV water pumping has
grown in popularity in recent years as a result of the
lack of energy and the rise in diesel prices. Pumped
water flow rates are determined by solar irradiation
and the size of the PV array. A correctly constructed
PV system leads to significant long-term cost savings when compared to traditional pumping systems.
In addition, tanks can also be used to store water instead of batteries, which are used for electricity storage [5]. Photovoltaic pumping systems are capable
of handling a wide variety of water needs. Most of
these systems can also store water for usage when
the sun isn't shining. That also eliminates the need
for batteries, simplifies the system, and reduces
costs. Many people who think of installing a solar
water pumping system are put off by the expense.
However, showing the expenses over a period of 10
years gives a more accurate idea of the actual cost.
By comparing installation costs (including labor),
fuel costs, and maintenance costs over a 10-year period, you may find that solar is an economical option.
Many studies have been conducted to examine the
performance of solar-powered water pumps. [6]
Studied the water demand of crops and the requirement of solar power. As solar and wind are present
in abundance everywhere and can be directly consumed without anyone permissions, eco-friendly as
they don’t leave out any wastage, due to these reasons, they are proving to be the most promising
power generating resources in local power due to
their topological advantages [7]and [8]. Several renewable energy sources can be used for water pumping, but solar has gained high popularity as it is available most of the places even in remote locations,
which decreases the dependency on-grid and diesel
for the driving of the pump. Solar energy is clean and
available everywhere in abundant form, as availability and water demand are directly interrelated [9].
Maize production and quality are influenced by a variety of environmental, cultural, and genetic factors
[10]. More information is needed for maize growers
on how different water supply regimes affect grain
yield, dry matter yield, and yield components like
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plant height, ear weight, and 1000 kernel weight.
The fact that water stress has different impacts on
growth and yield according to the variety is well recognized. Furthermore, drought sensitivity varies
with developmental stage [11]. Even a limited amount of irrigation–water provided at various
phases of maize growth–can greatly boost grain
yields. However, according to [12] planning deficit
irrigation for maize without reducing production is
difficult. Deficit irrigation during any growth stage
of the maize crop resulted in lower dry matter, grain
yields, seasonal evapotranspiration and deep percolation according to [13]. Accordingly, this research
was conducted to study the effect of an improved irrigation system using different energy sources on the
productivity of maize crop.

MATERIALS AND METHODS
This experiment was conducted to manage the
improved irrigation system by analyzing the performance and costs of development irrigation by using
different energy sources (solar, electric and diesel)
and irrigation without development (control) and
their effects on the productivity of the corn crop in
Kafr El-Dawer, Behara governorate, during the period from 2020 to 2021.
Materials. Solar PV Station. A solar PV system consists primarily of i) PV panels, ii) mounting
structure, and iii) pump unit (AC).Nominal pumping
capacities are 10 HP and 45 l/sec with a head of 13
m, 7.5 kW power, a suction diameter of 150 mm, and
a receiver diameter of 250 mm (iv).inverter reciprocating electric meter to connect with national electricity. The station serves 40 feddan, called Al-Afera
4. It contains 48 solar modules. The PV array has a
capacity of 14.4 kW /hours at peak with a tilt angle
of 20oC. The PV array has an arrangement for orienting the panel towards the south. The specification
of solar panel showed in Table 1.
Solar Power Inverter. This device converts
direct couple (DC) to alternating current (AC) and
connects with the solar running board.

TABLE 1
Specification of solar panel.
Items
Power (P max)
Open circuit voltage (VOC)
Short circuit current (ISC)
Current at maximum power (IPM)
Voltage at maximum power (VPM)
Application Class
Permissible system voltage
Irradiance
Temperature
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value
±
3%
45.35
8.93
8.36
35.87
A
1000 VDC
1000 w/m2
O
25 C and AM =1.5
300
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A combiner box. A combiner box is used to
make wiring safe if more than one panel is used. The
circuit breakers were installed in the box for a safe
and quick shut off of the panels in case servicing was
required by the system. The circuit breakers can also
be used as switches for turning the pump on and off

Cost per fed. (L.E) =
܉܍ܚ܉ ܖܗܑܜ܉ܜܛ
Life-cycle cost analysis. All future costs (C)
are converted to present worth considering the relative rate of inflation and discount rate [14].
n
(1+i)

Electrical Station. This station contains electric motor pumps with nominal pumping capacities
of 15 HP with a head of 15 m, suction head of 150
mm for (60 L/s) delivery head of 250 mm.

PW = C *
(1+ d)
Where,
PW: is the present worth of any future cost.
i: is the relative rate of inflation.
d: is the discount rate per year.
n: is the time period in years.
To calculate the annuity of the total cost, the
annuity factor (AF) was calculated for a period of the
life cycle of the pump as follows [14].

Diesel Stations. The diesel station contains
pumps (kirloskar) with a suction head of 250 mm (60
L/s) and a delivery head of 250 mm. three diesel engines for a comparison period of photovoltaic and
electricity of 25 years.
Methods. Pump efficiency.
௧௨ ௗ௦
ȘSXPS =
୬୭୫୧୬ୟ୪ ୢ୧ୱୡ୦ୟ୰ୣ

Power consumption.
Power consumption = tariff (L.E) * Number of (kW)


Water flow rate. Q =

Where,
Q: flow rate (m³/ min).
V: water quantity (m³).
T: irrigation time (min).
Fixed costs. CRF =

(ଵା )
(ଵା ) ିଵ

Productivity. Corn was planted in the experimental field in Kafr El-Dawer, Behara governorate
from June to October 2020-2021. The soil type was
clay loam. The plot size was 3 m * 3.5 m (10.5 m 2)
and was irrigated with PVC pipes with a spacing of
70 cm * 25 cm. Corn was harvested in October 2021

CRF= capital recovery factor.
i = interest rate = 10 %.
n = estimated life years.
Variable cost: parameters of variable costwere presented in Table 2
Labor (The operator’s salary is about 10 LE/h.).
Total cost = fixed cost+ variable cost.

Description
Maintenance cost
Replacement cost

Operational cost

TABLE 2
Parameters of variable cost.
Solar PV pumping
Electrified pumping
1% of the capital cost
1% of the capital cost
at 8th year and 16th year
at 8th year and 16th
year
Inverter (at 10th year
and 20th year)
1.00 kWh with
0.0
escalated price of 5% and
average hours of operation
in a year is 12 hours per
day for 200 days)
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Diesel pumping
5% of capital cost
at 6th, 12th and 18th
year

= 200 days * 12 h.
/day, Diesel price=
6.75 L.E / liter Energy
value of diesel = 10.5
kWh/ liter, Diesel
pump efficiency = 3035% Energy generation by the diesel pump
= 3.4 kWh/ liter.
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FIGURE 1
Effect of irrigation time on numbers of irrigation for all types water pumps at different flow rate.

FIGURE 2
Effect of irrigation time on water quantity for all types water pumps at different flow rate

FIGURE 3
Effect of irrigation time on power consumption for all types’ water pumps at different flow rate.
various flow rates. In general, as the number of irrigations for each type of water pump increased, the
irrigation time decreased. The increased moisture
content of the soil and the crops that cover the land
may be responsible for this result. Also, the control

RESULTS AND DISCUSSION
Irrigation time. Figure 1 illustrated the effect
of irrigation time on the number of irrigation numbers for various types of water pumps operating at
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pump gave the highest values of irrigation time as
compared to the diesel pump, electric pump, and solar pump at all irrigation numbers. Moreover, the
diesel pump gave the highest irrigation time values
when compared to the electric pump and solar pump,
while the lowest irrigation time value was for the
electric pump at all irrigation numbers.
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pumps increased with decreasing power costs for all
types of water pumps. The control pump had the
highest power costs when compared to the diesel ,
electric , and solar pump for all irrigation numbers.
Furthermore, the diesel pump gave the highest
power costs and the solar pump gave the lowest
power costs for all irrigation systems. Also, the
highest values of power cost was 153.22 L.E. when
used the control at the first time of irrigation and the
lowest values of power costs was 17.20 L.E. at the
last time of irrigation when used the solar pump. The
Pumping water with solar pump is a reliable economic alternative to pumping PV pumping systems
DUH EHFRPLQJ ¿QDQFLDOO\ DWWUDFWLYH DV FRPSDUHG WR
electricity and diesel powered pumping systems in
present times. This result is similar to with [15].

Water quantity. Figure 2 showed the influence of irrigation time on water quantity for various
types of water pumps with variable flow rates. The
quantity of water was gradually reduced as the number of irrigation pumps increased for all types of water pumps. The control pump produced the greatest
quantity of water, which was 5111.6 m³/fed., while
the diesel, electric and solar pumps were 1346.63,
1228.44, and 1076.36 m³/fed., respectively at all irrigation numbers. Also, the solar pump produced the
least amount of water when compared to the diesel
and electric pumps at all irrigation numbers.

Cost evaluation for different irrigation systems. A cost evaluation for different irrigation systems was shown in Table 1. The results showed that
the solar pump gave the lowest total cost, which was
1483.08 L.E., while the control gave the highest total
cost, which was 3153.64 L.E.
Also, the results Table 3 showed that total costs
for both diesel and electricity increased at a rate of
10% over time and solar energy had a 25-year
stability. In addition to the solar energy generated
annual profits for the production of electrical energy
during times of non-irrigation, these amounts can be
used for replacement and renewal after 25 years. PV
systems fare better in the lifetime cost analysis when
compared to diesel [16] and [17].The initial
investment cost for PV panels is however too high in
comparison to diesel and other renewable energy
systems such as solar thermal and wind [16].However, a PV system can have a payback period of
under 6 years [18] which is unmatched by other types
of irrigation solutions in remote rural areas.

Power Consumption. The effect of irrigation
time on power consumption for all types of water
pumps at various flow rates is shown in Figure 3. The
numbers of irrigation increased when the power consumption of all types of water pumps was reduced.
Also, the control pump consumed the most energy
when compared to the diesel, electric, and solar
pumps at all irrigation numbers. Furthermore, it is
obvious that the electric pump consumed the most
energy and the diesel pump consumed the least energy of all irrigation numbers. Moreover, the highest
value of power consumption was 71.8 KW at the first
time of irrigation and the lowest value of power consumption was 12.95 KW at the last time of irrigation.
Power Costs. Figure 4 depicted the impact of
irrigation time on power costs for various water
pump types and flow rates. The number of irrigation

FIGURE 4
Effect of irrigation time on power costs for all types of water pumps at different flow rate.
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TABLE 3
Cost evaluation for different irrigation systems.
Fixed cost (L.E)
Variable cost
Total cost (L.E)
(L.E)
53898.68
1347.47
59323.23
37052.47
926.31
61731.37
36248.01
906.20
110327.41
1640.01
328.08
15768.2

Pump
Solar
Electrical
Diesel
Control

TABLE 4
Construction costs of all types of irrigation systems.
Description
Solar PV pumping sysElectrical pumping
tem
system
25 YEAR
25 YEAR
Life cycle
685557 L.E
1796760.6 L.E
Capital cost
62248.57
1796760.6 L.E
Maintenance cost
46099.89
78020.4 L.E
Replacement cost
00.00
2362367.35L.E
Operational cost
2362367.35L.E
260172.62 L.E
Life cycle cost (LCC)
87434.52 L.E / year
260172.62 L.E/year
Annualized life cycle cost
(ALCC)

Costs /fed. (L.E)
1483.08
1543.28
2758.19
3153.64

Diesel pumping system
25 YEAR
611429.61 L.E
277589 L.E
65938.18 L.E
58838 L.E
1013794.79 L.E
111651.41 L.E/ year

5,4
Productivity (ton/fed)

5,2
5
4,8
4,6
4,4
4,2
4
undeveloped

developed

FIGURE 5
Effect of undeveloped and developed irrigation on productivity.
to have a greater initial capital cost than grid-connected electrical and diesel pumps. The PV pumping
system, on the other hand, has lower maintenance
and replacement costs. This result is in line with
[14].

Construction costs of all types of irrigation
systems. As illustrated in Table 4, the construction
costs of all pumping systems have been evaluated
through life cycle cost (LCC). During the life cycle
of an LCC, the capital cost, future maintenance cost,
and replacement cost are all converted to present
value using the inflation rate and discount rate. The
life-cycle cost of a water pumping system consists of
capital costs, operation and maintenance costs, fuel
costs and replacement costs (World Bank, 2018).
The annualized life cycle cost (ALCC) of solar PV
pumping systems has been compared to grid-connected electrical and diesel pumps that are commonly used. The PV pumping system has a lower
annualized life cycle cost (ALCC) than grid-connected electric and diesel pumps. The ALCC for an
SPV pumping system was 87434.52 L.E./year,
whereas grid-connected electrical and diesel pumps
had ALCCs of 260172.62 and 111651.41 L.E./year,
respectively. Solar PV pumping systems are shown

Productivity of corn crop. As shown in Figure
5, corn was harvested in October 2021, with a
productivity of 37.9 ardebs when harvested at 30%
humidity. Complete drying of the cobs, 140 kg for
ardebs, at a humidity of 14%, when completely dry
Productivity for developed irrigation was 5306.8
kg/fed compared to productivity with undeveloped
irrigation, which was 32.32 ardebs (4524.8 kg). The
productivity of developed irrigation was higher than
undeveloped irrigation as it was 5.306 ton/fed for developed while it was 4.525 ton/fed for undeveloped.
This result may be due to the fact that developed irrigation reduces water wastage and provides the crop
with the right amount of water, while undeveloped
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irrigation causes a waste of water and may exceed
the plant’s needs, which causes a decrease in productivity. Many researchers discovered that applying
adequate water irrigation every 10 days [19], [20],
[21] or 12 days [22] and 15 days [23] increased
maize growth and productivity compared to prolonging irrigation intervals longer than those periods. According to [24], [25] and [26] exposing maize plants
to water stress by skipping one or more irrigation resulted in a decrease in maize yield and its components.
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[5] Rohit, K.B., Karve, G. and Khatri, M. (2013).
Solar water pumping system. International Journal of Emerging Technology Advanced Engineering. 3, 225–59.
[6] Campana, P.E., Li, H. and Yan, J. (2013). Dynamic modeling of a PV pumping system with
special consideration on water demand. Applied
Energy. 112, 635-645.
[7] Suresh, A.K., Khurana, S., Nandan, G., Dwivedi, G. and Kumar, S. (2018). Role onnanofluids
in cooling solar photovoltaic cell to enhance
overall efficiency.Mater. Today Proc. 5(9),
20614–20620.
[8] Zhou, W., Lou, C., Li, Z., Lu, L. and Yang, H.
(2010). Current status of research on optimumsizing of stand-alone hybrid solar–wind
power generation systems. Appl.Energy. 87(2),
380–389.
[9] Meah, K., Fletcher, S. and Ula, S. (2008). Solar
photovoltaic water pumping for remote locations, Renew. Sustain. Energy Rev. 12(2), 472–
487.
[10] Carpici, E.B., Celik, N. and Bayram, G. (2010).
Yield and quality of forage maize as influenced
by plant density and nitrogen rate. Turk. J. Field
Crops. 15(2), 128–132.
[11] Doorenbos, J. and Kassam, A.H. (1979). Yield
response to water. United Nations FAO. Rome.
33, 193pp.
[12] Lamm, F.R., Manges, H.L., Stone, L.R., Khan,
A.H. and Rogers, D.H. (1995). Water requirement of subsurface drip–irrigated corn in northwest Kansas. Trans. ASAE. 38(2), 441–448.
[13] Igbadun, H.E., Salim, B.A., Tarimo, A.K.P.R.
and Mahoo, H.F. (2008). Effects of deficit irrigation scheduling on yields and soil water balance of irrigated maize. Irrig. Sci. 27, 11–23.
[14] Santra, P., Pande, P.C., Singh, A.K. and Kumar,
P. (2016) Solar PV pumping system for irrigation purpose and its economic comparison with
grid- connected electricity and diesel operated
pumps. Indian Journal of Economics and Development. 4 (4), 2320-9836.
[15] Chandel, S.S., Naik, M.N. and Chandel, R.
(2015). Review of solar photovoltaic water
pumping system technology for irrigation and
community drinking water supplies. Elsevier.
(49), 1084–1099.
[16] Gopal, C., Mohanraj, M., Chandramohan, P.
and Chandrasekar, P. (2013). Renewable energy
source water pumping systems - A literature review. Renew Sustain Energy Rev. 25, 351–70.
[17] Jones, M.A., Odeh, I., Haddad, M., Mohammad,
A.H. and Quinn, J.C. (2016). Economic analysis
of photovoltaic (PV) powered water pumping
and desalination without energy storage for agriculture. Desalination. 387, 35–45.

CONCLUSIONS
In comparison to an undeveloped irrigation system, the developed irrigation system by using different energy sources (solar, electric and diesel pumps)
helps farmers to make the most of their lands and
water resources while also assuring equitable water
distribution among farmers and increasing agricultural production and water productivity. Solar energy has emerged as the most cost-effective as a potential replacement for conventional electric and diesel pumping systems in rural and remote locations,
where the goal is to reduce their use. It also has a
lower annual life cycle cost (ALCC). Finally, we
may state that solar energy is a significant advancement.
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EDFWHULXP XanthomonasJHQXVRFFXUVLQZDUPKX
PLGUHJLRQVZRUOGZLGHDQGFDXVHVOHVLRQVRQOHDYHV
VWHPV DQG IUXLWV >@ %DFWHULDO VSRW FDXVHG E\
Xanthomonas campestris SY vesicatoria 'RLGJH 
'\HLVDVLJQLILFDQWGLVHDVHRISHSSHUDQGWRPDWRLQ
PDQ\ UHJLRQV RI WKH ZRUOG >@ X. campestris SY
vesicatoriaLVFODVVLILHGLQWRX. vesicatoriaDQGX. axonopodisSYvesicatoriaEDVHGRQ'1$KRPRORJ\
>@X. vesicatoriaLVNQRZQWRFDXVHDEDFWHULDOVSRW
GLVHDVH RQ SHSSHU KRZHYHU X. perforans ZDV UH
FHQWO\LVRODWHGIURPWKHSHSSHUSODQW>@
'XULQJWKHODVWFHQWXU\KXJHDPRXQWVRIDJUR
FKHPLFDOVKDYHEHHQSRXUHGLQWRRXUHQYLURQPHQW
DV FKHPLFDO IHUWLOL]HUV SODQWJURZWKUHJXODWRUV DQG
SHVWLFLGHV 7KH ORJLFDO UHVLGXHV HIIHFWV RI WKHVH
FKHPLFDOVZKLFKKDYHEHHQLQWURGXFHGWRVRLOVDTXD
V\VWHPDQGKXPDQIHHGLQJF\FOHFDXVHGPDQ\KX
PDQVHULRXVGLVRUGHUVDQGHQYLURQPHQWDOSROOXWDQWV
WKDWDFWHGDVPXWDJHQLFFDUFLQRJHQLFDQGRUWHUDWR
JHQLFDJHQWV,QDGGLWLRQWRWKHVHKD]DUGRXVHIIHFWV
DSSOLFDWLRQ RI WKHVH DJURFKHPLFDOV KDV FRQVXPHG
KLJKDPRXQWRIPRQH\DVWKH\DUHQHHGHGLQDODUJH
TXDQWLW\RIHQHUJ\IRUWKHLUSURGXFWLRQ>@7KXV
WKH SODQW GLVHDVHV QHHG WR EH FRQWUROOHG LQ DQ HFR
IULHQGO\ZD\WRPDLQWDLQWKHTXDOLW\DQGDEXQGDQFH
RIIRRGIHHGDQGILEHUSURGXFHGE\JURZHUVZRUOG
ZLGH$FFRUGLQJWRDGYDQFHGDQGGHYHORSLQJFRXQ
WULHVWKHWRWDOORVVHVIURPSODQWGLVHDVHVKDYHEHHQ
HVWLPDWHGWRUDQJHIURPWRLQ>@7KHIX
WXUHRIVXVWDLQDEOHDJULFXOWXUHZLOOLQFUHDVLQJO\UHO\
RQ LQWHJUDWLQJ PRGHUQ ELRWHFKQRORJ\ ZLWK WUDGL
WLRQDO DJULFXOWXUDO SUDFWLFHV 0RVW VXVWDLQDEOH DQG
HQYLURQPHQWDOO\DFFHSWDEOHFRQWUROPD\EHDFKLHYHG
XVLQJELRFRQWURODJHQWVDVWKHLUDSSOLFDWLRQFDQUH
GXFHWKHLQSXWVRIDJURFKHPLFDOVDQGWKHLUUHVLGXHV
LQWKHIRRGDQGHQYLURQPHQW>@0RUHEURDGO\WKH
WHUPELRORJLFDOFRQWURODOVRKDVEHHQDSSOLHGWRWKH
XVH RI WKH ³1$785$/ 352'8&76´ H[WUDFWHG RU
IHUPHQWHG IURP YDULRXV VRXUFHV >@ +DIH] HW DO
>@UHSRUWHGWKDWBacillussubtilisFDQDFWDVELRFRQ
WURODJHQWIRUFRQWUROOLQJSRZGHU\PLOGHZGLVHDVHLQ
FXFXPEHUSODQWV

Xanthomonas JHQXV FDXVHV OHVLRQV RQ SODQW
OHDYHVVWHPVDQGIUXLWV XanthomonascampestrisLV
FRQVLGHUHGDVRQHRIWKHPRVWGHYDVWDWLQJSDWKRJHQV
WKDWLQIHFWVSHSSHUDQGWRPDWRZRUOGZLGH7UDGLWLRQ
DOO\WKHXanthomonasGLVHDVHDUHFRQWUROOHGE\XVLQJ
FKHPLFDOV FRQWURO PHWKRGV WKDW SRVVHVV QXPHURXV
GHPHULWV7KHUHLVDQHHGWRGHYHORSDQHIIHFWLYHDQG
VDIH ELRFRQWURO VWUDWHJLHV WR FRQWURO WKHVH GLVHDVHV
7KHSUHVHQWZRUNZDVDLPHGWRLVRODWHDQGLGHQWLI\
XanthomonasVSIURPLQIHFWHGSHSSHUSODQWVDQGWR
GHYHORS D VXLWDEOH ELRFRQWURO DJHQW ,Q WKH SUHVHQW
VWXG\ZHUHSRUWIRXUQHZLVRODWHVRIX. axonopodis
IURPLQIHFWHGSHSSHUSODQWV%DVHGRQ6U'1$KR
PRORJ\WKHVHLVRODWHVZHUHLGHQWLILHGDVX.axonopodis 4;3 X. axonopodis 4;3 X. axonopodis
4;3 DQG X. axonopodis 4;3 7KHVH LVRODWHV
ZHUHDEOHWRFDXVHWKHUHLQIHFWLRQVLQSHSSHUSODQW
(LJKWVWUDLQVRIStreptomycesVSZHUHWHVWHGIRUWKHLU
ELRFRQWURO DFWLYLW\ DJDLQVW Xanthomonas LVRODWHV
StreptomycestricolorVWUDLQ+0H[KLELWHGSRWHQW
ELRFRQWURODFWLYLW\DJDLQVWWKHWHVWHGSDWKRJHQV7R
WKHEHVWRIRXUNQRZOHGJHWKLVLVWKHILUVWUHSRUWUH
JDUGLQJ WKH LVRODWLRQ X. axonopodis IURP SHSSHU
SODQWV


.(<:25'6
Xanthomonas, SHSSHUSODQWELRFRQWURO Streptomyces
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3HSSHU Capsicumannuum/ LVDWUDGLWLRQDO
FURS FXOWLYDWHG LQ WKH JUHHQKRXVH  KD  DQG
RSHQHGILHOGV KD LQ6DXGL$UDELDZLWKDWRWDO
SURGXFWLRQRIWRQVSHU\HDU>@7KHJURZWK
DQGGHYHORSPHQWRIFURSVIDFHVPDQ\WKUHDWVLQFOXGH
DELRWLFVWUHVVIDFWRUVVXFKDVVDOLQLW\>@GURXJKW
>@DELRWLFVWUHVV>@2QHRIWKHLPSRUWDQWEL
RWLFVWUHVVLVXanthomonas,LWLVDSODQWSDWKRJHQLF
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DJHQWIURPHDFKVDPSOHZDVVHOHFWHGDQGSUHVHUYHG
RQ1$VODQWVIRUIXUWKHUZRUN

,GHQWLILFDWLRQ RI Xanthomonas VS ,VRODWHV
DNA extraction and PCR conditions. '1$H[WUDF
WLRQIURPIRXUFRORQLHVZDVSHUIRUPHGDFFRUGLQJWR
&RRN DQG 0H\HUV >@ %ULHIO\ Xanthomonas LVR
ODWHVZHUHJURZQLQDPO1XWULHQW%URWK 1% DW
 Û& IRU RYHUQLJKW %DFWHULD FHOOV ZHUH KDUYHVWHG
IURPPOFXOWXUHE\FHQWULIXJDWLRQDWJIRU
PLQWKHVXSHUQDWDQWZDVFDUHIXOO\UHPRYHGDQGWKH
SHOOHWZDVZDVKHGZLWKPORI7(EXIIHUUHVXV
SHQGHGLQPO7(EXIIHU6DPSOHVZHUHERLOHGIRU
PLQLQDZDWHUEDWKFRROHGIRUPLQDQGFHQWUL
IXJHG DV SUHYLRXVO\ 7KH VXSHUQDWDQW FRQWDLQLQJ
'1$ZDVWUDQVIHUUHGLQWRDQHZVWHULOHWXEHVWRUHG
DW  Û& DQG XVHG IRU 3&5 DPSOLILFDWLRQ )RU 6
U'1$ DPSOLILFDWLRQ 3&5 ZDV FRQGXFWHG E\
*R7DTJUHHQPDVWHUPL[ 3URPHJD86$ LQO
YROXPHV7ZRXQLYHUVDOSULPHUV)ƍ$*$*77
7*$7&$7**&7&$*DQG5ƍ7$&*
*77 $&& 77* 77$ &*$ &77 ZHUH DSSOLHG
>@$PSOLILFDWLRQFRQGLWLRQVLQWKHWKHUPDOF\FOHU
7KHUPRO\QH $PSOLWURQ  LVVXHG DV IROORZ  F\FOH
ZLWKPLQDWÛ&DQGF\FOHVRIVHFVDW
Û&VHFVDWÛ&DQGPLQDWÛ&IROORZHG
E\PLQDWÛ&3&5SURGXFWZDVHOHFWURSKRUHVHG
RQDJDURVHJHOVWRHQVXUHWKHIUDJPHQWRIWKHFRU
UHFW VL]H DSSUR[LPDWHO\  NES  KDG EHHQ DPSOL
ILHG

X. campestrisSYvesicatoriaZDVLVRODWHGIURP
WRPDWR VHHGOLQJV JURZLQJ LQ WKH $O.KDUM DUHD RI
6DXGL $UDELD 7KH SDWKRJHQ¶V LGHQWLW\ ZDV FRQ
ILUPHG ELRFKHPLFDOO\ DQG SK\VLRORJLFDOO\ K\SHU
VHQVLWLYHUHDFWLRQVRFFXUUHG LQ WREDFFRSODQWV >@
X. campestrisSYvesicatoriaZDVQRWUHSRUWHGSUH
YLRXVO\ RQ SHSSHU SODQWV LQ 6DXGL $UDELD $W WKH
VDPHWLPHVLPLODUV\PSWRPVDVEDFWHULDOVSRWVZHUH
REVHUYHGRQSHSSHUSODQWJURZLQJXQGHUJUHHQKRXVH
FRQGLWLRQVLQWKH4DVVLPUHJLRQRI6DXGL$UDELD7KH
SUHVHQW VWXG\ ZDV DLPHG WR LGHQWLI\ WKH DVVRFLDWHG
SDWKRJHQDQGWHVWWKHORFDOELRFRQWURODJHQWVStreptomycesVWUDLQVIRUin vitroELRFRQWURORIXanthomonasVS


0$7(5,$/6$1'0(7+2'6

6RXUFHRIFXOWXUHVDQGVHHGOLQJVXanthomonas VS ZDV LVRODWHG IURP LQIHFWHG SHSSHU SODQWV
(LJKW FXOWXUHV RI Streptomyces VWUDLQV SUHYLRXVO\
LVRODWHG IURP WKH 4DVVLP UHJLRQ DQG LGHQWLILHG E\
6U'1$ZHUHXVHGLQWKLVVWXG\ELRFRQWURODJHQWV
DJDLQVWWKLVSDWKRJHQ7KHVHVWUDLQVLQFOXGHGS.griseorubensVWUDLQ+0StreptomycesVSVWUDLQ+0
S. thinghirensisVWUDLQ+0StreptomycesVSVWUDLQ
+0 Streptomyces VS VWUDLQ +0 S. panayensis
VWUDLQ+0StreptomycesVSVWUDLQ+0S.tricolor
VWUDLQ +0 3HSSHU YDULHW\ 7DOD 0RVWDQWR
+RODQG  VHHGOLQJ ZDV REWDLQHG IURP WKH QDWLRQDO
FRPSDQ\ IRU VHHG SURGXFWLRQ DQG DJULFXOWXUDO VHU
YLFHV%XUD\GDK$Oဨ4DVVLP6DXGL$UDELD

&ROOHFWLQJWKHGLVHDVHGSHSSHUVDPSOHV)RXU
VDPSOHVIURPGLVHDVHGSHSSHUSODQWVJURZLQJXQGHU
JUHHQKRXVH FRQGLWLRQV VKRZLQJ W\SLFDO EDFWHULDO
VSRW V\PSWRPV ZHUH FROOHFWHG UDQGRPO\ IURP WZR
ORFDWLRQV LQ WKH 4DVVLP DUHD 6DXGL $UDELD
ƍƎ1 ƍƎ(  GXULQJ 1RYHPEHU 
,QIHFWHGOHDIVDPSOHVRISHSSHUSODQWZHUHFROOHFWHG
SODFHGLQSDSHUEDJVDQGEURXJKWWRWKHSODQWSDWKRO
RJ\ODERUDWRU\LQWKHDJULFXOWXUHDQGYHWHULQDU\PHG
LFLQHFROOHJHDW4DVVLP8QLYHUVLW\6DXGL$UDELDWR
LVRODWHWKHFDXVLQJDJHQW

%DFWHULDO LVRODWLRQ )URP HDFK VDPSOH VPDOO
SLHFHV PP RIOHDIDQGVWHPRISHSSHUWLVVXHZHUH
FXWDVHSWLFDOO\IURPWKHHGJHRIW\SLFDOVSRWVZLWKD
OLWWOHSRUWLRQRIKHDOWK\WLVVXHIURPWKHV\PSWRPDWLF
OHDYHV7KH WLVVXH VHJPHQWV ZHUH VXUIDFH VWHULOL]HG
E\GLSSLQJLQVRGLXPK\SRFKORULWHVROXWLRQ  
IRUWKHVZDVKHGZLWKVWHULOL]HGGLVWLOOHGZDWHU
WLPHVDQGGULHGRQVWHULOHEORWWLQJSDSHU7KHVHJ
PHQWVZHUHGLUHFWO\SODWHGRQWR3HWULSODWHFRQWDLQ
LQJ1XWULHQW$JDU 1$ PHGLDLQFXEDWHGIRU
GD\VDWÛ&DQGREVHUYHGIRUGHYHORSPHQWRI
EDFWHULDSDOH\HOORZDQGPXFRLGJURZWK>@$IWHU
LQFXEDWLRQGLVWLQFWVLQJOHFRORQLHVZHUHSXULILHGE\
VXEFXOWXULQJ 2QH FRORQ\ RI WKH SXULILHG FDXVDO

6HTXHQFH DQDO\VLV 4,$TXLFN *HO ([WUDFWLRQ
.LW 4LDJHQ,QF&KDWVZRUWK&DOLIRUQLD ZDVXVHG
WR SXULI\ WKH 3&5 SURGXFWV VHQW WR 0DFURJHQ ,QF
.RUHD IRUGLUHFWVHTXHQFLQJLQERWKGLUHFWLRQVZLWK
)5SULPHUV>@*$3>@ZDVXVHGWRDV
VHPEOHJHQHUDWHGVHTXHQFHV+RPRORJLHVVHTXHQFHV
ZHUH FRPSDUHG WR SDUWLDO 6 U'1$ VHTXHQFHV RI
GLIIHUHQW Xanthomonas VSHFLHV UHWULHYHG IURP WKH
*HQ%DQN
GDWDEDVH
XVLQJ
%/$67
KWWSZZZQFELQOPQLKJRYEODVW 0XOWLSOHDOLJQ
PHQWVRIVHTXHQFHVZHUHSHUIRUPHGXVLQJ&OXVWDO:
>@ 7KH 1HLJKERU-RLQLQJ PHWKRG ZLWK 0(*$
Y VRIWZDUH ZDV XVHG WR GUDZ WKH SK\ORJHQHWLF
DQDO\VHV>@*HQHVHTXHQFHVRIWKHLVRODWHVZHUH
GHSRVLWHGDW1&%,JHQHEDQN

3DWKRJHQLFLW\ WHVW )RXU LVRODWHG Xanthomonas axonopodis ZHUH WHVWHG IRU WKHLU SDWKRJHQLFLW\
RQWKHLUQDWXUDOKRVWSHSSHU3DWKRJHQLFLW\WHVWZDV
SHUIRUPHGXVLQJWKHVSUD\LQRFXODWLRQPHWKRG>@
7KH GD\ROGFHOO FXOWXUHV VXVSHQVLRQ RI XanthomonasLVRODWHVZHUHVHSDUDWHO\JURZQRQQXWULHQW
EURWKFHQWULIXJHGDWUSPIRUPLQFHOOSHOOHWV
ZHUH ZDVKHG ZLWK VWHULOH SK\VLRORJLFDO VDOLQH 7KH
FRQFHQWUDWLRQRIEDFWHULDOVXVSHQVLRQZDVDGMXVWHGWR
[ &)8PO 7KHVH VXVSHQVLRQV ZHUH VHSDUDWHO\
VSUD\HG RQ HDFK SHSSHU YDULHW\ ,QGUD 6\QJHQWD 
VHHGOLQJVRIIRXUZHHNVDJH7KHLQRFXODWHGSHSSHU
SODQWVZHUHSODFHGLQDKXPLGFKDPEHU 5+!
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Û& IRUKWKHQVKLIWHGWRWKHJUHHQKRXVH
DQGREVHUYHGIRUWKHGHYHORSPHQWRIGLVHDVHV\PS
WRPV 7KH XQLQRFXODWHG FRQWURO  SODQWV ZHUH
VSUD\HGZLWKVWHULOHVDOLQH

,VRODWLRQXanthomonasaxonopodis. )RXULVR
ODWHV RI WKH FDXVDO RUJDQLVP Xanthomonas axonopodis ZHUH LVRODWHG IURP LQIHFWHG OHDYHV VKRZLQJ
W\SLFDO V\PSWRPV RI EDFWHULDO VSRWV 7KH LVRODWLRQ
SURFHVV RQ 1XWULHQW $JDU 1$  SURGXFHG D W\SLFDO
XanthomonasJURZWKDIWHUKRILQFXEDWLRQDW
& )LJXUH   7KH FRORQLHV VKRZHG PRUSKRORJLFDO
IHDWXUHVOLNH\HOORZFRQYH[VPRRWKIODWJOLVWHQLQJ
VKLQ\DQGURXQGVKDSHV


In vitroDQWLEDFWHULDODFWLYLW\,QRFXOXPGH
YHORSPHQWRIStreptomyces VS(LJKWStreptomyces
VS VWUDLQV ZLWK DFFHVVLRQ QXPEHUV LQ *HQ%DQN
0101 ZHUHWHVWHGDVELRFRQWURO
DJHQWVDJDLQVWWKLVSDWKRJHQ7KHVHVWUDLQVDUHStreptomycesgriseorubensVWUDLQ+0StreptomycesVS
VWUDLQ+0Streptomyces thinghirensisVWUDLQ+0
StreptomycesVSVWUDLQ+0StreptomycesVSVWUDLQ
+0StreptomycespanayensisVWUDLQ+0StreptomycesVSVWUDLQ+0StreptomycestricolorVWUDLQ
+0StreptomycesVWUDLQVZHUHVHSDUDWHO\JURZQ
LQJOXFRVHVR\DEHDQEURWKFRQWDLQLQJ JO VR\D
EHDQJOXFRVH1D&O&D&R DWÛ&IRU
GD\V )ROORZLQJ WKH LQFXEDWLRQ EURWK &)8 FRXQW
ZDVXVHGIRUDQWLEDFWHULDODVVD\
$QWLEDFWHULDODFWLYLW\RIStreptomycesVSZDV
GHWHUPLQHGE\WKHGLVFGLIIXVLRQPHWKRG>@DJDLQVW
WKH Xanthomonas axonopodis $  O RI HDFK
StreptomycesILOWUDWHZDVSRXUHGLQWRZHOOVRIQXWUL
HQWDJDUSODWHVVHSDUDWHO\SUHVHHGHGZLWKORJSKDVH
FXOWXUHRIHDFKXanthomonasaxonopodisVWUDLQ7KH
SODWHVZHUHLQFXEDWHGDWÛ&IRUKDQGREVHUYHG
IRUWKHIRUPDWLRQRILQKLELWLRQ]RQHDURXQGWKHZHOO


5(68/76

6\PSWRPV RI WKH GLVHDVH LQ JUHHQKRXVH
6\PSWRPVRIEDFWHULDOSHSSHUVSRWVZHUHVKRZQRQ
OHDIVWHPVDVQHFURWLFOHVLRQV7KHV\PSWRPVRIWKH
OHDYHVZHUHZDWHUVRDNHGVSRWVWKDWWKHQWXUQHGLQWR
QHFURWLFDQJXODUOHVLRQVZLWKOLJKWJUH\FHQWHUVDQG
GDUN PDUJLQV VXUURXQGHG E\ \HOORZ KDORHV )LJXUH
$  2Q VWHP QDUURZ HORQJDWHG UDLVHG FDQNHUV
URXJK DQG OLJKW EURZQ FRORU ZDV REVHUYHG )LJXUH
% 



),*85(
'LUHFWSODWLQJPHWKRGRILQIHFWHGWLVVXHVVKRZ
LQJ\HOORZDQGPXFRLGJURZWKRIXanthomonas
axonopodis RQQXWULHQWDJDU 1$ PHGLXPIURP
WKHLQIHFWHGWLVVXHV

0ROHFXODUFKDUDFWHUL]DWLRQRIXanthomonas
axonopodisLVRODWHV7KHSK\ORJHQHWLFUHVXOWV )LJ
XUH   UHYHDOHG WKDW WKH Xanthomonas UHSRUWHG
VWUDLQVIRUPHGWZR&ODGHV , ,, &ODGH,LQFOXGH
WKHIRXU X. axonopodis VWUDLQVIURP4DVVLPUHJLRQ
6DXGL $UDELD DQG DOO X. axonopodis, X. campestris
DQG X. euvesicatoria VWUDLQV UHSRUWHG LQ GLIIHUHQW
FRXQWULHV+RZHYHUWKHFODGH,,ZDVVWRRGDORQHDQG
LQFOXGHGWZRVWUDLQVRIX. albilineans,ZKLOHStenotrophomonas maltophiliaVWUDLQZDVVHSDUDWHGDORQH
DVDQRXWJURXS6U51$JHQHVHTXHQFHVRIWKHLVR
ODWHV ZDV GHSRVLWHG LQ 1&%, JHQH EDQN XQGHU WKH
QDPHX.axonopodis 4;3X.axonopodis 4;3X.
axonopodis 4;3 DQG X. axonopodis 4;3 ZLWK
DFFHVVLRQ QXPEHUV 2/ 2/
2/DQG2/UHVSHFWLYHO\


$

%


),*85(
)LHOGV\PSWRPVRIXanthomonasaxonopodis OHDIVSRWRQSHSSHUSODQWFLUFXODUWRLUUHJXODUQHFURWLFVSRWV
RQSHSSHUOHDYHVZLWK\HOORZPDUJLQV $ DUDLVHGVFDEE\DQGFUDFNHGVXUIDFHVSRWRQSHSSHUVWHP % 
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),*85(
3K\ORJHQHWLFWUHHEDVHGRQ6U'1$JHQHVHTXHQFHVFRQVWUXFWHGE\WKH1HLJKERU-RLQLQJPHWKRGIURP
IRXUXanthomonas axonopodisVWUDLQVIURP4DVVLPSURYLQFH PDUNHGLQUHGFRORU DQG;DQWKRPRQDV
VWUDLQVEHORQJLQJWRGLIIHUHQWFRXQWULHVDYDLODEOHLQWKH*HQ%DQNGDWDEDVHStenotrophomonas maltophilia
VWUDLQ $7&&7 ZDVXVHGDVWKHRXWJURXSWRURRWWKHWUHH%RRWVWUDSDQDO\VHVZHUHGRQHLQ
UHSOLFDWHV3K\ORJHQHWLFDQDO\VHVZHUHSHUIRUPHGXVLQJ0(*$


$

%

&

),*85(
)LHOGV\PSWRPVRIXanthomonasaxonopodis OHDIVSRWRQSHSSHUSODQWFLUFXODUWRLUUHJXODU
QHFURWLFVSRWVRQSHSSHUOHDYHVZLWK\HOORZPDUJLQV $% DUDLVHGVFDEE\DQGFUDFNHG
VXUIDFHVSRWRQSHSSHUVWHP & 

3DWKRJHQLFLW\ WHVW 7KH SDWKRJHQLFLW\ RI WKH
LVRODWHVX.axonopodis 4;3X.axonopodis 4;3
X.axonopodis 4;3DQGX.axonopodis 4;3ZDV
FRQILUPHGIROORZLQJWKHDSSHDUDQFHRIV\PSWRPVRQ
SHSSHU SODQW 7KH SDWKRJHQLF LVRODWHV VKRZHG WKH
W\SLFDO V\PSWRPV RI EDFWHULDO VSRWV RQ OHDYHV DQG
VWHP DIWHU  GD\V IURP LQRFXODWLRQ ZLWK ZDWHU



VRDNHGVSRWVVWDUWLQJWRDSSHDURQWKHORZHUHSLGHU
PLVRIOHDYHV&LUFXODUWRLUUHJXODUO\GDUNEURZQDQG
EODFN VSRWV DSSHDUHG IROORZHG E\ \HOORZ KDORHV
DURXQGVRPHVSRWVRQOHDYHVDQGVWHPV )LJXUH$
%DQG& 5HLVRODWLRQZDVFDUULHGRXWIURPOHVLRQV
DQGWKHRULJLQDOFXOWXUHZDVFRPSDUHGWRFRQILUPWKH
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SDWKRJHQLGHQWLW\7KHLVRODWHGEDFWHULDIURPDUWLIL
FLDOO\ LQRFXODWHG SODQWV \LHOGHG EDFWHULDO FRORQLHV
VLPLODUWRWKHRULJLQDORQHV

$QWLEDFWHULDODFWLYLW\:KHQWHVWHGWKHStreptomyces VWUDLQV DJDLQVW WKH SDQW SDWKRJHQ XQGHU
VWXG\ VHYHQ Streptomyces VWUDLQV ZHUH QHJDWLYHO\
VKRZQ D ELRFRQWURO DFWLYLW\ DJDLQVW WKLV PHQWLRQHG
SDWKRJHQ7KHS. tricolor+0ZDVWKHRQO\VWUDLQ
WKDWJDYHDFWLYLW\DJDLQVWLWZLWKLQKLELWLRQ]RQH DS
SUR[LPDWHO\PP LQJURZWKDJDUSODWHLQRFXODWHG
ZLWKWKHSDWKRJHQ )LJXUH 


),*85(
In vitroHIIHFWRIDQWDJRQLVWLFStreptomycestricolorVWUDLQ+0DJDLQVWXanthomonasaxonopodis 

sicum  SHSSHU Capsicum annuum  DQG FKLOOL SHS
SHUV Capsicum frutescens 2QWRPDWRDQGSHSSHU
EDFWHULDOVSRWLVFKDUDFWHUL]HGE\QHFURWLFOHVLRQVRQ
WKH SHWDOV IORZHUV VWHPV IUXLW DQG OHDYHV >
@
7KHFRORQLHVRILVRODWHGSDWKRJHQVKRZHGPRU
SKRORJLFDOIHDWXUHVOLNH\HOORZFRQYH[VPRRWKIODW
JOLVWHQLQJVKLQ\DQGURXQGVKDSHV6LPLODUREVHUYD
WLRQV ZHUH DOVR PDGH E\ 0F*XLUH HW DO >@ X.
euvesicatoriaDQGX. perforansZHUHUHSRUWHGLQSHS
SHU LQ QRUWKZHVWHUQ 1LJHULD >@ ZKHUHDV X.
euvesicatoria ZDVUHSRUWHGIURPWRPDWRDQGSHSSHU
LQFHQWUDO6XGDQDQG%OXH1LOH6WDWH>@X. perforans DQG X. gardneri ZHUH GHWHFWHG ZLWK EDFWHULDO
VSRWGLVHDVHLQ6RXWK$IULFDDQGX. axonopodisSY
vesicatoriaDQGX. vesicatoriaIURP.RUHD>@2WK
HUZLVH(PDQDQG0DUZD>@LVRODWHGX. campestris
SY vesicatoria IURP SHSSHU OHDYHV LQ (J\SW 7KLV
VWUDLQRIX. campestrisSYvesicatoriaZDVVKRUWURGV
DQG \HOORZ *UDP QHJDWLYH WKDW FDQ SURGXFH ;DQ
WKRPRQDGLQV
%DVHGRQWKHSK\ORJHQHWLFDQDO\VLV )LJXUH 
UHYHDOHG WKDW WZR &ODGHV , ,,  ZHUH REVHUYHG
&ODGH,LQFOXGHWKHIRXUX. axonopodisVWUDLQVIURP
4DVVLPUHJLRQ6DXGL$UDELDDQGDOOX. axonopodis
X. campestrisDQGX. euvesicatoriaVWUDLQVUHSRUWHG
LQ GLIIHUHQW FRXQWULHV +RZHYHU WKH FODGH ,, ZDV
VWRRGDORQHDQGLQFOXGHGWZRVWUDLQVRIX. albilineansZKLOHStenotrophomonas maltophilia VWUDLQZDV
VHSDUDWHG DORQH DV DQ RXWJURXS %DFWHULDO VSRW GLV
HDVH LQ SHSSHU DQG WRPDWR PD\ EH FDXVHG E\ IRXU
VSHFLHVRIXanthomonasLQFOXGLQJX. euvesicatoria
X. vesicatoriaX. gardneriDQGX. perforansRUE\
DQ\ PL[WXUH RI WKHVH YDULDQWV >@ 3UHYLRXVO\
WKHVH VSHFLHV ZHUH FODVVLILHG DV X. campestris SY
vesicatoriaVSHFLHVFRPSOH[>@7KLUW\VWUDLQVZHUH
LGHQWLILHGDVXanthomonas axonopodisSYvesicatoria 'RLGJH '\H ;DY KDYHEHHQLVRODWHGIURPSHS
SHU SODQWV LQ 7XUNH\ >@ 6WUDLQV RI Xanthomonas
arboricolaKDYHEHHQUHSRUWHGWRFDXVHEDFWHULDOOHDI
VSRWV RQ FDSVLFXP LQ .RUHD >@ DQG WRPDWRHV LQ
7DQ]DQLD>@,QVRPHVWXGLHVX. euvesicatoria
IRUPHUO\X. perforans KDVEHHQUHSRUWHGWRLQIHFW
SHSSHUFURSVZKLFKLVFRQVLGHUHGDW\SLFDO0RUHR
YHU LQ )ORULGD DQG $ODEDPD X. perforans VWUDLQV
ZHUHLVRODWHGIURPSHSSHUSODQWV>@X. euvesicatoria DQG X. perforans KRZHYHU KDYH EHHQ UH
SRUWHG WR LQIHFW WRPDWR EXW QRW SHSSHU SODQWV LQ
0H[LFR >@  7KH LVRODWHG EDFWHULD SDWKRJHQ IURP
DUWLILFLDOO\ LQRFXODWHG SODQWV SURGXFHG FRORQLHV
VKRZHGWKHVDPHPRUSKRORJ\OLNHWKHRULJLQDORQHV
6LPLODUREVHUYDWLRQVZHUHDOVRREWDLQHGE\0EHJDHW
DO >@ DQG /DPLFKKDQH HW DO >@ ,Q WKH SDWKR
JHQLFLW\WHVWWKHV\PSWRPVREVHUYHGZHUHLQDFFRUG
DQFHZLWKWKHGHVFULSWLRQRI>@
(LJKW Streptomyces VWUDLQV LVRODWHG IURP WKH
4DVVLPUHJLRQDQGLGHQWLILHGE\6U'1$ZLWKDF
FHVVLRQQXPEHUVVXEPLWWHGWR*HQ%DQN 01
 01  ZHUH WHVWHG DV ELRFRQWURO DJHQWV
DJDLQVW WKLV SDWKRJHQ 2QO\ RQH VWUDLQ S. tricolor





',6&866,21

2Q SHSSHU Capsicum annum /  DQG WRPDWR
Solanum lycopersicum /  WKH EDFWHULDO VSRW GLV
HDVHRFFXUVLQZDUPKXPLGDUHDV,WFDXVHVOHVLRQV
RQWKHOHDYHVIUXLWVDQGVWHPVZLWK\HOORZKDORHVDS
SHDUDURXQGWKHOHVLRQVDQGVPDOOHUOHVLRQVFRDOHVFH
LQWRODUJHURQHV:KHQOHDILQIHFWHGEOLJKWQHFURVLV
DQGHDUO\OHDIZLOOIDOO6XEVHTXHQWO\DUHGXFWLRQLQ
SKRWRV\QWKHVLV DQG IUXLW ZLOO LQIHFW DQG GLUHFW HFR
QRPLFORVVZLOORFFXU>@6\PSWRPVRIEDFWHULDO
SHSSHUVSRWV LQFXUUHQWVWXG\ ZHUHVKRZQRQOHDI
VWHPVDVQHFURWLFOHVLRQVDVVWHPQDUURZHORQJDWHG
UDLVHGFDQNHUVURXJKDQGOLJKWEURZQFRORU6LPLODU
V\PSWRPVGHVFULSWLRQZDVPDGHE\PDQ\UHVHDUFK
HUVDURXQGWKHZRUOG>@(O+HQGDZ\HWDO>@
LVRODWHG Xanthomonas campestris SY vesicatoria
VWUDLQ  LQ (J\SW IURP LQIHFWHG WRPDWR VHHGOLQJV
JURZQLQRSHQILHOG7KLVVWUDLQSURGXFHGVSRWWLQJRI
WKH VWHP DQG LUUHJXODU \HOORZQHFURWLF DUHDV RQ WR
PDWR OHDYHV )XUWKHUPRUH 1HFURWLF OHVLRQV RQ DOO
DERYHJURXQG SODQW SDUWV ZHUH REVHUYHG E\ Xanthomonas perforans Xanthomonas euvesicatoria
Xanthomonas gardneriDQGXanthomonas vesicatoriaRQSODQWVEHORQJLQJWRWRPDWR Solanum lycoper-
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+0VKRZHGSRVLWLYHHIIHFWDJDLQVWWKHWHVWHGSDWK
RJHQ,QELRFRQWURORI)XVDULXPGLVHDVH7KHStreptomycesVSSFKLWLQRO\WLFDFWLYLW\SOD\VDQLPSRUWDQW
UROHi.e.StreptomycesVS35,2ZDVHYDOXDWHGDV
SODQW JURZWK SURPRWHU EDFWHULD DQG LQ ELRFRQWURO
DJHQW DJDLQVW )XVDULXP DQG UHGXFHG )XVDULXP ZLOW
XS WR  >@ )XUWKHUPRUH Streptomyces VS
05VKRZHGDQWDJRQLVWLFDFWLYLW\DJDLQVWPyricularia oryzae DQG Fusarium oxysporumZLWK LQKLEL
WLRQ]RQHVRIPPDQGPPLQDGGLWLRQWRRWKHU
GLIIHUHQWIXQJDOSK\WRSDWKRJHQVZKHUHDVS. lydicus :<(& H[KLELWHG DQWDJRQLVP DJDLQVW
Pythium ultimum DQG Rhizoctonia solani LQ YLWUR
>@ 2WKHUZLVH S. violaceusniger $&$% UH
GXFHGSRWDWRFRPPRQVFDE 3&6 FDXVHGE\S. scabies XS WR  LQ WKH JUHHQKRXVH >@ ,Q (J\SW
(PDQ DQG 0DUZD >@ UHSRUWHG WKDW Pseudomonas
putida ZDV PRVW HIILFLHQW ELRDJHQW LQ LQKLELWLQJ RI
WKHSDWKRJHQLFEDFWHULXPX. campestrisSYvesicatoriaIROORZHGE\P. fluorescensDQGB. subtilis)XU
WKHUPRUH+DQDQG:KDQJ>@LVRODWHGILIW\StreptomycesVWUDLQDQGVWUDLQVH[KLELWHGVWURQJDFWLY
LW\ DJDLQVW WKH EDFWHULDO OHDI VSRW RI SHSSHU Xanthomonas axonopodisSY vesicatoria ZKHUHDV 3D
MþLQHWDO>@LVRODWHGBacillusvelezensis,3LVR
ODWH IURP IUHVK FKHHVH ZLWK ELRFRQWURO DFWLYLW\
DJDLQVWSHSSHUEDFWHULDOVSRWSDWKRJHQXanthomonas
euvesicatoria


&21&/86,21

%DFWHULDOOHDIVSRWGLVHDVHRISHSSHUREVHUYHG
LQ$O4DVVLPUHJLRQFDXVHGE\Xanthomonasaxonopodis LV D SDWKRJHQLF GLVHDVH ,Q WKLV VWXG\ ZH QRW
RQO\UHSRUWIRUWKHILUVWWLPHWKHSUHVHQFHXanthomonasaxonopodisDIIHFWLQJSHSSHULQ6DXGL$UDELDZH
DOVRUHSRUW WKDW StreptomycestricolorVWUDLQ+0LV
GLVSOD\LQJ D SRWHQW ELRFRQWURO DFWLYLW\ DJDLQVW WKH
WHVWHGSDWKRJHQV)XUWKHUVWXGLHVDUHQHHGHGRQWKH
FRQWURORIWKHGLVHDVHDQGVXVFHSWLEOHSODQWVSHFLHV
ERWKLQWKHODERUDWRU\DQGLQWKHILHOG


$&.12:/('*(0(17

7KH DXWKRUV H[WHQG WKHLU DSSUHFLDWLRQ WR WKH
'HSXW\VKLSIRU5HVHDUFK,QQRYDWLRQ0LQLVWU\RI(G
XFDWLRQ6DXGL$UDELDIRUIXQGLQJWKLVUHVHDUFKZRUN
WKURXJKWKHSURMHFWQXPEHU 4X,) 7KHDX
WKRUVDOVRWKDQNWRWKHWHFKQLFDOVXSSRUWRI4DVVLP
8QLYHUVLW\









5()(5(1&(6

>@ $JULFXOWXUDO3URGXFWLRQ6XUYH\%XOOHWLQ  
*HQHUDO DXWKRULW\ RI VWDWLVWLFV .LQJGRP RI
6DXGL$UDELDKWWSVZZZVWDWVJRYVDDU
$+ 
>@ $EGHODDO.0D]URX<+DIH]<  (I
IHFWRIVOLFRQDQGFDUURWH[WUDFWRQPRUSKRSK\V
LRORJLFDO FKDUDFWHUV RI SHD Pisum sativum / 
XQGHU VDOLQLW\ VWUHVV FRQGLWLRQV )UHVHQ (QYL
URQ%XOO  
>@ (O)ODDK 5) (O6DLG 5$5 1DVVDU 0$
+DVVDQ0$EGHODDO.  (IIHFWRIUKL
]RELXPQDQRVLOLFDDQGDVFRUELFDFLGRQPRU
SKRSK\VLRORJLFDO FKDUDFWHUV DQG JHQH H[SUHV
VLRQRI32;DQG332LQIDEDEHDQ Vicia faba
/ 8QGHUVDOLQLW\VWUHVVFRQGLWLRQV)UHVHQ(Q
YLURQ%XOO  
>@ $O.DKWDQL0')+DIH]<0$WWLD.$O
$WHHT 7 $OL 0$0 +DVDQX]]DPDQ 0
$EGHODDO.$$  Bacillusthuringiensis
DQG 6LOLFRQ 0RGXODWH $QWLR[LGDQW 0HWDEROLVP
DQG,PSURYHWKH3K\VLRORJLFDO7UDLWVWR&RQIHU
6DOW7ROHUDQFHLQ/HWWXFH3ODQWV  
>@ (O 1DKKDV 1 $O.DKWDQL 0 $EGHODDO .K
$$ $O +XVQDLQ / $O*ZDL] + +DIH]
<0 $WWLD . (O(VDZL 0 ,EUDKLP 0
(ONHOLVK$  %LRFKDUDQGMDVPRQLFDFLG
DSSOLFDWLRQDWWHQXDWHVDQWLR[LGDWLYHV\VWHPVDQG
LPSURYHV JURZWK SK\VLRORJ\ QXWULHQW XSWDNH
DQGSURGXFWLYLW\RIIDEDEHDQ Viciafaba/ LU
ULJDWHGZLWKVDOLQHZDWHU3ODQW3K\VLRORJ\DQG
%LRFKHPLVWU\
>@ (O6KDZD*K055DVKZDQ(0$EGHODDO
.K$$  0LWLJDWLQJVDOWVWUHVVHIIHFWVE\
H[RJHQRXVDSSOLFDWLRQRISUROLQHDQG\HDVWH[
WUDFWRQPRUSKRSK\VLRORJLFDOELRFKHPLFDODQG
DQDWRPLFDOFKDUDWHUVRIFDOHQGXODSODQWV6FLHQ
WLILF-RXUQDORI)ORZHUVDQG2UQDPHQWDO3ODQWV
  
>@ $UDID 6$ $WWLD .$ 1LHGEDáD * 3LHNX
WRZVND 0 $ODPHU\ 6 $EGHODDO .K
$ODWHHT7.$OL0$0(ONHOLVK$$WWDO
ODK6K<  6HHG3ULPLQJ%RRVW$GDSWD
WLRQLQ3HD3ODQWVXQGHU'URXJKW6WUHVV3ODQWV

>@ .KDIIDJ\$(0D]URX<6$0RUV\$5
(O0DQVRXU\ 0$0 (O7RNK\ $, +DIH]
<$EGHODDO..KHGU5$  ,PSDFWRI
,UULJDWLRQ/HYHOVDQG:HHG&RQWURO7UHDWPHQWV
RQ $QQXDO :HHGV 3K\VLRORJLFDO 7UDLWV DQG
3URGXFWLYLW\RI6R\EHDQXQGHU&OD\6RLO&RQGL
WLRQV$JURQRP\  
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>@ $EGHODDO.K$$$WWLD.$$ODPHU\6)
(O$IU\00*KD]\$,7DQWDZ\'6$O
'RVV$$(O6KDZ\(6($EX(OVDRXG0
$+DIH]<0  ([RJHQRXV$SSOLFDWLRQ
RI 3UROLQH DQG 6DOLF\OLF $FLG FDQ 0LWLJDWH WKH
,QMXULRXV,PSDFWV RI'URXJKW 6WUHVVRQ %DUOH\
3ODQWV$VVRFLDWHGZLWK3K\VLRORJLFDODQG+LVWR
ORJLFDO&KDUDFWHUV6XVWDLQDELOLW\
>@2PDUD5,(O.RW*)DGHO)0$EGHODDO
.K$$6DOHK(  (IILFDF\RIFHUWDLQEL
RDJHQWV RQ SDWKRSK\VLRORJLFDO FKDUDFWHUV RI
ZKHDWSODQWVXQGHUZKHDWOHDIUXVWVWUHVV3K\V
LRORJLFDODQG0ROHFXODU3ODQW3DWKRO

>@(VPDLO602PDUD5,$EGHODDO.K$$
+DIH]<0  +LVWRORJLFDODQGELRFKHPL
FDO DVSHFWV RI FRPSDWLEOH DQG LQFRPSDWLEOH
ZKHDWPucciniastriiformisLQWHUDFWLRQV3K\VLR
ORJLFDO DQG 0ROHFXODU 3ODQW 3DWKRO  

>@2PDUD 5, $EGHODDO .K$$   %LR
FKHPLFDOKLVWRSDWKRORJLFDODQGJHQHWLFDQDO\VLV
DVVRFLDWHG ZLWK OHDI UXVW LQIHFWLRQ LQ ZKHDW
SODQWV Triticumaestivum/ 3K\VLRORJLFDODQG
0ROHFXODU3ODQW3DWKRORJ\
>@-RQHV -% %RX]DU + 6WDOO 5( $OPLUD
(&5REHUW3'%RZHQ%:6XGEHUU\-
6WULFNOHU 30 &KXQ -   6\VWHPDWLF
DQDO\VLV RI [DQWKRPRQDGV Xanthomonas VSS 
DVVRFLDWHGZLWKSHSSHUDQGWRPDWROHVLRQV,QW
-6\VW(YRO0LFURELRO
>@6WDOO5(%HDXOLHX&(JHO'+RGJH1&
/HLWH530LQVDYDJH*9%RX]DU+-RQHV
-%$OYDUH]$0DQG%HQHGLFW$$  
7ZRJHQHWLFDOO\GLYHUVHJURXSVRIVWUDLQVDUHLQ
FOXGHG LQ Xanthomonas campestris SY vesicatoria,QW-6\VW%DFWHULRO
>@%RX]DU+$KPHG1(6RPGL*&-RPHV
-% DQG 6WDOO 5(   &KDUDFWHUL]DWLRQ RI
Xanthomonas campestris SY vesicatoria IURP
WRPDWR DQG SHSSHU JURZQ LQ 6XGDQ 3O 'LV
  
>@9DXWHULQ/+RVWH%.HUVWHUV.DQG6ZLQJV
-  5HFODVVLILFDWLRQRI;DQWKRPRQDV,QW
-6\VW(YRO0LFURELRO
>@3RWQLV17LPLOVLQD66WUD\HU$6KDQWKD
UDM ' %DUDN -' 3DUHW 0/ 9DOODG *(
DQG-RQHV-%  %DFWHULDOVSRWRIWRPDWR
DQGSHSSHU0ROHFXODU3ODQW3DWKRORJ\

>@.|KO-.ROQDDU55DYHQVEHUJ:-  
0RGHRI$FWLRQRI0LFURELDO%LRORJLFDO&RQWURO
$JHQWV$JDLQVW3ODQW'LVHDVHV5HOHYDQFH%H
\RQG (IILFDF\ )URQWLHUV LQ 3ODQW 6FLHQFH 

>@9XUXNRQGD 66.3 *LRYDQDUGL ' DQG
6WHIDQL(  3ODQW*URZWK3URPRWLQJDQG
%LRFRQWURO$FWLYLW\RIStreptomycesVSSDV(Q
GRSK\WHV,QW-0RO6FL

>@+H'&+H0+$PDOLQ'0/LX:$O
YLQGLD'*=KDQ-  %LRORJLFDO&RQWURO
RI 3ODQW 'LVHDVHV $Q (YROXWLRQDU\ DQG (FR
(FRQRPLF &RQVLGHUDWLRQ 3DWKRJHQV %DVHO
6ZLW]HUODQG   +DJJDJ:0DQG
0RKDPHG +$   %LRWHFKQRORJLFDO $V
SHFWVRI0LFURRUJDQLVPV8VHGLQ3ODQW%LRORJL
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MULTI-INDEX CHEMOMETRICS ANALYSIS OF FIVE
KINDS OF TEA PRODUCED IN YUNNAN, CHINA
Libing Zhou*, Qin Zhang
Guangxi Science and Technology Normal University, Laibin, 546199, Guangxi, China

a new idea for the quantitative control of the quality
of tea, a powerful way for the large-scale development and classification research of tea and provides
basic support for the selection of tea raw materials
and the application of quantitative control mode of
multi-index ingredients to the quality control of tea.

ABSTRACT
5 kinds of tea, including Old tea head tea, Aged
tea head tea, Supreme palace tea, Ancient tree hand
tea, Aged tea in Menghai County, Xishuangbanna
Dai Autonomous Prefecture,Yunnan Province of
China, were selected as the analysis samples. The
combustion heat, differential thermal-thermogravimetric analysis, fat content, crude fiber, ash content,
trace element content data of tea we have selected
were determined, and the quality evaluation and
classification were carried out by stoichiometric
method from the aspect of food nutrition. The result
showes that the order of combustion heat of 5 kinds
of tea, including Old tea head tea, Aged tea head tea,
Supreme palace tea, Ancient tree hand tea, Aged tea,
was Supreme palace tea > Ancient tree hand tea >
Aged tea head tea > Aged tea > Old tea head tea. The
combustion heat of the 5 kinds of tea test samples
ranged from 20996.3003 to 24361.8061J/g, CV%
<4.10%.The combustion heat of Supreme palace tea
was 24361.8061J/g, and the energy was the highest.
The combustion heat of Old tea head tea was
20996.3003J/g, and the energy was relatively small;
the order of combustion stability of 5 kinds of tea
was Ancient tree hand tea>Aged tea head>Supreme
palace tea>Aged tea>Old tea head; the order of the
content of 12 trace elements in 5 kinds of tea was Old
tea head>Aged tea head>Supreme palace tea>Ancient tree hand tea>Aged tea; the comprehensive

KEYWORDS:
Tea, entropy method, thermogravimetric analysis, ICPOES, trace elements, gray pattern recognition

INTRODUCTION
Tea is a widely renowned functional beverage
originating from processed tender leaves of the Camellia sinensis plant after brewing with hot water.
The major tea constituents, e.g., catechins, caffeine,
and theanine, exhibit numerous health properties
such as antioxidant, anti-inflammatory, anticancer,
antidiabetic, cardioprotective, and antimicrobial [1].
Seventeen experiments with three various factors
and three variable levels were employed to investigate the effect of these parameters on the extraction
of abamectin. Besides, catechins, theanine, caffeine,
and aroma components were determined by both
high-performance liquid chromatography and gas
chromatography mass-spectrometry to evaluate the
tea quality before and after the extraction[2].The
qualitatively important components of green tea
(theanine, caffeine, ascorbic acid, (-)-epicatechin, ()-epigallocatechin, (-)-epicatechin gallate and (-)-epigallocatechin gallate) were analyzed simultaneously by using capillary electrophoresis. The running buffer used was berate buffer (80 mM, pH 8.4)
containing 50 mM of sodium dodecylsulfate. The extracts of green tea, oolong tea and black tea were analyzed using this method. Green teas of different
plucking dates and the leaf samples from different
positions in one shoot were also measured using this
method[3]. The main components of green tea cream
were polyphenols (29.86 -78.66%), total sugar
(14.47-27.62%) and caffeine (2.35-10.43%). Catechins (12.8-42.5%) were the main components of
polyphenols which participated in tea cream formation. The main components in the catechins were
found to be (-)-epigallocatechin (EGC), (-)-epigallocatechin gallate (EGCG), (-)-epicatechin (EC) and (-

evaluation order of 5 tea was Old tea head teaʾAged
tea head teaʾAncient tree hand teaʾAged teaʾSupreme palace tea; 5 kinds of tea, including Old tea
head tea, Aged tea head tea, Supreme palace tea, Ancient tree hand tea, Aged tea, were divided into three
categories according to the result of grey correlation
degree cluster analysis. Old tea head tea, Aged tea
head tea were a class, Supreme palace tea for one
class, and Ancient tree hand tea, Aged tea for a class.
In this paper, according to combustion heat,differential thermal-thermogravimetric analysis, fat content,
crude fiber, ash content, trace element content data
of tea we have selected, systematic multi-index comprehensive evaluation systems have been constructed through gray pattern recognition, factor
analysis, entropy method and grey correlation degree
cluster analysis. The multi-index comprehensive
evaluation system established in this study provides
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)-epicatechin gallate (ECG). Seven minerals were
found in the tea cream, including Ca2+, K+, Mg2+,
Mn2+, Na+, Zn2+ and Ni2+[4].
In order to investigate the multi-elemental composition of green tea leaves as well as chemical species in tea infusions, inductively coupled plasma
atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS)
were used for elemental analysis and elemental speciation with the aid of size exclusion chromatography (SEC) [5]. A multielement determination of
major-to-trace elements in black tea leaves and their
tea infusions was carried out by ICP-AES (inductively coupled plasma atomic emission spectrometry) and ICP-MS (inductively coupled plasma mass
spectrometry). From the experimental results for the
extraction efficiencies, the elements in black tea
leaves were classified into three characteristic
groups: (i) highly-extractable elements (>55%): Na,
K, Co, Ni, Rb, Ca and Tl, (ii) moderately-extractable
elements (20 - 55%): Mg, Al, P, Mn and Zn, and (iii)
poorly-extractable elements (<20%): Ca, Fe, Cu, Sr,
Y, Zr, Mo, Sn, Ba and lanthanoid elements [6].
The above studies are basically based on the
quality evaluation of a single index or active ingredient or some organic components on tea. There are
few studies on comprehensive evaluation systems by
grey pattern recognition, entropy method and cluster
analysis of grey correlation degree from the multiindexes such as trace elements, combustion heat,
thermogravimetric parameters, fat, crude fiber, ash,
and energy of tea.
However, there are no relevant reports on the
study of tea combustion stability by thermogravimetric method. Therefore, according to the thermogravimetric parameters, the entropy method is used to
construct the combustibility (combustion stability of
tea) of 5 tea, including Old tea head tea, Aged tea
head tea, Supreme palace tea, Ancient tree hand tea,
Aged tea in Menghai County, Xishuangbanna Dai
Autonomous Prefecture, Yunnan Province of China.
The research on the combustion heat and thermogravimetric analysis of tea has important theoretical
and practical significance. The combustion heat, differential thermal gravimetric analysis, fat content,
crude fiber content, trace element content, and ash
content of 5 kinds of tea are used to build a systematic multi-index evaluation system by grey pattern
recognition and cluster analysis of grey correlation
degree to tea, which can make up for the gaps in this
area and provide scientific basis and research significance for the study of tea quality.
5 tea in China, including Old tea head tea, Aged
tea head tea, Supreme palace tea, Ancient tree hand
tea, Aged tea, are selected as the research objects.
The combustion heat [7,8] is measured by oxygen
bomb calorimeter, the combustion stability [9,10] of
tea is analyzed by thermogravimetric analysis, the fat
content is measured by fat analyzer [11-14], trace el-
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ement content is measured by IOP-OES [15,16]. According to the combustion heat, thermogravimetric
parameters, fat content, crude fiber content, trace element content, and ash content, the multi-index comprehensive evaluation system [17,18] of five kinds
of tea has been established, and grey pattern recognition and cluster analysis of grey correlation degree
are used to evaluate the food nutrition. The quality
of tea was evaluated by stoichiometric method from
the aspect of food nutrition, which can provide a
strong scientific basis for the large-scale development of tea resources and the research of tea classification.

MATERIALS AND METHODS
Materials. Five kinds of tea, including Old tea
head tea(produced in August 2014), Aged tea head
tea (produced in March 2015), Supreme palace tea
(produced in April 2016), Ancient tree hand tea (produced in May 2016), Aged tea (produced in January
2019) in Menghai County, Xishuangbanna Dai Autonomous Prefecture, Yunnan Province of China, are
selected as the analysis samples, all samples are
ground in mortar and sieved through 40 mesh pharmacopoeia. Repeat the test three times for each sample.
Instruments and methods. Instruments and
Reagents. BH series combustion heat measurement
experimental device, oxygen cylinder, oxygen meter, grinder, sheet press, ignition wire (nickel-chromium wire, Changsha Changxing Higher Education
Instrument Equipment Co.,Ltd.); electronic balance(model FA2004, Shanghai Shunyu Hengping
Scientific Instrument Co.,Ltd.), benzoic acid(AR,
Tianjin KERMEL Chemical Reagent Co.,Ltd.), medicinal capsules.
STA 2500 thermogravimetric analyzer (Germany NETZSCH), crucible.
SE206 fat tester, analytical balance, filter paper, 100mL beaker, drying oven, petroleum
ether(China Jinan Alva Instrument Co., Ltd.).
F1600 automatic fiber tester, air drying oven,
muffle furnace, crucible, filter bag, acid and alkali
resistant pen,Water (tertiary water), sulfuric acid solution 0.13mol/L, potassium hydroxide solution
0.23mol/L, hydrochloric acid solution 0.5mol/L, petroleum ether(China Jinan Alva Instrument Co.,
Ltd.).
iCAP7200 ICP-OES (Thermo Scientific,
USA), CEM MARS-6 microwave digestion instrument (CEM, USA), Milli-Q ultrapure water preparation system (Millipore, USA), AUY120 millionth
electronic analytical balance (Shimadzu Company)
Nitric acid, hydrogen peroxide (super pure,Guangzhou Chemical Reagent Co., Ltd.), self-made ultrapure water.
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Methods. The combustion heat[19], differential thermal-thermogravimetric analysis[20], fat content[21,22], crude fiber[23,24], ash content [25-27],
trace element content[28,29] data of tea we have selected were determined.According to the combustion
heat, thermogravimetric parameters, fat content,
crude fiber content, trace element content, ash content, the multi-index entropy method, grey pattern
recognition and cluster analysis of grey correlation
degree of 5 kinds of tea were constructed in Yunnan,
China[30].
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tree hand tea, Aged tea, and repeat the test for three
times.The heat of combustion of 5 kinds of tea, is
shown in Table 1.According to Table 1, the order of
combustion heat of 5 kinds of tea, including Old tea
head tea, Aged tea head tea, Supreme palace tea, Ancient tree hand tea, Aged tea, is Supreme palace tea
> Ancient tree hand tea > Aged tea head tea > Aged
tea > Old tea head tea. The combustion heat of the 5
kinds of tea test samples has ranged from
20996.3003 to 24361.8061J/g, CV% <4.10%.The
combustion heat of Supreme palace tea is
24361.8061J/g, and the energy is the highest. The
combustion heat of Old tea head tea is
20996.3003J/g, and the energy is relatively small.
Combustion heat is regarded as an important physical data to measure tea energy.

RESULTS AND DISCUSSION
Calculation of combustion heat of the samples. Sample name: the first group of experimental
samples of Old tea head. According to the experiPHQWDOGDWD¨7&XUYHRI5H\QROGVWHPSHUDWXUHRI
Old tea head is shown in Figure 1.The experiment is
repeated three times. Figure 1 shows ǻ7 &XUYH RI
Reynolds temperature. According to the calculation,ᶭmOld tea head=0.1001g,Wcal=13324.0583J/Ԩ,
mcapQcapsule=18991.5681J/g,
sule=0.0952g,ᶭT=0.288Ԩ,ᶭmignition wire=0.0056g,according to,ᶭmOld tea headQvOld tea head=WcalᶭT-Qignitionmcapsule,QvOld tea head
wireᶭmignition
wire-Qcapsule
=20194.6756 J/g.The average of QvOld tea head is
20996.3003J/g .
In the same way, determine the combustion
heat of Aged tea head, Supreme palace tea, Ancient

Thermo gravimetric analysis. Thermo gravimetric analysis results. Thermo gravimetric
analysis of Old tea head. The thermal gravimetric
data of Old tea head are shown in Figure 2 and Table
2. It can be seen from Figure 2 that the Old tea head
sample begins to decompose at 55.4 °C. After the
first stage of decomposition, the loss rate is 6.10%;
when the temperature reaches at 165.3 °C, it enters
the second stage of decomposition, and when the
temperature reaches at 407.5 °C, the loss rate is
36.23%; after further decomposition, the final residual mass is 46.18%[30].

FIGURE 1
¨T Curve of Reynolds temperature of Old tea head
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Sample
Old tea head
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TABLE 1
Combustion heat of 5 kinds of tea (n=3)
QVaverage/(J·g-1)
20996.3003

CV/%
4.0937

Aged tea head

22376.7757

2.1922

Supreme palace tea

24361.8061

3.6817

Ancient tree hand tea

22570.0114

1.4427

Aged tea

22194.0723

1.2236

FIGURE 2
Thermogravimetric ( TG % ) curve, derivative thermogravimetric ( DTG ) curve
and differential thermal analysis ( DTA ) curve of Old tea head

Curve

Project

TG,DTG

Peak1

TABLE 2
Thermal analysis data of Old tea head
Temperature
Percentage
Peak area/(J/g)
UDQJHႏ
weight loss/%
55.4~165.3
6.10
—

Peak2

165.3~407.5

36.23

—

330.5

Peak1

40.8~194.3

—

273.4

106.8

Peak2

—

—

—

—

DTA

The DTG curve of Old tea head shows two peak
shapes, and the inflection points of the peak shapes
are 95.2°C and 330.5°C, respectively. The DTA
curve of Old tea head has an exothermic peak with a
peak value of 106.8 °C, a temperature range of 40.8
°C-194.3 °C, and a peak area of 273.4 J/g[31].

The fastest weight
ORVVWHPSHUDWXUHႏ
95.2

Thermogravimetric analysis of Aged tea
head. The thermal gravimetric data of Aged tea head
are shown in Figure 3 and Table 3. It can be seen
from Figure 3 that the decomposition temperature of
Aged tea head samples is 58.5 Ԩ, and after the first
stage of decomposition, the loss rate is 8.51%; when
the temperature reaches at 167.4 Ԩ, it enters the second stage of decomposition. When it reaches at
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405.2 Ԩ, the loss rate is 48.79%; the sample continues to decompose, and the final residual mass is
25.08%.
The DTG curve of Aged old tea head shows
two peak shapes, and the inflection points of the peak
shape are 95.4 Ԩ and 329.6 Ԩ respectively. The
DTA curve of Aged old tea head has a large exothermic peak with the peak value of 109.8 Ԩ, the temperature range of 62.9 Ԩ-191.0 Ԩ, and the peak area
of 247.8 J/g; there is an endothermic peak with a
peak value of 349.5 Ԩ, a temperature range of 319.2 Ԩ
- 368.4 Ԩ and a peak area of 14.26 J/g.
Thermogravimetric analysis of Supreme
palace tea. The thermal gravimetric data of Supreme
palace tea are shown in Figure 4 and Table 4. It can
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be seen from Figure 4 that the sample begins to decompose at 55.5 Ԩ, and after the first stage of decomposition, the loss rate is 6.59%; when the temperature reaches at 175.9 Ԩ, it enters the second
stage of decomposition, and when it reaches at 403.4
Ԩ, the loss rate is 37.78%; continue to decompose,
and the final remaining mass is 42.47%.
The Supreme palace tea DTG curve presents
two peak shapes, and the inflection points of the peak
shapes are 97.7°C and 330.9°C, respectively. The
DTA curve of Supreme palace tea has a large exothermic peak with a peak value of 108.9°C, a temperature range of 40.1°C-195.6°C, and a peak area
of 269.5 J/g, an endothermic peak with a peak value
of 353.4°C and a temperature range of 269.5 J/g.
322.7°C-373.1°C with a peak area of 14.96 J/g.

FIGURE 3
Thermogravimetric ( TG % ) curve, derivative thermogravimetric ( DTG ) curve
and differential thermal analysis ( DTA ) curve of Aged tea head

Curve

Project
Peak1

TABLE 3
Thermal analysis data of Aged tea head
Temperature
Percentage weight
Peak
The fastest weight loss temperaUDQJHႏ
loss/%
area/(J/g)
WXUHႏ
58.5~167.4
8.51
—
95.4

Peak2

167.4~405.2

48.79

—

329.6

Peak1

62.9~191.0

—

247.8

109.8

Peak2

319.2~368.4

—

14.26

349.5

TG,DTG

DTA
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FIGURE 4
Thermogravimetric ( TG % ) curve, derivative thermogravimetric ( DTG ) curve
and differential thermal analysis ( DTA ) curve of Supreme palace tea

FIGURE 5
Thermogravimetric ( TG % ) curve, derivative thermogravimetric ( DTG ) curve
and differential thermal analysis ( DTA ) curve of Ancient tree hand tea
Thermo gravimetric analysis of Ancient tree
hand tea. The thermal gravimetric data of Ancient
tree hand tea are shown in Figure 5 and Table 5. It
can be seen from Figure 5 that the sample begins to
decompose at 67.7°C. After the first stage of
decomposition, the loss rate is 7.53%; when the
temperature reaches at 167.1°C, it enters the second
stage of decomposition, and when it reaches at
407.1°C, the loss rate is 58.98%; the sample
continues to decompose, and the final remaining
mass is 17.05%.
The DTG curve of the Ancient tree hand tea

presents two peak shapes, and the inflection points
of the peak shapes are 99.2 Ԩ and 332.5 Ԩ respectively. The DTA curve of Ancient tree hand tea has a
large exothermic peak with a peak value of 114.7 °C,
a temperature range of 62.4 °C-190.2 °C, and a peak
area of 273.8 J/g; there is an endothermic peak with
a peak value of 352.6 °C, the temperature range is
324.3°C-374.0°C, and the peak area is 22.88 J/g.
Thermo gravimetric analysis of Aged tea. The
thermal gravimetric data of Aged tea are shown in
Figure 6 and Table 6. It can be seen from Figure 6
that the Aged tea sample begins to decompose at
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60.0 °C. After the first stage of decomposition, the
loss rate is 6.14%; when the temperature reaches at
173.9 °C, it enters the second stage of
decomposition, and when it reaches at 409.6 °C, the

Curve

Project

TG,DTG

Peak1

DTA

TABLE 4
Thermal analysis data of Supreme palace tea
7HPSHUDWXUHUDQJHႏ Percentage weight Peak area/(J/g) The fastest weight loss
loss/%
WHPSHUDWXUHႏ
55.5~175.9
6.59
—
97.7

Peak2

175.9~403.4

37.78

—

330.9

Peak1

40.1~195.6

—

269.5

108.9

Peak2

322.7~373.1

—

14.96

353.4

Curve

Project

TG,DTG

Peak1
Peak2
Peak1
Peak2

DTA

loss rate is 39.61%; the sample continues to
decompose, and the final residual mass is 42.35%.

TABLE 5
Thermal analysis data of Ancient tree hand tea
Temperature
Percentage
Peak area/(J/g)
weight loss/%
range/Ԩ
67.7~167.1
7.53
—
167.1~407.1
58.98
—
62.4~190.2
—
273.8
324.3~374.0
—
22.88

The fastest weight
loss temperature/Ԩ
99.2
332.5
114.7
352.6

FIGURE 6
Thermogravimetric ( TG % ) curve, derivative thermogravimetric ( DTG ) curve
and differential thermal analysis ( DTA ) curve of Aged tea

Curve

Project

TG,DTG

Peak1
Peak2
Peak1
Peak2

DTA

TABLE 6
Thermal analysis data of Aged tea
Peak area/(J/g)
Temperature
Percentage
weight loss/%
range/Ԩ
60.0~173.9
6.14
—
173.9~409.6
39.61
—
78.1~181.4
—
137.1
314.5~409.6
—
34.32
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The fastest weight
loss temperature/Ԩ
97.0
331.5
115.1
349.4
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The DTG curve of Aged tea shows two peak
shapes, and the inflection points of the peak shapes
are 97.0Ԩ and 331.5Ԩ, respectively. The DTA curve
of aged tea has a large exothermic peak with a peak
value of 115.1°C, a temperature range of 78.1°C181.4°C, and a peak area of 137.1 J/g, and an endothermic peak with a peak value of 349.4°C and a
temperature of 137.1 J/g. The range is 314.5°C409.6°C and the peak area is 34.32 J/g.
From the thermogravimetric Figure 2-Figure 6,
it can be seen that the thermal decomposition process
of the five Yunnan tea samples from room temperature to 599 Ԩ at a constant rate can be divided into
three weight loss stages. ᬅThe volatiles escape
stage: temperature range is 55.5Ԩ-175.9Ԩ, the
weight loss rate is 6.1%-8.51%, the first stage of the
DTG curve is endothermic peak, mainly water, accompanied by volatile aroma substances and their
precursors with the escape of substances produces
more volatile products with a tea smell. The sample
has a slight weight loss and a small amount of heat
absorption, which is a slow process of its depolymerization and "glass transition". ᬆThe thermal decomposition stage of deodorization: the temperature
corresponds to the range of 175.9Ԩ-409.6Ԩ, the
weight loss is obvious, and the weight loss rate
reaches at 39.61%-58.98%, which corresponds to the
second stage of DTG exothermic peak, and substances such as sugars, proteins and fats undergo violent thermal decomposition reactions, and the tea
taste is obviously deteriorated, showing a burnt
taste.ᬇCarbonization and combustion stage: the
temperature is 409.6Ԩ-599Ԩ, the weight loss rate is
11.37%-16.73%, and the thermal weight loss rate is
small, because the residue is gradually oxidized and
thermally decomposed, and finally the tea are burned
and ashed. Therefore, in order to obtain better quality
tea, the subsequent processing temperature of tea
should be controlled within 175.9 °C.
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calculate the comprehensive score F [31]. Finally, all
the F values are compared to draw the evaluation
conclusion. Using EXCEL, the F values of Old tea
head tea, Aged tea head tea, Supreme palace tea, Ancient tree hand tea, and Aged tea are 0.1924, 0.5524,
0.4070, 0.7784 and 0.3504, respectively. From the
analysis of thermogravimetric analysis results and
combustion stability, the order of combustion stability of 5 kinds of tea is Ancient tree hand tea>Aged
tea head>Supreme palace tea>Aged tea>Old tea
head.
Determination of fat, crude fiber, ash content. 5 kinds of tea, including Old tea head tea, Aged
tea head tea, Supreme palace tea, Ancient tree hand
tea, Aged tea in Menghai County, Xishuangbanna
Dai Autonomous Prefecture, Yunnan, China.The determination results of fat, crude fiber content, ash
content of 5 kinds of tea are shown in Table 7. Table
7 shows, the order of fat content (%) of 5 kinds of
tea, including Old tea head tea, Aged tea head tea,
Supreme palace tea, Ancient tree hand tea, Aged tea,
is Aged tea>Ancient tree hand tea>Supreme palace
tea>Old tea head>Aged tea head, the order of crude
fiber content (%) is Ancient tree hand tea>Old tea
head>Aged tea head>Supreme palace tea>Aged tea,
the order of ash content (%) is Old tea head>Aged
tea head>Supreme palace tea>Aged tea>Ancient
tree hand tea. The energy value of tea can also be
reflected by the combustion heat, fat content to a certain extent. The contents of ash, fat are regarded as
important physical data to measure the quality of tea.
The quality of tea is evaluated from the aspect of energy, which provides a strong scientific basis for the
classification of tea.
Determination of trace elements. Determination results of trace elements [33]. A method for
the determination of 16 trace elements, including
Al,As, Ba, Co, Cr, Cu, Fe, Hg, Li, Mn, Na, Ni, Pb,
Sc, Sr and Zn in 5 kinds of tea, has been established
by inductively coupled plasma optical emission
spectrometer (ICP-OES) based on microwave digestion. Average value and standard deviation of 16
trace elements in 5 kinds of tea, including Old tea
head tea, Aged tea head tea, Supreme palace tea, Ancient tree hand tea, Aged tea in Menghai County,
Xishuangbanna Dai Autonomous Prefecture, Yunnan Province of China, are shown in Table 8. The
elements Hg and Sc have not been detected, content
of the heavy metal Pb element and the toxic element
As are very low, which is in line with international
regulations.

Combustion stability analysis of 5 kinds of
tea. Based on the thermogravimetric parameter data
of 5 kinds of tea, including Old tea head tea, Aged
tea head tea, Supreme palace tea, Ancient tree hand
tea, Aged tea in Menghai County, Xishuangbanna
Dai Autonomous Prefecture, Yunnan Province of
China, a multi-index evaluation system for combustion stability has been established. Thermo gravimetry is to study the combustion characteristic index of
tea at different heating rates by thermo gravimetry
analyzer to judge the combustion stability of tea.
This topic according to the characteristics of
entropy, by calculating the entropy value [32] to
judge the randomness and disorder degree of an
event, with the entropy value to judge the dispersion
degree of an index, the greater the dispersion degree
of the index is, the greater the influence (weight) of
the index on the comprehensive evaluation is, and
the smaller the entropy value is. Entropy value
method is used to give weight to five tea, so as to

Factor analysis of 12 trace elements in 5
kinds of tea. Through factor analysis [34], the characteristic roots of factor correlation coefficient matrix and variance contribution rate of trace elements,
including Al, Ba, Co, Cr, Cu, Fe, Li, Mn, Na, Ni ,Sr
and Zn, are obtained, as shown in Table 9. According
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TABLE 7
Determination results of crude fiber, fat, ash content in 5 kinds of tea (n=3, CV%<2.0%)
Sample
Crude fiber / %
Fat content / %
Ash / %
Old tea head
9.4408
0.1845
7.6210
Aged tea head
8.9877
0.0641
7.3911
Supreme palace tea
6.0139
0.3413
6.7419
Ancient tree hand tea
42.0948
0.4556
5.1499
Aged tea
5.7130
0.5807
6.6390

Sample
Al
As
Ba
Co
Cr
Cu
Fe
Hg
Li
Mn
Na
Ni
Pb
Sc
Sr
Zn

TABLE 8
Average values ± standard deviation of 16 trace elements in 5 kinds of tea (ȝJJQ 
Old tea head
Aged tea head
Supreme palace tea Ancient tree hand tea
Aged tea
716.0356±0.0030 766.8845±0.0060
593.1973±0.0060
408.8028±0.0010
561.9469±0.0060
0.2041±0.0018
0.0352±0.0012
31.5516±0.0000
39.4699±0.0001
29.3537±0.0000
8.0986±0.0017
20.2859±0.0000
0.2598 ±0.0002
0.2179±0.0002
0.2381±0.0002
0.2465±0.0000
0.2042±0.0001
8.6860±0.0000
5.6282±0.0001
4.1156±0.0002
7.4648±0.0000
5.2076±0.0001
38.0104±0.0010
34.1685±0.0001
32.4490±0.0004
43.6972±0.0005
46.1198±0.0004
509.6511±0.0010 440.4503±0.0030
299.4558±0.0020
215.5986±0.0006
344.1116±0.0010
0.4083±0.0000
0.3268±0.0000
0.2381±0.0000
0.1408±0.0000
0.2042±0.0000
835.9317±0.0130 925.1997±0.0010
666.6667±0.0210
907.0423±0.0270
633.4241±0.0170
481.0690±0.0170 496.0058±0.0480
499.3197±0.0200
462.6761±0.0000
287.3043±0.0436
10.1707±0.0004
12.0189±0.0001
7.9932±0.0001
8.4859±0.0000
16.8482±0.0002
2.7840±0.0002
2.6144±0.0002
1.5306±0.0003
1.3732±0.0000
2.1784±0.0012
19.3393±0.0000
17.6107±0.0000
15.6122±0.0001
4.3662±0.0000
11.9809±0.0000
529.3244±0.0070 230.4648±0.0008
71.4626±0.0009
132.2887±0.0006
101.5997±0.0006

to Table 9, the cumulative contribution rate of the
main factors of the first 3 factors reaches 93.597%,
and the eigenvalues of the main factors of the first 3

banna Dai Autonomous Prefecture, Yunnan Province of China, is Old tea head>Aged tea head>Supreme palace tea>Ancient tree hand tea>Aged tea. In
terms of trace element content, Old tea head contains
the highest trace elements in all samples.

correlation coefficient factors ( Ȝʾ1.0) are larger,
that is, the main factors of the first 3 factors contribute the most to the explanatory variables. It is most
appropriate to extract the main factors of the first 3
correlation coefficient factors, which represents
93.597% of the information of 12 trace elements in
5 kinds of tea, including Old tea head tea, Aged tea
head tea, Supreme palace tea, Ancient tree hand tea,
Aged tea in Menghai County, Xishuangbanna Dai
Autonomous Prefecture, Yunnan Province, China.
The component coefficient matrix after rotation
is shown in Table 10. It can be seen from Table 10
that the first main factor F1 of the correlation coefficient mainly contains the original variables Al, Ba,
Fe, Li, Ni, Sr trace elements. The second main factor
F2 of the correlation coefficient mainly contains the
information of the original variables Na. The third
main factor F3 of the correlation coefficient mainly
contains the information of the original variables Co,
Cr, Cu, Mn, Zn.
The factor scores and the comprehensive factor
scores are shown in Table 9. As can be seen from
Table 11, the order of the content of 12 trace elements in 5 kinds of tea, including Old tea head tea,
Aged tea head tea, Supreme palace tea, Ancient tree
hand tea, Aged tea in Menghai County, Xishuang-

DISCUSSION
Construction of multi-index comprehensive
evaluation system for 5 kinds of tea. Construction
of multi-index analysis and comprehensive evaluation system by grey pattern recognition. Grey
pattern recognition is one of the most commonly
methods used in grey metrology. It is to find the relation coefficient between each plan and the ideal
plan composed of the best indexes. The relation degree is obtained from the relation coefficient, and
then sort according to the size of the relation degree[35,36]. The relation degrees of 5 kinds of tea,
including Old tea head tea, Aged tea head tea, Supreme palace tea, Ancient tree hand tea, Aged tea,
are calculated as 0.8522, 0.8274, 0.7748, 0.8014 and
0.7933, respectively. According to combustion heat,
differential thermal-thermogravimetric, fat content,
crude fiber content, ash content, trace element content data for 5 kinds of tea, the results of multi-index
analysis constructed through gray pattern recognition shows that the comprehensive evaluation order
of 5 tea, including Old tea head tea, Aged tea head
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tea, Supreme palace tea, Ancient tree hand tea, Aged
tea, is Old tea head tea˚Aged tea head tea˚Ancient
tree hand tea ˚ Aged tea ˚ Supreme palace tea.
Therefore, the comprehensive evaluation results of
the quality of tea selected in this study are Old tea
head tea the best, followed by Aged tea head tea.
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agram is obtained from grey correlation degree. According to the literature, the classification is carried
out according to the degree of affinity of the nature
of the sample. All cases are classified into different
classes, making the same class. Individuals in different classes have greater similarities, and individuals
in different classes have greater differences [37]. The
multi-index comprehensive cluster analysis system
of combustion heat, combustibility (combustion stability of tea), fat content, crude fiber content, ash and
trace element content of 5 tea in Menghai County,
Xishuangbanna Dai Autonomous Prefecture, Yunnan Province of China has been established. Tree diagram of cluster analysis of grey correlation degree
to 5 kinds of tea are shown in Figure 7. As can be

Construction of multi-index analysis and
comprehensive evaluation system by tree diagram of cluster analysis of grey correlation degree to 5 kinds of tea. Cluster analysis of grey correlation degree to 5 kinds of tea is based on the many
properties of the sample, and the cluster analysis di-

TABLE 9
Factor characteristic root and variance contribution rate of 12 trace elements in 5 kinds of tea
Principal factor
Characteristic root
Contribution rate%
Cumulative contribution rate %
1
5.865
48.873
48.873
2
3.218
26.814
75.686
3
2.149
17.911
93.597
4
0.768
6.403
100.000
…
…
…
…

Element
Al
Ba
Co
Cr
Cu
Fe
Li
Mn
Na
Ni
Sr
Zn

TABLE 10
The component coefficient matrix of 12 trace elements in5 kinds of tea
Component coefficient matrix 1
Component coefficient matrix 2 Component coefficient matrix 3
0.9892
0.0112
-0.0095
0.9570
0.1576
-0.2159
-0.0201
0.6355
0.6690
0.0108
0.0142
0.9998
-0.6105
-0.7274
0.3131
0.9288
-0.1712
0.3285
0.9275
0.0809
0.3534
0.0592
0.4053
0.5899
0.2725
0.9373
0.1754
0.1602
-0.9548
-0.1938
0.9785
0.0607
-0.0636
0.6073
0.0261
0.7832

TABLE 11
Factor scores and comprehensive factor scores of 12 trace elements in 5 kinds of tea
Sample
F1
F2
F3
F
Ranking
Old tea head
0.8950
0.0220
1.3397
0.7301
1
Aged tea head
0.9082
0.2017
-0.3437
0.4663
2
Supreme palace tea
0.0000
0.9891
-1.1578
0.0618
3
Ancient tree hand tea
-1.5134
0.4530
0.6865
-0.5291
4
Aged tea
-0.2897
-1.6659
-0.5247
-0.7290
5
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FIGURE 7
Tree diagram of cluster analysis of grey correlation degree to 5 kinds of tea
seen from Figure 7, 5 kinds of tea, including Old tea
head tea, Aged tea head tea, Supreme palace tea, Ancient tree hand tea, Aged tea, are divided into three
categories according to the results of grey correlation
degree cluster analysis. Old tea head tea, Aged tea
head tea are a class, Supreme palace tea for one class,
and Ancient tree hand tea, Aged tea for a
class.Through the grey correlation degree cluster
analysis, we find the similarity degree and genetic
relationship between the properties of different tea
materials, which can help better study the classification of tea.

palace tea, Ancient tree hand tea, Aged tea, is Old tea
head teaʾAged tea head teaʾAncient tree hand tea
ʾAged teaʾSupreme palace tea. Therefore, the
comprehensive evaluation results of the quality of
tea selected in this study are Old tea head tea the
best, followed by Aged tea head tea.
In this paper, according to combustion heat,
differential thermal-thermogravimetric analysis, fat
content, crude fiber, ash content, trace element content data of tea we have selected, systematic multiindex comprehensive evaluation systems have been
constructed through gray pattern recognition, factor
analysis, entropy method and grey correlation degree cluster analysis. The multi-index comprehensive evaluation system established in this study provides a new idea for the quantitative control of the
quality of tea, and provides a powerful way for the
large-scale development and classification research
of tea and provides basic support for the selection
of tea raw materials and the application of quantitative control mode of multi-index ingredients to
the quality control of tea.

CONCLUSION
Thermogravimetric parameters have been applied to the evaluation of the combustion stability
of tea through entropy value method, which can
provide a strong scientific basis for the evaluation.
and research of the combustion stability of tea by
thermogravimetric analysis
A method for the determination of 12 trace elements, including Mn, Mg, Fe, Co, Zn, Cu, Ni, Se, Sn,
As, Li and Mo in 5 tea, has been established by inductively coupled plasma optical emission spectrometer (ICP-OES) based on microwave digestion,
and the data are comprehensively analyzed by the
factor analysis method.
According to combustion heat, differential
thermal-thermogravimetric, fat content, crude fiber
content, ash content, trace element content data for 5
kinds of tea, the results of multi-index analysis constructed through gray pattern recognition shows that
the comprehensive evaluation order of 5 tea, including Old tea head tea, Aged tea head tea, Supreme
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ABSTRACT
Paenibacillus mucilaginosus is a typical plant
growth-promoting rhizobacterium. However, the
relevant molecular mechanisms remain obscure.
This study investigated the effect of Paenibacillus
mucilaginosus PM12 on tomato growth and uncovered the bacterium's physiological processes. A
greenhouse experiment was conducted, which included the PM12 group (3.2*108 cfu/pot) and the
control group (inoculated with the same amount of
sterilized suspension). The metabolomics of the centrifuged supernatant of the fermentation broth of
Paenibacillus mucilaginosus was studied by LC–
MS, and the metabolite composition of the functional bacteria and its metabolic pathway were determined. PacBio+Illumina HiSeq sequencing was
used to complete map sequencing of the samples. Indepth analysis of the functional genes related to the
secretion of these substances by functional bacteria
was conducted. PM12 significantly promoted the tomato growth, early flowering time and increased
fruiting. Extracellular metabolite composition analysis showed that PM12 secreted organic acids to dissolve phosphorus, capsular polysaccharides to dissolve potassium, and auxin. The complete genome
sequence indicated that the strain comprised one circular chromosome with 8,660,710 bases containing
58.51% GC content and 85.67% coding regions.
Four genes (pyk, ackA, gltA and aroK) were related
to organic acid secretion, four genes (pelA, pelD, pelf
and pelG) were related to capsular polysaccharide
secretion, and four genes (trpA, trpB, trpS and idi)
were related to auxin secretion. The molecular biological mechanism of the extracellular secretion of
organic acids to dissolve phosphorus, capsular polysaccharides to dissolve potassium and auxin to promote the growth of the PM12 strain was elucidated.

INTRODUCTION
Paenibacillus mucilaginosus is also known as
silicate bacteria [1]. Its main characteristics are its
capability to decompose potassium and silicon in
feldspar, mica and other minerals as well as phosphorus in apatite [2, 3]. It has the functions of phosphate and potassium solubilization and nitrogen fixation [4, 5]. Paenibacillus mucilaginosus can secrete
organic acids, amino acids, polysaccharides, plant
growth hormones and a variety of enzymes to enhance the resistance of plants to some diseases [6, 7].
In recent years, Paenibacillus mucilaginosus, as a
commonly used microbial fertilizer, has been widely
used in agriculture due to its strong ability to solubilize phosphorus, potassium and silicon, which can
promote the activation and utilization of soil nutrients and improve crop yield and quality [8].
Previous studies have found that enzymes, capsular polysaccharides and low-molecular-weight organic acids produced by silicate bacteria metabolism, acid-soluble organic acids and amino acids,
and the complexation of amino acids, organic acids
and capsular polysaccharides can destroy the lattice
structure of potassium feldspar, resulting in the decomposition of mineral potassium and fixed potassium in soil into effective potassium, which can be
absorbed and utilized by plants [4, 9, 10]. Organic
acids secreted by silicate bacteria encourage the release of mineralized potassium through three steps:
first, acids adhere to the surface of minerals and encourage the release of potassium through an electron
transfer reaction; second, the oxidation bond formed
between mineral molecules and oxygen is destroyed,
breaking the original lattice morphology of the minerals; and third, mineral potassium ions are solubilized through carboxyl and hydroxyl chelation [11,
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12]. Rhizosphere growth-promoting bacteria can secrete plant hormones such as abscisic acid, auxin,
gibberellin and cytokinin and stimulate plant growth
by regulating nutrient source/sink conversion and
coordinating nutrient balance [13]. Rhizosphere
growth-promoting bacteria can regulate root development and growth by secreting plant hormones
such as indole-3-acetic acid, gibberellin, cytokinin,
secondary metabolites and enzymes [14-16].
In this study, Paenibacillus mucilaginosus was
taken as the research object, and the growth-promotion effect of Paenibacillus mucilaginosus was studied through a combination of field and pot experiments. The extracellular secretion, metabolic pathway and functional genes of Paenibacillus mucilaginosus were analyzed from the perspective of metabolomics and genomics.
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transferred to a shake culture flask, and cultured at
 ႏ IRU  KRXUV XQWLO WKH ORJ SKDVH RI VWUDLQ
growth. After centrifugation for 10 min at 10,000
r/min in a low-WHPSHUDWXUH ႏ  FHQWULIXJH WKH
lower thallus was washed and centrifuged with sterile water 5 times and then transferred to a sterile EP
tube and stored at -ႏWRREWDLQWKH30WHVWVDP
ple.
Shanghai Majorbio Technology Co., Ltd. was
entrusted to carry out whole genome sequencing
analysis. At least 15 ȝJ JHQRPLF '1$ ZDV SUR
cessed into 1-10 KB fragments using G-tubes (Covaris, MA). Then, the fragments were purified according to PacBio requirements. The ends were padded, and SMRTbell sequencing connectors were
connected at both ends to construct a single-molecule library. The prepared libraries were double-sequenced on an Illumina HiSeq X Ten instrument
(2×150 bp). Bioinformatics analysis was performed
using data generated by the PacBio RS II and Illumina platforms. All analyses were performed on
Meiji's I-Sanger cloud platform in Shanghai.
Glimmer was used to predict the coding seTXHQFHV &'6V  LQ WKH JHQRPH *HQH0DUN6 ZDV
used to predict the plasmid genes, tRNA was predicted by tRNAscan-SE, and rRNA was predicted by
Barrnap. Sequence alignment tools such as BLAST,
'LDPRQGDQG+00(5ZHUHXVHGWRFDUU\RXWSUR
WHLQIXQFWLRQDQQRWDWLRQIRUSUHGLFWHG&'6VIURPWKH
NR, Swiss-PROT, Pfam, GO, COG and KEGG databases.

MATERIALS AND METHODS
Pot experiment. This experiment was carried
out in the greenhouse of the College of Resources
and Environmental Science of Hebei Agricultural
University. Soil was collected from the top layer (0–
20 cm) in a tomato (Solanum lycopersicum) greenhouse located in Yongqing County, Hebei Province,
&KLQD ƍ1ƍ(  The soil properties were
pH 8.4, 18.3 g kgí1 organic matter, 122.3 mg kgí1
available N, 257.4 mg kgí1 available P, and 1171.6
mg kgí1 available K. In the experiment to determine
the effect of Paenibacillus mucilaginosus PM12 on
tomato growth, the inoculated suspension was assumed to be 3.2×108 cfu/pot [17] in the treatment
(PM12), and the control (CK) was inoculated with
the same amount of sterilized suspension. Three repetitions were performed per treatment, with each pot
having one seedling. The effective bacteria in commercial microbial agents of Paenibacillus mucilaginosus (PM12), which were provided by Hebei
Runwo Biotechnology Company, were prepared at
an effective viable bacterial number of 1.6×108
cfu/mL [17].

Metabonomic analysis of PM12. According
to the above method, bacterial fluid of the PM12
strain at the logarithmic growth stage was obtained.
After centrifugation for 10 min at 10,000 r/min in a
low-WHPSHUDWXUH ႏ FHQWULIXJHWKHFHQWULIXJDOVX
pernatant was transferred to a sterile drying tube, frozen at -ႏDQGIUHH]H-dried in a freeze dryer to obtain Paenibacillus mucilaginosus PM12 freeze-dried
powder, which was used for the analysis and determination of extracellular metabolites. Then, 20 mg
freeze-dried powder samples were weighed into a
P/FHQWULIXJHWXEHDQGȝ/H[WUDFWLRQVROX
tion (methanol:water = 4:1) was added. Under low
temperature, a high-throughput tissue crusher was
used for crushing and extraction for 6 min (-20ႏ, 50
Hz). After 30 s of eddy, low-temperature ultrasonic
extraction was performed for 30 min (5 °C, 40 kHz).
The sample was placed at -20 °C for 30 min and centrifuged at 4 °C for 15 min at 13,000 × g to obtain
the supernatant.
The supernatant was sent to Shanghai Majorbio
Technology Co., Ltd. for metabolome sequencing
analysis. TripleTOF 5600 mass spectrometry and
([LRQ/&$'OLTXLGFKURPDWRJUDSK\ZHUHXVHG7KH
chromatographic column was a BEH C18 with mobile phase A: water (containing 0.1% formic acid)
and mobile phase B: acetonitrile/isopropanol (1/1)
(containing 0.1% formic acid). Separation gradient:

Sample collection and measurement. At 30
days after tomato transplanting, the plant height,
stem diameter, root weight, leaf number, and shoot
biomass were measured. In addition, the flowering
time of each treatment was observed and recorded
from the time of transplanting to the time of first
flowering, and the average value was taken as the
early flowering time.
Whole genome sequence of PM12. First,
shake flask culture medium for Paenibacillus mucilaginosus PM12 was prepared as follows: 1.0% peptone, 0.7% yeast extract, 0.2% MgSO4, 1.0% starch,
0.05% K2HPO4, 0.02% (NH4)2SO4, 0.1% CaCO3 and
pH 7.2. Then, the PM12 strain was inoculated on
sporogenous PHGLXPDFWLYDWHGDWႏIRUGD\V
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0-3 min, mobile phase A decreased linearly from
95% to 80%, mobile phase B increased linearly from
5 to 20%; 3-9 min, mobile phase A decreased linearly from 80% to 5%, and mobile phase B increased
linearly from 20% to 95%. Mobile phase A was
maintained at 5% and mobile phase B at 95% from
9-13 min. From 13.0-13.1 min, mobile phase A was
linearly increased from 5% to 95%, and mobile
phase B was decreased from 95% to 5%. The flow
rate of mobile phase A was 0.40 mL/min, and the
column temperature was 40 °C.
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shown in Figure 1, the fermentation centrifuge supernatant of Paenibacillus mucilaginosus PM12
could be divided as follows: 59.16% lipids and lipidlike molecules, 16.73% organic acids and derivatives, 7.31% organoheterocyclic compounds, 5.5%
organic oxygen compounds, 3.61% benzenoids,
3.43% phenylpropanoids and polyketides, 1.32% organic nitrogen compounds, 0.97% organooxygen
compounds, 0.7% hydrocarbons, 0.62% nucleosides,
nucleotides, and analogs, 0.18% organohalogen
compounds, 0.13% alkaloids and derivatives, 0.13%
lignans, neolignans and related compounds, 0.09%
organosulfur compounds, 0.04% organonitrogen
compounds, 0.04% organometallic compounds, and
0.04% organic 1,3-dipolar compounds. Extracellular
metabolites mainly consisted of lipids and lipid-like
molecules, organic acids and derivatives, organoheterocyclic compounds, organic oxygen compounds,
benzenoids, phenylpropanoids and polyketides, accounting for 95.74% of the total components. Interestingly, some macromolecular compounds, including organic acids and derivatives (lipids, sugar and
benzene), activated soil nutrients and promoted the
formation of soil clay.

Statistical analysis. 'DWDDQDO\VLVDQGYLVXDOL
zation were performed using IBM SPSS Statistics
26.0 and Excel 2019 software. The datasets involved
in this study were subjected to Tukey’s multiple
comparison tests according to the least significant
GLIIHUHQFH /6' YDOues at the level of p=0.05, and
the significance levels for the independent-samples
T tests were set at p=0.05 or p=0.01. The metabolomics and genomics data were analyzed using the
Majorbio cloud platform of Shanghai Majorbio Biopharm Technology Company.

Main metabolic pathways of Paenibacillus
mucilaginosus. The extracellular metabolites of
Paenibacillus mucilaginosus PM12 were matched
with the KEGG database, and 1324 substances participated in 270 metabolic pathways, including the
following 3 conventional metabolic pathways, with
the number of substances involved in parentheses:
metabolic pathways (164), biosynthesis of secondary
metabolites (74), and microbial metabolism in diverse environments (28). As shown in Figure 2, the
top 20 metabolic pathways and the number of substances involved in Paenibacillus mucilaginosus
PM12 were as follows: biosynthesis of antibiotics
27; biosynthesis of amino acids, 24; bile secretion,
22; glycerophospholipid metabolism, 22; ABC
transporters, 21; 2-oxocarboxylic acid metabolism,
18; choline metabolism in cancer, 17; arachidonic
acid metabolism, 16; steroid hormone

RESULTS
Effects of Paenibacillus mucilaginosus on tomato growth and development. Compared with
CK, the root weight, plant height, stem diameter, leaf
number, chlorophyll content and shoot biomass in
the PM12 treatment were significantly increased by
62.83%, 21.11%, 26.64%, 23.02%, 5.79% and
26.12%, respectively. In addition, the flowering time
of the tomato plants was 6.9 days earlier, and the
number of fruit ears was increased by a factor of 0.6
(Table 1). These results indicated that Paenibacillus
mucilaginosus PM12 could significantly promote tomato growth, early flowering time and increased
fruiting.
Compositional analysis of extracellular metabolites of Paenibacillus mucilaginosus. As

TABLE 1
Effects of Paenibacillus mucilaginosus PM12 on tomato growth and development in the greenhouse.
Stem
Leaf numChloroFlowering
Shoot
Fruit
Root bioPlant
diameTreatber
phyll
time
biomass
setting
mass
height
ter
ments
(piece)
(mg/g)
(d)
(g FW)
(count)
(g FW)
(cm)
(mm)
2.26±0.0 21.00±0. 4.91±0. 84.00±2.0
63.37±1.2 11.27±0.
1.20±0.1
CK
31.50±0.34
5
20
03
0
0
02
3
3.68±0.0 25.43±0. 6.12±0. 103.33±0.
67.03±0.3 14.21±0. 24.60±0.27 1.70±0.1
PM12
3**
86**
20*
88**
8*
06**
**
5*
Asterisks (* or **) indicate a significant difference (p<0.05 or 0.01) in physiological indices between CK and PM12.
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FIGURE 1
Classification of extracellular metabolites of Paenibacillus mucilaginosus.

FIGURE 2
The first 20 metabolic pathways in Paenibacillus mucilaginosus.
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FIGURE 3
Metabolic pathways of amino acid biosynthesis in Paenibacillus mucilaginosus.
biosynthesis, 16; neuroactive ligand–receptor interaction, 15; sphingolipid metabolism, 13; protein digestion and absorption, 13; tropane, piperidine and
pyridine alkaloid biosynthesis, 12; fat digestion and
absorption, 11; lysine degradation, 11; arginine and
proline metabolism, 11; sphingolipid signaling pathway, 11; serotonergic synapse, 11; cholesterol metabolism, 10; aminoacyl-tRNA biosynthesis, 10; and
ubiquinone and other terpenoid-quinone biosynthesis, 10. Overall, the main metabolic pathways involved in Paenibacillus mucilaginosus PM12 included soluble phosphate and potassium and the hormones involved in flowering and fruiting.
By matching the extracellular metabolites of
Paenibacillus mucilaginosus PM12, 1324 substances were found to participate in 270 metabolic

pathways analyzed. Paenibacillus mucilaginosus
PM12 could secrete 23 substances that participate in
the biosynthesis of amino acids. The red points in
Figure 3 represent 23 metabolites secreted by the
Paenibacillus mucilaginosus PM12 strain (L-histidiQRO '-sedoheptulose 7-phosphate, L-tyrosine, Lphenylalanine, phenylpyruvic acid, S-sulfate-cysteine, homocysteine, L-valine, L-leucine, L-isoleucine, L-WKUHRQLQH'-lysine, citric acid, ornithine, Nacetyl-L-glutamic acid, L-glutamate, oxoglutaric
acid, aminoadipic acid, L-lysine, saccharopine, Lglutamic acid, N2-acetyl-L-ornithine, oxaloacetate),
which are involved in the action site of the amino
acid metabolism pathway (ko01230). Figure 4 shows
that Paenibacillus mucilaginosus PM12 could secrete gibberellin A3
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FIGURE 4
Metabolic pathways of diterpenoid biosynthesis in Paenibacillus mucilaginosus.

FIGURE 5
Chromosome of Paenibacillus mucilaginosus PM12.
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and participate in the diterpenoid biosynthesis pathway. The red point in Figure 4 represents the five
metabolites secreted by the PM12 strain (abietinol,
cembrene, gibberellin A3, carnosic acid, aconitine),
which are involved in the action site of its metabolic
pathway (ko00904). Paenibacillus mucilaginosus
PM12 was shown to participate in the synthesis of
metabolic precursors of hormones such as auxin, cytokinin and gibberellin and the participate in the metabolism of hormone substances, especially the synthetic extracellular metabolite gibberellin A3. It was
suggested that Paenibacillus mucilaginosus PM12
could metabolize and synthesize hormones that
could accelerate vegetative and reproductive growth
and further increase root weight and early flowering
and fruiting.
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transport and metabolism), K (transcription) and T
(signal transduction mechanisms), accounting for
12.31%, 6.45%, 9.19% and 6.45% of the total predicted proteins, respectively. COG category G was
dominant, which was speculated to be closely related
to the typical characteristics of capsular polysaccharides produced by the strain to adhere to the potassium mineral surface and destroy the function of the
mineral lattice to solubilize potassium.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to analyze the
metabolic pathways and regulatory networks of all
predicted genes in the Paenibacillus mucilaginosus
PM12 genome (Figure 7). A total of 3053 genes in
the genome of Paenibacillus mucilaginosus PM12
were involved in 6 primary classified metabolic
pathways and 39 secondary classified metabolic
pathways, of which the following primary classified
metabolic pathways were present: Cellular ProFHVVHV0HWDEROLVP+XPDQ'LVHDVHV*HQHWLF,QIRU
mation Processing, Organismal Systems and Environmental Information Processing. Among the secondary classified metabolic pathways, the genome of
Paenibacillus mucilaginosus PM12 was involved in
the following (number of genes involved in parentheses): Carbohydrate Metabolism (338), Energy
Metabolism (182), Lipid Metabolism (92), Nucleotide Metabolism (111), Glycan Biosynthesis and
Metabolism (63), Metabolism of Cofactors and Vitamins (193), Metabolism of Terpenoids and Polyacetides (45), Biosynthesis of Other Secondary Metabolites (55), Xenobiotics Biodegradation and Metabolism (49), Signal Transduction (263) and Membrane Transport (451).

Metabolic pathways of amino acid biosynthesis in Paenibacillus mucilaginosus Basic information of the whole genome of Paenibacillus mucilaginosus. As shown in Figure 5, the whole genome of Paenibacillus mucilaginosus PM12 was a
ring chromosome with a length of 8,660,710 bp and
58.51% GC content. The genome is predicted to
KDYH&'6VZLWKDWRWDOJHQHOHQJWKRI
bp and the coding sequence accounting for 85.67%
of the whole chromosome sequence, with an average
gene length of 948.35 bp. RNA gene analysis
showed that the Paenibacillus mucilaginosus PM12
chromosome encoded 154 tRNA genes and 49 rRNA
genes, including 16 16S rRNA, 19 23S rRNA and 14
5S rRNA. The prediction of repeat sequences revealed 344 repeated sequences, with a total length of
93,778 bp, accounting for 1.26% of the total chromosome length.

Genes related to organic acid soluble phosphorus secretion in Paenibacillus mucilaginosus.
The functional genes and metabolic pathways were
identified according to the whole genome sequencing results (Table 2). For example, pyruvate, citrate,
shikimic, acetate and other organic acids, which
have four related functional genes, pyk, ackA, gltA
and aroK, are involved in the citric acid cycle, pyruvate metabolism, propionic acid metabolism, phenylalanine, tyrosine and tryptophan biosynthesis of
14 metabolic pathways: ko00020, ko00230,
ko00400, ko00430, ko00620, ko00630, ko00640,
ko00680, ko00720, ko01200, ko01210, ko01230,
ko04922, and ko05230.

Prediction and classification of gene function of Paenibacillus mucilaginosus. The COG
functional classification of the Paenibacillus mucilaginosus PM12 genome is shown in Figure 6'XU
ing the COG prediction process, 6019 protein sequences were found to have COG numbers, accounting for 76.81% of the total predicted proteins. Relatively more chromosomal proteins were involved in
cellular processes and signaling and metabolism,
which accounted for 16.51% and 32.10% of the total
predicted proteins, respectively. Among them, relatively more chromosomal protein sequences were involved in metabolism, protein translation and signal
transmission, including COG categories G (carbohydrate transport and metabolism), E (amino acid

TABLE 2
Functional genes associated with the secretion of organic acid-soluble phosphorus by Paenibacillus mucilaginosus PM12 and their metabolic pathways.
Functional gene
pyk
ackA
gltA
aroK

Function
Pyruvate kinase
Acetate kinase
Citrate synthase
Shikimate kinase

.2,'
K00873
K00925
K01647
K00891

3DWKZD\,'
ko00230;ko00620;ko01200;ko01230;ko04922;ko05230
ko00430;ko00620;ko00640;ko00680;ko00720;ko01200
ko00020;ko00630;ko01200;ko01210;ko01230
ko00400;ko01230
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FIGURE 6
COG classification statistics of Paenibacillus mucilaginosus PM12.
1RWH7KHDEVFLVVDUHSUHVHQWVGLIIHUHQW&2*W\SHVDQGWKHRUGLQDWHUHSUHVHQWVWKHQXPEHURIJHQHV'HWDLOHGIXQFWLRQGHVFULS
tion of each COG type is shown in legend on the right.

FIGURE 7
KEGG classification of Paenibacillus mucilaginosus PM12.
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TABLE 3
Related functional genes and their metabolic pathways involved in the secretion of potassium capsular
polysaccharides by Paenibacillus mucilaginosus PM12.
KEGG name
Function
.2,'
3DWKZD\,'
pelA
Polysaccharide biosynthesis protein pela
K21006
ko02025
SHO'
Polysaccharide biosynthesis protein peld
K21009
ko02025
pelF
Polysaccharide biosynthesis protein pelf
K21011
ko02025
pelG
Polysaccharide biosynthesis protein pelg
K21012
ko02025
Lipopolysaccharide transport system permease protein
K09690
ko02010
Lipopolysaccharide transport system atp-binding protein
K09691
ko02010
TABLE 4
Genes and metabolic pathways related to auxin synthesis in Paenibacillus mucilaginosus PM12.
KEGG name
Function
.2,'
3DWKZD\,'
trpA
Tryptophan synthase alpha chain
K01695
ko00260;ko00400;ko01230
trpB
Tryptophan synthase beta chain
K01696
ko00260;ko00400;ko01230
trpS
Tryptophanyl-trna synthetase
K01867
ko00970
idi
Isopentenyl-diphosphate delta-isomerase
K01823
ko00900
Genes related to the secretion of capsular
polysaccharide soluble potassium in Paenibacillus mucilaginosus. Four functional genes related to
polysaccharide secretion were found in the metabolic pathway ko02025 formed by biofilms of Paenibacillus mucilaginosus PM12 (Table 3): pelA,
pelD, pelF and pelG. In addition, two genes, lipopolysaccharide transport system permease protein and
lipopolysaccharide transport system ATP-binding
protein, were found to be closely related to the secretion of polysaccharides from the metabolic pathway
ko02010 of the ABC transporter. Therefore, Paenibacillus mucilaginosus PM12 has the functional
genes and proteins for secreting polysaccharides to
form capsules and therefore had the function of adhering to the potassium mineral surface and destroying the function of the mineral lattice to solubilize
potassium.

DISCUSSION
In this study, the effects of Paenibacillus mucilaginosus PM12 on tomato growth and development
was conducted. The results showed that PM12 could
significantly promote tomato growth, early flowering time and increased fruiting, consistent with a previous study [17]. The increased plant growth following PM12 addition may have arisen from a combination of mechanisms. Since the active principles of
PGPR are mediated by enzymes and secondary metabolites, genome sequencing offers the opportunity
to scrutinize the whole genome of a PGPR strain for
genes encoding beneficial enzymes that facilitate resource acquisition and modulation of plant hormone
levels and for biosynthetic gene clusters encoding
antibiotically active compounds [10, 18].
Previous studies have confirmed that the destruction of the potassium feldspar lattice structure is
realized through the acid dissolution of organic acids
and amino acids secreted by silicate bacteria and the
complexation of organic acids, amino acids and capsular polysaccharides [13, 19]. Paenibacillus mucilaginosus can promote plant growth by secreting
some extracellular metabolites, such as organic acids, auxin, cytokinin and gibberellin [20]. Paenibacillus mucilaginosus can produce extracellular
capsular polysaccharides with certain physiological
activities, promote the formation of soil aggregate
structures, loosen soil and enhance water and fertilizer conservation in soil, improve soil fertility, and
further promote growth and yield [19]. In addition,
whole-genome analyses offer the advantage that the
full arsenal of a PGPR strain can be unveiled and investigated [21]. To date, only three genome sequences, those of P. mucilaginosus strains K02
(GenBank accession no. NC_017672) [22], 3016
(accession no. NC_016935) [1] and KNP414 (accession no. CP_002869) [23], have been completed for
P. mucilaginosus. In this study, through the analysis

Genes related to auxin synthesis in Paenibacillus mucilaginosus. In the metabolic pathways
of Paenibacillus mucilaginosus PM12, four related
functional genes, trpA, trpB, trpS and idi, are involved in the biosynthesis of terpenoids, such as indole-3-acetic acid and gibberellin. Five metabolic
pathways, ko00260, ko00400, ko00900, ko00970
and ko01230, are involved in the metabolism of tryptophan, glycine, serine, threonine, phenylalanine and
tyrosine, and the biosynthesis of terpenoids (Table
4). Paenibacillus mucilaginosus PM12 could clearly
stimulate vegetative and reproductive growth by participating in the synthesis of terpenoids such as indole-3-acetic acid and gibberellin and promote the
development of roots and early flowering and fruiting.
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of the whole genome of Paenibacillus mucilaginosus
PM12, it was found that Paenibacillus mucilaginosus PM12 had four functional genes, pyk, ackA,
gltA and aroK, related to the secretion of organic acids. Four functional genes related to the secretion of
polysaccharides were found in the metabolic pathway of biofilm formation, namely, pelA, pelD, pelF
and pelG. Moreover, , lipopolysaccharide transport
system permease protein and lipopolysaccharide
transport system ATP-binding protein, components
of the ABC transporter metabolic pathway, were
found to be closely related to the secretion of polysaccharides. It was revealed that the molecular biological mechanism of the PM12 strain secreting organic acids and metabolizing capsular polysaccharide could dissolve potassium. The mechanism of
potassium release by silicate bacteria through extracellular secretions is best known from the perspective of biochemistry [24, 25]. On this basis, this
study further revealed the related genes regulating
these secretions.
Some studies have confirmed that there are five
metabolic pathways involved in the bacterial synthesis of indole-3-acetic acid, including IAM, IPyA,
TSO, TAM and IAN [20, 26, 27]. Rhizosphere
growth-promoting bacteria can secrete plant hormones such as abscisic acid, auxin, gibberellin and
cytokinin, which can promote plant growth and development by regulating nutrient source/sink conversion and coordinating nutrient balance [13, 28].
Rhizosphere growth-promoting bacteria can regulate
root development and growth by secreting plant hormones, secondary metabolites and enzymes such as
indole-3-acetic acid, gibberellin and cytokinin [2931]. In this study, in the metabolic pathways of strain
PM12, four related functional genes, trpA, trpB, trpS
and idi, are involved in the biosynthesis of terpenoids such as indole-3-acetic acid and gibberellin
and in the tryptophan, glycine, serine, threonine,
phenylalanine and tyrosine and terpenoid biosynthetic pathways. The PM12 strain can stimulate the
vegetative and reproductive growth of greenhouse
tomato by participating in the synthesis of terpenoids
such as indole-3-acetic acid and gibberellin. Therefore, this study explored the molecular biological
mechanism of potassium solubilization, root promotion and early flowering and fruiting of the PM12
strain, which helped reveal the genes involved in
regulating auxin secretion.
This study has some limitations. The mechanism of promoting growth and increasing production
of Paenibacillus mucilaginosus was only a qualitative study with a small sample size and was only a
laboratory experiment. The effects of different treatments on the relative abundance and extracellular
metabolite content of different functional genes, as
well as their relationship with key regulatory factors,
need to be quantitatively studied. At present, the primers for the quantitative determination of functional
genes are not mature, and the conditions for the
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quantitative determination of extracellular metabolites by mass spectrometry and chromatography are
not perfect, so further research should be carried out
with the aim of continuous scientific improvement.
The PM12 strain participated in amino acid biosynthetic pathways and in the secretion of pyruvate,
citrate, shikimic, acetate and other organic acids, and
four related functional genes, pyk, ackA, gltA and
aroK, were found. Functional genes pelA, pelD,
pelF, pelG and others related to polysaccharide secretion were found in the metabolic pathway
ko02025 of biofilm formation, which had the function of secreting polysaccharides to form capsules to
destroy the mineral lattice and solubilize potassium.
Four related functional genes, trpA, trpB, trpS and
idi, were found to be involved in the biosynthesis of
terpenoids, such as indole-3-acetic acid and gibberellin, which have the function and effect of solubilizing phosphorus and potassium and promoting
growth. These results provide more insights into the
use of Paenibacillus mucilaginosus in sustainable
agriculture and the genomic analysis of plant-beneficial microbes.
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LW\7KHILQDOGLVFXVVLRQRIWKHHIIHFWVRILQWDNHDLU
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DQG LWV GHULYDWLRQ KDYH EHHQ SUHVHQWHG HDUOLHU DQG
WKH PHDVXUH RI WKH XQLIRUPLW\ RI 1+ GLVWULEXWLRQ
FDQEHGHULYHGLQWKHVDPHZD\DV(T


6SHHG
USP 










:KHUHnUHSUHVHQWVWKHQXPEHURIPHDVXUHPHQW
SRLQWV RI WKH FURVV VHFWLRQ ݔ  UHSUHVHQWV WKH 1+
FRQFHQWUDWLRQRIWKH iPHDVXUHPHQWSRLQW ݔҧ  UHSUH
VHQWVWKH1+FRQFHQWUDWLRQRIWKHZKROHFURVVVHF
WLRQ7KHPRUHWKHXQLIRUPLW\LQGH[ ܷ௩ LVFORVH
WRWKHPRUHXQLIRUPWKHGLVWULEXWLRQRI1+

&)'PRGHOVHWXS7KHVLPXODWLRQREMHFWLYHRI
WKH6&5FDWDO\WLFFRQYHUWHUPRGHOGHVLJQHGLQWKLV
SDSHU LV WRYHULI\ ZKHWKHU WKH SURSRVHGXQLIRUPLW\
DVVHVVPHQWVFKHPHLVUHDVRQDEOHDQGWRVXJJHVWLP
SURYHPHQWV7KHPRGHOLVVKRZQLQ)LJXUH
$ ,QOHWSLSHSDUW7KHSDUWEHWZHHQWKHHQ
JLQHH[KDXVWRXWOHWDQGWKH6&5FDWDO\WLF
FRQYHUWHULQOHW
% 6&5 SRURXV PHGLD DUHD WKH DUHD ZKHUH
WKHFDWDO\WLFUHGXFWLRQUHDFWLRQRFFXUV
& ([KDXVWGXFWWKHSDUWIURPWKH6&5FDWD
O\WLF FRQYHUWHU RXWOHW WR WKH H[KDXVW GLV
FKDUJH


ටసభሺ௩ ି௩തሻమ

&RQGLWLRQ
3RLQW






ටసభሺ௫ ି௫ҧ ሻమ


),*85(
6&5FDWDO\WLFFRQYHUWHUVWUXFWXUHGLDJUDP

7KHPRGHOLVSURFHVVHGE\+\SHUPHVKIRU
IOXLG GRPDLQ H[WUDFWLRQ JHRPHWU\ SURFHVVLQJ DQG
VXUIDFHPHVKLQJDQGWKHFDOFXODWLRQVRIWZDUHLV6LH
PHQV6WDU&&07KHERG\PHVKLV3RO\KH
GUDOZLWKDWDUJHWPHVKVL]HRIPPDQGDPLQLPXP
VL]HRIPP,QRUGHUWRHQVXUHWKHFRPSXWDWLRQDO
TXDOLW\DQGDFFXUDF\RIWKHFDUULHUSDUWDOOWKHERG\
PHVKHV LQ WKH SURFHVV XVH WKH VWUHWFKLQJ PHVK ([
WUXGHU>@
7KH PDLQ IDFWRUV DIIHFWLQJ WKH XQLIRUPLW\ DUH
WKH H[KDXVW JDV WHPSHUDWXUH WKH H[KDXVW JDV IORZ
UDWHDQGWKHLQOHWDLUVWUXFWXUH>@7KHUHIRUH&)'
FDOFXODWLRQVRQYHORFLW\XQLIRUPLW\DQG1+GLVWUL
EXWLRQXQLIRUPLW\XQGHUFHUWDLQFRQGLWLRQVRIWKHLQ
OHW DLU VWUXFWXUH ZHUH FDUULHG RXW E\ VHOHFWLQJ ILYH
ZRUNLQJFRQGLWLRQVZLWKGLIIHUHQWH[KDXVWJDVWHP
SHUDWXUHVDQGZDVWHIORZUDWHVDVVKRZQLQ7DEOH


7$%/(
&DOFXODWHGZRUNLQJFRQGLWLRQV
([KDXVWJDVWHP
7RUTXH
8UHDLQMHFWLRQYRO
SHUDWXUH ႏ 
XPH PJāV 
1gP 


















([KDXVWJDVIORZ
UDWH NJāK 
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),*85(
&RPSDULVRQRI1+PDVVIUDFWLRQGLVWULEXWLRQRQWKHIURQWVXUIDFHRI6&5FDUULHU

),*85(
6FKHPDWLFGLDJUDPRIWKHEHQFK

6LPXODWLRQUHVXOWVDQGDQDO\VLV7KHGLVWULEX
WLRQ RI 1+ PDVV IUDFWLRQ RQ WKH IURQW VXUIDFH RI
6&5FDUULHUXQGHUILYHGLIIHUHQWGLVFKDUJHWHPSHUD
WXUHVDQGORDGFRQGLWLRQVLVVKRZQLQ)LJXUHDQG
ܷ௩  LV WKH1+ GLVWULEXWLRQ XQLIRUPLW\ LQGH[ LQ
7DEOH $V PHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ WKH
FORVHUWKHYDOXHLVWRWKHPRUHXQLIRUPWKH1+
GLVWULEXWLRQZLOOEH

7$%/(
+RPRJHQHLW\LQGH[RI1+RQWKHIURQWVXUIDFH
RI6&5FDUULHU
&RQGLWLRQSRLQW
    ୴ୟ୮୭୰ 








RIWKHWHVWULJV\VWHPLVVKRZQLQ)LJXUH
7KH PDLQ WHFKQLFDO VSHFLILFDWLRQV RI WKHIRXU
F\OLQGHU KLJKSUHVVXUH FRPPRQ UDLO GLHVHO HQJLQH
XVHGLQWKHWHVWDUHVKRZQLQ7DEOH

7$%/(
0DLQWHFKQLFDOVSHFLILFDWLRQVRIGLHVHOHQJLQHV
,WHP
3DUDPHWHU
&\OLQGHUV

%RUHPP

6WURNHPP

&RPSUHVVLRQUDWLR

6WDQGDUGSRZHUN:


6WDQGDUGVSHHG UāPLQ˅
&\OLQGHU FHQWHU GLVWDQFH

PP

$IWHUWKHGLHVHOHQJLQHRSHUDWLQJFRQGLWLRQVDUH
VWDELOL]HGZHVWDUWWRPHDVXUHWKHGDWDPDLQO\12[
HPLVVLRQVXSVWUHDPDQGGRZQVWUHDPRI6&5DVZHOO
DVWKH6&5SRVWDLUIORZYHORFLW\7KHXUHDLQMHFWLRQ
YROXPHDPPRQLDWRQLWURJHQUDWLR$15PDQXDOFRQ
WUROLV)RUWKHVWUDLJKWSRVWWUHDWPHQWWKHYHORFLW\
XQLIRUPLW\LVJHQHUDOO\KLJKDQGWKH1+XQLIRUPLW\
VKRXOGFRUUHVSRQGWRWKH12[FRQYHUVLRQHIILFLHQF\
>@ 








([SHULPHQWDOYHULILFDWLRQ,QRUGHUWRYHULI\
WKHUHOLDELOLW\RIWKHVLPXODWLRQUHVXOWVILYHGLIIHUHQW
VWHDG\VWDWH RSHUDWLQJSRLQWVZHUH VHOHFWHGIRU VLQ
JOHSRLQWHIILFLHQF\WHVWLQJDVGHVFULEHGLQWKHSUHYL
RXVVHFWLRQ7KHWHVWULJPDLQO\LQFOXGHVWKHG\QD
PRPHWHU GLHVHO HQJLQH HPLVVLRQ WHVW V\VWHP DQG
6&5SRVWWUHDWPHQWV\VWHP7KHSLSLQJDUUDQJHPHQW
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D$YHUDJHFRQYHUVLRQHIILFLHQF\RI12[          E1+XQLIRUPLW\LQGH[
),*85(
$YHUDJHFRQYHUVLRQHIILFLHQF\RI12[DQG1+XQLIRUPLW\LQGH[XQGHUGLIIHUHQWZRUNLQJFRQGLWLRQV

7$%/(
$YHUDJHFRQYHUVLRQHIILFLHQF\RI12[XQGHUGLIIHUHQWZRUNLQJFRQGLWLRQV 
&RQGLWLRQ
6SHHG
7RUTXH
$YHUDJHFRQYHUVLRQ
1+KRPRJHQHLW\
LQGH[
SRLQW
USP 
HIILFLHQF\RI  12[
˄1gP˅
˄˅


























DQGDPELHQWWHPSHUDWXUH&)LQDOO\WKHYHORFLW\
7DEOHDQG)LJXUHVKRZWKHDYHUDJHFRQYHU
XQLIRUPLW\LQGH[PHQWLRQHGDERYHLVXVHGIRUFDOFX
VLRQHIILFLHQF\RI12[DWILYHZRUNLQJSRLQWVPHDV
ODWLRQDQGYHULILFDWLRQ
XUHGE\WKH12[VLQJOHSRLQWFRQYHUVLRQHIILFLHQF\
WHVWDQGWKH1+XQLIRUPLW\LQGH[REWDLQHGIURPWKH

SUHYLRXVVLPXODWLRQDQGWKHWUHQGRIWKHWZRFXUYHV
LVEDVLFDOO\FRQVLVWHQWZKLFKLQGLFDWHVWKDWWKHXQL
IRUPLW\HYDOXDWLRQPHWKRGSURSRVHGLQWKLVSDSHULV
DFFXUDWH




),*85(
6WUXFWXUHRI6&5FDWDO\VWRIWKHWKLUGVFKHPH

)LJXUH  DQG )LJXUH  VKRZ WKH YHORFLW\ XQL
IRUPLW\GLVWULEXWLRQLQGH[RI6&5FDUULHUIURQWIDFH
XQGHU GLIIHUHQW SLSH VWUXFWXUHV$V WKH DQJOH RI WKH
LQOHWHOERZLQFUHDVHVWKHDORQJUDQJHUHVLVWDQFHORVV
EHFRPHVODUJHUDQGWKHYHORFLW\XQLIRUPLW\LQGH[RI
6&5FDUULHUIURQWHQGJUDGXDOO\GHFUHDVHVLQGLFDWLQJ
WKDWWKHGLVWULEXWLRQXQLIRUPLW\EHFRPHVZRUVH7KH
YHORFLW\ XQLIRUPLW\ GLVWULEXWLRQ LQGH[ GHFUHDVHV
IURP  WR  ZKHQ WKH LQOHW SLSH DQG H[KDXVW
SLSHDUHFKDQJHGIURPSDUDOOHOWRQLQHW\GHJUHHVSHU
SHQGLFXODUZKLFKVKRZVWKDWWKHFKDQJHRILQOHWSLSH
VWUXFWXUH KDV D JUHDW LQIOXHQFH RQ WKH YHORFLW\ XQL
IRUPLW\RIWKHPL[WXUH7KLVVXJJHVWVWKDWWKHYHORF
LW\GLVWULEXWLRQXQLIRUPLW\FDQEHLPSURYHGE\XVLQJ



),*85(
6WUXFWXUHRI6&5FDWDO\VWRIWKHVHFRQGVFKHPH

,QIOXHQFHRIDLULQWDNHVWUXFWXUH 'XHWRWKH
GLIIHUHQWSLSLQJVWUXFWXUHVHVSHFLDOO\WKHHOERZSDUW
RIWKHLQOHWSLSHDWWKHIURQWHQGRIWKH6&5FDUULHU
ZLOOJHQHUDWHDODUJHZDOOUHVLVWDQFHZKLFKZLOODI
IHFWWKHYHORFLW\XQLIRUPLW\RIWKHPL[WXUH>@,Q
RUGHUWRVWXG\WKHHIIHFWRISLSHVWUXFWXUHRQYHORFLW\
XQLIRUPLW\LQDGGLWLRQWRWKHGHVLJQ6FKHPHPHQ
WLRQHGDERYHWZRPRUHPRGHOVZLWKGLIIHUHQWSLSH
VWUXFWXUHVDUHGHVLJQHGIRUVLPXODWLRQLQ)LJXUHDQG
)LJXUH  7KH VLPXODWLRQ FRQGLWLRQV DUH LQOHW DLU
IORZUDWHPKLQOHWDLUWHPSHUDWXUH&
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D VPRRWK LQOHW GXFW LQ D SUDFWLFDO GLHVHO 8UHD6&5
V\VWHP
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H[KDXVWJDVWHPSHUDWXUHFDQLQFUHDVHWKH12[FRQ
YHUVLRQHIILFLHQF\DQGDOVRDIIHFWWKHYHORFLW\GLVWUL
EXWLRQXQLIRUPLW\DWWKHIURQWHQGRIWKH6&5FDUULHU
>@,QRUGHUWRVWXG\WKHHIIHFWRILQOHWJDVWHP
SHUDWXUH RQ YHORFLW\ XQLIRUPLW\ VLPXODWLRQV ZHUH
FDUULHGRXWXVLQJ6FKHPH,PRGHOXQGHUGLIIHUHQWLQ
OHWJDVWHPSHUDWXUHFRQGLWLRQV7KHVLPXODWLRQFRQ
GLWLRQVZHUHLQWDNHDLUIORZUDWHPKLQWDNH
GXFWSDUDOOHOWRWKHH[KDXVWGXFWDQGDPELHQWWHP
SHUDWXUH&)LQDOO\WKHYHORFLW\XQLIRUPLW\LQ
GH[ SURSRVHG DERYH ZDV XVHG IRU FDOFXODWLRQ DQG
YDOLGDWLRQ
)LJXUH DQG)LJXUHVKRZ WKH YHORFLW\ XQL
IRUPLW\GLVWULEXWLRQLQGH[RI6&5FDUULHUIURQWVXU
IDFHDWGLIIHUHQWLQOHWJDVWHPSHUDWXUHV$VWKHLQOHW
JDVWHPSHUDWXUHLQFUHDVHVIURP&WR&WKH
YHORFLW\ XQLIRUPLW\ GLVWULEXWLRQ LQGH[ GHFUHDVHV
IURPWRZKLFKLQGLFDWHVWKDWWKHYHORF
LW\GLVWULEXWLRQXQLIRUPLW\JUDGXDOO\EHFRPHVZRUVH
DVWKHLQOHWJDVWHPSHUDWXUHLQFUHDVHV7KLVLQGLFDWHV
WKDWLQWKHDFWXDOGLHVHO8UHD6&5V\VWHPWKHORZHU
WKH LQWDNH JDV WHPSHUDWXUH WKH EHWWHU WKH YHORFLW\
GLVWULEXWLRQXQLIRUPLW\



),*85(
9HORFLW\XQLIRUPLW\LQGH[RIIURQWIDFHRI6&5
FDUULHUXQGHUGLIIHUHQWVFKHPHV

,QIOXHQFHRILQWDNHDLUWHPSHUDWXUH 7KHH[
KDXVWJDVWHPSHUDWXUHIURPWKHHQJLQHZKLFKEDVL
FDOO\GHWHUPLQHVWKHLQWHUQDOWHPSHUDWXUHRIWKHDI
WHUWUHDWPHQW V\VWHP KDV D FHUWDLQ LQIOXHQFH RQ WKH
UHDFWLRQ DFWLYLW\ RI WKH FDWDO\VW HWF ,QFUHDVLQJ WKH



),*85(
&RPSDULVRQRIIURQWIDFHYHORFLW\XQLIRUPLW\RI6&5FDUULHUVXQGHUGLIIHUHQWVFKHPHV


),*85(
&RPSDULVRQRIIURQWHQGYHORFLW\XQLIRUPLW\GLVWULEXWLRQRI6&5FDUULHUVDWGLIIHUHQW 
LQOHWDLUWHPSHUDWXUH
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),*85(
&RPSDULVRQRIIURQWHQGYHORFLW\XQLIRUPLW\GLVWULEXWLRQRI6&5FDUULHUVDWGLIIHUHQWLQOHWIORZV





),*85(
6&5FDUULHUIURQWVXUIDFHYHORFLW\XQLIRUPLW\LQ
GH[DWGLIIHUHQWLQOHWIORZUDWHV

&21&/86,216

 $FFRUGLQJWRWKH&)'VLPXODWLRQFDOFXOD
WLRQDQGWKHUHVXOWVRIILYHZRUNLQJFRQGLWLRQVVLQ
JOHSRLQWHIILFLHQF\WHVWVWKHXQLIRUPLW\HYDOXDWLRQ
FRHIILFLHQWVDUHEDVLFDOO\FRQVLVWHQWZLWKWKHWUHQGRI
12[FRQYHUVLRQHIILFLHQF\ZKLFKLQGLFDWHVWKDWWKH
XQLIRUPLW\HYDOXDWLRQPHWKRGSURSRVHGLQWKLVSDSHU
FDQDFFXUDWHO\HYDOXDWHWKHJDVYHORFLW\DQG1+GLV
WULEXWLRQXQLIRUPLW\DWWKHIURQWHQGRI6&5FDUULHU
 7KH &)' FDOFXODWLRQ UHVXOWV RI WKH WKUHH
LQWDNHVWUXFWXUHVVKRZWKDWWKHODUJHUWKHDQJOHEH
WZHHQ WKH LQWDNH GXFW DQG WKH H[KDXVW GXFW WKH
VPDOOHUWKHLQWDNHUHVLVWDQFHDQGWKHXQLIRUPLW\FR
HIILFLHQWLVFORVHUWR,WSURYHVWKDWDVPRRWKHULQ
WDNHGXFWVKRXOGEHFKRVHQLQWKHDFWXDOWHVWDQGWKH
JDVYHORFLW\XQLIRUPLW\DWWKHIURQWHQGRIWKH6&5
FDUULHULVEHWWHU
 7KH VLPXODWLRQ FDOFXODWLRQ UHVXOWV RI
6FKHPHVKRZWKDWWKHKLJKHUWKHLQWDNHJDVIORZ
UDWHDQGWKHKLJKHUWKHWHPSHUDWXUHWKHVPDOOHUWKH
XQLIRUPLW\IDFWRU,QDUHDOGLHVHO8UHD6&5V\VWHP
XVLQJDVPDOOHULQOHWIORZUDWHDVZHOODVLQOHWWHP
SHUDWXUHFDQLPSURYHWKHJDVYHORFLW\XQLIRUPLW\DW
WKHIURQWHQGRIWKH6&5FDUULHU



),*85(
6&5FDUULHUIURQWVXUIDFHYHORFLW\XQLIRUPLW\LQ
GH[DWGLIIHUHQWLQOHWDLUWHPSHUDWXUH 
,QIOXHQFHRILQWDNHDLUIORZ 7KHH[KDXVWJDV
IURPWKHHQJLQHHQWHUVWKH6&5FDWDO\WLFFRQYHUWHU
WRJHWKHUZLWKWKH1+PL[WXUHVRWKHJDVIORZUDWH
DW WKH IURQW HQG RI WKH 6&5 FDUULHU GHWHUPLQHV WKH
OHQJWKRIWLPHWKHPL[WXUHVWD\VLQWKHFDWDO\WLFFRQ
YHUWHUYROXPH>@,QRUGHUWRLQYHVWLJDWHWKHHI
IHFW RI WKH LQOHW JDV IORZ UDWH RQ WKH YHORFLW\ XQL
IRUPLW\VLPXODWLRQVZHUHSHUIRUPHGXQGHUGLIIHUHQW
LQOHWJDVIORZFRQGLWLRQVXVLQJWKHPRGHORI6FKHPH
7KHVLPXODWLRQFRQGLWLRQVZHUHLQOHWJDVWHPSHU
DWXUH  & SDUDOOHO LQOHW DQG H[KDXVW GXFWV DQG
DPELHQWWHPSHUDWXUH&)LQDOO\WKHYHORFLW\XQL
IRUPLW\LQGH[SURSRVHGDERYHZDVXVHGIRUFDOFXOD
WLRQDQGYHULILFDWLRQ
)LJXUHDQG)LJXUHVKRZWKHYHORFLW\XQL
IRUPLW\GLVWULEXWLRQLQGH[RI6&5FDUULHUIURQWVXU
IDFHDWGLIIHUHQWLQOHWJDVIORZUDWHV:KHQWKHLQOHW
IORZUDWHLQFUHDVHVIURPPKWRPKWKH
YHORFLW\XQLIRUPLW\LQGH[DOVRGHFUHDVHVIURP
WR7KLVLQGLFDWHVWKDWWKHODUJHUWKHLQOHWIORZ
UDWHLVWKHVKRUWHUWKHPL[LQJWLPHEHWZHHQWKHH[
KDXVWJDVDQG1+ZKLFKOHDGVWRXQHYHQPL[LQJRI
WKH PL[WXUH DQG SRRUHU YHORFLW\ GLVWULEXWLRQ XQL
IRUPLW\7KHUHIRUHDVPDOOHULQWDNHIORZUDWHVKRXOG
EHFKRVHQWRLPSURYHWKHYHORFLW\GLVWULEXWLRQXQL
IRUPLW\
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120(1&/$785(

6&56HOHFWLYHFDWDO\WLFUHGXFWLRQ
12[1LWURJHQR[LGHV

30 3DUWLFXODWHPDWWHU 
1+$PPRQLD


$&.12:/('*(0(176

7KHDXWKRUVZDQWWRVKRZVLQFHUHWKDQNVWRDOO
WKHWHFKQLTXHVZKRKDYHKHOSHGWKLVUHVHDUFKDQGDOO
WKHDXWKRUVRIWKHUHIHUHQFHV

)XQGLQJ6WDWHPHQW7KLVZRUNZDVVXSSRUWHG
E\ 1DWLRQDO (QJLQHHULQJ /DERUDWRU\ IRU 0RELOH
6RXUFH (PLVVLRQ &RQWURO 7HFKQRORJ\ RI &KLQD
>JUDQWQXPEHUV1(/06$@DQG8QGHUJUDGX
DWH 6FKRRO RI 6KDQGRQJ 8QLYHUVLW\ &KLQD >JUDQW
QXPEHUV<@


5()(5(1&(6

>@ *UHLP+  'LHVHOHQJLQHHPLVVLRQV$UH
WKH\ QR ORQJHU WROHUDEOH"$UFKLYHV RI7R[LFRO
RJ\  
>@ /LX6:DQJ%*XR=:DQJ%=KDQJ=
 ([SHULPHQWDOLQYHVWLJDWLRQRIXUHDLQMHF
WLRQ VWUDWHJ\ IRU FORVHFRXSOHG 6&5 DIWHUWUHDW
PHQW V\VWHP WR PHHW XOWUDORZ ୶  HPLVVLRQ
UHJXODWLRQ$SSOLHG7KHUPDO(QJLQHHULQJ 
>@ =KX-:DQJ;:DQJ*=KRQJ;/L=
  ([SHULPHQWDO$QDO\VLV RI WKH ,QIOXHQFH
RI ([KDXVW 7KHUPDO 0DQDJHPHQW RQ (QJLQH
ܱܰ௫ (PLVVLRQ)'03)OXLG '\QDPLFV  0D
WHULDOV3URFHVVLQJ  ± 
>@ 6XQ./L'/LX+%DL6  ,QIOXHQFH
RI'LHVHO(QJLQH,QWDNH7KURWWOHDQG/DWH3RVW
,QMHFWLRQ3URFHVVRQWKH5LVHRI7HPSHUDWXUHLQ
WKH'LHVHO2[LGDWLRQ&DWDO\VW)'03)OXLG'\
QDPLFV 0DWHULDOV3URFHVVLQJ  ± 
>@ %DL 6 +DQ - 4LDQJ 6 :DQJ * /L *
 H[SHULPHQWDOLQYHVWLJDWLRQRIXUHDLQMHF
WLRQGHOD\VWUDWHJLHVRQHPLVVLRQFKDUDFWHULVWLFV
RIKHDY\GXW\GLHVHOHQJLQHXQGHUWUDQVLHQWWHVW
F\FOH)UHVHQ(QYLURQ%XOO   
>@ %UDFN: +HLQH % %LUNKROG ) .UXVH 0
'HXWVFKPDQQ 2   )RUPDWLRQ RI XUHD
EDVHGGHSRVLWVLQDQH[KDXVWV\VWHP1XPHULFDO
SUHGLFWLRQVDQGH[SHULPHQWDOREVHUYDWLRQVRQD
KRW JDV WHVW EHQFK (PLVVLRQ &RQWURO 6FLHQFH
DQG7HFKQRORJ\   
>@ 0HUD=0DW]HU&+DXVEHUJHU6)RQVHFD
1  3HUIRUPDQFHRIVHOHFWLYHFDWDO\WLFUH
GXFWLRQ 6&5 V\VWHPLQDGLHVHOSDVVHQJHUFDU
XQGHU UHDOZRUOG FRQGLWLRQV$SSOLHG 7KHUPDO
(QJLQHHULQJ 





                    )UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

>@ /LX%<DR':X):HL//L;  
6WXG\ RQ DPPRQLD VWRUDJH PHFKDQLVP RI FX
66=]HROLWH6&5FDWDO\VWIRUGLHVHOHQJLQH
*DR;LDR+XD;XH*RQJ&KHQJ;XH%DR  
 
>@ +X;:DQJ</L66XQ4%DL6  
$VVHVVPHQW RI WKH $SSOLFDWLRQ RI 6XEFRROHG
)OXLG%RLOLQJWR'LHVHO(QJLQHVIRU+HDW7UDQV
IHU (QKDQFHPHQW)'03)OXLG '\QDPLFV 
0DWHULDOV3URFHVVLQJ  ±
>@7DQ/)HQJ3<DQJ6*XR</LX6  
&)' VWXGLHV RQ HIIHFWV RI 6&5 PL[HUV RQ WKH
SHUIRUPDQFHRIXUHDFRQYHUVLRQDQGPL[LQJRI
WKH UHGXFLQJ DJHQW &KHPLFDO (QJLQHHULQJ DQG
3URFHVVLQJ 
>@&KHQ3:DQJ-  1RQOLQHDUPRGHOSUH
GLFWLYH FRQWURO RI LQWHJUDWHG GLHVHO HQJLQH DQG
VHOHFWLYHFDWDO\WLFUHGXFWLRQV\VWHPIRUVLPXOWD
QHRXV IXHO HFRQRP\ LPSURYHPHQW DQG HPLV
VLRQV UHGXFWLRQ -RXUQDO RI '\QDPLF 6\VWHPV
0HDVXUHPHQWDQG&RQWURO   
>@:DQJ-=KDR++DOOHU*/L<  5H
FHQW DGYDQFHV LQ WKH VHOHFWLYH FDWDO\WLF UHGXF
WLRQ RI 12[ ZLWK 1+ RQ FXFKDED]LWH FDWD
O\VWV$SSOLHG&DWDO\VLV%(QYLURQPHQWDO
 
>@-RKQVRQ7-RVKL$  5HYLHZRIYHKLFOH
HQJLQH HIILFLHQF\ DQG HPLVVLRQV 6$( ,QWHUQD
WLRQDO-RXUQDORI(QJLQHV   
>@:DQJ-=KDR++DOOHU*/L<  5H
FHQW DGYDQFHV LQ WKH VHOHFWLYH FDWDO\WLF UHGXF
WLRQ RI 12[ ZLWK 1+ RQ FXFKDED]LWH FDWD
O\VWV$SSOLHG&DWDO\VLV%(QYLURQPHQWDO

>@+DQ 6 <H 4 &KHQJ 6 .DQJ 7 'DL +
 (IIHFWRIWKHK\GURWKHUPDODJLQJWHPSHU
DWXUHDQG&X$OUDWLRRQWKHK\GURWKHUPDOVWD
ELOLW\RI&X66=FDWDO\VWVIRU1+6&5&D
WDO\VLV6FLHQFH 7HFKQRORJ\   
>@%DL6+DQ-/LX04LQ6:DQJ*HWDO
  ([SHULPHQWDO LQYHVWLJDWLRQ RI H[KDXVW
WKHUPDO PDQDJHPHQW RQ 12[ HPLVVLRQV RI
KHDY\GXW\ GLHVHO HQJLQH XQGHU WKH ZRUOG KDU
PRQL]HG WUDQVLHQW F\FOH :+7& $SSOLHG
7KHUPDO(QJLQHHULQJ 
>@3DUN6/HH6&KR<.DQJ<  ([
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development [4-5]. However, with the extension of
oil and gas well development time, the water content
of oil wells increases, and the proportion of ineffective water injection increases, resulting in a decrease
in water flooding recovery [6-8]. At present, some
scholars believe that the technical direction of "expanding the swept volume & improving oil displacement efficiency" can effectively improve the oil recovery [9]. Among them, the method of using polymer microspheres and surfactants to control flooding
can combine the advantages of a single technology
to improve the comprehensive effect of control and
flooding. Polymer microspheres have excellent dispersibility and migration properties, and have certain
swelling properties, which can solve the key problems of low-permeability reservoir regulation and
flooding to a certain extent [10]. Surfactants can reduce the interfacial tension between water and oil,
effectively displace remaining oil, and ultimately
achieve enhanced oil recovery [11].
The polymer microspheres have small particle
size, large specific surface area, and will not dissolve
in water, so they belong to the dispersed control and
flooding system [12-14]. At present, most of the polymer microspheres for profile control are mainly
synthesized by inverse emulsion polymerization using propylene monomers under the conditions of
crosslinking agents and initiators [15-18]. Due to its
good hydrophilic properties, water molecules can
easily enter the interior of the particles after encountering water, resulting in the expansion of the microsphere particles [19]. However, with the increasingly
stringent environmental regulations, and the problem
of synthetic polymer microspheres degrading polluted formations at high temperature cannot be
solved, it is urgent to develop a polymer microsphere
with environmental protection properties [20].
The molecular chain of surfactants generally
contains both hydrophobic and hydrophilic groups,
which can effectively reduce the interfacial tension
of liquids and promote mutual dissolution of two liquids with different polarities [21]. Therefore, the use
of surfactants in modified flooding can promote the
recovery of remaining oil outside the dominant water

ABSTRACT
Low oil recovery after water flooding development of low permeability reservoir is one of the
problems of oil and gas field development engineering. In this paper, soluble starch is used as monomer
and epichlorohydrin is used as cross-linking agent to
obtain environmentally friendly polymer microspheres with good swelling properties. The surfactant was prepared from gluconolactone and p-phenylenediamine. At the same time, the oil-water interfacial tension of the environment-friendly polymer
microsphere/surfactant composite control and flooding system was studied, and its control and flooding
performance was investigated, and on this basis, the
injection method of the composite control and flooding was optimized. The results show that the particle
size of the environmentally friendly polymer microspheres is 200-800 nm, which can be expanded by
13 times with water absorption, and has a uniform
particle size distribution, good sphericity, and good
swelling performance and plugging performance.
When the amount of surfactant is 3 g/L, the oil-water
interfacial tension can be reduced to 2.8×10-3mN/m.
Experiments show that, after water flooding, the use
of environmentally friendly polymer microspheres/surfactant composite flood control system
can increase the recovery factor by 10.1%.

KEYWORDS:
Low permeability reservoirs, environmentally friendly
polymer microspheres, surfactants, controlled flooding, oil
recovery

INTRODUCTION
Due to the low porosity of the formation core
in which the low-permeability reservoir is located, it
faces the problems of low permeability and low recovery in oil and gas development [1-3]. In response
to this problem, drilling engineers often use the combination of water flooding and oil well fracturing for
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flow channel area, thereby improving the recovery
factor [22-24].
In this paper, aiming at improving the oil recovery rate of low permeability reservoirs, environmentfriendly polymer microspheres and surfactants were
synthesized and their properties were evaluated. At
the same time, the slug injection method was used as
the main method to evaluate the composite driving
performance of environmentally friendly polymer
microspheres/surfactant. Finally, a new solution is
provided for the development of low-permeability
reservoirs.
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tra-low interfacial tension meter was used to determine the effect of surfactant addition on the oil-water
two-phase interfacial tension.
Environmental performance evaluation. Referring to the national standard of the People's Republic of China GB/T 7488-1987, use a BOD tester
to test the five-day biochemical oxygen demand
(BOD5). With reference to the national standard of
the People's Republic of China GB 11914-89, use a
COD tester to test the chemical oxygen consumption.
Core flooding experiment. Experiment on the
sealing performance of environmentally friendly
polymer microspheres. Use saturated formation water to determine the pore volume of the sand-packed
tube core model; and measure the water permeability
of the core. After adding environmentally friendly
polymer microspheres, aging at 50 °C for 48 h, the
core permeability was tested and recorded.

MATERIALS AND METHODS
Materials. Soluble starch and epichlorohydrin
were provided by Sinopharm Group Shanghai Test
Company in analysis pure. Gluconolactone, p-phenylenediamine, Span60, and OP-10 were all provided by Aladdin Reagent Co., Ltd. in analysis pure.
3# white oil was provided by Guangzhou Shengli
Chemical Co., Ltd.

Oil flooding experiment of environmentfriendly polymer microspheres/surfactant composite system. Use saturated formation water to
measure the pore volume and water permeability of
the sand-filled pipe core model, and calculate the
waterflooding recovery factor. At the same time, the
polymer microsphere/surfactant composite system
experiment was carried out to record the relevant
data and calculate the final recovery factor.

Preparation methods. (1) Preparation method
of polymer microspheres. 3.0g Span60 and 1.0g OP10 was added to 3# white oil with stirring to form
continuous phase oil. The dispersed phase is soluble
starch and epichlorohydrin in deionized water. The
dispersed phase was transferred to the continuous
phase oil, rapidly heated to 50 °C for 4-6 h, demulsification, filtration, and precipitation to obtain polymer microspheres.
(2) Preparation method of surfactant agent.
Gluconolactone and p-phenylenediamine were
added to a four-necked flask containing deionized
water at a molar ratio of 2:1, stirred and heated to 60°
C. for reaction for 4-6 h to finally obtain a surfactant.

RESULTS
FTIR. Figure 1 shows the infrared spectrum of
soluble starch and environmentally friendly polymer
microspheres. It can be seen from Figure 1 that the
characteristic peaks of hydroxyl groups of the environmentally friendly polymer microspheres are narrowed, indicating that some hydroxyl groups in the
soluble starch have undergone a cross-linking reaction with epichlorohydrin. However, there are still
hydroxyl groups that are not involved in the reaction,
which ensures the hydrophilic properties of the polymer microspheres to a certain extent. The carboxyl
group contained in the soluble starch itself also ensures that the polymer microspheres have excellent
hydrophilic properties to a certain extent.
Figure 2 is the infrared spectrum of the surfactant. It can be obtained from Figure 2, where 3428.73
cm-1 is the characteristic peak of stretching vibration
of -OH, 1609.03 cm-1 is the characteristic peak of
stretching vibration of C=O, and 1024.62 cm-1 is the
characteristic peak of stretching vibration of C-N. It
shows that the synthesis of surfactant was successful.

Structure Characterization. The polymer microspheres and surfactants were characterized by
FTIR using an infrared analyzer with the wavenumber is 4000 cm-1- 400 cm-1, respectively. The
surface morphology of polymer microspheres was
characterized by SEM, and the particle size distribution of polymer microspheres was tested by laser
particle size analyzer.
Swelling energy absorption evaluation. The
environment-friendly polymer microspheres were
placed in tap water and left standing for 8 days. The
change of the median particle size of the polymer microspheres at different times was measured by a laser
particle size analyzer, and the swelling properties of
the environment-friendly polymer microspheres
were finally obtained.
Interfacial tension test. Referring to the oil
and gas industry standard SY/T 5370-2018 "Determination of Surface and Interfacial Tension", an ul-

SEM. The microscopic morphology of the environmentally friendly polymer microspheres is
shown in Figure 3. It can be seen that the sphericity
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of the environmentally friendly polymer microspheres is good, and the particle size distribution is
uniform. At the same time, the surface of the environmentally friendly polymer microspheres is relatively rough, because after the cross-linking modification, there will be a hole structure on the surface
of the particles, which improves the water absorption
performance of the environmentally friendly polymer microspheres to a certain extent.

Fresenius Environmental Bulletin

Particle size distribution. Using a laser particle size analyzer to test the particle size distribution
of environmentally friendly polymer microspheres.
As shown in Figure 4, it can be seen that the environmentally friendly polymer microspheres have a
unimodal distribution with a median particle size of
502.85 nm and a span of 1.19. It shows that the particle size of the environmentally friendly polymer
microspheres is uniform.

FIGURE 1
The FTIR of Soluble Starch and Eco-Friendly Polymer Microspheres.

FIGURE 2
The FTIR of Surfactants.
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FIGURE 3
The SEM of Environmentally Friendly Polymer Microspheres.

FIGURE 4
Particle Size Distribution Curve of Environmentally Friendly Polymer Microspheres.
TABLE 1
Evaluation of Water Absorption and Swelling Properties of Environmentally Friendly
Polymer Microspheres
Time /d
Particle size ȝP
Multiple
1
2.26
4.49
2
4.01
7.97
3
4.86
9.66
4
5.33
10.60
5
5.82
11.57
6
6.28
12.49
7
6.63
13.18
8
6.83
13.58
Evaluation of swelling properties. Table 1 is
the particle size of the environment-friendly polymer
microspheres after water absorption at different
times. It can be seen from Table 1 that with the increase of water absorption time, the particle size of
environmentally friendly polymer microspheres increases first and then remains unchanged. When the
water absorption time is 1 day, the particle size of the
environmentally friendly polymer microspheres is

2.26 microns, and the water absorption and swelling
are nearly 5 times. When the water absorption time
was 6 days, the particle size of the microspheres was
6.28 microns, and the swelling was nearly 13 times.
When the water absorption time is 8 days, the particle size of the microspheres is 6.83 microns, and the
water absorption swelling is 13.58 times. Therefore,
the environmentally friendly polymer microspheres
have better water-swelling properties.
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FIGURE 5
Effect of Surfactant Mass Fraction on Interfacial Tension.
Oil-water interfacial tension. The test results
of different mass fractions of surfactants on the oilwater interfacial tension are shown in Figure 5. It can
be seen from Figure 5 that with the increase of the
surfactant mass fraction, the interfacial tension first
decreases and then remains basically unchanged.
When the surfactant mass fraction was 3000 mg/L,
the interfacial tension decreased to 2.8×10-3 mN/m,
which was an ultra-low interfacial tension level.
When the surfactant mass fraction continued to increase, the interfacial tension remained basically unchanged. Therefore, the optimal dosage of surfactant
is 3000 mg/L.

cause with the increase of the concentration of environmentally friendly polymer microspheres, its
larger specific surface area promotes their agglomeration, resulting in a stacking effect, which cannot
further improve the plugging rate.
Performance evaluation of compound control and drive. Figure 6 and Table 3 show the evaluation of the environmental-friendly polymer microspheres/surfactant composite flood control performance. It can be seen from Figure 6 that with the increase of injection volume, the recovery factor increases, but the water content of the driven liquid increases to more than 90%. When the environmentfriendly polymer microspheres are injected, the injection pressure increases and the water content decreases slightly, which is because the environmentfriendly polymer microspheres block the pores,
thereby increasing the pressure. When the surfactant
is injected, the water content decreases significantly
and the recovery factor increases. This is because the
surfactant can reduce the surface tension between oil
and water and increase the content of crude oil in the
solution. It can be seen from Table 3 that the environmental-friendly polymer microspheres/surfactant
compound flood control can effectively improve the
oil recovery, with an average increase of 10.1%.

Sealing performance evaluation. The effects
of different concentrations of environmentally
friendly polymer microspheres on the control-flooding and plugging performance of artificial cores (100
mD) were investigated, and the results are shown in
Table 2. With the increase of the mass fraction of environmentally friendly polymer microspheres, the
plugging rate increases, indicating that the environmentally friendly polymer microspheres can effectively plug the formation pores to reduce the permeability. When the mass fraction of environmentally
friendly polymer microspheres is greater than 4 g/L,
the blocking rate is basically unchanged. This is be-

TABLE 2
Influence of different concentrations of environmentally friendly polymer microspheres on the plugging
performance of artificial cores
Water permeability /10-3 ȝP2
Concentration
Drag coeffiResidual drag
Blocking rate
/%
cient
coefficient
/%
Before
After
0.5
48.5
27.1
1.17
1.79
44.1
1
51.6
26.4
1.32
1.95
48.8
2
56.3
24.9
1.76
2.26
55.8
3
61.4
25.6
1.96
2.40
58.3
4
53.6
20.2
2.12
2.65
62.3
5
56.7
19.6
2.39
2.89
65.4
6
58.6
19.8
2.45
2.96
66.2
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FIGURE 6
Evaluation of the performance of environmentally friendly polymer microspheres/surfactant
composite flood control.
TABLE 3
Experiment results of environmental-friendly polymer microspheres/surfactant composite
control and flooding
Recovery factor/%
Water permeability
Number
water
Environmentally friendly polymer
-3
2
/10 ȝP
Surfactant agent
drive
microspheres
1
59.5
27.4
30.4
37.1
2
61.2
26.4
29.8
35.8
3
60.6
24.6
28.7
35.8
Average
60.4
26.1
29.6
36.2

Number
1
2
3

TABLE 4
Environmental performance evaluation
BOD5, mg/L
COD, mg/L
1390.90
3451.60
1442.60
3952.50
1460.80
3864.60

Environmental performance evaluation. Biodegradability generally refers to the ease of degradation of pollutants in sewage by microorganisms. It
is generally used to evaluate the environmental protection performance of treatment agents in oilfield
operations. The calculation formula is shown in
Equation 1. The biochemical properties of the environmentally friendly polymer microspheres are
shown in Table 4.
ைఱ
ߟ=
× 100%
(1)
ை
Among them, Ș represents the biochemical ratio. BOD5 represents the 5-day biochemical oxygen
demand, mg/L. COD represents the chemical oxygen
consumption, mg/L.
The experimental results can be obtained from
Table 4, and its biochemical ratio is 38.2%, which is
greater than 25%, which belongs to the treatment
agent with excellent biochemical properties. Therefore, the eco-friendly polymer microspheres have
excellent eco-friendly properties.

BOD5/COD, %
40.29
36.50
37.80

CONCLUSIONS
Environmentally friendly polymer microspheres have excellent water-swelling and blocking
properties. According to the evaluation, the average
particle size of the environmentally friendly polymer
microspheres is 100-800 nm, and it can swell about
13 times by water absorption. When the mass fraction of environmentally friendly polymer microspheres is greater than 3 g/L, the blocking rate is
greater than 60%.
Surfactants can effectively reduce the surface
tension of the oil-water interface. When the added
amount of surfactant is 3 g/L, the oil-water interfacial tension can be reduced to 2.8×10-3 mN/m.
The environment-friendly polymer microspheres/surfactant compound control and flooding
system has better oil displacement effect on low permeability reservoirs. Among them, the environmentfriendly polymer microspheres can effectively seal
the formation pores, and the addition of surfactants
can reduce the oil-water interfacial tension, thereby
increasing the crude oil content, thereby enhancing
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the recovery factor. Experiments show that the use
of environmentally friendly polymer microspheres/surfactant composite flooding method can
increase the recovery factor by 10.1%.
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ABSTRACT

INTRODUCTION

A combination of theoretical analysis and experimental research was used to study the influence
of factors such as concentration, pH value, and hardness on the scale inhibition rate of polycarboxylic
acid scale inhibitors. The test found that polyepoxysuccinic acid (abbreviated as "PESA") was a scale
inhibitor with excellent scale inhibition performance
among polycarboxylic acid scale inhibitors. Its scale
inhibition rate could reach up to 90.14%. Meanwhile, the PESA concentration, pH value and calcium hardness in the reaction system have a significant effect on the scale inhibition performance of
PESA and showed certain regular changes. The
changes of hardness, electrical conductivity, pH
value and critical pH index (pHc) of spray water after adding PESA to the spray tank of textile factory
were studied. Air conditioning room 3 was an experimental pool with PESA, and air conditioning room
5 was a comparative pool without scale inhibitors.
The test showed that the scale inhibitors had obvious
chelating solubilization effect after being added to
the experimental pool, which made the spray water
hardness of air conditioning room 3 higher than that
of room 5. And the pH value and conductivity of
room 3 initially increased and then decreased, while
the pH and conductivity of room 5 kept rising. Since
the 9th day, the pH value of spray water in air conditioning room 5 has been higher than pHc, and the
scaling trend has gradually become more serious.
With the continuous reaction of the scale inhibitor
and the scale-forming ions, after 21 days of operation, the pH value of spray water in the air conditioning room 3 decreased continuously, which was less
than pHc, and the water quality was in a non-scaling
and stable state. Therefore, the PESA has a good
scale inhibition effect.

Textile air conditioning is a kind of process air
conditioning, which mainly uses spray water to treat
the air. It can complete seven kinds of air treatments,
such as heating, humidifying, cooling and dehumidifying [1-3]. The textile air conditioning water system is an open system, and water will reduce due to
evaporation during the circulation process, so it is
necessary to supplement the circulating water, enterprises generally use tap water for supplementation.
However, as the spray water evaporates continuously, the water quality is easily polluted, and common water quality problems such as scaling, corrosion and microbial growth will occur, among which
the scaling problem is the most serious [4-5]. In water treatment, enterprises generally use rotary filters
and sand-gravel filter pools to remove large particles
of impurities, but they have not adopted effective
water treatment methods to remove calcium and
magnesium plasmas that cause scaling. At the same
time, the concentration of various mineral salt ions
continues to increase with the evaporation of water,
which leads to the problem of scaling of equipment
and pipes in the water system [6-9].
The factors affecting the scale production include supplemental water quality, water temperature, flow rate, equipment materials and surface
smoothness[10]. Textile air conditioning should take
targeted water treatment measures to optimize water
quality and improve water quality during operation.
Otherwise, it can cause a series of problems such as
pipeline fouling, nozzle blockage, and efficiency reduction, which can increase the resistance of the
pipeline, reduce the heat and moisture exchange efficiency of the air conditioning spray room, shorten
the operating life of the equipment, and even affect
normal production operations in severe cases [1112]. The main component of scale is the calcium carbonate scale [13]. The main judgment indexes are
saturation index [14], stability index [15], scaling index [16], critical pH scaling index [17]. The critical
pH scaling index (pHc) is proposed by Feitler
through experimental measurement, which can accurately reflect the precipitation of calcium carbonate
crystals in water. It uses experimental measurement

KEYWORDS:
Polycarboxylic acid scale inhibitor, textile air-conditioning, spray water, scale inhibition, critical pH index
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values instead of thermodynamic equilibrium derivation to predict whether calcium carbonate in the
water will precipitate out, and comprehensively considers all the influencing factors of scaling, such as
supplementary water quality and water temperature.
In this paper, the scale inhibition performance of
three polycarboxylic acid scale inhibitors was tested
under different conditions, and the significant influence of various factors on the scale inhibition performance was studied. Finally, PESA with the best
scale inhibition performance was selected to treat
spray water. The experiment was conducted by applying PESA in a textile factory and conducting a
test to study its practical application effect. Two control operation schemes were set up in the experiment,
air conditioning room 3 was added with PESA, air
conditioning room 5 was not added it. The two air
conditioning rooms have been running for 33 days.
This article monitored the changes of hardness, conductivity, pH, and critical pH index (pHc) in spray
water under the two operating modes.
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In the experiment, two 250 mL water samples
were placed in two erlenmeyer flasks, one of which
was added with scale inhibition, and the other was
without it. At the same time, they were put in a constant temperature water bath pan at 80°C for 10 h.
After 10 h, they were taken out and cooled to 20°C,
then filtered with filter paper. 25.00 mL water samples were taken from the conical flasks, adding about
80 mL water, 5 mL ammonia-ammonium chloride
buffer solution and 3~5 drops of chrome black T indicator. Titrated with 0.05 mol/L EDTA standard solution until the solution turns from purple to pure
blue that is the endpoint, then recorded the amount
of EDTA consumption. The calculation formula of
scale inhibition rate can be expressed as follows:
 ି
ߟ = భ బ × 100% (1)
మ ିబ

The physical meaning of each team is as follows: Ș (%) is scale inhibition rate; V0 (mL) is the
amount of EDTA consumed by Ca2+ in the water
sample heated without scale inhibitor; and V1 (mL)
is the amount of EDTA consumed by Ca2+ in the water sample heated with scale inhibitor.

MATERIALS AND METHODS
RESULTS AND DISCUSSION

Selection of scale inhibitors. This experiment
selected polyepoxysuccinic acid (PESA), polyaspartic acid (PASP), and polyacrylic acid (PAA) among
the polycarboxylic acid scale inhibitors for applied
research on air conditioning spray water, and the
scale inhibition rates of the three scale inhibitors
were tested.
The best scale inhibitor was selected based on
the comparison of experimental results.

Effect of scale inhibitor concentration on
scale inhibition rate. Under the conditions of pH
8.0, temperature 20Ԩ, Ca2+ concentration 200 mg/L,
HCO3- concentration 1000 mg/L (both calculated as
CaCO3), the effect of the concentration of polycarboxylic acid scale inhibitor on its scale inhibition
rate was investigated separately, as shown in Figure
1.
When the scale inhibitor concentration was between 5 mg/L and 25 mg/L, the scale inhibition rate
showed a trend of increasing and then decreasing.
The trend was upward when the scale inhibitor concentration was between 5 mg/L and 15 mg/L, the
trend was down when the scale inhibitor concentration was between 15 mg/L and 25 mg/L. And when
the concentration was 15 mg/L, the scale inhibition
rate of the three scale inhibitors reached the best. At
this time, the scale inhibition rate of PESA reached
90.14%, that of PASP reached 83.1%, and that of
PAA reached 79.34%. Comparing their scale inhibition rate, PESA had the largest scale inhibition rate,
and its scale inhibition performance was better than
PASP and PAA. From the scale inhibition performance experiment of the above three scale inhibitors, it can be found that when the amount of the
scale inhibitor is too small, the reaction will be insufficient, resulting in the inability to form stable
complexes with calcium and magnesium ions in the
water. Therefore, it can't play a good scale inhibition
effect, so that the scale inhibition rate is low. When
the amount of scale inhibitor increases, the scale inhibition rate appears to slowly decrease. This may be
due to the entanglement, condensation and sedimentation occurring because of the polar action between

Test method and procedure of scale inhibition rate. The performance of scale inhibitors is affected by concentration, temperature, pH value,
hardness, etc. in actual use, and the water temperature is usually 18Ԩ̚22Ԩ in the actual operation of
textile factory. Therefore, when testing the scale inhibition performance of scale inhibitor, the experiment was carried out at 20°C. Referring to
GB/T16632-2008 "Determination of Scale Inhibition Performance of Water Treatment Agents Calcium Carbonate Deposition Method" [18], this experiment adopted a controlled variable method to explore the best anti-scale rate among PESA, PASP
and PAA under different conditions of concentration, pH and hardness. The principle of the calcium
carbonate deposition method is to prepare Ca(HCO3)2
solution with HCO3- and Ca2+. Heating promotes the
decomposition of Ca(HCO3)2 into CaCO3. After reaching equilibrium, the concentration of Ca2+ in the solution
is titrated with EDTA standard solution to measure the
content of Ca2+. The scale inhibitor has an obvious
solubilizing and chelating effect on calcium carbonate scale, which can increase the solubility of calcium ions in water. Therefore, the more Ca2+ content
means the better the scale inhibition performance.
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FIGURE 1
The effect of concentration on scale inhibition rate

FIGURE 2
The effect of pH on scale inhibition rate

FIGURE 3
The effect of calcium hardness on scale inhibition rate
scale inhibition rate was investigated separately
ZKHQS+DVVKRZQLQ)LJXUH
From the graph, it can be seen that the scale inhibition effect of each scale inhibitor was better at
S++RZHYHUDVS+YDOXHLQFUHDVHGWKHWHQGHQF\
of calcium carbonate scaling in water samples increased, and calcium carbonate scale was easily precipitated, resulting in an incomplete reaction between the scale inhibitor and the scale, so the scale
inhibition rate of the scale inhibitor was continuously decreasing. The scale inhibition rate of PESA
decreased more slowly than that of PASP and PAA
during pH changed. When pH was 9, the scale inhibition rate of PESA was 68.57%, which was higher

scale inhibitor molecules and then inhibits the reaction process of complex formation. The calcium carbonate that has been adsorbed in the molecule is released back into the solution, resulting in a decrease
in scale inhibition performance. Therefore, it is particularly important to choose appropriate concentration when adding scale inhibitors.
Effect of circulating water pH on scale inhibition rate. Under the conditions of scale inhibitor
concentration 15 mg/L, temperature 20Ԩ, Ca2+ concentration 200 mg/L, HCO3- concentration 1000
mg/L (both calculated as CaCO3), the effect of the
polycarboxylic acid scale inhibitor pH changes on its
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than that of PASP and PAA, and their scale inhibition rates were 41.43% and 38.47% respectively. It
can be seen that PESA can still exert the proper scale
inhibition effect at high pH compared with PASP
and PAA.

data of PESA scale inhibition performance to investigate whether there were regular changes and significant effects of factors such as concentration, pH
value and calcium hardness on the scale inhibition
performance of PESA.

Effect of make-up water hardness on scale
inhibition rate. Under the conditions of scale inhibitor concentration 15 mg/L, pH 8.0, temperature
20Ԩ, HCO3- concentration 1000 mg/L (both calculated as CaCO3), the effect of the calcium hardness
changes on its scale inhibition rate was investigated
separately, as shown in Figure 3.
It can be seen from Figure 3 that as the concentration of Ca2+ increased, the following reactions occurred in water for PESA, PASP, and PAA:
ܽܥଶା + 2ܱܥܪଷି = ܱܥܽܥଷ ՝ +ܱܥଶ ՝ +ܪଶ ܱ
The reaction promoted the formation of more
calcium carbonate scale, which made the scale inhibition rate show a downward trend. It meant that the
scale inhibition effect of three scale inhibitors was
not very good when Ca2+ concentration was high,
and they could not make the scale inhibitor play its
effect in time. When Ca2+concentration was 600
mg/L, the scale inhibition rates of PESA, PASP, and
PAA were 71.83%, 67.8%, 57.52% respectively. It
can be seen that the scale inhibition rate of PESA is
higher than the other two scale inhibitors, and it has
a better scale inhibition effect.
In summary, the scale inhibition rate of PESA
is significantly higher than the other two, so PESA is
selected as a textile factory air conditioning spray
water treatment agent.

Regression analysis of concentration and
scale inhibition rate. Under the conditions of pH
8.0, temperature 20Ԩ, Ca2+ concentration 200 mg/L,
HCO3- concentration 1000 mg/L (both calculated as
CaCO3), regression analysis was used to analyze the
influence of the concentration on the scale inhibition
rate by changing it.
In regression analysis, R2 is the goodness-of-fit,
an indicator used to determine the degree of fit of the
equation, which is generally considered to be greater
than 60%. It reflects the ability of the regression
model to explain the variation in the independent
variable, the closer to 1 the better. P indicates the
probability that the factor has a significant effect on
WKHWHVWUHVXOWV:KHQ3LWPHDQVWKDWWKHIDFWRU
has a very significant effect on the test index; when
3LWPHDQVWKDWWKHIDFWRUKDVDVLJQLIL
cant effect on the test index; when P>0.05, it means
that the factor has no effect on the test index.
Regression models were developed to observe
the goodness-of-fit R2 of each model. When the independent variable “concentration” was between 5
mg/L and 25 mg/L, R2 was 0.963. It reflected that the
proportion explained by the regression equation in
the change of scale inhibition rate was 96.3%. It can
be seen from Table 1 that the significance P of the
quadratic model analysis was 0.037, and 0.01 ˘
3LQGLFDWHGWKDWWKHLQGHSHQGHQWYDULDEOHFRQ
centration" had a significant impact on the dependent
variable "scale inhibition rate". The quadratic equation can be gotten by reading the estimated values of
the parameters, y=0.560+9.787x-0.274x2. It can be
seen that the influence of concentration on the scale
inhibition rate shows a quadratic polynomial function relation.

Data regression analysis of PESA performance test. In the processing of experimental data,
regression analysis is a common statistical method
used to deal with the correlation between variables
and find the statistical patterns hidden behind the
randomness. Determining the regression equation
and testing the plausibility of the regression equation
are the main elements of the regression analysis.
This article discussed the influence of concentration, pH value and calcium hardness on scale inhibition rate of polycarboxylic acid scale inhibitors
by the controlled variable method. It was found that
scale inhibition rate of PESA was 90.14%, and the
scale inhibition effect was the best. Therefore, regression analysis was performed on the experimental

Equation
Quadratic equation

Regression analysis of pH and scale inhibition rate. Under the conditions of scale inhibitor
concentration 15 mg/L, temperature 20Ԩ, Ca2+ concentration 200 mg/L, HCO3- concentration 1000
mg/L (both calculated as CaCO3), regression analysis was used to analyze the influence of PH on the
scale inhibition rate by changing it.

TABLE 1
Regression model of concentration and scale inhibition rate
Model abstract
Estimated values of parameters
R2
F
Freedom1 Freedom2
P
Constant
b1
b2
b3
0.963
25.841
2
2
0.037
0.56
9.787
-0.274

Note: Independent variable: concentration (mg/L); dependent variable: scale inhibition rate (%)
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R2
0.941
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TABLE 2
Regression model of pH and scale inhibition rate
Model abstract
Estimated values of parameters
F
Freedom1 Freedom2
P
Constant
b1
b2
b3
48.039
1
3
0.006
228.292 -18.782

Note: Independent variable: pH; dependent variable: scale inhibition rate (%)

Equation
Linear

R2
0.992

TABLE 3
Regression model of calcium hardness and scale inhibition rate
Model abstract
Estimated values of parameters
F
Freedom1 Freedom2
P
Constant
b1
b2
b3
356.496
1
3
0.000
98.428
-0.044

Note: Independent variable: calcium hardness (mg/L); Dependent variable: scale inhibition rate (%).

Based on the scatter plot relationship between
pH and scale inhibition rate, regression models were
developed to observe the goodness-of-fit R2 of each
model. When the independent variable "pH" was between 7 and 11, the linear model had the best fitting
effect, so the linear model was chosen to fit. It can
be seen from Table 2 that R2 was 0.941, P was 0.006
DQG3LQGLFDWLQg that the independent variable
"pH" had a significant impact on the dependent variable "scale inhibition rate". The linear model regression equation can be gotten by reading the estimated
values of the parameters, y=228.292-18.782x. It can
be seen that the influence of pH on the scale inhibition rate shows a linear relationship.

as the experimental pool with scale inhibitor, and air
conditioning room 5 as the comparison pool without
scale inhibitors. The total experiment time was 33
days, and the test interval was 4 days. To ensure the
same experimental conditions in both pools, the
pools were cleaned and re-charged before the experiment. Through experimental tests, the optimal dosage of PESA was 15 mg/L, so the dosage of PESA
added in the experimental pool in air-conditioned
room 3 was about 232 g, and it was evenly dispersed
in the pool. The two pools were regularly refilled to
ensure that both pools operate under the same operating conditions. Referring to GB/T15452-2009
"Determination of calcium and magnesium ions in
industrial circulating water by EDTA titration
method" to determine the hardness in water [19], pH
and conductivity were tested using industrial probes.

Regression analysis of calcium hardness and
scale inhibition rate. Under the conditions of scale
inhibitor concentration 15 mg/L, pH 8.0, temperature 20Ԩ, HCO3- concentration 1000 mg/L (both calculated as CaCO3), regression analysis was used to
analyze the influence of calcium hardness on the
scale inhibition rate by changing it.
Based on the scatter plot relationship between
calcium hardness and scale inhibition rate, through
the comparison of multiple fitting models, the linear
model had the best goodness of fit R2, so the linear
model was chosen to fit. It can be seen from Table 3
that R2 was 0.992, P was 0.000, DQG 3, indicated that the independent variable " calcium hardness " had a very significant impact on the dependent
variable "scale inhibition rate". The linear model regression equation can be gotten by reading the estimated values of the parameters, y=98.428-0.044x. It
can be seen that the influence of calcium hardness on
the scale inhibition rate shows a linear relationship.

Variation of calcium hardness with the running time. The trend of calcium hardness in spray
water with time is shown in Figure 4.
It can be seen from Figure 4, at the beginning
of operation, the calcium hardness of the two pools
was both 200 mg/L. As the operation time increased,
compared with the air conditioning room 5 without
scale inhibitor, the spray water calcium hardness in
air conditioning room 3 was higher and the calcium
hardness rose faster. The main reason is that PESA
has an obvious solubilizing and chelating effect on
calcium carbonate scale, which improves the solubility of calcium ions in water. In the first 13 days, scale
inhibitor continuously contacted and reacted with the
calcium carbonate scale, so that the release rate of
calcium ions became faster and a large number of
calcium ions were released. After the 13th day, the
release rate of calcium ions slowed down. This is
mainly due to the continuous increase of water supply to dilute the scale inhibitor, which results in an
insufficient reaction between the scale inhibitor and
calcium scale, and the scale inhibitor effect is gradually weakened. Between the 25th and 33rd day, the
scale inhibitor reached the best effect, at this time,
the calcium ion content fluctuated around 850 mg/L,

Air conditioning water quality monitoring
and analysis. This article selects two air conditioning rooms 3 and 5 with similar operating conditions
and equal pool volumes in a textile factory. The dimensions of both pools are: 4.55 m long, 8.5 m wide,
0.4 m deep, and volume is 15.47 m3. Both pools are
powered by two pumps with a power of 15 kW, a
flow rate of 120 m3/h, and a head of 24 m to provide
water spray power. Air conditioning room 3 was set
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FIGURE 4
Variation of calcium hardness with time

FIGURE 5
Variation of total hardness with time
its concentration no longer rose significantly, the calcium hardness value tended to stabilize, and the
whole process prevented the scale formation.

scale inhibitor reacted with the scale completely and
completed the whole scale inhibition process,
achieving the scale inhibition effect.

Variation of total hardness with the running
time. The trend of total hardness in spray water with
time can be seen in Figure 5, at the beginning of operation, the total hardness of the two pools was both
366 mg/L. As the operation time increased, compared with the air conditioning room 5 without scale
inhibitor, the spray water calcium hardness was
higher and the calcium hardness rose faster. The total
hardness of spray water in air conditioning room 3
and 5 increased first and then stabilized. Compared
with the air conditioning room 5 without scale inhibitors, the spray water total hardness in air conditioning room 3 was higher. The solubilization and dispersion of the scale inhibitor destroy the growth of
calcium carbonate, magnesium hydroxide and other
scales, and prevented the combination of calcium
ions, magnesium ions and scale-forming anions,
which resulted in the calcium ions and magnesium
ions being in a free state and increasing the total
hardness. In the first 17 days, the total hardness increased the fastest. At this time, the scale inhibition
effect gradually reached the best. After the 21st day,
the total hardness was basically in a stable state, fluctuating between 1345 mg/L and 1389 mg/L. The

Variation of conductivity with the running
time. Conductivity indicates the amount of salt in the
water and is an important indicator of water purity.
The lower the conductivity of the water means the
purer the water, the greater the conductivity means
the higher the salt content of water. Experiments
were conducted to investigate the effect of PESA on
the electrical conductivity of spray water by testing
the changes caused by the addition of scale inhibitor
or not. The variation of conductivity in spray water
with operating time is shown in Figure 6. The initial
conductivity of both pools was 0.77 ms/cm. As the
operation time increased, the conductivity of spray
water in the air conditioning room 5 has been showing an upward trend, from 0.77 ms/cm on the first
day to 7.25 ms/cm on the 33rd day with a large increase of conductivity and an increase of salt content
in water. The conductivity was in a state of rising
during the first 25 days of the air conditioning room
3. This is due to the continuous evaporation of circulating water during use, which causes the salt concentration in the water to continue to increase and the
conductivity to continue to increase. After the 25th
day, the chelating and solubilizing effect of the scale
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FIGURE 6
Variation of conductivity with time
inhibitor increased the saturated solubility of calcium and magnesium ions in the water, which prolonged the time for the circulating water conductivity to reach equilibrium, and after reaching the equilibrium, the conductivity no longer increased, floating around 7.0 ms/cm. Therefore, the addition of
scale inhibitors can effectively control the conductivity of spray water and keep it in a stable range.

scale inhibitor. To further explore the water quality
changes under the two different operating conditions, the water quality status of two air conditioning
rooms after 33 days of operation was analyzed by
comparing pHc with the actual operating pH value.
Table 4 shows the changes of pHc and pH with operating time.
It can be seen from Table 4 that pHc of water
quality in air conditioning room 5 and 3 showed a
downward trend as the running time increased. The
actual pH value of air conditioning room 5 showed
an increasing trend, while air conditioning room 3
increased first and then decreased. The water quality
pHc in #5 air conditioning room decreased from 9.1
on day 1 to 7.78 on day 33, while its pH increased
from 6.91 to 8.9 during the same time. Meanwhile,
from day 13 to day 33, pH was always greater than
pHc, so the water in air conditioning room 5 was in
scaling condition after 13 days of operation. The water quality pHc in air conditioning room 3 decreased
from 9.1 on day 1 to 7.71 on day 33, and pH increased from 6.91 on day 1 to 8.22 on day 13, then
decreased to 7.65 on day 33. It can be found that the
addition of scale inhibitors effectively reduces pH of
the spray water. With the continuous reaction between the scale inhibitor and the scaled ions in the
spray water, the spray water pH of air conditioning
room 3 was less than pHc from day 21 to day 33.
Therefore, air conditioning room 3 was in a stable
state after 21 days without scaling. So it can be seen
that the addition of PESA has controlled the changes
in the spray water quality and made it operate in a
stable state.

Application effect evaluation of PESA. The
critical pH scaling index (pHc) is an important indicator of whether the water is scaled or not, using pHc
to compare with the actual operating pH. When pH
is greater than pHc, the water quality is prone to scaling; when pH is less than pHc, the water is in a stable
state without scaling [17]. The calculation formula
of pHc can be expressed as follows:
(2)
pܪ = ܪ௦ + (1.7~2.0)
.ସ்ௌ బ.భబభబఴ

ቁ+
ܪ௦ = 9.5954 + ݈݃ ቀ
×்
1.84݁( ݔ0.547 െ 0.00637 ×  ݐ+ 3.58 × 10ି  ݐଶ )
(3)
The physical meaning of each team is as follows: pHs is the pH value of calcium carbonate when
it is saturated in water; TDS (mg/L) is the amount of
total dissolved solids; CA (mg/L) is the amount of
Ca2+; TA (mg/L) is the carbonate alkalinity, calculated as CaCO3; and t (Ԭ) is the water temperature.
Through testing the changes of calcium hardness, total hardness, conductivity and other indicators during the actual operation of the spray water, it
was found that the air conditioning room 3 with
PESA had an obvious control effect than the air conditioning room 5 without scale inhibitor, and the water quality indicators were more stable after adding

Days˄d˅
pHc
Room 5
pH
pHc
Room 3
pH

1
9.10
6.91
9.10
6.91

TABLE 4
pHc and pH operating changes of spray water
5
9
13
17
21
8.26
8.09
8.03
7.98
7.91
7.70
8.10
8.54
8.67
8.71
8.21
8.08
8.04
7.86
7.79
7.58
8.16
8.22
8.00
7.73

10389

25
7.85
8.80
7.72
7.70

29
7.82
8.77
7.71
7.68

33
7.78
8.90
7.71
7.65
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CONCLUSION
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In this paper, through test and analysis the scale
inhibition rate of polycarboxylic acid scale inhibitors, and regression analysis of the relationship between scale inhibition rate and concentration, pH and
calcium hardness, PESA was selected to treat spray
water in a textile factory and its application effect
was studied. Through experimentation, it is found as
follows:
It is found that PESA has better scale inhibition
performance compared with PASP and PAA. PESA
can achieve better scale inhibition performance under high pH and hardness conditions, and the scale
inhibition rate can reach up to 90.14%, which shows
that PESA is a scale inhibition agent with excellent
scale inhibition performance and more suitable for
use as spray water treatment in textile mills. Regression models are established for concentration, pH,
calcium hardness and PESA scale inhibition rate,
and it is found that concentration, pH and calcium
hardness have significant effects on scale inhibition
performance, and show certain regular changes.
The scale inhibitor has solubilization and dispersion in water, which destroys the growth structure
of calcium carbonate, magnesium hydroxide and
other scales, resulting in calcium ions and magnesium ions being in a free state. Therefore, spray water in air conditioning room 3 with scale inhibitor
added has higher calcium hardness and total hardness than that in room 5 without scale inhibitors. The
conductivity of room 3 first increased and then stabilized, while the conductivity of room 5 has been
rising, mainly because the scale inhibitor controls the
rise of conductivity and made it finally in a stable
range.
In the first 5 days, the spray water quality was
in a stable state; as the operation time increased, both
pools had different degrees of pH increase and pHc
decreased. Both the increase in pH and the decrease
in pHc of the pool with scale inhibitor were smaller
than those without scale inhibitor. After the 9th day
of operation, pH of the spray water in the air conditioning room 5 was greater than pHc, the water quality deteriorated and the tendency of scaling became
more serious. With the continuous reaction between
the scale inhibitor and the scaled ions in the spray
water, the spray water pH of air conditioning room 3
continued to decrease and was less than pHc after
21days. The air conditioning room 3 was in a stable
state after 21 days without scaling.
In summary, the scale inhibitor has a good scale
inhibition effect on spray water, improves the problem of scale formation in water quality, and achieves
the purpose of energy-saving and emission reduction.

This study was supported by Key Research and
Development Projects in Shaanxi Province: Development and research of scale inhibitor for spray water of textile air conditioner (No. 2020GY-199).

REFERENCES
[1] Al-Roomi, Y.M., Hussain, K.F., Al-Rifaie, M.
(2015) Performance of inhibitors on CaCO3
scale deposition in stainless steel and copper
pipe surface. Desalination. 375, 138-148.
[2] Ma, J.J. (2019) Application of Carboxylic Acid
Type Scale Inhibitor in Textile Air Conditioning
Spray Water System, School of Urban Planning
and Municipal Engineering, Xi'an Polytechnic
University, Xi'an, Shaanxi province.
[3] Feng, R. (2021) Polycarboxylic acid for scaling
in textile air conditioning spray water study on
properties of scale inhibitor, School of Urban
Planning and Municipal Engineering, Xi'an Polytechnic University, Xi'an, Shaanxi province.
[4] Su, L.L. (2019) Study on application and performance of scale inhibitor in circulating water system of air conditioning in textile mills, School
of Urban Planning and Municipal Engineering,
Xi'an Polytechnic University, Xi'an, Shaanxi
province.
[5] Feng, R., Yan, S.Q., Qin, L. (2020) Application
of two kinds of scale inhibitors in circulating
water treatment of textile air conditioner.
Shanghai Textile Science & Technology. 48(10),
56-59.
[6] Yue, G., Zou, H., Zhang, Y. (2010) Countermeasures for Fouling Prevention and Control in
Circulating Cooling Water System. Proceedings
of 2010 International Conference on Management Science and Engineering. 3, 432-436.
[7] Ye, P., Wang, W., Zeng, Z. (2010) Overview of
Scale Inhibition Technology of Cycle Cooling
Water. Guangdong Chemical Industry. 37(6),
70-71.
[8] Becker, H.A., Cohen, J.J., Zdunek, A.D. (2009)
Electrochemical cooling water treatment: a new
strategy for control of hardness, scale, sludge
and reducing water usage. ASHRAE Transactions. 115(1), 399-405.
[9] Pavez, J., Silva, J.F., Melo, F. (2005) Homogeneous calcium carbonate coating obtained by
electrodeposition: in situ atomic force microscope observations. Electrochimica Acta.
50(16-17), 3488-3494.
[10] Sheikhi, A., Li, N., Van De Ven, T.G., Kakkar,
A. (2016) Macromolecule-based platforms for
developing tailor-made formulations for scale
inhibition. Environmental Science. Water Research and Technology. 2(1), 71-84.

10390

© by PSP

Volume 31– No. 10/2022 pages 10383-10391

[11] Dhami, N.K., Reddy, M.S., Mukherjee, A.
(2013) Biomineralization of calcium carbonates
and their engineered applications: a review.
Frontiers In Microbiology. 4, 314.
[12] Zhang, L.X., Chen, Y.B., Gao, M., Li, X., Lin,
Z.H. (2016) Validation of electronic anti-fouling technology in the spray water side of evaporative cooler. International Journal of Heat and
Mass Transfer. 93, 624-628.
[13] Su, Z., Yan, S.Q., Qin, L., Hu, F.Q. (2022) Application effect of magnetic scale inhibitor and
polycarboxylic acid scale inhibitor for the air
conditioning circulating water system of textile
mills. Advanced Textile Technology. 30(01),
169-177.
[14] Langelier, W.F. (1936) The analytical control of
anti-corrosion water treatment. Journal American Water Works Association. 28(10), 15001521.
[15] Ryznar, J.W. (1944) A new index for determining amount of calcium carbonate scale formed
by a water. Journal American Water Works Association. 36(4), 472-483.
[16] Zhu, A., Zhao, Q., Yu, Y., Jiang, X., Long, J.
(2010) Analysis of Sewage Heat Application by
Scale Deposit Index in Guiyang. Hubei Agricultural Sciences. 49(07), 1609-1612.
[17] Gal, J.Y., Fovet, Y., Gache, N. (2002) Mechanisms of scale formation and carbon dioxide
partial pressure influence. Part I. Elaboration of
an experimental method and a scaling model.
Water Research. 36(3), 755-763.
[18] GB/T 16632-2008. (2008) Determination of
scale inhibition performance of water treatment
agents calcium carbonate deposition method.
Beijing: General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China. 1-3.
[19] GB/T15452-2009. (2009) Determination of calcium and magnesium ions in industrial circulating water by EDTA titration. Beijing㸸General
Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of
China. 1-2.

Fresenius Environmental Bulletin

Received:
Accepted:

10.07.2022
31.07.2022

CORRESPONDING AUTHOR
Suqian Yan
School of Urban Planning and Municipal
Engineering
Xi'an Polytechnic University
Xi'an 710600 – China
e-mail: suqianyan1973@163.com

10391

© by PSP

Volume 31– No. 10/2022 pages 10392-10399

Fresenius Environmental Bulletin

ANALYSIS ON COMPREHENSIVE TREATMENT
STRATEGY OF DOMESTIC WATER POLLUTION IN URBAN
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WATER RESOURCES TREATMENT MODEL
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large population and its water consumption per capita is relatively large, and most cities have the problem of water shortage. At the same time, in the process of water resources utilization, a large number of
domestic sewage is discharged into the surface water
system, causing serious water pollution problems. In
order to realize the coordinated development of economic development and ecological protection and
improve the current domestic water pollution situation, it is necessary to start applying the domestic
water pollution control in the human settlements and
set up reasonable domestic water control strategies
[2].
In recent years, urbanization has driven economic development, and a large number of small enterprises have appeared around the urban and rural
residential environment. The waste produced by
these enterprises, agricultural production, poultry
and livestock breeding, as well as daily household
have affected the source of domestic water. When
the direct discharge of domestic sewage has occurred, the water quality of functional water will be
further deteriorated. In addition, heavy metals and
suspended solids exceed the standard, which endangers agricultural production and people's health. Although the comprehensive treatment strategy for domestic water pollution in urban and rural residential
environment has also been set in previous studies,
there are a lot of problems during the process of implementation, which affect the progress and effect of
water pollution treatment [3-4].
Therefore, this study selects the water resources treatment model to optimize measures, and
puts forward the comprehensive governance strategy
based on the water resources treatment model. After
the analysis of urban and rural residential environment, domestic water pollution is mainly caused by
agricultural production, domestic pollution, industry
machning. In terms of the current situation, there are
some deficiencies, such as excessive controlling
treatment costs, daily operation difficulties, backward domestic waste treatment technology and so
on. As a result, a one-dimensional steady-state water
quality model is used to build a water resource treatment model and put forward the comprehensive

ABSTRACT
In order to improve the comprehensive treatment of domestic water pollution and reduce domestic water pollution in urban and rural human settlements, a comprehensive treatment strategy of domestic water pollution in urban and rural human settlements based on water resource treatment model is
proposed. It is analyzed that the main causes of domestic water pollution are from agricultural production, domestic pollution and industrial processing.
The research analyzes the current situation of domestic water pollution control in urban and rural residential environment such as high treatment costs,
daily operation problems, lagging treatment technology. Therefore, a one-dimensional steady-state water quality model is used to build a water resource
treatment model. The study also optimizes the comprehensive treatment plan of domestic water pollution in urban and rural living environment by making
the domestic water information transparent. The results show that the water quality concentration of human settlements is mostly about 0.6%, and the sewage carrying capacity of the water system in the living area is less than 0.4 for a long time. According to
the treatment methods provided, pollution can be improved significantly and these methods can provide
a reference for the future urban and rural residential
environment and domestic water pollution.

KEYWORDS:
Biological governance, water resources treatment model,
domestic water pollution, urban and rural living environment, ecological environment, pollution source assessment

INTRODUCTION
In the context of the in-depth development of
urbanization and agricultural modernization, it is
necesary to improve the urban and rural living environment and boost the integrity of residents' living
facilities for social development and rural revitalization [1]. As we all know, China is a country with
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treatment strategy. It is believed to obtain better pollution control effect, reduce pollutant discharge, control the direct discharge of domestic sewage, improve water quality and protect the stability of water
ecosystem.

Fresenius Environmental Bulletin

MATERIALS AND METHODS
The analysis framework of the comprehensive
treatment strategy of domestic water pollution in urban and rural living environment is shown in Figure
1 Comprehensive management of urban and rural
habitat living water pollution first of all for urban and
rural habitat living water pollution management
analysis of the current situation, the analysis structure is shown in Figure 2

FIGURE 1
Comprehensive treatment strategy of water pollution used in urban and rural living environment.

FIGURE 2
Analysis of the current situation of water pollution control in urban and rural living environment.
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FIGURE 3
Water eutrophication.
According to Figure 2, the analysis of the current situation of domestic water pollution control of
urban and rural human settlements is divided into
two parts: the causes of domestic water pollution of
urban and rural human settlements and the current
situation of domestic water pollution control of urban and rural human settlements.

pollution.
Domestic pollution. At present, supporting
sewage treatment plants have been set up around urban and rural residential areas, and sewage diversion
measures have been implemented. However, due to
the poor construction capacity of pipe network, the
construction and application of pipe network cannot
be synchronized, and some old villages and old urban areas cannot realize sewage diversion. At the
same time, in order to improve the convenience of
their own water use, some residents modify the pipeline without authorization, resulting in the discharge
of some sewage to the water source without treatment or only after simple treatment, resulting in
changes in the water quality of the water source [6].
Compared with cities, the rural water environment is
more backward, and the domestic water pollution to
the water source is more serious.

Causes of domestic water pollution in urban
and rural residential environment. Domestic water for urban and rural living environment not only
bears the burden of domestic water sources for urban
and rural residents, but also needs to accommodate a
large number of industrial and domestic wastewater
from living areas and production and processing
parks every year. In recent years, with the acceleration of urbanization, a large number of sewage is discharged into the water source of domestic water,
which seriously exceeds the pollution carrying capacity of the water source, leading to the intensification of water resource pollution. Through a large
number of case studies, the causes of domestic water
pollution are divided into the categories: agricultural
production, domestic pollution, industrial machining.

Industrial machining. Most of the small industrial factories and mines are built around the urban residential environment, and the industrial level
and waste disposal capacity are relatively poor. This
part of the factories and mines mainly focus on metal
smelting, textile and papermaking. In order to save
production costs, more backward production and
processing methods are adopted, waste treatment
measures are relatively simple, and pollutants exceed the standard and are discharged without authorization frequently [7]. In this case, a large number of
heavy metal pollutants are directly discharged into
the water source of domestic water, resulting in the
decline of oxygen content in the water body, seriously damaging the local ecosystem and endangering the human health of urban residents.

Pollution sources of agricultural production.
At present, although China has accelerated the process of agricultural modernization, most villages still
use primitive farming methods, and farmers' cultural
level is low. A large number of chemical agents such
as chemical fertilizers and pesticides are used in the
process of agricultural planting, resulting in a large
number of surplus agricultures flowing into the water body, causing water eutrophication and endangering water quality [5]. The eutrophication of water
body is shown in Figure 3
At the same time, the untreated feces of poultry
and livestock are directly discharged into the water,
which also has an impact on water resources. Most
of the household garbage of rural residents is directly
discarded and discharged without professional treatment, which is also the main cause of domestic water

Current situation of domestic water pollution control of urban and rural residential environment. According to the analysis results of current pollution sources, it can be determined that the
current sewage discharge contains a large number of
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heavy metal pollutants, chemical agents and suspended solids. Although in recent years, breakthroughs have been made in the treatment of water
pollution, there are still problems in the actual treatment, as shown in Figure 4
According to Figure 4, the problems still exist
in the current situation of domestic water pollution
governance of urban and rural residential environment.

Fresenius Environmental Bulletin

treatment projects have not received financial support. In the treatment process of domestic water pollution, due to the large difference in economic level
and the relatively low management level in some areas, it is difficult to maintain the daily operation and
management costs. The set water pollution treatment
measures have been left unattended for a long time,
which makes the operation of water pollution treatment measures not smooth and the effect of water
pollution treatment is not obvious.

Excessive pursuit of governance costs. In recent years, most cities have begun to pay attention to
the treatment of domestic water pollution in urban
and rural living environment, have built some treatment project teams according to the local characteristics, and built a number of sewage treatment stations. Due to the uneven economic development between urban and rural areas, the sewage treatment
equipment used in rural areas is backward compared
with that used in cities, and the technical level cannot
be compared with that of cities. In the process of
treatment, managers have high requirements for the
cost of water pollution treatment, and pollution treatment technology is limited, which leads to the
blindly pursuit of cost in water pollution treatment
projects and fail to achieve the expected treatment
goals [8].

Lagging waste treatment technology. In the
process of domestic water pollution control, urban
and rural planning schemes cannot be well implemented, and cases of residents modifying the pipe
network without authorization abound. The design
level of the urban and rural planning scheme is relatively low, the operability is not strong, and the practicability is poor, resulting in the inability to implement some water pollution control measures.
Some rural domestic waste treatment methods
are relatively backward. Open burning, random landfill and other methods are mostly used to complete
waste treatment, resulting in a large number of pollutants [9]. Urban and rural domestic waste treatment
methods are relatively backward. The sewage treatment process in most villages is too simple, the technical level is relatively low, and domestic sewage is
discharged at will without treatment. Although the
management of sewage discharge is strengthened at
present, the scope of supervision is limited, and there
are potential pollution hazards.

Daily operation problems. The scope of water
pollution control is wide, the resource sources of various management projects are complex, and some

FIGURE 4
Water pollution treatment in urban and rural living environment.
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FIGURE 5
Workflow of water resource governance model.
Based on the current situation of domestic water pollution control, it is decided to adopt one-dimensional steady-state water quality model to build
a water resource treatment model as a reference for
domestic water pollution treatment schemes.

water pollution treatment, reflect the current situation of treatment and control the uncertain factors to
a certain extent. Through the integration of parameter control and fuzzy optimization method, a linear
water pollution control model is constructed to provide support for the focus setting decision of water
resources treatment plan.
After constructing the model, it can be applied
to different water pollution governance scenarios,
and the data in the model can be coupled and calculated under limited conditions, and decisions can be
made according to the calculation results. At present,
this model has been widely used, and it has been optimized and improved in continuous research. This
model reflects the actual situation in the process of
domestic water pollution, and provides reference for
the implementation of pollution control and the setting of pollution control plan.

Application status of water resources governance model. In order to strength the treatment of
water pollution, a variety of treatment methods, technologies and models have been proposed in mentioned studies, but each scheme has its appropriate
application environment, and has a limited role in
specific environment [10-11]. Due to the changes of
runoff in human settlements and the requirements of
domestic water pollution control cost, there is great
uncertainty in the process of pollution control. In order to carry out qualitative and quantitative management of domestic water pollution control, it is decided to adopt one-dimensional steady-state water
quality model. This model can clarify the process of

Construction of water resources governance
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model. According to the analysis results of the current situation of domestic water pollution control, a
water resource treatment model is established based
on the one-dimensional steady-state water quality
model [12-15], and the specific calculation process
is shown in Figure 5

comprehensive governance strategies by using these
equations and the current relevant water resources
governance requirements.
Therefore, it is suggested to strictly control the
discharge and emission concentration of pollutants,
promote the pollutant monitoring system, ensure that
pollutants are discharged up to standard, and timely
adjust the efficiency of sewage treatment equipment
[22-23].

According to Figure 5, the model is set as Equation (1):

A2 * B2  A3 * B3  A4 * B4  A5 * B5
B2  B3  B4  B5
(1)

A1

RESULTS

In the pollutants balance equation. A1 refers to
the concentration of pollutants after domestic water
treatment; A2 indicates the concentration of pollutants before domestic water treatment; B2 indicates
the amount of sewage before domestic water confluence treatment; B3 indicates the concentration of
pollutants in tributaries of residential areas; A4 represents the sewage discharge volume of tributaries in
residential areas; B4 indicates the concentration of
pollutants at the sewage outlet; A5 indicates the discharge volume of the sewage outlet; A5 indicates the
concentration of pollutants at the water intake; B5 indicates the sewage discharge volume at the water intake. Through this equation, the water quality concentration at the downstream of the sewage outlet
can be obtained [16-18]:

A ' exp( 

A
A'

Ds

nu
A0 B0  A6b
B0  b

The water resource treatment model is used to
calculate the domestic water pollution of urban and
rural residential environment. The results are shown
in Figure 6
It can be seen from Figure 6 that if you want to
achieve the balance of pollutants in the living area,
you need to ensure that the value of Equation (1) is
within the range of [0.5,0.75]. However, the calculation results of the model show that without water
pollution treatment, the balance state of pollutants
will be lost over time, resulting in imbalance. A large
number of raw data are collected and brought into
Equation (2) and Equation (5). Through calculation,
it is found that the water quality concentration of the
human settlements is mostly about 0.6%, which increases with the growth of time, indicating that there
is a high water pollution problem in the living area,
and the sewage carrying capacity of the water system
in the living area is less than 0.4 for a long time. The
pollutant carrying capacity of the water system is
shrinking, and water pollution treatment needs to be
carried out in time [19].
It will be effective to take the calculation and
derivation results as the decision-making factors of
the domestic water pollution control plan, and using
them to make macro planning for water pollution
control.

)
(2)

(3)

s
s
AS ( B  bi ) exp(D 1 )  A0 B exp( D 2 )
u
u

Q

(4)
In Equation (4), A6 refers to the sewage volume
at the sewage outlet; b represents the amount of
waste water produced in residential areas; B0 represents the runoff of residential areas; a represents the
degradation coefficient of water pollution under natural conditions; s indicates the distance between the
study area and the sewage outlet; n represents the total amount of rivers in the living area; u indicates the
velocity of water body. According to the above equations, the sewage carrying capacity of domestic water source can be obtained [19-21]:

Q

AS ( B  bi ) exp(D
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CONCLUSIONS
This study analyzed and explored the treatment
of domestic water pollution in urban and rural human
settlements, and preliminarily put forward the comprehensive treatment strategy of domestic water pollution in urban and rural human settlements according to the water resource treatment model.
Through the model calculation, it is found that
the water quality concentration of the living environment is about 0.6%, which indicates that there is a
high problem of water pollution in the living area.
The sewage carrying capacity of the water system in
the living area is less than 0.4 for a long time, and
water pollution treatment needs to be carried out in
time.

s1
s
)  A0 B exp( D 2 )
u
u

(5)
In Equation (5), Q refers to the carrying capacity of pollutant in the study area; bi indicates the side
water flow; s1 indicates the distance between the
downstream of the pollution source to be treated and
the sewage outlet; s2 indicates the distance between
the upstream of the pollution source to be treated and
the sewage outlet. The calculation results can apply
to the subsequent exploration of water pollution
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Pollution balance curve

Model calculation results

Water quality concentration curve
Sewage carrying capacity curve of water system
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FIGURE 6
Analysis results of water pollution used in urban and rural living environment.
Due to a large number of uncertainties in the
process of domestic water treatment, the comprehensive treatment strategy of domestic water pollution
in urban and rural residential environment proposed
still has corresponding deficiencies. In the future, it
needs to be further explored to provide theoretical
support for water resources protection.
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+DQFH6RLOSK\VLFRFKHPLFDOSURSHUWLHV6RLOHQ]\PHDF
WLYLWLHVEDFWHULDOFRPPXQLW\
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OHJXPHVKDYHWZLFHWKHSURWHLQFRQWHQWRIJUDVVP.
sineseS. viciifoliaLQWHUFURSSLQJLPSURYHVWKHQXWUL
WLRQDO TXDOLW\ RI WKH IRUDJH LPSURYHV WKH IRUDJH
TXDOLW\ DQG XOWLPDWHO\ LQFUHDVHV WKH JURZHU V LQ
FRPH7KXVWKHUHLVDGLUHQHHGWRXQGHUVWDQGDQG
RSWLPL]HWKHHQYLURQPHQWDOHIIHFWVRIWKHP. sinese
S. viciifoliaLQWHUFURSSLQJSDWWHUQZKLFKLVWKHPDLQ
IDFWRUUHVWULFWLQJWKHVXVWDLQDEOHSURPRWLRQDQGLP
SOHPHQWDWLRQRIWKHSDWWHUQ
,WLVNQRZQWKDWGLYHUVLILHGLQWHUFURSSLQJV\V
WHPVFDQDOWHUSK\VLFRFKHPLFDOSURSHUWLHVDQGELR
ORJLFDO TXDOLWLHV LQ WKH VRLO >@ )RU LQVWDQFH
VRPHVWXGLHVVXJJHVWHGWKDWWKHLQFRUSRUDWLRQRIOHJ
XPHV LQ FURSSLQJ V\VWHPV LPSURYHV WKH SK\VLFR
FKHPLFDOSURSHUWLHVVRLOIHUWLOLW\DQGDPHOLRUDWHWKH
UHVRXUFHXVHHIILFLHQF\>@2WKHUVWXG
LHVGHPRQVWUDWHGWKDWLQWHUFURSSLQJPD\OHGWRDGH
FUHDVH LQ SK\VLFRFKHPLFDO SURSHUWLHV VXFK DV VRLO
DFLGLILFDWLRQDQG3.GHSOHWLRQ >@0RUHRYHU
VHYHUDOVWXGLHVVKRZHGWKDWVFLHQWLILFLQWHUFURSSLQJ
SDWWHUQV FDQ PDLQWDLQ VRLO KHDOWK DQG SURPRWH
SURGXFWLYLW\E\LPSURYLQJVRLOPLFURELDODFWLYLW\DQG
GLYHUVLW\ >@ 7KHUHIRUH PRUH UHVHDUFK LV UH
TXLUHGWRGLVFRYHUWKHRSWLPDOGHVLJQDQGPDQDJH
PHQWSUDFWLFHVWRLPSURYHP. sinese-S. viciifoliaLQ
WHUFURSSLQJHIILFLHQF\
7RIXUWKHUXQGHUVWDQGWKHHIIHFWVRILQWHUFURS
SLQJRQVRLOHQYLURQPHQWDOTXDOLW\WKHOHJXPLQRXV
SODQW VSHFLHV S. viciifolia  ZDV LQWURGXFHG LQWR P.
sineseSODQWDWLRQV:HKHUHDLPHGWRL DQDO\]HWKH
HIIHFWVRILQWHUFURSSLQJRQSK\VLFRFKHPLFDOSURSHU
WLHVHQ]\PHDFWLYLWLHVDQGEDFWHULDOGLYHUVLW\LL GLV
FXVV WKH IHDVLELOLW\ RI P. sinese-S. viciifolia LQWHU
FURSSLQJSDWWHUQ


0$7(5,$/6$1'0(7+2'6

6WXG\DUHD7KHVWXG\ZDVFRQGXFWHGLQ*XL
]KRX,QVWLWXWHRI3UDWDFXOWXUH7HVW6WDWLRQ ƍ
Ǝ  ƍ Ǝ (  ƍ Ǝ  ƍ Ǝ 1 
'XVKDQWRZQ*XL]KRX3URYLQFH6RXWKZHVW&KLQD
7KH DUHD EHORQJV WR WKH VXEWURSLFDO PRQVRRQ FOL
PDWHDQGWKHPHDQDQQXDOIURVWIUHHSHULRGLV
GD\V7KHDQQXDODYHUDJHWHPSHUDWXUHLVԨDQG
WKHDYHUDJHSUHFLSLWDWLRQLVPP7KHUDLQIDOO
PDLQO\ RFFXUV IURP -XO\ WR 6HSWHPEHU DQG +DSOLF
DOLVROVFRYHUWKLVUHJLRQ>@

)RUDJH SODQWLQJ DQG WUHDWPHQW Pennisetum
sinese Roxb D WDOO JUDVV LV ZLGHO\ JURZQ E\ ORFDO
IDUPHUVSophora viciifolia HanceLVDQDWLYHSHUHQ
QLDOVKUXEPDLQO\GLVWULEXWHGLQ*XL]KRX3ODWHDXP.
sinesePRQRFXOWXUHWUHDWPHQWDQGP. sinese-S. viciifolia LQWHUFURSSLQJ WUHDWPHQW ZHUH FDUULHG RXW P.
sineseFORQHVZHUHWUDQVSODQWHGLQ$SULOZLWK
HDFKSORW HDFKPORQJDQGPZLGH FRPSULVH
DQDUHDRFFXSLHGE\P. sineseSODQWVFRQILJXUHG
DVURZVîSODQWV,QLQWHUFURSSLQJWUHDWPHQWS.
viciifoliaVHHGOLQJVZHUHSODQWHGRQWKHVLGHRIHYHU\

P. sineseLQ-XO\$GLVWDQFHRIPZDVPDLQ
WDLQHGEHWZHHQP. sinese DQGS. viciifolia >@

6RLO6DPSOLQJDQGDQDO\VHV%DVHGRQWKHSORW
ORFDWLRQWHVWVHWXSLQUKL]RVSKHUHVRLOVDPSOHV
ZHUH FROOHFWHG WZR \HDU DIWHU WUDQVSODQWDWLRQ RI S.
viciifolia DQG GLYLGHG LQWR WZR SDUWV 2QH SDUW ZDV
NHSWDWԨXQWLODQDO\VLVIRUSK\VLFRFKHPLFDOSURS
HUWLHV RI WKH VRLO DQG DQRWKHU SDUW ZDV VWRUHG DW
íԨ ZHUH XVHG IRU PROHFXODU DQDO\VLV >@ 6RLO
S+VRLOPRLVWXUHFRQWHQW :& VRLORUJDQLFPDWWHU
20 WRWDOQLWURJHQ 71 WRWDOSKRVSKRUXV 73 WR
WDO SKRVSKRUXV 7.  DYDLODEOH SKRVSKRUXV $3 
DYDLODEOHSRWDVVLXP $. FRQWHQWVZHUHGHWHUPLQHG
XVLQJWKHFRUUHVSRQGLQJNLWVREWDLQHGIURP*XL]KRX
,QVWLWXWHRI3UDWDFXOWXUH/DERUDWRU\7KHȕJOX
FRVLGDVH *& 1LWURJHQIL[DWLRQDFWLYLW\ 1LW 1L
WULF R[LGH V\QWKDVH 126  *OXWDPLQH V\QWKH
WDVH *6  ȕ1DFHW\OJOXFRVDPLQLGDVH 1$* 
OHXFLQHDPLQRSHSWLGDVH /$3 DQGDFLGSKRVSKDWDVH
$&3  ZHUH PHDVXUHG IROORZLQJ WKH PRGL¿HG YHU
VLRQRIVWDQGDUGÀXRURPHWULFWHFKQLTXHV7KHDERYH
VRLO DVVD\ PHWKRGV RI SK\VLFRFKHPLFDO SURSHUWLHV
DQGHQ]\PHDFWLYLWLHVKDYHEHHQGHVFULEHGLQGHWDLO
E\=KDQJHWDODQG'LQJHWDO>@
'1$H[WUDFWLRQ3&5DQGKLJKWKURXJKSXWVH
TXHQFLQJZHUHGHWHUPLQHGXVLQJWKHFRUUHVSRQGLQJ
NLWV REWDLQHG IURP *XDQJ]KRX *HQH 'HQRYR %LR
(QJLQHHULQJ,QVWLWXWH&R/WG7KHVHTXHQFLQJGDWD
ZHUH XSORDGHG WR WKH ,6DQJHU &ORXG SODWIRUP
KWWSVZZZRPLFVPDUWFRPKRPHKWPO 
IRU
DQDO\VLV

6WDWLVWLFDO DQDO\VHV 6366  6366 ,QF
86$ ZDVXVHGWRDQDO\]HYDULDQFHDQGWHVWWKHVLJ
QLILFDQFH RI GLIIHUHQFH 6WXGHQW¶V WWHVW  3HDUVRQ V
FRUUHODWLRQDQDO\VHVZHUHXVHGWRH[DPLQHWKHUHOD
WLRQVKLSV DPRQJ WKH VRLO SK\VLFRFKHPLFDO SURSHU
WLHV HQ]\PH DFWLYLWLHV DQG UHODWLYH DEXQGDQFHV RI
EDFWHULDO JHQHUD 5HGXQGDQF\ DQDO\VLV 5'$  ZDV
XVHGWRGHWHUPLQHWKHNH\VRLOIDFWRUVWKDWVKDSHGVRLO
EDFWHULDOFRPPXQLW\FRPSRVLWLRQLQWKH9HJDQSDFN
DJHLQ5>@


5(68/76

6RLOSK\VLFRFKHPLFDOSURSHUWLHVDQGHQ]\PH
DFWLYLWLHV7KHUHVXOWVVKRZHGWKDWWKHLQWHUFURSSLQJ
WUHDWPHQW FKDQJHG VRLO SK\VLFRFKHPLFDO SURSHUWLHV
FRPSDUHGZLWKWKHPRQRFXOWXUHWUHDWPHQW 7DEOH 
6LJQLILFDQWO\KLJKHU$.FRQWHQWLQVRLOZDVUHFRUGHG
LQWKHLQWHUFURSSLQJWUHDWPHQW p ZKLOHORZHU
7173DQG$1FRQWHQWVLQVRLOZDVUHFRUGHG p
 7KHLQWHUFURSSLQJWUHDWPHQWKDGQRVLJQLILFDQW
GLIIHUHQFHVLQS+:&207.DQG$3FRQWHQWVUHO
DWLYHWRWKHPRQRFXOWXUHWUHDWPHQW p ! 
7KHDFWLYLWLHVRI*6$&3DQG1$*ZHUHVLJ
QLILFDQWO\KLJKHULQWKHLQWHUFURSSLQJWUHDWPHQWWKDQ
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LQWKHPRQRFXOWXUHWUHDWPHQW p ZKLOHWKHDF
WLYLW\RI1LWZDVRSSRVLWH p %HWZHHQWKHLQ
WHUFURSSLQJ DQG PRQRFXOWXUH WUHDWPHQWV VRLO *&
126DQG/$3DFWLYLWLHVGLGQRWGLIIHU p! 

%DFWHULDOFRPPXQLW\GLYHUVLW\DQGVWUXFWXUH
&RPSDUHZLWKPRQRFXOWXUHWUHDWPHQWLQWHUFURSSLQJ
WUHDWPHQW OHG WR VLJQLILFDQW LPSURYHPHQW LQ &KDR
LQGH[DQG$&(LQGH[ 7DEOH RIDQG
UHVSHFWLYHO\6KDQQRQLQGH[DQG6LPSVRQLQGH[GLG
QRWGLIIHU p! EHWZHHQWKHLQWHUFURSSLQJDQG
PRQRFXOWXUHWUHDWPHQWV

6RLO%DFWHULDO&RPPXQLW\&RPSRVLWLRQ7KH
VRLOEDFWHULDOFRPPXQLW\ZDVSUHGRPLQDQWO\DVVRFL
DWHGZLWK3ODQFWRP\FHWHV a $FLGR
EDFWHULD a 3URWHREDFWHULD 

a DQG$FWLQREDFWHULD a DW
WKHSK\ODOHYHO )LJXUH &RPSDUHGZLWKWKDWLQWKH
PRQRFXOWXUH WUHDWPHQW WKH UHODWLYH DEXQGDQFH RI
3URWHREDFWHULD$FWLQREDFWHULDDQG)LUPLFXWHVLQWKH
LQWHUFURSSLQJWUHDWPHQWZDVVLJQLILFDQWO\JUHDWHU p
 ZKLOHWKHDEXQGDQFHRI3ODQFWRP\FHWHVDQG
$FLGREDFWHULDZDVVLJQLILFDQWO\ORZHU S 
$WWKHJHQXVOHYHOWKHSUHGRPLQDQWEDFWHULDLQ
WKHVRLOEDFWHULDOFRPPXQLW\ZDV*HPPDWD 
a 3LUHOOXOD a 6WUHSWRP\FHV
a DQG5% a  )LJXUH
  7KH UHODWLYH DEXQGDQFH RI 6WUHSWRP\FHV
$.<*DQG%DFLOOXVLQFUHDVHGDVDUHVXOWRILQ
WHUFURSSLQJ ZLWK P. sinese S. viciifolia ZKLOH WKH
UHODWLYH DEXQGDQFH RI *HPPDWD +DOLDQJLXP DQG
&DQGLGDWXVB8GDHREDFWHULQVRLOGHFUHDVHG



7$%/(
6RLOSK\VLFRFKHPLFDOSURSHUWLHVLQPRQRFXOWXUH 0 DQGLQWHUFURSSLQJ , WUHDWPHQWV
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7$%/(
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),*85(
5HODWLYHDEXQGDQFHVRIWKHPDLQEDFWHULDOSK\ODDQGEDFWHULDOJHQHUDLQPRQRFXOWXUH
0 DQGLQWHUFURSSLQJ , WUHDWPHQWV
1RWH UHSUHVHQWVVLJQLILFDQFH p EHWZHHQWKHVRLOVDPSOHVIURPWKHPRQRFXOWXUHDQGLQWHUFURSSLQJWUHDWPHQWVDFFRUG
LQJWR6WXGHQW¶VWWHVW


+LVWRJUDP RI WKH /'$ VFRUHV VKRZHG WKDW 
JHQHUD RI 20 3K\FLVSKDHUDOHV 3K\FLV
SKDHUDFHDH
$.<*
%DFLOODFHDH
DQG
0%B$BZHUHPRUHDEXQGDQWLQWKHLQWHUFURS
SLQJ WUHDWPHQW DQG .WHGRQREDFWHULD $OSKDSURWHR
EDFWHULD
.WHGRQREDFWHUDOHV
+RORSKDJDH
6QEJURXSB $FLGREDFWHULOD HWF ZHUH PRUH DEXQ
GDQW LQ WKH PRQRFXOWXUH WUHDWPHQW $PRQJ WKHP

20ZDV WKH PRVWGRPLQDQW JHQXV LQWKH LQWHU
FURSSLQJ WUHDWPHQW ZKHUHDV .WHGRQREDFWHULD ZDV
K\SHUGRPLQDQWLQWKHPRQRFXOWXUHWUHDWPHQW )LJ
XUH 

&RUUHODWLRQ EHWZHHQ FRPPXQLW\ VWUXFWXUH
DQGHQYLURQPHQWDOIDFWRUV$.<*ZDVVLJQLI
LFDQWO\SRVLWLYHO\FRUUHODWHGZLWKS+$.*&1LW
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(OOLQSRVLWLYHO\UHODWHGWR$3ZKHUHDV&DQGL
GDWXVB8GDHREDFWHU QHJDWLYH FRUUHODWLRQ ZDV IRXQG
ZLWK/$3,QDGGLWLRQ73DQG$3ZHUHQHJDWLYHO\
FRUUHODWHG ZLWK %DFLOOXV DQG $&3 ZDV QHJDWLYHO\
FRUUHODWHGZLWK&KWKRQLREDFWHU

*6$&31$*DQG/$3ZKHUHDVQHJDWLYHO\FRUUH
ODWHGZLWK7173121DQG$35%ZDVVLJQLI
LFDQWO\ QHJDWLYHO\ FRUUHODWHG ZLWK S+ DQG 1LW
ZKHUHDV SRVLWLYHO\ FRUUHODWHG ZLWK 73 &DQGLGD
WXVB8GDHREDFWHUSRVLWLYHO\UHODWHGWR121+DOL
DQJLXPSRVLWLYHO\SRVLWLYHO\UHODWHGWR1+1DQG



),*85(
+LVWRJUDPRIWKHOLQHDUGLVFULPLQDQWDQDO\VLV /'$ VFRUHVFRPSXWHGIRUGLIIHUHQWLDOO\DEXQGDQWEDFWH
ULDOJHQHUDEHWZHHQWKHPRQRFXOWXUHV\VWHP 0 DQGLQWHUFURSSLQJV\VWHP , 



),*85(
3HDUVRQ¶VFRUUHODWLRQFRHIILFLHQWVEHWZHHQVRLOSURSHUWLHVDQGDEXQGDQWJHQHUD
1RWH:&0RLVWXUHFRQWHQW202UJDQLFPDWWHU717RWDOQLWURJHQ737RWDOSKRVSKRUXV7.7RWDOSRWDVVLXP1+1
$PPRQLXP1211LWUDWHQLWURJHQ$3$YDLODEOHSKRVSKRUXV$.$YDLODEOHSRWDVVLXP*&ȕJOXFRVLGDVH1LW1L
WURJHQIL[DWLRQDFWLYLW\1261LWULFR[LGHV\QWKDVH*6*OXWDPLQHV\QWKHWDVH$&3$FLGSKRVSKDWDVH1$*ȕ1DFHW\O
JOXFRVDPLQLGDVH/$3/HXFLQHDPLQRSHSWLGDVH  LQGLFDWHVLJQLILFDQWGLIIHUHQFHDWpDQG pUHVSHFWLYHO\
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$VLQGLFDWHGLQWKHELSORWVSDFHRULJLQDWHGE\
WKHILUVWWZRURRWVRIWKH5'$ )LJXUH VRLOEDFWH
ULDOFRPPXQLW\VWUXFWXUHZDVVWURQJO\LQIOXHQFHGE\
20 7. DQG :& LQ WKH PRQRFXOWXUH V\VWHP
ZKHUHDV VWURQJO\ FRUUHODWHG E\ S+ 71 73 DQG
1+1LQWKHLQWHUFURSSLQJV\VWHP


',6&866,21

,QWHUFURSSLQJ LV DQ HFRQRPLFDOO\ DQG HIIHF
WLYHO\DJURQRPLFVWUDWHJ\WRPDLQWDLQVRLOELRGLYHU
VLW\DQGVWDELOLW\DQGLPSURYHQXWULHQWFRQWHQW>
@:HIRXQGWKDWLQWHUFURSSLQJV\VWHPGLG
QRWVLJQLILFDQWO\LQIOXHQFHWKHVRLOSK\VLFRFKHPLFDO
SURSHUWLHV VXFK DV S+ :& 7. DQG $3 FRQWHQW
+RZHYHUVRLO7173DQG$1FRQWHQWVGHFUHDVHGLQ
LQWHUFURSSLQJ V\VWHP ZKLFK ZDV FRQVLVWHQW ZLWK
SUHYLRXVVWXGLHV>@)RULQVWDQFHLQWHUFURSSLQJ
ZLWK SRWDWRRQLRQ VLJQLILFDQWO\ GHFUHDVHG $1 $3
DQG$.LQVRLOV>@&DOODOLO\LQWHUFURSSLQJLQUXE
EHUWUHHSODQWDWLRQVGHFUHDVHG71731+112
1$3FRQWHQWVLQUKL]RVSKHUHDQGQRQUKL]RVSKHUH
FDOOD OLO\ VRLO >@ 7KXV ZH VSHFXODWHG WKDW LQWHU
FURSSLQJZLWKPRUH SODQWV PD\ DEVRUE PRUH QXWUL
HQWVUHVXOWLQJLQORZHU7173DQG$1LQWKHVRLO


),*85(
5HGXQGDQF\DQDO\VHV 5'$ RIEDFWHULDOFRP
PXQLWLHVDQGVRLOSURSHUWLHVLQPRQRFXOWXUH 0 
DQGLQWHUFURSSLQJ , WUHDWPHQWV

3ODQW GLYHUVLW\ FDQ OHDG WR GUDVWLF FKDQJHV LQ
VRLOHQ]\PHDFWLYLWLHVZKLFKDIIHFWVRLOQXWULHQWF\
FOLQJDQGVRLOTXDOLW\>@6RPHVWXGLHVKDYHVKRZQ
WKDWLQWHUFURSSLQJKDVDJUHDWLPSDFWRQVRLOHQ]\PH
DFWLYLW\GXHWRPDQ\IDFWRUVDIIHFWLQJVRLOHQ]\PH
UHVXOWLQJLQDJUHDWGLIIHUHQFHLQFRQFOXVLRQV>
@ &XUWULJKWDQG 7LHPDQQ>@GHPRQVWUDWHG WKDW
LQWHUFURSSLQJ FRXOG VLJQLILFDQWO\ LPSURYH VRLO HQ
]\PHDFWLYLWLHVEXWWKHHIIHFWVRILQWHUFURSSLQJYDU
LHGZLWKHQ]\PHFDWHJRU\SODQWW\SHLQWHUFURSSLQJ
PDQDJHPHQW DQG HQYLURQPHQWDO IDFWRUV %DL HW DO





>@REVHUYHGWKDWFRPSDUHGZLWKZDOQXWRUWHDPRQ
RFXOWXUH LQWHUFURSSLQJ ZDOQXWWHD VLJQLILFDQWO\ LQ
FUHDVHGVRLOVXFUDVHDFWLYLW\0DHWDO>@IRXQGWKDW
WKHDFWLYLWLHVRIFDWDODVHXUHDVHGHK\GURJHQDVHLQ
YHUWDVHDQGSRO\SKHQROR[LGDVHLQLQWHUFURSSHGWHD
DQG FKHVWQXW WUHHV WKDQ LQ PRQRFXOWXUH IRUHVWV
7KHUHIRUHLQWKLVVWXG\LQWHUPHGLDWHFURSSLQJV\V
WHPVVLJQLILFDQWO\LQFUHDVHGVRLO*6$&3DQG1$*
DFWLYLWLHV 7DEOH VXJJHVWLQJWKDWLQWHUFURSSLQJDV
DIRUPRIDJURHFRV\VWHPVSHFLHVGLYHUVLW\LVDQLP
SRUWDQW ZD\ WR LPSURYH DJURHFRV\VWHP SURGXFWLY
LW\
,Q WKLV VWXG\ LQWHUFURSSLQJ VLJQLILFDQWO\ LQ
FUHDVHGVRLOEDFWHULDODOSKDGLYHUVLW\LQGLFHV 7DEOH
  ZKLFK ZDV FRQVLVWHQW ZLWK UHVXOWV RI LQWHUFURS
SLQJZLWKSRWDWRRQLRQDQGLQWHUFURSSLQJZLWKSURVR
PLOOHW PXQJ EHDQ > @ ,Q DGGLWLRQ LQWHUFURS
SLQJFDXVHGJUHDWGLIIHUHQFHLQVRLOEDFWHULDOFRPPX
QLWLHVFRPSDUHGZLWKPRQRFXOWXUHZHIRXQGWKDWWKH
SK\OD3URWHREDFWHULD$FWLQREDFWHULDDQG)LUPLFXWHV
LQFUHDVHGLQPRQRFXOWXUHV\VWHPLQFRQWUDVW3ODQF
WRP\FHWHVDQG$FLGREDFWHULDVLJQLILFDQWO\GHFUHDVHG
)LJXUH   6RPH VWXGLHV KDYH LQGLFDWHG WKDW VRPH
SK\OD WD[D PD\ FRQWULEXWH WR VRLO QXWULHQW F\
FOLQJ>@ VXFK DV 3URWHREDFWHULD FDQ SURPRWH
EHWWHU QXWULHQW DEVRUSWLRQ LQ SODQWV ZKLOH 3ODQFWR
P\FHWHV DQG $FWLQREDFWHULD FDQ SURPRWH & DQG 1
F\FOLQJ LQ WKH V\VWHP >@ 7KHUHIRUH WKH LQ
FUHDVHGDEXQGDQFHRI3URWHREDFWHULDDQGGHFUHDVHG
DEXQGDQFHRI3ODQFWRP\FHVDQG$FWLQREDFWHULDPD\
FRQWULEXWH WR WKH LQFUHDVHG $. DQG WKH GHFUHDVHG
20DQG$1LQWKHLQWHUFURSSLQJWUHDWPHQW%HVLGHV
WKH GLIIHUHQWLDWHG JHQHUD &DQGLGDWXVB8GDHREDFWHU
6WUHSWRP\FHV*HPPDWDDQG+DOLDQJLXPEHORQJWR
WKH 9HUUXFRPLFURELD $FWLQREDFWHULD 3ODQFWRP\
FHWHVDQG3URWHREDFWHULD,QDGGLWLRQZHIRXQGWKDW
WKHVHGLIIHUHQWLDWHGJHQHUDWD[DZHUHFRQVLVWHQWZLWK
WKHGHFUHDVHRIVRLO7173DQG$1DQGWKHLQFUHDVH
$.LQLQWHUFURSSLQJWUHDWPHQWV
2XUVWXG\IRXQGWKDWWKHUHZDVDVWURQJFRUUH
ODWLRQEHWZHHQEDFWHULDOFRPSRVLWLRQVDQGVRLOSK\V
LFRFKHPLFDO SURSHUWLHV VRLO S+ 71 73 1+1
121 $3 DQG $.  HQ]\PH DFWLYLWLHV *& 1LW
*6$&31$*DQG/$3 7KLVPD\EHEHFDXVHLQ
WHUFURSSLQJFKDQJHVWKHFRPSRVLWLRQRIVRLOPLFUR
ELDOFRPPXQLW\HVSHFLDOO\WKHFKDQJHRIVRLOEDFWH
ULDZKLFKOHDGVWRWKHFKDQJHRIVRLOSK\VLFRFKHPL
FDO SURSHUWLHV DQG HQ]\PH DFWLYLWLHV >  @
0DQ\VWXGLHVKDYHLQGLFDWHGWKDWVRLOS+LVRQHRI
WKHPRVWLPSRUWDQWIDFWRUVOHDGLQJWRWKHFKDQJHRI
VRLOEDFWHULDOFRPPXQLW\DQGGLYHUVLW\>@
,QWKLVVWXG\WKHLQWURGXFWLRQRIS. viciifoliaOHGWRD
GHFUHDVHLQVRLOS+ZKLFKOHGWRUHFRPELQDWLRQDQG
DOWHUDWLRQRIVRLOPLFURELDOFRPPXQLW\LQLQWHUFURS
SLQJ WUHDWPHQWV 0DQ\ VWXGLHV KDYH DOVR UHSRUWHG
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E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


FRQWHQWV:HDOVRIRXQGDVLJQLILFDQWFRUUHODWLRQEH
WZHHQHQ]\PHDFWLYLWLHV *&1LW*6$&31$*
DQG/$3 DQGVRLOPLFURELRPHZKLFKPD\EHGXHWR
WKHDYDLODELOLW\RI$1DQG$3LQWKHVRLO>@
)XUWKHU WKH 5'$ DQDO\VLV )LJXUH   VKRZHG WKDW
VRLOEDFWHULDOFRPPXQLW\VWUXFWXUHZDVVWURQJO\LQ
IOXHQFHG E\ 20 7. DQG :& LQ WKH PRQRFXOWXUH
WUHDWPHQW ZKHUHDV VWURQJO\ FRUUHODWHG E\ S+ 71
73 DQG 1+1 LQ WKH LQWHUFURSSLQJ WUHDWPHQW
7KHUHIRUH ZH VSHFXODWHG WKDW DJULFXOWXUDO PDQDJH
PHQWUDWKHUWKDQVRLOHQYLURQPHQWZDVWKHPRVWLP
SRUWDQW IDFWRU LQ WKH FRPSRVLWLRQ RI VRLO EDFWHULDO
FRPPXQLWLHV


&21&/86,216

,QFRQFOXVLRQWKHUHVXOWVIURPWKLVVWXG\LQGL
FDWH WKDW P. sinese SODQWDWLRQ LQWHUFURSSHG ZLWK S.
viciifoliaFKDQJHGVRLOSK\VLFRFKHPLFDOFRQWHQWVDQG
HQ]\PH DFWLYLWLHV LQFOXGLQJ WKH VRLO 71 73 $1
DQG$.FRQWHQWVDQG*6$&31$*DQG1,7DF
WLYLWLHV,QWHUFURSSLQJRIP. sineseZLWKS. viciifolia
FKDQJHGFRPPXQLW\FRPSRVLWLRQDQGLQFUHDVHGGL
YHUVLW\RIVRLOEDFWHULDOFRPPXQLW\LQP. sineseUKL
]RVSKHUH,QDGGLWLRQJHQHUDRI203K\FLV
SKDHUDOHV 3K\FLVSKDHUDFHDH $.<* %DFLO
ODFHDHDQG0%B$BZHUHPRUHDEXQGDQWLQWKH
LQWHUFURSSLQJ WUHDWPHQW DQG .WHGRQREDFWHULD $O
SKDSURWHREDFWHULD .WHGRQREDFWHUDOHV +RORSKDJDH
6QEJURXSB $FLGREDFWHULOD HWF ZHUH PRUH DEXQ
GDQW LQ WKH PRQRFXOWXUH WUHDWPHQW 0RUHRYHU VRLO
EDFWHULDO FRPPXQLW\ VWUXFWXUH ZDV VWURQJO\ LQIOX
HQFHGE\207.DQG:&LQWKHPRQRFXOWXUHWUHDW
PHQW ZKHUHDV VWURQJO\ FRUUHODWHG E\ S+ 71 73
DQG1+1LQWKHLQWHUFURSSLQJWUHDWPHQW7KHVHUH
VXOWVVXJJHVWWKDWVRLOEDFWHULDOFRPPXQLW\FRPSRVL
WLRQ ZHUH ODUJHO\ GHSHQGHQW RQ PDQDJHPHQW SUDF
WLFHV PRQRFXOWXUH RU LQWHUFURSSLQJ V\VWHP  UDWKHU
WKDQRQWKHG\QDPLFVRIVRLOHQYLURQPHQWSDUDPHWHUV
SK\VLFRFKHPLFDOSURSHUWLHVDQGHQ]\PHDFWLYLWLHV 


$&.12:/('*(0(176

7KLVVWXG\ZDVVXSSRUWHGE\*XL]KRXSURYLQ
FLDO VFLHQFH DQG WHFKQRORJ\ SURMHFWV RI &KLQD 4L
DQNHKHMLFKX=.>@\LEDQ >@\LEDQ 
QDWXUDO VFLHQFH IRXQGDWLRQ RI &KLQD  
*XL]KRX$FDGHP\RI$JULFXOWXUDO6FLHQFHVVSHFLDO
IXQGV 4LDQQRQJNHJXRMLKRXEX]KX>@  DQG
*XL]KRX KLJKOHYHO LQQRYDWLYH WDOHQWV SURMHFW 4L
DQNHKHSLQJWDLUHQFDL*&&>@ 








5()(5(1&(6

>@ &KHQ<++X//LX;/'HQJ<:/LX
0-;X%:DQJ0.:DQJ*  ,Q
IOXHQFHV RI NLQJ JUDVV Pennisetum sinese
5R[E HQKDQFHGDSSURDFKHVIRUSK\WRH[WUDFWLRQ
DQGPLFURELDOFRPPXQLWLHVLQPXOWLPHWDOFRQ
WDPLQDWHGVRLO*HRGHUPD
>@ +H</X/3HQJ&/L+/=KDQJ-/L
5=KRX&4  +LJK\LHOGJUDVVPennisetum sinese5R[ESODQWDWLRQDQGRUJDQLFPDQXUH
DOWHUEDFWHULDODQGIXQJDOFRPPXQLWLHVVWUXFWXUH
LQDQHFRORJLFDODJULFXOWXUHIDUP$0%([SUHVV
  
>@ /L ' =KHQJ ;; /LQ / $Q 4/ -LDR
<4/L4//L='+RQJ<=KDQJ./
;LH & <LQ - =KDQJ +; :DQJ %- +X
<0=KX=4  5HPHGLDWLRQRIVRLOVFR
FRQWDPLQDWHGZLWKFDGPLXPDQGGLFKORURGLSKH
Q\OWULFKORURHWKDQHV E\ NLQJ JUDVV DVVRFLDWHG
ZLWK 3LULIRUPRVSRUD LQGLFD ,QVLJKWV LQWR WKH
UHJXODWLRQ RI URRW H[FUHWLRQ DQG UHVKDSLQJ RI
UKL]RVSKHUH PLFURELDO FRPPXQLW\ VWUXFWXUH
-RXUQDORI+D]DUGRXV0DWHULDOV
>@ /X 4/ 7DQJ /5 :DQJ 64 +XDQJ %
&KHQ <' &KHQ ;5   $Q LQYHVWLJD
WLRQRQWKHFKDUDFWHULVWLFVRIFHOOXORVHQDQRFU\V
WDOVIURPPennisetum sinese.%LRPDVVDQG%LR
HQHUJ\  
>@ 6XQ-&XL/+*DR<++H<=/LX+4
+XDQJ =-   (QYLURQPHQWDO DSSOLFDWLRQ
RIPDJQHWLFFHOOXORVHGHULYHGIURPPennisetum
sinese 5R[E IRU HIILFLHQW WHWUDF\FOLQH UHPRYDO
&DUERK\GUDWH3RO\PHUV  
>@ 7DNDUD'.KDQDO6.  &KDUDFWHUL]LQJ
FRPSRVLWLRQDOFKDQJHVRI1DSLHUJUDVVDWGLIIHU
HQW VWDJHV RI JURZWK IRU ELRIXHO DQG ELREDVHG
SURGXFWV SRWHQWLDO %LRUHVRXUFH 7HFKQRORJ\

>@ <DQJ - ;X ; /LX 0 ;X & /XR :
6RQJ7'X+.LHO\*  (IIHFWVRI1D
SLHUJUDVVPDQDJHPHQWRQVRLOK\GURORJLFIXQF
WLRQVLQDNDUVWODQGVFDSHVRXWKZHVWHUQ&KLQD
6RLO7LOODJH5HV  
>@ /LQ;/LQ=/LQ'/LQ+/XR++X
</LQ&=KX&  (IIHFWVRISODQWLQJ
PennisetumVS *LDQW-XQFDR RQVRLOPLFURELDO
IXQFWLRQDO GLYHUVLW\ DQG IHUWLOLW\ LQ WKH EDUUHQ
KLOOVLGH$FWD(FRORJLFD6LQLFD
>@ ;X4,+XQDJ=-:DQJ;0&XL/+
 Pennisetum sinese 5R[EDQGPennisetum
purpureum 6FKXPDVYHUWLFDOIORZFRQVWUXFWHG
ZHWODQGYHJHWDWLRQIRUUHPRYDORI1DQG3IURP
GRPHVWLF VHZDJH (FRORJLFDO (QJLQHHULQJ








E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


>@3HUPDGL 5$ 1XUGHE\DQGDUX 1 :DK\XGL
$  'HYHORSLQJVXVWDLQDEOHVPDOOKROGHUV
RIFLQQDPRQE\LQWHUFURSSLQJRISDWFKRXOLDQG
FRIIHH LQ .HULQFL -DPEL ,23 &RQIHUHQFH 6H
ULHV(DUWKDQG(QYLURQPHQWDO6FLHQFH  

>@'XFKHQH29LDQ-)&HOHWWH)  ,QWHU
FURSSLQJ ZLWKOHJXPHIRUDJURHFRORJLFDOFURS
SLQJV\VWHPV&RPSOHPHQWDULW\DQGIDFLOLWDWLRQ
SURFHVVHV DQG WKH LPSRUWDQFH RI VRLO PLFURRU
JDQLVPV$JULFXOWXUH(FRV\VWHPVDQG(QYLURQ
PHQW
>@$O\FH'/9LFWRU263HQQ\5$VKOHD'
<L = 0DWWKHZ ''   /HJXPHRLOVHHG
LQWHUFURSSLQJLQPHFKDQLVHGEURDGDFUHDJULFXO
WXUH±D UHYLHZ )LHOG &URSV 5HVHDUFK 

>@'X-%+DQ7)*DL-<<RQJ7:6XQ
;:DQJ;&<DQJ)/LX-6KX./LX
:*<DQJ:<  0DL]HVR\EHDQVWULS
LQWHUFURSSLQJ$FKLHYHGDEDODQFHEHWZHHQKLJK
SURGXFWLYLW\DQGVXVWDLQDELOLW\-RXUQDORI,QWH
JUDWLYH$JULFXOWXUH  
>@*OD]H&6+DVKHPL0$VGHJKSRXU$-D
KDQ]DG ( $IVKDU .5 /LX ;% +HUEHUW
6-  8QGHUVWDQGLQJLQWHUFURSSLQJWRLP
SURYHDJULFXOWXUDOUHVLOLHQF\DQGHQYLURQPHQWDO
VXVWDLQDELOLW\ $GYDQFHV LQ $JURQRP\ 

>@6DJDU0$NEDU+0DULDQ%0LODQ63H
WHU 2 +DUXQ * .RXVKLN % 7DQPR\ 6
3UHHWKD % -QDQD %3 -DJDGLVK - 8UMDVKL
% 6DUDWK .' 6DJDU / 0DVLQD 6  
,QWHUFURSSLQJ$ /RZ ,QSXW $JULFXOWXUDO 6WUDW
HJ\ IRU )RRG DQG (QYLURQPHQWDO 6HFXULW\
$JURQRP\%DVHO  
>@,TEDO 0$ +DPLG $ $KPDG 7 6LGGLTXL
0+ +XVVDLQ , $OL 6 $OL $ $KPDG =
 )RUDJHVRUJKXPOHJXPHVLQWHUFURSSLQJ
HIIHFWRQJURZWK\LHOGVQXWULWLRQDOTXDOLW\DQG
HFRQRPLFUHWXUQV%UDJDQWLD  
>@,PDQH&6DLG&-RHUJ*<RXVVHI=/DP
IHGGDO.$GQDQH%&KHUNL*  /HJ
XPHEDVHGLQWHUFURSSLQJV\VWHPVSURPRWHEHQ
HILFLDOUKL]REDFWHULDOFRPPXQLW\DQGFURS\LHOG
XQGHUVWUHVVLQJFRQGLWLRQV,QGXVWULDO&URSVDQG
3URGXFWV
>@:DQJ 3& 0R %7 /RQJ =) )DQ 64
:DQJ++:DQJ/%  )DFWRUVDIIHFW
LQJVHHGJHUPLQDWLRQDQGHPHUJHQFHRISophora
davidii.,QGXVWULDO&URSVDQG3URGXFWV

>@=KDR//=KDQJ<X:DQJ3&/XR74
=KDQJ:&KHQ-  0RUSKRORJLFDODQG
JHQHWLF YDULDWLRQV RI Sophora davidii SRSXOD
WLRQVRULJLQDWLQJ IURP GLIIHUHQW DOWLWXGHV LQ WKH
PRXQWDLQVRIVRXWKZHVWHUQ&KLQD)ORUD


>@=KDR//0R%7:DQJ3&=KDQJ<X
/RQJ=)  5HODWLRQVKLSRISophora davidii VHHG VL]H WR JHUPLQDWLRQ GRUPDQF\ DQG
PRUWDOLW\ XQGHU ZDWHU VWUHVV 6RXWK $IULFDQ
-RXUQDORI%RWDQ\
>@=KDR ; 6XQ ;) =KDR // :DQJ 3&
+XDQJ /-   0RUSKRORJLFDO WUDQVFULS
WRPH DQG PHWDERORPH DQDO\VLV RI SODQW KHLJKW
PXWDQWRISophora davidii%0&3ODQW%LRORJ\

>@4LQ ;0 =KHQJ < 7DQJ / /RQJ *4
 (IIHFWVRILQWHUFURSSLQJFRUQDQGSRWDWR
RQWKHVWUXFWXUHDQGGLYHUVLW\RIUKL]RVSKHUHPL
FURELDO FRPPXQLW\ $FWD &URSV 6LQLFD   

>@8GD\DNXPDU 6 -HVXV 5/ *DQGXUD 2$
6HQWKLO69DQFH26DQGHHS.  ,QWHU
FURSSLQJ RI NXUD FORYHU Trifolium ambiguum
0%LHE ZLWKSUDLULHFRUGJUDVV Spartina pectinataOLQN HQKDQFHGVRLOELRFKHPLFDODFWLYLWLHV
DQG PLFURELDO FRPPXQLW\ VWUXFWXUH $SSOLHG
6RLO(FRORJ\
>@1DVDU-6KDR=4*DR4=KRX;)DKDG
6/LX65/L&/%DQGD6.-.JRUXWOD
/( 'DZDU .0   0DL]HDOIDOID LQWHU
FURSSLQJLQGXFHGFKDQJHVLQSODQWDQGVRLOQX
WULHQW VWDWXV XQGHU QLWURJHQ DSSOLFDWLRQ $U
FKLYHV RI $JURQRP\ DQG 6RLO 6FLHQFH   

>@/L-=KRX/-/LQ:)  &DOODOLO\LQ
WHUFURSSLQJ LQ UXEEHU WUHH SODQWDWLRQV FKDQJHV
WKH QXWULHQW FRQWHQW PLFURELDO DEXQGDQFH DQG
HQ]\PH DFWLYLW\ RI ERWK UKL]RVSKHUH DQG QRQ
UKL]RVSKHUHVRLODQGFDOODOLO\JURZWK,QGXVWULDO
&URSVDQG3URGXFWV
>@=KDQJ ;3 *DR *% :X == :HQ ;
=KRQJ+=KRQJ==<DQJ&%%LDQ)<
*DL;  5HVSRQVHVRIVRLOQXWULHQWVDQG
PLFURELDOFRPPXQLWLHVWRLQWHUFURSSLQJPHGLF
LQDOSODQWVLQPRVREDPERRSODQWDWLRQVLQVXE
WURSLFDO&KLQD(QYLURQPHQWDO6FLHQFHDQG3RO
OXWLRQ5HVHDUFK
>@.KDQ 0$ &KHQJ =+ .KDQ $5 5DQD
6- *KD]DQIDU %   3HSSHUJDUOLF LQWHU
FURSSLQJV\VWHPLPSURYHVVRLOELRORJ\DQGQX
WULHQWVWDWXVLQSODVWLFWXQQHO,QWHUQDWLRQDO-RXU
QDORI$JULFXOWXUHDQG%LRORJ\  
>@7DQJ ;0 =KRQJ 5& -LDQJ - +H /4
+XDQJ =3 6KL *< :X +1 /LX -
;LRQJ )4 +DQ =4 7DQJ 5+ +H /)
  &DVVDYDSHDQXW LQWHUFURSSLQJ LPSURYHV
VRLOTXDOLW\YLDUKL]RVSKHULFPLFUREHVLQFUHDVHG
DYDLODEOH QLWURJHQ FRQWHQWV %0& %LRWHFKQRO
RJ\  
>@/L 1+ *DR '0 =KRX ;* &KHQ 6&
/L &; :X )=   ,QWHUFURSSLQJ ZLWK
SRWDWRRQLRQHQKDQFHGWKHVRLOPLFURELDOGLYHU
VLW\RIWRPDWR0LFURRUJDQLVPV  



E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


>@*DR//LX;0'X<0=RQJ+6KHQ
*0  (IIHFWVRIWREDFFR±SHDQXWUHOD\LQ
WHUFURSSLQJ RQ VRLO EDFWHULD FRPPXQLW\ VWUXF
WXUH$QQDOVRI0LFURELRORJ\
>@%DL<&/L%;;X&<5D]D0:DQJ
4:DQJ4=)X<1+X-<,PRXODQ$
+XVVDLQ0;X<-  ,QWHUFURSSLQJZDO
QXWDQGWHDHIIHFWVRQVRLOQXWULHQWVHQ]\PHDF
WLYLW\DQGPLFURELDOFRPPXQLWLHV)URQWLHUVLQ
0LFURELRORJ\  
>@*RQJ ;: /LX &- /L - /XR < <DQJ
4+=KDQJ:/3X<*)HQJ%/  
5HVSRQVHV RI UKL]RVSKHUH VRLO SURSHUWLHV HQ
]\PHDFWLYLWLHVDQGPLFURELDOGLYHUVLW\WRLQWHU
FURSSLQJSDWWHUQVRQWKH/RHVV3ODWHDXRI&KLQD
6RLO 7LOODJH5HVHDUFK
>@)X='=KRX/&KHQ3'X43DQJ7
6RQJ&:DQJ;&/LX:*<DQJ:<
<RQJ7:  (IIHFWVRIPDL]HVR\EHDQUH
OD\ LQWHUFURSSLQJ RQ FURS QXWULHQW XSWDNH DQG
VRLOEDFWHULDOFRPPXQLW\-RXUQDORI,QWHJUDWLYH
$JULFXOWXUH  
>@=KDQJ <- =RX & 'LQJ // :DQJ 3&
<DQJ )/ 0R =3 /RQJ =) *DR %5
:DQJ46=KDQJ::HL;/LX--  
(IIHFWRISophora davidii 6NHHOV DQGPennisetum Sinese5R[E,QWHUFURSSLQJ6\VWHPVRQ6RLO
1XWULHQWV DQG (YDOXDWLRQ RI &RPSUHKHQVLYH
)HUWLOLW\-3K\V&RQI6HU
>@=KDQJ:'LQJ//:DQJ3&=KDQJ<
=KDQJ<-  7KH5HVSRQVHRI6RLO%DFWH
ULDO&RPPXQLWLHVWR/DQG8VH7\SHVLQD6XE
WURSLFDO 0RXQWDLQRXV 5HJLRQ 6RXWKZHVWHUQ
&KLQD,23&RQI6HULHV(DUWKDQG(QYL
URQPHQWDO6FLHQFH
>@'LQJ//:DQJ3&=KDQJ:=KDQJ<
/L6*:HL;&KHQ;=KDQJ<-<DQJ
)/   6KUXE (QFURDFKPHQW 6KDSHV 6RLO
1XWULHQW&RQFHQWUDWLRQ6WRLFKLRPHWU\DQG&DU
ERQ6WRUDJHLQDQ$EDQGRQHG6XEDOSLQH*UDVV
ODQG6XVWDLQDELOLW\
>@'LQJ//:DQJ3&=KDQJ:=KDQJ<
/L6*:HL;&KHQ;=KDQJ<-<DQJ
)/  6RLOVWRLFKLRPHWU\DVPRGXODWRUVLQ
VKUXEHQFURDFKPHQWVKDSLQJVRLOFDUERQLQVXE
DOSLQH Eulalia pallens +DFNHO  .XQW]H JUDVV
ODQGL)RUHVW%LRJHRVFLHQFHVDQG)RUHVWU\
 
>@'LQJ//6KDQJ<6=KDQJ:=KDQJ<
/L6*:HL;&KHQ;=KDQJ<-6RQJ
;//LX--<DQJ)/<DQJ;'=RX&
:DQJ3&  'LVHQWDQJOLQJWKHHIIHFWVRI
GULYLQJIRUFHVRQVRLOEDFWHULDODQGIXQJDOFRP
PXQLWLHVXQGHUVKUXEHQFURDFKPHQWRQWKH*XL
]KRX3ODWHDXRI&KLQD6FLHQFHRIWKH7RWDO(Q
YLURQPHQW
>@'LQJ // :DQJ 3&   $IIRUHVWDWLRQ
VXSSUHVVHV VRLO QLWURJHQ DYDLODELOLW\ DQG VRLO
PXOWLIXQFWLRQDOLW\ LQ D VXEWURSLFDO JUDVVODQG
6FLHQFHRIWKH7RWDO(QYLURQPHQW



>@&XUWULJKW $- 7LHPDQQ /.   0HWD
DQDO\VLVGDWDVHWRIVRLOH[WUDFHOOXODUHQ]\PHDF
WLYLWLHVLQLQWHUFURSSLQJV\VWHPV'DWDLQ%ULHI
  
>@&XUWULJKW$-7LHPDQQ/.  ,QWHUFURS
SLQJ LQFUHDVHV VRLO H[WUDFHOOXODU HQ]\PH DFWLY
LW\ $ PHWDDQDO\VLV $JULFXOWXUH (FRV\VWHPV
DQG(QYLURQPHQW
>@0D <+ )X 6/ =KDQJ ;3 =KDR .
&KHQ +<+   ,QWHUFURSSLQJ LPSURYHV
VRLO QXWULHQW DYDLODELOLW\ VRLO HQ]\PH DFWLYLW\
DQGWHDTXDQWLW\DQGTXDOLW\$SSOLHG6RLO(FRO
RJ\
>@+RUWDO6%DVWLGD)0RUHQR-/$UPDV&
*DUFtD&3XJQDLUH),  %HQHIDFWRUDQG
DOOHORSDWKLFVKUXEVSHFLHVKDYHGLIIHUHQWHIIHFWV
RQWKHVRLOPLFURELDOFRPPXQLW\DORQJDQHQYL
URQPHQWDOVHYHULW\JUDGLHQW6RLO%LRO%LRFKHP

>@)XHUVW -$ 6DJXOHQNR (   %H\RQG WKH
EDFWHULXP SODQFWRP\FHWHV FKDOOHQJH RXU FRQ
FHSWV RI PLFURELDO VWUXFWXUH DQG IXQFWLRQ 1DW
5HY0LFURELRO
>@/LX;&RQJ-/X+;XH<:DQJ;/L
'=KDQJ<  &RPPXQLW\VWUXFWXUHDQG
HOHYDWLRQDO GLVWULEXWLRQ SDWWHUQ RI VRLO $FWLQR
EDFWHULDLQDOSLQHJUDVVODQGV$FWD(FRO6LQ

>@5DPLUH] .6 &UDLQH -0 )LHUHU 1  
&RQVLVWHQW HIIHFWV RI QLWURJHQ DPHQGPHQWV RQ
VRLO PLFURELDO FRPPXQLWLHV DQG SURFHVVHV
DFURVV ELRPHV *OREDO &KDQJH %LRO  

>@<DQJ<')HQJ;0+X<*5HQ&=
=HQJ=+  (IIHFWVRIOHJXPHLQWHUFURS
SLQJZLWKRDWRQWKHDEXQGDQFHRIVRLOQLWURJHQ
IL[LQJ PLFURRUJDQLVPV DQG FRPPXQLW\ VWUXF
WXUH $FWD (FRORJLFD $SSOLHG 6LQLFD   

>@&ROOLQV+3.LPXUD(3ROOH\:)D\3$
)UDQVHQ 6   ,QWHUFURSSLQJ VZLWFKJUDVV
ZLWKK\EULGSRSODULQFUHDVHGFDUERQVHTXHVWUD
WLRQRQDVDQGVRLO%LRPDVVDQG%LRHQHUJ\


















E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ




5HFHLYHG

$FFHSWHG



&255(6321',1*$87+25

<XMXQ=KDQJ
,QVWLWXWHRI3UDWDFXOWXUH
*XL]KRX$FDGHP\RI$JULFXOWXUDO6FLHQFHV
*XL\DQJ*XL]KRX±&KLQD

HPDLO ]KDQJ\MB#FRP




© by PSP

Volume 31– No. 10/2022 pages 10410-10418

Fresenius Environmental Bulletin

ANALYSIS OF SAFE MUD DENSITY WINDOW AND ITS
INFLUENCING FACTORS OF COALBED METHANE WELLS
WITH MODERATE COLLAPSE
Wanlong Huang1,*, Wentie Sun2, Hanyu Liu3
1
Tongren University, Tongren 554300, Guizhou, China
School of Petroleum Engineering, Yangtze University, Wuhan 430100, China
3
Oil and Gas Cooperative Development Branch of CNPC Bohai Drilling Engineering Company Limited, Tianjin 300270, China
2

ABSTRACT

INTRODUCTION

Cataclastic coalbed methane is easy to break
under the action of high fluid velocity during the
development process, resulting in borehole collapse,
blocking the bottom pocket, and affecting the
subsequent exploitation and production of coalbed
methane. For this reason, a detailed analysis is made
on the borehole collapse and the impact of drilling
fluid intrusion on groundwater pollution during the
drilling of fragmented coal seams. The results show
that: (1) The borehole collapse process of drilling in
cataclastic coal reservoir is the result of the joint
action of circumferential expansion and radial
expansion of the yield area around the well, and the
final borehole expansion rate is 24.2%. (2) Low
drilling fluid density will cause borehole collapse
and instability, and when the drilling fluid density
reaches a certain value, micro cracks will appear on
the borehole wall in the direction of the maximum
horizontal principal stress, resulting in borehole
fracture. By the end of the simulation, the width and
length of microcracks have expanded to 0.05mm and
13.2mm, and the deflection distance has reached
4.21mm. (3) Different requirements for borehole
expansion rate of drilling operation will put forward
different requirements for drilling fluid density. The
higher the requirements for borehole stability of
drilling operation, the narrower the safety density
window of drilling fluid will be. (4) The higher the
density of microfracture distribution in coal
reservoir, the higher the lower limit of drilling fluid
safety density window. When the density of
microcracks in the coal seam is increased from 10
pieces/m3 to 30 pieces/m3, the lower limit of the
drilling fluid safety density window will be
increased from 1.36g/cm2 to 1.67g/cm2.

With the rapid development of social economy
and the increasing improvement of people's living
standards, the demand for energy increases instead
of decreases [1-2]. However, the large-scale use of
conventional fossil fuels will produce greenhouse
gases such as carbon dioxide and hydrogen sulfide,
which will damage the global ecosystem. Moreover,
fossil fuel combustion will also produce a large
number of residues, and improper harmless
treatment measures will seriously affect the local
environment [3-4]. For this reason, new energy
technologies such as wind power and solar energy
are gradually being proposed and popularized on a
large scale [5-6]. However, wind energy and other
new energy technologies usually have serious
environmental dependence, and the stable energy
output determines that the current new energy
technologies cannot meet the requirements of social
development. Therefore, conventional fossil fuels
are still the focus of energy efficient development
and utilization in the future [7]. Among them, the
exploration and development of unconventional oil
and gas resources such as coalbed methane will
account for an increasing proportion in relevant
research and engineering practice in the future. It is
of great significance to conduct in-depth discussion
and research on engineering problems related to
unconventional oil and gas resources.
However, the cataclastic coalbed methane
reservoir is a common type of coal seams, and its
drilling process is prone to borehole collapse and
instability, affecting the subsequent development of
coalbed methane (see Figure 1) [8-9]. As shown in
Figure 1a, before or at the initial time of drilling
operation, the borehole in the cataclastic coalbed
methane reservoir is extremely complete because the
rock stress concentration around the well is not
obvious [10-12]. At this time, the shaft wall in the
coal seam is smooth and cylindrical, and there is no
obvious borehole collapse and fragmentation.
However, with the continuation of drilling
operations, the stress concentration around the
wellbore in the fractured coalbed methane reservoir
has become very prominent (see Figure 1b). In

KEYWORDS:
Cataclastic coal seam, wellbore instability, safety mud
density window, microcrack

10410

© by PSP

Volume 31– No. 10/2022 pages 10410-10418

addition, the clay content of fractured coal reservoirs
is usually very high, and activated water drilling
fluid is a common type of drilling fluid for coalbed
methane development [13]. In this way, the clay
minerals in the coal reservoir absorb water and
expand, causing the reservoir rocks to become
extremely loose [14]. The superposition of the above
two reasons lead to the lower cohesion of coal and
rock in the shaft wall in the coal reservoir, the more
and more intense borehole collapse, and finally lead
to complex downhole operation accidents.
Therefore, it is extremely necessary to carry out
the integrity and stability experiment and numerical
simulation analysis of the borehole in coalbed
methane wells. So far, the analysis and research on
borehole stability of fractured coalbed methane wells
has been relatively common, and some progress has
been made. Tan et al. [15] put forward the
requirements for developing the comprehensive risk
management ability of drilling in coal bearing rock
sediments. In addition, the methods to reduce the risk
and uncertainty of wellbore stability related to
fractured and fragmented coalbed methane
reservoirs in the process of coalbed methane
development are also studied. Qiu et al. [16]
proposed a new workflow to study the wellbore
integrity of fractured reservoir development test
wells. In addition, the influence of cementing quality
on wellbore integrity in the process of coalbed
methane development is also studied. Li et al. [17]
developed the analysis method and finite element
model for analyzing the stability of fractured
wellbore by using ABAQUS software. It is found
that the model has good accuracy and applicability.
In a word, although these studies are of great value
to analyze the borehole wall collapse behavior in the
drilling process of cataclastic coal reservoir.
However, the in-depth analysis of the impact of
drilling mud density on borehole collapse is very
few, not to mention the corresponding mechanism
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analysis and engineering guidance. Therefore, this
paper starts from solving the following two
problems: (1) the influence law and mechanism of
drilling fluid density on borehole collapse in
cataclastic coal reservoir; (2) determination and
optimization method of safe drilling fluid density
window in fractured coalbed methane reservoir.
Therefore, based on previous studies, this study
first constructs a numerical simulation model to
study the borehole collapse law during drilling in
fragmented coal reservoirs, and analyzes the
influence of drilling fluid density on borehole
collapse and wellbore instability. Thus, according to
the research results, a method to determine the safety
density of the drilling process of the fractured coal
reservoir under the condition of moderate wellbore
collapse is summarized. Finally, the harm of drilling
fluid percolation into the fractured coal reservoir
during drilling is analyzed, and the relevant
prevention measures are put forward. It is expected
to provide technical support and theoretical
guarantee for the efficient development of coal bed
gas in complex coal rock reservoirs (mainly
cataclastic coal reservoirs).

MATERIALS AND METHODS
Rock stress distribution around the well.
Assuming that the borehole is a straight well, figure
2 shows the stress distribution diagram of the
surrounding rock around the shaft in the fragmented
coal seam. As shown in Figure 2, the stress of
surrounding rock around the wellbore is mainly the
maximum horizontal principal stress, the minimum
horizontal principal stress, tectonic stress and
drilling fluid pressure. Under the action of these four
stresses, the wellbore may be in three states:
stability, wellbore collapse and wellbore fracture.

FIGURE 1
Schematic diagram of hole collapse of fractured coalbed methane well.
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In which, ıt is the tensile strength, MPa; Į is
Biot coefficient, dimensionless; PP is the reservoir
pressure, MPa.
According to the basic principles of drilling
engineering, the safe density window of drilling fluid
is the interval between collapse pressure and fracture
pressure. Therefore, as long as we determine the
collapse pressure and fracture pressure, we can get
the drilling fluid safety mud density window of the
fractured coal reservoir.
Physical model and grid division. To this end,
a physical model as shown in Figure 3 is constructed
to study the borehole stability during the drilling of
fragmented coalbed methane wells. As shown in
Figure 3, the physical model is a square strain model
with a side length of 5.0m, and a hole with a diameter
of 0.25m is dug in the center. Such a small borehole
diameter is determined by the characteristics of
coalbed methane development. The output of
coalbed methane wells is usually low, and the
borehole diameter in the production section should
not be too large to prevent serious PE casing
deformation. Because the borehole collapse mainly
occurs around the well and near the well, the
borehole is the key area of borehole stability
research. In fact, the concept of near well zone is
relatively vague, and there is no clear concept. In
order to facilitate research and save computing
resources, this paper takes a quarter of the whole
model for research and analysis. Therefore, when
meshing the physical model as shown in Figure 3,
the mesh of the annular space 1.0m wide around the
well is refined. The mesh used in the model can be
used to analyze the seepage and mechanical
processes involved in wellbore instability analysis.

FIGURE 2
Schematic diagram of stress (Cartesian
coordinate system) of shaft surrounding rock
in cataclastic coal and rock.
Converting the stresses in the Cartesian
coordinate system in Figure 2 to the cylindrical
coordinate system can be expressed as Eq. (1) [1819].
In which, ır, ıș and ıUș are the three stress
components in the cylindrical coordinate system,
MPa; a is the model size, m; r is the research radius,
m; rw is the borehole radius, m; ıH and ıh are the two
stress components in Cartesian coordinate system,
MPa; PW is the drilling fluid pressure, MPa.
According to the model calculation, the
collapse pressure around the borehole of the
fractured coal reservoir can be expressed as Eq. (2)
[20].
Among them, Eq. (3).
Similarly, based on the basic principle of rock
mechanics, the fracture pressure around the wellbore
of the fractured coal reservoir can be written as:
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After meshing, the model contains 12400 CPE4P
grid cells.
In addition, the definite solution conditions
need to be defined for numerical simulation analysis.
The definite solution conditions mainly include
boundary conditions and initial conditions. The
boundary conditions are [21-23]:
1) Boundary conditions. ᬅ Displacement
boundary conditions: AB, BC, CD and DA, four
boundary constraints normal displacement, namely
Uf=0; ᬆ Pore pressure boundary conditions: AB,
BC, CD and DA are set with pore pressure boundary
conditions with the size of pore pressure PP, while
the borehole is set with pore pressure boundary
conditions with the size of drilling fluid pressure PW.
2) Initial conditions. The initial pore pressure,
initial in-situ stress and initial fluid saturation are
defined in the whole model space.
3) Load. A load with the size of drilling fluid
pressure PW is set in the wellbore.
Table 1 shows the basic data required for
simulation. It can be found from Table 1 that the
drilling fluid pressure is 0.50MPa higher than the
pore pressure, which belongs to overbalanced
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drilling industry and mine. Of course, the data in
Table 1 are the data under the default working
conditions, so it is only necessary to modify and
change the relevant variables during the sensitivity
analysis.
Analysis methods and ideas. The research
idea of this paper is divided into the following four
parts:
(1) Through numerical simulation, the
relationship between drilling fluid density and
borehole collapse is analyzed, and the functional
relationship expression between drilling fluid
density and collapse condition is established;
(2) According to the requirements of drilling
engineering for borehole collapse, a method for
determining the safe drilling density window of
coalbed methane wells that allows moderate
borehole collapse is established;
(3) Analyze the influence law and mechanism
of different factors on borehole collapse;
(4) Analyze the impact of drilling fluid
invasion on water quality near the well.

FIGURE 3
Physical model and grid model.
TABLE 1
Basic data for borehole collapse simulation
Name
Magnitude
Modulus of elasticity
1.50
Poisson's ratio
0.26
Cohesion
2.75
Drilling fluid pressure
5.25
Maximum horizontal principal stress
10.0
Minimum horizontal principal stress
8.0
Vertical principal stress
12.5
Coalbed methane saturation
25
Allowable hole enlargement rate
10
Microcrack density
10
Pore pressure
4.75
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GPa
MPa
MPa
MPa
MPa
MPa
%
%
Piece/m3
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yield instability region. About one hour after the start
of the simulation experiment, the left and right yield
instability regions were connected and closed under
the action of circumferential expansion and radial
expansion [24]. With the continuation of numerical
simulation, the yield instability region after
penetration continues to expand until the end of
simulation analysis. By the end of the simulation, the
area around the well is about 0.0116 m2, which is
converted into the borehole expansion rate of about
24.2%. Such a large borehole expansion rate is
enough to destroy the PE pipe during the long-term
development of coalbed methane, threatening the
safety of the wellbore. All these show that the
drilling fluid density (0.947 g/cm2) at this time is
obviously a little low for the drilling operation of
fragmented coalbed methane wells.
Through the characteristics of wellbore damage
and fracture development and evolution under high
drilling fluid density, it is found that when the
drilling fluid density reaches a certain value, micro
fractures will first appear on the shaft wall in the
direction of the maximum horizontal principal stress.
This is mainly because the shaft wall at this position
has the most significant stress concentration. When
the shear stress exceeds the tensile strength of
cataclastic coal and rock, micro cracks will appear.
And in the subsequent simulation experiment, the
crack will not only expand along the radial direction,
but also turn, and the crack expansion and turn will
continue until the end of the simulation. By the end
of the simulation, the width and length of
microcracks have expanded to 0.05mm and 13.2
mm, and the deflection distance has reached 4.21
mm. Due to the strong adsorption capacity of coal
seams to coalbed methane, the formation of these
microcracks is very detrimental to the subsequent
development of coalbed methane. Therefore, during
the drilling operation, the drilling fluid density
should be controlled within the safe mud density
window as much as possible to avoid the formation
of micro cracks around the well.

FIGURE 4
Research process and method.
The relationship between the four parts is
shown in Figure 4. It can be seen from Figure 4 that
the four parts are mutually implemented and
connected in series, which can provide technical
support and method basis for the analysis of safe
drilling density window of coalbed methane wells
that allow moderate hole collapse.

RESULTS AND DISCUSSION
Borehole
collapse
and
fracture
characteristics. The borehole collapse is caused by
the rock falling off around the well caused by the low
density of drilling fluid, while the borehole rupture
is caused by the high pressure of drilling fluid.
Therefore, the density of drilling fluid directly
determines the stability of the wellbore. Therefore,
studying the dynamic evolution characteristics of
wellbore collapse and fracture under the conditions
of different drilling fluid densities is conducive to
our understanding of wellbore instability
characteristics.
Figure 5 shows the evolution of formation yield
instability around the wellbore when the density of
drilling fluid is low. From Figure 5, we can find that
50s after the simulation analysis of borehole
collapse, two collapse instability points will appear
near the borehole in the direction of minimum
horizontal principal stress. Of course, the yield
instability region on the left and right sides is
disconnected, and the collapse region will gradually
expand symmetrically in the subsequent simulation
analysis. However, it should be noted that the
expansion of the two-part yield instability region can
be divided into two forms: circumferential expansion
and radial expansion. Circumferential expansion will
connect the left and right yield instability regions,
while radial expansion will significantly expand the

New method for determining safety mud
density window. In the actual drilling engineering,
it is impossible to completely eliminate the collapse
and fracture of the wellbore. In this case, it becomes
particularly important to establish a new method to
determine the safe mud density window of coalbed
methane wells that allow moderate collapse. In this
case, it is necessary to establish the functional
relationship between drilling fluid density and
borehole expansion rate. Through simulation
analysis, the functional relationship between drilling
fluid density and borehole expansion rate is [25]:
(5)
e=0.0124U w2  2.135 U w  0.038
In which, e is the borehole expansion rate,
dimensionless; ȡw is the density of drilling fluid,
g/cm3.
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FIGURE 5
Evolution characteristics of yield instability area near the well when the drilling fluid pressure is 4.5Mpa.
safety mud density window is 0.46 g/cm2. However,
when the borehole expansion rate is required to be
reduced to 20%, the lower limit of the drilling fluid
density window (it should be noted that this value is
not the collapse pressure) has been reduced to 1.17
g/cm2, and the width of the safety mud density
window has been widened to 0.71 g/cm2. This is
mainly because the smaller the borehole expansion
rate is, the higher the requirements for borehole
stability of drilling operations in fractured coal
reservoirs are. The higher the drilling operation
requirements, the narrower the density window of
safe drilling fluid and the higher the lower limit of
density. Therefore, in order to prevent the loose
drilling engineering requirements from making the
borehole expansion rate too large, which is
unfavorable to the subsequent development of
coalbed methane, the fragmented coalbed methane
drilling operation requires a smaller borehole
expansion rate as far as possible.

According to Formula (5), we can deduce the
lower limit of the safe mud density window based on
the requirements of borehole expansion rate of
drilling engineering (recorded as the allowable value
of borehole expansion rate). For the safe drilling
fluid density window, the fracture pressure can be
directly taken.
According to the method constructed above,
the safety mud density window curve corresponding
to the allowable values of different hole enlargement
rates in the drilling process of a coalbed methane
well is given (see Figure 6). From Figure 6, we can
see that with the continuous improvement of the
requirements of drilling operation on borehole
stability, the safe mud density window gradually
narrowed. Taking the depth of 100m as an example,
when the borehole expansion rate is required to be
only 5%, the lower limit of the drilling fluid density
window (it should be noted that this value is not the
collapse pressure) is 1.42 g/cm2, and the upper limit
of the window is 1.88 g/cm2, and the width of the

FIGURE 6
Safe mud density window under the conditions of different allowable hole enlargement rate.
Notes: (a) 5%; (b) 10%; (c) 15%; (d) 20%
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TABLE 2
Drilling fluid density window values (at 100m depth) with different microfracture
densities in coal reservoir
3
20 Pieces/m3
30 Pieces/m3
10 Pieces/m
/
Lower limit
Upper limit
Lower limit
Upper limit
Lower limit
Upper limit
Magnitude
1.36
1.88
1.49
1.88
1.67
1.88
/(g/cm2)

FIGURE 7
Distribution of drilling fluid intrusion area in the formation around the well under different
microfracture density.
resulting in the reduction of coal reservoir
permeability and groundwater pollution, affecting
the migration of coalbed methane and the domestic
water of local residents. Therefore, practical
engineering measures are put forward to avoid
groundwater pollution caused by drilling fluid
intrusion, which has become the top priority of coal
reservoir drilling operations.

Influence of drilling fluid invasion on
borehole stability. Assuming that the depth of the
coal seam is 100 m, the allowable borehole
expansion rate is 10%. Table 2 shows the drilling
fluid density window values when the micro fracture
density of coal reservoir is different. From table 2,
we find that the lower limit of drilling fluid safety
density window increases significantly with the
increase of micro fracture density in fragmented coal
seams. When the distribution density of micro cracks
in the coal seam is 10 pieces/m3, the lower limit of
the drilling fluid safety density window is 1.36
g/cm2. However, when the distribution density of
microcracks in the coal seam becomes 30 pieces/m3,
in order to ensure that the borehole expansion rate
will not exceed 10% during the drilling operation,
the lower limit of the drilling fluid safety density
window has been increased to 1.67g/cm2.
Its mechanism can be vividly shown in Figure
7. We know that the drilling fluid will invade and
leak into the formation through the micro cracks on
the well wall during the drilling process, which will
lead to the collapse of the wellbore. Therefore, when
the distribution density of micro fractures in the
fragmented coal seam is low, the leakage of drilling
fluid is weak, and the impact of drilling fluid
invasion on the coal seam is not serious. However,
with the increase of microfracture distribution
density in fragmented coal seams, drilling fluid
intrusion will become more and more significant.
Drilling fluid intrudes into the formation, causing
clay minerals in the coal seam to become looser and
under compacted due to water absorption and
expansion. The high-speed circulating drilling fluid
washes the borehole wall, which will lead to the
collapse of the borehole. Moreover, the invasion of
drilling fluid will also pollute the coal reservoir,

Drilling
fluid
intrusion
prevention
measures. In order to prevent the uncontrollable
leakage of drilling fluid during the drilling operation
of coal reservoir from causing groundwater pollution
and borehole collapse, the following engineering
strategies are proposed:
(1) Develop effective plugging agents.
Microcracks in fractured coal reservoirs can be
achieved by adding microcracks of appropriate
concentration to the drilling fluid, of which the better
effect is the plugging agent with shape memory
effect. The plugging agent can effectively deform
under high closing pressure, but recover its shape
when the closing pressure decreases, so as to plug
the micro cracks and achieve the purpose of
plugging.
(2) Control the density of drilling fluid. The
density of drilling fluid directly determines the
pressure difference between downhole drilling fluid
and formation, thus affecting the leakage and
invasion of drilling fluid. Therefore, by controlling
the density of drilling fluid and keeping the density
of drilling fluid at a low level as far as possible, the
bottom hole differential pressure can be reduced, so
as to reduce the leakage of drilling fluid.
(3) Improve the viscosity of drilling fluid. The
more viscous the drilling fluid is, the greater the
resistance of drilling fluid leakage into the
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formation. Therefore, the viscosity of drilling fluid
can be increased and the leakage of drilling fluid and
the pollution of groundwater can be weakened by
adding tackifier to the drilling fluid.
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CONCLUSIONS
This study studies a new method to determine
the safe mud density window of coalbed methane
wells that allow moderate collapse by the collapse
experiment of fragmented coalbed methane, and
analyzes the engineering measures to reduce the
groundwater pollution caused by drilling fluid
leakage. The main conclusions are as follows:
(1) The process of borehole collapse in
fractured coal reservoir drilling is the result of the
joint action of circumferential expansion and radial
expansion in the yield region. One hour after the
drilling operation, the yield areas on the left and right
sides will be connected and closed, and the final
borehole expansion rate will reach 24.2%. It is
difficult for ordinary PE pipes to withstand such high
borehole collapse deformation.
(2) Low drilling fluid density will cause
borehole collapse and instability, and micro cracks
will appear on the shaft wall in the direction of the
maximum horizontal principal stress when the
drilling fluid density reaches a certain value. By the
end of the simulation, the width and length of
microcracks have expanded to 0.05mm and 13.2mm,
and the deflection distance has reached 4.21mm.
(3) Different requirements for borehole
expansion rate of drilling operation will put forward
different requirements for drilling fluid density. The
higher the requirements for borehole stability of
drilling operation, the narrower the safety density
window of drilling fluid will be. When the borehole
expansion rate is required to be 5%, the lower limit
of the drilling fluid density window is 1.42g/cm2.
However, when the borehole expansion rate is
required to be reduced to 20%, the lower limit of the
drilling fluid density window (it should be noted that
this value is not the collapse pressure) has been
reduced to 1.17 g/cm2.
(4) The distribution density of micro fractures
in coal reservoirs will affect the leakage of drilling
fluid and its pollution to groundwater. The higher the
micro fracture density, the higher the lower limit of
the drilling fluid safety density window. When the
distribution density of micro cracks in the coal seam
is 10 pieces/m3, the lower limit of the drilling fluid
safety density window is 1.36 g/cm2. However, when
the distribution density of micro cracks in the coal
seam becomes 30 pieces/m3, this value has increased
to 1.67 g/cm2.
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sumed is ultimately discharged to water environment[5] and the continuous release of NORF in water environment would cause chemical pollution, antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria (ARB)[6]. Conventional biodegradation method is only partially effective in
NORF removal or degradation because it is difficult to removal trace NORF in wastewater[7]. In
fact, NORF is a trace pollution in major rivers in
south Chinain which the concentration of NORF is
often on the order of several ng/L[8]. Therefore, how
to take more effective measures to remove trace
NORF in water has been an important research topic.
Photocatalytic reaction has great advantages in removal of organic compounds from water. Trace organic compounds can be degraded efficiently by
photocatalytic reaction; photocatalytic reaction is
also a simple and energy saving method[9]. Therefore, the reaction is suitable for treating large quantities of water with trace NORF.
CdS, as one of the most promising photocatalyst, has attracted significant attention due to its great
visible light response with a suitable narrow band
gap (~2.33 eV)[10]. However㸪the application of
CdS semiconductor catalysts is limited because of its
high recombination rate of electron-hole pairs and
low optical absorption coefficient[11, 12]. Coupling
CdS with other suitable band structure semiconductors to synthesize heterojunction photocatalysts has
been regarded as one of the most efficient strategies
to overcome the drawbacks and can further enhance
the photocatalytic property[13]. Graphite-like
C3N4(g-C3N4),due to its high stability, nontoxicity,
easy synthesis and suitable band structure㸪has been
considered as a very suitable semiconductor material
to combine with CdS[14-16]. An intimate heterojunction between CdS and g-C3N4 can assist the migration and separation of photoinduced electrons and
holes[17, 18]. CdS/g-C3N4 heterojunction is shown
in SCHEME 1[19]. The heterojunction can not
only inhibit the recombination of CdS photogenerated electron-hole pairs, but also prohibit
the photocorrosion caused by photogenerated
holes on CdS and Cd 2+ releasing during the
photocatalysis process in water[20, 21]. Moreover, the lamellar structure of g-C 3 N 4 has many

ABSTRACT
Norfloxacin (NORF) is one of the most widely
used antibiotics in hospital and animal farming. The
large amounts of NORF were discharged into the
water environment which caused severe pollution
problems. Photocatalysis technology can decompose, mineralize most organic compounds, including
NORF. In this study, CdS, g-C 3 N 4 and their
composites were prepared as photocatalysts.
The composites were characterized by SEM,
EDS and XRD. It was showed that NORF in
water can be effectively removed by CdS/gC 3 N 4 composites in visible light. The experimental results proved that the composites have
better photocatalytic degradation performance
and stability than pure CdS. The best photocatalysis reaction condition of pH was neutral.
There was different performance on the degradation of NORF when the interfere ions, NO 3 −,
Cl − and HCO 3 − were mixed in the reactive system. HCO3− ion was the inhibitory substance on the
photocatalysis reaction, and NO3-, Cl- slightly
prompted the reaction. In addition, the main active substances produced in the reaction were
confirmed by adding different free radical
quenchants in NORF photodegradation reaction
system.

KEYWORDS:
CdS, g-C 3 N 4 , composites, NORF, photocatalysis

INTRODUCTION
Antibiotics are widely used in medical industry
and animals’ plants to prevent bacterial infections [1,
2]. Wise [3] estimated that 1--2×108 kg of antibiotics
were consumed annually worldwide. Norfloxacin
(NORF) is one of the most widely used in modern
medicine, and livestock industries[4]. It has been reported that NORF is difficultly metabolized by humans and animals[5] and most of norfloxacin con-
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SCHEME 1
The heterojunction between CdS and g-C3N4
washed and dried. The yellowish graphite phase carbon nitride is grinded in a mortar, and collected by
centrifugation and washed three times with ethanol.
The precipitate was dried in vacuum drying oven at
60°C for 12 hours and was heated in the muffle furnace at a heating rate of 2°C min-1 until 550°C for 3
h. When the temperature in the muffle furnace drops
to room temperature, the product is ground repeatedly, and then ethanol was added for ultrasonic dispersion 6h before being washed and dried at 60 Ԩ in
vacuum drying oven. The obtained powder was the
final graphite phase carbon nitride(g-C3N4).

adhesion sites to attract CdS, which can effectively prevent the coagulation of CdS nanoparticles[22].
In this paper, g-C 3 N 4 was selected as the
carrier of CdS. CdS/g-C3N4 composites was prepared by hydrothermal method to explore the photo
degradation effect of NORF on the composites in
water.

MATERIALS AND METHODS
Materials. Urea ,ethanol, sulfuric acid
(H2SO4), sodium hydroxide (NaOH),sodium chloride (NaCl), sodium nitrate (NaNO3) and sodium bicarbonate (NaHCO3 ) were purchased from Shanghai
SuYi Chemical Reagent Co., Ltd. Cadmium acetate
trihydrate (Cd(CH3COO)2·3H2O), ethylenediaminetetraacetic acid disodium salt (EDTA), isopropanol(IPA) and benzoquinone(BQ) were obtained
from Shanghai Aladdin Biochemical Technology
Co., Ltd. Thioacetamide and NORF were bought
from Macklin and Adamas, respectively. All reagents were analytical grade and used without further
purification. Deionized water(18MΩ) was produced
by a PSDK System (ZIHANSHIJI, Beijing, China).

Preparation of CdS/g-C3N4 and CdS. CdS/gC3N4 composites were prepared by hydrothermal
method. Firstly, 50 mg g-C3N4 was mixed with
80mL ethanol solution in which the volume
proportion of ethanol and water was 1:1 and
supersonic dispersed for 0.5 h. In addition,
0.369g Cd(CH3COO)2·3H2O was dissolved in
the mixture which supersonic dispersed for another 0.5 h. 0.104 g thioacetamide was dissolved in another 40 mL ethanol solution
which composition was the same above. Two
solutions were mixed and stirred by electromagnetic agitator for 0.5 h. The mixture was
transferred into a Teflon reactor and heated at
180 °C for 24 hours in an oven. The orange
precipitate in the reactor was separated by centrifugation, washed with ethanol for 4 times

Preparation of g-C3N4. Urea was first heated
in a muffle furnace at a heating rate of 2°C min-1 until
540°C for 4 h. Next, ethanol was added to the product and ultrasonically dispersed for 12h before being
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and dried at 60 Ԩ. Finally, CdS/g-C 3 N 4 composites were obtained. CdS was prepared as the
process above without the first step that 50 mg gC 3 N 4 was used.
Characterization. The composition and crystallinity of materials were characterized by Japanese
Rigaku SmartLab X-ray diffraction (XRD) analyzer
with a Cu Kα source (k=1.541Å). The morphology
of materials was imaged by Hitachi Regulus 8100
scan electron microscope (SEM). The composition
and distribution of elements in the materials were
characterized by mapping. The TEM (transmission
electron microscope) image was detected by JOEL
2100f microscope of JOEL Ltd., Tokyo, Japan. The
material samples were detected by a X-ray photoelectron spectrometer (XPS) from Semel Fisher Technology in the United States. The solid UV-Vis spectrum test was carried out with a Solid Spec-3700
UV-visible diffuse reflectance spectrophotometer
from Shimadzu company.

Fresenius Environmental Bulletin

Finally, EDTA, IPA and BQ were selected as
free radical trapping agents for quenching experiment in order to explore which active substances
play an important role in the reaction process. The
quenchers concentration in the NORF solutions were
all set to 1.0 mM.
NORF concentration was tested by an ultraviolet and visible spectrophotometer (UV-5500/PC,
Shanghai Cany Precision Instrument Co. Ltd.), and
the operating wavelength was 271 nm. NORF degradation rate was equal to (C0 − C)/C0 or (A0 − A)/A0,
where “C” and “A” were the NORF solution concentration and absorbency, respectively. The subscript
character 0 indicates the initial value. It was obviously that NORF residual rate is equal to C/C0 or
A/A0.

RESULTS AND DISCUSSION
Characterization of samples. FIGURE 1(a)
shows g-C3N4 morphology with nanosheets structure; FIGURE 1(b) presents g-C 3 N 4 with a relatively uniform pore structure on the layer. The
morphology of CdS/g-C3N4 composites were shown
in FIGURE 1(c) and (d) in which CdS nanoparticles
were adhered to the g-C3N4 lamellar structure and
overlays each other to form a multi-layer chip structure. Four elements in CdS/g-C3N4 were described
by the energy-dispersive spectroscopy (EDS) spectrum and shown in FIGURE 1(e); The mapping diagram of FIGURE 1(f) showed that the red dots
were the distribution of CdS and the white
background was g-C 3 N 4 that proved CdS nanoparticles were successfully laid on the surface
of g-C 3 N 4 sheets in the CdS/g-C3N4 composites.
The EDS mapping results (FIGURE 1 (g-j)) further
confirmed the homogeneous distribution of C, N, S
and Cd in CdS/g-C3N4.
FIGURE 2 shows the XRD patterns of three
prepared catalysts, including CdS, g-C3N4 and
CdS/g-C3N4 composite. The XRD pattern of g-C3N4
exhibit a weak and broad diffraction peak and prove
the prepared g-C3N4 are amorphous. The location of
XRD peaks of prepared CdS are consistent with the
standard card of CdS (JCPDF 75-0581), and prove
the successful synthesis of CdS in this paper, although the crystallinity of prepared CdS is not very
strong. The composite of CdS/g-C3N4 have obvious
protuberances at 26.55°, 44.04° and 52.17° corresponding to the peaks of CdS, indicating that the
crystallinity of the composite is better. This may be
due to the interlayer stacking effect of the complex
of CdS and g-C3N4.

Experimental process. The catalytic effects of
CdS, g-C3N4 and CdS/g-C3N4 composites for NORF
photodegradation in water were studied.
NORF aqueous solution was prepared with deionized water for photocatalytic degradation experiment. Unless mentioned, the initial pH of the NORF
solution was 7. In the pH experiment, the pH of the
solution was adjusted with 0.1 mol/L sodium hydroxide (NaOH) or sulfuric acid (H2SO4). A Rex pH
meter (PHB-4, Shanghai, China) was used for pH
value test.
The NORF solution was mixed with photocatalyst in a 100mL beaker. The initial concentration of
NORF solution was 10ppm. The dosage(m/V) of
photocatalyst was 1g/L. The beaker containing the
mixture was placed in a cooling device which temperature was remained at 298K. NORF adsorption
on the catalyst was first carried out in complete darkness for 60min before photodegradation, and then,
photodegradation began by using a 300W xenon
lamp to irradiate on the top of the beaker. During the
whole process, the mixture was stirred by an electromagnetic agitator at 300 rounds per minute (rpm) in
the beaker. In the process of photodegradation, the
reaction mixture was sampled by syringes at
schemed time, and the samples were filtered by syringe filters (0.22 μm).
In this paper, anion interference on NORF photodegradation was studied by adding inorganic salt
in NORF solution. Sodium chloride (NaCl), sodium
nitrate (NaNO3) and sodium bicarbonate (NaHCO3)
were added in the solutions to provide interfering anions Cl-, NO3- and HCO3-, respectively. The anions
concentration in the solutions were all set to 1.0 mM.
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FIGURE 1
(a) SEM images of g-C 3 N 4 ; (b) TEM images of g-C 3 N 4 ; (c) SEM images of CdS/g-C 3 N 4 ;
(d)TEM images of CdS/g-C 3 N 4 ; (e) the EDX spectrum of CdS/g-C 3 N 4 ;
(f) SEM mapping of CdS/g-C 3 N 4 ; (g-i) distribution images of C,N,S and Cd elements.

FIGURE 2
XRD patterns of g-C3N4, CdS and CdS/g-C3N4.
Degradation of NORF. FIGURE 3(a) shows
different catalytic activity of CdS, g-C3N4, and
CdS/g-C3N4 for the photodegradation of NORF. The
initial concentration of NORF solution was 10 ppm;
the initial pH was 7, and the dosage of catalysts was
1 g/L. g-C3N4 could only remove 27.7% of NORF
after 60 min adsorption and 120min photodegradation; when CdS was used alone, only 36.2% of

NORF was removed at the same conditions; CdS/gC3N4 composites showed very good NORF removal
performance, and 75.9% of NORF was removed.
FIGURE 3(a) indicated that CdS/g-C3N4 composites
were the best photocatalyst than its two compositions, CdS and g-C3N4 and implied the heterojunction between CdS and g-C3N4 could assist the photodegradation of NORF in water.
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FIGURE 3
The degradation effect of norfloxacin by different materials; (b) the degradation rate of
norfloxacin by different materials. m/V=1g/L, initial pH=7, [NORF] initial =10 mg/L, 298K.
TABLE 1
Rate constants and correlation coefficients of the first-order kinetic model
Catalyst
k1(min-1)
R2
g-C3N4
0.00238
0.993
CdS
0.00339
0.997
CdS/g-C3N4
0.01153
0.960
spectively. At neutral conditions, the photodegradation efficiency was the highest, and the removal rate
was 0.759.
The phenomenon above can be explained by
the reaction mechanisms described by equation (1)(5)[19]. According to the mechanisms, the photodegradation of NORF on CdS/g-C3N4 would be inhibited in solution with low or high pH (pH = 3, 5, 9 and
11). When the solution was in neutral pH condition,
the NORF removal efficiency was the highest.
CdS/g-C3N4 + hν → CdS(e-)/g-C3N4(h+) (1)
H2O → H+ + OH(2)
(3)
CdS(e-) + OH- → CdS + •O2g-C3N4(h+) + OH- → g-C3N4 + •OH
(4)
NORF + •O2- + •OH + g-C3N4(h+) → degradation products
(5)
When solution was acid(pH=3,5), the reaction
step described by equation (2) was inhibited, and the
formation of •OH was also restrained (equation (4));
because of the lack of •OH, NORF degradation
(equation (5)) was inhibited.
NORF is a kind of carboxylic acid because
there is a carboxyl in its molecule and NORF is a
weak acid which pKa is 10.56. While in alkaline solution(pH=9,11), NORF became carboxylic anion
which carried negative charger. According to the literature[24], in alkaline solution, the catalyst is negative charged, which would repel negatively charged
NORF and slow down the photodegradation reaction
speed.
When solution pH is neutral, there is no two
suppressive factors of NORF degradation mentioned
above, the degradation efficiency is the highest.

The data of photodegradation in FIGURE 3(a)
were analyzed using a first-order kinetics model. The
first-order kinetics model can be described by equation (1)㸸
(1)
-ln(C/C0) =k1t
Here, k1 (min-1) and t are the first-order rate
constant and time (min), respectively. A plot of ln(C/C0) versus t yields the values of k1[23].
FIGURE 3(b) shows the relation between ln(C/C0) and t. The rate constants and correlation coefficients of the first-order kinetic models are listed
in Table 1. The reaction rate constant(k1) of CdS/gC3N4 is 0.01153min-1, which is far higher than CdS
and g-C3N4, and prove CdS/g-C3N4 composites are
superior photodegradation catalyst than CdS and gC3N4 alone. Three coefficients of determination (R2)
are all very close to 1, which imply that photodegradation reactions obey the first-order kinetics model
very well.
Effect of pH value on NORF degradation.
pH value not only directly affects the characteristics
of the catalyst, but also affects the inherent properties of NORF in water. As shown in FIGURE 4, after
60min adsorption and 120min photodegradation in
the systems of CdS/g-C3N4 and NORF solution, with
pH increases in the range of acidic or neutral (pH =3,
5, 7), the residual rates of NORF were 0.350, 0.480
and 0.241. When in alkaline condition (pH=9, 11),
the NORF residual rates were 0.460 and 0.700, re-

10423

© by PSP

Volume 31– No. 10/2022 pages 10419-10427

Fresenius Environmental Bulletin

FIGURE 4
The effect of different pH on NORF removal by CdS/g -C 3 N 4 . m/V=1g/L,
[NORF] initial =10 mg/L, 298K.
hydroxyl radicals to form ClOH•−, Cl• and Cl2• radicals which were more effective than •OH for the degradation of NORF[28].
H2O + NO3- + hν → •OH+NO2• + OH(6)
(7)
NO3- + hν → NO2- + O(3p)
HCO3- +•OH → H2O + CO3•−
(8)
CO32- + •OH → OH- + CO3•(9)
Cl- + •OH → ClOH•−
(10)
H+ + ClOH•− → Cl•+ H2O
(11)
Cl- + ClOH•−→ Cl2•+ OH(12)

Influence of interfering anions on NORF
photodegradation. It is well known that natural waters contain a variety of natural sunlight absorbing
components, such as chloride anion (Clˉ), bicarbonate anion (HCO3ˉ), and nitrate anion (NO3−)[25].
It can be seen from FIGURE 5 that there no obvious
NORF removal rate difference when the solutions
were added with or without interfering anions after
60 min adsorption in darkness. However, with adding different interfering anions, NORF photodegradation rates were different in the light. The degradation of NORF was inhibited when HCO3− was added,
while the degradation of NORF was promoted when
Clˉ and NO3− were added.
According to the degradation curvature diagram in FIGURE 5, it can be seen that the degradation performance in the presence of the three ions is
NO3− > Cl− > HCO3−. It may be that NO3− anion produces active substances in light, which forms a copromoting effect with the catalyst[25]. As the photo
response of equation (6),(7), hydroxyl radical(•OH)
and triplet atomic oxygen(O(3p)) could be formed
when NO3− was activated by light in water, and
prompted NORF photodegradation[25, 26].
When HCO3− was added in the experiment, the
degradation of NORF was inhibited. It can be understood by the equation (8),(9). In the solution, HCO3−
reacted with hydroxyl radical to form less active
CO3•−[27].
According to equation (10), (11), (12), it can be
seen that the degradation of NORF was also promoted when Cl− was added to the photodegradation
system, which may be due to the reaction of Cl− with

Mechanism of NORF degradation. In order
to make sure the active substances produced by the
catalyst in reaction system, EDTA, IPA and BQ were
selected as free radical quenchants[29]. The concentration of NORF solution was 10 ppm; initial pH
value was natural; the dosage of catalyst was 1g/L.
Because the VB potential of CdS in the complex is
higher than that of •OH, •OH can be formed by adsorbed hydroxyl or H2O near holes(h+)[30], as
shown in Scheme 1. EDTA, BQ and IPA could
quench the holes, •O2- and •OH, respectively[29].
When EDTA was added in the reaction system, the
photodegradation reaction was only slightly inhibited (FIGURE 6), it is indicated that holes were not
primary active substance in the process of NORF
degradation. When BQ was added, the degradation
rate of NORF decreased obviously, and the removal
rate of NORF was mainly achieved by adsorption,
which proved that •O2- was an important active substance in the process of photocatalysis. However, the
reaction was also obviously inhibited by the addition
of IPA and the final residual rate of NORF was less
than BQ, indicating that the activity of •OH was second only to •O2- in the reaction.
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FIGURE 5
The effect of different interfering ions on the removal of NORF. m/V=1g/L, initial pH=7,
[NORF] initial =10 mg/L, 298K.

FIGURE 6
The effect of quenchers on NORF photodegradation. m/V=1g/L, initial pH=7, [NORF] initial =10
mg/L, 298K.
tion condition of pH was neutral. The photodegradation of NORF can be ascribed to three activity substances: holes, •O2- and •OH, which activity can be
ranked as •O2- > •OH > holes.

In a word㸪the photodegradation of NORF can
be ascribed to three activity substances: holes, •O2and •OH (equation(5))[31]. The activity of the
three substances can be ranked as •O2- > •OH >
holes.
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SPATIAL VARIATIONS IN THE NITROGEN FORMS OF
SEDIMENTS IN POYANG LAKE DURING THE DRY SEASON
Caixia Kang, Yurun Liu*, Wenxiu Chen, Zhicheng Xi, Zhengong Tong
School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang, Jiangxi Province, China

[5-7]. Sediment plays the roles of “sink” and
“source” in the nitrogen cycle of the lake [8]. However, not all forms of nitrogen in sediments can participate in the sediment–water cycle. Different physicochemical bound forms of nitrogen exhibit varying
chemical characteristics and play various roles in the
nitrogen cycle [9]. Only “active” nitrogen components could transport and transform between the sediment–water interface [10, 11]. The nitrogen in sediment can be divided into two types: transferable and
non-transferable. The transferable nitrogen belongs
to the “active” nitrogen and can participate in the nitrogen cycle at the interface between sediment and
water body [12, 6]. The contents and distribution
characteristics of the various forms of nitrogen are
closely related to the water environment. The nitrogen in sediment reflects the water environment to a
certain extent [9]. Therefore, the study of different
nitrogen forms in sediments is the basis for understanding the nitrogen cycle at the sediment–water interface, and it is also conducive to the analysis and
control of the internal load in sediment.
Ma et al. (2003) [12] studied the distribution of
different forms of nitrogen in Bohai Sea sediments
by using sequential extraction methods to separate
the nitrogen of sediments into two categories: transformable and non-transformable, in which the transformable nitrogen (TTN) accounted for 30.85% of
the total nitrogen (TN). Wang et al (2007) [13] further divided the TTN form into ion-exchangeable nitrogen (IEF-N), weak acid-extractable nitrogen
(WAEF-N), strong alkaline-extractable nitrogen
(SAEF-N), and strong oxidant-extractable nitrogen
(SOEF-N) to study the distribution characteristics of
TTN in sediments of different grain levels. The result showed that the content and chemical characteristics of each nitrogen form in different grain levels
varied. The SOEF-N was the form with the weakest
releasing ability. Meanwhile, IEF-N was the form
with the weakest binding ability and was the most
easily released form. The contents of total and various forms of TTN were significantly correlated with
the grain size of sediment. However, the results
showed that the content of nitrogen forms was less
significant in terms of pH and grain size, while C/N,
phosphorus input, and TOC influenced the content
and distribution of nitrogen forms to different degrees; in particular, P and TOC were the most significant factors [14]. Furthermore, the mass fractions of

ABSTRACT
Sediments and overlying water were collected
from 12 conventional lake sites and 5 conventional
estuary sites to study the distribution and influencing
factors of various nitrogen forms in sediments of different areas of Poyang Lake during the dry season.
The sediment nitrogen is divided into ion-exchangeable nitrogen (IEF-N), weak acid-extractable nitrogen (WAEF-N), strong alkaline-extractable nitrogen
(SAEF-N), strong oxidant-extractable nitrogen
(SOEF-N) and non-transformable (NTN) by sequential extraction methods. Redundancy analysis and
Pearson correlation coefficient are used to study the
relationship between the physicochemical properties
of sediment and overlying water and the various nitrogen forms. Results show that the sediment total
nitrogen (TN) content is 480.79–3933.00 mg/kg,
with a mean value of 2441.82 mg/kg, of which transformable nitrogen (TTN) accounts for 24.77% of
TN. The contents of each TTN are in the order of
SAEF-N > IEF-N > WAEF-N > SOEF-N. Except
WAEF-N and SOEF-N, the distribution of IEF-N
and SAEF-N is consistent with that of TN, which is
in the order of central lake > northern lake > estuary.
The distribution of nitrogen forms in the sediments
is significantly influenced by the physicochemical
properties of overlying water and sediments in Poyang Lake in winter, especially the DO and Chl-a in
the overlying water, and TP and Chl-a in sediments.

KEYWORDS:
Sediment, nitrogen, spatial distribution, influencing factor

INTRODUCTION
In recent years, lake eutrophication has become
one of the environmental problems in China’s water
bodies [1]. The input of nitrogen and phosphorus
from rivers into the lake is one of the causes of lake
eutrophication [2, 3]. Nitrogen is an important nutrient element of lake primary productivity [4]. Nitrogen in water body accumulates in sediment under
physical, chemical, or biological effects. Moreover,
nitrogen in sediment can be released into overlying
water through diffusion and convection or sediment
re-suspension, resulting in secondary water pollution
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different forms of nitrogen decrease with the increase in sediment depth, and those of various forms
of nitrogen in sediments are negatively correlated
with water depth and are greatly affected by external
pollution input [15]. Different factors have various
effects on the distribution of nitrogen form in lake
sediments [2].
The water quality of Poyang Lake is polluted
due to the casual discharge of agricultural and industrial sewage, and the ecological environment of wetland is damaged. Meanwhile, the pollutants from upstream into Poyang Lake also aggravate the eutrophication status of Poyang Lake. Poyang Lake is a seasonal lake with a large variation of water level and
distinct eutrophication levels in different periods
[16]. Some studies have found that the contents of
TN and total phosphorus in surface water of Poyang
Lake are higher in the dry season, the spatial distribution of TN content is different, and the TN content
is larger in the dry season [17]. TN has a significant
negative correlation with water level [17]. However,
the order of releasing amount of nitrogen and phosphorus in the Poyang Lake sediment is wet season >
normal season > dry season [18]. The release of sediment is also an important source of nutrients, such
as nitrogen and phosphorus in lake waters, which has
an important influence on the nitrogen and phosphorus cycle and eutrophication in lake ecosystems [19].
The existing forms and spatial distribution of nitrogen in sediments are of great significance to the nitrogen cycling process in lakes. This study takes Poyang Lake, the first largest freshwater lake in China,
as the research object and adopts the sequential extraction method to analyze the content and distribution of nitrogen forms in sediments of Poyang Lake
during the dry period. Moreover, this study discusses
the influencing factors combining the physicochemical indexes of sediments and overlying water. The
experimental results are expected to provide theoretical reference for controlling lake eutrophication and
improving the water quality.
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form a natural lake–catchment–river system. The
complex system comprises important ecological
functions, such as serving as an important international wetland, which is listed on the Ramsar Convention on Wetlands in 1992 [22]. Since 2005, the
average concentration of TN, NH4+, and NO3- in Poyang Lake has the characteristics of dry season >
normal season > wet season in time, while the spatial
pollution of nitrogen and phosphorus shows the
characteristics of heavy pollution in the east and
south and light pollution in the west and north [18].
In addition to the pollution of the lake caused by the
high content of nitrogen and phosphorus in the water
body, the presence of nitrogen in the sediment
should not be ignored. In this work, we choose Poyang Lake to be sampled during the dry water period.

FIGURE 1
Locations of the sampling sites.

MATERIALS AND METHODS
Study area. 3R\DQJ /DNH ƍ–ƍ1
ƍ–ƍ(  WKH ODUJHVW IUHVKZDWHU ODNH LQ
China, is located on the south bank of the Yangtze
River, northern Jiangxi Province, China. This lake is
separated from north to south by 170 km, with a
maximum span of 70 km from east to west [20].
Large seasonal variations occur in lake storage and
lake level. During the flood season (April to September), the area of Poyang Lake expands to more than
3000 km2, and the average water depth reaches 8.4
m. The lake area shrinks to less than 1000 km2 during the dry season (October to March). Poyang Lake
also undergoes seasonal water level fluctuation of 11
m with a change of water level from 9 m to 20 m
[21]. The lake, its catchment, and the Yangtze River

Sample collection and treatment. Poyang
Lake was sampled by ship in January 2022 and accurately positioned using the Global Positioning
System. Sediment and overlying water were collected at 12 conventional lake surface points and 5
conventional estuary points, as shown in Figure 1. At
each site, the vessel stops to collect overlying water
and sediment. The overlying water at 0.5 m above
the sediment was collected with a water collector,
and the polyethylene bottles were washed with the
overlying water three times before the overlying water was collected. After the water sample was collected, it was quickly sealed, brought back to the laboratory, and placed in the refrigerator for storage.
The index was analyzed and determined within 24 h.
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The surface sediment samples were collected with a
mud grab bucket, and the sediment was evenly
mixed and packed in a polyethylene sealed bag. Part
of the sediment was stored in a refrigerator for frozen
storage, and the other portion of the sediment was
dried and ground for sample testing.
Analyses of the samplings and data. The water
temperature, pH, dissolved oxygen, dissolved total
solids, and redox potential of the overlying water
were measured on site with a multi-parameter water
quality analyzer (Smart 3, USA). The TP, TN, and
COD of the overlying water were determined in the
laboratory according to the methods described in
APHA-AWWA-WPCF (2001) [23]. The TN in the
sediment was determined via the alkaline potassium
persulfate oxidation method in the Analytical Methods for Water and Wastewater Monitoring [24]. The
organic matter content was determined through the
loss-on-ignition method [25]. The sequential extraction method [13] was used for each form of nitrogen
in the sediment. The aforementioned method is
shown in Figure 2. The pH of sediment was measured with a pH meter (SX825, China) after shaking
the soil–water (1:2.5 w/w) suspension for 30 min.
The Chl-a concentrations in the overlying water
were measured in accordance with Cao et al. (2005)
[26]. Approximately 2 g of dried and grinded sediment was extracted and macerated in 90% acetone to
obtain the Chl-a content in the sediment according
the method of Chl-a concentrations in overlying water.
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RESULTS
Physicochemical characterization of the overlying water and sediments. The average water temperature in the three areas of Poyang Lake is around 11
°C (Table 1). The water temperature is generally low
because its sampling time is January 2022 in winter.
The average pH value of the overlying water in the
northern lake, central lake and estuary is about 8.3,
which is slightly alkaline (Table 1). In the three regions, the distribution of DO content and ORP in the
overlying water is in the order of near estuaries >
central lakes > northern lakes, and the water depth
near estuaries is lower than that in the other two regions, resulting in the higher DO content (Table 1).
The contents of TN, CODMn and TDS in the overlying water are the highest in the central lake area, followed by the northern lake area, and the lowest near
the estuary (Table 1). TP content was the highest in
the northern lake area, followed by the central lake
area and the estuarine area, while Cl-a content was
the highest in the estuarine area (Table 1).
The physicochemical indexes of sediments in
Poyang Lake are shown in Table 2. The contents of
TP and organic matter in different areas are in the
order of northern lake area, central lake area, and
near the estuary. The area with the highest pH is near
the estuary. The average pH of the sediments is less
than seven, which is acidic and contrary to the pH of
the water body. The SOM is lowest at sites near the
estuary. The Chl-a content is the highest in the central lake area.

FIGURE 2
Schematic diagram of transferable nitrogen form analysis in sediments by the sequential
extraction procedure.
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Contents
T (ႏ)
pH
DO (mg/L)
ORP (mV)
TDS (mg/L)
CODMn
(mg/L)
TN (mg/L)
TP (mg/L)
Chl-a (mg/m3)

Contents
TP (mg/kg)
pH
SOM (%)
Chl-a (mg/kg)
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TABLE 1
Physicochemical properties of the overlying water
northern lakes
central lakes
estuaries
Range
Mean
Range
Mean
Range
9.50~11.20
10.70
9.10~10.70
10.18
10.50~16.9
8.02~8.84
8.32
8.11`~8.48
8.30
8.20~8.40
9.17~10.7
9.8
9.65~10.62
9.91
9.41~15.34
182.30~238.20 217.25 201.90~234.40 219.43 220.00~246.10
140.40~176.15 156.09 122.85~250.25 172.53
95.53~242.45
1.82~5.07
3.17
2.38~4.75
3.19
1.82~3.17
2.386~3.285
0.104~0.368
6.89~13.43

2.896
0.222
10.54

2.815~3.718
0.089~0.357
9.88~22.66

3.167
0.212
15.36

2.084~3.180
0.08~0.217
7.41~24.40

TABLE 2
Physicochemical properties of sediments
northern lakes
central lakes
Range
Mean
Range
Mean
324~1045
620
217~715
503
6.21~6.73
6.48
6.39~6.71
6.55
0.040~0.298
0.099
0.056~0.085
0.070
1.766~24.217
13.955
1.846~42.157
21.628


estuaries
Range
64~750
6.62~6.83
0.008~0.079
0.074~8.756

Mean
11.84
8.32
11.06
248.00
152.47
2.30
2.621
0.155
16.70

Mean
423
6.73
0.051
3.519
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FIGURE 3
The concentration of NTN and TTN in sediments of Poyang Lake
respectively, with the central lake having the highest
TN content, followed by the northern lake and estuary (Figure 3).
The NTN content in Poyang Lake sediments
varied from 252.04 mg/kg to 3205.55 mg/kg, with an
average of 1900.79 mg/kg, which accounts for
77.84% of TN (Figure 3). The overall distribution of
NTN content is central lake > northern lake > estuary, which is the same as that of TN. The two sites
with the lowest NTN content are H3 and H4, which
are also the same as those in TN (Figure 3).

Contents and spatial distributions of TN and
NTN in the surface sediments. The TN content in
the surface sediments of Poyang Lake ranged from
480.79 mg/kg to 3933.00 mg/kg, with an average of
2441.82 mg/kg. The highest value was about eight
times the lowest value, with significant differences
in spatial distribution (Figure 3). The maximum
value of TN content appears at the Z4 sampling
point, and the minimum value was observed at the
H4 sampling point (Figure 3). The TN contents in
the sediments in the northern lake, central lake, and
estuary are 2339.65, 2941.13, and 1965.26 mg/kg,
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The ratio of TTN at H3 is significantly higher than
those in other sites (Figure 3).
The TTN in the surface sediments mainly consisted of IEF-N, WAEF-N, SAEF-N, and SOEF-N.
SAEF-N was the highest in the surface sediments of
Poyang Lake, followed by IEF-N and WAEF-N, and
SOEF-N (Figure 4).

Distributions of different forms of TTN in
sediments. The content of TTN in Poyang Lake
ranges from 152.64 mg/kg to 871.03 mg/kg, with an
average of 544.59 mg/kg (Figure 4). The proportion
of TTN content to TN ranges from 8.52% to 69.81%,
with an average of 24.77% (Figure 3). The overall
dis-tribution of TTN content is in the order of central
lake > northern lake > estuary, which is roughly consistent with the distribution characteristics of TN.
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FIGURE 4
The concentration of different transformable nitrogen in sediments of Poyang Lake
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FIGURE 5
The ratio of different transformable nitrogen to TTN in sediments
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The IEF-N content in Poyang Lake sediments
varied from 31.89 mg/kg to 233.70 mg/kg, with an
average of 96.04 mg/kg (Figure 4). The IEF-N content in the six sampling sites in the northern lake area
ranged from 31.89 mg/kg to 233.70 mg/kg, with a
mean value of 92.31 mg/kg. Meanwhile, the IEF-N
content in six sampling points in the central lake area
varied from 51.62 mg/kg to 198.67 mg/kg, with a
mean value of 112.34 mg/kg. The IEF-N content
ranged from 31.89 mg/kg to 201.46 mg/kg in five
sampling sites near the estuary, with an average of
80.95 mg/kg. The overall distribution was central
lake > northern lake > near the estuary (Figure 4).
The proportion of IEF-N in TTN in all sampling sites
ranged from 9.50% to 41.65%, with a mean value of
18.17% (Figure 5), which was the second largest
proportion of TTN (Figure 5).
The WAEF-N content in Poyang Lake sediments ranged from 17.54 mg/kg to 147.59 mg/kg,
with an average of 95.84 mg/kg (Figure 4), accounting for 7.08%–35.17% of TTN (Figure 5), with an
average of 17.89%. The contents of WAEF-N in the
northern lake range from 71.49 mg/kg to 136.37
mg/kg, with an average of 102.65 mg/kg. The content of WAEF-N in the central lake area ranged from
17.54 mg/kg to 119.07mg/kg, with an average of
92.91 mg/kg. The WAEF-N content near the estuaries ranged from 21.90 mg/kg to 147.59 mg/kg, with
an average of 91.18 mg/kg. The spatial distribution
of WAEF-N was northern lake > central lake > estuaries (Figure 4).
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The content of SAEF-N in Poyang Lake sediments varied from 39.68 mg/kg to 400.61 mg/kg,
with an average of 270.83 mg/kg (Figure 4). SAEFN accounts for 19.52% to 59.89% of TTN, with a
mean value of 47.61% (Figure 5), which was the
largest percentage of TTN. The content of SAEF-N
in the sediments collected in the northern lake area
varied from 39.68 mg/kg to 376.24 mg/kg, with a
mean value of 278.67 mg/kg. Meanwhile, the content of SAEF-N in the central lake area ranged from
66.42 mg/kg to 400.61 mg/kg, with a mean value of
286.78 mg/kg. Furthermore, the content of SAEF-N
near the estuary ranged from 51.35 mg/kg to 345.36
mg/kg, with an average of 242.30 mg/kg. The spatial
distribution of SAEF-N was as follows: central lake >
northern lake > estuary (Figure 4).
The content of SOEF-N in Poyang Lake sediment ranged from 38.55 to 125.96 mg/kg, with a
mean value of 81.88 mg/kg (Figure 4), and its proportion of TTN ranged from 11.64% to 31.11%, with
a mean value of 16.34% (Figure 5), which was the
lowest among the four TTNs, second only to WAEFN and IEF-N. The content of SOEF-N in the northern
lake area varied from 38.55 mg/kg to 125.96 mg/kg,
with a mean value of 79.18 mg/kg; The content of
SOEF-N in the central lake area ranged from 60.58
to 108.32 mg/kg, with a mean value of 88.84 mg/kg;
The content of SOEF-N near the estuary ranged from
47.49 to 107.37 mg/kg, with a mean value of 76.77
mg/kg. The overall spatial distribution showed that
the central lake area > near the estuary > northern
lake area (Figure 4).

FIGURE 6
RDA results for physicochemical properties of sediments in the Poyang Lake and their nitrogen forms
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TABLE 3
Pearson correlation between physicochemical properties of the overlying water and
nitrogen forms in sediment.
Contents
TN
TTN
IEE-N
WAEF-N
SAEF-N
SOEF-N
water temperature
-.021
-.139
-.178
-.131
-.283
-.161
pH
.289
.329
.234
.301
-.258
.277
DO
.288
.115
-.085
.189
-.494*
.033
ORP
-.195
-.162
-.251
-.295
.032
.012
TDS
.273
-.093
-.298
-.022
-.419
-.241
CODmn
.097
.059
-.202
.009
.049
.116
TN
.172
.054
-.029
.084
.198
.139
DTN
.223
-.043
.050
.119
.098
.039
TP
.058
.103
-.211
.142
.156
.115
chl-a
-.287
.395
.499*
.485*
.235
.205
* Correlation is significant at P<0.05

mg/L to 1.86 mg/L and 0.080 mg/L to 0.171 mg/L,
respectively, from 2010 to 2019 [30]. The TN and
TP contents in Poyang Lake are higher than these research results because the collection time is in the
dry season of Poyang Lake, when the TN and TP
contents in the lake are relatively high. When the TN
concentration exceeds 0.20 mg/L, and TP concentration is beyond 0.02 mg/L, eutrophication may occur
in the lake water [16]. These levels in the water body
of Poyang Lake are significantly higher than above
values, indicating the existence of a potential eutrophication problem in Poyang Lake.
The Chl-a content in sediments is the highest in
the central lake area, perhaps because the planktonic
cyanobacteria growing in situ in the inner bay and
tail area of Poyang Lake are transported to the central lake area along the main channel with water flow
[27]. Moreover, the central lake area has a high content of Chl-a in water and slow water flow. Some
phytoplanktons in the water are deposited into the
bottom mud, resulting in the maximum chlorophyll
content in the sediment of the central lake area. The
lowest content of Chl-a in sediments near the estuary
because those sediments was in the form of sand and
gravel, especially H4 and H3, with low nutrient (including C, N, P), which is not benefit to the growth
of algae.
Some studies on the TTN in Poyang Lake sediments show that the TN of “five rivers” entering the
tail of the lake is relatively high [31]. In this study,
the sediment near the estuary was collected close to
the shore. The sediment near the estuary is exposed
to more oxygen in the air compared with that in other
areas, which makes the nitrifying bacteria in the sediment turn nitrogen into nitrate nitrogen and release
it into the water body, so the sediment TN content
near the estuary is second to that of the lake area. The
sediment TN in the northern lake area is lower than
that in the central lake area, perhaps because the water flows from south to north, and the suspended matter in the water body slowly moves from south to
north to the bottom sediment under hydraulic conditions. The lowest point of sediment TN was found at
H4, followed by H3, where the sediment collected

Influencing factors of spatial distributions of
each form of N. Overall, the nitrogen form variations are mainly explained by the changes in all
physical and chemical properties in the overlying
water and sediments (Figure 6 and Table 3). The results showes that the four different forms of TTN are
positively corre-lated with TP and Chl-a in sediments. IEF-N, WAEF-N, and SOEF-N are more correlated with TP than SAEF-N, and SOEF-N was the
most correlated with TP (Figure 6). SAEF-N has the
greatest correlation with Chl-a in sediments. A weak
positive corre-lation can be observed between IEFN and pH and SOM (Figure 6).
The correlation analysis between various forms
of nitrogen in sediment and overlying water index
shows that the correlation between nitrogen and the
overlying water temperature is not significant
enough (Table 3). The correlation between IEF-N
and WAEF-N and Chl-a in overlying water is significant (p<0.05). there is a positive correlation between DO and SAEF-N (Table 3).

DISCUSSION
The high contents of TN, CODMn and TDS in
the overlying water in the central lake area may be
caused by the fact that the central lake area receives
the discharge of agricultural wastewater from some
small river basins and surrounding areas. It has been
reported that cyanobacteria blooms in Poyang Lake
mostly occur in inner bay and tail region where the
nutrient concentration is relatively high and the flow
velocity is slow [27]. Accordingly, the content of
Chl-a is relatively high in the tail region near estuaries and central lake area in Poyang lake. The average
annual concentrations of TN and TP in Dongting
Lake are 1.83 and 0.081 mg/L, respectively [28].
When studying the distribution of nitrogen and phosphorus concentrations in Erhai Lake, some scholars
found that the contents of TN and TP in the overlying
water were up to 0.96 and 0.042 mg/L, respectively
[29]. In addition, the annual average concentrations
of TN and TP in Hongze Lake fluctuated from 1.39
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was in the form of sand and gravel, and the binding
ability of nitrogen with sandy sediment was weak
[32]. NTN is mainly nitrogen that cannot be extracted because it enters the mineral lattice or is
wrapped by particulate matter. Moreover, NTN is
not bioavailable, belongs to the “inactive” nitrogen,
and does not participate in the nitrogen cycle between the sediment and water interface [6]. The results are consistent with other studies that NTN accounted for most of the TN in sediments [6].
Not all nitrogen in sediments can participate in
the nitrogen cycle. Sediment nitrogen can be divided
into two main categories: TTN and NTN. Only the
TTN attached to the surface of sediment particles or
with weak binding ability can participate in the circulation of sediment–water interface [10, 33]. The
low ratio of TTN to TN indicates that TTN is not
dominant in the sediments of Poyang Lake. The ratio
of TTN at H3 is significantly higher than those in
other sites because the sediments of H3 belong to a
gravel class with a large size, and its TN content is
relatively small. The binding capacity of each state
of nitrogen is different in sediments of different grain
classes. In medium- and coarse-grained sediments,
SAEF-N is the main occurrence form of inorganic
nitrogen [32]. Therefore, the proportion of TTN to
TN at H3 is significantly higher than those of other
sites due to the low TN content and the high proportion of SAEF-N at H3.
IEF-N is the most loosely bonded TTN in sediment, and it is easily released to participate in the nitrogen cycle in the water environment and is the
most active part of nitrogen in sediments [15]. The
large range in IEF-N content indicates a large spatial
difference in IEF-N content. IEF–N plays a role in
the nitrogen cycle of lakes through interactions between the sediments and water [15]. WAEF-N is organic nitrogen bound by dissolved organic matter
and inorganic nitrogen bound by carbonate; it has a
lower release capacity than IEF-N, and its binding
capacity is equivalent to that of carbonate [14].
SAEF-N is nitrogen bound to Fe–Mn oxides in sediments, and its formation and distribution are mainly
influenced by the redox environment [14, 15].
SOEF-N mainly refers to the nitrogen form bound to
organic matter and sulfide, mainly organic nitrogen,
which is the least releasable form of TTN [34].
IEF-N, WAEF-N, and SOEF-N were more correlated with TP than SAEF-N, and SOEF-N was the
most correlated with TP, indicating that the four different forms of TTN were similar to the source of TP
in sediments. A weak positive correlation can be observed between IEF-N and pH and SOM. Relevant
studies show that sediments with high organic matter
content have more adsorption sites, which also increases the adsorption capacity of IEF-N [14]. In the
study of Hongze Lake, a very significant negative
correlation was observed between pH and IEF-N (P
< 0.01) [9], which are different to our results. The pH
of the sediments in Poyang Lake is between 6 and 7,
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which is acidic, while the pH of the sediments in
Hongze Lake is alkaline. Thus, the correlation of pH
in Hongze Lake to IEF-N in the sediments is also inconsistent with Poyang Lake.
The release of sediment nitrogen is related to
temperature, and the higher the temperature, the
greater the release intensity of sediment nitrogen
[35]. When nitrogen is released into the overlying
water, the nitrogen content of the sediment is relatively reduced. In this study, the water temperature
is low without great changes because of the low temperature in winter, resulting in no correlation between nitrogen and overlying water temperature.
SAEF–N can absorb metal oxides (Fe oxides or Mn
oxides) and is a susceptible component in the oxidation–reduction of sediments [14]. SAEF-N significantly correlated (p < 0.05) with DO in the overlying
water, which may be due to the change in redox potential at the sediment–water interface caused by the
change in dissolved oxygen in the overlying water
because the formation of SAEF-N is related to redox
potential. SAEF-N has the greatest correlation with
Chl-a in sediments. Some scholars also have found
that the Chl-a content in sediments is significantly
positively correlated with TN [36]. Wang et al.
(2013) [37] demonstrated that the concentration of
and variation in SAEF–N are mainly influenced by
its redox environment, and the redox environment of
sediments is related to the activity of microorganisms (Zhao et al. 2013) [35], which explain the reason for the correlation between TTN, especially
SAEF-N and Chl-a in sediments. The correlation between IEF-N and WAEF-N and Chl-a in overlying
water was also significant (p<0.05). The release capacity of these two forms of nitrogen is stronger than
the other two, and they are more easily released into
the overlying water, which increases the nitrogen
content in the overlying water and provides a nutrient base for phytoplankton. Nutrients and underwater light have significant effects on phytoplankton
growth [36]. Therefore, the correlation between Chla and IEF-N and WAEF-N in overlying water is reasonable.

CONCLUSIONS
(1) The TN and TP contents of water bodies in
Poyang Lake during the winter dry period are high,
and their water bodies are at risk of eutrophication.
The distribution of sediment TN and NTN content
shows the central lake area has the highest content,
followed by the northern lake area and estuary.
(2) The distribution characteristics of the four
forms of TTN in Poyang Lake sediments are different. The distribution of IEF-N and SAEF-N showed
the charac-teristics of central lake > northern lake >
estuary. The distribution of WAEF-N content is
northern lake > central lake > estuary. The distribution of SOEF-N is central lake > estuary > northern
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lake. In the TTN, SAEF-N accounts for the largest
proportion, with an average of 47.61%. Meanwhile,
SOEF-N accounts for the smallest proportion, with
an average of 16.34%.
(3) The physicochemical characters of sediment
and overlying water significantly affect the sediment
nitrogen distribution in Poyang Lake in winter. TP
and Chl-a in sediments are the controlling factors of
the contents and distribution of nitrogen forms in Poyang Lake sediments. DO in overlying water has a
significant effect on SAEF-N. Meanwhile, Chl-a in
the overlying water has a significant correlation with
IEF-N and WAEF-N content and distribution.
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containing insecticides lead to the accumulation of
Cu in soil [6]. Cu is a component of many metalloenzymes and proteins in cells which is involved in electron transport, oxidation-reduction and other important reactions [7]. When Cu content in soil
reaches a certain threshold, Cu pollution will adversely affect the function and quality of soil organisms [8].
Plastic is a kind of polymer material with strong
plasticity, high chemical stability, light weight, multifunctional, durable, and cheap [9]. Therefore, plastic products are widely used in agricultural production and people's daily life[10]. in agricultural production According to the latest survey statistics, the
total global plastic production in 2019 is about 400
million tons [11]. After plastic enters the natural environment, only a small portion of plastic waste material is being recycled for further usage, and the rest
of them remain in the environment [12]. Plastic debris becomes brittle and fragmented under the exposure of ultraviolet (UV) light and oxygen, as well as
physical action from wind and waves [13]. These
plastics gradually degrade into micrometer- and nanometer-scale particles [14]. Microplastics have the
characteristics of small particle size and large specific surface area, which can easily adsorb pollutants
in water, such as organic pollutants and heavy metals, and have a great impact on their migration behavior [15]. Many researches have detected the existence of organic matter and heavy metal ions on the
microplastics collected in different domains [16, 17].
It is suggested that organic pollutants and heavy
metal pollutants in the environment can attach to microplastics and accumulate into organisms along the
food chain, thereby producing stronger toxic effects
and causing greater harm [18,19].
It has been proved that the adsorption process
of heavy metals on microplastics is directly affected
by the material, specific surface area, crystallinity
and type of oxygen-containing functional groups of
microplastics [20,21]. In the natural environment,
microplastics inevitably undergo physical, chemical
and biological aging processes, resulting in changes
in their physical and chemical properties, which may
affect their adsorption of traditional pollutants [22 ].

ABSTRACT
As new pollutants, microplastics has been
proved to can adsorb the traditional heavy metal pollutants in in the aqueous environment. While microplastics will age continuously in the environment,
and their physicochemical properties will change accordingly, but the impact of aging process on adsorption behavior of microplastics are not fully understood. Herein, to explore the aging process of microplastics on the adsorption of heavy metal, the adsorption behavior of Cu2+ on polylactic acid (PLA) microplastics with four treatments of unaged (L0), aged
10 days (L10), 20 days (L20) and 30 days (L30) were
investigated. Results showed that the optimal PLA
microplastics dosage was 0.025 g/L. The adsorption
capacity increased with increasing pH and the optimal pH was 7. The adsorption kinetics of Cu2+ onto
aged PLA microplastics was explained well by the
pseudo-second order kinetic model and the Langmuir model, respectively, suggesting that chemisorption was possibly the adsorption mechanism. On
the other hand, the adsorption capacity of four kinds
of aged PLA microplastics for Cu2+ under optimal
condition was as follow: L30 > L20 > L10 > L0, indicating that would increase their adsorption affinity
towards heavy metals, resulting in potential harm to
the environment. The results of this study provide
valuable information for studying the environmental
behavior of aged microplastics and interaction between microplastics and heavy metals in the real environment.

KEYWORDS:
Aged microplastics, Copper, Adsorption kinetics model,
Adsorption Isothermal model

INTRODUCTION
Heavy metal pollution has been the very serious world environmental problems [1,2.3,4], and one
of the most commonly found at contaminated sites is
copper (Cu) [5]. Cu mining and the use of copper-
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with ultraviolet radiation at 117 µw/m2 radiation intensity (at 340 nm), respectively. After aging, the
PLA microplastics were rinsed with deionized water
and then air-dried for further analysis.

Nowadays, there has been renewed interest on the
effect of aging on adsorption of heavy metal by microplastics. Some studies have shown that aging can
change the surface structure of microplastics, resulting in more cracks and gullies, larger specific surface
area and more developed pore structure, which can
provide more sites for the adsorption of heavy metals
[23]. Changes in crystallinity caused by aging may
also affect its adsorption capacity. For example,
Tang et al., (2020) found that the increase in crystallinity caused by aging promoted the adsorption capacity of nylon microplastics on Pb2+ [24]. Despite
many studies on the effects of microplastics aging on
their adsorption behavior have been published [25],
information on the adsorption capacity of microplastics for Cu2+ involved in aging processes is limited.
Consequently, it is essential to study the sorption interactions between heavy metal and aged microplastics.
Polylactic acid (PLA), a kind of biodegradable
plastic, has been widely used in used in industry,
medicine, agriculture, and other fields. In this study,
the adsorption kinetics and isothermal adsorption experiments of unaged and aged PLA microplastics in
aqueous solution were carried out, and the effect of
different pH on the adsorption capacity of polylactic
acid microplastics was studied.

Effect of aged PLA microplastics dosage.
PLA microplastics samples of different masses
(0.01–2.0 g) were added to were added to 5 mg/L
CuCl2 solution. Then the mixture was shaken at 270
r/min at 23±1Ԩ for an equilibrium period of 24 h.
After centrifugation and filtered filtration with 45
μm membrane, the Cu2+ concentration in the supernatant was determined by atomic absorption spectrophotometer.
pH influence experiment. The effect of pH on
Cu2+ adsorption onto aged PLA microplastics was
studied by adjusting the pH of Cu2+ solutions from
4.0 to 9.0 and Cu2+ concentration of 5 mg/L and microplastics dosage of 0.025 g/L.
Adsorption kinetic experiments. Batch adsorption experiments were carried out to study the
adsorption kinetic of Cu2+ onto aged PLA microplastics with respect to time. Briefly, 0.025g of aged
PLA microplastics samples and 2 5ml CuCl2 (5
mg/L) and CaCl2 (5 mg/L) mixed solution were
mixed in a 50 ml conical flask. Then the conical
flasks were shaken at speed of 270 rpm at room temperature of 25 °C. The pH value was 6.0±0.5. After
defined time periods (0, 10, 30, 90, 180, 360, 480,
720, 1440, and 2160 min), the samples were was collected through 0.45 μm glass fiber filters. The Cu2+
concentration in the solution was determine by
atomic absorption spectrophotometer (AA-7000, Japan). The pseudo-first-order and pseudo-second-order adsorption kinetic models (Table 1) were used to
analyze the adsorption experimental data.

MATERIALS AND METHODS
Experimental Materials. The microplastics
used in this experiment were made of PLA with a
particle size of 150 μm. The microplastics were acid
washed with 0.1M HCl to remove the influence of
heavy metals on the surface. After the acid washing,
the polylactic acid microplastics particles were
rinsed and air-dried for experiments. Then the microplastics samples were aged for 10 d, 20 d and 30 d

TABLE 1
Summary of formulas and parameters used in the study
Name
Equation
Description
qe -The amount of adsorption.
V-volume of Cu2+ solution.
ሺబ ି ሻ
C0, Ce-Concentration of Cu2+ before
Adsorption capacity
ݍ ൌ

and after adsorption.
m-mass of microplastics
qe-the amount of adsorption at equilibrium
ln(Qe-Qt)=lnQePseudo-first order model
qt - the amount of adsorption at time t
k1t
k1 - pseudo-first kinetic rate equation
constant
k2 - pseudo-second kinetic rate equaమ ொమ ௧
Pseudo-second order model
Qt =
ଵାమ ொ ௧
tion constant
KF, n-Freundlich constant
Ce-Concentration of Cu2+ after adsorpFreundlich model
ܳ ൌ ܭி ܥ
tion
ொೌೣ ಽ 
q
max - maximum adsorption amount
ܳ ൌ
Langmuir model
ଵାಽ 
KL-Langmuir constant
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Unit
qe (mg/g)
V (L)
C0 (mg/L)
Ce (mg/L)
m (g)
qe (mg/g)
qt (mg/g)
k1 (min-1)
k2 (min-1)
Ce (mg/L)
qmax (mg/g)
KL (L/g)
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Isothermal adsorption experiment. Batch
isotherm studies were conducted in the concentration
range of 0 - 8 mg/L at pH 6.0 at room temperature.
The mass of adsorbent was 0.025 g for all adsorption
experiments. An equilibrium time of 720 min was
chosen based on preliminary kinetic experiments.
The samples were filtered using 0.45 μm glass fiber
filters for further analysis. The attained results were
modeled using Freundlich and Langmuir isotherm
adsorption model (Table 1), respectively [26,27].

microplastics increased from 0.01 g/L to 0.03 g/L,
the removal rate increased rapidly, while the adsorption decreased rapidly. Then, the adsorption capacity
and removal rate of Cu2+ tend to be stable when the
PLA dosage was greater than 0.025 g/L, suggesting
that the optimized PLA microplastics dosage was
0.025 g/L. The results indicated that the removal rate
will not increase with the increase of adsorbent dosage. This was mainly because the sites for PLA microplastics to adsorb with Cu2+ were limited, similar
to that in previous report [28].

RESULTS

The effect of pH on the adsorption of Cu2+
onto PLA microplastics. pH value had a great influence on the adsorption process. In this study, different pH (from 4 to 9) was set to study the influence
of pH on the adsorption capacity of Cu2+ by PLA microplastics. The results were shown in Figure 2. It
can be seen from the Figure 2 that with the increase
of initial pH, the adsorption amount of Cu2+by the 4
kinds PLA microplastics were all in an upward tendency, indicating that higher pH can promote the adsorption of heavy metals by microplastics. In addition, when the pH value increased from 4 to 6, the
adsorption amount of Cu2+on the four kinds PLA microplastics all increases rapidly, while the pH value
was greater than 7 the increase in the adsorption
amount was small, suggesting that the optimum pH
value in this study could be selected as 7. Correspondingly, the adsorption capacity of Cu2+ by L0,
L10, L20, and L30 was 1.06 mg/g, 1.09 mg/g, 1.11
mg/g and 1.06 mg/g, respectively. Furthermore,
there was a significant difference in the adsorption
capacity between L30 and L0 at the same pH, suggesting that whether in acidic or alkaline environment, the aging of microplastic will increase its adsorption capacity for heavy metals, which was consistent with the previous study [22,29]

The effect of PLA microplastics dosage on
the adsorption of Cu2+. The adsorbent dosage plays
a very important role in the adsorption process. In
this study, unaged PLA microplastics was selected
as the object to determine the optimal dosage. The
influence of PLA microplastics dosage on Cu2+ removal is shown in Figure 1. Results indicated that as
the PLA microplastics dosage was increased, the removal rate of Cu2+ increases. When the adsorbent
dosage was 1.5 g, the adsorption amount was 0.049
mg/g, and the removal rate is 59.8%. When the dosage is 0.025 g, the adsorption amount is equal to the
removal rate; when the dosage is 0.01 g, the adsorption amount is 2.56 mg/g, the removal rate was
20.5%. Compared with the maximum dosage, the removal rate was decreased by 39.3%, indicating that
the adsorbent dosage increased and the removal rate
increased. This means that as the PLA microplastics
dosage increases, the more Cu2+ in the aqueous solution was adsorbed. This may be attributed to that sufficient PLA microplastics provided abundant adsorption sites on microplastics surface, resulting in
the unsaturated state of PLA microplastics and more
Cu2+ removal. Moreover, when the dosage of PLA

FIGURE 1
Effects of PLA microplastics dosage on Cu2+adsorption and removal.
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FIGURE 2
Effect of different pH on adsorption capacity
stage was from 250 min to 750 min, in which the adsorption process was relatively slow and the adsorption amount was 0.90 mg/g to 1.10 mg/g. The last
stage was from 750 to 2160 min, the adsorption rate
in this stage is very small and the adsorption equilibrium was achieved after 1440 min (24 h). This may
be because the microplastics have sufficient adsorption sites in the early stage of the adsorption process,
after increasing the adsorption time, the adsorption
sites on the PLA microplastics were gradually filled,
resulting in a slow increase in the adsorption amount
and finally reaching the adsorption equilibrium
[25,30].

Adsorption kinetics. In order to better understand the effects of shaking time on the adsorption of
Cu2+ onto aged PLA microplastics, pseudo-first-order and pseudo-second-order adsorption models
were used to fit the experimental data. The results
are showed in Figure 3 and the relevant adsorption
parameters are shown in Table 2. The results indicate
that the adsorption of Cu2+ by PLA microplastics
was divided into three stages: The first stage was
from 0 to 250 min. In this stage, a rapid adsorption
of Cu2+ was found and the adsorption amount was in
the range of 0.60 mg/g to 0.90 mg/g. The second

FIGURE 3
Non-linear kinetic model fittings of pseudo-first order (A) and pseudo-second order (B) models
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tion on the adsorption capacity of the aged PLA microplastics in the range 0-8 mg/L, the experimental
data were fitted by the Freundlich and Langmuir isotherm adsorption models. The results showed that
the adsorption capacity of four kinds of aged PLA
microplastics with the equilibrium concentration of
Cu2+ increased (Figure 4), which implied that the
mass gradient functions as the driving force for the
adsorption process. Moreover, the maximum adsorption capacity of PLA microplastics with four different aging treatments calculated from the Freundlich
and Langmuir models were both as follows: L30
>L20 >L10 >L0, suggesting that as the aging time of
microplastics increases, its adsorption capacity for
heavy metals will also increase. Furthermore, it can
be seen from Figure 2 that the entire adsorption process of Cu2+ by four aged PLA microplastics were
nonlinear. There are many reasons why the adsorption process was nonlinear. In the first stage, an adsorbed monolayer is formed between heavy metal
and all PLA microplastics. In the second stage, when
the monolayer is saturated, as the concentration of
Cu2+ increases, the heavy metal diffuse into the
cracks of PLA microplastics to form multilayer adsorption [33]. Finally, these trends were flattened because the adsorption capacity no longer increases
significantly after the adsorption sites were saturated. In addition, pore filling may play a key role in
the nonlinear adsorption process of heavy metal [34].
The isotherm parameters are listed in Table 3.
It can be seen from the Table 2 that, compared with
the Freundlich isotherm adsorption model, the adsorption data of Cu2+ by aged PLA microplastics
were more consistent with the Langmuir model.
Generally, the Langmuir isotherm model is based on
that the adsorption process is a monolayer adsorption
and assumed that the adsorption takes place at the
specific homogeneous adsorbent surface, there is no
interaction between adsorbed molecules and the
binding sites are finite and have the identical sorption energies [23,25]. These results indicated that
Cu2+ adsorption onto aged PLA microplastics was
monolayer coverage and the adsorption site on the
aged PLA microplastics surface was homogeneous.
Moreover, the Qm value of Langmuir isotherm model
of four PLA microplastics was increased gradually
with the extension of aging time, suggesting that the
aging of microplastics will improve their adsorption
capacity for heavy metal.

According to the adsorption kinetics data analysis, the adsorption capacity of the aged PLA to Cu2+
was greater than that of the unaged PLA, and the order of the adsorbed amount of Cu2+ by the four kinds
of microplastics was the aged 30d microplastics >
aged 20 d microplastics > aged 10 d microplastics >
unaged microplastics indicating that with the increase of aging time, the ability of PLA microplastics to adsorb Cu2+ is increasing. The results indicated that the aging of microplastics can promote
their adsorption of heavy metals. It is reported that
microplastics will change some functional groups
during aging, such as the increase of aliphatic CH[31,32]. The change of functional groups of microplastics not only changes the exposed surface area of
microplastics, but also increases its adsorption capacity. Therefore, there was a difference in the adsorption capacity of heavy metals between non aged
and aged microplastics . In the natural environment,
many pollutants can interact, resulting in the production of potentially toxic products to the environment. Microplastics have very small particle size and
are easy to be ingested into organisms. When microplastics are combined with Cu2+ and other heavy
metal, they will also cause harm to the health of human body and other organisms [20,29].
Table 2 shows the fitting parameters and correlation coefficients of the pseudo-first-order and
pseudo-second-order kinetic models for the adsorption of Cu2+ by PLA microplastics. It can be seen
from the fitting correlation coefficient (R2) that kinetics of Cu2+ adsorption process by aging PLA microplastics was described well by pseudo-second-order kinetics model than the pseudo-first order model
applied in this study. The pseudo-second order
model is based on the assumption of chemical sorption involving valence forces through sharing or exchange of electrons between the adsorbent and the
adsorbate [32]. The results showed that the adsorption process of Cu2+ by PLA microplastics was
mainly chemical adsorption process. This was in accordance with the results of Wang et al [31], who indicated that chemisorption was mainly responsible
for adsorption of Cd2+ on UV-aged polystyrene.
Adsorption isotherm of Cu2+on aged PLA
microplastics. Adsorption isotherm is very vital to
study the adsorption mechanism. Therefore, to investigated the influence of the initial Cu2+ concentra-

Material
L0
L10
L20
L30
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TABLE 2
Pseudo-second order kinetic and Pseudo-first order kinetic model parameters
for Cu2+ adsorption on PLA microplastics
pseudo-first-order

pseudo-second-order
Qe(mg/g)
K1(min-1)
R2
Qe(mg/g)
K2(g/mg/min)
1.014
0.006
0.917
1.122
0.009
0.979
0.017
0.898
1.071
1.122
1.009
0.016
0.886
1.097
0.078
1.066
0.057
0.867

1.126
0.078
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R2
0.968
0.951
0.955
0.928
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FIGURE 4
Fitting plots of (A) Langmuir isotherm and (B) Freundlich isotherm models for Cu 2+ onto the
PLA microplastics
TABLE 2
Langmuir and Freundlich isotherm parameters for Cu2+ adsorption onto PLA microplastics
Langmuir
Freundlich
Material
Qm(mg/g)
KL(L/g)
R2
n
KF(L/g)
R2
L0
1.031
0.186
0.906
0.608
0.357
0.847
L10
1.426
0.574
0.970
0.349
0.589
0.805
L20
1.793
1.316
0.980
0.214
0.786
0.972
L30
2.104
1.286
0.974
0.145
0.921
0.831
Overall, microplastics can be used as the carrier
of pollutants and combined with other pollutants
through the action of various chemical bonds and
functional groups, thereby becoming more toxic pollutants in the environment. Therefore, in the future,
more research should be done on the migration and
transformation of microplastics combined with different pollutants, and how to reduce such combined
pollutants.

can enhance its adsorption capacity for pollutants.
This study is expected to help to understanding the
environmental behavior of aged microplastics as
vectors of heavy metal, provide guidance on the interaction between heavy metals and microplastics in
the natural environment.

CONCLUSION

This work was founded by Qingdao Agricultural University University-level Project (2021003)
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In this study, the effect of aging PLA microplastics on the adsorption process of Cu2+ in aqueous
solution was explored and the adsorption kinetics
and isotherms model were further studied. The results indicated that the adsorption of Cu2+ onto aged
PLA microplastics was influenced by adsorbent dose
and initial pH value. The optimized PLA microplastics dosage and pH was 0.025 g/L and 7, respectively. The adsorption of Cu2+ was explained well by
pseudo-second-order and the Langmuir models, respectively, implying that the Cu2+ adsorption onto
aged PLA microplastics was a homogeneous adsorption process dominated by chemisorption. Furthermore, under optimal condition, the microplastic aged
for 30 days was found to have the greatest adsorption
capacity, suggesting that the aging of microplastics
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ABSTRACT
Sugar beet crown gall is a bacterial disease
caused by Agrobacterium tumefaciens remains one
of the most severe diseases, which cause unlimited
loss of crop in Egypt and over world. A. tumefaciens
pathogen was isolated from Sugar beet infected
plants and molecularly characterized by 16S rDNA
sequence and Koch's postulates applied to assure the
crown gall disease that causes high defects in the
sugar beet yield. The pathogens' DNA was isolated,
and the PCR technique based on 16S RNA was used
for three isolates. The results of comparative sequencing analysis of the new races showed high
identity between races YH2 and YH3, while there
was high similarity between both of YH2, 3 and
YH1. A phylogenetic tree was generated based on
the genomic sequences of different Agrobacterium
species. The genomic sequences of YH1 share close
homology with the genome sequences of Agrobacterium tumefaciens. While the genome sequences of
YH2 and YH3 showed high homologues to Agrobacterium rhizogenes, this data revealed that the genomic sequences of YH2 share close homology with
the genome sequences of YH3, and both of them are
high homologues to A. rhizogenes. While the genome sequence of YH1 is similar to both of YH2, 3
and high homologues to Agrobacterium tumefaciens. This finding reflected that the similarity of genomic sequences and conserved regions among the
new races is evolutionarily conserved in the genus of
Agrobacterium. Effectiveness of antimicrobial compounds on A. tumefaciens was studied In Vitro. The
inhibitory effect of Bacillus subtilis on A. tumefaciens was the highest inhibition zone diameter that
was recorded among all of the antimicrobial compounds that were used in the experiment in vitro.
Moreover, the antibiotic streptomycin, plant extract
from Hibiscus sabdariffa, Rhus sp. pomegranate
peel, and nano silver have high effects on bacterial
growth compared to control.

INTRODUCTION
Sugar beet (Beta vulgaris L.) is one of the most
important cash crops and designated as the second
most significant sugar crop after sugar cane in Egypt
[1-5], as it is refined in more than 63,000 hec., with
an average production of 50 tons/h. Recently, sugar
beet has become an essential crop in the Egyptian
crop rotation as a winter crop not only in fertile soils
but also in poor, saline, alkaline and calcareous soils
[6-9]. The crop production is suffering from many
threats such as abiotic stress factors [10-15] and biotic factors [16-20]. The most significant biotic factors are diseases which can cause damage the plant
tissues and led to decrease the sugar yield of sugar
beet, some disease symptoms observed on sugar beet
roots are atypical tumor-like deformations and some
of these tumors are caused by some bacterial disease
[21]. Agrobacterium tumefaciens cause tumors More
than 1000 different dicotyledonous and monocotyledonous plant species including economically important plant [22]. It is considered to be a disease of
immoderate economic significance in almond and
other stone fruit tree nurseries due to the wide losses
[23]. A. tumefaciens is a gram negative, rod shaped,
aerobic, soil phytopathogen that belongs to genus
Agrobacterium in family Rhizobiaceae [24]. Agrobacterium species are classified into three biovars
based on carbon source utilization and biochemical
testes [25], it infects the roots of dicotyledonous
plants through lesions or injuries systematically infect the whole plant [23]. Crown gall infection process involves the transfer of a specific region of
TDNA (Tumor Inducing) Ti plasmid to the plant cell
which, is then stably integrated in host genome [23].
Ti-plasmid size is about 200 kb that carry 27 genes
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[26]. The T-DNA possesses oncogenic (onc) genes
which are expressed in transformed plants and involved in phytohormone synthesis [22]. As a result,
essential physiological changes happen in the infected plants such as over expression of the biosynthesis of auxins and cytokinins and other unusual
chemicals with low molecular weight called opines,
which play a key role in the symptomatology and epidemiology of the disease [23]. Agrobacterium tumefaciens can be controlled through the use of a highly
specific antibiotic Agrocin 84, produced by nonpathogenic Agrobacterium strain K84 [27], moreover, there is a risk that plasmid pAgK84 could be
transferred to pathogenic strains and reduce effectiveness of control [27]. The use of an alternative and
new control compounds is needed to mitigate the
pathogen such as plant extracts, bio-control agents
such as Bacillus subtilis and nano-compounds
[28,29]. Recent studies showed that many plants
have bioactive compounds that gained increasing interest as potential therapeutic agent with antimicrobial activities. The plant extract of Hibiscus has high
substances of flavonoids, phenolic acids, and polysaccharides that have biological activities against
many pathogens. The aqueous extract contains Protocatechuic acid, which has an effective ability to inhibit the growth of bacteria and fungi [29]. The majority of the antimicrobial studies on sumac have focused on R. coriaria, and specifically, on the fruits
because of their widespread use in the Mediterranean
and Middle East as a dried spice. All of the studies
have used either ethanol or water-based extracts.
Fruits of R. coriaria extracted with 95% (v/v) ethanol exhibited a broad range of antimicrobial activity
by inhibiting the growth of all of the following Gram
positive and Gram-negative species tested: Bacillus
cereus, Escherichia coli strains B, 01111, 2759, and
25922, Klebsiella pneumoniae, Proteus vulgaris,
Pseudomonas aeruginosa, Shigella dysentariae,
Staphylococcus aureus, S. epidermidis, Streptococcus pyogenes, Enterococcus faecalis, and Yersinia
enterocolitica [30]. Pomegranate (Punica granatum
L.) peel is a potential source of polyphenols known
for their activity against food borne pathogen bacteria. Reported data demonstrate that phenolic compounds from pomegranate peel have diverse beneficial properties to health including anticancer activity, higher free radical, and strong antimicrobial activity several studies have reported the efficacy of
pomegranate peel extracts (PPEs) to inhibit the
growth of Gram-positive and Gram-negative bacteria, which are foodborne pathogens, spoilage bacteria, and human [31]. Bacillus spp. as bioagent is considered safe, it has high probability for disease control because they are situated everywhere in nature
and exhibit high thermal tolerance by forming resistant spores. Bacillus megaterium as a plant growth
promoting rhizobacteria plays an important role in
controlling plant diseases [28]. Also, strains of B.
subtilis were efficient in reducing gall formation on
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grapevine and to be efficient in reducing gall development on tomato plants [32]. Because of the biological activity of nano-silver it can be used as an
antimicrobial agent in medical applications and different commercial products. Nano-silver has a bactericidal activity against both Gram-positive and
Gram-negative bacteria including multi-resistant
strains. Silver NPs can efficiently remove bacteria
and yeasts even at rather low concentrations in units
of mg/L, these concentrations are not in addition
toxic against higher organisms [33]. Aim of the research is to molecularly characterized of A. tumefaciens bacteria and find out new control methods
against the pathogen in which safe for human health
and decreasing environmental pollution, consequently, lowering the cost compared with streptomycin antibiotic use.

MATERIALS AND METHODS
Collection of crown galls and sample preparation. Crown gall samples were isolated from the
sugar beet (Beta vulgaris L.). The samples were collected from the fields and from the sugar factory in
El-Hamoul, Kafr-El-Sheikh Governorate, Egypt.
These samples were taken into the laboratory with
great care to avoid corruption and used for sample
isolation. The infected sugar beets with galls were
detached carefully and washed carefully in running
water to remove soil and any harmful material on the
gall. After sterilizing the galls with ten percent
household bleach for 1.5–3 minutes, the tumors were
thoroughly washed with sterile distilled water. The
galls were finely chopped and immersed in sterilized
distilled water and incubated over night at room temperature [34].
Koch's postulates, Isolation, purification
and gram staining of Bacteria. The bacteria were
isolated from the tumors and then incubated overnight at28°C. A loopful of the suspension was
streaked on two media, King’s B medium and nutrient agar medium. All inoculated plates were incubated for 24 hours at 27 °C. In the end, the individual
colonies were re-streaked to a medium king’s B medium for purification and preserved in glycerol 25%
stock [35]. For staining, the slide was washed with
95% ethanol. A drop of distilled water was placed on
a slide. Then a bacterial colony was selected from
the bacterial culture, placed on the slide and properly
mixed. The slides were air dried. Crystal violet dye
was applied to the slide with the help of a dropper
for 30 sec. The slides were rinsed with sterile water
to remove the excess dye. Gram Iodine was applied
to the slide for 1 minute and washed. Then 95% ethanol was applied and rinsed the slide again with distilled water. The slides were further treated with Safranin called "counter stain" for 1 min and washed.
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After gram staining, our results showed a red color,
confirming the presence of gram-negative [26].

minutes. The expected DNA fragments were 1100
base pairs in length.

Pathogenicity test and artificial inoculation.
A carrot-disk bioassay was performed as a pathogenicity test. The carrots (Daucas carota) are collected from the local market in Kafer Elsheikh city.
It is cut into small discs and washed with a 95%
bleach solution for three minutes, then washed with
double distilled and sterile water. Sterile filter paper
is placed inside Petri dishes where carrot discs are
placed. Each disc was pulverized with 100l of dense
inoculum (109cfu/ml). The plates were incubated at
room temperature under dark conditions. After 3
weeks, the discs were checked for micro tumors [34].

Genomic Sequencing and Bioinformatic
Analysis. The expected PCR-band was purified using the Extraction-Gel kit (Qiagen Inc., Chatsworth,
California) and sequenced using the automated DNA
sequencer (Applied Biosystems Inc., Foster City,
California). Known genome sequences were used as
search queries to BLAST against Agrobacterium sequence databases. These databases were obtained
from the NCBI database and the sequences were
aligned using ClustalW. Phylogenetic tree analysis
was carried out using the Neighbor-Joining Method
and PHYLIP version 3.69 (http://evolution.genetics.washington.edu/phylip.html) with bootstrap values from 1,000 neighbor-joining bootstrap replicates.

Genomic Extraction and PCR Analysis.
DNA was extracted by using the genomic BYF DNA
Extraction mini kit, Cat. No. 17361. The reaction
mixture was 25l, which consisted of 12.5l of 2X
master mix (0.1U/l Tag polymerase, 500 M dNTP,
20 mM Tris-HCL (PH8.3), 100mM KCL, 3mM
Mgcl2, and stabilizer and enhancer), 10 pmol of each
primer, and 2l of template DNA (50g/ml). PCR was
conducted on an Eppendorf thermal cycler. Amplification was performed in a thermo cycler (Applied
Bio-Rad, USA). The initial denaturation was at 94C
for 5 minutes, then the cyclic conditions were 35 cycles of denaturation at 94 C for 30 sec, primer annealing at 50 C for 1 min, and extension at 72 C for
1 min. A final extension at 72 C was given for 10

Plant extracts. Preparation of extracts. Cayenne pepper, ginger, bay leaf, allyl isothiocyanate,
nigella, black pepper, sumac, cinnamon, clove, marjoram, garlic, pomegranate, thyme, rosemary and rosella/ hibiscus were obtained from herbal markets.
The extraction process was carried out by boiling
powder of plants (10g) with 100 ml of sterile distilled cold water. The flasks then, put in a water bath
at 100 °C for 20 min. The extract for each plant was
filtered, sterilized and kept in sterilized flask under a
refrigerator condition [37].

TABLE 1
Sequencing of specific primers for molecular characterization
Primer name
Nucleotide sequences
Length of amplified
Forward-revers
(5'-3')
fragment (pb)
8F(16S) U1492R-22
AGATTTGATCCTGGCTCAG
1100
8F(16S) U1492R-22
GGTTACCTTGTTACGACTT
1100

Scientific name
Capsicum annuum
Zingiber officinale
Laurus nobilis
Sinapis sp
Nigella sativa
Piper nigrum
Rhus coriaria
Cinnamomum cardamomam
Syzgium aromaticum
Majorana hortensis
Allium sativum
Punica granatum
Thymus vulgaris
Salvia rosmarinus
Hibiscus sabdariffa

TABLE 2
Antibacterial plants extracts
Commercial name
Cayenne pepper
Ginger
Bay leaf
Allyl isothiocyanate
Nigella
Black pepper
Sumac
Cinnamon
Clove
Marjoram
Garlic
Pomegranate
Thyme
Rosmary
Rosella/ Hibiscus
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Reference
Barghouthi [36]

Used part of plant
Fruits
Roots
Leaves
Leaves
Seeds
Seeds
Seeds
Bark
Seeds
Leaves
Bulb (cloves)
Fruit peel
Leaves
Leaves
Sepals
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Biological and Chemical treatment. Bacillus
subtilis (1×106 cfu/ml), was used to evaluate its antibacterial effect against Agrobacterium tumefaciens
the causal agent of grown gall bacterial disease using
agar well diffusion method [38]. The isolates were
obtained from EPCRS Excellence Center, Faculty of
Agriculture, Kafrelsheikh University, Egypt. Nano
Cu (37.679 nm) obtained from Soil,Water and Environment Research Institute (SWER1) as well as
Nano Ag (12–80 nm). The antibiotic streptomycin
was obtained from Egypt Masters Co. (EMC), Dakahlia, Egypt and used with dose 150 ppm. All plant
extracts particularly Hibiscus sabdariffa, Rhus sp,
pomegranate peel was obtained from trade Market.

ppm was used as a standard, while sterile distilled
water was used as a negative control was introduced
into the well. The plates were then incubated at 28
°C to measure the inhibition haloes around the wells
[29].

RESULTS AND DISCUSSION
Identification of New Races of Agrobacterium SPP. The fresh crown gall samples were identified and shown in Figure 1. The galls formed as a
result of infection of bacteria which transfer a specific protein (T- DNA) to host plant cell, the (TDNA) Gene encode enzyme responsible for uncontrolled synthesis plant hormones auxin and cytokinin
enzyme which responsible for the formation of tumors [34].
Data showed that, after inoculating the crown
gall samples on King’s B medium, the three colonies
of bacterial culture were observed 2-3 days after inoculation at 28 °C. The shape colour of the bacterium
was white, circular, and convex, as shown in Figure
2. After the appearance of bacterial plates, pure culture isolation was obtained. The inoculated plates
showed the presence of Agrobacterium tumefaciens.

In vitro antimicrobial assay. The antibacterial
assay was performed using the agar well diffusion of
Agrobacterium tumefaciens bacteria that were incubated for 24 hours in King’s B broth (108 cfu/ml),
then mixed with sterilized King’s B agar medium
and poured into 9 cm diameter Petri dishes. Then, a
hole with a diameter of 8 mm is punched aseptically
with a sterile Cork borer, and a volume (100 mL) of
the Bacillus subtilis, plant extracts with a concentration of (10 gm/100 mL), nano silver with a concentration of 60 ppm, and antibiotic streptomycin 150

Healthy

A

B

C

FIGURE 1
Typical disease symptoms in naturally infected sugar beet plants with Agrobacterium tumefaciens.
Healthy: sugar beet root without infection. A, B and C: sugar beet roots infected with A. tumefaciens and showed typical
crown galls.

FIGURE 2
Single colony of Agrobacterium tumefaciens isolated from crown galls on King’s B medium.
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B

A

C

FIGURE 3
Athogenicity test of carrot discs inoculated with Agrobacterium tumefaciens isolates number Agn and st 20
days after inoculation. A: carrot discs treated with nutrient broth only as a control. B and C: carrot discs
infected with Agrobacterium tumefaciens isolates Agn and St, respectively.

Biochemical test
Gram staining

TABLE 3
Gram staining of three isolates of bacterium
Isolate 1
Isolate 2
-ve
-ve

Isolate 3
-ve

-ve = Gram negative

Ladder

St.

1 2 3

FIGURE 4
Molecular Identification and Comparative Genomes of Agrobacterium New Races
using sequencing technique
Pathogenicity test. Only two of the three isolates had the ability to form tumors on carrot discs
(Figure 3), with disc carrots infected with isolate
(Ag5) exposing tumor after 15 days and isolate (ST)
producing tumor after 20 days. When infection occurs, genes encoded on the A. tumefaciens tumor inducing plasmid are integrated in the plant genome to
induce the biosynthesis of auxin and cytokinin, leading to uncontrolled cell division [39].

tumefactions isolated from sample collected from the
fields in Sidi Salem City, Kafrelsheikh, Egypt. 3: A.
tumefaciens isolated from sample Sugar Factory, ElHamoul, Kafr-El-Sheikh Governorate, Egypt.
The pathogens' DNA was isolated, and the PCR
technique based on 16S RNA was used. The results
of comparative sequencing analysis of the new races
showed high identity between races YH2 and YH3,
while there was high similarity between both of
YH2, 3 and YH1 (Figure 5).
A phylogenetic tree was generated based on the
genomic sequences of different Agrobacterium species. The genomic sequences of YH1 share close homology with the genome sequences of Agrobacterium tumefaciens (Figure 6).

Physiological identification. All three isolates
were staining by Gram stain and results proved that
they all gram negative supported that perhaps it is
Agrobacterium bacteria (Table 2).
Figure 4 Molecular characterization of A. tumefaciens using PCR technique. Ladder: Marker.
St.: standard isolate of A. tumefaciens. 1 and 2: A.
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While the genome sequences of YH2 (Figure 7)
and YH3 (Figure 8) showed high homologues to Agrobacterium rhizogenes, This data revealed that the
genomic sequences of YH2 share close homology
with the genome sequences of YH3, and both of
them are high homologues to Agrobacterium rhizogenes (Figure 9). While the genome sequence of

Fresenius Environmental Bulletin

YH1 is similar to both of YH2, 3 and high homologues to Agrobacterium tumefaciens (Figure 9).
This finding reflected that the similarity of genomic
sequences and conserved regions among the new
races is evolutionarily conserved in the genus of Agrobacterium.

FIGURE 5
Genomic Sequencing comparitive among new races.
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FIGURE 9
YHafez1,2,3 R 16S rRNA & Agrobacterium NCBI Sequences Cluster

FIGURE 10
Inhibition effect of treatments against Agrobacterium tumefaciens in vitro. Control: inoculated media with
A. tumefaciens Streptomycin: inoculated media and treated with Streptomycin 150ppm. B. subtilis : inoculated media and treated with B. subtilis . Nano silver: inoculated media and treated with nano silver 60
ppm. Inhibition zone was measured mm.
The genomes of the new races were cloned and
sequenced using a 16S universal primer. The alignment sequences between the genomes of YH2,3
races were identical by around 100%, while it was
less than 70% between YH1 and both of YH2,3 (Figure 5). This indicated that there are differences in
some nucleotides at different positions between YH1

and both of YH2,3. This result may reflect the pathogenicity level among these new races. A phylogenetic tree was performed to elaborate on the genetic
relationships among the new isolates of Agrobacterium and between them and different species of Agrobacterium
in
the
Genbak
database
(www.ncbi.nlm.nih.gov). Phylogenetic analysis
identified YH1 as an Agrobacterium tumefaciens
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while identifying both YH2 and YH3 as Agrobacterium rhizogenes. This result indicates that molecular
identification using 16S RNA is a powerful tool for
identification and variation analysis of Agrobacterium species.

attach to the surface of the bacteria causing the formation of irregularly shaped pits, disruption in membrane permeability, synthesis and energy generation.
AgNPs penetrate the bacteria and interact with phosphorus-containing elements like DNA, sulphur-containing proteins and disulphide bonds of enzymes,
thus causing further damage to cell (Figure 10), these
results supported with similar results obtained by using nano materials against Erwinia amylovora in
which infected pear plants [29]. The antibiotic streptomycin and plant extract from Hibiscus sabdariffa,
Rhus sp and pomegranate peel have high effects on
bacterial growth compared to control (Figure 11),
Fourati et al. [31] reported that pomegranate peel extracts (PPEs) produce biological compounds, phytochemical contents (TPC, TFC, and TAC), and inhibit
the growth of Gram-positive and Gram-negative
bacteria, which are foodborne pathogens, spoilage
bacteria, and human pathogens. Rayen and Mazza
[30] found that water extracts from R. coriaria fruits
had the greatest effectiveness against Gram positive
bacteria, with Gram negative strains being more resistant, and a four to five log cycle reduction in Bacillus spp. consider of sumac as a commercial source
of natural antioxidants. Several studies have reported
the antibacterial activity of H. sabdariffa, and its
phytochemicals against Gram-negative and Grampositive bacteria [41]. Hafez et al. [29] reported that
H. sabdariffa have high elements of phenolic acids,
flavonoids, and polysaccharides that have biological
activities against many pathogens. Streptomycin is a
broad-spectrum antibiotic with activity against both
gram-negative and gram-positive bacteria. The
streptomycin antibiotic functions as an inhibitor of
protein synthesis and binds within the ribosome to
four nucleotides of the 16S RNA and the ribosomal
protein S12 [40].

Effectiveness of antimicrobial compounds on A.
tumefaciens inhibition (In Vitro). Agar well diffusion method was made. In this method, six treatments were applied compared with control streptomycin as recommended antibiotic at concentration
150ppm, B. subtilis (1x106 cfu/ML) Hibiscus sp extract (1ogm/l00), pomegranate fruit peel extract at
(10gm/l00) ,Rhus sp extract (10gmL100ml), and finally Nano Ag at concentration (60ppm). It was clear
that the inhibitory effect of B. subtilis on A. tumefaciens was the highest inhibition zone diameter that
was recorded among all of the antimicrobial compounds that were used in the experiment at an in vitro
level, Hammami et al. [32] found the same result and
Gargouri et al. [33] reported that Bacillus sp has
many different mechanisms making them suitable
for agricultural applications as biocontrol agents of
plant diseases including antagonism, competition,
induction of plant defence responses and growth promotion, reported also that one of features of an antagonist can be. The secretion of inhibitory components such as (lipopeptides, polyketides and bacteriocins) that have been suggested to play important
roles in plant disease control. AgNPs have high effects on bacterial growth compared count to control.
Shkryl et al. [40] reported that synthesized AgNPs
antibacterial efficiency of against human and plant
pathogenic Gram-negative E. coli and A. tumefaciens bacteria, and recounted also that. The mechanism of the AgNPs effect is not known precisely, but
it is currently known that the first step in its effect

Control

H. sbdariffa

Rhus sp

Pomegrante peel

FIGURE
FIGUR
RE 11
effect
Agrobacterium
Inhibition effe
ct of treatments against Agr
robacterium tumefaciens in
n vitro Control:
inoculated
noculated media with A. tumefaciens.
tumefaciens. Hibiscus sabdariffa: inoculated
inoculated media and treated withh Hibiscus sabdariffa extract
10gm/100ml
0gm/100ml water. Rhus sp. extract:
extract: inoculated media and treat
treated
ed with Rhus sp 10 gm/100mL
gm/100mL water. Pomegranate peel:
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FIGURE 12
Inhibition effect off treatments against Agrobacterium tumefaciens in vitro.
Control: inoculated media with A. tumefaciens. Strep: inoculated media and treated with streptomycin 150 ppm. B.S: inoculated media and treated with B. subtilis against A. tumefaciens. HI: inoculated media and treated with Hibiscus extract 10
gm/100ml water A. tumefaciens. PO: inoculated media and treated with pomegranate peel extract 10 gm/100ml water A. tumefaciens. su: inoculated media and treated with sumac extract 10 gm/100ml water A. tumefaciens. Ag: inoculated media and
treated with nano silver 60 ppm water A. tumefaciens.

The inhibitory effect of treatments was also determined when the % of inhibition zone was calculated (Figure 12).
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portation often causes serious soil pollution problems, and the contaminants then enter the human
body through the food chain or drinking water, resulting in a series of economic, environmental and
social problems [1]. At present, the remediation
methods of soil oil pollution mainly include physical
remediation, chemical remediation and bioremediation [2-4], among which chemical remediation technology is widely used due to its advantages of strong
adaptability, high remediation efficiency and short
remediation period [5-7].
Fenton technology is a common means of
chemical repair. It is a reaction system composed of
Fe2+ and H2O2, which can generate strong oxidizing
hydroxyl radicals (·OH), and its standard redox potential is 2.8 V, second only to fluorine. Therefore, it
can oxidize most of the organic pollutants into organic compounds with simple molecular structure,
and even into carbon dioxide and water, and finally
achieve the purpose of remediating soil organic pollution [8]. With the development of this technology,
it has been widely used in the remediation of organic
pollutants such as petroleum hydrocarbons, printing
and dyeing wastes, and pesticides [9-11]. However,
the traditional homogeneous Fenton reagent needs to
reach a high degradation efficiency under the strong
acid condition of pH 3. Moreover, the catalyst Fe2+
is easy to form precipitation during the reaction process, which reduces the catalytic efficiency. Therefore, in order to overcome the defects in the homogeneous Fenton reaction system, scholars replaced
Fe2+ with an iron-containing solid catalyst to form a
heterogeneous Fenton-like reagent to catalyze the
decomposition of hydrogen peroxide to generate
·OH, thereby achieving efficient degradation of organic pollutants. For example, the use of the soil's
own iron oxides can catalyze the degradation of organic pollution. Common iron oxides in the soil inFOXGH JRHWKLWH Į-FeOOH), hematite (Į-Fe2O3),
magnetite (Fe3O4), water Iron ore (Į-Fe10O15·9H2O),
etc. [12-13]. These iron-containing minerals in the
soil matrix can act as catalysts, catalyzing the decomposition of hydrogen peroxide into hydroxyl
radicals, and then oxidatively degrade the organic

ABSTRACT
The supported Fenton-like catalyst was prepared by the impregnation method with permutite as
the carrier, and the optimal preparation conditions of
the catalyst, the use conditions and catalytic mechanism of the catalyst to degrade oil-contaminated soil
were studied. The results show that when the mass
ratio of FeSO4·7H2O to permutite is 1:1, the prepared
catalyst has the best degradation effect. When the
catalyst was used to degrade 10 g of 50 g·kg-1 heavy
petroleum-contaminated soil, the degradation efficiency reached the highest 76.79% when the catalyst
dosage was 2 g and the oxidant dosage was 6 mL.
After 24 hours, the reaction of the catalyst to degrade
oil-contaminated soil basically ends, and the degradation efficiency reaches the highest. The analysis
results of petroleum hydrocarbon components before
and after the reaction showed that the prepared catalyst had the highest degradation efficiency for saturated hydrocarbons in petroleum hydrocarbons, followed by aromatic hydrocarbons, and finally for colloid and bitumen. The prepared Fenton-like catalyst
was characterized by scanning electron microscope
and X-ray energy dispersive spectrometer. The results showed that Fe was successfully and uniformly
supported on the surface or void of permutite in a
dispersed state by this method, which solved the limitation of the catalyst by pH conditions, effectively
improve the catalytic efficiency of the catalyst.

KEYWORDS:季
Fenton-like, Soil petroleum pollution, Oxidative degradation

INTRODUCTION
As an important chemical raw material, petroleum plays a vital role in agriculture, heavy industry,
transportation, and national defense construction.
However, the abnormal leakage of petroleum exploration, exploitation, processing, storage, and trans-
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matter in the soil. However, not all soils have sufficient iron oxides to meet the requirements for catalytic degradation of pollutants. Therefore, people began to load Fe on the surface of solid materials to
form solid catalysts by artificial means to meet the
needs of degrading pollutants. Du Ting et al. loaded
Fe on the surface of activated carbon to degrade
COD and phenol in wastewater. The results showed
that compared with the traditional Fenton method,
the degradation efficiency of COD and phenol was
significantly improved by this method [14]. Lu
Tianyu et al. used attapulgite to load Fe to degrade
phenol wastewater, and the removal efficiency of
phenol reached 98% after 2.5 hours of reaction [15].
Xiang Chunyan et al. supported Fe oxide on diatomite to prepare a supported heterogeneous Fenton
catalyst, and the degradation efficiency of the modified catalyst for phenol reached more than 99% [16].
The previous research results show that the
supported Fenton catalyst has a good catalytic effect,
solves the limitation of the reaction system by pH
conditions, and achieves a high degradation effect.
However, most of these studies were used to degrade
organic pollutants in water, and few studies were
used to degrade organic pollutants in soil. Therefore,
in this study, a low-cost mineral material artificial
zeolite with developed specific surface area, which
will not cause secondary pollution after being applied into the soil, was selected as the carrier material. Fe is supported on the surface of artificial zeolite
by impregnation method to prepare a supported Fenton-like catalyst, and the preparation regulations of
catalysts, the application conditions and reaction
mechanism of degrading oil-contaminated soils are
studied, in order to improve the theoretical basis and
data support for the remediation of oil-contaminated
soils.
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artificial zeolite were added respectively. Next, place
the beaker on a 90°C constant temperature water
bath for four hours with mechanical stirring at a
speed of 250 rmp to remove the remaining liquid,
and then use distilled water to wash the remaining
substances on the material until no iron ions are dissolved. Finally, the catalysts were dried in an oven at
110°C to complete the preparation of catalysts P1,
P2 and P3.
Oil pollution degradation test. Take the uncontaminated soil in Guanzhong area of Shaanxi as
the test soil, remove the 0-20 cm topsoil that is easily
affected by human activities, take 20-50 cm bottom
soil, air dry, remove large particles such as gravel
and plant debris, and grind it to 2 mm mesh screen.
Oilfield crude oil was used as the pollution source,
and petroleum ether was used as the solvent to prepare heavily oil-contaminated soil with a pollution
concentration of 50 g·kg-1. The prepared soil was
aged for two weeks in a fume hood, and stored in the
dark for later use. The texture and basic physicochemical properties of the tested soils are shown in
Table 2.
Then, the prepared Fenton-like catalysts (P1,
P2, P3) were used for the degradation test of oil-contaminated soil. During the test, the room temperature
was kept at 25 °C, and 10 g of oil-contaminated soil
was taken into a stoppered conical flask each time,
and three catalysts P1, P2, and P3 were added respectively, and the dosage of oxidant is 4 mL, 5 mL, 6
mL, 7 mL, and 8 mL, respectively. During the test,
the soil-water ratio is controlled to be 1:3 (g:mL).
After the test conditions are met, seal the conical
flask, then oscillated at 250 r·min-1 for 30 min on a
gyratory shaker, and then allowed the conical flask
to stand for 24 h to allow the reaction to complete.
Finally, the amount of petroleum hydrocarbons in
the soil was determined by infrared spectrophotometry, and the petroleum-contaminated soil without
reagents was used as the control, and the degradation
efficiency of petroleum hydrocarbons in the soil was
calculated by comparing the changes of petroleum
hydrocarbons in the soil before and after the reaction. The components of petroleum hydrocarbons in
the control group and the reaction group were determined, and the degradation effects of petroleum hydrocarbons of different components were analyzed.
At the same time, during the reaction, samples were
collected every 6 hours to determine the degradation
efficiency of oil-contaminated soil in different time
periods.

MATERIALS AND METHODS
Materials and Instruments. Test materials:
artificial zeolite (60-80 mesh), FeSO4·7H2O (AR),
hydrogen peroxide (30% AR), crude oil, non-polluting soil.
Main instruments: OIL-8 infrared oil measuring instrument, cyclotron oscillator, JSM-6390A
scanning electron microscope, X INCA-350 ray energy spectrometer, digital blast drying oven, constant
temperature water bath, mechanical stirrer, gyratory
shaking stirrer.
Preparation of catalysts. The artificial zeolite
used in the experiment is 60-80 mesh uniform particles, and the catalyst is prepared by impregnation
method. Specifically, according to the parameter settings in Table 1, 10 g, 20 g and 30 g of FeSO4·7H2O
were respectively taken in a beaker, 200 mL of distilled water was added, and then 20 g of 60-80 mesh

Characterization of the catalyst. Scanning
electron microscopy (SEM) was used to observe the
surface morphology of the catalyst, and X-ray photoelectron spectroscopy was used to determine its
valence and elemental composition. The catalytic
mechanism of the prepared catalysts was studied by
analysis.
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TABLE 1
Preparation parameters of catalysts
Zeolite(g)
FeSO4·7H2O(g)
20
10
20
20
20
30

Catalyst type
P1
P2
P3

Method
Impregnation and heating evaporation for 4
hours

TABLE 2
Test soil texture and basic physical and chemical properties
Particle size compositionʤ%ʥ
Items
Average value

Cosmid
(<0.002mm)
19.60

Items

pH

Average value

8.15

Powder
(0.05~0.002mm)
79.61
Conductivity
ȝ6āFP-1)
125.8

Test method. The content of petroleum hydrocarbons in the soil is based on "Determination of Petroleum in Soil by Infrared Spectrophotometry" (HJ
1051-2019), extracted with tetrachloroethylene, and
measured with an infrared oil measuring instrument;
the microstructure of the catalyst was observed with
a scanning electron microscope (SEM); The composition of catalyst elements was analyzed by X-ray energy dispersive spectrometer (EDS); the separation
and determination of petroleum hydrocarbon components in the soil were based on "Analysis of Soluble Organic Matter and Crude Oil Group Components in Rocks" (SY/T 5119-2016); soil pH was determined Refer to "Determination of Soil pH" (NY/T
1377-2007), and the determination of electrical conductivity refers to "Electrode Method for Determination of Soil Conductivity HJ802-2016"; the determination of organic matter refers to "Soil Testing Part
6: Determination of Soil Organic Matter" (NY /T
1121.6-2006); for the determination of total nitrogen, refer to "Determination of Soil Total Nitrogen
(Semi-Micro Kelvin Method)" (NY/T 53-1987).

Grit (0.05~2mm)

Texture (USDA)

0.69
Organic matter content (g·kg-1)
3.14

Silty loam
Total nitrogen content (g·kg-1)
0.19

large, side reactions will occur, resulting in the selfdecomposition of hydrogen peroxide, which reduces
the catalytic efficiency.
It can be seen from Figure 1(A) that when the
dosage of catalyst is 1 g, the dosage of hydrogen peroxide is 7 mL, and the degradation efficiency of P2
catalyst is the highest, which is 60.21%; Figure 1(B)
shows that when the dosage of catalyst is 2 g , the
dosage of hydrogen peroxide is 6 mL, the degradation efficiency of P2 catalyst is the highest 76.79%;
Figure 1(C) shows that when the dosage of catalyst
is 3 g, the dosage of hydrogen peroxide is 6 mL, and
the degradation efficiency of P2 catalyst is the highest 65.37%.
The comprehensive comparison shows that the
catalyst P2 degradation efficiency is the highest
when the dosage of P2 catalyst is 2 g and the dosage
of hydrogen peroxide is 6 mL. When using this Fenton-like reagent to degrade soil oil pollution, the dosage of hydrogen peroxide and the ratio of hydrogen
peroxide to catalyst must be well controlled.
Response time. In order to understand the degradation efficiency of Fenton-like catalysts on oilcontaminated soil under different reaction times, the
dosage of hydrogen peroxide was 6 mL, and the dosage of three types of catalysts P1, P2, and P3 were
all 2 g, and the soil was sampled every 6 hours for
determination the degradation efficiency of petroleum hydrocarbons in soil. The test results are shown
in Figure 2. It can be seen that from 0 to 18 hours,
under the action of the three catalysts, the degradation efficiency of petroleum hydrocarbons increases
significantly. From 18 to 24 hours, the rate of increase in degradation efficiency slows down. From
24 to 30 hours, the degradation efficiency was almost unchanged, which indicated that the oxidative
degradation reaction of petroleum hydrocarbons in
the soil in the Fenton-like reagent was complete after
24 hours.

RESULTS AND DISCUSSION
Research on catalytic reaction conditions.
According to the conditions of 2.3, the prepared zeolite-supported iron-based Fenton catalyst was used
to degrade petroleum-contaminated soil. The test results are shown in Figure 3. It can be seen that with
the increase of the oxidant dosage, the degradation
efficiency of petroleum hydrocarbons in the soil
shows an obvious trend of first increasing and then
decreasing. It shows that when using Fenton's reagent to degrade soil organic pollution, the dosage of
hydrogen peroxide and the ratio of hydrogen peroxide to catalyst must be well controlled. When the
dosage of hydrogen peroxide is too small, it is difficult to fully degrade, and when the dosage is too
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FIGURE 1
Experiment on the degradation of soil oil pollution by catalyst

FIGURE 2
Degradation efficiency of petroleum hydrocarbons with different reaction times
Petroleum hydrocarbon components. Petroleum is a mixture of various components, including
saturated hydrocarbons, aromatic hydrocarbons, colloids and asphaltenes [17]. Each component has different structures and has different degrees of oxidative degradation. By analyzing the changes of petroleum components, the degradation mechanism of
Fenton-like catalysts on petroleum pollution was further explored. In Figure 3, CK is the control without
adding catalyst and oxidant. The dosage of P1, P2,
and P3 hydrogen peroxide is all 6 mL, the dosage of
the corresponding three types of catalysts is 2g, and
the reaction time is 24 hours.
It can be seen from Figure 3 that the relative
content of saturated hydrocarbons in P1, P2, and P3
of petroleum hydrocarbons decreased by 9.9%,
10.7%, and 12.8%, respectively, and the relative
contents of aromatic hydrocarbons decreased by

3.2%, 5.6%, and 2.2%, respectively. The relative
content of asphalt and asphalt increased by 13.1%,
16.4% and 15.1%, respectively. This result shows
that the prepared catalyst has the highest degradation
efficiency for saturated hydrocarbons in petroleum
hydrocarbons, followed by aromatic hydrocarbons,
and finally colloid and asphalt.
Analysis of catalyst morphology. Figure 4 is
the scanning electron microscope (SEM) images of
the permutite and the iron-supported catalyst before
and after loading, respectively. The surface of the
permutite has a well-developed concave-convex
pore structure with fewer surface particles. The surface of the permutite loaded with iron appears dense
and fine particulate matter, which is wrapped on the
surface of the permutite. These particles should be
Fe loaded in the surface and voids of the permutite
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in the form of oxides, forming an iron-supported artificial zeolite catalyst.
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condition. When the dosage of catalyst is 2 g and the
dosage of hydrogen peroxide is 6 mL, the degradation efficiency of petroleum hydrocarbons in soil can
reach the highest 76.79%. When the prepared catalyst was used to degrade petroleum-contaminated
soil, the degradation efficiency of petroleum hydrocarbons showed a trend of first increasing and then
decreasing with the increase of the dosage of oxidant
hydrogen peroxide. This shows that the appropriate
dosage of oxidant must be controlled when using this
type of Fenton reagent to ensure high degradation efficiency.
With the increase of the catalytic reaction time,
the degradation of petroleum hydrocarbons in the
soil showed an increasing trend, and the degradation
efficiency of petroleum hydrocarbons in the soil
reached the highest after 24 hours, and the degradation reaction basically ended. The prepared catalyst
has the highest degradation efficiency for saturated
hydrocarbons in petroleum hydrocarbons, followed
by aromatic hydrocarbons, and finally colloid and
asphalt.

Analysis of chemical composition of catalysts. Figure 5 is the energy dispersive spectrometer
(EDS) of permutite and catalyst. The element composition of catalyst obtained by energy spectrum
analysis is shown in Table 3. The main elements in
permutite include Si, C, Al, Na, O, etc. The catalyst
has Fe element, and its mass fraction reaches 15.1%,
indicating that Fe was successfully loaded on the surface of permutite after impregnation loading.

CONCLUSION AND OUTLOOK
The supported Fenton-like catalyst was prepared by impregnation method with permutite as the
carrier. When the mass ratio of FeSO4·7H2O to permutite was 1:1, the catalyst P2 had the best degradation efficiency. The catalyst can degrade heavily petroleum-contaminated soil under the original soil pH

FIGURE 3
Variation characteristics of petroleum hydrocarbon components

FIGURE 4
Surface structure of permutite and Fenton-like catalyst
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TABLE 3
Elemental composition of permutite and Fenton-like catalyst
Permutite
Catalyst
100% quality
Error %
100% quality
20.14
0.54
11.17
9.71
0.46
5.64
12.2
0.23
6.09
16.94
0.25
17.9
41.02
0.32
44.1
/
/
15.1

Error %
0.74
0.54
0.38
0.35
0.44
2.45

FIGURE 5
Energy spectrum of permutite and Fenton-like catalyst
The prepared catalysts were characterized by
SEM and EDS, indicating that Fe was successfully
loaded on the surface or in the voids of permutite in
the form of oxides by impregnation method, forming
an effective component that plays a catalytic role in
the catalyst.
The catalyst prepared by the impregnation
method successfully solved the limitation of the pH
condition of the traditional Fenton reagent, and could
achieve a higher degradation efficiency under the
original soil pH condition. However, the catalyst is
difficult to achieve secondary utilization, resulting in
high cost. Therefore, the preparation of a recyclable
Fenton-like catalyst is the future development direction of degrading oil-contaminated soil.
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2010-2019 [1]. Global warming is expected to increase the frequency and intensity of extreme precipitation and cause sea levels to rise as a result [2]. Additionally, there are approximately 1.2 million deaths
each year due to contaminated water sources [3], as
well as between 4 and 9 million deaths annually
caused by air pollution [4]. Therefore, the construction of a green and low-carbon economic development model represented by minimizing greenhouse
gas (GhG) emissions and environmental pollution,
as one of the important and necessary methods to
deal with the climate change crisis and realize sustainable development, is becoming an internal demand of developed or developing countries. And
green and low-carbon development is becoming an
irreversible trend in the economic system, energy
system and governance system.
China's economic growth rate and volume have
attracted worldwide attention as the largest developing country. Despite rapid economic growth, China
has followed an extensive development model characterized by high input, high pollution, and low efficiency. This has led to vast energy consumption and
severe environmental degradation in China [5]. The
total energy consumption of China in 2020 was 4.98
billion tons of standard coal, an increase of 3.39
times and 8.71 times compared to 2000 and 1978,
respectively [6]. Correspondingly, China's GhG
emissions in 2018 reached 12.36 billion tons of CO2eq, which accounted for nearly 27% of the global total and almost doubled that of the United States, the
second-largest emitter [7]. In addition, in 2015,
China was the world's largest emitter of sulfur dioxide (SO2) and nitrogen oxides (NOX), about 7.32
times and 4 times that of the EU's total emissions respectively [8]. As shown in the above situation, the
contradiction between sustained economic development and the finite carrying capacity of the environment and resources has become highly prominent in
China [9].
To alleviate this dilemma, several studies have
stated that improving green and low-carbon production efficiency (GLPE) is an effective and necessary
method for China to achieve sustainable economic
development and alleviate resource and environmental constraints [10,11]. The Chinese government also
emphasized in both the Fourteenth Five-Year Plan

ABSTRACT
The measurement of city-level green and lowcarbon production efficiency (GLPE) is necessary to
identify the green and low-carbon transition process
in Chinese cities and to formulate future transition
development strategies. However, the lack of consideration of methane and nitrous oxide may lead to biased estimates and inappropriate measures, which
are detrimental to improving GLPE. Therefore, this
study constructs a DEA non-radial directional distance function model considering three major greenhouse gases to accurately measure the GLPE of 268
cities in China from 2005 to 2018. Subsequently, this
study further deepens the understanding of GLPE
from the aspects of evolutionary trends, spatial characteristics and disparities. The main conclusions are
as follows: Firstly, China's average urban GLPE was
relatively low, only 0.168. But it continued to improve over time, increasing from 0.108 in 2005 to
0.294 in 2018. Spatially, urban GLPE was high in
the eastern and northeastern regions and continued
to grow steadily. While in central and western regions, it was relatively low and showed volatility, instability and sluggish growth. Secondly, The overall,
interregional and interregional Dagum Gini coefficients of GLPE increased by 46.8%, 48.9% and
50.7%, respectively. The unbalanced and uncoordinated degree of GLPE among Chinese cities has
gradually deepened.

KEYWORDS:
Green and low-carbon production efficiency, data envelopment analysis, non-radial directional distance function,
spatiotemporal heterogeneity

INTRODUCTION
Climate change and environmental deterioration are becoming one of the most urgent and major
challenges facing humanity based on their serious
threats to human health and survival. It is indisputable that the human-caused global surface temperature increase was about 1.07Ԩ from 1850-1900 to
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and the 2021 Government Work Report that it is essential to accelerate the promotion of green and lowcarbon coordinated development, increase resource
utilization efficiency comprehensively, and reinforce pollution control and ecological protection.
Therefore, in order to facilitate the improvement of
GLPE and create a harmonious coexistence between
humans and nature, it is necessary to accurately
measure Chinese GLPE, quantitatively analyze its
characteristics, and provide valuable policy recommendations to assist the Chinese government in developing an appropriate and effective green and lowcarbon transformation development strategy for the
future.
Some scholars, based on the DEA method,
have analyzed China’s regional environmental production efficiency from a provincial or prefecturelevel city perspective, considering environmental
pollution or carbon dioxide (CO2) emissions. However, one possible shortcoming of these studies is
that the selection of indicators can not accurately and
comprehensively reflect the actual situation of input
and output. It has become a general consensus to incorporate CO2, one of the main drivers of climate
change, as an undesirable output into the analytical
framework of environmental efficiency. However,
other GhGes that emit less than CO2 but still have a
significant impact on climate change, such as methane (CH4) and nitrous oxide (N2O), are ignored by
almost all relevant research. The United Nations
Global Methane Assessment pointed out that CH4 is
tens of times more powerful than CO2 at warming
the atmosphere and reducing human-caused CH4
emissions is one of the most cost-effective strategies
to rapidly reduce the rate of global warming. And,
the China-U.S. Glasgow Joint Declaration on
Strengthening Climate Action in the 2020s pointed
out that the United States and China now specifically
recognize the significant role that emissions of CH4
play in increasing temperatures. Moreover, CH4 and
N2O already accounted for more than 15% of China's
total GhG emissions in 2014 [12]. Therefore, especially in China, it is very necessary to consider all
three main GhGes when measuring and analyzing
GLPE.
In view of this limitation and with the purpose
of deepening the perceptions of Chinese urban
GLPE, this study first constructs a DEA NDDF
model to measure the GLPE of 268 cities in China
from 2005 to 2018, with consideration for CO2, CH4
and N2O emissions. Secondly, this study clarifies the
evolutionary trend and spatial distribution characteristics of Chinese urban GLPE. Finally, the disparities
and their decomposition in urban GLPE are systematically analysed. The above research results and
conclusions may have significant reference value for
the Chinese government to explore the path of green
and low-carbon transformation in the new era of
China, promote high-quality economic development
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and achieve the vision of carbon peaking by 2030
and carbon neutrality by 2060.

MATERIALS AND METHODS
Calculation of urban green and low-carbon
production efficiency. We assume that there are a total of N decision-making units (DMUs) (n = 1,...,N)
, For each DMU there are M (m = 1,...,M) types of
inputs x, S (s = 1,...,S) types of desirable outputs y, J
(j = 1,...,J) types of undesirable outputs of the green
dimension bg and Q (q = 1,...,Q) types of undesirable
outputs of low-carbon dimension bl . The global
benchmark technology refers to the set of inputs and
outputs of all DMUs in all periods, which can be expressed as: P(x) = {(x, y, bg, bl) : x can produce (y,
bg, bl)}. It is worth noting that P(x) is usually assumed to satisfy the standard axioms of production
theory, including bounded convexity, strong disposability of desirable output and input, weak disposability of undesired output, zero combination of undesirable output and desirable output. On this basis, in
order to measure the GLPE, following Zhou et al.
[13], the DEA NDDF including undesirable output
is defined as follows:
ሬሬሬሬሬሬԦ
ܰݔ( ܦ, ݕ, ܾ , ܾ ; ݃) =
ݑݏ൛ ் ܟ: ((ݔ, ݕ, ܾ , ܾ + ݃ ή ݀݅ܽ݃()) א
ܲ()ݔൟ (1)
where ݓ( = ܟ௫ , ݓ௬ , ݓ , ݓ ) is the normalized weight vector, ݃ = (݃௫ , ݃௬ , ݃ , ݃ ) is the direction vector. Referring to Zhang et al. [14], this
study set the weight vector to = ܟ
ଵ
ଵ
ଵ
ଵ
,
,
,
) , and the directional vector to
(
ଷ×ெ ଷ×ௌ ଷ× ଷ×ொ

݃ = (െݔ, ݕ, െܾ , െܾ ) , which indicates that the
DMUs improve towards the production frontier
through reducing inputs and undesirable outputs and
increasing desirable output. diag represents a diagonal matrix.  = (ߚ௫ , ߚ௬ , ߚ , ߚ )  0 denotes a vector measuring the improvement ratio of each input
and output. If  = 0, the DMU is on the production
frontier with no potential improvement capacity in
input and output. The larger the , the further the
DMU is from the production frontier, which means
more room for improvement in input and output.
Mathematically, the following linear programming
model can be used to compute the vector  of each
DMU.
ሬሬሬሬሬሬԦ(ݔ, ݕ, ܾ , ܾ ; ݃) = ݉ܽ ݔቄݓ௫ ߚ௫ + ݓ௬ ߚ௬ +
ܰܦ
ݓ ߚ + ݓ ߚ ቅ
ݏ. ݐ. σே
ୀଵ ݖ ݔ   ݔെ ߚ௫ ݔ
σே
ݖ
ୀଵ  ݕ   ݕ+ ߚ௬ ݕ
σே
ୀଵ ݖ ܾ = ܾ െ ߚ ܾ
σே
ୀଵ ݖ ܾ = ܾ െ ߚ ܾ
ݖ  0
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After obtaining , referring to the Zhou et al.
(2012) and Zhang et al. (2013), this study defines the
actual productivity (ܲܣ , ܲܣ ), frontier productivity (ܲܨ , ܲܨ ) and production efficiency
(ܲܧ , ܲܧ ) of green and low-carbon undesirable
indicators respectively, as shown in Eqs. (8)-(11).
Further, GLPE is defined as the geometric average
of all undesirable output indicators PE. It can be represented by Eq. (12).
ܲܣ =



ܲܣ =



௬

; ܲܨ =

 ିఉ್ 

; ܲܨ =
௬
௬ାఉ ௬
ி್
ଵିఉ್
ܲܧ =
=
್
ଵାఉ
ܲܧ =

ி್



್

=

GLPE = = ܧ

(9)
(10)

ଶாഢ ே

ଵିఉ್



ܩ௪ = σୀଵ ܩ  ݏ

(11)

ଵାఉ

శೂ

number of district divisions. Ni (Nr) denotes the number of cities in region i (r). Before decomposing the
Gini coefficient, sorting regions by average GLPE is
essential.
തതതଵ  ܧ ڮഥప  ܧ ڮ
തതത  ܧ ڮ
തതത
ܧ
Afterwards, the overall Gini coefficient can be
decomposed into three components, including Gw,
Gnb, and Gt, which represent the contribution of intraregional disparities (Gii), interregional disparities
(Gir) and the intensity of trasvariation between subpopulation to the total Gini coefficient respectively.
The relationship between the three satisfies Gini=
Gw+Gnb+Gir. Eqs.(14)-(18) represent the calculation
formulas of Gii, Gw, Gir, Gnb and Gt respectively.
ଵ
ே
ೝ
σே
ܩ = തതത మ σ௨ୀଵ
(14)
௩ୀଵ|ܧ௨ െܧ௩ |

(8)

௬ାఉ ௬
 ିఉ್ 



ொ

ටςୀଵ ܲܧ ςୀଵ ܲܧ

ಿ

ܩ =

σೖ

(15)

ಿ

 σ ೝ |ா ିா |
σೠసభ
ೝೡ
ೡసభ ೠ

തതതഢ ାா
തതതೝത
ே ேೝ (ா
ିଵ
ܩ ( ݏ +  ݏ )ܦ
ܩ = σୀଶ σୀଵ
ିଵ
ܩ ( ݏ +  ݏ )(1 െ
ܩ௧ = σୀଶ σୀଵ

(12)

The value range of GLPE is [0,1]. The closer
the GLPE is to 0(1) , the greater(less) the room for
improvement in GLPE. GLPE=1 means that the urban GLPE is relatively optimal.
Evaluation of disparities and their decomposition of urban GLPE. In order to measure urban
GLPE disparities and explore their sources, this
study applies the widely used and suitable Dagum
Gini coefficient and its decomposition method. According to Dagum [15], the overall Gini coefficient
is defined as follows:
σೖ
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(18)
ௗ ି
ܦ = ೝ ೝ

(16)
(17)
ܦ )

(19)

ௗೝ ାೝ
ஶ
௬
݀ =  ݀ܨ ( )ݕ ( ݕെ ܨ݀)ݔ ()ݔ
ஶ
௬
 =  ݀ܨ ( )ݕ ( ݕെ ܨ݀)ݔ ()ݔ
തതത
ே
ோ
 =  , ݏ =  തഢ , ݅ = 1,  ڮ, ݇
ே
ோ

(20)
(21)

(22)
Dir represents the relative contribution rate of
urban GLPE between region i and region r. dir and
pir denote the mathematical expectation of the sum
of all sample values of EiuíErv > 0 and EiuíErv < 0 in
region i and r. The calculation formulas of Dir, dir,
and pir are Eqs.(19)-(21). Fi and Fr are the cumulative density distribution functions of the i and r regions respectively.

ಿ
ಿ
σ  σ ೝ |ா ିா |

Dagum Gini = సభ ೝసభ ೠసభమ തೡసభ ೠ ೝೡ (13)
ଶே ா
The greater the Gini value, the greater the discrepancies in urban GLPE. Eiu (Erv) denotes the
GLPE of u (v) city in i (r) region. k indicates the

FIGURE 1
The geographical location of the four study regions
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Study area and data. In order to calculate and
analyze the GLPE of Chinese cities, based on data
availability, this study constructs a dataset consisting
of two inputs and six outputs for 268 cities from
2005 to 2018. Since the starting year of the analysis
is 2005, the price level is adjusted according to the
2005 price level during the calculation.
As for inputs, this study chooses labor and capital as input indicators. Specifically, most studies select the number of employees to represent labor input
for labor. Specifically, for labor, most studies choose
the number of employees to represent labor input.
However, Wang and Liu [16] pointed out that human
capital considering labor quality is a more suitable
indicator. Therefore, this study chooses the number
of urban employees weighted by the average years
of education as labor input ( Due to the lack of citylevel official educational years data, we select the
education years data of province to which the city
belongs as a proxy for the city education years data.)
For capital, this study uses the perpetual inventory
method to calculate capital stock as the capital input.
The specific calculation formula is as follows: Kit =
Kit-1×(1íįi)+Iit , where, Kit and Iit represents the capital stock and the investment in fixed assets of city i
in year t. The formula for calculating capital stock in
the base period (K2005) is: Ki,2005 = Ii,2005/(įi+gi) . The
growth rate gi is defined as the average geometric
growth rate of fixed assets from 2005 to 2018 [17].
įi indicates the capital depreciation rate of city i. For
the selection of į, existing studies have not formed a
unanimous conclusion. This study refers to the capital depreciation rate estimated by Zhang et al. [18]
by province and chooses the capital depreciation rate
of province to which the city belongs as a proxy for
the city's capital depreciation rate. (Since prefecturelevel cities are usually closely related to the
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development of their provinces, this substitution is
basically justified.) For the very few missing data,
we use the linear interpolation method to fill in. Input
data is from CEIC database, China Statistical Yearbook, Statistical Yearbook of provinces and cities,
Statistical Bulletin of National Economy and Social
Development of cities, and China National Bureau
of Statistics.
As for output indicators, this study chooses the
commonly applied regional gross domestic product
as the desirable output. In terms of undesirable outputs, according to the research purpose, this study
needs to select indicators from two dimensions of
green and low-carbon. For the green dimension, initially, we plan to consider three typical environmental pollutants, including wastewater, waste gas and
solid waste. However, constrained by the serious
lack of high-quality urban-level environmental pollutant emissions data, we finally select industrial
wastewater discharge and industrial SO2 emissions,
representing wastewater pollution and waste gas pollution respectively, as undesirable outputs of the
green dimension. In addition, it should be noted that
in 2011 and 2016, the Ministry of Ecology and Environment of the People's Republic of China adjusted the indicator system, statistical caliber and
survey methods of environment data, so the original
official data cannot be directly used for calculation
and analysis. To overcome this troublesome issue,
we, firstly, calculated the rate-of-change of environmental pollutant emissions except for 2011 and
2016. And then filled in the rate-of-change date for
the missing year by applying the linear interpolation
method. Finally, by using the change rate data calculated above and the emission data in 2005, the continuous and comparable environmental pollutant
emission data for all periods can be estimated.

TABLE 1
Variable mean description
Overall

Eastern
Region

Mean
Central
Region

Western
Region

Northeast
Region

-

9009.43

22032.97

3484

3958.12

3321.71

Billion
RMB

342.40

566.09

252.10

230.21

298.35

Kiloton

52.46

58.94

43.49

59.02

40.72

Megaton

74.64

128.53

59.88

49.78

42.93

Kiloton
Kiloton
Megaton
Billion
RMB

192.05
2.64
31.03

181.97
2.53
42.76

279.97
2.67
28.79

141.58
2.68
22.09

145.62
2.72
30.84

159.3

302.56

108.04

85.97

120.12

Variable

Description

Unit

L

Employment
weighted by years
of education

K

Capital stock

SO2
WW
CH4
N 2O
CO2
GDP

Industrial SO2
Emissions
Industrial
wastewater discharge
CH4 emissions
N2O emissions
CO2 emissions
Regional gross domestic product
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For the low-carbon dimension, this study selects CO2, CH4 and N2O emissions as undesirable
outputs. However, it is a pity that there are no citylevel official datasets for the above indicators in
China. Therefore, this paper combines the 0.1 deg ×
0.1 deg grid map of major GhG emissions at the
global level provided by the Emissions Database for
Global Atmospheric Research (EDGAR) [19] and
the Chinese municipal administrative division map
to estimate the three main GhG emissions of Chinese
cities. Output data is obtained from the EDGAR database and the CEIC database.
In terms of regional division, considering factors such as geographical location, resource endowment and national development strategy, this paper
divides Chinese cities into eastern, central, western
and northeastern regions for research (Figure 1), referring to the classification standards of the National
Bureau of Statistics of China. The variable mean description in different regions is shown in Table 1.
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in energy consumption per unit of GDP, and a 10%
reduction in SO2 and chemical oxygen demand
(COD) emissions. At the same time, these goals were
set as binding objectives that must be accomplished.
In addition, The Twelfth Five-Year Work Plan for
Controlling GhG Emissions and The Twelfth FiveYear Comprehensive Work Plan for Energy Conservation and Emission Reduction issued in 2011 set out
the reduction targets of CO2 intensity, energy consumption intensity and various environmental pollutant by subdivided provinces to promote the implementation of energy conservation and emission reduction. Furthermore, compared with the 12th FiveYear Plan period (2011-2015), the Chinese government has proposed more ambitious targets for reducing environmental pollutants during the 13th FiveYear Plan period (2016-2020), such as COD and SO2
emission reduction targets that were increased from
8% and 10% to 10% and 15%, and an additional control target for total energy consumption. This may be
one of the reasons for the sharp rise in urban GLPE
in 2017-2018. In terms of the market mechanism, the
Chinese government has stated that it is imperative
to promote a market mechanism for energy conservation and emission reduction, as well as to deepen
the price reform of resource products. For example,
in 2012, the State Council of China issued the Guiding Opinions on Deepening Marketization Reform of
Thermal Coal, which led to the demise of the dualtrack coal price system and the basic formation of
market-oriented coal prices. Unregulated coal prices
are better able to reflect both the scarcity of resources
and the externality of environmental impact [22],
which promotes the improvement of resource utilization [23].
As shown in Figure 3, there are obvious differences in urban GLPE in the four regions. The eastern
and northeastern regions are basically darker in
color, meaning higher average urban GLPE, while
the western and central regions are lighter in color,
meaning lower average urban GLPE. Furthermore,
the nonparametric Kruskal-Wallis test results (as
shown in Table 2) indicated that the disparities between regions are statistically significant. Specifically, as shown in Figure 3, although urban GLPE
has been improved in all regions, they showed a divergent trend over time. The eastern and northeastern cities led the way in urban GLPE, with average
GLPEs of 0.181 and 0.186, both of which exhibited
a steady uptrend. In contrast, the GLPE of the western and central cities was relatively low, with an average of 0.150 and 0.166. It is noteworthy that since
2009, the urban GLPE in the western region has not
maintained continuous growth with other regions but
has remained basically unchanged until 2016, maintaining in the range of 0.134 to 0.158. This means
that the green and low-carbon transformation and
upgrading in the western region lack motivation. Additionally, the urban GLPE in the central region declined continuously at an average annual rate of

RESULTS AND DISCUSSION
The changing trends and spatial characteristics of urban GLPE. Based on the above mentioned data and methods, the GLPE of each city from
2005 to 2018 can be calculated. This section analyzes the evolutionary trend of urban GLPE. Figure
2 illustrates that the overall average annual urban
GLPE during the study period was only about 0.168,
which was a relatively low value. However, it exhibited a clear upward trend, from 0.108 in 2005 with
an average annual growth rate of 8.25% to 0.294 in
2018, an overall increase of 172.22%. In particular,
the growth rates in 2017 and 2018 were as high as
23.1% and 29.4%, respectively. The above conclusions indicate that there is still huge room for improvement in Chinese urban GLPE, but it has continued to improve over time, and the rate has increased in recent years. Some possible realistic explanations for the results are that: firstly, the extensive economic development model practiced by
China for a long time and the wave of heavy industrialization at the beginning of this century caused by
many factors, such as large-scale infrastructure investment and the entry of private capital into heavy
industry, has led to a considerable increase in environmental pollution emissions and GhG emissions
[20,21]. This partly resulted in a low urban GLPE at
the beginning of the study period.
And then, after 2006, due to the increasingly
prominent environmental issues and the increasing
emphasis on climate warming around the world, the
Chinese government has taken various countermeasures, which may be one of the reasons for the continuous improvement of urban GLPE. Specifically, in
terms of policy, the 11th Five-Year Plan in 2006 outlined quantitative targets for energy conservation
and emission reduction, including a 20% reduction
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2.122% from 2013 to 2016, indicating that its growth
is volatile and unstable.
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total increase in the overall Gini coefficient was
46.81%. The above results reflect that the disparities
in urban GLPE have gradually increased over time,
and the degree of uncoordinated and unbalanced regional development of urban GLPE has gradually
deepened. It is more urgent to promote regional coordination of urban GLPE.
Secondly, in terms of intraregional disparities,
the average Gini coefficient was the largest in the
eastern region and the smallest in the central region,
at 0.300 and 0.214, respectively. This indicates that
the coordinated development level of GLPE was the
lowest in the eastern region and the highest in the
central region. For the evolutionary trend, the intraregional disparities increased by an average of
48.88% during the study period. Except for the
northeastern region, the evolutionary trend of the

Disparities in urban GLPE and its decomposition. Although the above analysis qualitatively
found significant disparities in urban GLPE, it lacks
a quantitative description and analysis of the disparities and their sources. In order to make up for this
deficiency, this study measures the Dagum Gini coefficient, which reflects the disparity, and performs
a decomposition analysis. Firstly, Figure 4 shows the
evolution of the overall and intraregional Gini coefficient. The overall Gini coefficient showed a trend
of first slow decline followed by a sharp increase.
Specifically, it slowly decreased from 0.277 in 2005
to 0.233 in 2013 and then increased with an average
annual growth rate of 11.93% to 0.406 in 2018. The

FIGURE 2
The changing trend in GLPE overall and across four regions

FIGURE 3
Spatial distribution of annual average GLPE of cities
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FIGURE 4
The changing trend of the overall and the intraregional Gini coefficient
Gini coefficient in each region was relatively similar
to the overall model. However, the northeast Gini coefficient continued to decline at an average annual
rate of 9.06% from 2007 to 2011 and was only 0.173
in 2011. After that, it showed a diametrically opposite evolution pattern, continuing to grow to 0.402 at
an average annual rate of 13.14%, which was about
1.6 times that of 2011. This indicates that the intraregional disparities in the northeastern region first narrowed significantly and then continued to widen.
Thirdly, in addition to intraregional disparities,
interregional disparities are also an important cause
of overall disparities. As shown in Figure 5, the interregional Gini showed a similar upward trend as

the intraregional Gini, with an overall average increase of 50.72%, which means that the differences
in urban GLPE between regions are increasing significantly. A regional perspective shows that, until
2013, the interregional Gini coefficients between the
eastern region and the central, western, and northeastern regions were larger, averaging 0.266, 0.293,
and 0.281, respectively, while the smallest interregional Gini coefficient was between the central and
northeastern regions, averaging 0.242. However, after 2013, the interregional disparities gradually converged over time.

FIGURE 5
The changing trend of the Interregional Gini coefficient
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FIGURE 6
The contribution ratio of each factor to the overall disparities of urban GLPE

Test
Mann-Whitney
KolmgorovSmirnov
KruskalWallis

TABLE 2
Statistical test among GLPE
Null hypothesis (H0)
Mean (GLPE considering CO2) = Mean (GLPE considering three
main GhGes)
Distribution (GLPE considering CO2) = Distribution (GLPE considering three main GhGes)
Mean (GLPE in eastern region) = ...= Mean (GLPE in northeastern
region)

Statistics
6656032.
50

P
0.00***

2.74

0.00***

89.83

0.00***

* p<0.1, ** p<0.05 , *** p<0.01.

first applied the DEA NDDF model, including undesirable outputs, to accurately measure the GLPE of
268 Chinese cities from 2005 to 2018. It then analyzed the spatiotemporal characteristics, including
evolutionary trend and spatial distribution characteristics. Secondly, this study quantitatively analyzed
the disparities and their decomposition in urban
GLPE across regions by using the Dagum Gini coefficient method. Based on the above analysis, the
main conclusions of this study are as follows:
Firstly, from an overall perspective, the average
urban GLPE from 2005 to 2018 was relatively low,
only 0.168. However, it showed a continuous and
stable upward trend. By 2018, the average urban
GLPE reached 0.294, which was more than double
that in 2005. The overall performance of urban
GLPE is poor, but it has improved significantly
based on decades of emphasis on green and low-carbon development.
Secondly, from a regional perspective, in terms
of evolutionary trend characteristics, the urban
GLPE of eastern and northeastern cities were higher,
with an average of 0.181 and 0.186, respectively, and
both showed a similar steady upward trend. In contrast, the urban GLPE of central cities was relatively
low, at 0.166 and exhibited a rising trend of volatility
and instability. The western region had the lowest urban GLPE, and it remained basically unchanged
from 2009 to 2016, which means that its green and

Finally, Figure 6 reflects the contribution of
different sources to the overall disparities. Specifically, the contribution of intraregional disparities to
the overall has barely changed, about 26%. The contribution of interregional disparities decreased from
2005 to 2009 and was only 7.87% at the lowest point.
Although its proportion increased from 2010 to
2016, it also did not exceed 50% at the highest. The
average contribution rate of trasvariation intensity
was as high as 55.89%, which indicates that it was
the main source of the overall disparities.
Robustness test. This study employs the
Mann-Whitney rank-sum test and KolmogorovSmirnov test to determine whether there is a significant difference between the two urban GLPE with
and without considering the undesirable outputs of
CH4 and N2O emissions. As shown in Table 2, the
null hypotheses were all rejected at the 5% level, indicating whether or not considering CH4 and N2O
would yield significantly different estimates. Therefore, it is necessary to consider all three major
GhGes when measuring urban GLPE.

CONCLUSIONS
This is the first known study of Chinese citylevel GLPE with additional consideration of the
three major GhGes (CO2, CH4 and N2O). This study
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low-carbon transformation and upgrading lack motivation. Each region has basically improved urban
GLPE, but there are differences in the evolutionary
trend and development level of urban GLPE.
Thirdly, from the perspective of urban GLPE
disparities and their sources. Overall, intraregional
and interregional disparities all demonstrated a trend
of first slight decrease and then continuous increase,
increasing by 46.81%, 48.88% and 50.72%, respectively during the study period. Both intraregional and
interregional disparities were higher in the eastern
region than in other regions before 2013. After that,
they gradually converged. The unbalanced and uncoordinated degree of urban GLPE has gradually
deepened. In terms of the source of difference, the
trasvariation intensity was the main source of the
overall disparities.
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ABSTRACT
The study area is located in the JiazhangsiXiaolongwan area of the Liaohe Basin. The Liaohe
Basin is located in the northeastern part of the North
China Platform and belongs to the Lower Liaohe Depression, a third-order structural unit of the North
China Platform. Exploration and development results in recent years show that the Dongying Formation is an important oil and gas exploration stratum with good oil and gas exploration prospects.
During the depositional period of the Dongying Formation, the paleo-geomorphic differences were obvious. In addition, the strike-slip effect of the TanLu fault and the formation uplift and deformation
caused the diversity and difference of sedimentary
facies types in this period. Therefore, the determination of sedimentary facies development types and
sedimentary systems of the Dongying Formation
needs to be solved urgently, and the prediction of the
distribution of sedimentary facies belts and reservoirs is of great significance, providing geological
significance for the selection of favorable facies
belts and exploration targets in the next step. Based
on the relevant theories and techniques of classical
sequence stratigraphy, the sequence stratigraphic
framework of the Dongying Formation in the study
area was established by comprehensive analysis of
seismic, geological, drilling and logging data, combined with the structural evolution characteristics of
the eastern sag. Based on single well facies and profile connected well facies of key wells, the sedimentary evolution characteristics of the study area were
studied within the sequence framework, and the distribution models of depositional systems in different
periods in the sequence stratigraphic framework
were described. The results showed that the Dongying Formation has the characteristics of multiple
provenances and multiple types of reservoirs. Overall, the depositional period of the Dongying Formation was characterized by water regression. From
SQ5, SQ6 to SQ7, the area of lakes shrank and the
area of rivers gradually increased.

INTRODUCTION
The eastern sag is the largest secondary tectonic
unit in the Liaohe Basin, and the eastern sag is a NWtrending narrow strip negative tectonic unit with obvious steep and gentle banks. The study area is composed of several tectonic units such as Jiazhangsi
Fault, Jiadong Fault, Jiedong Fault and Teng'ao Fault
[1-5]. During the Dongying Formation period, it was
a dextral strike-slip fault depression period. During
this period, the rifting activity strongly led to the uplift of the stratum, which caused the rise and fall of
the horizontal plane, making the sedimentary background complicated.
The eastern sag is rich in oil and gas resources,
and seven sets of oil and gas bearing formations have
been discovered in the Archean, Paleozoic, Middle
Es3, Upper Es3, Es2, Es1, and Dongying Formation.
The Dongying Formation is one of the main oil-bearing formations. However, due to the complex structural conditions, the selection and study of the target
layers in the study area are relatively imperfect.
Therefore, the sedimentary types and distribution of
the depositional systems of the Jiazhangsi-Xiaolongwan Dongying Formation are studied [6-12]. At the
same time, due to the complex and changeable structural conditions in the Dongying Formation, the evolution of sedimentary systems in the study area is
complex, and the delta sedimentary types are diverse. Therefore, it is the key content in the study of
sedimentary types and sedimentary system distribution to clearly control the factors that control the development of different types of deltas.
During the depositional period of the Dongying
Formation, due to the accelerated subduction of the
Pacific plate, a strong right-lateral strike-slip movement occurred in the Tan-Lu fault zone. After the
strong strike-slip movement of the faults controlling
the basin in the eastern sag, another strike-slip pullout occurred in this area, and the main faults were
active again and entered a period of re-sag. From the
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extensional nature of the Shasan period to the torsional nature of the Dongying period, the Jiazhangsi
fault was transformed into a reverse fault, and the
Jiadong fault was reversed [13-14]. Due to the strong
strike-slip movement of the main fault, different
structural parts were formed. In the tectonic stress
area, re-subsidence and subsidence are formed in the
pull-apart area, and a thrust inversion structure is
formed in the compression-torsion area. This is the
main feature of the tectonic evolution in this area
during the deposition of the Dongying Formation.
During this period, the shallow lake basin only remained in the southern section of the area, and gradually moved southward. The volcanic rocks are
mainly distributed in the southern part of this area,
mainly overflow basalt [15-18]. By the end of the
Dongying Formation, the rifting activities tended to
cease, and the Lower Tertiary was denuded and flattened.
The lithology of the Dongying Formation is
dominated by interbeds of gray-green, brown-red
mudstone and light gray, gray-white sandstone, feldspar sandstone, and glutenite. During the depositional period of Dongying Formation, the subsidence
and deposition center shifted to both ends of the sag,
and it was more obvious to the south. The northern
part is dominated by fluvial facies, and the lithology
is gray-green mudstone, gray-white sandstone, and
glutenite interbedded with unequal thickness [1920]. In the south, the Dongying Formation still existed in the early stage, where relatively pure dark
gray mudstone was deposited, and gradually transitioned into a river in the later stage. The Liaohe endemic ostracod fossils are the main ones, and gastropod fossils and Circococcus genus can be seen in the
southern part.
The overall depositional environment of the
Dongying Formation was affected by the overall uplift in the late Shahejie period, the climate was relatively dry, and the east third period was partially divided. Two isolated onshore alluvial fans and floodplain depositional areas developed in the Damintun
Sag and the northern part of the Eastern Sag. Most
of the remaining areas are mainly floodplain deposits. The southern part of the lacustrine basin was a
shallow lake environment, and a large range of delta
deposits was widely developed [4,21]. Meanwhile,
fan-delta facies developed in the short-axis direction
of the beach area in the western sag and the eastern
sag.
The second phase of the east is a subsidence period as a whole, the climate is dry in this period, the
Damintun sag and the eastern sag have been integrated into one, and the northern part of the lake basin is mainly a water alluvial fan and a floodplain
depositional area. The southern part of the lake basin
is still a shallow lake environment, and delta deposits
are still widely developed in the southern part of the
western sag, the southern part of the eastern sag and
the northern part of the central uplift [22-24]. Fan-
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delta facies in the short-axis direction are still developed in the beach-sea area of the Western Sag. However, in the Kuidong area of the eastern sag, delta
deposits in the short-axis direction are developed.
The first phase of the east is the overall return
period. In this period, the whole region was uplifted
as a whole, the climate became humid, the evolution
of the lake basin was unified, and the sedimentary
environment was basically the same, mainly alluvial
fan and floodplain deposition. The thickness of the
sand body also increased significantly.
The study on the sedimentary types and distribution of sedimentary facies belts of the Dongying
Formation in the central and southern parts of the
Eastern Sag can predict favorable facies belts and
provide certain guiding significance for the next step
of oil and gas exploration and development.

MATERIALS AND METHODS
Through the collection and arrangement of relevant literature and report materials in the research
area, combined with the previous research
knowledge, aiming at the main problems existing in
the current research area, the research contents are
determined [25-26]:
The sequence stratigraphic framework of the
Dongying Formation in the central and southern part
of the eastern sag was established. Based on seismic
data, logging data and lithology analysis, short-term
cycles were identified, and sequence frameworks
composed of fourth-order sequences were divided in
the study area. In the fourth-order sequence stratigraphic framework, based on the analysis of cores
and logging curves, the system tracts were identified,
and the sequence stratigraphic distribution characteristics of the Dongying Formation in the study area
were clarified.
Sedimentary facies characteristics and classification of sedimentary facies types of the Paleogene
Dongying Formation in the central and southern part
of the eastern sag. The seismic facies and logging facies of the Dongying Formation in the study area
were analyzed by seismic sedimentology and logging techniques. Through the analysis of logging parameters, the corresponding relationship between the
sedimentary facies and logging curves of the Dongying Formation in the study area was clarified. Combined with the sedimentary facies analysis of single
well and multi-well profiles, the vertical and horizontal distribution characteristics of sedimentary facies in the Dongying study area were determined.
Provenance analysis of the Dongying Formation in the central and southern part of the Eastern
Sag. The main provenance direction is found by analyzing the composition and heavy minerals of the
Dongying Formation clastic sandstone in the study
area. In this study, through parameter analysis and
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based on the sand-mud ratio, the seismic facies analysis, sedimentary facies well and single-well analysis diagrams were combined to draw a plane distribution map of sedimentary facies. According to the
sequence and sedimentary connected well profiles,
comprehensive analysis of single wells, single factor
plan and paleogeographic map, etc., the distribution
map of sedimentary systems in each fourth-order sequence framework of the Dongying Formation in the
study area is summarized.
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Corresponding to the seismic response interface of
T3, there are local overshoots and top overshoots.
The seismic facies are characterized by mediumhigh amplitude and poor continuity. The SP curve
above the interface is a tooth-like bell, which is a set
of upwardly thinning positive deposition cycles. The
SP curve and RT curve below the interface are relatively flat. The lower part of the interface is dominated by mudstone with thin layers of argillaceous
siltstone, and the upper part of the interface is a set
of sandstone and mudstone deposits, as shown in
Figure 1.

RESULTS
Sequence interface SB6. Part of the bottom
boundary of the sequence is a set of volcanic rocks
with stable distribution, and above the interface is
glutenite with thin layers of siltstone. The curve below the interface is characterized by fingers, and the
curve above the interface is relatively straight [2728]. The seismic feature is a symbolic strong reflection event axis, and the corresponding seismic section is 2-3 medium to strong phases, with high frequency, high amplitude, and good continuity, which
can be used for regional tracking and comparison.
The internal reflection structures are wedge-forward
and parallel-subparallel. It is in unconformity contact with the overlying strata and pseudo-conformity
with the underlying strata.

Sequence stratigraphic framework analysis.
According to the classical sequence stratigraphy theory, combined with the analysis of seismic, logging
and core data in the eastern Liaohe sag, the Dongying Formation is divided into one third-order sequence, and three fourth-order sequences are divided
into three fourth-order sequences from the third-order sequence, named SQ5, SQ6, SQ7 from bottom to
top.
Identification of the sequence interface. Sequence interface SB5. The sequence boundary SB5
roughly corresponds to the boundary between the
Dongying Formation and the Shahejie Formation.

FIGURE 1
SB5 Interface characteristics (Well Jia26).
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FIGURE 2
SB7 Interface characteristics (Well Yu26).
Sequence interface SB7. The lithology below
the sequence interface is mostly siltstone and mudstone interbeds, and the lithology above the interface
is mainly glutenite. The logging curve below the interface shows finger-like inrush, and the curve above
the interface is characterized by box type, bellshaped. Seismic reflection has 1-2 weak phases, high
frequency, low amplitude, relatively continuous. The
internal reflection structure is wedge-broom-shaped,
fore-product and sub-parallel, which is in unconformity contact with the overlying strata and pseudoconformity with the underlying strata contact, as
shown in Figure 2.

Jie13, the mfs interface shows the lacustrine mudstone with the largest gamma value and the smallest
resistivity in the logging curve, and the mfs interface
is lithologically located at the turning point of the upward thinning to upward thickening sequence. This
turning point is regarded as the location of the maximum flooding surface. On the logging curve, the ffs
interface appears as the position where the GR value
increases rapidly, and the apparent resistivity decreases rapidly for the first time. A set of glutenite is
below the ffs interface, and a set of mudstone is
above the interface. The interface is called coarse
and tapered transition surface, as shown in Figure 3.

Sequence interface SB8. The sequence boundary SB8 roughly corresponds to the boundary between the Dongying Formation and the overlying
Guantao Formation. It is in angular unconformity
contact with the overlying strata. The seismic reflection corresponds to the reflection T2 interface and
corresponds to 2-3 strong phase reflection axes. The
internal reflection structure is in a parallel state, and
continuous contrast tracking can be carried out in the
whole area. The thickness and resistivity of the
gravel layer above the interface are very different,
showing a wedge-shaped high resistivity, and the
shape of the spontaneous potential curve is a boxshaped negative anomaly. The lithology above the
interface is mainly glutenite, and the thickness of
glutenite below the interface becomes thinner, and
siltstone and silty mudstone appear.
Identification of system domain interfaces.
Through the identification of the initial lake flooding
surface and the largest lake flooding surface, and the
analysis of the overlapping pattern of the alignment
sequence group, the Dongying Formation can be divided into three system tracts, the low-stand system
tract, the translucent lake system tract, and the highstand system tract. In the SQ7 sequence of Well

Sedimentary facies analysis. According to the
analysis of various data combinations such as rock
type, sedimentary structure, sedimentary cycle,
lithoelectric assemblage and logging curve, it is believed that the Dongying Formation in the eastern
Liaohe sag mainly develops braided river sedimentary facies, delta sedimentary facies and lacustrine
sedimentary facies.
Braided river sedimentary facies. Riverbed
subfacies. Braided river channel: It is composed of
conglomerate supported by non-gradient matrix,
trough-shaped cross-bedding sandstone, etc. The
trough-shaped cross-bedding is developed, which
contains a lot of carbon debris. The sandstone particle size probability curve is composed of two-section
and multi-section. The jump is generally characterized, indicating that it is the product of the action of
near-source tractive flow, as shown in Figure 4.
Sand bar: It is mainly composed of lithic feldspar fine sandstone, siltstone, etc. It developed
trough-shaped cross-bedding, plate-shaped crossbedding, wavy cross-bedding, etc., containing a lot
of carbon cuttings and some plant leaves. The sandstone particle size probability accumulation curve is
generally composed of two stages.

10479

© by PSP

Volume 31– No. 10/2022 pages 10476-10484

Fresenius Environmental Bulletin

FIGURE 3
Lithology and logging characteristics of each system domain in SQ7 sequence of Well Jie 13.

FIGURE 4
Characteristics of sedimentary facies of braided river.
River bank sub-phase. Floodplain: It is composed of argillaceous siltstone and variegated siltstone, with small thickness and many plant fragments. Sometimes there are exposed signs, such as
the appearance of ancient soil, ancient weathering
crust, etc. Shallow lake behind the shore: the sediments are mostly fine-grained sandy or argillaceous
rocks. Layering has horizontal layering, low-angle
cross layering and so on. It has a small amount of
plant debris. Under appropriate climatic conditions,
swamps develop in shallow lake shores, and carbonaceous mudstone or coal seams appear.

fine silty sand or argillaceous sediments, which are
the product of repeated oscillation and superposition
of river channels. The delta front is dominated by argillaceous sediments, which contain multiple moderate to large-scale positive rhythm cycles, interspersed with a small amount of siltstone. On the logging curve, it is box-shaped and Christmas treeshaped, with small jagged serrations. There are
mainly estuarine bar microfacies and far sand bar microfacies, mainly medium-scale inverse rhythm deposits and small-scale medium- and fine-grained
positive rhythm deposits.

Characteristics of delta deposition. During
the depositional period of the target interval, the fluvial delta depositional system in this area was widely
distributed in the Dongying Formation, mainly developing predelta and delta front subfacies.

Pre-delta sub-facies. The pre-delta subfacies
is mainly developed with the pre-delta mud microfacies. The lithology is mainly mudstone with a small
amount of fine sandstone and siltstone, and the mudstone is brownish gray and dark gray. The logging
curve is generally flat and low in amplitude, transitioning to the mudstone baseline, with occasional
small zigzags, and it is in a transitional relationship
with the shallow lake argillaceous sediments laterally.

Delta front subfacies. The sediments of the
delta front in the study area are similar to those of
braided river sediments, with high content of gravel
and coarse sand, unstable sand bodies, mixed with
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in the Jiazhangsi sag and the axial area of the study
area in line with it, and its sedimentary pattern is
shown in Figure 6.
During the SQ6 period, the study area was
dominated by braided rivers - river deltas - lakes.
The area of the lake is further reduced, and the river
moves further along the axis in the Xiaolongwan
area, reaching the Yulou area, the Hongxing area and
the Golden Belt area. There are also small provenances in the area and the Jia 21 well area, and the
sedimentary pattern is shown in Figure 7.

Sedimentary characteristics of lacustrine facies. Shallow Lake sub-phase. The lacustrine facies
in the study area are rifted lakes, which are distributed in various depressions of the rifted basin, and
their tectonic activities are dominated by fault depressions. The cross-sections are graben-type with
steep sides or steep-sided and gentle Kei-shaped.
The lakeside subfacies and shallow lake subfacies
are mainly developed. The lakeside subfacies are located at the edge of the lake and are often affected
by the lake's ingress and retreat. Because it is a rifted
lake, the lakeside subfacies belt is very narrow. Its
sediments are mainly gray, dark gray mudstone and
gray sandstone, with limestone and occasionally thin
layers of calcareous mudstone and interlayers of siltstone. The overall characteristics of mudstone are
pure quality, deep color, large thickness, and high
structural maturity and composition maturity. The
sandstone mostly presents parallel bedding, sand
grain bedding and small and medium cross bedding.
The logging curves are generally low amplitude,
with small finger-like shapes mixed in. The spontaneous potential and resistivity logging curves of
shallow lake mudstone are both flat and low-amplitude shapes, as shown in Figure 5.

FIGURE 7
Distribution pattern of SQ6 sequence depositional system in Dongying Formation.

FIGURE 6
Distribution pattern of SQ5 sequence depositional system in Dongying Formation.
Establishment of deposition model. During
the SQ5 period, the study area was dominated by the
river delta-braided river-shore shallow lake sedimentary system. Affected by remote provenances,
braided river sedimentary systems developed in the
Xiaolongwan area in the axial direction of the study
area, while delta facies dominated the Hongxing area
and the Golden Belt area. There were also small
provenance inputs in the Dapingfang area and the vicinity of Well Ka-21. The lake facies is concentrated

FIGURE 8
Distribution pattern of SQ7 sequence depositional system in Dongying Formation.
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FIGURE 5
Characteristics of littoral and shallow lake subfacies.
During the SQ7 period, the study area was
dominated by braided rivers and river deltas, and the
lakes shrunk to the Jiazhangsi depression area. Most
of the study area is covered by river systems. The
rivers mainly come from the Xiaolongwan area in
the axial direction of the study area, extending to the
vicinity of Huang 96 and Huang 95 wells, and near
the Jiazhangsi fault. Affected by the axial provenance of the eastern sag, there is also a certain scale
of delta sand body input in the Red Star and Golden
Belt areas, as well as provenance injection in the
Dapingfang area and near Well Jia 21. The sedimentary model is shown in Figure 8.

remain. The sedimentary centers of SQ6 were located in the Hongxing area and the Jiazhangsi sag,
and gradually became thinner towards the Xiaolongwan area at the northern end. The area of the shallow
lake further shrinks toward the Jiazhangsi depression. The central and southern end of the SQ7 study
area is thicker and thinner toward the Xiaolongwan
area. The area of the lake has shrunk to a very small
area in the depression of Jiazhang Temple Sag.
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CONCLUSIONS
According to the parasequence, parasequence
group and seismic reflection configuration, the
Dongying Formation was divided into three fourthorder sequences. In the Dongying Formation, three
types of sedimentary facies, namely braided river,
delta and lake, are divided, including four sedimentary subfacies of delta plain, predelta, delta front, and
shallow lake.
In the study area, during the SQ5 depositional
period, the sedimentary system of river delta-braided
river-shore shallow lake was dominant. During the
SQ6 depositional period, the sedimentary facies in
the study area were mainly braided river-river deltalake. During the depositional period of SQ7, the sedimentary facies in the study area were mainly
braided river deltas and rivers.
The main provenance source of SQ5 during the
depositional period was the northeast direction. The
main sedimentary facies were braided rivers, deltas
and shallow lakes, and some sediments of fan deltas

REFERENCES
[1] Zhao, X., Lu, X., Cui, Z. (2012) Fine sequence
stratigraphy and exploration results in slope belt
of faulted basin. Earth Science Frontiers. 19(1),
10-19.
[2] Zhu, X., Deng, X., Liu, Z. (2013) Sedimentary
characteristics and model of shallow water
braided river delta in large depression lacustrine
basin: A case study of Yanchang Formation in
Longdong area, Ordos Basin. Earth Science
Frontiers. 20 (2), 19-28.
[3] Zhu, X., Zhong, D., Yuan, X. (2016) Sedimentary geology progress of Petroliferic basins in
China. Petroleum Exploration and Development. 43(5), 820-829.

10482

© by PSP

Volume 31– No. 10/2022 pages 10476-10484

[4] Yang, Y., Qiu, L., Jiang, Z. (2011) Sedimentary
model of beach bar in continental faulted lake
basin: A case study of the Upper member of the
Fourth Member of The Paleogene Shahejie Formation in Dongying Sag. Acta Petrolei Sinica.
32(3), 417-423.
[5] Yu, X., Li, S., Li, S. (2013) Structural-genetic
classification and mapping of delta sediments.
Acta Sedimentologica Sinica. 31(5), 782-797.
[6] Wang, X., Jiang, Z., Yuan, S. (2016) Controlling effect of multistage slope break zone on oil
and gas trap in Bexi slope, Hailar Basin. Journal
of Geology of Chinese Universities. 22(2), 360267.
[7] Li, S., Song, X., Liu, Y. (2011) Sedimentary
models of shallow water braided river deltas in
temperate and progradational types. Journal of
Jilin University (Earth Science Edition). 41(3),
665-672.
[8] Lin, C., Pan, Y., Xiao, J. (2000) Important concepts of sequence analysis and oil and gas prediction in "tectonic slop-break zone" faulted basin. Journal of China University of Geosciences.
25(3), 260-266.
[9] Qi, J., Li, X., Yu, F. (2013) Cenozoic tectonic
deformation and tanlu fault zone in western
Liaohe Depression. Science China Earth Sciences. 43(8), 1324-1337.
[10] Bao, Z., Zhao, L., Wang, Y. (2009) Main controlling factors of reservoir sand body development in faulted lacustrine basin: A case study of
Paleogene in Western Liaohe Sag. Geoscience.
23(4), 676-682.
[11] Cao, Y., Jiang, Z., Xia, B. (2004) Characteristics
and controlling factors of T-R sequence in continental faulted lake basin: A case study of sequence stratigraphy of the third Member of
Paleogene Shahejie Formation in Dongying
Sag. Chinese Journal of Geology. 39(1), 111122.
[12] Cao, Y., Jiang, Z., Wang, L. (1996) Division of
sequence stratigraphic units and interface identification markers in continental faulted lacustrine basin. Journal of China University of Petroleum (Edition of Natural Science). 20(4), 15.
[13] Chen, B., Yang, L., Yu, X. (2012) Quantitative
analysis of hydrodynamic conditions and sand
body distribution scale in braided river deltas of
Sangonghe and Xishanyao Formations in the
southern Margin of Junggar Basin. Geology in
China. 39(5), 1290-1298.
[14] Deng, H., Gao, X., Zhao, N. (2010) Genetic
types, distribution and hydrocarbon accumulation characteristics of terriginal clastic beach
bars in the faulted lake basin of the northern Jiyang Depression. Journal of Palaeogeography.
12(6), 737-747.

Fresenius Environmental Bulletin

[15] Deng, H., Guo, J., Wang, R. (2008) structural
sequence stratigraphy analysis of continental
faulted basin. Earth Science Frontiers. 15(2), 17.
[16] Ren, Z., Li, L., Zhang, F. (2001) Sedimentary
facies of paleogene deep clastic reservoir in
Liaohe Basin. Journal of Palaeogeography. 3(4),
85-94.
[17] Wang, H., Liao, Y., Lu, Y. (2010) Sequence
composition of Cenozoic continental faulted basins in eastern China. Journal of Central South
University (Science and Technology). 41(1),
277-285.
[18] Wang, W., Jiang, Z., Cao, Y. (2003) Identification of sequence boundaries by logging curves.
Journal of Southwest Petroleum Institute. 25(3),
1-4.
[19] Wei, K., Xu, H. (1993) Sequence stratigraphy
model of typical dustpan faulted basins in North
China and its relationship with oil and gas occurrence. Journal of China University of Geosciences. 18(2), 139-149.
[20] Wu, S., Xiong, Q., Gong, Y. (1994) Steep slope
and gentle slope fan deltas and their petroleum
reservoir significance. Acta Petrolei Sinica.
15(suppl.), 52-59.
[21] Xian, B., Wang, Y., Zhou, T. (2007) Distribution and controlling factors of sand-gravel bodies in steep slope zone of faulted lacustrine basin: A case study of Chezhen Sag, Jiyang Depression, Bohai Bay Basin. Petroleum Exploration and Development. 34(4), 429-436.
[22] Xue, S., Luo, P., Yang, Y. (1997) Sedimentary
system and hydrocarbon distribution in Liaohe
Depression. Petroleum Exploration and Development. 24(4), 19-22.
[23] Vail, P., Mitchum, R. (1977) Todd R G Seismic
stratigraphy and global changes of sea level. In:
Payton C E, ed. Seismic stratigraphy-applications to hydrocarbon exploration. AAPG Memoir. (26), 49-212.
[24] Jiang, Z., Liang, S., Zhang, Y. (2014) Sedimentary hydrodynamic study of sand bodies in the
upper subsection of the 4th Member of the
Paleogene Shahejie Formation in the eastern
Dongying Depression. China. Petroleum Science. 11, 189-199.
[25] Huang, X., Zhang, Y., He, M., Li, X., Yang, W.,
Lu, J. (2022) Asphaltene precipitation and reservoir damage characteristics of CO2 flooding in
different microscopic structure types in tight
light oil reservoirs. Fuel. 312, 122943.
[26] Keith, S. (1994) Perspectives on the sequence
stratigraphy of continental strata. AAPG. 544568.
[27] Ji, D., Han, Y. (2008) On the relations between
structural evolution and oil and gas accumulation in the eastern sag of Liaohe Depression.
Journal of Oil and Gas Technology. 30(4), 10ͬ
15.

10483

© by PSP

Volume 31– No. 10/2022 pages 10476-10484

[28] Rui, Z., Lin, C., Du, J. (2019) Key sequence surfaces identification and its significance in the
exploration of lithologic reservoirs: A case of
Zhujiang Formation in Huizhou Depression.
Lithologic Reservoirs. 31(1), 96-105.

Received:
Accepted:

27.07.2022
18.08.2022

CORRESPONDING AUTHOR
Lixun Sun
Geological Technology Research Institute of
PetroChina Liaohe Oilfield Company Gas Storage
Co. Ltd,
Panjin 124010 – China
e-mail: 740335138@qq.com

10484

Fresenius Environmental Bulletin

© by PSP

Volume 31– No. 10/2022 pages 10485-10497

Fresenius Environmental Bulletin

RESEARCH AND APPLICATION OF FULL-SPACE
TRANSIENT ELECTROMAGNETIC RESPONSE IN
CONCEALED WATER SOURCE ENVIRONMENT
AFFECTED BY LOW RESISTIVITY SHIELDING
Changfang Guo1, Tingjiang Tan2,*, Xiang Wu3,4, Yiding Chen4, Tieyu Zhang5, Liuzhu Ma6
1

Artificial Intelligence Research Institute, China University of Mining and Technology, Xuzhou, 221116, China
2
School of Safety Engineering, China University of Mining and Technology, Xuzhou, 221116, China
3
School of Mines, China University of Mining and Technology, Xuzhou, 221116, China
4
Xuzhou Trident Information Technology Co., Ltd, Xuzhou, 221116, China
5
School of Information and Control Engineering, China University of Mining and Technology, Xuzhou, 221116, China
6
Xi'an Research Institute, China Coal Technology and Engineering Group Corp, Xi’an, 710000, China

ABSTRACT

INTRODUCTION

The massive mining of coal mines brings seriously damage to the water resources, resulting in
groundwater’s loss and leakage, and surface water’s
decline and pollution. Therefore, great significance
should be attached to the prediction and prevention
of water disaster in the mine production process. Endowed with sensitivity to low resistance, high accuracy in detection and efficiency in construction, transient electromagnetic method is widely used to detect abnormal water-bearing bodies in coal and rock
mass. However, its sensitivity gives rise to the
shielding effect of low resistivity layer, affecting its
detection accuracy in return. By establishing a threedimensional numerical model of low resistance
shield above the abnormal water-bearing body in
full-space, this paper researches and summarizes the
characteristics and rules of electromagnetic field response. Finally, the rules in numerical simulation are
verified in the actual field detection situation. Results show that low resistivity shielding will not only
affect the response of the abnormal water-bearing
bodies to the transient electromagnetic field, but also
slow the secondary field transmission and prolong
the diffusion time. Therefore, in the application of
mine transient electromagnetic, detour should be
made around the low resistance body or rock layer
near the roadway. When the low resistivity shielding
effect cannot be avoided, the observation time
should be extended to ensure the observed data are
more accurate.

The total amount of coal energy endowment in
China is large and the environment in which it is contained is also very complex [1-2]. Most mining environments of coal mines are inferior and various accidents often occur during coal mine production, all
of which seriously restrict the efficient and safe production of coal mines [3-5]. In addition, the massive
mining of coal mines can seriously damage water resources, resulting in the loss and leakage of groundwater, falling and polluted surface water. Therefore,
the prediction and prevention of water damage during mine production is still a top priority [6-8].
After the transient electromagnetic method was
proposed in 1937, its theoretical research was vigorously developed in the former Soviet Union, which
was once ahead of other countries [9-11]. In the
1950s and 1960s, the one-dimensional forward and
inverse of the transient electromagnetic method was
successfully realized. On this basis, the interpretation theory and field work method were established,
marking the practical stage of the transient electromagnetic [12]. Based on a large number of experimental studies and application with the transient
electromagnetic instrument, the transient electromagnetic detection technology into coal mine production was first introduced in 1998, laying the foundation for the development of mine transient electromagnetic exploration technology in China [13]. In
2001, Wang et al. [14] discussed and summarized the
working method of the transient electromagnetic application targeted at the special underground environment. Since then, the mine transient electromagnetic method has been widely used in coal water exploration [15-19].
However, the mine transient electromagnetic is
sensitive to the low resistivity body, when we need
to detect low-resistivity anomaly above the abnormal
water-bearing bodies, the response of the latter to
transient electromagnetic field will be greatly re-

KEYWORDS:
Full-space, low resistivity shielding effect, numerical simulation, mine water, concealed water source environment
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duced, leading to the inaccurate depth detection results. It is regarded as low-resistivity shielding effect. Great attention should be paid to the effect of
low resistivity layer on the transient electromagnetic
exploration because it can result in the misjudgment
of the fault and trap column. Only with correct identification and interpretation of structures such as trap
column, determining their occurrence and nature,
and avoiding the traps in structural interpretation,
can a reliable geological basis be provided for mine
design optimization, and mining areas and working
faces be reasonably arranged. They are of great significance in reducing the waste in shaft works, improving resource recovery rate and ensuring safe
production. Numerous scholars at home and abroad
has been engaged in the low resistivity shielding effect research. Shi et al. [20] analyzed the response
characteristics and shielding effect of low-resistivity
body or layer to the field in surface or water exploration for the center loop unit, which was most applied in the middle and deep depth exploration then.
He revealed the aggregation effect of low-resistivity
anomalous body on induced eddy current, the deceleration and delay effect of low-resistivity layer on
field diffusion, and analyzed the shielding effect of
low-resistivity layer on the field from the energy perspective. Through the study on transient electromagnetic exploration construction techniques and data
interpretation, Hou et al. [21] concluded that a device
with high transmitting power and suitable loop size
should be selected to improve the detection accuracy, which can be combined with the proposed MT
inversion technique to highlight anomalies. Li et al.
[22] demonstrated through numerical simulations
that low-resistivity layer has a delaying effect on
transient electromagnetic signals and proposed an inversion algorithm that can be used to invert transient
electromagnetism with a low resistivity layer. Gong
et al. [23] used the normalized secondary potential
difference method to reduce the effect produced by
the low-resistivity, which was validated in the application. In summary, although the existing literature
has studied the problem of low resistivity shielding
effect, few of them targeted at the full-space conditions and the transient electromagnetism in underground [4,24-25]. Moreover, most of the research
concentrates on one or two dimensional orthorectification. Although it proves the great influence of the
low resistivity layer shielding on the detection of
transient electromagnetic in complex coal mine geological environment, effective solutions are still
lacked.

Fresenius Environmental Bulletin

This research will fill this gap by proposing
some effective solutions. Particularly, the effect of
low resistivity shielding on water-bearing anomalies
in underground transient electromagnetic exploration will be investigated, and the transient electromagnetic response characteristics will be studied by
using COMSOL software to simulate low resistivity
shielding above water-bearing anomalies under full
space conditions. As a result, this research will provide guidance for the application of the transient
electromagnetic method in mines and reduce the adverse effects of low resistivity shielding on the transient electromagnetic detection.

MATERIALS AND METHODS
Equations of Time-Domain EM Field. For
the transient EM method of a multi-turn small loop
in a mine, the EM field frequency is very low and the
displacement current is negligible, in which case the
time domain Maxwell’s equations for the transient
EM field can be expressed as [24]:

 u e r, t

§ wh r, t wJ ms r, t ·
P r ¨

¸
w
wt ¹
t
©
(1)

 u h r, t

V r e r, t

  h r, t

0

  e r, t

0

(2)
(3)

(4)
Where h(r, t) and e(r, t) are the magnetic field
strength vector and electric field strength vector at a
position r in the full space at the moment t, respectively,

V r

medium at r,

is the electrical conductivity of the

P r

is the magnetic permeability of

the medium at r. the vacuum magnetic permeability
value generally take

P0 .

Spin the Equation (2) and substitute Equation
(1) in it, and then Equation (5) can be got:
Use the vector constancy Equation (6):
Equation (5) then becomes:

wh r, t
wJ ms r, t
 u  u h r, t  V r P0
V r
wt
wt
 u u h r, t  2h r, t     h r, t
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wh r, t
wJ ms r, t
 h r, t  V r P0
V r
wt
wt
2

(7)
and then their layer number and position relationships are changed to study the transient electromagnetic response characteristics. The response of transient electromagnetism is generally researched by
observing the magnetic field generated by the secondary field or the derivative of the magnetic field
with respect to time (induced electric potential).
Therefore, in this research, the response of waterbearing anomalies in mine transient electromagnetic
detection is studied by investigating the induced
magnetic flux through the receiving coil and the induced electromotive force at the center of the coil.
The magnetic flux density is obtained by the area
fraction and the induced electromotive force is obtained by the derivative of magnetic flux density
with respect to time.
A single-layer model is used as an example to
introduce the process of model construction. The full
spatial conditions are set to a sphere with a radius of
180m, and specific different laminar geoelectric
models are established inside. A circular coil with a
radius of 1m and a cross-sectional radius of 25mm is
placed at the center of the sphere. The coil emits a
square waveform with an emitting current of 2A.
The emitting return line are 60 turns and the receiving return line are 40 turns. A cylindrical rock layer
with a bottom radius of 20m, and a height of 10m is
set immediately below the coil, and a cylindrical air
layer with a bottom radius of 20m and a height of 2m
is set. The simulation time starts from 0s, and the
current starts to turn off at the moment of t = 0.4 ms,
and the turn-off time is 1 ms, and the simulation time
ends 5ms after the current turns off. The coil parameters are shown in Table 1. The schematic diagram
of the excitation square wave is shown in Figure 1.

Equation (7) is the magnetic field diffusion
equation. It is worth noting that the electromagnetic
field at the intersection of different electrical regions
needs to satisfy the conditions:

n u e1 r, t  e 2 r, t
°
°
°n d1 r, t  d 2 r, t
®
°n u h1 r, t  h 2 r, t
°
°̄n b1 r, t  b 2 r, t

0
0
0
0

(8)
Where n is the normal vector at the intersection
of the two medias,

d r,t

and

b r,t

0

are re-

spectively the electric displacement vector and the
magnetic induction vector at the position r in the full
space at the moment t.
The Process of Numerical Simulation. In the
forward response of the transient electromagnetic
method study, physical simulation is difficult to meet
the complex downhole mining conditions in real situations, and the received forward response signal is
easily disturbed by environmental factors. Therefore
this research uses numerical simulation to study the
transient electromagnetic response of water-bearing
anomalies affected by low resistivity layer shielding
under full space conditions.
In order to study the influence of the main influencing factor resistivity on the transient electromagnetic response, other factors such as time, temperature and pressure are simplified in the numerical
simulation setup of this paper. Both the low-resistivity shield and the water-bearing anomaly are designed as layer models with different resistivities,

FIGURE 1
A graph of the incentive square wave.
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Radius

Section
radius

Current

1m

25mm

2A
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TABLE 1
Table of coil parameters
Number of
Number of
transmitter
receiver loop
loop turns
turns
60 

40 

Turn-off
time

Turn-off
moment

Total
pulse duration

1ms

40ms

45ms

FIGURE 2
Schematic diagram of meshing.
In the finite element numerical simulation,
mesh dissection is a very important and difficult step
in the model pre-processing. Although the finer the
model dissection is, the more accurate the calculation results will be, but too fine a mesh dissection
will lead to a huge number of cell bodies, which will
increase the model calculation time and cost exponentially, and even lead to the model calculation failure to converge. In addition, in the forward simulation of the full-space transient electromagnetism in
the mine, because of the great vary of the size of the
coil and the geoelectric model, if the cell body of the
whole model adopts a uniform smaller size, it will
certainly produce a great waste. Therefore, in this paper, based on the principle that the small size geometry model is divided finer and the large size geometry model is divided coarser, a free triangular mesh
is formed on the cylindrical ground first, and then the
entire geometry model is swept into tetrahedral cells,
which not only ensures the calculation accuracy but
also greatly reduces the calculation time. As shown
in Figure 2, the complete mesh of the entire model
contains “105070” domain cells, 7576 boundary elements and 552 edge cells in a single layer model for
example. In time, we adopt the method of partial refinement of time step dissection, using a time step of
0.1 ms for the current shutdown process and the shutdown time, and 1 ms for the rest of the time step size,
which not only ensures the computational accuracy

Model type
D Model
G Model

ȡ1ȍ-m
0.5
0.1

but also greatly improves the computational efficiency.

RESULTS
Analysis of the Characteristics of Transient
Electromagnetic Response in the Mine of the
Two-layer Model. In order to observe and study the
diffusion law of induced electromagnetic field in the
subsurface when the water-bearing anomalies are affected by the low resistivity layer, models are constructed according to control variable method, respectively, with and without the low resistivity layer
above the water-bearing body. Therefore, on the basis of subsection 2.4, two models of D and G layers
are constructed respectively: the resistivity of the
ILUVWOD\HURIWKH'PRGHOLVȍ-m, the resistivity
RIWKHVHFRQGOD\HULVVHWWRȍ-m, and the thickness of the low-resistivity layer is set to 5 m. The D
model represents the case without low-resistivity
layer; the resistivity of the first layer of the G model
LVȍ-m, the resistivity of the second layer is set
WRȍ-m, and the thickness of the low-resistivity
layer is set to 5m, the G model represents the case
with low resistivity layer. The parameters of the laminar model are shown in Table 2.

TABLE 2
Two-layer model parameters
ȡ2ȍ-m
0.1
0.5

10488

h1/m
5
5

h2/m
5
5
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FIGURE 3
A comparison of the transient electromagnetic response characteristics of the D and G models.

FIGURE 4
A comparison of the induced electric potential curve of the D and G models.
Figure 3 shows the induction potential profiles
(XZ plane and YZ plane) monitored during the
downward propagation from the ground after the
current is turned off for the D and G models, and four
observation moments of t=41, t=41.5, t=43.4, and
t=45ms are selected for each model, respectively,
with the D model on the left and the G model on the
right, and Figure 4 shows the induction potential of
the D and G models curve comparison graph.
As shown in Figure 4, it can be observed intuitively that the overall electromagnetic field transmission law is the same for both models, and the induced
electromagnetic field undergoes a process of growth

and then disappears after switching off. By comparing the profiles of the induction electromotive force
of D and G models, it can be seen that the induction
electromagnetic field in the D model spreads from
the first layer to the second layer and then gradually
disappears; the larger value of the induction electromagnetic field in the G model exists only in the first
layer and then gradually decays. Subsequently, the
induction electromagnetic field appears in the second layer is smaller, indicating that the induction
electromagnetic field disappears after propagating to
the first layer in the G model, and only a small
amount of secondary field arrives at the second
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OD\HUUHVLVWLYLW\RI PRGHO $LVVHWWRȍ-m. The
third layer resistivity of model A is set to 1.0 ȍ-m.
7KHILUVWOD\HUUHVLVWLYLW\RIPRGHO+LVVHWWRȍm. The second layer resistivity of model H is set to
ȍ-m. The third layer resistivity of model H is set
WRȍ-m. The first layer resistivity of model K is
VHWWRȍ-m. The second layer resistivity of model
. LV VHW WR  ȍ-m. The third layer resistivity of
PRGHO . LV VHW WR  ȍ-m. The thickness of each
model layer is set to 5 m. Positive simulation parameters: the current size inside the transmitting coil is
2A, and the transmitting and receiving coils are overlapping circular return lines with a radius of 1 m.
Layer model parameters.
Figure 5 shows the flux density profiles (XZ
plane and YZ plane) monitored during the downward propagation from the surface after the current
is turned off for the Q and A models. 6 observation
moments of t=41.48 ms, t=41.5 ms, t=41.85 ms,
t=43.45 ms, t=43.84 ms and 43.9 ms are selected for
each model. The Q model is on the left and the A
model is on the right.
By observing Figure 5, it is obvious to observe
the process of electromagnetic field propagation in
model Q. Firstly, it spreads from the surface layer to
the first layer with the largest resistivity like smoke
ring, then to the middle layer with the second largest
resistivity, and then to the third layer with the smallest resistivity. However, the maximum induced electromotive force in the third layer is smaller than that
in both of the first two layers, and finally the induced
electromagnetic field inside the model disappears
over time. The magnetic flux density diagram of
model A at different moments demonstrates that the
electromagnetic field is mainly concentrated in the
first layer of the model, and only a small amount of
electromagnetic field can be observed to propagate
into the second layer, which disappears directly into
thin air as time passes. By observing Figure 6 and
comparing the decay curves of the induced electromotive force in Q and A models, it can be found that
the A model curve is flatter than the Q model curve,
which indicates the decay rate of the induced electromotive force in the A model is faster than that in
the Q model, and the diffusion time of the induced
electromagnetic field in the A model is longer than
that in the Q model. In summary, it results from the
fact that the process of electromagnetic field’s propagation from the upper surface of the model

layer. In addition, by observing the curve of the induced electromotive force, it can be found that the
curve of the G model is flatter than that of the D
model, indicating that the decay rate of the induced
electromotive force in the D model is faster than that
in the G model, and the diffusion time of the induced
electromagnetic field in the G model is longer than
that in the D model. According to Faraday’s induction law, the better the conductivity of the model is,
the larger the eddy current generated inside the
model is when the magnetic field changes, and the
stronger the ability is to impede the decay of the
magnetic field. Therefore, whether the low-resistivity is in the first or second layer, it will always produce a stronger induced electromagnetic field where
the low-resistivity is located. Besides, the induction
EMF diffusion time of the model will be longer
when the low resistance layer is closer to the coil.
The phenomenon is the so-called low resistivity
shielding effect. When there is a low resistivity
shielding layer above the water-bearing anomaly, the
overlying low resistivity layer not only reduces the
propagation speed and prolongs the diffusion time of
the secondary field, but it also acts as a shield to the
water-bearing anomaly, greatly reducing detection
accuracy. However, when there is a low-resistivity
shielding layer above, there may be anomalies with
lower resistivity beneath it, and it is still a question
whether the shielding effect of the low-resistivity
layer will affect the anomalies with lower resistivity.
Then a three-layer model is built to investigate the
transient electromagnetic response characteristics
for a more general scenario.
Analysis of the Characteristics of Transient
Electromagnetic Response in the Mine of the
Three-layer Model. The real geological environment is more complex, as a result it is far from
enough to analyze only the two-layer model. In order
to study the influence of the shielding effect of the
low-resistivity layer under more general conditions,
it is necessary to construct models with more layers
and observe their response characteristics. In this
section, four three-layer models Q, A, H and K are
constructed (Table 3). The first layer resistivity of
PRGHO4LVVHWWRȍ-m. The second layer resistivity RIPRGHO4LVVHWWRȍ-m. The third layer reVLVWLYLW\RIPRGHO4LVVHWWRȍ-m. The first layer
UHVLVWLYLW\RIPRGHO$LVVHWWRȍ-m. The second

TABLE 3
Three-layer model parameters
Model type
Model Q
Model A
Model H
Model K

ȡ1ȍm
1
0.1
0.5
0.1

ȡ2ȍ-m

ȡ3ȍ-m

h1/m

h2/m

h3/m

0.5
0.5
0.1
0.5

0.1
1
0.5
0.1

5
5
5
5

5
5
5
5

5
5
5
5
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˄a˅t=41.48ms

˄b˅t=41.48ms

˄c˅t=41.5ms

˄d˅t=41.5ms

˄e˅t=41.85ms

˄f˅t=41.85ms

˄g˅t=43.45ms

˄h˅t=43.45ms
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ʤiʥt=43.84ms
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ʤjʥt=43.84ms

ʤkʥt=43.9ms

ʤlʥt=43.9ms
FIGURE 5
A comparison of the transient electromagnetic response characteristics of The Q and A models.

FIGURE 6
A comparison of the induced electric potential curve of the Q and A models.
down inside the model is accompanied by heat
consumption. Therefore, the better the conductivity
of the model, the longer the duration of heat
consumption and the more energy consumed.
Figure 7 shows the induction electromotive
force profiles (XZ and YZ planes) monitored in the

downward propagation process from the ground after the current is turned off in the H and K models,
with six observation moments t=41.48 ms, t=41.5
ms, t=42 ms, t=42.5 ms, t=43.7 ms and t=43.9 ms
being selected for each model. The H model is on the
left and the K model is on the right.
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ʤaʥt=41.48ms

ʤbʥt=41.48ms

ʤcʥt=41.5ms

ʤdʥt=41.5ms

ʤeʥt=42ms

ʤfʥt=42ms

ʤgʥt=42.5ms

ʤhʥt=42.5ms
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ʤiʥt=43.7ms

ʤjʥt=43.7ms

ʤkʥt=43.9ms

ʤlʥt=43.9ms

FIGURE 7
A comparison of the transient electromagnetic response characteristics of the H and K models.
In Figure 7, the magnetic flux density plots of
H and K models at different moments are compared.
The induced electromagnetic field in the H model
propagates from the first layer to the second layer
and disappears into nothing as time goes by; the
change law of electromagnetic field inside the K

model is basically the same as that in the A model,
even the resistivity of the third layer in the K model
is very small, and the induced electromagnetic field
is also affected by the low resistivity shielding effect,
which is concentrated in the first layer and then disappears completely (Figure 8).

FIGURE 8
A comparison of the induced electric potential curve of the H and K models.
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FIGURE 9
A comparison of the induced electric potential curve of the H and K models.
Figure 9 depicts the decay of the induced electromotive force for the Q, A, H, and K models. By
comparison, the curves of the A and K models are
the smoothest, followed by the H curve, and the Q
curve is the steepest, indicating that the A and K
models have the slowest propagation and decay of
the induced electromagnetic field, followed by the H
and Q models. In addition, although the third layer
resistivities of A-type and K-W\SHPRGHOVDUHȍ-m
DQGȍ-m, respectively, with large differences in
the model parameters, their induction electromotive
force decay curves almost coincide, which indicates
that their transient electromagnetic response characteristics are very close. It demonstrates the adverse
effects of the shielding of the low resistance layer.
Even if the resistivity of the third layer is small
enough, the transient electromagnetic response is not
easily influenced by the third layer model. Therefore, when applying mine transient electromagnetic
method, low resistivity body or rock layer near the
roadway should be avoided. And when the low resistivity shielding effect cannot be avoided, data collection time should be extended to mitigate the negative
effect.

The response rule obtained in this research has
guided the construction and data processing in a
mine transient electromagnetic advanced exploration in Erdos, and two water bearing abnormal areas
in front of the roadway has been detected successfully. Geological environment is more complex than
the theoretical model.
In the future, the numerical simulation could include more situations. For example, the water bearing abnormal body can be located in front of the
roadway or above the roof. In this situation, the coil
is supposed to be arranged behind and in front of the
water bearing anomalies. Besides, the angle between
the normal direction of the coil and the anomaly can
also be changed to observe their transient electromagnetic response characteristics separately, allowing researchers to further investigate the impact of
low resistivity layer shielding on mine transient electromagnetic detection.
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CONCLUSIONS
Targeting at low resistivity layer shielding in
mine transient electromagnetic detection, this research establishes the geological model of different
layers under the full space condition by using the numerical simulation software COMSOL, analyzes the
characteristics of transient electromagnetic response
when it is affected by low resistivity shielding, and
studies the influence of the effect on transient
method.
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NOTICE

RESEARCH ON INTERNAL GEO-ECONOMIC
RELATIONSHIP BASED ON COMPUTER FRACTAL MODEL
IN LARGE-SCALE URBAN AGGLOMERATION
ENVIRONMENT
Lingwei Chen*
Department of Resource & Management, Tangshan Normal University, Tangshan Hebei 063000, China

close socio-economic ties within a certain range,
thus forming the sharing of resources, environment
and infrastructure, and closely related industrial activities, Urban functional areas with integration tendency [1-2]. The geo economic relationship has a
certain level, which can not only reflect the mutual
relationship between the countries or regional economic groups of world significance, but also reflect
the geo economic relationship between domestic
provinces or cities [3]. Theoretically speaking, in the
process of the research on the economic relations between cities, we mainly rely on the theory of spatial
interaction and the direction of the main economic
relations [4]. As China is rich in land and materials,
different urban agglomerations are located in different geographical environment and economic development conditions. Therefore, this paper innovatively analyzes the impact of various outputs on the
environment in the process of China's economic development from the perspective of large-scale urban
agglomerations environment. Using computer fractal model, the input variables selected are employment and GDP per unit energy consumption. The
output variables are the expected output of urban
GDP, the unexpected output of industrial wastewater
discharge, the annual average concentration of inhalable fine particles and industrial smoke and dust discharge. At the same time, the fixed assets as a period
variable to explore its impact on the economy and
environment. The purpose of this paper is to provide
decision-making basis for different cities to determine the development direction and industry selection under the environment of large-scale urban agglomeration.
From the perspective of domestic and foreign
research, the concept of geo-economic relations
originated from geo-economics and is considered to
be one of the main contents of geo-economics research. At present, domestic and foreign scholars basically still use traditional qualitative analysis methods for the research of geo-economic relations, and
there is a lack of quantitative research. However, domestic scholars only used foreign achievements for
the connotation of geo-economic relations, and
failed to apply the classic regional economic theories

ABSTRACT
With the in-depth development of globalization, competition and cooperation have become the
basic norms and modes of state behavior in the current international society, and economic interdependence and mutual competition among countries
have become the "stabilizers" of national political relations. Marginal economy is based on the study of
regional units which are adjacent and spatially connected, and discusses the transmission mechanism of
geographical location, resource endowment, economic structure, political relations and other factors
to national economic relations. Based on this, this
paper takes the internal geo-economic relations under the environment of large-scale urban agglomeration as the breakthrough point, and constructs the
computer fractal model of internal geo-economic relations under the environment of large-scale urban
agglomeration by using the theories and methods of
urban geography, economic geography fractal theory
and other related disciplines. The results show that
the overall economic ties of different cities are weak,
the competition is strong and the matching relationship is not ideal under the environment of large-scale
urban agglomeration. Studying the geo-economic relationship between cities is helpful to clarify the
types of industrial cooperation between cities, thus
adjusting the industrial structure and realizing the
complementary industrial structure.

KEYWORDS:
Internal geo economic relations, large scale urban agglomeration environment, computer fractal model

INTRODUCTION
Urban agglomerations refer to the non-agricultural industrial activities and other functions of cities
that gather in cities and exert increasing influence on
the surrounding cities after the development of urban
scale and urban economy to a certain extent, so that
the surrounding cities and central cities can maintain
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to the study of geo-economic relations. The geoeconomics of literature [5] draws on the analytical paradigm of geopolitics, and absorbs the idea of conflict
theory to a certain extent, and believes that geoeconomics mainly understands and handles state relations from the perspective of economic relations. Literature [6] The category of geoeconomics has
largely deviated from the track of geopolitics and
conflict theory. Literature [7] believes that geoeconomics is an applied science that studies state behavior in a specific environment. Literature [8] understands geoeconomics as a discipline to study international competition issues, and points out that geoeconomics is actually economic geopolitics. Geoeconomics itself and its laws and mechanisms have become the paradigm of national political and legal organizations. National reform is of great significance.
The term "fractal" was first proposed in 1975
by the researcher of the Physics Department of the
IBM Research Center and the professor of the Department of Mathematics of Harvard University. Its
original meaning is "irregular fractional and fragmented" objects. In 1977, He published the first book
"Fractal, Morphology, Chance and Dimension",
which marked the official birth of fractal theory.
Five years later, he published the famous monograph
"Fractal Geometry in Nature". So far, fractal theory
can generally regard "fractal" as a state of aggregation of large and small fragments. It is a general term
for figures and structures without characteristic
lengths and phenomena [9].

tions, which makes the measurement of geo-economic relations quantitative. Document [11-12] uses
Euclidean distance method to measure the geo-economic relationship between regions, which is considered to be scientific and effective. Most scholars
after this use this measurement method, but according to the needs of the article, the indicators required
by the various attributes of the geo-economic relationship of scholars will be replaced appropriately.
With the globalization of economy and the age
of information, the influencing factors of geo-economy (including resources, capital, goods, information, manpower, technology, etc.) are more diversified. The indicators selected by the above scholars
ignore the response to information, manpower, capital and other factors. They only consider the population and economic scale, but do not consider the influence of per capita factors.
The research object of this paper is the internal
geo-economic relationship under the environment of
large-scale urban agglomeration. The geo-economic
relationship between Qingdao and other cities is
measured, and the index selected by scholars is
shown in Table 1.
In Table 1, the indicators of employees in secondary and tertiary industries and regional GDP, per
capita indicators of employees in secondary and tertiary industries in urban areas, investment in fixed
assets, actual utilization of foreign capital and total
wages of employees, freight volume indicators and
informatization penetration rate indicators are selected to optimize the geo-economic relationship indicators, so that the calculation can more scientifically reflect the impact of capital, manpower, materials and information flow on geo-economic relations.

MATERIALS AND METHODS
Construction of geo economic relationship
model. (1) Evaluation index selection. The purpose
of measuring geo-economic relations is to determine
whether regions are competitive or complementary.
At present, literature [10] has made creative contributions to the measurement of geo-economic rela-

Measure index

U
V
S

T
X
Y
Z
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(2) Standardization of raw data. Because the
dimensions of the selected indicators are different, it
will affect the measurement of geo-economic relations. Therefore, before measuring, it is necessary to
standardize each index, and the formula is [3, 13]:

TABLE 1
Measure index of geo-economic relationship
Describe
Gross industrial output value of a certain area/GDP of secondary and tertiary industries in this area
Total investment in fixed assets in a certain area/total employees in secondary and
tertiary industries in this area
Total wages of employees in a certain area/total employees in secondary and tertiary
industries in this area
The total amount of foreign capital actually used in a certain area in that year/the total
number of employees in the secondary and tertiary industries in that area
Total number of employees in the secondary industry in a certain area/total number
of employees in the secondary and tertiary industries in this area
Total number of information users in a certain area/total number of employees in secondary and tertiary industries in this area
Total road freight volume in a certain area/total freight volume in this area
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branches, and branches give birth to twigs. The more
each level grows, the more complex the road is. The
determination of branch dimension is defined by the
following formula by using the radius of gyration
method [18]:

(1)

X X
n

Fresenius Environmental Bulletin

2

N r v r Db

(2)

(3)

Here:

In formula (1) and formula (2), X is the average value of X series data; Lx is the standard de-

r

¦n k

N r

k 1

X series data; n is the number of cities.
U' ,V', S' ,T' ,Y' ,Z' is calculated in the same way
'
as X . after calculation, the standardized values of
the seven index values in the i th city are
U i' , Vi ' , Si' , Ti ' , X i' , Yi ' , Z i' respectively.

(4)
In the formula, r is the radius of gyration, and
if r is changed, the area can be divided into concentric bands (with equal width), the bands are numbered by k , and n(k) is the number of traffic net-

viation of

work branches in the k th concentric band.
If you take r 1,2, , then k 1,2, , r , it

Construction of relationship model between
highway traffic network and regional economic
development based on Fractal Theory. The causal
relationship between transportation and regional
economic development is very complex. From the
current theoretical research, there are mainly three
kinds of understandings about the relationship between them, which also constitute the guiding ideology for formulating the development strategy and
planning of regional transportation [14]. Obviously,
economic development and public infrastructure are
closely related [15]. Backward public infrastructure
is bound to be accompanied by a lower economic
level. Perfect transportation is a necessary condition
for realizing rational resource allocation, promoting
division of labor and specialization and cooperation.
Accelerating the construction of transportation infrastructure and vigorously developing the transportation industry have promoted economic development,
which is an important driving force for national economic growth. At the same time, the development of
national economy reacts to traffic construction.
Fractal theory is widely used in various fields,
and its application in road traffic mainly involves the
following three aspects [16-17]: 1) it is applied to the
study of regional traffic network layout; Applied to
the study of urban highway traffic network diffusion;
Research on control strategy applied to traffic flow
[14]. Most of the existing researches on road network evaluation and planning based on fractal theory
stand on road network construction in isolation, ignoring the research on the relationship between road
network fractal dimension and economic indicators.
2) This section attempts to demonstrate the correlation between fractal dimension of road network and
regional economic development, so as to provide
fundamental theoretical support for road network
planning and optimal layout based on fractal dimension.

can be seen that r specifies the upper limit of k ,
ܰ( )ݎis the number of road branches in a circle with
radius r , and its value changes with r . Coefficient
in formula (3) can be expressed by a , and there are
[4, 19]:

N r v ar Db
(5)
a is a constant coefficient, and power exponent ܦ is the fractal dimension. The larger the value
of ܦ is, the more complex the road network is, and
the higher the development degree of the road network is.
Fractal model of road scale and economic
output. In order to understand the adaptability of
highway construction scale and economic development in different cities under the environment of
large-scale urban agglomeration, or the coordination
of their development speed, the corresponding characteristics of regional highway scale and economic
output are analyzed by using the fractal model of
highway scale and economic output.
Firstly, a simplified dynamic system of highway scale and economic output based on the thought
of factor correlation is defined:

dxi dt

ai xi , dx j dt

ajxj

(6)
Where: ܽ , ܽ is the relative growth coefficient.
The allometric growth equation of the system can be
obtained from formula (6):

1 xi
u
xi dt

b

1 dx j
u
x j dt

(7)
In which: ܾ is allometric growth coefficient,

ܾ =  . After integral transformation, we can get:
ೕ

xi

݁

Branch dimension measurement algorithm.
The branch dimension measures the complexity of
the network, just like the trunk gives birth to

E j x bj

(8)
In which ߚ is proportional coefficient, ߚ =
and ܿ is integral constants; ܾis the scale factor,

,
that is, the allometric growth coefficient in formula
(7).
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Assuming that the dimension corresponding to
measure ݔ in the generalized space is ܦ , the geometric measure relation [20]:

RESULTS
Adaptability analysis of urban road scale
and economic output under the environment of
large-scale urban agglomeration. In this section,
the highway traffic networks of 17 prefecture-level
cities in Anhui Province, which are integrated into
the Yangtze River Delta Economic Circle, are taken
as the research objects, the fractal dimension of each
grade highway network is calculated by fractal technology, and the weight dimension model for measuring the comprehensive road network is constructed.
Measuring the fractal dimension of road network is not only to evaluate various indexes of road
network structure, but the ultimate goal is to find out
the problems in road network construction by comparing the information obtained from these fractal
data, thus providing guidance for road network planning and optimization. The problem of road network
layout structure can be found by horizontal comparison of fractal dimensions measured from spatial series and designated time points, but it is still unclear
for regional planners whether road construction
keeps up with the needs of economic development.
Taking 4km as the step, according to the scale
 ݎ: 4km, 8km, 12km, 16km, 20km, 24km, 28km,
32km, 36km and 40km, the corresponding ݈݃ݎ
value and ݈݃ ܰ ( )ݎare calculated, and the scatter diagram ݈݃ݎ െ ݈݃ ܰ ( )ݎis drawn. The regression analysis is done by the least square method, and all of
them pass the correlation coefficient test, which
shows that they have fractal properties. See Figure 1
for details. Table 2 shows the correlation between
fractal dimension and economic indicators

xi v x Dj i / D j

(9)
Comparing equation (8) with equation (9), we
can see that:

b

ai / a j
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Di / D j

(10)
Equation (10) is a dimensional equation about
the allometric growth of highway and economic system, and it can be considered that b has generalized
fractal dimension property. From the system point of
view, according to the law of allometric growth, if
b is too big or too small, it indicates that one of the
related elements tends to deteriorate, and thus the
system structure will lose diversity and stability. According to the elastic coefficient property of b ,
then:
When ܾ < 0, the relative growth rate of economic output y decreases with the expansion of
highway scale m ;
When 0 < ܾ < 1, the relative growth rate of
economic output y is less than the highway scale
m;
When ܾ = 1, the economic output y increases
at the same rate as the highway scale m ;
When ܾ > 1, the relative growth rate of economic output y is greater than the highway scale
m.

.

FIGURE 1
Standardized value of fractal dimension and comprehensive economic index of different highways.
TABLE 2
Correlation between fractal dimension and economic index
Hausdorff
Trunk value of
Hausdorff
trunk line
branch dimen- weight dimenRelativity
value
sion
sion value
First-class area
0.836
0.862
0.773
Comprehensive
Second-class area
0.771
0.745
0.658
economic index
First-class area
0.761
0.739
0.759
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Weight value
of branch dimension
0.568
0.724
0.560
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The prefecture-level cities whose economic development speed exceeds the scale of highways include Hefei, Wuhu, Huainan, Fuyang, Bengbu and
Lu 'an, among which Hefei has the fastest development speed. Hefei City, Wuhu City and Huainan
City belong to a better category from the comprehensive economic index, so it can be inferred that the
economic development of these three cities on the
basis of existing transportation facilities is indeed
better;
Tongling City, Chizhou City, Suzhou City,
Huaibei City are basically in line with the development speed of the two cities. Further scientific and
rational planning of transportation layout in these areas will promote the economic development of these
areas. Economic development lags behind the scale
of highways in Ma 'anshan, Anqing, Xuancheng,
Chuzhou, Chaohu, Huangshan and Bozhou. Therefore, the essence of its relationship is relatively backward; The weight dimension of Bozhou City ranks
behind in the whole province, that is to say, its highway scale and layout are not good, and it belongs to
the type that economic development lags behind
highway scale construction, which shows that the
economic development of Bozhou needs to be
strengthened urgently in absolute sense; Other cities
of Anqing, Xuancheng, Chuzhou, Chaohu and
Huangshan can see from various index analysis that
the highway construction keeps up and the economic
development needs to be improved.

(2) Evolution of total intensity of spatial economic ties in Central Plains urban agglomeration.
According to the data of non-agricultural population
and spatial distance between cities in Central Plains
urban agglomeration in 1990, 1995 ~ 2010 in China
Urban Statistical Yearbook 1991, China Urban Statistical Yearbook 1996 ~ 2011, the gravity matrix between nine cities in Central Plains urban agglomeration in 17 years is calculated by using formula (11).
The total gravity value between the nine cities
is obtained by summing the gravity of the nine cities,
and the result is shown in Figure 2.
Generally speaking, 2000 is an important turning point in the development of the total intensity of
spatial economic ties in Central Plains urban agglomerations. Before 2000, the spatial economic ties
in Central Plains cities were at a relatively low level,
which was the foundation period and the ready period. After 2000, their spatial economic ties entered
a high-speed development stage. From Figure 2, we
can see that the slope of the total intensity value line
of spatial economic links before 2000 is very small
and the change of slope is not obvious, but after
2000, the slope of the total intensity value line increases rapidly and the change of slope becomes
drastic.
Evolution of spatial economic ties between
cities in central plains urban agglomeration. Considering the data characteristics and objective reality
of gravity value in the past 17 years, the inter-city
gravity value is divided into three grades by the
method of grading the practice intensity value, which
are 300-500, 500-1000, 1000-2000 in turn from low
to high. If the gravity value is below 10, it will be
abandoned because the intensity of inter-city spatial
economic connection is too weak. The results are
shown in Figure 3 and Figure 4.

Analysis of the spatial economic relation of
Urban Agglomeration. (1) This section takes the
Central Plains urban agglomeration as an example,
and analyzes the evolution of the total intensity of
spatial economic ties and the evolution of spatial
economic ties with the help of the model established
in the third chapter.

Rij

PiVi u PjV j
Dij2
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Rij

PiVi u PjV j
Dij2

((11))

FIGURE 2
Evolution of total intensity of spatial economic ties between cities in Central Plains urban agglomeration.
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FIGURE 3
Intensity pattern of spatial economic ties between cities in central plains urban agglomeration in 2005.

FIGURE 4
Intensity pattern of spatial economic ties between cities in central plains urban agglomeration in 2010.
As shown in Figure 3, in the new Millennium,
the spatial economic connection network of Central
Plains urban agglomeration has been initially established, and the strengthening of its connection has
entered an explosive period, and both the logarithmic
value and the growth rate have been greatly improved. In recent years, the total intensity of spatial
economic ties in Zhengzhou has increased greatly,

but its growth rate has gone through a process of rising first and then falling. In the past six years, although the total connection intensity value of Luoyang has steadily increased, its growth rate is declining, and its proportion in the total spatial economic
connection intensity value of Central Plains urban
agglomeration is also decreasing. The most obvious
decline in growth rate in this period is Kaifeng City,
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and its growth rate and its proportion in the total antecedent value have dropped obviously.
As shown in Figure 4, the spatial economic network of Central Plains urban agglomeration has matured in 2010. This period has continued the momentum of rapid development of Central Plains urban agglomeration from 2000 to 2005, and the overall average growth rate is basically the same as that of the
previous period. Stable and rapid growth is the main
theme of this period. During this period, the total intensity of spatial economic ties in Zhengzhou increased rapidly, and the average annual growth rate
also increased slowly and steadily. During this period, Luohe, Jiyuan, Xuchang and Pingdingshan,
which were lower in the total intensity of spatial economic ties, developed rapidly, and their proportion
in the total intensity of spatial economic ties in Central Plains urban agglomeration increased. During
this period, Kaifeng City stopped the trend of declining the development speed of spatial economic ties,
and increased slightly.
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NOTICE

AUTOMATIC MONITORING METHOD OF HYDRAULIC
OIL TANK LEAKAGE OF INTEGRATED BULLDOZER
UNDER ENVIRONMENTAL POLLUTION
Lixin Gu*
Yellow River Conservancy Technical Institute, Mechanical Engineering Department, Henan, Kaifeng 475004, China

into two types according to driving mode, namely
crawler type and tire type [1]. It can be divided into
special purpose and general purpose according to its
use. The hydraulic oil tank is a container used to
store oil in the hydraulic system of the integrated
bulldozer to support the normal operation of the
bulldozer [2]. However, after being used for a period
of time, the hydraulic oil tank will be affected by the
impact and vibration generated during the operation
of the integrated bulldozer, the oil pipe will become
loose, the dynamic seal and hydraulic cylinder will
be worn, resulting in the leakage of the oil tank [3].
In addition, the high oil temperature and the
incompatibility of rubber seal with hydraulic
pressure are also important reasons for leakage. The
leakage of hydraulic oil tank will cause oil waste and
affect the operation safety of bulldozer. In addition,
it will also pollute the surrounding environment,
damage the ecological environment such as air and
soil, have a direct impact on plant growth and
drinking water, and reduce air quality. The pollution
to the environment is particularly serious. Therefore,
it is necessary to automatically monitor the leakage
of the hydraulic oil tank of the integrated bulldozer,
master the status of the hydraulic oil tank in time,
and avoid environmental pollution caused by
leakage [4]. Due to the operation characteristics of
the integrated bulldozer, the oil tank leakage
problem has a certain burst, and when the leakage
degree is small, it will increase the difficulty of realtime automatic monitoring of oil tank leakage.
Zhang et al. [5] and Xu et al. [6], in order to realize
the monitoring of oil tank leakage, the leakage
monitoring is completed respectively according to
wavelet analysis and depth confidence network.
These methods realize the real-time monitoring of
leakage by obtaining the eigenvalue and pressure
signal results of new leakage of hydraulic oil tank
respectively and they have the ability of leakage
monitoring. In case of leakage at the leakage point of
the hydraulic oil tank, the monitoring effect of these
methods is less real-time, and the monitoring can not
be completed in time at the initial stage of leakage.
Therefore, in order to avoid environmental pollution,
this paper studies the automatic leakage monitoring
method of the hydraulic oil tank of the integrated
bulldozer, obtains the real-time state data of the

ABSTRACT
To avoid environmental pollution caused by oil
tank leakage of integrated bulldozer, it is necessary
to realize automatic real-time monitoring of
hydraulic oil tank leakage during construction of
integrated bulldozer. Therefore, on the premise of
considering environmental pollution, the paper
proposed an automatic monitoring method of
hydraulic oil tank leakage of integrated bulldozer.
The real-time data of the hydraulic oil tank of the
integrated bulldozer is collected through the optical
fiber element, and the sequence data is processed and
input into the echo state network model. The model
initializes the full connection matrix and initial
vector through the data, updates the state vector of
the reserve pool layer, collects each vector and
training samples to form the state vector and the state
of the output matrix, solves the output weight matrix,
completes the model training, and determines the
leakage point of the hydraulic oil tank. The test
results show that this method can obtain the real-time
data of the hydraulic oil tank. Under the
determination of the optimal parameters, it can
accurately monitor the leakage times of the oil tank
under different working conditions without noise
interference. The monitoring can be completed in the
early stage of leakage, and a large amount of oil
leakage can be effectively avoided and can reduce
the pollution degree of oil tank leakage to the
ecological environment such as air and soil.

KEYWORDS:
Environmental pollution, integrated bulldozer, Hydraulic
oil tank, automatic leakage monitoring, status signal,
sequence data

INTRODUCTION
Integrated bulldozer is a kind of mechanical,
electrical and hydraulic engineering vehicle, which
can be used for excavation, transportation and other
engineering vehicles. It can complete land leveling,
mining and other operations under bad environment
and complex working conditions. It can be divided
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hydraulic oil tank of the integrated bulldozer through
the optical fiber element, processes the obtained
data, and completes the comprehensive real-time
monitoring of the oil tank state through the echo state
network to realize the leakage monitoring, to realize
accurate monitoring of leakage.

which is the reservoir. The equation of the model is
shown in Equation (3):
X n 1
f W inun  WXn  W back ny (3)

in

(1)
In Equation (1), the sequence data is
represented by xi and belongs to the sampled data;
Real numbers are expressed by R. y represents the
category label, which belongs to the signal acquired

1
1
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r ut u f

,
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,
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f out

e2 x  1
.
e2 x  1
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in
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R

N uK

,

and

; The output layer and the

W back

wijback  R N u L ; W represents the

W back

indirect weight, which belongs to between units in
the reserve pool layer; The storage pool layer and the

`

output unit are connected through

W out

wijout  R

Lu K  N  L

W out , and

.

The echo state characteristics of the model and
the normal operation of the model is correlated. W is
a mathematical characteristic used to determine the
echo state characteristics. In order to ensure the
global asymptotic stability of the model [11-13],
obtained by Equation (5) and Equation (6):

W1

[8-10], in which the

sequence data is represented by

ª¬u1 n ,..., uK n º¼

, and

In Equation (2): xi represents the data, which
belongs to the data obtained by sampling and is used
as the monitoring input data.
When the state of the hydraulic oil tank of the
integrated bulldozer is uncertain, it is necessary to
obtain the signals without marking features. The
quantity is k. It processes all the collected signals in
an
integrated
way
to
obtain
2

u n

T

reserve pool layer unit are connected through

(2)

1
u

ª¬ y1 n ,..., yL n º¼

W

which is

, y 1 , x1 2 , y 2 ,..., x1 m , y m

y n

,

The input unit and the storage pool layer unit

composed of collected signals. After processing it, a
new training set can be obtained and has marking
features, shown in Equation (2):

^x

ª¬ x1 n ,..., xN n º¼

are

represents the total number of categories. The

^ x, y` ,

T

x n

function, and its equation is tanh x

^1, 2,..., C` , among it, C

training set is represented by

back

respectively represents the activation function,
belonging to the reserve pool layer and the input
layer respectively. K, N and L all represent the
number of units, corresponding to input, internal
neurons and output respectively. In order to ensure
the nonlinear approximation function of the model,
the sigmiod function is selected as the activation

x1 , x2 ,..., xr  R rutu f

y

(4)

In equations, W , W , and W
represent
the full connection matrix without training. x(n), y(n)
and u(n) represent variables, corresponding to the
state of model, output and input of the model in turn.

Data of hydraulic oil tank. The real-time data
of hydraulic oil tank of integrated bulldozer is
collected by optical fiber element. The sampling
frequency is expressed in and the time frame
parameters are expressed by f ; The time frame is
represented by t, belonging to the time series vector
r and belonging to the signal obtained by dependent
monitoring [7]; In order to obtain the time series
vector, all the real-time data of the oil tank obtained
by the light element are combined to obtain:

by acquisition, and

f out W out xn  W inun

y n
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xu and there are no
W

marking features.
Hydraulic oil tank leakage monitoring based
on echo state network model. The echo state
network (ESN) is used to build the integrated
bulldozer hydraulic oil tank leakage monitoring
model, and the real-time leakage monitoring of the
hydraulic oil tank is completed by training the model
with the data obtained by sampling. The model
consists of three levels: input and reservoir, between

1

Omax

W0
(5)

§
¨
©

ª 1

DW1 , ¨ D  «

¬ Omax

º·
,1» ¸
¸
¼¹

(6)

According to Equation (5), the sparse matrix
W0 can be generated and standardized to form the
unit spectral radius, expressed by W1. The maximum
eigenvalue is expressed by Omax and belongs to W0;
The value of W1 is 1. The value of a is set

D  0,1

, according to Equation (6), the spectral radius of W
is a, which is less than 1. Based on this, the model
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can have echo state characteristics. On basis of this
characteristics, the model can complete the whole
learning process only by learning the output matrix
[14-15]. If the input, reserve pool layer and output
matrix of the model at time of n are
T

u n

ª¬u1 n ,..., uK n º¼

y n

ª¬ y1 n ,..., yL n º¼

u n
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ª x M0
«
«x M0 1
« 
«
¬« x M

S

,

matrix is composed of the collected training samples,

T

and

ª d M0
«
«d M 0  1
«

«
¬« d M

º
»
» . If the dimension of S
»
»
¼»

T u N  K , then T
dimension of D is T u L .

M  M 0  1 ; The

T

ª¬u1 n ,..., uK n º¼ respectively. If M

which is

D

is set to represent the number of sample pairs, the
input
and
output
samples
in

P i ,d i

º
»
» ; The state vector of the output
»
»
¼»

i 1, 2,..., M and P i , d i ,

and the dimensions of the two are K and L. The
training steps of the model are shown by four steps:

is

Model initialization. The initial state vector is
expressed by x(0). The initialization of the model is

Solve the output weight matrix W
.
Combined with Equation (4), the relationship
between the input and output of the model is
expressed by Equation (7):

divided into two parts: the initialization of

out

W in ,

W back , W and x(0). Since the first three are

(7)
The relationship between reserve pool layer
and is expressed by Equation (8):

P i ,d i

and

(8)

In combination with the characteristics of

in

f

sequence, the status of the reserve pool layer is
expressed by x(i) and updated according to Equation
(3). Each time the reserve pool layer is updated, its
status and model output correspond to

f out W out ª¬ x n ; u n º¼

y n

Update of state vector of reserve pool layer.
If the input quantity is M of

f out W out x n  W inu n  1

y n

randomly generated in the training process, and there
is no initial state in the reserve pool layer during the
initial training of the model [16], the initialization of
the model is zero.

out

, Equation (8) is simplified to obtain:

W out ª¬ x n ; u n º¼

y n

x n 1

W out

T

ST S

1

(9)

ST D

(10)
Based on these equations, the pseudo inverse

u n  1 respectively, and it is the next step.

out

method is adopted to get W , shown in Equation
(10) and simplified as Equation (11):

The current state and model output correspond to

x n and d n respectively. When n=0, the

S 1 D

W out

result of d(n) is 0 and is used as the output sample.
in
back
In combination with Equation (3), W , W
and
W are unchangeable in the process of model

T

(11)

Hydraulic oil tank leakage monitoring.
According to these training steps, the leakage point
of hydraulic oil tank can be determined, which is

learning; The weight matrix is put out after training
[17].

represented by

y > n  1@  R ; Monitoring is carried

out through the trained model of

Collection of each state vector. The initial
factors will affect the reserve pool layer during the
update process, which will affect the performance of
the model. In order to avoid this phenomenon, the
collection of each state vector of x(i) and u(i) sum of
the reserve pool layer starts from M0 and discards the
initial data before this step [18]. The collected
vectors form the state vector, which is

y > n  1@  R .

out

The W
obtained by the solution is
regularized and updated to meet the condition of

U W out  1

, among it,

U

represents the
out

calculated spectral radius, belonging to W
.
Based on regularization, the input and output are
solved as a whole [19-20], reducing the complexity
of the solution:

x >1@ , d >1@ ,..., x >Q @ , d >Q @
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In Equation (12), the sample value is expressed

and the continuous operation of the bulldozer, the oil
tank temperature is too high, and there are four
leakage points. The leakage is small, and there is no
trapezoidal drop, but the oil volume is significantly
reduced.

by d >1@ , belonging to x i ; Q represents the total
quantity, belonging to the sample point. The
obtained data of

Fresenius Environmental Bulletin

y > n  1@  R is used as the

original data set to train the model, expressed by
Equation (13):

x >t  m @

(13)

The time window is represented by m,
belonging to the leakage point signal of hydraulic oil
tank; Its setting can be completed according to the
monitoring accuracy requirements [21-22].
The time series form of reserve pool is solved
by calculation, which is

60
40

0

Qu N  N

d  R Q , shown in Equation (14)
ª xT >1@ , hT >1@ º
«
»

H «
d
»
T
T
« x > Q @ , h > Q @»
¬
¼ ˈ

80

20

h >1@ ,..., h >Q @ . If the

matrix H  R i r is formed by converting it in
a layered manner, the expected output of the model
is

Leak location
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ª d >1@ º
«
»
«  »
«¬ d >Q @»¼

Leakage under condition 1
Leakage under condition 2

FIGURE 1
Curve results of monitoring data.

(14)

In order to ensure monitoring effect of the
method proposed, it is necessary to determine the
optimal scale of the reserve pool layer, which is
described by the optimal number of neurons, to
count the training output signal results and actual
signal results under different numbers of neurons,
and compare them. The results are described in
Figure 2. Due to the limited space, the results show
only the test results of four kinds of neurons.
It can be seen from the test results in Figure 2
that with the continuous increase of the number of
neurons, the signal results of training output change
greatly. Among them, when the number of neurons
is 75, the signal results of training output are in the
best agreement with the actual signal results. Based
on this, the optimal size of reserve pool layer is
determined as 75 neurons and used in subsequent
experiments.
In the process of vector collection, this method
needs to discard some initial data to reduce the
impact of initial factors on the algorithm. Therefore,
it is necessary to determine the discard quantity of
initial data, use the minimum mean square error as
the measurement standard, and analyze the error
value of the monitoring result of the algorithm under
the change of the discard quantity of initial data. The
error calculation equation is expressed by Equation
(15):

The position of D in front of the matrix is the
transition position of state data, which is removed.
After processing, the expected output result of the
model is left.

RESULTS
The carter D7H integrated bulldozer produced
by a company operating on a construction site is
selected as an example. The bulldozer is crawler and
general-purpose. The hydraulic oil tank data coming
from 3 months operation are collected through the
optical fiber element as the test data. The text method
is to monitor its hydraulic oil tank in real time to test
the monitoring performance. The test is completed
by MATLAB software to generate the oil leakage
data curve of the integrated bulldozer under two
working conditions, which is described in Figure 1.
Working condition 1 is land leveling and working
condition 2 is ore rock accumulation.
It can be seen from the results in Figure 1 that
when there is no leakage, the oil volume shows a
steady and non fluctuating decreasing trend with the
operation of the bulldozer. There are some
differences in the results of leakage curves under the
two working conditions. In working condition 1,
vibration will occur during operation, resulting in
loose oil pipe connection and oil leakage of
bulldozer for 5 times, and the oil leakage is large, and
the oil decline curve presents trapezoidal change. In
working condition 2, due to the heavy accumulation

MSE

1
N

n

2

N
§
·
out
¦
¨ d n  ¦ wi xi n ¸ (15)
n 1©
i 1
¹

In Equation (15), N refers to the number of all
test samples.
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FIGURE 2
Test results of optimal scale of reserve pool layer.
Notes: (a) The number of neurons was 15, (b) The number of neurons was 45, (c) The number of neurons was 75, (d) The
number of neurons was 105.

According to Equation (15), test sample is
obtained under different number of samples and
discarding value of MSE by monitoring results of
different initial data numbers, which is described in
Figure 3.

10-6
0.6

Abandon 15

Abandon 45

Abandon 75

Abandon 105

minimum number of optimal discards is determined
to be 75 and used in subsequent experiments.
In order to test the monitoring performance of
this method further, the monitoring results of oil tank
leakage under two working conditions under
different white noise are described in Figure 4.

MSE value

0.5
0.4
0.3
0.2
0.1
0

0

100 200 300 400 500 600
Sample data size / piece
FIGURE 3
Test results of discarding initial data.

FIGURE 4
Monitoring results of oil tank leakage under two
working conditions.

It can be seen from the test results in Figure 3:
under the same number of samples, the MSE tends
to decline with the gradual increase of the number of
discarded samples. When the number of discarded

It can be seen from the test results in Figure 4
that this method can accurately identify the sequence
position of leakage in the signal data. The gradual
increase of noise has no impact on the monitoring
results. The number of oil tank leakage under two
working conditions can be fully monitored. The
results show that this method has good monitoring
performance and accurate monitoring effect,
Different levels of monitoring can be completed.

samples reaches 75, the MSE is lower than 0.2尸10. With the increase of the number of samples, the
MSE under different discarded quantities fluctuates
to varying degrees, but the MSE with 75 discarded
quantities has the lowest basis. When the discarded
quantity is 105, the difference of MSE under the
result with 75 discarded quantities is small.
Therefore, combined with this situation, the

6
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In order to intuitively reflect the application
effect of the method to complete the automatic
monitoring of the leakage of the bulldozer's
hydraulic oil tank, the bulldozer is selected to
perform the same two working conditions and the
same operation duration when the method is not used
for monitoring, and the leakage of the oil tank is
compared with the leakage of the oil tank monitored
by the method. The results are described in Figure 5.

25

Leakage / L

be emitted into the air and remain in the soil, which
will have a great impact on ecological environment,
and even when the leakage is large, the residues of
oil in the soil will penetrate into the water source and
pollute the water source. Based on this, in order to
reduce the oil tank leakage of integrated bulldozer,
an automatic monitoring method for hydraulic oil
tank leakage of integrated bulldozer is proposed in
this paper.
Based on the echo state network model, this
method completes the real-time automatic
monitoring of leakage.
After testing: the method proposed in this paper
can obtain the data of bulldozer hydraulic oil tank
under different working conditions. On the premise
of the optimal scale of the reserve pool layer of echo
state network model, this method can reliably
complete the real-time automatic monitoring of
hydraulic oil tank under noise conditions. Even if the
leakage is small, this method can still complete realtime monitoring in the early stage of leakage;
Using this method can effectively avoid oil
waste and economic loss, minimize the
environmental pollution caused by oil leakage in the
operation of integrated bulldozer, and protect the
ecological environment.
The next research direction is to combine the
operation control system with the method in this
paper. When the leakage occurs, the bulldozer
operation can be stopped automatically and the
leakage warning can be sent, so as to further shorten
the duration of the initial leakage and reduce the oil
leakage to a greater extent.
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monitoring
monitoring
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30 45 60
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FIGURE 5
Statistical results of leakage.
It can be seen from the test results in Figure 5,
when the automatic monitoring method is not
adopted, the staff can not monitor the state of the oil
tank in real time. Therefore, in the early stage of
leakage, the leakage can not be known in time, which
will lead to a large amount of oil leakage, especially
under condition 1. In addition to wasting oil and
economic losses, it has a great impact on the
ecological environment such as air and soil. After
monitoring with this method, the oil leakage of the
bulldozer under two working conditions is
significantly lower than that without monitoring.
The result is that after real-time monitoring of the
leakage, the monitoring results can be sent at the
beginning of the leakage, and the operator can timely
repair the leakage at the beginning of the leakage
according to the detection results. Therefore, It can
effectively avoid a large amount of oil leakage and
reduce the impact of oil tank leakage on the
ecological environment such as air and soil.
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NOTICE

STUDY ON THE DAMAGE RISK ASSESSMENT OF MINING
GEOLOGICAL AQUIFER BASED ON REMOTE SENSING
MONITORING METHOD
Xiaojing Wang*, Chenxi Tan, Xiaobin Wang
College of Geology and Environment, Xi'an University of Science and Technology, Xi'an Shaanxi 710054, China

sensing monitoring image information. According to
the damage situation, reasonable management strategy is put forward to reduce the risk of aquifer damage in this region.

ABSTRACT
The damage of aquifer seriously affects the
groundwater environment of mining. Therefore, the
risk assessment method of mining geological aquifer
damage based on remote sensing monitoring is studied to lay a foundation for aquifer management. The
relatively clear image information is obtained by using remote sensing monitoring techniques and the
damage risk of aquifer is analyzed at the same time.
The risk and images of remote sensing monitoring
are combined to establish damage evaluation index
system of mining geology aquifer, on this basis, the
improved fuzzy analytic hierarchy process is used to
construct damage risk evaluation model of mining
geological aquifer. The developed model is used to
determine the weight of evaluation index and divide
the risk grade of aquifer damage to realize the risk
assessment of aquifer damage. The case study of a
coal mine in North China shows that the final score
of the target layer is 1.87, indicating that the damage
risk of the geological aquifer is generally serious,
and the damage risk is consistent with the remote

KEYWORDS:
Mining, aquifer, remote sensing monitoring, damage risk,
improved fuzzy, analytic hierarchy process

INTRODUCTION
China is a large country of coal reserves and
coal consumption. China is rich in coal resources, as
shown in Figure 1. The provinces with high annual
coal production are mainly distributed in the north
and northwest of China, and the main provinces are
Xinjiang, Inner Mongolia, Shanxi, etc. The annual
output also ranks first in the world, but coal mining
is easy to have a great impact on the local environment, such as increasing carbon emissions, declining
air quality, water pollution and so on [1-2].

FIGURE 1
Distribution of coal resources.
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FIGURE 2
Proportion of carbon emissions of various resources in 2019
Figure 2 shows the proportion of carbon emissions of various resources in 2019. It can be seen
from Figure 2 that in 2019, the carbon emission of
coal industry accounts for 71%, that of oil industry
is only 15%, that of natural gas is 6%, and that of
industrial production is only 8%. Based on this, the
coal industry has the highest carbon emissions. In order to reduce carbon emissions and alleviate the
greenhouse effect, the industry should be rectified to
reduce carbon emissions. Coal mining not only increase carbon emissions, but also affect the surrounding environment. Since the end of the 20th century, China has recognized that coal mining has
caused great damage to the groundwater environment, and the treatment of underground aquifers is a
long-term and difficult work [3]. Due to frequent
coal mining in China, the damage of aquifer is more
serious. Existing cases show that the serious collapse
accident in the goaf area of a coal mine in Northwest
China is mainly due to the serious damage of the aquifer, which is caused by the lack of scientific excavation of the mine [4].
At the end of the 20th century, the surface water
area in the coal mine area gradually decreased and
the surface water source gradually dried up. These
phenomena were due to the destruction of the underground aquifer [5]. In view of these situations and
the harm caused by aquifer damage, many studies
have been made from the perspectives of underground aquifer structure, groundwater pollution and
underground ecological environment. However,
these studies are only carried out for the underground
space of coal mine, and do not carry out in-depth research in combination with the aboveground hydrogeological conditions of coal mine area, resulting in
one sidedness of the research results [6]. Remote
sensing monitoring technology is often used in geological survey and environmental pollution related
research. In addition to image acquisition, this technology also has strong data analysis ability and image automatic resolution adjustment ability [7], and
plays an important role in current geological, military and environmental protection undertakings [89].

Based on remote sensing monitoring, this paper
studies the damage of geological aquifer in mining,
evaluates its risk, and obtains the damage of aquifer
in a coal mine area in North China, so as to provide
reference for the protection and development of
groundwater sources in the future.

FIGURE 3
Flow chart of remote sensing information
acquisition.
MATERIALS AND METHODS
Image information acquisition based on remote sensing monitoring technology. Before evaluating the risk of mining geological aquifer damage,
it is necessary to use remote sensing monitoring
equipment to collect the geological environment of
the study area, the comprehensive bearing capacity
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of coal mining for aquifer damage and the whole geological environment [10]. In addition to the use of
remote sensing monitoring technology, this process
also requires field investigation and collection of soil
and water samples. The images of the study area are
obtained by using the UAV equipped with camera
equipment, with an average image resolution of 0.6
m. These images are preprocessed, integrated with
panchromatic data images and multispectral images,
adjusted color and corrected geometric errors. Combined with other image processing technologies, the
remote sensing images of the study area with high
resolution are finally obtained, and these images are
translated in the remote sensing platform. The whole
process flow is shown in Figure 3.
In order to carry out follow-up experiments,
soil and water samples in the study area are collected
for subsequent aquifer damage risk assessment.
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As can be seen from Figure 4, there are four
forms of aquifer damage. There is a correlation between the long-term damage of the aquifer and the
self recovery capacity of the aquifer [11]. If the self
recovery capacity of the aquifer is reduced, it will
comprehensively affect the whole aquifer structure
and environment. The destruction of the aquifer will
directly affect the groundwater in the coal mine area,
resulting in water shortage, and affect the overall development of the coal mine, and even lead to social
problems [12-13]. Coal mining will destroy the underground structure. The destruction of the aquifer
will increase the ecological vulnerability of the underground environment, lead to the deterioration of
the ecological environment, the death of plants and
the weakening of biodiversity. In serious cases, soil
pollution will occur and endanger human health. The
direct result of aquifer damage is the reduction of
groundwater level, reducing groundwater resources
and affecting the overall structure of groundwater
body [14].

Composition of aquifer damage risk. Aquifer
is an important part of the underground space of the
coal mine. Once the aquifer is damaged for some reasons, it will directly affect the overall environment
of the mining area, mainly including the decline of
groundwater level, the destruction of ecological environment and the impact on coal mining. In serious
cases, it will affect the economic development of the
whole mining area. In the process of coal mining, the
damage forms of aquifers in different mining stages
are shown in Figure 4.

Establishment of the damage evaluation system of mining geological aquifer. According to the
image information obtained by remote sensing monitoring technology and the analysis results of aquifer
damage risk composition, combined with the expert
evaluation method, the evaluation index system of
mining geological aquifer damage risk is constructed. The construction results are shown in Table
1.

FIGURE 4
Failure forms of aquifer in different mining stages.
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Target layer

Risk assessment index of mining geological aquifer damage A

W

0

TABLE 1
Index system construction results
Rule layer
Decision layer
Aquifer area B11
Coal mining capacity B12
Complexity of aquifer structure B13
Influence of coal mining on
Fracture height B14
aquifer structure B1
Possibility of fault activation B15
Possibility of aquifer damage B16
Influence of coal mining on
Coal pit drainage B21
water content of aquifer B2
Influence of coal mining on
Hydraulic pressure B31
aquifer water quality B3
Drainage influencing radius B41
Relationship between the lowest water level of aquifer
and the rebound water level of closed pit B42
Variation of groundwater
Aquifer thickness B43
flow field B4
Aquifer permeability B44
Complexity of geological conditions B45
Coal mining area B51
Groundwater quality B52
Groundwater pollution B5
Relative position of abandoned mine and aquifer B53
Wrong drilling B54
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After determining the evaluation index, it is
necessary to calculate the index of each weight. In
this paper, the improved fuzzy analytic hierarchy
process is used to calculate the index weight.

nu n

T

·
¸
¸
¸
¸
¹
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d j . The priority relationship matrix between the target layer and the criterion layer is established accordª1 0.34 0.27 0.18 0.29 º

«
»
ing to equation (1), « 2 1 0.34 0.28 0.19 » . The con«3 2
«
«4 3
«¬5 4

Determination of index weight based on improved fuzzy analytic hierarchy process. The improved fuzzy analytic hierarchy process uses three
scales to compare which index is more important between each two indexes, so as to realize judgment.
The improved fuzzy analytic hierarchy process uses
the fuzzy consistency judgment matrix, so the consistency test is no longer needed in the process of determining the weight, which reduces the complexity
of the algorithm and improves the accuracy of evaluation analysis [15].
(1) According to the index system structure in
Table 1, each two indexes are compared and the priority relationship matrix is constructed.

D = di j
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struction principle of judgment matrix between other
indicators is similar to that of the matrix. The following calculation takes the priority relationship matrix
between the target layer and the criterion layer as an
example.
(2) Calculation of matrix row sum.
n

rj

¦d

(2)

ij

j 1

Use mathematical transformation methods to
transform Equation (2) into Equation (3).

(1)

rij

ri  rj / 2n  0.8

(3)

The priority relation matrix is transformed into
fuzzy consistency judgment matrix.

0.5, z i z j
°
Where, d ij ®1.0, z i ! z j . z i and
°
¯ 0, z i  z j
z j describe the relative importance of di and

R

rij
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(3) The row merging method is used to calculate the sorting vector
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(4) The matrix R is transformed into a reciprocal matrix

E

eij

nu n

RESULTS AND DISCUSSIONS

.

Overview of the study area. The mining area
studied in this paper is located in a coal mine in
North China. This area has become an important coal
mining area since the 1930s. However, affected by
the historical background at that time, predatory
mining occurred in this area, the stratum structure
was damaged, and the aquifer also changed significantly. In the late 1960s, relevant departments resumed mining in this area, with an annual coal mine
output of about 100000 tons, proven coal mine storage of about 1.1 million tons, the overall area of the
mining area is about 2 square kilometers, and the
mining elevation range is 550-380 meters. The coal
mining method is the long arm mining method. The
underground mining mode is used, and the mining is
gradually pushed from the surface layer to the underground. The top of the seam presents a caving management mode. The mined out area formed in this
area is about 210000 square meters, and the average
thickness of minable coal seam is about 1.73 meters.
The study area is located in North China and
belongs to temperate continental monsoon climate.
The precipitation is concentrated in summer, with an
average annual precipitation of about 1024 mm. The
coal mine stratum belongs to Mesozoic Jurassic
coalfield, and the basement is Archean metamorphic
rock. The groundwater distribution shows the characteristics of voids and fissures. The average thickness of the aquifer is 25 m. The soil is mainly sandy
gravel soil and quaternary sand. The average water
inflow of a single well is 258 m3 per day. Figure 5
shows the schematic diagram of coal mine aquifer in
this area.

0

(5) The sorting vector W
is more accurate
through calculation, and the more accurate sorting
k

is obtained by using the eigenvalue
vector W
method. The initial value of the iteration is set as

V0

W

0

. The eigenvector is expressed as Vk 1

through iteration, and the infinite norm of eigenvector is calculated as PVk 1 Pf . The calculation accuracy is represented by using H . If the calculation accuracy is greater than PVk 1 Pf  PVk Pf , the max-
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After calculation, the index weight vector is expressed as Wi Vi 1 . At this time, the iteration can
be terminated [16]. The calculation accuracy and in0

itial iteration value are set as 0.0001 and V0 W
respectively, and the index weight is obtained after 7
iterations.
Risk assessment of mining geological aquifer
damage. The risk assessment of aquifer damage in
coal mining geological area studied in this paper is
mainly to obtain the strength of damage risk. This
paper uses professional evaluation basis, according
to the index weight determined above and detailed
evaluation content, uses mathematical model to
comprehensively evaluate the aquifer damage risk,
and judges the strength of aquifer damage risk in
mining geological areas according to the evaluation
results [17,18].

Analysis of evaluation results. According to
the analysis in this paper and the weight calculation
method, the weight of each index is obtained. The
calculation results are shown in Table 2.
According to the weight calculation results in
Table 2, the evaluation scores of each index and the
damage of each index after evaluation are obtained.
The results are shown in Table 3. From the evaluation results in Table 3, it can be deduced that the final
score of the target layer is 1.87. It can be seen that
the damage risk of mining geological aquifer in the
study area can be divided into general damage, the
damage level is low. By analyzing the scoring results, it can be seen that the serious pollution of the
mine aquifer studied in this paper is mainly caused
by the wrong drilling, the wrong relationship between the lowest water level of the aquifer and the
rebound water level of the closed pit, which further
provides data support for aquifer treatment.
The hydrogeological image of the study area is
collected by remote sensing equipment, as shown in
Figure 6.

n

Mi

¦ QW
i

i
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(7)

i 1

M i represents the comprehensive index value
of aquifer damage [19]. Wi and Qi represent the
weight and index score respectively [20].
According to the comprehensive index value of
aquifer damage, the damage level of aquifer is divided [21-22]: ᬅ Not serious: 0-1 points; ᬆ Generally serious: 1-2 points; ᬇ Moderate: 2-3 points;
ᬈ Relatively serious: 3-4 points; ᬉ Extremely serious: 4-5 points.
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FIGURE 5
Diagram of coal mine aquifer.

Target layer

TABLE 2
Weight calculation results
Rule layer

Influence of coal mining
on aquifer structure B1

Risk assessment
index of mining
geological aquifer
damage A

Influence of coal mining
on water content of aquifer B2
Influence of coal mining
on aquifer water quality
B3

Decision layer
Aquifer area B11
Coal mining capacity B12
Complexity of aquifer structure B13
Fracture height B14
Possibility of fault activation B15
Possibility of aquifer damage B16

0.15
0.15
0.25
0.17
0.15
0.13

0.23

Coal pit drainage B21

1

0.24

Hydraulic pressure B31

1

Drainage influencing radius B41
Relationship between the lowest water
level of aquifer and the rebound water
level of closed pit B42
Aquifer thickness B43
Aquifer permeability B44
Complexity of geological conditions B45
Coal mining area B51
Groundwater quality B52
Relative position of abandoned mine and
aquifer B53
Wrong drilling B54

0.25

0.23

Variation of groundwater
flow field B4

0.18

Groundwater pollution
B5

0.12

Corresponding to the damage hazard of aquifer,
the hydrogeological damage in remote sensing image is shown in Figure 7. It can be seen from Figure
7 that the hydrogeological changes and the damage
of water body shown in the remote sensing image of
the study area obtained by remote sensing monitoring correspond to and are consistent with the evaluation results, which further verifies the evaluation
accuracy of the method in this paper.

0.16
0.21
0.25
0.13
0.19
0.26
0.24
0.31

mining, for the main and auxiliary mines of the mining face, groundwater sources, adjacent coal seams
and mined out areas, waterproof safety coal pillars
with a certain height and width need to be set. The
specifications of the coal pillars are selected according to different regulations. At the same time, the
coal pillars can also avoid the problems of water
leakage and seepage caused by the disturbance of
groundwater or surface water caused by coal mining
to solve the aquifer damage caused by abnormal
changes in drainage and flow field from the root.
A large amount of wastewater will be produced
in the process of mining, which will cause serious
pollution to the aquifer. Therefore, the wastewater
discharge needs to be treated first in the process of

Aquifer damage control strategy. Through
the analysis, it is found that there is general damage
to the aquifer in the study area, which belongs to medium damage level, and measures need to be taken
to carry out aquifer protection. In the actual stage of
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mining to make the wastewater discharge level meet
the standard. When mining on the mine, the coal
mine itself is also polluted. The integration of coal
mine and water will pollute the water source, so it
will pollute the aquifer. In the face of this situation,
on the one hand, it is necessary to prevent coal mines
from polluting water sources and use effective antileakage measures. On the other hand, it is important
to use the polluted water recovery and recycling
technology to recover and treat the polluted water
source to prevent the polluted water from seeping
into the aquifer.
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In the process of mining geological activities, it
is necessary to pay attention to the changes of the
excavation face to prevent accidental damage to the
aquifer caused by improper operation. At the same
time, the relationship between the lowest water level
of the aquifer and the rebound water level of the
closed pit and the complexity of geological conditions also need to be concerned. The damage of the
aquiclude can be prevented by properly adjusting the
mining direction of the project and controlling the
mining area. In addition, the drainage and water
pressure should be concerned, and the aquifer and

TABLE 3
Evaluation score and evaluation results
Decision layer
Aquifer area B11
Coal mining capacity B12
Complexity of aquifer structure B13
Fracture height B14
Possibility of fault activation B15
Possibility of aquifer damage B16
Coal pit drainage B21
Hydraulic pressure B31
Drainage influencing radius B41
Relationship between the lowest water level of aquifer and the rebound water
level of closed pit B42
Aquifer thickness B43
Aquifer permeability B44
Complexity of geological conditions B45
Coal mining area B51
Groundwater quality B52
Relative position of abandoned mine and aquifer B53
Wrong drilling B54

FIGURE 6
Hydrogeological image of the study area.
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Results
0.24
1.35
3.49
0.64
0.72
3.94
2.47
0.14
3.26

Damage level
Not serious
Generally serious
Relatively serious
Not serious
Not serious
Relatively serious
Generally serious
Not serious
Relatively serious

3.94

Relatively serious

0.21
2.44
0.16
0.19
0.61
3.87
4.61

Not serious
Moderate
Not serious
Not serious
Not serious
Moderate
Extremely serious
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FIGURE 7
Hydrogeological pollution.
coal mining location should be adjusted. Drilling exploration technology shall be used in the floor fracture development zone, but misdrilling shall be
avoided in the drilling process. If the drilling is
wrong, the geological conditions will be damaged,
and in serious cases, the aquifer will be directly damaged, resulting in irreversible serious damage. The
drilling technology shall be used to explore the water
diversion law of the aquifer and plan the mining direction of the coal mine according to the law.
The underground space structure is complex,
and the actual stratum distribution cannot be obtained directly. In some areas, the water resisting
layer was thin, which has high vulnerability and is
easy to be damaged in the process of coal mining. In
this case, it is necessary to artificially strengthen the
aquifer. The usual reinforcement means is grouting
reinforcement, adjusting the concrete mix proportion, making up for the insufficient thickness of the
aquifer and reducing the probability of aquifer damage caused by coal mining. Coal mining is a complex
process. The underground space will form intersection areas, fault buffer zones and structural endpoints. These areas are vulnerable. In addition to using detection technology to strengthen monitoring in
the mining process, reinforcement can also be used
to improve the overall strength.
In this study, the more advanced remote sensing monitoring technology is used to monitor the hydrological changes in the mining area. According to
the remote sensing monitoring results, the pollution
changes of the underground aquifer are analyzed,

and the underground detection results are compared
with the collection and analysis results of water and
soil samples, so as to comprehensively obtain the
planning method for the damage control of the underground aquifer.

CONCLUSIONS
With the continuous increase of energy consumption in China, coal mining activities are more
and more frequent. High-intensity mining work
causes great disturbance to groundwater and aquifer.
Therefore, the damage risk assessment of geological
aquifer in mining based on remote sensing monitoring is studied.
Remote sensing monitoring technology and
hidden dangers of aquifer damage are used to jointly
build an evaluation system. Through fuzzy analytic
hierarchy process, there is no need for consistency
test, so as to realize the risk evaluation of geological
aquifer damage caused by mining and obtain the
evaluation results of aquifer damage caused by coal
mining, the evaluation results of groundwater flow
field and groundwater pollution on aquifer damage
risk.
Through the actual evaluation of a coal mine in
North China, it is found that the risk evaluation index
of mining geological aquifer damage is only 1.87.
The risk of mining geological aquifer damage in this
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area belongs to general damage. Appropriate methods can be taken to reverse the current damage and
obtain good treatment results.
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NOTICE

OPPORTUNITIES AND PROBLEMS OF APPLICATION OF
INDEX INSURANCE MODEL IN AZERBAIJAN
Maharram Huseynov*, Elchin Salahov, Tarana Bagirova,
Aynur Mammadova, Tarana Ismayilova
The Head of Department of Finance and Economic Theory, Azerbaijan State Agrarian University. Ganja, Azerbajan

and analyzed in detail in the scientific literature [1,
2] Insurance product with the oldest history is considered a traditional insurance model and an effective mechanism for risk management. The types of
traditional insurance models can be classified as follows: a) insurance against all risks, b) selected risks
and c) insurance against a specific risk. [3]
Insurance against all idiosyncratic risks (such
risks are specific to each enterprise and not related to
the risks of other enterprises) and systemic (catastrophic in nature and covers all or part of all farms
operating in a certain natural climate zone). This
scheme is also called multisurance in the literature.
Of course, insuring agricultural producers against all
existing risks can be considered the best option.
However, practice shows that insurance against such
risks is extremely expensive for farms. The high
rates of multinsurance make it inaccessible to households and are not economically viable. Multi-insurance is usually of interest to large farms with stable
or high financial conditions. Multi-insurance is more
common in North American countries, because in
these countries, large farms have a systematic advantage in agricultural production and, accordingly,
in the agricultural market.
Certain groups of idiosyncratic and systemic
risks are selected and offered in the form of packages,
like hail, storms, hurricanes, fires, plant diseases,
earthquakes, attacks by wild animals, etc. If an event
not included in the insurance package (for example,
a drought) occurs, the insured is not covered for loss
or damage. This is the most common type of traditional insurance in the world, and this type is also
used in Azerbaijan. [4]
Insurance against a specific risk. In this scheme,
it is proposed to select a risk from the risk group. For
example, hail, storm, hurricane, frost, earthquake,
etc. The decision to choose one of such risks is made
by the insured. In this scheme, if any risk is not selected and not confirmed in the insurance contract, it
is no longer considered an insured event and the
compensation is not paid. To be more precise, the insurer's choice is his personal problem. Only the insured is responsible for the inappropriate choice.
Along with the disadvantages of this scheme, it does
possess vast advantages too. Hence each producer
could choose the risk that is more likely to occur in

ABSTRACT
The level of catastrophic systemic risks in agriculture is primarily related to the country's geographical and climatic conditions. Hence, the first priority
for farmers operating in risk zones is to stabilize incomes through effective risk management in the production process. One of the most dangerous catastrophic risks is drought. The homogeneous and
long-lasting nature of the drought is one of the main
risks for farmers, especially those engaged in crop
production. The article examines the essence, working mechanism, advantages and disadvantages of the
weather model based on weather data, which is considered an innovative insurance product for drought
risk management. Nowadays, in a few countries
(USA, Canada, Brazil, India, Kazakhstan, etc.) index
insurance is considered as an alternative to the conventional insurance model. At the same time, it is believed that traditional insurance plays an important
role in overcoming several problems (anti-selection,
moral risk, etc.) that can not be solved. Based on the
study of the experience of countries applying the index insurance model, primarily Kazakhstan, it was
suggested that this product should be used to manage
the risk of drought in non-irrigated areas of Azerbaijan. The problems that may arise in the process of
implementation of the index insurance model to crop
production in non-irrigated arable lands of Azerbaijan were analyzed in detail.

KEYWORDS:
Traditional insurance, system risks, homogeneous and local risks, indexed insurance, weather and productivity index

INTRODUCTION
Nowadays, the implementation of the insurance
system and the diversification of the insurance market plays an important role in the effective management of risks of agricultural producers. Various insurance schemes are used to diversify the insurance
market. In most developed countries, insurance of
agricultural products and income is very widespread
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lasting. As a result of their negative impact, all agricultural producers operating in these regions are exposed to losses. Clearly, a strong correlation between
natural phenomena and productivity exists. In this
case, the index will accurately reflect the financial
losses of the insured. Thus, the correlation exits only
if the insured event is homogeneous (with the same
impact) over large areas, i.e. covering several areas
[11] and has a dominant "responsibility" for changes
in productivity.
What is the dominant "responsibility" of risks?
The point is that plants grown in large areas can be
affected by different risks, but their impact is different in terms of territory. For example, hail or storms
can often occur in certain areas of the region. But in
most cases, it is local. Although spring frosts and
droughts occur late, they will cause great damage to
overall productivity, covering not only the territory
of one region, but also several regions. Thus, the "responsibility" for the damage caused to productivity
by the dominant homogeneous risk is very high.
From this point of view, frost and drought are considered the dominant responsible risk and are of an
emergency nature. Thus, index insurance can be considered the most appropriate model of homogeneous
risk insurance. This is because in the event of homogeneous risks, the index will accurately correlate
with the object of insurance, and it will not be difficult for policyholders to understand its essence and
benefits.
Based on the above, we can draw a concrete
conclusion. Since there is no correlation between local natural events and productivity, the traditional insurance used to insure these risks insures the outcome of the event. The close correlation between homogeneous natural phenomena and productivity creates the need for indexed insurance of such risks. Because, unlike traditional insurance, index insurance
insures the cause of the event, not the outcome.

accordance with the geographical and climatic conditions of the area where they operate. Given that the
risk insurance rate is much lower than the one offered in the form of a package, this scheme can create a great revival in the insurance market. In addition, the scheme is more adequate to the principles
of the free market.
The main advantage of a traditional insurance
system is that it can manage both idiosyncratic and
systemic risks, regardless of coverage. However, the
challenges faced by traditional insurance pose certain obstacles to the rapid development of the insurance market. The biggest shortcomings of traditional
insurance as a risk management tool are the asymmetry of the information it creates, anti-selection,
high level of transaction costs, moral risks, logistics,
etc. problems such as. It should be noted that such a
lack of traditional insurance is not unique to Azerbaijan's agriculture. It can be said that not only developing but also developed countries face the same
problems in applying the traditional insurance model
to manage idiosyncratic and systemic risks. These
problems have been studied in detail in the scientific
literature. [5, 6, 7]

HOMOGENEOUS SYSTEM RISKS AND
THE NEED FOR
AN INDEXED INSURANCE MODEL
Recently some discussions in the scientific circles about index insurance, those considered a modern and innovative model of insurance of agricultural
products in order to solve shortcomings of the traditional insurance. [8; 9] The idea of insurance based
on the air index was first proposed by the American
scientist Halkrov in 1949. [10] This scheme was first
introduced in the United States and the United Kingdom in the 1990s. Many developing countries (Morocco, India, Mexico, Kazakhstan, etc.) are currently
implementing weather index-based pilot insurance
programs to protect farmers from drought or excessive rainfall. What is parametric or index insurance?
And on what principles is it applied? How is it different from traditional insurance?
Systemic risks associated with natural events
and having a catastrophic nature are of two types,
depending on the magnitude of the impact.
The first former is sudden and unpredictable
events (hail, earthquakes, hurricanes, etc.). Such
events usually occur in a certain area and are local.
Only farmers engaged in farming in those areas are
directly affected by local events. However, due to the
short lifespan of such events, there is no close relationship between a natural event and productivity,
and the traditional insurance scheme is used to insure
such events, as the index does not reflect any reality.
Second, in contrast to local risks, natural risks
that are considered homogeneous (eg, drought)
cover several areas at the same time and are long-

MATERIALS AND METHODS
In the index-based insurance model, the compensation for damage or loss is provided as a result
of the predetermined index exceeding certain limits
(triggers). Such an index is usually the amount of
precipitation or air temperature index during the
growing season. In general, any digital indicator that
can reflect the nature of potential losses and losses
of agricultural producers can be used as an insurance
index. However, for the application of digital indicators in the index insurance model, their change and
variation over a long historical period must be recorded. Usually, such indicators cover the last 15-30
years. When concluding indexed insurance contracts,
the physical condition of the insurance object is not
considered. In other words, in index insurance, the
sum insured is determined only in accordance with
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other insurance models, the air index insurance
scheme insures the cause of the loss, not the result.
This means that farmers do not need any intermediaries or expert opinions to insure their products. An
insurance scheme based on the weather index can be
very effective in areas with high levels of risk during
a drought. However, this model cannot be used to insure other system risks. For this reason, it is possible
to apply an insurance index-based insurance scheme
in regions where the stability of farm incomes is directly dependent on drought and rainfall.
When ensuring products according to the index,
each farmer can insure the real physical volume of
production. However, the volume of products produced by his farm will indirectly affect the amount
of insurance. This is because the amount of loss is
calculated not according to the loss of the insured in
the field, but according to the level of reduction of
average annual productivity in the region. In other
words, the insurance amount is multiplied by the percentage of the average productivity decline in the region and the amount of payment is reduced to the
amount of the franchise specified in the contract. The
average productivity of the region is calculated
based on information collected over a long period of
time, according to statistics.
To understand the essence of this scheme, let's
look at a conditional example. To do this, let's take
the precipitation index, the most used form of the air
index, and use conventional numbers to determine
the relationship or correlation between the level of
productivity and the amount of precipitation. For example, if the amount of precipitation during the
growing season falls below the required average by
200 mm, the yield loss can be up to 50%. If the average productivity in the last 10 years is 4 tons per
hectare, 50% of the crop loss will be 2 tons per hectare. This means that due to the lack of precipitation
for every 10 mm, there will be a loss of 100 kg per
hectare. In this case, the market price of 100 kg of
grain will be determined by the amount of precipitation less than 10 mm in the insurance contract. The
amount of coverage in the insurance scheme according to the weather index depends on the degree of
change of the insured index. In our example, a 10
mm change in precipitation determines the value of
the index in the insurance contract. In the event of an
insured event, i.e as a result of changes in the precipitation index, the insurance payment is calculated by
the following formula:
G = G௨ x G x G
Here
G - the amount of insurance payment,
G௨ - the value of the index unit
G - the rate of index change
G - insured sown area, (ha)
It is very important to clarify one issue here.
Homogeneous risk is usually characteristic of crop
products grown in several regions under relatively

the change in the index, and there is no need to estimate the actual losses in the field. For example, in
traditional insurance, it is necessary for experts to go
to the field and assess the damage on the spot to determine the loss as a result of a hailstorm. Indexed
insurance does not use the services of experts to determine the real loss. This is because in this model,
information on the amount of precipitation is sufficient to cover the loss due to drought. If the amount
of precipitation is below or above the critical level
during the growing season, it becomes the basis for
payment of insurance coverage.
In the world practice, two main types of indexed insurance are more widespread: productivity
index and air index.
The productivity index is determined based on
the average level of productivity achieved over a period (15-30 years). In the productivity index, insurance coverage is paid if the aggregate productivity in
the region falls below the average level of the majority. The main reason for the difficulty of applying
this model is that it takes a long time to collect and
publish the insurance statistics needed to manage
losses. [12] Official statistics can be published for six
months or more. For this reason, in many countries,
farmers prefer a more air-index-type insurance
scheme. Insurance of crop products based on the
concept of productivity index is carried out in several
developed countries (USA, Canada, Sweden).
Air index - reflects the effect of changes in temperature, precipitation, wind speed and other hydrometeorological parameters on productivity. The most
popular of these are the amount of precipitation and
soil moisture index, which determine drought and
humidity. It should be noted in advance that the application of insurance schemes based on the weather
index is more popular in developing countries (Kazakhstan, India, Mexico, etc.). This is because, unlike the productivity index, in an air-index type insurance scheme, insurance companies can make payments in a short period of time in the event of an insured event.
Usually in insurance contracts the precipitation
index is applied in tandem (together) with the limit
of air temperature. This is because crop losses as a
result of the combined effects of low rainfall and
high temperatures can be greater than in normal temperatures and in the absence of precipitation. A relatively cool summer season can alleviate the effects
of low rainfall, or vice versa. On the other hand, the
effect of rainfall on productivity is more important in
dry weather than in humid weather. As can be seen,
the relationship between productivity and weather
can take a completely different form under normal
and undesirable conditions.
The advantage of this scheme is that information on weather indicators is obtained based on
independent sources and objective data. Based on the
obtained indicators, the insured event is determined,
and the insurance coverage is calculated. Unlike
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promoted in developing countries, where small
farms predominate in the agricultural sector [15, 16].
Sixth - because this scheme ensures the cause,
not the outcome of the insured event, there is no need
for agricultural producers to apply to the relevant authorities for losses and prove that the damage has
been compensated.
Seventh - it increases the access of agricultural
producers to credit resources and stimulates the development of financial markets in general. Usually,
commercial banks are more interested in lending to
insured entities.
Eighth - the experience of countries that actively use index insurance shows that this scheme
significantly stimulates investment in the agricultural sector. For example, in Ethiopia, most farmers
prefer to save their income in cash instead of investing it. This is because the country does not have a
drought protection system in place, which discourages them from investing in the sector and uses the
collection funds as an "airbag". In Ghana and India,
on the other hand, farmers are not afraid of drought
and are willing to take risks and make new investments to increase productivity. What motivates them
to invest is the availability of insurance based on the
precipitation index. [17]
But the perfect or ideal insurance system can
exist in fantasies. In this regard, in addition to the
above-mentioned advantages, there are also its disadvantages. The biggest drawback of the indexed insurance scheme is the emergence of basic risks. [18]
Indicators of air temperature and precipitation
in this scheme objectively express the cause of the
risk. However, these indicators are not the only factors affecting the potential productivity of the economy. In addition, many local and general factors affect the productivity of cultivated plants during the
growing season. For example, the quality and agronomy of a part of the farm's land will increase productivity. The low quality of other land they own will
reduce productivity. In addition, as a result of hail,
plant diseases, pests and similar events in different
parts of the region, different productivity may occur
between farms. This means that even if the temperature and precipitation are relatively equal throughout
the region, productivity can vary from area to area in
this area. According to the terms of the index-based
insurance contract, farms operating in the existing
area must receive an equal amount of coverage, although productivity may vary from field to field for
these reasons. In this case, the situation may arise
that even certain farms will receive a guarantee despite the decrease in productivity, or, conversely, a
certain part of the local loss of a farm will remain
unsecured. Because the general index is calculated
based on the average for the region. This situation is
called basic risk and is considered the biggest drawback of indexed insurance. [19] The base risk level
will increase as the variability between the productivity of farms operating in a region increases, and

similar agro-climatic conditions. As the microclimate in orchards and vineyards varies from field to
field, the same risk (e.g., temperature or frost) can
have different effects depending on their location. In
this case, the air index will be less correlated with
losses in different parts of the field. Risks in livestock are not as homogeneous as in orchards and
vineyards. Risks that can affect livestock productivity, such as disease, vary from herd to herd. Accordingly, the application of index insurance in livestock and perennial crops is not considered expedient as it is not beneficial.
From the above examples, it can be concluded
that in terms of risk homogeneity, index insurance
can be applied to crops grown in large areas.

ADVANTAGES AND DISADVANTAGES
OF INDEXED INSURANCE
Indexed insurance has many attractive features
compared to traditional insurance:
First, in this scheme, policyholders and insurers
do not have the opportunity to influence the index.
Because the occurrence of the insured event is determined based on information from independent
sources. The data of hydrometeorological stations
are taken as an independent source and the objectivity of the information is ensured accordingly. The independence, transparency and objectivity of information, in turn, eliminates the problems of asymmetric information and moral risk. [13]
Second, index-based insurance significantly reduces anti-selection, which is the biggest problem of
traditional insurance, as it applies to homogeneous
and dominant risks. In the traditional insurance
model, farmers with high risk are more interested in
insurance. Low-risk farms are not interested in insurance. As a result, insurers and policyholders benefit
from reduced anti-selection. [14]
Third, the indexed insurance scheme does not
require the services of intermediary companies and
expert inspections and opinions to assess the damage
caused by the insured event. This significantly reduces the administrative costs of risk management
and allows the savings to be used to develop the infrastructure of the model.
Fourth - minimizes the transaction costs of concluding an insurance contract. Unlike traditional insurance, it requires the collection of many documents required for the conclusion of the contract. 3
tools are required to conclude an indexed insurance
contract: a) internet, b) computer, c) electronic signature. As a result, access to the insurance market is
significantly facilitated, especially for small and medium-sized farms.
Fifth - this scheme is attractive for small farms
due to its simplicity, and they become active participants in the insurance market. It is no coincidence
that parametric insurance is more popular and widely
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fused to enter compulsory insurance contracts, preferring to pay fines.
On the other hand, the minimization of farmers'
insurance premiums has forced insurance companies
to leave the field, citing years of high financial risks
and losses. [21] As a result, in the initial phase of
compulsory insurance in 2005, although seven insurance companies in Kazakhstan received licenses to
insure plant products, in 2018 only two insurance
companies remained in the field due to unsatisfactory financial results. [22] Thus, even the compulsory insurance of crop products did not create the
conditions for the formation of the insurance fund,
which is necessary for insurance companies, and did
not provide the appropriate rate of return. Thus,
among the nine types of products compulsorily insured in the Republic of Kazakhstan, the participation of insurance companies in the insurance of crop
products is the lowest. [23]
Studies show that 80% of insurance accidents
in Kazakhstan's agriculture are related to drought,
which belongs to the group of homogeneous risks.
For this reason, in 2018, Kazakhstan adopted the air
index insurance scheme, which is considered an alternative to traditional insurance, as a pilot program.
Three grain-growing regions with different agronomic and quality were selected for the implementation of the pilot program of an experimental nature.
The total area of grain planted in the three regions
was ten thousand hectares. [24]
Two types of index insurance of plant products
are applied: three- and two-phase insurance.
Three-phase index insurance periods of grain
vegetation is May 15 to June 15, June 15 to July 15,
July 15 to August 15, August 15 September 15 to
September 15.In the first and third phases, the
drought is recorded at three levels (mild, significant,
strong), and in the second phase, the drought is recorded at four levels (mild, significant, high, strong).
Soil moisture index is used as an indicator of the
level of drought, and its triggers (limits) are determined specifically for each phase. The sum insured
is calculated based on normative costs per hectare.
On average, normative expenses begin from $ 30 for
grain crops, and for oil crops, and 200 dollars. For
example, if the cost of 1hektara is $ 100, the insurance premium is 4.8%, and the payment of insurance
to 48%, depending on the level of 1,000 percent. It
is believed that even if a strong drought, according
to statistics, Kazakh farmers receive a minimum of 6
quintals products from the hectare, and this amount
completely covers 50% of the cost of production.
Thus, when the drought occurs, farmers can compensate 98% of the damage via indexed insurance. If
drought during the three phases, farmers receive 12%
of the insurance premium. It should be noted that 50%
of the total amount of the compensation is covered
by the state. [24]
Two-phase index insurance is applied on the
same principles and covers the period from June 15

conversely, the base risk level will decrease as the
variation decreases. Also, agricultural producers
must understand that they are insured only against
homogeneous and dominant "responsible" risk. Local systemic risks (hail, diseases, pests, etc.) are not
subject to contract insurance.
Another reason for the base risk may be a geographical factor. Basic risks will arise if the infrastructure of hydrometeorological stations is not developed to the required level and there are large distances between the stations and the fields. The general rule is that the distance between the fields and
the meteorological station should not exceed 20 km.
the distance should be shortened. [13] To be precise,
each farm must be connected to a specific hydrometeorological station. Otherwise, as the index is determined by hydrometeorological stations, the length of
the distance between them may not coincide with the
actual performance of farms in the area. This difference is reflected in the amount of precipitation. In
this case, the theoretical scenario of "written" damage based on the index will differ from the real "picture" of product loss. For this reason, unlike traditional insurance, the application of indexed insurance requires a large amount of accurate and expensive information (statistical and hydrometeorological).

KAZAKHSTAN'S EXPERIENCE IN THE
APPLICATION OF INDEX INSURANCE
In modern times, index insurance is considered
an alternative to the traditional insurance scheme and
is used in many countries as an innovative scheme in
the agricultural insurance market. Homogeneous
risks are also characteristic of Azerbaijan's agriculture, and the analysis of the experience of different
countries may make the application of this scheme
relevant in our country. We believe that the study of
the experience of the index insurance model applied
in Kazakhstan since 2018 for the reality of Azerbaijan from the scientific point of view is of great interest.
In 2004, Kazakhstan adopted a traditional insurance scheme to protect farmers engaged in crop
production from natural disasters and implemented
it on a mandatory basis. [20]
Compulsory crop insurance has not gained
much popularity due to the unpopularity of farmers.
Most agricultural producers deliberately minimized
productivity and regulatory costs in order to reduce
the amount of insurance premiums. Farmers understood that in the event of an accident, the insurance
company would not fully cover the insurance losses
and would not be able to protect themselves from financial risks. This behavior was based on their personal experience. Farmers also minimized insurance
premiums in various ways. Some farmers even re-
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to July 15 and July 15 to August 15. This type of insurance is cheaper, but accordingly, the insurance
premium is a maximum of 33% of the cost of the
product. Farmers can independently choose any type
of insurance with an index. [24]
In addition to drought in Kazakhstan, index insurance is used, and it is applied to the soil's moisture
index. Soil moisture index is relevant from August
15 to September 15.In case there is no more than 20%
of the damage. [24]
It should be noted that the insurance company
can get information about the condition of the insured farmers. In the event of an insured event, all
information is automatically recorded in alternative
and independent databases using block chain technology. One of the features of Kazakhstan's experience is that the determination of soil moisture index
is entrusted to the Dutch company VANDER SAT,
not to local meteorological stations. This firm determines the level of moisture in the land based on the
soil. The full independence of the information does
not allow the insurer or insurance to change it, and
the notification of the insurance event is sent to them
in an automatic form.

THE NEED FOR THE INTRODUCTION OF
INDEX INSURANCE IN AZERBAIJAN
But what is the need to apply index insurance
to the reality of Azerbaijan? In our opinion, this need
can be confirmed by the following arguments.
First, it should be noted that farmers engaged in
the production of agricultural products in Azerbaijan
do not show much interest in the traditional insurance scheme. As can be seen from the Table 1, the
share of insurance premiums collected in crop and
livestock production in the total insurance premiums
collected in Azerbaijan in 2016-2020 was less than
0.5%. Interestingly, even though the share of livestock in the total insurance premium in the country
in 2020 increased by 0.39%, in crop production this
figure decreased significantly and amounted to only
0.001%. In absolute terms, this is even more pronounced. In 2019, the insurance premiums collected
on agricultural products amounted to 183.8 thousand
manat, while in 2020 this figure decreased sharply to
9.2 thousand manat. [25] The reason for the lack of
interest in traditional insurance is due to many shortcomings of this scheme (asymmetry of information,
anti-selection, moral risks, high level of transaction
costs, etc.). The scientific literature has conducted a
detailed analysis of the reasons for this situation, and
we have previously reported on this.
Source: Compiled by the authors based on the
Central Bank's financial sector statistics. [25]
According to experts and heads of agricultural
enterprises, the most dangerous systemic risk in
Azerbaijan's agricultural sector is drought. However,
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the risk provided by the Law of the Republic of Azerbaijan on Agrarian Insurance does not include the
risk of drought. (26) Farmers engaged in farming in
non-irrigated arable lands suffer from this risk. At
present, 40% of the total sown area of agricultural
crops in Azerbaijan is non-irrigated. [27] Drought on
irrigated lands also has a negative impact on producers' productivity. However, compared to non-irrigated lands, the number of losses due to drought is
significantly lower. From this point of view, drought
insurance is not very interesting for agricultural producers on irrigated lands, but it is considered the
most dangerous risk for farms operating on non-irrigated lands. If we list the existing systemic risks,
drought will take the first place. Our research suggests that the main types of risks (hail, storm, hurricane) covered by the area coverage and probability
criteria are usually mountainous and is typical for the
foothills. And farms in these areas suffer greater
losses as a result. Drought is more common in the
foothills and lowlands. When this happens in these
areas, although farms are traditionally insured, they
will not be able to get coverage because drought is
not included in the insurance package. On the other
hand, unlike local risks covering the region, droughts
can occur regionally and even nationally due to their
homogeneous nature. This can cause huge losses for
agricultural producers, regardless of their location.
One of the reasons for the weak development
of the traditional insurance system in Azerbaijan's
agriculture is the absolute dominance of small farms.
According to statistics, the number of landowners
with more than 10 hectares of land in 2020 was only
0.9%. In absolute numbers, this situation is even
more pronounced. The total number of landowners
in the country in 2020 is 432,004 people and the total
amount of land owned by producers is 1288,703 hectares. The number of owners with up to 3 hectares of
land was 383,341 people (88.7%), and the total
amount of land they owned was 720,639.2 hectares
(55.9%). The largest landowners (more than 50 ha),
the number was only 298 people (0.1%), the total
area of land owned by them was 230411.8% (17.9%).
The remaining land plots were distributed among the
owners of 3-10 hectares. [28]
As can be seen from the figures, total share of
owners of small landowners are not necessarily prevail. It is no coincidence that now 92% of the agricultural production of small farms (family-peasant
households and individual entrepreneurs), 8% of the
agricultural enterprises have accounted for a relatively large landowner. [29] Experience has shown
that the conclusion of insurance contracts is usually
large farms interest. Because of the large-scale farms
to the positive effect of higher productivity as a result, a large amount of cash flows and financial capabilities of the insurance policy in accordance with
the acquisition of a wide range of causes necessity.
However, in contrast to the large-scale farms, small
farms run on traditional insurance. They believe that
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Therefore, in order to ensure transparency, to
properly assess the damage and to settle the claim of
the insured in a short time, it is necessary to conduct
an economic and technical analysis of the lands before applying the index.
One of the main conditions for the application
of indexed insurance is the provision by hydrometeorological stations of objective and accurate information necessary for the measurement of the index.
At present, there are 55 hydrometeorological stations
under the Regional Hydrometeorology Center in
Azerbaijan. [30] The distance between hydrometeorological stations and the coverage area should be organized in such a way that the information about the
air parameters provided by the "spider web" of the
geographical and climatic conditions of the territory
of the country has the necessary characteristics.
These characteristics include a) observable and easily measurable, b) objectivity and transparency, d)
the possibility of independent verification, e) timely
delivery, f) consistency and accuracy. At the same
time, such features of information can play an important role in minimizing basic risks by improving
its quality.
Poor development of the insurance system infrastructure and inexperience of companies in this
area can reduce the effectiveness of the insurance
product, limiting the potential of index insurance.
Therefore, the effective implementation of a new
product requires the active participation of relevant
government agencies (Ministry of Agriculture,
SADC (State Agrarian Development Center), Agrarian Insurance Fund, etc.).
The selected index should correspond to the
current reality of agriculture in Azerbaijan. In this
case, the question arises. Based on which index can
the application of a parametric insurance scheme be
effective? In our opinion, the index based on weather
data is more appropriate for the reality of Azerbaijan.
This is because the quality of information about the
weather, which has been available for a long historical period, especially in the last 15-20 years, is much
higher than the statistical information on farm
productivity and income. It should be considered that
agricultural producers in our country are completely
exempt from taxes other than land tax. This means
that most farms do not submit financial reports on
their economic activities to any official government
agencies. Thus, the collection of qualitative information on the productivity and income of crop farms
may be difficult and, accordingly, the objectivity of
statistical data may be questioned. Weather parameters, in particular the quality and objectivity of the
available information on scarcity or excess precipitation, can allow farms to accurately assess the
source of crop losses.

small scale fields, so it does not affect productivity
and need insurance, there is not occurred. In addition,
in terms of financial constraints of small farms are
inaccessible for them insurance payments. On the
other hand, insurance companies are not effectively
insuring 2-3 hectares in the traditional manner. Because of the small farms are usually located away
from the center and the surrounding villages are scattered in the region. Remoteness and small farms in
the costs of insurance contracts, closing the distance
increases again. Because of the occurrence of the insured event by independent experts to assess the
damage, it is necessary to go to many small farms.
This service, the cost of transportation and travel expenses of experts repeatedly increases. Also, small
farms raising premiums and, in many cases, does not
exceed the costs of closing does not pay the insurance premium for insurance contracts. Small farms
closing and transaction costs, the high level of service contracts are not effective for insurance companies from small farms are excluded insurance system.
Unlike from traditional insurance indexed insurance, regardless of size and scale, can be applied
to all households. It should be noted that the economic point of view is always smaller farms, agricultural risks and climate change are the most sensitive subjects. In this regard, the index proportionate
insurance fee-paying and low-income insurance
scheme, which could turn into a financial instrument
to protect small farms homogeneous risks.

POSSIBLE PROBLEMS AND DIFFICULTIES
RELATED TO THE APPLICATION OF INDEX
INSURANCE
But what problems and difficulties may arise in
the application of index insurance, which is considered an innovative scheme in the world, to the agricultural sector of Azerbaijan? Our research allows us
to identify in advance the main problems and difficulties that may arise.
Index insurance is a new and innovative product for the reality of Azerbaijan. Due to the lack of
experience and knowledge of Azerbaijani farmers in
this model, in the early stages of its implementation,
this scheme may be neglected and distrusted. Because the mass recognition of this product depends
on the copy of educating educators.
Differences in the quality of arable land in regions with different geographical and climatic conditions significantly increase the variability of
productivity between farms. At the same time, the
absolute advantage of small farms has resulted in the
division of land into smaller areas. This situation, in
turn, creates variations in risks between farms.
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TABLE 1
Insurance premiums and Insurance payments as part of the Republic of Azerbaijan,
the share of agriculture (in thousand manats)
Indicators
Farm
animal
insurance
Total
share%
Insurance
of
agricultura
l products
Total
share%
Total

2016
Insurance
Insurance
cost
payment

2017
Insurance Insurance
cost
payment

2018
Insurance Insurance
cost
payment

2019
Insurance
Insurance
cost
payment

2020
Insurance Insurance
cost
payment

1222,5

757,6

3009,1

94,9

2040,3

574,7

1 438,8

936,7

2 842,0

613,0

0,25

0,32%

0,54%

0,04

0,28

0,24

0,21

0,31

0,39

0,0

600,9

3803,0

1325,7

1419,3

639,8

180,3

183,8

0,0

9,2

0,0

0,12

1,60

0,24

0,55

0,09

0,07

0,026

0,0

0,001

0,0

486074,2

237250,6

556866,6

257109,6

727954,1

240333,5

681 176,8

301 536,7

728 634,1

465 153,1

Weather index-based insurance scheme without
the support of the implementation of the government's economic policy is impossible. Infrastructure
and the legal framework of the scheme, insurance
product development, data collection and management necessary during the period of the historical requires large investments. In addition, the dependence of various factors that influence the development of the product in advance of vegetation in the
exploration and development of the high value of the
index model - creates necessary research.

of the index, construction of infrastructure and logistics, ensuring the quality and objectivity of information, economic and technical analysis of lands,
identification of products to be applied, etc. The development of the index requires high-value and scientific research. The solution of these problems depends on the participation and financial support of
relevant government agencies. We believe that the
use of the experience of Kazakhstan and other countries can significantly increase the effectiveness of
the index.
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NOTICE

APPLICATION OF CLUSTER ANALYSIS IN THE STUDY OF
PETROLEUM GEOLOGICAL OVERPRESSURE - TAKING
WELL Y1-9 AS AN EXAMPLE
Jinhu Han1,2,*
1
Gas Production Plant 6 of PetroChina Changqing Oilfield Company, Yan’an, Shaanxi, 716000, China
Key Laboratory of Tectonics and Petroleum Resources, China University of Geosciences (Wuhan), Ministry of Education,
Wuhan, 430074, China

2

practical exploration and development and scientific
research.
Multivariate statistical method can analyze the
observation data of multiple variables at the same
time. Such analysis can provide useful information
on the relationship, dependence and relative importance of variables[3]. After learning the course of
multivariate statistical analysis, I wondered if I could
use the methods and ideas of multivariate statistics
to carry out this work. Through literature research, it
can be found that many scholars have used clustering
analysis and discriminant analysis to study other aspects of work. Cluster analysis is a multivariate statistical method to study classification problems. It
can identify the similarity between data, so as to find
the relationship between the distribution pattern of
data and its attributes. Discriminant analysis is a statistical method to distinguish the type of samples. It
is based on the observation data of a batch of known
samples of various types that the known research objects are divided into several types (or groups), and
on this basis, the discriminant is established according to some criteria, and then the samples of unknown types are discriminated and classified[4].
This time, the thought and method of cluster analysis
will be used to classify and attribute the predicted
pressure of well Y1-9.

ABSTRACT
Clustering analysis is a significant algorithm in
data mining. It mainly puts the objects with the same
or similar properties in the same set, and puts the objects with different properties in different sets to find
the internal relationship between them. This process
is similar to the research of abnormal formation pressure in petroleum geology. In this paper, the pressure
of Y1-9 well is analyzed by using mathematical
thought and multivariate statistical analysis method,
and the pressure at different depths is classified to
judge the pressure type at a certain depth. The results
show that the average pressure coefficient of well
Y1-9 between 3050m and 3150m is 1.47, ranging
from 1.27 to 1.50. This section belongs to the pressure transition zone as a whole, and the pressure is
divided into five categories.

KEYWORDS:
Cluster analysis, Abnormal high pressure, Petroleum geology, Classification

INTRODUCTION
With the increasing degree of oil and gas exploration, overpressure has been found in more and
more sedimentary basins. Due to the differences in
tectonic development background, basin age, subsidence sedimentation rate and so on, overpressure basins are unevenly distributed in the world. Overpressure systems are known to exist in more than 180
sedimentary basins in the world, of which nearly
90% are closely related to oil and gas distribution,
and overpressure oil and gas fields account for about
30% of the global oil and gas fields[1-2]. The study
of abnormal pressure in sedimentary basins has a history of more than 100 years. In 1878, gulishambaror,
a Russian scholar, first proposed and discussed the
concept of abnormal pressure when describing the
oil fountain in balakhany oilfield near Baku, Azerbaijan. In the 1970s, China introduced the concept of
abnormal pressure from the West and applied it to

MATERIALS AND METHODS
Cluster analysis is a scientific and effective
method to study "birds of a feather flock together"[5]. This time, we will use two methods for
cluster analysis: one is systematic clustering, the
other is fast clustering (or dynamic clustering) [6].
The basic idea of systematic clustering method is:
first, regard the samples to be clustered as a class,
then calculate the distance between classes according to the pre selected method, merge the closely related two classes into one class, then calculate the
distance between the new class and other classes,
and then merge the closely related two classes, so as
to reduce one class each time until all samples are
merged into one class. The fast clustering method
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(Figure 1) is to give a rough initial classification
when there are many samples to be clustered, and
then modify it with some principles until the classification results are reasonable[3]. That is, the clustering ends when the clustering centers of the adjacent two times have not changed or the gap between
the clustering centers on both sides has converged. It
was proposed by Macqueen in 1967.
Abnormal pressure is widespread in basins, and
the study of overpressure is the most extensive,
which has very important theoretical and practical
significance in oil exploration and development. The
prediction of pressure, especially overpressure (the
fluid pressure in the formation is higher than the hydrostatic pressure at the same depth) is actually the
delineation of favorable reservoir forming areas.
Nowadays, the research of formation pressure prediction methods has a history of more than 50 years.
Different scholars have proposed many pressure prediction methods based on the data used, which is of
great significance to the research of formation pressure prediction. However, due to the complexity of
underground geological conditions and the different
formation characteristics of formation pressure, the
research of formation pressure characteristics has be-

Fresenius Environmental Bulletin

come a difficulty. Overpressure development interval may have one or more of the following characteristics of formation parameter response: low density; Low seismic velocity; High porosity; Low effective stress; High ground temperature.
The classification scheme of abnormal formation pressure of ExxonMobil company is adopted
this time. Pressure coefficient limit: 1.00-1.27 (atmospheric pressure), 1.27-1.50 (transition zone),
1.50-1.73 (overpressure).
Due to geological processes such as sedimentation and structure, the pressure of each depth section
of the stratum in this area varies, so we need to classify and distinguish its type for further research.
Clustering analysis can identify the degree of similarity between data, so as to find the relationship between the distribution pattern of data and its attributes.

RESULTS AND DISCUSSION
In this study, 20 datas (Table 1) of well Y1-9
are selected for analysis.

FIGURE 1
Process diagram of fast clustering method
TABLE 1
Relevant parameters and data of well Y1-9 (1 - normal pressure; 2 - transition zone; 3 - overpressure)
Serial number
Depth/m
pressure coefficient
Pressure classification
1
3003.01
1.188167
1
2
3008.00
1.416608
2
3
3014.00
1.554833
3
4
3018.72
1.457755
2
5
3023.32
1.502882
3
6
3027.75
1.089268
1
7
3029.00
1.510903
3
8
3033.00
1.162444
1
9
3040.12
1.532152
3
10
3045.50
1.487699
2
11
3047.01
1.666188
3
12
3051.49
1.590736
3
13
3060.23
1.537382
3
14
3066.75
1.620669
3
15
3071.98
1.544314
3
16
3075.24
1.55671
3
17
3080.00
1.538922
3
18
3087.49
1.460822
2
19
3090.25
1.5449
3
20
3097.87
1.504318
3
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Depth
Predicted pressure
Pressure coefficient
Effective N (List status)

N
20
20
20
20

TABLE 2
Descriptive Statistics
Minimum value Maximum value
3003.02
3097.87
34.91
53.73
1.09
1.67

First, calculate and describe according to the
basic statistics (such as mean, variance, standard
deviation, maximum/minimum value, skewness,
kurtosis, etc.) in the descriptive statistical analysis
method. By comparing the pressures at different
depths, we can judge which depth sections have
higher and lower pressures, so as to understand their
overall distribution characteristics, so as to classify
the predicted pressures. The statistical results are
described in Table 2.
Analysis of the output results of the descriptive
statistics shows that the average predicted pressure
is 47.5595mpa, and the average pressure coefficient
is 1.4734, which is between 1.27 and 1.5, belonging
to the pressure transition zone. From the analysis of
maximum and minimum values, the maximum
predicted pressure is 53.73 MPa (depth 3097.87m),
and the minimum predicted pressure is 34.91 (depth

Valid
N
20

Order
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Percentage
100.0%
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Standard deviation
29.01213
5.10411
.15232

3003.02m). The maximum value of pressure
coefficient is 1.67, which is greater than 1.5,
belonging to overpressure; The minimum value is
1.09, belonging to atmospheric pressure.
Cluster analysis-system clustering method.
Table 3 shows that the selected 20 data are valid.
Table 4 shows the clustering table, which reflects the
clustering results of each stage. The coefficient
represents the "aggregation coefficient", and the
second and third columns represent the aggregated
classes.
If all samples are divided into five categories,
as shown in the Figure 2, category 1 includes 1, 6
and 8, category 2 includes 9, 10 and 11, category 3
includes 2, 3, 4, 5 and 7, category 4 includes 18, 19
and 20, and category 5 includes 12, 13, 14, 15, 16
and 17.

TABLE 3
Summary of case handling a
Defect
N
Percentage
0
.0%
a. Square Euclidean distance used

Cluster combination
Cluster 1
Cluster 2
15
16
15
17
5
7
9
10
19
20
12
13
2
4
18
19
6
8
12
14
3
5
12
15
2
3
9
11
12
18
1
6
2
9
2
12
1
2

Mean value
3048.5412
47.5595
1.4734

Total
N
20

TABLE 4
Clustering table
First appearance of order cluster
Coefficient
Cluster 1
Cluster 2
.005
0
0
.013
1
0
.015
0
0
.017
0
0
.018
0
0
.027
0
0
.035
0
0
.041
0
5
.047
0
0
.047
6
0
.057
0
3
.077
10
2
.088
7
11
.159
4
0
.175
12
8
.214
0
9
.269
13
14
.647
17
15
1.384
16
18
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Percentage
100.0%

Next order
2
12
11
14
8
10
13
15
16
12
13
15
17
17
18
19
18
19
0
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FIGURE 2
Tree clustering diagram generated by "inter group connection" clustering method

Cluster
Serial number
Depth
Predicted pressure
Pressure coefficient

TABLE 5
Initial clustering center
1
2
3
1
20
12
3003.02
3097.87
3051.50
37.76
49.32
51.38
1.19
1.50
1.59

4
7
3029.00
48.44
1.51

5
6
3027.75
34.91
1.09

method, the more reasonable classification scheme
is: serial number 1 and 2 are the first category; 15.
16, 17, 18, 19 and 20 are category 2; 9. 10, 11, 12,
13 and 14 are Category 3; 3. 4, 5 and 7 are category
4, and 6 and 8 are category 5. However, the classification of these two methods is slightly different from
the actual classification in petroleum geology, and
the results are relatively close. Although the depth of
training sample selection is short due to data reasons,
and individual data may be inaccurate. But in general, the predicted results are relatively accurate. It
shows that cluster analysis is still useful in this study.
There is a certain difference between the pressure coefficient at a certain depth and the overall
pressure distribution of the layer, and the selection
of the depth section is relatively short, which cannot
refine the pressure distribution compared with the
layer research of several thousand meters. Different
pressure classification schemes have different results
on pressure research. Therefore, if you want to
achieve better results, you need to further process the
data. How to deal with the difference between overpressure and pressure data has been eliminated,
which still needs deep learning.

Cluster analysis-fast clustering method (dynamic clustering method). In the output results, Table 5 shows the center of the initial cluster, that is,
the seed point.
It can be seen from Table 6 that if the fast clustering method (dynamic clustering method) is
adopted, 1 and 2 belong to the first category; 15 ~ 20
belong to the second category; 9 ~ 14 belong to the
third category; 3. 4, 5 and 7 belong to the fourth category; 6 and 8 belong to the fifth category. Table 7
shows the number of cases in each cluster. It can be
seen that there are 2 samples in Category 1, 6 samples in Category 2, 6 samples in Category 3, 4 samples in Category 4 and 2 samples in Category 5.

CONCLUSIONS
According to the above analysis, the average
pressure coefficient of 3000m ~ 3100m in well Y19 is 1.4734 (pressure transition zone), which is very
close to 1.5 (overpressure). Comparing the results of
the system clustering method and the fast clustering
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Case Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

1
2.000

2
6.000
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TABLE 6
Cluster members
Cluster
1
1
4
4
4
5
4
5
3
3
3
3
3
3
2
2
2
2
2
2
TABLE 7
Number of cases in each cluster
Cluster
3
4
5
6.000
4.000
2.000

For overpressure basins with abnormal pressure, due to a series of reasons such as large burial
depth and low overall exploration degree, the research on deep reservoir formation needs to be deepened. This is of practical significance for improving
the understanding of the relationship between oil and
gas enrichment and overpressure, providing a scientific basis for predicting the law of oil and gas enrichment, and accelerating oil and gas exploration
and effective discovery in overpressure basins.

Distance
4.465
4.465
7.604
3.093
2.078
3.060
8.063
3.060
12.091
7.118
5.684
.847
8.571
15.219
12.096
8.742
3.857
4.241
6.661
14.292

Valid

Defect

20.000

.000

[4] Yu, X.L., Ren, X.S. (1999) Multivariate statistical analysis. Beijing:China Statistics Press. 312.
[5] Wang, X.H., Li, T.J., Ding, L.L. (2010) Theory
and technology of complex large-scale system
evaluation. Shandong University Press. 10-27.
[6] Lin, D.R., Qin, Z.L., Zhou, W.G. (2010) Mathematical experiment and mathematical modeling. Science Press. 8-19.
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