FEB – Fresenius Environmental Bulletin
founded jointly by F. Korte and F. Coulston
Production by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany
in cooperation with Lehrstuhl für Chemisch-Technische Analyse und Lebensmitteltechnologie,
Technische Universität München, 85350 Freising - Weihenstephan, Germany
Copyright © by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany.
All rights are reserved, especially the right to translate into foreign language. No part of the journal
may be reproduced in any form- through photocopying, microfilming or other processes- or converted to
a machine language, especially for data processing equipment- without the 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 24 – No 8a. 2015

Fresenius Environmental Bulletin

FEB - EDITORIAL BOARD

Environmental Toxicology:

Prof. Dr. H. Greim
Senatskomm. d. DFG z. Prüfung gesundheitsschädl. Arbeitsstoffe
TU München, 85350 Freising-Weihenstephan, Germany

Chief Editor:
Prof. Dr. H. Parlar

Prof. Dr. A. Kettrup

Institut für Lebensmitteltechnologie und Analytische Chemie
TU München - 85350 Freising-Weihenstephan, Germany
e-mail: parlar@wzw.tum.de

Institut für Lebensmitteltechnologie und Analytische Chemie
TU München - 85350 Freising-Weihenstephan, Germany

FEB - ADVISORY BOARD

Co-Editors:

Environmental Analytical Chemistry:
Environmental Analytical Chemistry:

Dr. D. Kotzias

K. Ballschmitter, D - K. Bester, D - K. Fischer, D - R. Kallenborn, N
D.C.G. Muir, CAN - R. Niessner, D - W. Vetter, D – R. Spaccini, I

Via Germania 29
21027 Barza (Va)
ITALY

Environmental Proteomic and Biology:
D. Adelung, D - G.I. Kvesitadze, GEOR
A. Reichlmayr-Lais, D - C. Steinberg, D

Environmental Proteomic and Biology:
Environmental Chemistry:

Prof. Dr. A. Görg

J.P. Lay, D - J. Burhenne, D - S. Nitz, D - R. Kreuzig, D
D. L. Swackhammer, U.S.A. - R. Zepp, U.S.A. – T. Alpay, TR
V. Librando; I

Fachgebiet Proteomik
TU München - 85350 Freising-Weihenstephan, Germany

Prof. Dr. A. Piccolo
Università di Napoli “Frederico II”,
Dipto. Di Scienze Chimico-Agrarie
Via Università 100, 80055 Portici (Napoli), Italy

Environmental Management:
L.O. Ruzo, U.S.A - U. Schlottmann, D

Prof. Dr. G. Schüürmann

Environmental Toxicology:

UFZ-Umweltforschungszentrum,
Sektion Chemische Ökotoxikologie Leipzig-Halle GmbH,
Permoserstr.15, 04318 Leipzig, Germany

K.-W. Schramm, D - H. Frank, D - D. Schulz-Jander, U.S.A. H.U. Wolf, D – M. McLachlan, S

Environmental Chemistry:

Prof. Dr. M. Bahadir

Managing Editor:
Dr. G. Leupold

Institut für Ökologische Chemie und Abfallanalytik
TU Braunschweig
Hagenring 30, 38106 Braunschweig, Germany

Editorial Chief-Officer:
Selma Parlar

Prof. Dr. M. Spiteller
Institut für Umweltforschung Universität Dortmund
Otto-Hahn-Str. 6, 44221 Dortmund, Germany

PSP- Parlar Scientific Publications
Angerstr.12, 85354 Freising, Germany
e-mail: parlar@psp-parlar.de - www.psp-parlar.de

Prof. Dr. Ivan Holoubek
RECETOX_TOCOEN
Kamenice 126/3, 62500 Brno, Czech Republic

Marketing Chief Manager:
Max-Josef Kirchmaier
MASELL-Agency for Marketing & Communication, Public-Relations
Angerstr.12, 85354 Freising, Germany
e-mail: masell@masell.com - www.masell.com

Environmental Management:

Dr. H. Schlesing
Secretary General, EARTO,
Rue de Luxembourg,3, 1000 Brussels, Belgium

Prof. Dr. F. Vosniakos

Abstracted/ indexed in: Biology & Environmental Sciences,
BIOSIS, C.A.B. 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 Expanded (SCI Expanded),
SciSearch, Selected Water Resources Abstracts

T.E.I. of Thessaloniki, Applied Physics Lab.
P.O. Box 14561, 54101 Thessaloniki, Greece

Dr. K.I. Nikolaou
Organization of the Master Plan &
Environmental Protection of Thessaloniki (OMPEPT)
54636 Thessaloniki, Greece

0

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

CONTENTS

ORIGINAL PAPERS
EFFECT OF TEMPERATURE ON GERMINATION, SEED VIGOR INDEX AND
SEEDLING GROWTH OF FIVE TURKISH COTTON (Gossypium hirsutum L.) CULTIVARS

2561

Surendra Barpete, Muhammet Cağri Oğuz, Sancar Fatih Özcan,
Emine Anayol, Hussein A. Ahmed, Khalid Mahmood Khawar and Sebahattin Ӧzcan

IMPROVED BIODESULFURIZATION OF BUNKER OIL VIA DIFFERENT APPROACHES

2567

Xiaolan Hu, Song Lin and Qiong Tang

EFFECT OF RESERVOIR’S INITIAL IMPOUNDMENT
AND CLIMATIC CONDITIONS ON THE DISSOLVED OXYGEN IN
DOWNSTREAM REACHES: A CASE STUDY ON XIANGJIABA AND XILUODU RESERVOIRS

2575

Chen Shen, Leihua Dong, Yicheng Wang, Guangheng Ni and Shunxin Feng

NONAQUEOUS WET OXIDATION OF HYDROGEN SULFIDE IN
IRON-BASED CHLORIDE IMIDAZOLE IONIC LIQUID AT HIGH TEMPERATURE

2587

Zhihui Guo, Tingting Zhang, Leilei Sun, Yi He and Jiang Yu

SPATIO-TEMPORAL PATTERNS OF DIATOM COMMUNITIES IN FRONT OF
THE THREE GORGES DAM: EVIDENCE OF THE EFFECTS OF HYDRODYNAMICS

2593

Bei Zhou, Jianlin Hu, Lei Chen, Yijun Yuan, Chunxiang Xia, Xia Yang, Zhengyu Hu and Yonghong Bi

INSECTICIDE TRANSPORT AND FATE IN A SMALL APPLE-ORCHARD
WATERSHED OF THE HILLY AND GULLY REGION, LOESS PLATEAU

2603

Lei Wu, Huanyu Chang and Xiao-yi Ma

PERFORMANCES OF THE CoMn/AC OXIDE CATALYST
FOR ETHYLBENZENE CATALYTIC COMBUSTION IN AIR

2615

Xiaoling He, Guilin Zhou, Caixia Miao, Hongmei Xie, Li Wen, Jianmin Ren

EFFECT OF ORGANOCLAY ADDITION ON
DURABILITY RELATED PROPERTIES OF CEMENT PASTES

2624

Kristina Brinkienė, Jūratė Čėsnienė, Irena Lukošiūtė, Arūnas Baltušnikas and Regina Kalpokaitė-Dičkuvienė

NUTRIENT EXCRETION BY Limnodrilus hoffmeisteri Claparède
IN LAKE TAIHU, A LARGE, SHALLOW LAKE OF CHINA

2630

Zhijun Gong, Yan Li, Qingju Xue, Hao Xu, Yongjiu Cai and Boqiang Qin

EFFECT OF DIFFERENT TYPES OF ACID RAIN ON CARBONATE STONE

2637

Feigao Xu and Dan Li

IDENTIFICATION AND QUANTIFICATION OF
PHENOLIC COMPOUNDS FROM TRIGONELLA FOENUM GRAECUM L. AND
ITS IN-VITRO ANTIOXIDANT, ANTICANCER AND ANTIMICROBIAL ACTIVITIES
Shine Kadaikunnan, Thankappan Sarasam Rejiniemon, Naiyf S. Alharbi, Jamal M. Khaled and Paul Agastian

2559

2643

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

EFFECTS OF METHIDATHION ON ANTIOXIDANT SYSTEM AND EXPRESSION OF
HEAT SHOCK PROTEIN 70 (HSP70) GENE IN THE LIVER OF Oreochromis niloticus L. 1758

2650

Ferbal Özkan-Yılmaz, Arzu Özlüer-Hunt, Suna Gül Gündüz, Mehmet Berköz, Serap Yalın and Nefise Özler Şahin

HEAVY METAL ACCUMULATION AND OXIDATIVEANTIOXIDATIVE STATUS IN ANGORA GOATS DEPENDING ON AGE

2659

Ozkan Simsek, Husamettin Ekici, Miyase Cinar, Nurgul Atmaca, Sevket Arikan and Bayram Guner

A COMPARATIVE ASSESSMENT ON SOIL ENVIRONMENT QUALITY OF
ANHUI PROVINCE (CHINA) BASED ON CHEMICAL ANALYSES OF HEAVY METALS

2664

Shuguang Zhu, Jin Zhang and Feng Tian

SPATIAL-TEMPORAL VARIATIONS OF PHOSPHORUS AND
AMMONIA NITROGEN OF BAOXIANG RIVER, DIANCHI LAKE CATCHMENT

2673

Wenxiang Zhang, Jie Niu, Qingzhong Ming, Guangjie Chen, Zhengtao Shi and Xian’e Long

MECHANISM OF Ni(II) UPTAKE STUDIES BY EPR, FTIR AND XRF:
BIOSORPTION CHARACTERISTICS IN BATCH AND DYNAMIC FLOW MODE

2682

Murat Dundar, Yasar Nuhoglu and Cigdem Nuhoglu

INDEX

2694

2560

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

EFFECT OF TEMPERATURE ON GERMINATION,
SEED VIGOR INDEX AND SEEDLING GROWTH OF FIVE
TURKISH COTTON (Gossypium hirsutum L.) CULTIVARS
Surendra Barpete1,*, Muhammet Cağri Oğuz1, Sancar Fatih Ӧzcan2,
Emine Anayol1, Hussein A. Ahmed1, Khalid Mahmood Khawar1 and Sebahattin Ӧzcan1
1

2

Department of Field Crops, Faculty of Agriculture, Ankara University, Ankara, Turkey
Central Research Institute for Field Crops, Ministry of Food, Agriculture and Livestock, Ankara, Turkey

ABSTRACT
Cotton (Gossypium hirsutum L) seed germination is
greatly influenced by variations in temperature and light
conditions. Majority of cultivars had significant differences among them for ability to tolerate temperature stress
with variable seed germination behavior at three temperatures. This study reports effects of varying temperatures on
seed germination of five cotton cultivars SG-125, ST-468,
Ozbek-100, Ozaltin-404 and Ayhan-107. Disinfected seeds
of each cultivar germinated in between sandwiched tissue
papers contained in culture vessels at three temperatures
(4°, 20° and 30° C) and 45 µMol photons m-2 s-1 light intensity in growth chamber. The results confirmed that increase in temperature significantly accelerated germination
with variable radicle emergence range (74.1- 95%) in all
cotton cultivars at 30° C in 2 days time. The germinated
seeds of all cultivars in general and cv. SG-125 in particular had maximum shoot - root length, fresh shoot and root
weight, dry shoot and root weight including seed vigor index at 30° C. The seeds of these cultivars showed slow germination at 20° C and inhibited germination at 4° C.
Therefore, 30° C temperature was identified as optimum
for early cotton seed germination and obtaining most
healthy cotton embryos for meaningful use in genetic transformation studies.
KEYWORDS: Cotton, Seed, germination, Gossypium hirsutum, in
vitro, temperature

1. INTRODUCTION
Cotton (Gossypium hirsutum L.) is major source of
commercial fiber used for textile industry throughout the
world including Turkey [1, 2]. First commercial genetically
modified plants were also obtained from cotton [2, 3] that
has revolutioned cotton production all over the world.
* Corresponding author

Most of the previous studies on cotton show that germinating cotton zygotic embryo is the most suitable and desired
explant for genetic transformation. Seeds and different
parts of cotton seedlings including mature embryos, internodes, hypocotyls and cotyledons etc. are being used as explant for genetic transfer studies [1, 3]. However, right size,
age, vigor and health of explant influenced by temperature
have never been studied in cotton. Knowledge about appropriate growth level of seedling to obtain right explant is
very important for successful cotton transformation. Information about this may be helpful and improve transformation
studies considerably. Temperature controls many of the
physio-chemical reactions going on in plants that influence
selection of right stage of seedling to obtain explant [4].
However, seed germination is important processes affecting in vitro plant production. These processes are influenced by a range of factors, including temperature, light
and plant hormones [5]. Germination is a mechanism, in
which morphological and physiological alterations result
in activation of embryo growth. Seeds absorb water, before
germination, that ends up in expansion and elongation of
seed embryos growing to seedlings [6]. Temperature is major source that affect different plant activities including seed
dormancy and germination. Some plant seeds have ability to
germinate at a wide range of temperatures but others germinate at a narrow temperature range only [7, 8]. Seed responses to temperature play an important role for timing of
germination, and are often considered most important environmental variables in life of cotton plants [9-11]. In line
with this information, present study aimed to investigate effects of three temperatures on in vitro cotton germination behavior of five local Turkish cultivars.
2. MATERIALS AND METHODS
The seeds of cotton cultivars SG-125, ST-468, Ozbek100, Ozaltin-404 and Ayhan-107 were obtained from the
Department of Field Crops, Ankara University, Ankara,
Turkey. They were washed in running tap water followed
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by surface sterilization using 25% H2O2 (hydrogen peroxide) with 3 - 4 drops of tween-20 for 25 min and 3 × 5 min
rinsing with sterile distilled water. These seeds were blotted on sterilized tissue papers and germinated at 4°, 20° and
30° C under 16 h light photoperiod conditions in growth
chamber.
A set of fifty randomly selected seeds of each cultivar
were germinated in culture vessels sandwiched in double
layer of Whatman filter paper No.1 at three temperatures
mentioned above. The treatments were set in randomized
complete block design (RCBD) having three replications
each. The seeds were moistened with 2 ml of sterilized water after every 2 days until 12th days. The seed germination
was recorded after 2 days. The shoot, root length, including
fresh weights were recorded after 12 days [12]. The seedlings (root and shoots) were oven dried at 85° C for 72 h
until they achieved stability in weight. Seed vigor index
was calculated by multiplying germination percentage and
seedling length.
2.1 Statistical analysis

Data were subjected to one-way analysis of variance
(ANOVA, IBM SPSS for Windows v. 20., USA). Post hoc
Tukey’s Multiple Range test was selected to evaluate
means. Statistical data shown in percentages were subjected to square root (√X) transformation [13] before subjecting them to statistical analysis.

3. RESULTS
The present study focused on temperature effects on
in vitro germination capacity and related traits of 5 cotton
cultivars after 12 d of culture [12]. Analysis of variance
(ANOVA) showed that temperature had significant effects in creating variations in frequency (%) of seed germination (F=8.315; df = 14, 30; p≤ 0.001), seedling height
in centimeter (F=29.95; p≤ 0.001), and seed vigor index
(F=26. 752; p≤ 0.001).
Comparing three temperatures, minimum germination
was noted at 4° C in all cultivars; which increased progressively at 20° and 30° C (Table 1). Significant difference in
seed germination percentage was noted on each cultivar incubated at variable temperatures after 2 days of culture.
The seed germination ranged 37.76 - 68.90%, 46.66 71.10% and 71.13 - 93.33% at 4°, 20° and 30° C respectively. After 2 days of germination, emerging radicles and
plumules were prominently visible. Maximum germination
(93.33%) was noted on cv. SG-125 germinated at 30o C.
Germination on rest of the cultivars showed numerical differences in germination but were statistically similar at 30°
C. Cultivar Ozbek-100 also showed significantly high rates
of germination at 4° and 20° C compared to other cultivars.
The results further revealed significantly reduced germination of 37.76 - 46.66% on cv. Ozbek-100 germinated at 4°
and 20° C respectively.

TABLE 1 - Germination and seed vigor index of five Turkish cotton cultivars under the influence of different temperature regimes.
After two days
After 12 days of seed germination
Germination (%)*
Radicle length (cm)*
seedling height (cm)*
Seed vigor index*
4° C
20° C
30° C
4° C
20° C
30° C 4° C
20° C
30° C
4° C
20° C
30° C
68.90
71.10
93.33
0.57
0.81
2.10
11.16
16.37
16.70
772.26
1163.83
1559.53
SG-125
b,c,d
a,b,c,d
a
i
f
a
b,c,d
a
a
c,d,e
b
a
53.30
60.00
71.13
0.28
0.64
1.08
7.50
8.70
9.03
388.30
519.10
641.53
ST-468
c,d,e
b,c,d,e
a,b,c,d
k
h
e
e,f,g
d,e,f,g
c,d,e,f
g,h
e,f,g,h
e,f,g
64.46
84.46
0.53
0.80
1.73
7.63
11.80
12.80
457.33
763.40
1080.50
Ozaltin-404 60.00
b,c,d,e b,c,d
a,b
i
f
b
e,f,g
b,c,d
b
e,f,g,h
c,d,e,f
b,c
68.90
73.33
0.32
0.67
1.24
5.63
5.96
9.53
363.26
411.50
700.90
Ayhan-107 64.46
b,c,d
b,c,d
a,b,c
k
h
d
g
f,g
c,d,e
g,h
g,h
d,e,f,g
46.66
82.23
0.43
0.76
1.36
6.50
9.14
12.20
244.73
428.30
1006.60
Ozbek-100 37.76
e
d,e
a,b
j
g
c
e,f,g
c,d,e,f
b,c
h
f,g,h
b,c,d
*Mean values shown by different letters in a block are statistically different using Tukey’s test at 0.05 level of significance.
Cultivars

TABLE 2 - Fresh shoot weight, fresh root, dry shoot and root weight of five Turkish cotton cultivars under the influence of different temperature regimes.
After 12 days of seed germination
After 72 hours of dried at 85 °C
Fresh shoot weight (g)*
Fresh root weight (g)*
Dry shoot weight (g)*
Dry root weight (g)*
4 °C
20°C
30°C 4 °C
20°C
30°C
4 °C
20°C
30°C
4 °C
20°C
30°C
0.236
0.271
0.288 0.0670
0.0466
0.0630
0.0486
0.0540
0.0503
0.0053
0.0093
0.0103
SG-125
a,b,c,d
a,b,c
a
a
a,b,c,d
a,b
b,c,d
b,c,d
b,c,d
b,c,d,e,f,g a,b
a
0.170
0.214
0.246 0.0466
0.0246
0.0426
0.0343 e 0.0526
0.0410
0.0030
0.0040
0.0066
ST-468
e
c,d,e
a,b,c,d a,b,c,d
d
a,b,c,d
b,c,d
d,e
f,g
e,f,g
a,b,c,d,e,f
0.214
0.253 0.0536
0.0490
0.0653
0.0516
0.0350 e 0.0453
0.0043
0.0080
0.0090
Ozaltin-404 0.209
d,e
c,d,e
a,b,c,d a,b,c
a,b,c,d
a
b,c,d
c,d,e
d,e,f,g
a,b,c,d,e
a,b,c
0.217
0.228
0.245 0.0276
0.0280
0.0400
0.0606
0.0573
0.0526
0.0020
0.0050
0.0083
Ayhan-107
c,d,e
b,c,d
a,b,c,d d
d
b,c,d
a,b
a,b,c
b,c,d
g
c,d,e,f,g
a,b,c,d
0.233
0.246
0.286 0.0363
0.0443
0.0603
0.0673 a 0.0623
0.0616
0.0036
0.0053
0.0086
Ozbek-100
a,b,c,d
a,b,c,d
a,b
c,d
a,b,c,d
a,b,c
a,b
a,b
f,g
b,c,d,e,f,g
a,b,c
*Mean values shown by different letters in a block are statistically different using Tukey’s test at 0.05 level of significances.
Cultivars
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FIGURE 1 - Effect of temperature on cotton seed germination of cv. Ozbek-100, Ayhan-107, Ozaltin-404, SG-125 and ST-468 at 4° C, 20° C
and 30° C.

Radicle growth and development is an important factor
that helps in determination of germination. Comparing radicle length at three temperatures, it ranged 0.28 – 0.57 cm,
0.64 – 0.81 cm and 1.08 – 2.10 cm. after 2 days of germination at 4°, 20° and 30° C respectively. Moreover, increase in each temperature was accompanied with significant increase in radicles’ length of five cotton cultivars
used in the study. Although, seeds swelling and radicle
growth was noted at all three temperatures; visible growth
and partial breaking of testa was only noted at 30° C germination. Maximum (16.70 cm) and minimum (5.63 cm)
seedling height was noted on cv. SG-125 and cv. Ayhan107 at 30° C and 4° C respectively. The seedling height
responded variably with different cultivars that ranged 5.63 11.60 cm, 5.96 - 16.37 cm and 9.03 - 16.70 cm at 4°, 20° and
30 °C respectively. It was interestingly noted that each cultivar induced minimum seedling length at 4° C and maximum seedling length at 30° C temperatures. Each increased
temperature tended to induce stimulus for faster cell multiplication leading to increased seedling height. Irrespective
of the cultivars seedlings consisted of erect stems with cordate, petiolate leaves.
Seed vigor index is main indicator of rapid germination and seedling growth. It is an important parameter to

indentify overall performance of cultivars in different temperature regimes and environmental conditions. The seed
vigor index ranged 244.73 - 722.26, 411.50 - 1163.83 and
641.53 - 1559.53 at 4°, 20° and 30° C temperature regimes
respectively. Cultivars Ozbek-100 showed minimum seed
vigor index at 4° C and cv. Ayhan-107 had minimum seed
vigor index at 20° C. However, seed vigor index of both
cultivars increased significantly at 30° C (Table 1). The
maximum (1559.53) seed vigor index was noted at 30° C
for each cultivar, with highest seed vigor index of Cultivar
SG-125. The highest vigor index relates superiority of the
cultivar grow more appropriately at different temperature
regimes. An increasing pattern of seed vigor index was also
noted on each raised temperature in all five cotton cultivars.
Table 2 depicts fresh shoot, fresh root, dry shoot and
root weight of different cotton cultivars under the influence
of different temperature regimes after 12 d of culture.
These temperatures variations also influenced weight (in
grams) of fresh shoot (F=6.91; df=14, 30; p≤ 0.001), fresh
root weight per seedling (F=7.83; p≤ 0.001), dry shoot
weight (F= 12.11; p≤ 0.001) and dry root weight (F= 9.78;
p≤ 0.001) significantly. The temperatures regimes 4°, 20°
and 30° C influenced fresh shoot weight that ranged 0.170
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- 0.236 g, 0.214 - 0.271 g and 0.245 - 0.288 g respectively.
The highest fresh shoot weight on each cultivar starting
from cv. SG-125, Ozbek-100, Ozaltin-404, ST-468 and
Ayhan-107 was noted at 30° C in descending order. Whereas,
the lowest fresh shoot weight on each cultivar starting from
cv. SG-125, Ozbek-100, Ozaltin-404, Ayhan-107 and ST468 was noted at 4° C in descending order.
The maximum fresh root weight gains were noted at
30° C in all the cultivars after 12 days of seed germination.
They grew tap roots after emergence and unfolding cotyledon leaves, when lateral roots started to develop in all cultivars; which were prominent at 30° C compared to 20° and
4° C. Fresh root weight ranged 0.0276 - 0.0670 g, 0.0246
- 0.0490 g and 0.0400 - 0.0653 g at 4°, 20° and 30° C respectively. The maximum and minimum fresh root weight
in cv. SG-125, ST-468 and Ozaltin-404 was noted at 4° and
30° C respectively. Rest of the two cultivars Ayhan-107
and Ozbek-100 had maximum and minimum increase in
root weight at 30° and 4° C respectively.
Furthermore, it was observed that dry shoot weight responded variably and ranged 0.0343 - 0.0673 g, 0.0350 0.0623 g and 0.0410 - 0.0616 g at 4°, 20° and 30° C respectively. The maximum and minimum dry shoot weight of
0.0673 g and 0.0343 g was noted on cultivar Ozbek-100
and ST-468 at 4° C respectively. It was interestingly observed that dry root weight increased with increasing temperatures from 4° to 30° C and with maximum dry root
weight (0.0103 g) was noted on cv. SG-125.
4. DISCUSSION
Information about seed germination and seedling vigor
is very important for cotton tissue culture and genetic transformation that could be helpful and advantageous in shoot
regeneration under in vitro conditions. There is need to
know best temperature for germination to obtain healthy
and vigorous seedlings that could provide best regenerating
explants. Extremes of temperature may result in underdeveloped or malformed germinated seeds that could make it difficult to choose desired type of explants. This has to be decided empirically for each cotton genotype used in the experiment. Majority of cultivars lack ability to tolerate low
and high temperature stress for germination [2, 9, 10, 11].
The present study signified that 30° C temperature
tended to induce best in vitro germination on cultivars used
in the study with positive impact on related morphological
traits compared to the seeds that were germinated at 4° or
20° C. Reducing temperatures were unfavorable caused delayed germination and slow growth of seedlings that made
it difficult to obtain explants of desired characteristics.
These impacts were very distinct when the germination
was carried out at 4° C or 20° C, partial with development
of radicles only. It was accompanied with slow growth of
seedlings that made it difficult to obtained tissue culture
grade explants. Seed germinated at 30° C had well developed radicles that did not hinder in obtaining the explants.

These characteristics variations in seed germination
were helpful in selection of plants suitable for obtaining
explants. It is well established that dark has positive impacts on cotton seed germination but its germination percentage vary from genotype to genotype [14, 15]. The seed
germination was significantly slow at 4° C and 20 °C; possibly due to low temperature limits for germination and
growth that creates negative impacts on various biochemical mechanisms going on seed tissues [14]. These react
with external environment in variable way at different temperatures in agreement with Ali-Rachedi et al. [16] and Alboresi et al. [17], who suggested possible role of temperature influenced hormonal balance effects on seed germination. Although the factors affecting cotton seed germination are generally well known, interactions between factors
and their influence on germination require more investigation and must be determined empirically for each cultivar.
Maximum germination was observed in cv. SG-125, where
the seeds were germinated at 30o C in two days. It may be
due to genetic potentiality of that cotton cultivar to withstand temperature fluctuation in agreement with Cole and
Wheeler [18] and Krzyzanowski and Delouche [14]; who
used a thermo gradient plate to study the effect of temperature on cotton seed germination. They suggested that germination was highest at 30º C and an equivalent germination percentage was achieved at 24º C that could only be
achieved after 7 days time.
Cotton seed germination begins with water uptake by
dry seeds that vary at different temperatures resulting in
differential growth and elongation of seed embryonic axis.
Consequently, germination ends up with radicle growth
that protrudes out of seed coat by smashing up testa. It was
noted that 4° and 20° C slowed down growth of radicles as
level of water uptake at these temperatures was inhibiting
for proper development of radicles. The results of the study
clearly shows that at 4° and 20° C, the seed coat exerted
germination restrictive activities as water and/or oxygen
were less permeable due temperature based growth restrictions and testa based mechanical resistance to growth
and development in agreement with Debeaujon et al. [19].
Comparing radicle length at three temperatures, it was also
noted that positively increasing temperatures also influenced
radicle growth of five cotton cultivars along with partial testa
break at 30° C germination only. Level of swelling and testa
break along with seed and root growth are important factors that helped in right stage of explant selection.
The seed germination among different cultivars ranged
37.76 – 68.90% at 4° C in two days time. The results do not
approve findings of Ludwig [20] and Pereira et al. [21];
who reported 12° C as the minimum germination temperature for cotton seeds. In this study, significant and specific
trend of increasing in seedling length was also noted at different temperatures.
Seed vigor index is an indicator of rapid germination
and speed of growth [7]. Seed vigor index was superior at
the 30° C, with significantly decreased seed vigor index at
20° and 4° C in the present study. Buriro et al. [7] and Sikder
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and Paul [22] also reported higher seed vigor index at (30°
C) for various wheat cultivars. However, the results are supported by Robert et al. [23], who reported that both temperature and varietal differences are important factors to understand germination behavior and vigor index in wheat cultivars.
Fresh and dry shoot & root weights of seedlings showed
significant variability at varying temperatures. Increased
temperature from 4° to 30° C had positive impact on fresh
shoot weight and dry root weight in ascending order that
gained more mass that was also helpful in their development at later stages of growth. Buriro et al. [7] has clearly
demonstrated that increase in temperature has positive effect on fresh shoot weight in seedlings of cultivar Mehran89 of wheat. Moreover, they also noted that decrease in
temperature regimes significantly reduced fresh shoot and
root weight in wheat cultivars in agreement with this study;
where fresh root and dry shoot weight responded variably
in changing temperatures from 4° C to 30° C. Buriro et al.
[7] and Hassan et al. [24] determined that shoot dry weight
increased progressively with change in germination temperature from 10° C to 30° C and 15° to 35° C respectively.
Currently, we are using this protocol for genetic transformation of all cotton seeds received from different locations of Turkey. This optimized temperature has allowed
us to sufficient embryo growth of cotton seeds from different accessions also, consistently resulting in high germination rates (71–93 %) and subsequently better seedling
growth (9.03 – 16.70 cm) after 12 days. It assumed that temperature helps in up regulation of micro and macronutrient
remobilization of assimilates from roots that helps in
growth and development of plant. Every cultivar has specific requirements for seedling growth.
5. CONCLUSION
Seed germination is controlled by various biochemical
mechanisms and is fundamental for development and advancement of seedlings that influence the final production
of a plant. The researcher must identify right stage of seedling development especially for biotechnological studies.
The results of this study favor germination of cotton seeds
at 30° C to avoid above mentioned problems. Moreover,
the seed germinated on 30° C had maximum shoot - root
length, fresh shoot and root weight, dry shoot and root
weight including seed vigor index. Carefulness in selection
of right stage of explant could end up in save of time, labor
and fruitful results in cotton genetic transformation.

The authors have declared no conflict of interest.
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ABSTRACT
This work investigated the improvement of biodesulfurization (BDS) of bunker oil via different approaches,
such as adding surfactant, adding solvent and using ultrasonic irradiation pre-treatment. The effectiveness of these
approaches was evaluated and compared. Experiments were
also carried out on separation of oil/aqueous phase after BDS
by adding the HS-P01®. The results showed that after adding the surfactant, solvent or ultrasonic pretreatment, the
BDS efficiency of bunker oil was improved evidently after
bio-treatment. About 10-20% of sulphur was removed from
the samples with different approaches.Ultrasonic irradiation
pre-treatment was better as approach for improved BDS of
bunker oil, in comparison to adding surfactants and solvents. The oil, aqueous medium and a biomass could be
separated by adding 1% HS-P01®. 78.6% oil was recovered
in the best run which was pre-treated by ultrasonic irradiation. The recovery of treated oil was less effective when
surfactants were added in during the BDS process.
KEYWORDS: Bunker oil; biodesulfurization; ultrasound pre-treatment; surfactants; organic solvents.

1. INTRODUCTION
Bunker oil, which is derived from crude oil and a bottom product of petroleum refining, is one of the most commonly used forms of marine fuel for shipping. The supply
of bunker oil to marine vessels is a multi-billion dollar industry in Singapore [1]. The composition of bunker oil is
complex and encompasses a rich mixture of alkanes, alkenes, aliphatic and aromatic hydrocarbons, which contributes much to its high viscosity nature [2]. Especially with
the presence of asphaltenes, which have an extremely complex structure and a relatively high molecular weight, refinery of bunker oil increases in level of complexity and difficulty [3]. Furthermore, bunker oil contains elevated levels of
sulphur (1.5-4 wt%), which generate serious air pollution
* Corresponding author

during combustion due to SOx emission [4]. As land-based
sources of SO2 emission continue to show a gradual decline, the ones by ship transportation are exhibiting a continuing increase [5, 6]. It has also been suggested that merchant fleets are significant contributors to global anthropogenic emissions [7]. In the year 2000, 2.6 million tons of SO2
emissions were estimated to be involved in international
trade in the Baltic, North Sea, North-Eastern Atlantic, the
Mediterranean and the Black Sea [5]. Therefore, there is an
urgent need for removing the main contaminants, such as
sulphur from bunker oil.
Currently, oil sulphur content is treated and removed
by hydrodesulfurization (HDS) process for industrial purpose, in which hydrogen gas is used in the presence of metallic catalysts (metal oxides) to reduce sulphur to H2S. However, to reach a satisfactory level of sulphur removal, high
temperature (300-450 °C) and high pressure (150-250 psi)
are needed. Moreover, it is difficult to remove some hetercyclicsulphur compounds, such as dibenzothiophene (DBT) and
substituted DBTs, which are major sulphur contents in bunker
oil [8].
Recently, biodesulphurization (BDS) process using micro-organisms is known to be promising in terms of safety,
since being carried out under mild conditions and reasonablylow treatment costs [9]. Moreover, BDS processes have
been expected to remove the recalcitrant organic sulphur
compounds found after the conventional hydrodesulfurization (HDS) treatment, mainly polycyclic aromatic hydrocarbons (PAHs), such as dibenzothiophene (DBT) [10-12].
For the BDS process to be effective, however, the solubilization of insoluble or slightly soluble organic sulphur compounds into aqueous solution containing bio-catalysts is a
prerequisite. Especially for bunker oil, which has the
higher viscosity than gasoline and diesel, the low solubility
in aqueous phase might be one of the major limitations to
BDS. Reducing the viscosity of bunker oil and increasing
the contact of bunker oil with biocatalysts is the critical
step in BDS treatment.
In previous studies [13-18], the BDS process was improved substantially through accelerating the transfer of
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DBT from the oil phase to cell surface by adding surfactants to form emulsions and adding organic solvents to increase solubility. In addition, the use of ultrasound can significantly improve the liquid–liquid interfacial area through
emulsification to increase the solubility of oil [19]. The cavitational energy produced by the ultrasound induced the formation of highly reactive radicals and cleavage of covalent
bonds, causing the cracking of heavy oil to a lighter fraction,
viscosity decrease as well as N and S conversion [20].
The main target of this work was to improve BDS of
bunker oil via different approaches, such as adding surfactants, organic solvents and using ultrasonic irradiation pretreatments. The effectiveness of these processes on improving BDS of commercial bunk oil was evaluated and
compared. Moreover, experiments were also carried out on
the separation of oil/aqueous phase after BDS by adding
the industrial demulsifier.
2. MATERIALS AND METHODS

2.4 Microbial seeds and incubation

Microbial seeds were enriched from an oil contaminated soil collected from the surface of an oil-contaminated
parking lot, Singapore. Ten gram of soil was suspended in
100 ml of BSM, supplemented with 0.2 mmol L−1 DBT
(added from a stock containing 100 mmol L−1 DBT in anhydrous ethanol) as sole sulphur source. The suspension
was incubated on a rotary shaker (200 rpm) at room temperature for 5 days. After incubation, the soil mixture was
briefly centrifuged at 3300 rpm for 30 min, and 5 ml of the
supernatant was transferred to a 250-ml flask containing
100 ml of fresh BSM supplemented with DBT, and the
mixture was reciprocally shaken for 5 days. The above procedure of enrichment was repeated four times before the
enriched culture was used as the seed in the BDS test.
2.5 Surfactant pre-treatment

2.1 Bunker oil

Bunker oil MFO 380 used in this study was a kind of
very heavy oil with a maximum viscosity of 380 centistokes,
and was kindly provided by the Maritime and Port Authority
(MPA) of Singapore. Elemental and chemical composition
of bunker oil is shown in Table 1.
TABLE 1 - Elemental and chemical composition of bunker oil.
Elemental composition (%w/w)
Carbon
Hydrogen
Nitrogen
Sulfur
Asphaltene
Vanadium (mg/kg)
Nickel (mg/kg)
Water Content
Dynamic viscosity (Pa•s @ 40ºC)

Na2HPO4 4.76 g L−1, MgCl2·6H2O 0.4g L−1, NH4Cl 2.0 g L−1,
CaCl2·2H2O 1.0mg L−1, FeCl3·6H2O 1.0mg L−1, MnCl2·4H2O
4.0mg L−1 and 10g L-1 glycerol.

The surfactants Tween 20, Triton X 100 and PEG 4000,
were used to test the influence of surfactant on the desulfurization of bunker oil 380 (1 g oil, 0.5 g surfactant and 45 ml
BSM were added into a 250-ml Erlenmeyer flask). The
mixture of oil, surfactant and BSM was stirred at 200 rpm
for 24 hours. After that, the enriched culture was transferred into an Erlenmeyer flask to carry out BDS process.
2.6 Solvent pre-treatment

The toluene, hexane and N-heptane were used to test
the influence of solvent on the desulfurization of bunker oil
380. Oil and solvent were added into a 250-ml Erlenmeyer
flask, in the proportion of 2-10 ml solvent/g oil. The mixture of solvent and oil was stirred at 200 rpm for 20 min.
After that, BSM and enriched culture were transferred into
an Erlenmeyer flask to carry out BDS process.

MFO 380
81.2±0.5
15.2±0.7
0.52±0.2
3.17±0.1
9.4±NA
116.3±5.2
42.1±2.4
NA
0.79

2.7 Ultrasonic pre-treatment

2.2 Chemicals

Dibenzothiophene (DBT) (> 98% purity), Tween 20
(Polyoxyethylenesorbitanmonolaurate), Triton X-100 (Polyethylene glycol p-tert-octylphenyl ether), PEG 200 (Polyethylene glycol), hexane, heptanes, toluene and dichloromethane (DCM) were purchased from Sigma- Aldrich
(Singapore). HS-P01® was purchased from Shaanxi Watson Science and Technology Co., Ltd (China). All other
chemicals used were of analytical grade without further purification. Ultra-pure water produced by a Millipore MilliQ system was used to prepare all solutions in this study.
2.3 Preparation of media

The basal salt medium (BSM) used for enrichment of organic-sulfur-degrading micro-organisms and BDS reaction
steps was prepared as suggested by Li et al. [21] with some
modifications and it was composed by KH2PO4 2.44 g L−1,

Figure 1 shows the experimental set-up used to conduct the ultrasonic pre-treatment bunker oil sample. The
reactor was a 250-ml Erlenmeyer flask that contained a biphasic system of 1 g bunker oil MFO 380 and 45 ml BSA
aqueous solution. Ultrasound was generated by an XL2020
Sonicator® ultrasonic processor (Misonix Incorporated,
New York, USA) equipped with a 20 kHz frequency probe
(5 ‘‘L ×1.5” diameter, 12.7 cm ×3.8 cm), which was vertically dipped into the oil-BSM mixture. The position of the
probe could be altered. The cycle time and the amplitude
ratio could be varied. The temperature of the reactor was
controlled using a constant-temperature hot plate with a
temperature sensing probe. The accuracy of the temperature control was ±1 °C.
2.8Biodesulfurization of bunker oil

After pre-treatment, 5 ml enriched culture (late exponential phase, about 6.5g L-1) was added into Erlenmeyer
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FIGURE 1 - Schematic diagram of ultrasound experimental setup

flasks containing the mixture solutions. The final ratio of
oil to aqueous solution was about 1:50 (wt/wt). The BDS
test was carried out at 30 °C on a rotary shaker operated at
200 rpm for 7 days. Control experiment was also conducted
under the same conditions, but without adding microbial
inoculum. All experiments were conducted in triplicate.

The results were expressed in terms of weight percent of
each element in the samples. The S conversion was calculated on the basis of the following equation:
S conversion  %  

2.9 Test for the separation of oil/aqueous phases

Total sulfur content in feed  Total sulfur content in product
100%
Total sulfur content in feed

3. RESULTS AND DISCUSSION

25 ml bio-treated sample was transferred to a 100-ml
separating funnel. The HS-P01®, an industrial demulsifier,
was added into the oil/ aqueous mixture at a dosage of 1%,
and the funnel was vigorously hand-shaken. The mixture
sample was allowed to stand for a period of time, and layering of oil from the aqueous phase was observed. After
that, the aqueous medium (middle layer) and biomass (bottom layer) were discarded from the separation funnel and
the oil phase (up layer) was extracted with DCM. The DCMoil phase was evaporated, the oil sample obtained was dried
in a muffle kiln at 50 °C, and then weighed to evaluate the
separation effect quantitatively.
2.10 Analytical methods

After desulfurization reaction, the samples taken from
the Erlenmeyer flask were extracted with DCM in a separating funnel to separate the oil phase from the aqueous
phase. The lower layer (DCM-oil phase) was collected and
evaporated using a BUCHI evaporator at 50 °C. The obtained
oil extract was further heated in a muffle kiln at 50 °C, until
two consecutive weighing showed weight losses lower than
5 mg. After that, the C, H, and N contents of the oil sample
were measured concurrently using a Leco CHN elemental
analyzer. Sulfur analysis of oil fraction was performed with
a Leco SC-432 instrument at 1350 °C of furnace temperature.

3.1 Visual observation

The contact of the target compounds with the functional microbes is of crucial importance in a BDS process.
In order to achieve contact and mass transfer, mixing of oil
and aqueous phases (containing microbes) had to be done.
Figure 2 shows the change of mixing conditions after the
BDS process by different pre-treatments. Without the addition of surfactant/solvent or ultrasonic irradiation pretreatment, even in presence of a small amount of bio-surfactant with the growth of microbes during BDS process
[22], large amounts of bunker oil still tended to tightly stick
onto the inner wall of the glass flask or to form large particles in the aqueous phase (Fig. 2a). Thus, only a small part
of sulphur compounds in bunker oil was in contact reacting
with the biocatalysts. With the addition of surfactant/solvent or ultrasonic irradiation pre-treatment, a better mixing
was achieved (Figs. 2b-d). Less oil attachment to the glass
surface was observed, and the oil could form an emulsion
with aqueous phases, which resulted in better mass transfer. This indicates that a good mixing of bunker oil and
aqueous phases (containing microbes) can be achieved
through adding surfactant, solvent or using ultrasonic irradiation pre-treatment. This may have a significant influence on the BDS process.
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a

b

c

d

FIGURE 2 - Visual observation of oil-water mixing condition before (a) and after (b) adding surfactant Triton X100, (c) adding solvent heptanes, and (d) ultrasonic irradiation pre-treatment.

The surfactants Tween 20, Triton X100 and PEG 200
were used to investigate the influence of surfactants on the
BDS of bunker oil 380. An enriched culture by using DBT
as model compound was used as catalyst for the BDS process. As shown in Fig. 3, the BDS of bunker oil without
adding surfactants was very low. Only 2.56% of sulphur
was removed after 7 days of incubation. When the surfactant was added to the reaction system, BDS efficiency was
significantly improved. The sulphur content decreased from
3.13 to 2.76% (wt/wt), and 11.69% sulphur was removed
when 0.5 g Tween 20 was added into 50 ml medium. It indicates that Tween 20 was the optimal surfactant for BDS
of bunker oil.
The amount of surfactant can affect the costs of BDS
and the separation of bunker oil from the BDS system. Figure 3 also shows the influence of the amount of surfactants
on BDS of bunker oil MFO 380. It can be seen that the
sulphur conversion of bunker oil increased with the increase of surfactant content initially, and then declined with
further increase above a point. The optimal amount of surfactant Triton X100 was 0.3g/50 ml medium while the optimal
amounts of Tween 20 and PEG 200 were 0.5 g/50 ml medium.

The reason is likely to be that too small amounts of surfactant cannot provide enough emulsion for the BDS process.
Thus, the mass transfer is limited. However, too much surfactant will cause damage to the biocatalyst and decrease
the BDS activity.
14
Triton X100

12

Sulfur conversion,%

3.2 Improved biodesulfurization of bunker oil by adding surfactants

Tweeen 20

10

PEG 200

8
6
4
2
0
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Surfactant content, g

FIGURE 3 - Effect of surfactant on the BDS of bunker oil by mixed
culture.
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3.3 Improved biodesulfurization of bunker oil by adding solvents

A set of experiments was carried out for evaluating the
improvement of BDS of bunker oil by adding different solvents, such as toluene, hexane and heptane. The experimental results are presented in Fig. 4.
10
8
7
6

25

5

20.55

4

Toluene

3

Hexane

2

Heptane

1
0
0

2

4
6
8
Solvent content, mL/g oil

10

12

Sulfur conversion, %

Sulfur conversion, %

9

possibly that the cavitational energy produced by the ultrasound induced the cleavage of the covalent bond between
carbon-carbon and carbon hetero-atoms, causing the cracking of bunker oil to a lighter fraction [20]. Thus, the lighter
fraction might be degraded more easily in BDS process and
transferred to the aqueous solution including the culture,
resulting in a loss of total weight of oil. A more lighter fraction was produced with ultrasonic irradiation time and
more hydrocarbon was degraded in BDS process and transferred to the aqueous solution. Therefore, the conversion of
sulphur decreased slightly when ultrasonic irradiation pretreatment was up to 60 min.

20

19.77

16.86

15
10.48
10
5
1.37

FIGURE 4 - Effect of solvent on the BDS of bunker oil by mixed culture.

The experimental results in Fig. 4 show that the sulphur content was difficult to remove or reduce without the
addition of any solvent. When solvent was added into the
reaction system, the sulphur conversion of bunker oil increased with increasing solvent content initially, and then
declined with further increase above a point. The sulphur
conversion was more pronounced after adding hexane than
adding toluene and heptanes, being higher than 9% in the
presence of 6 ml hexane/g oil. The improvement of BDS
by adding toluene was less effective. These results indicate
that adding solvents can improve the BDS process. On the
other hand, too much solvent might cause damage to the
biocatalyst and decrease the BDS activity [15, 23].
3.4 Improved biodesulfurization of bunker oil via ultrasonic irradiation pre-treatment

In order to evaluate the effect of ultrasonic irradiation
on BDS, the ultrasonic irradiation pre-treatment test was
conducted with different ultrasonic irradiation times. The
results obtained from the test are shown in Fig. 5.
It was observed from the experimental results that ultrasonic pre-treatment played an important role in BDS. In
absence of ultrasonic irradiation pre-treatment, the sulphur
content decreased slightly after 7 days of incubation. The
BDS efficiency of bunker oil was improved significantly
in the presence of ultrasonic irradiation pre-treatment, and
the sulphur content decrease was more pronounced with
increasing the ultrasonic irradiation time. 20.55% of sulphur was removed when bunker oil sample was pre-treated
for 45 min with an ultrasonic processor. But when further
extending the irradiation time to 60 min, the BDS efficiency of bunker oil was less effective. The reasons are

0
0

15
30
45
Ultrasonic irradiation time, min

60

FIGURE 5 - Effect of ultrasonic irradiation pre-treatment on the
BDS of bunker oil by mixed culture.
3.5 Comparison of BDS with different approaches

Studies were further extended to compare the results
of BDS of bunker oil with 3 approaches under their optimal
conditions. The results obtained from the test are shown in
Table 2.
As shown in Table 2, it was found that about 20.03%,
13.68% and 10.62% S was removed from the bunker oil
after 7 days of incubation by using ultrasonic irradiation
pre-treatment, adding Tween 20 and adding hexane, respectively. These studies showed that ultrasonic irradiation
pre-treatment was a better approach for the improvement
of BDS concerning the bunker oil in comparison to adding
surfactants and solvents, which may be attributed to the
fact that ultrasonic irradiation only changes the physical
chemical properties of bunker oil through the formation of
highly reactive radicals and cleavage of covalent bonds,
causing the cracking of heavy oil to a lighter fraction, viscosity decrease as well as N and S conversion, but no negative impact on the BDS activity of bio-catalyst due to the
procedures being carried out in the different periods. Differently from ultrasonic irradiation pre-treatment, although
the addition of solvents increases the solubility and bioavailability of bunker oil, organic solvents present in oil are
frequently toxic to common bacteria [24].
From Table 3, it can be seen that nitrogen content also
decreased after the bio-treatment. Carbon and hydrogen contents decreased slightly. With adding Tween 20 or ultrasonic
irradiation pre-treatment, the ratio of H/C increased slightly
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TABLE 2 -S content of oil before and after 7 days of mixed culture treatment.
Sulfur (%w/w)

Sample

Original

Control

Mixed culture

Removed

3.205
3.216
3.154
3.115

3.192
3.231
3.149
3.106

3.179
2.789
2.815
2.484

0.013
0.442
0.334
0.622

No ultrasound no additives
with Tween 20
with hexane
ultrasonic irradiation

Conversion (%)
0.4
13.68
10.62
20.03

TABLE 3 - Effect of BDS on the nitrogen, carbon and hydrogen content of bunker oil.
Samples

N, %

C, %

H, %

H/C

Bunker-C oil 380
BDS
BDS+Tween 20
BDS+hexane
BDS+ultrasonic irradiation

0.33
0.37
0.27
0.30
0.19

85.3
83.4
79.5
83.4
77.2

10.10
9.50
9.63
9.73
9.48

0.1184
0.1139
0.1211
0.1167
0.1228

a: Control

b: with 1% Tween 20,

c: with 6mL hexane /g oil,

d: ultrasonic irradiation

FIGURE 6 - Separation of mixture sample after bio-treatment with 1% HS-P01®.

after the bio-treatment. The possible reason is that the selected biocatalyst is a mixed culture which had the ability of
BDS, biodenitrogenation (BDN) and biocracking simultaneously. On the other hand, ultrasonic irradiation induced the
formation of highly reactive radicals and cleavage of covalent bonds, causing the cracking of heavy oil to a lighter fraction [20]. The lighter fraction can be consumed by cells as
the carbon source during the BDS process, even in presence
of glycerol, an easily metabolized carbon source [25], which
can decrease the carbon content. As a result, the ratio of H/C
increases after bio-treatment.
3.6 The separation of oil/aqueous phases

The separation of oil/aqueous phases after BDS is also
a key step in the DBS process, which relates to the recovery

of treated oil. Experiments were carried out on separation
of oil/aqueous phases after BDS by adding HS-P01®, an
industrial demulsifier. The results are shown in Fig. 6.
It can be seen that, compared to the control sample
(without HS-P01®), 3 distinct layers i.e. oil, aqueous medium and a biomass layer could be observed in all three
samples when 1% HS-P01® was added, indicating that homogeneously emulsified oil had been broken. A better separation of the 3 layers was obtained from the sample which
was pre-treated by ultrasonic irradiation (Fig. 6d). The separation of the 3 phases was less effective due to the addition
of surfactant (Fig. 6b).From Table 4, it can be seen that recovery of bunker oil increased, in turn with adding Tween
20, hexane and ultrasonic irradiation pre-treatment. How-
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ever, a satisfactory recovery was still not achieved, even in
the best run which was pre-treated by ultrasonic irradiation.
Only 78.6% of oil was recovered. Therefore, there is a difficulty associated with oil separation from the aqueous medium due to the presence of emulsifier bio-surfactant [22].
TABLE 4 - Oilrecoveredwithaidof 1% demulsifier.
Oil weight
(g)

Recovery of oil
(%)

Control
(without demulsifier)

0.173

34.6

BDS+Tween 20

0.319

63.8

BDS + Hexane

0. 336

67.2

BDS +ultrasonic irradiation

0. 393

78.6

Sample

Note: Assume that there are 0.5 g of oil in 25 ml of the samples (2%
(w/v))

4. CONCLUSION
In this work, the improvement of BDS of bunker oil
via different approaches, such as adding surfactant, adding
organic solvent and using ultrasonic irradiation pre-treatment was investigated. Experiments were also carried out
on the separation of oil/aqueous phase after BDS, by adding the HS-P01®. On the basis of the results obtained, conclusions can be made as follows:
(1) After adding surfactant, solvent or ultra-sonic pretreatment, the BDS efficiency of bunker oil was improved
evidently after bio-treatment. About 10-20% of sulphur
was removed from the samples with different approaches.
(2) Ultrasonic irradiation pre-treatment was a better
approach for improving BDS of the bunker oil, in comparison to adding surfactants and solvents, due to ultrasonic
irradiation causing the cracking of heavy oil to a lighter
fraction, viscosity decrease as well as N and S conversion.
The improvement of BDS of the bunker oil by adding solvent was less effective, due to its toxicity to the microbial
cells during the BDS process.
(3) The oil, aqueous medium and a biomass could be
separated by adding 1% HS-P01®. 78.6% oil was recovered
in the best run which was pre-treated by ultrasonic irradiation. The recovery of the treated oil was less effective in
presence of surfactants during the BDS process.
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ABSTRACT
Dissolved oxygen (DO) has a significant impact on
aquatic ecological environment and the living conditions
of fishes. Water quality, especially water temperature, reservoir discharge pattern and climatic conditions are believed to influence the changes in DO levels. A case study
was carried out, considering all of the 3 conditions in the
upstream of RURY (standing for National Nature Reserve
for the Rare and Endemic Fishes in the Upper Reaches of
the Yangtze River), which was established to protect the
rare fish species in the Yangtze River. The study sites are
in the downstream of the Xiangjiaba (XJB) and Xiluodu
(XLD) reservoirs, which have been constructed and used
for the initial impoundment. The objective of this research
was to investigate the effects of abiotic conditions on the
DO levels in the downstream reaches of the XJB and XLD
reservoirs, and accordingly, to provide guidance on reservoirs’ operations strategies to control the DO levels and
maintain a relatively healthy aquatic ecological environment for the rare and endemic fishes there. Data of DO
concentration, water temperature, pH levels, as well as 14
meteorological parameters and 7 hydrological parameters
are considered in statistical modeling. The analysis was
conducted via the analysis of the changes of DO levels and
stepwise multiple linear regression analysis. The results indicate that (1) DO concentration and saturation in all monitoring stations significantly increased after initial impoundment; (2) the super-saturation of DO occurred downstream of the XLD and XJB reservoirs after each impoundment; (3) DO concentration and saturation downstream of
the XJB reservoir were significantly affected by water-discharging patterns, atmosphere pressure (particularly its
maximum value) and pH levels, whereas DO concentration
and saturation downstream of the XLD reservoir were
more related to atmospheric parameters, such as atmospheric temperature and wind speed.
* Corresponding author

1. INTRODUCTION
Dissolved oxygen (DO) is an important factor of the
aquatic ecological environment, which has a significant
impact on water body health, and hence, its effects on
fishes should not be neglected [1]. Extensive research has
demonstrated that the health of the fish is easily affected by
DO levels, and a DO level either too low [2-4] or high [5,
6] is a common cause of fish deaths. A substantial amount
of research has identified the spatial and temporal distribution of DO and the negative influence of low DO levels,
especially in offshore or estuary zones [7], while fewer
studies have focused on DO super-saturation caused by the
construction and operation of reservoirs [8]. The abiotic
factors that caused the DO changes can be divided into 3
major categories: water quality indices, hydrological indices and weather indices.
Certain water quality indices are considered to predictors of the amount of DO: water temperature, pH value
(pH), hydrogen sulfide (H2S), DO, biochemical oxygen demand (BOD), chemical oxygen demand (COD), suspended
solids (SS), total Kjeldahl nitrogen (TKN), ammonia nitrogen (NH3N), nitrite nitrogen (NO2N), nitrate nitrogen
(NO3N), total phosphorus (TP), and total coliforms (TC)
[9]. Other input variables for predicting DO values are conductivity, turbidity, suspended solids, total hardness, total
alkalinity [10], and presence of chemicals, such as ammonia, iron, and manganese [11]. Obviously, water temperature and pH are the most common variables that can affect
DO changes.
Reservoirs are constructed for hydropower, flood control, irrigation or water supply, but regardless of the purpose of the reservoir, their operation often causes changes
of a body of water, like changes in DO [12]. The hydrological indices concerning DO variation include discharge for
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electricity generation, water levels of upper and lower
reaches, and the hydraulic structures [13-16]. Some research
results indicate that impoundment and operation of reservoirs lead to wide fluctuations in DO levels, which often exceed the local water quality standards [17]. As a result, the
effect of reservoir impoundment, which can change DO levels in downstream flow, is receiving more attention.
Recent work has focused on the impact of climate
change on aquatic systems. Climate conditions will lead to
an intensification of the hydrological cycle, which will affect both water quantity and water quality [18, 19]. There
is an increasing amount of research on the impact of DO
changes as a result of climate conditions. The weather variables, often analyzed, include atmosphere temperature, relative humidity, sunshine duration, and radiation [20-22].
Other weather indices, such as typhoon and cold front [23],
are also thought to be associated with changes in DO. Given
the climatic changes, increasing attention is accorded to
weather conditions in terms of how they relate to DO level
changes. However, previous research analyzing DO changes
has placed greater emphasis on operation mode, and focused
much less on water quality and weather conditions.
A further study on the effect of these 3 categories of
conditions (water quality, hydrologic and weather conditions) that influence DO levels is necessary and of vital importance. The objective of this study is to determine the
main abiotic factors (considering 3 major categories)
which cause changes of DO downstream of the reservoirs
during and after initial impoundment, and accordingly provide guidance on reservoir operations strategies to control
the DO levels and maintain a relatively healthy aquatic
ecological environment to improve the survival of rare and
endemic fishes. A case study was carried out in the upper
Yangtze river, where the Xiluodu (XLD) and Xiangjiaba
(XJB) hydropower stations are located, that have been constructed and used for the initial impoundment. Water quality data (DO concentration, pH, water temperature) were
monitored. Hydrological and meteorological data during
the sampling period were recorded and collected. Data

analysis included correlation analysis and stepwise multiple linear regression. The storage period plays an important
role in normal operation of the reservoir. At present, few
studies reported on regarding the factors influencing DO
levels in this area. Since the XJB and XLD reservoirs began their operation, changes of DO and influencing factors
will continue to receive widespread attention. This research will give useful information and methods under actual multi-objective ecological operations by considering
the influence of climatic conditions, water quality conditions and controlling of water release patterns, thereby ensuring the health and integrity of downstream aquatic ecosystem.
2. MATERIALS AND METHODS
2.1 Study area

The upper Yangtze River, north of Yichang city, is an
exceptional aquatic ecosystem for rare and endemic fishes,
which features appropriate topography, geology, hydrologic
and climatic conditions. In order to preserve the biodiversity
of rare and endemic fish species in the upper Yangtze River,
one of the most bio-diverse regions in China, the National
Nature Reserve for the Rare and Endemic Fishes in the upper
reaches of the Yangtze River (herein referred to as RURY)
was established. It is quite a breeding area for a wide and
abundant variety of aquatic organisms, particularly for fish
fauna (with up to 286 species). RURY has a total length of
1162.61 km and an area of 331.74 km2, which is the longest
and largest riverine natural reserve in China. As shown in
Fig. 1, the scope of RURY extends to Sichuan, Yunnan, Guizhou Provinces and Chongqing Municipality, including the
main stream of the Yangtze river between the XJB Reservoir
and Diwei Bridge, and such tributaries as Chishui and
Mingjiang Rivers. The primary fish species protected in
RURY includes the Chinese paddlefish (Psephurus gladius),
Dabry’s sturgeon (Acipenser dabrynus) and Chinese sucker
(Myxocyprinus asiaticus), as well as 67 other endemic fish
species in this area [24].

FIGURE 1 - Study area and locations of monitoring and meteorological stations
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FIGURE 2 - Water level in the XJB and XLD reservoirs during the impoundment.

In the upper reaches of RURY, 4 cascade hydropower
stations –Wudongde, Baihetan, Xiluodu (XLD) and
Xiangjiaba (XJB) hydropower stations – have been
planned [25]. The expected total installed capacity of the 4
cascaded hydropower stations will be at least 43 million
kWh. During the monitoring period of this study, the XLD
and XJB reservoirs started impoundment, and will start
generating electricity in the near future.
2.2 Impoundment Schedule

The XJB and XLD hydropower stations make up the
first stage of the Jinsha River development. Their impoundments were carried out in a step-by-step manner, to
avoid the hazardous impacts of tremendous water level
changes.
During the research period (2012-2013), impoundment
in the XJB reservoir consisted of 3 water levels, as shown
in Fig. 2: (1) initial impoundment began on October 10th,
2012, leading the water level to rise to 354 m, 4 days later
on October 16th, 2012; (2) from June 26th to July 5th, 2013
the water level went up to 370 m, and (3) it reached the
normal storage water level of 380 m during a 5-day period
from September 7th to 12th, 2013. It should be noted that
the XJB reservoir releases water through surface outlet,
deep orifice and its hydropower station.
Impoundment in the XLD reservoir was carried out in
one singular period from May 4th, 2013 to June 23th, 2013,
with the water level increasing from 440 to 540 m. Similarly, the XLD reservoir can release water through surface
outlet, deep orifice, outlet at the bottom of the dam, and its
hydropower station. However, surface outlet was not used
during this impoundment because of low water level.
2.3 Water quality, hydrologic and meteorological data

Water quality monitoring (DO, water temperature and
pH) was analyzed at 5 locations (Fig. 1) along the main
stream: it was conducted 3 times a month between Jul-Oct

2012 and May-Aug 2013, and once a month from November 2012 to April 2013, and Sept-Nov 2013. DO concentration was measured at each station using the iodometry
method [26]; water temperature was measured by sound
velocity profiler (HY1200) [27], while pH level was measured by glass electrode analysis [28]. Three of five monitoring stations are in the upstream of URYR: S1 is downstream of the XLD dam, S2 and S3 are immediately upstream of the XJB dam and downstream of the dam, respectively. S4 is in the middle of URYR, and S5 is immediately
downstream of URYR. Samples on the left, right and in the
middle of the river were collected at all monitoring stations
each time. The average of the 3 samples collected was used
in the data analysis.
DO saturation is a more direct measure of the availability of oxygen to aquatic fauna, in addition to being considered to have more ecological significance than DO concentration [29]. DO saturation is defined as follows:
100

(1)

where, DOc (mg/L) is the observed values of concentration, and DOT (mg/L) is the calculated value under the
corresponding water temperature of observations.
The calculation formula for DOT is as follows [30]:
14.60307 0.4021469
0.0000692575
0.00768703

(2)

where, WT is the water temperature of observations.
In addition to the water quality data taken at the monitoring sites (S1 - S5), hydrological data were also provided
by the research group China Three Gorges Corporation,
which is the constructor of the XLD and XJB reservoirs, as
well as the operator during each impoundment. There were
7 parameters in hydrologic data of two reservoirs: water
,
), total inflow (Inflow), total outflow
levels (
(Outflow), surface outlet discharge (
) for the XJB
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reservoir and bottom outlet discharge (
XLD reservoir, deep orifice discharge (
).
charge of hydropower station (

) for the
), and the dis-

1

∑

3. RESULTS AND DISCUSSION
3.1 Analysis of the changes in DO levels

According to the monitoring data during July 2012 to
November 2013, DO concentration (Fig. 3) and water temperature (Fig. 4) show periodic characteristics; DO concentration ranges from 7.2 to 12.4 mg/L, and the water temperature ranges from 9.5 to 25.9 °C in the study area. Both water
temperature and DO concentration are found to change with
the seasons. The relationship between DO and meteorological parameters is hence demonstrated in this paper.

∑

(4)

|

|

(5)

13
12

S1

S2

S4

S5

S3

11
DOC (mg/L)

∑

Considering that the lower the water temperature is,
the stronger the acceptance ability of dissolved oxygen is,
as the water temperature rises, DO concentration show the
opposite trend. As shown in Figs. 3 and 5 (DO saturation),
DO concentration and saturation at monitoring stations S1,
S2, and S3 vary more fiercely than those at S4 and S5.
However, the water temperatures of all the monitoring stations are fairly similar. Besides, DO super saturation was
observed four times, three of which took place in the downstream of the XJB or XLD reservoir after impoundment:
(1) 10 days after the initial impounding of the XJB reservoir, DO concentrations at the monitoring stations S1, S2
and S3 on October 26 increased to 9.8, 10.7 and 10.5 mg/L,

(3)

∑
̅

(6)
̅

The larger values of R2 (Eq. 3) and smaller values of
RMSE (Eq. 4) and MAE (Eq. 5) ensure the better performance. The Nash–Sutcliffe model efficiency coefficient
(Eq. 6) can range from -∞ to 1. Essentially, the closer the
model efficiency is to 1, the more accurate is the model.

The relationship among DO and water quality, hydrologic and meteorological indices was obtained using correlational analyses and stepwise linear regression analysis.
Stepwise regression (SR) is a form of linear regression
analyses, which is widely used in different types of research. SR can be used to assess the relationship between a
single response variable (dependent variable) and two or
more control variables (independent variables), and determine the functional relationship that supplied the requested
forecast [31]. These commonly used error statistics and
performance measures criteria are calculated by the following formulas:
̅

∑

where, ̅ and are the average values; zo is the measured value; zs is the simulated value.

The effect of climatic conditions has also been considered. The meteorological data were collected from China
Meteorological Data Sharing Service System and were recorded daily. The meteorological data in this paper include
14 parameters: precipitation (P), extreme wind speed
), average and maximum wind speeds ( ,
),
(
atmospheric pressure (the average-- , minimum-), atmospheric temperature (the avand maximum-erage-- , minimum-and maximum-), average vapor pressure ( ), average and minimum relative
humidity ( ,
), sunshine duration (Sun). The nearest meteorological station to the monitoring station S1 is
station M1 (Fig. 1), and the nearest one to S2 is station M2.

∑

∑
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FIGURE 3 - DO concentration at five monitoring stations from July 2012 to November 2013.
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FIGURE 4 - Water temperature at five monitoring stations from July 2012 to November 2013..
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FIGURE 5 - DO saturation at five monitoring stations from July 2012 to November 2013..

while DO saturation at the same locations remained at
108.2, 119.1 and 116.4% respectively; (2) 4 days after the
initial impounding of the XLD reservoir, DO super saturations only took place at S1, and its DO concentration and
saturation were 12.4 mg/L and 137.4% respectively; (3) 5
days after, the third time’s impoundment of the XLD reservoir, DO concentrations at S1, S2 and S3 on October 26
increased to 12.2, 10.3 and 10.4 mg/L, while DO saturations at the locations were 139.3, 118.2 and 120.8%, respectively. The last DO super saturation was recorded on
August 28, 2012, when both of the reservoirs have not
started to impound yet. As initial impoundment of the XLD
reservoir began on May 5th, 2013, clearly the DO super saturation recorded on May 8th, 2013 downstream of the XLD
dam was not a coincidence. Likewise, DO super saturation
again occurred at S3 downstream of the XJB dam after the

XJB reservoir’s initial impoundment on October 10th,
2012. Besides, during the second time’s impoundment of
the XJB reservoir, no DO super saturation was observed.
This result reveals that reservoir impoundment can somehow affect DO level downstream of the dam, but it is not
the only influential factor.
The monthly mean value of DO concentration, DO saturation and water temperature in 2010-2011 taken before
impoundment are shown in Fig. 6 (upstream of RURY),
Fig. 7 (in RURY), and Fig. 8 (downstream of RURY), and
compared with the one after impoundment in 2012-2013.
The comparison results indicate that before impoundment,
the changing trends of DO concentration and water temperature were identical, and DO concentration was negatively linked with water temperature. While the value of
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water temperature after impoundment was similar to the
one before, the value of DO concentration differed. Compared with the monthly changes in DO levels and water
temperature before impoundment at the monitoring station

S3 upstream of RURY in Fig. 6, DO levels increased significantly during the months after impoundment when
there was no change in water temperature. Furthermore,
during the XJB initial impoundment on October 2012, DO

FIGURE 6 - Monthly changes in DO concentration, DO saturation and water temperature at the monitoring station S3 upstream of RURY.

FIGURE 7 - Monthly changes in DO concentration, DO saturation and water temperature at the monitoring station S4 in the middle of RURY.
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FIGURE 8 - Monthly changes in DO concentration, DO saturation and water temperature at the monitoring station S5 downstream of RURY.

TABLE 1 - The comparison of DO levels between the measured data with the historical record (2010-2011) for the same periods at all monitoring stations.
Periods

DO Levels

Average

2010-2011

3 months before the XJB impoundment

Concentration, mg/L

7.9

7.9

From July to September in 2012

Saturation, %

92.3

93.1

After the XJB impoundment until the XLD impoundment

Concentration, mg/L

9.7

9.0

From October 2012 to April 2013

Saturation, %

98.9

88.9

After the XLD impoundment
From May to November in 2013

Concentration, mg/L
Saturation, %

8.3
96.2

8.0
91.5

levels raised more noticeably than the period of the XLD
initial impoundment from May to June in 2013. The comparison conducted in the middle of RURY, as shown in Fig.
7, indicates that either DO concentration, or DO saturation
after impoundment, is much higher than it was before (especially in January 2013). However, an exception to this is
the period from May to July in 2013. The comparison conducted at the downstream of RURY (Fig. 8) is generally
the same.
The comparison of DO levels between the measured
data with the historical record (2010-2011) for the same
periods at all monitoring stations is shown in Table 1. Most
noticeably, the mean DO concentration and the mean saturation after the XJB initial impoundment increased by 7.6
and 11.2%, respectively. The increases here are higher than

those after the XLD initial impoundment, which were 3.4
and 5.2%, respectively. Overall, the initial impoundment
of the 2 reservoirs can have some impacts on the DO levels
downstream of the dams, including RURY. The research
reveals that, compared to the changes in DO caused by the
XLD initial impoundment, the XJB initial impoundment
had more drastic influence. Moreover, the two reservoirs’
initial impoundment also affected the DO levels in different ways. Therefore, the relationship between DO levels
and hydrologic parameters affected by different reservoir
operation needs to be investigated.
3.2 Stepwise regression analysis

The Pearson’s correlation coefficients (two-tailed test)
between DO levels downstream of the XJB (S3) and XLD
(S1) dams and its hydrologic, meteorological parameters
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since the initial impoundment are shown in Table 2. Overall results of correlation analysis confirm that DO levels
have a strong negative correlation with water temperatures,
atmosphere and vapor pressure, as well as with atmospheric pressure. There is a strong positive correlation between DO saturation and deep orifice discharge at monitoring station S3 (downstream of the XJB dam). The results
of Pearson’s correlation coefficients between DO levels at
the monitoring station S1 (downstream of the XLD dam)
and other parameters since May in 2013 are similar to those
in S3 (downstream of the XJB dam). DO level is related to
temperature, especially in terms of atmosphere temperature, vapor pressure and atmospheric pressure. There
seems to be an explicit relationship between DO and the
XLD reservoir discharge patterns. The main consideration
is short-term observed data of different discharge patterns.
It can be seen that the results from monitoring station S3
(downstream of the XJB dam) give a higher R2 correlation
coefficient between DO levels and atmosphere pressure
than those from the monitoring station S3 (downstream of
the XJB dam). The average atmosphere pressure during the
monitoring period at monitoring stations S1 and S3 are
968.7 and 872.2 hPa because of different altitudes. It can

be speculated that low altitude makes DO levels downstream of the XJB reservoir more susceptible to the change
of local atmosphere pressure.
Seasonal trends in DO signal an association with atmospheric features, although some of those relationships,
such as precipitation, relative humidity and sunshine duration, are not found to be statistically significant. The recent
research achievement has also reached similar conclusions
[32]: daily dissolved oxygen is negatively correlated to
concurrent daily mean air temperature, with a total explained variance (which measures the proportion to which
a model accounts for the variation of a given data set) of
0.679 (P< 0.01), and monthly dissolved oxygen is negatively correlated to monthly mean air temperature, with a
total explained variance of 0.567 (P < 0.01). Combination
of the correlation analyses downstream of 2 dams after
their impoundment indicates that atmospheric conditions,
especially air temperature and pressure, have a more noticeable influence on DO levels than water quality conditions and hydrological conditions.
Regression models were built to determine the degree
of influence of those related parameters on DO variables.

TABLE 2 - The correlation coefficient (R2) between the 24 parameters of the monitoring stations downstream of reservoir dams after their
initial impoundment upstream of RURY.
Paratemers

S3: XJB (N=22)
DOc

S1: XLD (N=13)
DOs

DOc

DOs

WT

-0.792**

-0.238

-0.587*

-0.464

pH

-0.312

-0.343

-0.142

-0.191

WLdown

-0.131

0.295

0.128

0.154

WLup

-0.240

0.037

-0.296

-0.236

Inflow

-0.082

0.341

0.226

0.247

Outflow

-0.092

0.317

0.120

0.138

Dhole

0.253

0.622**

0.058

0.091

Dsurface

-0.109

0.247

/

/

Dbottom

/

/

0.106

0.023

Dpower

-0.519*

-0.333

0.128

0.155

P

-0.349

-0.325

-0.155

-0.088

-0.366

-0.243

-0.224

-0.200

WSe

-0.517*

-0.486*

-0.228

-0.215

WSmax

-0.446*

-0.393

-0.248

-0.226

-0.865**

-0.422

-0.651*

-0.604*
0.563*

0.877**

0.559**

0.574*

APmin

0.841**

0.525*

0.573*

0.577*

APmax

0.899**

0.572**

0.554*

0.534

-0.841**

-0.387

-0.825**

-0.814**

ATmin

-0.883**

-0.430*

-0.869**

-0.852**

ATmax
RHmin
Sun
* P<0.05; ** P<0.01;

-0.787**

-.329

-0.672*

-0.689**

0.022

0.024

0.223

0.291

-0.007

-0.085

-0.015

0.060

0.047

0.290

-0.022

-0.095
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DO concentration (DOc) and DO saturation (DOs)
were simulated and a probability of F was set at 0.05 for
entry into the model, and 0.10 for removal. The minimum,
maximum, and mean values of air temperatures and atmospheric pressure are naturally auto-correlated. However, it
should be stated that all these parameters were used as
model input variables to aid in the simulation of DO variables. The modeling results of multiple linear regressions
using the same data of correlation analysis are shown in
Table 3.
According to the performance evaluation measures
and model selection criteria for DO saturation, downstream
of the XJB reservoir, model 4b appears to be the best model
in terms of having a higher coefficient of correlation (R2 =
0.747), Nash–Sutcliffe model efficiency coefficient (ENS =
0.747), and lower RMSE and MAE. It indicates that DO
saturation is most affected by the maximum of atmospheric
pressure, the water level downstream of the XJB reservoir,
pH value and deep orifice discharge, as their standardization regression coefficients are 3.428, -1.866, -0.620 and
0.088, respectively. In Model 4b, for DO concentration
downstream of the XJB reservoir, the maximum atmospheric pressure, pH value, the minimum atmospheric temperature and deep orifice discharge are used as independent

variables. It appears to be the best model (R2 = 0.898, ENS
= 0.898), and the standardization regression coefficients
are 1.771, -0.507, -0.320 and 0.049, respectively. Unlike
the correlation results, the water level downstream of the
XJB reservoir has negative influence on DO saturation,
which can be explained by the mutations of hydrological
conditions.
As for DO saturation downstream of the XLD reservoir, Model 2a is the best model, and the correlation coefficient and Nash–Sutcliffe model efficiency coefficients
are 0.835 and 0.837, respectively. It indicates that the mean
atmosphere temperature and the mean wind speed have the
greatest influence on DO saturation downstream of the
XLD reservoir, whose standardization regression coefficients are -1.159 and 0.541, respectively. In addition, with
lower RMSE and MAE, and higher coefficient of correlation and Nash–Sutcliffe model efficiency coefficient,
Model 2a is selected as the best model. Its independent variables are the mean atmosphere temperature and the mean
wind speed, exactly the same as in Model 2a for DO saturation downstream of the XLD reservoir. The standardization regression coefficients of the means atmosphere temperature and the mean wind speed are -1.154 and 0.514,
respectively.

TABLE 3 - Summary of the stepwise regression modeling for DO levels.
Reservoir
XJB

Variable
DOC

Regression equation

R2

RMSE

MAE

ENS

1

a

-112.913+0.125×APmax

0.806

0.522

0.420

0.806

1

b

0.009×APmax

0.806

1.116

0.984

0.112

2

b

0.012×APmax-0.148×ATmin

0.793

0.539

0.401

0.793

0.016×APmax-0.150×ATmin+0.000×Dhole

0.867

0.432

0.339

0.867

4

b

0.016×APmax-0.139×ATmin+0.000×Dhole-0.549×pH

0.898

0.378

0.280

0.898

1

a

92.496+0.003×Dhole

0.387

6.608

5.572

0.387

2

a

-387.52+0.003×Dhole+0.494×APmax

0.630

5.137

3.846

0.630

3a

-226.848+0.003×Dhole+0.389×APmax-7.268×pH

0.725

4.425

3.408

0.725

1b

0.099×APmax

0.328

7.989

5.268

0.104

0.095×APmax+0.003×Dhole

0.476

6.136

5.132

0.472

Model

3b

DOS

2

b

3

b

0.175×APmax+0.004×Dhole-9.542×pH

0.684

4.753

3.968

0.683

0.342×APmax+0.004×Dhole-7.355×pH-0.673×WLdown

0.747

4.246

3.268

0.747

1

a

19.268-0.472×AT

0.681

0.898

0.758

0.681

2

a

21.624-0.660×AT+2.289×WS

0.837

0.642

0.593

0.837

1

b

4b
XLD

DOC

DOS

0.010×AP

0.330

1.565

1.106

0.030

2b

0.021AP-0.510×ATmin

0.746

0.801

0.671

0.746

1a

209.345-4.829×AT

0.662

9.548

8.297

0.662

2

a

235.061-6.879×AT+24.986×WS

0.835

1

0.116×AP

0.317

6.678
16.150

5.805
11.364

0.835

b

0.233×AP-4.540×AT

0.654

9.659

8.241

0.654

0.262×AP-6.541×AT+24.818×WS

0.825

6.877

6.030

0.825

2b
3

b

a: There is a regression constant in the model; b: There is no regression constant in the model.
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The results demonstrate that abiotic effects of both meteorological and hydrologic conditions should be considered when analyzing changes in DO, and that the relationship between the abiotic factors and DO levels can provide
management information for preventing high DO downstream of the XJB and XLD reservoirs.
3.3 Analysis of effects
3.3.1 Analysis of effects of impoundment

The flow regime can be altered by the impoundment
of a reservoir, by which DO levels downstream of the reservoir are indirectly affected. According to both, the correlation and regression analysis, the water level downstream
of the XJB reservoir and the deep orifice discharge are the
most influential factors of DO saturation downstream of
the XJB reservoir. However, it should be noted that the discharge mode of the XLD reservoir is likely to affect
changes in DO during the short time period following initial impoundment and operation.
As described above, DO super saturations were recorded 4 times during the whole study period, and were observed 3 times after impoundment. When the initial impoundments were carried out in the XJB reservoir on October 10th, 2012, DO levels of 3 monitoring stations (S1,
S2 and S3) were significantly high as DO super saturation
occurred. Although it cannot be ruled out that there was
already a high level of DO in the incoming flow from upper
reaches of the XLD reservoir, a possible explanation for
DO super saturation is that the XLD reservoir released a lot
of discharge in a short time to impound water in the XJB
reservoir. It should be noted that the third DO super saturation occurred only at monitoring station S1 (downstream
of the XLD dam) during the initial impoundment of the
XLD reservoir, and the lower reaches like monitoring stations S2 and S3 were not affected. It is difficult to ignore
the changes in bottom outlet discharge and water level
downstream of the XLD dam, which may explain the saturation. When the third impoundment of the XJB reservoir
was carried out, DO super saturation was found at all 3
monitoring stations (S1, S2 and S3) upstream of RURY on
September 12th in 2013. At the same time, there was a big
flood in this river: the XJB reservoir released a total of discharge of 11406 m3/s and the XLD reservoir released 9601
m3/s, almost twice as much as that in last month. There are
very strong evidences to suggest that DO levels are subjected to the changes in discharge which can increase the
irregular distribution of DO concentration and cause saturation along the river.
3.3.2 Analysis of effects of climate and water quality

The main water quality indictors considered in this paper are water temperature and pH. There is no doubt that
water temperature, which is driven by the weather conditions, is prominently related to DO levels, and pH is found
to be a less effective parameter [31]. A significantly negative correlation between atmosphere temperature and DO
levels has been found upstream of RURY, with the excep-

tion that the river stream downstream of the XJB dam
seemed more related to water discharges mode and pH in
the river, but the river stream downstream of the XLD dam
is more closely linked with meteorological factors, such as
wind speed. The authors speculate that it has something to
do with the local special topography: the XLD reservoir,
and with an arch dam located in a narrow canyon of the
Jingsha River; by contrast, the XJB reservoir, with a concrete gravity dam, is close to fast-growing urban areas that
can alter water quality like pH value through municipal
drainage systems.
4. CONCLUSIONS
The XJB and XLD hydropower stations are located in
the RURY. The changes in DO both upstream and downstream of RURY were monitored at 5 stations from July
2012 to November 2013, when the XJB and XLD reservoirs had finished their initial impoundment and gradually
begun to generate electricity. Both DO concentration and
saturation along the river were found to have increased after the XJB’s initial impounding at all monitoring stations
when compared with past data, and the major saturation of
DO occurred downstream of reservoir dam after each impoundment. The main abiotic factors which may cause the
changes in DO are considered, including water quality data
of water temperature and pH in the 5 monitoring stations,
weather condition data of 14 meteorological stations, and
of seven hydrologic parameters downstream of the reservoir, meteorological data of 14 parameters, as well as hydrologic data of 7 parameters related to reservoir discharge
patterns.
The change analysis of DO levels and stepwise multiple linear regression analysis are used to investigate the
cause of DO fluctuation. The results suggest that DO concentration and saturation in all monitoring stations significantly increased after initial impoundment in the XJB reservoir, and that major saturation of DO occurred downstream of the XJB reservoir after impoundment. Atmospheric conditions have strong influence on DO levels upstream of the National Nature Reserve for the Rare and Endemic Fishes in the Upper Reaches of the Yangtze River.
DO levels at a stream segment in the reach downstream of
the XJB dam can be affected by factors, such as deep orifice discharge and atmosphere pressure, particularly the
maximum value and pH value. Atmosphere temperature
has noticeable influence on DO levels downstream of the
XLD dam. However, the data analysis cannot find a significant correlation between hydrologic conditions with DO
levels: even though discharge may have an important impact on water exchange. DO levels are more related to climatic conditions (reflected in water temperature), such as
atmosphere temperature and wind speed. Considering the
short time monitoring and fewer discharge data after the
XLD reservoir initial impoundment, further research following the completion of impoundment should be conducted to confirm the results.
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The results have laid a solid foundation for interested
parties to explore the influences of reservoirs’ initial impoundment on ecological environment, and provided a
great reference for the construction and management of
other new reservoirs. Additionally, more research should
be conducted to uncover other potential relationships between climatic factors, reservoir operation and water quality, so that future studies in reservoir comprehensive management will be well-informed when analyzing multiple
water quality variables under climate change.
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NONAQUEOUS WET OXIDATION OF
HYDROGEN SULFIDE IN IRON-BASED CHLORIDE
IMIDAZOLE IONIC LIQUID AT HIGH TEMPERATURE
Zhihui Guo, Tingting Zhang, Leilei Sun, Yi He and Jiang Yu*
Research Group of Environmental Catalysis & Separation Process, College of
Chemical Engineering, Beijing University of Chemical Technology, Beijing 100029, China

ABSTRACT
An iron-based chloride imidazole ionic liquid (ICIL) 1butyl-3-methylimidazolium tetrachloroferrate ([Bmim]FeCl4)
is proposed for the desulfurization of hydrogen sulfide
(H2S) in nonaqueous phase at high temperature ranged
from room temperature to 453 K. The thermal stability of
[Bmim]FeCl4 is characterized. The results show that
[Bmim]FeCl4 possesses strong stability at a wide range of
temperature up to 453 K. The desulfurization efficiency increases significantly as the reaction temperature rises. The
gas flow rate and the concentration of H2S are also factors
influencing the desulfurization efficiency. Meanwhile, H2S
can be promptly oxidized into rhombic type sulfur which
can be easily separated from the desulfurizer at experimental temperatures.
KEY WORDS: Hydrogen sulfide; iron-based chloride imidazole
ionic liquid; desulfurization; high temperature

1. INTRODUCTION
In the integrated gasification combined cycle (IGCC)
[1], high concentration of virulent hydrogen sulfide (H2S) at
about 473 K should be removed efficiently. Diethanolamine
[2,3] or FeCl3 solution [4-7] is commonly used in the industry. However, the temperature should be decreased near to
room temperature to avoid volatilization, which will increase input and waste energy. Claus process followed with
Limestone oxidative desulfurization technology [8,9] is popular in desulfurization of H2S at high temperature. But it covers a large area, consumes a lot of energy and costs a lot of
money, and the gypsum produced in the process has low
quality which is useless and may take a lot of places. Recently, ionic liquids have shown outstanding physicochemical properties [10-12] such as good solubility, good thermal
stability and low vapor pressure. So they are used as green
solvents [13-17]. Some researchers [18-20] studied the solubility of H2S in a series of ionic liquids respectively. The
* Corresponding author

results show that many kinds of ionic liquids are good solvents for H2S. But during the physical dissolving processes, the absorption efficiencies are relative low and decrease as the temperature rises. He et al. [21] used a kind
of hydrophobic and oxidizing iron-based chloride imidazole ionic liquid (ICIL) to remove H2S. The ionic liquid can
be obtained easily in open environment [22] and cannot be
diluted by the produced water in the desulfurization. Moreover, unlike aqueous desulfurizers, the system is stable without pH adjustment and the addition of chelating agents.
However, the previously studies are limited to the room
temperature. Because of the favorable thermal stability of
ICIL, it is promising to use ICIL as a desulfurizer at higher
temperature. Therefore, it’s advisable to discuss the influence of temperature on the desulfurization of ICIL.
In this research, the desulfurization performance of
ICIL at high temperature is investigated. The relationship
between the desulfurization performance and its thermal
stability is explored to expand its application in high temperature flue gas desulfurization. Finally the desulfurization products and ICIL is characterized to provide information on its reaction mechanism.
2. MATERIALS AND METHODS
2.1 Chemicals

N-methylimidazole (Mim, purity ≥99％), chlorobutane (BuCl), ethyl acetate, ferric chloride (FeCl3·6H2O) and
sodium diphenylamine sulfonate are supplied by Tianjin
Fuchen Chemical Reagent Factory. Karl-Fischer reagent is
purchased from Sinopharm Chemical Reagent Co. Nitrogen (purity ≥99.5%), oxygen (purity ≥99.5%) and the
standard hydrogen sulfide gas (1% and 5%, m%, the other
composition is N2) are provided by Beijing Zhongkehuijie
Analysis Technology Company, Ltd.
2.2 Synthesis of Iron-based Chloride Imidazole Ionic Liquid
(ICIL)

1-butyl-3-methylimidazolium chloride ([Bmim]Cl) is
synthesized by mixing butyl chloride and N-methylimidazole
with a mole ratio of 1.2:1 and stirring at 343 K for 72 h. The
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yellow product is washed by ethyl acetate for 3-5 times,
and then purified via rotary evaporation method at 343 K.
Then the purified [Bmim]Cl and FeCl3·6H2O are mixed at
the molar ratio of 1:2 and stirred at room temperature for
24 h. A two-phase system is formed after being centrifuged, and the dark green liquid in the upper layer is the
iron based chloride imidazole ionic liquid (ICIL).
2.3 Characterization

The thermal stability of ICIL is analyzed by thermogravimetric analyzer in the atmosphere of N2 (TG, TGA/
DSC 1/1100SF, Mettler Toledo Inc.) with heating rate 10 K/
min from room temperature to 673 K. Besides, ICIL after
being handled 0.5 h in the muffle furnace at different temperature (413 K, 433 K, 453 K, and 493 K) is analyzed by
FT-Raman (RFS100, Bruker Daltonics Inc.). The resolution and the scanning number of FT-Raman are 2 cm-1 and
150, respectively. The laser power at the sample of FT-Raman is approximately 300 mW. The desulfurization precipitates are characterized by FT-Raman Spectrometer. The
concentration of hydrogen sulfide is determined by MultiFunction Sulfur Analyzer (WDL-94, SWRDICI, Southwest
Research & Design Institute, analysis range 0.03 mgS/m3 5 mgS/m3). The crystal structure of precipitates after desulfurization is analyzed by X-ray diffractometer (Rigaku D/Max
2500VB2 +/PC multi-function powder polycrystalline ray
diffraction) at Cu-Ka target. The voltage and the current
are 40kV and 200 mA, respectively. In the range of 2θ, the
scanning rate is 4°/min from 10° to 70°, and the step width
is 0.05°.

3

all diameter including a heating jacket layer) with sand core
type gas distributors designed by ourselves. In this experiment, 200 mL ICIL is heated to the required temperature
(323 K, 378 K, 413 K, and 453 K). Then under constant flow
rate, 1% (or 5%) hydrogen sulfide, which is also heated to
the required temperature, is bubbled through the ICIL. The
tail gas is treated by a sodium hydroxide solution. The concentration of H2S before and after the reaction is termly determined by Multi-Function sulfur analyzer during each 10
min time interval. After 2h desulfurization, the produced
precipitate is separated by filtration, washed by water and
dried in a vacuum oven at 303 K for 48 h.
The desulfurization ability of ICIL can be reflected by
desulfurization efficiency (η). It is calculated as follows
[23]:



C  C t 
C

Where C is the origin mass concentration of H2S and
Ct is the volumetric concentration of H2S in the tail gas at
time t.
3. RESULTS AND DISCUSSION
3.1 The thermal stability of ICIL

The thermal stability of ICIL has been investigated via
thermo gravimetry (TG) and Fourier transform (FT)-Raman. As shown in Fig.2, the decomposition of ICIL starts
at 523 K, and the weight loss of ICIL can reach to 5.5% at
623 K under the atmosphere of nitrogen.

6
5

P

2
7

1
4

1―temperature control system; 2―hydrogen sulfide gas cylinder; 3―gas
flow meter; 4―peristaltic pump; 5―bubble oxidation reactor; 6―tail gas
absorber; 7―sand core type gas distributor

FIGURE 2 - TG curve of ICIL at N2 atmosphere

FIGURE 1 - The experimental flow chart of desulfurization
2.4 The desulfurization experiments

The apparatus of desulfurization of H2S by ICIL is
shown in Fig. 1. This flow diagram can also be found elsewhere [23], except for the different size of the reactor. The
desulfurization reactor is an annular cylindrical glass bubble reactor (80 cm tall, 3 cm inside diameter and 7 cm over-

The FT-Raman spectra of ICIL (Fig.3) after being
treated in the muffle furnace at 413 K, 433 K and 453 K are
similar to that at 293 K. The absorption peaks at 114 cm-1
and 333cm-1 are characteristic peaks of FeCl4-. No features
at 370 cm-1 and 420 cm-1 belonging to Fe2Cl7- appear [24].
After 493 K, however, ICIL became stickier, and a broad
fluorescence signal of unknown origin in the spectrum has
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been observed. Thus, ICIL possesses a good thermal stability until 493 K in the atmosphere of nitrogen and also
air, which is prerequisite to expand its application in desulfurization at high temperature.

the desulfurization efficiency decreases as the gas flow rate
increases from 80 mL/min to 120 mL/min at 378 K. The
desulfurization efficiency is still above 99.8% after 120 min
when 1% H2S is bubbled into ICIL under the constant flow
rate from 80 mL/min to 100 mL/min. Yet the desulfurization efficiency decreases to 36.2% after 120 min when the
gas flow rate is 120 mL/min (Fig.5 (a)). The initial H2S
concentration also has a significant effect on the removal
performance. When the initial mass fraction of H2S increases from 1% to 5%, the desulfurization efficiency decreases obviously.

FIGURE 3 - FT-Raman spectra of ICIL after heated at various temperatures: (a) 298 K; (b) 413 K; (c) 433 K; (d) 453 K; (e) 493 K.
3.2 Effect of temperature on its desulfurization performance

The desulfurization performance of ICIL has been
conducted at temperatures ranged from 378 K to 453 K at
atmospheric pressure. Fig.4 displays the removal efficiency of H2S of ICIL at different reaction temperature. An
increase in the reaction temperature led to a remarkable increase in H2S removal. At the early 20 min, the removal
efficiency is around 95% higher than 393 K. Yet the removal efficiency decreases steadily as the reaction time going on. However, the desulfurization efficiency is still
above 74% after 120 min at 453 K.

FIGURE 5 Effect of gas flow on desulfurization efficiency at 378 K.
ICIL: 200mL, H2S mass fraction: 1% (a), 5% (b)

FIGURE 4 - Effect of temperature on the desulfurization efficiency.
(Reaction condition: ICIL 200mL, gas flow rate 80 mL/min, initial
H2S concentration 5%)

Different gas flow rates and initial concentration of
H2S also can affect the desulfurization efficiency of H2S in
the bubble reactor at high temperature. As shown in Fig.5,

As reported by Demmink et al. [25], the rate of absorption of H2S can be described as:
JA=KLEA(CAL-CA)
(1)
Where, KL is the liquid-side mass-transfer coefficient,
EA is the enhancement factor, CAL is the concentration of
H2S at the liquid-side interface, CA is the concentration of
H2S in the liquid bulk, which can be considered to be 0 in
the work.
Mass transfer of H2S gas and the enhancement factor
can be enhanced with increasing temperature [26], so the
absorption rate of H2S can be increased (Fig.4). It can be
deduced that the ICIL desulfurizer is more suitable for re-
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moving exhaust gas of H2S at higher temperature. Compared to the traditional aqueous desulfurizer, the gas no
longer need to be cold down to below 373 K to avoid the
evaporation of water and the precipitation of active iron
components in the desulfurizer [6, 7].
Meanwhile, in the bubble reactor, the absorption is affected by the gas holdup, bubble characteristics, mass
transfer and gas residence time in the bubble column from
bottom to top [27]. The gas holdup increases and the residence time of the bubble decreases as the gas flow increases. When the gas holdup arrives at a certain extent, the
bubble coalescence can’t be ignored [28], which can also
decrease the residence time of bubble and affect the absorption. So the absorption efficiency of H2S decreases as
the gas flow increases. High initial concentration of H2S is
good for the mass transfer (equation (1)), but because of
the limitation of reaction time in the bubble column reactor, the concentration of H2S in the tail gas increases as the
initial concentration increases.
3.3 Products identification after desulfurization at high temperature

influence of desulfurization temperature on the structure of
the products.

FIGURE 7 - FT-Raman spectra of (a) the standard sample of sulfur
and the precipitates produced at (b) 413 K, (c) 433 K, and (d) 453 K
respectively.

Bright yellow precipitates are observed in the ICIL after
desulfurization. The solid can be easily separated from the
ICIL by centrifugation and then purified by water or ethyl
alcohol and vacuum-dried. The XRD patterns of the yellow
powder obtained at different temperature are shown in Fig.6.
There are significant diffraction peaks appearing at 2θ =
23.082o, 25.740 o and 27.609 o, which coincide with rhombic
type sulfur standard (ICDD Card No.08-0247). Thus, the major product of desulfurization of ICIL is rhombic type sulfur.

FIGURE 6 - XRD spectra of (a) standard material of rhombic type sulfur and the precipitates obtained at (b) 413 K (c) 433 K and (d) 453 K

In the FT-Raman spectra of the yellow powders obtained at different desulfurization temperature (Fig. 7), the
peaks at 153cm-1, 218cm-1 and 471cm-1 coincide with those
of standard sulfur sample. From the XRD and FT-Raman
spectra, it can be concluded that H2S can be oxidized to
sulfur in ICIL at different temperature. There is no obvious

FIGURE 8 - FT-Raman spectra of ICIL (a) before and after desulfurization at (b) 413 K, (c) 433 K, and (d) 453 K, respectively. The
intensity axis on the right plot is magnified by approximately 37.5
times.
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3.4 Characterization of ICIL before and after desulfurization
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ABSTRACT
The Three Gorges Reservoir (TGR) has a peculiar hydrological regime in China, with water level fluctuations of
30 m annually. In order to investigate the effects of hydrodynamic conditions on the diatom communities, limnological investigations were conducted monthly in front of the
Three Gorges Dam (TGD) in 2013. We identified 18 diatom genera from two classes. The spatio-temporal patterns
of diatoms showed an apparent heterogeneity. During the
flood season (May–October), high flows, high velocity,
low water level, and high turbidity in the main stream indicated strong mixing and made Melosira sp. the dominant
species, while the lower velocity in the bay near the TGD
indicated weak mixing and made Cyclotella sp., Melosira
sp., and Synedra sp. the dominant species. Meanwhile, the
strong mixing and high turbidity resulted in a low diatom
abundance. During the dry season (the other months), the
water level was stable, water flow and velocity were low in
both the bay and the main stream, which led to weak mixing and low turbidity, and Cyclotella sp. dominated in the
front region of the TGD. Spring was the transitional season
and water level decreased gradually, but in spite of the
weak mixing and low turbidity conditions, the diatom
abundance increased along with the increase of water temperature and water flow. It could be concluded that the spatio-temporal heterogeneity determined by hydrodynamics
was a characteristic of the diatom communities’ dynamics
in front of the TGD.

KEYWORDS: Diatom community; spatio-temporal patterns; Three
Gorges Dam; hydrodynamics; flow; velocity

1. INTRODUCTION
In the second half of the twentieth century, about 160
to 320 new large dams were built every year on average,
* Corresponding author

with about 47,000 large dams (> 15 m in height) and
800000 small dams being built in more than 150 countries
[1–3]. Most of these dams provided substantial benefits to
human societies and economics, such as flood protection,
hydropower generation, navigation improvement, and
drinking water supply [1, 4, 5]. However, the construction
of dams has also brought great cost to ecological environments and ecosystems [1, 6, 7]. For example, the Iron Gate
Dam has caused a distinct increase in algal bloom frequency due to the change of nutrient input since the 1970s
[8]. The construction of the dam on the Nakdong River in
Korea led to a Stephanodiscus bloom in 1987 [9]. Other
dams, such as the Aswan Dam and dams on the Mississippi
Delta and Yellow River, all brought negative effects to ecological environments [10].
The Three Gorges Dam (TGD), the largest dam in the
world, also brought many environmental changes [11].
Among the environmental changes caused by the dam, the
alteration of the hydrological regime has the most significant destructive influences on the river environments and
ecosystems [7, 12]. In a reservoir, the hydrodynamics actively participate in the formation of water quality and primary productivity. They determine the movement of suspended or dissolved matter, heat, intensity of circulation,
speed of contaminating processes, and self-purification.
Meanwhile, hydrodynamics may affect the phytoplankton
biomass and community structure by influencing the photosynthetic active radiation [13] and nutrient dynamics in
the water column [14]. Hydrodynamics ultimately determine the ecosystem structure and function of the reservoir
[15].
Diatoms are an important primary producer in aquatic
ecosystems, and are very sensitive to environmental changes.
Therefore, they are widely used in water quality monitoring
[16]. The diatom community structure exhibits great differences at different water levels, flows, and velocities.
Through the laws of diatom community distribution under
different environmental conditions, we can determine the
response mechanism of an aquatic ecosystem to environmental changes. Therefore, research on rivers, lakes, and
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floods is always related to diatoms [17]. Weilhoefer et al.
[18] studied the effects of the crest of the river flood pulse
on hydrochemistry and diatom communities, and found
that the effect levels depended on the magnitude and duration of floods. The biomass of diatoms decreased in strong
floods, while small floods with short duration were conducive to the growth of diatoms. Species selectivity in turbid
kinetic habitats was likely to favor diatoms, especially
those with high surface to volume ratios and those which
showed adaptability to low light [19]. Studies of the phytoplankton community in the TGR have focused on its relationship with nutrients [20, 21], temperature [22], seasonal variation [23], and so on. Although research on the
phytoplankton community distribution of the TGR showed
that diatoms were one of the main dominant species in the
front region of the TGD and the most abundant species in
the TGR [24], there is little information about the effects
of hydrodynamics on the spatio-temporal patterns of diatom communities in front of the TGD. Especially after the
impoundment of the TGR, the complex hydrological regime made it different from a typical river or lake. This
research about the spatio-temporal patterns of diatom communities in front of the TGD provides a quantitative analysis of the hydrodynamics and their effects on the diatom
communities, which is one the most important elements in
algal bloom. Data in this study are useful for us to understand the complex hydrodynamic conditions in front of the
TGD and to know the responses of diatoms to the regulation of the TGR.

ber 2013. Samples for quantitative analyses were fixed
with neutral Lugol's solution and concentrated after 48 h of
sedimentation [27]. The diatom data were represented as
relative abundance (%) and cell density (cells/L).
TABLE 1 - Hydrologic variations at three different water levels in the
Three Gorges Reservoir

Sectional area (m2)
Mean depth (m)
Mean width (m)
Mean flow (m3/s)
Mean velocity (m/s)

Water level (m)
145
19513
85.37
612.3
52267
0.31

155
56000
87.85
637.5
18750
0.34

175
69500
101.6
683.8
6960
0.097

2. MATERIALS AND METHODS
2.1. Study area

The TGD, which is 2,335 m long and 185 m high, is a
hydroelectric dam that spans the Yangtze River by the
town of Sandouping, located in Yiling District, Yichang,
Hubei Province, China. The TGD is the world’s largest
power station in terms of installed capacity (22,500 MW),
but it is the second to Itaipu Dam with regard to the annual
generation of electricity. The investigation area is in front
of the TGD, with a length of 35 km (30°51′–30°57′ N,
110°45′–110°59′ E) (Fig. 1). This area is located in the Xilingxia Gorges; part of it belongs to the Yiling District and
the other part to the Zigui County. The water depth in this
area was over 100 m, and slow velocity [25] and high water
transparency [26] were the main characteristics of the hydrodynamic condition. Due to the water level fluctuation
caused by the TGR’s hydrologic regulation, the water hydrodynamic conditions in front of the TGD have a periodic
dynamic change and relative complexity (Table 1).

FIGURE 1 - Location of the sampling sites in front of the Three
Gorges Dam

At each sampling site, water velocity was determined
in situ by a FlowQuest600 (USA). The water level and water flow were obtained from the official website of the
China Three Gorges Corporation [28].
2.3. Sample analysis

Diatoms were quantified using a light microscope
(Olympus CX21) at 400× magnification. The units were
enumerated in random fields, and at least 200 individuals
of the most frequent species were counted [29]. Diatom
species were identified according to Hu [30] and John et
al. [31].

2.2. Sampling

2.4. Statistical analysis

There were six sampling sites named CJ01, CJ01L,
CJ02, CJ03, CJ04, and CJ05 in the front region of the TGD
(Fig. 1). Surface water samples (0.5 m) were collected
monthly with a Van Dorn sampler for quantitative diatom
analysis at the six sampling sites from January to Decem-

Statistical analysis was carried out using the SPSS 20.0
package. Variance analysis (One-way ANOVA) was used
for comparing means. Pearson correlation analysis was
used to determine the relationships among the main diatom
species and the hydrodynamic conditions.
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Hierarchical cluster analysis (HCA) is a widely used
data analysis tool. The idea is to build a binary tree of the
data that successively merges similar groups of points [32].
To classify the spatial distributions of diatom communities,
each mean of diatom species cell density from six sampling
sites was analysed by HCA in this paper.

July other diatoms increased to 18.1%. From November to
December, Cyclotella sp. dominated the diatom communities (79.2–87.2%) again. The distribution of diatom communities in front of the TGD followed a significant seasonal succession. During the flood season, the main dominant species were Melosira sp. During the dry season, the
main dominant species were Cyclotella sp.
The cell densities of diatom species increased significantly with the coming of spring, reached their maximum
values in March, and then decreased again with the coming
of summer (Fig. 2b). The cell density of diatoms changed
dramatically in summer and reached its minimum value in
July. The cell density of diatoms decreased and remained
low throughout the whole of the autumn and winter. The
variation trend of diatoms was almost in accordance with
the variation trend of Cyclotella sp. because these species
dominated the community.

3. RESULTS
3.1 The seasonal dynamics of diatom communities

A total of 18 diatom genera from two classes were
identified. Cyclotella sp. were the main dominant species
(61.5–98.2%) from January to June (Fig. 2a). From July to
October, the relative abundance of Cyclotella sp. decreased
(17.6–43.7%), while the relative abundance of Melosira sp.
increased (29.1–64.5%), and the latter dominated the diatom communities. From May to October, the relative abundance of Synedra sp. also increased (4.6–34.1%), and in
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FIGURE 2 - (a) Average relative abundance and (b) average cell density of diatom species from six sampling sites in front of the TGD
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3.2 Spatio-temporal heterogeneity of diatom communities

Among the six sample sites, CJ01L is a bay near the
TGD and the other five sampling sites are in the main
stream of Yangtze River. Cyclotella sp. were the main
dominant species in both the bay (CJ01L) (85.8–100%)
and the main stream (other sample sites) (54.7–97.7%)
from January to June (Fig. 3). The main dominant species
in the bay were alternately Cyclotella sp. (35.4–45.6%),
Melosira sp. (27.8–69.4%), and Synedra sp. (36.4%), and
the main dominant species in the main stream were
Melosira sp. (37.4–64.1%) from July to October. Then Cyclotella sp. again dominated the diatom species in both the
bay (78.8–82%) and the main stream (77.6–89.1%) from
November to December.

The cell density of diatoms in the bay near TGD
(CJ01L) peaked at 1.07 × 107 cells/L in August, which was
almost 30 times the abundance in the main stream. The cell
density of diatoms in the bay was higher from April to December and lower from January to March than that in the
main stream (Fig. 4).
Using the HCA in SPSS 20.0, the cell density from six
sampling sites could be classified into two groups (Fig. 5).
CJ01L represented one group (I) and the remaining five
sampling sites formed the other group (II). Therefore, the
spatial distributions of diatom communities could be divided into two groups: the bay near the TGD (I) and the
main stream (II).
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FIGURE 5 –Cluster tree plot of diatom communities in the front area of the TGD

3.3 Hydrodynamic conditions

In 2013, the water level of the TGR ranged from 145
to 175 m. In the early dry season, the water level rose rapidly to 175 m. It remained at his level for a very short time
and then decreased gradually from December to the next
May. Before the next flood season, the water level slowly
decreased to 145 m. In the flood season, hydrologic regulation in the TGR maintained the lowest water level at
around 145 m. The water level in the flood season was significantly lower than in the dry season (p < 0.01). The water flow increased very rapidly in the flood season and deceased slowly in the dry season (Fig. 6a). The water flow
in the flood season was significantly higher than that in dry

season (p < 0.01). The seasonal variation of water velocity
was completely opposite to the seasonal variation of water
level (Fig. 6b). The water velocity increased with the coming
of the flood season and decreased with the coming of the dry
season. The water velocity in the flood season was significantly higher than that in the dry season (p < 0.01). The maximum velocity of the Yangtze River in 2013 was 1.00 m/s in
July. The difference between the maximum velocity and the
mean velocity of each month in the flood season was significantly higher than that in the dry season (p < 0.01).
The transparency in the main stream in the flood season was very low but rose rapidly when the flood season
was over and remained high during the whole of the dry
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season (Fig. 7a). The seasonal variation of turbidity was
completely opposite to the seasonal variation of transparency. The turbidity in the main stream was low in the dry
season but extremely high in the flood season. The differences in transparency and turbidity between the flood season and the dry season were significant (p < 0.01). The variation trends of transparency and turbidity in the bay were
almost in accordance with those in the main stream. However, the transparency in the bay was significantly higher
than that in the main stream (p < 0.01) and the turbidity in
the bay was significantly lower than that in the main stream
(p < 0.01) in the flood season.

3.4 Pearson correlation analysis

The result of Pearson correlation analysis showed that
Cyclotella sp. were significantly negatively correlated with
water flow and water velocity and Melosira sp. were significantly positively correlated with water flow, while
Synedra sp. were significantly positively correlated with
water velocity and water flow and significantly negatively
correlated with water level (Table 2).
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FIGURE 6 - Seasonal variations in (a) water level (solid line), water input flow (white bars), output flow (grey bars), and (b) water velocity of
the Three Gorges Reservoir
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TABLE 2 - Significant correlation coefficients among the relative
abundances of main diatom species and hydrodynamic conditions in
the main stream

Mean velocity
Max velocity
Input flow
Output flow
Water level
* p < 0.05
** p < 0.01

Diatom species
Cyclotella sp.
–0.715**
–0.725**
–0.876**
–0.897**

Melosira sp.

0.778**
0.620*

Synedra sp.
0.587*

0.765**
–0.631*

4. DISCUSSION
The TGR in China is a semi-fluvial environment with
a 30 m fluctuation in the water level [33]. During the flood
season in the TGR, the water level was relatively stable
(145–155 m), and the input flow, output flow, water mean
velocity, and maximum velocity were significantly higher
than in the dry season (p < 0.01), with the maximum input
flow and velocity reaching 26,000 m3/s and 1.00 m/s in
July (Fig. 6). Due to the high velocity and flow, the suspended particulate matter generated a turbid condition.
Consequently, the turbid condition with suspended particulate matter decreased the availability of light for algal
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photosynthesis, and more nutrients from the deeper water
body were brought up to the upper water body by the strong
mixing, especially in July. Studies showed that diatoms
preferred low temperature, low turbidity, low light intensity, and low mixing and were sensitive to prolonged or
deep mixing [34]. Therefore, the cell density of diatoms
decreased during the flood season and reached a minimum
(6.724 × 105 cells/L) in July (Fig. 2b). But the relative
abundance of Melosira sp. increased and they became the
dominant species, while the relative abundance of Synedra
sp., Asterionella sp., Fragilaria sp., and Achnanthes sp.
also increased (Fig. 2a). The Pearson correlation analysis
(Table 2) showed that Melosira sp. was significantly positively correlated with input and output flows. The diatom
communities during the flood season in the main stream in
front of the TGD, represented by Melosira sp. and Synedra
sp., were well adapted to the frequently mixed water body,
turbid habitat [35, 36], and low light availability, and belonged to the riverine community.
During the dry season in the TGR, the water level rose
rapidly to 175 m after the impoundment of the TGR. The
input and output flow was low, and the mean velocity decreased rapidly to 0.1 m/s and remained stable throughout
the whole of the dry season (Fig. 6). Therefore, the concentration of suspended particles decreased, the water column
became transparent, and the availability of light for algae
increased in the TGR. The relatively clear and stagnant conditions led to the decline of the relative abundance of
Melosira sp., Synedra sp., and so on. Meanwhile, the relative
abundance of Cyclotella sp. increased (> 90%) (Fig. 2a) and
they became the dominant species. The Pearson correlation
analysis (Table 2) showed that Cyclotella sp. were significantly negatively correlated with water flow and velocity.
Therefore, the cell density of Cyclotella sp. increased slowly
(Fig. 2b). The diatom communities during the dry season in
the main stream in front of the TGD, represented by Cyclotella sp., were well adapted to low temperature, low turbidity, and low disturbance [34] and belonged to the lacustrine community.
The spatial distributions of diatom communities could
be divided into two groups: those in the bay near the TGD
and those in the main stream (Fig. 5). It has been confirmed
that diatoms were sensitive to the change of the water environment, and especially significantly affected by the environmental impact of a small water body. The composition of diatom communities had an extremely close relationship with hydrological changes [37–39]. The transparency in the bay was significantly higher than in the main
stream (p < 0.01) and the turbidity in the bay was significantly lower than in the main stream (p < 0.01) during the
flood season (Fig. 7). The higher transparency and lower
turbidity led to a higher availability of light for diatoms.
Therefore, the main dominant species were alternately Cyclotella sp., Melosira sp., and Synedra sp. in the bay and
Melosira sp. and Synedra sp in the main stream during the
flood season (Fig. 3). However, the transparency and turbidity in the bay did not differ from those in the main

stream during the dry season. So the main dominant species
were Cyclotella sp. in both the bay and the main stream.
Makulla and Sommer [40] indicated that seasonal succession of diatom communities had a direct relationship
with the mixing and stratification of lake water, while the
effect of nutrients such as nitrogen, phosphorus, and silicon
was secondary. The situation in the main stream in front of
the TGD was the same as the above. Since the impoundment of the TGR, there has been an increase in water mixing by artificial hydrological regulation. Rainfall brought
external nutrients from the terrestrial ecosystem into the
TGR via the surface runoff, which increased the nutrient
concentration and nutrient availability in the surface water
of the TGR. The dissolved nutrient concentrations in front
of the TGD from 2008 to 2010 (TN: 1.89 mg/L, N–NO3:
1.55 mg/L, TP: 0.18 mg/L, P–PO4: 0.080 mg/L [41]) were
markedly higher than the threshold for half-saturation for
diatom species according to Andersen [42]. Therefore, the
mixing regime would be more effective than nutrient availability in front of the TGD. Naselli-Flores and Barone [13]
showed that in the man-made lakes of Sicily, which were
characterized by conspicuous water level fluctuation, the
variability in the biomass and composition of phytoplankton may be strongly influenced by the typical hydrologic
regimes. We illustrated that the same phenomenon also applied in the front region of the TGD, as shown in Table 1
and Fig. 6. The typical hydrologic regime in front of the
TGD significantly affected the mixing regime and availability of light, and consequently determined the dynamics
of diatom communities’ distributions. The Pearson correlation analysis result (Table 2) indicated that the main diatom species were significantly correlated with water velocity, water flow, and the fluctuation of water level.
From the above analysis, we could confirm that the hydrodynamic conditions in the TGR were the main factors
which affected the dynamics of diatom communities. The
riverine hydrologic regime with higher flow, faster velocity,
and lower water level determined the riverine diatom communities represented by Melosira sp. and Synedra sp., which
were well adapted to the strong disturbance and high turbidity. The lacustrine hydrologic regime with lower flow, slower
velocity, and higher water level determined the lacustrine diatom communities represented by Cyclotella sp., which
were well adapted to the slight disturbance and low turbidity.
Furthermore, the main dominant diatom species in the bay
near the TGD during the flood season were Cyclotella sp.,
Melosira sp., and Synedra sp., which implied that the hydrologic regime in the bay near the TGD during the flood season
was between riverine type and lacustrine type.
The spatio-temporal pattern of diatom communities in
front of the TGD is decisively influenced by water flow
and velocity conditions. During the flood season, the front
region of TGD was a riverine reservoir and similarly the
diatom communities were a riverine community; during
the dry season, the front region of TGD was a lacustrine
reservoir and similarly the diatom communities were a lacustrine community.
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5. CONCLUSIONS
In the front region of the Three Gorges Dam, the diatom communities could be distinguished as riverine type,
represented by Melosira sp., and lacustrine type, represented by Cyclotella sp. The variations of water flow and
water velocity played a key role in the stability and turbidity of the water body, and the hydrodynamic conditions determined the spatial and temporal distributions of diatom
communities.
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ABSTRACT
Extensive application of various pesticides preserves
high quality in agricultural production, and it is also a potential threat to water and soil environments. In order to
explore the transport and fate of insecticides with rainfall
and irrigation in canopy-soil systems, an integrated pesticide transport modeling system has been applied for simulating vertical-dimensional and three-phase methidathion
environmental fate in a small apple-orchard watershed of
the loess hilly and gully area. Results demonstrate that spatio-temporal distributions of methidathion in surface soil
primarily depend on its properties, rainfall, irrigation, and
its applications; the peak levels of methidathion in subsurface and deep soil are not only closely related to the cumulative and delayed effects of pesticide applications, but also
to the rainfall amount and duration; pesticide runoff and
pesticide erosion are both associated to the heavy rainfall.
The findings may be used for strategy recommendations of
soil–water–crop–pesticide management in an apple orchard of the Loess Plateau.
KEYWORDS: nonpoint source pollution; insecticide; transport and
fate; canopy-soil system; apple orchard

1. INTRODUCTION
Pesticides are equally important agricultural measures
with fertilization, bring great benefits for human beings and
also poses a threat to the ecological environment [1]. Migration pathways of pesticides in the environment are very complex, they can volatilize from the soil surface into the atmosphere, leach into groundwater, or flow into surface waters
through runoff [2]. China is the largest user of pesticides in
the world [3]. The annual application of pesticides in China
* Corresponding author

roughly amounts to 230 thousand tons (active ingredient),
all kinds of preparations are approximately 1300 thousand
tones [4]. Most of the pesticides are sprayed on crops in
spray form, the use rate is only approximately 30%, and
approximately 70% of the pesticides will be lost in the soil,
water, and air, which results in pesticide nonpoint source
(NPS) pollution and groundwater pollution [5].
Monitoring data for pesticides are generally poor in
much parts of the world, and especially in developing
countries. Hence, it is often difficult to determine the presence, pathways and fate of the range of pesticides that are
now used in large parts of the world. This has resulted in
the banning of these compounds in many parts of the world
for agricultural purposes. However, pesticide application is
the necessary means of increasing grain yield. As mechanical methods of pest control were minimized or eliminated,
and chemical methods of pest control began to assume a
key role in the management of unwanted organisms.
Organophosphorus insecticides are the most common
types of toxic pesticides, although the heavy use of agrochemicals could increase crop yield, its toxicity does serious harm to the environment; also there is a risk of acute
poisoning on the human body [6]. Degradation of water
quality by pesticide runoff has two principal human health
impacts [7]. The first is the consumption of fish and shellfish that are contaminated by pesticides, and the second is
the direct consumption of pesticide-contaminated water. The
United Nations Environmental Program (UNEP) (1993)
linked the effects of pesticides to the following disorders:
cancer, fatal heart and blood diseases, pre-birth deformities,
immune system deficiencies. These human health effects are
caused by skin contact (handling of pesticide products) [8],
inhalation (breathing of dust or spray), and ingestion (pesticides consumed as a contaminant on/in food or in water).
Factors affecting pesticide toxicity include the following:
level of toxicity, persistence, degradation, and environmental fate. Therefore, research on methidathion transport
and fate rules in surface and subsurface environments has
important practical significance for rationally guiding pes-
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ticide uses, sustainably protecting the ecological environments, and fully safeguarding people's health.
Soil is one of the most important factors on migration
and transformation of pesticides in the environments [9].
The main impacting factors of pesticide migration and
transformation in soil are the adsorption of earth slop and
the degradation of pesticide in soil. Therefore, there are important meanings of studying pesticide transport and transformation in theory or practice, and this attracts universal
attention by scientists. They have made many achievements in predicting field-scale pesticide migration and distribution using the mathematical simulation method from
the 70s of the 20th century [10-12].
Modelling techniques also provide an efficient way to
simulate the fate and transport of pesticides and quantitatively characterize their occurrence and distribution in the
subsurface environment [13-18]. The Windows-based integrated pesticide transport modeling system (IPTM-CS)
developed by Chu and Mariňo [19] was chosen for this
study of pesticide environmental fate and transport in a
coupled canopy-soil system of an apple-orchard area in the
Loess Plateau. Therefore, this study focuses specifically on
the assessment of pesticide transport and distribution with
rainfall and irrigation processes in surface and subsurface
environments of an apple-orchard area. The objectives of
this study are to (1) characterize the transport and distribution of pesticides in surface and subsurface environments
of an apple-orchard area by a well-tested pesticide
transport model; (2) evaluate how various parameters
(rainfall conditions, agricultural practices, hydrogeological
and hydrodynamic conditions, irrigation patterns, pesticide
properties, pesticide applications) affect the complex occurrences and highly variable spatio-temporal distributions
of the insecticide; (3) forecast runoff- and erosion-induced
pesticide transport and fate in a small apple-orchard watershed; and (4) identify effective agricultural management
strategies to mitigate the pesticide-induced contamination.
The results may provide possible recommendations of the
integrated water–pesticide–crop–soil management for runoff agriculture of the Loess Plateau.

pes tic ide applic ation rate

applic ation rate
(k g/ha)

1.6

2. MATERIALS AND METHODS
2.1 Study area

Ansai County is located in the north of Yanan City,
Shaanxi Province. It is a typical hilly and gully region of
Loess Plateau, the total land area of Ansai County is 2950
km2, soil and water loss in this area is serious. It belongs to
the mid temperate continental semi-arid monsoon climate
zone, annual rainfall is 562.1 mm, annual average temperature is 9.8, the average temperature difference is 13.15 °C,
the average elevation is 1371.5 m, the frost-free period is
157 days, light, temperature, altitude and other aspects are
fully consistent with the apple growth requirements. The
mountain apple cultivation in this county has a long history, it is in line with the best area of producing apple with
7 climate indexes (pressure, air temperature, humidity,
wind direction, wind speed, precipitation, earth temperature) in the apple production area of China. Apple is the
most common crop in Ansai County, the annual average
orchard area of Ansai County is 29231 ha from 1994 to
2010, and the average pesticide application amount is
19116 kg (Fig. 1). In this study, a small apple-orchard watershed in western Ansai County was taken as the research
object to simulate pesticide transport and fate (Fig. 2), it is
a typical mountain apple-orchard zone, and the watershed
area is 2.48 km2 (Fig. 3). The soil type in the study area is
loessi-orthic primosols which is also known as loessal soil.
It is a soil type with the largest distribution area in the Loess Plateau region. The particle composition characteristics
of the loessal soil are that sand is much more than silt, clay
is at the least, and texture is mainly loam [20]. Loessal soil
is loose, porous, soft and small bulk density, but soil aggregation is poor, the structural stability is poor, water holding
ability is poor, corrosion resistance is also poor, and the
general terrain slope is large, and soil erosion is very serious.
2.2 Methodology

The IPTM-CS [21] is the coupled canopy-soil component of an integrated pesticide transport model. It is suitable
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FIGURE 1 - The pesticide application amount, application rate and orchard area of Ansai County from 1994 to 2010.
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FIGURE 2 - An apple orchard area in a small watershed of the Loess Plateau, Northern Shaanxi Province (a) single plant, (b) hillside apple
orchard, and (c) loess soil profile.

FIGURE 3 - The study area of Ansai County, Northern Shaanxi Province (a) Digital elevation model/DEM, (b) river channel, (c) flow accumulation, (d) flow direction, (e) flow length, and (f) contour.

for simulating one-dimensional, three-phase (dissolved,
adsorbed, and vapor phases) pesticide transport and fate in
the vadose zone, which consists of the surface zone, plant
root zone, and deep vadose zone [22]. The primary pesticide processes for these three zones include advection, diffusion/dispersion, linear equilibrium sorption, linear equilibrium partitioning between vapor and dissolved phases,
first-order decay, plant root uptake, volatilization from the
soil surface to the overlying atmosphere, as well as pesticide runoff and possibly erosion in the surface zone [24].
The model also simulates water flow and pesticide fate in
the plant canopy zone. The model can deal with various
pesticide application methods that are commonly used in
practice, such as over-canopy spray, under-canopy soil surface spray, soil-incorporated application, and any combination of over- and under-canopy applications [25]. The
built-in automatic irrigation simulators facilitate irrigation

scheduling according to soil moisture conditions and a variety of management criteria in terms of water use efficiency and water quality control. The transport model uses
a time-continuous and space-discrete semi-discrete method
to solve the equation. The semi-discrete solution method
incorporates analytical and numerical methodologies into
a uniform, flexible modeling framework, which makes the
model suitable for either screening-level investigations as
a lumped model or detailed studies as a distributed model.
Applications of the IPTM-CS model have been published
for areas varying in USA, Italy and China in previous studies with consistent results [17-23]. Therefore, it can be concluded from the quantitative evaluations that the IPTM-CS
is reasonable and may be used to simulate the fate and
transport of various pesticides of distinct persistence, mobility, sorption, and volatilization properties under dissimilar environmental conditions.
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2.3 Application of the IPTM-CS model

To facilitate parameter estimation, a comprehensive
data supporting system is developed and incorporated in
IPTM-CS. The system covers a variety of basic data information, figures, tables related to pesticide properties, soil
properties, plant, calculators, and meteorologic and hydrologic conditions; the data supporting system also includes
links to a number of useful database websites concerning
soils, pesticides, plants, and climate [23].
In addition, Soil Conservation Service Curve Numbers, potential retention, soil erosion, soil erodibility factor,
and conservation practice factor were evaluated by tables
and figures attached to the IPTM-CS user manual [26, 27]
and correlated references [28, 29].
The time step adopted in this study was one day and
the simulation period ranged from January 1, 2008 to December 31, 2010. All performed simulations started on
March 20, 2008, when agricultural practices including pesticide application at the start of the crop-growth season occurred. Rainfall data used in this study were daily values
from Ansai meteorological stations (Fig. 4a). Hydrological
and meteorological conditions are the key power factors
that affect the transport and fate of pesticides in the basin.
80% roots of the apple tree are concentrated in 0~60
cm soil layer [30]. In this study, the soil profile was discretized as follows: (a) the surface layer was set by one cell,
with an assumed thickness of 0.01 m; (b) the root zone was
divided into 10 cells of equal thickness, considering a total
thickness ranging from 30 to 70 cm for different root zones;
as a result, each cell is 1/10 of the assumed total thickness
(corresponding to 3 cm for cell when the total thickness is
30 cm, 6 cm for cell in a root zone of 60 cm, etc.); and (c)
the vadose zone was divided into 10 cells of 30 cm thickness each, for a total of 3 m.
The apple industry of Ansai County in Shaanxi Province is very developed; so, an apple orchard was selected
to study the transport and fate of pesticide NPS pollution
in the surface and subsurface environmental systems. The
study area includes a whole apple-orchard watershed of the
Loess Plateau (no specific permissions were required for
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40
20
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0.09
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the study area and the research activities, the selection of a
small apple-orchard watershed in Loess Plateau is firstly
based on the apple production developed in this area, secondly is the typical characteristics of the loess in this area,
thirdly is the few pesticide nonpoint source pollution study
in this area, etc.. At last, I confirms that the field studies
did not involve endangered or protected species) because
apple tree is a four-season crops; both crop coefficient and
canopy interception are active in the whole year. Leaf area
index is the ratio of the total one-sided area of leaves to the
ground surface area [31]. The value of leaf area index
changes with types and growing seasons of crop [32]. It is
not only and important biological structure parameter [33],
but also an important agronomic index for characterization
of crop growth and yield prediction [34]. In this study, the
leaf area index of apple tree is between 3.0 and 4.3 based
on the field monitoring results [35]. Table 1 shows parameters’ range related to apple crops, obtained by databases
and tables included in the IPTM-CS program.
The representative soil in the study area is clay loam
soil according to the soil classification system of U.S. Department of Agriculture (USDA) [36]. Characteristics and
parameters of clay loam soil in the study area were determined by field survey and data query. Additionally, figures
and tables included in the IPTM-CS program provided values for parameters that have not been measured but provided methods for determining these parameters [37, 38].
Table 1 shows parameters adopted for simulation in an apple field with clay loam soil.
Methidathion, often used for fruit trees, is an organophosphate insecticide used to control pests on both crop
and non-crop sites. The physical form of methidathion is
colourless crystals, it has both effects of contact and stomach toxicity. It is a broad-spectrum, highly toxic insecticide
and acaricide, and there are special effects for the control
of bugs. Although its use is banned in the European Community, farmers often use it to prevent and kill aphids or
bugs. Physicochemical properties for methidathion were
obtained from public and Web databases or tables attached
to the IPTM-CS program [39-44]. According to statistics,
the application amount of pesticides at Ansai County was
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FIGURE 4 - Temporal distributions of (a) precipitation; and (b) pesticide applications in the study area from 1 January 2008 to 31 December 2010.
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TABLE 1 - Pesticide application parameters for an apple-orchard area in the Loess Plateau from 2008 to 2010.
NO.
Month (M)
Day (D)
Year (YYYY)
Amt (g/m2)
Depth (m)
C-S factor
1
3
22
2008
0.065
-1
0.5
2
5
19
2008
0.068
-1
0
3
7
22
2008
0.083
-1
0.5
4
9
11
2008
0.064
-1
0.5
5
3
14
2009
0.078
-1
0.5
6
5
2
2009
0.065
-1
0
7
6
29
2009
0.073
-1
0.5
8
9
22
2009
0.081
-1
0.5
9
3
31
2010
0.07
-1
0.5
10
5
28
2010
0.065
-1
0
11
6
17
2010
0.08
-1
0.5
12
8
24
2010
0.075
-1
0.5
13
9
10
2010
0.068
-1
0.5
Note: “Amt” represents amount over per unit crop area; a “0” value of “C-S factor” (Canopy-Soil Partition Factor of Pesticide Application) represents
all pesticides are sprayed on the soil surface; a positive “depth” value (including 0) also represents all pesticides are sprayed on the soil surface (undercanopy spray).

greater than 0.66 kg/ha. Methidathion applications, determined by the previously mentioned farmer interviews and
by the surveys of pesticide application in the study area,
were considered as follows: thirteen applications were carried out for methidathion from the beginning of March
2008 to the end of September 2010, with an average rate of
0.06 g/m2 (Fig. 4b); and the instantaneous over-canopy pattern was considered as an integrated method of pesticide
application to examine the intrinsic relationship between
the use of pesticides and their occurrence (Table 1). The
initial pesticide concentration entered into the simulation
files was zero for the first year. For the following years, the
value of initial concentration corresponded to the amount
obtained by simulation on the last day of the previous year.
It is necessary to consider possible accumulation effects in
the process of pesticide transport and fate in the surface and
subsurface environments. Parameters ranges related to apple crops, obtained by field research and databases included in the IPTM-CS program are shown in Table 2.
3. RESULTS AND DISCUSSION
3.1 Temporal and spatial distributions of methidathion in soils

Temporal and spatial distributions of the simulated
methidathion concentration levels in the soil depth of 0.005,
0.04 to 0.1 m (surface soil), 0.1 to 0.16 (subsurface soil),
0.22 to 0.46 m , 0.46 to 1.06 m, 1.06 to 2.26 m, 2.26 to 3.46
m (deep soil) are shown in Figs. 5a-g, respectively. In the
surface soil, occurrence of pesticide peak concentrations
depends on the timing of heavy rainfall (Fig. 4a), the
pesticide application schedules and the application
quantity (Fig. 4b). In general, the peaks of methidathion
concen-tration in the surface soil are also closely related
to the frequency and intensity of rainfall event in the
summer rainy season. For example, Fig. 5a shows that the
peak concentration of pesticides resulted from the first
heavy rainfall after pesticide applications. Furthermore,

although the two time points of 22 March 2008 and 2 May
2009 had the same amount of pesticide application (0.065
g/m2), the peak concentration of pesticides in May 2009
in the surface soil depth of 0.005 was much larger than in
March 2008. This was because the rainfall amount and
rainfall intensity in May 2009 were greater than those in
March 2008, and this phenomenon also occurred in soil
depth of 0.04 to 0.16 m (Figs. 5b and 5c). Figure 5c also
indicates, however, that although the application amount
of methidathion at 22 July 2008 and 22 September 2009
was much higher than that on 29 June 2009, and the
higher peak of methidathion concentration in the
subsurface soil occurred in June 2009, as a result of the
continuous rainfall and cumulative effects of pesticide in
the soil.
In general, a heavy rainfall after pesticide application
may result in a high pesticide concentration level. However, the peak concentrations may not always be in direct
proportion to the rainfall and the pesticide application
amount, the pesticide application method and irrigation
pattern also have important impact on pesticide concentrations. If the pesticide is applied by over-canopy spray and
is applied by under-canopy flow, a large portion of pesticide may never reach the surface soil resulting from lack of
carrying water and high degradation/volatilization rate in
the plant canopy. Thus, it can be concluded from the simulation results that pesticide properties, pesticide application
methods (over-canopy or under-canopy), irrigation quantity, and irrigation patterns (over-canopy or under-canopy)
have significant influence on pesticide levels in the surface
and subsurface soil during crop-growth periods.
Figures from 5d-g show that in the deep soil different
patterns for temporal and spatial distributions of methidathion concentration are observed, respectively. The methidathion peaks in the deep soil practically occur late, as a
result of delayed effects of pesticide transport and transformation. The direct influence of methidathion application
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TABLE 2 - Plant canopy (apple crop), soil (clay loam), insecticide (methidathion), meteorological data, and hydrologic parameters used for
modelling in an apple-orchard area of the Loess Plateau.
Class
Plant canopy (apple)

Soil (clay loam)

Soil (loam)

Pesticide (Methidathion)
C6H11N2O4PS3

Parameter
Transpiration coefficient
Leaf area index
Crop coefficient
Plant growing index
Canopy interception capacity
Saturated water content (m3/m3)
Saturated hydraulic conductivity (m/d)
Residual water content (m3/m3)
Field capacity (m3/m3)
Wilting point (m3/m3)
Initial water content (m3/m3)
Soil water retention parameter “n”
Soil porosity
Bulk density (g/cm3)
Saturated water content (m3/m3)
Saturated hydraulic conductivity (m/d)
Residual water content (m3/m3)
Field capacity (m3/m3)
Wilting point (m3/m3)
Initial water content (m3/m3)
Soil water retention parameter “n”
Soil porosity
Bulk density (g/cm3)
Distribution Coefficient Kd (cm3/g)
Henry's constant KH
First-order decay rate (1/d)
CAS number

Root zone
Vadose zone
0.75
0.7
3.0-4.3
0.25-1.25
From January to December (1)
0.1–0.5
0.41
0.43
0.062
0.56
0.095
0.075
0.34
0.13
0.197
0.105
0.25
0.38
1.31
2.28
0.464
0.445
1.4
1.4
0.317
0.33
0.25
0.61
0.078
0.062
0.27
0.11
0.117
0.098
0.17
0.21
1.56
2.53
0.463
0.443
1.42
1.42
4.4
4.4
3.3 × 10–4
0.099
0.1
950-37-8

Molecular Structure

Molecular Weight (g/mol)
302.331
Half life (days)
7
Organic Carbon Partition Coefficient (ml/g)
400
Water solubility (mg/l)
220 (20°C)
Vapor pressure (Pa)
4.493 × 10–4 (25°C)
Longitudinal dispersivity (m)
0.96
1.5
First-order decay rate on foliage (1/d)
0.2772-0.3013
First-order decay/volatilization rate in canopy (1/d)
0.28
Diffusion coefficient in pure water (m2/d)
0.000043
Diffusion coefficient in free air (m2/d)
0.43
Thickness of the air boundary layer (m)
0.005
2.81
Log of octanol-water partition coefficient Kow (cm3/g)
Meteorologic data
Rainfall (cm)
Daily rainfall 1/1/2008–12/31/2010
Potential Evapotranspiration (cm)
Daily evapotranspiration
Hydrologic data
Index of erosion model
MUSLE
Vegetation cover and management factor
0.1
Soil erodibility factor
0.37 (loessi-orthic primosols)
Conservation practice factor
0.5
Runoff curve number for growing days
69
Runoff curve number for no-growing days
70
Ratio of initial abstraction to potential retention
0.2
Soil cover factor
0–0.5 (average 0.29)
Irrigation (cm/d)
1.0
Note: Pesticide parameters are from PAN (Pesticide Action Network) Pesticides Database— Chemicals: http://www.pesticideinfo.org/ (methidathion)
and from AgroPages.com-Crop Protection Database: http://www.agropages.com/AgroData/Detail-932.htm (methidathion); a “(1)” value of “Plant
growing index” represents crop growing days, and a “(0)” value represents no-crop days.
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FIGURE 5 - Temporal distributions of the simulated methidathion concentration levels for different soil depths in an apple-orchard watershed
(a): 0.005 m, (b): 0.04 to 0.1 m, (c): 0.1 to 0.16 m, (d): 0.22 to 0.46 m, (e): 0.46 to 1.06 m, (f): 1.06 to 2.26 m, (g): 2.26 to 3.46 m from 1 January
2008 to 31 December 2010.

on the simulated pesticide distributions in the deeper soil
almost disappears. It can be seen from Figs. 5e-g that although the concentration level is very small, the peak concentration in August or September of 2009 still appears. This
is mainly because vast infiltrating water and deep percolation are mainly induced by the heavy rainfall during 79 months. Thus, the model suggests that methidathion concentrations in the deeper soil are controlled by deep percolation generated by heavy rainfall in the summer. Figures 5f
and 5g also indicate that methidathion concentrations in soil

decrease rapidly with the increase of soil depth, and methidathion exposure levels are negligible for soil deeper than
0.5 m. Therefore, the cumulative and delayed effects appear
gradually and strengthen with the increase of soil depth.
3.2 Pesticide distribution for the canopy zone

Figures 6a-e show that the temporal changes of pesticide distribution for the canopy zone in an apple-orchard
watershed from January 1, 2008 to December 31, 2010, respectively. The overall mass balance of pesticides in the
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pesticide runoff in an apple-orchard watershed from January 1, 2008 to December 31, 2010, respectively. Comparison of Figs. 7a and 7b show that the peak of the surface
run-off and the peak of pesticide run-off have not always a
uniform trend. This main reason is that methidathion has a
weak water-soluble property, and so it is not easy to disperse by surface runoff. Therefore, the rainfall runoff is an
important factor for the transport of methidathion in the
surface environment, and the pesticide properties also play
an important role in its transport and fate, which further affect its distribution in the subsurface system.
Figure 7b also shows that the largest surface runoff is
not consistent with the peak value of methidathion concentration in June 2008 and July 2009. In addition to cumulative
and delayed effects, the irrigation flow can bring a certain

plant canopy zone indicates that pesticide distributions for
the canopy zone are closely related to the rainfall distribution and pesticide application methods. Figure 6d shows
that canopy pesticide wash-off is more closely related to
the rainfall intensity and rainfall duration. The heavy rainfall in July and August 2009 had a key role in the high
wash-off rate.
3.3 Methidathion contamination from surface runoff

Initial
pes tic ide
(g/m 2 )

Runoff is a major pollution source of pesticides to surface waters in agricultural areas [45-47]. It is affected by
the application and physicochemical properties (such as the
solubility and half-life) of the pesticides and underlying
surface variables of the surrounding area [48, 49]. Figures
7a and 7b show the temporal changes of surface runoff and
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FIGURE 6 - Pesticide distribution for the canopy zone in an apple-orchard watershed (a) initial canopy pesticide storage, (b) canopy pesticide
application, (c) canopy pesticide decay/volatilization, (d) canopy pesticide wash off, (e) initial canopy pesticide storage, and (f) direct soil surface
pesticide application.
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FIGURE 7 - Rainfall-runoff amount and pesticide (methidathion) runoff amount for all simulation days in an apple-orchard watershed: (a)
daily precipitation and surface runoff, (b) surface runoff and pesticide runoff.
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FIGURE 8 - Soil erosion amount and pesticide (methidathion) erosion for all simulation days in an apple-orchard watershed: (a) daily
precipitation and soil erosion, (b) soil erosion and pesticide erosion.

amount of pesticide residues into nearby water-bodies after
the pesticide application; pesticide levels of in the surface
runoff can reach a high value even for a relatively small
amount of surface runoff. This phenomenon has been also
observed in the USGS monitoring work [50]. Therefore,
irrigation management also plays an important role in the
transport of pesticide during seasons with little rainfall.
Additionally modeling results show that pesticide levels in the surface runoff may not exceed the water-quality
standard for aquatic life [51], but people in the Northern
Shaanxi Province should pay more attention to the pesticide contamination.
3.4 Methidathion contamination from soil erosion

Pesticides in soil are retained for a long time. Their behavior in soil is mainly affected by the effects of degradation, migration, and adsorption. Degradation is the main way
of pesticide disappearance. It purifies the soil. Migration

refers to the transport process of pesticides through volatilization, runoff, leaching, crop uptake, and so forth. Adsorption makes a part of pesticide residual remain in the
soil, and significantly influence pesticide migration and
degradation processes. Figure 8a shows that heavy rainfall
and long rainfall duration generate a large amount of soil
erosion.
Figure 8b indicates that the soil erosion amount and the
pesticide-erosion amount have a certain relationship. In
2008, the large amount of soil erosion from June to July generated the less pesticide-erosion amount, this is mainly because the background content of pesticide in the early 2008
was small. However, the continuous rainfall from July to
August resulted in the continuous loosening of soil particles,
these loosened soil particles were transported with the scouring effect of storm runoff, and the corresponding pesticide
erosion amount also quickly increased at the end of September 2008. In 2009, due to the cumulative effect of pesticide,
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the second loss amount of soil particles made the amount
of pesticide-erosion reach the peak value. By the end of
June, due to dispersion of rainfall and less amount of rainfall in 2010, the pesticide-erosion amount was reduced a
lot. In addition, it can be seen from Figs. 7b and 8b that the
pesticide runoff amount is closely related to the pesticide
erosion amount. Both surface runoff and soil erosion have
the similar carrying effects on pesticide transport and fate
in surface and subsurface environments.
On the whole, the above simulation results demonstrate that occurrence and distribution of pesticides in the
environment are dominated by their types (properties) and
their use (application quantity and frequency, application
timing, and application methods), and are also affected by
a number of other natural and anthropogenic factors, such
as hydrology, surface topography, soil, land covers, hydrogeological settings, and meteorological condition [52].
In certain circumstances, the properties of pesticides
play a dominant role in their fate and transport, which further affect their occurrence and distribution in the subsurface system. A rainfall event that immediately follows a
pesticide application may significantly increase the potential of contamination to both surface and subsurface environments due to pesticide runoff, erosion, and leaching.
Application methods of pesticides (over-canopy, undercanopy, soil-incorporated) change their availability and environmental pathways.
3.5 Control and management strategies for pesticide loss

The IPTM-CS model simulates vertical-dimension,
three-phase pesticide transport processes, including advection, diffusion/dispersion, sorption, volatilization, partitioning between dissolved and vapor phases, degradation, and
plant root uptake in the vadose zone, as well as pesticide runoff and erosion. Obtained results provide a better understanding of processes of methidathion transport and fate in
subsurface environments. Pesticide applications (i.e., when,
where, and how they are applied) and irrigations (i.e., when,
where, and how the irrigations are conducted) have significant influence on pesticide levels in the surface and subsurface soil. First, the pesticide peaks are typically consistent
with the pesticide application events during crop growth and
fruit maturity periods (spring, summer, and autumn). However, the peak concentrations may not be in direct proportion
to the pesticide application amount. Second, if pesticide is
applied by over-canopy spray and irrigation is conducted by
under-canopy pattern, a large portion of pesticides may
never reach the surface soil. This is because there is a lack
of carrying water while there is a high degradation/volatilization rate in the plant canopy zone. Simulation results also
indicate that different parameter settings have different influences on the transport and fate of pesticide. Therefore, an
integrated water–soil–pesticide–crop management can be an
effective way to minimize pesticide exposure levels in surface and subsurface environments.
More specifically, water quality control related to pesticide NPS pollution can be achieved by adopting the fol-

lowing strategies: (1) during summer rainfall seasons (crop
growth periods), reducing the rainfall-induced runoff by
agricultural runoff impoundment measures and adjusting
the timing of dormant season applications and rainfall (trying to increase their time intervals); (2) during spring and
winter dry seasons, selecting appropriate irrigation methods and scheduling to reduce both surface runoff (irrigation
flow) and deep percolation while meeting the water need
for crop growth; and (3) avoiding the over-canopy irrigation following over-canopy sprays of pesticide application.
Besides, integrated river watershed management is an effective way for water quality control. Further studies need
to be carried out, for example, the effects of hydrological
processes on the formation and transport of agricultural
NPS pollution; the migration mechanism and control technology of pesticides in the canopy-soil system; the crop irrigation requirement and irrigation technology in the pesticide application area; and the reasonable and effective pesticide application technology.
4. CONCLUSIONS
The physically based IPTM-CS model, which considers different pesticide application methods and irrigation
modes, surface runoff, and soil erosion, is used to simulate
and evaluate one-dimensional, three-phase environmental
transport and fate of pesticides in canopy-soil systems of
an apple-orchard watershed. The achievement of the study
may be used as the basic data for identifying effective pesticide management strategies to mitigate the pesticide-induced NPS pollution. Based on the results of this study following major conclusions are drawn:
(1) The IPTM-CS model can simulate environmental
transport and fate of pesticides from agricultural areas
characterized by rainfall changes and irrigation management. The integrated model was illustrated in a case
study in which the temporal and spatial distributions of
pesticide concentration levels in an apple-orchard watershed were estimated from January 1, 2008 to December 31, 2010. The results indicate that the integrated
modeling techniques on environmental transport and
fate of pesticide in canopy-soil systems is a simple and
effective tool for quantifying risk areas and assessing
contamination load rates.
(2) The simulation results obtained by the application of
the integrated model have shown that hydrologyweather conditions and irrigation management
measures are important factors for significantly reducing contaminant load rates. The exposure levels (occurrence and distribution) of methidathion residues in subsurface and surface environments are dominated by
rainfall, irrigations, methidathion properties and applications. The results also demonstrate that methidathion-induced contamination in the subsurface environment is only limited to the underground within 0.5 m in
soil. From a methodological point of view, the obtained

2612

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

results confirm the usefulness of the IPTM-CS model
in simulating pesticide fate and transport in the hilly
and gully region of the Loess Plateau.
(3) Because this integrated model could be related well to
farmland systems, it could be designed as an integrated
water–pesticide–crop–soil management system to reduce pesticide contamination in subsurface and surface
environments of different agricultural areas in the Loess Plateau. In addition, suggested practices for pesticides are as follows: reduction in dose of pesticides applied, implementing bans on certain active ingredients
that are very harmful, training and licensing of individuals that apply pesticides, improved scheduling of pesticide application to more effectively meet crop needs
and to reduce preventative spraying, testing and approval of spraying apparatus, implementation of environmental tax on pesticides, promoting the use of mechanical and biological alternatives to pesticides.
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PERFORMANCES OF THE CoMn/AC OXIDE CATALYST
FOR ETHYLBENZENE CATALYTIC COMBUSTION IN AIR
Xiaoling He, Guilin Zhou*, Caixia Miao, Hongmei Xie, Li Wen and Jianmin Ren
Chongqing Key Laboratory of Catalysis & Functional Organic Molecules, Department of Materials Science and Engineering, College of Environment and Resources, Chongqing Technology and Business University, Chongqing 400067, China

ABSTRACT
The supported CoMn/AC composite oxide catalyst
was prepared by impregnation methods and characterized
by XRD, XPS, and H2-TPR analyses. The catalytic activities were investigated by ethylbenzene catalytic combustion on fresh and used CoMn/AC catalyst. The thermally
stable performance of the CoMn/AC catalyst precursor material was analyzed by TG-DSC. TG-DSC results showed
that the activated carbon support had a high thermal stability lower than 450 °C in the static air atmosphere. The prepared CoMn/AC oxide catalyst exhibited high ethyl-benzene catalytic combustion activity, and the ethyl-benzene
catalytic combustion conversion on the CoMn/AC oxide catalyst exceeded 87.9% at 240 °C. The ethyl-benzene catalytic
combustion conversion can exceed 97.3% at 250 °C, although the used CoMn/AC catalyst showed slight deactivation. The supported CoMn/AC catalyst showed excellent
reused performance for ethyl-benzene catalytic combustion.
Based on the XPS and H2-TPR results, the decrease of the
ethyl-benzene catalytic activity of the used CoMn/AC catalyst can be attributed to the consumption of the surface reactive oxygen species. Therefore, it can be reasonably concluded that high reactive oxygen species content can be responsible for the good ethyl-benzene catalytic combustion
activity of the tested CoMn/AC oxide catalyst, and the supported CoMn/AC catalyst is a promising candidate for
ethyl-benzene catalytic removement.
KEYWORDS:CoMn/AC oxide catalyst, catalytic combustion,
ethylbenzene, PVOCs, stability, reactive oxygen, activated carbon

1. INTRODUCTION
Phenyl volatile organic compounds (PVOCs including
benzene, toluene, xylene, ethyl-benzene, and so on) are important air pollutants which can emit from many kinds of
industrial fields, such as steel manufacturing, petro-chemistry, paint, semiconductor production, solvent, and detergent industries [1]. These stable PVOCs are not only highly
* Corresponding author

toxic, malodorous, carcinogenic, teratogenic, and mutagenic hazards, but also can damage the ozone layer, produce photochemical smog [2]. The PVOCs emission can
cause some environmental problems and do harm to human
health. And the legislations have become more stringent
and broader in application of limiting the emission of
PVOCs in some countries. Among the PVOCs, ethyl-benzene not only can cause nasal tumors, skin irritation, and
respiratory tract irritation, but are also classified as toxic
substances and carcinogens for humans. Therefore, it is urgent to find an effective technology to reduce ethyl-benzene from various emissions.
Numerous methods have been used to remove PVOC
pollutions in air, such as adsorption, absorption, condensation, membrane separation, photo-catalytic degradation, biodegradation, thermal incineration, and catalytic combustion
[3, 4]. Among the VOC-removing techniques, catalytic combustion is one of the most economical, effective, and feasible
PVOC removal technologies. PVOCs can convert into nontoxic CO2 and H2O by catalytic combustion at low reaction
temperature and do not produce toxic by-products resulting
in a secondary pollution. Therefore, researchers paid more attentions to the catalytic combustion because it has been
considered as a potential and environmental method for removing VOCs from air. Moreover, the catalytic combustion is that it can efficiently control diluted pollutants at the
concentrations of less than 1.0 % [1, 4]. Therefore, catalytic combustion had been broadly applied in end-of-pipe
pollution control [5]. However, the research and development of high-performance catalytic materials is the key
factor of the catalytic combustion technology. The catalysts used for VOCs control contain noble metals and transition metal oxide catalysts [6, 7]. The high cost and sensitivity of the sulfur poisoning of the noble metal catalysts
limit their wide applications, even if they showed excellent
VOCs catalytic combustion performance. Compared with
noble metal catalysts, transition metal oxide catalysts (Cu,
Co, Mn, Ni, and so on) are considered as a good replacement due to their comparable catalytic performance and
low-cost [8, 9]. Among them, manganese oxides as well as
cobalt oxides and their mixtures are potential candidates
for catalytic combustion reactions, which showed high catalytic activity in PVOCs catalytic combustion [10]. Genuinoet al. [11] demonstrated that the existence of the
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Mn4+/Mn3+ redox couples and available lattice oxygen species can be responsible for the high PVOCs catalytic combustion activity. The cobalt oxides are also a promising catalyst for PVOCs catalytic combustion [12-14]. The relatively low catalytic activity and poor stability of the single
metal oxide catalysts had motivated the searchers to study
the composite metal oxide catalysts. Compared with the
single metal oxide catalysts, it can be found that the catalytic activity of the composite oxide catalysts can be improved by the favorable synergy effects between the mixed
metal oxide components. However, the supported CuMn/β-zeolite oxide catalyst showed poor stability, which
the toluene catalytic combustion activity significantly decreased and completely deactivated undergo continuous reaction [15]. Therefore, the catalytic stability of the composite oxide catalysts in catalytic combustion reactions requires further investigations.
The present work aimed to focus on the reused performance of the supported CoMn/AC composite oxide catalysts. The supported CoMn/AC composite oxide catalyst
was prepared by impregnation and calcined in air at 350 °C
for 2 h. The thermally stable performance of the CoMn/AC
oxide catalyst precursor material was analyzed by TGDSC. The XRD, XPS, and H2-TPR analyses were adopted
to perform the properties of the fresh and used CoMn/AC
oxide catalysts. The supported CoMn/AC oxide catalyst
was used for the catalytic elimination of ethyl-benzene in
air and the ethyl-benzene catalytic activity of the used
CoMn/AC oxide catalyst was investigated in the secondrun catalytic combustion reaction.
2. MATERIALS AND METHODS
2.1 Catalyst preparation

With AC (coconut shell activated carbon, Ningxia activated carbon factory, China) employed as the support, the
supported CoMn/AC composite oxide catalyst was prepared
by typical impregnation method at a Mn/Co molar ratio of
1.5 and a metal oxide loading of 20 wt%. As in a typical
synthesis of supported CoMn/AC oxide catalyst by impregnation, a certain amount of Co(NO3)3·6H2O (≥99.0%, A.R.)
and Mn(NO3)2 (50 wt%, A.R.) was dissolved in distilled water. Then, activated carbon support was added. After the simple impregnation, the sample was dried in air overnight at
100 ºC. The final sample was calcined at 350 ºC for 2 h to
obtain the supported CoMn/AC composite oxide catalyst.
2.2.1 TG-DSC analysis

Thermogravimetric-differential scanning calorimetry
(TG-DSC) analysis was performed on a STA 449 F3 Jupiter instrument. TG-DSC was performed by heating the
samples at 10 °C·min-1 from 30 to 700 °C in an air-flow of
100 ml·min-1.

rotating anode using Ni filtered Cu-Kα (as radiation source
(λ = 0.15418 nm) radiation at 40 kV of a tube voltage and
200 mA of a tube current. The data of 2θ from 20° to
80°range were collected with the step size of 0.02° at a rate
of 5 °·min-1.
2.2.3 XPS characterization

X-ray photoelectron spectroscopy (XPS) was employed to determine the chemical states of Co, Mn and O
in the prepared supported CoMn/AC oxide catalyst. The
signals were collected by a KRATOS X-ray source with an
aluminium crystal, operating at 12 kV anode voltage and
12 mA emission current. It was used to generate the required Al Kα radiation. Curve fitting and background subtraction were performed using Casa XPS software.
2.2.4 H2-TPR studies

H2 temperature programmed reduction (H2-TPR) was
carried out in a conventional apparatus equipped with a
TCD detector. 15 mg of sample was placed in a quartz tube
(i.d. = 4.0 mm), and then, TPR was performed by heating
the samples at 10 °C·min-1 from 30 to 700 °C in a 5.0 vol.
% H2-Ar mixture flowing at 25 ml·min-1. Hydrogen consumption was measured by a thermal conductivity detector
(TCD).
2.3. Catalytic activity measurement

Catalytic test of the prepared CoMn/AC catalyst was
evaluated with a continuous flow fixed-bed quartz tubular
reactor (i.d. = 6 mm) under atmospheric pressure. The
quartz tube reactor containing 50 mg catalyst was placed
inside a tubular furnace. The air was passed downward
through the reactor containing the catalyst bed, while an
electronic mass flow controller (D07-7A/ZM, China) was
used to control air flow-rate. The feed gas was obtained by
bubbling air through a saturator, which contains ethyl-benzene in liquid phase, was kept at constant temperature to
achieve the feed gas mixture consisting of gaseous ethylbenzene (1.0 vol. %) and the feed gas was led over the catalysts at a flow-rate of 55 ml·min-1, equivalent to a gas
mass space velocity of 66,000 mL·g-1·h-1. The reaction
temperature was monitored by a temperature programmable controller (ÜGU, model 708P, China) at a heating rate
of 10 ºC·min-1 until the given temperature. Before each
test, the catalyst bed was heated to the pre-concentrated
temperature point at a heating rate of 10 °C·min-1, and then
the feed gas was switched to the catalyst bed and stabilized
for 120 min to recording the date for the effluent gas interval 5 min. The reactants and reaction products were analyzed by using a on-line GC (GC 6890II), equipped with a
flame ionization detector (FID).
3. RESULTS AND DISCUSSION

2.2.2 XRD characterization

3.1 Thermal analysis

X-ray diffraction (XRD) patterns were carried out in a
Rigaku D/Max-2500/PC diffractometer equipped with a

TG-DSC analysis was performed for the prepared
CoMn/AC sample, with the TG-DSC curves shown in Fig. 1.
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Based on the TG curve, the sample had two significant
weight loss processes in the ranges of 50 to 275 °C and 275
to 450 °C. However, the weight loss of the AC in the static
air occurred above 500 °C, which can be deduced that the
activated carbon support had nearly no weight loss lower
than 450 °C in the static air atmosphere. The calcination
process of the CoMn/AC catalyst precursor was carried out
in the muffle oven, where the calcination conditions were
static air. Therefore, the weight loss of the AC support in
the CoMn/AC catalyst precursor did not exist in the process of thermaltreatment. So, the first weight loss, in the
50-275 °C range is about 19 wt%, can be attributed to the
evaporation of free water and the removal of crystal water
in the corresponding sample. The removal of crystal water
can be expressed as follows: Co(NO3)x·nH2O → Co(NO3)x
+ nH2O + Q. The sample enters a severe weight loss process with the further increase in heating treatment temperature, with initial temperature (Ti) and final temperature
(Tf) of 275 and 450 °C, respectively. The mass fractions at
these two temperature points are 78.4% and 32.5%, respectively. Weight loss reaches up to 45.9% in the 275-450 °C
range. Based on the wide and strong endothermic peak of
the DSC curve in the 275-450 °C range, the sharp weight
loss may be attributed to the decomposition of cobalt and
manganese nitrates in the samples. The nitrate decomposition process can be expressed as follows:
Co(NO3)2 → CoxOy + NOx + Q and Mn(NO3)2 →
MnxOy + NOx + Q.
Above 450 °C, the changes within the TG and DSC
curves are negligible, indicating that the samples have been
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3.2 XRD characterization

Figure 2 shows the XRD patterns of the prepared supported CoMn/AC oxide catalyst in the angular range of 2080 º.
The diffraction patterns of the CoMn/AC catalyst can
be indexed as MnCo2O4 (PDF, 23-1237), where the diffraction patterns appear at 2θ values of 30.5, 36.0, 37.6, 43.8,
54.3, 57.9, and 63.6º. On the other hand, the XRD diffraction peaks at 2θ values of 20.3, 22.8, 29.9, 33.0, 36.2, 39.0,
44.4, and 54.2º can be attributed to the CoMn2O4 (PDF, 011126). Meanwhile, no diffraction peaks of manganese and
cobalt oxides were observed for the supported CoMn/AC
catalyst. Therefore, it can be reasonable to deduce that
MnCo2O4 and CoMn2O4 are the main crystallite phase species existing in the prepared CoMn/AC oxide catalyst. As
shown in Fig. 2, the intensity of the XRD diffraction of the
CoMn/AC catalyst is weak. The weak XRD diffraction
peaks can indicate that MnCo2O4 and CoMn2O4 species are
well dispersed, or exist in the amorphous state on the supported catalyst surface [16].
3.3 XPS characterization

The surface chemical composites of the fresh and used
CoMn/AC catalysts were studied by XPS analysis. The
XPS patterns are shown in Fig. 3.
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FIGURE 1 - TG-DSC curve of the AC support and CoMn/AC oxide catalyst precursor

2617

Q/ J/mol

60

completely decomposed and that no chemical reaction occurs above 450 °C. Further analysis of the TG curve reveals
a maximum mass loss rate (330 °C) in the up-heating treatment process. Therefore, the best calcination temperature
to prepare a CoMn/AC catalyst is approximately 330 °C.
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FIGURE 2 - XRD patterns of the prepared CoMn/AC oxide catalyst.

Fig. 3(a) shows the Co2p XPS spectra of the fresh and
used CoMn/AC catalysts. The fresh and used CoMn/AC
catalysts present 4 distinguishable XPS spectra. Four XPS
peaks were located at 780.9, 786.1, 796.4 and 803.2 eV
(BE), respectively, and the Co2p XPS peaks appearing at
780.9 and 796.4 eV (BE) can be assigned to the Cp2p3/2
and Co2p1/2, respectively. Combined with the main peak
and shake-up satellite peak of the fresh and used CoMn/AC
catalyst, it can be indicated that the main surface chemical
state of the cobalt species existed in the CoMn/AC oxide
catalyst is Co2+ [17].
Figure 3(b) shows the Mn2p XPS spectra of the fresh
and used CoMn/AC catalyst. As shown in Fig. 3(b), the
Mn2p3/2 and Mn2p1/2 peaks of the fresh and used CoMn/AC
catalyst are all located at binding energies of 642.1 ± 0.5
and 653.5 ± 0.5 eV, respectively. The asymmetric Mn2p3/2
peak can be decomposed into two peaks at the binding energies of 643.6 and 641.9 eV, which can be assigned to the
Mn4+ and Mn3+ species [18], respectively. Therefore, the
main surface chemical state of the manganese species is
Mn4+ and Mn3+. From the above results, the Co2p and
Mn2p XPS patterns of the used catalyst had similar banding energy values, and the area of the peaks with fresh
CoMn/AC catalyst, which indicated that the surface chemical state of cobalt and manganese species existed in the
used CoMn/AC oxide catalyst, had no noticeable changes
in the presence of the catalytic combustion reaction.
Figure 3(c) displays the O1s XPS spectra of the fresh
and used CoMn/AC oxide catalyst. The O1s XPS spectrum
can be divided into 3 peaks located at binding energies of
530.6, 531.5, and 532.8 eV, which can be attributed to the

lattice oxygen (Olatt), surface oxygen (Osur), and absorbed
oxygen species (Oads), respectively [19]. The fresh
CoMn/AC oxide catalyst has strong O1s XPS peaks, which
indicate that there are abundant oxygen species on the surface of the CoMn/AC oxide catalyst. However, compared
with fresh CoMn/AC catalyst, the O1s binding energy of
the used catalyst shifted towards low values, which can be
attributed to the increase of the electron cloud density of
the oxygen species. The intensity and area of the O1s of the
used catalyst sharply decreased, which indicated that there
was less amount oxygen species existing in the used catalyst. Especially, the dramatic decrease of the surface oxygen in the used catalyst, which can be attributed to surface
oxygen species, was consumed during the ethyl-benzene
catalytic combustion.
3.4 H2-TPR study

The reducibility of the fresh and used CoMn/AC oxide
catalysts was studied by H2-TPR technology. The H2-TPR
profiles are shown in Fig. 4. As shown in Fig. 4, the fresh
CoMn/AC catalyst exhibits 4 distinct reduction peaks at
212, 275, 355, and 530 °C, which are labeled as α, β, γ, and
δ reduction hydrogen consumption peak, respectively. According to XPS and XRD results, it can be indicated that
the Mn3+, Mn4+ and Co2+ are the main surface chemistry
state of the manganese and cobalt existing in the catalyst.
Based on previous literature, Co2+ species can be reduced
to metal Co at round 400-600 °C, and the reduction process
can be expressed as Co2+ → Co0 [20] whereas the conventional reduction process of manganese oxide can be assigned to Mn4+→ Mn3+ → Mn2+ [21]. Therefore, the low-
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FIGURE 3 - XPS spectra of Co2p, Mn2p and O1s of the fresh and used CoMn/AC oxide catalysts.
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FIGURE 4 - The TPR patterns of the fresh and used CoMn/AC oxide catalysts.

temperature α reduction hydrogen consumption peak can
be attributed to the reduction of the highly dispersed surface Mn4+ species (Mn4+→ Mn3+). The β reduction hydrogen consumption peak can be attributed to the reduction of
highly dispersed surface Mn3+ species and subsurface Mn4+
species (Mn3+→ Mn2+ and Mn4+→ Mn3+). The γ reduction
hydrogen consumption peak can be attributed to the reduction of the bulk phase Mn3+ species and the low temperature reduction-formed Mn3+ species (Mn3+ → Mn2+). The δ
reduction hydrogen consumption peak can be attributed to
the reduction of the highly crystallite Mn3+ species in the
bulk phase into MnO and the Co2+ species are reduced tometal Co (Mn3+ → Mn2+ and Co2+ → Co0). However, the
used CoMn/AC catalyst showed only 2 reduction peaks at
424 and 537 °C, which were much higher than those of the
fresh catalyst. The results indicate that the used CoMn/AC
catalyst has poor reducibility. In addition, the hydrogen
consumption peak area of the used catalyst was sharply decreased as shown in Fig. 4. The results can be attributed to
the decrease of the amount of the reducible species in the
used catalyst, and the surface oxygen species were important reducible species in the CoMn/AC catalysts. The
amount of the surface oxygen species sharply decreased,
also demonstrated by XPS results. Therefore, the used
CoMn/AC catalyst showed poor reducibility, which can be
attributed to the consumption of surface oxygen species.
From the above results, it is reasonable to deduce that the
surface oxygen species can contribute to promote the reducibility of the CoMn/AC catalyst.
3.5 Ethylbenzene catalytic combustion over the fresh and
used CoMn/AC oxide catalysts

To evaluate the reused properties of the CoMn/AC catalyst for ethyl-benzene catalytic combustion, remove was
investigated under the conditions of ethyl-benzene concen-

tration of 1.0 vol.% and SV of 66,000 mL·h-1·g-1. The relationship between the reaction temperatures and the ethylbenzene catalytic combustion conversion is shown in Fig. 5.
As shown in Fig. 5, the CoMn/AC oxide catalyst
showed excellent catalytic combustion activity for ethylbenzene. The ignition temperature of ethyl-benzene over
the fresh CoMn/AC oxide catalyst is 240 °C, at which point
the ethyl-benzene conversion is 87.9%, and the T90 (temperature at which the conversion of the ethylbenzene
reaches 90.0%) of the fresh CoMn/AC oxide catalyst for
ethyl-benzene is 250 °C. On the other hand, the ignition
temperature of ethyl-benzene over the used CoMn/AC catalyst is 250 °C, which is higher by 10 °C than that of running on the fresh one. Compared with the fresh CoMn/AC
oxide catalyst, the decrease of the ethyl-benzene catalytic
activity of the used one is slight. These results indicated
that the CoMn/AC oxide catalyst had a favourablereused
performance for ethyl-benzene.
In general, the catalytic combustion reaction is a typical
surface reaction. As reported, water vapor, reaction intermediates products, and coke deposition on the catalyst surface
are the most common causes of deactivation of catalysts in
the catalytic combustion of VOCs [22]. The reactants and
product species can be adsorbed on the catalyst surface,
which can decrease the amount of the active site of the used
catalyst. The reduction of the active site can directly decrease the catalytic combustion activity. Therefore, compared with fresh CoMn/AC catalyst, the used one showed
low ethyl-benzene combustion removal. Based on the XPS
and TPR results, the surface oxygen species of the used catalyst was significantly decreased, and the surface oxygen
species were important reactive oxygen species for VOCs
catalytic combustion. Therefore, the low ethyl-benzene catalytic combustion activity on the used CoMn/AC oxide cat-
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alyst can be attributed to the consumption of surface oxygen
species. However, the gas-phase oxygen molecules in feed
gas can be activated by the catalyst to produce the active oxygen species and effectively supply the consumed oxygen
species to ensure the catalytic combustion reactions proceed

consistently [23]. Therefore, the catalytic activity of the used
catalyst was not drastically decreased when involved in the
second-run catalytic combustion reactions. From the above
results, the CoMn/AC oxide catalyst showed excellent reuse
property for ethyl-benzene catalytic combustion removal.
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FIGURE 5 - Ethylbenzene catalytic combustion on the fresh and used CoMn/AC oxide catalysts.
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FIGURE 6 - Stability test of ethylbenzne catalytic combustion over CoMn/AC catalyst.
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3.6 Stability test of the CoMn/AC oxide catalyst

The stability of the CoMn/AC oxide catalyst was performed for the catalytic combustion of ethyl-benzene at a
constant temperature, and the relationship between the reaction time and the ethyl-benzene catalytic combustion
conversion is shown in Fig. 6. As shown in Fig. 6, the
CoMn/AC oxide catalyst showed poor catalytic stability
for ethyl-benzene at 235 °C, at which point the ethyl-benzene conversion quickly decreased from 53.8 to 7.7%
within 15 min. However, when the reaction temperature increased to 240 °C, the ethyl-benzene conversion can exceed 96.4% at the initial stage and the ethyl-benzene catalytic combustion conversion gradually decreases to 85.0%
within 15 min. After 720 min on-stream, the level of ethylbenzne catalytic combustion conversion remains as high as
85.0%. When the inlet feed gas was changed from the oxygen-ethylbenzene mixture gas to nitrogen-ethylbenzene
mixture ones, the ethyl-benzene catalytic combustion conversion over the CoMn/AC catalyst can reach 43.6% at the
initial reaction stage, and then ethyl-benzene catalytic
combustion conversion gradually decreased to 4.7% within
17 min. These results indicated that the CoMn/AC oxide
catalyst exhibits excellent catalytic stability for ethyl-benzene catalytic remove.
It should be noted that the initial ethyl-benzene catalytic combustion conversion can reach 50.0%, which can
be attributed to the adsorption of ethyl-benzene molecules
on the CoMn/AC oxide catalyst. As mentioned earlier, the
catalytic combustion reaction is a typical surface reaction.
The high adsorption ability of the catalyst for ethyl-benzene molecules can promote the activation of ethyl-benzene. Combined with XPS and H2-TPR results, it can be
indicated that CoMn/AC oxide catalyst exists a large
amount of active oxygen species. These active oxygen species can directly participate in the catalytic combustion of
ethyl-benzene. Moreover, the existence of the Mn4+/Mn3+
redox couples in the CoMn/AC catalyst system can provide
more active oxygen species for catalytic combustion reaction, which can be responsible for the high ethyl-benzene
catalytic activity of the CoMn/AC catalyst. Based on previous studies, it is generally accepted that VOCs oxidation
takes place conformed to the Mars-van Krevelen mechanism [24]. In this mechanism, ethyl-benzene molecules
were adsorbed on the catalyst surface, and then oxidized by
surface-active oxygen species. During the catalytic reaction, the surface-active oxygen species can be consumed
and subsequently replaced by lattice oxygen species. On
the other hand, the gas-oxygen species can be activated by
catalyst to form active oxygen species which can be effective to supply the consumed oxygen species during the catalytic combustion reaction. So, when the consumed oxygen
species cannot be supplemented in time, the ethyl-benzene
catalytic combustion conversion gradually decreases, until
to deactivation as the catalytic combustion reaction progress. The CoMn/AC catalyst showed excellent catalytic
stability for ethyl-benzene catalytic combustion at 240 °C.
The results can be attributed to that high reaction temperature which can provide more energy for activation of the

gas-oxygen molecules to form active oxygen species. The
formation of active oxygen species can replace the consumed oxygen species to balance the consumption and supplement of the active oxygen species in the progress of the
ethyl-benzene catalytic combustion reaction. From the
above, it can be deduced that reactive oxygen species play
a crucial role for ethyl-benzene catalytic combustion reaction. In conclusion, these results indicated that CoMn/AC
oxide catalyst can offer high catalytic activity and reaction
stability for ethyl-benzene catalytic combustion.
4. CONCLUSION
The activated carbon support had a high thermal stability lower than 450 °C in the static air atmosphere. Therefore, the supported CoMn/AC oxide catalyst can be prepared by 350 °C calcinations in the static air atmosphere.
The prepared CoMn/AC oxide catalyst exhibited high
ethyl-benzene catalytic combustion activity in air, and the
ethyl-benzene catalytic combustion conversion over the
CoMn/AC oxide catalyst at 240 °C reaches 87.9%. The
ethyl-benzene catalytic combustion conversion can exceed
97.3% at 250 °C, although the used CoMn/AC oxide catalyst showed obvious deactivation. The supported
CoMn/AC catalyst showed excellent reused performance
for ethyl-benzene catalytic combustion. Meanwhile, the
CoMn/AC oxide catalyst exhibits well catalytic stability
for ethyl-benzene. The XPS and H2-TPR results showed
that the deactivation of the used CoMn/AC catalyst can be
attributed to the consumption of the surface-reactive oxygen species. Therefore, it can be reasonably concluded that
high reactive oxygen species content can be responsible for
the good ethyl-benzene catalytic combustion activity of the
studied CoMn/AC oxide catalyst.
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EFFECT OF ORGANOCLAY ADDITION ON
DURABILITY RELATED PROPERTIES OF CEMENT PASTES
Kristina Brinkienė*, Jūratė Čėsnienė, Irena Lukošiūtė, Arūnas Baltušnikas and Regina Kalpokaitė-Dičkuvienė
Laboratory of Materials Research and Testing, Lithuanian Energy Institute, Kaunas, Lithuania

ABSTRACT
The growing cement demand is associated with high
energy consumption and high release of carbon dioxide
(CO2) emissions. Cement substitution by supplementary
materials may tackle this problem, and herewith obtain the
material with improved characteristics. The effect of partial replacement of cement by nanoclay on the properties
of hardened cement pastes was investigated. The degradation of concrete is often caused by the penetration of water
or other agents during operating conditions. The main durability related properties (sorptivity, compression strength
and water absorption) of ordinary Portland cement (OPC)
pastes as well as OPC with partial cement substitution by
organically modified smectite (organoclay) from 0.5 up to
4% by weight of cement prepared at three water-to-solid
ratios of 0.27, 0.31 and 0.36 were studied. Experimental
results indicated a significant improvement in water penetration resistance of cement pastes with the addition of organoclay (OC). It was found a positive effect of cement replacement on the compressive strength characteristics of
the materials as well. Test showed that optimum amount of
organoclay is dependent on w/s ratio of the cement paste.

Incorporation of nano-sized particles into cement matrix can improve the properties of the concrete due to the
increased reactivity and the filling effect of nano-pores [5,
6]. One of the potential nano-materials to be used in the
cement industry is nanoclay, composed of layered mineral
silicates [5, 7]. Optimal dosage (up to 1%) of organically
modified montmorillonite micro-particles has been observed to increase the 28 day compressive strength of cement mortars [8]. In the recent critical overview of literature on the possible effects of clay in cement-based materials, Nehdi M. L. highlighted [9] the existent need for the
research on different types of nano-clays for the production
of cement-based materials with specific applications.
Since the durability of the concrete strongly depends
on the permeability of pore system, it has a great influence
on the transport properties and mechanical strength of the
materials; therefore, an understanding of moisture
transport is important to estimate the service life of the
concretes and to predict their potential durability [10]. In
this study, the effect of organically modified smectite on
the main performance parameters – sorption properties and
compressive strength of hardened OPC pastes was investigated.
2. MATERIALS AND METHODS

KEYWORDS: Durability, cement replacement, organoclay, sorptivity, water absorption, compressive strength

2.1 Materials and compositions

1. INTRODUCTION
Nowadays a research of building materials turns to the
development of environmentally friendly technologies
through partial replacement of ordinary Portland cement
(OPC) by supplementary materials [1, 2]. Application of
the additives to OPC is related not only to the enhanced
performance of the concrete materials, but also to the reduced energy consumption during cement production, reduced CO2 emissions and enhanced safety of the environment [1, 3, 4].

Ordinary Portland cement type CEM II/A-LL 42,5N
(Stock company Akmenes cementas, Lithuania), complying with LST EN 197-1 standard was used for the preparation of the specimens. Specific gravity of OPC was 2.753.20 g/cm3, and particle size 5-30 µm. The chemical composition of OPC is listed in Table 1.

* Corresponding author
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TABLE 1 - Chemical composition of Portland cement
Compound
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Others

Wt %
20.61
5.45
3.36
63.42
3.84
0.80
2.18
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Laboratory-made organoclay was produced from sodium smectite (Laviosa Chimica Mineraria, Italy) by the
ion exchange method with commercial modifier quaternary ammonium salt (M = 640 g/mol) (Cecachemicals).
Smectite had a cation exchange capacity (CEC) of 105
meq/100 g; so, the concentration of quaternary ammonium
salt 1.0 CEC of smectite was used, and the modification of
clay was performed according to [11].
Organoclay was prepared in a cation exchange reaction at 60 °C for 0.5 h by mechanical mixing (1800 rpm).
The materials were heated to the reaction temperature and
then were only mixed. The modified nanoclay was filtered,
then dried at 60 °C, ground in an agate mortar to mesh size
325 (sifted through the 325 mesh grid) and used without
any purification. The powders were stored in desiccators.
The median size of modified smectite was ~9 µm. Specific
surface area (SBET) of the as-produced organoclay was 5.17
m2g-1, average pore size – 21.9 nm, and cumulative pore
volume Vp – 0.031 cm3g-1.
Organically modified smectite (organoclay) was used
for partial cement replacement at the dosages of 0.5, 1, 2
and 4% by weight of dry cement. For this research, the
mixes were prepared with different water-to-solid ratios –
0.27, 0.31 and 0.36. Mix proportions of cement compositions with different addition of organoclay are listed in Table 2, where the number of mixes represents the weight
percentage of organoclay added. Control cement paste
without organoclay was formed as a reference material and
denoted as M0.
TABLE 2 - Mix proportions (wt %) of cement pastes
Constituents
OPC
Organoclay

M0
100
0

M0.5
99.5
0.5

M1
99
1

M2
98
2

M4
96
4

Organoclay was mixed with water and then water-clay
suspension was homogeneously dispersed into the cement
matrix according to the procedure described in [12]. After
complete mixing, wet cement pastes were poured into steel
moulds. Samples were formed and cured in the moulds for
24 h at (20 ± 2) °C and humidity (95 ± 5) %; then, they
were taken out of the moulds and cured in a control climatic chamber for the next 27 days.
2.2 Experimental methods

The XRD analysis of modified smectite was performed on a D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany) operating at the tube voltage of 40
kV and tube current of 40 mA. The X-ray beam was filtered
with Ni 0.02-mm filter to select the CuKα wavelength. The
diffraction patterns were recorded in a Bragg-Brentano geometry using a fast counting detector Bruker Lynx Eyebased on silicon strip technology. The specimens of clay
were scanned at a step size of 0.02o (2Ɵ) over the range 2Ɵ
= (1.2–90) o at a scanning speed of 6 o/min using a coupled
two theta/theta scan type. Inter-planar spacings were calculated according to Bragg’s law.

Transmission electron microscopy (TEM) (FEI TecnaiTM G2 F20) at accelerating voltage of 200 kV with a
GATAN Orius CCD camera was used to obtain the high resolution images of organoclay and to evaluate the nanostructure of organoclay as well as the interlayer spacing.
Water absorption due to capillary action (or sorptivity)
was performed according to the standard EN 1015-18. Five
specimens from each set of the samples in the form of broken semi-prisms were tested. All samples were dried up to
the constant mass in a ventilated oven at a temperature of 60
± 5 °C. After drying, long faces of the specimen were sealed
by paraffin wax except the fracture area and the front side of
the specimen, which remained un-coated. The specimen was
immersed in water to a depth of 5-10 mm with the broken
face downwards for a specified period of the time, and the
increase in mass after soaking was recorded after these periods of time – 10, 30, 60, 90, 120, 180, 240, 1200, 2560, 3000
and 7000 min. The coefficient of water absorption due to
capillary action was calculated by the formula:
C

m90  m10
A t

(kg /(m2  min0.5 ) ,

where, A – the cross-section of the specimen that was
in contact with water in m2; m10 and m90 – the masses of the
sample after soaking for 10 min and 90 min, respectively;
and t – the duration of the immersion in min.
Density, water absorption and porosity of the hardened
cement pastes were determined according to the standard
test procedures of under-water weighting (ASTM C 64206 Standard 2006). All specimens were dried to a constant
weight for not less than 24 h in a ventilated oven at 60 ± 5
°C in order to avoid any modification of the capillary pore
structure. The testing was performed with the samples after
28 days of curing. The specimens were immersed in water
for 48 h, and after the immersion, the saturated specimens
were suspended in water by the wire, and apparent masses
were measured in the suspended conditions. The measured
values of the mass were used to calculate porosity as the
volume of permeable pore voids, water absorption after immersion and bulk density. Test results represent the average value of measurements carried out on 5 test samples.
The evaluation of the mechanical properties was based
on the measurements of the compressive strength as the
most important characteristic for the cementitious materials. The tests were performed using a universal testing machine Zwick Roell (capacity up to 50 kN) with a constant
crosshead speed of 0.5 mm/min. Every result of the compressive strength was reported as the average value of
measurements carried out on 6 test pieces according to the
standard EN 196-1.
3. RESULTS AND DISCUSSION
3.1 Characterization of organoclay

The XRD pattern of unmodified nano-clay shows the
inter-planar spacing d001 = 1.23 nm (Fig. 1, curve 1). After
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modification, this parameter increases up to ~3.91 nm, i.e.
diffraction peak d001 shifts to lower 2-theta angles (Fig. 1,
curves 1 and 2).
2000

001
d001 = 3.9 nm

Intensity (cps)

1500

1000

2
002

500

1

001

3.2 Water absorption of cement pastes

003

0
1

3

5
7
2 - Theta (degree)

nanoclay (Fig. 1, curve 2) indicates a regular arrangement
of alkyl chains of modifier in the interlayer space of nanoclay. The increase of intensity of d001 Bragg peak of organically modified nano-clay (Fig. 1, curve 2) could be related
to the increase of the crystallite size of nano-clay from 8.7
to 18.3 nm in the <001> direction. The results of XRD were
confirmed by TEM, where layered nano-sized structures
were detected in the TEM images of organically modified
smectite. The exfoliated structures show nano-scale lamellas and the lamellas packets of the layered silicates are presented in Fig. 2 at different magnifications.

9

11

FIGURE 1 - XRD of (1) non-modified smectite and (2) organically
modified smectite.

The kinetics of long-term water absorption per unit
surface area (kg/m2) of the samples aged for 28 days as a
function of square root of the time is presented in Fig. 3,
where the amount of organo-clay additive and w/s ratio is
pointed out. Capillary absorption of cement pastes with 1%
of organoclay reduces up to 21-22% for w/s 0.27 and 0.36,
respectively. At the later stage of the absorption, the effect
of organoclay content starts to be more pronounced. Absorption capacity decreases with the increase of clay replacement for all w/s, and M4 pastes demonstrate the lowest water absorption. After 115 h, an average reduction in
the sorptivity up to 25.8 and 43.8% was found for pastes
M2 and M4, respectively, at w/s ratio 0.27 in the comparison with M0. This tendency is similar for the pastes with
w/s 0.31 (26.2 and 48.9%, respectively).

FIGURE 2 - TEM views of organically modified smectite.

The presence of higher orders of diffraction peaks,
such as d002 and d003, in the XRD patterns of the modified
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FIGURE 3 - Capillary absorption profiles of cement pastes modified
by organo-clay and prepared at different w/s ratios.

At w/s ratio 0.36, the replacement of clay from 2 to 4%
reduces capillary absorption of the composites at 31-32%.
According to [13], at early times, sorption process is determined by water transport through finer pores that are able
to transport the water without filling of the larger pores due
to strong capillary forces, while at later stages by the large
pores, where the capillary suction is weaker. The water capillary sorption behaviour of the mixes with organoclay
can be explained by an improved hydrophobicity due to the
addition of organically modified smectite and by the ability
of the clay to affect the pores size distribution reducing the
fraction of the macro-pores [13]. According to the data, cement mixes prepared with the highest percentage of organoclay (4%) are considered to have enhanced durability
for the penetration of water.
The variation of the sorptivity coefficient, which gives
the information about the initial water absorption rate, is
presented in Fig. 4. The sorptivity value of the reference
paste (M0) is directly dependent on the w/s ratio. Partial
replacement of the cement by organoclay resulted in a significant reduction of water sorption of the cement pastes.
The highest values of sorptivity coefficient were obtained
for control cement pastes M0, whilst the lowest sorptivity
values are obtained for mixes with 4% of organoclay (M4)
at w/s ratios 0.27 and 0.31. Consequently the incorporation
of a higher content of organoclay (modified smectite)
should be desirable to prevent the penetration of water into
the material.
Variation of sorptivity results might be explained by
the water repellent properties of organically modified
smectite due to chemical incompatibility of organoclay and
cement [14].
Table 3 represents the variation of open porosity, bulk
density and water absorption of OPC pastes at various dosages of organoclay. In this test, multi-dimensional water
absorption takes place only in the connected pores considered as penetrable pores which were emptied during the
drying and filled with water during the immersion. The decrease in porosity and water absorption was found for all
cement/clay mixes, while even a small amount (0.5%) of
organoclay has noticeable effect on the properties. Test results show the noticeable drop in the porosity up to 9% for
cement paste with 0.5% of organoclay compared to the reference sample M0.
The porosity decreased with the increase of the level
of the replacement for all w/s ratios. The overall decrease

in the porosity up to 6.5, 11.0 and 13.8% was found for w/s
0.27, 0.31 and 0.36, respectively. The mixes formed at w/s
ratio 0.27 are characterized by a lower amount of the permeable voids and the highest bulk density at all dosages.
However, there was no significant effect of the content of
organoclay on the open porosity and water absorption data
with an exception of the compositions prepared at w/s ratio
0.31. In this case, the highest drop in the porosity up to
12.1% as well as in water absorption up to 9.4% was found
with the enhancement of clay replacement from 2 up to 4%.
Bulk density of reference pastes decreases with an increase in w/s ratio (Table 3) and varies from 1.94 to 1.72
g/cm3 for w/s 0.27 and 0.36, respectively. It was observed
that partial replacement of cement with organically modified smectite had produced a marginal decrease in a bulk
density of mixes at all w/s ratios.
3.3 Compressive strength development

Compressive strength of the cement pastes and mixtures of cement and modified smectite was determined at
the age of 7 and 28 days of hydration (Fig. 5). The mean
values of compressive strength were plotted against w/s ratio and clay content. It is evident that strength increases
with the increment of hydration time. It was observed that
a small addition (0.5 up to 1%) of organoclay has a marginal effect on the compressive strength of the studied
pastes after 7 days. At w/s 0.31, more than 4% increment
in strength was noticed for the cement paste with 1% of
organoclay in comparison with the control sample. The addition of a higher amount of nano-clay mostly decreases
the compressive strength of the samples at all w/s.

FIGURE 4 - Variation of sorptivity coefficient data versus the level
of organoclay replacement.

TABLE 3 - Results of under-water weighting versus w/s
Cement
paste
M0
M0.5
M1
M2

Porosity (%)
0.27
24.13
20.81
20.92
20.15

0.31
29.5
26.25
27.21
27.28

0.36
31.37
29.33
29.92
29.38

Bulk density (g/cm3)
0.27
0.31
1.94
1.83
1.91
1.82
1.90
1.80
1.89
1.77
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0.36
1.72
1.71
1.71
1.69

Water absorption (%)
0.27
0.31
14.10
16.67
10.99
14.43
11.14
15.12
10.65
15.34

0.36
19.91
17.00
17.61
17.25
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29.20

1.82

1.75

1.65

10.50

13.90

17.20

FIGURE 5 - Strength development of the cement pastes in relation to the percentage of the added organoclay and w/s ratio after (a) 7and (b)
28 days of hydration.

Experimental study of the pastes after 28 days of hydration presents a significant increase in the compressive
strength with the cement replacement up to 1% of organoclay at w/s ratio 0.31, meanwhile at w/s 0.27 the increment of strength was found for the samples with up to
2% of OC addition. In the case of w/s 0.36, cement replacement up to 1% has no impact on the compressive strength
value. Small amount (1%) of modified smectite can be used
to substitute the cement, and thus, to obtain the material
with the same strength as control one, whereas for the
pastes with w/s = 0.27, this replacement even enhances
compressive strength more than 8%. Thus, up to 2 % of the
cement, it can be replaced without loss of strength. Higher
content of organoclay (>2%) demonstrates a growing reduction of the compressive strength for the cement pastes,
possibly due to inconvenient dispersion of the higher
amount of exfoliated clay platelets in the cement matrix, or
due to the agglomeration of the platelets.
4. CONCLUSIONS

The data of water absorption due to capillarity performed for 115 h showed that the substitution of cement by
organoclay up to 4 wt% can reduce the wettability of the
material due to higher organic content, and thus, the properties of water transport of the materials. Furthermore, the
sorptivity of modified pastes decreased with the decrease
of w/s ratio.
The replacement of cement with organoclay reduced
the porosity and water absorption of cement mixes. The optimal replacement of cement by organoclay causes an improvement in compressive strength and reduced water absorption should not exceed 1%.
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The use of organically modified smectite as supplementary material for partial replacement of the cement may be
beneficial from an environmental viewpoint as well as for
the optimisation of the main durability characteristics of cement pastes. The data obtained for cement pastes prepared at
three water-to solid ratios – 0.27, 0.31 and 0.36 from ordinary Portland cement, partly substituted by organoclay at the
dosages of 0.5%, 1%, 2% and 4% by weight of dry cement,
showed that organoclay additive resulted in enhanced durability characteristics related to the sorption and compressive
strength. Mechanical strength results showed that up to 1 %
of OC can effectively substitute the cement, since a far more
8 % higher strength was obtained at w/s = 0.27, while at w/s
= 0.31and 0.36, the enhancement in strength was smaller but
still not lower than strength of control paste.
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ABSTRACT
To study the potential significance of Limnodrilus
hoffmeisteri, a dominant benthic organism in Lake Taihu,
on lake eutrophication, the effect of temperature and density on the ammonium (NH4+-N) and phosphate (PO43--P)
excretion rates of L. hoffmeisteri was performed. Using a
regression equation describing the relationship between
temperature and the NH4+-N and PO43--P excretion rates of
L. hoffmeisteri while considering water temperature and L.
hoffmeisteri biomass in Taihu between 2007–2010, we estimated the potential nitrogen and phosphorus contribution
of L. hoffmeisteri to Lake Taihu. With increasing temperature, both the NH4+-N and PO43--P excretion rates of L.
hoffmeisteri gradually increased while changes in density
did not significantly affect the excretion rate of NH4+-N
and PO43--P. The annual average NH4+-N and PO43--P excretion by L. hoffmeisteri were 1925.54 and 210.0 t, respectively. These amounts were up to 19.3 and 23.3% of the
annual NH4+-N and PO43--P net flux of the entire sedimentwater interface in Lake Taihu, and are only less than the
two primary exogenous nutrient sources—indirect lakeside
and watercourse nitrogen and phosphorus inputs. This
study showed that nutrient excretion of L. hoffmeisteri has
a significant effect on eutrophication in Lake Taihu.
KEYWORDS:
L. hoffmeisteri, ammonium, phosphorus, excretion rate, Lake Taihu

1. INTRODUCTION
Benthic fauna are an important part of lake ecosystems, and their activities significantly affect nitrogen and
phosphorus cycling at the water-sediment interface. Nitrogen and phosphorus exchange at water and sediment surfaces are affected by a variety of physical, chemical, and
biological factors. Benthic fauna affect nutrient dynamics
in water bodies mainly through nutrient excretion and bioturbation [1-7]. Studies have shown that the release of ni* Corresponding author

trogen and phosphorus from the bottom sediment played
an important role in accelerating the eutrophication of shallow lakes [2, 8, 9].
Lake Taihu (30°55′40″–31°32′58″ N and 119°52′32″–
120°36′10″ E), which has an area of 2,300 square kilometers, is the third largest freshwater lake in China. It is a typical shallow lake, with an average water depth of only 1.9 m.
In recent years, due to rapid economic development around
Lake Taihu, a large amount of nitrogen, phosphorus and
other nutrients haves been discharged into the lake, resulting in continuous deterioration of water quality and increasing eutrophication [10]. As a large shallow lake, the sediments
in Lake Taihu are easily disturbed and resuspended by wind,
waves and lake flow, releasing a large amount of nutrients
into the water column. Therefore, even with reduction in exogenous inputs, Lake Taihu is likely to remain eutrophied
due to endogenous release [11]. Many studies have examined endogenous nutrient release in Lake Taihu, focusing
primarily on changes in the content, morphology, and distributions of nitrogen, phosphorus, heavy metals, and other
elements in the sediments, as well as the effects of wind,
wave disturbance, and other non-biological factors on the
release of nutrients from the sediments. Fewer studies have
focused on the effects of aquatic animals, particularly benthic fauna, on changes in water column nutrient concentrations in Lake Taihu. Studies on aquatic animals that do exist have mainly focused on the effects of bioturbation on
the physical and chemical properties of the bottom sediment; in contrast, almost no studies have examined the effects of benthic fauna excretion on the water concentrations
of nitrogen and phosphorus [12-15].
L. hoffmeisteri, the dominant Oligochaete in Lake
Taihu, is relatively widely distributed with high density and
biomass. Because this species is an important source of nutrient-rich excreta, L. hoffmeisteri was selected as the Lake
Taihu study subject, and temperature and density were selected as the varying environmental conditions. We examined the effect of temperature and density on the excretion
of ammonium (NH4+-N) and phosphate (PO43--P) by L.
hoffmeisteri. Using an equation describing the excretion
rate of L. hoffmeisteri, temperature data from previous ex-
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periments, and field-surveyed biomass data for L. hoffmeisteri in Lake Taihu, we calculated the annual and seasonal
changes in NH4+-N and PO43-P release by L. hoffmeisteri.
We developed a preliminary estimate of the contribution of
L. hoffmeisteri to water column nitrogen and phosphorus
content in Lake Taihu, providing the basic data required for
further studies of the effects of benthic fauna on nutrient
cycling in Lake Taihu.

2. MATERIALS AND METHODS
A 4-year field investigation of L. hoffmeisteri was performed in Lake Taihu between 2007 and 2010 at 32 sampling locations that were selected based on pre-sampling
results. Samples were collected seasonally in February,
May, August, and November. Quantitative sediment samples were collected with a 1/40 m2 Peterson grab sampler,
washed in a 60-mesh nylon net, and preserved with 10%
formalin. L. hoffmeisteri specimens used in the experiments
were collected from Dapukou Station in Lake Taihu near the
TH10 routine monitoring site and sent to the laboratory as
soon as possible after collection. Similarly sized L. hoffmeisteri (about 35 mm long) were used in indoor experiments testing the effects of temperature and density on its
excretion rates of nitrogen and phosphorus. Standardized
wet weight of L. hoffmeisteri was measured on an electronic scale after blotting with filter paper. Weights were
converted to density per unit area and biomass. Dry weight
of L. hoffmeisteri was calculated based on the dry to wet
weight ratio.
The experiments began in mid-June 2011. Experiments
were performed under controlled conditions with varying
temperature (5, 10, 15, 20, 25 and 30°C) and L. hoffmeisteri
density (0, 5,000, 10,000, 15,000, and 25,120 ind. m-2).
Thirty combinations were tested, and each combination was
repeated 5 times. The experimental treatment water was
collected from Lake Taihu and filtered first through a 60mesh plankton net and then through a Whatman GF\C glass
filter. To reduce the high background nutrient levels in
Lake Taihu, filtered lake water was mixed with distilled
water at a 1:4 ratio before use. Similarly sized L. hoffmeisteri were selected from the sediment samples, washed with
distilled water, and placed into 100 ml beakers (2.5 cm bottom radius) containing 50 ml of mixed water. The beakers
were kept in the dark in a light incubator for 6 h at controlled
temperature. At the end of each experiment, all 50 ml of water was filtered from each beaker (Whatman GF\C), and
NH4+ -N and PO43--P concentrations were determined as
soon as possible. L. hoffmeisteri in each beaker were transferred to a piece of aluminum foil, dried at 80°C for 24 hours,
and dry weight measured. Because the main nitrogen- and
phosphorus-containing excreta L. hoffmeisteri releases after
metabolism are NH4+-N and PO43--P, respectively, the difference in water concentration of NH4+-N (or PO43--P) between the experimental and control groups was used to calculate net NH4+-N and PO43--P released by L. hoffmeisteri.

NH4+-N content was determined by nessler colorimetry
and PO43--P by the molybdenum-antimony anti-spectrophotometric method.
Experimental data were statistically analyzed using
SPSS16.0 software (X). ANOVA was used to analyze the
effects of temperature and density on the NH4+-N and PO43-P excretion rates of L. hoffmeisteri. We used the Q10 response to determine the relationship between the excretion
rate (NH4+-N and PO43--P) and temperature, where Q10 =
RT1+10 / RT1, RT1 is the excretion rate at temperature T1, and
RT1+10 is the excretion rate at temperature T1+10.
Using an equation describing the relationship between
temperature and NH4+-N and PO43--P excretion rates of L.
hoffmeisteri, the biomass (dry wt.) of L. hoffmeisteri in
February, May, August and November between 2007–
2010, and the water temperature in the corresponding
month, we calculated the annual and seasonal changes in
NH4+-N and PO43--P excretion of L. hoffmeisteri between
2007–2010 in Lake Taihu. Biomass data were obtained
from field surveys, and water temperature data were provided by Lake Taihu Ecosystem Research Station of the
Nanjing Institute of Geography and Limnology at the Chinese Academy of Sciences.
We used the geographic information system software
ArcGIS 9.2 to examine the spatial distribution of the amount
of NH4+-N and PO43--P excretion by L. hoffmeisteri across
different years and seasons. The seasonal net excretion of
each nutrient was calculated as the seasonal average of
NH4+-N and PO43--P excretion by L. hoffmeisteri during
2007–2010. Using inverse distance weighting, we generated a spatial map of NH4+-N and PO43--P excretion of L.
hoffmeisteri using a 1:50,000 outline map of Lake Taihu,
the distribution of sampling sites, and the distribution of L.
hoffmeisteri and its NH4+-N and PO43--P excretion.

3. RESULTS AND DISCUSSION
The excretion rates of NH4+-N and PO43--P gradually
increased with temperature (Figure 1). Analysis of variance determined that temperature significantly influenced
the NH4+-N and PO43--P excretion rates of L. hoffmeisteri,
but density did not significantly affect either. Temperature
and density interacted in their effect on the rate of PO43--P
excretion, but not on NH4+-N (Table 1, Table 2).
Multiple comparisons showed that the NH4+-N excretion rate of L. hoffmeisteri only significantly differed
(P<0.05) between 30°C and all lower temperatures. Because of irregularity in the data, the PO43--P excretion rate
at 25°C was excluded from analyses. There was no difference (P>0.05) between the PO43--P excretion rates at 5 and
10°C or between those at 15 and 20°C. The PO43--P excretion rate at 30°C was significantly different (P<0.05) from
that at other temperatures.
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Because density did not significantly affect the NH4+N and PO43--P excretion rates of L. hoffmeisteri, we established regression relationships only between temperature
and the excretion rates (Figure 2): R NH4+-N = 0.2821T−
0.4953, r2 = 0.8312; RPO43--P = 0.0199T + 0.133, r2 =
0.9723. From Figure 2, it can be seen that the Q10 values

for the NH4+-N excretion rate were different for different
temperature intervals; however, in the ranges 10–20°C and
20–30°C where Q10 was 2.11 and 2.47, respectively, the
differences were small. The Q10 values for the PO43--P excretion rates were similar between different temperature intervals, and the Q10 values were small (about 1.5).

FIGURE 1 - The NH4+-N、PO43--P excretion rates of L. hoffmeisteri in different temperature (A, 0 ind. m-2; B, 5000 ind. m-2; C,10000 ind. m-2;
D, 15000 ind. m-2; E, 25120 ind. m-2)

Temperature (°C)

Tem-

FIGURE 2 - Relationships between nutrient excretion rates of L. hoffmeisteri and temperature
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TABLE 1 - ANOVA results for the effects of temperature, density and their interaction on the NH4+-N excretion rate of L. hoffmeisteri
Variable

Degrees of freedom (df)

Mean square (MS)

F

P

Temperature

5

170.053

13.875

0.000

Density

4

2.757

0.225

0.924

Temperature × density

20

5.683

0.464

0.973

Error

89

12.256

Total

119

TABLE 2 - ANOVA results for the effects of temperature, density and their interaction on the PO43--P excretion rate of L. hoffmeisteri
Variable

Degrees of freedom (df)

Mean square (MS)

F

P

Temperature

5

.729

22.807

0.000

Density

4

.069

2.156

0.081

Temperature × density

20

.055

1.712

0.046

Error

88

.032

Total

118

TABLE 3 - Annual changes in standing crops and excretion of L. hoffmeisteri in Lake Taihu
Year
2007
2008
2009
2010
Avg.

Excretion of NH4+-N
(ton a-1)
4,173.41
1,476.56
1,336.58
715.60
1,925.54

Amount
(ind. a-1)
1,305,960
534,060
404,697
466,200
677,729.25

Biomass
(ton a-1)
28,478.05
11,408.29
9,157.37
10,204.11
14,811.96

Winter Spring

Summer Autumn

Winter Spring

Excretion of PO43—P
(ton a-1)
437.43
161.70
141.44
99.42
210.00

Summer Autumn

FIGURE 3 - NH4+-N and PO43--P excretion of L. hoffmeisteri in different seasons

Using the experimentally obtained regression equations for NH4+-N and PO43--P excretion rates of L. hoffmeisteri, combined with measured data of L. hoffmeisteri
biomass and water temperature, we estimated the annual

changes in L. hoffmeisteri abundance and nutrient excretion in Lake Taihu from 2007–2010. The annual average
excretion of NH4+-N and PO43--P was 1925.54 and 210.0 t,
respectively. Except in 2010, the NH4+-N and PO43--P ex-
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cretion of L. hoffmeisteri was directly proportional to its
biomass. In 2007, the biomass of L. hoffmeisteri in Lake
Taihu was 2.5-fold that of 2008, and the amount of NH4+N and PO43--P excretion was 2.8 and 2.7-fold that of 2008,
respectively. Likewise, biomass in 2008 was 1.2 times
higher than in 2009, and total excretion of both nutrients
was similar at 1.1-fold. However, In 2010, the biomass of
L. hoffmeisteri in Lake Taihu was 15% more than in 2009,
but NH4+-N and PO43--P excretion was 46% and 30% less
than in 2009; This result was mainly caused by the lower
water temperature of Lake Taihu in 2010.
There was a significant difference in the seasonal excretion of NH4+-N and PO43--P by L. hoffmeisteri each year
(Figure 3). During 2009, maximum NH4+-N excretion occurred during spring (May), and the minimum occurred
during fall (November). During 2007 and 2008, maximum
NH4+-N excretion occurred in summer (August), and the
minimum for 2007 occurred during spring (May), while the
2008 minimum occurred in winter (February). During
2010, the maximum NH4+-N excretion by L. hoffmeisteri
occurred in winter (February), and the minimum occurred
in fall (November). From year to year, the seasonal change
in PO43--P excretion by L. hoffmeisteri was generally consistent with the seasonal change in NH4+-N.
The incubation time of Tubificidae was less than 24 h,
and the presence and absence of a nutritional base does not
affect the excretion rate. Even when food is lacking, the
excretion rates of NH4+-N and PO43--P of Tubificidae do
not change dramatically across the span of 20 h [8, 16, 17].
Fukuhara and Yasuda [1, 2] found that nutrient excretion
in Tubificidae was continuous during the first 8 h and 10 h
of incubation for NH4+-N and PO43—P, respectively. Therefore, when no food was supplied during the present experiment, the NH4+-N and PO43--P excretion rates of L. hoffmeisteri which were measured after 6 h incubation in the
dark, was reasonable. In addition, the presence of fecal

matter has also been shown to have no significant effect on
excretion rate [3, 4].
Based on previous reports, we summarized the NH4+N and PO43--P excretion rates of Tubificidae obtained under various experimental conditions (Table 4). The NH4+N excretion rate of L. hoffmeisteri in this study was very
similar to those measured at the same temperature in other
reports, except at 15°C, where our value was slightly
higher. Postolache et al. attributed the rapid increase in the
NH4+-N excretion rate of Tubificidae at 23°C to abnormal
physiological activities of these organisms at high temperature. Because the average temperature of Lake Taihu can
reach over 25°C in summer, the metabolism of L. hoffmeisteri might be different in Lake Taihu from in other areas.
The NH4+-N excretion rate of L. hoffmeisteri was significantly different at 30°C from at other temperatures, and the
excretion rate of PO43--P was similar condition. Q10 values
for the rate of NH4+-N excretion (2.11 at 10–20°C and 2.47
at 20–30°C) were comparable to the value measured by
Postolache et al. [3] (Q10=2.52). The Q10 of invertebrates
generally ranges from 2 to 3 [18]. This indicated that the
NH4+-N excretion rate of L. hoffmeisteri was affected by
temperature more than in other invertebrates. The excretion rate of PO43--P measured in this study was higher than
that of other studies, however, the Q10 value (1.5) was only
slightly higher than that measured by by Postolache et al.
[3] (Q10=1.31) and was lower than the value obtained by
Fukuhara and Yasuda (Q10=2) [1, 2]. This finding indicated
that the PO43--P excretion rate of L. hoffmeisteri was relatively insensitive to temperature. In general, both of the
NH4+-N and PO43--P excretion rates of L. hoffmeisteri increased with temperature. In recent years, Lake Taihu has
experienced cyanobacterial blooms during the summer,
and L. hoffmeisteri can excrete large amounts of NH4+-N
and PO43--P at high temperature. Thus, the excretion of nutrients by L. hoffmeisteri may be promoting these cyanobacterial blooms in Lake Taihu.

TABLE 4 - Literature reports of nutrient (NH4+-N and PO43--P) excretion rates for tubificid worms under various experimental conditions,
where T is temperature (°C).
NH4+-N excretion rate
(μg N mg d.w.-1 h-1)
0.042–0.073
0.151
0.071
0.025
0.155
0.076
0.266
0.059
0.075
0.203
0.158
0.224
0.391

PO43--P excretion rate
(μg N mg d.w.-1 h-1)
0.004–0.005
0.002
0.003
0.006
0.007
0.010
0.011
0.013
0.018
0.020
0.031

T (°C) Literature Source
10
22
20
15
23
4
23
5
10
15
20
25
30

Gardner et al. [17]
Gardner et al. [17]
Fukuhara & Sakamoto [4]
Fukuhara & Yasuda [2]
Rîşnoveanu et al. [18]
Postolache and Vădineanu [3]
Postolache and Vădineanu [3]
Present study
Present study
Present study
Present study
Present study
Present study
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T (°C) Literature Source
16
15
20
23
4
23
5
10
15
20
30

Nalepa et al. [17]
Fukuhara & Yasuda [1]
Fukuhara & Sakamoto [4]
Rîşnoveanu et al. [18]
Postolache and Vădineanu [3]
Postolache and Vădineanu [3]
Present study
Present study
Present study
Present study
Present study
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TABLE 5- Comparison of N and P pollution sources in Lake Taihu
Nutrient sources
Lake rivers
Nursing homes and hotels
Tourism
Lake vessels
Seine fishing
Atmospheric precipitation
Atmospheric fallout
Indirectly entering the lake
Sediments
L. hoffmeisteri

NH4+-N
(t a-1)
5,362.55
6.69
15.64
5.8
56.42
731.27
111.54
1,253.76
9,960.3
1,925.54

TP(t a-1)
1,552.22
2.63
5.9
2.19
29.8
60.13
32.98
302.68
899.4
210.00

The average amounts of NH4+-N and PO43--P excretion
by L. hoffmeisteri in Lake Taihu from 2007–2010 were
1925.54 and 210.00 tons, respectively. The amounts of nutrients excreted by L. hoffmeisteri in Lake Taihu and the N
and P content that entered the lake from exogenous and endogenous sources were compared (Table 5). The annual
amount of NH4+-N excreted by L. hoffmeisteri was significantly higher than that from atmospheric fallout, atmospheric precipitation, seine fishing, lake vessels and other
direct releases of NH4+-N into the lake; it was second only
to the amount of NH4+-N entering from rivers. Compared
with the amounts of phosphorus entering the lake by various pollution sources, the average annual levels of PO43--P
excreted by L. hoffmeisteri were less only than that from
rivers and from indirect sources. The annual net fluxes of
endogenous NH4+-N and PO43--P release at the water-sediment interface in Lake Taihu were 9,960.3 t and 899.4 t,
respectively [2, 20] and the average annual amounts of
NH4+-N and PO43--P excreted by L. hoffmeisteri can reach
19.3% and 23.3% of that of net flux at the sediment-water
interface in Lake Taihu. L. hoffmeisteri do not produce new
nitrogen and phosphorus, but convert nitrogen and phosphorus from organic forms to inorganic forms, thus increasing the nutrient content in the water. These inorganic
forms can then be used by primary producers, accelerating
the rates of nitrogen and phosphorus turnover in the lake
with the potential of magnifying cyanobacterial blooms
and eutrophication. Therefore, nutrient excretion by L.
hoffmeisteri has a significant impact on lake nutrient cycles
and ecosystems.
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ABSTRACT
Sulphuric acid and nitric acid are the major components of acid rain responsible for corrosion of carbonate
stone. It is possible to simulate the deterioration process of
stone inscriptions exposed to acid rain with diluted sulphuric acid, nitric acid and mixed acid solution. The
changes of pH value and Ca2+ concentration in the solution
and loss of carbonate stone have been studied by periodic
spraying and recycling spraying with different flow velocities on carbonate stone samples. The results showed that
the corrosion process of carbonate stone is a combination
of physical scour and chemical dissolution. The pH value
and the flow-rate of acid are both essential factors that affect the extent of corrosion. The degree to which the flow
of acid affects limestone sample was sulfuric acid>mixed
acid> nitric acid. The total effect of anions is negligible for
corroding carbonate stone.
KEYWORDS: sulphuric acid, nitric acid, mixed acid, corrosion, carbonate stone

loss of Italian or U.S in the sulphuric acid experiment was
13-17 times as much as that lost in the nitric acid experiment. The effect of sulphuric acid and nitric acid on limestone is relative to the structure of marble and concentration of acid.
In this study, we want to compare the effect of different types of acid with different flow velocities on historical
buildings constructed with carbonate stone. The historical
buildings, such as six dynasty-carved stones (Fig. 1) have
been affected by acid rain in Nanjing city. Nanjing is a metropolitan city in the east of China. It has a temperate climate. The average pH of rainwater is 4.7. The experiment
with the sulphuric acid was intended to simulate the pH of
rainwater. The experiment was repeated under the same
conditions and pH, using aqueous nitric acid solution or
mixed acid solution instead of sulphuric acid. The changes
of pH value and Ca2+ concentration in the solution and loss
of carbonate stone have been studied by periodic spraying
and recycling spraying of carbonate stone samples with
sulphuric acid, nitric acid and mixed acid solution in different flow velocities.

1. INTRODUCTION
Increased emission of sulphur dioxides and nitric oxides by the industry and private cars has resulted in an increase of acid rain formation and its destructive effects on
limestone [1]. These materials, which are emitted from industrial smoke or automotive exhaust, are converted to sulphates and nitrates, respectively, which give rain an acidic
character. The sulphates then convert the calcium carbonate, an insoluble component of limestone, into a soluble
material known as gypsum. Similarly the nitrates convert
the calcium carbonate into calcium nitrate.
Sulphuric and nitric acids have already received much
attention in studies of stone decay [2, 3]. Chen [4] found
that the loss of marble of Italian or U.S in the 30 μΜ sulphuric acid experiment which was almost three times as
much as that lost in the nitric concentration of acid experiment. In the case of the 100 μΜ acid solutions, the marble
* Corresponding author

FIGURE 1 - The six dynasites carved stone

2. MATERIALS AND METHODS
2.1 Composition of simulated acid rain and limestone specimens

The acid rain in Nanjing city, China, is for a large part
due to sulphuric acid [5], with SO42- accounting for 70% of
total anions. Moreover, various sulphurous pollutants deposited on the samples can be oxidized and converted to
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sulphuric acid with higher acidity or SO42- in some parts of
sample’s surface. Such a fact is taken into consideration in
limestone specimens exposed to simulated acid rain. Samples were sprayed with sulphuric acid solution, nitric acid
and mixed acid solution (pH 4.0, 5.6) by periodic spraying
as we designed before [6]. We designed mixed acid which
is a solution of sulphuric and nitric acid, molar ratio 3:1,
according to the acidity of real rain in the latest ten years.

3. RESULTS AND DISCUSSION
3.1 Periodic spraying experiment

The variation of pH and Ca2+ variation in the run-off
from the limestone with spaying times during exposure to
acid rain whose initial pH 4 is presented in Figs. 2 and 3.
5

The limestone sample (porosity 1.46%) from Nanjing
Dou village is composed of mainly (97%) calcite, with
trace amounts of quartz, alumina, and iron oxides, which
has similar composition to substrate of six dynasty-carved
stones. The samples, with dimensions of 5  5  1 cm, have
been scraped off with a grinding machine, in order to give
uniform surfaces and to delete cutting imperfections. Then,
they were washed with water to remove the dust deposit
and stored in desiccators at 25 °C and 50% RH.

4
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H2SO4 6mL·min

H2SO4 12mL·min
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-1

HNO3 6mL·min

3

HNO3 12mL·min

-1
-1

Mixed acid 6mL·min
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Mixed acid 12mL·min
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2.2. Experimental methods
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2.2.1 Periodic spraying experiment

FIGURE 2 - pH changes in periodic spraying

In the simulation process, the samples were placed at
an angle of 45 degrees in a glass funnel. The volumetric
flow velocity of solution was adjusted at 6 and 12 ml·min-1,
respectively. The stone samples were carefully moved every
10 min in order to evenly spray acidic solution on the entire
available surface of the samples. The total amount of solution volume for each spray was 1000 ml, and then, the samples were dried in the air at room temperature for one day.
As soon as the specimen was dry, it was sprayed again. The
effects of acid rain were accelerated by means of these wetting and drying cycles. Each spraying was formulated by a
new sulphuric acid solution, nitric acid and mixed acid solution whose pH values all were 4.0. The periodic spraying
was repeated 10 times.
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2.2.2 Recycling spraying experiment

Samples were sprayed with acid solution circulated by
a peristaltic pump as we designed before [7]. Each circulation lasted 8 h. The acid solution used in the experiment
was adjusted to pH 4.0 and 5.6, respectively, in order to
simulate the acid rain. In circulation, the volumetric flowrate of solution was arranged at 6 and 30 ml·min-1, and the
rates were fixed for all samples. By contrast, distilled water
(pH 6.2) was used. The flow-rate of solution upon samples
is a very important parameter in the case of this kind of
experimental studies. The samples were placed at an angle
of 45 degrees in a wide beaker and the solution was
dropped onto the samples continuously. The pH of the runoff was controlled by using a calibrated pH-meter.
2.3 Analytical methods

The pH was measured by using an Eutech Instruments
pH-meter (Cyberscan pH310). Calcium ions in acid rain
solution were determined by atomic absorption spectrophotometry using a Thermo Elemental 155 (SOLAAR AA
Spectrometers, USA) spectrometer.

FIGURE 3 - Ca2+ changes in periodic spraying

It can be seen that when the velocity of solution is
6 ml·min-1, the pH of runoff is greater than that when the
velocity of solution is 12 ml·min-1. However, the concentration of calcium ions in the run-off barely changes when
the velocity of solution is 6 or 12 ml·min-1. This is due to
the fact that the contact time of acid rain with samples decreases as the velocity of solution increases. Therefore, the
effect of chemical corrosion strength of the former against
stone is weaker than that of the latter. On the other hand,
the physical erosion effect of the former against stone is
more obvious because of the fast speed. The concentration
of calcium ions in runoff with different velocities are almost the same. It can be concluded that the effect of physical erosion of acid rain against limestone is no less than
that of the chemical corrosion. In addition, we found that
the loss of limestone in the sulphuric acid was slightly less
than that lost in the nitric acid. The reason may be that calcium nitrates are sensibly more soluble than calcium sulfates.
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(1)

CaCO3 + H2CO3 → Ca2+ + 2HCO32+

-

(2)
-

CaCO3 + H2O → Ca + OH + HCO3

(3)

The first reaction is the reaction of calcite with hydrogen ions. This is the predominant reaction when pH value
of solution is below 3.5. The second reaction is the reaction
of calcite with carbonic acid. The third reaction is the reaction of calcite with water. The three reactions contribute to
the dissolution of carbonate stone as shown in Fig. 4. Hydrogen ion is the predominant reactant when pH value of
solution is less than that defined by line 1. Carbonic acid reaction becomes dominant when pH and PCO2 values of solution are above line 2. When PCO2 values are below line 3, the
water reaction is the dominant forward mechanism [8].

H2SO4 6mL·min
8

pH0=4.0

HNO3 6mL·min

3

-1
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Mixed acid 6mL·min
-1
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4
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-1

HNO3 30mL·min

6

·

-1

H2SO4 30mL·min

7

-1

CaCO3 + H+ → Ca2+ + HCO3-

solution does not slow down in the process because the
CO2 has a considerable effect on the dissolution of calcium
carbonate. Wilkins and Winkler [3, 9] thought CO2 to be
the most important corrosive agent in weathering. In addition to spraying reaction, we designed the combination of
chemical corrosion and physical erosion. Limestone losses
may be caused both by physical erosion and chemical corrosion. Physical erosion is more important than chemical
corrosion when velocity of spraying solution is considerable.

L )

The dissolution of carbonate stone results from the following reactions [9]:
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It can be seen from Figs. 5-8 that pH of solution is
close to balance after cycle lasts 4 h with pH = 4.0 but Ca2+
concentration still has obvious rise in reaction period. Reaction process is controlled by H+ when pH is smaller than
6.5. The dissolution rate tends to slow down when pH of
solution is larger than 6.5, since reaction is mainly controlled by H2CO3. It can be seen that calcium carbonate dis-
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Dissolution rate of Ca2+ is also defined as follows:

The velocity of the spraying solution on carbonate
stone has considerable influence. As the type of acid, initial
pH and time cycle is the same, the concentration of Ca2+ in
solution at a flow-rate of 30 ml·min-1 is 3.5~10 times than
that at a flow rate-of 6 ml·min-1. Under high flow velocity,
H+ can corrode faster carbonate stone in the initial 3 hrs
after sparying, and then, the corrosion speed becomes slow.
Reaction rate under high flow is faster than low flow, from
pH change. The phenomenon is obvious when the initial
pH of solution is low, while the phenomenon is not obvious
when the initial pH of solution is high. The degree to which
the flow of acid affects limestone samples varies with the
type of acid, among them the sulphuric acid is the largest.
The reason may be that CaSO4 has loose structure on the
surface of stone material. The loose surface layer easily
falls off under the action of physical flushing. The generated flushing process delays the corrosion process (especially the low pH H2SO4 solution). Flushing process is accelerated under high velocity rain and delay effect is not
obvious, so corrosion rate is significantly faster when velocity of solution is higher.
Velocity of solution has a very obvious effect on carbonate stone corrosion, but Paul [10] pointed out that precipitation affects pH value of rainwater itself in the actual
corrosion process of acid rain. Large precipitation promotes the dissolution of limestone in the low pH. pH value
is high when precipitation is large; therefore, the ability of
disolved limestone is weaker.
Concentration of Ca2+ for the same samples is larger
under exposure to sulphuric acid solution with pH 4.0 than
under sulphuric acid solution with pH 5.6. There are no significant differences on effects of carbonate stone between
3 kinds of solution (pH 5.6) with distilled water, according
to change of Ca concentration. The total effect of anions is
negligible for corroding carbonate stone.
H+ consumption rate is defined as follows:

r' =

The ci and ci-1 are corresponding to the ions concentration in solution before and after an hour. Δt is time difference (1 h) in this experiment. The reaction rates of the 2
kinds of ions are shown in Figs. 9 and 10. It can be seen
that H+ decreases quickly after the initial 2-h reaction, at
the same time accompanied by a large number of the generation of Ca2+. Reaction rate is obviously quick at low pH
solution. Reaction rate in this stage for nitric acid is faster
than that of sulphuric acid. This may be that the CaSO4
generation and flushing process all make the response being slow, but there were no significant effects on the experimental results. Dissolution rates of Ca2+ are still fast after
pH equilibrium, and the consumption rate of H+ does not
appear obviously correlated with dissolution rates of Ca2+.
Ca2+ dissolution rate is dozens of times of H+ consumption.
This demonstrates the importance of physical flushing action in the corrosion process.
It can be seen that dissolution rate of calcium ions was
fast in the initial 4 hours, and then, dissolution rates of Ca2+
were slow in the next 4 hours, and pH value tends to be
stable after spraying for 4 h; so, the solution was adjusted
to the initial pH (pH 4.0) with 0.01 mol·L-1 sulphuric acid
or nitric acid solution every 4 h. The total time of continuous spraying was 120 h. Weight of samples was measured
before and after spraying. The weight loss rate is calculated
as follows:
m -m
mc (%) = c0 ce 100%
mc0
where, mc is the weight loss rate, mc 0 is the sample
weight before spraying, mce is the sample weight after
spraying. Table 1 shows material losses in carbonate stone
after washing with distilled water and different acids.
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In the washing test with distilled water, we obtained in
total 0.0273 g decrease in a total weight of 43.8890 g. Material loss for the stone samples is 0.062%. Material loss
for the same sample is 0.083% when exposed to sulphuric
acid solution with pH 5.6, while it is 0.25% when exposed
to sulphuric acid solution with pH 4.0. Weight loss rate was
three times for sulphuric acid solution with pH4.0 with regard to that with pH 5.6. The nitric acid solution behaved
the same. Obviously, acid rain promoted the dissolution of
limestone. The lower pH was, the higher material loss for
the stone samples.
Figure 11 shows the difference between solution pH
value and initial pH0 4.0 after 4-h cycle experiment. It can
be seen that with the increase of time, the change of the pH

value decreased after spraying limestone for 4 h. This
showed stone enhanced its ability to resist acid rain. As
Thornbush [11] pointed out that weathered stone surfaces
were less susceptible than un-weathered surfaces under the
carbonic acid corrosion because of memory effects making
it more susceptible to decay. The causes of this phenomenon may have the following two points: (1) increasing Ca
content in liquid has inhibitory effect on dissolution; (2) the
structure of stone changes after the corrosion of acid solution and SiO2 content increased; therefore, its ability increased to buffer the pH. Stability of stone material decreases because cement’ structure is damaged; so, the loss
of Ca may not significantly be reduced. This may be the
main reason for this phenomenon.
4. CONCLUSION
The process of carbonate stone corrosion is a combination of physical scour and chemical dissolution. The pH
value and the flow-rate of the acid are essential factors that
affect the extent of corrosion. Chemical dissolution mainly
includes H+ control effects and the dissolution of CO2 control karst effects, at low pH and high pH, respectively. Consumption rate of H+ and dissolution rate of Ca2+ did not
show obvious correlation. The impact of physical scouring
effect is not even weaker than the chemical dissolution on
the corrosion process. The degree to which the flow of acid
affects limestone sample varies with the type of acid, and

TABLE 1 - Material losses in carbonate stone after washing with distilled water and different acids.
Type acid

5.6
4.0
5.6
4.0

Limestone
weight(g)
47.1600
47.1207
47.0847
47.0487

6.2

43.8890

pH

H2SO4
HNO3
Distilled
water

Time/(h)

Weight Loss/(g)

120
120
120
120

0.0393
0.1167
0.0514
0.0982

Weight loss rate
(%)
0.083
0.25
0.109
0.21

120

0.0273

0.062

1.6
1.4
1.2
1

pH

0.8
0.6

H2SO4 4.0

0.4

HNO3 4.0

0.2
0
4
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84
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FIGURE 11 - Final pH of cycled spraying
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among them, the sulphuric acid is the largest. The loss of
limestone in the sulphuric acid was slightly less than that
lost in the nitric acid.
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ABSTRACT
Trigonella foenum graecum L. is a popular spice and
medicinal plant in India, widely distributed in Asia. The aim
of this study was to investigate the phenolic compounds in
the seeds and sprouts of T. graecum and their antioxidant,
anticancer and antimicrobial activity. The pure compounds
were obtained by eluting the crude extract using varying
concentrations of solvents, followed by the chromatographic
purification, and based on the spectral data; the compounds
were identified as chlorogenic acid, iso-vitexin and vitexin.
HPLC analysis confirmed that the phenolic compounds
were present in significantly higher levels in the sprouts
(5.02 mg/g DW) than in those in the seeds (2.02 mg/g DW).
Among the phenolic compounds, chlorogenic acid documented higher amounts. The extracts showed very good scavenging effects on 2,2-diphenyl-picrylhydrazyl (45.6 µg/ml),
nitric oxide (41.23 µg/ml), and β-carotene (22.75 µg/ml) respectively. Results revealed that the extracts revealed good
anticancer activity towards MCF-7 and vero cells, and the
extracts exhibited antimicrobial activity against pathogenic
bacteria and fungi. The results concluded that the variation
of the phenolic compounds in the seeds and sprouts of T.
graecum can be evaluated further in industrial applications,
and also an agent to prepare medicinal compounds.
KEYWORDS: Trigonella foenum graecum L., phenolic compounds, antioxidant, anticancer, antimicrobial

1. INTRODUCTION
Fenugreek (Trigonella foenum graecum L.) is one of
the important spices with various bio-activities and the
seeds are one of the chief ingredients in Indian curry and
masala powders, whereas the seed sprouts are used in sal* Corresponding author

ads, paste, dips, and fillings [1-4]. Recently there has been
a renewed interest in the use of fenugreek seeds as a spice
because of their relatively high content of dietary fibers
(65%), carbohydrates (45%), protein (41%), fat (21%), and
phytochemicals. Fenugreek contains phytochemicals, such
as phenolic compounds, alkaloids, saponins, anthocyanins,
amino acids, vitamins, choline, diosgenin, yamogenin, gitogenin, tigogenin, neotigogens and trigonelline, and minerals like all other spices [5, 6]. One hundred g of fenugreek seed contain about 56 g carbohydrates, 23 g protein,
6.4 g fat, 25 g fiber, 175 mg calcium, 1 mg copper, 34 mg
iron, 190 mg magnesium, 300 mg phosphorous, electrolytes
(65 mg sodium, 750 mg potassium) and vitamins (57 μg foliate, 1.6 mg niacin, 0.6 mg pyridoxine, 0.4 mg riboflavin,
0.4 mg thiamine, 60 IU vitamin A and 3 mg vitamin C) [6].
The phyto-chemicals in fenugreek are mainly known to possess anti-diabetic, anti-inflammatory, hepato-protective,
neuro-protective, anti-oxidative and anti-cancer activities,
and regular consumption is shown to be effective in controlling [7-9].
In recent years, many food processing ingredients
available in the markets are derived from spices like fenugreek, and have entered the daily lives of humans in the
form of dried seeds, sprouts and nutrition powders. In addition to its nutritional benefits, the unique flavour of the
fenugreek seeds and sprouts are one of the main reasons
why consumers prefer it. Sprouting whole seeds decreases
the concentration of total carbohydrates and boosts their
nutritional value. Seed sprouts contain mildly elevated levels of nutrients, such as proteins, polyphenols, vitamin C,
and carotenoids compared to the seeds. The nutrients present in the fenugreek sprouts are mainly involved in the
curing of breast cancer and good for general breast health.
This study was aimed in isolation and quantification of
phenolic compounds in the fenugreek seeds and sprouts.
Furthermore, the antioxidant, anticancer and antimicrobial
bioactivities were evaluated.
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2.3.6. Alkaloids

2. MATERIALS AND METHODS
2.1. Preparation of extracts

Fenugreek seeds used in the present study were purchased from a supermarket Chennai, India. For the extraction of the compounds, 250 g of dried seeds was kept in a
filter paper and transferred carefully into the condenser.
Further, 500 ml of ethanol and distilled water were kept in
the condenser and maintained at 55-60 °C for 3-5 h and
three cycles. After incubation, the collected ethanol extracts were vacuum-distilled and water extracts were lyophilized until chemical analysis.
2.2. Preparation of seed sprouts

Fenugreek seeds (10 g), previously sterilized with 10 %
(v/v) sodium hypochlorite (NaClO) for 3 h, were sown in
plastic pots (6.5 cm × 6.5 cm × 15 cm). After germination
in a growth chamber at 28 ºC for 7 days in the dark, the
fenugreek sprouts were harvested and carefully covered using aluminum foil and frozen at –70 °C in a ultra-low temperature freezer, and stored until freeze-drying with a vacuum freeze dryer. The freeze-dried plant materials were
finely ground with a mortar and pestle, and used for the
chemical analysis.

One ml of the samples was mixed with a few drops of
Dragandoff reagent and incubated at room temperature for
30 min. The formations of orange red colour were noticed.
2.3.7. Quinones

One ml of the samples was mixed together with a few
drops of 1N NaOH and incubated at room temperature for
60 min, and change in red or bluish green colour was observed.
2.3.8. Terpenoids

One ml of the samples was mixed with a few drops of
concentrated H2SO4 and chloroform-incubated at room
temperature for 10 min; further, the formation of reddish
brown colour was noticed.
2.3.9. Steroids

One ml of the samples was mixed with few drops of
10% conc. H2SO4 and observed for green colour.
2.3.10. Proteins

One ml of the samples was mixed with a few drops of
Bradford reagent and observed for blue colour development.

2.3. Phytochemical analysis

2.3.11. Cardio glycosides

2.3.1 Preparation of plant materials

One ml of the samples was mixed with 0.4 ml of glacial acetic acid, 0.4 ml ferric chloride solution and 0.4 ml
H2SO4 and observed for brown ring formation.

100 mg of lyophilized powder was mixed with 5 ml of
ethanol and incubated for 24 h at room temperature. The
samples were centrifuged and the supernatant was used for
the analysis of antioxidant assay.

2.4. Extraction and identification of compounds

One ml of the samples and a few drops of concentrated
HCl and magnesium chloride solutions were mixed and incubated at room temperature for 30 min. Further, the formations of pinkish tomato red colour were noticed.

The shade air-dried seeds (1 kg) were powdered and
mixed with 95% (v/v) ethanol solution at room temperature
for three days. After incubation, the organic solvent phase
was concentrated by using vacuum at 35 °C to obtain the
crude extract. The crude ethanol extract (22 g) was purified
on a silica gel column (35 cm × 2.5 cm i.d., 200–400 mesh)
using stepwise gradient elution with the solvent ethyl acetate and methanol (100:0 to 0:100, v/v) to afford 6 fractions. Further, the fractions were washed with 100% methanol and re-extracted with ethanol and ethyl acetate and
fractioned on silica gel and Sephadex LH-20 columns.
Then, the fractions with identical Rf values were scrapped
and dissolved in ethanol and checked using HPLC. The
chemical structures of the compounds were evaluated on
the basis of MS and NMR spectra.

2.3.4. Tannins

2.5. LC/ESI-MS/MS analysis of phenolic compounds

One ml of the samples was mixed with a few drops of
0.1% ferric chloride and incubated at room temperature for
15 min. The formation of blue/balck colourization/brownish green colour was noticed.

An API 4000 Q TRAP tandem mass spectrometer
equipped with an Agilent 1200 series HPLC system and an
electrospray ionization tandem mass spectrometer (ESIMS/MS) was used for the identification of the phenolic
compounds.

2.3.2. Polyphenols

The content of polyphenols were measured using the
method of Folin-Ciocalteu (modified from Viol et al.,
2013) [10]. Briefly, 1 ml of the samples and 2 ml of FolinDenis reagent were mixed and incubated at room temperature for 30 min. Further, the bluish green/ red colour
change was measured at 750 nm.
2.3.3. Flavonoids

2.3.5. Saponins

One ml of the samples was mixed vigorously with
2 ml of H2O and incubated at room temperature for 10 min.
The formations of foaming appearance were noticed.

2.6. Quantification of phenolic compounds

The phenolic compounds were quantified by following
the method of Seo et al., (2015) [11]. The quantification of
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the individual phenolic compounds was performed based
on external standards with known concentrations.
2.7. In-vitro antioxidant activities
2.7.1. DPPH radical scavenging assay

The DPPH scavenging activities of the compounds
were determined by following the method of Hanato et al.
(1988) [12]. The absorbance of the resulting solution was
measured in triplicate at 517 nm, after centrifugation at
12000 rpm for 10 min [12].
Scavenging activity (%) = [1-(absorbance of sampleabsorbance of blank)/absorbance of control] Χ 100
2.7.2. Nitric oxide scavenging assay

The nitric oxide scavenging effects of the phenolic
compounds were measured at 550 nm by following the procedure of Garratt (1964) [13].
Scavenging activity (%) = [absorbance of control – absorbance of test/absorbance of control] Χ 100
2.7.3. ABTS radical scavenging assay

ABTS radical scavenging activity was evaluated by
following the standard procedure.
ABTS radical scavenging activity (%) = [Absorbance
of test – Absorbance of control] x 100
2.7.4. Reducing power

Reducing power of the metabolites were determined
by following the method of Oyaizu (1098) [14]. Vitamin
C at various concentrations was used as standard. Increased
absorbance of the reaction mixture indicates increase in reducing power.
2.7.5. Total Antioxidant Assay

Phosphomolybdenum method was followed for the
analysis of total antioxidant activity of the compounds. After incubation, the absorbance of the solution was measured at 695 nm. Vitamin C at various concentrations was
used as standard.
2.7.6. Antioxidant assay using β-carotene

2800 µl of the reagent solution containing 40 mg of
purified linoleic acid, and 400 mg of Tween 40 emulsifier
were mixed with different concentrations of the samples
and the initial absorbance was measured at 470 nm. After
that, the mixture was incubated at 50 °C in a water-bath for
120 min under dark conditions. A blank, devoid of β-carotene was prepared for background subtraction [15].
Antioxidant activity (AA) was calculated by the following equation:
AA = (β- carotene content after 120 min of assay/ initial β- carotene content) x 100
2.8. Anti cancer activity

Anticancer property of the phenolic compounds was
determined towards MCF7 and Vero cells cell lines by following the method of Rejinkiemon et al. 2014 [16].

2.9. Antibacterial activity

Antibacterial activity was determined by disc diffusion
method. Petri plates were prepared with 25 ml of sterile
Muller Hinton agar medium and bacterial pathogens, such
as Staphylococcus aureus, Klebsiella pneumoniae, Bacillus subtilis, E. coli and Salmonella typhi were swabbed (1.5
× 109 CFU/ml) on the top of the solidified media and allowed to dry for 10 min [16]. The sterile disc containing
20 µl of sample (concentrations: 1000, 500, 250, 125 and
62.5 µg), negative control (DMSO) and positive control
(10 µg streptomycin disc) were placed on MHA plates.
These plates were incubated for 24 h at 37 ºC. Then, the
activity was determined by measuring the diameter of zone
of inhibition.
2.10. Antifungal activity

Antibacterial activity was determined by disc diffusion
method [16]. Petri plates were prepared with 25 ml of sterile potato dextrose agar medium and fungal pathogens,
such as Candida albicans, Aspergillus flavus, Trichophyton rubrum, Trichoderma viridiae and Penicilium
notatum were swabbed (1.0 × 106 CFU/ml) onto the top of
the solidified media and allowed to dry for 10 min. The
sterile disc containing 20 µl of sample (concentrations:
1000, 500, 250, 125 and 62.5 µg), negative control
(DMSO) and positive control (20 µg amphotericin- B disc)
were placed on PD plates. These plates were incubated for
48 h at 30 ºC. Then, the activity was determined by measuring the diameter of zone of inhibition.
3. RESULTS AND DISCUSSION
Phyto-chemical analysis of fenugreek seed and sprout
extracts revealed the presence of flavanoids, alkaloids, polyphenols, cardio glycosides, saponins and tannins. It has
been widely reported that the phenolics and flavonoids existing in plants are the two mostly important phyto-chemical groups contributing significantly to the antioxidant activity. T. graecum L is traditionally used to treat many diseases. In this study, we report on the antioxidant, anticancer
and anti-microbial potentials of T. graecum seed and sprout
extracts. NMR and MS spectrum data confirmed that the
phenolic compounds were chlorogenic acid, vitexin and
iso-vitexin (Fig. 1). Similar kind of phenolic compounds
have been reported in T. graecum [17, 18]. Further, the
compounds were quantitatively analyzed by HPLC coupled to both diode array and mass spectrometry detectors.
It should be noted that amongst the phenolic compounds,
chlorogenic acid was the major compound (1.11 mg/g DW
in seeds, 3.45 mg/g DW in sprouts), followed by iso-vitexin and vitexin (Fig. 2). Results also confirmed that the
sprouts contained comparatively higher contents of the
compounds. Recently, Benayad et al. 2014 [19] identified
29 apigenin, lutenolin and kaempferol derivatives belonging to flavonoid glycosides from fenugreek germinated
seeds [19].
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It is well-known that plants contain various phenolic
compounds [20]. The major phenolic compounds found in
T. graecum have been reported to reveal major biological
activities. The antioxidant activity of the seed and sprout
extracts are depicted in Fig. 3. Nitric oxide radical inhibition assay and nitric oxide radical inhibition assay at concentrations of 41.23 µg/ml and 61.73 µg/ml for ethanol extract, are shown in Figs. 3(b) and 3(c). Figure 3(d) shows
the reductive capability of the extract, compared to the
standard. Results revealed that the reducing power of extracts increased with increasing concentration of the sample. The total phenolic content of the extracts were concentration-dependent (Fig. 3e).
The results of the β-carotene are displayed in bleaching
in Fig. 3(f). The extracts showed the activity in dose-dependent manner, and the extract showed 50% inhibition at
22.75 µg/ml and 26.94 µg/ml and the value for BHA was
51.1 µg/ml. The phenolic components are able to reduce
the by-products of lipid peroxidation and to stimulate the

expression of antioxidant enzymes, such as catalase or glutathione peroxidase [21, 22]. Previously, Shen et al. 2004
[23] reported the antioxidant properties of the seed extracts
of T. foenum graecum. The present study confirmed that
the presence of phenolic compounds in the seeds and
sprouts contribute to the health promoting effects and
showed a way of using the seeds in food and pharmaceutical industries.
The anticancer activities of the extracts were assessed
based on their effects upon the growth of MCF-7 and vero
cells. The cytotoxicity and IC50 values were calculated as
2.5 and 2.5 μg/ml for MCF-7 and vero cells cell lines, respectively (Fig. 4). This infers that extracts have anticancer
activity at low concentrations compared to their cytotoxic
activity. Aqueous extract evidenced the best anticancer activity at low concentration and cytotoxic activity at high
concentration compared to ethanol extract.
The in vitro antimicrobial activity of ethanol and water
extracts from T. graecum against the tested bacterial and
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cans, Aspergillus flavus, Trichophyton rubrum, Trichoderma viridiae and Penicilium notatum) were found to
have moderate to high activities. Results revealed that the
zone of inhibition gradually increased with increasing con-
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fungal pathogens were qualitatively and quantitatively assessed by the inhibition zones. In general, all tested strains
(Staphylococcus aureus, Bacillus subtilis, Klebsiella pneumoniae, Escherichia coli, Salmonella typhi, Candida albi-
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FIGURE 3 - Antioxidant activity of the crude extracts of Trigonella foenum graecum L. (A: DPPH, B: Nitric acid scavenging assay, C: ABTS
assay, D: reducing power assay, E: Total antioxidant assay, F: β-carotene assay).
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FIGURE 4 - Anticancer activity of the crude extracts of Trigonella foenum graecum L. (A: MCF cell lines, B: Vero cell lines).
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TABLE 1 - Antimicrobial activity of Trigonella foenum graecum L. extracts.

Zone of Inhibition(mm)
Extract

Bacteria

1000 µg 500 µg 250 µg 125 µg 62.5 µg

Streptomycin(10µg)

Staphylococcus aureus

8

6

-

-

-

16

Bacillus subtilis

10

9

8

-

-

16

Klebsiella pneumoniae

10

8

7

6

-

13

Escherichia coli

7

6

-

-

-

15

Salmonella typhi

8

7

-

-

-

17

Staphylococcus aureus

9

8

7

-

-

16

Bacillus subtilis

11

10

-

-

-

16

Klebsiella pneumoniae

10

9

8

7

-

13

Escherichia coli

5

-

-

-

-

15

Salmonella typhi

8

6

-

-

-

17

Aqueous extract

Candida albicans
Aspergillus flavus
Trichophyton rubrum
Trichoderma viridiae
Penicilium notatum

10
10
7
11

9
8
9

8
8
-

7
-

6
6
-

8
11
10

Ethanol extract

Candida albicans
Aspergillus flavus
Trichophyton rubrum
Trichoderma viridiae
Penicilium notatum

10
8
9

10
7
7

8
7

7
-

6
-

8
11
10

Aqueous extract

Ethanol extract

Fungi

centration of the extract for all strains (Table. 1). Both
aqueous and ethanol extracts did not provoke zone of inhibition against T. viridiae. These results coincides with the
earlier findings of Omoloso and Vagi (2001) [24] that 26
bacterial pathogens showed strongly exhibited activity towards the extracts of T. floenum-graecum [24]. The results
revealed that the extracts had good activity towards Grampositive bacteria and low activity against Gram-negative
test micro-organisms. This may be due to the morphological differences and the outer lipopolysaccharide [25, 26].

vitexin. The crude extracts exhibited a significant antioxidant activity which is related to cure the oxidative stressassociated diseases, such as inflammation and other
chronic and degenerative diseases. Besides that, the crude
extracts revealed anticancer activity against carcinoma cell
lines in vitro. The extract was found to be more effective
against pathogenic Gram-positive, Gram-negative bacteria
and filamentous fungi. The observations from the present
study could serve as a foundation for the identification of
new phenolic compounds from T. graecum L for purposes
of health benefits.

4. CONCLUSIONS
The phyto-chemical constituents of T. graecum L.
were analyzed. The spectroscopical studies confirmed that
the phenolic compounds were chlorogenic acid, iso-vitexin
and vitexin. Sprouts contain significant amount of chlorogenic acid (1.11 mg/g DW), followed by iso-vitexin and

ACKNOWLEDGEMENTS
This Project was supported by King Saud University,
Deanship of Scientific Research, College of Sciences Research Center.

2648

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

[18] Guo, X, Yue, Y, Tang, F, Wang, J, Yao, X, Sun, J. (2013) A com-

The authors have declared no conflict of interest.

parison of C-glycosidic flavonoid isomers by electrospray ionization quadrupole time-of-flight tandem mass spectrometry in negative and positive ion mode. International Journal of Mass Spectrometry 333: 59–66.

REFERENCES
[1]

Longe, J.L. (2005) The Gale Encyclopedia of Alternative Medicine. In D. S. Blanchfield, F. Laurie, & E. Watts, (Eds.) (2nd ed.).
Thomson GALE.

[2]

Silva, N. C. C, Fernandes J.A. (2010) Biological properties of medicinal plants: A review of their antimicrobial activity. The Journal
of Venomous Animals and Toxins Including Tropical Diseases 16:
402–413.

[3]

Junio, H.A, Sy-Cordero, A.A, Ettefagh, K.A, Burns, J.T, Micko,
K.T, Graf, T.N, (2011) Synergy-directed fractionation of botanical
medicines: A case study with goldenseal (Hydrastis canadensis).
Journal of Natural Products 74: 1621–1629

[4]

Altuntas, E, Engin O.O, Taser, F. (2005) Some physical properties
of fenugreek (Trigonella foenum-graceum) seeds. Journal of Food
Engineering 71: 37-43.

[5]

Billaud C. (2001). Fenugreek: composition, nutritional value and
physiological properties. Sciences-des-ailments 21:3–26.

[6]

Subramanian, S.P, Prasath, G.S. (2014) Antidiabetic and antidyslipidemic nature of trigonelline, a major alkaloid of fenugreek seeds
studied in high-fat-fed and low-dose streptozotocin-induced experimental diabetic rats. Biomedicine and Preventive Nutrition
4:475–480.

[7]

Sindhu, G, Ratheesh, M, Shyni, G.L, Nambisan, B, Helen, A.
(2012) Antiinflammatory and antioxidative effects of mucilage of
Trigonella foenum graecum (Fenugreek) on adjuvant induced arthritic rats. International Immunopharmacology 12: 205–211.

[8]

Rice Evans, C.A, Miller, N.J, Paganga, G. (1997) Antioxidant properties of phenolic compounds. Trends in Plant Science 2(4): 30430.

[9]

Zhu, Q.Y, Hackman, R.M, Ensunsa, J.L. (2002) Antioxidative activities of oolong tea. Journal of Agricultural and Food Chemistry
50(23): 6929-6934.

[10] Viol, D.I, Chagonda, L.S, Munodawafa, T, Muchuweti, M, Moyo,
S.R, Mericli, A.H. (2013) Antioxidant activity and total phenolic
contents of some traditional medicinal plants from Zimbabwe.
TBAP 3 (5 & 6): 345 – 352.

[19] Benayad, Z, Gomez-Cordoves, C, Es-Safi, N.E. (2014) Identification and quantification of flavonoid glycosides from fenugreek
(Trigonella foenum-graecum) germinated seeds by LC–DAD–
ESI/MS analysis. Journal of Food Composition and Analysis. 34:
21-29.

[20] Velioglu, Y.S, Mazza, G, Gao, L, Oomah, B.D. (1998). Antioxidant activity and total phenolics in selected fruits, vegetables, and
grain products. Journal of Agricultural and Food Chemistry,
46(10): 4113-4117.

[21] Yoshikawa, M, Murakami, T, Komatsu, H, Murakami, N, Yamahara, J, Matsuda, H. (1997) Medicinal foodstuffs: IV. Fenugreek
seeds. (1): structures of trigoneosides Ia, Ib, IIb, IIIa, and IIIb, new
furostanol saponins from the seeds of Indian Trigonella foenum
graecum L. Chemical and Pharmacology Bulletin 45:81-87.

[22] Nirmala, P, Ramanathan, M. (2011) Effect of myricetin on 1,2 dimethylhydrazine induced rat colon carcinogenesis. Journal of Experimental Therapeutics and Oncology 9(2): 101–108.

[23] Shen, S-C, Ko, C.H, Tseng, S-W, Tsai, S-H, Chen, Y-C. (2004)
Structurally related antitumor effects of flavanones in vitro and in
vivo: involvement of caspase 3 activation, p21 gene expression,
and reactive oxygen species production. Toxicology and Applied
Pharmacology 197:84-95

[24] Omolosa, A.D, Vagi, J.K. (2001) Broad-spectrum antibacterial activity of Trigonella foenum-graecum. Journal of Natural Products
7(1): 13-16.

[25] Arasu, M.V, Jung, M.W, Ilavenil, S, Jane, M, Kim, D.H, Lee, K.D,
Park, H.S, Hur, T.Y, Choi, G.J, Lim, Y.C, Al-Dhabi, N.A, Choi,
K.C. (2013) Isolation and characterization of antifungal compound from Lactobacillus plantarum KCC-10 from forage silage
with potential beneficial properties. Journal of Applied Microbiology 115(5):1172-1185.

[26] Balachandran, C, Duraipandiyan, V, Emi, N, Ignacimuthu, S.
(2015) Antimicrobial and cytotoxic properties of Streptomyces sp.
(ERINLG-51) isolated from Southern Western Ghats. South Indian Journal of Biological Sciences 1: 7-14.

[11] Seo, J-M, Arasu, M.V, Kim, Y-B, Park, S.U, Kim, S-J. (2015)
Phenylalanine and LED lights enhance phenolic compound production in Tartary buckwheat sprouts. Food Chemistry 177(15):
204-213.

[12] Hanato, T, Kagawa, H, Yasuhara, T, Okuda, T. (1988) Two new
flavonoids and other constituents in licorice root: their relative astringency and radical scavenging effects. Chemical and pharmaceutical bulletin 36: 2090–2097.

[13] Garratt, D.C. (1964). The Quantitative Analysis of Drugs, vol. 3.
Chapman and Hall Ltd., Japan, pp. 456–458.

Received: Januay 19, 2015
Accepted: March 26, 2015

[14] Oyaizu, M. (1986) Studies on product of browning reaction prepared from glucoseamine. Japanese Journal of Nutrition 44: 307–
315.

[15] Miller, H.E. (1971). A simplified method for the evaluation of antioxidant. Journal of the American Oil Chemists' Society 18:439–
452.

[16] Rejiniemon, T.S, Arasu, M.V, Duraipandiyan, V, Ponmurugan, K,
Al-Dhabi, N.A, Arokiyaraj, S, Agastian, P, Choi, K.C. (2014) Invitro antimicrobial, antibiofilm, cytotoxic, antifeedant and larvicidal properties of novel quinone isolated from Aegle marmelos
(Linn.) Correa. Annals of Clinical Microbiology and Antimicrobials 13: 48

[17] Talhi, O, Silva, A.M.S. (2012) Advances in C-glycosylflavonoid
research. Current Organic Chemistry 16: 859–896.

2649

CORRESPONDING AUTHOR
Thankappan Sarasam Rejiniemon
Department of Botany and Biotechnology
AJ College of Science and Technology
Thonnakal, Trivandrum
INDIA
E-mail: rejinie@gmail.com
FEB/ Vol 24/ No 8a/ 2015 – pages 2643 - 2649

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

EFFECTS OF METHIDATHION ON ANTIOXIDANT SYSTEM
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ABSTRACT
In this study, effects of sublethal concentrations of
methidathion on catalase (CAT), superoxide dismutase
(SOD), glutathion peroxidase (GSH-Px) activities and lipid
peroxidation with expression of heat shock protein (HSP70)
gene in liver tissues of Oreochromis niloticus were investigated. The 96-h LC50 value for methidathion was determined as 0.1045 mg/L for O. niloticus in this study. 0.013
(1/8 of LC50) and 0.026 mg/L (1/4 of LC50) sublethal concentrations were applied for 4 and 10 days in this experiment. CAT and GSH-Px activities in liver tissue were increased, in relation to both the time and doses applied. SOD
activities were increased under the influence of both concentrations at the 4th day, but on 10th day, it was decreased
with influence of 0.026 mg/L methidathion concentration.
The tissue MDA levels were significantly increased in relation to both the time and dose applied. The relative
mRNA levels of the HSP70 gene were detected by real
time polymerase chain reaction (RT-PCR). The mRNA
levels of HSP70 gene by methidathion increased significantly on 4th days compared to control, but decreased significantly on 10th days.
KEYWORDS:
Oreochromis niloticus, methidathion, antioxidant enzyme, HSP70

1. INTRODUCTION
The aquatic ecosystem is contaminated with toxic
chemicals from domestic, industrial and agricultural activities. Pesticides are one of the major classes of toxic compounds used in agricultural activities [1]. Exposure to environmental factors, such as pesticides and other chemicals, can increase reactive oxygen species (ROS) production and affect normal cellular redox status. When the pro* Corresponding author

duction of ROS is greater than the cells’ ability to remove
them, damage can occur in DNA, lipids and protein molecules [2]. Organophosphate pesticides (OPs) are the most
widely used synthetic chemicals for controlling a variety of
pests. The main target of OPs action is the central and peripheral nervous system in animals [3]. Besides, many authors claim that these compounds in both acute and chronic
intoxication disturb the redox processes, changing the activities of anti-oxidative enzymes and causing enhancement of lipid peroxidation (LPO) in many organs in organisms [4, 5].
ROS, such as superoxide anion radicals, hydrogen peroxide, and hydroxyl radicals, are continuously formed in
oxygen-consuming organisms. Exposure to xenobiotics or
toxic chemical pollutants may produce an imbalance between these endogenous and exogenous ROS, and can subsequently induce a decrease in antioxidant defenses or
cause oxidative damage in organisms [6]. Defence systems
that tend to inhibit ROS formation include the antioxidant
enzymes, such as catalase (CAT; EC 1.11.1.6), superoxide
dismutase (SOD; EC 1.15.1.1) and glutathione peroxidase
(GSH-Px; EC 1.11.1.9) [7]. LPO has also been used as a
bio-indicator of oxidative damage in aquatic organisms exposed under polluted environmental conditions. LPO can
be increased in the tissues of fish, as indicated by an increased production of malondialdehyde (MDA). The most
widely used test for oxidative stress is the measurement of
MDA, a product of lipid peroxidation, by the thiobarbituric
acid (TBA)-reacting substances assay [6].
Heat shock proteins (HSPs) also known as stress proteins consist of a family of molecules that play an important
role in the cellular stress response [8, 9]. HSPs have been
demonstrated to increase markedly in all animals, in response to a group of stressors including temperature, exposure to heavy metals, pesticides, oxidizing and sulfhydryl
reagents, chelating drugs, inhibitors of gene expression,
etc. [8, 9]. The synthesis of this protein may assist the cells
to deal with various stressors and to protect cells from subsequent stressors [10]. HSP70 family has been most widely
used as a biomarker due to its rapid and significant increase
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during cellular stress [11]. The induction of HSP70 by
different pesticides has been demonstrated in several
aquatic organisms, both under laboratory and field conditions [11, 12].
Methidathion (MD; 0,0-dimethyl S-(2,3-dihydro-5methoxy-2-oxo-1,3,4-thiadiazol-3-ylmethyl) phosphorodithioate) is one of the OPs. MD is a non-systemic insecticide, registered for the control of a wide range of agricultural mite and insect pests in terrestrial food crops [13].
MD treatment in previous studies resulted in increased oxidative stress and altered activities of superoxide scavenging enzymes in different tissues of organisms [14, 15].
The liver plays an important role in several vital functions of basic metabolism, and it is also the major organ of
accumulation, biotransformation and excretion of contaminants in fish, including degradation and bioactivation of
pesticides [1]. The evaluation of biochemical changes in
fish liver has become an important tool for monitoring environmental to contaminants in experimental studies [1,
16].
Fish have been widely used as models to evaluate the
health of aquatic ecosystems in toxicological pathology
[17]. In the present study, Oreochromis niloticus was chosen as an experiment model, because of its wide availability and suitability for toxicity testing [5]. We have determined the 96-h LC50 value for MD for O. niloticus. And
also, we have studied the effects of sublethal concentrations of MD (0.013 and 0.026 mg/L) on oxidative stress
biomarkers and HSP70 gene mRNA level in the liver tissue
of O. niloticus for 4 and 10 days.
2. MATERIALS AND METHODS
2.1 Chemicals

High Pure RNA Tissue Kit (Roche) and Transcriptor
First-Strand cDNA Synthesis Kit (Roche) were used for
RNA isolation and cDNA synthesis. Probes were obtained
using the Assay Design Center (Roche Applied Science,
http://www. Roche-applied-science.com). The organophosphate insecticide methidathion (0,0-dimethyl S-(2,3dihydro-5-methoxy-2-oxo-1,3,4-thiadiazol-3
ylmethyl)
was purchased as Pestanal grade chemical (95.6 % purity;
Sigma Aldrich). The chemicals used for enzyme activity
measurements were also purchased from Sigma-Aldrich.

h period. The LC50 values were calculated by probit analysis using SPSS Version 15.0 software. The 96-h LC50 value
for O. niloticus was determined as 0.1045 mg/L in this
study.
2.3 Test animals and treatment

Juvenile O. niloticus (mean weight: 28.00 ± 0.88 g;
mean length:11.00 ± 0.20 cm) were obtained from Mersin
University, Fisheries Faculty, Aquaculture Department and
transferred to the laboratory where the temperature was
kept at 24 ± 2 °C (12:12 L:D). Throughout the experiments,
dechlorinated tap water with pH value of 7.85, an alkalinity
of 326 mg/L CaCO3, and oxygen concentration of 6.70
mg/L was used. The fish were allowed to acclimatize to
these conditions for 2 weeks. The fish were fed at a rate of
2% body weight/day with a commercial pellet diet (ÇamlıYem, Izmir-Turkey) during the acclimation period. Experiments were conducted in glass aquaria containing 100 L
of test solution. Fish were exposed to 0.013 (1/8 of LC50)
and 0.026 (1/4 of LC50) mg/L sublethal concentrations of
MD for 4 and 10 days. Stock solution was prepared by MD
and diluting it in acetone to give the dosing concentrations.
The water was refreshed every 2 days to compensate for
the pesticide lost in the exposure medium. Seventy-two
fish were divided into 3 experimental groups, each with 24
fish, as follows: Control (Cont) group; 0.013 mg/L MD1
group (13 µg/L MD1); 0.026 mg/L MD2 group (26 µg/L
MD2) group. The control group was exposed to acetone at
the highest concentration of stock solution used in the MDexposed groups (the absence of MD). Thirty-six fish were
used for oxidative stress parameters and 36 fish were used
for gene expression. At the end of each exposure period, 12
fish of each treated group as well as of the control group
were removed from each tank and killed by transaction of
the spinal cord. The liver tissues of both control and treated
fish were dissected. Tissue samples were obtained from an
individual fish and prepared for analysis.
2.4 Enzyme assays
2.4.1 Preparation of the homogenate

The liver tissues were homogenized to 1/5 (w/v) ratio
in physiological saline solution (0.8% NaCl) with homogenizer, and then centrifuged at 13500 rpm for 10 min in a
Sigma 2–16 K centrifuge at +4 °C, and supernatant was
used for biochemical analyses.
2.4.2 Determination of enzyme activities

2.2 Toxicity test

For the toxicity tests, groups containing 10 fish were
placed into a glass aquarium. Fish were starved 2 days before the beginning of the experiments. Fish were divided
into control and test groups. Different concentrations of
MD were applied (0.005, 0.01, 0.05, 0.10, 0.15, 0.25, 0.50
and 1.00 mg/L). During the 96-h experiment, the water was
aerated continuously. Each test solution was renewed
daily. The dead fish were removed and recorded. This assay was applied twice. At the end of the experiment, median lethal concentrations (LC50) were determined for a 96-

The CAT activities of liver tissues were determined according to the method of Aebi [18]. The enzymatic decomposition of H2O2 was followed directly by the decrease in
absorbance at 240 nm. The difference in absorbance per
unit time was used as a measure of CAT activity.
The SOD activity was measured by the inhibition of
nitroblue tetrazolium (NBT) reduction due to O2 generated
by the xanthine/xanthine oxidase system [19]. One unit of
SOD activity was defined as the amount of protein causing
50% inhibition of the NBT reduction rate. The reduction in
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NBT by superoxide anions to blue formazan was measured
at 560 nm. The enzyme activities are given in U/mg protein.
The total GSH-Px activity was assayed by Jocely
method [20], using H2O2 and nicotinamide adenine dinucleotide phosphate (NADPH) as substrates. The conversion of NADPH to nicotinamide adenine dinucleotide
phosphate (NADP) was followed by recording the changes
in absorption intensity at 340 nm, and one unit of GSH-Px
activity was defined as the amount of protein that oxidizes
1 molar NADPH per min, and is expressed as unit of tissue
protein content.
2.5 Measurement of MDA levels

The levels of MDA homogenized tissues, as an index
of LPO, were determined by TBA reaction using the
method of Yagi [21]. MDA and other aldehydes when
boiled with thiobarbituric acid at acidic pH give a pink-colored product that can be assayed spectrophotometrically.
Briefly, a 50 µL sample of tissue homogenate was mixed
with 750 µL of TBARS reagent. The mixture was incubated for 30 min in a boiling water-bath. After cooling, the
mixture was centrifuged at 3500 rpm for 15 min. Absorption was measured at 532 nm, and the values are expressed
as nanomoles of MDA/mg protein.

accession number FJ213839) and β-Actin (GenBank accession number AY116536) (Table 1). UPL (Universal
Probe Library) probes were used for RT-PCR using the
Roche Light Cycler 480 RT-PCR System. UPL probes
were designed using the Assay Design Center (Roche Applied Science, http://www. Roche-applied-science.com).
Quantification of the gene expression by RT-PCR
analysis was performed using a thermal cycler. For PCR,
0.4 µL HSP forward primer; 0.4 µL HSP reverse primer;
0.4 UPL µL probe; 10 µL probe master; 3.8 µL PCR grade
water were mixed in a total reaction volume of 15 µl. For
each sample, 5 µl cDNA was added to the mixture and total
reaction volume of 20 µl was performed on a Light Cycler
480 PCR System. Thermal cycler conditions were as follows: 1 cycle at 95 °C for 10 min, 45 cycle at 60 ºC for 30
s, 72 °C for 1 s, and 1 cycle at 40 °C for 60 s. The same
method was applied for the β-Actin gene.
TABLE 1 - Sequence of primers used in the amplification of HSP and
Actin cDNA
Gene
HSP70
β-Actin

Primer Sequence
Forward 5´-GTGTGGGGGTTTTCCAACAT-3´
Reverse 5´-ATTTTGGGCTTCCCTCCGTC-3´
Forward 5´-AAAAATCAAGCGCCCACAGC-3´
Reverse 5´-CAAACACCGGTTTTAGCGCA-3´

2.6 Protein determination

2.8 Statistical analysis

The tissue protein contents were measured only to determine the specific activity of antioxidant enzymes according to the method developed by Lowry et al. [22] using
bovine serum albumin as standard. Absorbances of samples were measured at 750 nm wavelength by a spectrophotometer.

The LC50 values were calculated by probit analysis using SPSS Version 15.0 software (SPSS Inc., USA). Data
were presented as means ± standard error of the mean
(SEM) and analyzed by one-way analysis of variance
(ANOVA). The significant means were compared by Duncan's multiple range tests at P<0.05.

2.7 Real-time PCR assay
2.7.1 RNA isolation and cDNA synthesis

Total RNA was isolated from fast-frozen liver tissues of
both control and exposed groups using High Pure RNA Tissue Kit (Roche®) according to the manufacturer's protocol.
Following isolation, cDNA synthesis was performed using
Transcriptor First-Strand cDNA Synthesis Kit (Roche®) according to the manufacturer’s protocol. All cDNA were
stored at -70 °C until use. Beta-Actin (β-Actin) was used as
a positive control to relative for PCR procedure.
Primers were designed in Primer3 web (version 4.0.0)
(http://primer.ut.ee) using O. niloticus HSP70 (GenBank

3. RESULTS
3.1 Toxicity assay

In the present study, different concentrations of MD
were administrated to O. niloticus. The mortality rates of fish
were calculated as a percentage after 96-h of MD treatment.
The mortality of O. niloticus increased depending on the
dose of MD. The data were obtained from the toxicity test
evaluating using the Probit Analysis Method. The LC50 96-h
value for O. niloticus was found to be 0.1045. 95% confidence limits were between 0.10022-0.10787 mg/L (Table 2).

TABLE 2 - 96 hours toxicity results of the methidathion bioassay on O. niloticus (LC: Lethal concentration; SE: Standard Error)
Points of Lethal Concentration
LC 1.00
LC 5.00
LC 10.00
LC 30.00
LC 50.00
LC.80.00
LC.90.00
LC 99.00

Concentration
(mg/L)
0.0932
0.09646
0.09819
0.10190
0.1045
0.1089
0.1113
0.1171

95% Confidences Limits (mg/L)
0.0796-0.0981
0.0855-0.1005
0.0887-0.1018
0.09570-0.1051
0.1002-0.1078
0.1057-0.1149
0.1079-0.1197
0.1122-0.1332
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3.2 Biochemical assay

The CAT activity in liver tissues of fish are given in
Fig. 1. The CAT activity in liver tissues of fish were increased significantly (P<0.05) by exposing the concentrations of 13 and 26 µ/L. These rate were 23 and 29% on 4th
days, 28 and 47% on 10th days, respectively (Fig. 1).
The SOD activity in liver tissues of fish are shown in
Fig. 2. MD1 did not make any significant changes in SOD
activity compared to control, but in MD2 was increased

Catalase Activity (U/mg protein)

Cont

significantly (P<0.05) on 4th day. 13 and 26 µg/L concentrations of MD caused a significant inhibition (P<0.05) by 31
and 50%, respectively, in liver of fish on 10th day (Fig. 2).
The GSH-Px activity in liver tissues are given in Fig. 3.
There was no significant change in GSH-Px activity in MD1
group compared to control, but in MD2 group was significantly increased (P<0.05) on 4th days. 13 and 26 µg/L of MD
concentrations caused a significant increase (P<0.05) by 36%
and 77%, respectively, in liver of fish on 10th day (Fig. 3).
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FIGURE 1 - CAT activity in liver tissue of O. niloticus exposed to sublethal concentrations of methidathion: 13 µ/L (MD1) and 26 µ/L (MD2).
Each value is the mean ± SE (n = 6). a, b, c: indicate a significant difference (P<0.05) between means recorded for the same day in each group.
x, y: indicate a significant difference (P<0.05) between means recorded for the different days in same group.
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FIGURE 2 - SOD activity in liver tissue of O. niloticus exposed to sublethal concentrations of methidathion: 13 µ/L (MD1) and 26 µ/L (MD2).
Each value is the mean ± SE (n = 6). a, b, c: indicate a significant difference (P<0.05) between means recorded for the same day in each group.
x, y: indicate a significant difference (P<0.05) between means recorded for the different days in same group.
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FIGURE 3 - GSH-Px activity in liver tissue of O. niloticus exposed to sublethal concentrations of methidathion: 13 µ/L (MD1) and 26 µ/L
(MD2). Each value is the mean ± SE (n = 6). a, b, c: indicate a significant difference (P<0.05) between means recorded for the same day in each
group. x, y: indicate a significant difference (P<0.05) between means recorded for the different days in same group.
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FIGURE 4 - MDA level in liver tissue of O. niloticus exposed to sublethal concentrations of methidathion: 13 µ/L (MD1) and 26 µ/L (MD2).
Each value is the mean ± SE (n = 6). a, b, c: indicate a significant difference (P<0.05) between means recorded for the same day in each group.
x, y: indicate a significant difference (P<0.05) between means recorded for the different days in same group.

The levels of MDA in liver tissues are given in Fig. 4.
There was no significant change in tissue MDA level in
MD1 group compared to control, but tissue MDA level in
MD2 group was increased significantly (P<0.05) on 4th days.
MDA level of liver tissues were increased significantly
(P<0.05) in MD1 (98%) and in MD2 groups (175%), compared with control on 10th days exposure (Fig. 4).

The mRNA levels of HSP70 gene in liver tissues are
given in Fig. 5, and β-actin was used as the internal control
gene. 13 and 26 µg/L of MD concentrations caused a significant increase by 84 and 200% (P<0.05), respectively,
in the liver of fish on the 4th day. In contrast, the mRNA
levels of HSP70 gene in the liver tissues were decreased
significantly (P<0.05) in MD1 (41%) and MD2 (56%)
groups on 10th days when compared to control (Fig. 5).
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FIGURE 5 - Relative mRNA levels of HSP70 to β-actin in liver tissue of O. niloticus exposed to sublethal concentrations of methidathion: 13
µ/L (MD1) and 26 µ/L (MD2). Each value is the mean ± SE (n = 6). a, b, c: indicate a significant difference (P<0.05) between means recorded
for the same day in each group. x, y: indicate a significant difference (P<0.05) between means recorded for the different days in same group.

4. DISCUSSION AND CONCLUSION
MD is one of the more toxic OPs. The 96-h LC50 values of methidathion for fish have been determined to be
6.6–14 µg/L for rainbow trout, 2.2–9 µg/L for bluegill, and
6.8 µg/L for goldfish [23]. Balint et al. [24] reported that
96-h LC50 value of MD for Cyprinus carpio was 6 mg/L
MD (approx.) concentration. There is no data about LC50
values of MD for O. niloticus in previous studies. The 96-h
LC50 value for MD was determined as 0.1045 mg/L for O.
niloticus in this study. The different sensitivity of fish may
be due to differences of sensitivity of enzymes activation
[13] and species, strain, age, and sex of the animal, the dose
and route of exposure, and the effect of various environmental, nutritional and physiological factors [25].
The present study showed that CAT and SOD activities increased in the liver tissues of fish on 4th day by MD
concentrations while CAT activity was enhanced, SOD activity was decreased on 10th days. Zhang et al. [26] observed that CAT activity in the liver of Carassius auratus
was increased, although SOD activity was inhibited gradually with 2,4-dichlorophenol concentration increasing.
Thomaz et al. [5] reported that CAT activity was increased
and SOD activity was decreased in the liver of O. niloticus
exposed to the insecticide trichlorfon for 96 h. Also, Lushchak et al. [27] found that the activity of CAT in the liver
of C. auratus was elevated but SOD activity was inhibited
by exposure to roundup. Exposure to methyl parathion resulted in a significant induction of CAT activity in Brycon
cephalus liver [28]. CAT and SOD enzymes have related
functions. SOD catalyzes the dismutation of the superoxide
anion radical to H2O and H2O2, which is detoxified by both

CAT and GSH-Px activities. Due to the inhibitory effects
on ROS formation, the SOD-CAT system provides the first
defense line against oxygen toxicity, and is usually used as
an indirect biomarker indicating ROS production [7]. An
increase in CAT enzyme activity is probably a response toward increased ROS generation in pesticide toxicity [28].
Usually, an induction of hepatic SOD activity was observed when exposed to organic pollutants [29]; however,
the excess production of superoxide radicals or after their
transformation to H2O2 causes an oxidation of the cysteine
in the enzyme and deactivates SOD [30]. The decreased
antioxidant enzymes result in increased oxidative stress, an
indication of impaired antioxidant defense mechanism due
to excessive generation of free radicals generated by insecticides [4]. The toxicity of MD in the present study may be
caused by the unbalance between free radicals and antioxidants, which might have resulted in inhibition of SOD activity.
In this study, we found that GSH-Px activities were increased in the liver of MD-treated fish. Similar results have
also been reported in other fish species exposed to pesticides. Özkan et al. [31] showed that GSH-Px activity was
increased in the liver of O. niloticus exposed to chlorpyrifos. Likewise, GSH-Px activities were elevated in the liver
of C. auratus exposed to 2,4-dichlorophenol [26] and to
malathion [32]. The biological function of GSH-Px is to
reduce H2O2 and lipid hydroperoxides [33]. These data in
our study suggest that MD treatment may result in increased formation of oxygen-free radicals that could stimulate GSH-Px activity to cope with this increased oxidative
stress and protecting membranes from damage due to LPO
products [7].
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MDA levels were increased in the liver of MD-treated
fish in the present study. MDA is a main oxidation result
of peroxidized polyunsaturated fatty acids and increased
MDA is a key indicator of LPO. LPO is one of the main
processes induced by oxidative stress, and the first step of
cellular damage caused by OP insecticides [4]. Previous investigations have reported on the induction of LPO in the
liver by different OP insecticides [34, 35]. The induction
of ROS could increase the oxidation of polyunsaturated
fatty acids and lead to peroxidation [36]. The increased
MDA content might have resulted from an increase of free
radicals as a result of stress conditions in the fish with insecticide intoxication [34]. The increased lipid peroxidation in the present study suggests that ROS induced damage may be one of the main toxic effects of MD.
In this study, it was shown that the mRNA levels of
HSP70 gene in the liver were increased by exposed MD
concentrations on 4th days. In contrast, it was decreased on
10th days. HSP induction is observed as a general marker
for cellular stress associated with a wide range of cellular
injuries [37]. Many studies have indicated that environmental stressors alter HSP70 expression in Oncorhynchus
mykiss [38], Oncorhynchus tshawytscha [39] and C. carpio
[40]. In general, increased mRNA levels of HSP70 are recognized as results from the proteotoxic action of included
xenobiotics [41]. Gene expression is regulated by physiological factors, such as hormones and cytokines, or by environmental factors, such as xenobiotics or physical parameters. Oxidative stress is a key component of both of
these mechanisms [42, 43]. Oxidative stress can induce
mRNA levels of HSP70 gene, indicating that oxygen radicals, especially superoxide anions, contributes to HSP70
expression [44]. The authors explained that the expression
of HSP70 in the liver with toxicants correlated with altered
metabolic capacity, suggesting that higher HSP70 expression in tissues may be at the expense of other biochemical
pathways [10, 12, 40]. The stimulation of mRNA levels of
HSP70 gene in liver may response to concern of the cellular redox status and play an important role in protecting organism from oxidative stress [45, 46]. In the present study,
the increased mRNA levels of HSP70 gene in the liver by
exposure to MD may indicate its important role as a molecular chaperone under oxidative stress caused by MD
[46].

organisms exposed to the pesticide stress. Exposure to pesticide can limit the amount of ATP available for HSPs synthesis and function [51]. Besides, the resulting oxidative
stress is a reason of enhanced lipid peroxidation and
changes in structure and function of other important cellular components, such as protein and DNA [52]. The regulated of gene expressions may be related to oxidative stress
or to changes in structure of cellular component by exposure to pesticide [37].
In conclusion, the present study showed that sublethal
concentrations of MD can alter antioxidant enzyme (CAT,
SOD and GSH-Px) activities and increase in MDA level in
a dose and time-depended in the liver of O. niloticus. The
induced antioxidant enzyme activities may indicate a response towards increased ROS generation in pesticide toxicity. Our study showed that significant increases in the
mRNA level of HSP70 gene in the liver on 4th days, although inhibition was observed on 10th days. The mRNA
level of HSP70 gene may be related to oxidative stress or
to changes in structure of cellular component by exposure
to MD. Overall results indicate that exposure of MD caused
oxidative stress and altered enzyme activities with expression of gene of O. niloticus.
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In fish, the type and duration of exposure to a stressor,
the tissue type and species specific heat shock factors may
control HSP70 induction [47, 48]. It was explained in a
study that on the responses of coho salmon to zinc and temperature demonstrated that the expression of liver and gill
HSP70 decreased in parallel with increased dietary zinc
and increased water temperature [49]. The decline in tissue
HSP70 could have occurred as energy redirected away
from cellular protein synthesis and towards other metabolic
processes needed to cope with the stressors [49, 50]. The
reduction in the cellular energy status may limit HSP induction [47]. The possible explanation for this is cellular
energy deficiency due to the mitochondrial dysfunction in
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ABSTRACT
This study intends to designate the alterations in the
oxidant-antioxidant parameters and the heavy metal concentrations based on age of Angora goats bred in Cankiriprovince of Turkey. In order to conduct an analysis of serum
heavy metals including aluminum (Al), chromium (Cr), iron
(Fe), copper (Cu), cobalt (Co), tin (Sn), cadmium (Cd), selenium (Se), vanadium (V), manganese (Mn), zinc (Zn), lead
(Pb), arsenic (As), nickel (Ni), a total of 120 blood samples
were taken. Concentrations of plasma vitamin E, vitamin A
and β-carotene, concentration of malondialdehyde (MDA),
activities of catalase (CAT) and superoxide dismutase (SOD)
were evaluated in the erythrocytes. Correspondingly, compared to young goats, the adult goats had substantially higher
levels of Al, V, Mn, Ni, As and Sn. With respect to the young
goats, the vitamin E concentration and SOD activity measured in adult goats were lower and the MDA concentration
was considerably higher. Consequently, it was seen that aging affected the oxidant-antioxidant parameters and heavy
metal concentrations in Angora goats.

KEYWORDS: Angora goat, heavy metals, lipid peroxidation, vitamin A, vitamin E, β-carotene

ganism by them, there exist multiple defense mechanisms,
which are referred to as antioxidants (vitamin A and E, βcarotene, SOD, CAT) [4, 5].
Due to the fact that they are comprised in the structure
of cells in very low concentrations, most of the heavy metals are very important for organisms. Nonetheless, carcinogenic (As, Cd, Cr, Ni, Pb, Se), toxic (As, Cd, Pb, Se), mutagenic and teratogenic effects may occur due to said heavy
metals being in higher concentrations [6-8]. Moreover, it is
understood from the studies reported previously that the
production of free radicals is impelled and the oxidant-antioxidant balance in the cells of the mammals is affected by
some heavy metals (Cd, Al, Ni) [9, 10].
Despite the fact that numerous studies are conducted
regarding heavy metal and oxidative stress in different animal species [11-14], no studies were found researching the
effects of alterations in Angora goats associated with aging. Accordingly, this study initially aims to establish
heavy metal and mineral concentrations (Al, V, Cr, Mn, Fe,
Ni, Co, Cu, Zn, As, Se, Cd, Pb, Sn). It is also aimed to assess the difference between young and adult Angora goats
with respect to erythrocyte MDA and antioxidant defense
enzyme concentrations, such as CAT, SOD, vitamins A, E
and β-carotene in plasma.

1. INTRODUCTION

2. MATERIALS AND METHODS

The biological development comprising alterations
that develop over time ranging from molecular levels to
functional organs is referred to as aging. Beckman and
Ames [1] state that the reason for aging is the destruction
which results from the oxidative stress that takes place in
the course of normal life. The redox imbalance between the
production of free radicals and the antioxidant defenses of
the body is called oxidative stress [2, 3]. In order to eliminate
the free radicals and to lessen the damage caused to the or* Corresponding author

In this study, blood samples were collected from a
total of 120 Angora goats, 60 young (6 months old) and
60 adults (12 to 24 months old), raised in the same conditions in Cankiri province of Turkey. The blood samples
were taken from the jugular vein into non-anticoagulated
tubes for heavy metal analysis, and into test tubes containing anticoagulant (heparinised) antioxidant functions, and
all the samples were taken before the goats were fed in the
morning. The delivery of the samples to the laboratory was
conducted with a cold chain (+4 °C). In order to separate
the serum, non-anticoagulated blood samples were centri-

2659

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

fuged for 10 min at 3000 rpm, and then, serum was analyzed with ICP-MS machine (Agilent 7500a, USA) for Al,
V, Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Cd, Pb, Sn levels.
To analyse oxidant and antioxidant levels, the heparinized blood samples were centrifuged at 3000 rpm for 10
min at +4 ºC. The plasma and buffy coats were removed.
Erythrocytes were washed 3 times by re-suspending in
phosphate buffered saline (PBS, pH 7.4). The erythrocyte
pellet was mixed with an equal volume of PBS [15]. Erythrocytes, plasma and serum were stored at -80 ºC until analysis. During the analysis, the erythrocytes were lysed in
ice-cold distilled water to prepare erythrocyte hemolysate.
Catalase (EC 1.11.1.6) and SOD (EC 1.15.1.1) activities
were determined in the hemolysates according to the methods of Aebi [16] and of SUN et al. [17], respectively, by
spectrophotometric (Shimadzu UV 1700, Japan) analysis.
Levels of hemoglobin (Hb) were determined according to
Fairbanks and Klee [18]. The expression of the activities of
antioxidant enzymes were analyzed in relation with the
concentration of Hb. Lipid peroxidation (MDA) concentrations in erythrocytes were determined according to the procedure described for the thiobarbituric acid reactive substances (TBARS) using the method of Buege and Aust [19].
By using the method of Suzuki and Katoh [20], the analysis
of the plasma concentrations regarding vitamins A and βcarotene were conducted and by using the methods of Martinek [21], vitamins E were detected.. Ethics Committee of
the Kirikkale University supervised and approved animal
care and the utilized protocol (Decision no: 12/36).

All statistical analysis was carried out by SPSS 15.0
for Windows statistic packet programme (SPSS, Inc., Chicago, USA). Differences between two groups were compared by using Student’s t-test. The results in Table 1 were
expressed as means ± standard deviation (X ± SD) at the
most and least values for each group. The data in Table 2
were shown as means ± standard error (X ± SE). P values
of less than 0.05 were considered statistically significant.
3. RESULTS AND DISCUSSION
In this study, the age-related changes in accumulation
of some heavy metals, oxidant and antioxidant concentrations in the Angora goats were determined. Aluminum, V,
Cr, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Cd, Pb and Sn levels
of blood samples from young and adult Angora goats are
given in Table 1. The research showed that adult Angora
goats had significantly higher (p >0.05) Al, V, Mn, Ni, As
and Sn levels, while both the adult and the young goats had
the same levels of Cr, Fe, Co, Cu, Zn, Se, Cd and Pb.
Erythrocyte MDA concentration and some antioxidantparameters are shown in Table 2. Concentration of
MDA was higher (p <0.05) in adult Angora goats than
young goats, while SOD (p <0.05) activity and vitamin E
levels (p <0.01) were lower. However, no statistical differences were detected at CAT activity, vitamin A and β-carotene levels, when comparing between young and adult
Angora goats (p >0.05).

TABLE 1 - Some heavy metal concentrations in young and adult Angora goats (n=60)*.
Young (6 months)
Elements
Al

Mean ± SD
1.400 ± 0.76

Min – Max

a

0.009 ± 0.003

Cr

0.41± 0.024

Fe

0.009 ± 0.003

a

a

1.028 ± 0.293
a

Ni

0.012 ± 0.006

Co

0.005 ± 0.0013

Cu

1.053 ± 0.273

Zn

0.627 ± 0.127

Mean ± SD

0.02 – 2.94

V

Mn

Adult (12-24 months)

a

2.415 ± 1.06

b

b

0.004 – 0.019

0.14 ± 0.04

0.013 – 0.099

0.40 ± 0.013

0.003 – 0.016

0.012 ± 0.005

0.52 – 1.69

1.115 ± 0.326

b

Min – Max

P value

1.26 – 5.52

<0.01

0.006 – 0.021

<0.05

0.020 – 0.072

NS

0.005 – 0.028

<0.05

0.55 – 1.96

NS

0.002 – 0.032

b

0.090 ± 0.107

0.017 – 0.674

<0.01

0.002 – 0.008

0.005 ± 0.0016

0.001 – 0.008

NS

0.13 – 1.36

1.11 ± 0.208

0.67 – 1.55

NS

0.42 – 0.98

0.675 ± 0.190

0.29 – 1.16

NS

b

As

0.015 ± 0.011

0.010 – 0.047

0.024 ± 0.008

0.002 – 0.057

<0.01

Se

0.082 ± 0.039

0.029 – 0.188

0.093 ± 0.061

0.030 – 0.401

NS

Cd

0.004 ± 0.001

0.003 – 0.009

0.005 ± 0.002

0.003 – 0.013

NS

Pb

0.0049 ± 0.007

0.000 – 0.039

0.0059 ± 0.007

0.000 – 0.026

NS

Sn
0.046 ± 0.022a
0.025 – 0.179
0.069 ± 0.033b
0.015 – 0.098
*: as ppm; NS : not significant, a, b: The letter in the same line means significantly different values (p <0.05; p <0.01).
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TABLE 2 -Erythrocyte MDA concentrations and some antioxidant parameters in young and adult Angora goats (n=35).
Parameters
Young (6 months)
Adult (12-24 months)
MDA (nmol/gHb)
114.74 ± 2.64a
126.73 ± 4.08b
SOD (U/gHb)
358.15 ± 13.95b
312.43 ± 11.12a
CAT (k/g Hb)
44.51 ± 7.26
37.70 ± 5.00
0.44 ± 0.015a
Vitamin E (mg/dl)
0.53 ± 0.02b
Vitamin A (µg/dl)
48.75 ± 2.96
44.50 ± 2.43
β-carotene (µg/dl)
7.52 ± 0.66
7.11 ± 0.63
NS: not significant;a, b: The letter in the same line means significantly different (p <0.05; p <0.01).

Aluminum can be neurotoxic for humans and animals.
In animals, the accumulation of aluminum occurs by means
of factors, such as the equipment and the apparatus utilized
in barns, feed additives, drinking water, drugs and parenteral solutions, adjuvants of vaccines, raw materials and
packing materials. The high levels of Al observed in adult
goats within the scope of this study may be related to being
highly exposed to the mentioned conditions. According to
Ranjbar et al. [24], presence of excessive amounts of Al in
blood is the reason of oxidative stress, which is in coherence with the increase of MDA concentration in adult goats
that are subject of this study.
Vanadium, which is an important element existing in
all mammalian tissues with the concentrations around 10
µM or less [23], is discovered to act like insulin in all of
the tissues targeted mainly by the hormone, that are skeletal muscles, adipose and liver [24]. It was seen in our study
that the adult Angora goats had a higher Vanadium concentration than young Angora goats, and the reason for this
may be that the muscles of the adult goats are much more
developed. A study conducted by Abou-Seif [11] on human erythrocytes showed that vanadium increases the
MDA concentration, and this is consistent with our results.
Manganese is a metal essential for metabolism, development and the antioxidant system. Ions of manganese act
as cofactors for a wide range of enzymes that have numerous functions [25]. However, pathological conditions such
as neurodegenerative disorders may occur due to excessive
exposure to Mn. Production of ROS, toxic metabolites and
free radicals and depletion of cellular antioxidant defense
systems may cause Mn accumulation [26], concordantly,
the reason for higher Mn accumulation in adult Angora
goats may be the increase MDA activity and the decrease
in SOD, which occurs due to aging.
Nickel plays an important role in nutrition of plants
and normal growth of plants depending upon very low
amounts of nickel. Ions of nickel accumulate in the atmosphere due to fuel-oil and incineration of fuel-oil residues,
nickel ore processing and refining operations, waste incinerators of the municipalities, and the burning of coal that
leads to emission of nickel sulphate. Nickel is taken into
the body by inhalation, drinking water and nutrition [27].
In this context, higher concentration of Ni in adult Angora

P value
<0.05
<0.05
NS
<0.01
NS
NS

goats can be the result of accommodating the animals under conditions that have air, drinking water and nutrition
rich with this metal. It is reported by Das et al. [28] that Ni
increases the concentration of MDA in rat erythrocytes,
and likewise, the results in our research regarding Ni level
and MDA concentration are in consistence with this study.
Arsenic is a known toxin and carcinogen that is present
in the environment as a naturally occurring substance, or as
a result of contamination from industrial factories, and it
can be found in both organic and inorganic forms in air,
water, food and soil [29]. In this study, As concentration
was higher in adult goats than in young Angora goats. A
previous study has shown that As induces oxidative stres
in rat erythrocytes [30]. The increased MDA concentrations in adult Angora goats are agreement with the results
acquired in said study.
Tin, which can be found in soil and plants, is among
the metals identified and used in ancient times and it is primarily used in coating steel for protection, in solders used
in electrical equipments and in the manufacture of organotin compounds that are widely used including biocides
[31]. The accumulation of Sn in adult Angora goats was
found to be significantly higher in our study and this may
be caused by the fact that adult goats are exposed to an environment with Sn longer than the young ones.
The increased (p <0.05) erythrocyte MDA concentration observed in adult Angora goats in our study is coherent
with the studies conducted on dogs [32], mares [13], sheep
[14], calves [32], rats [12], and humans [33]. This increase
in MDA concentration of adult goats can be associated
with mitochondrial free radical production increase with
age.
With the oxidative stress caused by aging, the antioxidant defense system weakens [34], though, contradictory
results regarding antioxidative parameters in relation with
age, were acquired from many studies [13, 33, 35]. Aydilek
and Şimşek [13] have reported that plasma antioxidant enzymes (CAT and GPX activity) were higher in adult mares
than young ones, whereas Yargıçoğlu et al. [35] have
stated that CAT and GPX activities were lower in adult rat
erythrocytes. In the study conducted by Gaal et al. [32], it
was reported that calves had a decreased GPX and CAT
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activity and a stable SOD activity while the dogs had GPX
and SOD activities that increase with age. Singh et al. [36]
have stated that the level of lipid peroxidation was increased, while plasma SOD and GPX activities were significantly decreased depending on age in humans. Similiar
to our results, Bolzan et al. [37] have reported that SOD
activity in whole blood was decreased unlike CAT activity
was stable with age in humans. In accordance with a study
regarding how aging affects the antioxidants of human
erythrocytes, it was shown that aging is correlated negatively with SOD activity and positively with CAT, GPX
activities and concentration of plasma MDA [33]. In our
study, erythrocyte SOD activity decreased substantially,
while CAT activity was stable in adult Angora goats. The
decrease in the SOD activity may be associated with the
consumption of antioxidant enzymes as a result of increasing of the free radicals depending on age.
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Vitamin E serves as an antioxidant in biological membranes that is an agent effective in chain-breaking, and said
biological membranes are crucial targets of lipid peroxidation [38]. β-carotene exhibits antioxidant functions like
quenching of singlet oxygen and other molecules which are
produced by reactions of chemiexcitation or photoexcitation and which are electronically excited [2].Gardner et al.
[39] have stated that the levels of vitamin E and β-carotene
in plasma were higher in adult ones. Similarly, another
study in mares has shown that vitamin E and β-carotene
levels in plasma were insignificantly higher in adult than
young ones [13]. In this study, vitamin E was significantly
higher in young Angora goats than adult goats, while βcarotene level was insignificantly higher. This decrease of
vitamin E in adult goats might be the consequence of the
increased use of vitamin E, which is known as antioxidant
in organism, depending on decrease of MDA concentration
with aging.
Finally, this study specified the age-related changes in
the levels of serum Al, V, Mn, Ni, As, Sn and, consequently, the accumulation of these heavy metals were
higher in adult Angora goats. In addition, according to our
study, MDA concentration was higher in adult goats,
whereas SOD activity and Vit E levels were lower, and this
shows that the oxidant-antioxidant balance changed in favor of the oxidants. In accordance with the data provided,
one can assume that depending on the aging, oxidative
stress and antioxidant functions interact with these heavy
metals. Thus, monitoring the concentration of these heavy
metals periodically and supplement their diet with variously used common antioxidants can be useful to prevent
diseases caused by oxidative stress, which may be possible
to increase the production in adult Angora goats.
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ABSTRACT

1. INTRODUCTION

Contamination of soil by heavy metals is an increasing
environmental issue. This paper reports the concentration
of 11 metals in the soils sampled during 1991 and 2011
from 17 cities of Anhui Province (China). Among the detected metals, the concentration of Mn is the highest and
Hg the lowest. In the past 20 years, the concentrations of
soil Cd, Co, Mn and Cu demonstrated an increasing trend.
In 2009, only Tongling City had a total metal concentration
over 1,000 mg/kg, but in 2011, the eligible cities also included Bengbu, Chizhou, Fuyang, Huainan, Huangshan
and Maanshan. Four assessment methods (two pollution indexes and two fuzzy mathematical models) were employed
to investigate the soil environment quality of the 17 cities.
Soil environment quality of most of the 17 cities were class
I according to the comprehensive index model. In comparison with the single-factor index method, the comprehensive index model concerned both dominant parameter and
average contribution of all factors to the integrated environmental quality. Using the two fuzzy mathematical methods
(single-factor deciding and weighted average models), the
environmental risks were determined to be class I or class II.
However, divergence of the membership degree to each pollution class still occurred between the two methods. In
fuzzy mathematical methods, membership functions were
used to describe the limits between different pollution degrees, and different weights were allocated for the factors
according to pollution contribution. Introduction of membership degree and weight of each factor to fuzzy mathematical models made the methods more reasonable in the
field of environmental risk assessment.

KEYWORDS: Environmental assessment, fuzzy mathematical
model, heavy metal pollution, pollution index method, soil
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The province of Anhui is located in eastern China
across the basins of the Yangtze and the Huaihe River. Anhui is one of the main agricultural regions in China, since
the north of the province is part of the North China plain,
while the north-central areas are part of the Huaihe river
watershed. Both of these regions are characterized by fertile soil and productive agriculture. Anhui is also rich in
natural resources including iron in Maanshan, coal in Huainan, and copper in Tongling, but the related industrial production results into (e.g. steel industry at Maanshan) the
metal contamination of the soil [1-3].
Recently, remediation of soil contamination with
heavy metals have been an increasing environmental issue
[4, 5]. These potentially toxic elements accumulating in
soils, probably induce a potential contamination of the food
chain, and endanger the ecosystem safety and human
health [6-8]. Environmental quality assessment of heavy
metal-contaminated soils not only discloses the effects of
human activities on the soil environment, but also provides
theoretical information about the sustainable development
of the limited soil resources [9, 10].
Pollution index methods have been widely used to assess soil environment quality. The methods employ definite limit to differentiate and quantify the extent of soil pollution [11, 12]. However, among all environmental quality
assessments, owing to inconsistency and peculiarities of
each soil pollutant, there is a vagueness or fuzziness in relation to environmental risk [13]. In classification schemes,
fuzziness makes it difficult to justify the use of sharp
boundaries. This fuzziness has led some environmental researchers to investigate advanced assessment methods
based on fuzzy logic [14]. Fuzzy methods evaluate comprehensively the contributions of various pollutants according to predetermined weights, and decreases the fuzziness using membership functions. Fuzzy comprehensive
assessment has been proven to be effective in solving problems of fuzzy boundaries and controlling the effect of monitoring errors on assessment results [15, 16].
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The objectives of this study are i) to comprehensively
assess environmental risks of heavy metal pollution in the
soils of Anhui province (China) using pollution index and
fuzzy mathematical methods, and ii) to compare the assessment results to learn about the application characteristics
of the assessment methods.
2. MATERIALS AND METHODS
2.1. Soil sampling and pre-treatment

A total of 1,361 soil samples were collected from 0 to
20 cm in depth in the farmland in 17 cities of Anhui province (China), with a total area of about 139,600 km2 (Fig. 1).
In order to assess the temporal variations of metal pollution
in the soils, the sampling was separately conducted in 1991
and 2011 with the help of Environmental monitoring Central Station of Anhui Province. Since land becomes more
uneven in South Anhui, with the Dabie Mountains occupying much of the southwestern and a series of hills and
ranges cutting through the southeastern, few samples were
collected in the south of the province. Five sub-samples
were collected at each sampling point and mixed thoroughly
to get a representative sample (1 kg). The soil samples were
dried at 60 C in flasks until constant weight was reached,
and then screened to pass a 1-mm mesh sieve to remove
large debris, stones, and pebbles. They were then ground in
an agate mortar and screened with a sieve of 0.15 mm mesh

size to get fine particles (<0.15 mm). The prepared soil samples were sealed in polyethylene bags and stored at 4 C for
further analyses.
2.2. Chemical analyses

An air-dried soil sample (0.5 g) was digested with HNO3
and H2O2 using method 3050B suggested by USEPA [17]
prior to analyses of 11 heavy metals. Concentrations of Cd,
Co, Cr, Cu, Mn, Ni, Pb, V and Zn were determined using an
inductively coupled plasma spectrometer (Jarrell-Ash Mark
III 1100). A cold vapour atomic absorption spectrophotometer (Perkin Elmer, Model 5100, PC AAS) was used to
measure the Hg concentration in the soil samples referred to
the standard method of Environmental Protection Agency
(EPA), China (GB/T17136-1997). The As concentration
was determined using the spectrophotometric method with
potassium borohyride and silver nitrate referred to the standard method (EPA of China, GB/T17135-1997).
2.3. Assessment of the soil quality using the pollution indices

These 11 heavy metals were used to calculate the soil
pollution index (SPI), which represents the overall degree of
metal pollution in soils. It was established that the assessment criteria based on the actual local situation and the National Environmental Quality Standards of China. Accordingly, the soil quality was classified into 5 levels: class I, excellent; class II, clean; class III, slightly polluted; class IV,
moderately polluted; and class V, heavily polluted (Table 1).

FIGURE 1 - Location of soil sampling sites in the 17 cities of Anhui Province, China.
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TABLE 1 - Standards used for soil environment quality assessment in this study (mg/kg).

Metal

Class I

Class Ⅱ

Class Ⅲ

Class Ⅳ

Class V

Excellent

Good

Slightly polluted

Moderately polluted

Heavily polluted

As

20

40

60

100

150

Cd

0.1

0.3

0.4

0.5

1.0

Co

15

40

70

120

200

Cr

78

150

250

350

400

Cu

20

50

100

150

400

Hg

0.1

0.3

0.5

1.0

1.5

Mn

700

1500

2400

4000

6000

Ni

30

40

60

90

200

Pb

35

80

120

300

500

V

65

130

200

300

500

Zn

120

200

300

500

800

Two pollution index methods (single-factor index and
Nemero comprehensive index) were used to evaluate the
soil quality. The single-factor index method can be expressed as follows:
Pi = Ci/Si

1.00
0
0
0
0 1.00
1.00
0
0
1.00
0
0
0.32 0.68 0
R A  1.00
0
0
1.00 0
0
1.00 0
0

(1)

and the calculation formula of the Nemero comprehensive index method is:
(
P

1 n
 Pi )2  [max(Pi )]2
n i 1
2

2.4. Assessment of the soil quality using fuzzy mathematics

Membership functions represent the degrees to which
the specified concentration belongs to the fuzzy set. The
membership degrees of pollutants at each level can be determined by a set of formulas of membership functions as
follows:
1  um 1 (Ci )

ui , m  (em 1  Ci ) /(em 1  em )
0


em 1  Ci  em
em  Ci  em 1

(3)

Ci  em 1

where ui,m is the membership degree of pollution index
i at class m, Ci (mg/L) is the actual monitoring data of pollution index i, and em (mg/L) is the criteria value at class m.
After substituting the monitoring data of each pollution index at each sampling site and the assessment criteria
into the membership function, one fuzzy matrix was obtained for each sampling location. For example, the fuzzy
matrix of Tongling City in 2011 was expressed as follows:

0
0
0
0
0
0
0
0

1.00 0
0
0 0
0.42 0.58 0
0 0
1.00 1.00 1.00 0 0

(2)

where Pi is the pollution index of pollutant i; Ci
(mg/L): the actual monitoring data of soil quality parameter I, Si (mg/L): the environmental background value of
Anhui Province, and P, the Nemero comprehensive pollution index.

0
0
0
0
0
0
0
0

It is very important to choose the appropriate weight
for each factor, since the contribution to integrated environmental quality varies greatly among the different water
quality parameters. The weight of each pollution index at
certain monitoring locations was allocated according to:

Wi ,k 

Ci ,k / Ai
n

C
i 1

i ,k

(4)

/ Ai

where Wi,k is the weight of pollution index i at location
k; Ci,k (mg/L): the detection results of pollution index i at
location k, and Ai (mg/L) are the average assessment criteria of pollution index i.
In this study, the weights were selected based on both
the soil quality assessment criteria and the actual detection
data. Here, Ci,k indicated the extent of exceeding the average assessment criterion, since it was assumed that this included the difference among the pollutant elements and the
pollution degree.
According to Equation (4), the weights of the 10 pollution indices in different cities were obtained as shown in
Table 2.
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TABLE 2 - Weight of metal indices in fuzzy mathematics models used for environment quality assessment on the soils of different cities.
Metal

As

Cd

Co

Cr

Cu

Hg

Mn

Ni

Pb

V

Anqing

0.05

0.12

0.07

0.11

0.08

0.03

0.09

0.12

0.06

0.17

Bengbu

0.06

0.12

0.07

0.13

0.08

0.02

0.10

0.13

0.06

0.16

Bozhou

0.06

0.12

0.06

0.12

0.08

0.02

0.09

0.15

0.06

0.16

Chaohu

0.06

0.10

0.07

0.13

0.08

0.03

0.09

0.14

0.06

0.18

Chizhou

0.06

0.15

0.06

0.10

0.07

0.04

0.09

0.12

0.07

0.16

Chuzhou

0.05

0.09

0.07

0.14

0.07

0.02

0.09

0.16

0.06

0.16

Fuyang

0.06

0.13

0.06

0.12

0.08

0.02

0.09

0.15

0.06

0.16

Hefei

0.06

0.07

0.07

0.14

0.08

0.02

0.08

0.14

0.06

0.17

Huaibei

0.06

0.11

0.06

0.13

0.08

0.02

0.08

0.16

0.06

0.16

Huainan

0.07

0.08

0.07

0.13

0.08

0.02

0.09

0.16

0.06

0.17

Huangshan

0.06

0.13

0.06

0.09

0.08

0.05

0.09

0.10

0.06

0.17

Liuan

0.04

0.11

0.07

0.13

0.07

0.03

0.09

0.14

0.06

0.18

Maanshan

0.05

0.15

0.06

0.11

0.08

0.06

0.08

0.13

0.05

0.15

Suzhou

0.06

0.12

0.05

0.12

0.08

0.02

0.09

0.15

0.06

0.15

Tongling

0.05

0.17

0.04

0.12

0.08

0.03

0.08

0.11

0.07

0.14

Wuhu

0.06

0.16

0.06

0.12

0.09

0.02

0.06

0.14

0.06

0.16

Xuancheng

0.06

0.09

0.07

0.11

0.07

0.04

0.09

0.13

0.06

0.19

The soil environment quality of the 17 cities were assessed using two fuzzy mathematical methods: single-factor deciding and weighted-average model. Calculation of
single-factor deciding model was performed according to:
n

bm  Max Wi ui , m
i 1

(5)

and the weighted-average model can then be expressed
as follows:
n

bm  Wi ui , m

(6)

i 1

where bm is the membership degree of final assessment
result at class m, Wi is the weight of pollution index i at the
sampling location, and ui,m is the membership degree of
pollution index i at class m.
The assessment vectors of the single-factor deciding
model were normalized before application of the results to
assess the soil environment quality.
2.5. Statistical analyses

Experimental results were statistically analyzed using
SPSS 11.0 (SPSS Inc., Chicago, USA). All values were expressed as means ± standard deviation (SD). The significance of the difference in the metal concentrations among
different sampling time or sites was assessed with independent samples t-test, and p < 0.05 was considered to be
statistically significant.

3. RESULTS AND DISCUSSION
3.1. Concentration of metals in the soils of Anhui

The average concentrations of the 11 metals in the soils
of the 17 cities of Anhui province in 1991 and 2011 were
both plotted in Fig. 2. From Fig. 2, the mean metal concentrations in 2011 followed the sequence: Mn>V>Zn/Cr>
Pb/Ni/Cu> Co>As>Cd>Hg. The average concentration of Mn
(479.8 mg/kg) was highest and lowest for Hg (0.037 mg/kg)
in 2011, which is the same to the result determined in 1991.
In the past 20 years, soil Cd, Co, Mn and Cu concentrations
demonstrated an increasing trend in Anhui province. For
example, Cd concentration was increased from 0.089
mg/kg in 1991 and 0.162 mg/kg in 2011 (p<0.05). However, the concentrations of other metals showed no evident
changes in the past 20 years.
Among the 17 cities, Tongling and Chizhou were most
seriously polluted by heavy metals in 1991, since the total
concentration of 11 metals was highest in the two cities. In
1991, only Tongling City had total metal concentrations
over 1,000 mg/kg, but in 2011, the eligible cities also included Bengbu, Chizhou, Fuyang, Huainan, Huangshan
and Maanshan. In 1991, Cr, Mn and Pb had higher concentrations in Tongling than in other cities. But in 2011,
Tongling soils were mainly contaminated by Cd, Hg, Cu
and Zn. In 2011, among the cities, Fuyang had the highest
Mn concentration, and Tongling and Chizhou had much
higher Cd concentrations than the other cities. Compared
with other cities, Maanshan had the highest concentration
of Hg in soils during the past 20 years.
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FIGURE 2 - Concentrations of 11 heavy metals in the farmland soil of the 17 cities of Anhui province detected in 1991 and 2011.

3.2. Comparison between two pollution index methods

As shown in Table 3, the soil environment quality of
most cities in 1991 was determined to be class I by using
single-factor pollution index method according to the principle of maximum membership grade, and the other was assigned to class II. In 2011, the quality was seriously deteriorated, since most of the cities (10/17) had the soil environment quality of class II. However, through comprehensive
index method, soil environment quality of each city in 1991
was identified as class I. It should be noted that the two assessment methods consistently revealed the soil quality of
class I in 1991, but class III in 2011 in Tongling City.
Tongling's industrial base has been revolving around the
several nearby copper mines and copper processing operations for years. The local mineral resources also included
iron, coal, gold, silver, tin, iron sulfide, plus more than 20
other rare minerals associated with them, such as Ni, Cd, gallium, molybdenum, germanium and selenium. The mineraldependent industrial development may contribute to the soil
environment quality deterioration in this city.

The results demonstrated that the assessment results of
single-factor index were worse than those of comprehensive index for the environmental quality of the assessed
soils. The distinction of the assessment principle between
the two methods resulted into different assessment results.
Only the maximum contributing factors were introduced
into the single-factor index method, and other factors were
neglected in the method. Thereby, in practical assessment
work, it is usually found that the factors with high concentrations (heavily polluted) have a fateful influence on the
final assessment results of single-factor method [18]. However, dominant parameter and average contribution of all
factors were both taken into account for comprehensive index method used in this study, which resulted into a better
environmental quality achieved for comprehensive index
method.
3.3. Comparison between the two fuzzy mathematical methods

As shown in Table 4, the two fuzzy mathematical
methods shared a common assessment result for soil heavy
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metals pollution in 1991, and the soil environment quality
of each city was determined to be class I. However, with
single-factor decision model, the soil quality in 2011 was
determined to be class II for Bozhou, Chizhou and Wuhu,
and class III for Tongling. Weighted-average assessment

showed that Tongling had class II soil quality and other cities had class I in 2011. Assessment with the 2 models
showed that the soil quality of Anhui tended worse during
the past 20 years, which is consistent with the results from
pollution index methods.

TABLE 3 - Assessment on soil environment quality by using pollution index methods.
Assessment model

Single-factor index

Sampling time

1991

2011

Comprehensive index
1991

2011

Anqing

I

I

I

I

Bengbu

I

II

I

I

Bozhou

I

II

I

I

Chaohu

I

I

I

I

Chizhou

I

II

I

II
I

Chuzhou

II

I

I

Fuyang

I

II

I

I

Hefei

I

I

I

I

Huaibei

II

II

I

I

Huainan

I

II

I

I
I

Huangshan

I

II

I

Liuan

II

I

I

I

Maanshan

I

II

I

I

Suzhou

I

II

I

I

Tongling

I

III

I

III

Wuhu

II

II

I

I

Xuancheng

II

I

I

I

TABLE 4 - Assessment on soil environment quality by using fuzzy mathematical methods
Assessment model

Single-factor decision

Weighted-average

Sampling time

1991

2011

1991

2011

Anqing

I

I

I

I

Bengbu

I

I

I

I

Bozhou

I

II

I

I

Chaohu

I

I

I

I

Chizhou

I

II

I

I

Chuzhou

I

I

I

I

Fuyang

I

I

I

I

Hefei

I

I

I

I

Huaibei

I

I

I

I

Huainan

I

I

I

I

Huangshan

I

I

I

I

Liuan

I

I

I

I

Maanshan

I

I

I

I

Suzhou

I

I

I

I

Tongling

I

III

I

II

Wuhu

I

II

I

I

Xuancheng

I

I

I

I
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Although the two fuzzy mathematical methods often
shared the common results in the soil quality of some cities,
difference of the membership degree to each pollution class
still existed between the two methods (Fig. 3). In each assessed city, as far as the sum of membership degree to class I
was concerned, the value of single-factor deciding model was
lower than that of weighted average model. However, in
terms of the sum of membership degree to class II, III, IV
and V, the value of single-factor deciding model was higher
than that of weighted average model. For example, calculated with single-factor deciding model, in Tongling
(2011) the membership degree to class I was 0.24, and the
sum of membership degree to class II, III, IV and V was
0.76. Calculated with weighted average model, the 2 values
were 0.60 (>0.24) and 0.40 (<0.76), respectively. Therefore, the evaluated soil will be thought to be polluted more
heavily if single-factor deciding model has been applied for
environmental assessment.

mathematical methods, while become worse if using pollution index methods. In pollution index methods, a simple
number was marked as a limit to divide 2 distinct grades of
pollution degree. For example, in Fuyang (2011), the concentration of heavy metal V was 85 mg/kg, and the 2 closest environmental criteria values were 65 (class I) and 130
mg/kg (class II). It is self-evident that the number 85 is
closer to the number 65 than to 130, but using pollution
index method, the soil quality of Fuyang was determined
to be class II in terms of heavy metal V pollution. In fuzzy
methods, fuzziness logic makes the use of criteria’s sharp
boundaries hard to justify. Membership functions were
used to describe the limit between different pollution degrees. The membership degrees of 85 to 65 and to 130 were
0.69 and 0.31, respectively, which demonstrated that class
I, not class II was more reasonable to be assigned to the
level of environmental risk caused by heavy metal V pollution in Fuyang.
At the same time, different from pollution index methods, fuzzy mathematical methods were established with
more attention to the contribution of all factors to the integrated pollution [20]. Different weights were allocated for
different factors, and the weight reflected the contributing
capacity of each factor. For example, in Tongling City, according to contribution degrees, the pollutants were listed
as the following sequence: Cd>V>Cr>Ni>Zn>Cu>Mn>
Pb>As>Co>Hg (Table 2). Introduction of weight to environmental assessment made fuzzy mathematical methods
more reasonable than pollution index methods.

FIGURE 3 - Membership degrees to class II, III, IV and V of soils
calculated by using single-factor model (A) and weighted-average
model (B).

Like the relationship between the two pollution index
methods, the assessment results of the weighted average
model were slightly better than those of single-factor deciding model. The difference of the assessment results was
attributed to the distinct assessment objectives and principles. In single-factor deciding model, the most dominant
factor received more attention, and the effects of the other
factors are weakened. However, in weighted average
model, the contribution of each factor was well taken into
account, and the weights were allocated for the factors according to their contribution degree; so, the assessment results of weighted average model depended on the integrated effects of all factors to great extent [19].
3.4. Comparison between pollution index methods and fuzzy
mathematical methods

According to the results in Tables 3 and 4, the assessment
results of environmental quality will tend better if using fuzzy

The single-factor methods (including single-factor index method and single-factor deciding model) are applicable in the situation that individual evaluation factor is over
proof and the assessment aim is to externalize the principle
of single factor rejection, while the comprehensive methods
(including Nemero pollution index method and weighted average model) are applicable in the situation that the contents
of evaluation factors are even, and the evaluation aim is to
externalize the role of each assessment index in soil environment quality [14]. Therefore, in practical work, it is necessary to select suitable models according to monitoring data
and assessment objectives in order to make the assessment
results satisfactory to practical requirements and close to
the facts.
4. CONCLUSIONS
1) The concentration of 11 metals in the soils sampled
in 1991 and 2011 from the 17 cities of Anhui province were
determined in this study. Generally, Mn always had the
highest concentration and Hg had the lowest one among the
metals. In the past 20 years, soil Cd, Co, Mn and Cu concentrations demonstrated an increasing trend in Anhui
province. In 2009, only Tongling City had the total metal
concentration over 1,000 mg/kg, but in 2011, the eligible
cities also included Bengbu, Chizhou, Fuyang, Huainan,
Huangshan and Maanshan.
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2) Two pollution index methods and two fuzzy mathematical methods were employed to investigate the soil environment quality of 17 cities of Anhui province. The assessment result of single-factor index method was class I
or class II for each soil, while the results of comprehensive
index method were class I in more cases, which were better
than those of single-factor method. In comparison with single-factor index method, comprehensive index method
concerned both dominant parameter and average contribution of all factors to the integrated environmental quality.
3) Using the 2 fuzzy mathematical methods (singlefactor deciding model and weighed average model), the
soil environment quality of each city was identified to be
class I, but difference of the membership degree to each
pollution class still existed between the 2 methods. The assessment results of weighted average model were slightly
better than those of single-factor deciding model in this
study. The difference may result from the different assessment objectives and principles of the 2 fuzzy methods.
4) In pollution index method, the environmental quality was divided into several grades with sharp boundaries,
while in the fuzzy mathematical method, fuzziness made
the use of criteria’s sharp boundaries hard to justify. Membership functions were used to describe the limit between
different pollution degrees, and different weights were allocated for the factors according to their pollution contribution in the fuzzy mathematical methods. Introduction of
membership degree and weight of each factor to the fuzzy
methods made them more reasonable in the field of environmental assessment.
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SPATIAL-TEMPORAL VARIATIONS OF
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ABSTRACT

1. INTRODUCTION

Through investigating total phosphorus (TP) and ammonia nitrogen (NH3-N) concentrations of Baoxiang River,
the spatial-temporal patterns and influencing factors of the
TP and NH3-N pollution were studied. The results showed
that the TP concentration increased gradually from the upper
to lower reaches of the river, and TP concentrations at the
town sites of Xiaobanqiao and Guandu were 0.5mg/L from
July to September 2013, equalling or far exceeding the water quality V standard of surface water. Moreover, the correlation analysis indicated a strong relationship between
TP concentrations and the precipitation of Kunming city,
with R2 of 0.17-0.68. However, the NH3-N concentration
showed no significant pattern, with the high NH3-N values
found in the site of Baitu town, Dashiba and Ganhaizi. The
relationship between the NH3-N concentration of the river
and the precipitation was insignificant. In the inverse distance weighted (IDW) analysis, the variations of the TP and
NH3-N in the Baoxiang River were calculated. The high concentration area of TP was mainly located in the downstream
region of the Baoxiang River, and the NH3-N concentration
exceeded the groundwater quality of Grade Ⅲ throughout
the year. All of these demonstrate that the TP concentrations
of Baoxiang River was mainly influenced by the precipitation of Kunming city, and the frequent agriculture cultivation has further increased the loading of NH3-N concentration in the Baoxiang River. In addition, the amount of domestic sewage, which comes from the densely populated
residential and popular tourist area of Kunming city, has exacerbated the eutrophication of Baoxiang River.

KEYWORDS: Total phosphorus, Ammonia Nitrogen, Spatial-temporal variation, Eutrophication, Dianchi Lake catchment
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Eutrophication of inland waters is a worldwide environmental problem that is frequently observed in the world
[1-4]. The problems raised have attracted attention towards
non-point-source nitrogen (N) and phosphorus (P) pollution of rivers and lakes [5]. Phosphorus is an important nutrient element in water body for the phytoplankton growth.
It is one of the major limiting factors in maintaining ecosystem structure and functioning, and also a major pollutant leading to eutrophication [6, 7]. For the nitrogen pollution of surface water, the main oxygen contaminator in
the water body is NH3-N [8]. Nowadays, it becomes one of
the key factors that affect the surface water quality in China.
Dianchi Lake is the largest lake in the southwest China,
located in the watershed area of the three rivers of the Yangtze, Pearl and Red River. It is one of the most eutrophicated
lakes in the world [9, 10], the change of water quality will
influence the environment protection and social-economic
development of southern China and adjacent regions. The
nitrogen and phosphorous pollutants of Baoxiang River take
up a larger proportion of the total pollutions of the pollutant
which flow into the lake by rivers. Most of previous studies
have just focused on soil and water loss on the slopes [11],
the contribution of human activities to water eutrophication
[12] and endogenesis pollution of Dianchi Lake catchment
[13], water quality modeling of the whole lake basin [14].
Liu et al. [15] claimed that rainfall runoff directly affected
the concentration of total nitrogen and phosphorus of
Baoxiang River. With the study of pollutant sedimentation
and particle size distribution, it found that there exists the
relationship between them [16]. Pu et al. [17] found that the
concentration of total nitrogen (TN) in ditch water is higher
than that in channel water after studied the different water
body in Baoxiang River watershed. However, the compositive studies in the spatial-temporal variation of water quality
of main inflow rivers are relatively insufficient.
Based on the dynamic patterns of the TP and NH3-N
concentration of water body from the upper, middle to lower
reaches in Baoxiang River, this study was performed to the
spatial-temporal characteristics and influencing factors of
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TP and NH3-N pollution in water bodies, and provide the
scientific evidence for the management of Dianchi Lake
catchment.
2. MATERIALS AND METHODS
2.1 Study river description

Baoxiang River (102°41′-102°57′ E, 24°55′-25°03′ N)
in the south of Kunming city flows from the Laoye mountain to Dianchi Lake (Figure 1). Inhabited since Neolithic
times, it has a long history of human settlement for around
3500 years. It is the second largest river of the whole inflow
rivers of Dianchi Lake. The water volumes of Panlong,
Baoxiang and Luolong River account for 84% of the total
amount of water which flowed into Dianchi Lake [18]. The
whole river is 36.2 km [19], covering a basin of 302 km2 and
accounting for 10.3% of the total area of Dianchi lake catchment. The climate of the basin is characterized of low latitude plateau subtropical zone monsoon climate, with two
distinctive seasons (rainy season and dry season). Annual
mean temperatures at regional weather stations range between 12 and 16°C, and the annual mean precipitation is approximately 953 mm, with more than 80% falling between
May and October [20]. Moreover, the number of resident
population and domestic animals also increased recently in
this area (Statistical Bureau of Yunnan). Excretions of domestic wastewater and domestic animals might have impacted on water system indirectly in this study area. Compared to the past, the input of nitrogen and phosphate as
chemical and organic fertilizer enormously increased [21].
Because of a great variety of non-point sewage in Baoxiang
River watershed, the sewage input threatens the water body
of Dianchi Lake and its ecosystem, which has not been processed and discharged into Dianchi Lake directly. The water
quality is worse than Grade V (the lowest grade of groundwater) of the national standards 3838-2002 (GB 3838-2002).

from Dec. 2012 to Sep. 2013. In this study, the water samples were acidified to a pH < 1, immediately sealed in a
container and stored at a temperature less than 4 . After
the sampling, the water samples were taken to the laboratory, and the concentrations of TP were measured using a
UV–Vis spectrophotometer. And the concentrations of
NH3-N were determined by Nessler's Reagent spectrophotometer [3]. In addition, the precipitation of Kunming city
was obtained via website http://www.lcagri.gov.cn.
Inverse distance weighted (IDW) interpolation is a
commonly used spatial interpolation method which is
based on the premise that the predictions are a linear combination of available data [22]. The assigned values to interpolated points are calculated with a weighted average
(the inverse of the distance to each sample point) of the
values available at the sample points. An interpolated point
should be influenced most by the nearby sample points and
less by the more distant sample points [23].
n z  n 1
Z ( x)   iu  /  u 
 i 1 d i   i 1 d i 

where Z(x) is the predicted value at an interpolated
point, Zi is the ith sample point, n is the total number of
sample points, di is the distance between the i(th) sample
point and the interpolated point, u is the weighting power
which may decide the weight affected by distance. After
the IDW interpolation, we can calculate the variations of
the TP and NH3-N in the Baoxiang River.
3. RESULTS AND DISCUSSIONS
3.1 Characteristics of the TP and NH3-N

The TP concentration ranges from 0.03 mg/L to 0.50
mg/L among sample sites in Baoxiang River (Table 1). Especially in July, August and September 2013, the TP concentration of Xiaobanqiao and Guandu town has equaled
or far exceeded water quality V standard (0.4 mg/L) of surface water (Environmental quality standards for surface
water of China, GB 3838-2002). The average concentration
of TP in the water samples of Baoxiang River displayed the
following order: Guandu town > Xiaobanqiao > Residential
area of Yunnan University > Dashiba > Ganhaizi > Baitu
town > Estuary of Dianchi lake >Dabanqiao town.
From Table 2, it is shown that there is no obvious difference in the average concentration of NH3-N of each
sample sits of Baoxiang River, except for the sits of Baitu
town, Dashiba and Ganhaizi, and it displays the following
order: Baitu town > Dashiba > Ganhaizi > Guandu town >
Xiaobanqiao > Residential area of Yunnan University >
Estuary of Dianchi lake > Dabanqiao town.

FIGURE 1 - Study area and location of sample sites
3.2 Spatial variation of TP and NH3-N
2.2 Sampling and analysis methods

Samples were taken from 8 sites along the Baoxiang
River. The water samples were collected at ten time points

Spatial variations of nutrients depend on land use practices and urban development, and higher nitrogen and
phosphorus concentrations usually occur in areas of urban
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and agricultural activities [24-26]. NH3-N is a limiting nutrient for aquatic organisms, and can lead to the eutrophication of water body. It often comes from excrement of
people and livestock, domestic sewage, urban storm runoff
and the chemical fertilizers loss [27, 28].
To investigate the variation rule of Baoxiang River, the
TP characteristics of each sampling spot in the river from
Dec. 2012 to Sep. 2013 have been discussed (Figure 2).
The result shows that the TP concentration of the upper
reach is stable and varies from 0.03 to 0.10 mg/L from Dec.
2012 to Aug. 2013. The TP concentration of the middle
reach ranges from 0.03 to 0.2 mg/L, especially. On the
lower reach of Baoxiang River, the TP concentrations of
Guandu town and Xiaobanqiao have a large range of variation from 0.03 to 0.50 mg/L. However, the TP concentration of the estuary of Dianchi Lake varies almost linearly
from 0.03 to 0.06 mg/L, with an average of 0.049 mg/L.

Moreover, the method of Spearman rank correlation
coefficient was applied in identifying the relationship between TP and rainfall of Kunming city. The correlation
analyses indicated a high relationship between TP concentrations of Baoxiang River and the amount of monthly precipitation, with R2=0.17-0.68, and there was only a negative relationship between TP concentrations of estuary of
Dianchi Lake and the precipitation. This demonstrates that
the TP concentrations of Baoxiang River were significantly
influenced by the precipitation of Kunming city. In additional, the middle and lower reaches of Baoxiang River
flow through the downtown areas of Kunming city that
have great population density. The residential area of Yunnan University has a population of more than eighty thousand, and the area of Dashiba and Ganhaizi is a center
where people and economic activities concentrate. Guandu
town has always been a densely populated residential area
of Kunming city, and it is also a popular tourist area with

TABLE 1 -The TP concentration of each sample sites in Baoxiang River (mg/L)
Sample
site

Dabanqiao
town

Baitu
town

Ganhaizi

Dashiba

Time
2012.12
0.06
0.03
0.10
0.10
2013.1
0.03
0.03
0.03
0.10
2013.2
0.03
0.06
0.10
0.10
2013.3
0.03
0.03
0.03
0.03
2013.4
0.03
0.06
0.06
0.06
2013.5
0.03
0.06
0.10
0.10
2013.6
0.03
0.03
0.05
0.06
2013.7
0.03
0.10
0.03
0.06
2013.8
0.03
0.06
0.06
0.10
2013.9
0.06
0.15
0.20
0.20
Average
0.036
0.061
0.078
0.091
The TP concentration of Grade V of GB 3838-2002 is 0.3-0.4 mg/L.

Residential
area of Yunnan
University
0.06
0.15
0.06
0.03
0.10
0.10
0.20
0.20
0.10
0.20
0.120

Xiaobanqiao

Guandu
town

Estuary of
Dianchi lake

0.08
0.06
0.06
0.03
0.06
0.05
0.03
0.40
0.40
0.40
0.157

0.08
0.06
0.06
0.06
0.10
0.50
0.20
0.50
0.50
0.50
0.256

0.08
0.06
0.06
0.06
0.06
0.03
0.03
0.03
0.03
0.05
0.049

FIGURE 2 - Spatial variation of TP concentration in different reaches of the river
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notable ruins. In addition, every year there are more than
one million foreign and domestic tourists. Therefore, the
amount of domestic sewage has exacerbated the eutrophication of Baoxiang River.
From Table 2 and Figure 3, it is shown that the average
concentration of NH3-N of Baitu is highest in the river
spots. In the middle reach, the NH3-N concentration ranges
from 0.05 to 1.0 mg/L, and the average concentration of
Ganhaizi, Dashiba and residential area of Yunnan University is 0.520, 0.530 and 0.335 mg/L, respectively. The NH3N concentration of the river lower reach (e.g. Xiaobanqiao,
Guandu town and estuary of Dianchi Lake) has decreased,
with an average of 0.347, 0.376 and 0.332 mg/L, respectively. The NH3-N concentration of the river shows a tendency of increasing from the upper reach to the lower
reach. However, the NH3-N concentration of Dabanqiao is

relatively low with an average of 0.27 mg/L, which is belonging to the area of Baoxiang reservoir and the Baoxiang
headwaters. The correlation analyses indicated a weak relationship between the NH3-N concentration of the river
and the precipitation, and the human activities effects are
probably more important. In the upper reach of Baoxiang
River belong to the water resources, the activities of traditional agricultural planting are relatively minor. At the
middle reach, the river flows through many farming areas
and living districts, most phosphate, which comes from fertilizer, domestic sewage and organophosphorus pesticide.
At the same time, the N, P of sediments would be resuspension and released from the river silt because of the
special geographical position and complicated hydrologic
conditions. The river was be polluted again [29, 30].

TABLE 2 - The NH3-N concentration of each sample sites in Baoxiang River (mg/L)

Time

Sample
site

Dabanqiao
town

Baitu
town

Ganhaizi

Dashiba

2012.12
1.00
1.00
0.90
0.60
2013.1
0.40
0.80
1.00
1.00
2013.2
0.03
0.40
0.05
0.60
2013.3
0.01
1.00
0.05
0.10
2013.4
0.40
0.60
0.20
0.10
2013.5
0.05
0.60
0.60
0.10
2013.6
0.10
0.05
0.60
0.60
2013.7
0.20
1.00
0.40
0.80
2013.8
0.01
0.60
0.40
1.00
2013.9
0.50
1.00
1.00
0.40
Average
0.270
0.705
0.520
0.530
The NH3-N concentration of Grade V of GB 3838-2002 is 1.5-2.0 mg/L.

Residential
area of Yunnan
University

Xiaobanqiao

Guandu
town

Estuary of
Dianchi lake

0.40
0.80
0.40
0.05
0.10
0.10
0.40
0.60
0.40
0.10
0.335

0.40
0.10
0.50
0.01
0.40
0.05
0.80
0.60
0.01
0.60
0.347

0.10
0.40
0.60
0.40
0.60
0.05
0.80
0.40
0.01
0.40
0.376

1.00
0.80
0.01
0.40
0.80
0.05
0.10
0.08
0.05
0.03
0.332

FIGURE 3 - Spatial variation of NH3-N concentration in different reaches of the river
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3.3 The temporal characteristics of the TP and NH3-N

Garbage pollution is the main sources of the contamination outbreak of lake basin in rainy season [31]. The
Baoxiang River watershed belongs to the Indian monsoon
control zone, and infrequent storm water events strongly
influenced the N and P loss from the catchment, and it will
further strengthen the load of the lake eutrophication [3235]. Therefore, the results of TP and NH3-N concentration
have significant temporal variation. Based on the variations of the TP and NH3-N concentration in Baoxiang
River, it can be divided into rainy and dry season (Figure 4
and Figure 5). The concentration of TP in rainy season is
higher than that in dry season.
During the dry season, the TP concentration has no significant change except for the sample of residential area of
Yunnan University in January 2013, ranging from 0.03 mg/L
to 0.10 mg/L (Figure 4-a). The TP concentration of each spot
in January, February and April is higher relative to the
other months. However, in the rainy season, the variation
of TP concentration has increased from the upper to lower

reaches, and it obviously varies from 0.03 mg/L to 0.50 mg/L
(Figure 4-b). At the beginning of rainy season (from May to
June 2013), the P of soil absorption and accumulation is dissolved and transported by surface runoff, and it has increased
the content of the total phosphorus in the river. With the passage of rainy season, the rainfall increased continuously, and
the solubility and liquidity of water body has strengthened.
It is shown the TP concentration of the water sample sites
in Sep. 2013 is higher than that of other months.
The NH3-N concentration in the river indicated same
variation with time (Figure 5). During the dry season, the
NH3-N concentration of water body was relatively low
from February to April, with the average of 0.325 mg/L.
And the maximum concentration of NH3-N was discovered
in December and January with an average of 0.669 mg/L
(Figure 5-a). During the rainy season, the NH3-N of water
body has a large concentration variation of 0.03-1.0 mg/L.
The results also showed that the of estuary NH3-N concentration of Dianchi lake varied little between 0.05 and
0.10 mg/L (Figure 5-b).

FIGURE 4 - The characteristics of TP concentration in dry and rainy season
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FIGURE 5 - The characteristics of NH3-N concentration in dry and rainy season

Due to the influence of Indian monsoon, the rainy season have set in April or May, the pollution (e.g. sewage,
garbage, livestock manure and straw) is washed into the
river by rainstorms, which gathered in the dry season, and
these cause the N and P content to increase quickly. The
evaporation effect of the plateau lakes is much stronger
than in other areas, and nutrient accumulation in sediments
would be faster [36]. Some sediments will suspend again
by bioturbation, the flow of water and wind, and nutrients
re-release into the water body [37-39]. Because of the pollution control project of Kunming city government on estuary pollution of Dianchi Lake, the load of exotic phosphorus is managed effectively and it improve water quality.
Therefore, the TP concentration of the estuary of Dianchi
Lake became lower.
The local villagers began to cultivate rice and crops
extensively from Dec. 2012 to Jan. 2013 and June to July
2013. Based on the abundantly fertilization and convenient
conditions of irrigation and drainage, especially the connectivity between rivers and irrigation canals, the TP and
NH3-N flow into Baoxiang River through the surface and
groundwater runoff. All of these caused significant elevation of TP and NH3-N concentration and the peaks appeared in rainy and dry season. The untreated domestic

sewage and livestock excrement of Baitu town, Dashiba
and Ganhaizi, which are derived from traditional agricultural area of Dianchi Lake, are discharged directly into
Baoxiang River, and is issued in the higher concentration
of NH3-N throughout the year.
3.4 Inverse distance weighted (IDW) of the TP and NH3-N analysis

The IDW (Figure 6) shows that the high concentration
area of TP (≥0.40 mg/L, Grade V and worse than Grade V)
was mainly located in the downstream region of the
Baoxiang River in May, July, Aug. and Sep., and the NH3N concentration exceeded the groundwater quality of
Grade Ⅲ throughout the year. At the same time, the area
was in the midst of its dry climate, when runoff was decreased by 22 % compared to the previous year. As a result,
the pollution of TP and NH3-N, which had been discarded
on the river bank in dry season, was transported into the
river and strongly affected the downstream region with N
and P nutrients. In addition, the massive population of residents and tourists produced large amounts of sewage,
which significantly affected the water quality of the region.
Furthermore, the high concentration region of TP (≥0.40
mg/L) in Jul. 2013 covered an area larger than that of the
other months.
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FIGURE 6 - Distribution of TP concentration of Baoxiang River by the IDW interpolation (Here only lists the TP concentration which reached
or more than Grade V of GB3838-2002 of the months, and that did not include the NH3-N concentration, because it was superior to the
groundwater quality of Grade Ⅲ throughout the year)

4. CONCLUSIONS
(1) The TP concentration increased gradually from the
upper to lower reaches of the river. The TP concentration of
Xiaobanqiao and Guandu town sites has equaled to or far exceeded the water quality V standard of surface water from July
to September 2013. However, the NH3-N concentration has
no significant pattern, and the high NH3-N concentration was
found around the site of Baitu town, Dashiba and Ganhaizi.
(2) The correlation analysis indicated a strong relationship between TP concentrations of Baoxiang River and the
precipitation of Kunming city, with R2 of 0.17-0.68 and the
relationship between the NH3-N concentration of the river
and the precipitation were in-significant. In the inverse distance weighted (IDW) analysis, the variations of the TP and
NH3-N in the Baoxiang River were calculated. The high concentration area of TP (≥0.40 mg/L) was mainly located in
the downstream region of the Baoxiang River, and the NH3N concentration exceeded the groundwater quality of Grade
Ⅲ (≤1.0 mg/L) throughout the year.
(3) Measures should be strengthened in the control of
NH3-N discharge of the upper reach according to the characteristics of Baoxiang River during water treatment the

eutrophication of the river catchment, and should be treated
immediately for the prevention of pollutants entering the
river. At the same time, supervision of phosphorus discharge should be enhanced, especially during the storm periods in the rain season. Wetlands can remove the pollution
of nitrogen and phosphorus in reducing eutrophication of
Dianchi Lake catchment and should be installed in the
Baoxiang River watershed.

ACKNOWLEDGEMENTS
Special thanks to C. Hu, Z.X. Shen, C.R. Jiang and C.Y.
Wang for the field work and his assistance during the laboratory work. We are also grateful to the anonymous reviewers
and editors for their suggestions on the draft and checking
the English. This study was supported by the National Natural Science Foundation of China (No. 41201204 &
U1133601), the Science Research Foundation of Yunnan
Education Department (No. 2012Z014) and Yunnan Provincial government Senior Talent Program (2010CI111).

2679

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

D.S. and Wu, F.S. (2012) Sedimentary Records of Accelerated
Eutrophication in Dianchi Lake over the Recent Decades. Research of Environmental Sciences 25 (11): 1236-1242.

The authors have declared no conflict of interest.
REFERENCES

[17] Pu, H.J., Zhang, N.M., Yang, Z.X., Wang, L. and Zhang, G.
(2009) Characteristics and Influence Factors of Water Body
Nitrogen in Baoxiang River Watershed of Dianchi Lake Area.
Bulletin of Soil and Water Conservation 29 (6): 123-125.

[1]

Ma, J., Ding, Z., Wei, G., Zhao, H. and Huang, T. (2009)
Sources of water pollution and evolution of water quality in
the Wuwei basin of Shiyang river, Northwest China. Journal
of Environmental Management 90: 1168-1177.

[2]

Carpenter, S. R., Stanley, E. H. and Vander Zanden, M. J.
(2011) State of the world's freshwater ecosystems: physical,
chemical, and biological changes. Annual Review of Environment and Resources, 36, 75-99.

[3]

Chen, J.N., Li, G.H. and Wang, H.T. (2004) Research on area
source pollution controlling technology for the Dianchi Lake.
China Water Research 9: 47-50.

[19] Pu, H.J., Zhang, N.M., Yang, Z.X., Wang, L. and Zhang, G.
(2009) Characteristics and Influence Factors of Water Body
Nitrogen in Baoxiang River Watershed of Dianchi Lake Area.
Bulletin of Soil and Water Conservation 29 (6): 123-125.

[4]

Chen, D., Lu. J., Wang, H., Shen, Y. and Kimberley, M.O.
(2010) Seasonal variations of nitrogen and phosphorus retention in an agricultural drainage river in east China. Environmental Science and Pollution Research 17: 312-320.

[20] Xia, Y.S., Li, Y.H., Shi, J. and Zhang, N.M. (2010) Accumulation and sorption characteristics of soil phosphorus in the
Baoxiang River watershed in Dianchi lake. Acta pedologica
sinica 47 (2): 325-333.

[5]

Smith, V.H. (2003) Eutrophication of freshwater and coastal
marine ecosystems a global problem. Environmental Science
and Pollution Research 10 (2): 126-139.

[6]

Liu, J.L., Wang, R.M., Huang, B., Lin, C., Wang, Y. and Pan,
X.J. (2011) Distribution and bioaccumulation of steroidal and
phenolic endocrine disrupting chemicals in wild fish from Dianchi Lake, China. Environmental Pollution 159: 2815-2822.

[21] Tanaka, T., Sato, T., Watanabe, K., Wang, Y., Yang, D., Inoue, H., Li, K., and Inamura, T. (2013). Irrigation system and
land use effect on surface water quality in river, at lake Dianchi, Yunnan, China. Journal of Environmental Sciences 25 (6):
1107-1116.

[7]

[8]

[9]

Wang, B., Huang, B., Jin, W., Zhao, S., Li, F.R., Hu, P. and Pan,
X.J. (2012) Occurrence, Distribution characteristic and Source
of six phenolic endocrine disrupting chemicals in the twenty-two
river estuaries around Dianchi Lake in China. Environmental
Science and Pollution Research 20 (5): 3185-3194.
Caicedo, J.R., Van der Steen N.P., Arce, O. and Gijzen, H.J.
(2000) Effect of total ammonia nitrogen concentration and pH
on growth rates of duckweed (Spirodela polyrrhiza). Water
Research 34 (15): 3829-3835.
Wang, R., Dearing, J.A., Langdon, P.G., Zhang, E.L., Yang,
X.D., Dakos, V. and Scheffer, M. (2012) Flickering gives early
warning signals of a critical transition to a eutrophic lake state.
Nature 492 (7429): 419-422.

[10] Zhang, R.S., Zhou, Q., Shi, Y.P. and Li, X.D. (2003) Study on
Storm Runoff Characteristics in Agricultural Area in the Dianchi Valleys. China Water & Wastewater 19 (2): 13-16.
[11] Xu, J., Zhang, J., Liu Y. and Yang, X.L. (2004) Study on
change of soil erosion in Dianchi Lake basin based on RS and
GIS. Journal of Soil and Water Conservation 18 (2): 80-83.
[12] Gao, W., Howarth, R. W., Swaney, D. P., Hong, B. and Guo,
H. C. (2015). Enhanced N input to Lake Dianchi Basin from
1980 to 2010: Drivers and consequences. Science of the Total
Environment 505: 376-384.
[13] Liu, Y.F., Li, Y.G., Yang, X.H., Zhang, J.H., Guan, J.J., Wang,
J.M., Zhang, H. and Xu, C.K. (2012) Analysis of Pollution in
Dianchi Lake and Consideration of Its Application in Crop
Planting. Procedia Environmental Sciences 12: 174-183.
[14] Hamaguchi, W., Okamoto, K., Shindo, J. and Kawashima, H.
(2008) The Environmental pollution prolonged by Asian-style
development: In case of Dianchi Lake, Yunnan Province,
China. Environmental Science 21 (2): 143-152.
[15] Liu, Z.H., He, B., Wang, Y.M., Zhou. R.H, Peng, J.Y. and Yu,
L.M. (2004) Effects of rainfall runoff on total nitrogen and
phosphorus flux in different catchments of Dianchi Lake, Yunnan, China. Geographical Research 23 (5): 593-604.
[16] Liu, Y., Zhu, Y.R., Gong, X.F., Xie, F.Z., Liao, H.Q., Wu,

2680

[18] Zhang, D.G., Tang, L., Chen, Y.C., Zhu, Y.Y., Yang, Y.C. and
Zhu, Z.Y. (2007) Discharge Rule and Character of Nitrogen
and Phosphorus in Household Wastewater from Suburb Typical Region in Dianchi Lake Catchment. Journal of Agro-Environment Science 26 (6): 2245-2250.

[22] Xie, Y.F., Chen, T.B., Lei, M., Yang, J., Guo, Q.J., Song, B.
and Zhou, X.Y. (2011) Spatial distribution of soil heavy metal
pollution estimated by different interpolation methods: accuracy and uncertainty analysis. Chemosphere 82 (3): 468-476.
[23] Yang, Y.H., Feng, Z.F., Guo, H.C., Sheng, H., Liu, H., Dao,
X. and He, C.J. (2010) Analysis of spatial and temporal water
pollution patterns in Lake Dianchi using multivariate statistical methods. Environmental Monitoring and Assessment, 170
(1-4): 407-416.
[24] Carpenter, S.R., Caraco, N.F., Correll, D.L., Howarth, R.W.,
Sharpley, A.N. and Smith, V.H. (1998) Nonpoint pollution of
surface waters with phosphorus and nitrogen. Ecological Applications 8 (3): 559-568.
[25] Arheimer, B. and Lidén, R. (2000) Nitrogen and phosphorus
concentrations from agricultural catchments - influence of spatial and temporal variables. Journal of Hydrology 227: 140159.
[26] Tournoud, M.G., Perin, J.L., Gimbert, F. and Picot, B. (2005)
Spatial evolution of nitrogen and phosphorus loads along a
small Mediterranean river: implication of bed sediments. Hydrological Processes 19: 3581-3592.
[27] Wondie, T.A. (2009) The impact of urban storm water runoff
and domestic waste effluent on water quality of Lake Tana and
local groundwater near the city of Bahir Dar, Ethiopia. Cornell
University.
[28] Ma, X., Li, Y., Zhang, M., Zheng, F.Z. and Du, S. (2011) Assessment and analysis of non-point source nitrogen and phosphorus loads in the Three Gorges Reservoir Area of Hubei
Province, China. Science of the Total Environment 412-413:
154-161.
[29] Schubel, J.R. (1968) Turbidity maximum of the Northern
Chesapeake Bay. Science 161 (3845): 1013-1015.
[30] Shen, J., Yuan, H.Z., Liu, E.F., Wang, J.J. and Wang, Y.
(2011) Spatial distribution and stratigraphic characteristics of
surface sediments in Taihu Lake, China. Chinese Science Bulletin 56 (2): 179-187.
[31] Yu, C., Chu, J.Y., Bai, X.H. and Liu, W.L. (2011) Seasonal
variation of nitrogen and phosphorus in Miju River and Lake
Erhai and influencing factors. Acta Ecologica Sinica 31 (23):
7104-7111.

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

[32] Kim, L.H., Choi, E., Gil, K.I. and Stenstrom, M.K. (2004)
Phosphorus release rates from sediments and pollutant characteristics in Han River, Seoul, Korea. Science of the Total Environment 321: 115-125.
[33] Gelbrecht, J., Lengsfeld, H., Pöthig, R. and Opitz, D. (2005)
Temporal and spatial variation of phosphorus input, retention
and loss in a small catchment of NE Germany. Journal of Hydrology 304: 151-165.
[34] Wu, M.Y., Huang, S.L., Wen, W., Sun, X.M., Tang, X.Q. and
Scholz, M. (2007) Nutrient distribution within and release
from the contaminated sediment of Haihe River. Journal of Environmental Sciences 23 (7): 1086-1094.
[35] Memet, V. (2013) Temporal and spatial dynamics of nitrogen
and phosphorus in surface water and sediments of a transboundary river located in the semi-arid region of Turkey. CATENA 100: 1-9.
[36] Sun, S.C. and Zhang, C. (2000) Nitrogen distribution in the
lakes and lacustrine of China. Nutrient Cycling in Agroecosystems 57 (1): 23-31.
[37] Klein, D.J. (2008) From Ditch to Delta: Nutrient Retention in
Running Waters. Nederland: Wageningen University.
[38] Kim, L.H., Choi, E. and Stenstrom, M.K. (2003) Sediment
characteristics, phosphorus types and phosphorus release rates
between river and lake sediments. Chemosphere 50 (1): 53-61.
[39] Pant, H.K., Reddy and K.R. (2001) Phosphorus sorption characteristics of estuarine sediments under different redox conditions. Journal of Environmental Quality 30(4): l474-1480.

Received: July 21, 2014
Revised: November 04, 2014
Accepted: November 26, 2014

CORRESPONDING AUTHOR
Jie Niu
Key Laboratory of Plateau Lake Ecology and Global
Change and Yunnan Key Laboratory of Plateau Geographical Process and Environmental Change
Yunnan Normal University
Chonggong, Kunming 650500
CHINA
Phone: +86 871 65941191
Fax: +86 871 65941198
E-mail: meclutch@163.com
FEB/ Vol 24/ No 8a/ 2015 – pages 2673 - 2681

2681

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

MECHANISM OF Ni(II) UPTAKE STUDIES BY EPR,
FTIR AND XRF: BIOSORPTION CHARACTERISTICS
IN BATCH AND DYNAMIC FLOW MODE
Murat Dundar1, Yasar Nuhoglu2,* and Cigdem Nuhoglu3
2

1
Department of Environmental Engineering, Faculty of Engineering, Bartın University, 74200 Bartın, Turkey
Department of Environmental Engineering, Faculty of Civil Engineering, Yıldız Technical University, Davutpaşa Campus, 34210, İstanbul, Turkey
3
Department of Physics, Faculty of Science and Letters, Yıldız Technical University, Davutpaşa Campus, 34210, İstanbul, Turkey

ABSTRACT
The present study aimed Ni(II) ion biosorption from
synthetic wastewaters with the another pollutant matter
(waste pomace of Rose damascena, WPORD) which are
abundant, rather inexpensive and high metal binding capacity. Batch sorption kinetic experiments were performed
in order to investigate adsorbent and adsorbat dose, solution pH, agitating speed and temperature. Adsorption equilibrium was reached within 60 min. The maximum Ni(II)
adsorption was obtained at pH 4.0.
The equilibrium data fit well the Langmuir isotherm.
The monolayer adsorption capacities of WPORD at 60°C
was found to be 22.37 mg g-1. The adsorption mechanism
was examined by the FTIR, SEM, EPR and XRF techniques. The EPR and activation energy studies shows that
Ni(II) adsorption on WPORD is of a physical nature and
diffusion-controlled processes.
The applicability of sorbent system was investigated in
a continuous mode. Column studies were performed under
different biosorbent dosage. The proposed sorbent system
in dynamic flow-treatment mode was successfully used to
remove the nickel ions from wastewater
KEYWORDS: Ni(II) biosorption, waste pomace of Rose damascena, batch and column studies.

1. INTRODUCTION
The heavy metal contamination in aqueous waste streams
has received wide spread attention in the recent years, due to
the toxic effects in the ecosystem, agriculture and human
health. They can be readily adsorbed by marine animals
and directly enter the human food chains, thus presenting a
high health risk to consumers. Some metals such as Cd, Hg,
Ag and Pb can become extremely toxic for the cycle of living beings. These metals can be toxic to organisms even at
* Corresponding author

low concentrations including humans. The other metals
such as Cu, Zn, Mn, Fe, Ni and Co are essential for plant
and animals in little quantities but when present in excess
concentrations above certain limits, can be very harmful to
living organisms 1.
Nickel is non-biodegradable heavy metal. Acute poisoning of Ni(II) causes headache, dizziness, nausea and
vomiting, chest pain, tightness of the chest, dry cough and
shortness of breath, rapid respiration, cyanosis and extreme
weakness. The major sources of nickel contamination to
water comes from industrial process such as electroplating,
battery and accumulator manufacturing, mine producing,
metal finishing, mineral processing, porcelain enameling
and forging. In Turkey, the acceptable maximum limit of
nickel in drinking water is 0.20 µg/L and for discharge of
the metallurgy and glass industry wastewaters is 3 mg/L 2,
3.
The removal of these heavy metals from aqueous environment has received considerable attention in recent
years due to their toxicity and carcinogenicity which may
cause damage to various systems of the human body. Different methods were investigated and applied to remove
nickel ions from water such as adsorption, chemical precipitation, ion exchange, filtration, membrane separation,
and reverse osmosis 4. Since these methods are either inefficient or expensive when heavy metals exist in low concentrations, the use of agricultural residues or industrial byproduct having biological activities have been received
with considerable attention1.
In recent years, environmentally friendly and cost effective technologies are applied for the removal of heavy
metals from dilute industrial effluents. Biosorption of
heavy metals via biological originating inactive and dead
waste biomass can be a promising alternative method for
treatment of dilute industrial effluents.
Microbial and plant originating biomasses were successfully used as adsorptive materials in many biosorption
studies, such as agricultural originating waste biomass 59, woody materials 10-12, grass 13, seaweed 14-16,

2682

© by PSP Volume 24 – No 8a. 2015

Fresenius Environmental Bulletin

algal waste 17 and etc. were used in heavy metal removal
from wastewaters.
The objective of the present study is to point out the
environmentally friendly Ni(II) adsorption from synthetic
wastewater using waste pomace of Rose damascene
(WPORD) which are inexpensive, abundant and high
metal binding capacity.

2. MATERIAL AND METHODS
2.1. Adsorbent

The waste pomace of Rose damascene (WPORD) was
obtained rose oil mill (The Gülbirlik-Rosense) located in
Mediterranean Region in Isparta, Turkey. The WPORD is
the solid remains of the rose petals after pressing for producing of rose oil, eau de rose, and the other extractive materials. It contains the skins, pulp, seeds, and stems of the
petals. Some physical and other characterization of WPORD
is presented in Table 1.
TABLE 1 - Some physical and other properties of WPORD.
Physical characteristics
Particle size (mm)
Bulk density (g cm-3)
BET surface area (m2 g-1)
Chemical characteristics [18]
Moisture contents at 100 °C (%)
Dry organic solid remains
Ash contents (%)
Organic content
Elemental analysis (wt %) [18]
SiO2
2.2133
Ca
1.2914
Mg
0.7766
P
0.0258

0.25-1 mm (Batch studies)
≥1.0 mm (Column studies)
0.432
1.97 (Particle size: 0.25-0.5 mm )
91.446
8.554
7.805
92.194
K
Fe
P2O5
N

(Schleicher & Schüll589 type) filter paper. Samples (5 mL)
were taken before mixing the adsorbent solution and Ni(II)
ion bearing solution and at pre-determined time intervals
(1, 3, 5, 7, 10, 20, 30, 60, 120) for the residual Ni(II) ion
concentration in the solution. Batch adsorption experiments
were carried out using adsorbent which particle size is 0.15–
0.25 mm.
The initial pH adjustments were carried out either by
sulfuric acid and sodium hydroxide. Uptake values were
determined as the difference between the initial Ni(II) concentration and the one in the supernatant. The effects of pH,
initial Ni(II) concentration, dose of WPORD, temperature
and agitating rate were studied. All the experiments were
carried out twice. The values used in calculations were the
arithmetic average of the two experimental data.
2.4. FTIR, EPR, XRF and SEM analysis

The FTIR spectra were obtained using Perkin-Elmer
Spectrum One model FTIR spectrometer. The EPR spectra
were obtained an x-band EPR spectrometer at 9.53 GHz using Varian E104 EPR spectrometer. The elemental analysis
of WPORD was analyzed by EDXRF and the concentrations of some elements were determined in same way as
the research did in literature 20. The SEM images of
WPORD was taken by a (JEOL JSM T-330 unit) scanning
electron microscope.
3. RESULTS AND DISCUSSION
3.1. Effect of adsorbent dose on Ni(II) adsorption

1.0327
0.0590
0.05932
3.02037

It was washed with distilled water many times and
dried at room temperature. Then it was grinded with strong
grinder, and sieved to desired particle size such as 0.15,
0.15–0.25, 0.25–0.50, 0.50–1.0 and 1.0 mm. The adsorbent dose was varied 2.0, 5.0 and 10 g/L .
2.2. Ni(II) solutions and analysis of Ni(II) ions

The stock solution of Ni(II) was prepared by dissolving 4.047 g NiCl2.6H2O in 1 L double distilled water which
was contained 1 g/L of Ni(II) ion. Other concentrations
prepared from stock solution by dilution varied between
30, 50, 100 and 150 mg l-1. The amount of Ni(II) in filtrate
was analyzed complexometrically 19.
2.3. Batch adsorption experiments

Batch experiments were conducted at 25±2 ◦C temperature by shaking with 100 ml of desired synthetic Ni(II)
solutions in 250 ml conical glass flasks. Flasks were agitated
on a shaker at 360 rpm constant shaking rate for 120 min to
ensure equilibrium was reached and filtered through

Since biosorption is highly dependent on the initial adsorbent concentration, the effects of WPORD dosage on the
removal of Ni(II) from aqueous solutions were investigated
using different adsorbent concentrations. Nickel removal at
different adsorbent doses was searched at 25 °C and at pH
4.0 by varying the adsorbent amount from 2 to 10 g/L at
constant initial Ni(II) concentration. The Ni(II) removal and
adsorption capacity have been presented in Fig. 1.
It is seen from Fig. 1 that percent adsorption of Ni(II)
ion was increased with time as well as adsorbent dose. This
trend is expected because the increase of adsorbent dose
leads to the availability of more and more adsorption sites
for complexation of Ni(II) ions [21, 22 ].
The Ni(II) removal were determined as 69.47, 88.01 and
92.95% at 2, 5 and 10 g/L adsorbent dose respectively at
constant temperature 25ºC and pH 4.0. A maximum removal
of 92.95 % was observed at adsorbent dosage of 10 g/l.
Therefore, the use of 5 g/l adsorbent dose is justified for
economical purposes as 88.01% nickel(II) ion removal.
However, the unit adsorption capacity showed a reverse
trend to the percent nickel adsorptions. With increasing adsorbent dose from 2.0 g to 10 g/L, the adsorption of Ni(II)
ion per unit mass of adsorbent decreased from 17.36 to 4.64
mg g-1. This is due to overlapping and aggregation of adsorption sites when dose increased from 2.0 to 10 g/L [11].
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FIGURE 1 - Effect of adsorbent concentration and adsorption capacity. (particle size=0.25-0.5 mm, agitating speed = 360 rpm, T = 25ºC, C0 =
50 mg l-1, pH 4.0).

FIGURE 2 - The effect of initial Ni(II) concentration and agitating speed on adsorption as a contact time (particle size=0.25-0.5 mm, X = 5 g l-1,
T = 25 C, C0 = 50 mg l-1 for pH and X = 5 g l-1, agitation speed = 360 rpm, T = 25 C, pH 4.0 for i.m.c.).

3.2. Effect of initial Ni(II) concentration and agitating speed on
adsorption

The biosorption rate is a function of initial concentration of metal ions, which makes it an important force to be
considered for all mass transfer resistance of Ni(II) between the aqueous and solid phases.
The effect of initial Ni(II) concentration on the sorption kinetics was studied at pH 4.0 and 5 g/L adsorbent
concentration. The initial Ni(II) concentration and agitating speed of WPORD were presented in Fig. 2. The removal of Ni(II) ions increased rapidly with time up to
10 min and thereafter increased slowly until equilibrium
time at 60 min.

The percent adsorption of metal ion is inversely related
to the initial metal ion concentrations [11, 24]. Percentage
of Ni(II) removal was decreased as its concentration was
increased at fixed adsorbent dose. But the amount of Ni(II)
ions adsorbed per unit mass of adsorbent increased with the
increase of the initial ion concentrations. This can be attributed to the effective pore diffusivity decrease with increasing initial metal concentration [22, 23]. While the initial Ni(II) ion concentration was increased from 30 to
150 mg l-1, the percent nickel removal by WPORD decreased from 92.172 % to 56.20 % at equilibrium and the
initial adsorption capacity of WPORD increased from 5.53
to 16.85 mg g-1.
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The adsorption rate is controlled by film difussion and
pore diffusion. Low stirring speed results in thicker film
layer of the solvent surrounding adsorbent and leads to that
this film layer becomes rate controlling step. When the stirring speed is high, the thickness of the solvent film layer
gets thinner. Therefore, the movement of the metal ions
through the film layer takes place very fast and the diffusion through the pores becomes the rate controlling step.
Since the rate controlling step is the slowest one, in the present work the adsorption rate is controlled by diffussion
through the pores [12, 24].
Fig 2 also shows the effect of stirring speed on the percentage adsorption of Ni(II) ions. The stirring speed varied
from 3.0to 7.0 rps (180, 300, 420 rpm). It is seen Fig 2 that
the adsorption removal efficiency increased weakly with
increasing stirring speed because an stirring speed of
180 rpm was not enough to remove nickel. When the stirring speed was increased from 180 to 420 rpm, the removal
of Ni(II) ion increased from 62% to 92.95%.
3.3. Effect of solution pH on Ni(II) adsorption

The pH of the aqueous solution is an important controlling parameter in the heavy metal adsorption process.
The different pH sorption profiles for heavy metal ions
could be related to the nature of the chemical interaction
between the metal ions and the biomass. Aqueous phase
acidities influence the speciation of nickel(II) ions as well
as the dissociation of active functional sites on the adsorbent. [13,24]. In order to search the effect of pH on the biosorption of Ni(II) ions onto WPORD, batch adsorption
studies were carried out at different pH values ranging at
2.0, 3.0, 4.0 and 5.0.

The optimal nickel removal usually occurs between
pH 2 and 5 [4, 5, 9, 12, 14, 21, 22, 29-36]. For this reason,
the pH range of 2 to 5 was investigated thoroughly. Fig. 3
shows the effects of pH on adsorption capacity and nickel
ion removal onto WPORD at pH values varied from 2 to 5.
It is observed that the adsorption of nickel is highly dependent of pH. It is seen from Fig 3 that adsorption is high
at pH 4.0 and decreases as the pH increases or decreases.
At pH < 3.0, H+ ions compete with Ni(II) ions for the surface of the adsorbent which would hinder Ni(II) ions from
reaching the binding sites of the sorbent caused by the repulsive forces. At pH > 4.0, the Ni(II) ions get precipitated
due to hydroxide anions forming a nickel hydroxide precipitate[22, 23]. For this reason, the maximum pH value
was selected to be 4.0.
While the pH was increased from 2.0 to 4.0, the percent
nickel removal and adsorption capacity increased from
34.25% to 88.25% and 3.42 mg/g to 8.82 mg/g at equilibrium
time of 60 min. This behavior can be explained considering
the nature of the adsorbent at different pH in metal adsorption. The pH dependence of metal adsorption can largely be
related to the type and ionic state of functional groups and
also on the metal chemistry in solution. The nickel sorption
capacity of the WPORD increased from 34.25% to 88.25%
with increased in pH up to 2.0–4.0, respectively. Therefore,
all the sorption experiments were carried out at pH 4.0. This
behavior can be explained on the functional groups present
on the cell wall of WPORD, which in turn on the basis of
decrease in competition between protons (H+ ions) and metal
cations (Ni2+ ions) for the same functional groups (-SO3-) and
by decrease in the positive surface charge on the WPORD
resulting in a lower electrostatic repulsion between the surface of biosorbent and nickel ions [22, 23].

FIGURE 3 - The effects of pH on adsorption capacity and nickel ion removal onto WPORD. (X = 5 g l-1, particle size=0.25-0.5 mm, agitating
speed = 360 rpm, T = 25 C, C0 = 50 mg l-1 for pH and X = 5 g l-1, agitation speed = 300 rpm, T = 25 C, pH 4.0 for i.m.c.).
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3.4. Influence of temperature

The influence of temperature on the equilibrium biosorption capacity and Ni(II) ion removal of WPORD was
investigated in the temperature range of 25, 45 and 60 °C
at an initial nickel concentrations of 30, 50, 100 and
150 mg l-1. The plot of the adsorption capacity and percentage nickel removal against initial nickel(II) concentration is given in Fig 4. Fig 4 indicated that the maximum
adsorption capacity and removal percentage was obtained
at 60 °C. When the temperature was increased from 25 to
60°C at 50 and 150 mg l-1 initial nickel(II) concentrations,
the removal of metal ion increased from 93% and 65% to
100% and 72.6% respectively. While increasing the initial
nickel ion concentrations decreased the adsorption capacity and percentage of nickel ion removal, the increasing
temperature increased both the adsorption capacity and
percentage of nickel ion removal.
The trend of diagrams in Fig 4 indicated that the maximum uptake capacities increased with temperature increasing from 25 °C to 60 °C, which represent the adsorption processes of nickel(II) ion by WPORD were endothermic nature. The increase in adsorption with temperature
may be attributed to either increase in the number of active
surface sites available for adsorption on the adsorbent or
the desolvation of the adsorbing species and the decrease
in the thickness of the boundary layer surrounding the adsorbent with temperature, so that the mass transfer resistance of
adsorbate decreases in the boundary layer. At higher temperatures the possibility of diffusion of solute within the pores
of the adsorbent may not be ruled out. Since diffusion is an
endothermic process, greater adsorption will be observed

at higher temperature. Thus, the diffusion rate of ions in the
external mass transport process increases with temperature
[24].
3.5 Adsorption mechanism determined by FTIR, SEM, EPR and
XRF analysis

The FTIR spectra of natural and metal removed
WPORD biomass in the range of 500-4000 cm−1 were
taken to find out which functional groups are responsible
for the biosorption process and the spectra shown in Fig. 5.
Fig 5 indicated that WPORD shows the twenty-three
adsorption bands, indicating the adsorptive nature of the
biosorbent are represent in Table 2. The spectral analysis
before and after nickel adsorption indicated that (Table 2),
there were thirteen significant band decreases of the functional groups on the biomass were detected at the bands of
3994, 3981, 3946, 3782, 3635, 3547, 2984, 2221, 1740,
1730, 1409, 1270 and 866 cm−1. These bands were especially involved in nickel adsorption. Among thirteen adsorption bands, the weak bands at 3994, 3981 and the
strong band at 3946 cm−1 assigned to –OH and -NH groups.
The band at 3782, 3635 and 3547 attributed to bonded –
OH groups. While the band at 2984 belonging to C H
stretching, the 2221, 1740, 1730 bands indicated carbonyl
stretching. The weak bands at 1409, 1270 and 866 assigned
to carboxylate groups, –SO3 stretching and aromatic –CH
stretching respectively [22, 25-27]. Consequently, the
FTIR studies shows that –OH and -NH groups, bonded –
OH groups, C H stretching, carbonyl stretching, carboxylate groups, –SO3 stretching and aromatic –CH stretching
are the functional groups participated in nickel adsorption.

FIGURE 4 - The influence of temperature on the adsorption capacity and percentage nickel removal at different initial nickel(II) concentration
(agitating speed=300 rpm, T= 25C, M=5 g l-1, pH=4, , particle size =0,25-0,5 mm).
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FIGURE 5 - The FTIR spectra before and after biosorption onto WPORD.
TABLE 2 - The FTIR spectral characteristics of WPORD.
IR peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Assignment
Before adsorption
3994
3981
3970
3946
3831
3782
3635
3547
3450
2993
2984
2739
2638
2362
2221
2204
2170
1740
1730
1409
1270
866
834

After adsorption
3990
3971
3972
3938
3833
3776
DİSAPPEAR
3540
3508
2997
DİSAPPEAR
2743
2647
2362
DİSAPPEAR
2204
2170
DİSAPPEAR
DİSAPPEAR
1402
1268
DİSAPPEAR
834

Differences
-4
-10
+2
-8
+2
-6
Unknown
-7
+58
+4
Unknown
+4
9
0
Unknown
0
0
Unknown
Unknown
-7
-2
Unkonown
0

In order to see the surfaces of particles before and after
adsorption, scanning electron microscopy (SEM) images
were obtained for the raw and treated adsorbents as seen in
Fig. 6a and Fig. 6b.
It is clearly seen the surfaces of particles, the WPORD
has the fibrous structure where there are numerous heterogeneous and irregular pores with a diameter between of

Functional groups
–OH and –NH groups
–OH and – NH groups
–OH and – NH groups
–OH and –NH groups
–OH and –NH groups
Bonded –OH groups
Bonded –OH groups
Bonded –OH groups
OH stretching
C H stretching
C H stretching
Carboxyl groups
Carboxyl groups
Carboxyl groups
Carbonyl (C=O) stretching
Carbonyl (C=O) stretching
Carbonyl (C=O) stretching
Carbonyl (C=O) stretching
Carbonyl (C=O) stretching
Carboxylate groups
–SO3 stretching
aromatic –CH stretching
aromatic –CH stretching

about 5-50 μm. The heterogeneous pores are good capturing sites for heavy metal removal. It is observed that the
biosorbent surface morphology considerably changed after
metal biosorption. It is seen in Fig 6b that there are a large
number of smaller particles (overhead points) on the biosorbent surfaces after biosorption. They may be attributed
to the fact that the spotty structure plays a role in nickel
biosorption.
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FIGURE 6 a The SEM image of the surface structure of WPORD before adsorption.

FIGURE 6 b - The SEM image of surface structure of WPORD after adsorption.

The structural changes of biomass surface may be attributed to the increases of the total surface area.
The EPR spectroscopy was applied to obtain structural
information about the metal binding processes and estimate

of adsorption mechanism. By the analysis of the EPR spectra, it is also possible to get an insight about the local environment of the transition metal ion on the biomass, i.e. the
site symmetry and the electronic density at neighboring nuclei. This technique can be applied to obtain the magnitude
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of the metal ion interaction within functional groups of biosorbent surface [24, 25]. In this research, in order to compare the native and Ni(II) loaded WPORD and estimate biosorption mechanism, the EPR spectra were taken from the
native and Ni(II) loading. The EPR spectra before and after
adsorption by WPORD are shown in Fig 7.
It is shown in this figure that there is the EPR spectra
alike to Cr(V) spectra in native WPORD because of the
small quantities of chromium presence in natural structure
the biosorbent [25]. The EPR spectra turn into the Ni(II)
ion spectra which are the four typical EPR signals after the
biosorption. The biosorption of nickel by WPORD is investigated by using four nickel ion spectra.
After biosorption, the broad four EPR lines have been
appeared from strong dipolar interactions of their unpaired
magnetic moments stem from adsorption of Ni(II) ions

onto biosorbent surfaces. This occurrence indicated that
the nickel ion can be coordinating with the active surface
sites of the adsorbent causing the pairing of the electrons.
These findings were confirmed with XRF analysis. As seen
in Fig 8, the XRF analysis indicated that the nickel component was determined 1.13% as mass. This result is real
Ni(II) ion adsorption capacity (11.30 mg g-1) by mass.
The Ni(II) ion spectra were determined S = 3/2 electron spin (in the high spin case) with I = 3/2 nuclear spin
for Ni2+ with 1.1399% natural abundance. The g-Factor
was calculated from resonance in same way did in literature [24, 25]. The four Ni(II) spectra were determined at
3000 G (g = 2.260), 3045 (g=2.230), 3113 (g=2.186) and
3238 (g=2.102). Hyperfine splitting constants are 40, 62.5
and 125 G, respectively. The average g value is calculated
as 2.199. The g-value of free radical confirms that the free-

FIGURE 7 - The EPR spectra before and after adsorption.

FIGURE 8 - The XRF spectra of WPORD after adsorption.
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radical is an organic free-radical or transition metal ion.
Free radicals are generally highly unstable and its have
very short residence time. However, the certain free radicals have persisted for much longer duration because they
were trapped in a stable cell wall matrix. The EPR analysis
indicates that one probable sorption sites consist of carboxylate moieties of alginic acid functional groups. This occurrence was confirmed FTIR analysis as seen in Table 2.
The fast biosorption kinetics observed is typical for biosorption of metals involving no energy-mediated reactions,
where metal removal from solution is due to physical interactions between biomass and metal solution [24, 25].
3.6. Adsorption isotherms

The analysis of the equilibrium data are important parameters for to develop an equation which accurately represents the relation which could be used for design purposes and optimize an operating procedure under different
operational conditions. The equilibrium data, commonly
known as adsorption isotherms, are the basic requirements
for the design of the adsorption systems. The capacity of a
biomass can be described by equilibrium sorption isotherms which express the surface properties and affinity of
the biomass. Several mathematical models have been developed to quantitatively express the relationship between
the extent of sorption and the residual solute concentration.
Among these, the Freundlich, the Langmuir and the Temkin adsorption isotherm models most widely used for the
successful representation of the dynamic adsorptive separation of solute from solution onto an adsorbent depends
upon a good description of the equilibrium separation between the two phases. An adsorption isotherm is characterized by certain constant values, which express the surface
properties and affinity of the adsorbent and can also be
used to compare the adsorptive capacities of the adsorbent
for different pollutants [24-26]. In order to determine the
mechanism of nickel adsorption on the WPORD and evaluate the relationship between adsorption temperatures, the
experimental data were applied to the Langmuir, Freundlich and Temkin isotherm equations. The constant parameters of the isotherm models for this adsorption process
were calculated by using the linear regression form of the
isotherm equations.
The Freundlich, Langmiur and Temkin isoterm parameters were calculated in the same way as the related researches did in literature [21-27]. The constant parameters
and correlation coefficient (R2) of the linearized Langmuir,
Freundlich and Temkin adsorption isotherms at the temperatures of 25, 45 and 60 °C are summarized in Table 3.

As seen from Table 3, the WPORD at different temperatures fits quite well into the Langmuir adsorption models. The isotherms of Ni(II) adsorption on WPORD were
found to be linear over the whole temperature range studied
and the correlation coefficients were extremely high as
shown in Table 3. As seen in general trend, attractive interaction decreases with increasing temperature. The value of
Qo determined from the Langmuir model increases with
temperature increase, thereby confirming that the process
is endothermic. The Langmuir adsorption equations are
suitable for monolayer adsorption. The fact that the Langmuir isotherm fits the experimental data very well may be
due to homogenous distribution of active sites on the adsorbent surface; since the Langmuir equation assumes that
the surface is homogenous [22, 27]. This idea is supported
by Fig 6 that the surface of the adsorbent is nearest homogenous structure.
3.7. Activation Energy

The activation energy, Ea, was obtained from an Arrhenius plot did in literature [1, 22, 24, 26]. The Arrhenius
equation was given as follow:
ln
A plot of ln k2 versus 1/T gives a straight line, and the
corresponding activation energy was determined from the
slope of linear plot. The activation energy, Ea, was determined as 8.25 kJ/mol for 200 mg l-1 Ni(II) concentration.
Since sorption is an endothermic process, it would be expected that an increase in solution temperature would result
in an increase in sorption capacity [22, 27,28]. Some of the
assigned values of Ea (kJ/mol) include 8–25 to physical adsorption, less than 21 to aqueous diffusion, 20–40 to pore
diffusion and greater than 84 to ion Exchange [22, 22-30].
The calculated value of activation energy, which is in the
range of physical adsorption, shows that Ni(II) adsorption
on WPORD is of a physical nature and diffusion-controlled
adsorption in the rate-limiting processes [29].
3.8. Comparisons with other adsorbents

The adsorption capacity of metal uptake are closely related to the properties of each adsorbent such as adsorbent
structure, functional groups and surface area. The adsorption capacity was determined from the Langmuir isotherm
model. WPORD was compared with the other biosorbents
as seen in Table 4. It is seen in Table 4 that WPORD has
good adsorption capacity with 22.37 mg g-1 when compared with other untreated biosorbents. The value of Q0 in
this study is larger than those in most of previous works

TABLE 3 - The comparison of equation coefficients for different isotherm models
Temp.
(0C)

Langmuir isotherm
Q0(mg/g)
b(L/mg)

25

16,86

0,204

0,9949

4,5

3,05

0,9759

1,62

3,5421

0,96

45

22,57

0,201

0,9868

7,28

3,70

0,8419

5,05

3,6554

0,943

60

23,15

0,38

1

13,70

8,02

1

8,54

3,8453

0,935

R2

Freundlich isotherm
Kf
n

2690

R2

Temkin isotherm
A
B
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TABLE 4 - The comparison of Ni(II) adsorption capacities of WPORD with literature.
Untreated Adsorbent

pH

Qo(mg/g)

References

Golden Shower biomass

6.0

4.49

[12]

Tea factory waste

4.0

18.42

[21]

Waste acorn of Quercus ithaburensis

5.0

9.42

[30]

Dye groundnut shells

5.16

7.49

[31]

Irish peat moss

4.5

14.5

[32]

Coir pith

3.92

9.5

[33]

Baker’s yeast

6.75

11.40

[34]

Waste pomace of Rose damascene

4.0

22.37

This work

Treated Adsorbent

pH

Qo(mg/g)

References

As-produced carbon nanotubes

6.0

12.3 mg/g

[4]

Silica-gel-immobilized waste biomass

6.5

98.01

[5]

Modified loquat bark waste

6.0

27.548

[17]

Nanocrystallite titanium (IV) oxide

5.0

26.47

[35]

FIGURE 9 - Ni(II) biosorption breakthrough curves. (C0=100 mg l-1, bed dept=15 cm, pH=4.0, T=250C, flow rate=10 ml min-1).
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which are especially used untreated biomasses. This suggests that Ni(II) could be easily adsorbed on WPORD.
3.9 Fixed-bed column studies with continuous flow

Successful design of a column sorption process requires
prediction of the concentration–time profile or breakthrough
curve for the effluent under given operation conditions. Although batch biosorption experiments give the main information related to the biosorption kinetics and metal removal
performance. Continuous system was perform very important characteristics for operation dynamics and process
design [5, 27]. One of the main tools used in the investigation of the efficiency in adsorption columns is the breakthrough analysis. A fixed-bed column packed for WPORD
biomass was designed to operate a continuous liquid flow
system same as the related research [37]. The experiments
were carried out for five different particle sizes: 0.15, 0.15–
0.25, 0.25–0.50, 0.50–1.0 and 1.0 mm, under constant bed
dept (15 cm), flow rate (10 mL/min) and inlet Ni(II) concentration (100 mg l-1). The results are shown in Fig 9.
Fig. 9 shows that increasing the size of adsorbent particles reduces the maximum bed capacities and breakthrough
time. It is well known that by decreasing the particle size, the
performance of adsorption is improved. However, small particle sizes result in high flow resistance of the column and
should be avoided. Smaller particles will have a shorter diffusion path, thus allowing the adsorbate to penetrate deeper
into the adsorbent particle more quickly, resulting in a higher
rate of adsorption. In addition, the total external surface area
per unit volume for all smaller particle inside the column will
be larger. In the finer particle size ranges, adsorption breakthrough curves followed a much more efficient profile than
larger particle size ranges, in that the breakthrough time increased and the curves tended towards the classic “S” shape
profile [5, 26, 37-39].

high metal binding capacity. The waste pomace of Rose
damascene is the solid remains of the rose petals after
pressing for producing of rose oil. Due to waste nature of
biosorbent it can be concluded that the removal of Ni (II)
ions can be called as environmentally friendly and extra
economic treatment.
The results indicated that WPORD has the ability to
remove Ni(II) ion from aqueous solutions at low concentrations. pH is the most significant factor on Ni(II) biosorption. The maximum Ni(II) adsorption was obtained at pH
4.0. Adsorption equilibrium was reached within 60 min.
The equilibrium data fit well the Langmuir isotherm. The
monolayer adsorption capacities of WPORD at 60°C was
found to be 22.37 mg g-1. The FTIR studies indicated that
the many functional groups such as -OH, -NH, C H, carbonyl, carboxylate, –SO3 and aromatic –CH stretching are
participated in nickel adsorption. The activation energy
shows that Ni(II) adsorption on WPORD is of a physical
nature and diffusion-controlled adsorption in the rate-limiting processes.
Fixed-bed column studies showed that by decreasing
the particle size, the performance of adsorption is improved, and increasing the particle size reduces the maximum bed capacities and breakthrough time.

As shown in Fig 9, maximum bed capacities and breakthrough time at 0.15, 0.15–0.25 and 0.50–1.0 1.0 mm particle size were 67.4, 47.00, 32.90 mg g-1 and 1380, 1200,
780 min, respectively. Smaller particles will have a shorter
diffusion path, thus allowing the adsorbate to penetrate
deeper into the adsorbent particle more quickly, resulting in
a higher rate of adsorption. In addition, the total external surface area per unit volume for all smaller particle inside the
column will be larger. Also, as the particle size of adsorbent
increased, adsorbent exhaustion rate increased. While the
100 mg l-1 nickel ion removed, the adsorbent exhaustion rate
was determined as 0.59, 0.67, 0.84 g/L at 0.15, 0.15–0.25,
0.5-1 mm particle size respectively. At the same time, the
bed volume was determined as 293, 254.80, 165.60 BV at
0.15, 0.15–0.25, 0.5-1 mm particle size respectively.
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