E\363

9ROXPH²1RSDJHV

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

FEB - FRESENIUS ENVIRONMENTAL BULLETIN
Founded jointly by F. Korte and F. Coulston
Production by PSP - Vimy Str. 1e, 85354 Freising, Germany in
cooperation with PRT-Parlar Research & Technology
Vimy Str 1e, 85354 Freising
Copyright© by PSP and PRT, Vimy Str. 1e, 85354 Freising, Germany
All rights are reserved, especially the right to translate into foreign language or other processes - or convert to
a machine language, especially for data processing equipment - without written permission of the publisher. The
rights of reproduction by lecture, radio and television transmission, magnetic sound recording or similar means
are also reserved.
Printed in Germany-ISSN 1018-4619

1

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

FEB-EDITORIAL BOARD
CHIEF EDITOR:
Prof. Dr. Dr. H. Parlar
Parlar Research & Technology-PRT
Vimy Str.1e
85354 Freising, Germany
CO-EDITORS:
Environmental Spectroscopy
Prof. Dr. A. Piccolo
8QLYHUVLWDGL1DSROL³)UHGHULFR,,´
Dipto. Di Scienze Chemica Agrarie
Via Universita 100, 80055 Portici, Italy
Environmental Biology
Prof. Dr. G. Schuurmann
UFZ-Umweltzentrum
Sektion Chemische Ökotoxikologie
Leipzig-Halle GmbH,
Permoserstr.15, 04318
04318 Leipzig, Germany
Prof. Dr. I. Holoubek
Recetox-Tocoen
Kamenice126/3, 62500 Brno, Czech Republic
Prof. Dr. M. Hakki Alma
Kahramanmaras Sutcu Imam University
Avsar Kampusu, 46100 Kahramanmaras, Turkey
Environmental Analytical Chemistry
Prof. Dr. M. Bahadir
Lehrstuhl für Ökologische Chemie
und Umweltanalytik
TU Braunschweig
Lehrstuhl für Ökologische Chemie
Hagenring 30, 38106 Braunschweig, Germany
Dr. D. Kotzias
Via Germania29
21027 Barza(Va), Italy
Advisory Board
K. Bester, K. Fischer, R. Kallenborn
DCG. Muir, R. Niessner,W.Vetter,
A. Reichlmayr-Lais, D. Steinberg,
J. P. Lay, J. Burhenne, L. O. Ruzo

MANAGING EDITOR:
Dr. P. Parlar
Parlar Research & Technology
PRT, Vimy Str.1e
85354 Freising, Germany
Environmental Management
Dr. K. I. Nikolaou
Env.Protection of Thessaloniki
OMPEPT-54636 Thessaloniki
Greece
Environmental Toxicology
Prof. Dr. H. Greim
Senatkommision ± DFG / TUM
85350 Freising, Germany
Environmental Proteomic
Dr. A. Fanous
Halal Control GmbH
Kobaltstr. 2-4
D-65428 Rüsselsheim, Germany
Environmental Education
Prof. Dr. C. Bayat
Esenyurt Üniversitesi
34510 Esenyurt, Istanbul, Turkey

Marketing Manager
Cansu Ekici, B. of B.A.
PRT-Research and Technology
Vimy Str 1e
85354 Freising, Germany
E-Mail: parlar@wzw.tum.de
parlar@prt-parlar.de
Phone: +49/8161887988

1749



E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



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

1750

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



CONTENTS
ORIGINAL PAPERS
d,Z>d/KE^,/W^dtEZzEtdt/',dK&>hE'EdhDKZd/^^h^/E&>hEzd,Zz/E'WZKhZ

1755

Martyna Blaszczyk, Joanna Paluch, Lukasz J. Binkowski, Pawel Rogozinski, Robert Stawarz
&&d K& DzKZZ,/> /EKh>d/KE KE W>Ed 'ZKtd,͕ EhdZ/Ed^ E ,sz Dd>^ hWd< z >hE
>hKW,>

1760

Fangdong Zhan, Yongmei He, Xianrong Yue, Qin Li, Yunsheng Xia
DK>>/E' K& d, Zd,ZKWK WKWh>d/KE E^/d/^ /E d, K^d> E K& >< sE h^/E' D/ydhZ WK/^^KE
Z'Z^^/KE

1768

Abdullah Yesilova, Mehmet Salih Ozgokce, Remzi Atlihan, Sukran Polat Yildiz, Ismail Karaca,
Gazel Ser
/Es^d/'d/KEK&d,/ZZ/'d/KEWK^^//>/dzK&/>yYh/&K>/hD>͘W>Ed^zZ/W/ZZ/'d/KE

1779

Elif Bayramoglu, Oner Demirel
E>z^/^K&Es/ZKEDEd>&&d^KE^,/WWKtZW>Ed/Ed'Zdt/d,t^d,dZKsZz^z^dD

1786

Cengiz Deniz, Yalcin Durmusoglu
Z ,D/>>h>K^Ͳ^ ,zZK'> WZWZ z '>Kt /^,Z' >dZK>z^/^ W>^D E /d^ ^KZWd/KE
WZKWZd/^&KZ,szDd>/KE^

1791

Wenming Zhang, Zelin Liang, Qingling Feng, Nuo Wei, Zhiqiang Liu, Nian Fu, Yucang Zhang
^^^^/E'^Wd/KͲdDWKZ>zED/^K&WZ/E/W>>EKsZWZK^^^/EdhZ<z

1799

Ali Cagatay Dikmen, Gursel Kusek and Ali Gul
&^//>/dz K& t^dtdZ dZdDEd W>Ed hW'Z z E,E /K>K'/> W,K^W,KZh^ ZDKs>͗ ^ ^dhz
<KWZ/sE/͕ZKd/

1811

Tanja Sikic, Josip Curko, Vlado Crnek, Sanja Horvat, Marin Matosic
D/y^>h'><>/E&ZDEdd/KE͗&&dK&WZ/DZz^>h'Et^dd/sd^>h'/E/&&ZEdD/ydhZ
Zd/K^

1820

Jie Zhang, Panpan Huang, Dianhai Yang, Guoji Ding
dZ/> KDDhE/dz ^dZhdhZ E hEE K& E/dZK'E ZDKs/E' 'E^ /E ^dZKE' ><>/E E ,/',
^>/E/dz>,d

1827

Yang Li, Jianhua Cheng, Qingye Sun, Xiaoshuang Meng
&&d^ K& >/YhKZ h>dhZ ,zZK/dzKE Zd/h>dhD KE W,z^/K>K'/> ,ZdZ/^d/^ K& D/ZKz^d/^
Zh'/EK^

1837

Haiyan Fu, Kun Zhao, Zhibin Zhang, Guohe Huang, Tian Chai
&/^,^W/^E,zZKWKtZWZK:d^/EhWWZzE'dZ/sZ/E,/E͗/DWd^EZ,/>/dd/KE

1846

Junjun Tan, Huichao Dai, Zhu Gao
hWd<E/^dZ/hd/KEK&/&&ZEdKWWZKDWKhE/Ed/^^h^K&Zz&/^,;^dh^>WdKdz>h^Ϳ

1858

Yavuz Mazlum, Ayse Bahar Yilmaz, Alper Yanar
'Zd/KEK&KZ'E/WK>>hdEdEd,KZZK^/KE,s/KZK& ^d/E>^^>dZKt/d,>KtͲdDWZdhZ
W>^D/^,Z'

1867

Ya-Na Liu, An-Heng Si, Shu-Fa Zhu, Ming Zhou
d,d,EK>K'/>WZK^^K&^K>//&/d/KE&KZd,dZdDEdK&,ZKh^t^d

1877

Sonja Ketin, Predrag Dasic, Slobodan Neskovic, Boban Kostic, Rade Biocanin
Dd,EK'E/ E ZKE ^Yh^dZd/KE WZK^^ &/>/dd z 'Kd,/d E ,Dd/d /E d, WZ^E K&
/^^/D/>dKZz/ZKEͲZh/E'dZ/

Dunfan Yao, Jin Wang, Tianhu Chen, Juan Tan, Guowei Wang

1751

1883

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



>KE'ͲdZDsZ//>/dz K&dKd>E/dZK'E E dKd>W,K^W,KZh^ KEEdZd/KEE >K /Ed,^Khd, WZdK&
d,>d/^^/E

1892

Piotr Ilnicki, Krzysztof Gorecki, Piotr Lewandowski, Ryszard Farat
^^^^DEdK&WKdEd/>&hE'>^W/^/^K>d&ZKD/E/Eh^dZ/>^/DEdt^d^&KZ>^KZWd/KE

1910

Seyed Jafar Khamesy, Amir Hossein Hamidian, Mohammad Javan-Nikkhah
h>dZ^dZhdhZ>>dZd/KE^͕ED'Ed/sd/KEK&ZW/ZD,E/^D/E>/sZE</EzK&>h/^h^
W,>h^;>͘ͿyWK^dKEs/ZKEDEd>KEdD/EEd^

1920

Hidegard Herman, Bianca Onita, Gavril Ardelean, Doru Puiu Ardelean, Constantin Craciun,
Aurel Ardelean, Anca Hermenean
/DWdK&dDWZdhZKEd,/^^/Wd/KEWZK^^K&^hWZ^dhZddKd>/^^K>s'^/E&>Kt/E'tdZ

1927

Yangming Ou, Ran Li, Ben R. Hodges, Jingjie Feng, Xunchi Pu
d,WKdEd/>K&,zZdE,zZd^t'^>h'/^,Z'^&ZKD^K/>Z>Dd/KEWW>/E^

1935

Wiktor Halecki, Michal Gasiorek, Florian Gambus, Rafal Abram
Dd,KdK^d/Dd&ZD>EWK>>hd/KE>KK&>/s^dK<DEhZEhdZ/Ed/E&/>Wd,^>

1942

Bojie Yan, Yonggang Qian, Yuchun Pan
dKy//dzK&KWWZdKZ>z>/&^d'^K&KDDKEZW;zWZ/Eh^ZW/K>͘Ϳ

1950

Elzbieta Kondera
/^WWZE K& WdE͕ K^>/͕ WzZ>K^dZK/E E dZ/&>Kyz^dZK/E Z^/h^ /E Z/W WW>^ hZ/E' K>
^dKZ'hEZKEdZK>>dDK^W,Z

1959

Stanislaw Sadlo, Stanislaw Walorczyk3U]HP\VáDZGrodzicki, Bartosz Piechowicz
KE^dZhd/KEK&/EdZ'EZ/&h^Ed^dKE,E/Dd,WzZE,>KZ/DhZKEͲd,z>'Zd/KE

1966

Xiong Minghua, Cheng Yi, Zang Hailian, Cheng Xiaosong, Li Chunyan
dZD/Ed/KEK&,szDd>>s>^/E/&&ZEdd/^^h^K&dE,;d/Ed/E>͕͘ϭϳϱϴͿ&ZKD^//<>/<hh<K'
D><;</Z^,/ZͿ͕dhZ<z

1972

Mahmut Yilmaz, Cigdem Teber, Tamer Akkan, Cigdem Er, Ergin Kariptas, Harun Ciftci
Ky/d/sD'&&d^/Ed,>EK/KWWKW^hK/WdKDh^EEE>/^t>>yWZ/DEd>>zyWK^
dKDd>/d/KE^

1978

Yao Chen
s>hd/KEK&^>h'Zhd/KE/EEd/sd^>h'WZK^^h^/E'>z^KzD^

1988

Yong Song, Zhou Shi

d, WZKdd/KE K& '>zzZZ,/ WK>z^,Z/ KE Ϯ͕ϯ͕ϳ͕ϴʹddZ,>KZK/EKͲWͲ/Ky/E /Eh :/E ZW
zWZ/Eh^ZW/KsZ͘:/E㸧>/sZ/E:hZzh^/E'WZ/^/KEͲhd>/sZ^>/^

1997

Jin-Liang Du, Li-Ping Cao, Rui Jia, Guo-Jun Yin

^ddh^K&WDϭϬ^E/ZWK>>hdEdE/d^WZ/d/KEh^/E'DdKZK>K'/>WZDdZ^/Ed,ZE͕/ZE

2008

Masoud Masoudi, Mohammad Sakhaei, Farshad Behzadi and Parviz Jokar

s>hd/KEK&KZ'EK,>KZ/EW^d//^Z^/h^/EE/D>WZKhd^/E:KZE/EϮϬϭϭEϮϬϭϮ

2018

Tawfiq M. Al-$QWDU\0DKPRXG$$OODZL+XVVHLQ(VWLW\DK6DQD¶D$ODTTDG and Nizar Haddad

&&d K& WZW ^K>E WZW s EhdZ/d/KE KE z/>͕ W,KdK^zEd,^/^ d/s/dz E ^K/> D/ZK/>d/s/dz K& d,Z
Z>^W/^

2026

Klaudia Borowiak, Alicja Niewiadomska, Hanna Sulewska, Grazyna Szymanska, Katarzyna
Gluchowska, Agnieszka Wolna-Maruwka
/E^/',d/EdK^dZWdKDz^'Z/^KZhE^:^Ͳϭ͗DK>h>ZD,E/^DK&>/'EK>>h>K^'Zd/KE

2036

Haiwei Feng, Yuee Zhi, Yujing Sun, Lumei Wang, Lurong Xu and Pei Zhou

^^^^DEdK&d,yWK^hZdK,szDd>^/EhZ^/E'Z/&&KEsh>dhZ^;'zW^&h>sh^Ϳ&ZKDEdZ>/d>z

Monia Perugini, Maria Cesarina Abete, Tiziana Altea, Mario Posillico, Annamaria Conte, Michele
Amorena



1752

2046

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



^zEd,^/^ E /E s/dZK Ed/DzKdZ/> /Es^d/'d/KE K& ϮͲͬϯͲ><KyzW,Ez>ZD/ / Z/sd/s^
KEd/E/E'ϰǲͲ;WzZ/D//EͲϮǲͲz>ͿW/WZ/EͲϭǲͲz>DK/dz

2052

Ivan Malik, Milos Lukac, Jaroslav Galba and Jirina Stolarikova
d,s>hd/s^dhzK&K>K'/>^h/d/>/dzK&t/EWKtZs>KWDEdW>EE/E'

2063

Zhidong Li, Fan Zhang, Guobao Song
/KͲ'EZd/KEK&E'd/s/Z/KE^z'Z^^hWKE>dZ/>^d/Dh>d/KEWW>/dK>tE

2071

Mei Zhu, Jun Zhang, Qingliang You, Gary S. Banuelos, Zengliang Yu, Miao Li, Nazir Ahmed
Bazai, Mohammad Tahir

ZDKs>K&>/KE^&ZKDYhKh^^K>hd/KEzD'ͬhͬ&>zZKh>,zZKy/^E/d^D,E/^D

2079

Jianyao Zhu, Zhiliang Zhu, Weining Hu, Hua Zhang, Hongtao Lu, Yanling Qiu

^KD,szDd>>s>^/EDh^>d/^^hK&^sE&/^,^W/^&ZKDd,^h)>Ezb,/Z><^͕dhZ<z

2090

Haluk Ozparlak, Murad Aydin Sanda, Gulsin Arslan

KDWZ/^KEK&KEdZK>^dZd'/^&KZ/^^K>sKyz'EKEEdZd/KE/Ed/sd^>h'WZK^^

2099

Evrim Akyurek, Erdal Karadurmus, Mehmet Yuceer, Eda Goz, Ilknur Atasoy, Ridvan Berber

^d/>/dzK&DK/&/Kh>ZK^^D/,zZ/^&KZz/>WZDdZ^ZK^^&KhZEs/ZKEDEd^

2113

Syed Majid Rasheed, Hidayatur Rahman, Ikramullah, Zafar Hayat Khan, Muhammad Ali, Syed
Saleem Shah, Wajid Ali Shah, Manzoor Ahmad, Tariq Shah, Amjad Iqbal, Arshad Ali Khan and
Farooq Shah

&&d^ K& ^ E^/dz KE ^KD DKZW,K>K'/> WZKWZd/^ E EhdZ/Ed ^ddh^ K& dtKͲzZ K> dhZh^
Z;Zh^>/E/͘Z/,͘Ϳ^>/E'^

2121

Sukru Teoman Guner, Ugur Sahin, Dilek Guner, Riza Karatas, Nesat Erkan
^>d/sZDKs>K&'EKdKy/KDWKhEWͲE/dZKE/>/E&ZKDtdZzEKs>DK>h>Z/DWZ/EdWK>zDZ

2131

:HL=KDQJ=KLOLDQJ=KX+XD=KDQJLinyan Zhu, <DQOLQJ4LX

/DWZKsDEd K& E E & KEEdZd/KE^ /E D/ 'Z/E^ ^ /E&>hE z E WW>/d/KE /E >K^^ W>dh͕
,/E

2145

Hui Mao, Teng Zhang, Zhaohui Wang, Menghua Li
'Zd/KE</Ed/K&Zd/sZKzz&EdKEͲ>/<WZK^^h^/E'KE>/E^WdZKW,KdKDdZ/Dd,K

2154

Hang Xu, Tianlong Yu, Jianxu Wang, Xiaoxi Guo, Airong Xu

KZ'E/ ZKE ^dKZ' E /d^ >>Kd/KE ,ZdZ/^d/^ /E d, K/> dZ D>>/ K>/&Z K^z^dD /E
>KE',hE͕'hE'KE'͕,/E

2166

Zhiyi Cui, Xiaomei Deng, Ruchun Xi, Daping Xu, Ruiping Li, Jiaxin Hu, Wen Zhu, Yilin Xu,
Jinfeng Jiao

^KZWd/KEK&d,>KtKEEdZd/KEZ;ϭͿKED'Ed/,/dK^EͬWs,zZK'>^

2174

Na Yi, Yaoguo Wu, Jianguo Wei, Sheng Zhang and Puhui Ji

^h^d/E>^K>hd/KE&KZd,z>EEZDKs>͗,KZ/KEd>^h^hZ&&>KtKE^dZhdtd>E^
dZdDEd

2183

Ezio Ranieri, Angela Gorgoglione, Gabriela Ionescu

^d/Dd/KEK&D/^^/E's>h/EE>z^/^K&sZ/E͖^/Dh>d/KE^dhz

2193

Ozgur Koskan, Elif Gul Onder

><>/E^^/^d,zZKzED/s/dd/KE&KZ/^/Ed'Zd/KEK&t^dd/sd^>h'

2205

Fatma Olcay Topac Sagban, Habibe Gozde Tasdemir
^Wd/> E>z^/^ K&  'KK  'Z/h>dhZ>  WZd/^ t/d, 'K'ZW,z /E&KZDd/KE ^z^dD /E z/E WZKs/E K&
dhZ<z

2213

M. Cuneyt Bagdatli, Oktay Erdogan, Onder Eralp
K^tZD/E'/E&>hE&ZͲd,tdZd/^^K>sE/Etd>E^K/>^K>hd/KE^

Xiaofei Yu, Yang Song, Yuanchun Zou, Ming Jiang, Xianguo Lu, Guoping Wang

1753

2220

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

dZdt^dtdZh^^/E/ZZ/'d/KEKE^ZstdZ/Ed,tKZ>͛^^KEtdZͲWKKZ^dKhEdZz͕:KZE



2225

Al-Momani Rana, Rasheed Mohammed
^dhzK&WKd^^/hD͕>/hDED'E^/hD/E^K/>EZ//ZZ/'d&ZKD&Z^,Et^dtdZE>

2232

Faridullah, Waseela Qazi, Salma Jabeen Awan, Arif Alam and Toqeer Ahmed
d,&&dK&Zz'Z^^E&Zd/>/ZKEd,WdZK>hDKEdD/Ed^K/>ZD/d/KE

Tao Han, Zhipeng Zhao, Yingying Wang

1754

2243

E\363

9ROXPH²1R

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








THE RELATIONSHIPS BETWEEN DRY AND WET WEIGHT
OF LUNG AND TUMOR TISSUES INFLUENCED BY THE
DRYING PROCEDURE
Martyna Blaszczyk1, Joanna Paluch1, Lukasz J. Binkowski1,
Pawel Rogozinski2, Robert Stawarz1

2

1
Institute of Biology, Pedagogical University of Cracow, Podbrzezie 3, 31-054 Krakow, Poland
Department of Thoracic Surgery, Pulmonology and Thoracic Surgery Center, Falata 2, 43-360 Bystra, Poland

quantified in the dry weight of samples. The most
common methods of obtaining the dry weight are
oven and freeze-drying (15). Due to the costs of the
freeze-drying, the method is less common. The
oven drying is the most often used because of its
efficiency and cost-effectiveness. Some researchers
use oven-drying at 70°C (20) while others at 80°C
(4) or even 100°C (11). During the drying adequate
temperature and time seem to be very important.
Overheating may lead to the loss of some elements,
whereas lower temperature extends drying time,
increasing the risk of sample contamination. The
problem is that the comparison of water content and
speed of water loss in normal and cancerous tissue
is scarcely mentioned in literature. Due to the fact
that cancer cells have an altered metabolism (13)
they may respond to many factors, including higher
temperature, differently than normal cells (10). That
is why it is very important to determine tissues
hydration for proper sample preparation. Moreover,
the information on length of the tissue drying time
may standardize and simplify analytical methods.
The aim of our study was to evaluate the
differences in tissue hydration and water loss
dynamics between normal and cancerous lung
tissues, and to assess the minimal oven drying time
for lung tissues, required to obtain the constant dry
weight.

ABSTRACT
Cancer is still one of the major causes of death
worldwide. Xenobiotics are one of the main
carcinogens, thus the monitoring of their
concentration is of deep concern. Many analyses
based on samples' dry weight, therefore the tissue
samples dehydratation is essential. In this study we
assessed differences in water content and its loss in
lung tumor and non-affected tissue. Samples from
20 women and 17 men diagnosed for different lung
cancers from southern Poland were dried in
laboratory oven until the weight of sample was
stable. After 312 hours of drying, the mean percent
of the dry weight (d.w.) was higher in lung samples
than in the tumor samples (25.90 vs. 20.72 % d.w.).
The noticeable water loss lasted up to 72 hours and
after that point we did not observe any significant
weight loss either in the tumor or lung tissue.
Significant negative correlations were found
between wet weight and the final mean percent of
dry weight in lung samples (R=-0.5194) and in
tumor samples (R=-0.3642). According to our
results, tissues oven drying time may be shortened
to 3 days which allows for faster and cheaper
studies.

KEYWORDS:
drying, dry weight, lung cancer, sample preparation, wet
weight

MATERIALS AND METHODS
All samples (n=77) were collected between
2012 and 2013 from patients in Pulmonary and
Thoracic Surgery Center in Bystra, Poland. The
patients were divided in two age groups (44-59 and
60-84 years old). There were 20 women and 17
men diagnosed for different lung cancers. From
each patient two samples between 0.5 ± 1 g of wet
weight (w.w.) were collected from cancerous and
seemingly unaffected tissue fragments. Samples
were put into chemically pure vials and
immediately frozen at -20°C. Then, the samples
were thawed, put on glass Petri dishes and weighed
(analytical balance: Radwag WPA 60/C, accuracy

INTRODUCTION
According to the World Health Organization,
in 2008 cancer was one of the major causes of death
worldwide (26). The disease is stimulated mainly
by smoking and environmental pollution. Thus,
monitoring of carcinogenic metals (e.g. Cd, Hg, Pb)
levels in human tissues is on special importance.
Because of non-homogeneity of material (tissues)
and potential low quantity of the analyte; proper,
clean and accurate samples preparation is required
for metal analysis (14). Trace metals usually are
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final d.w. % in both tested tissues (R=-0.0518 for
healthy and R=-0.1200 for tumorous).

to 0.1 mg). The balance was tested with the
certified weight standard (Radwag E2, 500 mg).
After that, the samples were placed in the
laboratory oven at 60°C (WAMED, SUP-100W)
where the temperature was constantly monitored
(ESCO, accuracy to 0.1°C). For the first three days
the samples had been weighed every 12 hours and
further (4th -13th day) every 24 hours until the
weight was stable (differences in sample weight
between the following measurements were <0.0065
g). The final results were presented as a dry weight
(d.w.) percentage (final dry weight divided by the
initial wet weight, given in percentages).
The Repeated Measurement ANOVA
6FKHIIH¶VWHVW VHUYHGWRYHULI\WKHVLJQLILFDQFHRI
the variation among consecutive weighings. The
factorial ANOVA was used to check the influence
on the final d.w. of tissue type, sex, and age group
of patient. The Pearson correlation factors between
the final d.w. and age, and between the initial w.w.
and final d.w. were calculated. The significance
level in all the analyses was established at 0.05. All
the statistical analyses were performed using
Statistica 10.0 (StatSoft) and Excel 2010
(Microsoft) software.

DISCUSSION AND CONCLUSION
We found that 72 hours of lungs drying in the
temperature of 60°C was enough to obtain
statistically stable dry weight. The tissue type was
the only factor significantly affecting the
percentage loss of water. Throughout the whole
examination, the tumorous WLVVXH¶VZHLJKWWHQGHGWR
be more stable than the non-tumorous one.
Additionally, the water loss in the healthy tissue
was weaker.
Generally, scientists choose different drying
temperature, e.g. 65°C (28), 70°C (1), 105°C (6),
110°C (16) or freeze-drying method with the use of
liquid nitrogen (27). Moreover, there are
researchers who do not dry samples at all (3; 12).
the possible reason of using different drying
temperatures is the aim of the conducted research,
e.g. there is evidence that some of trace elements
can be lost when the drying temperature is too high,
as well as, when it is too low (21). The final
decision on what kind of temperature is used and
how long the drying period lasts depend on the
authors, although we must emphasize that wrong
choice could be the source of errors and
unnecessary variation. Contrary to the above and
DFFRUGLQJ WR 0DUNHUW¶V 17) statement that
temperature 40-50°C is enough to successful
drying, we decided to use in our experiment 60°C
to dry samples like other authors did (23, 25, 7).
Additionally, it was found that lung samples drying
is more effective at 60°C than at higher
temperatures (5).
A simulation of calculation, assuming the
example lead (Pb) level in the mineralized solution
5.76 mg/L, showed that the final results
recalculated for the d.w. obtained after a different
period showed discrepancies between results. The
results for the initial weights of samples and for the
d.w. obtained after 192 hour of drying differed in
4.2% (RSD for tumor) and 1.3% (for healthy lung
tissue). We decided to use those two time points
because of the consecutive weighing (after 192
hours of drying) giving similar values. Comparing
these values to the analytical demands of the
instrumental analysis revealed how important step
in xenobiotic analysis is the proper material
preparation.
Some studies (1) stated that soft tissues in 6080% consist of water what can be seen also in our
studied samples (Figure 2). Nowak et al. (19) claim
that water content continuously increases from the
healthy lung tissue in the direction of tumor, which
corresponds with our findings showing that
cancerous tissue lost more water than the healthy

RESULTS
Our analysis revealed that the general trend in
water loss presented by both, tumorous and healthy
tissues, was similar but established at different
content of water in samples (Figure 1). Samples
were visibly losing their weight up to 72 hours and
after that point we did not observe statistically
significant weight loss among further weighings.
The highest decrease in weight loss was observed in
the first 24 hours of drying in both tested tissues
(73.73% decrease for healthy lung and 78.96% for
tumor tissues).
The final d.w. % (after 13 days of drying) was
higher in healthy lung than in tumor samples (25.90
vs. 20.72%). This difference was statistically
significant only in the case of tissue type
(p<0.0001) in contrast to other tested factors such
as sex (p=0.4822) and age groups (p=0.2166) The
high fluctuation of the dry weight content was seen
in the case of healthy lung samples, whereas
tumorous samples were more balanced during the
whole experiment. The widest range occurred in the
case of healthy lung samples (17.75% d.w. ±
36.58% d.w.) (Figure 2).
Statistically significant negative correlations
were found between the initial wet weight and the
final dry weight percent in the healthy lung samples
(R=-0.5194), as well as, in the tumor samples (R=0.3642). No statistically significant relationships
were noticed between the age of patients and the
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end of the drying period in lung samples; likewise,
in tumor samples, which is opposite to some (5),
who speculated that in the case of bigger sample
size, edges may get dry quicker, which leads to
hard layer formation and consequently to disruption
in water evaporation from deeper section (5). Here
we must emphasize that we did not test correlations
between wet weight and percentage of dry weight
other than those we obtained at the end of the
experiment. It is due to the fact that we would like
to avoid imprecise results.
During the whole experiment, healthy lung
tissue presented higher instability in mean
percentage of dry weight than the tumor tissue.
Possibly, it is due to the fact that cancer tissue is
more solid and consequently more resistant to the
influence of extraneous factors. Some researchers
(5) stated that ice which is formed during freezing
can devastate many structures, therefore, healthy
lung tissue is more vulnerable to being destroyed
because it is not as cohesive as tumorous one.
However, these hypotheses require further
investigations.

one. This can be related to the higher amount of
water in the tumor at the beginning of the
experiment. It is also in agreement with researchers,
ZKRUHSRUWHGORVVRI ZHW ZHLJKWLQUDWV¶OXQJ
tissue after drying at 65°C (28). It was confirmed
that in pathological states the wet/dry proportion
increases markedly (2).
Among all the studied factors (tissue type, sex,
and age group) only the type of tissue significantly
influenced the final d.w. Adrian and Stevens (1)
either did not detect any relationship between such
determinants as sex, age and the percentage loss of
weight with time. Water content per kilogram of
body weight is probably bigger in men than in
women (18), hence it is interesting that there are no
differences in water loss in tissues drying according
to the gender. Having focused on the age, some
suggested that by the age of 30 lung tissue starts to
lose its flexibility (22). This may be related to the
decline in collagen content and therefore to the
changes in percentage of water content. Based on
these data we expected relationship between
patients age and dry matter content. Indeed, we
observed the negative correlation between age and
the percentage of dry matter after 13 days of drying
although it was statistically insignificant. Possibly,
it is due to small population sampling or small age
range of donors.
Our investigation revealed that there were no
statistically significant distinctions in the weight of
samples after 72 hours of drying and the following
weighting, which is consistent with the data
FROOHFWHG IRU 0DOODUG¶ OXQJV   +RZever, it was
found that 6 hours of mice lungs drying in 65°C is
enough to obtain the stable dry weight (28). At this
time in our studies we still noted significant
decrease in water content in healthy lung, as well
as, in tumorous tissue. Those differences probably
stem from the samples size. In contrast to smaller
samples, in big samples higher variation is
suspected between its center and the edges (5).
Dries et al. (9) stated that the percentage of the dry
weight showed regional changes, thus above
differences may be the effect of collecting samples
from the different lobes, as well as, from the
different parts of these lobes. It should be noted that
different dietary habits may change protein or fat
content in the tissue, hence variation in the d.w.
percentages could be observed (24). Moreover,
&LOOH\ HW DO   DVVHUWHG WKDW WKH SHUFHQW RI OXQJV¶
dry weight decreased in mice ventilated for 60
minutes at tidal volume of 20 mL/kg. Basing on this
data we can suppose that using different volume
and time of mechanical ventilation during the
surgery may influence the dry weight content.
Unfortunately, we were not able to collect this kind
of data for our donors. Correlational analysis
revealed significant, negative correlations between
wet weight and the percentage of dry weight at the

FIGURE 1
Differences in percentage of dry weight between
lung and tumorous tissue according to the length
of drying.

To conclude, cancerous tissue contained lower
percentage of dry matter and additionally it is more
stable during the whole drying process.
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Dublan, K. (2008) Grey herons (Ardea cinera
L.) as a tool for monitoring the environment for
metal concentrations in the vicinity of a
SHVWLFLGH WRPE LQ WKH LáDZVNLH ODNH GLVWULFW
Fresenius Environmental Bulletin 17(1), 98102,
[4] Barregård, L., Svalander, C., Schütz, A.,
Westberg, G., Sällsten, G., Blohmé, I., Mölne,
J., Attman, P.O., Haglind, P. (1999) Cadmium,
mercury, and lead in kidney cortex of the
general Swedish population: a study of
biopsies from living kidney donors.
Environmental Health Perspectives, 107(11),
867±71,
[5] %LQNRZVNL à-   7KH HIIHFW RI PDWHULDO
preparation on dry weight used in trace
elements determination in biological sample.
Fresenius Environmental Bulletin 21 (7A),
1956-1960,
[6] %LQNRZVNL à- 6WDZDU] 5 =DNU]HZVNL 0
(2013) Concentration of cadmium, copper and
zinc in tissues of mallard and coot from
southern Poland. Journal of Environmental
Sciences and Health Part B 48, 410-415,
[7] BinkoZVNL à- 6DZLFND-Kapusta, K. (2015)
Lead poisoning and its in vivo biomarkers in
Mallard and Coot from hunting activity areas.
Chemosphere 127, 101-108
[8] Cilley, R.E., Wang, J.Y., Coran, A.G. (1993)
Lung injury produced by moderate lung
overinflation in rats. Journal of Pediatric
Surgery 28(3), 488-495,
[9] Dries, D.J., Simonson, D.A., Adams, A.B.,
Marini, J.J. (2007) Time course of physiologic
variables in response to ventilator-induced lung
injury. Respiratory Care 52(1), 31-37,
[10] Dudar, T.E., Jain, R.K. (1984) Differential
response of normal and tumor microcirculation
to hyperthermia differential response of normal
and tumor microcirculation to. Cancer
Research, 44, 605±612,
[11] Duniho, S.M., Martin, J., Forste,r J.S., Cascio,
M.B., Moran, T.S., Carpin, L.B., Sciuto, A.M.
(2002) Acute changes in lung histopathology
and bronchoalveolar lavage parameters in mice
exposed to the choking agent gas phosgene.
Toxicologic pathology30(3), 339-349,
[12] Gasparik, J., Vladarova, D., Capcarova, M.,
Smehyl, P., Slamecka, J., Garaj, P., Stawarz,
R., Massanyi, P. (2010) Concentration of lead,
cadmium, mercury and arsenic in leg skeletal
muscles of three species of wild birds. Journal
of Environmental Science and Health Part A
45, 818-823,
[13] Hsu, P.P., Sabatini, D.M. (2008) Cancer cell
metabolism: Warburg and beyond. Cell,
134(5), 703±7,

FIGURE 2
Comparison of final percentage of dry weight in
tumorous and lung tissue.

In the light of the fact that the duration of the
analysis is very important during the medical
examination and according to the obtained results
we suggest to shorten the drying period to 72 hours
(longer drying does not cause a significant water
loss). It should be also pointed out that from the
toxicological point of view it is more reliable to
base the investigation on the dry weight of tissue,
so we do not recommend using the wet weight
which is connected with the probability of sizable
errors. Based on our results, we can put forward the
thesis that the final d.w. percentage is influenced
only by the tissue type (25.90 in healthy vs. 20.72%
in tumorous) among all the tested determinants.
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toxicity [4]. So the seriously heavy metals polluted
lands became barren and abandoned, and had a
significant impact on the surrounding environment.
Therefore, reclamation on abandoned, heavy metals
polluted lands became an urgent task [5]. However,
vegetation establishment on heavy metals polluted
soil was very difficult because of the high toxicity
of heavy metals [4] and the extreme lack of
nutrients [6]. So it was important to decrease the
toxicity of heavy metals and increase the nutrient
acquisition of the plants.
Arbuscular mycorrhizal fungi (AMF) usually
form beneficial symbioses with roots of many
plants to enhance the mineral nutrients uptake, such
as phosphorus (P) [7] and sulfur (S) [8]. In heavy
metals polluted soil, AMF decreased the toxicity of
heavy metals to plants [9], enhanced the growth and
heavy metals tolerance of plants [10], and improved
plants performance [11]. Therefore, AMF was
considered be useful to promote the reclamation on
heavy metals polluted lands [12].
Leucaena leucocephala (Lam.) de Wit), a
fast-growing leguminous woody plant, had a
relative strong resistance to heavy metals [13].
Leucaena leucocephala was considered as a pioneer
plant for reclamation on heavy metals polluted land
[14-16]. However, high heavy metals concentrations
would inhibit the growth of Leucaena leucocephala.
For example, the seedling growth of Leucaena
leucocephala significantly reduced at 25 ppm
treatment of lead and cadmium [13]. 500 ppm lead
or 700 ppm cadmium caused significant decrease on
height, root length and biomass of Leucaena
leucocephala [17]. Whether AMF can enhance the
growth, nutrients and heavy metals tolerance of
Leucaena leucocephala are far to be documented.

ABSTRACT
Leucaena leucocephala plants were inoculated
two arbuscular mycorrhizal fungi (AMF) - Glomus
mosseae (GM), Diversispora spurcum (DS) that
grown in pots of soil from an abandoned farmland
surrounding a Pb and Zn smelter. The plant growth
and phosphorus (P), sulphur (S), lead (Pb), zinc
(Zn), cadmium (Cd) and arsenic (As) uptake by
Leucaena leucocephala were studied. Results
showed that: GM inoculum promoted the growth
and P, S uptake of Leucaena leucocephala, but DS
inoculum did not. Both GM and DS inoculums
reduced the concentrations of Pb, Cd and As in
Leucaena leucocephala, except Zn. GM inoculum
increased Pb and Zn uptake by Leucaena
leucocephala, while DS inoculum decreased As
uptake. Thus there were obvious differences
between GM and DS inoculums on their
relationships with Leucaena leucocephala grown in
heavy metals polluted soil.

KEYWORDS:
Arbuscular mycorrhizal fungi (AMF), Leucaena
leucocephala, phosphorus, heavy metal, uptake

INTRODUCTION
The heavy metals could diffuse into the
environment by dust [1], wastewater [2] and others
in the process of explorations, smelting and
utilization of metals mine. A long-time diffusion
caused a heavy accumulation of heavy metals in
topsoil and led to a serious pollution [3]. The
serious heavy metals pollution in topsoil resulted in
a restriction on most plants due to their biological
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TABLE 1
Chemical properties of the soil.
Parameter

Value

pH (H2O)

5.74

Organic matter (g/kg)

19.7

Total nitrogen (g/kg)

2.94

Total phosphorus (g/kg)

0.40

Total potassium (g/kg)

19.2

Alkali-hydrolyzable nitrogen (mg/kg)

177.3

Available phosphorus (mg/kg)

9.98

Available potassium (mg/kg)

145.1

Total lead (mg/kg)

1703.2

Total zinc (mg/kg)

812.6

Total cadmium (mg/kg)

16.2

Total arsenic (mg/kg)

2.5

In the present study, the growth of, the
phosphorus, sulfur and heavy metals (Pb, Zn, Cd
and As) uptake by Leucaena leucocephala were
studied on heavy metals polluted soil by pot
experiment. We hypothesized that AMF could
improve the growth of Leucaena leucocephala by
enhancing the nutrients uptake and decreasing
heavy metals uptake.

1511C0001BGCAM0013) inoculum (GM) and
(3)
Diversispora
spurcum
(BGCSD03A,
1511C0001BGCAM0047) inoculum (DS). There
were 4 replicates for each treatment, resulting in
a total of 12 pots. Each pot sown with 8
germinated seeds inoculated with 50 g GM or DS
inoculum, which were provided by Institute of
Plant Nutrition and Resources, Beijing Academy
of Agriculture and Forestry. AM infection of root
was detected by acid fuchsine staining and
assessing root segments for presence or absence
of arbuscles and vesicles using the magnified
intersections method [18]. The spores were
extracted by wet sieving of the soil samples and
by a sucrose gradient centrifugation method [19]
and observed under light microscopes.

MATERIALS AND METHODS
Soil and seedling preparation. Soil was
collected from an abandoned farmland near an
old smelter located at Gejiu City, Yunnan
Province, China. The chemical properties of soil
were shown in Table 1. The soil was sampled
from the surface layer (0-20 cm), sieved to pass a
2 mm mesh, autoclaved (121°C, 2 h) to eliminate
indigenous AMF, and then air-dried. Seeds of
Leucaena leucocephala were surface sterilized
with 10% H2O2 solution for 10 minutes, rinsed
four times with distilled water, and kept for
germination on wet filter paper in Petri dishes at
25 °C until the radicles appeared.

Plant
growth
and
chemical
measurements.
The soil was watered by
distilled water to maintain moisture content of
15% on a dry soil basis. After 7 days, emergence
seedlings were thinned to 5 seedlings per pot.
Plants grew for 4 months. Plant heights were
recorded for each individual plant before harvest.
The shoots were removed by cutting just above
the soil surface. The roots were recovered by
washing with water and then rinsed with distilled
water 5 times. Due to the small biomass of the
roots, we mixed the shoots and roots to ensure
the required sample amount for chemical analysis,
and then ground to < 0.25 mm.

Mycorrhizal inoculation and analysis.
The experiment was a completely randomized
design of three treatments: (1) none AMF
inoculum as the control treatment (CK), (2)
Glomus
mosseae
(BGCYN05,
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Plant samples (1.0 g) were mineralized by
wet digestion in 15 ml of ultrapure mixture of
concentrated HNO3/HClO4 (3:1) (v/v) on a
thermo block at 200-250 oC to obtain a
transparent solution, and then were diluted with
0.2% HNO3 to 50 ml. The total concentrations of
Pb, Zn, Cd and As were determined by the flame
atomic absorption spectrometry (FAAS) using a
TAS-990 atomic absorption spectrometer
(Beijing Puxi Instrument Factory, Beijing, P.R.
China). Pb(NO3)2, ZnCl2, CdCl2 and As(NO3)2
were standard materials for assurance control.
The total concentrations of S were determined by
barium sulfate turbidimetry [20]. Plant samples
(0.25 g) were digested by H2SO4-H2O2, and then
the total concentrations of P were determined by
vanadium-molybdenum colorimetric method
[21].

between the uninoculated control and DS
inoculation treatment (Figure 1, 2). Although
heavy metals in polluted soil caused the
deleterious effects on the growth of plants. Many
AMF existed in the heavy metals polluted soil
[23] and commmenly were beneficial to plant
growth and torelance to heavy metals. Similar
result were found under copper (Cu) stress, the
height, leaves number, aboveground and
belowground biomass of Leucaena leucocephala
were enhanced by G. mosseae inoculum [24].
GM inoculation significantly enhanced
plant P concentrations, P and S uptake. The P
concentrations in, P and S uptake by Leucaena
leucocephala plant with GM inoculation was 1.7,
2.9 and 1.9 folds compared with the uninoculated
control respectively (Figure 3). Plant P and S
uptake of GM inoculation treatment also were
significantly higher than that of DS inoculation
treatment. There was no significant difference
between DS inoculum and uninoculated control.
In addition, SAR for nutrient (P and S) was
higher in Leucaena leucocephala seedlings with
GM (Table 3). When AMF formed symbiotic
relationship with host plants, heavy metals
negative effects could be attenuated by
improving mineral nutrition and other symbiotic
changes in the plants [25]. This beneficial
performance of AMF always relates with the
changes on nutrition of host plants. When AMF
formed symbiotic relationship with host plants,
AMF improved host plants nutrition by
extraradical mycelia through which soluble
minerals particularly P can be taken up [26]. It is
worth noting that P nutrient has an important role
in heavy metals tolerence of plants. Improving P
nutrition of plants could enhance detoxification
of heavy metals toxicity [27] . Like prvious
studies found Glomus aggregatum and Glomus
fasciculatum significantly improved P nutrition
of Leucaena leucocephala [28, 29]. Therefore,
the promotion on plant growth could attribute to
the better nutritional status of the AMF plants.
The negative effects of heavy metals could be
attenuated by improving mineral nutrition in the
plants.
AMF inoculation decreased Pb, Cd and As
concentrations in plant. The decrease of Pb, Cd
and As concentrations was 27.5%, 39.3% and
58.8% for GM inoculation, and was 33.5%,
38.4% and 60.7% for DS inoculation,
respectively (Figure 4). There was no significant

Statistical analysis.
The specific
absorption rate (SAR) was defined as the amount
of nutrients absorbed per unit of root mass and
was calculated as follows: SAR = Plant nutrient
uptake (μg) / Root mass (mg) [22].
The uptake of P, S and HM (Pb, Zn, Cd and
As) = the plants biomass × the concentrations of
P, S and HM respectively. All data presented here
are the mean value ± standard deviation (SD)
calculated from four replicates. Statistically
significant differences among treatments (CK,
GM and DS) were determined by using the
least significant difference (LSD) test at the 5%
level.

RESULTS AND DISCUSSION
No root infection was observed in the
uninoculated control plants. Table 2 showed that
root infection rate of inoculated plants colonized
by GM and DS was 43.6% and 41.1%
respectively. There was no significant difference
for that between the two AMF inoculums.
Number of GM and DS spores in 100.0 g soil
was 1065 and 1410 respectively. Spores number
of DS was higher than that of GM.
GM inoculation enhanced the growth of
Leucaena leucocephala plant, but not for DS
inoculation. Both the height and shoots biomass
of GM inoculation treatment were higher than the
uninoculated control and DS inoculation
treatment, and there was no significant difference
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difference for heavy metals concentrations
between GM and DS inoculation. Due to the
biomass increase of the plant with GM
inoculation, GM inoculation significantly
enhanced plant Pb and Zn uptake by 28.1% and
54.4% respectively, while DS inoculation
significantly decreased plant As uptake by 56.6%

respectively (Figure 5). So heavy metals
absorbed per unit of root was decreased by the
AMF inoculation. SAR for Pb, Zn and As was
lower in Leucaena leucocephala seedlings with
DS (Table 3).

TABLE 2
AMF colonization of Leucaena leucocephala.
Treatment

Mycorrhizal infection rate (%)

Number of AMF spores in 100.0 g soil

CK

0b

0c

GM

43.6±8.8 a

1065±160 b

DS

41.1±6.9 a

1410±108 a

TABLE 3
SAR (μg/mg) of nutrients (P and S) and heavy metals (Pb, Zn, Cd and As) in Leucaena leucocephala.
Treatment

P

S

Pb

Zn

Cd

As

CK

5.00±1.47 b

8.01±1.68 b

1.17±0.09 a

2.84±0.23 ab 0.30±0.11 a 0.018±0.004 a

GM

12.42±3.68 a

13.09±2.50 a

1.30±0.23 a

3.81±0.96 a

0.26±0.08 a 0.011±0.004 b

DS

6.71±1.20 b

7.58±1.46 b

0.85±0.23 b

1.96±0.53 b

0.19±0.05 a 0.008±0.002 b

Note: Different letters indicate significant differences (P <0.05).

With AMF inoculum, increases or decreases
of heavy metals contents in the host plant had
been observed depending on the concentrations
of heavy metals in soil, fungi and plant species
[12]. In this study, GM and DS inoculum
decreased heavy PHWDOV¶ FRQWHQWV LQ WKH SODQW RI
Leucaena leucocephala. The possible reasons of
GHFUHDVLQJ KHDY\ PHWDOV¶ FRQWHQWV LQ KRVW SODQW
by AMF include immobilization by the fungus
secreted compounds, adsorption to fungal cell
walls, and chelation of heavy metals inside the
fungus [11] . In addition, AMF can promote plant
growth by improving P nutrition, and then
SURGXFH³GLOXWLRQHIIHFWV´RQWLVVXHKHDY\PHWDOV
concentrations [30]. Thus reductions of heavy
metals contents in host plant also contribute to
attenuate the toxicity of heavy metals and favor
the plant growth by AMF inoculum.
There was obvious difference between GM
and DS inoculum on their effects on the growth,
P nutrition and heavy metals uptake of Leucaena
leucocephala. GM inoculum had a markably

enhanced performance to Leucaena leucocephala,
but DS inoculum did not have. The mycorrizal
plants of Leucaena leucocephala with GM
inoculum demonstrated to grow better in heavy
metals polluted soil compared to DS inoculum.
There is an increasing evidence indicated the
diversity in the forms and ecological functions of
AMF from different species [31]. Important
functional differences in terms of nutrient and
toxic elements acquisition strategies have been
recognized among AMF species [32]. Hence,
screening of appropriate AMF isolatesbfor
building efficient symbiots and exploiting
plant-AMF partnerships to improve plant growth
and heavy metals tolerance could be helpful to
further revegetation.
The heavy metals uptake of plant is equal to
the contents multiply by the plant biomass. Due
to the increase on the plant biomass, the uptake
of Pb and Zn enhanced by GM inoculum. That
meams more heavy metals would be retained in
the mycorrizal plants of Leucaena leucocephala
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control. The
leucocephala
heavy metals
heavy metals

from soil. Therefore mycorrizal Leucaena
leucocephala are more better to perform further
revegetation compared to the uninoculated
control.

FIGURE 2
Biomass of Leucaena leucocephala with or
without AMF colonization.

FIGURE 1
Height of Leucaena leucocephala with or
without AMF colonization.

FIGURE 3
Contents and uptake of P and S in the plant of Leucaena leucocephala with or without AMF colonization.
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contents in plants except Zn. Glomus mosseae
inoculum increased the uptake of Pb and Zn,
while Diversispora spurcum inoculum reduced
As uptake by Leucaena leucocephala. So there
were significant differences between Glomus
mosseae and Diversispora spurcum inoculum on
their interaction with the host plant.

CONCLUSIONS
Glomus mosseae inoculum significantly
enhanced the growth and P, S uptake of Leucaena
leucocephala, while Diversispora spurcum
inoculum did not. Both Glomus mosseae and
Diversispora spurcum inoculum resulted in a
significant reduction on the heavy metals

FIGURE 4
Contents of Pb, Zn, Cd and As in the plant of Leucaena leucocephala with or without AMF colonization.

FIGURE 5
Uptake of Pb, Zn, Cd and As in the plant of Leucaena leucocephala with or without AMF colonization
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organisms. Species that can only tolerate a narrow
range of environmental conditions can generally be
considered as indicator species for environmental
change. Because of the high numerical changes in
the population densities of organisms when count
data are used, there is often a large difference
between the population mean and variance
[20,21,22,24]. In Poisson distribution, the mean and
variance are equal to each other; however, in real
applications, count data do not always fit this
distribution [3,10,13,14,18]. Cases in which the
variance is more than the mean are referred to as
overdispersed. An alternative regression method
suitable for modeling the overdispersion occurring
in a data set is mixture Poisson regression (MPR)
[2,21,22].
In mixture modeling, a data set can be
obtained from a population consisting of different
subpopulations. In other words, the data set can
show a heterogeneous structure obtained from a
single population and also from multiple
subpopulations [4,12,15,18,21]. The aim is to
determine the subpopulations by assuming that the
observations in the data set may belong to
unobserved subpopulations and then determine the
probability of each observation being included in
the subpopulation [14,18].
In addition to mixture modeling, cluster and
factor analyses may be used to classify such data
sets. However, mixture modeling has two important
advantages when compared with cluster and factor
analyses [14]. First, for each observation, mixture
modeling is determined according to the probability
of inclusion within the subpopulation categories.
Second,
parameter
estimations
for
each
subpopulation are obtained [14,21].
The aim of this study was to define and classify
the densities of species obtained from the Lake Van
basin according to sampling sites within the lake
using mixture Poisson regression.

ABSTRACT
This study is based on periodical surveys of
the coastal band of Lake Van. Twenty sampling
sites were determined on the basis of 3 different
characteristics: stream entrance point, settlement on
the coastline, and natural coastline. Macro
invertebrates were collected with a standard sweep
net, and zooplankton samples were collected using
plankton nets. Mixture Poisson regression was used
for data analysis. In mixture Poisson modeling, the
data set is assumed to have an unobservable
heterogeneous structure, causing serious deviations
in parameter estimations and standard errors. This
heterogeneity is overcome when the data set is
divided into homogeneous subpopulations. Thus,
homogeneity is achieved for subpopulations but the
heterogeneity to be put forward between the
subpopulations is unclear. In this study, 20
zooplankton and 7 insect species were found and
their populations were separated into 8
subpopulations according to the mixture Poisson
regression model. The relationship between species
densities and the physicochemical structure of
water was statistically significant (p<0.01). In the
subpopulations, it was determined that the densities
of certain species in areas with the same
characteristics were high. This indicates that these
species are indicators for these areas.

KEYWORDS:
Biodiversity, Arthropod, Zooplankton, Mixture Poisson
regression, Lake Van, Indicator species

INSTRUCTION
Organisms are under the direct or indirect
climatic, edaphic, biotic, physical and chemical
impacts of their habitats [6]. In aqueous
environments, biotic factors such as food supply
and predation, and abiotic factors such as
chemistry, nutrient status, temperature, light, and
pH determine the population dynamics of
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with a plankton net for 10 minutes. In this
procedure, approximately half the chamber of the
plankton net was submerged in the water and
swept. The third method included the attachment of
the plankton net to a long rope. This was swept
along with slight down-below movements at depths
of approximately 1.5 m, for a distance of 200 steps.
Plankton samples collected using the three methods
were combined into a 250-ml collecting case and
were transported to the laboratory under cold chain
conditions Collected plankton samples were
preserved in 4% formaldehyde, and macro
invertebrates were preserved in 90% ethanol.
Methods described previously were used for
sampling, preserving, preparation and dissection
procedures [5,23]. Species identifications were
made by Dmitry A. Gapon (Zoological Institute
RAS, Universitetskaya nab., 1, St. Petersburg,
5XVVLD  ùNUDQ 3RODW 3URMHFW SDUWQHU , DQG $\úH
7DúGHPLU 8QLYHUVLW\RI(JHø]PLU7XUNH\ 

MATERIALS AND METHODS
Sampling. The study was based on periodical
surveys of the coastal band of Lake Van conducted
between July and September 2008. Twenty
sampling sites were established at three different
types of area: stream entrance points, settlement
coastlines, and natural coastlines (Figure 1).
Samples were obtained at these sites according to
the methods of Hansen et al. [7]. Macro
invertebrates were collected with a standard sweep
net (30 cm wide; 1 mm mesh), [7,8] and
zooplankton samples were collected with 153 μm
mesh plankton nets. Sweep net samples were
collected at 5 points within each site, at a depth of
1±1.5 m and at a distance of 1±5 m from the shore.
Collected specimens were transferred to sampling
cases together with toluene and lake water. Three
different methods were used for plankton sampling.
Firstly, the plankton net was lowered to the bottom,
a depth of around 1 m, and then hiked up vertically.
Five replicates were made at each of the sampling
sites. Secondly, surface sampling was conducted

FIGURE 1
Sampling places in Van Lake and Van basin.
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METHODS

N

SÖ k

Mixture Poisson Regression Model. The
form of the Poisson mixture models with K
components is [21],

f y | x,T k

K

¦S

k

Poi y | x,T k

In equation (1),

(1)

unknown parameter vector,

Tk
Sk

T1' ,......,T k'
S 1 ,.......,S k

K

¦S

k

'

The EM algorithm can not be used for mixture
models only, but rather provides a general
framework for fitting models on incomplete data
[4]. For this reason, suppose that augment each
observation xi , yi with unobserved multinomial

¦ log f

otherwise [7]. The EM algorithm can be shown to
maximize the log-likelihood on the complete data
xi , yi , zi . Then ML estimation of unknown

log L

i 1

§ K
·
log
¨ ¦ S k Poi y i | xi , T k ¸
¦
i 1
©k 1
¹
N

PÖik

P k | xn , y n ,T k

Tk

max T k

¦ PÖ

is given by,
ik

log Poi y i | xi , T k

(3)
Model Selection. AkaiNH¶V LQIRUPDWLRQ
criteria (AIC) and Bayesian information criteria
(BIC) are widely used criteria to determine the
number of sub-populations in the mixture model. In
addition, entropy is used to make classification of
each observation correctly. AIC and BIC are [21],
AIC  LogL  2 p
(7)

posterior class

 LogL  p ln( N )
where p denotes number of parameters.

probability for each observation can be given as
following [7],

PÖik

parameter

i 1:zik 1

EM algorithm finds the maximum likelihood
(ML) estimates using an iterative procedure
consisting of two steps [4, 10,21]: an E-step and a
M-step. At the E-step,

zi1 ,........,zik , where zik 1 if
belongs to class k and zik
0

xi , yi

(2)

f y | x, T k

y i | xi , T k

zi

variables

Parameter Estimation. The log likelihood
function for the complete data is [10,22],
N

^

i 1

k 1

log L

(5)

N

N

is a probability of sub-population k, y is a
dependent variable based on count data with
Poisson distribution, and x is a vector of
independent variables. The posterior probability for
observation x, y belong to class j is,

S j f y | x, T j

ik

i 1

max T k ¦ Pik log Poi yi | xi , T k

k denotes the number of sub-

populations in the mixture,

¦ PÖ

At the M-step, after maximizing log-likelihood
function in equation 3, ML estimations of unknown
parameter vector T k is [10],

k 1

P j | x, y , T



BIC

(4)

Using equation 2 and the ML estimators of the
sub-populations (the prior class probabilities) are
calculated as the sample averages of the estimated
weights [10],
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TABLE 1
Species belonging to Insecta, Rotifera, Copepoda ve Branchiopoda and their distribution in coastal band
of Lake Van.
Morpho
species

Family
Clasis

Ordo

Sub fam.

Species

Location

Insecta

Heteroptera

Notonectidae

Notonecta viridis Delcourt

All

Diptera

Chironomidae

No
ms77
ms78

Orthocladiinae
ms73
ms74
ms75
ms76

Tanypodinae

ms79

Chironominae

Halocladius (Halocladius)
fucicola (Edwards,1926)
Cricotopus (Cricotopus)
triannulatus (Macquart 1826)
Eukiefferiella sp.
Rheocricotopus ( Rheocricotopus)
fuscipes (Kieffer 1909)
Tanypus (Tanypus) vilipennis
(Kieffer 1918)
Paracladopelma sp.

All
All
All
All
All
Except 1*, 2, 3, 8, 9, 10, 11,
12, 13, 14, 15, 17, 18, 20

ms81

Brachionus pilicatilis (O. F.
Müler)
Brachionus anqularis (Gosse)

ms82

Keratella quadrata (O. F. Müler)

Except 2, 8, 9, 14, 15

ms83

Notholca squamula (O. F. Müller)

Except 20

ms80

Rotifera

Monogononta

ms84

Brachionidae

Lecanidae

Lecane ohiensis (Herrick)

All
All

Except 2,
3, 4, 5, 7, 8

ms85

Lecane grandis (Murray)

All

ms86

Lecane lamellata (Daday)

Except 7

ms87

Colurellidae

Colurella colurus (Ehrenberg)

Except 2, 5, 7, 9, 13, 17, 19

ms88

Trichocercidae

Trichocerca taurocephala (Hauer)

All

Trichocerca cylindrica (Imhof)

Except 15, 18

ms89
ms90

Filinidae

Filinia maior (Coldita)

Except 7, 8, 13, 14, 17

ms91

Mytilinidae

Mytilina spinigera (Sache)

Except 4, 13, 14, 20

ms92

Hexarthridae

ms93
ms94

Copepoda

Calanoida

Diaptomidae

ms95
ms96

Cyclopoida

Cyclopidae

Hexarthra mira
(O. F. Müler)
Hexarthra fennica (Levander)

All

Arctodiaptomus spinosus (Kiefer)
Acanhtodiaptomus denticornis
(Wierzejski)
Cyclops strenuus

All

( Fisher)
Megacyclops viridis

ms97
ms98
ms99

( Jurine)
Brachiopoda

All

All
All
All

Cladocera

Bosminidae

Bosmina longirostris (O.F.M)

Except 7

Diplostraca

Moinidae

Moina macrocarpa (Straus)

All
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TABLE 2
Model selection criteria for different subpopulations.
Model selection criteria*
BIC
AIC
150455.80
150418.70
82876.90
82798.40
51430.32
51310.52
26796.14
26635.03
21244.17
21041.74
12726.92
12483.17
11975.08
11690.02
10736.04
10409.67
11007.54
10722.49

Sub-populations
Model with one subpopulation
Model with two subpopulations
Model with three subpopulations
Model with four subpopulations
Model with five subpopulations
Model with six subpopulations
Model with seven subpopulations
Model with eight subpopulations*
Model with nine subpopulations
* Lowest BIC and AIC values explain the best model.

analyses, the deviance and Pearson Chi-square
goodness of fit statistics indicate that
overdispersion
was
309.95
and
351.73,
respectively. A goodness of fit statistic value of
higher than 1 indicates that there is an
overdispersion in the data set [14, 18]. Because an
overdispersion was found in the data set, MPR was
applied to remove it.
Initially, data were analyzed to determine the
number of different subpopulations contained at all
sampling sites. The MPR model selection criteria
used to determine the number of subpopulations
was given in Table 2. Since the AIC and BIC
criteria continue to increase after the model with
eight subpopulations, the models containing subpopulations more than nine were not given.

RESULTS AND DISCUSSION
In this paper, statistical analyses were
performed using Mplus and SAS statistical
software programs.
The arthropod species identified in this study
were listed in Table 1. The species composition
consisted of 25.93% insects (7 species), 51.85%
rotifers (14 species), 14.81% copepods (4 species),
and 7.41% branchiopods (2 species). Their
densities were found to be 2.55%, 31.41%, 61.65%,
and 4.38%, respectively. Within the model, the
population densities of the 20 zooplankton and 7
aquatic insect species were considered as dependent
variables, while the physicochemical environmental
factors affecting them were considered as
independent variables. In Poisson regression (PR)

TABLE 3
Effects of physico-chemical environmental factors on species density of subpopulations (estimation and
std. error).
Subpop.

Mean
species
Densities

Mixing
probability

Intercept

Species

pH

CI

CO3

HCO

Mg

Cu

Fe

1

384.5

35
(7.70%)

154.92
(7.30)**

0.004
(0.002)**

-18.05
(0.83)**

-9.64
(0.16)**

0.002
(0.001)**

0.01
(0.001)**

4.58
(0.54)**

215.09
(6.68)**

456.65
(7.42)**

2

136.3

102
(21.45%)

-1.92
(5.02)

-1.25
(0.002)**

-3.03
(0.49)**

9.99
(0.14)**

0.02
(0.001)**

-0.01
(0.001)**

3.86
(0.30)**

-189.25
(4.64)**

-491.09
(6.10)**

3

297.0

60
(13.19%)

-171.74
(2.85)**

0.25
(0.002)**

5.27
(0.26)**

-10.47
(0.13)**

0.01
(0.001)**

0.002
(0.001)**

22.68
(0.23)**

-119.53
(4.16)**

-249.89
(5.19)**

4

472.3

44
(9.83%)

277.22
(4.29)**

0.11
(0.001)**

-23.72
(0.41)**

2.18
(0.10)**

0.03
(0.001)**

0.01
(0.001)**

-9.98
(0.27)**

108.92
(3.21)**

168.43
(5.75)**

5

233.9

56
(12.47%)

-18.97
(4.26)**

-0.06
(0.002)**

-6.80
(0.40)**

-4.25
(0.14)**

-0.01
(0.003)**

0.01
(0.001)**

16.03
(0.29)**

-366.80
(6.60)**

-36.86
(5.89)**

6

368.3

42
(9.37%)

-293.66
(3.51)**

0.09
(0.001)**

22.83
(0.34)**

-2.48
(0.14)**

0.003
(0.01)**

-0.004
(0.001)**

13.54
(0.27)**

65.28
(4.13)

137.69
(4.77)**

7

477.7

40
(8.87%)

130.00
(3.39)**

0.21
(0.003)**

-2.36
(0.34)**

7.22
(0.15)**

0.02
(0.001)**

-0.01
(0.001)**

-20.38
(0.28)**

249.69
(6.29)**

278.40
(7.47)**

8

187.1

81
(17.11%)

201.49
(3.91)**

-0.04
(0.001)**

-7.50
(0.35)**

6.62
(0.12)**

-0.04
(0.001)**

-0.004
(0.001)**

-19.56
(0.30)**

-86.12
(4.90)**

-253.08
(5.59)**

** P<0.01
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environmental factors were taken into account.
Table
3
indicates
that
physicochemical
environmental factors affected the species density
in every subpopulation (P<0.01)
All
the
measured
physicochemical
environmental factors had important effects on the
densities of subpopulations in either a negative or
positive way, except for Cu in subpopulation 6. Cu
and Fe, had a positive effect on 4 subpopulations
(1, 4, 6, and 7) where species densities were high,
and a negative effect on the other four
subpopulations (2, 3, 5, and 8) where species
densities were low (Table 3 and Figure 2).
Species distributions in subpopulations were
represented in Figures 3-7. Some cosmopolitan
species were dominant in all subpopulations and
sampling sites. These species are two copepods;
Arctodiaptomus
spinosus,
Acantodiaptomus
denticornis (Copepoda: Calanoida) and two rotifers;
Brachionus pilicatilis (Rotifera: Monogononta:
Brachionida),
Hexarthra
mira
(Rotifera:
Monogononta: Hexarthridae). Rotifers were the
most dominant group within the wetlands,
constituting approximately 60% of all the
zooplankton species. However, as they are able to
easily adapt to environmental changes, they cannot
be stated as indicators of a special area [17]. In this
study, rotifers were found to be the most abundant
organisms (61.65%), and they are the most
important food source of notonectids, other small
arthropods and Chalcalburnus salicis, a fish species
endemic to the Lake Van.

It is widely accepted that the model having the
smallest AIC and BIC model selection criteria best
describes the data set the best [21]. The AIC and
BIC model selection criteria for the model having
eight subpopulations, which were shown in bold
letters in table 2, were smaller than those obtained
for the models with other sub-populations.
Therefore, the model with eight subpopulations was
considered to be the best model, and this model was
chosen for interpreting the parameter estimation.
Since the model with eight subpopulations is
the best for the sampling sites with respect to the
species densities, the results were interpreted
according to it. The effects of physicochemical
environmental factors on the species density of
subpopulations were obtained using MPR models.
Parameter estimations and standard errors were
given in Table 3. In the model, the mean densities
of the species constituting the subpopulations were
between 136.3 (102 individuals) and 477.7 (40
individuals). While constituting subpopulations,
individuals with similarity were grouped in the
same subpopulation.
The mixing probability is proportion of
individuals in a subpopulation, and it is calculated
by dividing the number of individuals in a
subpopulation by the total number of individuals
sampled. According to species densities, mixing
probability was the highest for subpopulations with
the smallest mean, and it was lowest for subpopulations with the highest mean (Table 3).
When constituting subpopulations, not only
species densities, but also physico-chemical

FIGURE 2
Effects of physico-chemical environmental factors on subpopulations.

sampling sites 12 and 11, respectively. It was
concluded that these species were indicators of
water quality [1]. Colurella colurus was found in
almost all sampling sites at varying frequencies.

Analysis of species distributions according to
sampling areas showed that Cryptotendipes
holsatus and Halocladius fucicola were the most
common species within subpopulation 2 at
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Paracladopelma sp. was predominately found in
areas with stream entrances and settlement
coastlines. H. fucicola was also commonly found in
sampling areas characterized as natural coasts,
excHSWIRUWKH0ROODNDVÕPVDPSOLQJVLWH1YLULGLV
is known to prefer alkali and salty waters [11] and
was sampled at all coastlines. Notonectids are
directly related to the water balance. They convert
ammonium carbonate in the water to ammoniac via
their digestive system and porous integument [19].
N. viridis absorbs the basic acidic ammoniac. This
process regulates the acid-base balance of the lake
water.

These species are known to be migratory which can
adapt to almost all waters. Moina macrocopa, a
cosmopolitan species, was also found at almost all
sampling sites. According to these models, it was
found in all subpopulations, except for subpopulations 1 and 7. L. ohiensis, L. grandis and L.
lamellate, known as cosmopolitan species of alkali
and salty waters, were found in almost every
subpopulation.
B.
longirostris,
another
cosmopolitan species, was found to be more
abundant within stream entrance areas.
All aquatic species except for Paracladopelma
sp. were found in almost all sampling areas.

FIGURE 3
Distributions and densities of species according to sampling sites in subpopulation 1.

FIGURE 4
Distributions and densities of species according to sampling sites in subpopulation 2.
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FIGURE 5
Distributions and densities of species according to sampling sites in subpopulation 3 and 4.

FIGURE 6
Distributions and densities of species according to sampling sites in subpopulation 5 and 6.
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FIGURE 7
Distributions and densities of species according to sampling sites in subpopulation 7 and 8.

subpopulations obtained from the various sampling
locations with different characteristics.
Rotifers were determined to be the most dense
organisms, followed by copepods. Arctodiaptomus
spinosus and Acanthodiaptomus denticornis were
determined as the most dense species at all
sampling sites and subpopulations. A. spinosus is a
typical crustacean of sodium lakes. The highly
alkaline water of Lake Van provides ideal
conditions for this species. Acanthodiaptomus
denticornis is widely distributed in high-altitude
lakes throughout the European Alps [19]. Because
the density of these species was found to be similar
at almost all locations, it cannot be concluded that
these species are specific to certain sampling
locations within the study area.
B. pilicalitis and H. mira were observed at
higher populations in stream entrance and
settlement areas, and they were absent or almost
absent at very low densities in sampling locations
described as natural areas. These species are known
indicators of increased eutrophication, which is
supported by the findings of this study.

CONCLUSION
In this study, the observed dependent variable
was obtained by counting macro invertebrates and
zooplankton. MPR was used for modelling the
dependent variable according to independent
variables. Initially, the data set was subjected to PR
regression; however, overdispersion occurred in the
data set. Therefore, MPR was used to divide the
data set into 8 homogenous subpopulations in order
to remove this overdispersion.
According to the results of the MPR model,
the densities of 27 species influenced by
physicochemical environmental factors should be
evaluated within 8 subpopulations. It was possible
to develop a more detailed assessment of these
species and sampling sites, as certain species were
either frequently or rarely found in particular
sampling sites. For example, subpopulations with
high species densities were obtained at sampling
sites where pollution levels were high (1, 4, 6, and
7). Conversely, very low species densities or
population absence was observed on clean shores
used for tourism or recreation. Evaluating species
densities within 8 subpopulations revealed the
similarities
and
differences
between the
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INVESTIGATION OF THE IRRIGATION POSSIBILITY OF
ILEX AQUIFOLIUM L. PLANTS BY DRIP IRRIGATION
Elif Bayramoglu1*, Oner Demirel1
1

Karadeniz Technical University, Faculty of Forestry, Department of Landscape Architecture, 61080, Trabzon-Turkey

deprived of safe drink water in world and this
figure is expected to exceed 3 billion by 2025 [4].
Turkey has a water insufficiency problem as a
result of the rapid industrialization process and in
parallel to climate change. Today, in fact that water
is a limited resource and difficult to be found in
urban for irrigation is recognized well than before.
Effective use of water resources gains more
importance in Turkey as in the world [5,6]. For that
reason, it is almost an obligation that irrigation
water to be used in plant growing should be
transferred to irrigated lands with minimum loss,
distributed within the land and transmitted to plant
root in a sufficient level to meet plant-water needs
[7]. In recent years, the development of drip
irrigation method for economic use of water in
agricultural lands has been known; however
especially in urban, the need of ornamental plants
used in limited areas for irrigation water should be
determined and fulfilled with drip irrigation system
which does not require any labor. Therefore, drip
irrigation method is preferred for economic use of
water in order to maintain vitality of plants in
landscape areas by protecting natural resources [8].
Drip irrigation is a highly efficient method of water
application [9]. In this method, the water use is
minimized and water and fertilizer distribution is
properly proportioned to root zone. The main
objective of drip irrigation system is water saving
by means of distributing equal water to each plant
with maximum water gain and minimum energy
consumption [10, 11, 12]. Also it is an
economically feasible technology for water saving
(40%) [13].
This study focused on the use of highefficiency drip irrigation method in Ilex aquifolium
L. to determine amounts of water consumption
under the climate and various conditions in
Trabzon, Turkey.

ABSTRACT
This study was conducted to determine the
water consumption of the most frequently used
ornamental plant species in landscape architecture
and the required irrigation water. This study aimed
to investigate the effect of different trial samples on
Ilex aquifolium L. plant. Between the years of 20112012, two different irrigation levels (I1: 100%, I2:
75%), fertilizer levels (F1: with fertilizer, F2: without
fertilizer) and planting distances (PD1:30 cm,
PD2:45 cm) were used. The first irrigation was
made up to the field capacity the soil water content
in 40 cm depth. The next regular irrigation was
made on I1 treatment in an amount that could bring
the current humidity to field capacity and I2
treatment reached the 75% of available water
holding capacity the current water of the soil.
In the study, the highest and the lowest water
consumptions were in PI1F1PD1 and PI2F2PD2
treatments, respectively. The results show that the
relationship between irrigation fertilizer level and
plant development of Ilex aquifolium L. are
significant; however, there is no notable
relationship between planting range and plant
development. As 25% water limitation did not
negatively affect the development of Ilex
aquifolium L., it was found that irrigation levels of
75% soil¶V water holding capacity can enable
important water savings.

KEYWORDS:
Ilex aquifolium L., drip irrigation, water saving.

INTRODUCTION
Water is a natural resource that is renewable
within natural cycle [1]. Moreover, water has a
significantly important role for creating habitats for
all living creatures. Water resources are limited in
earth and water cycle cannot be changed; however,
rapid population growth made water one of the
most strategic issues of 21st century with increasing
life standard and water consumption of countries
[2,3] Although United Nations Committee on
Economic, Social and Cultural Rights declared that
water is a human right, today 1.2 billion people are

MATERIALS AND METHOD
The field experiment was conducted in
Faculty of Forestry at Karadeniz Technical
University's study area in Eastern Black Sea Region
of Turkey between the years of 2011 and 2012. In
the city of Trabzon, it is rainy in every season and
in large amounts; it is relatively warm in summer.
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TABLE 1
Soil characteristics of the study area in Trabzon, Turkey.
Soil
Depth
(cm)

Texture

FC
(Pw)

WP
(Pw)

p
(g cm-3)

pH

ECe
(dS/m-1)

Organic
P
K
matter
(kg ha-1)
(kg ha-1)
(%)
0-20
Clay-loam 21.88
12.21
1.19
7.11
0.11
3.64
7.4
294
20-40
Clay-loam 28.09
18.23
1.23
7.21
0.09
3.42
11.4
291
p, bulk density of soil; FC, field capacity; WP, wilting point; Pw, gravimetric water content in %; ECe, the
electrical conductivity of saturated paste extract; P, phosphorous; K, potassium.
TABLE 2
Characteristics irrigation water of the study area in Trabzon, Turkey.
Cation
Anion
Irrigation
EC
pH
SAR
water
dS/m
Na
K
Ca
Mg
CO3
HCO3
CL
SO4
C2S1
0.58
7.57
0.62
0.05
4.52
1.09
4.47
0.40 0.69
0.37
EC, Electrical Conductivity; Na, Sodium; K, Potassium; Ca, Calsium; Mg, Magnesium; CO 3, Carbon trioxide;
HCO3, Bicarbonate; CL, Clor; SO4, Sulfate.
The average temperature of the study area was
25.0° C in August and the lowest temperature was 4.0° C in January 2013. The highest monthly
rainfall was 129.2 mm in October, maximum
humidity was 76.8% and maximum wind velocity
was 1.6 ms-1. The soils in the study area are
podzolic, mostly in red and yellow color, moistureresistant and have low pH [14]. The features of the
soil at depths of 0±20 cm and 20±40 cm are
presented in Table 1. Irrigation water used in this
study was prepared in accordance with the
standards of USSLS [15] and it was found to be
appropriate for C2S1 class characteristics irrigation
water are presented in Table 2.
In landscape architecture, Ilex aquifolium L. is
used as a fence plant in groups and in central
refuges with its evergreen appearance. It is not used
in children playgrounds due to its thorny leaves and
poisonous fruit. Ilex aquifolium L. containerized
seedlings having different usage areas especially,
aesthetically and functionally in landscape
architecture were used. Overcast, they are plants

that can be grown very easily filtered if the soil
moist and well supplied. Some species they want is
slightly acidic soils. Before the soil freezing in cold
regions of the soil should be moist [16]. And also
this plant has advantage such as anti-inflammatory,
diuretic, cough and body resistance and tonic [17].
The study was conducted in a 17.20 m × 13.80
m area. In order to realize the aim of the study, 192
Ilex aquifolium L. containerized seedlings
according to 8 different trial samples and 3
repetitive experimental designs in divided plots.
The trial design used parcels with differing
irrigations (I1: 100%, I2: 75%), fertilizer (F1: with
fertilizer, F2: without fertilizer) and planting ranges
(PD1: 30 cm, PD2: 45 cm). The trial design in Table
UHIHUHQFHGZLWKSUHYLRXVVWXG\RI.Õ]ÕOR÷OXet al.
[18]. The study area comprised 24 parcels of
2.0m×1.0m and 8 plants. In order to prevent the
edge effect, 1cm is skipped on every parcel and the
calculations are made on the development of 4
plants located in the middle of the parcels.

TABLE 3
Schematic view of the trail subjects.

Ilex aquifolium L.

Plant
(P)

Irrigation level (I)

I1: % 100

Fertilizer (F)

Planting Distance (PD)

Subjects

F1: Fertilizer

PD1: 30 cm
PD2: 45 cm
PD1: 30 cm
PD2: 45 cm
PD1: 30 cm
PD2: 45 cm
PD1: 30 cm
PD2: 45 cm

PI1F1PD1
PI1F1PD2
PI1F2PD1
PI1F2PD2
PI2F1PD1
PI2F1PD2
PI2F2PD1
PI2F2PD2

F2: Not Fertilizer
F1: Fertilizer

I2: % 75

F2: Not Fertilizer
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consumption of plants were investigated. To this
end, independent t test SPSS package program was
used to investigate the effects of different trial
samples (water limitation, fertilizer level and
planting range) on the water consumption and
development of plants.

In this way, edge effect was prevented. The drip
irrigation system, which is commonly preferred in
terms of economic use of water and the method of
watering plants in landscape areas were used in the
study. Laterals having 16 mm diameter were laid in
each plant row [19]. The system control units have
water meter, ball valve, fertilizer tank (50 lt),
solenoid valves, pressure gauge, pressure reducing
valves, cartridges, filter, digital control board (16
outputs), rain sensor consists of laterals and
emitters. Future laterals on each parcel is located in
the root zone of the plant from 8 to 45 cm and 30
cm passed on to subsequent lateral pipe (on-line) is
located tuned emitter. Drippers is determined based
on the growth of plants and spread their distance.
During a lateral length of the plant is 7.50 m. [17].
The first irrigation in the trial plots was
applied until the soil moisture reached the field
capacity. The soil moisture was determined with
soil sample, taken from 40 cm of depth before
irrigation, pre and post irrigation session in
accordance with the method suggested by Güngör
DQG <ÕOGÕUÕP [20]. Water consumption amounts of
plots, soil moisture of which was determined, were
calculated with the equation developed by James
[21].
As the climate of Trabzon is rainy, irrigation
was applied according to soil moisture. The
irrigation level for I1 plants brought current
humidity to field capacity and on I2 reaches the 75%
of available water holding capacity until the current
moisture of the soil. Irrigation duration was
calculated with the standards suggested by Ertek
[7]. During the study, in order to observe the
developments of Ilex aquifolium L. plants, "Table
on Monitoring the Plant Development" was
prepared. The length, stem thickness, the area that
covered the plan covers, the number of a branch
was recorded. Measurements affecting the
appearance in landscape were determined while
defining the criteria in measurement of
morphologic properties of plants.
In the study, drip irrigation system was used in
different trial samples in order to minimize the
water consumption in landscape areas and water

RESULTS AND DISCUSSION
Irrigation Water and Water Consumption
of Plants. The irrigation water was determined by
calculating the soil moisture of the reference plot in
trial samples and this amount was considered while
watering other trial samples. As seasonal rainfall is
high in Trabzon, 3 and 4 times were used in the first
year (2011) and 4 for second year (2012).
As shown in Table 4, in the first year of trial,
96.38 mm irrigation water was applied on 100%
irrigated trial plots; 81.05 mm water was applied on
plots with 75% irrigation level; in the second year
these figures were 116.06 mm and 87.06 mm,
respectively. In the study, the applied irrigation
water was different as rainfall values in 2011 were
more than the ones in 2012. In addition, a
significant relationship was found between
irrigation water and plant growth. As the amount of
irrigation water increased, the development of the
plant improved. Yazgan et al. [22] observed that
vegetative development of the most irrigated plants
was the best among the other plants on which
different irrigation programs were applied.
Water consumption of plants to months (ET)
differed by trial samples and years. This difference
resulted from different properties of trial samples
and climate changes in years. As can be seen in
Figure 1, the highest water consumption values
ZHUHUHFRUGHGLQ$XJXVWDQG-XO\7Dú
DQG .ÕUnak [23] investigated water consumption
estimations in a similar study and found that water
consumption values of plants increasingly
continued during irrigation season until September
and then started to decrease. In addition, it was
reported that

TABLE 4
Irrigation water (IW) and plant water consumption (ET) values (mm) of parcels.

Parcels
PI1F1PD1
PI1F1PD2
PI1F2PD1
PI1F2PD2
PI2F1PD1
PI2F1PD2
PI2F2PD1
PI2F2PD2

Total
IW
96.38
96.38
96.38
96.38
81.05
81.05
81.05
81.05

2011
Proportional Total ET
IW(%)
100.0
76.02
100.0
74.93
100.0
65.52
100.0
65.25
84.09
66.90
84.09
65.71
84.09
60.87
84.09
60.13

Proportional
ET
100.0
98.56
86.18
85.83
88.00
86.43
80.07
79.09

1781

Total
IW
116.08
116.08
116.08
116.08
87.06
87.06
87.06
87.06

2012
Proportional
Total ET
IW(%)
100.0
130.83
100.0
126.29
100.0
112.44
100.0
110.58
75.0
116.59
75.0
113.00
75.0
104.46
75.0
102.60

Proportional
ET
100.0
96.50
85.94
84.52
89.39
86.37
79.84
78.42
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ƵŵƵůĂƚŝǀĞƉůĂŶƚǁĂƚĞƌĐŽŶƐƵŵƉƚŝŽŶ
;ƚͿ

ϴϬ

ϲϬ
ϱϬ

W/ϭ&ϭWϭ
W/ϭ&ϭWϮ
W/Ϯ&ϭWϭ
W/Ϯ&ϭWϮ
W/ϭ&ϮWϭ
W/ϭ&ϮWϮ
W/Ϯ&ϮWϭ
W/Ϯ&ϮWϮ

ϰϬ
ϯϬ
ϮϬ
ϭϬ
Ϭ
Ϭ

ϭϬ

ϮϬ

ϯϬ

ϰϬ

ϭϰϬ
ϭϯϬ
ϭϮϬ
ϭϭϬ
ϭϬϬ
ϵϬ
ϴϬ
ϳϬ
ϲϬ
ϱϬ
ϰϬ
ϯϬ
ϮϬ
ϭϬ
Ϭ

W/ϭ&ϭWϭ
W/ϭ&ϭWϮ
W/Ϯ&ϭWϭ
W/Ϯ&ϭWϮ
W/ϭ&ϮWϭ
W/ϭ&ϮWϮ
W/Ϯ&ϮWϭ
W/Ϯ&ϮWϮ

ƵŵƵůĂƚŝǀĞƉůĂŶƚǁĂƚĞƌ
ĐŽŶƐƵŵƉƚŝŽŶ;ƚͿ

ϳϬ

ϱϬ

Ϭ

ϮϬ

ϰϬ

ϲϬ

ϴϬ

ϭϬϬ

ϭϮϬ

'ƌŽǁŝŶŐƐĞĂƐŽŶ͕ĚĂǇ
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FIGURE 1
Ilex aquifolium L. cumulative plant water consumption issues (2011-2012)
PI1F1PD1, 100% irrigation level-fertilizer-30 cm planting distance; PI1F1PD2, 100% irrigation levelfertilizer-45 cm planting distance; PI2F1PD1, 75% irrigation level-fertilizer-30 cm planting distance;
PI2F1PD2, 75% irrigation level-fertilizer-45 cm planting distance; PI1F2PD1, 100% irrigation level-not
fertilizer-30 cm planting distance; PI1F2PD2, 100% irrigation level-not fertilizer-45 cm planting distance;
PI2F2PD1, 75% irrigation level-not fertilizer-30 cm planting distance; PI2F2PD2, 75% irrigation level-not
fertilizer-45 cm planting distance
Ilex aquifolium L. plants did not exhibit a
significant difference in PD1 and PD2 samples
(Figure 2).
In the first year (2011), the trunk thickness
was 0.38-0.63 cm, compared with 0.48-0.79 cm in
the second year (2012). Development of stem
thickness was in the best level in PI1F1PD1 samples
In this trial sample, development between the first
and last planting measurements was 0.37 cm; in
least developed PI2F2PD2 sample, stem thickness

in the period when plants completed this season
according to their vegetative developments water
consumption reached the highest level.

WůĂŶƚůĞŶŐŚƚ

Morphological features of plants. Plant
length values were similar in the first planting and
increased substantially in the second year especially
in F1 and I1 samples. The highest length
development was observed in PI1F1PD1 and the
lowest development was in PI2F2PD2. Lengths of
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FIGURE 2
The lengths of Ilex aquifolium L.
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TABLE 5
Results of t test.
Parcels to trail
Irrigatio
n level
Planting
range
Fertilize
r regime

I1
I2
PR1
PR2
F1

Plant length
mean
t
Sig.
20.75
4.67
0.00
19.26
19.84
-1.027 0.30
20.17

Trunk thickness
mean
t
Sig.
0.60
4.67
0.00
0.55

Coverage area
mean
t
143.38
118.22 5.33

0.57

129.88

21.21

0.59

7.67

0.00

0.53

-1.67

0.09

8.84

0.00

131.73

Sig.

Number of brunch
mean
t
Sig.
3.45
2.34
0.01

0.00

3.14
3.15

-0.38

0.69

3.44

6.90

0.00

146.95

3.77

-2.21

0.02

7.41

0.00

The desired development of plants can be obtained
with controlled irrigation to be applied with water
limitation in order to protect limited resources. This
study yielded positive results for plant development
of Ilex aquifolium L. with 75% water limitation.
Similarly, Hessini et al. [28] and Bernal et al. [29]
obtained similar results in their study conducted on
landscape plants of Callistemon citrinus, Spartina
alterniflora, Erica multiflora, Leucadendron µ6DIDUL
6XQVHW¶ UHVSHFWLYHO\ Geerts and Raes [30]
assumed that developing limited irrigation
strategies could positively affect plant-water
efficiency on plant growth with limited water use.
Debaeke and Aboudrare [31] reported that in order
to obtain the highest efficiency by protecting unity
of plant designs, limited irrigation should be
applied in period when plant reached at maximum
level on plant adaptation with limited irrigation in
their study.
It was determined that the fertilizer levels
were effective on length, stem thickness, covering
area, brunch numbers and brunch length of Ilex
aquifolium L. plants. This is consistent with similar
studies. [32, 33, 34,35]. In the study, although G1
samples had a better development, developments of
G2 samples were not adversely affected appearance.
Studies in the literature reported that plant
development could be improved with fertilization
activities to be performed for a quicker
development and to protect plant from dying [36].
However, excessive fertilization can affect plant
development and adversely affect their appearance.
In addition, as water consumption of fertilized
samples are much and soil moisture is low, such
activities increase the consumption of already
limited water. In addition, as water consumption of
fertilized samples are high and the capacity of soil
moisture is low, irrigation activities increase the
consumption of current limited water.
The irrigation has an ever-increasing role in
landscaping architecture and particularly in green
network activities in urban. The irrigation of green
elements which are found in urban parks and open
areas in different sizes and particle structure, used
for various thematic purposes and integrated with
different urban reinforcement elements requires the

development was 0.12 cm. The results show that
especially the difference between PD1 and PD2
samples were lower. In trial years of Ilex aqufolium
L. plants, north south and east-west expansions
were measured and plant cover areas were
calculated. In trial samples of Ilex aquifolium L.
plants, the biggest plant width was observed in
PI1F1PD1 samples while the least developed sample
was observed in PI2F2PD2. At this point, a great
deal of increase was observed in the covering areas
of unfertilized plants.
The change in number of branches of Ilex
aquifolium L. plants was 3 in the first year and 2-9
in the second year. The highest increase in the
number of branches was observed in PI1F1PD2 and
the lowest increase was observed in PI2F2PD1. No
significant increase was observed in branch number
of Ilex aquifolium L. plants in any study sample.
7KHUHDVRQZK\WKHUHLVQ¶WDQ\VLJQLILFDQWLQFUHDVH
is the plant species grew taller but expanded less.
The highest difference between the first and last
measurement values of Ilex aquifolium L. plants
was obtained in PI1F1PD2, and the lowest increase
was in PI2F2PD1.
According to statistical analysis in Table 5, the
relationship between irrigation and fertilizer level
and plant development of Ilex aquifolium L. was
found to be significant. No significant relationship
was found between planting range and plant
development. According to this result, it can be said
that planting range did not have any effect on
development of Ilex aquifolium L. plants. As this
species mostly grows vertically and does not cover
or affect the others in plant groups, the effect of
planting range decreased. However, many other
studies reported that planting ranges affect plant
development [24, 25, 26]. Also different authors
reported that planting range was increased by
increasing the distance of plants [27].
A significant relationship was found between
irrigation water and plant growth Ilex aquifolium L.
Development of plants in I1 trial samples was better
than in I2. Healthy development of ornamental
plants used in landscape architecture in aesthetic
terms is very important for environmental planning.
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in the Perspective of Turkey, Journal of
Security Strategies, 3, 21-38 (in Turkish).
[3] $NÕQ0DQG$NÕQ*  The importance
of water, Water pollution in Turkey, Watershed
and Water pollution, Ankara University,
Faculty of Language Publication, 47, 105-118.
[4] DPT, 9. (2007). Five-Year Development Plan
(2007-2013), Land and water resources use and
management, Special Comission Report no:
2718. Ankara (in Turkish).
[5] Berkün, M. (2007). Water structures (Dams,
Weirs and Hydro Power Plants). Birsen
3XEOLFDWLRQøVWDQEXO660-667 (in Turkish).
[6] Demirel, K. (2014). Effect of irrigation and
nitrogen levels on plant characteristics in
perennial ryegrass. Fresenius Environmental
Bulletin, 23, 1971-1978.
[7] Ertek, A. (2009). Effect of different irrigation
water level on cotton yield and yield
components. African Journal of Biotechnology,
8, 1536-1544.
[8] Fipps, G. (2004). Agriculture Irrigation. The
Irrigation Technology Center Department Of
Biological and Agricultural Engineering Texas.
A&M
University
College
Station,
http://baen.tamu.edu/extension/irrigation/
[9] Pawar, D.D., Dingre, S.K., Kale, K.D. and
Surve, U.S. (2013) Economic feasibility of
water soluble fertilizer in drip irrigated tomato
(Lycopersicon esculentum). Indian Journal of
Agricultural Science, 83, 703-705.
[10] Camp, C. R. (1998). Subsurface Drip
Irrigation: A review, Trans ASAE. 4, 13531367.
[11] English, M.J., Solomon, K.H. and Hoffman,
G.J. (2002). A Paradigm Shift in Irrigation
Management, Journal of Irrigation Drainage EASCE, 128, 267-277.
[12] Shedeed, Shaymaa I., Zaghloul, Sahar M. and.
Yassen, A.A. (2009). Effect of method and rate
of fertilizer application under drip irrigation on
yield and nutrient uptake by tomato. Ozean
Journal of Applied Sciences, 2, 139-147.
[13] Singandhupe, R.B., Antony, E., James B.K.
and Kumar, A. (2007). Efficient water use for
brinjal (Solanum melongena) crop production
though drip irrigation, The Indian Journal of
Agricultural Science, 77, 591-599.
[14] Anonymus, T.C. (1981). General Directorate of
Soil and Water, Eastern Black Sea Basin,
General Directorate of Soil and Publication,
pp: 310, Ankara (in Turkish).
[15] USSLS. (1954). Diagnosis and Improvement of
Saline and Alkali Soils, USDA Handbook, pp:
1620, Washington.
[16] Brickell, C. ve Zuk, J.D., 2002. American
Horticultural Society A±Z Encyclopedia of
Garden Plants, Dorling Kindersley Publishing,
New York, 575 p.

use of various methods and technologies. Water as
a limited resource for irrigation in urban areas, it is
necessary that to expand green areas for
evaporation which is a key for ecological renewable
of urban areas. It was observed that as the amount
of irrigation water increased, the development of
the plant improved. Moreover, limited irrigation did
not adversely affect the development of plants.
Different planting ranges of Ilex aquifolium L.
plants did not affect plant development.
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CONCLUSION
This study was conducted by using Ilex
aquifolium L. (192) of the tube seedlings of 16
different test subjects and 3 replications
experimental design. It could be made 3 irrigation
of the first year, 4 irrigation of the second year. I1
treatment in an amount that could bring the current
humidity to field capacity and I2 treatment reached
the 75% of available water holding capacity the
current water of the soil. Evapotranspiration values
of the plant groups are higher than 2012 compared
to 2011. When the plants growth, it is increased that
plant transpiration amount of the coating occurs
leaves. When the plants reach the vegetative period
and phase is completed, it was seen that water
consumption was reached to highest level.
Development of the plant species has been good I1
better than I2. However, improvements of the
subject applied deficit irrigation plants are
unaffected direction. For this purpose today applied
to many field crops in agricultural fields deficit
irrigation practices, these ornamental plants can be
used in planting design for the protection of water
resources.
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ANALYSIS OF ENVIRONMENTAL EFFECTS ON A SHIP
POWER PLANT INTEGRATED WITH WASTE HEAT
RECOVERY SYSTEM
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1
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warming. Carbon dioxides (CO2), carbon monoxide
(CO), particulate matter (PM), nitrogen oxides
(NOx), and sulfur oxides (SOx) are the most
significant pollutants emitted from marine diesel
engines. Ships emit a range of gases from their
operations at sea and in port areas. The emissions
produced by navigation result from the combustion
of fuel in internal combustion engines.
Annex VI of the MARPOL convention,
adopted by International Maritime Organization
(IMO) in 1997, sets limits on NOx and SOx
emissions from ship exhaust gases for the
prevention of air pollution from ships. The IMO has
also specified Energy Efficiency Design Index
(EEDI) and Ship Energy Efficiency Management
Plan (SEEMP) that will reduce greenhouse gas
emission. In the sixty second and sixty third
meetings held by Marine Environment Protection
Committee (MEPC), IMO started Energy
Efficiency Design Index (EEDI) application in
order to reach greenhouse gas emission targets
identified by MARPOL Regulation Annex VI for
ships navigating on international waters [2]. EEDI
is an index which is calculated for every ship and
indication of the energy efficiency of the ship in
question. This index has to be below the limits
required by IMO. EEDI is the amount of CO2
emitted per mile and per load to the atmosphere by
the ships (g CO2/ dwt. nm). With the
implementation of EEDI, ship operators should take
a series of technical measures in order to reduce
their CO2 emissions. The proposed or feasible
technical measures on CO2 reduction mainly is
aimed to improving energy efficiency of ships. Ship
energy efficiency can be improved by utilizing
waste heat recovery (WHR) systems.
Waste heat recovery means providing more
energy production by the regular fuel consumption
[3]. In other words, it leads to energy production
efficiency. WHR systems are also environmental
friendly implementations. While there is an
increase in energy recovery, additional fuel
consumption is not required. In this way, more fuel
is saved. There will be a decrease in harmful
exhaust gas emissions to the atmosphere by saving
the fuel. In short, WHR systems will form more
environmental friendly effects by decreasing the
amount of exhaust gas emissions produced per

ABSTRACT
Waste heat recovery has attracted attention
throughout the world because of the greenhouse
effect by fossil fuels, their depletion, and safety of
energy demand. It is also considered as a free
source of energy requirements. For this purpose,
various methods have been developed and
implemented in order to recover energy from waste
heat in industrial power plants in recent years.
Marine power plants use fossil fuels to meet a
major amount of their energy requirements.
Therefore, this leads to not only increase energy
production costs and environmental pollution but
also decrease ship energy efficiency. Therefore,
environmental friendly methods need to be
preferred by increasing the ship energy efficiency
and decreasing energy production costs. In this
study, waste heat recovery methods have been
investigated and their effects on ship energy
efficiency and environmental pollution have been
analyzed. A novel concept has been definite which
is called specific emissions ratio (SER) for a waste
heat recovery system. SER can be indicated a
decreasing of emissions rate of a waste heat
recovery plants. It is shown in the results that the
value of SER for CO2 gas component is 3.51 t(kW
year)-1 in the application without waste heat
recovery whereas the same value goes down to 3.29
t(kW year)-1 with the application of waste heat
recovery. This system leads to the saving of 0.22
tons of fuel per unit kW power.
KEYWORDS:
Air pollution, Environment effect, Marine power plant,
Ship energy efficiency, Waste heat recovery.

INTRODUCTION
Today, almost 90% of the world goods are
carried by maritime transport account for over 90%
of European Union external trade and 43% of its
internal trade due to the marine transportation
sector is one of the major causes of air pollution
[1]. Emissions from ships affect global air quality,
SHRSOH¶V KHDOWK WKH PDULQH HFRORJ\ DQG JOREDO
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the saturated water contained in the drum, which is
pumped by the economizer circulating water pump.
The saturated steam is advanced into the super
heater section of the boiler. The superheated steam
enters into the steam turbine stages of turbo
generator, where it expands producing mechanical
power and driving the electric generator. The
condensate steam is then pumped into the feed
water tank (hot well). A schematic diagram of
WHR system and its components analyzed in this
study is illustrated in Figure 2. The system is
composed of a main diesel engine, an exhaust gas
boiler, a steam turbine, a condenser and a pump.
Sankey diagrams are a specific type of energy
flow diagram, in which the width of the arrows is
shown proportionally to the flow quantity. Also, it
can be utilized an energy efficiency analysis in a
processes. Sankey diagrams are shown in Figure 3
and Figure 4 supplied by a marine engine system
without WHR and with WHR applications,
respectively. There are 4.9% much more energy can
be recovered by main engine machinery on a
marine power plant. The main engine of a ship
without a WHR system produces 49.1% net power
while the rest of the power (50.7%) is used in the
following ways: 2.9% goes to lubrication system,
5.2% goes to jacket cooling water, 25.5% goes to
exhaust gas, 16.5% air cooler and 0.6% goes to
radiation transfer (Figure 3) [7]. As it can be seen,
power produced by burning fossil fuels is much
lower than wasted power. In other words, most a lot
of the money spent for energy is wasted. The
application of WHR system on the same engine and
the ship is shown in Figure 4. As can be seen in the
figure, the net power has been increased to 54.2%.
It can be understood that this increase is achieved
by recovering energy from exhaust gases. As a
result, energy wasted through exhaust gases is
decreased to 22.9% [8].
Theoretical calculation and analysis of the
conversion will be based on diesel and Rankine
cycle principles. Furthermore, fuel savings
provided by WHR power production and decreases
in exhaust gases are also included in the analysis.
Also the ISO Standard Conditions are assumed for
the calculation methods. An algorithm, given in
Figure 5, is prepared in order to simplification
understand the calculation methodology and the
detailed calculation formulas are given in the
follow.
For a case study, a container ship which
installed on a waste heat recovery system is
considered for calculation and real data are used
from the ship which properties are shown in Table
1 and Table 2. Net power produced by ship WHR
system can be found in the following equation:

power in industrial power plants. Ships are floating
energy power plants. They produce energy by their
power and propulsion systems while providing safe
and economical transportation services from one
port to another in their economic life. Moreover,
ships require electricity for maneuvering, hotels and
operation of all electrical and electronic equipment.
All energy requirements of the ships are met by
main diesel engines and generators that use fossil
fuels. There is much auxiliary machinery powered
by electrical energy. In view of all these facts, costs
of the energy production on ships reach high levels
annually. For this reason, energy saving and energy
efficiency on ships cannot be ignored. In addition,
implementations have been developed in order to
limit the exhaust gas emissions from ships due to
international regulations [4] and sanctions are being
enforced. (Although afore mentioned regulations
cover all environment and air pollution created by
ships, only the air pollution is considered because
of the scope of this study ) [5,6].
Taking the given facts in consideration, the
importance of WHR systems on ships cannot be
overestimated. In this study, is introduced a
container ship power plant equipped a WHR system
which is produced an electricity power by steam
turbine (turbo generator) and the effects of the
systems on ship energy efficiency and air pollution
is also investigated. For this purpose, technical data
regarding the sample ship have been gathered and
calculations thermodynamic performance is made.
In addition, distributions of the WHR, fuel, exhaust
gas and pollutant components has been investigated
and identified by using a preferable model in the
literature. Also it is defined a novel concept called
specific emissions ratio (SER) for the performance
of emitted to the atmosphere from the WHR
system.

MATERIALS AND METHODS
Main propulsion systems of a ship mainly
include power machinery that work according to
theoretical diesel cycle. On the other hand energy
production in WHR system is theoretically based
on Rankine cycle. In short, main propulsion
systems are operated by ship diesel engines
whereas power is produced by steam turbines in
WHR systems. Figure 1 shows the WHR system
which is produced electricity power by steam
turbine of the ship. The exhaust gas boiler is the
main part of the WHR system. The boiler consists
of the economizer, the evaporator, and the super
heater. WHR system extracts heat energy from the
exhaust gas by heating, evaporating and
superheating water in heat exchangers in the stack.
The feed water is pumped by the feed water pump
into the water/steam drum. The heating medium is

WNET
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mexh
mf

WME and WSST indicate net power

Where

produced by main engine in WHR system and
steam turbine power by the use of waste heat
respectively in terms of kW. The efficiency of the
WHR system can be found in the following
equation,

WNNET
m f LHV f

KWHR

 EGD m
 FSA 1  O
m

(2)

Ei

mexh is the exhaust gas amount emitted to

the environment by the ship main engine with
regard to the fuel that is consumed. Relation
between exhaust flow, fuel flow and air flow can be
expressed as follows,
(5)

When both sides of equation (5) is divided by
the fuel flow, the following equation is found,

1

ma
mf

mexh
mf

(6)

when we consider coefficient air flow as

O

B jk  Fijk .

(9)

In this expression i shows the type of exhaust
gas pollutants (CO2, CO, NOx, SO2, 3092&« 
j shows the types of fuels that is used (MDO,
F2«  k shows the type of ship main engine
0'(67*7« and Ei, shows the total amount
of exhaust gas produced by the ships. The total
amount of exhaust gas is usually calculated in terms
of (kg/s) or (ton/year). Bjk in equation 4 shows fuel
consumption of a ship with a k type machinery that
uses a j type fuel. In addition, Fijk is the coefficient
of the exhaust gas emission factor belonging to i
exhaust gas pollutant that is emitted to the
atmosphere by a k type machinery in (kg-i/ton-fuel).
The values for emission factors which are also
referenced by Vaccaro and Trozzi are given in
Table 3. Since WHR systems are considered to save
money under full load conditions. Table 3 is only
arranged according to ship full ahead cruising mode
[10-14]. Taking into consideration the notations
used in this study, equation (9) can be expressed as
follow in (kg/s),
 FSA  Fi  10 3
E i m
(10)
where Fi is emission factor (kgi /tonfuel) and
shown in Table 3. Decreases in exhaust gas
pollutant provided by ship WHR systems have been
calculated by using the data in equation (10) and
Table 3. The evidence in the calculations is
obtained by using data from the container ship and
the WHR system. All the specifications and data
regarding the container ship are shown between
Tables 1, Table 2 and Table 4.
A new approach is used in this study which is
the novel concept for analysis of a power plant
equipped with waste heat recovery system. It is
well indicate values for comparison the plant with
WHR and regardless of WHR. The method is called

 EGD is expressed in unit of kg/s. In
m

meexh

¦
jk

explained by the correlation between the amount of
fuel consumed by ship main engine and resulting
exhaust gas flow. Decrease in the exhaust gas is
explained as follows,
·
§ m
m EGD m FSA ¨ exh ¸
(4)
¨ m f ¸
¹
©

m f  ma

(8)

exhaust gas amount caused by the fuel saving in a
WHR system. However exhaust gas components
that are emitted to the atmosphere are also
calculated in this expression. Literature survey
shows that CO2, CO, NOx, SO2, PM, VOC are the
main pollutants in the models and calculations of
air pollution caused by ships. Trozzi ve Vaccaro
(1998) model that can be used to calculate the
amount of ship exhaust gas pollutants is shown
below [9].

calculated in kg/s as follows,
§ W
·
(3)
m FSA m f ¨¨ ST ¸¸

© WME ¹
The steam turbine is utilized the waste heat
supplied by main engine exhaust gas for producing
energy. In the other words there is no supplemental
fuel consumption while the steam turbine producing
more energy.
Fuel saving will also lead to decreased exhaust
gas emission in proportion to the saved amount.
 EGD ³Mass of Exhaust Gas Decrease´, is
m

addition,

.

 EGD expression indicates the decrease in
m

fuel consumption (kg/s) and low heating value of
the fuel (kJ/kg) respectively. The purpose of WHR
applications is to produce more power by
consuming the same amount of fuel. In other words,
power production per fuel consumption can be
increased by the use of Waste Heat Recovery
(kWh/g-fuel). In this way, fuel savings, and
decrease in emissions can be achieved. Fuel saving
 FSA ) provided by WHR system can be
amount ( m

where

(7)

:KHUH Ȝ LV DLU-fuel ratio. In view of equation
(6) and (7), equation (4) can be expressed in a
simple way,

m f and LHVf indicate the amount of

Where

1 O

ma
, equation (6) can be expressed,
mf
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parameter is an important indications in order to
environmental effects analysis for ship power plants
and also thermal plants, nuclear plants, etc.
Also a Sankey diagram for energy balance is
drawn and given in Figure 6 to the container ship.
Regarding to the case study, the amount of fuel
saving and due to the amount of emissions
decreased are calculated in the container ship. It is
clearly understand from the Figure 6, there is a heat
recovery from the exhaust gas approximately 3.3%
and produced 1600 kW electricity energy by steam
turbine. Therefore, the container ship plant has got
a 51.8% total shaft power.
The SER parameter is increase on a power
plant; it is mean that environmental effects can be
glowingly improved. SER is implied in this study to
the container waste heat recovery system and the
results are shown in Table 7.
As a consequently the traditional WHR
systems are a good solution for recovery of energy
with consuming same fuel and due to increased the
energy efficiency for power plants. Also a cost of
energy saving and an environment effects are
decreased when increased of an energy efficiency
for a system. But there is a still some heat energy
recovery potential from the exhaust gases. This
energy cannot be recovery by WHR systems. Some
novel technological applications have been
developed and installed in shore power plants to
recovery this low grade energy. That is we can
improve the system and due to increase the energy
efficiency much more on ship power plants.

specific emissions rate (SER). It is defined as
amounts of emissions per a unit power produced by
power plant in (ton/kJ) and given in follow,
E i
(11)
SER
W j
where Ei explained above. W is the total
power values produced by heat engines in a power
plant. ( j=marine diesel engine, steam turbine, gas
turbine etc.).

RESULTS AND DISCUSSION
In this study is discussed the environmental
effects of ship power plant equipped a WHR. For
this purpose, technical data regarding the sample
ship have been gathered and calculations
thermodynamic performance is made. The
parameters are real data and taken from the
container ship. In addition, distributions of WHR,
fuel, exhaust gas and pollutant components has
been investigated and identified by using a
preferable model in the literature. Also it is defined
a novel concept called specific emissions ratio
(SER) for the performance of emitted to the
atmosphere from a waste heat recovery systems.
Table 5 shows that an increase of 1600 kW
can be achieved in gross power by using the WHR
application. With this power increase, 6.45 tons fuel
has been saved per day. This energy saving is
achieved by WHR without consuming any fuel. As
a result, the net efficiency of the system has risen to
51.8%. With the power increase without fuel
consumption environment is also protected. The
atmosphere is prevented 190 ton of exhaust gas
emissions per day thanks to WHR applications by
the container ship main engine. In other words, if
the ship main engine produces 50200 kW power,
this machine would burn excessive 6.45 ton of fuel
per day. As a result, an excessive 190 ton of
exhaust gas would be not emitted to the
atmosphere.
The benefits from the reduction in total
exhaust gas components are shown in Table 6.
As it can be seen in Table 6 there is a decrease
in the exhaust gas components emitted to the
atmosphere approximately 5905 ton per year in
total by WHR systems. Table 7 shows the amount
of exhaust gas component per unit power produced
by the WHR system. Accordingly the decrease in
exhaust gas components per unit power produced
by the WHR system is clearly shown. For instance,
the value of SER for CO2 gas component is 3.51
t(kW year)-1 in the application without WHR
whereas the same value goes down to 3.29 t(kW
year)-1 with the application of the WHR. This
system leads to the saving of 0.22 ton of fuel per
unit kW power. As a consequently, a SER

CONCLUSION
In this study, the environmental effects of
WHR implemented in a sample container ship with
diesel engine have been studied. In conclusion,
WHR applications enable the production of more
power with the same fuel amount. These systems
do not consume excessive fuel and more power is
produced for the power plant. Despite the common
belief, not only saving in the fuel amount and the
cost is achieved, but also environment is protected.
In this vein, if these types of systems are improved
and ship applications are developed, significant
steps will be taken.
In view of EEDI that has gone into effect for
ships in recent years, WHR applications are of
utmost importance. Not only waste heat from
exhaust gas boiler, but also other types of waste
energy can be identified on ships that are a purpose
for the future study. Consequently, benefits can be
derived from these types of energy. Thanks to
recent research, the application of Organic Rankine
cycle (ORC) method on ships is possible. ORC has
been commonly used in industrial areas. By the use
of ORC energy savings can be achieved from waste
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heat at very low temperatures. Apart from this,
absorption cooling systems used in waste heat
process can be given as another example.
In brief, ship owners need to examine the
current onboard operation conditions and analyze
the efficiency of their ships. Then, they need to be
able to recover energy from waste heat by using
WHR systems. Thus, small investments could lead
to substantial profits.
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because of their biodegradability, reusability, fast
adsorption rate, relatively low price, higher efficiencies, as well as high selectivities to some metal
ions [6-9].
Hemicelluloses, comprising the noncellulose
cell-wall polysaccharides of plants, are considered
to be inexhaustible and renewable resources. Recently, the importance of hemicellulose-based hydrogels has been increasingly emphasized because
of their wide applications, such as tissue engineering and drug delivery, ect [5, 10]. Hemicelluloses
are the main hemicellulosic components of the cell
walls of hardwoods and herbaceous plants (constituting approximately 20-35 wt% of the biomass)
and thus are available in huge amounts as low-cost
products from forestry, agriculture, pulp and paper
industries [11]. However, hydrogels prepared from
hemicelluloses have been rarely reported due to the
complexity of hemicelluloses.
In recent years, some bioadsorption, especially
used for removing of heavy-metal ions have been
widely. However, the adsorption capacities of
heavy-metal ions are commonly lower. In order to
improve the adsorption capacity, some methods for
preparing the hydrogel are emerged, such as, initiated polymerization by using chemicals [12, 13],
UV-curing technique [14, 15], radiation-induced
polymerization [16, 17], and so on.
GDEP, a kind of non-equilibrium plasma, can
provide a large amount of energetic species such as
+2Â+ÂDQG+22Â WRLQGXFH FKHPLFDOUHDFWLRQVLQ
aqueous solutions [18, 19]. GDEP has been widely
used to some synthesis for its rich source of free
radicals in aqueous solution, especially to replace
the chemical initiator to improve the characteristics
of the adsorbent hydrogel successfully. Gao et al.
have successfully synthesized some polymers by
using the GDEP technique rather than chemical
initiators [20-22].

ABSTRACT
Reed hemicellulose-based hydrogel was synthesized by glow discharge electrolysis plasma
(GDEP) for adsorption of heavy metal ions from
aqueous solutions. The following parameters were
examined in detail, discharge voltage, discharge
time, pH, contacting time, and initial concentration
of metal ions. The chemical structure of hydrogel
was revealed by Fourier transform infrared spectroscopy (FT-IR). The adsorption mechanism and
kinetics were also investigated. The results showed
that both discharge voltage and discharge time
played an important part for adsorption of reed
hemicellulose-based hydrogel. Pseudo-secondorder and Langmuir isotherm model were applied
to describe the adsorption. In addition, the hydrogel
possessed high reusability.

KEYWORDS:
glow discharge electrolysis plasma; reed hemicelluloses;
hydrogel; heavy metal ions; adsorption kinetics; isothermal adsorption

INTRODUCTION
In recent years, heavy metal ions which can be
accumulated in the environment has become a serious threat due to industrial and ecological waste
applications [1, 2]. Traditional methods, including
biological treatments, ultrafiltration, chemical precipitation, reverse osmosis, ion exchange, and electrodialysis, are used for removal of metal ions from
aqueous solutions. However, most of them have
inherent disadvantages, such as other waste products, less efficiency and high costs [3-5]. Thus, a
considerable attention has been centered on developing more environmentally friendly, highefficiency, and more inexpensive adsorbents.
As an emerging technology, bioadsorption is
potential alternative to traditional methods for the
adsorption of metal ions from aqueous solutions.
The production of bioadsorbents from renewable
resources, such as chitosan, cellulose, lignin, starch,
and agricultural wastes has received great attention
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solution was cooled to room temperature. Then 30
mL of the above solution was in the reactor with
gaseous N2. The glow discharge lasted 30-180 s
with an applied voltage of 580-720 V. Next, the
same quality of AA was added to the system. 0.05 g
MBA was added after monomers were dissolved
completely. Then they responded for 2 h. After that,
the reaction was processed for 24 h at room temperature without stirring. Reed hemicellulos-based
hydrogels were obtained. The hydrogels were again
carefully washed thoroughly in distilled water and
acetone, and then were dried to a constant mass at
60 °C.
FIGURE 1
The experimental apparatus of the glow discharge electrolysis plasma. (1. cooling water
outlet, 2. cooling water inlet, 3. thermometer, 4.
gas outlet, 5. platinum wire, 6. graphite, 7. stirring pill, 8. gas inlet.)

Preparation of Pb2+, Cd2+, and Zn2+ solutions. Pb2+, Cd2+, and Zn2+ solutions (50-PJÂ/1
) were prepared by dissolving solid Pb(NO3)2,
CdCl2·2.5H2O, and Zn(NO3)2·6H2O in deionized
water respectively. Diluted HNO3 and NaOH solutions (0.01 M) were used for pH adjustment. In all
experimental works, deionized water was used.

In the present paper, reed hemicellulose-based
hydrogel were successfully prepared by a simple
one-step method using GDEP technique. The removal of Pb2+, Cd2+, and Zn2+ ions from aqueous
solutions using reed hemicellulose-based hydrogel
has been investigated by batch adsorption experiments. The adsorption rates were determined quantitatively and simulated by the pseudo-first-order
and pseudo-second-order kinetic models. The
Langmuir isotherm was used to evaluate the equilibrium adsorption data. The regeneration experiments for Pb2+, Cd2+, and Zn2+ on the reed hemicellulose-based hydrogel were also discussed.

Adsorption experiments. Batch experiments
were carried out (at room temperature) by agitating
10 mg of dry hydrogel particles in 50 mL of metal
VROXWLRQ PJÂ/-1) at 100 rpm for 120 min. The
initial pH values (3.5-6.5) of the solutions were
previously adjusted with diluted HNO3 (0.01 M) or
NaOH (0.01 M) using a pH meter. At the end of the
experiment, the mixture was centrifuged and filtered. The metal ion concentration in the filtrate
was determined by titration with standard ethylene
diamine tetra acetic acid (EDTA) solution (2
PPROÂ/-1) using Erichrome Black T as the indicator. The pH of the titrated solution was kept constantly at 10 with NH3-NH4Cl buffer solution (pH
10). The amount of metal ion adsorbed on the hyGURJHO DW DGVRUSWLRQ HTXLOLEULXP TH PJÂJ-1), was
calculated according to Eq(1)

MATERIALS AND METHODS
Materials. Hemicelluloses were isolated according to the experiment by Peng et al. [11], using
10 % KOH at 25 °C for 10 h with a solid to liquor
UDWLR RI  JÂP/-1) from holocellulose obtained
by delignification of reed with sodium chlorite in
acidic solution (pH 3.5-6.5, adjusted by 10 % acetic
acid) at 80 °C for 2 h. Acrylic acid (AA, analytical
reagent grade, Tianjin Guangfu Fine Chemical
Research Institute, Tianjin, China), were purified
by distillation under reduced pressure to remove the
inhibitor hydroquinone before use. N, NMethylene-bis (acrylamide) (MBA) was purchased
from Shanghai Chemical Reagent Corporation
(Shanghai, China). All other reagents used were of
analytical grade and without further purification.

qe

(Co  Ce ) V
W

(1)
where Co and Ce are the initial and equilibrium
PHWDOLRQFRQFHQWUDWLRQV PJÂ/-1), V is the volume
of the metal ion solution used in the adsorption
experiment (L), and W is the weight of the hydrogel
particles (g), respectively. Data are representative
of at least three experiments, and standard deviations are less than 5.0 %.
Adsorption kinetics. The adsorption kinetics
experiment was conducted with the following conditions, 10 mg of dry hydrogel particles were added
WR  P/ RI PHWDO LRQ VROXWLRQ  PJÂ/-1), and
the mixture was agitated continuously at optimum
pH values obtained according to the previously
discussion for 10-120 min. The amount of metal ion
adsorbed on the hydrogel was calculated according
to Eq(1).

Synthesis of reed hemicellulose-based hydrogels. The isolated reed hemicelluloses (0.5 g)
and Na2SO4 (0.6 g) were dissolved in 20.0 mL of
distilled water in the reactor as shown in Figure 1
with a magnetic stirrer at 80 °C for 2 h before the
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Adsorption isotherms. The effect of the initial metal ion concentration on adsorption capacity
was investigated by variation of the initial concentration of the metal ion at an optimum pH value and
equilibrium time obtained in line with the previously discussion. A total of 10 mg of sample was added to 50 mL of metal ion solution (50-PJÂ/-1).
The suspension was centrifuged and filtered, and
the amount of metal ions adsorbed on the hydrogel
was calculated according to Eq(1).
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RESULTS AND DISCUSSION
Adsorption mechanism of heavy metal ions.
The GDEP in the aqueous phase generates several
species of active materials such as hydrated electrons (e-eq), radicals (HO·, HO2·, H·), ions (H3O+
gas, OH-) and molecules (H2, H2O2 and O2), which
can initiate some uncommon chemical reactions.
The mechanism of polymerization such as acrylamide, aliphatic carboxylic acids, polyvinylpyrrolidone and 2-acrylamido-2-methyl-1propanesulfonic
acid using GDEP was described elsewhere [13, 16,
26]. Briefly, water molecules absorb enough energy
from plasma to produce many energetic species
including HO·, which abstracts hydrogen from the
hydroxyl group of the reed hemicelluloses backbone to form alkoxy radicals, resulting in active
centers on the reed hemicelluloses backbone to
radically initiate polymerization. The presence of
cross-linking reagent (MBA) results in a copolymer
network comprising a chemical cross-linked structure to prevent dissolution

FT-IR analysis. FT-IR measurements were
carried out using the reed hemicellulose and reed
hemicellulose-based hydrogel. The samples were
directly analyzed using a Fourier transform infrared
spectroscope (Thermo Nicolet380) in a KBr flake.

FIGURE 2
The adsorption mechanism of reed hemicellulose-based hydrogel hydrogels for heavy metal ions.

of the hydrophilic polymer chains in an aqueous
environment. The copolymer was treated with the
NaOH solution, during which COOH groups were
converted to COO- groups, the resulting product
was obtained. The heavy metal ions diffused into
the hydrogel through micropores on the surfaces,
which easily attracted the COO- groups due to electrostatic interaction. The adsorption mechanism of

reed hemicellulose-based hydrogel for heavy metal
ions is shown in Figure 2.
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FIGURE 3
The effect of discharge voltage on heavy metal
ions adsorption capacity of reed hemicellulosebased hydrogel.
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FIGURE 4
The effect of discharge time on heavy metal ions
adsorption capacity of reed hemicellulose-based
hydrogel.

Effect of discharge voltage on heavy metal
ions adsorption. The effect of discharge voltage on
heavy metal ions adsorption capacity of reed hemicellulose-based hydrogel is shown in Figure 3. The
adsorption capacity increased continuously with
increasing the voltage from 580 to 620 V, and then
decreased with the further increase of the voltage.
The adsorption capacities of Pb2+, Cd2+, and Zn2+
were 799, 621, and 365 mgÂg-1, respectively, and at
a discharge voltage of 620 V, exhibiting high adsorption properties. This was attributed to the fact
that, few active species were produced due to
weaker discharge voltage, which resulted in an
unstable network structure of polymer and lower
metal ions adsorption capacity. However, over 620
V, a denser network was produced for the existence
of more free radicals in system, which reduced the
amount of active sites of the materials and, therefore, lowered the adsorption capacity [24, 25].

FIGURE 5
The effect of pH on heavy metal ions adsorption
of reed hemicelluloses-based hydrogel.

Effect of discharge time on heavy metal
ions adsorption. The effects of glow-discharge
time on the three different mental ions adsorption
capacity were studied, and the results were showed
in Figure 4. The adsorption capacity of Pb2+ was
higher than Cd2+ and Zn2+, especially at the discharge time of 90 s, exhibiting 799, 621, and 365
PJÂJ-1, respectively. This is because shorter discharge time (less than 90 s) is not enough to complete the polymerization process due to the insufficient amount of free radicals. Prolonging further the
discharge time, a decrease in adsorption capacity
was observed. A higher cross-linking density and a
less expanded network were produced, due to
abundant energetic species in solution, which restricted the diffusion of metal ions from the exterior
into the interior of the matrix and, thus, decreases
the metal ion adsorption capacity.

Effect of pH on heavy metal ions adsorption. As illustrated in Figure 5, the adsorption caSDFLW\RI3ELQFUHDVHGREYLRXVO\IURPPJÂJDWS+WRPJÂJ-1 at pH 5.5. The adsorption
capacities of Cd2+ and Zn2+ also increased continuously with the increasing pH, and adsorption caSDFLWLHV RI  PJÂJ- &G  DQG  PJÂJ-1
(Zn2+) could be obtained at pH 6.5. This was mainly because in lower pH regions (less than 4.5),
COO- groups were protonated, being not benefit to
the absorption. When pH increased, the COOH
groups became deprotonated with the result of
negatively charged ligands, which easily attracts the
positively charged metal ions and enhance the adsorption capacity. Thus, metal ion binding to hydrogel is an ion-exchange mechanism [25], which
involves an electrostatic interaction. In addition, the
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reach its adsorption equilibrium over 60 min. At
first, the polymer network of hydrogels was relaxed
completely when the aqueous solution flowing into
the polymer through the holes on the surface, which
was conducive to the diffusion of the metal ions
and rapid adsorption of hydrogels. The concentration of metal ions gradually reduced and the adsorption sites on the network of hydrogels were also
dominated by metal ions gradually, as the adsorption progressed. When the connecting time was
over 60 min, the adsorption rate began to fall, and
adsorption equilibrium could be attained gradually
[26, 27]. The pseudo-first-order and pseudosecond-order models, were used to test the experimental data. The linear pseudo-first-order Eq(2)
and pseudo-second-order Eq(3) are illustrated as
follows:

more expanded polymeric network of hydrogels
was easy to form, due to the repulsion between
negatively charged COO- groups at higher pH,
which would favor the diffusion and adsorption of
metal ions in the interior of the hydrogel.

ln qe  qt
t
qt

k1t  ln qe

(2)

1
t

qe k 2 qe2

(3)
ZKHUHTW PJÂJ-1) is the adsorption capacity at time
W PLQ  TH PJÂJ-1) is the adsorption capacity at
adsorption equilibrium, and k1 (min-1) and k2
(g·mg-1·min-1) are the kinetics rate constants for
the pseudo-first-order and pseudo-second-order
models, respectively.

FIGURE 6
Adsorption kinetics of heavy metal ions onto
reed hemicelluloses-based hydrogel.
Adsorption properties for heavy metal ions.
The adsorption kinetics for heavy metal ions was
shown in Figure 6. The adsorption capacities of
Pb2+, Cd2+, and Zn2+ increased with contacting
time progressing from 10 to 60 min, then tended to

TABLE 1
Kinetic Parameters for the Adsorption Based on the Pseudo-first- and Pseudo-second- Order Kinetic
Models
Pseudo-first-order model

Pseudo-second-order model

Metal
ions

qe, exp
(mg·g-1)

qe, cal(mg·g-1)

k1 (min-1)

R2

qe,cal(mg·g-1)

k2 (g·mg-1·min-1)

R2

Pb2+

799

820

-0.0942

0.938

809

0.00118

0.997

2+

621
365

643
373

-0.0820
-0.0608

0.949
0.970

630
367

0.00152
0.00260

0.997
0.999

Cd
Zn2+

1 than those of the pseudo-first-order kinetics (R2,
0.938 (Pb2+), 0.949 (Cd2+) and 0.970 (Zn2+)).
:KDW¶VPRUHWKHWKHRUHWLFDOqe values as calculated
from pseudo-second-order kinetic model agree
perfectly with the experimental qe values.

Table 1 lists the computed results obtained
from the two kinetic models. It is revealed that the
pseudo-second-order kinetic model fitted better
than the data obtained from the pseudo-first-order
model as the correlation coefficients (R2, 0.997
(Pb2+), 0.997 (Cd2+) and 0.999 (Zn2+)) are closer to
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reed hemicellulose-based hydrogel. The Qmax,cal
values calculated from the Langmuir model are
close to the experimental data Qmax,exp, which can be
concluded that the Langmuir model fits well with
the adsorption of Pb2+, Cd2+, and Zn2+ onto the
hydrogel.
Desorption and reusability. Table 3 illustrates the adsorption and desorption behaviors of
reed hemicellulose- based hydrogel for eight cycles.
The adsorption capacities of Pb2+, Cd2+, and Zn2+
ZHUH   DQG  PJÂJ-1, respectively, after
eight cycles. The recovery efficiency were up to
98.6% (Pb2+), 99.2% (Cd2+), and 99.2% (Zn2+) in
the first cycle, and then they slightly decreased to
96.7%, 97.1%, and 97.6% after eight cycles, respectively. These indicate that the reusability of
reed hemicellulose-based hydrogel is high.

FIGURE 7
Adsorption isotherms of metal ions onto reed
hemicelluloses-based hydrogel.

Adsorption isotherms for heavy metal ions.
Figure 7 shows the experimental data and predicted
equilibrium curve of isotherms. With the increasing
of initial concentration of metal ions, the adsorption
capacity increased and essentially unchanged after
200 PJÂ/-1. In this case, the number of available
ligands in the hydrogels actually became the limiting factor that controlled the amount of uptake. The
Langmuir isotherm Eq (4) was used in the adsorption processes:

ce
qe

1
Qmax u b



ce
Qmax

(4)
where qe PJÂJ-1) is the adsorption equilibrium at a
specific metal ion concentration, Ce PJÂ/-1) is the
concentration of the metal ion in aqueous solution,
Qmax is the maximum adsorption capacity, and b
/ÂPJ-1) is the Langmuir constant.

FIGURE 8
FT-IR spectra of reed hemicellulose (spectrum
1) and reed hemicellulose-based hydrogel (spectrum 2).


TABLE 2
Adsorption Isotherm Parameters Based on the
Langmuir Model and Experimental Maximum
Adsorption Capacity Qmax,exp Values
Metal
ions
Pb2+
Cd2+
Zn2+

Qmax,exp
(mg·g-1)
799
621
365

FT-IR spectroscopy. Figure 8 shows the FTIR spectra of reed hemicelluloses (spectrum 1) and
reed hemicellulose-based hydrogel (spectrum 2). In
spectrum 1, the peaks at 3425 and 2918 cm-1 were
associated with the ±OH, ±CH or ±CH2 groups
stretching vibration, respectively. The ±CH2 and C±
H groups from hemicelluloses appeared at 1410 and
1342 cm-1, respectively. The absorbances at 1255,
1163, 1080, 1043, 989, and 896 cm-1 were assigned
to the C±O±C C=O, glycosidic bond stretching
vibration, respectively [25, 26]. new peaks at 1632,
1456, and 1410 cm-1 in the spectrum 2 are related to
the stretching vibration of C=O, symmetrical
stretching vibration of COO- and bending vibration
of C-H after the reaction with AA, respectively [11,
21, 27]. These results indicate that AA monomers
were actually grafted onto reed hemicellulose.

Langmuir
Qmax,cal
(mg·g-1)
811
637
363

b

R2

0.0284
0.0574
0.0295

0.998
0.993
0.999

Table 2 shows the adsorption isotherm parameters. The high correlation coefficients (R2 > 0.99)
of the linearized Langmuir equation indicate that
this model can explain well metal ion adsorption by
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TABLE 3
Metal Ions Adsorption and Desorption Behaviors of reed hemicelluloses-based hydrogel.
Metal
ions
Pb2+
Cd2+
Zn2+

a

A
(mg·g-1)
788
616
362

1
2
4
6
8
b
R
A
R
A
R
A
R
A
R
(%) (mg·g-1)
(%) (mg·g-1)
(%)
(mg·g-1)
(%) (mg·g-1)
(%)
98.6
774 98.2
758
97.9
736
97.1
711
96.7
99.2
610 99.0
602
98.7
589
97.8
571
97.1
99.2
357 98.5
350
98.1
343
97.9
335
97.6
a
Adsorption capacity of the metal ions, b Recovery rate (desorption) of the metal ions.

CONCLUSIONS
[4]

Reed hemicellulose-based hydrogel prepared
using glow-discharge electrolysis plasma (GDEP)
technique exhibited high adsorption capacity. The
maximum adsorption capacities of Pb2+, Cd2+, and
Zn2+ were 799, 621 and 365 mg·g-1, respectively,
at discharge voltage of 620 V and discharge time of
90 s. The adsorption capacity increased with the
increasing of pH. The adsorption equilibrium could
be attained within 60 min. The adsorption process
was an ion-exchange mechanism, which suggested
that the adsorption kinetics fitted the pseudosecond-order model and the adsorption followed the
Langmuir model. Furthermore, reed hemicellulosebased hydrogel had high reusability for adsorption
of metal ions after 8 repeated adsorption/desorption
cycles.

[5]
[6]

[7]

[8]

ACKNOWLEDGEMENTS

[9]

Thanks to the financially sponsor by National
Natural Science Foundation of China (Project No.
51263006), Hainan International Science and Technology Cooperation Fund (KJHZ2014-02), Younth
Foundation of Hebei Province (A2015201050),
Innovative Entrepreneurial of College Students
(2015064, 201510075047) and Post-JUDGXDWH¶V
Innovation Fund Project of Hebei University
(X2016065, X2016066).

[10]

[11]

REFERENCES

[12]

[1] Wan, N.W.S. and Hanafiah, M.A. (2008)
Removal of heavy metal ions from wastewater
by chemically modified plant wastes as adsorbents: a review. Bioresour Technol. 99, 39353948.
[2] O' Connell, D.W., Birkinshaw, C. and O
'Dwyer, T.F. (2008) Heavy metal adsorbents
prepared from the modification of cellulose: a
review, Bioresour Technol. 99, 6709-6724.
[3] Chang, C., Duan, B. and Cai, J. (2010) Superabsorbent hydrogels based on cellulose for

[13]

[14]

1797

smart swelling and controllable delivery. Eur
Polym. J. 46, 92-100.
Zhong, L., Peng, X. and Yang, D. (2012)
Adsorption of heavy metals by a porous bioadsorbent from lignocellulosic biomass reconstructed in an ionic liquid. J Agric Food
Chem. 60, 5621-5628.
Hoffman, A. (2002) Hydrogels for biomedical
applications. Adv Drug Deliver Rev. 54, 3-12.
Dong, A. Q., Xie, J., Wang, W. M., Yu, L. P.,
Liu, Q. and Yin, Y. P. (2010) A novel method
for amino starch preparation and its adsorption
for Cu(II) and Cr(VI). J. Hazard. Mater. 181,
í
Kannamba, B., Reddy, K. L. and AppaRao, B.
V. (2010) Removal of Cu(II) from aqueous
solutions using chemically modified chitosan.
-+D]DUG0DWHUí
Wu, Y., Zhang, S.Z., Guo, X.Y. and Huang,
H.L. (2008) Adsorption of chromium(III) on
OLJQLQ%LRUHVRXU7HFKQROí
Li, N. and Bai, R.B. (2006) Highly enhanced
adsorption of lead ions on chitosan granules
functionalized with poly (acrylic acid). Ind
(QJ&KHP5HVí4.
Coviello, T., Matricardi, P., Marianecci, C.
and Alhaique, F. (2007) Polysaccharide hydrogels for modified release formulations. J.
Control. Release. 119, 5±24.
Peng, X., Ren, J., Zhong, L., Peng, F. and Sun,
R. (2011) Xylan-rich Hemicelluloses-graftacrylic acid ionic hydrogels with rapid responses to pH, salt, and organic solvents. J
Agric Food Chem. 59, 8208-8215.
Peng, Z., Li, Z., Zhang, F. and Peng, X.
(2012) Preparation and Properties of Polyvinyl
Alcohol/Collagen Hydrogel. J Macromol Sci
B. 51, 1934-1941.
Pan, S. and Ragauskas, A. (2012) Preparation
of superabsorbent cellulosic hydrogels. J Carbohyd Polym. 87, 1410-1418.
Chang, S.K., Han, S. and Lin, C. (2013) Facile
preparation of photodegradable hydrogels by
photopolymerization. Polymer. 54, 21152122.

E\363

9ROXPH²1R 

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



ricultural by-product: Peanut hull. J Hazard
Mater. 168, 739-746.
[27] Pellera, F., Giannis, A., Kalderis, D., Anastasiadou, K., Stegmann, R., Wang, J.Y., and
Gidarakos, E. (2012) Adsorption of Cu(II)
ions from aqueous solutions on biochars prepared from agricultural by-products. J Environ
Manage. 96, 35-42.

[15] Yang, J., Luo, K., Pan, H., Kopeková, P. and
Kopeek, J. (2011) Synthesis of Biodegradable
Multiblock Copolymers by Click Coupling of
RAFT-Generated HeterotelechelicPolyHPMA
Conjugates. React Funct Polym. 71, 294-302.
[16] Park, M., Kim, B.S., Shin, H.K., Park, S.J. and
Kim, H.Y. (2013) Preparation and characterization of keratin-based biocompositehydrogels
prepared by electron beam irradiation. Mater
Sci Eng C Mater Biol Appl. 33, 5051-5057.
[17] Xia, M., Liu, S., Wang, Y., Zhang, Yan., Wu,
Y. and Zhu, M. (2013) Preparation and Properties of Nanocomposite Hydrogel by Photoinitiated Polymerization. Mater Sci Forum. 745746, 499-506.
[18] Sengupat, S., Singh, R. and Srivastava, A.
(1998) A promising absorbent of acrylic acid/poly (ethylene glycol) hydrogel prepared by
glow-discharge electrolysis plasma. J Electrochem Soc. 145, 2209-2213.
[19] Gao, J., Li, Y., Li, Y., Liu, H. and Yang, W.
(2012) Fabrication of superhydrophobic surface of stearic acid grafted zinc by using an
aqueous plasma etching technique. Cent Eur J
Chem. 10 (6), 1766-1772.
[20] Gao, J., Ma, D., Lu, Q., Li, Y., Li, X. and Wu,
Y. (2008) Synthesis and characterization of
superabsorbent composite by using glow discharge electrolysis plasma. React.Funct.
Polym. 68, 1377-1383.
[21] Gao, J., Ma, D., Lu, Q., Li, Y., Li, X., and
Wu, Y. (2010) Synthesis and characterization
of montmorillonite-graft-acrylic acid superabsorbent by using glow discharge electrolysis
plasma. Plasma Chem Plasma P. 30, 873-883.
[22] Wang, X., Gao, J. and Wang, W. (2012). Polymeric superabsorbing composite prepared using a glow dischared electrolysis plasma for
the removal of dibalent heavy metal ions from
aqueous solutions and its swelling properties.
Poly. Eng. Sci. 52, 2217-2227.
[23] Srivastava, A., Mishra, D.K. and Behari, K.
(2010) Graft copolymerization of N-vinyl-2pyrrolidone onto chitosan: Synthesis, characterization and study of physicochemical properties. Carbohydr Polym. 80, 790.
[24] Lu, Q., Yu, J. and Gao, J. (2011) Glowdischarge Electrolysis Plasma Induced Synthesis of Polyvinylpyrrolidone/Acrylic Acid
Hydrogel and its Adsorption Properties for
Heavy-metal Ions. Plasma Process Polym. 8,
803-814.
[25] Peng, X., Zhong, L., Ren, J. and Sun, R.
(2012) Highly effective adsorption of heavy
metal ions from aqueous solutions by
macroporous xylan-rich hemicelluloses-based
hydrogel. J Agric Food Chem. 60, 3909-3916.
[26] Zhu, C., Wang, L. and Chen, W. (2009) Removal of Cu(II)from aqueous solution by ag-

Received:
Accepted:

20.05.2015
10.12.2015

CORRESPONDING AUTHORS
Zhiqiang Liu and Nian Fu
Hebei University, College of Physics Science and
Technology, No.180 Wusi Road 071002 Baoding,
P. R. CHINA
E-mail: lzq@hbu.edu.cn and funian3678@163.com

1798

E\363

9ROXPH²1R 

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



ASSESSING SPATIO-TEMPORAL DYNAMICS OF
PRINCIPAL LAND COVER PROCESSES IN TURKEY
Ali Cagatay Dikmen*,1, Gursel Kusek2 and Ali Gul3
1
2

Ministry of Environment & Urbanization, General Directorate of Environmental Assets, Ankara, Turkey
Ministry of Food, Agriculture and Livestock, General Directorate of Agricultural Reform, Ankara, Turkey
3
Dokuz Eylul University, Department of Civil Engineering, Buca 35160 Izmir, Turkey

importance
in
assessing
relevant
policy
interventions, redirecting policy tools and/or
designing the conceptual bases of future scenarios.
Land use/cover changes and their sectoral impacts
are very dynamic, both in time and in space. Thus,
the spatial aspects of these systems play a crucial
role in understanding the complex nature of land
dynamics.
A series of studies focused in the last decade
on land use/cover issues and the experienced
change dynamics in Europe, especially after the
release of European datasets on land cover. A
recent study analyzed land cover changes observed
in Europe between the years 1990 and 2000 and
defined relevant land cover flows as the processes
of land cover change [1]. In this study, 44x43=1892
possible one-to-one changes between 44 different
land cover classes in the Corine Land Cover (CLC)
dataset were grouped into the flows of land cover
and were organized in three levels of information to
aid policy-making about the processes taking place
over the land.
As part of ex-ante assessment approaches to
describe future conditions on land, some other
studies focused on potential forces that drive
landscape changes and on predictions for the future
instead of solely identifying the changes [2].
Verburg et al [3] developed a series of land use
change scenarios for the period 2000-2030 and
simulated agricultural abandonment, agricultural
expansion and urbanization as main processes of
land use change in Europe under the given
scenarios. Houet et al [4] developed a framework
by coupling scenarios and landscape modelling on
two contrasting study sites that experienced
agricultural intensification.
The presented study considers spatial statistics
for depicting urban and agricultural land cover
distribution in Turkey and gives some insights into
relevant land development patterns. In the study,
land cover accounts and the changes experienced in
two data periods, 1990-2000 and 2000-2006, were
analyzed as proxy to the associated land uses. Some
assessments on major land-driven economic and
environmental records were additionally conducted
by giving reference to them as potentially landdependent variables.

ABSTRACT
In order for assessing potential impacts of land
development policies and orienting new policy
actions for sustainable development, identification
of spatial patterns in land use/cover and active
drivers of change holds primary importance. As
urban development and agricultural activities still
have major roles in planning policy interventions in
Turkey, spatial assessments on such land uses, on
the experienced land cover flows and their
organically linked functions need to be properly
integrated into ex-ante/post policy analyses. A
series of studies focused in the last decade on land
use/cover issues and change dynamics especially
after releases of European datasets on land cover.
The presented study employs a number of spatial
statistics for mainly exploring urban- and
agriculture-related land cover changes in Turkey as
part of the spatial assessments in relation to
dependent economic and environmental variables.
The assessments cover two data periods, 1990-2000
and 2000-2006. The results expose spatially explicit
features on the distribution of urban/agricultural
land cover in Turkey through a number of
centrographic statistics and spatial autocorrelation
measures. The results are aimed to better
understand spatio-temporal trends and unveil
spatially-clustered behaviours of different regions
in reacting to the mechanisms that drive land cover
changes.

KEYWORDS:
Land cover, urban/agricultural land, land cover flows,
spatial statistics

INTRODUCTION
Spatial and temporal characteristics of land
uses and associated changes in land cover provide
significant sources of information for unfolding the
expected/observed impacts of policies before and/or
after imposing new policy actions and instruments
on the topic of land. Indeed, understanding global
and regional dynamics on land use/cover changes
through exploratory data analyses holds key
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and provides a single-point summary measure for
the spatial distributions. Mean centers are located
on points where both the sum of all differences
between the mean X coordinate and all other X
coordinates is zero and the sum of all differences
between the mean Y coordinate and all other Y
coordinates is zero. The centroids of grid elements
(of 100 ha. size) were used in the study as the
reference grid for depicting land cover units and the
percentage of any land cover inside (urban or
agricultural) were considered as inputs when
calculating the weighted mean centers for the
corresponding land cover types. Equations for

MATERIALS AND METHODS
Corine Database for Depicting Land Cover
in Europe.
CORINE (Co-ordination of
Information on the Environment) Land Cover
database is the most fundamental dataset employed
in the study and is one of the main outputs
generated from the I&CLC2000 project which was
jointly coordinated by the European Environment
Agency (EEA) and the DG Joint Research Center
(JRC) of the European Commission (EC).
CLC2000 data set, for which the CLC1990
inventory and its updates are key reference data
sets, provides an inventory of the Earth surface
features for managing the environment. As only the
features that are relatively stable in time were
basically mapped while generating the CLC data, it
does not indicate diurnal, seasonal, or short-term
changes (e.g., vegetation cycle or flooding). The
CLC2000 data that was updated from the CLC1990
data is for the year 2000, with plus or minus a few
years. The minimum unit for inventory is 25 ha and
the minimum width of linear features (e.g., water
courses) is only 100 m, meaning that the features
and the land cover units smaller than this size were
aggregated into a relevant neighbour type [5]. CLC
data for the reference year 2006 (CLC2006) is a
direct continuation of previous CLC mapping
campaigns and was produced by integrating the
information of land cover changes in the period
2000-2006 with the land cover map from the year
2000.

determining the weighted mean X ( & ) and Y ( 8 )
coordinates are given as

&

¦W X
¦W
i

i

i

i

i

;

8

¦W Y
¦W

i i

i

i

i

where, in the land-cover context, Xi and Yi are
the coordinates of each reference land unit (i.e.
square grid element) and Wi is the weight that is
actually the percent coverage of any land-cover
type inside the unit reference (Fig. 1). Mean center
calculations were used in the study to observe the
directional shifts from 1990 to 2000 and from 2000
to 2006 for two main land cover types in Turkey
and to make comparisons between different
periods.
The standard deviational ellipse (also called
the directional distribution) is a good single
measure of the dispersion of incidents around the
mean center and it captures any available
directional bias [6, 7]. It is a powerful spatial
statistic to show the dispersion of land cover types
in two dimensions and thus it is able to account for
irregularities in the landscape. An ellipse measures
the shape and orientation of the distribution by
summarising the maximum and the minimum
variance along the x- and y-axes and is able to
unfold a non-uniform arrangement of events
(distribution of a certain land-cover type in this
case) [8, 9]. It indicates the major axis as the
direction of maximum spread of the incidents and
the minor axis as the direction of minimum spread.
As part of the assessments covered in the study,
standard deviational ellipses were used to
determine the maximum and the minimum spread
directions of the land cover types and to investigate
how well they follow the geographic distribution of
the territorial land (i.e. if the land cover is evenly
distributed within the national/regional territories,
or concentrated on some parts instead).

Spatial Statistics for Assessing Land Cover
Dynamics.
Spatial summary statistics for
administrative units (e.g. totals or averages within
administrative districts) provide an overview of
land processes. Extracting information from the
maps, however, mostly depends on visual
inspection. In order to explain distributional
characteristics of different land-use/cover patterns
and look for trends in land changes, other types of
spatial measures are also required. The most basic
types of descriptors for spatial distributions (socalled centrographic statistics) include mean center
(or weighted mean center), median center, standard
distance deviation and standard deviational ellipse.
Two of these spatial statistics, weighted mean
center and standard deviational ellipse, were used
in the presented study to assess certain spatial
characteristics of the land processes considered.
The mean center, also called the center of
gravity, is the most basic descriptor of spatial
distributions. It is an average point constructed
from the x and y coordinates of the input features
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FIGURE 1
Spatial distribution of a specific land cover displayed over the reference grid and the grid elements used
for mean center computation.

(a)

(b)
FIGURE 2
Weighted mean centers and directional distributions of (a) national territorial land and (b) regional NUTS
1-level statistical units in Turkey.

by any cover type. To this end, the mean centers
and the standard deviational ellipses were
additionally computed from the grid elements (in
both X- and Y-directions) that belong to the
national territory (Fig. 2(a)) and each of the regions
separately (Fig. 2(b)). 1st-level regions (NUTS-1)
were constructed from the sub-regions designated
in the 2nd-level (NUTS-2) based on the NUTS
(Nomenclature of territorial units for statistics)

Prior to exploratory surveys based on the
directional distributions, reference ellipses also
need to be constructed from the national/regional
territories of the land since they are the primary
determinants of the spatial extent of any land-cover
type under consideration. This is a very similar
process to those applied for the land-cover types,
but is implemented by using the spatial extent of
national territories instead of only the occupied land
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based on the computed local statistics, a
randomization approach is used to generate a
spatially random reference distribution to assess
statistical significance in the context of a numeric
permutation approach. Permutations are used to
determine how likely it would be to observe the
Moran's I value of an actual distribution under
conditions of spatial randomness. This is achieved
by assigning a vector of randomly generated
numbers for each observation to randomly relocate
them in space. In order to generate a random
reference distribution of Moran's I, the statistic is
computed each time with a different set of random
numbers for the number of permutations specified
[12].

statistical definitions by the Statistical Office of the
European Union, Eurostat.
Spatial Autocorrelation for Major Land
Cover Flows. Due to limitations with the available
spatial display options and improper selections
while classifying regional figures, it is not always
easy to see how a region has behaved under the
given land processes and/or whether any processes
have affected different regions or clusters of
regions in different ways. In this regard, the general
behaviours of the NUTS-3 regions were explored in
the
study
by
investigating
similarities/dissimilarities (or spatial correlations)
between the regional change figures for urban and
agriculture-related land-cover processes in Turkey
as a whole. To this end, an important
methodological approach that is relevant to the
conceptual definition of land accounts and the
associated land cover flows (LCF) [1] was
embedded into the presented study. The top level
classification of flows, which distinguishes the
changes between broad land cover classes and the
changes internal to these classes, contains a total of
nine flows given in Table 1. In the study, those only
relating to the urban residential sprawl (LCF2) and
conversion to agriculture (LCF5) were considered
for the targeted spatial assessments.
Statistically significant local clustering was
explored through the use of local Moran`s I test
statistic and displayed in the maps of the local
indicators of spatial association (LISA) proposed
by Anselin [10, 11]. While generating a LISA map

RESULTS AND DISCUSSION
For examining urban and agricultural land
cover dynamics in Turkey, two major types of landcover among the CLC Level 1 classes were
considered in the study: (1) artificial surfaces (as
proxy to urban areas, excluding mine, dump,
construction sites and artificial, non-agricultural
vegetated areas) and (2) agricultural areas
(excluding agro-forestry areas). Their sub-classes
are given in Table 2. The centroids for all grid
elements of 1 km2 (or 100 ha) size were considered
as a set of computation points and the percentages
of a selected land-cover type (e.g. agriculture) in all
square grid elements were used as weights.

TABLE 1
The classification of the major types of land cover flows (LCFs).
Major type of land-cover change

Code

Urban land management

LCF1

Urban residential sprawl

LCF2

Extension of economic sites and infrastructures

LCF3

Agriculture internal conversions

LCF4

Conversion from forested and natural land to agriculture

LCF5

Withdrawal of farming

LCF6

Forests creation and management

LCF7

Water body creation and management

LCF8

Changes of land cover due to natural and multiple causes

LCF9

1802

E\363

9ROXPH²1R 

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



TABLE 2
CLC classes used in spatial analyses.

Land Cover

Urban

Agricultural

Corresponding CLC Type
Level 1

Level 2

Level 3

1. Artificial
surfaces

1.1. Urban fabric

1.1.1 and 1.1.2,

1.2. Industrial, commercial and transport units

1.2.1, 1.2.2, 1.2.3 and 1.2.4

2.1. Arable land

2.1.1, 2.1.2, and 2.1.3

2.2. Permanent crops

2.2.1, 2.2.2, and 2.2.3

2.3. Pastures

2.3.1

2.4. Heterogeneous agricultural areas

2.4.1, 2.4.2, 2.4.3 and 2.4.4

2.
Agricultural
areas

possible to observe some little shift and counterclockwise orientation change in the standard
deviational ellipse when both years are compared
(Fig. 4(b)).
Analyses of the spatial distributions of land
cover types are important for understanding where
the economic activities linked to those land uses
have been concentrated, and how these activities
have evolved in time. They can also elucidate
relationships with the changes experienced in other
land cover types during such developments, while
indicating for example, whether increasing
population pressures or economy-driven land
activities were enhanced at the expense of natural
or fertile land, or whether natural resources and
economic activities showed convergent patterns in
a kind of balanced development in course of time.
In this respect, spatial distribution patterns of some
related economic and physically dependent
variables were also analyzed in the presented study.
To this end, two indicators of the amount of
collected municipal waste (CMW) and the total
discharge of wastewater collected from the sewer
system (Ww) were additionally considered spatially
in comparison to the sprawl of urban areas.
Statistical data records received from the online
data repository of Turkish Statistical Institute [13]
were spatially assigned to the NUTS-2 level
provinces in Turkey and spatial statistical
assessments through centrographic statistics were
repeated. Figs. 5(a) and 5(b) show the mean centers
and standard deviational ellipses, both of which
were weighted by the total quantities of municipal
waste collected in these administrative units
(recorded in 1000 tons), for the years 2000 and
2006, respectively. The results are given in
conjunction with those of urban land cover in both
years.

Changes/shifts in the weighted mean centers
of the land-cover types, which were computed from
the centroids of grid elements and by using
corresponding land cover weights, were then
explored for Turkey's national territory in order to
get some clues about future spatial trends. For these
assessments, the weighted mean centers were
calculated for the years 1990, 2000 and 2006, as
well as the mean centers and the standard
deviations of the centroid coordinates of all grid
elements (in both X- and Y-directions) that belong
to national/regional territories.
The directional distributions (standard
deviational ellipses) that correspond to each
primary land-cover type were explored again for
the years 1990, 2000 and 2006. Here, the major
axis shows the direction of maximum dispersion of
the investigated land-cover type while the minor
axis indicates that of the minimum dispersion. The
ellipses allowed observing if the spatial distribution
of any land-cover has a specific spread along any
direction and hence has a particular orientation. In
this sense, urban land cover in Turkey shows an
eccentric distribution toward the western and northwestern regions (Fig. 3(a)). Comparative
assessment between the years 1990 and 2006
supports the argument that this eccentric
development still persists and is even slightly
increased with the urban mean center shifted more
to the north-west (Fig. 3(b)).
Similar to the eccentric development pattern
with regard to urban areas in Turkey, agricultural
mean center is also slightly shifted to the west (Fig.
4(a)). Potentially due to comparably limited change
dynamics of agricultural areas or spatially balanced
rates in withdrawal of and conversion to
agricultural land between the years 1990 and 2006,
no significant changes are observed in the weighted
mean center of agricultural land cover. It is still
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(a)

(b)
FIGURE 3
Weighted mean center and directional distribution of (a) urban land cover in 1990 against the spatial
statistics of national territory and of (b) urban land cover in 2006 in comparison to the year 1990.

(a)

(b)
FIGURE 4
Weighted mean center and directional distribution of (a) agricultural land cover in 1990 against the
spatial statistics of national territory and (b) agricultural land cover in 2006 in comparison to the year
1990.
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(a)

(b)
FIGURE 5
Spatial distribution of the collected municipal waste in (a) 2000 and (b) 2006 against the urban land
distribution.

FIGURE 6
Spatial distribution of the wastewater discharges in 2006 against the urban land distribution.

CPV for the years 2000 and 2006 show that
economic value of the crop products from the
agricultural land sources in Turkey holds a rather
distorted pattern toward the south-west of Turkey.
When the economic characteristics of the
agricultural production in considered in the context
of added values of crops produced, this eccentric
development can be well explained by referring to
the descriptive figures for the shares of Turkey's
geographic regions in the total added value of the
agriculture sector. Indeed, higher outlooks with the
percent shares of 20.04 for the Aegean, 17.65 for
the Mediterranean, 15.32 for the Central Anatolian
and 14.97 for the Marmara regions in 2000 against
the comparably lower percentages with 10.79 for
the South Anatolian and 6.55 for the East Anatolia
regions [14, 15] should normally result in such a

Observed differences in central tendency and
directional distribution of the wastewater discharge
quantities for the NUTS-2 provinces in 2006 are
displayed in Fig. 6 against the spatial distribution
metrics of urban land cover of the same year. Both
indicators generated from the municipal solid waste
and wastewater collected from the provinces unfold
a more shifted pattern than originally eccentric
distribution for urban land cover in the national
territory.
A separate spatial statistic that relates to the
use of agricultural land for economic purposes,
crop production value (CPV) was integrated into
the spatio-temporal assessments conducted in terms
of agricultural land cover in the study (Fig. 7).
Despite almost centric distribution of agricultural
land cover in Turkey, the performed analyses on
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inside the major regions in Turkey is quite
distinctive such that similar trend as in the urban
distribution is repeated in some of the regions (e.g.,
Central and South-East Anatolia), while an opposite
spatial trend behaviour appears in some others (e.g.
Aegean and East Marmara regions) (Fig. 9).
Land cover flows for the periods 1990-2000
and 2000-2006 were generated by first finding the
intersection of source and target combinations of
land cover types that are specifically assigned to
different flows. In LCF2, for example, the
combination of the selected types for urban land
cover (1.1.1, 1.1.2, 1.2.1, 1.2.2, 1.2.3 and 1.2.4)
was accounted as the target combination while
other land cover types with a probability to change
into artificial surfaces constituted the source
combination for urban sprawl. From this
intersection, land cover changes inside NUTS-3
administrative units (i.e., small districts) were
quantified by computing the change areas. Figs. 10
and 11 show the rates of urban residential sprawl
and conversion from other land uses into
agriculture in NUTS-3 units, respectively.

shift in the CPV center that deviated from the mean
center of the agricultural land cover.
The analyses described above provide certain
indications on the spatial dynamics of major land
related processes as well as potentially related
economic processes in Turkey. However, these
figures are only indicative at national level and do
not communicate much about the processes
occurring locally or between the regions. For this
reason, some regional assessments were
additionally conducted at the NUTS-1 regional
scale. Fig. 8 indicates directional distributions of
urban land that were considered regionally inside
the twelve NUTS-1 regions for Turkey. The results
make explicit that there is a spatial trend mostly for
the coastal regions such that urban mean centers
divert from the territorial centroids toward the
coastline, especially in western and southern
regions. Attraction capacities of major economic
activities in some urban economic epicenters are
more visible in the hinterland, e.g. for the East
Marmara (TR4) and West Black Sea (TR8) regions.
Directional distribution pattern of agricultural land

(a)

(b)
FIGURE 7
Spatial distribution of the crop product values in (a) 2000 and (b) 2006 against the agri. land.
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FIGURE 8
Weighted mean centers and standard deviational ellipses for urban land in NUTS-1 regions.

FIGURE 9
Weighted mean centers and standard deviational ellipses for agri. land in NUTS-1 regions.

FIGURE 10
Urban residential sprawl in NUTS-3 regions.

considered spatially random, and then to identify
regional clusters as hot/cold spots for the changes.
Fig. 12(a) shows the LISA map based on the urban
residential sprawl (LCF2). From the statistically
significant and meaningful cluster organizations in
the map, it is apparent that the most prominent high
clusters (i.e. comparably higher rates of urban
residential expansion) are located in West Anatolia
(TR5), Istanbul (TR1) and partly in Mediterranean
(TR6) region around the province of Antalya
against the cold clusters that appeared greatly in
East Black Sea (TR9) and partially in West Black
Sea (TR8), Central East Anatolia (TRB) and
Southeast Anatolia (TRC) regions. In the figure, hot
and cold spots that respectively indicate high

The analyses were designed to see how similar
or how different the neighbouring, or in more
general words, the connected regions behaved
during the periods 1990-2000 and 2000-2006 as
regards the two land cover processes, LCF2 and
LCF5, observed in both periods. Spatial
autocorrelation analyses were used to identify the
characters of similarities or dissimilarities between
neighbouring regions and to capture the extent of
overall clustering at the regional level, as well as
the locations of clusters and spatial outliers. In
examining the dynamic nature of land-cover
processes in Turkey, LISA maps are particularly
useful to see whether the patterns of land-cover
change are distributed in a way that cannot be
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(TR3), West Anatolia (TR5), Central Anatolia
(TR7) and Central East Anatolia (TRB) regions
while low flow clusters were formed mostly along
the coastal districts in East Black Sea region and
the highly populated districts of the Istanbul region
on both sides of Bosphorus. High-low and low-high
spatial outliers are quite scattered, but mostly
linked to the cluster groups determined from the
spatial autocorrelation analysis (Fig. 13).

change rates surrounded by low rates and low rates
surrounded by high change quantities are shown as
high-low and low-high relationships.
The clustered pattern with respect to the rates
of urban residential sprawl experienced in different
parts of Turkey seems to be in great accordance
with the results achieved in the study by Tekeli
[16]. Although Tekeli dissimilarly studied the
developments in population distributions for
Turkey in the period 1935-2000 to estimate the
spatial patterns through the use of certain spatial
metrics, the similarities in distribution patterns
around the year 2000 in both studies sufficiently
signify that land cover flows in the context of urban
sprawl conformed to the spatial distribution of
population densities in Turkey. Indeed, the
clustered administrative polygons with higher
values along the transect of Ankara and Konya
provinces (shown in red) as well as the other cluster
groups, but commonly with lower values (in blue),
around Kastamonu and Sinop provinces, along the
Eastern Black Sea region and in parts further down
to cover Erzincan and Tunceli provinces
substantially follow the outputs of the given
previous study (Fig. 12(b)).
Although there are strong needs for
assessments in different scales about diverse
rurality aspects and the associated development
dynamics in Turkey [17], the number of studies that
conduct rural analyses is still inadequate and they
mostly disregard spatial information. Thus, the
presented study aimed to reveal some spatial
dynamics in agricultural land to help decisionmaking. The study outputs with regard to the land
cover flows toward agricultural land formation
indicated that statistically clustered high flows
seem to have been partly experienced in Aegean

CONCLUSIONS
Apart from its significance as an important
driver on global environment change, land use
together with its associated local/global processes
of change is an important determinant for regional
development and for the ways it is shaped through
policy implementations. In this regard, any proper
assessment on land use needs a thorough
understanding of local/global quantities of land
use/cover changes, potential mechanisms that drive
changes, the similarities and clustered behaviour of
the regions which experienced these changes.
It is obvious that the changes in human and
biophysical dynamics have considerable impacts on
the land use changes observed in a region. This
requires comprehensive assessments of physical,
social, economic, cultural and/or environmental
factors potentially driving/accelerating the changes.
The detection of trends and/or randomness in a
specific land-cover change process experienced by
regions and the characterization of dynamic and/or
stagnant regions with respect to the intensities of
land-cover change are important in the general
framework of a comprehensive assessment.

FIGURE 11
Conversion to agriculture in NUTS-3 regions.
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(a)

(b)
FIGURE 12
(a) LISA clusters for the urban residential sprawl in NUTS-3 regions in the period 1990-2000; (b) spatial
moment curves for the population distribution in 2000 described by Tekeli [16].

FIGURE 13
LISA clusters for conversion to agriculture in NUTS-3 regions.

economic factors, policy interventions on land use,
etc. This can be achieved by performing
complementary analyses that look for correlations
between the actual land cover changes and the
changes in their potential drivers, both in temporal
and spatial scales. Besides, similar assessments
need to be repeated in the spatial scale not only for
understanding the regional change character of a
single land cover flow in each assessment, but also
for clarifying the links between different landrelated processes. These may include assessments
to understand the impacts of urban residential
sprawl on farming and forestry at the urban fringe,
or parallel development of agriculture and water
resources to support agricultural water use, for
example. The availability of spatial data with
sufficient accuracy and a proper coverage is another
important aspect while performing these kinds of

The results provide an overview of different
land cover issues and the change mechanisms
relating to corresponding land cover flows as well
as the characterization of smaller regions based on
their clustered behaviours in this context.
It is noteworthy that the performed
assessments do not consider any similarity between
the factors that originally drive the changes. They
are only based on statistical analysis of the
observed changes. Originally, patterns of land use,
land-cover change, and land management are
shaped by the interaction of economic,
environmental, social, political, and technological
forces in local to global scales. Thus, for more
detailed assessments, the statistical analysis of
change rates needs to be integrated with more
extensive assessments that focus more on potential
drivers of land-related changes, such as socio-
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accessed: 08.02.2015).
[13] TUIK (2015) Regional Statistics. Turkish
Statistical
Institute.
tuikapp.tuik.gov.tr/Bolgesel (date accessed:
08.02.2015).
[14] Çakmak, E. and Akder, H. 2005. Turkey's
Agriculture in the Light of the Developments
in WTO and EU (in Turkish). Turkish
Industry and Business Association (TUSIAD),
1R786ø$'-T/2005-06/397.
[15] Miran, B. (2005) Agricultural Structure and
Production. In: Fahri Yavuz (Ed.) Agriculture
in Turkey (in Turkish). Ministry of
Agriculture and Rural Affairs, Ankara, 9-42.
[16] 7HNHOL ø   'HYHORSPHQWV 2EVHUYHG LQ
the Spatial Distribution of the Population in
Turkey (in Turkish). METU Journal of the
Faculty of Architecture, 22(1), 85-102.
[17] Gülümser, A.A., Baycan Levent, T. and
Nijkamp, P. (2005) 7XUNH\¶V UXUDOLW\ $
comparative analysis at the EU level. ITU
Journal/a - architecture, planning, design, 9(2),
133-144.

partial or complete assessments on land use/cover,
providing that the continuation of and
improvements in data collection systems and data
products are secured with regular updates of
databases in different scales.
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In 2011, there was only one WWTP with
tertiary treatment (biological removal of nitrogen
and chemical precipitation of phosphorus in a SBR)
in Croatia, located in Koprivnica with a capacity of
100,000 PE.
Enhanced biological phosphorus removal
(EBPR) has become an established process for
wastewater treatment worldwide. EBPR is a
consequence of enrichment of activated sludge with
polyphosphate accumulating organisms (PAO),
which can assimilate readily biodegradable
substrate under anaerobic conditions and store them
intracellularly as poly-hydroxy-alkanoates (PHA)
[1]. Under consequent aerobic conditions, PAO use
anaerobically stored PHA as an energy source for P
uptake using oxygen as electron acceptor. A
fraction of PAO called denitrifying PAO (DPAO)
can use nitrate or nitrite as the electron acceptor
instead of oxygen [2, 3].
EBPR is, compared to chemical precipitation
of P, an inexpensive and environmentally
sustainable process, but unfortunately it is
comparatively less stable and reliable. Disturbances
and prolonged periods of insufficient P removal
have been observed at many full-scale WWTPs [4].
Successful operation of the EBPR process depends
on various environmental and operational factors
such as influent composition [5], carbon source [6],
presence of nitrate, nitrite [7, 8], excessive aeration
[9], sludge retention time (SRT) [10], temperature
[11], as well as presence of competitors Glycogen
Accumulating Organisms (GAO) [12].
This paper reports on the preliminary tests
carried out to characterize the wastewater and the
activated sludge at the WWTP in Koprivnica to
evaluate possibility of introduction of EPBR into
the plant.

ABSTRACT
This paper reports on the preliminary tests
carried out to characterize the wastewater and the
activated sludge from a sequencing batch reactor
(SBR) municipal wastewater treatment plant
(WWTP) to evaluate possibility of introduction of
enhanced biological phosphorus removal (EPBR)
into the plant. Wastewater which was treated at the
WWTP was municipal wastewater of medium
strength, with some peak organic loads due to
industrial discharge. Operating conditions were
often changed in order to satisfy effluent discharge
requirements. Biological methods for sludge
characterisation including anaerobic P-release test,
aerobic P-uptake test and anoxic P-uptake test were
used to determine the presence of polyphosphate
accumulating organisms (PAO) within the sludge of
the WWTP, along with nitrification and
denitrification tests. Anaerobic phosphorus release
rate on acetate was low 0.19-2.41 mgP/gVSS*h.
Aerobic P-uptake rate was in all our tests lower
than 1.0 mg P/gVSS*h and anoxic P-uptake was
lower than 0.63 mgP/gVSS*h. EPBR could not be
achieved with the activated sludge from the plant
but it may be possible, after introducing optimal
conditions and regime.

KEYWORDS:
batch tests, biological phosphorus removal, municipal
wastewater treatment, sludge characterisation

INTRODUCTION
The entire Danube river basin in Croatia was
identified as a sensitive area so urban wastewater,
prior to discharge, has to undergo tertiary treatment
which includes organic matter removal measured as
Biochemical Oxygen Demand (BOD) and
Chemical Oxygen Demand (COD) as well as
Nitrogen (N) and Phosphorus (P) removal for
agglomerations with more than 10,000 population
equivalents (PE).

MATERIALS AND METHODS
Sewerage and WWTP system of the town of
Koprivnica. The WWTP Koprivnica was designed
for biological removal of organic matter and
nitrogen as well as for chemical removal of
phosphorus from combined domestic and industrial
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There was no strict control of the SRT which we
estimated based on the amounts of the sludge
wasting and sludge concentration in the SBR.

wastewater of the town of Koprivnica. Phosphorus
is currently removed by chemical precipitation
aided by poly-aluminium-chloride (PAC) dosed
into a common pressure line which transports
sewage to SBR tanks. Nitrogen is removed
biologically by nitrification and denitrification
under intermittent aeration regime. Waste activated
sludge is aerobically stabilized in three stabilization
basins. The water from decanting sludge
stabilisation basins as well as wastewater from
sludge dehydration is recycled to the primary
treatment units after the coarse screen. WWTP
Koprivnica flowchart is presented in Figure 1.

Data collection and sampling. Plant
configuration and operating data were obtained
from plant design and interviews with plant
operators. Influent, effluent and sludge samples
were collected during several visits to the WWTP.
Automatic samplers collected 24hrs-composite
samples of influent and effluent, while the sludge
was collected manually (grab samples) from SBR
tanks.

TABLE 1
WWTP operating conditions.
SRT (days)
MLSS (g/l)
excess sludge (m3/day)
cycle duration (hours)
filling - anaerobic
filling - aerobic
reaction - aerobic
reaction - anoxic
settling
decanting
idle

15-18
3.2-5.4
180-300
12-18
2-4
2-4
2-3
2-3
1.5
0.5
0.5-2

FIGURE 1
WWTP Koprivnica flowchart.
Batch activity tests. Biological methods for
sludge characterisation such as anaerobic P release
test, aerobic and anoxic P uptake tests were carried
out to determine the presence and activity of PAO,
and nitrification and denitrification test to
investigate activity of nitrifying and denitrifying
bacteria at this plant.
Batch tests were conducted in a lab-scale
reactor operating in SBR mode (Applikon B.V.)
with working volume of 2.5 L. Activated sludge
from the WWTP Koprivnica was used for all tests.
Sludge was collected manually from the middle of
the SBR tanks at the end of aerobic phase. All
sludge samples were collected during the last
aerobic phase of treatment cycle before sludge
settling.
Sludge samples were rinsed 2-3 times with
dilution solution (0.6g MgSO4x7H2O/L + 0.07g
CaCl2x2H2O + 0.1g KCl/L) before batch tests.
Before starting the batch tests, mineral solution
which contained: 0.111 mg FeCl3x6H2O/L, 2 mg
MnCl2x4H2O/L, 0.48 mg NiSO4 x7H2O/L, 4.4 mg
ZnSO4x7H2O/L, 0.01 mg Na2MoO4/L, 0.04 mg
CuSO4x5H2O/L, 0.1 mg CoCl2/L and 0.15 mg
H3BO3/L, was added to the activated sludge
suspension to provide trace elements. The initial
concentration of mixed liquor suspended solids

Plant design capacity is 100,000 PE and it is
presently operated at approximately 75% of the
designed capacity. Contribution of domestic sewage
is approximately 1,265,000 m3/year and of
industrial effluents, 1,270,000 m3/year. Most of the
industrial effluents come from the food processing
industries which are pre-treated prior being
discharged into the public sewerage. Industrial pretreatment reduces suspended solids and readily
biodegradable organic matter in the effluent.
Quality and quantity of the influent vary
significantly due to fluctuation in industrial
wastewater discharges and rainwater (as the 218 km
long sewage system is combined).
WWTP operation. During the investigation
period, operating conditions were often changed by
the operators with variable duration of anaerobic,
aerobic and anoxic phases (Table 1). During the
filling phase, which lasted from 4-6 hours, the
aeration was switched off for 2-4 hours at the
beginning of the filling period.
The introduction of the filling phase without
aeration had taken place in the summer of 2010, 10
months before we performed the first batch test.
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introduced to create anoxic conditions and 0.5 g
CH3COONa was then added as a source of carbon
for denitrification test.

(MLSS) in batch tests was between 2.0-3.5 g/L for
P-release and P-uptake tests and 4.1-5.8 g/L for
nitrification and denitrification tests. Batch tests
were conducted from April 2011 to March 2012. In
first batch test pH was 7.9 and in all other tests pH
was maintained at 7.2±0.1 by dosing 1 M HCl and
1 M NaOH. In order to create anaerobic conditions,
nitrogen gas was supplied during the anaerobic
phase while air was provided during the aerobic
phase. Temperature was not controlled, so the labscale SBR was operated at temperature between
21°C (March) and 27°C (August).
For anaerobic P-release, 0.35 g of CH3COONa
was added as a carbon source. Acetate
concentration was monitored by measuring total
organic carbon (TOC) in filtered sludge samples.
Anaerobic hydraulic retention time (HRT) was up
to 5 h (Figure 2 and 3). At the end of the test,
surplus TOC always remained in solution so that
the carbon source would not limit P-release.
After P-release test the sludge was rinsed with
dilution solution in order to eliminate acetate
remaining after anaerobic P-release. Sludge was
then divided in two equal parts, one for the aerobic
P-uptake test and one for the anoxic P-uptake test.
Aerobic P-uptake test followed P-release test, while
the sludge for anoxic P-uptake test was kept in
refrigerator at 4oC for approximately 12 h before
executing the anoxic test.
For the P-uptake test, trace mineral solution
was added as well as phosphorus in the form of
KH2PO4. Orthophosphate concentration was
measured in filtered sludge samples and initial
concentration ranged at 7.8-10.0 mgPO43--P/l
For the anoxic P-uptake test, additional
phosphorus was added in the form of KH2PO4.
KNO3 was also added as a source of nitrate and
both orthophosphate and nitrate were measured in
filtered samples of activated sludge solution taken
in regular intervals from the SBR. Initial
concentrations ranged at 8.0-11.2 mgPO43--P/L and
16.0-22.1 mgNO3-N/L. Anoxic conditions were
maintained by continuous sparging of the mixed
liquor with N2 gas.
Nitrification and denitrification tests were
conducted one day after P-release and P-uptake
tests with activated sludge which was kept in the
refrigerator and rinsed with dilution solution and
brought to the room temperature. For the
nitrification tests NH4Cl was added as a source of
ammonia (30 mgNH4-N/L). After ammonia
concentration dropped to 0 mg/L, nitrogen gas was

Chemical analysis. Total organic carbon was
measured as non-purgable organic carbon on TOC
Analyzer Shimadzu 5000A. Chemical oxygen
demand (COD) was measured photometrically after
sample digestion, biological oxygen demand
(BOD5) was measured by WTW OxiTop method,
total phosphorus and orthophosphate were
measured by Merck cuvette tests, mixed liquor
suspended solids (MLSS) and mixed liquor volatile
suspended solids (MLVSS) and Total Kjeldahl
Nitrogen (TKN) concentrations were measured in
accordance with Standard Methods [13]. Ammonia
and nitrate were measured with ion selective
electrodes by Eutech and acetate with enzymatic
test kit Megazyme Acetic Acid kit.

RESULTS AND DISCUSSION
Influent characteristics. Characteristics of
wastewater which is treated at the WWTP
Koprivnica are presented by the mean values of its
main constituents in Table 2. Samples were taken
every working day as flow proportional 24 h
composite samples during 2011, in total 250
samples. Table 3 show influent values in 3 h
composite samples taken on November 16, 2011.
Acetate was measured in two 3 h composite
samples of the influent on November 17, and was
32.5 and 13.2 mg/L. It can be observed that
wastewater was of medium strength municipal
wastewater with typical ratios among constituents
known from the literature [14]. WWTP achieved
required effluent quality for discharge at all
observed times. Average effluent value of COD and
BOD were 19 and 5 mgO2/L respectively. Observed
peak organic loads were clearly caused by the
industrial discharge which represented significant
part of the WWPT load, estimated to be about 50%
of total load to the plant. Wastewater from sludge
stabilisation and dewatering contained around 100
mg/L of phosphorus and it is periodically recycled
and mixed with the influent. It should be noted that
data on phosphorus concentration shown in Table 2
represents wastewater after it was mixed with
recycled water from sludge stabilization.
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TABLE 2
Wastewater characteristics based on plant operator data
parameter

min.

max.

average

COD (mgO2/L)
BOD5 (mgO2/L)
total Nitrogen (mgN/L)
total Phosphorus (mgP/L)
suspended solids (mg/L)
COD/BOD
COD/P

200
90
11
2
102
1
9.3

3,012
1,100
92
42
2,245
6.7
303.1

622
341
35
13
317
1.9
58.6

standard
deviation
328
150.5
14,3
6,7
180
0.76
38.9

TABLE 3
Wastewater characteristics from 3-hour composite samples taken on November 16, 2011

Sample

TP
mg/L

PPO4
mg/L

N-NH4
mg/L

TSS
mg/L

IS
S
mg
/L

VSS
mg/L

VSS/
TSS

COD
mgO2
/L

COD
filtered
mgO2/L

CODfilt
COD

00-03h
03-06h
06-09h
09-12h
12-15h
15-18h
18-21h
21-24h

9.4
9.6
13.8
18.0
8.7
7.0
6.9
8.4

4.7
4.7
4.8
4.5
3.9
4.5
4.4
4.7

36
37
38
38
29
26
32
36

345
310
146
318
56
242
170
152

25
15
4
46
4
22
12
6

320
295
142
272
52
220
158
146

0.93
0.95
0.97
0.86
0.93
0.91
0.93
0.96

615
589
350
595
317
384
357
317

124
106
92
140
93
87
127
79

0.20
0.18
0.26
0.24
0.29
0.23
0.36
0.25

average

10.2

4.5

34

217

17

201

0.93

441

106

0.25

TKN
mg/L

67
67
53
53
56
59

BOD5
mgO2/L

COD
/BO
D5

280
380
170
300
140

2.20
1.55
2.06
1.98
2.26

240

1.32

65.4
61.4
25.4
33.0
36.5
54.6
51.9
37.7

252

1.90

45.7

COD
/TP

opportunity for PAO to take up VFA. During
anaerobic phase, acetate concentration can increase
and it would be beneficial for PAO growth. Aerobic
oxidation time was enough for complete
nitrification but which also should have been
enough for oxidation of anaerobically produced
PHA by PAO.
The issue of reject water from sludge
stabilization was also taken into consideration.
During the investigation period, the WWTP
employed aerobic stabilization of the excess sludge
under intermittent aeration in order to remove
nitrogen produced by cell decay. Wastewater from
sludge
stabilisation
contained
elevated
concentration of phosphorus likely produced by the
cell decay during stabilization.

pH value in the influent was measured
continuously and average value was 6.5 without
significant deviation. According to monitoring data
by drinking water supply company, average pH
value of drinking water supplied to city of
Koprivnica was at the same period 6.9.
WWTP operation. For EBPR it is beneficial
to maintain the SRT as low as possible. However,
in this case SRT should have been kept high
enough to maintain sufficient population of
nitrifying microorganisms to achieve nitrification
for nitrogen removal. Therefore, we considered the
operational SRT as one within range where both
EBPR and nitrogen removal could have taken
place.
Filing without aeration lasted from 2 to 4
hours, which could have been enough to provide
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specific P-release / (mgP/gVSS)
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FIGURE 2
Specific anaerobic phosphorus release using acetate as organic substrate

TABLE 4
Total acetate (HAc) uptake, maximal acetate uptake rate and phosphorus to total organic carbon ratio at
the end of test, during anaerobic phosphorus release on acetate

total HAc uptake
(mgTOC/gVSS)
max HAc uptake rate
(mgTOC/gVSS*h)
PO4/TOC ratio
(mgP/mgTOC)

test 1

test 2

test 3

test 4

test 5

test 8

11.89

4.75

4.13

13.65

14.77

1.78

5.09

2.65

2.00

4.32

4.26

0.46

0.30

0.17

0.39

0.06

0.06

0.23

were conducted during summer when influent
temperature was higher than 20°C. We assume that
higher wastewater temperature in that period
created good conditions for growth of GAO based
on the findings of Lopez-Vazquez et al. [12] and
that GAO were also present and competed for
acetate with PAO, especially in tests 4 and 5,
because of low phosphorus release and higher
acetate uptake (Figure 3 and Table 4) compared to
other tests.
From data shown in Figure 3 it can be seen
that acetate uptake was fastest during tests 1, 4 and
5. Taken together with the data in Table 4, it can be
seen that phosphorus to total organic carbon ratio
was lowest in tests 4 and 5 because of very low
anaerobic phosphorus release and notable acetate
uptake.
During the first test, pH was 7.9, and
anaerobic P release 2.41 mgP/gVSS*h, while in all

Characteristics and activities of sludge in
batch tests. Data in Figure 2 show phosphorus
release during anaerobic phase with added acetate.
Phosphorus release was the highest during the first
test. The first test was conducted in April when
wastewater temperature was lower than in summer.
Tests 2, 3, 4 and 5 were conducted during summer
when influent temperature was higher than 20°C.
During the first test, pH was 7.9, while in all the
other pH was set at 7.2 which also might have some
influence on the amount of P release. Anaerobic
HRT for phosphorus release was from 1 h 45 min in
test 5, to 5 h in test 2.
Data in Figure 3 show reduction in TOC in
anaerobic conditions due to acetate uptake.
Data in Figure 2 and 3 show evidence of PAO
existence judging from phosphorus release and
acetate uptake during anaerobic phase, but we
cannot talk about EBPR activity. Tests 2, 3, 4 and 5
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anaerobic phosphorus release rate on acetate (Table
5.) was low compared to data reported in literature
[17-22]. Aerobic and anoxic P-uptake rate was in
all our tests lower than 1.0 mgP/gVSS*h, indicating
very low PAO and DPAO activity.

specific TOC uptake / (mgTOC/gVSS)

the other tests pH was set at 7.2 and phosphorus
release rate on acetate (Table 5.) was very low
0.19-0.51 mgP/gVSS*h. Higher pH is beneficial for
anaerobic P release [15, 16] and it might have some
influence on the rate of P release. Nevertheless,

45
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time / min
test 1 - T = 23 oC

test 2 - T = 25 oC

test 3 - T = 26 oC

test 4 - T = 26 oC

test 5 - T = 27 oC

test 8 - T = 22 oC

FIGURE 3
Specific anaerobic acetate uptake expressed as TOC.

TABLE 5
Comparison of EBPR activity of activated sludge from WWTP Koprivnica and reported data.
max acetate/Prelease
(mgP/gVSS*h)

max aerobic Puptake
(mgP/gVSS*h)

test 1

2.41

0.48

test 2
test 3
test 4
test 5
test 8

0.40
1.04
0.51
0.34
0.19

0.77
0.54
0.47

WWTP Koprivnica:

reported data:
Zhang et al. [17]
Monclus et al [18]
Lopez-Vazquez et al. [19]
He et al. [20]
Monti et al. [21]
Brdjanovic et al. [22]
Kuba et al. [23]

anaerobic P-release
(mgP/gVSS*h)
0.22-7.9
3.97-4.94
9.6-20.9
11.1-19.2
5-30
6
5-9/19

1816

0.69
aerobic P-uptake
rate
(mgP/gVSS*h)
0.43-8.11
6.24-8.00
6.2-19.2
1.9-11.0
2-10
2.2
3.8-5.7/13

max anoxic Puptake
(mgP/gVSS*h)
0.34

0.20
0.63
anoxic P-uptake
rate
(mgP/gVSS*h)
0.00-3.45
2.26-3.29
0.0-5.9
not reported
1-6
1.7
1.2-1.6/6
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Significant differences between results in 8
tests were possibly result of unstable operating
conditions due to variation in influent. WWTP
phases and aeration were set with main goal to
reduce nitrogen, because phosphorus removal could
be and was achieved by chemical precipitation.
Since phosphorus was being removed by PAC
dosed into a common pressure line which transports
wastewater into SBRs, phosphorus concentration
available to PAOs was lower in SBR than in the
influent. Figure 2 shows some phosphorus release,
but it is not EBPR activity.

If the PAO biomass is growing, the uptake of
P to synthesize poly-P should always be higher than
the release of phosphorus in the anaerobic phase,
resulting in a net removal of phosphorus from the
liquid phase in the activated sludge system [14].
Data in Figure 4 show that aerobic and/or anoxic Puptake was not higher than anaerobic P-release,
except in test 8. Biomass P content was measured
three times and values were 1.05%, 2.11% and
2.52%. This is consistent with typical composition
of heterotrophic bacteria in non EBPR sludge [14].

FIGURE 4
Total phosphorus release and aerobic and anoxic phosphorus uptake during each test.
7

rate / (mg N/ gVSS * h)

6
5
4
3
2
1
0
test 1

test 3

test 4

test 6

test 7

test 8

nitrification rate / (mg NH4-N/gVSS h)
denitrification rate / (mg NO3-N/gVSS h)

FIGURE 5
Specific nitrification and denitrification rate.
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Nitrification is sensitive process affected by
various factors including pH and toxicity, nitrous
acid HNO2, metals [24]. Alkalinity of wastewater
was enough to maintain optimal pH for
nitrification.
Nitrification rate varied from one batch test to
other (Figure 5) probably because of variations in
wastewater that affected growth and activity of
sensitive nitrifying bacteria. The WWTP was
operated in order to maintain constant MLSS
instead of constant SRT. Since SRT varied, we can
assume that contribution of nitrifying biomass
varied too.
Denitrification rate in our test was below 3.5
mgNO3-N/gVSS*h which is lower than reported by
other authors. In denitrification tests with the
addition of acetate performed by Pala [25], nitrate
consuming rate ranged at 3.98 ± 10.09 mgNO3N/gVSS*h. Isaacs [26] reported maximum
denitrification rate with acetate added ranged at 5.3
± 10.6 mgNO3-N/gVSS*h.
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as carbon source increase the operational cost of
wastewater treatment plants.
Conventional activated sludge process
produces a fair amount of sludge. In China, 30
million tons WAS were produced annually by
wastewater treatment plants [5], while the cost of
WAS treatment and disposal accounted up to 20% 50% of the total operating costs[6]. To reduce and
fully utilize it, WAS, pretreated by dewatering, is
always dumped in landfill or incinerated with
municipal solid waste [7, 8], but landfill takes up a lot
of land as well as contaminants soil and
groundwater, and sludge incineration can pollute
atmosphere. That WAS is used for agricultural
production is regarded as the most environmentally
friendly solution. At present, the application of
sludge on farmland is with 60% of WAS outlet in
Denmark[9]. However, heavy metals and pathogens
inhibit the large scale application of sludge on
farmland in China[10].
Anaerobic digestion is widely applied in the
organic fraction of municipal solid waste
(OFMSW) treatment[11] and wastewater treatment
plants as an effective way to reduce organics. In
literature, fermentation has been applied to
transform food processing by-product into
biomaterials or biofuels[12]. Sludge fermentation can
increase wastewater influent concentration of VFA
which can be used as carbon source. It has been
reported that 6 - 9 mg of VFA is required for
biological removal of 1 mg phosphorus [13, 14]. In the
sludge anaerobic fermentation process, alkaline
condition can increase the hydrolysis rate to
produce more soluble substrates for acidification,
and decreasing or preventing the activity of
methanogens[15-17]. Therefore a high VFA
production can be obtained under the alkaline
condition during sludge fermentation process [18-21].
PS and WAS are two different types of sludge
generated in wastewater treatment plants[22].
Primary sludge contains a high portion of more
easily organic matters, such as excrement,
vegetables, fruits, textiles, paper, etc. [23]. And more
living biomass was involved in the biodegradable
fraction of VSS in PS. In contrast, WAS contains
non-hydrolyzable particulate materials and biomass
due to biological metabolism [17]. Compared to PS,

ABSTRACT
For using the different characteristic of
primary sludge (PS) and waste activated sludge
(WAS) to enhance the efficiency of alkaline
fermentation, the effect of mixture ratio of PS and
WAS on alkaline fermentation was investigated in
this study. The fermentations of mixed sludge (MS)
composed of PS and WAS were under the
conditions of pH 10 or 11 and the ambient
temperature (20 ± 2Ԩ). The results showed that the
maximum volatile fatty acid (VFA) yield was 292.2
mg COD/g VSS from alkaline fermentation of MS
which was a mix of PS and WAS in the ratio of 1:1
at pH 10 after 4 days reaction time. The VFA
consisted of acetic, propionic, iso-butyric, nbutyric, iso-valeric, and n-valeric acids which
contributed to the maximum ratio of VFA. In
addition, the maximum yield of soluble chemical
oxygen demand (SCOD) was released at pH 11,
and PS/WAS=1/2 after 10 d fermentation, but the
maximum concentrations of soluble protein and
carbohydrate were released at pH 10 and
PS/WAS=1/1. At the same pH value, the amount of
released phosphorus increased with the decrease of
PS/WAS ratios. More ammonia nitrogen was
released at pH 10 than that at pH 11.

KEYWORDS:
primary sludge, waste activated sludge, alkaline
fermentation, volatile fatty acids, acidification, nutrient
removal

INTRODUCTION
It is well acknowledged that the high
concentration of nitrogen and phosphorus causes
eutrophication of water bodies [1, 2]. Traditional
wastewater treatment process is difficult to satisfy
the more stringent legislations due to limited
availability of readily biodegradable organic in the
wastewater. In order to enhance the nutrients
removal, additional organic carbon source is
normally used during the wastewater treatment
process[3, 4]. However, additional organic chemicals
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WAS is characterised by poor biodegradability, so
most of studies focused on the fermentation of PS
[24-26]
. But fermentation of WAS is expected to
release phosphorus and nitrogen into the liquid
phase, the nutrients released during the
fermentation could be recovered in a useful form
such as the struvite [18, 27].
It has been reported that WAS can be
significantly enhanced under alkaline condition [18]
and co-fermentation of WAS with PS enhanced
soluble chemical oxygen demand (SCOD)
production[28]. In this paper, mixed sludge (MS)
made up of PS and WAS in different rations was
fermented under alkaline conditions, the influence
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of the ration was investigated on three aspects: (1)
the variations of SCOD, soluble protein and
carbohydrate during sludge hydrolysis; (2) the
variation of VFA and the composition of VFA; (3)
the variations of phosphorus and ammonia nitrogen
releasing.
MATERIALS AND METHODS
Sludge source. The WAS and PS were both
from a municipal wastewater treatment plant in
Shanghai, China and their main characteristics after
pretreating were showed in Table 1.

TABLE 1
Characteristics of the PS and WAS.
PS

Parameter

WAS

Mean
SD
Mean
SD
7.12
0.01
6.85
0.01
20800
1140
16100
88
7790
23
10600
18
16500
1540
15600
671
110
0
25
0
8870
97
10200
102
2410
130
4210
187
44
0
24
2
15
2
4
0
5.9
0.2
5.6
0.0
NH+4 -N
93
1
24
0
PO3-4 -P
4
0
75
1
All values are expressed in mg/L except pH; SD, standard deviation of triplicate tests.

pH
TSS (total suspended solids)
VSS (volatile suspended solids)
TCOD (total chemical oxygen demand)
SCOD (soluble chemical oxygen demand)
Total protein
Total carbohydrate
Soluble protein
Soluble carbohydrate
VFA㸦as COD㸧

with BSA as standard. Carbohydrate was
determined by the anthrone method with glucose as
standard. Tetris analysis of VFA composition was
conducted by aAligent 6890N GAS Chromatograph
using a flame ionization detector, the
chromatographic column was PîPPîȝP
DB-WAXetr. The filtrate pHs were adjusted to 4.0
by 3% H3PO4. The temperatures of the injection
port and detector were 200 and 220Ԩ. The column
temperature was maintained at 55 Ԩ for 1 min, and
programmed to 110 Ԩ at the rate of 30 Ԩ/min, kept
at 110 Ԩ for 1 min, then to 200 Ԩ at the rate of 10
Ԩ/min, and finally heated to 220Ԩ at 30 /min, kept
at 1 min. VFA concentration was converted to COD
concentration by using conversion coefficients
following Table 3.

Experimental apparatus and operation. Six
reactors were made of organic glass, and each of
them had working volume of 4 L. All reactors were
stirred at a speed of 50 rpm (revolutions per
minute) by digital stirrer, in order to keep sludge
mixed uniformity but not generate vortexes. During
the fermentation, the temperatures were controlled
at 20 ± 2Ԩ by using water bath heating. The solid
retention time was set as 12 d. pHs were adjusted
followed Table 2 by adding 4 M sodium hydroxide
(NaOH) or 4 M hydrochloric (HCl). The ration of
PS and WAS in each reactor was given in Table 2.
Analytic methods. Sludge samples from the
reactors were centrifuged at 6000 rpm on 15 min,
and sludge supernatants were filtered through a
glass fiber filter (1.0 ȝP pore size). The
characteristic was analyzed for COD, VFA, protein,
ା
carbohydrate, TSS, VSS, ଷି
ସ -P and  ସ -N.
Protein was measured by the Lowry-Folin method
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p

PS/WAS(v/v)
1/2
1/2
1/1
1/1
2/1
2/1

H
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of SCOD at different pHs and different rations of
MS. It was obvious that the SCOD concentration
offered upgrade firstly then descending latter
tendency within 12 d of fermentation time. In the
same fermentation time and the same ratio, the
SCOD at pH 11 was significantly higher than those
at pH 10, which indicated that more and more
particular organic in MS converted into soluble
matters at pH 11㸪the yield of SCOD can be raised
by increasing pH. The maximum yield of SCOD
was 654.9 mg/g VSS at pH 11 and PS/WAS=1/2 on
the 10th day of fermentation. At pH 10, the
maximum SCOD concentration often appeared at
the group of PS/WAS=1/2 on most of the
fermentation time. At pH 11, the SCOD
FRQFHQWUDWLRQV GLGQ¶W DSSHDU WR EH PXFK GLIIHUHQW
on the 2nd, 6th, 8th day of fermentation time.

TABLE 2
Working information of six reactors.
No.
1#
2#
3#
4#
5#
6#



10
11
10
11
10
11

RESULTS AND DISCUSSION
WAS hydrolysis. Sludge hydrolysis can be
characterised but the variations of SCOD
concentrations[29, 30]. Figure 1 shows the variations

TABLE 3
Conversion coefficients of VFA to COD

VFA
acetic acid
propionic acid
iso-butyric acid

Coefficient
1.066
1.512
1.816

PS/WAS=1/2; pH=10
PS/WAS=1/2; pH=11

SCOD (mg/g VSS)

600
500
400
300

2

4

6
8
Time (d)

10

Coefficient
1.816
2.036
2.036

11.6% carbohydrate, WAS consisted of 63.7%
protein and 26.2% carbohydrate. Therefore, the
solubilizations of sludge particulate organic matters
were focused on soluble protein and carbohydrate.
Figure 2 shows that the variations of soluble
protein and carbohydrate under different
conditions. It can be seen that at a certain
fermentation time, the concentrations of soluble
protein and carbohydrate at pH 11were both
significantly higher than that at pH 10, which
indicated that more and more proteins and
carbohydrates can be dissolved in water with
increasing pH. It is well known that alkaline pH
resulted in the dissociation of acid or neutral groups
of EPS, and promoting the repulsive interaction of
EPS with negative charges, thus enhanced the
solubilization of protein and carbohydrate[15, 34]. On
the 4th fermentation day, the amount of soluble
protein releasing followed the order: PS/WAS=1/1,
pH=11 > PS/WAS=1/2, pH=11 > PS/WAS=2/1,
pH=11 > PS/WAS=1/1, pH=10 > PS/WAS=1/2,
pH=10 > PS/WAS=2/1, pH=10. And on the same
fermentation time, the amount of soluble
carbohydrate releasing followed the order:
PS/WAS=1/1, pH=11 > PS/WAS=2/1, pH=11 >
PS/WAS=1/2, pH=11 > PS/WAS=2/1, pH=10 >
PS/WAS=1/2, pH=10 > PS/WAS=1/1, pH=10. It
can be concluded that the maximum amount of

800
700

VFA
n-butyric acid
iso-valeric acid
n-valeric acid

12

FIGURE 1
SCOD concentrations at different pHs and
different ratios of MS

Domestic sludge usually contains three main
constituents: protein, carbohydrate and lipid [31], the
main constituents of extracellular polymeric
substance (EPS) are protein and carbohydrate [32]. It
has been reported that the formation of VFA during
sludge anaerobic fermentation has direct contact
with the fermentation of these organic[33]. In this
study, protein and carbohydrate were the two major
constituents. PS consisted of 42.6% protein and
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COD/g VSS in the ratio of PS/WAS=1/2,
PS/WAS=1/1 and PS/WAS=2/1. Under the same
conditions, VFA production of MS between the PS
(201.2 mg COD/g VSS) and WAS (381.4 mg
COD/g VSS). However, MS in all ratios can reach
the highest peak on the 4 days of fermentation
respectively, PS and MS need 8 days of
fermentation to reach the highest production which
indicated that mixed PS and WAS were more
efficient than PS or WAS solely. It did not mean
the ratio of PS and WAS were as high as possible,
the best ratio was 1:1. VFA production decreased
with the ratio of PS and WAS increasing to 2:1,
which might be attributed to PS containing low
COD effecting the production of VFA.

soluble protein and carbohydrate can be achieved
by fermented MS of PS/WAS=1/1 at pH 11. Instead
of increasing gradually as SCOD, the
concentrations of soluble protein and carbohydrate
were fluctuated with the time increasing, because of
the dynamic balance between the release and
degradation of soluble organic matters[17, 35].

(a)250
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FIGURE 3
Variations of total VFA at different pHs and
different ratios of MS.
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In this work, six VFAs, including acetic,
propionic, iso-butyric, n-butyric, iso-valentic, nvaleric acid were detected. Figure 4. Summarizes
the percentage of individual VFA accounted for
total VFA at different pHs and different ratios of
MS on the fourth day of fermentation time. The
data in Figure 3 indicated that acetic acid,
accounted for 36.3% - 43.5%, was the main product
whatever the ratio and pH were. In the group of
PS/WAS = 1/2, pH had no effect on the percentage
of acetic acid accounted for total VFA, but it can be
enhanced by pH at the group of PS/WAS = 1/1.

FIGURE 2
Variations of soluble proteins (a) and soluble
carbohydrates (b) at different pHs and different
ratios of MS.

VFA accumulation and composition. Figure
3 displays variations of total VFA in terms of COD
during the fermentation time. It was observed that
VFA concentration of all three different MS at pH
10 reached the highest peak respectively,
especially, the highest concentration of VFA was
292.2 mg COD/g VSS with PS/WAS =1/1 at pH
10. Under the condition of pH 11, only the MS of
PS/WAS =1/2 reached the highest peak on the
fourth fermentation day, while others can reach the
highest peak on 12 days. The group of pH 10 and
PS/WAS = 1/1, the concentration of VFA increased
constantly, but decreased after 4 days, which might
be attributed to VFA converting to methane by
activity of methanogens[17].
The VFA at pH 10 on the 4 days of
fermentation reached 279.8, 292.2, 213.0 mg
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PS is lower than that in WAS.
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FIGURE 4
Percentage of individual VFA accounted for
total VFA at different pHs and different ratios
of MS on the fourth day of fermentation time( A
= acetic acid; P = propionic acid; iB = isobutyric acid; nB = n-butyric acid; iV = isovaleric acid; nV = n-valeric).
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and
release. As nitrogen and
phosphorus are present in the bacterial cells, the
process of sludge fermentation will result in the
release of these nutrients as ammonium and
phosphorus[36, 37]. Figure 5(a) displays the variations
of ସା -N concentration at different pHs and
different ratios of MS. It is obvious that  ସା -N
concentration offered upgrade firstly then
descending latter tendency within 12 d of
fermentation time. In most cases,  ସା -N
concentration at pH 10 was higher than that at pH
11 in the same mixing ration and at the same
fermentation time, which might be attributed to the
strong base condition (pH=11) promoting free
ammonia escaped from the system. Figure 5(b)
displays the variations of orthophosphate which is
similar
to
that
of
ammonia,
 orthophosphate
reacted with ammonium salt, calcium ion and
magnesium ion to generate struvite and
hydroxyapatite sediment[38]. On the fourth
fermentation time, orthophosphate concentration
followed the order: PS/WAS=1/2㸪pH=10 >
PS/WAS=1/2㸪pH=11 > PS/WAS=1/1㸪pH=10 >
PS/WAS=1/1㸪pH=11 > PS/WAS=2/1㸪pH=10 >
PS/WAS=2/1㸪pH=11, which indicated that the
amount of orthophosphate releasing was increasing
with ration of MS decreasing at the same pH value,
which was attributed to the wastewater treatment
plant implement biological phosphorus removal
technologies, phosphate accumulating bacteria in
WAS released phosphorus in the anaerobic
conditions, but phosphate accumulating bacteria in

0
2

4

6

Time (d)

8

10

12

FIGURE 5
Variations of ammonia nitrogen (a) and
phosphorus (b) concentrations during
fermentation at different pHs and different
ratios of MS.

CONCLUSIONS
The effect of mixed sludge of PS and WAS in
different rations by alkaline fermentation was
investigated in this study. The optimal conditions of
generating VFA was: PS and WAS were mixed in
the ratio of 1:1 at pH 10 after 4 days of
fermentation time, under the conditions, 292.2 mg
COD/g VSS VFA can be generated. VFA
production decreased with the ratio of PS and WAS
increasing to 2:1, which might be attributed to PS
containing low COD effecting the production of
VFA. Further studies showed that acetic acid
contributed to the maximum ratio of VFA.
The maximum SCOD concentration was
released at pH 10 and PS/WAS=1/2 on the 10th day
of fermentation. It observed that the soluble protein
and carbohydrate were the most important
components of SCOD, instead of increasing
gradually as SCOD, the concentrations of soluble
protein and carbohydrate were fluctuated with the
time increasing, the maximum soluble protein and
carbohydrate were released at pH 11 and
PS/WAS=1/1.

1824

E\363

9ROXPH²1RSDJHV

Soluble phosphorus and ammonia were
released during fermentation of MS. The amount of
phosphorus released from MS increased with ratio
of PS and WAS decreasing,  ସା -N concentration
at pH 10 was higher than that at pH 11 in the same
mixing ration and at the same fermentation time.
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BACTERIAL COMMUNITY STRUCTURE AND ABUNDANCE
OF NITROGEN REMOVING GENES IN STRONG ALKALINE
AND HIGH SALINITY LEACHATE
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ABSTRACT
Anthropogenic extreme alkaline saline
environments are among the most interesting sites
for the bio-prospection of extremophiles and for
understanding biogeochemical cycles. In this work,
four leachate samples with the extreme alkaline
saline were collected, and then pyrosequencing and
quantification of functional genes related to
nitrogen removing mechanism were used. The total
of 29 phyla was detected and dominant phyla
mainly included Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes, in particular,
classes of Alpha-, beta- and gamma- proteobacteria
in phylum of Proteobacteria accounted for the most
abundance in four samples, in addition, more than
50 genera were dominant with the 1% relative
abundance at least in one sample, in which genera
Nitriliruptor,
Aquiflexum,
Geitlerinema,
Lactococcus, Hydrogenophaga, Pseudospirillum
and Pseudomonas had more than 5% relative
abundance at least in one sample, and the majority
of dominant genera was likely to drive carbon,
nitrogen cycles in leachate ecosystem. In parallel,
the real time PCR analysis showed that functional
genes related to nitrite oxidizing (nxr) and nitrate
reducing (narG, napA and nas) were lower than the
detection limit, and genes participating in
denitrification (nirK, nirS and cnorB) and
ammoxidation (archaeal-amoA) had higher copy
number in four samples. The nitrogen removing
mechanism in extreme alkaline saline leachate
studied may be evading the processes of nitrite
oxidizing while nitrate reducing which NO2- from
ammoxidation was directly reduced, and
ammonification was a limited step of removing
total nitrogen in the leachate.

KEYWORDS:
Leachate; Bacterial community structure; Ammoxidation;
Denitrification

INTRODUCTION
Bacteria living in extreme alkaline salinity
waterbodies, such as soda lakes, alkaline hot

springs and alkaline tailings pond, etc., played an
vital role in the biogeochemical cycle of carbon,
nitrogen, sulfur elements [1-5]. Studies have found
that both eukaryotes and prokaryotes in extreme
alkaline salinity environments are diverse [5-6], in
which prokaryotes were mostly related to
Proteobacteria, Firmicutes, Actinobacteria and
Bacteroidetes [1,3,5,7-8]. To this day, a majority of
studies on microorganisms focus on the microbial
community structure and functional genes
involving C, N and S cycles, for instance, Antony et
al. [8] and Sorokin et al. [5] have reviewed the
bacterial diversity and biogeochemical cycling in
soda lakes in detail. In addition, microbes
participating in carbon cycles were mainly
including primary producers which represented by
Cyanobacteria and anoxygenic phototrophs and
heterotrophs related to the degradation of organic
matters and methane cycle, more strikingly, many
bacteria involving sulfur cycle are likely to relate to
carbon fixation in soda lakes [8]. Additionally,
nitrogen have been put in a pivotal position to
maintain ecosystem stability, especially nitrogen
fixation, ammoxidation, denitrification in soda
lakes or other extreme alkaline salinity waterbodies
has been explores by many researchers [5,8-9].
The extreme alkaline salinity environments
are also produced in the processes of mining and
industrial production [10-11]. Brito et al. [11]
suggested that anthropogenic extreme environments
are among the most interesting sites for the bioprospection of extremeophiles since the selection
pressures
may
favor
the
presence
of
microorganisms of great interest for taxonomical
and astrobiological research as well as for
bioremediation technologists and industrial
applications.
Although
both
natural
and
anthropogenic waterbodies are of extreme alkaline
salinity environment, the latter usually contains
higher toxic organic matters and salts. Many
treatments have been used to remove the pollutants
in anthropogenic waterbodies. In order to treat the
waste or residue from mining and chemical plant, a
landfill was constructed in Huainan, Anhui
Province. The leachate from landfill, which is
strong alkaline and high salinity, was collected in
collecting tanks and then flowed straightly into a
constructed wetland. Except collecting the leachate
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from landfill, the collecting tanks are used to
primarily remove nitrogen and organic matters. The
aims of the present work are to describe the
bacterial communities inhabiting this anthropogenic
extreme alkaline salinity leachate and to explore the
nitrogen removing mechanism by detecting
abundance of functional genes.

MATERIALS AND METHODS
Study area and sample collection. The area
studied is located at a landfill of refuses containing
coal gangue, wastes of chemical industry and
GRPHVWLF JDUEDJH ¶´ 1 ¶´
E). The leachate from landfill with strong alkaline
and high salinity was collected and further treated
by constructed wetlands. The leachate from four
collecting tanks (CT1-CT4) was sampled in 2014,
Nov. 15th. The detail characteristics are listed in
table 1.

TABLE 1
Chemical properties of leachate studied.
pH
CT1
CT2
CT3
CT4

EC(ms/cm)

DO(mg/L)

CODMn(mg/L)

TN(mg/L)

NH4+-N(mg/L)

NO3--N(mg/L)

NO2--N(mg/L)

10.35
5.19
8.91
68.90
5.35
0.57
0.01
0.43
10.10
4.12
5.41
46.66
2.58
0.29
/
0.72
10.59
4.22
6.64
60.07
3.46
1.55
0.03
0.60
10.53
4.13
4.23
45.23
2.95
0.43
/
0.77
Notes: The pH and dissolved oxygen (DO) were measured using a portable meter (HQ 30d), salinity as reflected
by the electrical conductivity (EC) was measured by EC analyzer (DDB-303A). The CODMn, total nitrogen
(TN), NH4+-N, NO3--N and NO2--N were measured according to the Enivronmental Quality Standard for Surface
Water (GB3838-2002).

DNA extraction. Wastewater samples
P/  ZHUH ILOWHUHG WKURXJK ȝP VWHULOH
millipore filter by vacuum circulating pump in
gnotobasis and then extracted by OMEGA Soil
DNA kit (Omega Biotek, Norcross, GA, USA)
DFFRUGLQJWRWKHPDQXDO¶VUHFRPPHQGDWLRQ
Pyrosequencing. The 16S rDNA was
amplified by PCR for multiplexed pyrosequencing
using barcoded primers, and the V3-V4 region of
the bacterial 16S rDNA were amplified using
primers forward 338F: ACT CCT ACG GGA GGC
AGC A and 806R: GGA CTA CHV GGG TWT
CTA AT. The resulting amplicons were sequenced
by an Ilumina Miseq PE250 machine at Shanghai
majorbio Bio-pharm Technology Co., Ltd
(Shanghai, China).
Real-time PCR.
Functional genes relatived with nitrification
and denitrification were quantified by a Stepone
Real-Time PCR System (ABI, New York, US) and
WKH SULPHU SDLUV DUH OLVWHG LQ 7DEOH  7KH  ȝ/
UHDFWLRQ PL[WXUH FRQVLVWHG RI  ȝ/ RI GLOXWHG
WHPSODWH '1$  ȝ/ RI HDFK SULPHU
(concentration of 10 P0   ȝ/ RI SDVVLYH

UHIHUHQFHG\H î ȝ/RIGG+22DQGȝ/RI
KAPA SYBR@ FAST qPCR Kit Master Mix (2×)
Universal (KAPA Biosystems, Boston, US). The
specificity of the PCR for each target gene was
checked using melting curve analysis and gel
electrophoresis.
Functional genes (archaeal and bacterial amoA
(archaeal-amoA and bacterial-amoA), nirK, nirS,
cnorB and nosZ genes) for standard curves were
amplified from the extracted total DNA with the
same primers to the real-time PCR, respectively.
And nxr, narG, napA and nas genes had not been
amplified from the extracted total DNA of such five
samples. Each PCR product was purified using
Wizard® SV Gel and PCR Clean-Up System
(Promega) and cloned into pEASY-T3 Cloning
Vector (Transgen). The resulting ligation mix was
transformed into Trans1-T1 Phage Resistant
Chemically Competent Cells (Transgen). Plasmids
used as standards for quantitative analysis and
standard curves were constructed based on triplicate
10- fold dilutions of a DNA standard containing a
known copy number. Each R2-value of each
standard curve for each replicate was determined to
be above 0.99 and qPCR assay efficiencies were
above 80%.
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TABLE 2
Primer pairs used in real-time PCR analysis for amplification of bacterial and archaeal ammonia
monooxygenase (amoA), nitrite oxidoreductase (nxr), nitrate reductase (narG, napA and nas), nitrite
reductase (nirK and nirS), nitric oxide reductase(cnorB), and nitrous oxide reductase (nosZ) genes.
Target group
archaeal-amoA

Primer name
Sequence(5'-3')
References
arch-amoAF
STAATGGTCTGGCTTAGACG
[12]
arch-amoAR
GCGGCCATCCATCTGTATGT
bacterial-amoA
amoA1F
GGGGTTTCTACTGGTGGT
[13]
amoA2R
CCCCTCKGSAAAGCCTTCTTC
nxr
F1norA
CAGACCGACGTGTGCGAAAG
[14]
R2norA
TCCACAAGGAACGGAAGGTC
narG
narG1960m2f
TAYGTSGGGCAGGARAAACTG
[15]
narG2650m2r
CGTAGAAGAAGCTGGTGCTGTT
napA
napAV66cf
TAYTTYYTNHSNAARATHATGTAYGG
[16]
napAV67CR
DATNGGRTGCATYTCNGCCATRTT
nas
nasF
CARCCNAAYGCNATGGG
[17]
nasR
ATNGTRTGCCAYTGRTC
nirS
Cd3aF
GTSAACGTSAAGGARACSGG
[18]
R3Cd
GASTTCGGRTGSGTCTTGA
cnorB
cnorB2F
GACAAGNNNTACTGGTGGT
[19]
cnorB6R
GAANCCCCANACNCCNGC
nosZ
nosZ1F
WCSYTGTTCMTCGACAGCCAG
[20]
nosZ1R
ATGTCGATCARCTGVKCRTTYTC
Y: C/T; R: A/G; S: C/G; K: G/T; N: A/T/C/G; H: A/T/C; D: G/A/T; W: A/T; M: A/C; V: G/A/C.

Statistical analysis.
Sequences have been deposited in GenBank
short-read archive SRX967636. The heat map of
dominant genera was applied for plotting in R
environment with the pheatmap package, and
correlation and complete method were applied for
calculating distance and clustering respectively.
RESULTS
ABC Accumulation by Example under
Different Treatments. This is a subchapter
explaining some interesting results.
Diversity of microbial communities. A total
of 78 384 optimized reads, in which length 401-500
bp accounted for 99.99%, were retained in 4
samples after filtering. CT3 and CT4 presented the
higher OTU number, ace value, chao 1 and
Shannon index (+¶) than CT1 and CT2. No
significant linear correlation was found between
such indices and chemical properties (date not
shown).

Structure of microbial communities.
According to the analysis of sequencing data, 29
phyla were found in 4 samples. The phylum
number detected in samples is 18, 22, 29 and 28,
respectively, and 16 phyla were detected in all
samples. The dominant phyla were Proteobacteria,
Actinobacteria, Bacteroidetes and Firmicutes all of
which accounted for 91.29%, 86.65%, 87.29% and
87.83% of the sequences detected, respectively. In
addition, the relative abundance of Cyanobacteria
showed a followed order: CT2 (7.06%)>CT3
(4.07%)>CT4 (2.96%)>CT1 (0.01%). Besides CT1
has higher relative abundance of phyla Tenericutes
(2.78%) and Fibrobacteres (2.55%) in four
samples.
In phylum Proteobacteria, classes Alpha-,
beta- and gamma- proteobacteria showed most
abundant in four samples (Fig. 1). However, there
was a significant difference in the abundance of
three classes, for example, beta- and gammaproteobacteria were the most dominant in CT2 and
CT1, respectively.
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FIGURE 1
Relative abundance of the dominant microbial phyla and Proteobacteria classes in tailings revealed by
Ilumina Miseq pyrosequencing.

According to the analysis of sequencing data,
51 dominant genera (the relative abundance of >1%
in at least one sample) were detected in four
samples, mainly including 21 genera of
Proteobacteria, 13 genera of Bacteroidetes, 5
genera of Actinobacteria, 4 genera of Firmicutes
and 3 genera of Cyanobacteria. Data analysis based
on the relative abundance of 51 dominant genera
showed that there was a significant difference in
bacterial community structure among four samples
(Fig. 2). The number of genera was 27, 21, 20 and
24, respectively. And the number of dominant
genera with a relative abundance of >5% was 5, 4,
2 and 2, respectively. The genera ML602J-51
(Actinobacteria) and Nitriliruptor (Actinobacteria)
were mainly in CT1 (6.18% and 5.50%) and CT4
(4.82%
and
4.14%).
Genus
ML635J40_aquatic_group_norank (Bacteroidetes) was the
most dominant in CT2 (18.05%). The relative
abundance of genus Lactococcus (Firmicutes) in
CT4 was 7.24%. Genus Hydrogenophaga
(Betaproteobacteria) was dominant in four
samples.
The
relative
abundance
of
GKS98_freshwater_group (Betaproteobacteria) in
CT2 (8.26%) was highest in four samples and
genus Pseudomonas (Gammaproteobacteria) had
higher relative abundance in CT1 (7.53%) and CT4

(3.30%).
Genera
Pseudomonas
(Gammaproteobacteria) was detected in four samples, but
CT3 had the highest relative abundance (4.09%)
then followed by CT4 (2.39%). Moreover, the sum
of the top five dominant genera in samples
accounted for 38.98%, 44.96%, 38.82% and
30.70%, respectively.
The quantities of functional genes related to
nitrogen transformation. Quantitative analysis of
the quantities of functional genes related to
nitrification and denitrification was showed in
Table 4 and functional genes (namely nxr, narG,
napA and nas) related to interconersion of nitrate
and nitrite had not been amplified from the
extracted total DNA of such four samples (but
amplified from the total DNA in other
uncontaminated sediment samples). The copies of
genes related to denitrification were higher than
that of bacterial-amoA gene related to
ammoxidation (Table 4). And the abundance of
nirS gene was the highest in four functional genes
related to denitrification. In two genes involving
ammoxidation, the copy number of archaeal-amoA
gene from archaea was significantly higher than
that of bacterial-amoA from bacteria.

1830

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ





FIGURE 2
Heatmap for relative abundance of dominant genera in four samples.

TABLE 3
Diversity indices of microbial communities.

CT1
CT2
CT3
CT4

reads
16758
12476
24509
24641

OTUs
283
325
539
524

ace
321
390
558
560

1831

chao 1 richness
322
379
565
551

Shannon (+¶)
4.27
3.89
4.55
4.66
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TABLE 4
Quantities of functional gene copies (×103copies·mL-1).

CT1
CT2
CT3
CT4

archaeal-amoA

bacterial-amoA

nirK

nirS

cnorB

nosZ

5.98
7.84
2.68
4.11

0.94
1.05
1.47
1.44

8.39
4.64
4.79
4.00

8.97
5.38
6.19
5.43

3.17
5.12
4.13
3.84

1.84
1.57
2.13
1.05

DISCUSSION AND CONCLUSIONS
The leachate usually contains various
pollutants, such as nitrogen, phosphorus, refractory
organic matters, heavy metals, pathogenic
microorganisms, etc., which can cause seriously
environmental pollution. In present work, the
leachate not only includes high contents of total
nitrogen and organic matters, but also produces
strong alkaline and high salinity. The anthropogenic
extreme environments with strong alkaline and high
salinity, which is very adverse for many plants and
animals, are among the most interesting sites for the
bio-prospection of extremeophiles [11].
Studies have presented that the bacteria living
in the extreme alkaline saline environments, such as
soda lakes [5], alkaline saline soils [2,21-22], cold
and alkaline environment [23], alkaline hot springs
[4,24], sludge treated by the heat-alkaline [25],
alkaline pulp mill wastewater [10] etc., is diverse in
taxa and function. Total of 29 bacteria phyla was
detected in this study, indicating a high bacterial
diversity in the leachate. In all bacteria detected,
most of them are belonging to phyla
Proteobacteria, Actinobacteria, Bacteroidetes and
Firmicutes, which is similar to the soda lakes with
extreme alkaline saline environments [1,5,7-8].
Although many bacteria, such as ML602J-51 and
Nitriliruptor (Actinobacteria), Pseudospirillum and
Pseudomonas (Gammaproteobacteria), Lactococcus
(Firmicutes)
and
ML635J40_aquatic_group_norank
and
Aquiflexum
(Bacteroidetes), etc., have also been detected in
many waterbodies with the extreme alkaline salinity
[7-9,26], their relative abundance is lower than that
in this study. This result indicates that bacterial
community structure in this study is unique
compared to other environments with the extreme
alkaline salinity. Especially, CT1 with the highest
salinity (EC: 5.19 ms/cm) has the lowest
Bacteroidetes and the highest alpha- and gammaproteobacteria in four samples. Sorokin et al. [5]
think that salt concentration could govern microbial
community structure. And the relationship between
pH and bacterial community structure is not a
simple linear dependence in this study. In addition,

CT2 with the lowest pH in four samples has the
highest relative abundance of Bacteroidetes,
Cyanobacteria and beta-proteobacteria and the
lowest relative abundance of Firmicutes and
gamma- proteobacteria. These results indicate the
very complicated relationship between bacterial
community structure and chemical properties of
leachate.
It is very important to gain a comprehensive
understanding of the microbes which flourish in the
extreme alkaline saline environments and the
processes they mediate, especially in the C, N and S
cycles [5,8,11], which is used to reveal the
ecosystem dynamics of these enigmatic extreme
environments. Cyanobacteria, as autotrophic
primary producers in this study, are very low in
relative abundance (0.01%-7.60%) and mainly
include two dominant genera, i.e., Synechococcus
and Geitlerinema. Compared CT2, CT3 and CT4
with lower salinity and total nitrogen to CT1 with
higher salinity and total nitrogen, the former have
showed a higher relative abundance of phylum
Cyanobacteria (Table 1 and Fig. 1). Anoxygenic
phototrophs, widely distributing in soda lakes[2728], is also with a very low relative abundance
(<0.15%) and only genus Rhodobacter is detected
in this study. Low relative abundance of primary
producers is likely to attribute to higher content of
organic matter in the samples studied (Table 1),
which is more beneficial to growth of heterotrophic
bacteria. More strikingly, methane cycle is an
important part of the microbial carbon cycle in
waterbodies. Recent studies have found that many
bacteria, such as Methanolobus, Methanosalsum,
Methanocalculus, Methylomicrobium, etc., take part
in the process of methane cycle in extreme alkaline
saline environments [5]. Such bacteria involving
methane cycle have not been found in present
study. However, the genus Methylophaga, being
known to utilize both methanol and methylamine as
carbon source [8], was detected and with higher
relative abundance in CT1 (3.54%) and CT4
(1.05%). Bacteria related to sulfur cycle mainly
include
Clostridiales
(Desulfitibacter,
Dethiobacter), Chromatiales (Thioalkalivibrio) and
Desulfobacterales
(Desulfobulbus,
Desulfo-
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also found that the bacteria-amoA gene cope
number was lower than archaeal-amoA gene cope
in the constructed wetland. Although some bacteria
may be related with the process of nitrate reduction
which belong to genera Aquiflexum, Dethiobacter,
Salinarimonas, Roseococcus, Rubellimicrobium,
Methylophaga, Psychrobacter, etc. (Table 5),
copies of narG, napA and nas genes related to
nitrate reduction are lower than detection limit,
which mainly attribute to the very low NO3- content
(Table 1) and difference of energy metabolism or
function of different species. For example,
Aquiflexum balticum BA160T [31] isolated from
central Baltic Sea is able to reduce nitrate to nitrite,
and such genus Aquiflexum (mainly is uncultured)
shows the upper relative abundance in CT2 and
CT4 (Fig.2 and Table 4), which indicates that the
uncultured Aquiflexum sp. in this study do not have
the function of nitrate reduction. Meanwhile, this
result also indicates that the NO2- from
ammoxidation did not further transform to NO3-.
Bacteria involving denitrification, mainly including
genera
Lactococcus,
Hydrogenophaga,
Pseudomonas, Thioalkalivibrio and Nitrincola, etc.
(Table 5), have a high relative abundance in this
study. And a higher copy number of functional
genes involving denitrification, such as nirK, nirS,
cnorB and nosZ, (Table 4) have exhibited. Table 1
also shows that the nitrite content in leachate is
very low. Consequently, based on the above
mentioned results, we guess that the nitrite from
ammonxidation is directly reduced.

natronum), with total abundance of 2.22%-6.63%.
In bacteria involving sulfur cycle, the sulfatereducing bacteria is dominant, which may attribute
to higher sulfate content (SO42-: 413.4-841.4mg·L-1)
in four samples.
The main purpose building collecting tank is
to collect the leachate and partly move the
pollutants (especially nitrogen and organic matter)
before flowing into wetlands in this study.
Compared to bacteria related to C and S cycles, the
relative abundance of bacteria involving N cycle is
higher and most of which are belonging to alpha-,
beta- and gamma- proteobacteria, Bacteroidetes
and Firmicutes.
The relative abundance of nitrogen-fixing
bacteria, genus Azoarcus, is very low (lower than
detected limit in CT1, 0.19% in CT2, 1.58% in CT3
and 0.85% in CT4), which may attribute to higher
content of total nitrogen (Table 1). Bacteria with
nitrification (marker gene: amoA) is absent in four
collecting tanks, which is also affirmed by the
bacteria-amoA gene copies (Table 4). The
nitrification/ammoxidation, coverting NH4+/NH3
into NO3- via NO2-, is a key step in the process of
nitrogen removing. Compared to bacteria-amoA
gene copies, archaeal-amoA gene exhibit a higher
copy (Table 4), which indicates that ammoxidation
is mainly achieved by archaea in four collecting
tanks. Recent studies have shown that archaealamoA have a broader range of habitats and may be
the predominant ammonia oxidizing populations in
most natural environments [29]. Sims et al. [30]

TABLE 5
Dominant genera related to nitrogen transformation (just showed the bacteria may be related to nitrate
reduction and denitrification) in 4 samples.
Relative abundance (%)
genus

nitrate reduction

denitrification

References
CT1

CT2

CT3

CT4

Aquiflexum

0.61

18.05

0.12

3.21

[31]

Dethiobacter

2.17

0.02

2.37

1.69

[32]

Salinarimonas

0.63

0.58

1.45

1.48

[33]

Roseococcus

1.18

2.5

0.96

1.36

[34]

Rubellimicrobium

0.39

1.97

0.29

0.49

[35]

Methylophaga

3.54

0.02

0.07

1.05

[36-37]

Psychrobacter

0.07

0.08

0.79

0.39

[38]

Lactococcus
Hydrogenophaga
Azoarcus
Pseudomonas
Thioalkalivibrio
Nitrincola

0.51
5.56
0.00
1.61
0.01
2.8

0.78
1.25
0.19
0.59
2.16
0.18

7.24
2.82
1.58
4.09
1.9
0.09

3.17
3.38
0.85
2.39
1.52
0.05

[39]
[40-41]
[42]
[43]
[5,44]
[45]

1833

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



In conclusion, the bacterial community
structure in leachate with the extreme alkaline
salinity is unique. Especially the phyla of
Proteobacteria, Firmicutes, Actinobacteria and
Bacteroidetes are the main groups in the leachate
which is likely to drive nitrogen cycles in leachate
ecosystem. In addition, archaea with ammoxidation
and bacteria with denitrification play an important
role in the process of nitrogen removing. Although
contents of NH4+, NO3- and NO2- are very low, the
total nitrogen content is still high in the leachate
investigated (Table 1). High total nitrogen in the
leachate may attribute to a low rate of
ammonification, which needs further study in the
future.
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ABSTRACT
The mechanism of inhibitory effects of liquor
cultured Hydrodictyon reticulatum (LCH) on the
growth of Microcystis aeruginosa was studied in
present study. The results showed that the growth
of M. aeruginosa was inhibited by the LCH
markedly, with the highest suppression ratio of 93%
at 20% concentration of LCH. The high
concentration of the LCH had caused decreased
contents of chlorophyll a of M. aeruginosa,
increased EC and OD260 value of algal extracellular
ˉ
fluid, increased contents of O2 and MDA as well
as SOD activities of M. aeruginosa, indicating that
liquor cultured H. reticulatum hindered generation
of chlorophyll a and caused damage to
photosynthesis. Meanwhile, it induced algal cells to
ˉ
generate plenty of O2 ,which caused lipid
peroxidation and damaged the cellular membrane
structure when it exceeded the clearance ability of
SOD. The main product of lipid peroxidation,
MDA, also had altered the membrane permeability
and caused intracellular compounds (cytoplasm,
nucleic acid, et al) being released, resulted in the
disintegration of M. aeruginosa.

KEYWORDS:
Hydrodictyon reticulatum; Microcystis aeruginosa;
Allelopathy; Inhibitory mechanism; Superoxide anion
radical

INTRODUCTION
With a mass of nutrient pollutants (nitrogen,
phosphorus and so on) entering into water body
eutrophication occurs, which stimulates explosive
growth of aquatic phytoplankton and results in
algae blooms or red tides. As a consequence,
dissolved oxygen is reduced quickly and water
quality gets worse. Large numbers of aquatic plants
and animals (fish, shrimp and so on) are died. The
balance and stability of aquatic ecosystem is

broken. Microcystins released by the bloomforming cyanobacteria may also threaten human
health[1,2]. There is an urgent need for the effective
control of algal blooms in the natural environment.
Physical and chemical methods are direct
ways of algae removal, but the high cost and
secondary pollution may prevent their widespread
applications. Biologic methods (microbial agents,
aquatic animal, artificial biologic floating raft, and
so on) can control the growth of algae through
organisms, but they may also cause other negative
ecological damages which are difficult to
mitigate[3]. Fitter[4] has reported that metabolites
generated by some aquatic plants could inhibit
algae growth effectively. For example, allelopathy
algal-inhibition has become increasingly popular
because of its high efficiency, low cost and being
environmental friendly[5-8]. Researchers have
extracted and identified allelochemicals with
algistatic activity from metabolite of aquatic
plants[9-11]. The mechanisms of allelopathy have
also been studied, including damaging epicyte,
influencing photosynthesis, enzymatic activity,
submicroscopic structure of cell and protein
synthesis, changing nucleic acid metabolism and so
on[12,13]. Jarchow and Cook[14] have studied
Typha angustifolia as an allelopathic agent and its
production of different biochemicals from a native
congener by growing the plant with the native
bulrush Bolboschoenus fluviatilis. Their results
showed that T. angustifolia had a strong
allelopathic effect on B. fluviatilis. Shao et al.[15]
have studied the allelopathic mechanism of
pyrogallol on Microcystis aeruginosa by detecting
the gene expression for prx, mcyB, psbA, recA,
grpE, fabZ and the main antioxidant enzymes. They
have concluded that oxidant damage is an important
mechanism for the allelopathic effect of pyrogallol
on M. aeruginosa. Dziga et al.[16] have also studied
the inhibitory effects of two allelochemicals
pyrogallic acid and hydroquinone on Microcystis
aeruginosa. Their results have indicated that the
inhibitory effects are mainly caused by the
pollution of photosynthesis and alkaline
phosphatase. Previous studies have mainly
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concentrated on the allelopathy of aquatic plant, but
few have touched upon the capacity of nitrogen and
phosphorus removal.
Hydrodictyon reticulatum is a common largesized alga of the Suborder chlorophyta
chlorophyceae chlorococcales eucoenobium. It has
a reticulation shape, a strong adaptive capacity and
a fast rate of reproduction over a wide range of
temperatures. H. reticulatum absorbs not only large
amount of ammonian, nitrate nitrogen and
inorganic phosphorus [17,18], but also has the
inhibitory effects on microalgae growth [19]. In
addition, it is easy to harvest in mass quantity. We
have studied the allelopathic effects of H.
reticulatum on M. aeruginosa, as well as its
nitrogen and phosphorus removal capacity of H.
reticulatum. The results have demonstrated that H.
reticulatum inhibits the growth of algae and reduces
the concentration of nitrogen and phosphorus
rapidly. So far, few researches have studied the
allelopathic mechanism of H. reticulatum. This
present study, using M. aeruginosa and liquor
cultured H. reticulatum (LCH) as experimental
mediums, will provide theoretical foundation on the
feasibility of utilizing H. reticulatum to treat
polluted water body and explore the allelopathic
mechanism of H. reticulatum.

MATERIALS AND METHODS
Culture of algae. H. reticulatum and M.
aeruginosa, provided by the Freshwater Algae
Culture of Hydrobiology Collection (FACHB
collection), were cultivated with sterilized MCV
and BG11 culture media[20] in 500 mL erlenmeyer
flasks. After algae media were put into illumination
incubator under a light intensity of 3000 lx and
light-dark ratio of 12 h: 12 h at 25°C, the sealing
surface of each flask was bound up with gauze to
avoid falling dust and other impurities. Inhibition
experiments were conducted after the cultures
achieved exponential growth phase.
Preparation of liquor cultured H.
reticulatum. H. reticulatum in logarithmic phase
was cultivated in fresh cultured media for about 30
days. Then the cultured fluid was filtered through
filter paper and a 0.45-ȝP SRUH VL]HG PLFURSRURXV
filtering film. The filtrate was obtained for further
research.
Inhibitory effect of liquor cultured H.
reticulatum. In the experiment, different
concentrations of LCH (25, 50, 75, 100 mL) were
added to 500 mL erlenmeyer flasks containing 100
mL of algal inoculants and distill water to test the
motility inhibitory effect. Each flask was filled to
the brim with distilled water to reach a volume of


500 mL. Corresponding concentrations of BG11
nutrient salt was added to the medium to obtain
various concentrations of LCH (5%, 10%, 15% and
20%). There was no culture liquor in the control
group. The experiments were conducted in
triplicate. The original algal optical density (OD680)
was 0.1. The OD680 was also measured every 24
ˉ
hours. The chlorophyll a contents, the O2 contents,
the MDA contents, the SOD activities of algae cells
and the EC, OD260 value of culture was measured
every 48 hours with duplicate samples.
Analytical Methods. The algal numbers of M.
aeruginosa were counted with a UV-Vis (Shimadzu
UV-2450, Japan) spectrophotometer at 680 nm[21].
The chlorophyll a contents were measured
according to the method of Water and Wastewater
Monitoring and Analyzing Methods[22]. The M.
aeruginosa sample solution (5 mL) was filtered
ZLWK D  ȝP PLOOLSRUH PHPEUDQH DQG WKH
millipore membrane with algae was frozen for 8h,
then it was ground and extracted with a little
magnesium carbonate and 2~3 mL 90% acetone.
The lapping liquid was removed, put into 10 mL
volumetric flask and then diluted with 90% acetone
to the volume. The solution was refrigerated for
further extraction. The solution was centrifuged for
10min at 4000 rpm. The optical density of the
supernatant was measured at 630, 645, 663, 750
nm. The chlorophyll a contents were calculated
based on the follow formula:
Chlorophyll
a
contents
(mg/m3) ˙
(11.64×(OD663 ˉ OD750) ˉ 2.16×(OD645 ˉ
OD750)+0.1×(OD630ˉOD750))·V1/V
OD represents the optical density, V1 (mL)
represents the volume of extracting solution, V (L)
represents the sample solution.
EC was measured using a portable electrical
conductivity meter. Samples of 2 mL were removed
from the flasks and immediately filtered with a 0.45
ȝP PLOOLSRUHPHPEUDQHWRUHPRYDOWKHDOJDOFHOOV
The filtrate was measured.
Nucleic acids and nucleotides were detected
using a UV±Vis spectrophotometer[23]. The filtrate
was obtained as described above. The optical
density of the filtrate was measured at 260 nm.
ˉ
O2 value was measured according to the
method of Chen and Wang[24]. Sample solution of 5
mL was centrifuged for 15 min at 4000 rpm to
collect algal cells. The algal was ground in ice-bath
mortar with 6 mL ice-cold phosphate buffer saline
(65mM, pH7.8) and centrifuged for 10min at 5000
rpm at 4°C. The supernatant served as extracting
solution sample and distilled water as the control
group. The extracting solution of 1mL was added to
0.9 mL phosphate buffer saline (65mM, pH7.8),
and 0.1 mL hydroxylamine hydrochloride, followed
by incubation in a 25°C water bath for 20 min.
Then 0.5 mL p-aminobenzene sulfonic acid
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P0  DQG  P/ Į-naphthylamine (7mM) was
added and incubation in a 25°C water bath for 20
min again. Taken the control group as blank, the
optical density was measured at 530 nm. Because
the absorption at 530 nm of the solution
ˉ
quantitatively correlates with the O2
amount,
ˉ
OD530 can be used to represent the amount of O2
[12]
.
MDA
contents
were
measured
by
thiobarbituric acid (TBA) method[24]. The algal
cells collection method is the same as above. The
algal cells were ground to homogenate with a bit of
quartz sand and 10 mL trichloroacetic acid (10%),
and then centrifuged for 10 min at 4000 rpm. The
supernatant served as extracting solution sample,
and 2 mL of the solution was added to 2 mL TBA
(0.6%) to allow reaction in a boiling water bath for
15 min, followed by rapid cooling and
centrifugation. The optical density of supernatant
was measured at 450, 532, 600 nm, and the MDA
contents were calculated based on the follow
formula:
CMDA ȝPRO/ ˙ 6.45×(OD532 ˉ OD600) ˉ
0.56×OD450
OD represents the optical density.
SOD activities were measured by nitroblue
tetrazolium (NBT) method[24]. The algal cells,
collected by the same method as described above,
were ground in ice-bath mortar with 5 mL ice-cold
phosphate buffer saline (50mM, pH7.8) and
centrifuged for 15 min at 15000 rpm at 4°C. The
supernatant was extracting solution sample. Then
1.5mL phosphate buffer (50mM, pH7.8), 0.3 mL
PHWKLRQLQH P0   P/ 1%7 ȝ0  
P/ ('7$ ȝ0   P/ ULERIODYLQ ȝ0 
0.05 mL the extracting solution and 0.25 mL
distilled water was added to a test tube in turn. In
two control groups the extracting solution were
replaced with phosphate buffer. One control group
was put in the dark, while the others put in 4000 lx
illumination for 20 min. Taken the control group
without illumination as blank, the optical density of
supernatant was measured at 560 nm. The SOD
activities were calculated based on the follow
formula:
The SOD activities (U/mg)= (AckˉAE) ×V/(
Ack×0.5×W×Vt)
Ack represents the optical density of the
control group with illumination, AE represents the
optical density of sample solution, W (mg)
represents the weight of algal cells, V (mL)
represents the total volume of sample solution, and
Vt (mL) represents the volume of sample solution
on measurement.


RESULTS AND DISCUSSION
Inhibitory effects of liquor cultured H.
reticulatum. As shown in Fig. 1, the inhibitory
effects of liquor cultured H. reticulatum on M.
aeruginosa are evident. OD680 values of the four
treatment groups are lower than that of the control
group. Compared with other treatments, the growth
of M. aeruginosa is dominant with 5% LCH which
displays that its OD680 values increase gradually.
That may be due to the low inhibitory effects of the
LCH at relative low concentration. OD680 value
maintained at about 0.14 with 10% LCH, which
indicates that inhibitory effects of LCH and growth
of M. aeruginosa kept on dynamic balancing. The
addition of LCH over 10% inhibited the growth of
M. aeruginosa significantly, as OD680 value
dropped rapidly from the 3rd day of the treatment
and its cells began to be pale and die out at the 8th
day. The results indicated that the inhibitory effects
increased with the concentration of the LCH and
the inhibitory effects of the LCH GLGQ¶WWDNHHIIHFW
immediately but after a transitory adaptation phase.

FIGURE 1
Effects of liquor cultured H. reticulatum on the
growth of M. aeruginosa.
Stary et al.[17,18] studied the uptake of nitrogen
and phosphorus by H. reticulatum and proved that
H. reticulatum had removal capacity on nitrogen
and phosphorus. Liu et al.[19] studied the inhibitory
effects of H. reticulatum on microalgae through
separation culture and the uptake of phosphorus by
H. reticulatum with and without microalgae. The
results showed that H. reticulatum could inhibit the
growth of microalgae significantly and at the
existing of microalgae the uptake capacity of
phosphorus by H. reticulatum decreased sharply.
Our groups have studied the allelopathic effects of
H. reticulatum at different concentrations on M.
aeruginosa in both isolated culture and co-culture
conditions, as well as the nitrogen and phosphorus
removal capacity of H. reticulatum. Our results
demonstrated that H. reticulatum could inhibit the
growth of M. aeruginosa and reduce the
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concentration of nitrogen and phosphorus rapidly.
In this study the liquor cultured H. reticulatum was
considered and the results showed that the LCH
could inhibit the growth of M. aeruginosa
markedly. Combined with earlier results from other
studies and after excluding the competitive
influence of illumination and nutrition, we can
prove that H. reticulatum can secrete some
allelochemicals inhibiting M. aeruginosa, or even
kill them. It is clear that macrophytes (including
Phragmites communis, Myriophyllum spicatum,
Acorus calamus, Ceratophyllum demersum, and so
on) inhibited algal growth via mixed effects of the
allelochemicals they excreted[5,11,25]. Therefore
making use of H. reticulatum to control algal
growth may be an efficient method in eutrophic
aquatic ecosystem. But great attention should be
paid on some ecological invasion problems.
Effects of liquor cultured H. reticulatum on
the chlorophyll a contents of M. aeruginosa. The
chlorophyll a contents of algae are closely related to
their growth state and photosynthesis and serve as
gauges of photo-system activities. As shown in Fig.
2, the changed contents of the chlorophyll a of M.
aeruginosa are similar to that of the OD680 value
shown in Fig. 1. The chlorophyll a contents
decrease sharply from the 2nd days with 15% and
20% LCH. It appears that the LCH can baffle the
chlorophyll a synthesis. The chlorophyll a contents
are related to cell growth state and photosynthesis,
which is the guideline to weigh photosystem
activities. Zhang et al.[12] have reported the
allelopathic mechanism of phenolic acids on M.
aeruginosa, including the detection of chlorophyll
a. But their results are different from ours in that
the reduction of M. aeruginosa cell number does
not keep abreast with the decrease of chlorophyll a
content.
Figuredo et al.[26] have found that both bloom
and culture filtrates of the cyanobacterium
Cylindrospermopsis
raciborskii
inhibit
the
photosynthetic
efficiency
of
competing
cyanobacteria. The allelochemical juglone can
damage chlorophyll of mesophyll cell of Glycine
max and Zea mays[27]. Beninger and Hall[28] have
showed that luteolin 7-O-ȕ-glucuronide isolated

from Chrysanthemum morifolium L lowers the
chlorophyll contents of the leaves of duckweed
markedly. Inhibition of photosynthesis is
commonly proposed as a mechanism for
allelopathy, but it is difficult to determine whether
reduced efficiency of photosynthesis is a direct
target or a symptom of allelopathy-induced stress,
because a decrease in photosynthesis efficiency can
result from a lot of factors including nutrient
limitation,
shading,
metal
toxicity,
and
allelopathy[29].

FIGURE 2
Effects of liquor cultured H. reticulatum on the
chlorophyll a contents of M. aeruginosa
Effects of liquor cultured H. reticulatum on
the cellular membrane of M. aeruginosa. Table 1
shows the effects of various concentrations of LCH
on the EC of culture solution. The EC increases
gradually with the increase of LCH concentration,
whereas the EC in the control group remains stable.
7KH PD[LPDO (& LV  ȝ6āFP-1 on the 10th day
with 20% LCH.
Table 2 shows the change of the OD260 values
which indicate the amount of leakage and release of
nucleotides. The OD260 values increase in varying
degrees, which mainly related to the concentrations
of LCH and the acting time. The maximum released
amount of the nucleotides from M. aeruginosa
reaches 0.189 with 20% LCH during a 10 days
period. It is noticeable that the OD260 value tends to
decrease after 6 days at higher concentrations (15%
and 20%) of LCH.

TABLE 1
Effects of liquor cultured H. reticulatum RQ(& ȝ6āFP-1) in the solution.
The concentrations of the
liquor cultured
Control group
5%
10%
15%
20%

0d

2d

4d

6d

8d

10 d

4.48
4.39
4.65
4.89
5.03

4.89
4.70
5.00
5.09
5.18

4.78
4.92
5.21
5.43
5.62

4.76
4.95
5.31
6.49
6.67

4.83
5.16
5.62
6.73
6.84

4.92
5.23
5.83
6.71
6.85
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TABLE 2
Effects of liquor cultured H. reticulatum on OD260 in the solution.
The concentrations of the
liquor cultured
Control group
5%
10%
15%
20%

0d

2d

4d

6d

8d

10 d

0.09
0.099
0.093
0.095
0.102

0.078
0.096
0.093
0.101
0.113

0.078
0.105
0.109
0.137
0.147

0.081
0.114
0.114
0.167
0.189

0.075
0.111
0.121
0.170
0.182

0.081
0.113
0.137
0.146
0.163

Similar phenomena were also observed in
6XQ¶V VWXG\>@ &KHQ HW DO>@ UHSRUWHG WKDW WKH
cytoplasm of cells treated with high concentration
of biocides was chemically precipitated. Thus, the
decrease of the OD260 value might be due to
absorption of the nucleotides onto the precipitates
that had been filtered out before the OD260
measurements.
The cytoplasmic cell membrane is the target
for many antimicrobial agents[31,32]. Membrane
integrity can be judged by measuring the amount of
release of intracellular components. Some small
ions such as potassium and phosphate tend to leach
out first, followed by large molecules such as DNA,
RNA and other materials[30]. The amount of
release of intracellular components are measured by
detecting electrical conductivity[33] and the OD260
value of algal extracellular fluid because of the fact
that nucleotides have strong UV absorption
capacity at 260 nm. Through the detection of
absorbance at 260 nm, one can estimate the amount
of DNA and RNA released from the
cytoplasm[23,30]. Prince et al.[29] have found that
allelopathic compounds exuded by Karenia brevis
increase the membrane permeability of three
competitor species. Palmarosa oil exacted from rose
is capable of changing relative amount of saturated
and unsaturated fatty acid of the cell membrane of
Saccharomyces cerevisiae, as well as damaging its
selective permeability[34]. Sun et al.[23] have
studied the effects of sophorolipid on cellular
membrane of Alexandrium tamarense, Heterosigma
akashiwo and Cochlodinium polykrikoides through
detected OD260 values of extracellular fluid. Their
results have showed that the cellular membrane had
suffered irreversibly damages. In the present study
the results show an increase of EC and OD260,
which suggest that the cellular membrane has been
irreversibly damaged by LCH resulting in the
eventual disintegration of M. aeruginosa. These
results agree well with the change of algal cell
numbers during the experimental period. Many
researchers have also found that some
allelochemicals possess promoter action at low
concentration and inhibitory effect at high
concentration[35]. The allelochemicals at low

concentration can change the permeability of
cellular membrane enabling algae strong ability to
absorb the nutrient substance from the culture fluid.
However,
when
the
concentration
of
allelochemicals reaches a threshold, the cellular
membrane is damaged and the algae die out[35,36].
However, the promoter action at low concentration
does not occurred in this research. The reason needs
further discussed.
Effects of liquor cultured H. reticulatum on
the contents of O2ˉ and MDA of M. Aeruginosa
As shown in Fig. 3, the O2ˉ contents almost
remains at the same level with or without lower
concentration (5%) of LCH, indicating the algal
cells rarely suffered damage. However, the contents
increase significantly with higher concentrations
(10%-20%) of LCH from day 4. They reach a peak
value of 0.158 mmol/kg on day 8 with 20% LCH.
Combined with the growth state of M. aeruginosa
(Fig. 1), we have found that the inhibitory effects of
liquor cultured H. reticulatum are made possible
through inducing O2 ˉ
generation of M.
aeruginosa. Due to an almost complete death of M.
aeruginosa the O2 ˉ contents begin to decrease
after 8 days.

FIGURE 3
Effects of liquor cultured H. reticulatum on the
O2ˉ
ˉ contents of M. aeruginosa
In recent years some research works have
concluded that some allelochemicals are secreted
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by aquatic plant resulting in an increase of O2ˉ
production in cells[12,37]. If a portion of oxygen
molecules accept only an electron at the time of
enzymatic reaction or non-enzymatic reaction, it
will become O2 ˉ , which has a very strong
oxidation capacity. Excessive O2 ˉ contents can
damage cellular membrane and some biological
macromolecules. O2ˉ also plays an important role
in the formation of other reactive oxygen
compounds including hydrogen peroxide, hydroxyl
radical, and singlet oxygen. Collectively, these
oxygen compounds induce oxidative damage in
lipids, proteins, and DNA[12].
Fig. 4 shows the variation curves of the MDA
contents in the experiment. The change of the MDA
contents corresponds to the O2ˉ contents. In the
control group and lower concentration group (5%)
the MDA contents remain relatively steady, and the
others groups exhibit a significant increase with the
concentration of LCH, with the maximal MDA
value reaching 9.5 mmol/kg on the 8th day at 20%
LCH, which is 2.3 times that of the control groups.
The MDA values register a slight decrease after 8
days.

FIGURE 4
Effects of liquor cultured H. reticulatum on the
MDA contents of M. aeruginosa

MDA is one of the products of peroxidatic
reaction. When plant organs are senile or hurt in the
condition of adversity, MDA are produced because
of tissues or organs reaching to peroxidatic. MDA
contents also reflect the degree of damage to cell,
especially the cell membrane[36]. In this study the
MDA contents have shown rapid increase,
indicating that the algal cells had suffered serious
damages. Combined with the variation of O2 ˉ
values, we think that excessive accumulation of O2
ˉ enhances peroxidatic reaction of cellular tissues
and organs, damages cell membrane structure and
generates plenty of MDA with excessive
accumulation, which in combination injure
membrane
function,
increase
membrane

permeability and disturb cellular metabolism, then
damage many kinds of reactions in some other
places until the algal died[36]. In our study the O2
ˉ and MDA contents of M. aeruginosa increased
rapidly, indicating that LCH stimulated O2 ˉ to
rise first and in turn O2 ˉ triggered the
membranous lipid peroxidatic reaction followed by
increase of the MDA contents. The time of largescale algal cells death is the same as that of rapid
increase of O2ˉ and MDA contents, which further
proves that the inhibitory effects are induced by
excessive accumulation of O2ˉ and MDA. Hong
et al.[38] have studied the effects of allelochemical
ethyl 2-methyl acetoacetate (EMA) identified from
reed (Phragmites communis) on the growth,
physiological, and biochemical processes of green
alga Selenastrum capricornutum, and have found
that EMA causes significant lipid peroxidation
(reflected by MDA) on membrane lipids at the low
initial algal densities but not at the high initial algal
densities. Wu et al.[39] have showed that the
submerged macrophyte Potamogeton malaianus
inhibits the growth of Scenedesmus obliquus
through simulating an increase of MDA contents.
Bais et al.[40] have found that catechin evidently
make O2ˉ contents of root tip cell of higher plant
to increase and damage the cellular membrane.
Effects of liquor cultured H. reticulatum on
the SOD activities of M. Aeruginosa
As shown in Fig. 5, the SOD activities of the
control group and the treatment with 5% LCH
remain relatively steady. However, higher
concentrations (15% and 20%) of the LCH make
the SOD activities increase rapidly after 2 days and
reach a peak value on day 4, followed by a sharp
decrease of the SOD activities reaching only 29
U/mg and 42 U/mg at the end of experiment. The
results indicate that the algal cells have lost the
SOD activities basically. With 10% LCH, the SOD
activities have maintained at a high level during the
entire test time.

FIGURE 5
Effects of liquor cultured H. reticulatum on the
SOD activities of M. aeruginosa
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SOD is a kind of metalloenzyme in organism,
which can clear the superoxide anion radical and
maintain normal cellular physiological metabolism.
Its activity is an intuitionistic indicator of the state
organism growth. Compared with the time of O2ˉ
contents soaring (4th day), we find that the time of
SOD activities soaring (2nd day) is earlier,
indicating that in the presence of LCH, the O2ˉ
contents begin to increase from the 2nd day and
stimulate the SOD activities to rise. Such
interaction makes the generation and elimination of
oxygen radical and keeps a dynamic equilibrium in
the cells, maintaining a normal level of O2 ˉ
contents. When the O2 ˉ contents increase to a
threshold, the SOD activities reach to a maximum
and the equilibrium is broken. The O2ˉ begins to
increase and accumulate rapidly on the 4th day,
injuring cellular membrane and biomacromolecule
and breaking normal cellular metabolism, followed
by a decrease of the cell number and a sharp
reduction of SOD activities. This is consistent with
the variation curve of OD680 value of M.
aeruginosa. Similar phenomena have also been
observed iQ =KDQJ¶V VWXG\>@ RQ WKH DOOHORSDWKLF
mechanism of phenolic acids on Anabaena flosaquae and Chlorella pyrenoidosa. Her results have
showed that SOD activities and specific activities
of A. flos-aquae are enhanced at the beginning of
oxidative stress conditions by p-hydroxybenzoic
acid and ferulic acid. But this increase does not
match the production of reactive oxygen species,
thus resulting in increased lipid peroxidation in A.
flos-aquae. Wu et al.[39] have found that the
activities of SOD, CAT, POD and APA of
Scenedesmus obliquus at the low initial cell density
are stimulated by Potamogeton malaianus. The
activities of SOD and CAT of M. aeruginosa are
enhanced under pyrogallol stress[15]. In addition,
LCH may reduce the SOD activities of M.
aeruginosa, which in turn speeds up the breakage of
dynamic equilibrium. Li and Hu[11] have proved
that higher concentrations of EMA released from
Phragmites communis had decreased SOD and
POD activities of Chlorella pyrenoidosa and
Microcystis aeruginosa.
Based on the existing experimental
investigation, the mechanisms of allelochemicals
are diverse, including damaging cellular
membrane[23,41,42],
hindering
photosynthesis[29,43,44], reducing enzymatic
activity[11,45],
influencing
submicroscopic
structure of cell and protein synthesis[39], changing
nucleic acid metabolism and so on, or some of these
mechanisms act concurrently. From the above, we
learn that the generation of O2ˉ is triggered by
LCH, which may be the most important factor
contributing to the inhibition of the growth of M.
aeruginosa through such actions as damaging the


cellular membrane and reducing the SOD activities
of M. aeruginosa.

CONCLUSIONS
Liquor cultured H. reticulatum inhibits the
growth of M. aeruginosa. The inhibitory effects
have a close correlation with the concentrations of
LCH. Liquor cultured H. reticulatum also hinders
the generation of chlorophyll a and break the
photosynthesis. They also induce algal cells to
generate plenty of O2ˉ causing lipid peroxidation
and damage to the cellular membrane structure
when the amount of O2 ˉ exceeds the clearance
ability of SOD. The main product of lipid
peroxidatio (MDA) also changes the membrane
permeability and cause release of intracellular
compounds (cytoplasm, nucleic acid, et al) resulting
in the disintegration of M. aeruginosa.
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ABSTRACT
Large-scale hydropower projects in river are
being developed with great economic interests,
which have exacerbated the effects of hydrologic
regime and habitat alterations. Some fish spawning
grounds have been obstructed or fragmented, and
many aquatic species have become highly
endangered through diminishing of natural habitats.
This paper examines the impacts of hydropower
projects on fish species in upper Yangtze River.
Impacts of reservoirs present spatiotemporal
variations due to the blocking and habitat
fragmentation by hydropower projects. The
rehabilitation actions (fish passage facility,
construction of nature reserve, stocking, fishing ban)
have been conducted to mitigate impacts on fish
species and their aquatic habitats in this paper.
Although these actions are valuable, long-term
monitoring in upper Yangtze River should follow
the corresponding management actions for
rehabilitation of the ecological system of fish
species.

KEYWORDS:
fish species, hydropower projects impacts, rehabilitation,
the upper Yangtze River.

INTRODUCTION
By the increasing demand for energy by
societies, hydropower projects are considered a
cleaner energy source than fossil fuels due to its
low cost and no release carbon dioxide. By the end
of the 20th century, about 45 000 large dams (>15m
in height) and an estimated 800,000 small dams had
been built worldwide, generating altogether about
19% of the world's electricity and supplying water
for 30%±40% of the irrigated croplands (Rosenberg
et al. 2000).As the infrastructure projects in China,
hydropower projects are growing in rivers, bringing
great benefits to modern society including assisting
in flood mitigation, facilitate navigation, and
increasing reliability of water supply (Wu et al.
2004). The hydropower resources of Yangtze River

in China are very rich (Xu et al. 2013; Jiang 2008;
Fu et al. 2003). The exploitation of hydropower
resources in Yangtze River basin accounts for
53.4% of the whole country, Yangtze River basin is
the densest areas for developing cascade
hydropower.
According to the comprehensive utilization
planning of the Yangtze River basin, large scales of
cascade hydropower projects were being
established in the mainstream and tributaries in the
upper reaches. The planning and construction of
large hydropower station (installed capacity more
than 300 MW) has more than 80 in the upper
Yangtze River with the total installed capacity of
more than 170,000 MW. Hydropower stations
(installed capacity more than 1 000 MW) has 48,
with a total installed capacity of more than 150,000
MW. By the end of 2000, the Yangtze River basin
has been built 45, 691 reservoirs with total capacity
of 58.59 billion m3, of which 134 large reservoirs
with capacity of 119.93 billion m3 (Jiang 2008).
According to the statistics of the Yangtze River
Water Resources Commission (CCYRA 2006), by
2005, the number of dams in the upper reaches
areas of Yangtze River was 12 929 with 23.4×1010
m3 of the total water storage capacity, while 29 639
dams in the middle reaches areas with 116.5×1010
m3. Now, the growing trend of building
hydropower stations in the upper reaches of
Yangtze River is more prominent. For instance, the
Jinshajiang River cascade reservoirs including
Hydropower projects of Xiangjiaba, Xiluodu,
Baihetan, Wudongde, etc..
With the continuous increasing of the
development and utilization of water resources, the
increased awareness of detrimental effects on the
environment on a global scale had becoming
increasingly prominent (Milliman 1997). Since the
1970 s, with the rapid development of economy in
China, a series of ecological environment problems
were happened including the serious soil erosion,
intensified desertification rapidly, the accelerated
aquatic ecology and biodiversity, etc.. One of the
prime problems in contemporary ecology and
conservation biology is the drastic change of
landscapes induced by man-made barriers
(Hydropower projects, water transfer projects).
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Hydropower projects, especially cascade reservoirs,
are frequently yield a range of environmental
consequences in the affected regions in the near
future(Xu et al. 2013), which caused sudden
changes of the ecological environment, resulted
species are facing a recession, endangered or even
the threat of extinction owing to non-adapting
organisms self-adjusting resilience. Specially, the
cumulative effects of the cascade reservoirs may
have great impacts on fish species due to their
synergies effects (Chen et al. 2006). Fishes species
are one of the important resources in China. In spite
of the high diversity fish that characterizes in upper
Yangtze River, there have been marked greatly
changes in patterns in fish distribution and
community structures. The fish species and aquatic
habitats have been under great human pressure in
upper Yangtze River during the past 20 years.
Along with larger development and utilization of
the hydropower projects in upper Yangtze River,
which significantly changed the flow regime and
hydrologic processes, and directly had a great
impact on the river evolution of aquatic organisms,
the breeding and habitats of migratory fishes or
other aquatic. Dams may block historic fish
migration pathways and alter flow conditions,
which could delay and/or hinder fish migration (Fu
et al. 2003; Fan et al. 2006; Agostinho et al. 2008).
Xie (2003) argued that the aquatic habitat
fragmentation caused by Gezhouba and the TGD on
the Yangtze River is particularly detrimental to
ancient endemic fish species, such as Chinese
sturgeon (Acipenser sinensis), river sturgeon
(Acipenser
dabryanus),
and
Chinese
paddlefish(Psephurus gladius). Fu et al. (2003)
estimates that more than 40 fish species, including
19 endemic to the river, will be adversely affected

by the TGD, Gezhouba, and Jinsha River Cascades
Reservior in the upper Yangtze River.
In this paper, we characterize the patterns of
fish species diversity, review the more conspicuous
im¬pacts caused by hydropower projects in upper
Yangtze River, and the rehabilitation actions have
been conducted to mitigate impacts on fish species
and their aquatic habitats.

MATERIALS AND METHODS
The upper Yangtze River. The Yangtze
River is the largest river in china with a length of
about 6300km, a catchment area of 1.96×106 km2
and a drainage area of 1.80 million km2. The
annual average runoff volume of Yangtze River is
nearly 956 billion m3, which accounts for 36% of
the whole country. Originating from the Qinghai-Tibet Plateau, Yangtze River basin flows from west
to east and fills into the East China Sea at Shanghai.
Upstream from Yichang (the site of Three Gorges
Dam) is regarded as the upper reach of Yangtze
River with a length of about 4500km and a drainage
area of about 1000,000 km2 (Figure 1). The
landscape is mountainous, the river channel is
narrow, and the river substrate mainly consists of
gravel, several sub-basin and tributaries of
Jinshajiang River, Yalongjiang River, Minjiang
River (including Daduhe River), Jialingjiang River
and Wujaing River, are filled into it significantly
increase the water volume. In addition, the upper
Yangtze River contains the majority of waterpower
recourses of the entire river, and Jinshajiang River
reach is the most potential waterpower with about
1.124×108 kW in the upper reach, which is about
account for 42.3% of the energy source calculated
for the whole Yangtze River basin (Peng 2004).

FIGURE 1
Sketch map of the Yangtze River basin
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The upper Yangtze River is one of the river
ecosystems with the highest biodiversity in the
freshwater fishes (Fu et al. 2003; Fan et al. 2006).
In the upper Yangtze River and its tributaries, there
are about 286 fish species (Nelson 1994) , the
number of endemic fish species is 112, part of
which are adapting to the rapids environment,
feeding on benthic invertebrates such as Barbinae,
Labioninae, Homalopteridae, Sisoridae, etc.. 162
species inhabit the mainstream, including 44
endemic species (Park et al. 2003). The economic
fish species are mainly Cryprinus carpiod,
Coreiusguichenoti, C.heterodon, which account for
more than half of the total fish production. The
species or endemic species number in different subbasins was positively correlated to drainage area,
while negatively correlated to drainage area for

species or endemic species density except in the
headwater sub-basin (Fu et al. 2003)(Table 1). The
Jinsha River has the highest species or endemic
species number, and the upper mainstream has the
highest species density or endemic species density.
It contains 189 fish species, of which 66 fishes are
endemic fishes in National Reserve of the upper
Yangtze River for endangered and endemic Fishes.
Pelagic spawning with drifting eggs accounts for
33.33% of the total endemic fishes, living in the
mainstream or the upper large tributaries; spawning
of demersal sticky eggs accounts for 14.41%, living
in the riverbeds of the upper mainstream; spawning
of adhesive eggs accounts for 40.54%, living in the
upper reaches of river branches (Fan et al. 2006;
Gao et al. 2013).

TABLE 1
fish species or endemic species number and density of each sub-basin in Yangtze River
(modified from Fu et al. 2003).

Impacts caused by hydropower projects.
The impacts of dams on fish species in Yangtze
River have been extensively investigated by many
authors (Li et al. 2013; Fu et al. 2003; Fan et al.
2006; Xie 2003; Xu et al. 2013; Jiang 2008). Here,
we just present a brief synthesis of the main
impacts on fish species in upper Yangtze River.
The obstruction and fragmentation of fish
habitat. Most of the world's large rivers
are obstructed by hydropower projects, which are
regarded as one of the most dramatic anthropogenic
factors that affect freshwater ecosystems (Bunn and
Arthington 2002). For the alterations caused by
hydropower projects construction to natural flow
regimes, Petts (Petts 1984) summarized three order
impacts for damming: one involves spatial/temporal
redistribution
of
river
flow due
to

the modifications of physical,
chemical,
geomorphological and hydrological; the second one
involves the modifications in the structure and
dynamics
of
primary
producers,
and
the alterations of geological in the river channel;
the last one involves modifications in flow,
dynamics and habitat fragmentation for consumers,
especially fish species. As a result, the freshwater
ecosystems and their geological or hydrological
structure, productive dynamics, nutrient cycling and
the distribution of the biota have changed (Poff et
al. 1997). More specifically, the loss of natural flow
regimes has far-reaching impacts on alterations
historical patterns of distribution of biodiversity and
functions of aquatic ecosystems (Nilsson et al.
2005).
The hydropower projects dammed ecological
landscape. The most immediate adverse effect on
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fish species is cutting off the migrant path,
particularly isolating of
populations within
river and reducing in
connectivity
among
populations (Kindlmann and Burel 2008). The
blocking effect is mainly refers to the obstructing of
anadromous migration fish and catadromous
migration fish. The obstructing of anadromous
migration fish means that the sexual maturity
individuals traced to upstream river are blocked.
The obstructing of catadromous migration fish
means that the breeding fishes returned back
downstream river are blocked. It was only a small
group of anadromous migration individuals passed
through the dam reaching into the upstream of dam
with the help of effective auxiliary facilities, while
others were obstructed under the dam. Fish
passively passed by turbines and spillway into the
downstream of dam, which are vulnerable to
damage including sudden pressure, high flow
velocity, physical collision damage, etc., and
increase the unnatural deaths of fishes. These
affects are devastating for anadromous migrant
fishes. For instance, four major carp species are
fattening in the lakes, laying eggs in rivers and
streams in breeding season, whose life cycle are
periodic between rivers and lakes. The spawning
sites of four major craps had been significantly
obstructed by the impoundment of TGR (Yi et al.
2010). And the obstruction effects seriously
lowered anadromous migration fish resources such
as salmon, trout due to the blocked migrant route
and the interrupted life cycle. Since the construction
of Gezhouba Dam in 1981, anadromous Chinese
sturgeon was unable to return to their original
spawning sites due to the obstructed migration
paths. Their spawning grounds reduced to a length
of 30km in the reach downstream of the Gezhouba
Dam (Yi et al. 2010; Wang and Xia 2009).
Historically, C. guichenoti and R. vHQWUDOLV¶V
spawning grounds are distributed exclusively in the
Jinsha River and Yalong River (Liu et al. 1990),
their migratory routes were blocked with the
operation of the Xiangjiaba hydropower project in
2008( Liu et al. 2012).
Man-made habitat fragmentation is a major
concern in river ecology and expected to have
particularly detrimental effects on aquatic species
(Raeymaekers et al. 2009). Reservoirs and their
associated impoundment separated the river
ecosystem of original continuous unit into discrete
environment. When the continuity of the river is
divided into different segments, fish populations are
divided into several small groups, named
fragmented populations.
It
blocked gene flow among populations,
caused inbreeding depression, and affected the
JURXSV¶ JHQHWLF H[FKDQJH LQ GLIIHUHQW ZDWHU DUHD
finally led to the loss of population genetic diversity
and the quality degradation of economic fish.


Specially, it may affect the survival environment
for the rare and endangered fish species. For
H[DPSOH WKH SRSXODWLRQV RI HQGHPLF 'DEU\¶V
sturgeon and Chinese paddlefish declined by the
fragment of Gezhouba Dam and Three Gorges Dam
(Wei, 1997). River fragmentation increases
localized population genetic structure and enhances
asymmetry of dispersal in bullhead (Cottus gobio)
(Junker, 2012). Among these affects, habitat
fragmentation is an obvious consequence of the
damming on freshwater ecosystems (Park et al.
2003).
Impacts on fish resources by reservoirs. The
fish resources in the upper Yangtze River severely
threaten due to the inundating of the original
spawning areas and habitats of fluvial fishes (Park
et al. 2003; Xie 2003). Taking Three Gorges
reservoir (TGR) as an example, the hydrological
conditions had greater changes after the formation
of TGR, which altered the fish habitats, as a result,
the fish assemblages significant changed in
reservoir area.
The Three Gorges Reservoir Area (TGRA) is
situated in the lower section of the upper reaches of
the Yangtze River, is considered one of the most
important biodiversity areas in China. It is the
largest reservoir with a length of 600 km, and the
surface area of 1080 km2 involves the loss and/or
fragmentation of many aquatic habitats and affects
both plant and animal species (Huang et al. 2006;
Wu et al. 2004; Kittinger et al. 2009). It harbours
more than 6000 plant species, over 500 terrestrial
vertebrates, and about 160 fish species. Habitats in
reservoirs vary on the longitudinal hydrological
gradient, allowing the division of three distinct
zones: riverine, transitional and lacustrine
(Thornton et al. 1990). The fish species was
different areas from different zones in TGRA due to
different environmental conditions (Perera et al.
2014). A relatively natural flow regime will remain
in the riverine zone in the complete impoundment
of TGR, the endemic fishes would move upstream
to the riverine zone. It is the last refuge for the
endemic fishes in riverine zone. Lotic species (such
as C. guichenoti, R. ventralis, R. cylindricus, etc..)
increased markedly, while the lentic species
showed an opposite trend after impoundments of
the TGR (Liu et al. 2012). For instance, in Fuling
reach, a riverine segment about 500 km upstream
from the Three Gorges dam, which is still
dominated by lotic species (Perera et al. 2014).
Because the increased Lotic species can
accommodate to the swift-flowing waters and
respond sensitively to the changes in flow regime.
When the water level alternated between 145 m
(flood season) and 175 m based on the schedule of
TGR, a large transitional zone was created in the
TGR. In transitional zone of Mudong reach, it was
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still dominated by lotic species due to its
transitional environmental condition. C. guichenoti
accounted for 27.96% of the abundance measured
by number of individuals before the impoundment,
but dropped to 15.19% after the impoundment,
which attributed to their lotic preferences (Yang et
al. 2012). Lacustrine zone is the widest, the deepest
area with the slowest flow and the highest
transparency in reservoir. Lacustrine zone was
dominated by lentic species. In Lacustrine zone of
Wanzhou reach, the abundance percentage of lentic
fish increased to 94% compared to 69% before the
filling (Gao et al. 2010). The lentic species sliver
carp accounted for more than 25.04% of gross catch
in the reach from Zigui to Wushan, and 39.82% in
Wanzhou reach, and 6.93% in the reach from
Zhong county to Fengdu, only 3.29% in Banan

reach. To some extent, this reflects the impacts on
lentic fish species by the impoundment (Wu et al.
2007). From the space distribution characteristics,
Perera et al. (2014) observed differences of fish
composition and abundance from fish collected
from three reaches of the reservoir, fish species
richness and abundance close to the dam (Zigui
reach) were less, comparatively higher at the
middle reach (Wanzhou reach) and intermediate at
far from the dam (Fuling reach)(Figure 2).
Moreover, some exotic species have successfully
colonized the lacustrine zone. However, the
reservoir environment may increase the possibility
survival competition between exotic species and
native species, which produced secondary
extinction of native species (Gao et al. 2010).

FIGURE 2
Monthly abundance of total fish species (total number of individuals) from different reaches in TGR
(Source: Perera et al., 2014)

Temporal assemblage has changed by
impoundment. The upper reaches of the TGRA
have undergone fast and intense modifications after
each impoundment because a lotic ecosystem has
been suddenly transformed into a lentic
environment (Liu et al. 2012). After the first
impoundment in 2003 and the second impoundment
in 2006, fish composition may change dramatically
because of rising water (Wu et al. 2003), the lotic
species (Coreius guichenoti, Rhinogobio ventralis,
Rhinogobio cylindricus and Coreius heterodon)
became evidently dominant, due to their upstream
migrations from the reservoir. However, after the
third impoundment, the lotic species decreased
dramatically, while lentic (Hypophthalmichthys
molitrix and Pelteobagrus vachelli) became the new
dominant species (Liu et al. 2012). When the water
level is raised to 175 m level during the period of

October to April, the fish assemblages were
comparatively less abundance and richness.
Inversely, the fish assemblages presented
comparatively higher abundance and richness
during the spring and summer with the flood season
(from May to September) when fishes spawned
(Perera et al. 2014). The variation of water level in
the reservoir and the fluctuation of discharge in
flood season resulted unique fish assemblages
structure on fish distribution and reproduction in
three different zones due to the impoundment of the
TGR (Gao et al. 2010). Fish compositions of the
transitional zone were still dominated by lotic
species in the flood seasons (Yang et al. 2012).
Yang et al. (2012) indicated that annual relative
abundances of Pelteobagrus nitidus, Rhinogobio
cylindricus and Coreius heterodon were generally
higher in 2006-2009. However, the structure of the
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fish assemblage was evidently altered in the
transitional zone in impoundment period 20052006(Duan et al. 2002). C. guichenoti accounted for
27.96% of the number of species in1997-2000, but
dropped to 15.19% in 2005-2006; oppositely, C.
heterodon increased from 25.74% to 43.69%, and
R. cylindricus increased from 6.94% to 19.80%
(Yang et al. 2012). In Lacustrine zone of Banan and
Wanzhou reach, the C. guichenoti and C. heterodon
were over 70% of the gross catch in the 1970s,
which declined to 46.87% and 16.76% in
í DQG GUDVWLFDOO\ GHFOLQHG WR  DQG
LQíUHVSHFWLYHO\ :XHWDO 
Gao et al. (2013) studied that the catch weight
proportion of pelagic spawning with drifting eggs
fishes gradually become larger from upstream
Yibin to downstream Hejiang, Jiangjin reach, is
56.90% , 65. 40% and 76.74% respectively; the fish
catch weight proportion of spawning of demersal
sticky eggs fishes reduced gradually, are 37.98%,
29.88%, and 21.53% respectively in 2010-2012.
This may be related to the altered habitats
environment.
By the upsurge of hydropower stations
(Xiangjiaba, Xiluodu, Baihetan and Wudongde,
TGR, etc..) were built or being established, fishes
in the upper Yangtze River will be subjected to
irreversible and accumulative effects from these
cascade reservoirs (Liu et al. 2012). The main fish
species presented a declining trend: in 1960 s,
economic fishes are more than 50 kinds in the
upper Yangtze River, and migratory fish occupies a
considerable proportion. In the mid 70 s, the fish
species reduced to about 30 kinds. In the early 80 s,
the main fishes shrink to only 20 kinds, the
migratory
economic
fishes
such
as
Mylopharyngodon
piceus,
mullet,
Coreius
heterodon, Squaliobarbus curriculus are decreased.
After the construction of Three Gorges reservoir,
the capture fish only includes 10 kinds (the grass
carp, silver carp ,round copper, albacore kiss fish
hook, etc.. ) in the upper Yangtze River(Xu et al.
2012). There are only 52 species in the upper reach
(from Yibin to Yichang) of Yangtze River between
2000 to 20005, which drop two out of three. The
stock of four major domestic fish species dropped
dramatically between 2005 and 2010, reducing by
78.2% on the 1981 level, compared to the estimated
reduction of 50±60% (Gao et al. 2010; Xu et al.
2013).
The upper Yangtze River region has five
hydropower bases including the hydropower base in
Jinsha River, Yalong River, Dadu River, Wu River
and the upper mainstream. The synergies effects of
cascade hydropower projects have a huge impact on
water environment and aquatic environment,
especially on endemic fishes. Taking upper
mainstream as a example, from Xiluodu
hydropower project in the lower jinsha River to


Three Gorges project in Yichang, six
hydropower projects were built or being built.
Waters ecology would take great changes in this
area, mainly displays in(Jiang 2008; Chang et al.
2008): (1) migration activities has been blocked
range from the upstream and downstream of dam;
(2) the ecological environment of rapid torrential
flow in river became a number of artificial lake
hydrophytic habitats, and an process of overflowing
flood season was disappeared; (3) Due to the slower
flow or static water body, sediment and other
suspended material had been deposited, which
presented the incremental transparency and water
clarification in reservoir; (4) water temperature
stratification and oxygen concentration lower in the
reservoir.
The occurrence of environmental impacts is
inherent with building hydropower projects
(Agostinho,
2008).
Serious
environmental
consequences such as the alternations of dissolved
oxygen, temperature, energy sources and so on
(Salazar 2000; Liu et al. 2012), resulted a great
threat to biodiversity (Larinier 2000). It directly or
indirectly destroyed reproductive environments of
many aquatic species, including modifying channel
morphology and bed structure, changed habitat
environment (De Merona 1999). Due to reservoir
stratification, vertical exchange of water body, the
sedimentation of exogenous organic matter in the
reservoir, as well as the oxygen consumption of
decomposition of microbe, it may cause oxygen
anaerobic condition in the bottom of reservoir, even
directly cause the death of fish. The released toxic
substances into the water, the eutrophication and
dissolved
gas
supersaturation,
sediment
accumulation, which finally result in the habitat
changes, such as the deterioration and loss of
floodplains, riparian wetlands. (Rosenberg et al.
2000; Milliman 1997).Moreover, the endemic
fishes in upper Yangtze River are most of the
demersal fishes, the main feedings are benthic
invertebrates and algae. The alteration of
composition and number of fish baits and the
structures of fish species were unfavorable on the
benthic fish species due to the changed water
transparency.
Rehabilitation measures for alleviating
impacts. Rehabilitation of the affected habitats has
been remaining as a major challenge. To
UHKDELOLWDWH ILVK¶V species, adequate rehabilitation
compensation measures need to be seriously
considered.
Fish passages facility. Fish passage facilities
are an effective means of providing a route for
mitigating fishes to travel across hydropower
projects. The successful design of a fish passage is
DQ LQGLFDWLRQ RI ULYHU HFRV\VWHPV¶ KHDOWK
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assessment index, and also an important evaluation
index of ecological environmental protection in an
environmental impact assessment of hydropower
projects (Cooke and Hinch 2013). Therefore, fish
passage was an attempt to lessen the impact of
dams on the migration fish.
According to substantive research and
development over several decades, various
structures and functions of fish passages have been
offered including fishway (pool and weir fishway,
slot fishway, Denil fishway), fish ladders, fish
locks, fish lifts and fish system (Chen, 2014). Based
on an incomplete count, by the early1960s, more
than 200 fish pass facilities were in place in the
United States and Canada, more than 100 existed in
Western Europe, approximately 35 were in place in
Japan, and more than 15 existed in the Soviet Union
(Larinier, 2007). The research on fish pass facilities
in China began in 1958 (Wang and Guo, 2005).
Until 2000, fishway design and a number of new
fishways are being reconstructed by the ecological
demands. An important review of fish passage
studies was the Proceedings of symposiums or
meetings on ecological protection and fish passagerelated. In 2010, a symposium about fish protection
technology (specifically fishways) for assessments
on the environmental impacts of construction
projects was convened; in 2013, a meeting on
³SULQFLSOHV RI LPSURYHG ILVK SDVVDJH DW FURVV-river
REVWDFOHVZLWKUHOHYDQFHWR&KLQD´ZDVSURFHHGE\
the Institute of Hydroecology, the Ministry of
Water Resources and the Chinese Academy of
Sciences. All of these meetings effectively
promoted the development of fish passage facilities,
including their planning, design, demonstration,
construction and related technical research. Chinese
fishways are gradually entering a new stage of
comprehensive development in China. For instance,
the Close-to nature fishway with the fishway length
of 711m, the designed flow velocity of 1.0-1.2 m/s
has been built in Angu Hydroelectric Power Station
in Dadu River in the upper Yangtze River. The
main target species of migratory fish are
Pelteobagrus
vachelli
(Richardson),
Pseudogyrincheilus procheilus (Sauvageet Dabry),
Pseudobagrus truncates (Regan), Silurus asotus
(Linnaeus), Rhinogobio ventralis (Sauvage et
Dabry), Leptobotia elongate (Bleeker), Mystus
macropterus (Bleeker), Pelteobagrus fulvidraco
(Richardson). The passage facility-- transfer fish
fish system in Peng hydropower station in Wujiang
River is the first one for high dam in Yangtze River
in China. It can make full use of the passage locks
to transport fish due to the flexible transfer fish
boats and no interference with hub arrangement.
This technology was a new challenge for fish
passage facilities in Yangtze River basin.
The most fundamental aspect of constructing a
fish passage most likely relates to the migration


effect, which should overcome the obstacles with
minimum delay by fish (Katopodis 2005;
Knaepkens et al. 2006). Chen at al. (2014) collected
and analyzed the construction data of 25 fishway
projects, indicated that each type of fishway has its
corresponding construction and flow velocity. The
unattainable flow obstructions commonly hamper
fish movements (Clay 1995). Therefore, fishway
passage refers to a waterway designed to allow fish
species passes through a particular obstruction
(Silva et al. 2010). The hydraulic parameters based
on fiVK VSHFLHV¶ VZLPPLQJ SHUIRUPDQFH DUH YDU\
according to species and fish size, as well as with
the scale of turbulence and time of exposure of fish
(Lupandin 2005). However, the collected data about
ILVK EHKDYLRXU DQG HFRORJ\ FDQ¶W PHHW WKH
requirements of designing fish passages in Yangtze
River basin; because the ecology research on fish
species need longer cycle and more accumulate
data. Although scholars have made a lot of
researches in this aspect, the investigation and
studies on the construction of fish passage facilities
were too little. Additionally, the combined
development of cascade hydropower projects
greatly increased the difficulty on effect of
migration fish in Yangtze River basin.
Construction of nature reserve. Due to the
construction of hydropower projects, and the
detrimental effects of environmental degradation
pollution, most fish species drastically declined
since the 1970s, and some species, especially rare
and endemic migratory fishes were in highly
endangered. To compensate detrimental effects on
fish species, a National Reserve from Hejiang to
Leibo reaches of Yangtze River for protection rare
and endangered fishes was created in 2000. In
2005, the original reserve was adjusted for
mitigating the conflict between hydroelectric
projects in the Jinsha River and the maintenance of
the functionality of the reserve (Fan et al. 2006),
ZKLFK ZDV UHQDPHG WKH ³1DWLRQDO 5HVHUYH RI WKH
Upper Yangtze for Endangered and Endemic
)LVKHV´ E\ WKH H[WHQVLRQ RI area. The function
structure chart of this National Reserve is in Figure
3. The area of the new reserve is now the largest
aquatic reserves in China. The new reserve has the
total area of 331.74 km2 (including the area of core
zone 108.035 km2, the area of buffer zone 158.046
km2, the area of experiment zone 65.661 km2), and
the total length of 1162.6 km in which the length of
the mainstream is 436.5 km, including (i) the
mainstem of the Xiangjiaba Dam, Sichuan
Province, up to Masangxi, Chongqing City, (ii) the
mainstream of the Chishui River and some of its
tributaries, (iii) the lower Min River and its
tributary Yuexi River, and (iv)the estuaries of the
Nanguang River, Changning River, Tuo River and
Yongning River. About 70 endangered or endemic
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fish species were clearly listed as protected objects
thriving in these areas. Additionally, 12 aquatic
wildlife nature reserves had established in upper
Yangtze River (Xu et al. 2012), most of them are
built in the secondary or tertiary of Yangtze River
tributaries, the main protection objects are the
national or provincial key protection and local
indigenous fish species (table 2) (Xu et al. 2012).

However, the conflict between the protected land
area and the relatively high human population
living in the range of the reserve who wants to use
them is drastic. In addition, these people utilize the
water and land resources with different methods for
their own interests, to a certain degree, which
increased the difficulty to use common criteria for
managing the reserve (Zhang et al. 2011).

ķ The spawning area of other endemic fish species and feeding area of young fish, the Three Gorges reservoir area can complement and
perfect the function
ĸThe spawning area in tributaries sticky eggs fishes Procypris rabaudi, Silurus meridionalis, etc.
ĹThe spawning area in mainstream lotic pelagic spawning with drifting eggs fishes C. guichenoti, Leptobotia elongate Bleeker, etc., and
demersal sticky eggs fishes Paddlefish, Acipenser dabryanus, myxiocyprinus asiaticus(mullet), etc.

FIGURE 3
The function structure chart of National Reserve of the Upper Yangtze for Endangered and Endemic
Fishes.
TABLE 2
The distribution of the upper Yangtze river aquatic wildlife nature.
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Fishing ban. It has to be recognized that many
fish species including Acipenser, Myxocyprinus
asiaticus Bleeker and some endemic fish species
have high economic values in Yangtze River basin
(Survey report on the National Reserve of the
Upper Yangtze for Endangered and Endemic
Fishes, 2004). With the development of the
economy, the market needs of valuable fish are
further increasing, which resulted the fish
populations were over-fished with the economic
benefits. Since the 1970s, Myxocyprinus asiaticus
Bleeker resources notably declined, and between
1973 and 1974, it reduced to 2% of the total (Fan et
al. 2006). In order to limit over-exploitation of
these fish species, establishing fishing regulations
by licensing, length limits and season restriction is
obligatory. The fishing ban was executed in the
Yangtze Basin since 2003. From Deqin County,
Yunnan Province to Gezhouba Dam, fishing is now
forbidden from February 1 to April 30 every year.
This period covers one of the spawning seasons of
fish species, to some extent, which avoid fish are
violated in spawning period.
Artificial breeding and releasing. Artificial
breeding and releasing (ABR) is international
generally used method for protecting rare and
endangered species in reservoirs. For instance, the
national fish hatcheries system (NFHS) was
established in 1871 including 69 hatcheries, 16
laboratories, which undertook the most of the
domestic artificial breeding task of endangered
fishes. The hatcheries system not only plays the
function of protection fishes, but also provides sport
fishing with considerable economic benefits. Since
the 1954 to the end of the 20th century, in order to
protect the proliferation of fresh fish resources, the
former Soviet Union has established the Acipenser,
beluga artificial breeding and releasing. The freed
number of juvenile Russian sturgeon (the total
length of 7-10 cm) in Caspian sea basin is 21
million/year from 1955 to 1985,and 2000-4000
million/year from 1986 to 1990, and the freed
number of juvenile Beluga Sturgeon (the total
length of 7-10 cm) is 12 million/year from 1963 to
1975. In the Volga river basin, due to the
construction of hydropower projects, the breeding
sites of Beluga Sturgeon almost die out, 96.3%
Beluga Sturgeon in this river came from artificial
breeding and releasing. In the Caspian basin,
spawning grounds of Acipenser stellatus only
retained the original 60%, the statistics show that
30% of Acipenser stellatus in the region were from
the artificial breeding and releasing in the late 1980
s. After the construction of Gezhouba Dam, more
than 5000 individuals of A. dabryanus have been
released into the upper Yangtze River for stock
rehabilitation. The Hatchery of Rare and Endemic
Fishes (HREF) of Xiluodu and Xiangjiaba


Hydroelectric Power Station in Jinsha River aimed
to offset the environment degradation caused by
damming and were built in 2008, and three releases
were conducted in the year of 2008±2009. In
addition, Angu Hydroelectric Power Station in
Dadu River also built ABR station for the first
releasing fishes including Pseudobagrus truncates,
Rhinogobio
ventralis,
Leptobotia
elongate,
Pelteobagrus fulvidraco etc. in March, 2014.
However, ABR is likely to lead to the collapse of
the whole natural population genetic diversity after
several generations. Waples (Waples 1991) have
demonstrated that long-term ABR of Atlantic
salmon led to a sharp decline in natural population
sizes and recession on genetic traits.

DISCUSSION AND SUGGESTION
Over the years a large scale of hydropower
projects has established in the main streams and
tributaries of Yangtze River basin, and most of the
lakes were obstructed the direct link with the
Yangtze river due to the construction of
hydropower projects. The impoundment of cascade
reservoirs has reconstructed structural and
functional terms in Yangtze River. As a result, the
environmental conditions of a complete life cycle
of river ecosystem on fishes, especially rare and
endemic fish species in the upper Yangtze River,
may even become extinct. The fish species have
different performance based on river morphology
and geographical location, engineering structure
and scheduling. However, the influence of various
factors are overlapping and accumulating over time.
Therefore, taking measures to coordinate the
relationship between water resources development
in river basin and the conservation of fish diversity
should be translated into a political, societal and
scientific action.
From the perspective of planning on water
ecological system, the overall planning of
development and protection of the river to maintain
the ecological sustainability is very important.
Moyle (1995) pointed out that, dam hydrological
scheduling mode should be taken into account the
human need and simultaneously the needs of fish
survival. And only the fish get better protection, the
other organisms associated with fish and ecosystem
can also get the corresponding protection. In
addition, Empirical data for fragmentation effects
were required over decades (Wu et al. 2003), so
most importantly, long-term or permanent
monitoring stations and research programs should
be established, and the monitoring in the Yangtze
River basin should follow the corresponding
management actions.
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UPTAKE AND DISTRIBUTION OF DIFFERENT COPPER
COMPOUND IN TISSUES OF CRAYFISH
(Astacus leptodactylus)
Yavuz Mazlum, Ayse Bahar Yilmaz*, Alper Yanar
Faculty of Marine Science and Technology, øskenderun Technical University, øskenderun / Hatay, Turkey

heavy metals depends upon the metal, metal
concentration, speciation, histology of the target
organ, and aquatic animals [5, 6].
Copper is an essential trace metal for all living
organisms and also important in the life cycle of
crayfish. It is used as an enzyme activities including
copper metalloprotein-hemocyanin in crustaceans,
and also well known that toxic effects at high
concentrations [7]. In previous study, different
copper concentrations (0.5, 2.5 and 5.0 mg Cu/l)
have been used in survival of Astacus leptodactylus
and the highest survival rates found in after three
ZHHNV¶ results [8].
Copper enters aquatic ecosystems via wastes
in ionic form or complexes organic and inorganic
ligands and they can accumulate in tissues. There is
no adequate information about the effects of
organic and in organic forms of copper compounds
on crayfish tissues. But, previous studies indicate
that accumulation of copper in crayfish tissues as a
function of dose, and time shows no significant
differences between gender [7,9]
A. leptodactylus is a native species and
naturally distributed in lakes, rivers and ponds
throughout Turkey. The total harvest of crayfish
was reported 492 tons in 2012 in Turkey [10].
Freshwater crayfish feeds on detritus, being
omnivorous, zoo benthic animals and aquatic
plants, and are considered to be biological
indicators of waters [11]. Although, copper is an
essential metal for crayfish, its toxic value is not
taken into account to determine the structure of the
compound [12]. Therefore, in this study the
accumulation of different copper compounds
(Copper (II) sulphatehekzahydrate, Copper (II)
chloride dihydrate and Copper (II) acetate
monohydrate) and doses (8 and 12 mgl-1 Cu2+) on
tissues (gill, hepatopancreas, carapace, and muscle)
of A. leptodactylus were investigated.

ABSTRACT
This study was carried out to determine
accumulation of different copper compounds
(organic and inorganic) in various tissues and doses
of crayfish (Astacus leptodactylus) during the
period by the 7th, 14th and 21st days. The
hepatopancreas exhibited the highest copper
concentrations
and
the
greatest
copper
accumulation in A. leptodactylus, followed by gill,
muscle and carapace. After the 21st days of
exposure, the maximum accumulations occurred in
Copper (II) chloride dihydrate medium (90.84 and
ȝJ J-1 wet wt.) which were followed by
Copper (II) sulfate pentahydrate (86.46 and 101.50
ȝJJ-1 wet wt.) and Copper (II) acetate monohydrate
DQGȝJJ-1 wet wt.) at 8 and 12 mgl-1
doses in the hepatopancreas. We suggest that
copper limited levels and hazards are important
parameters in determining where the structures of
copper compounds are coming from.

KEY WORDS:
Copper, Accumulation, Crayfish, Heavy Metals, Copper
Compounds.

INTRODUCTION
Heavy metals are natural constituents of
freshwater environment, generally in very low
concentrations. Anthropogenic inputs by industrial,
agriculture and mining activities of pollutants such
as heavy metals, into the environment have
increased their levels to large extents within past a
few decades [1]. Most heavy metals can have toxic
effects in organisms. Crustaceans, like all aquatic
animals, take up and accumulate metals from a
wide range of sources and the trace metal
concentrations within their tissues [2] and bodies
show great variability [3]. Some heavy metals (e.g.
copper, zinc, iron) are essential for living organisms
while others such as lead, cadmium, mercury have
no known biological role. It is well known that
heavy metals accumulate in the tissues of aquatic
animals and become toxic when their
concentrations reach high level [4]. Toxicity of
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Spectrometer
(MP-AES)
Systems
(Agilent
Technology, 4100 MP-AES). 324.8 nm absorption
lines were used for determination of copper levels.
Metal concentrations were calculated in microgram
per gram-ZHWZHLJKW ȝJJ-1 wet wt.).

MATERIALS AND METHODS
Chemicals. Tap water was used in all aquaria.
Metal salts were used for stock solution, Copper
(II) sulphatehekzahydrate (CuSO4. 6 H2O, 99%
ACS reagent grade), Copper (II) chloride dihydrate
(CuCl2. 2 H2O, 99%ACS reagent grade) and
Copper (II) acetate monohydrate (Cu(CH3COO)2 .
H2O, 99%ACS reagent grade) were purchased from
Sigma-Aldrich. The required volume of stock
solution was added to aquaria to achieve the desired
concentrations of 8 and 12 mg.l-1 copper (II).

Statistical Analysis. The statistical analyses
for validation of the results were carried out with
the SPSS statistical package program, version 17.0
(SPSS Inc. Chicago, Illinois, USA). Samples were
analyzed two-way ANOVA and was performed
followed by a Duncan Multiply Comparison Test as
a post hoc test, with significant levels set at
(p<0.05).

Crayfish Maintenance. A. leptodactylus were
REWDLQHG IURP .HEDQ 'DP (OD]Õ÷ 7XUNH\ 1R
attempts were made to separate male and female
crayfish. Twenty-five crayfish were kept each
aquarium (30x40x80 cm, 80 l) with continues
aeration and acclimatized to laboratory conditions
for one month under constant pH (7.9-8.2), and
temperature (20-23°C). Three copper (II)
compounds with two different doses were prepared
separately, using by three replicate for each metal
compound exposure and control. As a control, a
group was kept in aquaria filled with tap water. In
order to avoid cannibalism, small PVC pipes were
place at the bottom of the aquaria.

RESULTS
In total 94.74% of the animals survived until
the moment of sampling and mortality was not
related to copper forms exposure. Physico-chemical
parameters of fresh water quality including pH
value, total hardness, temperature and the amount
of dissolved oxygen of the test aquariums were
determined as 8.2±0.1, 135±5.8 mg CaCO 3 l-1,
22±1° C and 6.6±1.5 mg O l-1, respectively.
Four hundred and seventy-five crayfish were
measured as to be 101.25 mm (min. 83- max. 113
mm) and weighted 25.99 g (min. 15.42- max. 37.35
g.) were used all experiment. There was no
statistical difference between the study groups and
control group regarding of the size of crayfish
(p>0.05). The accuracy and the precision of our
results were checked by analyzing standard
reference material (SRM, Dorm-2). The recovery
(104% for Cu) indicated that there was a good
agreement between the certified and analytical
values. Mean levels of copper accumulations in
various tissues of A. leptodactylus measured at
different exposure times to three different Cu
compounds are presented in Table 1 and Figure 1.
Six crayfish were selected randomly for
control group at the start of experiment to
determine copper values after 7th, 14th and 21st days.
The values of copper in tissues were 12.29-12.43,
7.16-7.95, 3.41-3.32, 5.28-ȝJJ-1 wet weight in
hepatopancreas, gill, muscle and carapace,
respectively.
The copper accumulation in the medium
containing Copper (II) sulphate hexzahydrate in all
tissues was found significantly higher than the
control groups. During the experiment, copper
accumulation values at both doses in all tissues
were found high, and mean copper accumulation
were obtained (47.38-ȝJJ-1 wet wt.), (61.621ȝJ J-1 wet wt.) on environmental copper
concentration at 8 mg l-1 and 12mg l-1, respectively
(Table 1). At the end of the experiment, the lowest
accumulation was detected in the crayfish carapace

Toxicant Exposure. Crayfish were exposed
three different copper (II) compounds (i.e. organic
and inorganic) containing 8 and 12 mg l-1 Cu ions
for 21 days, respectively. During the experiment,
some physical and chemical of water (i.e.
temperature, pH and dissolved oxygen) parameters
were monitored by using a thermometer, pH meter
and oxygen meter (Model 55 YSI; Yellow Springs
Instruments Company, Ohio, USA), respectively.
All aquariums were covered by glass plate because
of evaporation. During the experiment water were
not changed, and also crayfish were not feed. We
used 12-days/12-nights experimental photoperiod.
Determination of Copper Levels. Sub
sample of crayfish (n=6) were collected each
aquarium for 7, 14 and 21st days. Total crayfish
length (TL, mm) and weight (Wt, g) were measured
to the nearest millimeter (mm) and gram (g) before
dissection. For analysis hepatopancreas, carapace,
gill and muscle tissue of each crayfish were
dissected and weighed. All chemicals and standard
solutions used in the study were obtained from
Sigma and were of analytical grade. Double
distilled water was used during the experiments.
Separate organs were dissolved using concentrated
nitric acid and hydrogen peroxide (1:1) v/v in
comply with FAO methods [13]. Crayfish tissues
were dissolved on hot plate and diluted to 50 ml
with 2.5% of nitric acid. All samples were analyzed
for copper by Microwave Plasma-Atomic Emission
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tissue at both doses. After 21 days copper
accumulation in the tissues of both dose levels was
ordered hepatopancreas > gill > muscle > carapace.
The accumulation of copper in the muscle tissue

was lower at 7 days of the experiment when
compared to crayfish carapace. However, we
observed opposite results at the end of 21 days.

TABLE 1
Mean levels of copper accumulations in various tissues of A. leptodactylus (n=6) measured at different
exposure times to three different Copper compounds. Means having different superscripts (x, y) were
significant different (P <0.05) between tissues and doses.

Copper Compounds

Crayfish
Tissues

7 th day

14 th day

21 th day

Gill

7.16

7.08

7.95

Hepatopancreas

12.29

12.09

12.43

Carapace

5.28

4.75

4.66

Muscle

3.41

Doses

Control

Copper Sulphate
CuSO4. 6 H2O

61.27 x

Hepatopancreas

47.38 x

73.34 x

86.46 x

Carapace

7.57 x

12.84 x

16.67 x

Muscle

4.77 x

15.01 x

27.07 x

Gill

22.38 y

42.19 y

70.18 y

Hepatopancreas

61.62 y

88.05 y

101.50 y

Carapace

9.98 x

15.45 x

19.49 x

Muscle

8.67 y

19.09 y

31.40 y

Gill

16.59 x

37.64 x

75.40 x

Hepatopancreas

53.44 x

78.49 x

90.84 x

Carapace

8.93 x

17.28 x

20.57 x

Muscle

7.35 x

23.10 x

40.72 x

Gill

27.13 y

48.58 y

86.69 y

Hepatopancreas

68.83 y

94.23 y

106.81

Carapace

12.06 x

20.67 x

24.22 x

Muscle

12.28 y

28.24 y

46.00 x

Gill

10.90 x

25.18 x

48.44 x

Hepatopancreas

42.70 x

67.78 x

78.90 x

Carapace

6.34 x

10.62 x

13.65 x

Muscle

4.54 x

11.38 x

20.91 x

Gill

17.82 y

33.64 y

57.28 y

Hepatopancreas

55.22 y

80.66 y

92.00 y

Carapace

8.00 x

12.44 x

15.82 x

Muscle

7.07 x

14.77 x

24.52 y

8 mg l-1

8 mg l-1

8 mg l-1

12 mg l-1

The value of accumulation copper in the
environment containing Copper (II) chloride

32.77

3.32
x

13.45

12 mg l-1

Copper Acetate
Cu(CH3COO)2. H2O

3.15
x

Gill

12 mg l-1

Copper Chloride
CuCl2. 2 H2O

Exposure days
(Cu μg g-1 wet wt)

dihydrate in all tissues was found higher when
compared to control and other two copper
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The gills are very important organs for
maintenance of life cycle of crayfish [15]. In
freshwater animals, gill is one of the most used
tissues to demonstrate metal accumulation. It has
directly contact to the environment and is involved
in exchange of gases and regulates ion fluxes
[16,17].
Heavy metals were/are interferenced with the
respiration and osmo-regulation function of the gills
in fish and crustaceans. In addition the gills form a
mucous sheath as a protective response, which in
turn adsorbs the metal [18]. The absorption of a
metal into cells of the gill is inversely proportional
to the surface-binding affinity. Copper, which has a
low affinity, is absorbed into the cells much more
readily than either calcium or cadmium [19].
The hepatopancreas is involved in a variety of
physiological processes, which include the
secretion of digested food, and the detoxification
and storage of heavy metals. According to some
researcher, specific metal-binding proteins, such as
metallothionein, may contribute to the control of
intracellular concentrations and increase in some
tissues, liver or hepatopancreas, of some marine
animals [5, 20, 21, 22].
The mean copper concentration in gill,
hepatopancreas, carapace and muscle of A.
leptodactylus after 7th, 14th and 21st days exposure
is shown Table 1. In all exposure groups of tissues,
copper concentrations were significantly different
from that of the control. Our study indicates that the
value of copper accumulation in the gill and
hepatopancreas are highest during the experiment in
all compounds. The same pattern was reported by
Zia and Alikhan [23] for Cambarus bartoni.
Although hepatopancreas and gill has known the
target organ, we determined that when the contact
time increases the accumulation of copper in
muscle tissue increases (Table 1). Our results show
that these increases are significantly important in all
groups and compounds. While the accumulation of
copper in carapace is high at seven days, in contrast
the copper accumulation in muscle is high at twenty
first days on experiment. It has known that the
lowest copper accumulationin the carapace because
of metabolic activity. Previous studies indicated
that metal passively adsorbed onto the exoskeleton
of crustacean, contributed small proportional in
total body [24,25]. Our study is supported former
studies and also indicates that crayfish carapace is
not considered good biomarkers of copper
accumulation. The accumulation in the same tissues
of different doses for copper compounds showed
significant differences, however, we did not
observe any significant differences between on
carapace and muscle tissues in copper acetate
environment on 7th and 14th days (Table 1).
A.
leptodactylus
showed
that
the
accumulations of copper in different tissues were

compounds environment, especially hepatopancreas
and gill of the crayfish after 21 days of exposure.
During the 21 days of exposure the maximum
accumulation occurred in 8 mg l-1 copper
concentration in hepatopancreas (90.84 ȝJ J-1 wet
wt.), which was followed by 12 mg l-1 copper
FRQFHQWUDWLRQ ȝJJ-1 wet wt.) (Table1). The
mean accumulation of CuCl2 in muscle ranged from
40.72 ȝJJ-1 wet wt. (at 8mg l-1) to 46.0 ȝJJ-1 wet
wt. (at 12mg l-1) after 21 days of exposure.
The copper accumulation in the environment
containing Copper (II) acetate monohydrate in all
tissues was found lower when compared to the
other groups. End of the experiment the
hepatopancreas contained the highest copper
accumulation, which was followed by the gill,
muscle and carapace. The accumulation of mean
copper in the hepatopancreas for Copper (II) acetate
monohydrate ranged from 78.90 ȝJJ-1 wet wt. (at 8
mg l-1) to 92.0 ȝJJ-1 wet wt. (at 12 mg l-1) after 21
days. There were statistically significant differences
between tissues and two doses.

DISCUSSION
In this study, we present data about
bioaccumulation and biomagnifications exposure in
various copper compounds at the same copper
concentration environments and doses (8 and 12 mg
l-1) of the crayfish A. leptodactylus. Although many
previous studies have shown that heavy metals
accumulation in some tissue in aquatic animals,
especially studies on crayfish are limited. Despite
known to be an essential element for a certain level
of copper for crayfish, higher doses of copper is
toxic. Toxicity of copper at high concentrations is
due to the coagulator action on cellular proteins and
to interference with respiratory processes; at low
concentrations, copper causes degenerative changes
in certain tissues and interferes with Glutathiona
equilibrium [8].
Copper enters aquatic ecosystems via wastes
in ionic form or complexes organic and inorganic
ligands and they can accumulate in tissues. There is
no adequate information concerning the effects of
organic and inorganic forms of copper compounds
on crayfish. The organic form of mercury has
reported to be much more toxic and cause
accumulation then in inorganic mercury compounds
[14]. Organic and inorganic forms of lead are stated
various accumulation effects on crayfish [12].
Therefore, it is necessary for more detailed studies
of the copper accumulations. However, no attempt
has yet been made to show highest concentration
level of copper of organic and inorganic
compounds. Therefore, this study was undertaken
to demonstrate the accumulation of copper
compounds and doses.
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increased with exposure concentrations and copper
especially being stored in the hepatopancreas. The
pattern of copper bioaccumulation in crayfish is
similar to that in other aquatic crustaceans, such as

the penaeid shrimp Metapenaeus dobsoni [26], the
blue crab Callinectes spp. [27] and the freshwater
prawn Macrobrachium rosenbergii [28].
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FIGURE 1 a)-d)
Mean copper concentration in various tissues of A. leptodactylus measured at different exposure times for
7, 14, and 21 days and environmental doses (8mgl-1 and 12mgl-1). Means with in same copper doses
having different superscripts (a, b, c) were significant different (P <0.05) among chemical compounds.

copper sulfate pentahydrate is used to surface water
for the control of algae [29]. Elemental copper in
water is complex forms and influenced by pH,
dissolved oxygen and the presence of oxidizing
agents and chelating compounds or ions [30].
Copper concentrations in surface waters were

Figure 1(a-d) shows the accumulation of three
different copper compounds at two different doses
in crayfish tissues over the experiment. Acute
responses to copper vary with species and copper
compound. Copper compounds are used as
fungicides, algaecide, insecticides. Especially
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reported in range from 0.0005 to 1 mgl-1. Soluble
copper salts are more toxic than insoluble
compounds. Water solubility for Copper (II) sulfate
pentahydrate, Copper (II) chloride and Copper (II)
acetate monohydrate are 316, 706 and 72 g l-1,
respectively. Although in fresh or drinking water
copper limited levels are given directly, it is not
known clearly where copper ions come from which
copper compounds. We assumed that the
accumulation of copper on tissues of aquatic
animals changes with according to different copper
compounds.
Three different copper compounds containing
Cu ions compared with each other at the same
doses and were found significantly different in the
gills (Fig.1.a). At the end of the experiment for 12
mgl-1 copper, the maximum accumulation of
Copper (II) chloride dehydrate environment was
observed in the gill (86.69 ȝJJ-1 wet wt.), however,
the lowest accumulation was found in Copper (II)
acetate monohydrate (57.28 ȝJ g-1 wet wt.). The
same pattern of results as describe above was
examined at 8 mgl-1 environmental copper doses.
The hepatopancreas is involved in a variety of
physiological processes which include the secretion
of digested food, and the detoxification and storage
of heavy metals. The value of copper accumulation
in hepatopancreas was greater than the values in the
gill, carapace and muscle (Fig. 1.b.). During the 21st
days of exposure the maximum accumulation
occurred in Copper (II) chloride dehydrate
environment  ȝJ J-1 wet wt.) which was
followed by Copper (II) sulfate pentahydrate (86.46
ȝJJ-1 wet wt.) and Copper (II) acetate monohydrate
(78.90 ȝJJ-1 wet wt.) at 8 mgl-1 doses. The pattern
of accumulation at 12 mgl-1 was CuCl2 > CuSO4 >
Cu (CH3COO) 2 106  DQG  ȝJ J-1
wet wt., respectively.
The absence of metals accumulation in
carapace and muscle are not surprising, as many
previous studies have shown that these tissues
accumulate low levels of metals [31, 32]. Based on
our study we conclude that crayfish has a quite
good potential for accumulation CuCl2 than the
others (Fig. 1.a-d.). These results suggest that heavy
metals limited value to us and hazards are important
parameters in determining when the environment
entering the compound structure.

for copper accumulation, which implies that it is
also the critical organ for toxic symptoms. In
general, copper accumulation was the highest in the
hepatopancreas as uptake in this storage organ
steadily increased with time, and the lowest content
was found in the muscles. As expected significant
differences found in all tissues. In addition, the
result demonstrated that the general relationship
among the crayfish tissues copper accumulation
levels was as followed by hepatopancreas, gills,
carapace and muscle increases with the doses of
copper. The pattern of crayfish to accumulate
copper especially in hepatopancreas is typical for
crustacean.
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ABSTRACT
The effects of initial solution pH, electrical
conductivity and free radical scavenger on
degradation rate of Acid Orange 7(AO7) were
investigated by gliding arc discharge plasma. The
products formed during the discharge process of
different carrier gas were analyzed by gas
chromatography-mass spectrometry (GC-MS)
method. The corrosion behavior of electrode was
observed by scanning electron microscope (SEM)
and Energy Dispersive Spectrometer (EDX). The
results showed that: The removal rate of AO7 was
higher slightly under acidic or alkaline condition
than that under neutral condition, and the solution
pH dropped with the time. The effects of
conductivity and n-butanol on AO7 removal were
not distinct and the conductivity degrade solution
increased. The corrosion of electrodes concentrated
mainly in non-equilibrium plasma zone, and iron
atoms occurred selective dissolution.

KEYWORDS:
low temperature plasma, gliding arc, degradation
efficiency, the corrosion of electrodes

INTRODUCTION
Organic azo dyes were the most widely used
in leather, textile, pulp and paper, cosmetic and
pharmaceutical industries [1-4]. The pollution of
dyeing water was a serious environmental problem
because the dyes in water were highly visible and
harmful even at low concentrations[5-6]. Therefore,
the conventional treatment methods were
ineffective for degradation and mineralization of
organic dyes [1-2]. Recently, advanced oxidation
processes(AOPs) were being used to remove
hazardous organic contaminants in aqueous
solutions and were also considered to be promising
alternatives for the treatment of pollutants[7-8].
Examples include ultraviolet(UV) photolysis,
Fenton process, direct ozonation, ultrasonification
and non-thermal plasma[9-10].

Gliding arc discharge plasma, as a type of low
temperature plasma at atmospheric pressure had
received great attention in pollution control field
because it was appropriate for simultaneous
treatment of various refractory pollutants by a large
amount of oxidative species [11-12]. Previous
studies had demonstrated that organic compounds
in exhaust gas and wastewater were effectively
degraded by gliding arc discharge plasma [13-14].
In a gliding arc discharge plasma process, a number
of active species such as HO, H, O, HO2, H2O2
and O3, etc, were produced [14]. Hydroxyl radicals
were the major active species among them, which
could oxidize almost all organic pollutants, because
they were substances with extremely high oxidizing
powers[15-16]. In addition, ultraviolet light, highenergy electrons and shock-waves were also
formed[5,11].
However, practical organic wastewater from
industry was characterized by complicated
component, containing a number of inorganic ions,
unstable pH value in addition to high concentration
of organism[17-18]. The higher the concentration
of inorganic ions, the stronger solution
conductivity. High conductivity influenced
degradation efficiency of organic contamination
and led to difficulty for water purification [19-20].
The electrodes had some corrosion during the
treatment of organic pollutants by gliding arc
discharge. The above problems were little involved
in early research.
Hence, this paper took AO7 as a target
pollutant, and the effects of conductivity on the
degradation of organic compounds, electrodes
corrosion and the change of solution pH value were
studied thoroughly, intermediate products and
mineralization products in different atmosphere
were measured by GC-MS.

MATERIALS AND METHODS
Experimental setup and experimental
methods. The experimental setup utilized in the
present study was given in Fig.1. It consisted
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mainly of discharge system, high power supply,
carrier gas cylinder and water-transport system.
When the two diverging electrodes were
connected to a 220V/10kV transformer, an arc
formed at minimum gap(3.5mm) of the electrodes,
and then the airfow blew arc, and the arc length
increased along the edges of electrodes until it was
short-circuited by a forming new arc, and reactive
species, hydrogen peroxide, ozone, ultraviolet ray

and high-energy electron etc were brought in
plasma zone. The solution atomized by a nozzle
was sprayed into plasma zone, and organic
pollutants in the solution were degraded. The
carrier gas O2 flow rate was 0.4m3·h-1. 200ml
solutions with 300mg·L-1 concentration were
treated, and solution flow rate was 20 mL·min-1.
The discharge power is approximately 200W.
Samples were taken every 10min.

1 solution storage tank, 2 water pump, 3 flowmeter, 4 off gas,
5 high voltage power supply, 6 electrode, 7 plasma zone,
8 carrier gas cylinder, 9 water cooling(water in),
10 water cooling(water out)
FIGURE 1
Scheme of the experimental set-up.

Analytical method. The concentration of azo
dye was measured by a TU1800 UVspectrophotometer (Beijing Purkinje General
Instrument
Co.,
Ltd,
wavelength
range:
190~1100nm). The pH value was made by a digital
pHS-2F acidic meter and adjusted by using 1mol·L1
NaOH and 1mol·L-1 H2SO4. Electrical conductivity
was measured by DDB-303A conductivity meter.
The surface morphology and component of
fragments was analyzed by SIRION-100 field
emission-scanning electron microscopy (FE-SEM).
Imaging was done in the high vacuum mode under
an accelerating voltage of 30 kV, using secondary
electrons.
The quantitative analysis of products was
made by GC-MS. The degradation solution was
extracted by ethyl acetate, and then esterified by

butanol. The temperature program for GC oven
with the initial temperature 100Ԩ, was held for
2min; then held for 1min at 200Ԩ with the rate of
25Ԩ/min; finally held for 20min at 280Ԩ with the
rate of 3Ԩ/min.

RESULTS
The effect of initial pH and the change of
degraded solution pH value. The solution could
be acidic, alkaline or neutral for industrial organic
wastewater, and the variation of pH value had an
effect on the removal of pollutants to advanced
oxidation processes[21-23]. The pH value of
degraded solution also changed with treatment
time. Therefore, it was necessary to study the effect
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plasma converted easily into HO  in the acid
condition, and it favored O3 to decompose HO in
the alkaline condition, which made the AO7
degradation fast[24]; 2) The azo groups of the dye
was replaced by H+ and OH- in the acid and
alkaline condition, which made the AO7
degradation fast[25].

of initial pH and the change of degraded solution
pH value.
The degradation efficiency of AO7 was shown
in Fig.2 and Fig.3 when pH value was set at the
range of 2-11. From Fig2 we knew, the removal of
AO7 was good in acidic and alkaline condition, but
poor in neutral condition after 5 minutes. The
reasons were that: 1) H2O2 produced by discharge

Degradation efficiency (%)

63
62
61
60
59
58
57

2

4

6

8

10

12

pH



FIGURE 2
The influence of initial pH value on degradation efficiency for one time.

Degradation efficiency (%)

100
80

pH

2
3
5
7
9
11

60
40
20
0

0

5

10
t/min

15

20

FIGURE 3
The variation of the degradation efficiency of AO7 at different initial pH value.

However, From Fig.3 we knew, the
degradation efficiency of AO7 achieved about 94%
after 20min for the solutions with initial pH 2 and
11. All solution pH dropped rapidly to 3 after 5min

for the solutions with initial pH 2 and 11, as shown
in Table.1. It indicated that all the solution reacted
with active materials under the acidic condition
after 5min, and pH value declined further with the
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extension of treatment time, so its effects was no
longer distinct.
The change of solution pH was caused by
degradation products of AO7, so the variation of

pH value was measured when oxygen, nitrogen and
air was used as carrier gas, respectively, as shown
in Table.2.

TABLE 1
Variation of pH value for degraded solution at different initial pH value.
pH
2
3
5
7
9
11

0
2
3
5
7
9
11

Degradation time (min)
10
15
1.73
1.57
1.68
1.59
1.79
1.52
2.18
2.06
1.97
1.69
2.15
2.06

5
1.83
1.95
2.23
3.26
2.97
3.05

20
1.33
1.47
1.39
1.85
1.53
1.67

TABLE 2
Variation of pH value for degraded solution at different carrier gases.
Carrier gas
O2
N2
Air

Degradation time (min)
0
5
6.18
3.24
6.18
3.35
6.18
2.31

10
2.67
2.97
2.01

Oxygen as carrier gas, the main chromophoric
groups (conjugated azo bond groups) were
destroyed by hydroxyl radicals. Phenyl structure
and naphthyl structure of dye opened, leading to the
formation of formic acid, acetic acid and small
molecular compound. Organic nitrogen in dye
molecule was oxidized to NH4+, NO2- and NO3-.
There were mainly the products detected by GCMS: phenol, naphthalene, benzenesulfonic acid,
phthalic acid, ȕ-Naphthol, 3-hydroxylhypnone,
methylnaphthalene, 1,8-dimethylnaphthalene, 2,6dimethylnaphthalene, formic acid, acetic acid,
oxalic acid and malonic acid.
N ǃ N2+ ǃ NOx and NO2+ plasma were
generated when air was used as carrier gas, and
then these active particles were convertible into
nitric acid and nitrous acid. So pH value of
degraded solution decreased more quickly. There
were mainly the products detected by GC-MS:
nitrobenzene, p-hydroxy nitrobenzene, phenol,
naphthalene, p-acetyl phenol, phthalic acid, benzoic
acid, acetophenone, propionic acid and oxalic acid.
The ionization energy and dissociation energy
of nitrogen were greater than those of oxygen, and
air lay between them[26]. The production of active
species in the atmosphere of nitrogen was lower
than those oxygen and air when the same energy
was input to the system, which resulted in the less
production of organic acid and nitric acid. So the

15
2.47
2.73
1.79

20
2.04
2.81
1.49

decline of solution pH was slowest. There were
mainly the products detected by GC-MS:
nitrobenzene, naphthol, phenol, phthalic acid,
propionic acid and acetic acid.
The effect of electrical conductivity. The
electrical conductivity of solution was a waterquality indicator commonly used, and it reflected
the mass of ionized matter in water (that was,
ionizable inorganic salts) [27]. The higher the
salinity was, the greater the conductivity was. The
salinity of effluent brought great difficulty to treat
wastewater [28].
In terms of low-temperature plasma
technology, the influences of electrical conductivity
on the removal of organic contaminant were
different. The increasing of solution conductivity
resulted in the lower concentration of active
species, and produced a negative effect on the
degradation of organic contaminant to pulsed
discharge [29-31]. Nevertheless, the degradation
efficiency increased with the increase of the initial
conductivity, and there were the optimum
conductivity to diaphragm discharge[32-33].
So this study investigated the effect of applied
voltage on AO7 degradation by gliding arc
discharge under 259 ȝV/cm, 550 ȝV/cm and 908
ȝV/cm. The result was shown in Fig.4. When the
conductivity was operated at 259 ȝV/cm, 550 ȝV/cm
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and 908 ȝV/cm, the degradation efficiency was
95.62%ǃ94.26% and 93.87% respectively after 20
min. The conductivity had little effect on AO7
degradation, and the maximum descend was less
than 3% after 20min.
The length of electric arc became short and the
stability was poor, which was observed in the
experiment. The concentration of ions in the
solution rised with increasing conductivity, but ions
cannot obtain enough energy to ionize other
molecules, and so the chemically active species
decreased in the case of higher conductivity [31].
But at the same time, the brightness strengthened
and color deepened of electric arc with increasing
conductivity, which enhanced the intensity of UV
radiation, and so the activity and concentration of
radical increased. Moreover, the method of

continuous circulated sample diluted ions
concentration. So the positive effect of conductivity
made up for the negative effect, leading to a less
obvious reduction in AO7 degradation rate.
Organic pollutants were degraded and the
intermediates formed in the processing of gliding
arc discharge. Some of the intermediates could
increase the conductivity of solution. The variations
of conductivity were shown in Table 3 with
treatment time under carrier gas of oxygen, nitrogen
and air. From Table 3 we knew, the electrical
conductivity of solution increased with treatment,
and it was biggest in the oxygen atmosphere,
followed by air, and nitrogen was the minimum. It
was also proved that AO7 was more thoroughly
degraded under oxygen atmosphere comparing with
air and nitrogen.


Degradation efficiency
(%)

100
80
259 ȝs/cm
550 ȝs/cm
908 ȝs/cm

60
40
20
0

0

5

10

15

20


t/min

FIGURE 4
The influence of solution conductivity on degradation efficiency.

TABLE 3
The variation of degraded solution conductivity under different carrier gases (unit: ȝV/cm).
Carrier gas
O2
N2
Air

0
259
259
259

5
1961
611
1196

The effect of free radical scavenger.
Alcohol substance was an effective kind of free
radical scavenger and was used to prove the
existence of hydroxide radical. The rate constants
between methanol, ethanol, isopropyl alcohol and
hydroxide radical were 5.0×108 L·mol-1·s-1, 1.0×109
L·mol-1·s-1 and 2.0×109 L·mol-1·s-1, respectively,

Time(min)
10
2360
1003
1210

15
2089
1049
2380

20
3220
1257
3090

which were determined by Masayuki [34]. Tertiary
butanol and n-butanol were also used to detect
existence of hydroxyl radical [35-36].
N-butanol was chosen as radical trapping
agent in the experiment. When its concentration
was set at 0 mg/L, 100 mg/L, 200 mg/L and 500
mg/L, the changes of AO7 degradation rate were
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shown in Fig5. The degradation efficiency of AO7
decreased significantly, and its value was 60.71%,
51.50%, 50.48% and 42.29% at 5min, respectively,
which proved that hydroxyl radical played a major
role during the process of AO7 degradation.

However, the effect of n-butanol was not obvious
with the extension of degradation time, and the
removal rate of AO7 reached 94.57%, 95.31%,
95.45% and 96.10% after 20min, respectively.

Degradation efficiency (%)

100
80
60
0 mg/L
100 mg/L
200 mg/L
500 mg/L

40
20
0

0

5

10
t/min

15

20

FIGURE 5
the effect of n-butanol on AO7 degradation rate

Hydrogen atom, which was attached directly
to carbon with hydroxyl group in primary alcohol
and secondary alcohol molecule, was influenced by
hydroxyl group in the molecule, so its chemical
property was very active [37]. Alcohols were easily
oxidized into aldehydes, and then carboxylic acid

by oxidation agent. In the plasma system, there
were hydroxide radicals, oxygen free radicals,
ozone and hydrogen peroxide, the oxidation agents
to react with n-butanol. N- butanal and n-butyric
acid formed, and then tranformed into carbon
dioxide and water. The equations were as follows.

[O]
[O]
CH 3 (CH 2 )3 OH o
CH 3 (CH 2 )2 CHO o
CH 3 (CH 2 )2 COOH

At the beginning of the discharge, hydroxyl
free radicals generated by gliding arc plasma
attacked to n-butanol preferentially, which reduce
the concentration of hydroxide radicals reacting
with AO7, and so the degradation rate of AO7
decreased. But n-butanol in solution was severely
depleted and carbon dioxide and water were formed
with the extension of degradation time, which
indicated that the effect of n-butanol on AO7
degradation was not appartent. The research not
only showed n-butanol was free radical scavenger,
but also illustrated small molecular aliphatic
organic compounds were oxidized easily.
The corrosion of electrodes. There were
three reasons for the erosion of electrodes during
gliding arc discharge process. 1) Acidic conditions.
Organic compounds containing nitrogen, sulfur,

(1)

fluorine and chlorine etc, could also be effectively
degraded, and several organic acids were found as
aliphatic intermediates. In addition, hydronium ions
were produced by discharge. 2) The influence of
oxidizing substance. Example for HOxǃH2O2 and
O3 active species. 3) The corrosion of inorganicsalt. Chloride, carbonate, sulfate and nitrate etc
contained in actual industrial wastewater, corroded
the mental.
The unused electrodes and the electrodes after
120h discharge were investigated by macroscopic
observation, as shown in Fig7. Compared with the
two pictures, we knew the corrosion of electrodes
concentrated mainly in non-equilibrium plasma
zone, and the black and dark brown corrosion
products with loose structure formed. When the
corrosion products were polished, we saw that tiny,
dot cracks and small holes. The holes were caused
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by pitting corrosion [38-39], and the appearance of
pitting corrosion was because of the highly acidic
environment. The microstructure of corrosion
product was studied by SEM and was shown in
Fig8. It could be seen from that the structure of
corrosion product was loose, and the surface was
uneven and had many corrosive holes.
The kind and content of elements in stainless
steel electrode and corrosion product were studied
by energy dispersive spectrometer (EDX) spectrum.
The main compositions of stainless steel electrode
were Fe 79.61%, Cr 10.79%, Mn 7.36%, Al 1.58%,

C 0.63% and Si 0.63%, but the components of
corrosion product were Fe 51.13%, Cr 6.52%, Mn
5.95%, Al 0.95%, C 3.42%, Si 0.78% and O
31.25%, as shown in Table.4. Compared with the
results, the levels of Fe, Cr and Mn decreased, and
the greatest reduction was Fe, which indicated that
iron atoms occurred selective dissolution. Oxygen
was found in corrosion product and its content was
high, and so it was supposed that the major
ingredients of corrosion product were ferriferous
oxide and iron oxide.

a) Before the corrosion

b) after the corrosion
FIGURE 7
The pictures of electrodes.

ĂͿпϮϬϬϬďͿпϭϬϬϬϬ
FIGURE 8
Micro-structure of metal fragments.

The kind and content of elements in stainless
steel electrode and corrosion product were studied
by energy dispersive spectrometer (EDX) spectrum.
The main compositions of stainless steel electrode
were Fe 79.61%, Cr 10.79%, Mn 7.36%, Al 1.58%,
C 0.63% and Si 0.63%, but the components of
corrosion product were Fe 51.13%, Cr 6.52%, Mn

5.95%, Al 0.95%, C 3.42%, Si 0.78% and O
31.25%, as shown in Table.4. Compared with the
results, the levels of Fe, Cr and Mn decreased, and
the greatest reduction was Fe, which indicated that
iron atoms occurred selective dissolution. Oxygen
was found in corrosion product and its content was
high, and so it was supposed that the major
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ingredients of corrosion product were ferriferous

oxide and iron oxide.

TABLE 4
The main elements of stainless steel electrode and corrosion product.
Elements name
Stainless steel
Corrosion products

C(%)
0.63
3.42

O(%)
31.25

DISCUSSION AND CONCLUSIONS
The removal of AO7 was good in acidic and
alkaline condition, but poor in neutral condition
after 5 minutes. the degradation efficiency of AO7
achieved about 94% after 20min for the solutions
with initial pH 2 and 11, its effects was no longer
distinct. All the degradation solution pH dropped
rapidly to 3 after 5min for the solutions with initial
pH 2 and 11.
The effect of conductivity on the AO7
removal was not obvious, but the conductivity of
degraded solution increased with treatment time.
N-butanol had an impact on the degradation
rate of organic matter at the beginning, but it was
consumed completely and its influence was not
apparent with the extension of degradation time.
The corrosion of electrodes concentrated
mainly in non-equilibrium plasma zone, and the
corrosion layer covered the surface of electrodes.
Iron atoms occurred selective dissolution. Oxygen
was found in corrosion products and its content was
high, so it was supposed that the major ingredients
of corrosion products were ferriferous oxide and
iron oxide.
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Exothermic aerobic sludge stabilization and
dehydration. This procedure is often used. As the
operating temperatures of the stabilization process
are higher (auto ignition of the sludge), retention
time is less and relatively small pools for sludge are
needed, and the power consumption is a
significantly lower. Until now, this procedure was
used for municipal sludge.

ABSTRACT
This paper presents the technological process
of solidification for the treatment of hazardous
waste in Petrochemical plant. The treatment is
based on the technological process of physical and
chemical reactions of waste mixtures with additives
on the basis of calcium and obtaining a reaction
product as a solid inert powder (solidificate). The
technological process is carried out in terms of
exothermic molecular encapsulation.

Anaerobic sludge treatment. The Anaerobic
method is good and acceptable, but is not
applicable in Petrochemicals due to the presence of
heavy metals in biological sludge that can act as
inhibitors.

KEY WORD:
solidification, hazardous waste, sludge, treatment

Dehydration of unprocessed - raw
biological sludge, stabilization, solidification or
incineration. Sludge dehydration is theoretically
possible in the following ways:
 with belt filter presses
 with chamber filter presses
 with vacuum filters
 with centrifuges of the decanter [1-3].

INTRODUCTION
Several methods of biological sludge
processing are in application (inorganic and
flotation sludge according to their characteristics
can be treated only by dehydration):
x conventional aerobic sludge stabilization and
dehydration
x exothermic aerobic sludge stabilization and
dehydration
x anaerobic sludge treatment in two-stage
digesters with a mesophilic enzymatic reaction
in the primary digester and sludge dehydration
x anaerobic sludge treatment in two-stage
digesters and dehydration
x anaerobic treatment of sludge in the contactor
digester with the mesophilic enzymatic
reaction of sludge and then dehydration of the
sludge
x dehydration of unprocessed - raw sludge and
stabilization, solidification or incineration.

MATERIALS AND METHODS
DESCRIPTION
OF
TECHNOLOGICAL
PROCESS
OF
WATER
TREATMENT
PLANTS IN PETROCHEMICALS
Factory for water treatment in HIPPetrochemicals is designed to accept and process
wastewater from manufacturing plants of
petrochemical complex and Oil Refinery. The
wastewater passes through pretreatment processes
contained within manufacturing plants that have the
role of removing the dominant characteristic
pollutants. The role of pretreatment at each facility
consists in the fact that specific pollution is
removed entirely or to a degree that allows
adequate quality treatment in the primary and
secondary phase in the plant for water treatment.
Pretreatment is of great importance because certain
flows are toxic, others contain high mineral oil or
additives of inorganic substances whose presence

Conventional aerobic sludge stabilization
and dehydration. This procedure requires large
investments (large pool for sludge), and the power
consumption is very high.
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pool. Primary treatment of wastewater that carries
organic pollution consists of the process of
removing suspended solids, oil and grease
(dissolved air flotation and filtration on the
anthracite filters under pressure). After primary
treatment of waste waters with organic pollution,
wastewater is routed to secondary processing, in the
plant for biological treatment. The plant for
biological treatment is based on the principle of
two-stage biological oxidation where the first stage
of the biological treatment is performed on the
biological filter and the second stage with activate
sludge. After biological treatment water is
discharged into the secondary sedimentation tanks,
and then in the stabilization pool before discharging
into the recipient. In the secondary sedimentation
tanks the separated sludge is returned to the process
of the activate sludge, and the excess of the
biological sludge is sent to the sludge processing
[4-7].
The amount of wastewater, with the organic
pollution that comes from the Oil Refinery is 9600
m3/day. To the plant comes the sanitary flow of the
Petrochemicals at a rate of 600 m3/day, and the total
amount of water from the Petrochemicals is 4100
m3/day (Table 1).

negatively affects the biochemical purification
procedure. Special treatment for caustic flow
consisting of the oxidation of sulfide to sulfate, and
the transformation of organic sulfides (mercaptans)
to sulfonates, was built in the water treatment plant
itself. Oxidation with hydrogen peroxide with
previous separation of gasoline into oil inside the
separator, excludes the possibility of separation of
hydrogen sulfide in the pH fields below 7.
After the pretreatment, which is done in
manufacturing plants, with the exception of caustic
flow, the wastewater is directed to the primary
treatment, in a joint plant. Since the wastewater
comes to the primary treatment in separate flows
the treatment is carried out in two main
technological lines, as follows:
1. The line for the primary treatment of
wastewater with inorganic characteristics;
and
2. Line for exemplary treatment of
wastewater with organic characteristics.
The line for the primary treatment of
wastewater with inorganic characteristics consists
of sedimentation in which the deposition is done
with the use of coagulants to enhance the effect of
deposition followed by the clarified water that goes
into the receiver pool and then in the stabilization

TABLE 1
Total amounts of the waste water.
Ordinal
number
1.
2.
3.

The origin of the waste water

Amount (m3/day)

Organic flow of "Petrochemicals"

2000

Inorganic flow of "Petrochemicals"
Sanitary flow of "Petrochemicals"

600

T O T A L Petrochemicals:
4.

1500

4100

Organic flow of the Oil Refinery

9600

TOTAL flow

13700

SLUDGE TREATMENT TECHNOLOGIES ±
SOLIDIFICATION

for the wastewater treatment is up to 1000 m3/h.
Methods of waste treatment and solidification
containing different heavy metal pollutants is
described in papers [11-14]. It is of great
importance to introduce modern software
technologies as a support for managing waste in life
environment. For area of environmental protection
was developed a large number of software systems
and environment information systems (EIS), whose
overview is shown in papers [15-16].

In the processing of process and sanitary
wastewater four types of sludge are distinguished
(biological, sanitary, inorganic and flotation
sludge). In the following procedure the dehydration
is carried out on sludge on the centrifugal
decanters. Final treatment and stabilization of
sludge is performed with CaO (quicklime) or
Ca(OH)2 (slaked lime) [8-10]. Capacity of the plant
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dehydration of the sludge is thickening sludge.
Table 2 presents the projected amount of sludge
that comes for the thickening.

CaOOil (s)
CaOOil(s) + H2On (l)

The main technological process of the sludge
treatment is its dehydration. The first stage of

TABLE 2
View of the amount of sludge for thickening.

Ordinal
number

Amount
Sludge types

SM (% )
(m3/d)

(kg/d)

1,5

336

5040

1.

Biological sludge

2.

Sanitary sludge

2

20

400

3.

Inorganic sludge

1,5

160

2400

8

40

3200

556

11040

4.

Flotation sludge

Total

Biological, sanitary and inorganic sludge are
with the appropriate discharge system, transported
to the sludge thickener. In order to improve the
thickening effects, speeding up the process and

stopping the anaerobic process, at the entrance of
the thickener, the powder lime is dosed. Table 3
shows the dehydration characteristics of the
thickened sludge:

Table 3 - Dehydration features of the thickened sludge ± project data
Ordinal
number

Amount
Sludge type

SM ( % )
(m3/d)

(kg/d)

1.

Biological sludge

5

100

5000

2.

Sanitary sludge

2

20

1000

3.

Inorganic sludge

5

36

1800

156

7800

Total
Thickener is a cylindrical system with conical
bottom. The pump station of the thickened sludge,
through a suitable propellant system, switches
thickened sludge to the centrifuge. The sludge of
the line 1 is dosed by means of the mono-pump
directly in the centrifuge, while at the same time the
polyelectrolyte ± flocculant is dosed
The tank (thickener) of the flotation sludge accepts
the flotation sludge and has a function of retention.
The pump station of the thickened sludge,

transports the flotation sludge to the centrifuge 2
while the centrifuge 1 still works. In the object of
dehydration, the three centrifuges are installed.
Under the centrifuge the conveyor belt is found, for
the transportation of the dehydrated sludge. After
dehydration the sludge is stabilized with lime
(under the belt conveyor the mixer of dehydrated
sludge with lime is integrated). Two centrifuges are
two-phased, and centrifuge for the flotation sludge
is three-phased. The final sludge dehydration is
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amounts of dehydrated sludge:

TABLE 4
Amounts of dehydrated sludge.

Ordinal
number

Amount
Sludge type

SM (% )
(m3/d)

(kg/d)

1.

Line

1

28

25

7000

2.

Line

2

28

12

3360

37

10360

Total

Lime powder is stored in the respective silos.
Sludge dehydration ends the whole purification
process of the waste waters of the Petrochemicals
and Oil Refinery.
Sludge treatment possible is from 3 m3/day,
during the five working days, dehydrated and
stabilized sludge with the plant capacity around 11
000 m3/day of waste waters. Average monthly
capacity is 60 m3 of which the 12 m3 is the flotation
sludge. On Scheme 1 is given a design for plant for
sludge processing.

comprehensive
understanding.
Technology
(solidification) used in Petrochemicals in the plant
for sludge dehydration is excellent and based on
many years of experience we can say that with the
process we can obtain solidificate that can be
disposed in the open area. In this the dehydrated
sludge has no negative and detrimental impact on
the environment (due to the laboratory proven
stability) and hydrophobicity, except it requires a
warehouse. There is a possibility that the
solidificate can be used for building materials.
Because of the enhanced features, of the newly
obtained solidificate it can be pointed out and
concluded that an environmental and economic
problem can be solved with a significant financial
effect and marked component of environmental
protection and sustainable use of waste.

CONCLUSION
The problem of separated sludge in the
chemical industry is very complex and requires a
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SCHEME 1
Plant for sludge dehydration.

Silos for lime

Subsequent
stabilization of
sludge with
lime

Add lime

Two-stage Centrifugal
Decanter

Separated water

Sludge thickener

Sludge is
transported to
the permanent
disposal

Two-stage Centrifugal
Decanter

Sludge
Separated water
Sludge
thickener
Three-stage Centrifugal
Decanter

Sludge
Water
Oil tank
Oil is transported to
the permanent disposal

at Rafinery
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ABSTRACT
The conversion of waste organic matter to
methane is an important bioenergy strategy, and a
similar microbial metabolism of complex organic
matter in anaerobic soils and sediments plays an
important role in the global carbon cycle. There has
been increasing concerns about renewable energy
and carbon sequestration in recent years. This study
demonstrated that methanogenic and carbon
sequestration process can be facilitated by goethite
and hematite in the presence of dissimilatory ironreducing bacteria. Methanogenic microbes were
enriched from anaerobic sludge with acetate as a
substrate in the absence of iron oxides (hematite or
goethite). Batch tests showed that the
supplementation with either of these iron oxides
resulted in the acceleration of methanogenesis in
terms of lag time and production rate. Meanwhile,
the content of methane in the biogas was increased
above 10% since that part of carbon dioxide
produced was fixed in situ with the formation of
siderite. Furthermore, the amount of soluble ferrous
was promoted in the presence of dissimilatory ironreducing bacteria with the supplementation of either
iron oxide. Methanogens can be syntrophic
associated with goethite and hematite in the
presence dissimilatory iron-reducing bacteria.
Given the ubiquity of these minerals in nature,
these results provided new evidence on the
biogeochemistry
of
iron
minerals
and
methanogenesis in the environment and can be used
to develop efficient bioenergy processes.

KEYWORDS:
Carbon sequestration; Dissimilatory
bacteria; Goethite, Hematite; Methane

iron-reducing

INTRODUCTION
Biogas is one of the versatile renewable
energy sources which can be used for replacement
of fossil fuels in power and heat/cool production or

can be upgraded to biomethane to be used as
vehicle fuel. Biogas, which mainly contains
methane, is produced by micro-organisms in
anaerobic conditions from different organic
materials and in different environments. As biogas
replaces fossil fuel, there is an accompanying
reduction of greenhouse gas emissions, and of
particles and nitrogen oxide emissions [1].
However, carbon dioxide impurities in these gases
could reduce their heating value and cause
equipment and pipeline corrosion [2]. Additionally,
carbon dioxide and methane are greenhouse gases,
which contribXWH VLJQL¿FDQWO\ WR JOREDO ZDUPLQJ
About 60% of the global warming effect is caused
by carbon dioxide [3, 4], while methane strongly
LQÀXHQFHV JOREDO ZDUPLQJ SHU XQLW YROXPH WKDQ
does carbon dioxide [5]. Usually, anaerobic digester
biogas typically contains 55~65% methane and 3544% carbon dioxide [6]. Thus, separating carbon
dioxide from methane is needed in order to use
low-quality biogas while reducing greenhouse gas
emissions [7]. Various technologies have been
developed to separate carbon dioxide /methane
mixtures
including
absorption,
membrane
separation and absorption etc [2]. Our recent studies
demonstrated that insoluble iron oxides input to the
anaerobic digestion system can effectively reduce
carbon dioxide content in the biogas [8].
On the other hand, the relatively low yields
and efficiencies of biogas production also limited
its wide use. Adding sufficient and suitable dosages
of trace elements, especially for iron element, was
one of the effective ways to this problem, since
macro- and micronutrients such as iron, nickel,
cobalt, selenium, molybdenum, and tungsten are
necessary for the growth and survival of
methanogens [9]. It was reported that 40%
enhancement in the biogas formation from fruit
waste was obtained by addition of 4 g/L of ferric
iron [10]. Addition of ferrous sulfate or ferric iron
increased the consumption rate of substrates and the
number of methanogens [11, 12]. Furthermore,
methanogens in cultures of soil microbes were
significantly facilitated by supplemented nano-sized
iron oxide minerals that appeared to promote
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interspecies interaction between dissimilatory ironreducing
bacteria
and
hydrogenotrophic
methanogens [13]. In the presence of dissimilatory
iron-reducing bacteria, the organism can reduce
ferrichydroxide minerals, including hydrous ferric
oxide, goethite, hematite, and magnetite, as well as
ferric natural sediments and structural ferric bound
in clay minerals [14-17]. However, the interplay
between methane production and Fe reduction in
anaerobic digestion process has not been well
studied in the presence of dissimilatory ironreducing bacteria.
Given the abundant reserves of goethite and
hematite in the nature environments and their high
biological activity [18], we examined WKHLQÀXHQFHV
of these two minerals on methanogenesis and
carbon transformation in the presence of
dissimilatory iron-reducing bacteria, to better
understand the role of iron element in biogas
production and provide new evidence on the

biogeochemistry
of
iron
minerals
methanogenesis in the environment.

and

MATERIALS AND METHODS
Iron minerals. Goethite was collected from
Xinqiao in Tongling (Anhui Province, China) and
hematite was made from the dehydration of
goethite under heating. Iron minerals were spared
by grinding through a 200 mesh sieve and washed
with 1% hydrochloricacidand ultrapurewater. Fig. 1
shows the photos of scanning electron microscope
of goethite and hematite. A large number of
nanopores cover on the surface of hematite. The
specific surface area for goethite and hematite is
14.09 and 81.71 m2/g, respectively. The main
contents of iron, zine, aluminum, manganese,
sulphur and silicon in the iron oxide are 65.95,
0.51, 0.34, 0.54, 0.1 and 1.99%, respectively.

FIGURE 1
Scanning electron microscope image of (a) goethite and (b) hematite.

Inoculums. Methanogens were enriched from
the anaerobic sludge which was collected from Zhu
Zhuanjing sewage treatment plant in Hefei, China.
The sludge was initially cultured at 35oC to deplete
the indigenous carbon and energy source. Acetate
was used as the main substrate to enrich the
methanogens. The medium was composed of
sodium acetate 10.0 g/L, magnesium chloride 0.1
g/L, ammonium chloride 1.0 g/L, potassium
hydrogen phosphate anhydrous 0.4 g/L, potassium
dihydrogen phosphate 0.2 g/L, and 10.0 mL of trace
elements, which was autoclaved at 121 oC for 20
min. 10.0 mL of vitamin stock solutions sterilized
E\SDVVLQJWKURXJKȝPPHPEUDQHILOWHUVZHUH
added to the sterilized medium [19]. In an
anaerobic glove box the nutrient medium was
mixed with pre-cultured sludge and the pH was
adjusted to 7.0. Pseudomonas stutzeri, belonged to
dissimilatory iron-reducing bacteria, was enriched
from the soil which was collected from the

LinChong tailings, Tongling, China [19]. When
these two enriched cultured were used as the
inoculums, the microbial biomass concentrations
were 1.8 and 0.3 g/L volatile solid.
Batch experiments. Five batches of
experiment were performed with the different
inoculums and iron minerals, as follows:
Run 1 (Control sample): methanogens
enriched sludge 36 g/L volatile solid
Run 2: methanogens enriched sludge 36 g/L
volatile solid and goethite 8 g/L
Run 3: methanogens enriched sludge 36 g/L
volatile solid, dissimilatory iron-reducing bacteria 6
g/L volatile solid and goethite 8 g/L
Run 4: methanogens enriched sludge 36 g/L
volatile solid and hematite 8 g/L
Run 5: methanogens enriched sludge 36 g/L
volatile solid, dissimilatory iron-reducing bacteria 6
g/L volatile solid and hematite 8 g/L
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method using Germany Jena C/N 2100 TOC
analyzer [21]. Total organic carbon and total
inorganic carbon in the liquid and solids were
determined on Germany Jena C/N 2100 TOC
analyzer [22]. Soluble ferrous ion was measured
using o-phenanthroline spectrophotometric method
[23]. Mineralogical changes were characterized by
scanning electron microscopy and X-ray diffraction
method. The main components and specific surface
area were analyzed using X-ray fluorescence (XRF1800, Shimadzu, Japan) method and Brunauer±
Emmett±Teller (NOVA 3000e, Quantachrome,
U.S.) method, respectively.

In the medium was composed of sodium
acetate 20.0 g/L, magnesium chloride 0.1 g/L,
ammonium chloride 1.0 g/L, potassium hydrogen
phosphate anhydrous 0.4 g/L, potassium
dihydrogen phosphate 0.2 g/L, and 10.0 mL of trace
elements. All incubations were cultured in serum
bottles sealed with thick butyl rubber stoppers and
crimped with aluminum caps at 35oC. The bottles
were extensively purged with oxygen-free nitrogen
before inoculations. The bottles were mixed
manually once per day. Gas and liquid samples
were collected regularly. The precipitates formed in
the bottles were stored anaerobically at -4 oC for Xray diffraction analysis.

Modeling and statistical analysis. A
modified Gompertz model was used to describe the
gas production kinetics [20]. The results were
assessed by one-way ANOVA statistics (analyses
of variance) XVLQJ 6366VRIWZDUH³p-YDOXH´
was taken for the statistically significant analysis of
the data.

Analytical methods. The volume of biogas
was determined as previously reported [20].
Methane were analyzed using a gas chromatograph
(GC-2010, Shimadzu, Japan) equipped with a
packed column (RTX-wax, 30 m×0.25 mm×0.25
ȝP  DQG D IODPH LRQL]DWLRQ GHWHFWRU [20]. Carbon
dioxide was measured according to a modified

P

°
ªR e
º ½°
Pmax exp ® exp « max O  t  1» ¾
¬ Pmax
¼ °¿
¯°

(1)

1333±11 to 1407±11 mL which was significantly
increased with the iron oxide addition (Fig. 2a). On
the contrary, the maximum accumulated carbon
dioxide in the control (Run 1) was 57±11 mL which
was higher than that in Run2-Run 5 of 32 to 40±11
mL (Fig. 2b). Methane as the major product of the
biogas accounted for 67%, 79%, 77%, 81% and
82% of the total biogas production in Run 1-Run 5,
respectively. Furthermore, the maximum methane
production rates in the Fe-added digesters were
enhanced significantly compared to the control
(Fig. 2 and Table 1).

RESULTS AND DISCUSSION
Biogas production. The total biogas
production in Run 1-Run 5 was 1424±102,
1522±102, 1538±102, 1539±102, 1424±102 and
1486±56 mL, respectively. The produced biogas
mainly contained methane, carbon dioxide,
fractions of hydrogen sulfide, water vapours and
other trace of biogas due to the variety of
microorganisms in the methanogens enriched
sludge. Compared to the accumulated methane
production in the control (Run 1) of 1077±95 mL,
the methane production in Run 2-Run 5 varied from

TABLE 1
Fitting parameters of biogas production.
Methane

Carbon dioxide

Pmax

Rmax

Ȝ

R

Pmax

Rmax

Ȝ

R2

Run 1

1155

10.25

-

0.875

53.57

12.51

9.19

0.986

Run 2

1361

56.75

12.14

0.998

32.22

2.50

8.92

0.997

Run 3

1345

33.79

6.92

0.994

39.06

4.78

8.27

0.984

Run 4

1448

37.35

11.45

0.985

37.10

2.85

8.48

0.968

Run 5

1383

56.99

12.42

0.988

37.46

3.69

7.59

0.979

2

Pmax is the maximum production, Rmax is the maximum rate and Ȝ is the lag time.
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were obtained by compared the maximum rate of
methane production in tests with different iron
minerals (Fig.2c). The maximum rate of methane
production in Run 3 was significantly lower than
that in Run 2 (p< 0.05) while the rate in Run 5 was
significantly higher than that in Run 4. One of the
reasons might be the different structure and surface
properties of iron minerals. The specific surface
area of hematite (81.71 m2/g) is significantly higher
than that of goethite (14.09 m2/g). Also,
dissimilatory iron-reducing bacteria can mediate the
formation of iron mineral phases by delivering
ferrous ion to the bulk solution after attachment to
and reduction of ferric minerals at the cell surface
[28, 29], away from the cell via electron shuttling
mechanisms [30, 31], or possibly via soluble
cytochromes [32]. As for total methane production,
it was slightly lowered in the presence of
dissimilatory iron-reducing bacteria with both two
iron minerals (Run 3 and Run 5). This meant that
dissimilatory iron-reducing bacteria could compete
for a part of acetate with methanogens and generate
much more carbon dioxide, which was in
accordance with the results in Table 1.

Nonlinear regression results showed that
modified Gompertz equation fitted the experimental
results very well (Table 1). Obviously, the
accumulation production and rate of the methane
formation in the batch vials with iron oxides were
higher than the control samples. Meanwhile, it was
obtained an obvious higher content of carbon
dioxide in the control samples. This indicates that
the addition of iron oxides induced the substrate
conversion to methane through the suppressing of
carbon dioxide generation metabolisms [13]. It had
been reported that the microbial produced ferrous
ion can serve as the trace element for the
methanogensis [18, 24-26]. On the other hand, the
other metal elements in iron minerals can work as
the trace nutrient to increase the biological activity
and accelerate the methane production [27].
By compared tests with the supplementation
of different iron minerals in the absence of
dissimilatory iron-reducing bacteria, a significantly
higher maximum rate of methanogenesis and lower
methane production were achieved in Run 2.
Furthermore, when inoculating dissimilatory ironreducing bacteria into the culture, opposite results
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FIGURE 2
Variation of (a) cumulative methane production, (b) cumulative carbon dioxide production, (c) the
maximum rate of methane production, and (d) carbon dioxide production. The data of Rmax of methane
and carbon dioxide production were derived from the simulation results of modified Gompertz equation.

Variation of pH and redox potential. At the
end of the reaction, the pH in all systems raised
from 7.0 to an alkaline level of 9.21-9.42. Before

day 66, the pH in Runs 2-5 were slightly higher
than that in the control (Fig. 3b). As shown in
Figure. 3a, after an increase in the initial 12 days,
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the redox potential in Runs 2-5 was declined and
finally maintained at a range between -341 and -290
mV. By contrast, the redox potential in the control
group (Run 1) kept decreasing and eventually
fluctuated between -429 and -383 mV. It has been
reported that the favorable redox potential values
for the growth of anaerobic microorganisms were in
the range of -220 to -430 mV [33]. This indicated
that the supplementation with iron minerals can
increase the redox potential of the solution;
QHYHUWKHOHVV WKLV GLGQ¶W KDPSHU WKH JURZWK RI
anaerobic microbe.
Microbial reduction of ferric iron. In Runs
2-4, aqueous ferrous ion concentration was sharply
increased in the initial 6 days (Fig. 3c) followed by

a

-250

9.0

-300

8.5

-350
-400
-450

Run 3

Run 4
200

8.0
7.5

0 20 40 60 80 100120

Time (day)

7.0

Run 5
240

b

Fe(II) (ȝM)

-200

Run 2
9.5

pH

Redox potential (mV)

Run 1

a quick decrease, and finally leveled off at ~40
Pmol/L by the end of the experiments. In the
absence of iron oxide minerals, aqueous ferrous ion
concentration was pretty low. In Runs 2 and 3 with
supplementation of goethite, ferrous ion in aqueous
solution reached a maximum of 231 and 193
Pmol/L, respectively. In Runs 4 and 5 with
supplementation of hematite, ferrous ion was
almost half of that value. In the absence of
dissimilatory iron-reducing bacteria, iron oxides
could be reduced by methanognes or other iron
reducing bacteria in the sludge [18, 24-26]. Hence,
the ferrous ion concentration sharp peaks have been
detected in all the 4 experimental runs with iron
oxides in the initial 24 days (Fig. 3c).

0 20 40 60 80 100120

Time (day)

c

160
120
80
40
0

0 20 40 60 80 100120

Time (day)

FIGURE 3
Variation of (a) redox potential , (b) pH and (c) ferrous ion concentration in the liquid solution with time.

There were several ways for the consumption
and decrease of ferrous ion in the aqueous solution.
Firstly, iron is an essential trace element for
anaerobic microorganisms in regard to its function
as an energy carrier for methanogenic
microorganism, and as the constituent of many
enzymes. The growth of the microorganism will
consume some of the generated ferrous ion.
Secondly, ferrous ion can form the precipitate
hydroxide with the increasing of pH [34]. Thirdly,
ferrous ion combined with the carbonate to form the
siderite when the pH was above 8.0 [35]. The
formed siderite had been confirmed by the X-ray
diffraction analysis of the precipitates in the batch
YLDOV )LJXUH :KDW¶VPRUHWKHSURGXFHGIHUURXV
ion can be absorbed to the surfaces of newly
formed precipitate [34, 36]. This was in accordance
with previous reports, that up to 25% of the ferrous
ion was absorbed by the mineral surfaces with the
highest adsorption observed for nano-hematite, by
comparison of dissolved and total ferrous ion
concentrations [34].

Carbon transformation. As shown in Figure.
5a, the acetate (represented as total organic carbon)
was consumed quickly in the initial 60 days in Runs
2-5. The lowest consumption rate and conversion
efficiency of total organic carbon was obtained in
the control test (Run 1). Addition of goethite and
hematite can accelerate the digestion rate of the
substrates. These results were in accordance with
the methane production results (Fig. 2a).
Total inorganic carbon concentrations in all
batch tests were increased significantly in the early
stage and followed by a slight decline (Fig. 5b). In
Runs 2-5 with addition of goethite and hematite,
total inorganic carbon concentrations were
fluctuated between100 and 110 mmol/L, slightly
lower than that in the control test (Run 1).
Moreover, total inorganic carbon concentration in
the control test was increased faster than other four
tests, while the carbon dioxide production in the gas
phases had a similar trend (Fig. 2 and Fig. 5). The
consumption rates of total organic carbon in tests
with goethite was slightly lower than that in test
with hematite, as well as the accumulation rates of
total inorganic carbon. Similar to the methane
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production process, this might be attributed to the
different surface specifics and structures of the two

iron minerals.
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FIGURE 4
X-ray diffraction patterns of goethite, hematite and the precipitates in vials of each batch test (G, goethite;
H, hematite; S, siderite).
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FIGURE 5
Performance of (a) total organic carbon concentration and (b) total inorganic carbon concentration in
aqueous solution of five batch tests.

The initial total carbon calculated from acetate
was about 496 mmol/L. With the terminal of the
experiment, more initial total organic carbon was
converted to methane in the Runs 2-5, while more
initial total organic carbon was converted to carbon
dioxide in the control test (Run 1). This confirmed
that supplementation of iron minerals can promote
the methanogensis and suppress the carbon dioxide
generation metabolisms. The ratio of methane-

carbon to total carbon in the tests in the presence of
iron oxide was in the range of 48% to 51%, while it
was only about 39% in the control test. Thus, close
to 10% of total carbon was converted to methane by
adding iron oxide. Solid total inorganic carbon-C in
Runs 2-5 was significantly higher than that in the
control (Table 2). The difference between the solid
total inorganic carbon-C in iron oxide added tests
and the control can be calculated as fixed amount of
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Runs 2-5, which was much higher than that in the
control (methane gas content was 67% in Run 1).
The results demonstrated that carbon dioxide
content in the biogas can be effectively reduced by
inputting insoluble iron oxides to the anaerobic
digestion system. This was worth further studies for
the development of efficient bioenergy processes.

carbon dioxide into siderite. Part of the total
inorganic carbon settling as the siderite can
decrease the carbon dioxide concentration in the
gas or/and liquid phase, and increase the methane
content in the biogas of the batch tests. That is, as
the major product of the biogas, methane gas
content was respectively accounted for 79%, 77%,
81% and 82% of the total biogas production in

TABLE 2
Carbon distribution in the anaerobic digestion system.
Final

Initial
C

Carbon in gas

Carbon in liquide

Carbon in solid

Recovery

CH4-C/TC

(mM)

(mM)

(mM)

(mM)

(%)

(mol/mol)

CH4-C

CO2-C

TOC-C

TIC-C

TOC-C

TIC-C

(%)

Run 1

496.0

192.3

10.2

56.0

161.8

2.5

0.5

85.3

38.8

Run 2

496.0

240.9

5.8

33.6

114.3

16.8

5.7

84.1

48.6

Run 3

496.0

238.0

7.2

48.6

149.8

6.3

4.5

91.6

48.0

Run 4

496.0

251.3

6.8

42.8

149.7

7.1

6.4

93.6

50.7

Run 5

496.0

242.7

6.8

44.1

143.5

1.3

5.7

89.5

48.9

TC is the total carbon, TOC is the total organic carbon and TIC is the total inorganic carbon.

Environmental significance. Anaerobic
conversion of organic wastes and biomass to
methane is one of the few proven, economical,
large-scale bioenergy strategies. The climate
change agenda has caused a growing interest in
renewable and carbon dioxide neutral energy,
which has increase the pressure on traditional
biomass treatment process. Adding iron oxide
minerals as fermentation additives can promote
methane production and suppress the carbon
dioxide generation metabolism simultaneously.
Moreover, gaseous carbon dioxide can be fixed
with the formation of siderite in the anaerobic
systems with the supplementation of insoluble iron
oxides, which thereby reduces the release of carbon
dioxide into the atmosphere and lessens the
greenhouse gas emissions.

CONCLUSIONS
Adding goethite and hematite as fermentation
additives can facilitate methane production and
carbon sequestration in the presence of
dissimilatory iron-reducing bacteria. Methane
contents in the biogas reached 77~82% with the
supplementation of iron oxides compared with the
value of 55~65% in previous reported methane
contents in anaerobic digester biogas. In addition,

methanogenesis in terms of lag time and production
rate was accelerated with the supplementation of
either of two iron minerals. The reduced carbon
dioxide in gas and/or liquid is mainly fixed with the
formation of siderite.
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LONG-TERM VARIABILITY OF TOTAL NITROGEN AND
TOTAL PHOSPHORUS CONCENTRATION AND LOAD IN
THE SOUTH PART OF THE BALTIC SEA BASIN
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water quality studies, realized in Europe and the
north-eastern United States. Most of the studies
include periods shorter than ten to fifteen years.
Notable inter-annual variation in loads, and the
complexity of the mechanism underlying this
variation, means that records of less than a decade
are misleading and only long-term records can
illustrate the process of change in conditions [6, 7].
Many investigations were realized in Poland in the
two largest rivers Vistula and Oder (Behrendt et al.,
2005[1, 3, 8-15]. Data for the Warta River, the third
largest river in Poland, were studied in various
periods: 1991±1994, 1993±1997, 1950±2000 by
Behrendt et al. [8, 9], in 1993±1995, 1992±2002 by
Ilnicki et al. [11, 16], and by Górecki and Olejnik
[17]. In the Warta River basin for the periods 1993±
1995 and in 1992±2000 for over six large rivers in
this basin, longitudinal profiles present the TN and
TP load changes along the analyzed rivers [11, 16].
Data for the Pilica River were published for a short
period 2010/2011 [18]. In the most contaminated
Ergene River in Turkey the TN and TP load were
analysed in the period 1997-2010 by Bayrak et al.
[19, 20] and in the Weihe River basin in the period
1995-2009 by Li et al. [21].
The aim of the present study is the
determination of nitrogen and phosphorus
concentrations and loads in the Warta River basin
in a long period. We estimated loads (Mg) and areaspecific loads (kg/ha/year) in five different rivers of
this catchment area, compared them and examined
the seasonal dynamics of nutrients in the longest
available period 1992±2011. These data will allow
for determining changes in the degree of river
eutrophication which took place during the
economic transformations in Poland over the past
twenty years, in a region with a high population
density and intensive agriculture. The inclusion of a
catchment with a less intensive economic
development (Drawa River) and with areas very
densely populated (Ner River) allows for indicating
changes which have occurred in non-point and
point emissions, as well as to determine the
possible lowest eutrophication level representing a
³JRRGHFRORJLFDOVWDWXV´7KLVGDWDFRXld allow for

ABSTRACT
A high decrease was observed in
concentrations and loads of nitrogen and
phosphorus discharged from the Warta River
(catchment area 54 519 km2) to the Oder
(catchment area 119 074 km2). One half of the
monitoring stations are strongly influenced by point
sources, which allows for verifying the functioning
of sewage treatment plants. Nitrogen compound
concentrations are positively correlated with the
river runoff, requiring the application of water years
when studying river eutrophication. A high
retention of nitrogen in the Warta River basin is
documented. Calculated area-specific loads show
that the Warta River introduced considerably less N
and P than rivers discharging into the North Sea.
Monthly loads of total nitrogen show a significant
positive correlation with the river runoff. In 1992±
2011, nitrogen and phosphorus load time trends
were negative and statistically significant. The
participation of non-point sources in the nutrient
emission, used in the MONERIS model, is too high
and of that of point sources is too low.

KEYWORDS:
Warta River, nitrogen, phosphorus, eutrophication, load,
trend, Poland

INTRODUCTION
Intensification of human activities after 1950
led to widespread nutrient enrichment of surface
waters, causing a range of environmental, social
and economic problems encompassed under the
term eutrophication [1-3]. In order to moderate high
nutrient emissions into surface waters, governments
organized in 1974 the International Helsinki
Convention [4, 5] for protection of the Baltic Sea
and the OSPAR Convention for the North Sea.
Determination of stream concentrations and
transport of nitrogen (N) and phosphorus (P) are
components of many monitoring programs and
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quality monitoring stations localized the closest to
the gauge stations (Table 1). The method of land
use in the catchment areas (Table 2) is
differentiated. In the total Warta River basin, the
arable land cover amounts to 48%, grassland 10.3%
and forests cover 30.2%. The share of forests
distinctly decrHDVHV DERYH 2ERUQLNL 7KH 1RWHü
River catchment has a distinctly smaller share of
arable land (39.7%) but a very large area of forests
(36.7%). The Drawa River basin (tributary of the
1RWHü 5LYHU  VKRZV WKH KLJKHVW VKDUH RI IRUHVWV
(50.9%) and lakes (3.8%), but the smallest number
of inhabitants and therefore the least anthropogenic
impact. The Prosna River and Ner River basins are
characterised by almost no water reservoirs, by a
high share of arable land (59.4% and 62.3%) and
poor afforestation (12.0% and 19.2%). The waters
of the Ner River are under the strong influence of
àyGĨEHFDXVHRIWKHKLJKSRSXODWLRQGHQVLW\7KHUH
is a smaller but distinct influence of point sources
on the Prosna River (Kalisz) and on the Warta
5LYHULQ2ERUQLNL 3R]QDĔ 
In 1997, wastewater in the Warta River basin
was purified to 52.3% only with the first
(mechanical) treatment, 23.1% sewage with second
and 7.1% with tertiary treatment. In 2002, the
analogical values were 34.6%, 38.5% and 21.7%,
UHVSHFWLYHO\,QWKH\HDUV002, the amount of
sewage from 20 large towns in Warta River basin
locations decreased from 320.7 to 186.2 hm3.
Numerous sewage treatment plants with tertiary
treatment were built. In 2002, Sewage Treatment
Plants (STP) existed in 13 out of 20 of the largest
towns [16]. In 2011, in the Warta River basin, 45%
of sewage was purified with tertiary treatment and
10% with secondary. On the other hand, in all
towns with more than 100 000 inhabitants, there
existed STP with tertiary treatment [20]. The
greatest STPs in the Warta River basin were rebuilt
DQG PRGHUQL]HG LQ 3R]QDĔ LQ  LQ àyGĨ
LQDQGLQ.DOLV]LQ

improving mathematical models which have been
elaborated assuming that the highest endangerment
for rivers exist in the case of intensive agricultural
management. The determination of the area-specific
loads of nitrogen and phosphorus allows for
comparing their amount with the changes in
nitrogen surplus calculated according to the OECD
method and with similar data from other countries.

MATERIALS AND METHODS
STUDY AREA
The Warta River, a typical lowland river, is
the largest right bank tributary of the Oder River
(Fig. 1), including one half of its drainage basin.
Most of the basin consists of unconsolidated soils
with deep groundwater. A detailed description of
the drainage basin was supplied by Ilnicki et al.
[19]. It is a region of intensive agriculture, high
population density, low specific runoff (4.03 l s-1
km-2) and annual rainfall (544 mm). Eutrophication
of river waters was investigated in the Warta River
mouth (monitoring station in Kostrzyn and the
gauge station in Gorzów Wlkp.), as well as in the
central (gauge station in Oborniki) section below
3R]QDĔ   LQKDELWDQWV  LQ WKH 1RWHü 5LYHU
catchment area, the greatest tributary of the Warta
River (Santok and Nowe Drezdenko gauge station)
and its most natural tributary of the Drawa River
àRNDF] DQG 'UDZLQ\ JDXge station) and also in
WZR WULEXWDULHV 3URVQD %RJXVáDZ JDXJH VWDWLRQ 
being under the influence of Kalisz (107 000
LQKDELWDQWV DQG1HU 'ąELHJDXJHVWDWLRQ ZKLFKLV
VWURQJO\LQIOXHQFHGE\VHZDJHIURPàyGĨ 
inhabitants). The differentiated population density
in these basins oscillates from 36 (Drawa), through
261 (Warta) to 1010 (Ner) inhabitants per km2.
Within the framework of state environment
monitoring, studies were carried out in six water

TABLE 1
Profiles of gauge stations.
Total river
catchment
area
(km2)

River

Warta

54 519

1RWHü
Drawa
Prosna
Ner

17 302
3 291
4 917
1 836
a

Gauge station
Name
Gorzów Wlkp.
Oborniki
Nowe Drezdenko
Drawiny
%RJXVáDZ
'ąELH

River
km

Catchment
area
km2

56.4
205.2
37.7
4.2
43.8
12.8

52 365
26 776
25 926
3 281
4 282
1 727

IRUb IRU

1893

Mean annual
runoff
(m3 s-1) in
19512010 19922011
211
207
115a
111
73
70
21.1b
21.0
16.1
16.2
10.3
10.3

Specific
runoff in
19512010
(l s-1km-2)
4.03
4.29
4.59
6.43
3.76
5.96
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FIGURE 1
Map of the Warta River catchment area, with locations of gauge and water quality monitoring stations.

TABLE 2
Characteristics of river catchment areas and water quality stations.
Water quality station
River

River
km
Warta
Kostrzyn
2.4
Warta
Oborniki
206.3
1RWHü
Santok
0.5
Drawa
àRNDF]
2.4
Prosna
Ruda Komorska
2.8
Ner
&KHáPQR
5.0
* based on remote sensing acc. [8]
Name

Land use in the river catchment area
(%)
Arable
GrassLakes and
Forest
land
land
reservoirs*
48.0
10.3
30.2
1.3
54.3
11.7
21.5
0.5
39.1
10.6
36.7
2.0
27.3
6.3
50.9
3.8
62.3
11.0
19.2
0.1
59.4
14.2
12.9
0.2

Population
density
(people/
km2)
261
289
62
36
300
1010

November, the period usually used in Poland. In
this respect water years better reflect the annual
cycle of river discharge [6]. For the Warta River,
the difference between the catchment area of the
Gorzów Wlkp. gauge station and the nearest
situated Kostrzyn monitoring station (mouth) was
4%, 1RWHü 5LYHU  1HU 5LYHU  DQG 3URVQD
River 1.3%. In the Warta (Oborniki) and Drawa
rivers the areas were the same. In spite of these
very small differences, the nutrient load in rivers
could be calculated on the basis of runoff in the
gauge station catchment and nutrient concentration
in the water quality stations. The hydrologic
characteristic of the Warta River is determined by
the gauge station in Gorzów Wlkp., situated 56.4
km upstream from the mouth, because of a very low

DATA
RUNOFF. It is a well-known fact, that the
concentration and load of organic and inorganic
substances in rivers can be strongly dependent on
the runoff. The observed gauging stations (Table 1)
provide information about daily runoff, which the
authors received from the State Institute of
Meteorology and Water Management. We used the
data for water years 1992±2011 and for the
comparison long-term annual mean values for
1951, however for short periods for the
Oborniki gauge () and Drawiny gauge
(0). Monthly and annual runoffs were
presented on the basis of daily data. The annual
data were calculated for the water year starting on 1
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(landscape) sources. Only time trends from the total
nutrient load for the six sites could be presented. So
we present only the differences in time trends
between sites with and without large point sources.
For load calculations we used the monitoring
stations and gauges situated nearest to the river
mouth (Fig. 1).
In this study, nutrient load (Mg) was
calculated by two different methods of runoff
indices. In the first method (calculated load), the
monthly riverine nutrient load was calculated by
multiplying mean monthly concentrations and
monthly runoff. The annual nutrient load is the sum
of monthly loads in a water year started on 1
November. The second method applies the flow
normalization use runoff from the reference period
1992±2011. This method was applied also by the
Baltic Sea Fifth Pollution Load Compilation [5] and
the OSPAR±Convention for the North Sea [24].
Flow normalization of the observed riverine loads
implies an attempt to estimate what the load would
have been if the runoff had been equal to the
average runoff for the analyzed period. Flownormalized values can be calculated according to
the formula (1) presented by Stålnacke et al. [14].

slope and the influence of the Odra River
downstream from them. A similar situation can be
observed RQ WKH 1RWHü 5LYHU ZKHUH WKH 1RZH
Drezdenko gauge station is situated 37.7 km
upstream from the mouth.
NUTRIENT CONCENTRATION.
All
water quality data were taken from the laboratories
of the Inspectorate for Environmental Protection in
3R]QDĔ DQG *RU]yZ Wlkp., under the auspices of
the National Monitoring Program. Both laboratories
have Accreditation Certificates, which meet the
requirements demanded by EN ISO/EC 17 025.
Total nitrogen was determined according to the
standard PN-73/C-04576.14, the total phosphorus
by the spectrophotometric method according to the
standard PN-EN ISO 6878:2006. Concentrations of
total nitrogen (TN) and total phosphorus (TP) in
water years of the period 1992±2011 were
measured fortnightly before 1997, and later in
monthly intervals (12 samples/year). In 2010,
samples were taken only in the Ner River, but in
2011, no samples were analyzed in that river. In all
rivers, data from 19 years were analyzed. Estimates
of annual N and P transport based on regular
sampling are more accurate than stratified sampling
biased towards high-flow seasons. River sampling
once a month for nutrient analysis is sufficient to
produce annual transport estimates of satisfactory
accuracy [14] and importantly, long±term records
have diminished the risk of misinterpretation [6].
Short gaps in time series of observed concentration
data were filled in by linear interpolation. Single
outliers in the series were identified and removed.

ij = Lij ± (qij - ij) ij, i «n, j «
m, (1)
where Lij denotes the load during the jth
season (month) of the ith year, qij is the runoff

during the same period,

ij

is the average runoff and

ij depicts parameter estimates obtained by
employing the roughness penalty approach
described above.
Temporal changes in flow-normalized loads
can be regarded as indications of changes in the
anthropogenic loading of the river [25]. Results are
presented for the river as monthly and annual loads
(Mg) in five analyzed rivers (six sites), and per unit
area (kg/ha/year). The area-specific loads (similar
to export coefficient) of TN and TP were calculated
in all catchments by dividing the load through the
catchment area of the gauge. This load is a good
indicator, which informs about the population
density, wastewater management and intensity of
agriculture in the watershed. It was compared with
specific loads in other catchments in Europe and in
the north-eastern United States.
Basic statistical parameters, such as the mean
and standard deviation of the monthly and annual
time series for each of the six sites were calculated.
The trend in time series between annual and
monthly nutrient concentrations (TN, TP) versus
WKH DQQXDO DQG PRQWKO\ UXQRII LQ  ZHUH
calculated by a simple linear regression gradient
WUHQG PRGHO E\ 3HDUVRQ¶V WHVW DQG E\ 6SHDUPDQ¶V
rank correlation (95% significance level). The
results were similar. Annual and monthly slopes of
the regression were compared and the trend

OTHER DATA. The land use, population
density in watersheds and data about sewage
treatment plants were published by Ilnicki et al.
[16]. The population density was calculated on the
basis of statistical publications for the year 2000,
and the population of large cities for the year 2010.
Data about monthly and annual precipitation and air
temperature in nine meteorological stations
%\GJRV]F] &]ĊVWRFKRZD *RU]yZ :ONS .DOLV]
.RáR/HV]QRàyGĨ3LáDDQG3R]QDĔ RIWKH:DUWD
River basin LQ  DQG  ZHUH
obtained from the Institute of Meteorology and
Water Management.
METHODS
The monthly analyses (TN, TP) were
performed and the monthly runoff was determined.
These data show significant oscillations connected
with the building and modernization of STPs. In
our study, we calculated the load in the river and
not the emission in the watershed. From the
monitoring data it is impossible to calculate the
nutrient load from point (STPs) and nonpoint
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mm), whereby the increase mainly occurred in
winter half-year (223 mm). Mean annual
precipitation totals in both analyzed sub-periods
 DQG  ZHUH DQDORJLFDO 7KH
annual precipitation totals in the water year 2011
showed 560 mm with high rainfall in November
and December, after a very dry October of the
preceding year. But in the calendar year 2011, the
annual precipitation total showed only 473 mm,
which indicates the importance of analyzing water
years and not calendar years by nutrient load
calculations. In nine representative meteorological
stations localized in the Warta River basin, in the
SHULRGWKHPHDQDQQXDODLUWHPSHUDWXUH
showed 8.2º& DQG LQ WKH \HDUV  LW
increased to 8.8º& ,Q WKH \HDUV  LW ZDV
by about 0.5ºC higher than in the preceding nine
years. The mean monthly temperature increased in
the highest degree (from 0.7ºC to 0.9ºC) in the
-DQXDU\$SULOSHULRG

significance was evaluated. Correlation between
mean yearly calculated and flow normalized load
(TN, TP) versus the annual discharge were
calculated by linear regression. Calculated and flow
normalized monthly loads were tested for
monotonous time trends by using the linear
regression gradient, Mann-Kendall test [26] and
Hydrospect software, version 2.0 [27, 28]. In
comparison with other conventional parametric
methods, the Mann-Kendall tests have an advantage
as they allow for testing for all forms of
monotonous trends, not only for linear trends, and
in addition they are robust in terms of single
outliers [14].

RESULTS
RUNOFF AND PRECIPITATION.
In
order to find whether the runoff of the studied
rivers differed significantly in the water years
 IURP WKH ORQJ-term values, they were
FRPSDUHG ZLWKWKHYDOXHV IURP,QWKLV
period the specific runoff of the Warta River (4.03 l
s-1km-2) was the lowest among large Polish rivers;
much higher in the case of the Drawa River (6.43 l
s-1km-2) and Ner River (5.96 l s-1km-2). In the
analyzed rivers, the mean annual runoff in
ZDVRQO\-4% lower than in the last 60
\HDUV 7DEOH   7KH DQQXDO UXQRII LQ 
shows distinct differences for the analyzed rivers
(Fig. 2). In the Warta River basin, the wet years
included 1994, 1999, 2002, 2010 and 2011, when
the annual flow in the Gorzów Wlkp. gauge was
 P3s-1 DQG IRU WKH 1RWHü 5LYHU LQ 1RZH
'UH]GHQNRLWZDVP3s-1. The water years
1992, 1993, 2004, 2006 and 2009 can be regarded
as dry years, when the flows in the Warta River
VKRZHGRQO\P3s-1DQGLQWKH1RWHü5LYHU
RQO\  P3s-1. In the Prosna River, in the
June-October period of the dry year 1992, the flows
were very small. The monthly runoffs showed very
KLJKRVFLOODWLRQVEXWLQGHYLDWHRQO\WR
a small degree from the long-term mean. The
lowest runoff usually occur in the June-September
period. This monthly runoff variability of the Warta
River in Gorzów Wlkp. has been illustrated for a
dry, average, wet year and for the medium value in
the perLRG  )LJ   7KH UXQRIIs of the
Drawa River basin area are the most equalized ones
during the year, because of the high inflow of
underground waters. Runoffs of winter half-years
show a significantly higher variability than the very
equalized flows of the June-October period.
The mean annual precipitation totals in water
\HDUVLQWKH:DUWD5LYHU basin showed
546 mm (winter 206 mm, summer 340 mm), while
LQWKH\HDUV it was slightly higher (560

NUTRIENT CONCENTRATIONS. The
annual mean nutrient concentrations in the analyzed
rivers are presented for two sub-SHULRGV
DQG 7DEOH 7KHGLPLQLVKLQJQXWULHQW
concentration in this sub-periods in all rivers, was
visible in particular since the building and
PRGHUQL]DWLRQRI673VLQàyGĨ 1HU5LYHU .DOLV]
3URVQD 5LYHU  DQG 3R]QDĔ :DUWD 5LYHU LQ
Oborniki). The highest concentration of TN (11.30
and in the later sub-period 6.60 mg N l-1) and TP
(1.58 and 0.45 mg P l-1) was measured in the Ner
River, which is the result of former bad sewage
WUHDWPHQW RI D JUHDW DPRXQW RI VHZDJH IURP àyGĨ
and its suburbs. High concentrations of TN (6.07
and 5.35 mg N l-1) and TP (0.37 and 0.53 mg P l-1)
in two sub-periods, were found also in the Warta
River near Oborniki, the monitoring point being
XQGHUWKHLPSDFWRIDODUJH673IURP3R]QDĔ7KH
water of the best quality (1.34 and 1.16 mg N l-1
DQGPJ3O-1) respectively, occurs in the
Drawa River. In the mouth of the Warta River, the
mean concentration decreased in two sub-periods
from 3.07 to 2.65 mg N l-1 and from 0.34 to 0.21
mg P l-1 respectively.
The mean annual concentration variability of
71LQZDVORZLQWKH1RWHüDQG'UDZD
rivers without large point sources in the catchment
area (Fig. 4). In the Warta River, this variability
ZDV PXFK KLJKHU LQ 2ERUQLNL LPSDFW RI 3R]QDĔ 
than in the mouth. High variability in the Prosna
River is probably the result of in time different
sewage clearing in the STP in Kalisz. In the Ner
River, the concentration of TN rapidly decreased
DIWHUWKH VWDUWRIWKH673LQ àyGĨLQDQGWKH
higher concentrations in 2004 and 2006 have their
source in this plant.
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FIGURE 2
Mean annual runoff in the analyzed rivers in 1992±2011.
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FIGURE 3
Mean monthly runoff in the Warta River in different years (wet years 1999 and 2011, dry year 1993,
average year 2000) and the period 1992±2011.

The variabilities of the mean annual
concentration of TP were different, through the
impact of large point sources (Fig. 5). Without the
673 LQ àyGĨEHIRUH  WKH FRQFHQWUDWLRQ RI 73
LQWKH1HU5LYHUZDVYHU\KLJK PJ3O-1), but
later, it decreased to about 0.5 mg P l-1 in
 DQG WR  mg P l-1 in 2010. The TP

concentration in the Prosna and the Warta rivers in
Oborniki, being under the impact of sewage
SXULILFDWLRQLQ.DOLV]DQG3R]QDĔDVZHOODVDWWKH
Warta mouth in Kostrzyn, show a distinct, gradual
decrease to the level of <0.2 mg P l-1 between the
years 1992 and 2011. TP concentrations in the
1RWHü ULYHU indicate a slight decrease and in the
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mg N l-1) that occurs almost the whole year, in spite
of distinct oscillations in monthly runoff 
m3s-1) and monthly TP concentrations show
GLVWLQFWO\KLJKHUGLIIHUHQFHV PJ3O -1). In
the Prosna River with records showing significant
oscillations of monthly runoff, TN concentrations
are tKHKLJKHVW PJ1O-1) in periods of the
highest runoff (>14 m3s-1) (January-March) and are
ORZHVW  PJ 1 O-1) during low runoff
P3s-1) in the period June-October.
The correlation between TN and TP
concentrations and the runoff was determined on
the basis of mean annual and monthly values, using
two methods and obtaining analogical results. Since
the mean monthly runoffs better show the real
situation, they were used for the purpose of
conclusions. With the exception of the Ner River, in
DOO ULYHUV WKH OLQHDU UHJUHVVLRQ DQG 6SHDUPDQ¶V 5
show a positive and statistically significant
correlations to TN (Table 4). Higher discharge
connected with precipitation reflects the washing
out of nitrogen compounds from the landscape and
river bed. The mean monthly concentrations of TP
are always negatively correlated with discharge and
are statistically significant, which indicates the
dilution of the relatively constant inflow of
phosphorus, not easy washing out from the soil.
6SHDUPDQ¶V UDQN Forrelation is not significant only
IRU73LQWKH1RWHüDQG3URVQDULYHUVLQZKLFKWKH
correlation coefficient is also low.

Drawa River, they are always at the level of about
0.1 mg P l-1. Changes in the mean annual
concentration of phosphorus explicitly indicate that
their main source was sewage introduced into the
rivers.
The mean monthly TN concentration at the
Warta River mouth is highest between January and
April (>4 mg N l-1), in the period of the highest
runoff  P3s-1). In Oborniki, in the same
period, the above mentioned concentration reaches
 PJ 1 O-1. The lowest TN concentration in the
Warta River occurred in the June-October period, at
WKH :DUWD 5LYHU PRXWK  PJ 1 O-1 and at
2ERUQLNL  PJ 1 O-1, by the lowest river
runoff, showing rHVSHFWLYHO\  P3s-1 and
P3s-1.
TP concentrations at the Warta River mouth is
the highest in the period June-September
 PJ 3 O-1) by low runoff ,Q WKH 1RWHü
River mouth, the TN concentration is the highest
(>2 mg N l-1) in the period January-March at high
runoff  m3s-1) and they are the lowest
PJ1O-1) in the July-October period at low
GLVFKDUJH  P3s). TP concentrations in the
1RWHü 5LYHU VKRZ D VPDOO YDULDELOLW\ LQ WKH
particular months and in the period June6HSWHPEHULWLVVOLJKWO\KLJKHU PJ3O-1)
than in spring. Similar changes can be found in the
Drawa River. The Ner River presents a different
picture with a very high concentration of TN (>7

TABLE 3
Mean annual nutrient concentrations in the analyzed rivers in two sub-SHULRGVRI

River

Warta-mouth - Kostrzyn
Warta- Oborniki
1RWHü- Santok
Drawa - àRNDF]
Prosna - Ruda Komorska
Ner - &KHáPQR

Period
(water years)

Annual mean
nutrient
concentration
(mg l-1)




TN
3.07
2.65

TP
0.34
0.21

19922000
20012011


19922000
20012011

6.07
4.72
1.74
1.57
1.34
1.16

0.37
0.22
0.21
0.14
0.10
0.09



19922000
20012010

5.35
5.06
11.30
6.60

0.53
0.23
1.58
0.45
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FIGURE 4
Mean annual concentration of total nitrogen in rivers in 1992±2011.
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FIGURE 5
Mean annual concentration of total phosphorus in rivers in 1992±2011.
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TABLE 4
Correlation between the mean annual and monthly concentrations of total nitrogen and total phosphorus
YHUVXVWKHPHDQDQQXDODQGPRQWKO\GLVFKDUJHLQWKHDQDO\]HGULYHUVLQFDOFXODWHGE\OLQHDU
rHJUHVVLRQJUDGLHQWWUHQGPRGHODQG6SHDUPDQ¶V5
River

Mean

Wartamouth

annual
monthly
annual
monthly
annual
monthly
annual
monthly
annual
monthly
annual
monthly

WartaOborniki
Noteü
Drawa
Prosna
Ner

r
0.47*
0.66*
-0.07
0.41*
0.55*
0.58*
0.20
0.31*
0.65*
0.67*
0.06
0.05

Total nitrogen
Slope
R
0.004
0.009
0.63*
-0.003
0.018
0.39*
0.010
0.013
0.57*
0.020
0.023
0.37*
0.076
0.131
0.74*
0.072
0.030
0.15*
*significant 0.05

Total phosphorus
Slope
-0.0003
-0.0005
-0.0014
-0.0011
-0.0001
-0.0004
0.0002
-0.0019
-0.0142
-0.0070
0.0280
-0.0356

r
-0.19
-0.44*
-0.39
-0.39*
-0.05
-0.15*
0.04
-0.36*
-0.22
-0.19*
0.10
-0.25*

R
-0.41*
-0.36*
-0.10
-0.46*
-0.12
-0.24*

TABLE 5
Mean annual (Mg) and area specific (kg/ha/year) load of nitrogen and phosphorus in the Warta River
basin in various periods calculated by two methods.
Mean annual nutrient load
River

Period
(water years)

Total nitrogen
calculated

Total phosphorus

flow normalized

calculated

flow normalized

Mg

kg/ha/yea

Mg

kg/ha/yea

Mg

kg/ha/yea

Mg

kg/ha/yea

Warta
mouth

19922000
20012011

22 317
19 781

4.26
3.78

22 203
19 840

4.24
3.79

1 955
1 204

0.37
0.23

1 898
1 246

0.36
0.24

Warta
Obornik

19922000
20012011

22 462
18 502

8.39
6.91

22 250
18 589

8.31
6.94

1 195
747

0.45
0.28

1 111
772

0.41
0.29

1RWHü

19922000
20012011

4 090
3 704

2.57
2.33

4 111
3 685

2.58
2.32

457
305

0.29
0.19

454
307

0.29
0.19

Drawa

19922000
20012011

940
776

2.86
2.36

906
806

2.76
2.46

67
56

0.20
0.17

66
58

0.20
0.18

Prosna

19922000
20012011

3 254
3 104

7.60
7.25

3 215
3 136

7.51
7.32

192
119

0.45
0.28

190
117

0.44
0.27

Ner

19922000
20012011

3 761
2 146

21.78
12.43

3 533
2 339

20.46
13.55

458
124

2.65
0.72

438
142

2.54
0.82

highest loads were measured in 1994, 1999, 2008,
2011, and the lowest were in 1992 and in 2009 (Fig.
6). The positive correlation between TN
concentration and runoff contributed to the fact that
the highest loads were recorded in the years with
the highest runoff )LJ   ,Q 2011 the flow
normalized mean annual load of nitrogen (20 959

NUTRIENT LOAD. The mean calculated
annual load of total nitrogen in the Warta River
moutK IRU WKH SHULRG  ZDV   0J
and its variability was very high (10 230±39 753
Mg). In the sub-SHULRG  LQ FRPSDULVRQ
ZLWK  WKH PHDQ DQQXDO FDOFXODWHG
nitrogen load diminished by 11.4% (Table 5). The
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Warta (Oborniki), Prosna and Ner rivers showed
the highest area-specific load of 6.91±12.43 kg N
ha/year, which in the analyzed periods decreased by
about 43% in the Ner River, by 18% In the Warta
River at Oborniki and only by 5% in the Prosna
River. The area-specific phosphorus load in 2001 ZDV WKH ORZHVW LQ WKH 1RWHü  NJ 3
ha/year) and Drawa rivers (0.17 kg P ha/year), and
the highest in the Ner River (0.72 kg P ha/year). In
the Warta River mouth the load diminished in the
two analyzed periods from 0.37 to 0.23 kg P
ha/year.
We analyzed the annual variability of total
nitrogen and total phosphorus area-specific loads in
WKHSHULRG7KHGLIIHUHQFHVEHWZHHQWZR
load calculation methods in the analyzed years in
the Warta River (mouth and Oborniki), Drawa and
Ner Rivers show figure 7. In the Warta River mouth
the variability and the loads were much smaller
than in the Warta River at Oborniki. This proved to
EHWKHLPSDFWRIWKH673LQ3R]QDĔVLWXDWHGNP
up-stream from Oborniki and the high catchment
retention. A clearly visible area-specific load
decrease of TN and especially of TP was shown by
the Ner River after 2000, as a result of STP
modernization LQ àyGĨ In the Prosna River, the
nitrogen load did not change significantly, but the
TP load diminished visibly, after the start of STP in
 DQG LWV PRGHUQL]DWLRQ LQ  7KH
correlation between the mean calculated annual
load and the mean annual runoff in the analyzed
ULYHUVLQZDVSRVLWLYHDQGVLJQLILFDQWIRU
TN (Table 6). In terms of TP, this correlation was
positive, but significant only in rivers without large
point sourcHV :DUWDPRXWK1RWHü'UDZD 
The Mann-Kendall statistics for monotonous
time trends for the period 1992-2011 in the annual
calculated and flow-normalized loads of TN and TP
for all sites are presented in Figure 8. Considering
the length of the studied period, the test revealed
statistically significant trends for total phosphorus
in all sites and mostly for total nitrogen. Downward
trends of the TP load in this period were the highest
in the rivers Ner, Warta-Oborniki, and Prosna with
large point sources and modernization of STPs. The
negative significance of the TN load was high in
WKH 1HU DQG :DUWD ULYHUV ,Q WKH 1RWHü 5LYHU WKH
trend of TN was not significant in the case of
calculated load, but significant by flow normalized
load and highly significant by flow-normalized load
and TP loads. The trend of total nitrogen in the
Prosna River was not significant in calculated and
flow-normalized loads. This probably depends on a
very low specific runoff (3.76 l s-1 km-2) and
problems with STP operation. In the Drawa River,
with a high specific runoff (6.43 l s-1km-2), the flow
normalized TN load was not and the calculated load
was significantly correlated with the time. If we use
the regression line method for these time trends,

Mg) at the Warta River mouth, was similar to the
calculated load (20 982 Mg), but their annual
variability was much lower (12 730±26 079 Mg).
Interesting is that in the Warta River in
Oborniki, in the sub-periods mentioned above, the
nitrogen loads were much higher (and not smaller!)
to those at the river mouth. ,Q  LQ WKH
central and south part of the basin (26 776 km2) the
load was 8.39 kgN/ha/year and 0.45 kgP/ha/year,
and near the river mouth (52 365 km2) only 4.26
kgN/ha/year and 0.37 kgP/ha/year respectively. A
comparison of nitrogen loads carried by the Warta
River in Oborniki (205 km point) and at their
mouth to the Oder River, shows that in Mg/year
they are almost analogical, although their
catchment area is almost doubled. This is much
better visible by area specific load (kg/ha/year)
comparison (Table 5). This is a consequence of the
fact that in the lower and middle part of the Warta
River basin (about 27 000 km2) the amount of
nitrogen and phosphorus emission into the river is
similar per se to the retention in the basin discussed.
This testifies to a very high retention in water
courses of this basin.
,Q WKH ODUJH 1RWHü 5LYHU LQ WKH WZR DQDO\]HG
sub-periods, the calculated nitrogen load
diminished by 8%, and the phosphorus load
decreased by 33%, respectively. In the Drawa
River, the nitrogen load decreased by 17% and in
the case of low population density, the phosphorus
load decreased only by 16%. In the Prosna River,
the nitrogen load decreased only by 5% and
phosphorus by 38%. In the Ner River, thanks to the
QHZ673LQàyGĨWKHQLWURJen load diminished by
43% and the phosphorus load by 73%.
The mean annual calculated load of total
phosphorus at the Warta River mouth in the period
 ZDV  0J DQG LWV YDULDELOLW\ ZDV
lower (912±2502 Mg) than in the case of nitrogen.
The mean annual flow normalized TP load was
similar (1555 Mg) to the calculated one (Table 5
DQG )LJ   %HWZHHQ  DQG 
the mean annual phosphorus load in both
FDOFXODWLRQ PHWKRGV GHFUHDVHG E\ DERXW 
much higher than the nitrogen load.
A comparison of the river eutrophication
degree and nutrient emission in the catchment areas
requires the presentation of loads in the form of an
area-specific load (kg/ha/year) (Table 5). Because
the differences between two load calculation
methods become very small, therefore, only the
calculated loads were discussed. The area-specific
nitrogen load in 2001±2011 was the lowest in the
1RWHü  NJ 1 KD\HDU  DQG 'UDZD ULYHUV 
kg N ha/year), and the highest load was in the Ner
River (12.43 kg N ha/year). In the Warta River
mouth the load diminished in the two analyzed
periods from 4.26 to 3.78 kg N ha/year. Monitoring
stations with a high impact of point sources in the
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emissions into the catchment area. The influence of
much better sewage treatment in large cities is
clearly visible. This shows that the highest nutrient
load originate in point sources and not in the rural
area.

then in all rivers (except for the Drawa River) the
trend for TP load is negative and significant, but for
the TN load a significant negative trend is visible
only in the Ner River.
Time trends of the nutrient loads in the period
 LOOXVWUDWHG WKH FKDQJHV LQ WKH WRWDO
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FIGURE 6
Annual load (calculated and flow normalized) of total nitrogen and total phosphorus in the Warta River
mouth.

TABLE 6
Correlation between mean calculated annual load of total nitrogen and total phosphorus versus the mean
annual discharge, calculated by linear regression gradient trend model.

River
Warta-mouth
Warta-Oborniki
1RWHü
Drawa
Prosna
Ner

r
0.91*
0.68*
0.93*
0.68*
0.91*
0.66*
*significant 0.05

Total nitrogen
Regression
formula
y=144x ± 8424
y=173x+1316
y=88.6x±2128
y=60.8x±422
y=222x±348
y=231x+571

1902

r

Total phosphorus
Regression
formula

0.50*
0.25
0.57*
0.55*
0.32
0.30

y=4.64x+609
y=2.62x+645
y=4.53x+62.3
y=2.43x+10.7
y=4.73x+76.2
y=18.92x+91
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FIGURE 7
Calculated and flow normalized area-specific load of total nitrogen (TN) and total phosphorus (TP) in the
:DUWD1RWHüDQG1HUULYHUVLQ±2011.
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FIGURE 8
Mann-Kendall test statistics for monotonous trends in monthly calculated and flow-normalized loads of
total nitrogen and total phosphorus in 1992±2011. The trend is statistically significant at the 0.05 level, if
the test statistic is less than ±2.

for a clean water river in the Warta River basin.
Compared with concentrations measured for the
SHULRG  LQ WKH 2GHU 5LYHU LQ .UDMQLN
Dolny (3 mg N l-1 and 0.18 mg P l-1) and in the
Vistula River mouth in Kiezmark (2.1 mg N l-1 and
0.17 mg P l-1), we can see lower N and slightly
higher P concentrations in the Warta River than the
Oder River [26]. In a range of 17 large European
catchments, the mean P concentrations were 0.174
mg P l-1 YDULDWLRQPJ3O-1), being the
highest in the northern and southern rivers [30]. In
England, the average nitrogen concentration of
nitrogen in the Great Ouse and Thames rivers, and

DISCUSSION
The mean annual TN and TP concentration in
all analyzed rivers decreased visibly in the period
 7DEOH  )LJV  DQG   ,Q WKH VW
century, in the Warta River mouth, it was 2.65 mg
N l and 0.21 P l-1LQWKH1RWHü5LYHURQO\PJ
N l and 0.14 mg P l-1. But in the analyzed point
VRXUFH GRPLQDWHG ULYHUV :DUWD2ERUQLNL 3URVQD
Ner) the TN and TP concentrations were much
KLJKHU  PJ 1 O-1 DQG  PJ 3 O-1).
The Drawa River (1.16 mg N l-1 and 0.09 mg P l-1),
could present a standard (good ecological status)
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WKRVH LQ (DVW $QJOLD ZDV  PJ 1 O-1 [31].
The nitrogen concentrations in the Warta River
basin are low compared with the Thames, Rheine,
Seine and Elbe rivers, which are all between 5 and
8 mg N l-1 [1].
The
correlation
between
monthly
concentration of TN and runoff is positive and
significant in all rivers except the Ner (Table 4),
similar than in  in the Oder River [1]. In
all rivers of the Warta River basin, between
monthly (but not annual) concentration of TP and
runoff, there is a negative significant correlation
(Table 4).
The decrease in nutrient concentrations and
loads in large point sources dominated rivers (Ner,
Prosna, Warta in Oborniki) is much higher for
phosphorus than for nitrogen (Tables 3 and 5).
Unfortunately, monitoring data do not allow for
calculating the nutrient load from point (STPs) and
nonpoint sources. Rivers being point source
dominated will show phosphorus concentrations
which are the highest at low river flow, and become
lower with increasing runoff due to dilution [31].
%HFDXVH LQ WKH SHULRG  WKH
observed decrease in N concentrations in the Oder
and Vistula rivers is not ascribed to a drop in
fertilizer use, but to nutrient removal in municipal
STPs with the use of tertiary treatment facilities, the
deposition of diffuse N sources from agriculture to
the Baltic Sea might have been overestimated [1].
Similar conclusions can be found in the rivers
Vltava [32] in Lithuania [33], Finland [34],
Denmark [35], Thames in England [36] and in other
research investigations [37-42]. The situation in the
Warta River basin LQ  ZDV VLPLODU 7KH
nitrogen surplus [43] of 65.4 kg N ha/year in
 LQ WKH :DUWD 5LYHU basin (calculated
acc. [23), had no visible connection with the
observed area-specific nitrogen load of 3.78 kg N
KD\HDULQ
Differences in long periods between calculated
and flow normalized loads of nitrogen and
phosphorus in all analyzed sites were low (Table 5),
but in single years with very high or low runoff
these differences were high, especially in the case
of nitrogen (Fig. 6). The impact of better sewage
treatment was visible in the reduction of the TP
load.
The measured annual area-specific loads of
total nitrogen and total phosphorus, are the best
indicators of a potential environment degradation in
the catchment, caused by land use and population
density [28, 44]. This allows a comparison of
different catchment areas. The natural background
nitrogen flux of the landscape in regions with little
human influence averages approximately 1 kg N
ha/year [2]. Natural sources of P entering rivers are
generally very small <0.1 kg P ha/year [45]. In our
study, in point sources dominated rivers (Warta in

Oborniki, Prosna and Ner), between two subperiods  DQG , the calculated
annual nitrogen area-specific load diminished in the
Warta River in Oborniki by 1.48 kg N/ha, in the
Prosna River only by 0.45 kg N/ha and in the Ner
River by 9.35 kg N/ha. In the Warta River mouth
DQG WKH 1RWHü 5LYHU WKLV GHFUHDVH ZDV RQO\ DERXW
0.50 kg N/ha and in the Drawa only 0.24 kg N/ha.
The differences between clean water in the Drawa
River and dirty water in the Ner River in
2011 was 5.3 times by nitrogen and 4.2 times
by phosphorus (Table 5). In other countries, the
annual specific nitrogen loads show considerable
oscillations between 2.29 (Finland) and 40 kg N/ha
(England), mainly they are much higher than in the
Warta River basin (Table 7). The annual N-flux in
1970s and 1980s in the North Sea region was 14.5
kg N/ha, in the Baltic Sea about 5 kg N/ha [43].
The calculated total annual phosphorus areaspecific load decreased in the mentioned two subperiods in the Warta River mouth from 0.37 to 0.23
kg P/ha and in Oborniki, from 0.45 to 0.28 kg P/ha.
The smallest change was found in the most
µQDWXUDO¶'UDZD5LYHU IURPWRNJ3KD 
In 2010/2011 in the Pilica River the area specific
load with 16.5 kg N/ha/year and 0.57 kg P/ha/year
were much higher [18]. In 17 European catchments
  NP2) this load was at mean 0.6 kg
P/ha [29]. The highest P specific loads were
measured in Europe in Belgium, Denmark and
France (Table 7).
Retention is the difference between the input
(emission) and riverine export (sinks in the
landscape and in streams), the effect of various biogeochemical processes responsible for N removal
from the water phase, such as biological uptake,
sedimentation, denitrification, and removal from
the land phase [47, 48]. Riparian ecotones (wetland
and peatland), lakes and water reservoirs increase
retention in this context. Nitrogen retention in
)LQODQG ZDV HVWLPDWHG WR EH LQ WKH UDQJH RI 
NJKDLQODNHVDQGNJ/ha in peatlands [48], and
WKH DUHD RI ODNHV DQG SHDWODQGV LQ WKH 1RWHü DQG
Drawa rivers basin was high (Table 2). Also
phosphorus was retained within the river systems,
particularly under low runoff as a result of biogeochemical and physical processes, and the
retention rate differed between 10 and 60% [45]. In
a great number of German rivers (including the
Oder River basin LQWKHUHWHQWLRQZDV
DERXW  IRU 1 DQG  IRU 3 >49].
Hydro-geological conditions in the Warta River
basin, large floodplains, many lakes in the northern
part and long retention times favor the retention of
nutrients. When we compare the total nitrogen load
between the Warta River mouth (52 365 km2) and
Warta River in Oborniki (26 776 km2), in the
analyzed two sub-periods (Table 5), we can see that
the loads were very similar because the N retention
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point sources (Table 6). The Mann-Kendall test in
the studied rivers revealed only downward
statistically significant trends for total phosphorus
and mostly total nitrogen load. Downward trends
for TP and mostly for TN were the highest in rivers
1HU :DUWD2ERUQLNL 3URVQD  ZLWK ODUJH SRLQW
sources and modernization of STPs.

in the catchment between these points was very
high. It should be noted that a very high retention
was measured in the Warta River between Oborniki
and Skwierzyna [17].
There is a close positive correlation between
runoff and nitrogen load [1, 7, 24, 29, 35]. The
highest runoff in the Warta River was between
January and May and the lowest runoff was
between June and October (Fig. 3). The correlation
between the mean calculated annual load of TN and
the annual runoff in the Warta River basin was
always positive and significant. A positive,
significant correlation was also found between the
calculated TP load and runoff in the Warta River
PRXWK 1RWHü DQG 'UDZD ULYHUV 7KLV FRUUHlation
was positive but not significant in rivers with large

CONCLUSIONS
,Q WKH SHULRG  WKH HFR-chemical
status of all analyzed rivers is constantly improving.
TN and TP concentrations have decreased
significantly, mainly because of the construction

TABLE 7
Annual area-specific loads of total nitrogen and total phosphorus in different rivers and periods.

Country

River/Lake

Baltic Sea catchment area
Belgian
Scheldt
Denmark
Baltic Sea catch.
England
Thames
Estonia
Lake Peipsi catch.
Europa
10 large rivers
Finland
30 rivers
France
Seine
Germany
Elbe

Catchment
area
km2

Period

1 729 000
20 000
9 850
47 800
>50 000
202 382
73 800
148 268

1980±1993
2000
1989±2002
1971±2008
1992±2007
1993±1997
1993±1998
2000
1992±2000

Area-specific load
(kg/ha/year)
TN
TP
4.78
0.24
20
0.80
13.9
0.38
40
5.1
0.16
±

2.29
18±20
1.8
5.1±10.1
0.2-0.5

Daugava
87 900
7.6
1977±1995
Lielupe
17 600
9.3
Lithuania
western, 15 rivers
1991±1996
15±30
Oder
118 861
1988±2008
ca 5.0
Warta
54 518
4.4
Poland
1993±1995
1RWHü
17 331
2.8
Sweden
Göta
46 904
1971±1994
2.9b
U.S.A.a
16 rivers
248 326
1988±1993
3.1±17.6
a
north-east U.S. coast from Maine to Virginia; bnormalized load
Latvia

0.15
0.17

ca 0.4
0.36
0.28
-

Source
[14]
[47]
[32]
[33]
[48]
[27]
[45]
[44]
[49]
[7]
[30]
[3]
[11]
[50]
[51]

ULYHUVLQZDVSRVLWLYHDQGVLJQLILFDQWIRU
TN. In terms of TP, this correlation was positive,
but significant only in rivers without large point
sources.
The nutrient retention (difference between
emission and riverine export) in the Warta River
catchment area is very high, particularly in their
northern part. This is indicated by the fact that the
nitrogen load in the Warta River at the mouth (52
365 km2) and in Oborniki (26 776 km2), in the
analyzed periods was very similar, in spite of the
fact that their catchment areas differ significantly,
twice in size.

and modernization of numerous sewage treatment
plants with tertiary treatment facilities. In the period
 WKH annual mean concentrations in the
Warta River mouth diminished to low values of
2.65 mg N l-1 and 0.21 mg P l-1. With the exception
of the Ner River, in all rivers the mean monthly
runoff show a positive and statistically significant
correlations to TN, but the concentrations of TP are
mostly negative and statistically significant
correlated, which indicates the dilution of the
relatively constant inflow of phosphorus. The
correlation between the mean calculated annual
load and the mean annual runoff in the analyzed
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ϴ Behrendt, H. and Dannowski, R. (eds) (2005)
Nutrient and heavy metals in the Odra River
system. Emissions from point and diffuse
sources, their loads, and scenario calculations
on possible changes. Weissensee Ökologie. pp.
353.
ϵ Behrendt, H., Opitz, D., Kolanek, A., Korol, R.
DQG 6WURĔVND 0   Changes of the
nutrient loads of the Odra River during the last
century ± their causes and consequences. J.
Water
Land
Dev.
12,
127-144.
doi.10.2478/v10025-009-0010-0.
ϭϬ Dannowski, R., Steidl, J., Mioduszewski, W.
and Kajewski, I. (2002) GIS-based distributed
analysis of subsurface nitrogen flow in the
Odra basin. J. Water Land Dev. 
ϭϭ Ilnicki, P., Iwaniszyniec, P. and Korol, R.
(2000) Stickstoff und Phosphorfrachten in der
Oder und ihren Nebenflüssen, Z. Kulturtech.
Landentw.  LQ*HUPDQ 
ϭϮ Kowalkowski, T. and Buszewski, B. (2006)
Emission of N and P in Polish rivers: past,
present, and future in the Vistula River
catchment. (QYLURQ(QJ6FL  
ϭϯ Kowalkowski, T., Pastuszak, M., Igras J. and
Buszewski, B. (2012) Differences in emission
of nitrogen and phosphorus into the Vistula
DQG 2GHU EDVLQV LQ  ± Natural and
anthropogenic causes (MONERIS model). J.
0DULQH
6\VW


doi.10.1016/j.jmarsys.2011.07.011.
ϭϰ Stålnacke, P., Grimvall, A., Sundblad, K. and
Tonderski, A. (1999) Estimation of riverine
loads of nitrogen and phosphorus to the Baltic
Sea, 1970-1993. Environ. Monit. Assess. 58,

ϭϱ Tonderski A. (1997) Control of nutrient fluxes
in large river basins. University Studies in Arts
and Science No 157, Thesis (Phd) Linköping
University, Sweden. pp. 50.
ϭϲ Ilnicki, P., Górecki, K. and Melcer, B. (2008)
Eutrofizacja cieków wodnych zlewni rzeki
:DUW\ Z ODWDFK    Ed. Akademia
5ROQLF]D3R]QDĔ pp. 277 (in Polish).
ϭϳ Górecki, K. and Olejnik, M. (2005) Changes in
levels of nitrogen compounds in water of the
Warta River on Oborniki-Skwierzyna stretch.
Acta Sci. Pol. Circumiectus.   
ϭϴ .LHGU]\ĔVND, ( .LHGU]\ĔVNL, M., Urbaniak,
M., Magnuszewski, A., SNáRGRZVNL, M.,
Wyrwicka, A. and Zalewski, M. (2014) Point
sources of nutrient pollution in the lowland
river catchment in the context of the Baltic Sea
HXWURSKLFDWLRQ(FRO(QJ
ϭϵ Bayrak Yilmaz G., Sivri N., Akgundogdu A.
and Seker D.Z. (2014) The prediction of flowrate and nutrient load in Ergene River basin
through artificial neural networks. Fresenius
Environ. Bull. 23, 12a, 3202-3211.

Annual area-specific loads of TN and TP,
which express the net riverine load, are the best
indication of potential environment degradation
caused by land use and population density. In
 LQ WKH :DUWD 5LYHU PRXWK WKHUH ZDV
3.78 kg N ha/year and 0.23 kg P ha/year, in the
1RWHü5LYHUWKHUHZHUHRQO\NJ1KD\HDUDQG
0.18 kg P ha/year, but 12.4 kg N ha/year and 0.72
kg P ha/year were found in the point source
dominated Ner River. Similar specific loads in
North Sea countries were much higher in the 1990s.
The highest nutrient load originates in point
sources and not in the rural area. These show that
the participation of non-point sources in the nutrient
emission used by calculations in the MONERIS
model [8, 49] is too high.

REFERENCES
ϭ Eriksson, H., Pastuszak, M., Löfgren, S.,
Mörth, C.M. and Humborg, C. (2007).
Nitrogen budgets of the Polish agriculture
1960-2000 ± Implications for riverine nitrogen
loads to the Baltic Sea. Biogeochemistry. 85,
GRLV- 007-9126-y.
Ϯ Howarth, R.W. (2008) Coastal nitrogen
pollution: a review of sources and
trends.globally and regionally. Harmful Algae.
GRLMKDO
ϯ Pastuszak, M., Stålnacke, P., Pawlikowski, K.
and Witek, Z. (2012) Response of
Polish
rivers (Vistula, Oder) to reduced pressure from
point sources and agriculture during the
WUDQVLWLRQSHULRG ). J. Marine Syst.


doi.10.1016/j.jmarsys.2011.11.017.
ϰ HELCOM (2006) Eutrophication in the Baltic
Sea. Draft HELCOM Thematic Assessment in
2006. HELCOM Stakeholder Conference on
the Baltic Sea Action Plan, Helsinki, Finland,
7 March 2006. pp. 29.
ϱ PLC-5 (2011) Fifth Baltic Sea Pollution Load
Compilation,
Baltic
Sea
Environment
Proceedings No. 128. Eds. Helsinki
Commission, Baltic Marine Environment
Protection Commission. Available from:
http://www.helcom.fi.
ϲ Burt, T.P., Howden, N.J.K., Worrall, F.,
Whelan, M.J. and Bieroza, M. (2010) Nitrate
in United Kingdom rivers: policy and its
outcome since 1970. Environ. Sci. Technol.
doi.10.1021/es101395s.
ϳ Laznik, M., Stålnacke, P., Grimvall, A. and
Wittgren, H.B. (1999) Riverine input of
nutrients to the Gulf of Riga ±temporal and
spatial variation. J. Marine Syst. 23

1907

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


ϯϭ Neal, C., Davies, H. and Neal, M. (2008)
Water quality, nutrients and the water
framework directive in agricultural region: The
lower Humber Rivers, northern England. J.
+\GURO
ϯϮ 3URFKi]NRYi / %ODåND 3 DQG .RSiFHN -
(1996) Impact of diffuse pollution on water
quality of the Vltava River (Slapy Reservoir),
Czech Republic. Water Sci. Technol. 33 (4-5),

ϯϯ Tumas, R. (2000) Evaluation and prediction of
nonpoint pollution in Lithuania, Ecol. Eng. 14,

ϯϰ Räike, A., Pietiläinen, O.P., Rekolainen, S.,
Kaupilla, P., Pitkänen, H., Niemi, J.,
Raateland, A. and Vuoremaa, J. (2003) Trends
RI SKRVSKRUXV QLWURJHQ DQG FKORURSK\OO Į
concentrations in Finnish rivers and lakes in
 6FL 7RWDO (QYLURQ  
Available from: www.sciencedirect.com.
ϯϱ Kronvang, B., Jeppesen, E., Conley, D.J.,
Søndergard, M., Larsen, S.E., Ovesen, N.B.
and Carstensen, J. (2005) Nutrient pressures
and ecological responses to nutrient loading
reductions in Danish streams, lakes and coastal
waters.
- +\GURO  
doi.10.1016/j.jhydrol.2004.07.035.
ϯϲ Howden, N.J.K., Burt, T.P., Worrall, F.,
Whelan, M.J. and Bieroza, M. (2010) Nitrate
concentrations and fluxes in the River Thames
over 140 years (1868-2008): are increases
LUUHYHUVLEOH" +\GURO 3URF  
doi.10.1002/hyp.7835.
ϯϳ Jarvie, H.P., Neal, C. and Withers, P.J.A.
(2006) Sewage-effluent phosphorus: A greater
risk to river eutrophication than agricultural
phosphorus? 6FL7RWDO(QYLURQ
ϯϴ Oenema, O., van Liere, L. and Schoumans, O.
(2005) Effects of lowering nitrogen and
phosphorus surpluses in agriculture on the
quality of groundwater and surface water in
the Netherlands. J. Hydrol. 304, 
doi.10.1016/j.jhydrol.2004.07.044.
ϯϵ Rankinen, K., Salo, T., Granlund, K. and Rita,
H. (2007) Simulated nitrogen leaching,
nitrogen mass field balances and their
correlation on four farms in south-western
FinlDQG GXULQJ WKH SHULRG  Agri
FoRG6FL
ϰϬ Salo, T. and Turtola, E. (2006) Nitrogen
balance as an indicator of nitrogen leaching in
inland. Agri. (FRV\VW(QYLURQ
ϰϭ Stålnacke, P., Vandsemb, S.M., Vassiljev, A.,
Grimvall, A. and Jolankai, G. (2004) Changes
in nutrient levels in some Eastern European
rivers in response to large-scale changes in
agriculture. Water Sci. & Technol. 49(3),


ϮϬ Bayrak Yilmaz G., Sivri N., (2014) Estimation
of nutrient loads in Ergene River basin through
GIS. Fresenius Environ. Bull. 23, 12a, 32123221.
Ϯϭ Li JK., Li HE., Du J., Chen H., Shen B., (2014)
Simulation studies on the effects of integrated
management measures for reducing point
source and non-point source pollution in the
Weihe River basin. Fresenius Environ. Bull.
23, 8a: 1920-1933.
ϮϮ Ilnicki P., Farat R., Górecki K. and
Lewandowski, P. (2014) Impact of climate
change on river discharge in the driest region
of Poland. HydroORJ6FL-  
http://dx.doi.org/10.1080/02626667.2013.8319
79.
Ϯϯ GUS
(2012)
OFKURQD ĞURGRZLVND Environment. Statistical information and
elaborations. ed. D. Bochenek. Central
Statistical Office, Warszawa.
Ϯϰ Guidelines for the compilation for waterborne
pollution load to the Baltic Sea, 2006. (PLCWater).
Available
from:
http://www.helcom.fi/groups/monas/en_GB/pl
cwaterguide. PLC-5, pp 1-80.
Ϯϱ Stålnacke, P. and Grimvall, A. (2001)
Semiparametric
approaches
to
flownormalization and source apportionment of
substance transport in rivers, Environmetrics.

Ϯϲ Kendall, M.G. (1975) Rank correlation
methods, 4th ed. Charles Griffin, London.
Ϯϳ Radziejewski, M. and Kundzewicz, Z.W.
(2000) Hydrospect ± software for detecting
changes in hydrological data. In: Kundzewicz,
Z.W. and Robson, A. ed. Detecting trend and
other changes in hydrological data. 
(appendix 2). World Climate Programme ±
Water, World Climate Data and Monitoring
Programme, WCDMP-45, WMO/TD ± No.
1013, Geneva.
Ϯϴ Radziejewski, M., and Kundzewicz, Z.W.
(2004) Hydrospect, YHUVLRQ  8VHU¶V
Manual.
Ϯϵ Pastuszak, M. and Igras, J. (eds.) (2012)
Temporal and spatial differences in emission
of nitrogen and phosphorus from Polish
territory to the Baltic Sea. National Marine
Fisheries Research Institute, Institute of Soil
Science and Plant Cultivation±State Research
Institute and Fertilizer Research Institute,
Gdynia± 3XáDZ\ pp. 448.
ϯϬ Kronvang, B., Vagstad, N., Behrendt, H.,
Bøgestrand, J. and Larsen, S.E. (2007)
Phosphorus losses at the catchment scale
within Europe: an overview. Soil Use Manage.
 6XSSO
 

doi.10.1016/j/jhydrol.2007.10.041.

1908

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


ϱϭ Buhvestova, O., Kangur, K., Haldna, M. and
Möls, T. (2011) Nitrogen and phosphorus in
Estonian rivers discharging into Lake Peipsi:
estimation of loads and seasonal and spatial
distribution of concentration. Est. J. Ecol. 60,
1, 1838. doi.10.3176/eco.2011.1.03.
ϱϮ Hussian, M., Grimvall, A. and Petersen, W.
(2004) Estimation of the human impact on
nutrient loads carried by the Elbe River.
(QYLURQ0RQLW$VVHVV
ϱϯ Stålnacke, P., Grimvall, A., Sundblad, K. and
Wilander, A. (1999) Trends in nitrogen
transport in Swedish Rivers, Environ. Monitor.
Assess. 
ϱϰ Boyer, E.W., Goodale, C.L., Jaworski, N.A.
and Howarth, R.W. (2002) Anthropogenic
nitrogen sources and relationships to riverine
nitrogen export in the northeastern U.S.A.
Biogeochemistr., 

ϰϮ Vagstad, N., Stålnacke, P., Andersen, H-E.,
Deelstra, J., Jansons, V., Kyllmar, K., Loigu,
E., Rekolainen, S. and Tumas, R. (2004)
Regional variations in diffuse nitrogen losses
from agriculture in the Nordic and Baltic
Regions. Hydrol. Earth Syst. Sci. 8(4),

ϰϯ OECD
(Organization
for
Economic
Cooperation and Development) (2001)
Environmental indicators for Agriculture.
Methods and Results, Agriculture and Food.
Paris, France. 3, 409.
ϰϰ Salvai-Castellvi, M., Iffly, J.F., Borght, P.V.
and Hoffmann, L. (2005) Dissolved and
particulate nutrient export from rural
catchments: a case study from Luxemburg.
6FL7RWDO(QYLURQ5.
ϰϱ Withers, P.J.A. and Jarvie, H.P. (2008)
Delivery and cycling of phosphorus in rivers: a
review. Sci. Total (QYLURQ  
doi.10.1016/j.scitotenv.2008.08.002.
ϰϲ Howarth, R.W., Billen, G., Swaney, D.,
Townsend, A., Jaworski, N., Lajtha, K.,
Downing, J.A., Elmgren, R., Caraco, N.,
Jordan, T., Berendse, F., Freney, J.,
Kudeyarov, V., Murdoch, P. and Zhu-ZhaoLiang (1996) Regional nitrogen budget and
riverine N, P fluxes for the drainages to the
North Atlantic Ocean: Natural and human
influence. Biogeochemistry. 
ϰϳ Billen, G., Garnier, J., Ficht, A. and Cun, C.
(2001) Modeling the response of water quality
in the Seine River Estuary to human activity in
its watershed over the last 50 years. Estuaries.
%
ϰϴ Lepistö, A., Granlund, K., Kortelainen, P. and
Räike, A. (2006) Nitrogen in river basin
sources, retention in the surface waters and
peatlands, and fluxes to estuaries in Finland.
6FL 7RWDO (QYLURQ  
doi.10.1016/j.scitotenv.2006.02.053.
ϰϵ Fuchs, S., Scherer, U., Wander, R., Behrendt,
H., Venohr, M., Opitz, D., Hillenbrand, T.,
Marscheider- Weidemann, F. and Götz, T.
(2010) Calculation of emissions into rivers in
Germany using the MONERIS model.
Nutrients, heavy metals and polycyclic
aromatic hydrocarbons. Umweltbundesamt
Dessau-Rosslau, UBA Texte 46. pp. 173.
Available from: http://www.uba.de/uba-infomedien-e/4018.html.
ϱϬ Billen, G., Garnier, J. and Rousseau, V. (2005)
Nutrient fluxes and water quality in the
drainage network of the Scheldt basin over the
last 50 years. Hydrobiologia. 

Received:
Accepted:

03.07.2015
29.02.2016

CORRESPONDING AUTHOR
Prof. Dr. Piotr Ilnicki
Department of Entomology and Environmental
Protection, 3R]QDĔ8QLYHUVLW\RI/LIH6FLHQFHV, 60±
3R]QDĔXO'ąEURZVNLHJR59 ± POLAND
e-mail: ilnickip@up.poznan.pl

1909

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



ASSESSMENT OF POTENTIAL FUNGAL SPECIES
ISOLATED FROM ZINC INDUSTRIAL SEDIMENT WASTES
FOR LEAD SORPTION
Seyed Jafar Khamesy1, Amir Hossein Hamidian2*, Mohammad Javan-Nikkhah3
2

1
Ph.D. student at Natural Resources Engineering-Environmental, Aras International Campus, University of Tehran, Jolfa, Iran
Department of Environment, Faculty of Natural Resources, College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran.
3
Department of Plant Protection, College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran.

ABSTRACT

INTRODUCTION

Different isolates of native fungal species of
zinc industry sediments waste were used for
biosorption experiments. All isolates which were
isolated from sediment waste were tested for metal
tolerance against the Pb 0.00-2000mg/l. The degree
of tolerance against Pb was measured by minimum
inhibitory concentration (MIC) in the presence of
the Pb. Four isolates PZ1, PZ2, PZ3 and PZ4
showed the highest tolerance against the tested
heavy metals. Analysis of morphological character
and sequencing of ITS-rDNA revealed that four
isolates are belonged to ascomycete Aspergillus
fumigates. It was shown that A.fumigatus PZ1 had
the highest and A.fumigatus PZ4 possessed the
lowest metal tolerance. Sorption experiment was
conducted using living and dead biomasses of those
four isolates for Pb sorption under batch condition.
The highest sorption amount was observed for live
and dead biomass of A. fumigatus PZ1, being about
1.36 mg/g, 0.37 mg/g, respectively. The maximum
Pb removal efficiency (RE) observed by live
biomass of A. fumigatus PZ1 was about 76.73% and
95.35% by dead biomass of A.fumigatus PZ2.
Kinetic study by four isolates revealed that sorption
processes were best described by Pseudo Second
order model for Pb ions. The results of four isolates
sorption assessment were obtained through the
TOPSIS method. Live biomass of A.fumigatus PZ1
and dead biomass of A.fumigatus PZ4 showed the
highest ranking for lead sorption. This experiment
concluded that A.fumigatus PZ1 live biomasses
which are adapted in zinc industries sediment waste
for long term may be used as a bioindicator for
monitoring similar sites.

Zinc industries wastes contain high percentage
of heavy metals, such as Pb, Zn and Cd, which are
the final products of leaching and purification
processes. All filter cakes of zinc processes contain
high amounts of heavy metals, such as cadmium
sulfate with solubility of 76.7g/100ml, zinc sulfate
57.7 g/100ml, and lead sulfate 0.0404 g/100 ml in
water at 25°C [1]. Solubility of this waste in water
caused heavy metal to be bio available and it is the
main source for contamination of agricultural, land
and surface water.
Some of microorganisms were used as
sentinels or biological indicators in order to assess
metal pollution in aqueous ecosystem [2].The initial
focus of biomonitoring was on bacteria, but now
the range of taxa has been introduced to enfold
other microscopic organisms, such as algae, fungi
and protozoa [3]. Several techniques, such as
chemical
precipitation,
electrolysis,
oxidation/reduction, ion-exchange, and membrane
filtration, have been used for metal removal [4].
Removing heavy metals in low concentrations of
aqueous solution using physicochemical processes
requires sophisticated technologies and high costs.
During the past decades, it has been demonstrated
that, among the biosorbents, the fungi appeal to the
researchers most, due to their higher ability to
remove high concentrations of heavy metals from
yeast, bacteria and algae [5]. Advantages of heavy
metal removal by microorganisms include: low
cost, high efficiency, no need for landfill, low-cost
transportation, no need for skilled workforce,
reduction in chemicals, reusability, specific method
for metal recovery also reduction in toxic metals in
the environment. They can adapt and grow in
environments with high metal concentrations [6].
Fungi and yeast require some heavy metals, such as
cooper, zinc, cobalt, manganese as nutrients for
growth. Dead and live biomasses of fungi and yeast
are able to accumulate toxic metals; cadmium and
lead to recover precious metals; silver and gold [7].
Metal uptake by the fungus depends on: first,
environmental factors, such as nutrients, oxygen,
moister, pH, temperature, light [8, 9] metal

KEYWORDS:
Pb, biosorption, monitoring, isotherm, bioindicator
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121°C and 124 kPa for 15 min, cooling down to
room temperature were transferred to plates in the
microbiology hood space. Sediment samples were
diluted in sterile water with 50 mg/l Pb (NO3)2 and
transferred to YGC agar surface for growth and
incubated at 28 ± 1 °C for 5 days. Having grown
the fungi for pure cultures preparation, a colony
was obtained from growing fungi species and then
placed on the surface of YGC agar plates. After
inoculation incubated at 28 ± 1 oC for 5 days,
Single spore technique was used to prepare fungal
isolates [18]

concentration, metal species, sorbent species, ionic
potential of adsorbent, fluidity of solvent also
surface area, porosity, chemical bond; C, H, N, S of
adsorbent,
second,
microorganism-dependent
factors, such as sporulation, fungi species, age,
gender, genome, species competition [10], diversity
[11]. Acinetobacter sp. was tested under the stress
of lead ions. Then the results of SEM and TEM
analysis noted that the amino, carboxyl, and
hydroxyl groups were the most ionizable and
functional group that interact with lead
ions[12].Biosorption of copper and cadmium by
Rhizopus arrhizus and Aspergillus niger was
studied as a function of initial pH and metal ion
concentration. The conclusion showed that R.
arrhizus had higher sorption than A. niger for
removal of Cu(II) and Cd(II) ions from
wastewater[13].
Potential of fungal strains isolated from
tanning effluent were evaluated for copper resistant
and heavy metal removal from industrial
wastewater at a laboratory scale. The heavy metal
uptake was determined for each isolate. Findings
revealed that Gliocladium viride sp were found to
be highly copper tolerant fungus and exhibited
greater growth than other fungal species and
Gliocladium viride species had greater Cu removal
efficiency (96.98 %) than other fungal species [14].
Studying the tolerance of lead by the Enterobacter
aerogene proved that the bacteria had different
response to species of heavy elements [15].
Presence biological responses to a metal stress at
the organism level mark a tool for metal ecotoxicity
assessment [16].
The objective of this experiment was to
investigate the biosorption of Pb by using several
native fungi species which were adapted with zinc
industries waste. Specifically, in this experiment,
dead and live biomasses of several fungi species
which had a high biomass growth rate were used
for Pb sorption to be examined in aqueous solution.

Morphological
characterization
and
identification of fungal isolates. For micromorphological observations used from MEA
colonies and for description of colony criteria used
from CYA colonies [19]. To identify the fungal
isolates culture media PDA (Potato dextrose agar),
MEA (Malt extract agar) and CYA (Czapek Yeast
Extract Agar) were used. Growth rates were
determined after 7 day of incubation on MEA and
CYA media at 25 °C and 37 °C in the dark.
Molecular studies. Genomic DNA was
extracted from seven-day-old colonies according to
the procedure described by Liu et al. [20] with
some variation. The ITS-rDNA was sequenced
directly from PCR products using primer pair ITS1
(5'-TCCGTAGGTGAACCTGCGG-3') and ITS4
(5'-TCCTCCGCTTATTGATATGC-3') [21]
Screening fungal isolates for lead tolerance.
Metal resistance was determined by the minimum
inhibitory concentration (MIC) against the isolated
fungi. Different concentrations of Pb (NO3)2, (0.00,
250, 1000, 2000 mg/l) with YGC agar, prepared
and inoculated with spore suspension of different
isolates and three replicates of each concentration
were used. The plates were incubated at 28 ± 1 oC
for five days. After incubation, the lowest
concentration of lead which inhibited growth rate of
fungi was defined as the minimum inhibitory
concentration of the heavy metal (MIC) which
inhibited visible growth of fungi [5].The isolates
showed better growth rate after incubation were
considered concerning tolerance to metals.

MATERIALS AND METHODS
Sampling. Six sediment samples were
collected from top of the stream bed (about 0-10
cm), which are contaminated by zinc industrials
wastes which located at 5 km south of Zanjan town
in north west of Iran and kept dry, in sterile plates
at the temperature of 4 oC and were analyzed in the
laboratory of Environmental Department of Zanjan
Province, Iran. The wastes have been emitted from
zinc industrial wastes for more than 15 years.
Isolation of fungi. Fungal population was
determined by serial dilution method on media agar
[17].The YGC agar media were prepared using
Yeast Extract Glucose Chloramphenicol (37 g/l, pH
5) and distilled water sterilized in an autoclaving at

Live Biomass Experiment. The removal of
lead by live biomass of A. fumigatus strain was
examined in four 250 mL Erlenmeyer flask
containing 150 mL culture media (SDB). The
medium was contaminated with Pb solution and
maintained to have 20 ppm. Then, a 5-ml sample of
each 4 flasks was picked up using a test tube and
one drop of HNO3 normal was added to each in
order to analyze Pb (initial metal concentration Ci).
PH of all 4 flasks were adjusted in pH 5 and then
put in autoclave and sterilized. Later they were
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cooled down at about room temperature then a
colony of four fungus species was taken and
transferred to 4 flasks and placed on orbital shaker
(at 150 rpm) at 28±1 oC. For 7 days, all samples
were filtrated and supernatant fraction was analyzed
for the remaining Pb concentration (Cf) and all
biomass washed and was dried in the oven at 50 oC
and weighed to measure the mass of biomass (w).
The (Ci) initial and final (Cf) metal concentrations
were determined before and after the process. All of
the experiments were replicated twice.

Langmuir model:
 ݍൌ ሺݍ௫ Ǥ ܭ Ǥ ܥሻȀሺͳ  ܭ Ǥ ܥሻ

(3)

Linearized form:
ܥȀ=ݍ1/
(KL.qmax)
(C/qmax)

(4)

Dead Biomass Experiment. Live biomass of
four isolates were prepared by (SDB) culture media
and after the growth period, the biomass was
harvested from the medium and washed twice with
distilled water, inactivated using incubator at 121 oC
and then dried at 50 oC for 24 h. Initial batch
adsorption experiments of four isolates were carried
out with (0.13-0.19) mg of dried biomass in a 100ml solution at pH 5 and different lead
concentrations (5, 10, 15, 20 mg/l). All of the
experiments were replicated twice. Then, a 5-ml
sample of each 4 flasks in test tube was obtained
and kept in refrigerator to analyze Pb (initial metal
concentration Ci). All 4 flasks were placed on
orbital shaker (150 rpm) at 28±1 oC for 20 hours.
After 20 hours, all samples were filtrated and
supernatant fraction analyzed for analyzing Pb
(final metal concentration Cf).

Where:
ݍ
Amount of metal ion adsorbed per
amount of adsorbent (milligram per gram)
Ci Initial metal ion concentration (milligram
per liter)
C
Residual metal ion concentration
(milligram per liter)
ݍ௫ Maximum amount of metal ion adsorbed
per amount of adsorbent (milligram per gram)
KL Langmuier equilibrium constant related to
the energy of adsorption (liter per milligram)
KF Freundlich equilibrium constant related to
bond strength (milligram per gram)
n
Freundlich constant indicative of bond
energies between metal ion and adsorbent
Coefficients in the model equations and (R2)
coefficient of determination were computed using
linearized forms in Microsoft Excel and then all
isotherms were fitted into the experimental data and
the conformity of their fit was compared [25].

+

Freundlich model:
Original form: =ݍKFC1/n
Linearized
form:
logq=logKF + (1/n) logC

Preparation of Heavy Metal Solution. Stock
solution (1000 mg/l) of Pb was prepared using salts
of Pb (NO3)2. The concentration ranges varied
between 5, 10, 15, 20 mg/l for single metal
solution. PH was adjusted with dilute 0.1 N HCl or
0.1 N NaOH. Metal uptake was calculated through
a method used by Zhang et al. [22]:
ሺ ݅ܥെ ݂ܥሻ ൈ 
(1)
ݍൌ

The sample was analyzed using direct airacetylene flame, spectrophotometer AA 110
VARIAN in laboratories of Environmental
Department of Zanjan Province as a method
mentioned in published paper by Joseph W. [23]:

(5)
(6)

RESULTS
Fungal identification. After combining
morphological criteria and sequencing of the ITSrDNA, Aspergillus fumigatus Fresenius, Beitr was
identified
Minimum Inhibitory Concentration (MIC).
Samples of zinc waste sediment as well as seven
fungal isolates were isolated. Four isolates
belonging to Aspergillus fumigatus, namely,
AspZ1, AspZ2, AspZ3, AspZ4, which were
dominated in all the sediment samples were
selected. These four fungi species were evaluated
for minimum inhibitory concentration (MIC),
contrary to different concentrations of Pb ions
based on section 2.4. The MIC values were
measured by radial growth rates of fungi in media
which polluted by Pb ions. The effects

Adsorption Efficiency. Removal efficiency
of metal ion by biosorbent was calculated as Anbia
et al. [24]:
(2)
൫ܥ  െ  ܥ ൯ ൈ ͳͲͲ
ܴ ܧൌ
ܥ
Adsorption Models. In order to compare the
data obtained, two types of sorption models were
used.
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FIGURE 1
Metal concentration and radial growth of four isolates, A. fumigatus Z1, A. fumigatus Z2, A. fumigatus Z3,
A. fumigatus Z4.

of Pb ions on radial growth rate of different isolates
are shown in Fig. 1.
Four isolates revealed different tolerance
towards lead ions. Similar to this study Price et al.
[26] studied the abilities of fungi in copper and zinc
removal. The results showed that Aspergillus niger
was the best suited for metal removal, as compared
to other fungi. Metal concentrations and type of
fungal species are the main factors which exert
effects on metal tolerance. The highest metal
resistances against lead ions showed 2000 ppm for
the isolate A. fumigatus Z1 in solid media of YGC
agar.

A. fumigatus Z2, (1.06 mg/g) by fungi A. fumigatus
Z3, and less tolerance 0.42 mg/g by fungi A.
fumigatus Z4. Within all examined metals, the
removal efficiency for Pb was the highest at 76.73
% for fungal A. fumigatus Z1, and the lowest
removal efficiency occurred for fungal A. fumigatus
Z4, as 21.38%. Fungal biomasses dry weight max
obtained 16.66 and 3.33 g/l for A. fumigatus Z1 and
A. fumigatus Z4, respectively.
Biosorption of Pb by dead biomasses of
fungal isolates. Figure 2 displays when the initial
concentration of Pb is increased, the adsorption
capacity of fungi will rise, while fungi sorption will
be saturated. Therefore, as a result, limit sites are
available for each higher concentration of Pb in
Table 2.

TABLE 1
Lead uptake capacity and removal efficiency of
Pb by live biomasses of four isolates of
Aspergillus fumigatus.
Fungal
Isolates

Ci
(mg/l)

Cf
(mg/l)

V
(L)

W
(g)

ݍ௫
(mg/g)

RE
(%)

AspZ1
AspZ2
AspZ3
AspZ4

15.9
15.9
15.9
15.9

3.70
5.98
5.94
12.5

0.14
0.14
0.14
0.14

1.26
1.22
1.31
1.14

1.36
1.14
1.06
0.42

76.73
62.39
62.64
21.38

Biosorption of Pb by live biomasses of
different fungal isolates. The average of residual
concentrations of Pb with four fungi species after 7
days of incubation is given in Table 1. Maximum
sorption ݍ௫ occurred at 15.9 mg/l initial
concentration for live biomass of fungal A.
fumigatus Z1 (1.36 mg/g), and (1.14mg/g) by fungi

FIGURE 2
Adsorption capacity of Pb by four isolates A.
fumigatus Z1, A. fumigatus Z2, A. fumigatus Z3
and A. fumigatus Z4.

TABLE 2
Linear regression, (ࢇ࢞ ), RE and R2 of dead biomasses of four Aspergillus fumigatus isolates.
Fungal
isolates

Linear regression
equation

AspZ1
AspZ2
AspZ3
AspZ4

y=0.0131x + 0.1411
y=0.0104x + 0.0323
y=0.0135x + 0.1956
y=0.0057x + 0.2626

ݍ௫ (mg/g)
Min
Max
0.16
0.37
0.07
0.22
0.18
0.35
0.26
0.33

1913

RE
(%)

R2

90.84
95.35
92.60
88.71

0.73
0.92
0.95
0.96
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Langmuir [27] and Freundlich models are known to
be used for single solute system [28]. In order to
obtain adsorption isotherm, the data from
laboratory experiment were set as these two
models.
The predicted shapes of the isotherm, at the
highest and lowest concentrations are shown in Fig.
3 and Fig. 4. The maximum correlation coefficient
(ܴଶ ) of the Langmuir model for adsorption Pb
indicated 0.996 by fungi A. fumigates Z4.
The results revealed that the most lead
sorption in four fungi species was fitted by
Freundlich model in this experiment Fig. 3.

Based on this experiment, the maximum
amount of sorption occurred as 0.37 mg/g by dead
biomasses of fungi A. fumigatus Z1 with RE 90.84
% and lowest metal uptake, 0.22 mg/g with
maximum RE 95.35% by dead biomasses of fungi
A. fumigatus Z2.
Adsorption isotherm models. Adsorption
capacity of fungal dead biomasses was determined
using an adsorption isotherm; it is an equation
relating the amount of solute adsorbed to the solid
and the equilibrium concentration of the solute in
solution at a given temperature. There are types of
models for predicting sorption equilibrium,
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y=1.5804x + 16.505
R2=0.8364

AspZ 2

AspZ 3
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FIGURE 3
Linearized form of Langmuir models for adsorption of Pb on four isolates A. fumigatus Z1, A. fumigatus
Z2, A. fumigatus Z3, A. fumigatus Z4.
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FIGURE 4
Linearized form of Freundlich models for adsorption of Pb on four Aspergillus sp. isolates, A. fumigatus
Z1, A. fumigatus Z2, A. fumigatus Z3, A. fumigatus Z4.

TABLE 3
Langmuir and Freundlich isotherm parameters for the adsorption of Pb by dead biomasses of four
isolates, A. fumigatus Z1, A. fumigatus Z2, A. fumigatus Z3, A. fumigatus Z4.
Fungal
isolates
AspZ1
AspZ2
AspZ3
AspZ4

Langmuir isotherm
KL
ݍ௫
0.633
0.04
0.966
0.02
0.640
0.03
0.370
0.16

R2
0.836
0.415
0.042
0.996

1914

Freundlich isotherm
n

0.075
1.73
0.017
1.12
0.072
1.76
0.196
5.26

R2
0.820
0.951
0.828
0.941

1.5
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The maximum correlation coefficient (ܴଶ ) of
the Freundlich model Freundlich showed 0.951 by
fungi A. fumigates Z2. In all cases, the value fell
between 0 and 1, which indicates favorable
biosorption.
Larger values of k mean greater capacities of
adsorption fungi sp [29] The amount of ݍ௫ for
adsorption of Pb relating to the energy of
adsorption in Langmuir model and the amounts of
metal ions required to form a monolayer, (q)
obtained by Langmuir models which are presented
in Table 3.
The maximum values of n and kf of
Freundlich model were found to be 5.26 and 0.196
for fungi A. fumigatus Z4, respectively.

respectively. The first order equation is described
by
(7)
Log (ݍ -ݍ௧ ) = log

(ݍ ) - భ ݐ
ଶǤଷଷ

௧


600

మ మ

B

AspZ 1

C

AspZ 1
AspZ 2
AspZ 3

AspZ 3

400

AspZ 4

AspZ 4
t/qt

log(qe-q)

AspZ 3

-1.0

0.6

AspZ 1
AspZ 2

AspZ 2
-0.5



200

qmax(mg/g)

A

The pseudo second-order equation was used as
ଵ
ଵ
(8)
 t

Where ݍ is the amount of lead ion absorbed
at equilibrium (mg metal/g sorbent), ݍ௧ is the
amount of lead ion on the surface of the fungi
biomasses at any time, t (mg metal/g sorbent) and
݇ଵ is the pseudo-second order sorption constant
(1/min) and ݇ଶ is the pseudo-second order sorption
constant (mg/(g.min)).
In the present experiment, kinetic study
showed that the major removal occurred in the first
10 minutes and all the metal removal processes
were completed in 30 minutes Fig. 5.
Experiment data were fitted by two models
and each set of data were fitted using the model
Table 4. The experimental data can be used to
determine the metal binding rate.

Adsorption kinetic. In this part, four fungi
dead biomasses were compared through varying the
contact time from 0 to 120 min at an initial lead
concentration (100 mg/L), stirring speed (125 rpm),
temperature (28±1 ºC) and pH 5. To use the kinetic
mechanism the pseudo first order [30] and pseudo
second order [31] models were used and reliability
of these models were checked using linear equation
validity plots. These models were verified by linear
equation of Log (ݍ -ݍ௧ ) vs t, and t/ݍ௧ vs t,

0.0

=

0.4

AspZ 4

0.2

-1.5

-2.0

0.0

0
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100
Time(min)
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200
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Time(minute)

150

200
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50

100

150
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Timie (minute )

FIGURE 5
A. Pesudo first; B. Pseudo second order kinetic, and C. Rate of adsorption in first 10 minutes by four
Isolate, A. fumigatus Z1, A. fumigatus Z2, A. fumigatus Z3 and A. fumigatus Z4 .

TABLE 4
The pseudo-first and pseudo-second order kinetics parameters for biosorption Pb by dead biomass of four
Aspergillus sp. isolates.
Fungal
isolates
AspZ1
AspZ2
AspZ3
AspZ4

Pseudo first order parameter
qe (mg/g)
K1 (1/min)
10.48
0.006
11.07
0.007
8.53
0.009
18.39
0.004

ܴଶ
0.788
0.883
0.790
0.763

Pseudo second order parametr
qe (mg/g)
K2 (1/min)
ܴଶ
0.479
0.680
0.992
0.417
0.510
0.996
0.502
0.270
0.995
0.324
0.668
0.994

for this group of fungi species. The rate of
adsorption by isolate A. fumigatus Z2 was very fast
in 10-minute contact time and other fungi

The coefficient of determination and rate
constants were calculated and are given in Table 5.
The plots according to the Equation (8)
showed that pseudo second order was the best fit
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a competition between fungi live species for metal
uptake. Physicochemical property of biomasses and
types of metal ions, as well as the type of fungal
isolates and their interactions with metals are
important for biosorption [32]. Gadd reported that
difference in metal uptake by organism its chemical
composition of cell wall leading various types of
interaction of metals with fungi[33].
The maximum lead removal by live biomasses
was observed for the A. fumigatus Z1, as 1.36 mg/g
and minimum removal by dead biomass for the A.
fumigatus Z2, 0.152 mg/g, on average. Fungi live
biomass sorption experiment revealed that as for A.
fumigatus Z1, in terms of time, sorption rate
depends on fungus growth.
For assessing sorption by different live and
dead biomasses of four fungal isolates, first, fungal
sorption criteria were determined, later, a pilot
study was conducted on ranking fungal isolates
based on fuzzy TOPSIS technique. This technique
method (for order preference by similarity to an
ideal solution) which is one of the most frequently
used classical MCDM methods was developed by
Hwang et al. [34]. Using TOPSIS model provides a
broader principle of compromise for solving
multiple criteria decision making problems [35].

biomasses adsorption forms were set as AspZ2>
AspZ3>AspZ4>AspZ1

CONCLUSION
Analysis of zinc industry wastes revealed that
it contains high percentages of heavy metals, such
as lead, cadmium and zinc. These heavy metals are
more considerable and the most important sources
of environmental pollution. In the first step of this
research after fungi isolation in media, all fungal
isolates which grew were evaluated for metal
tolerance using Minimum Inhibitory Concentration
technique. Accordingly, four Aspergillus sp.
isolates which were higher resistance to Pb ions
were selected. The results of maximum resistance
to Pb showed for A. fumigatus Z1 (2000) mg/l, A.
fumigatus Z2 (1500) mg/l, A. fumigatus Z3 (1000)
mg/l and A. fumigatus Z4 (800) mg/l. In the second
step, live and dead biomasses of four isolates,
which were high resistance to Pb, were evaluated
for sorption experiment. All of pH, temperature,
contact time, nutrient amount, samples volume,
biomass dosage and fluidity of solution were
constant. Comparing metal sorption of four
Aspergillus sp. isolates showed that there had been

TABLE 5
Decision table for live biomasses sorption of four isolates, A. fumigatus Z1, A. fumigatus Z2, A. fumigatus
Z3, A. fumigatus Z4.
Metal tolerance
CGN (n)
MIC (cm)
0.2
0.2
8
0.5
4
0.1
2
0.2
3
0.15

Alternative

Fungal live
criteria
Weight
AspZ1
AspZ2
AspZ3
AspZ4

DBW (g)
0.2
2.5
2
1
0.5

Sorption experiment
ݍ௫ (mg/g)
0.2
1.36
1.14
1.06
0.42

RE (%)
0.2
76.73
62.39
62.64
21.38

TABLE 6
Decision table for dead biomasses sorption of four Aspergillus sp. isolates, A. fumigatus Z1, A. fumigatus
Z2, A. fumigatus Z3, A. fumigatus Z4.

Alternative

Fungal dead
Criteria
Weight
AspZ1
AspZ2
AspZ3
AspZ4

Sorption experiment
ݍ௫ (mg/g)
RE (%)
ܴଶ
0.1
0.37
0.22
0.32
0.33

0.1
90.84
95.35
92.60
88.71

0.1
0.73
0.92
0.95
0.96

Freundlich isotherm
ܭி

n

ܴଶ

0.1
0.075
0.017
0.072
0.196

0.1
1.73
1.12
1.76
5.26

0.1
0.820
0.951
0.828
0.941
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0.1
0.1
0.1
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TABLE 7
The final results of the TOPSIS implementation for live and dead biomasses of four isolates, A. fumigatus
Z1, A. fumigatus Z2, A. fumigatus Z3, A. fumigatus Z4.

0.899
AspZ4

Fungal dead ranking
0.468
0.341
AspZ1
AspZ3

0.249
AspZ2

1.00
AspZ1

For proposed model, five criteria were
considered for live fungi to be set including;
Colony Growth Number (CGN) in media,
Minimum Inhibitory Concentration (MIC) of metal
tolerance, Dry Biomasses Weight (DBW),
maximum sorption capacity (ݍ௫ ) and Removal
Efficiency (RE) of sorption experiment.
For dead fungi biomasses nine criteria were
set including: (maximum adsorption capacity
(ݍ௫ ), Removal Efficiency (RE) and Coefficient
of Determination (ܴଶ ) of sorption experiment),
(constant
ሺܭி , n) and Coefficient of Determination (ܴଶ ) of
Freundlich isotherm), (Adsorption Rate in first 10
minute (AR), amount of lead sorbed at equilibrium
(qe) and kinetic constant (ܭଶ ) of pseudo second
kinetic experiment).
The results of ranking by live fungi indicate
that A. fumigatus Z1 had the highest rank with 1.00
and A. fumigatus Z4 had the lowest amount with
0.102. Ranking dead fungi biomasses also showed
that A. fumigatus Z4 with 0.899 highest and A.
fumigatus Z2 with 0.249 lowest ranking. Based on
this experiment, through using TOPSIS model live
biomasses of A. fumigatus Z1 and dead biomasses
of fungi A. fumigatus Z4 had the maximum ranking.
Similarly, Al-Garni, A. [36] reported that
removal of cadmium by A. fumigatus in aqueous
solution showed that dry biomass of A. fumigatus
was the most impressive for Cd, sorption and these
indicated that biosorption of Cd by the fungi was
dependent in the fungal species also biosorption
experiment by [5] showed that Rhizopus sp.
accumulated 4.33 mg of Cr and 2.72 mg of Cd per
g of biomass.
The noteworthy finding of this experiment
was that the population of A. fumigatus Z1 which
was dominated in zinc waste sediment samples
showed high growth in metal tolerance against kind
of lead ions is the best candidate for metal uptake,
another it is the potential of fungi for using fungi as
a biomarker for metal exposure in the environment.
Furthermore, study on live fungi showed that A.
fumigatus Z1 is more tolerant against the types of
lead salt. Reaction of live fungi against metals will
be concluded to accumulation by fungi or change
their genome and species, it is one key for detection
of metals which will be used for mines assessment.

Fungal live ranking
0.355
0.3269
AspZ2
AspZ3

0.102
AspZ4
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ULTRASTRUCTURAL ALTERATIONS, DNA DAMAGE AND
ACTIVATION OF REPAIR MECHANISM IN LIVER AND
KIDNEY OF LEUCISCUS CEPHALUS (L.) EXPOSED TO
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of their toxicity, persistence in the aquatic
environment, bioaccumulation and multiplying
effects in the food chain [2]. Fish are important
vehicles for the transfer of pollutants to humans and
may indicate the potential exposure to
environmental contaminants [3].
Liver and kidneys play an important role in the
metabolism and excretion of contaminants.
Histopathological and ultrastructural changes in
renal and hepatic tissues of fish exposed to a wide
range of heavy metals have been reported [4, 5].
Evaluation of DNA damage and activation of repair
mechanisms can be used as a molecular biomarker
for toxicity of aquatic pollutants in fish organs [6,
7, 8, 9, 10].
Leuciscus cephalus is a species that plays an
important role in the trophic structures of rivers and
streams in Europe. In addition, it is widespread in
European countries and has been widely used for
evaluating environmental pollutants [11, 12, 13].
The main objectives of the current study were
(1) to characterize the ultrastructural effects of
pollution on liver and kidney of Leuciscus cephalus
captured upstream and downstream from the source
of heavy metal pollution and (2) to assess the DNA
damage and activation of repair mechanisms in
these tissues.

ABSTRACT
Exposure of fish to urban, agricultural or
industrial pollutants results in several pathological
alterations in different tissues. The present study
was conducted to assess the ultrastructural
alterations in liver and kidney of Leuciscus
cephalus exposed to environmental contaminants
and to correlate it with the level of DNA
degradation and activation of repair mechanism as
assessed by the expression of proliferating cell
nuclear antigen (PCNA)-protein.
The results showed marked differences
between the pre-and post-pollution sites, as well as
significant
variations
within
the
tissues.
Ultrastructural lesions were proportional with
contaminant exposure, i.e. more severe for samples
collected on site 2 which is situated downstream of
the pollution source. Severity of morphological
changes were increased in kidney compared with
liver and consistent with the DNA damage of the
respective tissues. DNA injury activated specific
repair mechanisms, including proliferating cell
nuclear antigen (PCNA) which blocks DNA
damage, along with the severity of the lesions.
KEYWORDS:
Leuciscus cephalus, liver, kidney, ultrastructure, DNA
damage and repair

MATERIAL AND METHODS
SAMPLING SITE

INTRODUCTION

The river Tur is one of the important rivers in
North-Western Romania with a total length of 102
km of which 66 km are on Romanian territory. The
most important pollution source in the Tur
catchment area is mining industry close to the 7XUĠ
± Socea mine. Heavy metal contaminants, as
Cd<Pb<Cu<Fe<Zn [14] are transported to the Tur
E\ LWV WULEXWDU\ 7XUĠ Specimens of Leuciscus

Exposure of fish to urban, agricultural or
industrial pollutants results in several pathological
alterations in different tissues. The most important
environmental pollutants are those that tend to
accumulate in the organism because of their
chemical stability or poor biodegradability [1]. A
major contaminant type are heavy metals because
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Staining System sc-2018) at room temperature for
30 min. Sections were rinsed in PBS and signals
were GHWHFWHGZLWKWKHFKURPRJHQLFVXEVWUDWHƍdiaminobenzidine chromogen (DAB) (rabbit ABC
Staining System Santa-Cruz, San Diego, USA).
Sections were counterstained with Hematoxylin
Gill 2 (Merck) and mounted using BioMount (Bio
Optica, Italy). Negative controls were prepared by
substitution of the primary antibody with nonimmune sera.

cephalus were collected from two sampling sites
along Tur river, located upstream and downstream
of the WULEXWDU\ 7XUĠ VLWH  1 ¶´ (
¶´sLWH1¶´(¶´ .
SAMPLING
To standardize the sampling, 10 individuals of
the same size and weight class (mean size of 20 cm
length and 100 g weight) for each site, were
selected. Liver and kidney from each individual
from both sites were used for electron microscopy,
assessment of DNA fragmentation, PCNA
immunohistochemistry and western-blot analysis.

PROTEIN EXTRACTION AND WESTERN
BLOT ANALYSIS
For identifying the protein expression of
PCNA, 50 mg tissue samples from the kidney and
liver of the chub (Leuciscus cephalus) were
homogenized with cold T-PER Tissue Protein
Extraction Reagent (Thermo Scientific, Rockford,
IL, USA) and protease inhibitor cocktail (Sigma,
Saint Louis, MO), using a Percellys 24 (Bertin
Technologies,
Montigny-le-Bretonneux,
FR)
homogenizer. The homogenate was incubated 30
PLQ DW Û& DQG ZDV FHQWULIXJHG DW  J IRU 
PLQ DW Û& $IWHU FHQWULIXJDWLRQ WKH VXSHUQDWDQW
containing the proteins was retained in a new tube.
Protein concentrations were determined using the
Pierce BCA Protein Assay (Thermo Scientific,
Rockford, IL, USA). The proteins, 50 μg of each
sample, after denaturation with 1:1 Laemmli buffer
(Bio-Rad Laboratories, Hercules, CA), were
separated on pre-cast Mini-Protean TGX gels (Cat.
#456-8123, Bio-Rad Laboratories, Hercules, CA) at
90 V for 80 min in a Mini-Protean Tetra
Electrophoresis system (Bio-Rad Laboratories,
Hercules,
CA).
Following
SDS-PAGE
electrophoresis, the separated proteins were
WUDQVIHUUHG WR  ȝP SRO\YLQ\OLGHQH GLIOXRULGH
(PVDF) membranes (Bio-Rad Laboratories,
Hercules, CA) at 25 V for 5 min in a Trans-Blot
Turbo Transfer System (Bio-Rad Laboratories,
Hercules, CA). The primary antibody used in this
experiment was anti-PCNA (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) at a dilution
of 1:150. Blots were scanned using Bio-Rad
ChemiDoc MP Imaging System (Bio-Rad
Laboratories, Hercules, CA). Protein signals were
densitometrically analyzed using the ImageJ 1.42
software (NIH Bethesda, USA) and were expressed
as a percentage of the total size and density of all
bands (intensities).

ELECTRON MICROSCOPY
For electron microscopic examinations
specimens of liver and kidney were prefixed in
2.7% glutaraldehyde solution in 0.1 M phosphate
buffer, washed in 0.15 M phosphate buffer (pH
7.2), post-fixed in 2% osmic acid solution in 0.15
M phosphate buffer, dehydrated in acetone and
embedded in the epoxy embedding resin Epon 812.
Ultrathin sections were double contrasted with
solutions of uranyl acetate and lead citrate and were
analyzed with TEM Tecnai 12 Biotwin electron
microscope.
DNA FRAGMENTATION ASSAYS
The isolation of genomic DNA of fish liver and
kidney was done by using innuPREP DNA Mini
Kit. About 40 mg of tissue samples were processed
according to the protocol recommended by the
manufacturer. After extraction, DNA samples were
separated by electrophoresis in 0.8% agarose gel
stained with ethidium bromide. DNA fragmentation
was verified with UV transilluminator (Benchtop
3UV Transilluminator, UVP, LLC) and the gel was
photographed and analyzed using a BioDoc-It 220
Imaging System, UVP, LLC).
IMMUNOHISTOCHEMISTRY
Liver and kidney specimens were fixed in 4%
phosphate buffered formaldehyde, embedded in
paraffin and cut into 5 Pm thick sections.
Deparaffinized and rehydrated tissue sections were
incubated for 10 min in 1% H2O2 in PBS to quench
endogenous peroxidases. For immunolocalization
of PCNA protein, antigen retrieval (rabbit ABC
Staining System, Santa-Cruz Biotechnology) was
followed by incubation with anti-PCNA polyclonal
antibody (1:100 diluted) overnight at 4 0C. For
PCNA staining, treatment with the primary
antibody was followed by incubation with HRPconjugated secondary goat anti-rabbit IgG antibody
(1:5000 dilution in 1% BSA in PBS; rabbit ABC

STATISTICAL ANALYSIS
Data were analyzed with a one-way ANOVA
test using Stata 13 software (StataCorp LP, Texas,
USA). A value of p<0.05 was considered to be
statistically significant.
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indicated that environmental contaminants cause
ultrastructural changes in the liver [17].
In the present study we found some of the
hepatocytes of pre-pollution site 1 with altered
ultrastructure, smooth endoplasmic reticulum (sER)
proliferation and dilated endoplasmic rough
reticulum canaliculi (rER). Phagocytic activity in
the parenchyma was observed as well (Figure 1 A1c). The injuries were extended to most of
hepatocytes of fish collected from polluted site 2.
Hepatocytes showed swollen mitochondria with
rarefied matrix and loss of cristae (Figure 1 A2-b),
proliferation of smooth reticulum vesicles and
collagen (Figure 1 A2-c). Large cell lysis areas are
also present in many micrographs (Figure 1 A2-a).
These pathological changes are consistent with
those of the previous reports of [4] and [5] using
fish exposed to heavy metals and cadmium,
respectively.

RESULTS AND DISCUSSION
The responses in Leuciscus cephalus to aquatic
contaminants were quantified at ultrastructural level
in order to assess fine morphological changes in the
organs involved in the metabolism of toxic agents
(liver and kidney), along with DNA single±strand
break analysis (DNA fragmentation) and the
capacity to activate repair mechanism through
PCNA-protein expression.
ULTRASTRUCTURAL EFFECTS
Liver. The liver is an ecotoxicological
indicator and is useful when studying the effects of
the exposure of fish to aquatic contaminants [15].
These findings were confirmed by morphological
changes showing a severity increasing with the
level of the contaminant [16]. A few studies have

FIGURE 1
Liver ultrastructure of Leuciscus cephalus.

numerous smooth reticulum vesicles (*) and many
swollen mitochondria with rarefied matrix and loss
of cristae (M); c: massive proliferation of collagen
(C)

(A1) Liver collected from pre-pollution site
1. a: normal hepatocytes and hepatocytes with
many smooth reticulum vesicles (*) and reduced
parenchymal lysis areas (arrowhead); b: hepatocyte
with dilated rough endoplasmic reticulum cysternae
(RER) and slightly rarefied mitochondrial matrix
(M); c: phagocytic activity in the parenchyma (#)

Kidney. The kidney of the fish receives
significant part of post-branchial blood, and
therefore renal lesions might be expected to be
good indicators of aquatic pollution. Exposure of
fish to toxic agents induced histopathological and
ultrastructural alterations in several components of
the kidney [5, 18].

(A2) Liver collected from post-pollution site
2. a: generalized proliferation of smooth
endoplasmic reticulum (*) in hepatocytes and
altered mitochondria (M); b: hepatocyte with
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proximal tubular epithelial cells was observed
(Figure 2 A2-a). Large cell lysis areas were shown
in both renal tubuli and glomeruli, condensed
mesangial cells, as well as collagen deposition
(Figure 2 A2-c).

Ultrastructural investigation of the kidneys
showed morphological alterations which affected
both renal tubuli and glomeruli, injuries which were
more pronounced in samples collected downstream
of the pollution source (Figure 2). Rarefied
cytoplasm and loss of brush border integrity in the

FIGURE 2
Kidney ultrastructure of Leuciscus cephalus.

reported to cause DNA strand breaks by direct
interactions with DNA to form DNA adducts or by
indirect Fenton reaction which generates ROS and
subsequent oxidation of DNA [18].
In our study severity of DNA fragmentation
follows the sequence: kidney>liver (Figure 3 C).
DNA fragmentation was observed both in kidney
samples from site 1 and 2 whereas DNA
fragmentation in liver was lower in samples
collected from both site 1 and site 2 (Figure 3A).
In cells exposed to toxic contaminants cell
cycle arrest occurs at G1/S and G2/M when DNA
repair may take place [19, 20]. In the case of
aquatic organisms, DNA damage, the main
consequence of heavy metal-induced oxidative
stress may activate DNA repair mechanisms
including PCNA, which has an important cellular
role for maintaining genomic stability. PCNA
might serve as a mediator between cell cycle
control and DNA repair [21].
In order, to assess the consequences of the
toxic effects of heavy metals on DNA damage and
consequent activation of DNA reparatory
mechanism, we analyzed the expression of PCNA
in liver and renal tissues of Leuciscus cephalus

(A1) Kidney collected from the pre-pollution
site 1. a: proximal convoluted tubular cells with
cell lysis areas (arrowhead) and destruction of
apical brush border integrity (BB); b: renal
glomerulus with local cell lysis areas (arrowhead)
and normal architecture of mesangial cells; c:
proliferation of lysosomes (Ly)
(A2) Kidney collected from the postpollution site 2. a: many altered proximal
convoluted tubular cells with large cell lysis areas
(arrowhead) and loss of apical brush border (BB);
b: renal glomerulus with large cell lysis areas
(arrowhead) and condensed mesangial cells; c:
massive proliferation of collagen (C)
DNA damage and repair. DNA damage can
induced by exogenous sources like environmental
contaminants [1, 19]. Heavy metals are major
oxidative stress inducers in aquatic species, which
lead to the formation of reactive oxygen species and
cause DNA strand breaks [20]. Many studies have
shown significant correlations between metalinduced ROS and changes in the integrity of DNA
in different fish species [17]. Metals have been
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kidneys, less immunoreactivity was observed in
hepatic tissues, but the difference between the
samples originating from site 2 and site 1 were
statistically significant (p<0.01) (Figure 4 B).

collected from both sites, which had a similar
pattern of DNA damage. In the kidney PCNApositive cells were localized especially in
hematopoietic renal tissue and random in renal
epithelial cells (Figure 3A). Compared to the

FIGURE 4
DNA damage and activation of repair mechanism in liver and kidney of Leuciscus cephalus.

Immunopositivity for PCNA in kidney and
liver correlated with the severity of DNA damage,
which suggests that the levels of specific repair
pathways were proportional with the level of the
alterations. The results are consistent with other
studies where PCNA blocked DNA damage
induced by exposure to metals or other
contaminants [20].

(A) Immunohistochemical staining pattern
for PCNA:, kidney of site 1 (K1) and site
2 (K2); liver of site 1 (L1) and site 2 (L2).
Scale bars: ȝP
(B) PCNA western blot analysis of kidney
(K) and liver (L) from site 1 and 2; **p
< 0.01 significant as compared with
kidney of site 1; ##p < 0.01 significant as
compared with liver of site 1.

CONCLUSIONS
(C) DNA fragmentation of liver (L) and
kidney (K) from site 1 and 2; Lane 1DNA isolated from liver of Site 1; Lane 2:
DNA isolated from liver of Site 2; Lane 3:
DNA from kidney of Site 1; Lane 4: DNA
from kidney of Site 2.

The present study provides valuable
information on the harmful effects of aquatic
contaminants in different tissues, as follows: (1)
ultrastructural lesions are proportional with heavy
metal exposure, i.e. more severe for samples of site
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IMPACT OF TEMPERATURE ON THE DISSIPATION
PROCESS OF SUPERSATURATED TOTAL DISSOLVED GAS
IN FLOWING WATER
Yangming Ou1, Ran Li1, Ben R. Hodges2, Jingjie Feng1, Xunchi Pu1
1. State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University, Chengdu 610065, P.R. China.
2. Center for Research in Water Resources, University of Texas at Austin, 10100, USA.

disease (GBD), or even the mortality of fish [2, 3].
Many studies have shown that water temperature
affects the solubility of gas in water, which may
cause the generation of supersaturated TDG [4].
Marcello et al. [5] reported that the hightemperature flows discharged by hydropower
stations and nuclear power stations leads to TDG
saturation level over 120% in the downstream river.
Mathias and Barica [6] found that at the surface of
frozen rivers, water molecules precipitate in the
form of ice crystals, which causes the transfer of
dissolved gas to the subsurface layer, resulting in
TDG supersaturation. In addition, Krise et al. [7]
and Mesa et al. [8] used the principle of gas
solubility to create supersaturated TDG water by
changing the water temperature. Tanner et al. [9]
reported that water temperature contributes to
increased TDG levels in the John Day Dam.
According to recent studies, the dissipation
process of TDG supersaturation is affected by many
environmental factors, such as hydrodynamic
characteristics, turbulence intensity, sediment
concentration, water temperature, and so on [10, 11,
12]. Jiang et al. [13] carried out a series of field
observations in the Minjiang River downstream of
the Zipingpu Dam and showed that water
temperature significantly affects TDG dissipation
processes. Liu [14] preliminary conducted an
experimental study on the dissipation of the
supersaturated TDG in a straight flume under
different temperatures. The flow rates were from
0.419 L/sec to 0.466 L/sec and the water
temperature were from 15.4Ԩ to 28.1Ԩ which
limits its universal application regarding the
complex flowing water and wider change of
temperature variation. Shen et al. [12] conducted
experiments in a water container to investigate the
effect of temperature on the dissipation process.
They reported the following relationship:
K K 20 u T (T  20)
(1)
where T (Ԩ) represents the temperature of the test
water, K (hr-1) represents the dissipation coefficient
at temperature T, K20 (hr-1) is the dissipation
coefficient at 20Ԩ, and T denotes the temperature
parameter based on the experimental results.
According to Shen's study, T was 1.060.

ABSTRACT
Estimation of the mass transfer rate at the air
and water interface is critical for the accurate
prediction of mass transfer in many fields.
Supersaturation of the total dissolved gas (TDG)
may occur during spillway discharging, causing a
sudden increase in water temperature and extra
photosynthesis of aquatic plants. The dissipation
process of supersaturated TDG is a typical type of
mass transfer, which governs the impact of TDG on
fish. Previous studies have shown that temperature
has a substantial impact on the mass transfer rate.
No investigation has been found about the impact
of temperature on TDG dissipation in natural
flowing water. In the paper, a series of experiments
were carried out in both a straight flume and a
converted flume with many crossed baffles located
inside the straight flume. Experimental results
showed that the dissipation coefficient increases as
the water temperature rises under each flow rate
condition. The relationship in flowing water
between the dissipation coefficient and temperature
was described in preliminary study, and the
temperature coefficient (T) was found to be 1.052.
In addition, the arrangement of the baffle structures
inside the converted flume resulted in backflow,
which accelerated the supersaturated TDG release
process.

KEYWORDS: Total dissolved gas; Supersaturation;
Water temperature; Dissipation coefficient; Flume

INTRODUCTION

Supersaturation of the total dissolved gas
(TDG) may occur during spillway discharging,
causing a sudden increase in water temperature and
extra photosynthesis of aquatic plants. Recently,
here has been increased attention of environmental
problems caused by high dam hydropower projects
in China, among which one of the major negative
effects is the total dissolved gas supersaturation 
[1]. TDG supersaturation can remain in water for
extended periods of time, leading to gas bubble
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FIGURE 1
Sketch of the experimental facility of supersaturated TDG in the straight flume.

developing a relationship between the dissipation
coefficient of TDG and water temperature that
applicable to flowing water.

Studies about temperature effect on mass
transfer were primarily focused on the
transformation process from a non-saturated state to
a saturated equilibrium state, aiming at the
reaeration process of dissolved oxygen (DO).
Bennett and Rathbun [15] indicated that the
relationship between the reaeration coefficient and
temperature follows an exponential function, as
shown in equation (1). The American Society of
Civil Engineers [16] described the relationship
between the volumetric mass transfer coefficient of
dissolved oxygen and temperature.
Ma et al. [17] found that there is no fixed
relationship between TDG and DO concentrations
in different water bodies, and using DO
concentration to predict TDG supersaturation will
result in large errors. Previous studies confirm that
it is necessary and urgent to develop the
relationship between the dissipation coefficient of
TDG and water temperature that can be applied to
flowing water with complex flow regimes. In this
study, we carried out a series of experiments both in
a straight flume and a converted flume with many
crossed baffles located inside the straight flume,

EXPERIMENTS AND RESULTS
Experimental device and measurements.
Experiments were carried out in a straight flume
and a converted flume separately. The straight
plexiglass flume was 18 m long and 0.4 m wide,
and the slope was Å DV VKRZQ LQ Fig. 1. The
supersaturated TDG water with different
temperatures was supplied by a supersaturated TDG
generation system developed by Sichuan University
[18].
To study the supersaturated TDG dissipation
process under complex flow conditions, we
converted the straight flume (Fig. 2), setting baffles
inside the flume at intervals of 50 cm and one 5 cmhigh overflow weir at the end of the flume to
increase the water depth and the residence time.




FIGURE 2
Sketch of the converted flume.
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The TDG saturation monitoring sections were
located upstream and downstream of the flume. The
TDG saturation level was measured using a total
dissolved gas pressure (TGP) detector by Point
Four Systems, Inc. (Canada). The measuring range
of the TGP was 0~200% of saturation with a 1%
accuracy. Three water temperature sensors were set
along the flume to monitor the water temperature
changes during the experiment. The water
temperature was measured using an L93-22-type
temperature recorder by Hangzhou Loger
Technology Co., Ltd. with a measuring accuracy of
± 0.2Ԩ. The flow rates of the straight flume and the
converted flume were measured using the volume
weighting method. The water depth of the straight
flume experiments was measured using a steel ruler.
Four flow rate (Q) conditions ranging from 0.1
L/sec to 0.3 L/sec for the straight flume and 0.1
L/sec to 0.5 L/sec for the converted flume were
studied. For each flow rate (Q) condition, six
temperature cases were set at approximately 8Ԩ,
12Ԩ, 16Ԩ, 20Ԩ, 24Ԩ and 28Ԩ, respectively.

monitoring points changed by less than 0.6Ԩ. Thus,
the averaged water temperatures of the two
monitoring points were regarded as the tested water
temperature for each case. The variation in the
measured TDG saturation between the upstream
and downstream of the flume at different water
temperature conditions are shown in Table1. The
experimental results showed that the TDG
decrements between the two monitoring points
increased as the water temperature was increased in
each flow rate condition.
According to the studies of the U.S. Army
Corps of Engineers [19] and Feng et al. [20], the
dissipation process of supersaturated TDG follows
first-order kinetics, which is described as:
G  Geq (G0  Geq )e  KT t
(2)
where t represents the dissipation time (residence
time) in hr, G represents the TDG saturation % at
the computing time, G0 represents the initial
saturation % of the TDG, Geq represents the
equilibrium saturation % of TDG, and KT represents
the dissipation coefficient for the specified water
temperature T in hr-1.

Experimental results and analysis of the
straight flume. According to the measured water
temperature during the entire test, the temperature
difference between the inflow and outflow

TABLE 1
Supersaturated TDG results of dissipation experiments in straight flume.
Case
Number

Discharge
Q (L/sec)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

0.103
0.100
0.100
0.103
0.113
0.100
0.141
0.154
0.148
0.151
0.152
0.166
0.217
0.211
0.240
0.199
0.202
0.217
0.348
0.322
0.333
0.311
0.311
0.322

Residence
time, t
(sec)
371
379
376
371
358
376
328
318
323
320
319
309
279
281
269
287
286
278
232
240
237
243
242
240

Water
Temperature
(Ԩ)
8.1
12.3
16.1
20.3
24.3
28.3
8.1
12.4
16.2
20.6
24.3
28.4
8.8
12.3
16.2
20.6
24.3
28.3
8.2
13.0
16.3
20.3
24.4
28.5
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Inflow
TDG
(%)
137.5
138.4
139.7
141.9
142.3
142.6
138.7
140.0
141.6
143.2
143.3
143.0
138.7
140.0
141.6
143.2
144.3
145.5
138.7
140.0
141.6
143.3
145.3
145.5

Outflow
TDG
(%)
132.5
131.8
131.4
131.6
131.1
128.9
134.6
134.7
134.9
134.8
133.7
132.1
135.4
135.8
136.5
135.7
135.5
135.6
136.1
136.4
137.3
137.6
138.4
137.1

TDG
Decrements
(%)
5.0
6.6
8.3
10.3
11.2
13.7
4.1
5.3
6.7
8.4
9.6
10.9
3.3
4.2
5.1
7.5
8.8
9.9
2.6
3.6
4.3
5.7
6.9
8.4

Dissipation
coefficient
KTs (hr-1)
1.33
1.79
2.25
2.74
3.09
3.71
1.23
1.61
1.96
2.43
2.83
3.41
1.15
1.42
1.75
2.18
2.72
3.17
1.08
1.39
1.66
2.09
2.45
3.06
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FIGURE 3
Relationship between the dissipation coefficients of the supersaturated TDG and water temperature in the
straight flume (a) discharge Q=0.100~0.103 L/sec (b) discharge Q=0.141~0.166 L/sec
(c) discharge Q=0.199~0.240 L/sec (d) discharge Q=0.311~0.348 L/sec.

In flowing water, the residence time of
supersaturated TDG is a critical factor in
determining the dissipation rate of the
supersaturated TDG. Because the flow pattern in a
straight flume is uniform and stable, the residence
time of TDG can be calculated based on the
average of hydraulic parameters according to the
following formula:
L
(3)
t
V
where t represents the residence time of the TDG in
sec, L is the length of the flume in m, and V
represents the mean flow velocity in m/s.
According to Equation (3), the residence
times of different water temperatures at each flow
rate were calculated. Based on the first-order
kinetics (Equation (2)), the dissipation coefficients
of the supersaturated TDG in the straight flume (KTs)
were obtained, as listed in Table 1. The calculated
results showed the KTs increased with the increasing
water temperatures for each flow rate (Q) condition.
According to the form of Equation (1), the
relationships between the dissipation coefficient of
the supersaturated TDG and the water temperature
for each flow rate group were obtained, as shown in
Fig. 3. Based on Figure 3, the dissipation
coefficients at 20Ԩ of the straight flume (K20s) for
each flow rate group were obtained. The K20s
decreased from 2.57 hr-1 to 2.02 hr-1 when the
discharge Q increased from 0.100~0.103 L/sec to
0.311~0.348 L/sec, the water parameter (Ts)
exhibited only a small change, whose variance
between the maximum value (Ts=1.047 at a
discharge Q=0.100~0.103 L/sec) and the minimum
value (Ts=1.053 at a discharge Q=0.199~0.240
L/sec) was 0.57%. For the straight tests, the
dissipation rate of the supersaturated TDG
decreased with increasing discharge Q. Li et al. [21]
established a linear regression log-log relationship
between the dissipation coefficients of the
supersaturated TDG and the river flow rate based

on the field observations of natural rivers and
reservoirs, which was described as:
K D QE
(4)

-1

K20 (hr )

2.6

K20=1.523Q

-0.223

2

R =0.9656

2.4
2.2
2.0
1.8
0.1

0.2
0.3
Discharge Q (L/sec)

0.4



FIGURE 4
K20 versus discharge Q (average value of each
flow rate condition) for the straight flume.

where Q is the discharge flow rate in L/sec, K is the
dissipation coefficient of the supersaturated TDG in
hr-1, D is the comprehensive parameter and has
units of LE sec-E hr-1, and E is a unitless flow rate
parameter. According to Equation (4), the
comprehensive parameter ( D) and the flow rate
parameter (E) were obtained using the present
experimental data of the dissipation coefficients at
20Ԩ from Fig. 3. The average Q of each flow rate
conditions according to (D, E) parameter sets of
(1.523, -0.223) for the straight flume, is illustrated
in Fig. 4.
Experimental results and analysis for the
converted flume. Due to the baffles in the
converted flume, the flow pattern became more
complicated compared with the straight flume. In
particular, many intense turbulence swirl flows
appeared at the corner of the baffles, and the
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residence time of supersaturated TDG could not be
simply calculated and obtained based on the
average of the hydraulics parameters.
To achieve the best visual effect of the
residence status of the supersaturated TDG in the
converted flume, the buoy method using a foam
ball as a marker was used to obtain the residence
time in the converted flume. For each discharge Q
condition, the residence time was obtained
according to the mean of 5 repeated tests, and the
results are shown in Fig. 5.
600
Discharge Q=0.46~0.51L/sec
Discharge Q=1.58~1.63L/sec

Discharge Q=1.10~1.14L/sec
Discharge Q=2.13~2.19L/sec

Residence time (sec)

500
400
300
200
100
0
8

12

16

20

24

28



Water temperature (Ԩ )

Comparing the residence times of the straight
flume and the converted flume under the various
discharge Q conditions, the residence time of the
TDG in the converted flume was much longer due
to the existence of circular flows. Such as, the
average residence time in the converted flume
(discharge Q=0.104~0.119 L/sec and 0.304~0.314
L/sec) were 24% and 35% longer than that of the
straight fume (discharge Q=0.100~0.103 L/sec and
0.311~0.348 L/sec). The increased residence time
also responded to the TDG decrements between the
monitoring points under the lower flow rate
conditions.
Based on Equation (2), the dissipation
coefficients of the supersaturated TDG in converted
flume (KTc) were obtained, as listed in Table 2. For
each flow rate condition, KTc also increased with
increasing water temperature, as in the straight
flume.
According to the same analysis procedure
used for the straight flume, the relationship between
KTc and water temperature in the converted flume
was adopted for each flow rate group, as shown in
Fig. 6. Based on Fig. 6, the dissipation coefficients
at 20Ԩ of the converted flume (K20c) for each
discharge Q (group) were obtained.

FIGURE 5
Measured results of the residence time of
different water temperatures at each discharge
Q (group) in the converted flume.
TABLE 2
Supersaturated TDG results of the dissipation experiments in the converted flume.
Case
Number

Discharge
Q (L/sec)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

0.112
0.109
0.108
0.104
0.107
0.111
0.204
0.209
0.206
0.202
0.207
0.210
0.304
0.309
0.311
0.312
0.307
0.314
0.446
0.438
0.442
0.448
0.437
0.444

Water
temperature
(Ԩ)
8.3
12.0
16.8
20.1
23.6
28.6
8.3
12.1
17.3
20.2
24.1
28.1
8.1
11.9
16.8
19.9
24.0
29.0
8.3
12.0
16.3
20.1
24.1
28.1

Inflow TDG
(%)

Outflow
TDG (%)

136.2
136.7
137.5
138.7
138.4
139.4
138.4
138.5
139.4
139.5
141.1
140.9
138.7
139.0
137.5
138.5
140.1
140.9
138.2
138.0
138.5
139.5
140.2
140.9

130.1
127.7
127.3
126.8
124.5
123.2
133.7
132.3
131.1
130.3
130.1
128.9
135.2
133.8
131.2
131.1
131.4
130.7
136.3
135.1
134.8
134.1
134.0
133.3

1931

TDG
decrements
(%)
6.1
9.0
10.2
12.1
13.9
16.2
4.7
6.2
8.3
9.2
10.0
12.0
3.5
5.2
6.3
7.4
8.7
10.2
1.9
2.9
3.7
5.4
6.2
7.6

Dissipation
coefficient
KTc (hr-1)
1.39
2.11
2.53
3.03
3.66
4.35
1.27
1.72
2.37
2.66
3.14
3.48
1.03
1.36
2.09
2.39
2.71
3.19
0.73
1.17
1.61
2.07
2.38
2.86
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FIGURE 6
Relationship between the dissipation coefficients of the supersaturated TDG and water temperature in the
converted flume (a) discharge Q=0.104~0.112 L/sec (b) discharge Q=0.202~0.210 L/sec (c) discharge
Q=0.304~0.314 L/sec (d) discharge Q=0.437~0.448 L/sec.
The K20c decreased from 2.94 hr-1 to 1.87 hr-1
when the discharge Q was increased from
0.104~0.112 L/sec to 0.437~0.448 L/sec, and the
water parameters (Tc) ranged from 1.047 (discharge
Q=0.202~0.210 L/sec) to 1.058 (discharge
Q=0.437~0.448 L/sec). Under the closely discharge
Q conditions, the dissipation process of the
supersaturated TDG in the converted flume was
faster than that of the straight flume, for which the
K20c values (discharge Q=0.104~0.112 L/sec and
0.304~0.314 L/sec) were 15% and 10% larger than
the K20s values (discharge Q=0.100~0.103 L/sec
and 0.311~0.348 L/sec). The results showed that
the relationship between K20 and discharge Q in the
converted flume have the same changing tendency
as the straight flume results, which the ( D,E)
parameter set as (1.508, -0.307) and was illustrated
in Fig. 7. Compared with the straight flume
experimental results,
the value of flow rate
parameter (E) in the converted flume was 38%
larger. Through the primary analyzing, the
parameter (E) was associated with a variety of
factors, such as average depth, velocity field and

mass transfer coefficient of gas-liquid interface, to
establish the more accurately quantitative
relationship should be explored in the future.

3.2
K20=1.508Q-0.307

K20 (hr-1)

2.8

R2=0.9721

2.4

2.0

1.6
0.1

0.2

0.3

0.4

0.5

Discharge Q (L/sec)





FIGURE 7
K20 versus discharge Q (average value of each
flow rate condition) for the converted flume.

TABLE 3
Supersaturated TDG results of the dissipation experiments in the flume reported by Liu (2013).
Case
Number

Water
Temperature (ć)

Discharge
Q (L/sec)

Residence
time, t (sec)

TDG
Decrements
(%)

Dissipation
coefficient,
KT (hr-1)

KT/K20

1

15.4

0.452

381

8.4

2.67

0.72

2

15.8

0.440

395

9.1

2.92

0.79

3
4

20.4
20.3

0.419
0.437

447
407

12.6
12.5

3.54
3.67

0.96
0.99

5

23.1

0.466

373

14.3

4.93

1.33

6

24.1

0.442

393

14.9

5.00

1.35

7

26.8

0.439

396

17.2

5.34

1.44

8

27.9

0.462

373

17.3

5.69

1.54
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performed by Shen (2014), the temperature
parameter (T=1.052) of flowing water is 0.76%
lower than in static container water. Further
analysis showed that this difference is primarily due
WR WKH H[SHULPHQWDO FRQGLWLRQV ,Q 6KHQ¶V
experiment, the relative error is larger due to the
smaller volume of the water container. The
disturbance in the TDG dissipation caused by probe
stirring during the measurement is larger in the
small container than for the flowing water. The
dissipation time in the static water column is
relatively longer, and the variation in the water
temperature during the experiment is larger than for
the flowing water. The flow field in the flowing
flume is a better approximate of natural rivers, and
therefore, the results of this study are more
applicable to natural rivers.

RELATIONSHIP
BETWEEN
THE
DISSIPATION COEFFICIENT AND WATER
TEMPERATURE
In order to promote the universal application
of the paper, the previous results of Liu (2013) were
included in the analyses, as listed in Table 3. Using
dimensional analysis, a universal relationship
between
the
non-dimensional
dissipation
coefficients and water temperature were obtained
(Fig. 8). Based on a curve fitting analysis, the value
of the parameter T in Equation (1) was identified
as 1.052. Hence, the relationship between the
dissipation coefficient and temperature can be
written as follows:
(5)
KT K 20 u 1.052(T  20)
Compared with the temperature parameter
(T=1.060) in the static container experiment

1.8
(T-20)

K/K20=1.052

1.6

2

R =0.9684

K/K20

1.4
1.2
1.0
0.8

Liu's flume
Staight flume
Converted flume
Fit curve

0.6
0.4
0.2
-12

-8

-4
0
T-20 ( )
Ԩ
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8

12



FIGURE 8
The relationship between K/K20 and water temperature.



supersaturated TDG, the effects of wind and other
factors should be explored in the future.

CONCLUSIONS
This paper provides insight into the impact of
temperature on the supersaturated TDG dissipation
process in flowing water. The quantitative
relationship between the supersaturated TDG
dissipation coefficients and water temperature was
developed , which the temperature parameter (T)
was confirmed to be 1.052 for flowing water.
The relationship between the supersaturated
TDG dissipation coefficients and water temperature
was developed in the laboratory. Further field
observations should be performed for improved
applications concerning natural rivers.
In natural rivers, other factors in addition to
water temperature, such as wind, sediment and so
on, may affect the dissipation process of TDG. To
more accurately predict the dissipation process of
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should utilize organic compounds [3, 4], adsorbents
for humic substances [5], and water-treatment
effluent [6, 7]. Currently, there is a
need to control filtration, or the evaporation
process, because liquid sewage sludge may leach
into top-soil. Also, investigation of land
reclamation describes top-layers as 0 to 25 cm of
soil and suitable microorganisms condition for land
cover [8]. The Best Practicable Environmental
Option (BPEO) approach is used to identify the
optimum dose of sewage sludge for land
reclamation. Thus, sewage sludge may be sources
of organic matter and nutrients [9]. Concentrations
of trace elements in sewage sludge should be
monitored, and establish a new standard limits
proposed in agriculture [10].
7KLVVWXG\¶VREMHFWLYHZDVWRWHVWWKHVWUXFWXUH
of sewage sludge pollution and its chemical
concentrations, to determine the most appropriate
sediment for land reclamation that should be
returned to the soil, and conclude which kind of
anaerobically-treated waste water may be regarded
as a significant component of soils reuse. For these
reasons the research aimed:
1) to provide a comprehensive investigation of
sewage sludge for soil reclamation;
2) to show whether it is possible to find
affordable nutrients source for agricultural use?

ABSTRACT
Sewage sludge may be characterized by a
varied range of human household waste collected
from municipal districts. These deposits are mainly
produced in the biological treatment processes. The
primary sediment from sewage sludge contains
organic matter and nutrients, therefore reclaimed
lands as well as agricultural soil amended with
anaerobically-treated sewage sludge is widely
accepted. This study found no accompanying risk
of heavy metal toxicity, however, such a
consideration should be examined with a suitable
approach. Multivariate analysis was used to classify
relationships between hydrated and dehydrated
sewage sludge, so as to find a practical solution for
soil reclamation. Furthermore, the findings of
qualitative
factor
analysis,
showed
that
understanding local variability may modify
composition of dehydrated sewage sludge, and
suggest how to provide utilization of municipal
solid waste. Consequently, the related method
needs to be assessed to avoid negative impact on
soil degradation, in order to rank options for policy
makers, or legislative officials to abide by
environmental law regulations.

KEYWORDS:
agriculture use, heavy metals, nutrients, land reclamation,
waste water treatment plant

MATERIALS AND METHODS
Samples of hydrated and dehydrated sewage sludge
were collected in different sites from 9 municipal
waste water treatment plants (WWTPs) located in
the southeUQ SDUW RI 3RODQG LQ 0DáRSROVNLH
Province (Figure 1). Hydrated and dehydrated
sewage sludge samples in six replicates were taken
once in June 2011. Samples were taken with
optimal dosage of 1 dm3 and mixed. The sewage
sludge samples were homogenized and stored prior
to analyses. The dry matter content was determined
by gravimetric method. The pH value was
measured by potentiometric method. The content of
total nitrogen (Ntot.) was analyzed according to the

INTRODUCTION
Sewage sludge has drawn particular attention
to the wide range of deposits, and organic
contaminants for agriculture use. Technological
processing of sewage sludge, and the management
system used in waste water treatment plants require
optimization by reducing treatment costs of
returning it to the soil [1, 2]. In fact, technological
processes of waste water treatment plants derived
from human waste, based on the biological system
activated by selected microbiological organisms
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between groups, among groups, and within groups.
Otherwise, the average measurement was evaluated
across rates for the model, most commonly used by
ICC to estimate environmental variables.
Statistical differences were considered
significant at Į  All environmental data were
transformed and log-normalized. The purpose of
Factor Analysis (FA) was to give a graphical
indication of the similarity of the original matrices,
and to find a set of metric coordinates for the
samples, which most closely approximated their
related distances. All outliers were rejected from
auxiliary examination. Statistical investigation was
verified with PaSt (Paleontological Statistics,
version 3.0).

Kjeldahl method using Kjeltec II Auto Plus
apparatus. Mercury (Hg) was obtained by atomic
spectrometry technique with AMA 254. The
content of nutrients (P, K, Mg, Ca and Na) as well
as heavy metals (Cr, Ni, Cu, Cd, Pb, and Zn) were
determined after ashing in a muffle furnace at
450°C for 12 h and mineralization in a mixture of
concentrated HNO3 and HClO4 acids in a 1:1 ratio,
with atomic emission spectrometer ICP-OES Perkin
Elmer Optima 7300 DV, and the use of a multielement ICP-IV Merck standard solution. The
quality of determination was verified using
certificated reference material. The content of
analyzed elements was expressed in dry matter
(d.m.).
The
study
focused
particularly
on
multidimensional (multivariate) statistics, and
ordination sample analysis with the greatest
possible discrimination along axes to allow
practical interpretation.

RESULTS AND DISCUSSION
Currently, the balance of biogenic elements,
such as chemical composition of sediments, or
stabilized final disposal, is important for the
agricultural system. Sewage sludge was highly
abundant in the components of relevant fertilizer
for soils, so it is difficult to draw final conclusions
from the results. In this case, examples of a
biological (biotechnological) treatment sludge are
missing, or some of studies are incomplete. Impact
of sewage sludge entails accurate strategies for the
treatment, and disposal of sewage for all sub-urban
areas.
Nutrients remediation refers both to
enrichment of soil compost by organic matter, and
to avoidance of negative impact on soil following
sewage sludge use in agriculture [11, 12]. In
addition, land application of sewage sludge is a part
of
agricultural
investigations
related
to
environmental injustices and suitability [13, 14],
sediment interaction [15], and agriculture-based
activated carbons for the removal of dyes from
aqueous solutions [16]. Furthermore, reused
nutrients for agricultural land are effective and
significant for sustainable soil reclamation [17]. In
our study dehydrated sewage sludge was
characterized by an average five times higher
content of dry matter than hydrated sludge. The
average content of analysed nutrients, based on this
dry weight, was similar in hydrated and dehydrated
sewage sludge. However, this result is not
appropriate for Ntot and Na (Table 1).
Multivariate analysis was used to provide
detailed information about application of sewage
sludge, including temporal environmental impacts
(urban wastes disposed in rural and semi-rural
communities) that may be difficult to ascertain in
future research.

FIGURE 1
Location of research area.

Thus, the highlight of this study was to
determine ecological utility of sewage sludge, and
accept its possibility for agricultural use. Samples
were treated as environmental variables and placed
into ordination analysis. Hybrid Redundancy
Analysis (hRDA) was performed using Canoco for
Windows (version 4.5) to show the contribution of
each variable of nutrient concentration to average
resemblances between sample groups. Similarity
between samples was compared by calculating an
appropriate function using the starting coordinates.
To compare sample groups and report statistically
significant differences between hydrated and
dehydrated samples, two-way ANOVA was carried
out, modified by Interclass Correlation Coefficient
(ICC). Overall, variations were divided into levels:
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TABLE 1
Dry matter, nutrients content and pH in sewage sludge.

Dry matter
%

Ntot

6NDáD
6áRPQLNL
Proszowice
1LHSRáRPLFH
Dobczyce
0\ĞOHQLFH
Skawina
Kraków-3áDV]yZ
Bobowa

6.6
3.5
4.6
2.9
3.8
11.4
9.8
8.1
2.6

41.0
29.0
51.0
63.0
82.0
37.0
58.0
44.0
64.0

6NDáD
6áRPQLNL
Proszowice
1LHSRáRPLFH
Dobczyce
0\ĞOHQLFH
Skawina
Kraków-3áDV]yZ
Bobowa

24.8
18.2
36.4
11.2
15.9
22.0
15.7
19.3
87.2

17.0
40.0
16.0
66.0
53.0
37.0
54.0
36.0
2.0

Sampling sites

P

K

Mg

Ca

Na
pH

JÂNJ-1 d.m.
Hydrated
14.6
22.6
11.7
22.5
18.4
13.3
22.3
26.0
17.8

5.7
6.5
5.8
8.7
10.8
2.0
7.8
5.0
12.0

4.4
8.1
7.2
5.9
5.2
6.2
5.7
8.5
9.4

27.0
43.0
52.0
24.0
21.0
38.0
24.0
35.0
76.0

1.7
5.7
3.1
7.9
4.1
1.0
2.5
1.6
2.0

7.4
7.5
8.4
7.5
7.7
7.8
7.9
8.0
8.5

8.0
4.7
2.6
8.1
3.4
2.2
2.3
3.2
5.0

5.5
7.4
5.7
5.4
3.9
4.9
5.8
8.3
2.1

58.0
45.0
46.0
24.0
17.0
28.0
35.0
35.0
23.0

1.3
2.3
0.8
3.0
1.0
0.8
1.6
0.9
0.2

7.4
6.8
7.2
7.9
8.1
8.5
8.3
6.7
7.9

Dehydrated
9.3
22.1
10.7
21.2
19.5
18.7
17.9
27.7
6.0

FIGURE 3
Hybrid Redundancy Analysis (hRDA) graph
contributing the ordination of the variables. The
main gradient compact group of samples refers
to nutrients and pH, and indicate equally
positive relationship to each other. Open squares
designate hydrated and filled squares
dehydrated sewage sludge. Percentage variance
of environmental variables data explained: first
axis 45.5 %, second axis 52.4 %.

FIGURE 2
Factor Analysis (FA) shows the plot of the final
positions of samples for dehydrated sewage
sludge, and variables in the group representing
each site. Relative abundance of attempts to
place the most similar objects. Samples belong to
a particular group of the two clusters that are
most similar were linked.
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to show variability of nutrient and heavy metals
concentration.
0DáRSROVNLH
3URYLQFH
LV
characterized by enormous spatial heterogeneity of
soil. Obviously, this is related to the parent rocks,
soil texture and vegetation. The objective of the
case study was partly confirmed. Statistical analysis
indicated that dehydrated sewage sludge may have
been partly used for land reclamation. Particularly,
eigenvectors of Mg, K, Na, N, P and pH
corresponded positively with dehydrated sewage
sludge. Ca tended to distinguish among all variables
(Figure 3).

The variables for each sample were intended
to explain the general nutrient interrelationship in
sewage sludge prior to analysis. Therefore, the
sewage sludge consisted of a series of nutrients (PK and Ca-Mg), labelled on the output data as
corresponding positively with each other. The study
results were categorized according to ordination
identified by Factor Analysis (FA). However, even
relative variations revealed that nutrients (P-K and
Mg-Ca) showed positive relationships (Figure 2).
Part RI WKH VWXG\¶V VFRSH was to present the
quality of municipal sewage sludge on a small scale

TABLE 2
Heavy metals content in sewage sludge.
Cr

Ni

Cu

Sampling sites

Cd

Pb

Zn

Hg

22.7
37.7
31.8
21.9
18.9
34.6
29.0
58.6
28.3

955.1
1273.1
912.3
526.2
568.1
1758.2
720.9
2133.1
645.2

0.03
0.02
0.05
0.02
0.08
0.02
0.05
0.12
0.02

35.1
36.4
29.8
23.6
20.1
42.1
58.9
67.7
21.4

1073.3
1223.4
828.5
548.6
611.8
1842.2
1510.1
2450.7
491.6

0.16
0.09
0.75
0.05
0.05
0.20
0.14
0.28
0.19

PJÂNJ-1 d.m.
Hydrated

6NDáD
6áRPQLNL
Proszowice
1LHSRáRPLFH
Dobczyce
0\ĞOHQLFH
Skawina
Kraków-3áDV]yZ
Bobowa

20.8
38.8
45.3
43.1
76.3
98.3
36.2
212.6
68.5

9.9
22.2
20.4
27.2
22.8
17.3
42.1
55.7
25.6

91.5
102.5
95.5
114.0
92.5
198.6
163.7
305.0
157.7

2.8
2.9
2.5
2.4
1.7
1.9
1.2
3.8
2.1
Dehydrated

6NDáD
25.7
9.2
103.3
3.5
6áRPQLNL
42.5
22.2
93.3
3.1
Proszowice
42.3
16.6
80.1
2.1
1LHSRáRPLFH
40.6
26.6
119.3
2.7
Dobczyce
70.1
21.8
90.5
1.6
0\ĞOHQLFH
127.4
21.9
174.7
1.9
Skawina
76.8
42.1
373.5
2.1
Kraków-3áDV]yZ
237.7
64.3
315.6
4.2
Bobowa
118.8
13.4
131.7
1.1
F-test for rates = 59.25
F-test for cases = 1.607 ( p > 0.05)
ICC for mean = 0.1206 (confidence interval 95%: -0.0074; +0.0875)
ICC = 1 indicate perfect reliability samples, measured by the same objects

heavy metals. Statistically significant differences
among variability of concentration using two-way
ANOVA were not detected. The content of Cr, Ni,
Cu, Cd, Pb, Zn and Hg did not exceed the reference
levels recommended in polish law by the Ministry
of Environment, 6 February 2015, or in Directive

It was assumed that the input data set was
arranged as a two-dimensional array about
environmental justice of sewage sludge.
7KH SUHVHQW VWXG\¶V ILQGLQJV LOOXVWUDWHG WKH
comparison between hydrated and dehydrated
sewage sludge in terms of high heterogeneity of
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RI VROLGV SDUWLFOHV¶ SURSHUWLHV E\ UHGXFLQJ WKHLUV
volume, and in the disposal of dissolved gases [31,
32]. Moreover, potential toxicity must be discussed.
It is necessary to reduce the flow of heavy metals
into the soil, and permanently control their content
[33, 34]. It is recommended that deposits used on a
small agricultural scale should be treated as organic
matter that could influence the physical, chemical,
and biological properties of the soil [35].
The content of heavy metals in sewage sludge
mainly depends on distances from industrial sites.
For this reason, discussion was explicitly extended
about the content of individual elements, or
compounds in sediment enrichment. These ranges
provide a high variability in the composition of the
sediments, but signal the low similarity between
both groups that should always be the overriding
objective. Technological treatment as well as the
extraction period influenced susceptibility of
dehydrated sewage sludge. Nevertheless, it has
been reported that toxicity of heavy metals was
negligible.
Overall, fertilizing untreated sewage sludge
may affect the amount of nutrients. For this reason,
examining sludge volume is obligatory, before
distribution for land reclamation. Sediment
compounds from waste water treatment plants for
agricultural use, prior to material extraction, is one
of the best environmental options. However, it is
important to understand the fluctuation range of
components in deterioration of soil quality,
expanding knowledge of soil reclamation, mainly
of nitrogen and phosphorus balance in the soil.

86/278/EEC of sewage sludge [18, 19]. According
to these legislations, sewage sludges from all
WWPTs can be used in agriculture, and land
reclamation for agricultural purposes (Table 2).
Heavy metals content of sewage sludge is
important in agriculture reuse within the European
Union. Heavy metals concentrations should be
defined before agricultural use [20]. Cr, Ni, Cu, Cd,
Pg, Zn, and Hg introduced into the soil can turn into
mobile form, and become toxic to plants [21].
Hence, organic compounds originating from
sewage sludge (liquid as well as solid forms) are
the most appropriate for land reclamation and may
be added to agricultural fields [22], but assessment
of the utility of sewage sludge also should consider
metal mobility as an important issue [23, 24].
The current study drew on this definition to
categorize opportunities for urban and sub-urban
areas that generate waste, and rural areas that
collect waste, to begin environmental regulation for
soil reclamation treated with sewage sludge (as
mainly useful components for agriculture).
Excessive nutrients loading, and enrichment of
biogenic nutrients are major threats to water quality
management in many regions, but land application
of sewage sludge is also a limiting factor [25]. The
optimal dose of sewage sludge retains valuable
agronomic properties, reused in the soil, or land
reclamation as fertiliser should be purposely
recognised on a small scale under agro-industrial
utilization. Theoretically, waste water treatment
plants require research related to the accurate
results of sediments contained organic compounds
with heavy metals, because little knowledge exists
about the effects of sewage sludge on soil. The
question of sewage sludge utilization is described
within the wider context of human exposure in
urban areas. Surveillance of solid wastes, and
agriculture
implementation
characterizes
relationships between industrial urban and suburban areas [26, 27].
Sewage sludge which is used to fertilize
should also be clearly composted in an optimal way
to improve soil. In fact, nutrients (N, P, K, Mg, Ca
and Na) are the most relevant concerning the
shortage of natural non-renewable resources. In
parallel to the use of dehydrated sewage sludge,
raw material from the production of P-fertilizers is
an alternative for land application. Digested sludge
can be functional as fertilizer for agricultural use
instead of inorganic N:P:K fertilizer [28]. In
particular, phosphorus and nitrogen content in
sewage sludge are insightful for agriculture practice
[29].
Technological pre-treatment of sediments
following mechanical dehydrating seems the best
method for hydrolysis and decomposition of solids
content [30]. During these processes, sediment
compounds are determined, through the alteration

CONCLUSIONS
Sewage sludge was appropriated for
agricultural use and could represent an optimal
solution to assure adequate treatment in soil.
Moreover, there were no statistically significant
differences between heavy metals concentration in
hydrated and dehydrated sewage sludge.
Consequently, the potential to stabilize the
dehydrated sewage sludge was confirmed.
Principally, nutrients and most deposits originating
from sewage sludge can be taken up by plants for
agricultural use. As a result, the comparison of
sewage sludge showed insufficient amounts of Ntot,
hence it should be supplemented by fertilization.
However, the amount of sediment increase in the
process of sewage sludge treatment was greater
than that required for this type of fertilizer. The
content of industrial waste that flowed into waste
water treatment plants was degraded, but sufficient
amounts may be reused. In addition, without doubt,
this widespread content does not facilitate rational
management of sediments. Assumptions about
municipal sewage sludge have to focus on
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Faridullah, et al, 2014). Hence, analyzing the
distribution of livestock manure, estimating the
farmland pollution load of livestock manure
nutrient, and determining the indicators of potential
risk of environment pollution are very important for
livestock manure management and utilization.
The farmland pollution load of livestock
manure has been used as an indicator of the
environment pollution caused by livestock manure
(Fox and Piekielek, 1978; Hooda, et al, 2001;
Jordan, et al, 2007; Sürücü, et al,2014). Liu and
Duan (2010) estimated the amount of manure
resources produced in animal husbandry for
different ecological regions in China. They also
evaluated the regional environment risks using the
potential pollution load indicatorˈi.e. equivalent pig
excrement per hectare cropland. In addition, the
farmland pollution load of livestock manure
nutrient (including nitrogen, phosphorus et al.) has
been taken as an important and effective indicator
of potential risk of environment pollution caused by
livestock manure (Flamant, et al, 1999; Coelho, et
al, 2011). Provolo (2005) developed a GIARA
software to supply the nutrient management plan
and regional manure utilization for farm, and took
nitrogen amount per hectare as an index to evaluate
environmental pollution risk. But the disadvantage
is that the method did not carry on pollution risk
evaluation in farm scale. Wang et al.(2011)
calculated the farmland pollution load of nitrogen
and phosphorus nutrient from livestock manure of
districts in Hangzhou by simply distributing
statistical data of livestock manure according to
farmland area and evaluated the farmland pollution
load and risk of livestock manure. Qian, et al. (2012)
evaluated the nutrient balance and potential
pollution risk of land application of animal manure
by calculated nutrient pollution index and nutrient
balance index.
To estimate farmland pollution load of
livestock manure nutrient, the traditional method,
i.e., the simple statistical analysis method, was
adopted in a large spatial scale, such as town scale,
county scale, and city scale, but rare in village scale
and field patch scale (Saam, et al., 2005; Li, et al.,
2007; Yan, et al., 2010; Sørensen and RubÆk,
2012). In fact, the farmland pollution load of
livestock manure nutrient was greatly influenced by
the terrain of farmlands, soil properties, land

ABSTRACT
Farmland pollution load of livestock
manure nutrient is an important factor of the
environmental
pollution,
and
excessive
application of livestock manure will produce a
serious impact on the ecology and environment.
A new method was proposed to estimate
farmland pollution load of livestock manure
nutrient and the procedure was shown as follows.
Firstly, phosphorus nutrient from livestock
manure was estimated in Daxing district.
Secondly, the estimation model of farmland
pollution load of livestock manure nutrient was
proposed. Finally, the farmland pollution load of
phosphorus nutrient in field patch scale of
Daxing district in Beijing was estimated and
compared to the farmland pollution load of
phosphorus nutrient by traditional statistical
analysis method. The results showed that the
method proposed is more reasonable to estimate
the farmland pollution load of livestock manure
nutrient in field patch scale
KEYWORDS:
livestock manure; phosphorus nutrient; field patch;
spatial discrepancy

INTRODUCTION
With the rapid development of livestock and
poultry breeding, a large amount of livestock
manure has been produced annually in China. The
livestock manure will become an important
environment pollution source if improperly
managed and disposed (Li, et al, 2012). At present,
livestock manures, as a natural fertilizer to
farmlands, are always used to the farmlands close
to the farms because of the limitation of the
transportation distance of livestock manures.
However, excessive use of livestock manure will
lead to the increasing of potential risk due to the
livestock manure beyond the farmland consumptive
capacity, which can cause the serious pollutions,
such as soil pollution, ground water contamination,
et al. (Cerit, et al, 2007; Song, et al, 2012;
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concentrating mainly in July and August, 65% of
the annual total.
The soil types of Daxing district mainly
include sandiness moisture soil and loamy texture
moisture soil. Many breeding industries have been
developed in recent years, the livestock and poultry
types of which include dairy cattle, beef cattle, pigs,
sheep, and poultry meat pigeon et al. The Daxing
district is an important agricultural region over the
suburbs of Beijing. The output value of breeding
industry accounted about 52% of total agricultural
output value in Daxing district in 2005.

utilization and other regional factors (Yan, et al.,
2010). The simple statistical analysis method will
lead to a large estimation error of farmland
pollution load of livestock manure nutrient because
of great spatial discrepancies in administrative area.
Lu, et al. (1994) found that nutrient demand of
farmland varied with farmlands types and livestock
manure types. They also demonstrated that the
suitable application amount of pig manure in paddy
field was 15-30 t/hm2 and threshold quantity was
45t/hm2, and the suitable application amount of
chicken manure in vegetable field was 45t/hm2
based on 225kg pure nitrogen application. Shen, et
al. (2007) showed that the farmland consumptive
capacity varied with the farmland area in the same
type of farmland. They also showed that the
suitable area for three croplands (food crops,
vegetable and forest) application of livestock
manure based on the total amount of livestock
manure and its nutrient content and crop nutrients
requirement. In addition, the amount of distributed
nutrients will be influenced directly by the distance
between farmland and specialized and concentrated
livestock industries (Zeng, et al., 2004). If the
transportation cost of livestock manure was more
than the cost of chemical fertilizer, the farmers
would use chemical fertilizer instead of livestock
manures. It is obvious that the existing methods
cannot distribute the livestock manure nutrients to
farmlands reasonably and estimate farmland
pollution load of livestock manure nutrient
accurately due to spatial discrepancy between field
parcels and the particularity of livestock manure
nutrient (Yan, et al., 2010).
In this paper, we mainly focus on the
estimation of farmland pollution load of livestock
manure nutrient. Section 2 presented the theoretical
method, including the livestock manure nutrient
spatial distribution model, data processing based on
the spatial analysis and the geo-statistic analysis,
and the estimation of farmland pollution load of
livestock manure nutrient in field parcel scale.
Section 3 introduced the data and study area of
application. Section 4 was the results and
discussions. Finally, the conclusions are drawn in
Section 5.

Introduction of data. In this study, the
administrative map of Daxing district, aerial
image, and some other background data, such as
soil texture, and other relevant information of
farmland were collected.
The administrative map of Daxing district in
2005 was provided by agricultural committee of
Daxing district. The aerial image with the spatial
resolution of 0.4 m of Daxing district on October
23, 2005 was collected. The administrative map and
aerial image are used as the digital basemap of
Daxing district. The data of specialized and
concentrated livestock industries and scatter-feed
were presented in Table 1.
TABLE l
Data of livestock information collected in
Daxing district.
Breeding
way
Specialized
and
concentrated
livestock
industries

scatter-feed

MATERIALS AND METHODS

Contents
space location;
farm scale;
livestock types;
culture cycle;
manure
excretion
coefficient
farm scale;
livestock types;
culture
cycle;manure
excretion
coefficient

Year

Method

2005

Statistic
data
GPS
GIS

2005

Statistic
data
GIS

A total of 1240 sampling points were sampled
in November, 2005 over the farmlands in the south
of Daxing district. The sampling densities of the
cultivated lands and the other farmlands were 3
points and 1 point per square kilometer,
respectively. The depth of each sampling point is
0~20cm distance to topsoil. Each sample is
composed by 5 to 10 soil sub-samples in the
vicinity of the sampling point of 50 m. The soil
characteristics need to be determined for each
sample, including available phosphorus, total
phosphorus, organic matter, cation exchange
capacity, pH value, and water content.

Study area. The Daxing district locates in
southern suburb of Beijing with the latitude from
39 º 26 ' to 39 º 51' N and the longitude from
116º13' to 116º34'E, which belongs to the alluvial
plain of Yongding River. The terrain is tilted a bit
from west to south-east. There are approximately
57.1 thousand residents, and about 2.8 thousand
people are agricultural population and occupy
about 1036 km2. The district is characterized by
sub-humid warm temperate continental monsoon
climate. The annual mean temperature is 11.6Ԩ
and the annual mean rainfall is 556.4mm
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Data processing. In order to estimate the
farmland pollution load of phosphorus nutrient
from livestock manure, the data processing
should be performed as follows.
The digital distribution map of administrative
and farmland need to be done from the aerial image
and administrative map of the Daxing district using
the ArcGIS software. The total of 8481 farmlands
has been got from the digital distribution maps used
to estimate the farmland pollution load of
phosphorus nutrient from livestock manure.
The attribute data of specialized and
concentrated livestock industries and scatter-feed,
such as farm scale, livestock types, culture cycle,
and livestock manure excretion coefficient, were
collected by statistic data and practical
investigation data provided by agricultural
committee of Daxing district. The Global
Positioning System (GPS) was used to get the
geographic coordinates of specialized and
concentrated livestock industries. The farmlands
were classified to four types: cultivated land (food
crops, earthnut and melon), vegetable land, garden
land, and facility agriculture land (solar greenhouse,
plastic house, etc) by investigation data and
statistical data provided by agricultural committee
of Daxing district. The nutrient demands of
farmlands were estimated from the simulated crops
in different farmland types according to the
statistical data of planting area in Daxing district.
The analysis method of soil samples was according
to the industry specifications of agriculture
chemical analysis method (Soil agro-chemistry
general analysis methods, 1983). The available
sampling points of phosphorous nutrient were
interpolated by using geo-statistics technique.
In order to get the content of available
phosphorous nutrient in farmland, the phosphorous
nutrients of the sampling points were firstly
interpolated into the whole Daxing district by
ArcGIS software. Then, the available phosphorous
nutrient in farmland can be calculated based on the
digital distribution maps of farmland. Then the
phosphorus from livestock manures was estimated
according to Equation (1). Finally, the farmland
pollution load of phosphorus nutrient from
livestock manure was estimated according to
Equation (2).

unfold population can be sited from the
literatures published and actual situation in
Daxing district (Teira-Esmatges and Flotats, 2003;
Schaffner, et al.,2010).
The amount of livestock excretion is affected
by varieties, physiological state , feed composition,
feeding method et al. (Peng, et al., 2006; Jordan, et
al., 2007; Yang, et al., 2011). The amount of daily
livestock manure and excretion coefficient can be
got from reference data and investigation data (See
Table 2) (Wang, et al., 1997; Dagnall, et al., 2000;
Zhang and Gao, 2004; Zeng, et al., 2004; Yan, et al.,
2010) due to no uniform standard of livestock
manure coefficient in China. The phosphorus has
been used as an example in this paper to estimate
farmland pollution load of livestock manure
nutrient. The pure phosphorus from livestock
manure of the livestock and poultry breeding can be
estimated according to the following equation.

(1)
Where, Yamount is the annual pure phosphorus
from livestock manure (kg); Lj is the amount of
livestock (kg); Tj is the feeding period (d); Cj is
daily coefficient of livestock manure (kg/d); Vj is
coefficient of phosphorus from livestock manure
(g/kg); a is the number of livestock manures
source; fj is the loss rate of phosphorus from
livestock manure.
The estimation model of farmland
pollution load of livestock manure nutrient.
Model. The simple statistical analysis method
used to estimate farmland pollution load of
livestock manure nutrient in a large spatial scale
cannot get reasonable livestock manure nutrient
load of farmland due to spatial discrepancy
between field parcels and the particularity of
livestock manure nutrient.
In order to estimate livestock manure nutrient
load of farmland reasonably, a estimation model
with five unknown parameters, including the
distance between livestock manures source and
farmlands, farmland type, slope of farmland,
farmland area, and available phosphorus content in
farmland, was proposed to estimate farmland
pollution load of livestock manure nutrient based
on the former study.
The model was shown as follows. Where Z is
the farmland pollution load of livestock manure
nutrient; di is the distance between livestock
manure nutrient; di is the distance between
livestock manure nutrient source and farmland; si is

Estimation
of
livestock
manures
phosphorus nutrients. There are two breeding
ways of the livestock and poultry breeding, i.e.,
intensive culture and scatter-feed , thus the
feeding period and the amount of daily output
manure should be estimated respectively. The
feeding period of livestock population is
calculated by whole year.The feeding period of
Z

O1

m

( ¦(
j 1

n

d i ¦ (1 / d i )
i 1



O2 si
n

¦ si

i 1

 O3U i 
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n



M i ¦ (1 / M i )
i 1
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TABLE 2
Livestock manure excretion coefficient and its nutrient content.
livestock manure excretion
type
pig manure
cow manure
cattle manure
sheep manure
layer-hen manure
duck manure
broiler manure
rabbit dung
goose feces
pigeon manure
silky chicken manure
pig urine
cow urine
cattle urine
sheep urine

D (d)

P (kg/d)

180
365
300
365
210
210
55
90
210
55
55
180
365
300
365

5.00
25.00
20.00
2.50
0.15
0.12
0.08
0.15
0.18
0.06
0.15
3.00
15.00
10.00
2.50

the farmland area; Uj is the farmland type; Mk is the
value of available phosphorus content; Z is total
amount of farmland nutrient obtained from
livestock manures; O 1 is weight of distance
between livestock manure nutrient source and
farmland; O 2 is weight of farmland area; O 3 is
weight of farmland type; O 4 is weight of content of
phosphorus of farmland; O 5 is slope of farmland; n
is the number of farmlands within the effective
distance of livestock manures source; m is the
number of livestock manures source; Yamount is
amount of livestock manures nutrient in livestock
manures source; Sfarmland is effective area of
farmland.

phosphorus content
(g/kg)
2.58
1.20
1.00
2.16
5.10
3.64
4.13
2.97
2.15
3.60
4.10
0.22
0.17
0.17
0.50

factors; RI is random consistency index; CI is
consistency index.
Based on above analysis, the judgment matrix
is established with the five factors including
farmland type, the content of available phosphorus
nutrient in farmland, slope of farmland, farmland
area and the distance between livestock manure
source and farmland. The results of judgment
matrix and the weights of factors have been
estimated from AHP method in Table 3. The CR
value in this paper is estimated as 0.0013 from AHP
method.
TABLE 3
The weights of factors.

Determination of weights. The estimation
model of farmland pollution load of livestock
manure nutrient proposed has five unknown
weights, which can be estimated using analytic
hierarchy process (AHP) method according to the
actual application of livestock manure and livestock
manures characteristics, et al.
The AHP has three basic elements: (1) A
complex decision problem is described as a
hierarchy. (2) The pair-wise comparisons,
performed using a nine-point scale, the numerical
values of which and the corresponding levels of
importance are: 1 = equal, 3 = moderately, 5 =
strongly, 7 = very strongly, 9 = extremely, 2, 4, 6, 8
= intermediate values (Saaty, 1990) are used to
estimate the relative importance of the various
criteria on each level of the hierarchy and compute
the priority of each criterion. (3) Based on the
criterion of the table-matrix and the correlation of
the factors, the implication of factors was checked
with consistency ratio (CR) to avoid the creation of
any incidental judgment in the matrix (Saaty 1990;
Thanh and Smedt, 2012). The weights are
acceptable when the CR is less than 0.1, but if CR is
larger than 0.1, the judgments, in the pair-wise
comparison between factors, should be recalculated
(Saaty 1990; Rozos, et al.,2011). The CR is defined
as
CI/RI,
and
CI
is
defined
( Omax  n )/( n -1).Where Omax is the largest
eigenvalue of reference matrix; n is number of

T1
T2
T3
T4
T5

T1
1
2
2
3
4

T2
1/2
1
2
2
3

T3
1/2
1/2
1
2
3

T4
1/3
1/2
1/2
1
2

T5
1/4
1/3
1/3
1/2
1

weight
0.079
0.122
0.160
0.241
0.398

Denotes: T1 is slope of farmland; T2 is farmland area; T3 is
farmland type; T4 is the available phosphorus content in
farmland; T5 is the distance between animal manures source
and farmland CR = 0.0013< 0.1.

RESULT AND DISCUSSION
Phosphorus nutrient from livestock
manure in Daxing district. Based on statistic
data of livestock and poultry breeding and
different nutrient loss of various livestock
manure, the amount of phosphorus nutrient
(Table 4) from livestock manure in Daxing
district in 2005 was obtained according to
Equation (1). The total phosphorus nutrient from
livestock manure was about 1487995 kg and the
largest contributor is pig. It is obvious that the
livestock manures of pig, sheep, and layer were
the main sources of phosphorus nutrient,
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accounting for 42.13%, 27.19% and 18.36% of
the total production amount of phosphorus
nutrient, respectively. The reason is that the pig
and sheep have a large number of the farming
output, a long fending period, and a large amount
of excretion every day. Although the excretion of
layer manure per day was small, the number of
layer raised per year was very large, and the
phosphorus nutrient from layer was still huge.

Equation (2) in field patch scale (See Figure (1)).
The maximum, minimum and average of the
farmland pollution load of phosphorus nutrient
from livestock manure was approximate 2756
kg/hm2 in vegetable land in Nan Xiao-jie village,
7 kg/hm2 in cultivited land in Niu Fang village,
and 108 kg/hm2,
respectively. Wang (Wang, et al.,2007) showed
that the farmland pollution load of phosphorus
nutrient from livestock manure reached 70
kg/hm2 in Beijing in 2003. It is obvious that the
farmland pollution load of phosphorus nutrient
from livestock manure had a great increase in
2005. The reason might be that specialized and
concentrated livestock industries are often built
in the suburbans for convenient transport. The
farmlands in suburban region, such as Daxing
district, often bear great the farmland pollution
load of phosphorus nutrient from livestock
manure due to lack of enough arable farmlands to
dispose a lot of livestock manure in surrounding
areas. Figure 1 shows that non-uniformity of
spatial distribution of farmland pollution load of
phosphorus nutrient from livestock manure in
Daxing district. High population density, rapid
economy development, and strong household
consumption located in the middle area of the
Daxing district have produced a great number of
food consumption structure upgrading and more
demand of livestock products such as meat, eggs,
milk, which lead to a dense distribution of
specialized and concentrated livestock industries
in this region.

TABLE 4
The phosphorus nutrient derived from
livestock manure in 2005.
livestock type
pig
cow
beef cattle
sheep
layer-hen
duck
broiler
goose
silky chicken
draft cattle

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

phosphorus nutrient (kg)
1487995
21530
117359
960217
648503
76370
15427
12039
3200
189456

Farmland pollution load of phosphorus
nutrient from livestock manure. The farmland
pollution load of phosphorus nutrient from
livestock manure can be estimated using

FIGURE 2
Farmland pollution load of phosphorus nutrient estimated using traditional method in town scale.
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FIGURE 3
Farmland pollution load of phosphorus nutrient estimated using traditional method in village scale.
The region having a higher farmland pollution load
of phosphorus nutrient from livestock manure
should be taken some measures to reduce the
livestock manure nutrients and control the
specialized and concentrated livestock industrial
scale according to the farmland nutrient capacity to
avoid the risk of excess livestock manure nutrients.
The farmland pollution load of phosphorus nutrient
from livestock manure is low in the marginal
regions of Daxing district, because there are enough
farmlands in marginal regions to dispose the
livestock manure, few specialized and concentrated
livestock industries and few habitations.
The farmland pollution load of phosphorus
nutrient from livestock manure can also be
estimated by the traditional statistical analysis
method to inter-compare the method we proposed.
The farmland pollution load of phosphorus nutrient
from livestock manure by the traditional statistical
analysis method in town scale and village scale of
Daxing district are estimated in Figure 2 and 3.
Comparing to the 108 kg/hm2 in field patch
scale, the average of the farmland pollution load of
phosphorus nutrient from livestock manure in
village scale and town scale is 66.07 kg/hm2 and
55.06 kg/hm2, respectively. The correlation
coefficients of the farmland pollution load of
phosphorus nutrient from livestock manure between
the field patch scale and village/town scales are
0.0237, 0.0191, and 0.0518, respectively.
It can be shown that there are great
discrepancies of the farmland pollution load of
phosphorus nutrient from livestock manure in
different scales. The reason might be that the spatial
variation in administrative area is very large in
different field patch scales. The farmland area is
only considered for traditional method, but the
many factors, such as farmland type, farmland area,
transportation distance, the content of nutrient et al.,
have been considered for the method proposed. It is

obvious that the traditional statistical analysis
method might lead to a large estimation error of
farmland pollution load of phosphorus nutrient
from livestock manure, and in contrast the method
proposed in this paper is more reasonable.
CONCLUSION
This study developed a livestock manure
nutrient spatial distribution model according to
transportation distance, farmland type, farmland
area, the content of phosphorus nutrient using the
analytic hierarchy process to determine the
weights of these parameters, which was used to
spatial distribute the regional phosphorus
nutrients from livestock manure to farmlands
using spatial analysis and geo-statistical analysis
methods. Taking the spatial discrepancy of
farmlands into account, the farmland pollution
load of phosphorus nutrient from livestock
manure has been successfully estimated in field
patch scale in Daxing district. Compared with
traditional statistical analysis method, the method
proposed is more reasonable to estimate the
farmland pollution load of livestock manure
nutrient in field patch scale.
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TOXICITY OF COPPER TO EARLY LIFE STAGES OF
COMMON CARP (CYPRINUS CARPIO L.)
Elzbieta Kondera
Siedlce University of Natural Sciences and Humanities, Department of Animal Physiology, Prusa 12, 08-110 Siedlce, Poland

ABSTRACT
The embryos of Cyprinus carpio L. were
exposed from fertilization for 2 h, 24 h or about 80
h (until hatching) to 0.03, 0.05, 0.1 or 0.2 mg/dm 3
of Cu. The development of each embryo was
individually observed. Body malformations of
newly hatched larvae were registered using camera
and computer image analysis system, and evaluated
in the photographs. Mortality in 24 hours from
fertilization, hatching success (percentage of
hatched larvae), and hatch quality (percentage of
deformed larvae) were also evaluated. Body
malformations were classified. Feeding activity of
larvae exposed during embryonic period to various
copper concentrations was evaluated using test of
capture of Artemia sp. nauplii.
In
exposure
over
entire
embryonic
development period 0.03 mg/dm3 of Cu was the
minimum concentration that caused a significant
increase in percentage of deformed larvae, and
significantly reduced larval feeding activity
compared to the control. Body malformations
included: spinal curvatures, yolk sac and skull
malformations, heart edema and body shortening.
The minimum Cu concentration significantly
reducing egg swelling, embryo survival in 24 hours
post fertilization and hatching success was 0.1
mg/dm3. Percentage of body malformations and
feeding activity of larvae were the endpoints most
sensitive to Cu exposure during embryonic period.

KEYWORDS:
fish, metal, embryos, larvae, development

and so is sensitivity of various endpoints (Jezierska
et al., 2009).
Water pollution due to heavy metals and their
metabolites has been reported to exert deleterious
effects by inhibiting growth rate of fish (Jezierska
and Witeska, 2001; Hayat et al., 2007), affecting
negatively gonad maturation and reproduction (ElBoray et al., 2003), changing spawning behavior
and number of eggs per spawn (Barakat, 2004),
affecting adversely the egg and embryo viability
(Speranza et al., 1997), and reducing the
development and fish survival (Barakat, 2004;
Johnson et al., 2007; Sikorska and Wolnicki, 2010),
especially at the beginning of exogenous feeding
6WRPLĔVND DQG -H]LHUVND   &RSSHU LQGXFHG
morphological anomalies and genotoxic effect
in embryos and larvae (Cavas et al., 2005; Rocha et
al., 2010; Barjhoux et al. 2012).
In clean natural waters copper concentration
rarely exceeds 2-4 ȝg/dm3, but in polluted waters it
may surpass 137 ȝg/dm3 and becomes toxic
(Dojlido, 1995). Sediments of Polish rivers may
contain 12-298 mg/kg of Cu (Adamiec and HeliosRybicka, 2002; Z\ĞN 2013). Copper under acidic
conditions is leached from the sediments, so the
concentrations of free Cu2+ ions may temporarily
increase. Spring snowmelt often acidifies water,
thus the risk of contamination coincides with
spawning and development of early stages of fish.
The aim of present study was evaluation of
toxic effects of exposures to various concentrations
of waterborne copper for various periods of time on
early life stages of carp and comparison of
sensitivity of various developmental endpoints.

MATERIALS AND METHODS
INTRODUCTION
Early developmental stages of animals are
more sensitive to toxicants then the adults and in
this regard fish are no exception (Dave and
Xiu, 1991; Jezierska and Witeska, 2001). Fish
embryos have been recognized as a valuable and
cost-effective tool for monitoring water quality
because this life stage responds quickly to low
toxicant concentrations (Leung et al., 2007;
Jezierska et al., 2009). Sensitivity of various early
developmental stages to intoxication is different,

The study was done on embryos and newly
hatched larvae of Cyprinus carpio L. The eggs and
sperm of carp were obtained from the hatchery of
Fishery Experimental Station (Warsaw University
RI /LIH 6FLHQFHV  LQ àąNL -DNWRURZVNLH VHULHV  
and from Fishery Experimental Station of the
,QODQG )LVKHULHV ,QVWLWXWH LQ ĩDELHQLHF (series 2),
Poland. Chilled gametes were transported to the
laboratory in the cold box (5°C) for about 2 h. Then
the eggs and sperm were gradually warmed up to
the ambient temperature and in vitro fertilization
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was performed. Fertilized eggs of common carp
(which are sticky) were placed on glass slides (5
replicates, 12 eggs in each), and each slide was
incubated in 25 cm3 of water in glass vessel.
The embryos of series 1 were subjected to 2
hours exposure (group Cu2) and long-term exposure
about 80 h ± until hatching (group Cu) to 0.03,
0.05 or 0.2 mg/dm3 of copper. In series 2 the
embryos were subjected to 2 hours exposure (group
Cu2), 24 hours exposure (group Cu24) or exposure
until hatching (group Cu) to 0.03, 0.05, 0.01 or 0.2
mg/dm3 of copper. Experimental solutions were
made using CuSO4×5H2O. Control group was kept
in clean non-chlorinated tap water (<1 μg/dm3 of
Cd, <33 μg/dm3 of Cu, 4.0 mg/ dm3 of Na,
55.7 mg/dm3 of Ca, pH 7.8, hardness 162 mg/dm3
CaCO3, GLVVROYHG R[\JHQ VDWXUDWLRQ  %,
NH4+ 50 ȝg/dm3, NO2í 5 ȝg/dm3). Water was
constantly gently aerated, and constant temperature
22°C was maintained using aquatic thermostat. The
solutions were changed daily.
After 2 hours post fertilization the egg
swelling was measured (diameter egg yolk
comparison to whole egg). During embryonic
period development, observations were made twice
a day. Dead embryos (opaque eggs) were counted
and removed. Survival in 24 hours post fertilization
(hpf), time of hatching and final survival of newly
hatched larvae were calculated. The quality of
newly hatched larvae was also evaluated. The
percent of hatchability was calculated as a number
of hatched larvae per initial number of incubated
eggs. Among freshly hatched larvae the percentage
of deformed individuals was evaluated. Each
deformed larva was examined and classified
according to Jezierska et al. (2000). Observations of
embryos and larvae were done using the
stereozoom microscope Nikon SMZ-10 (Nikon,
Japan) connected to the computer with the
MultiScan 8.4 image analysis system (Computer
Scanning Systems, Poland). The embryos and
hatching larvae were photographed.
In series 2, correctly developed and viable
newly hatched larvae were transferred to 14 dm3
aerated aquaria. Every day the larvae were gently
harvested with the plastic sieve, counted and
transferred to clean aquarium with fresh water.
During larval development, constant water
temperature 22°C was maintained using aquatic
thermostat, pH was 7.8±8.0, water hardness
178 mg/dm3 as CaCO3 and DO saturation  %
(constant gentle aeration was applied).


Beginning from the 3 day post hatching when
the fish started first exogenous feeding, their
feeding activity was measured. Five randomly
harvested larvae from each experimental group
were individually placed in glass vessels with flat
bottom containing 100 cm3 of water with 20 nauplii
of Artemia. The number of Artemia nauplii
captured by each larva within 5 minutes was
counted.
The results were subjected to U Mann±
Whitney test to evaluate the significance of
differences (p  0.05).

RESULTS
In the control egg swelling was about 40% in
both series of the experiment (Table 1). Cu
significantly reduced the percentage of swelling, in
series 1 only at the highest concentration (0.2
mg/dm3), while in series 2 also at 0.1 mg/dm3. The
differences in survival of carp embryos in 24 hpf
between both series occurred in the control: 53.0%
in series 1 and 86.3% in series 2. In series 1
survival of the embryos significantly decreased
compared to the control only at 0.2 mg/dm3 of Cu,
while in series 2 also at 0.1 mg/dm3 in 2 h exposure
and the difference deepened with increase of copper
concentration and time of exposure. In series 2
significant differences were also found in 24 hpf
survival between the control and all groups of
embryos exposed to 0.1 or 0.2 mg/dm 3 of Cu.
Developmental
anomalies
(blastomeres
separated from blastula, oversized cells, edema of
yolk sac and heart area, body shortening) were
observed from the beginning of development at all
groups exposed to copper.
Differences in hatching success (survival post
hatching) between both series were considerable,
even in the control: 48% of embryos hatched in
series 1, and 84% in series 2 (Table 1). In all Cuexposed groups the percentage of hatched larvae
decreased with the increase of metal concentration.
Even after 2 h exposure to 0.1 mg/dm3 of Cu (series
2), and at 0,2 mg/dm3 (in both series) significant
differences occurred in relation to the control.
Percentage of deformed and dead larvae in the
control was different in both series (12.0% in series
1, 6.2% in series 2). Percentage of abnormal larvae
increased with copper concentration. Significant
differences in relation to the control were noted in
Cu2 groups at 0,2 mg/dm3 in both series (Table 1).

1951

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ





TABLE 1
Toxicity of copper to early life stages of carp.
Cu concentration
[mg/dm3]

Group

Swelling of
fertilized eggs
[%]

0 (Control)

0

39.6±2.1

Hatching
success [%]

Deformed larvae
[%]

Type of deformation
and frequency [%]

53.0±0.5

48.3±0.5

11.7±0.8

sc ±10.0
cl ±1.7

51.5±0.5

47.3±0.4

12.6±0.4

Cu

51.0±0.5

47.2±0.4

25.0±1.0*

Cu2

50.2±0.5

47.0±0.3

12.4±0.4

sc ±9.2
cl ±1.7
ysm ±1.7

Cu

50.0±0.5

46.0±0.7

30±0.6*

sc ±19.2
cl ±3.3
ysm ±7.5

Cu2

46.0±1.6*

42.9±0.4*

15±0.6*

sc ±8.3
cl ±6.7
ysm ±2.5
sc ±17.5
cl ±10.8
ysm ±21.7
ce ±5.0
bm ±7.5

Cu2
0.03

37.4±0.6

0.05

37.6±1.1

29.4±1.2*

0.2
Cu

0 (Control)

30.0±0.5*

38.0±0.3*

62.5±1.2*

Series 2
86.3±0.5
85.6±0.6

84.0±0.7
83.3±0.6

5.3± 0.3
6.4±0.2

85.2±0.5

83.1±0.7

8.0±0.4

Cu

84.8±0.6

82.9±0.6

13.3±0.6*

Cu2

84.2±0.5

82.5±0.6

8.2±0.9

84.5±0.6

81.7±0.7

9.3±0.4

Cu

84.1±0.5

81.0±0.7

16.0±0.8*

Cu2

75.8±0.6*

74.1±0.7*

9.3±0.4

71.7±0.7*

72.0±0.6*

12.1±0.4*

Cu

71.5±1.0*

68.0±0.8*

20.1±0.6*

Cu2

68.8±0.7*

66.5±0.6*

10.7±0.6*

63.8±0.5*

63.4±0.5*

14.6±0.8*

63.8±0.6*

59.3±0.6*

33.3±0.9*

0
Cu2
Cu24

0.03

0.05

Survival 24 h
post
fertilization
[%]
Series 1

Cu24

41.3±1.9

38.8±1.8

39.3±1.6

Cu24
0.1

34.7±1.8*

Cu24
0.2

32.4±1.5*

Cu

sc ±10.0
cl ±2.5
sc ±15.8
cl ±6.7
ysm ±2.5

sc ±5.3
sc ±6.4
sc ±6.7
cl ±1.3
sc ±10.7
cl ±2.7
sc ±6.7
cl ±1.3
sc ±8.0
cl ±1.3
sc ±10.7
cl ±2.7
ysm ±3.7
sc ±9.3
sc ±6.7
cl ±2.7
ysm ±2.7
sc ±9.3
cl ±4.0
ysm ±5.3
bm ±1.3
sc ±8.0
cl ±2.7
sc ±8.0
cl ±2.7
ysm ±2.7
bm ±1.3
sc ±8.0
cl ±5.3
ysm ±6.7
ce ±4.0
bm ±9.3

(* values significantly different from control, U-Mann-:KLWQH\WHVWS
sc ± larva with curvature of the spine, cl ± C-shaped larva, ysm ± larva with yolk sac malformation, ce ± larva
with cardiac edema, bm ± larva with complex malformation including shortened body, deformation of head, the
spine and yolk sac malformations
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Detailed analysis of larval body morphology
revealed five main types of body malformations
(Table 1, Fig. 1): sc ± larva with curvature of the
spine, cl ± C-shaped larva, ysm ± larva with yolk
sac malformation, ce ± larva with cardiac edema,
bm ± larva with complex malformation including
shortened body, deformation of head, the spine and
yolk sac malformations. The minimum copper
concentration that significantly reduced the
percentage of normal larvae in exposure during
entire embryonic development was 0.03 mg/dm3
(series 1) and 0.05 mg/dm3 (series 2). At these

concentrations only vertebral curvatures and yolk
sac malformations were observed. At the highest
Cu concentration (0.2 mg/dm3) besides simple
vertebral and yolk sac malformations or cardiac
edema also complex abnormalities were observed.
Reduction of feeding activity of larvae was
directly related to copper concentration and time of
exposure (Fig. 2), significant differences in relation
to the control were noted in Cu24 exposed to 0.2
mg/dm3 in all metal-exposed fish subjected to
copper over entire embryonic period.

sc ±larva with curvature of the spine

cl ± C-shaped larva

ysm ± larva with shape change of yolk sac

ce ± larva with cardiac edema

bm ± larva with shortened body, advanced deformation of head, the spine and yolk sac malformations

FIGURE 1
Examples of the most typical effects of Cu exposures of carp larvae.
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captured of Artemia sp. nauplii [%]

100
- 5 min.

90

- 4 min.
- 3 min.

*

80

*

- 2 min.

*

- 1 min.

70
60

*

50
40

*

30
20
10
0
0

0.03

0.05

0.1

Cu2 [mg/l]

0.2

0.03

0.05

0.1

Cu24 [mg/l]
Cu [mg/l]

0.2

0.03

0.05

0.1

0.2

Cu [mg/l]

(* values significantly different from control, U-Mann-:KLWQH\WHVWS
FIGURE 2
Feeding activity of carp larvae exposed to copper.

DISCUSSION AND CONCLUSIONS
The obtained results show considerable
differences between the experimental series but the
effect of copper is distinct. In the controls egg
swelling was about 40%. The increase of egg
diameter depends on fish species and type of eggs
-H]LHUVNDDQG6áRPLĔVND6áRPLĔVND 
In present study Cu reduced swelling of carp
eggs, however significant effects were observed
only at the highest Cu concentrations. Similar
relationship was reported by Jezierska and
6áRPLĔVND   ZKR REVHUYHG UHGXFWLRQ RI FDUS
egg swelling at 0.1 and 0.5 mg/dm3 of Cu, and
6áRPLĔVND  DWPJGP3.
The egg shell has several physiological
functions that are important for both the
fertilization of the oocyte and the protection of the
growing embryo (e.g. against toxic agents,
enzymes, fungi and bacteria). In addition to
providing mechanical protection to the enveloping
embryo, the eggshell allows embryonic respiration.
However, the egg shell does not fully protect the
embryo against metal penetration. At the time when
the egg shell is still highly permeable, metal ions
may enter into the egg and change chorion
structure. Stouthart et al. (1996) suggested that Cu
may change selective membrane permeability,
leading to disturbances in cation exchange between
perivitelline fluid and the water. According to
Alsop and Wood (2011), toxicity of Cu involves
ionoregulatory disturbances. They observed that
in Danio rerio Cu reduced Na+ uptake and whole
body cation level. Copper was reported also as
Na+/K+ATPase inhibitor in fish (Kulac et al., 2013).
Pelgrom et al. (1995) indicate that Cu causes a

decrease in Na+ influx and Na+ plasma level in fish.
According to McGeer et al. (2000), Cu-exposed
larvae of
Oncorhynchus mykiss showed
significantly
reduced
body
Na + and
2+
Ca concentrations. Many data indicate that metals
may penetrate the eggs (during the swelling phase)
and may accumulate in the egg. McKim and Benoit
(1974) observed that copper content in the fertilized
eggs of Salvelinus fontinalis in water containing 9.4
ȝg/dm3 of this metal increased from 6.3 to 27.8
ȝg/g.
Therefore, early stages just after fertilization
are particularly sensitive to metal intoxication, and
this is the period when most disturbances develop
and the highest embryonic morality occur. The
minimum concentration that significantly reduced
24 hpf survival of embryos exposed to copper for 2
hpf was 0.1 mg/dm3 $FFRUGLQJ WR 6áRPLĔVND
(1998), the highest morality of carp embryos
occurred within first 24 h after fertilization, and
about 20% of embryos died even under control
FRQGLWLRQV -H]LHUVND DQG 6áRPLĔVND 97)
reported that survival of copper-exposed embryos
(0.1 mg/dm3) 24 hpf was significantly reduced
compared to controls, and at 0.3 mg/dm 3 100%
morality occurred.
Metals disturb various vital processes in fish
embryos (Johnson et al., 2007) which may result in
malformations and affect the development rate. In
this study embryonic anomalies included:
blastomeres separated from blastula, oversized
cells, spinal curvatures, edema of yolk sac and heart
area, body shortening. It is known that these types
of malformations are not specific for copper or any
other toxic agent. They were observed in fish
embryos exposed to different metals, e. g.: different
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types of spine curvatures (Adema-Hannes and
Shenker, 2008; Barjhoux et al., 2012), C-shaped
body (Munkittrick and Dixon, 1989), yolk sac
deformations (Johnson et al. , 2007; Adema-Hannes
and Shenker, 2008), body shortening (Sarnowski
and Jezierska, 1999; Johnson et al., 2007), and
cardiovascular deformities (Barjhoux et al., 2012).
Another stage when the embryos are very
susceptible to intoxication is hatching, during
which the egg shell breaks and larva becomes
directly exposed to environmental factors.
Reduction of hatching success was directly related
to copper concentration and time of exposure, but
the minimum concentration that significantly
reduced hatching in Cu2 group was 0.1 mg/dm3.
Jezierska et al. (2009) reported that the hatching
success of Cyprinus carpio under control conditions
was 50-90%, while the hatchability of Cu-exposed
embryos was much lower: 19-66%.
$FFRUGLQJ WR 0LĞ DQG %LJDM   KDWFKLQJ
glands of copper-treated Cyprinus carpio embryos
had smaller surfaces compared to the controls and
showed intracellular granules. These changes
resulted in a lower chorionase production (the
enzyme necessary for egg shell disintegration
during hatching). Also Dave and Xiu (1991)
reported that Cu may inactivate chorionase and
cause osmotic disturbances that may affect
chorionase activity or the muscular movements
necessary to break the egg shell. Inhibition
of embryos hatching by copper was reported by
Dave and Xiu (1991) for Brachydanio rerio,
6áRPLĔVND   DQG àXJRZVND   IRU
Cyprinus carpio, Gauthier et al. (2006) for
Pimephales promelas, Johnson et al. (2007) for
Danio rerio.
Analysis of larval body morphology revealed
five types of body malformations what answered
catalogued deformations created by Jezierska et al.
(2000): sc - larva with curvature of the spine
(answered A catalogued deformation), cl - Cshaped larva (answered B catalogued deformation),
ysm - larva with shape change of yolk sac
(answered E catalogued deformation), ce - larva
with cardiac edema (answered F catalogued
deformation), bm - larva with shortened body,
advanced deformation of head, the spine and yolk
sac malformations (answered G catalogued
deformation).
In the preset study percentage of deformed and
dead larvae in the controls was 6.2 - 12%. Also
%RQQHWHWDO  DQGàXJRZVNDDQG6DUQRZVNL
(2011) found that some of larvae hatched in clean
water were deformed. According to Jezierska et al.
(2009), anomalies of Cyprinus carpio under control
conditions did not exceed 15%, while in the copperexposed groups it was significantly higher and
reached 19-67%. In the present study only spine
curvature and C-shaped larva were observed in fish


reared under optimum conditions. According to
Jezierska et al. (2000), deformations in Cyprinus
carpio from control groups also included mainly
(about 80% of all defective larvae) single vertebral
abnormalities but some larvae showed craniofacial
malformations, heart edema and yolk sac
anomalies. The same types of larval deformations
ZHUH DOVR REVHUYHG E\ àXJRZVND DQG 6DUQRZVNL
(2011) for Cyprinus carpio, Barbus barbus and
Oncorhynchus mykiss $FFRUGLQJ WR .UHMþL DQG
Palíková (2006), deformities of the vertebral
column and yolk sac of Cyprinus carpio were the
most frequent under control conditions. However,
Bonnet et al. (2007) noted more types of
deformations (cyclopia, torsion, yolk sac resorption
defects, prognathia, and other, deformations in
Oncorhynchus mykiss larvae reared in clean water.
The results of this study are consistent with
the data reported by other authors who observed
increased frequency of deformed larvae in copper
H[SRVXUHV 0LĞ DQG %LJDM   6áRPLĔVND
1998). However, the types of body malformations
observed in the present study are not specific for
intoxication with copper or any other metal. Similar
malformations were observed in fish exposed to
different metals, for example: different types of
VSLQHFXUYDWXUH 6WDVLǌQDLWơ%DUMKRX[HWDO
2012), C-shaped body (Munkittrick and Dixon,
1989), body shortening (Sarnowski and Jezierska,
  \RON VDF PDOIRUPDWLRQ 6WDVLǌQDLWơ  
WZLVWHGWDLOV 6WDVLǌQDLWơ HGHPD 3\URQDQG
Beitinger, 1989), malformations of the craniofacial
part of the head and the cardiovascular system
(Barjhoux et al., 2012), blood patches (Woodworth
and Pascoe, 1982), a strong body contraction with
deformation of the entire body (Munkittrick and
Dixon, 1989).
Body malformations may be so severe that the
larvae are not able to swim and feed, and they die
after yolk resorption or earlier. On the other head,
some disturbances, e.g. certain vertebral curvatures,
PD\UHFRYHU àXJRZVND 
Mechanism of body malformation in early
developmental stages of fish due to copper toxicity
is not clear. Various authors: e.g. Cavas et
al. (2005) or Rocha et al. (2010) reported that
developmental abnormalities may result from
genotoxic action of this metal. According to
Mochida et al. (2009), vertebral deformities in
Fundulus heteroclitus larvae exposed to copper
pyrithione
resulted
from
inhibition
of
acetylcholinesterase activity.
In this study the reduction of feeding activity
of larvae was noted together with increase in copper
concentration and time of exposure. Reduction of
feeding activity of fish exposed to heavy metals
was observed by various authors (McGeer et al.,
2000; Jezierska et al., 2006). Stouthart et al. (1996)
suggested that disturbances in development of the
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digestive tract caused reduction of feeding activity
of early life stages of Cyprinus carpio exposed to
copper. Hoyle et al. (2007) reported that the larvae
from metal-exposed groups lost appetite. Reduction
of feeding activity may be related not only to
appetite loss but also to the difficulties in prey
capture (Jezierska et al., 2006). According to
McIntyre et al. (2008), copper is neurotoxic to fish
and is specifically known to interfere with the
normal function of the peripheral olfactory nervous
system. The data obtained by Linbo et al. (2006)
and Johnson et al. (2007) showed that copper
induces lateral line dysfunction in fish larvae.
The data obtained in the present study indicate
that minimum toxic influence of copper depends on
concentration and time of exposure (the lower the
concentration, the longer time is necessary to
produce the effect). The sensitivity of various
endpoints (developmental parameters) also differs.
In exposure over entire embryonic development
period 0.03 mg/dm3 of Cu is the minimum
concentration that caused a significant increase in
percentage of deformed larvae and significantly
reduced larval feeding activity. The minimum
concentration significantly reducing egg swelling,
embryo survival in 24 hpf and hatching success was
0.1 mg/dm3. The obtained results showed that
quality of newly hatched larvae (frequency of body
malformations) and feeding activity were the
endpoints most sensitive to Cu intoxication during
embryonic period.
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DISAPPEARANCE OF CAPTAN, BOSCALID,
PYRACLOSTROBIN AND TRIFLOXYSTROBIN RESIDUES
IN RIPE APPLES DURING COLD STORAGE UNDER
CONTROLLED ATMOSPHERE
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detectable residues in the edible parts of the crop
[3]. However, plant protection products (PPPs)
undergo the gradual dissipation after their
application depending on many complex factors,
including chemical properties of a given active
ingredient (AI) of the PPP, its type of formulation
and application rate, application method, plant
species and cultivars as well as climatic conditions.
Therefore, the knowledge about the disappearance
rate of initial (starting) pesticide deposits on a given
crop in the specific conditions of the growing area
is necessary to establish both efficient protection
program against harmful organisms and compliance
with the legal Maximum Residue Levels (MRLs)
[3-6].
For the economic reasons, 80% of currently
produced apples is stored for some time at low
temperature and under controlled atmosphere to
limit quality deterioration of the apples before they
will put on the market or delivered to fruit
processing companies [7, 8]. However, stored
apples are also susceptible to various diseases of
fungal origin, though different than those attacking
apples during the growing season. To the pathogens
most effectively developing in cold stores, belong
apple scab (Venturia inaequalis), grey mold
(Botrytis cinerea), bitter rot of apple fruit, caused
by the fungus Colletotrichum gloeosporioides,
other rots caused by a variety of species (Monilia
fructigena, Gloeosporium spp., Penicillium
expansum etc.) [9].
In Poland, bearing in mind the recommended
pre-harvest intervals (PHIs) sprayings for the
control of these diseases are typically carried out in
í ZHHNV EHIRUH WKH DSSOHV KDUYHVWLQJ DQG WKHLU
placing into the storage place. Hereafter, their
deposits provide some protection against the
storage diseases and then reduce the risk of
contamination by the patulin, the mycotoxin which
can be produced by a large number of fungi
including Penicillium expansum [10]. On the other
hand, during the pre-harvest treatment, ripe apples
can accept the highest possible amounts of
fungicides, which then disappear slowly during the
cold storage. Therefore, the question arises

ABSTRACT
The disappearance of captan, boscalid,
pyraclostrobin and trifloxystrobin residues in ripe
apples of Elise, Golden Delicious, and Gloster
varieties during their storage in controlled
atmosphere was investigated. The residues were
determined by gas chromatography-tandem mass
spectrometry (GC-MS/MS). Following pre-harvest
application (1±3 weeks before harvest), the average
residues of captan, boscalid, pyraclosctrobin and
trifloxystrobin were at the levels between 0.03 and
2.0 mg kg-1, before placing apples in the storage
rooms, and dropped by 3.0% ±0.4%, on average,
during five months of storage. The residues of the
fungicides have provided a protection against
diseases such as grey mold, storage scab and bitter
rot of apple for five months. Upon removal from
the cold storage, the fungicide residues in apples
were substantially lower than the Maximum
Residue Levels (MRLs) established for adults by
the European Union Regulation No 396/2005,
though, they were still higher than a threshold value
of 0.01 mg kg-1, the highest accepted residue level
in food destined for infants and small children.

KEYWORDS:
captan, boscalid, pyraclostrobin and trifloxystrobin, ripe
apples, residue levels, disappearance rates, cold storage

INTRODUCTION
Poland is the largest apple producer
(approximately 2.3 million tons) in Europe, and one
of the largest in the World, with apple orchards
covering an area of 170,000 ha [1]. Chemical
control of pests and diseases represents a
considerable part of biotechnological resources
necessary to protect apple orchards and maintain
profitable apple production [2]. Ideally, a pesticide,
when applied to the plant, should stay on this plant
for as long time as necessary to control the harmful
organisms, and then to disappear leaving no
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During PHIs (Table 2), weather conditions
were good, there was no rain and the temperature at
midday was about 20°C. After the withholding
period, on September 21 the apples were harvested
and transferred to the cold storage room (about
1.5oC) under controlled atmosphere with the
relative concentrations of gases being 2.0% oxygen,
1.5% carbon dioxide and 96.5% nitrogen. Under
these conditions, the apples were stored until
February 15, 2012.

whether, at the removal from the storage place, the
residual concentrations of fungicides in apples will
be lower than standard for a group of consumers,
the least resistant to xenobiotics [11, 12] - infants
and young children - 0.01 mg kg-1, established as
the MRL for all pesticides in food of plant origin,
unless the specific lower MRL has been set in the
European Union legislation [13, 14].
As for the disappearance of pesticides in the
field condition, Passarella et al. [15] has evaluated
the dissipation of captan, cyprodinil, fludioxonil,
dithianon, and tebuconazole (fungicides) and of
chlorpyrifos,
fenitrothion,
and
malathion
(insecticides) in several crops, including apple. In
field trials, Yu et al. [16] has studied the
disappearance of flusilazole in apple and soil
whereas Guo et al. [17] has studied in field trials
the disappearance of difenoconazole. Thus, until
now, studies on disappearance kinetics of
fungicides in apples under cold storage conditions
with controlled atmosphere have been reported in
several publications [18].
The main objective of our study was to
investigate the presence of the fungicide residues,
such as: captan, boscalid, pyraclostrobin and
trifloxystrobin, and their disappearance behavior on
apples. These fungicides were applied in the
orchard shortly before harvest to provide protection
against storage diseases that, potentially, may
develop, during the cold storage of apples.

Sampling. Immediately before placing the
apples collected from each field trial into the cold
storage room, four laboratory samples for pesticide
residue analysis were taken. Each of them
represented one of the four rows of trees of a given
variety. Every sample (weight about 1.5 kg) was
composed of eight apples taken of eight randomly
selected trees, always from similar places. Just after
removal from the cold storage room, next four
laboratory samples of each apple variety were taken
for the analysis from the randomly chosen storage
boxes. Generally, laboratory samples were taken
only twice, immediately before and just after the
cold storage, because it is not recommended, and
thus impossible, to enter to a cold storage room
with controlled atmosphere and take any sample
during the storage.
Pesticide residue analysis. Samples for
pesticide residue analysis were prepared according
to the analytical method by SDGáR HW DO [19-21],
many times tested in proficiency testing schemes
organized by EU and FAPAS (Fera Science
Limited (FERA), Sand Hutton, UK). Briefly, 100 g
of the pulped sample was blended with 200 mL
acetone, the extract was filtered, and 1/5 of the
volume was transferred into a separatory funnel.
Then, 100 mL 2.5% aqueous solution of Na2SO4
was added, followed by liquid-liquid partitioning
with three portions of 20, 10 and 10 mL
dichloromethane. The combined extracts were
evaporated to dryness, dissolved in about 10 mL
petroleum ether and cleaned up on a florisil
minicolumn. The eluate was evaporated to dryness
and dissolved with, precisely, 10 mL petroleum
ether. For chromatographic analysis 1.5 mL of the
extract was evaporated to dryness and the solvent
was reconstituted with 1.5 mL toluene prior to its
injection into the GC-MS/MS system.
The final pesticide residue determination was
carried out by gas chromatography±tandem mass
spectrometry technique (GC-MS/MS). The
instrument consisted of a CP-3800 series gas
chromatograph, linked to a 1200 triple quadrupole
mass spectrometer (Varian Inc., Middelburg,
Netherlands). Analytes were separated on a DB-5
MS 30 m × 0.25 mm × 0.5 μm column (Agilent
Technologies, Folsom, USA). The mass

MATERIAL AND METHODS
Field trials. The field trials were carried out
in a commercial orchard with an area of 50 hectares
ORFDOL]HG LQ -y]HIyZ QDG :LVáą HDVWHUQ 3RODQG
Lublin Province) during the production season
2011, on apple trees of Elise (the field trial: F1) and
Golden Delicious (F2) varieties (trees of the both
varieties were planted in 2006), and on trees of
Gloster variety (F3) (planted in 2008). The area of
each experimental fields of a given variety was
about 1 hectare. The trees were planted in rows 500
m long with a distance of 4 m between rows, and
with the following distances between trees in rows:
Golden Delicious - 1.5 m, Gloster - 1.0 m, Elise 1.25 m. In this orchard, the integrated fruit
production system was implemented on apples. The
implemented plant protection strategies of field
trials involved the use of PPPs such as Captan 80
WG, Bellis 38 WG and Zato 50 WG, where all of
the trees of Elise, Golden Delicious and Gloster
varieties were applied according to the current
recommendations and Good Agricultural Practices
(GAP) by a motorized sprayer, a type Agrola 1500
Optimum (Agrola, Poland). Application dates of
each fungicide and their application rates were
showed in Table 2.
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formulation containing two active substances:
boscalid (an anilide fungicide) and pyraclostrobin
(a strobilurin fungicide).
During the vegetative period, single
application of the Bellis 80 WG 7±21 days before
harvest is recommended but second application,
interchangeably with other fungicide treatments, is
allowed in the case of high intensity of the disease.
The question arises, whether the fungicide residues
present in apples after passing PHI period, will
provide protection against storage diseases, and,
finally, whether their level will fall below the value
of 0.01 mg kg-1, set as the MRL for food intended
for infants and young children.

spectrometer was operated in electron ionization
mode (EI, 70 eV). Multiple reaction monitoring
(MRM) transitions of precursor ions fragmentation
to product ions were monitored for the compounds
of interest using argon as the collision gas. For
instrument control, data acquisition and processing,
the Varian MS Workstation, version 6.6 was used.
Pesticide residue degradation kinetics. The
average residue levels of fungicides (±standard
deviations) under study were calculated and their
disappearance trends were expressed in the form of
a linear equation of y= ax + b, where constant term,
b, denotes the residue level of the individual
pesticide for time t=0, and the slope of the line, a,
represents the disappearance rate of the pesticide
residue in mg kg-1 per one day. Relative changes of
pesticide residues were calculated by the formula
100a × b-1%. The kinetics of residue disappearance
was also described by using exponential equation
y=y0e-k, and then the half-lives were calculated with
the use of a mathematical formula T1/2=ln(2) k-1.

Determination of fungicide residues. To
ensure the accuracy of fungicide residue
determination, analytical performance of the
method was evaluated in terms of recovery and
precision (Relative Standard Deviation; RSD). For
this purpose, blank samples of apple (previously
assessed during the study to be free of pesticide
residues) were spiked with the pesticides before
proceeding with the extraction. The samples were
spiked at two levels, that is 0.01, and 0.25 mg kg -1,
in six replicates. The results of the recovery studies
are shown in Table 1. As seen from this table,
average recoveries ranged between 70.3 and
114.7% with associated relative standard deviations
(RSDs) in the range between 2.2 and 14.2% and
met the European Union acceptance criteria
including average recovery 70±20% and RSD of
20% or less [22]. For the pesticides under study,
linearity parameters were highly satisfactory with
coefficients of determination (R2) >0.99.
Using this method, boscalid, captan,
pyraclostrobin and trifloxystrobin residues in apple
laboratory samples were determined (Table 2). The
concentration levels of residues were mostly
dependent on the application rate of AI and the time
elapsed after spraying (pre-harvest interval; PHI).
The highest residue concentration was determined
for captan in the apples of Elise variety, and it was,
on average, 2.00 mg kg-1, resulting from two
subsequent applications of the Captan 80 WG on
August 28 and then September 13. In the case of
Golden Delicious and Gloster varieties, the residues
of captan were significantly lower, and averaged,
0.177 and 0.161 mg kg-1, respectively, as a result of
single application the Captan 80 WG on August 28.
In apples of Gloster variety, the average residues of
trifloxystrobin in fruits decreased within 8 days
after application to 0.058 mg kg-1. The residues of
boscalid in the apples of Golden Delicious variety
decreased within 8 days after application to 0.186
mg kg-1 and within 13 days after the application to
0.078 and 0.105 mg kg-1 in the varieties Gloster and
Elise, respectively. Whereas the pyraclostrobin
residue, in the apples of the Golden Delicious

RESULTS AND DISCUSSION
Control of storage diseases of fungal origin.
Storage scab (caused by Venturia inaequalis), bitter
rot of apple (caused by Pezicula alba) and grey
mold (caused by Botrytis cinerea) were the most
common apple storage diseases recorded in this
study. Bitter rot which occurs on ripe apples under
deck storage as well as cold storage in controlled
atmosphere is particularly harmful disease.
Especially in years when a rainy weather prevails,
causing opportune conditions (relative humidity >
80%) for infection of apples by the pathogen
Pezicula alba just before harvest. The fungus can
penetrate unbroken skin and infect the fruit flesh
causing its bitter taste.
Overall, infections by fungal pathogens and
development of storage diseases may cause losses
of 30 to 50% the stored apples. Application of
fungicides can be effective in control of diseases of
fungal origin and reduction of the share of damaged
apples. On the other hand, in Poland, fungicides
must not be applied after harvest, therefore for
protection of apples against storage diseases,
sprayings are carried out typically 1±2 weeks
before harvest and after that the apples are placed in
the storage room.
In our study, field trials were conducted using
three fungicides: Captan 80 WG (AI: captan 80%),
Zato 50 WG (AI: trifloxystrobin 50%) and Bellis 38
WG (AIs: boscalid 25.2% and pyraclostrobin
12.8%). Captan, a phthalimide fungicide, and
trifloxystrobin, a strobilurin fungicide, are
commonly used to control fungal diseases of apple,
whereas Bellis 80 WG is a newly registered
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application, to 0.087 mg kg-1, and within 13 days

the

TABLE 1
Analytical performance data: limits of quantification (LOQ), linearity (range, equation, R 2), spiking
recovery and relative standard deviation (RSD).
Pesticide

Boscalid
Captan

LOQ,
mg
kg-1
0.01
0.05

Range,mg
kg-1
0.005 ± 0.5
0.05 ± 0.5

Linearity
Equation
y = 0.0025x + 9.2644E-4
y=4.9844E-6x-9.0908E-5

0.9999
0.9993

Pyraclostrobin
Trifloxystrobin

0.01
0.01

0.005 ± 0.5
0.005 ± 0.5

y = 0.0014x ± 3.3575E-4
y=5.2538E-4x+1.9566E-4

0.9999
0.9999

R2

Recovery (RSD), %
0.01 mg kg-1 0.5 mg kg-1
106.2 (4.5)
Not
determined
114.7 (3.0)
110.8 (3.9)

109.6 (2.3)
70.3 (14.2)
115.6 (3.0)
112.8 (2.2)

TABLE 2
Captan, boscalid, pyraclostrobin and trifloxystrobin residues in apples immediately before and just after
the cold storage.
Apple variety
(field trial)

Elise
(F1)

Golden
Delicious
(F2)

Trade
Name

AI

Appl.
rate
of AI, kg

Appl.
date

PHI,
days

Captan
80 WG

Captan

1.52

28 Aug,
13 Sep

8

Boscalid

0.202

8
Sep

13

28 Aug

24

13 Sep

8

Bellis
38 WG
Captan
80 WG
Bellis
38 WG
Captan
80 WG

Gloster
(F3)

Bellis
38 WG
Zato
50 WG

Piraclostrobin

0.102

Captan

1.52

Boscalid

0.202

Piraclostrobin

0.102

Captan

1.52

Boscalid

0.202

Piraclostrobin

0.102

Trifloxystrobin

0.075

28 Aug

24

8
Sep

13

13 Sep

8

Average residues ±SD, mg
Before

1

After cold

2.00
±0.440
0.105
±0.058
0.054
±0.029

1.28
±0.290
0.062
±0.021
0.031
±0.012

0.177
±0.121
0.186
±0.110
0.087
±0.046

0.106
±0.032
0.102
±0.060
not
analyzed

0.161
±0.067
0.078
±0.010
0.030
±0.004
0.058
±0,011

0.076
±0.009
0.039
±0.006
not
analyzed
0.032
±0.010

MRL,
mg kg-1
3
2
0.3
3
2
0.3
3
2
0.3
0.5

PHI ± pre-harvest interval: the time between the last pesticide application and harvest of the treated crops; SD ±
standard deviation
after application, to 0.030 and 0.054 mg kg-1 in the
case of the Gloster and Elise varieties, respectively.
Subsequently, the apples of the tested varieties were
placed under cold storage and the next laboratory
samples for pesticide residue analysis could be
taken upon removal from the storage after five
months (Table 2).

3. The study of the linear equation trends revealed
the disappearance rates of those AIs in the range
between 0.24 and 0.36% of their initial (starting)
levels per day (percentage of dissipation during the
whole period of 147 days of the cold storage was
36% and 53%, respectively), with the half-lives
YDOXHV RI í GD\V H[FHSW IRU FDSWDQ LQ WKH
Elise variety apples, where the residues originating
from two applications of Captan 80 WG
disappeared slightly slower (0.24% of its initial
level per day) (captan residues dropped by 36%
during the whole storage period), resulting in the

Disappearance study of fungicide residues.
The results of the studies on the disappearance of
boscalid, captan, piraclostrobin and trifloxistrobin
residues in stored apples are summarized in Table
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in half-lives values of 164 and 173 for
trifloxistrobin and piraclostrobin, respectively.
Similar disappearance kinetics was determined for
boscalid (an anilide fungicide).

half-lives value was 205 days. The residues of
strobilurin fungicides exhibited the disappearance
rate of 0.31 (trifloxystrobin) and 0.29%
(piraclostrobin) per day (during the whole period of
cold storage 45% and 42%, respectively) resulting

TABLE 3
Disappearance rates of captan, boscalid, piraclostrobin and trifloxystrobin residues in apples during the
cold storage under controlled atmosphere.
Linear

100a × b-1,

t1/2,

Exponential

t1/2,

of AI

equation,

%

days

equation,

days

(Field trial)

y=ax + b

Captan (F1)

y=-0.004891x + 2.001

Common name

y=y0e-kt
0.24

205

y = 2.001e-0.003029x

229

-0.003584x

Boscalid (F1)

y=-0.000293x + 0.105

0.28

179

y = 0.105e

193

Piraclostrobin (F1)

y=-0.000156x + 0.054

0.29

173

y = 0.054e-0.003775x

184

-0.003488x

Captan (F2)

y=-0.000483x + 0.177

0.27

183

y = 0.177e

199

Boscalid (F2)

y=-0.000571x + 0.185

0.31

162

y = 0.185e-0.004087x

170

-0.005107x

Captan (F3)

y=-0.000578x + 0.161

0.36

139

y = 0.161e

136

Boscalid (F3)

y=-0.000265x + 0.078

0.34

147

y = 0.078e-0.004715x

147

Trifloxystrobin (F3)

y=-0.000177x + 0.058

0.31

164

y = 0.058e-0.004046x

171

±

0.30±0.04

169±21

±

179±28

Average

to reduce the rate of chemical transformation in
natural fruits, the process of disappearance of
pesticide residues runs quite different than in the
case of apples growing on trees [25, 26].
Condition of the apples out of the cold storage
lets to conclude that, despite the reduction in the
level of pesticide residues in cooling conditions,
those decreased deposits actively protected the
apples against the development of pathogens
throughout the storage period. The disappearance of
the residue in cold conditions was much slower
than their disappearance in the environment, in
which besides the natural chemical processes also
occurs leaching the residues by heavy rainfall [18].
As a result of the slowdown of the decomposition
process, the level of residues was not lowered to
values that would allow application of apples tested
to the production of foods for infants and young
children.

On average, the disappearance rate of
boscalid, captan, piraclostrobin and trifloxistrobin
residues was 0.30 ±0.04% per day with the half-life
value of 169 ±21 days. As shown in Table 3, the
kinetics of fungicide residues disappearance was
also studied with applying exponential equations,
so called as pseudo-first order kinetics, and the
average half-life for tested substances was 179 ±28
days.
The fungicide residue results obtained for the
samples analyzed upon removal from cold storage
were compared against the existing statutory
maximum residue levels (MRLs). The residues of
the tested active substances at the time of placing
apples to the cold storage were lower than allowed
by the European Union legislation framework No
396/2005 [23], i.e. 0.3, 0.5, 2 and 3 mg kg-1 for
piraclostrobin, trifloxystrobin, boscalid and captan,
respectively. On the other hand, the residues not
only before but also after removal from storage
were still higher than a threshold value of 0.01 mg
kg-1 which was established as the MRL applicable
for all pesticides in food for vulnerable groups of
consumers such as infants and young children.
Storing fruits, including apples, in cold stores
with controlled atmosphere is now widely accepted
practice. This method is recommended, due to its
numerous advantages associated with prolonging
the shelf life of the fruit, its color, chemical
composition, and protection of the sensory [8, 24].
Due to conditions in the cold storages, whose role is

CONCLUSION
1. Residues
of
captan,
boscalid,
pyraclostrobin and trifloxystrobin, after their
applications in the form of Captan 80 WG, Bellis
38 WG and Zato 50 :* í ZHHNV SULRU WR WKH
submission of ripe apples to cold storage, occurred
at varying levels from 0.05 to 2.00 mg kg-1
depending on their application rates.
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2. Irrespective of the initial residue levels,
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for all tested fungicides and their residues were
decreasing, on average, by 0.30% of their starting
levels per day, with a standard deviation of 0.04%.
3. Within five months of cold storage, due to
WKH WUHDWPHQWV FDUULHG RXW í ZHHNV HDUOLHU DQG
consequently, the accumulation of the fungicide,
the apples were protected against diseases of fungal
origin such as storage scab, grey mold and bitter rot
of apple.
4. The average half-life for all fungicides
amounted to 169 days with a standard deviation of
21 days, while the same parameter calculated on the
basis of exponential equation was slightly longer
and amounted to 179 days with a standard deviation
of 28 days.
5. While submitting apples to cold storage,
residue levels of applied fungicides were
significantly lower of the Maximum Residue Levels
established for the adult consumer.
6. After five months of storage, the apples
still contained residues of fungicides at levels
higher than 0.01 mg kg-1, which disqualifies them
as raw material for the production of foods for
infants and young children.
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150±300 tonnes of imazethapyr and 400 tonnes of
chlorimuron-ethyl (only in Heilongjiang Province)
are used each year to control weeds in soybean
fields (Li et al.2008; Zhao et al.2007). The fate and
behaviour of the herbicides in the environment have
been widely investigated (Chen et al. 2003;
Choudhury and Dureja 1996,1997; Sanyal et al.
2006; Soltani et al. 2010; Yen et al. 2003; Zhang et
al.2007). Many studies have shown that
imazethapyr and chlorimuron-ethyl can persist in
the soil and groundwater for a long time, where
they greatly damage crops and affect functional
microbes and enzymes in the soil (Battaglin et
al.2000; Goetz et al. 1990; Loux and Reese 1993;
Nemat-Alla et al. 2008; Soltani et al. 2005; Wang
and Zhou 2006; Yang et al. 2007; Zhang et al.
2010a, 2010b). Hence, there is a great need to
reduce residual levels of imazethapyr and
chlorimuron-ethyl in the environment.
Microbial
degradation
and
chemical
hydrolysis are the main degradation pathways for
imazethapyr and chlorimuron-ethyl in soil. To the
best of our knowledge, several strains capable of
degrading imazethapyr or chlorimuron-ethyl
herbicides have been isolated (Huang et al. 2009;
Wang et al. 2007; Zhang et al. 2009). Although it is
possible that soils can be co-contaminated with the
imazethapyr and chlorimuron-ethyl herbicides, little
information is available on the simultaneous
degradation
of
the
imazethapyr
and
chlorimuron-ethyl herbicides by one microbial
strain. Therefore, there is a need for the
construction of genetic strains for the simultaneous
degradation of the two herbicides
The Gram-negative bacterium Beijerinckia sp.
P310-1 was isolated from active sludge samples. In
a previous study, we found that Beijerinckia sp.
P310-1 could degrade more than 80% of
imazethapyr when it was cultured in 100 mg/L of
imazethapyr medium for 5 days; however, it
degraded less than 35% of the chlorimuron-ethyl
(Zang et al. 2010). Inversely, the Gram-positive
bacterium Rhodococcus sp. D310-1 removed more
than 84% chlorimuron-ethyl, but with a low
degradation capability for imazethapyr (Xiong et al.
2011). The objective of this study was to construct

ABSTRACT
Intergeneric protoplast fusion between
Beijerinckia sp. P310-1 and Rhodococcus sp.
D310-1 was performed and confirmed. Fusants
were constructed to enhance the simultaneous
degradation of imazethapyr and chlorimuron-ethyl.
Subsequently, the degradation capacity of fusant R3
for imazethapyr and chlorimuron-ethyl was
compared with those of the parental strains. Five
fusants were obtained from the selective medium
with a fusion frequency of approximately 2.03×10-7.
These fusants presented different colony
morphologies from the parents and good growth,
but they varied in biomass in mineral media
containing imazethapyr and chlorimuron-ethyl as
the carbon sources. These observations indicate that
genetic information from the parental strains was
successfully introduced into the fusants. Fusant R3
gained the maximum biomass and produced a
unique profile in RAPD analysis, which further
confirmed that it was genetically heterogeneous.
Fusant R3 degraded 67.3% of imazethapyr and
66.3% of chlorimuron-ethyl, which represented a
nearly 1.25-1.41-fold increase compared to the
parents. Thus, the fusant had a degradation ability
that exceeded those of its parental strains. The
fusant may contribute to the development of a
consortium for the bioremediation of imazethapyr
and
chlorimuron-ethyl
co-contaminated
environments. This study demonstrates that it is
possible to improve Rhodococcus sp.D310-1 and
Beijerinckia sp. P310-1 by protoplast fusion.
KEYWORDS:
Protoplast fusion; Beijerinckia sp; Rhodococcus sp;
Imazethapyr; Chlorimuron-ethyl; Degradation.

INTRODUCTION
Imazethapyr and chlorimuron-ethyl have been
widely used for broad-spectrum weed control in
soybeans and other legume crops (Perucci and
Scarponi 1994; Reddy et al.1995). In China,
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regeneration medium or selective medium
(generated by adding ȝJ/mL rifampicin and 600
ȝJ/mL fosfomycin to the regeneration medium) and
incubated for 5 to 7 days at 30°C. The fusion
efficiencies were calculated after growing the
fusion products on regeneration medium and
selective medium.
Screening of fusants was performed using
rifampicin and fosfomycin resistance and colony
morphology as the selection markers. Colonies that
grew on selective medium were isolated as the
fusants between Beijerinckia sp. P310-1 and
Rhodococcus sp. D310-1. Next, the fusants were
cultivated on regeneration medium supplemented
wiWK  ȝJ/P/ ULIDPSLFLQ DQG  ȝJ/mL
fosfomycin to verify their resistance to the
antibiotics. This verification step was performed in
triplicate to confirm the observations.

multifunction genetic strains for the enhanced
degradation
of
imazethapyr
and
chlorimuron-ethyl by intergeneric protoplast fusion
between Beijerinckia sp. P310-1 and Rhodococcus
sp. D310-1. The fusants were characterized
morphologically and physiologically, and the
degradation ability of the fusants for imazethapyr
and chlorimuron-ethyl was evaluated.

MATERIALS AND METHODS
Bacterial strains. Beijerinckia sp. P310-1 and
Rhodococcus sp. D310-1 were isolated as described
in the introduction. Beijerinckia sp. P310-1 was
found to be resistant to rifampicin, but sensitive to
fosfomycin. Inversely, Rhodococcus sp. D310-1
was sensitive to rifampicin, but resistant to
fosfomycin. Beijerinckia sp. P310-1 and
Rhodococcus sp. D310-1 were maintained on
minimal salts medium containing imazethapyr and
chlorimuron-ethyl, respectively, as described
elsewhere(Xiong et al. 2011)and stored at 4Ԩ.

Measurements of biomass production by
the fusants. Fusants selected based on antibiotic
resistance were cultivated in minimal medium (g/L)
(15 mL sodium lactate, 0.7 g K2HPO4, 0.9 g
KH2PO4, 0.125 g MgSO4·7H2O, and 0.005 g
Na2MoO4·2H2O, pH 6.0) containing 100 mg/L
chlorimuron-ethyl and 100 mg/L imazethapyr as the
carbon sources. After incubation, the biomass
(OD600) was measured using a spectrophotometer.
The fusants with the least biomass were eliminated.

Construction and identification of fusants.
The following procedures for preparing protoplasts
were proposed based on reference(Singer and
Finnerty 1988) and our pre-tests. The two strains
were grown to an OD600 between 0.7 and 1.0 in LB
at 30Ԩ. The cell suspensions were collected by
centrifugation at 5500 x g for 2 min, thoroughly
washed 2-3 times with sterile distilled water and
then suspended in hypertonic buffer (HB buffer;
0.55 mol/L sucrose and 0.02 mol/L MgCl2·6H2O,
pH 6.5). The cell suspensions were serially diluted
and plated on LB media to obtain total bacterial
counts. The protoplasts of Beijerinckia sp. P310-1
and Rhodococcus sp. D310-1 were generated by
digesting the cell walls with lysozyme solution (10
mg/mL in HB buffer) at a final concentration of 2.9
mg/mL at 37°C and 3.2 mg/mL at 32°C,
respectively. After 3.5 hours, each protoplast
suspension was centrifuged at 3500 x g for 10 min
to remove the lysing enzyme and re-suspended in
HB buffer. The number of protoplasts was
determined with a haemocytometer under a
phase-contrast microscope. A small portion was
serially diluted in sterile water or HB buffer and
plated on regeneration medium (1.0% peptone,
0.5% yeast extract, 0.5% beef extract, 1.0% glucose,
0.5 mol/L sucrose, and 10 mmol/L MgCl2·6H2O).
Equal numbers of protoplasts from the remaining
protoplast suspensions of Beijerinckia sp. P310-1
and Rhodococcus sp. D310-1 were gently mixed
with 30% PEG buffer (HB buffer+0.4 g/mL
PEG-4000 and 10 mmol/L CaCl2+2O) at 35°C.
After a 10 min treatment in PEG, the protoplast
suspension was centrifuged at 3500 x g for 10 min
and re-suspended in HB buffer, then plated on

RAPD analysis of putative fusants. RAPD
analysis was performed to confirm the genetic
relatedness between the fusants and parental strains.
Briefly, genomic DNA was extracted from the
parental and fusant cells as described by Cheng and
Jiang (2006) and used for RAPD analysis.
RAPD-PCR reactions were performed in 25 μL
volumes containing 200 μmol/L dNTPs, 2.5 μL
PCR buffer, 3 U DNA polymerase, 0.6 μmol/L
primer, 50 ng/μL template DNA, 3 mmol/L MgCl2
and ultrapure water added to reach the final volume.
Amplifications were performed in a Mycycler
Thermal Cycler System (Bio-Rad, USA)
programmed for 1 cycle at 94°C for 5 min, 35
cycles of 94°C for 1 min, 50.6°C for 1 min and
72°C for 2 min, followed by a final extension at
72°C for 7 min and storage at 4°C. All reactions
were repeated to ensure that the results were
reproducible. Amplification products (5 μL) and a
DNA marker (Takara, Japan) were analysed by
electrophoresis using 1.5% agarose gels with
GoldViewII as the developer in 1×TAE at 150 V for
30 min. The gels were scanned with UV in a
Fluor-S MultiImager (Bio-Rad). The RAPD bands
were analysed as described elsewhere (Zhang et al.
2009; Zhao et al. 2009].
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parental cultures. The first two parameters were
antibiotic resistance characteristics and colony
morphology, which have been widely used as
genetic markers for protoplast fusion of both
parental cultures (Krishnamoorthy et al. 2010;
Mrinalini 1997; Winkler et al. 2010). We
successfully obtained five fusants on the selective
media. Fusant R1 presented prominent small white
colonies, fusant R2 presented small flat yellow to
brown colonies, fusant R3 presented prominent
large red colonies, and fusants R4 and R5 presented
prominent small yellow to brown colonies. The
parental strain Beijerinckia sp. P310-1 presented
large yellow to brown colonies and Rhodococcus sp.
D310-1 presented small saffron colonies.
Complementation should have occurred in these
fusants because the parental strains were incapable
of growing on the selective medium. However, the
colony colour and/or shape of these fusants differed
from the parental strains.
To further select and confirm their degradation
ability, the five recombinants were inoculated on
solid and liquid mineral media containing
imazethapyr (500 mg/L) and chlorimuron-ethyl
(500 mg/L). All recombinants presented growth in
both mineral media but varied in biomass. This
growth pattern indirectly indicated the different
imazethapyr and chlorimuron-ethyl degradation
potentialities of these fusants. Fusant R3 showed
the highest biomass growth among fusants R1 to R5;
therefore, this fusant was selected for more detailed
study.

Degradation
of
imazethapyr
and
chlorimuron-ethyl by fusant R3 and the parental
strains. The ability of fusant R3 and the parental
strains
to
degrade
imazethapyr
and
chlorimuron-ethyl was examined. The examined
bacteria were inoculated in minimal medium
containing 100 mg/L imazethapyr and 100 mg/L
chlorimuron-ethyl as the carbon sources. After 5
days of incubation, the chlorimuron-ethyl and
imazethapyr contents were quantified by HPLC as
previously described (Zang et al. 2010). A control
experiment without microorganisms was performed
under the same conditions. All experiments were
conducted in triplicate.

RESULTS AND DISCUSSION
Preparation and fusion of protoplasts.
Protoplast fusion is a conventional but successful
technique through which potential strains with
desirable properties can be obtained with minimal
disturbance to their physiology and biocontrol
efficacy (Savitha et al. 2010). This technique has
been widely used for strain improvement (Chen et
al. 2009; Choi et al. 2010; Parani et al. 2010; Sabir
and El-Bestawy 2009; Zhao et al. 2011). The
preparation of the protoplast is an important step in
protoplast fusion. Although many methods for
preparing protoplasts have been described in the
literature (Mirdamadi-Tehrani et al. 1986; Singhvi
et al. 2010), none of them are suitable for all
bacteria due to differences in cell wall structure.
The important factors that influence the isolation
and regeneration of protoplasts include the
microbial species, lytic enzyme preparation,
osmotic stabilizers and pH (Kim et al. 2000; Solís
et al. 1996). In preliminary experiments, we
optimized the conditions for preparing protoplasts
by orthogonal tests and found that satisfactory
results were achieved when Beijerinckia sp. P310-1
and Rhodococcus sp. D310-1 were treated with
lysozyme solution at a final concentration of 2.9
mg/mL at 37°C and 3.2 mg/mL at 32°C,
respectively, for 3.5 hours. The resulting
protoplasting efficiencies in Beijerinckia sp. P310-1
and Rhodococcus sp. D310-1 were approximately
68% and 81%, respectively. Thus, the protoplasts
were prepared using the conditions described above
in
subsequent
experiments.
PEG-mediated
protoplast fusion was performed, and five fusants
(designated fusant R1 to R5) were obtained on the
selective medium for a fusion frequency of
2.03×10-7. This value is defined as the ratio of the
number of hybridized protoplasts capable of
growing on the selective medium to the number of
colonies that grow on the regeneration medium.
Three different sets of parameters were taken
into account to differentiate the hybrids from the

RAPD analysis of fusant R3. Based on the
above results, we hypothesized that a genetic
recombination event had occurred through
intergeneric protoplast fusion. To confirm this
hypothesis, the genetic relatedness between fusant
R3 and the parental strains was evaluated through
RAPD analysis. RAPD-PCR is a technique that is
known to be capable of the sensitive detection of
slight genetic differences between samples.
Recently, a number of investigators have used this
approach to identify fusants (Zhang et al. 2009;
Zhao et al. 2009). Initially, eight arbitrary
oligonucleotides of 10 bases each (10-mers) were
screened to identify positive primers with DNA
from fusant R3 and the parental strains. Only two
primers (No. 21˖CGGCCCCGGC and No. 22˖
CGGCCCCGGT) gave strong and reproducible
RAPD bands; these primers were selected for the
reaction. Use of the CGGCCCCGGC primer
resulted in the detection of 580 bp and 800 bp
bands that were weakly expressed in Beijerinckia
sp. P310-1 and the fusant but were absent in
Rhodococcus sp. D310-1; 650 bp, 1500 bp and
4000 bp bands that were strongly expressed in
Beijerinckia sp. P310-1 but absent in Rhodococcus
sp. D310-1 and the fusant; and 900 bp and 1800 bp
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observed in Rhodococcus sp. D310-1 and the fusant,
but not in Beijerinckia sp. P310-1. A band at
approximately 1900 bp that was dimly expressed in
Rhodococcus sp. D310-1 was absent in Beijerinckia
sp. P310-1 and fusant R3. A new, approximately
750 bp band was observed in the fusant that was
absent in both of the parents (Figure1b). These
observations suggest that genetic information from
both parental strains was successfully introduced
into fusant R3 based on the complementary banding
patterns of the parental strains. This finding
conformed to the findings of Francis and Clair
(1993) who demonstrated that F1 hybrids show
bands characteristic of both parental strains.

bands that were strongly expressed in Rhodococcus
sp. D310-1 and the fusant but absent in Beijerinckia
sp. P310-1. Additionally, 1000 bp and 1600 bp
bands were strongly expressed in both the parental
strains and fusant R3, and a new 750 bp band was
observed in the fusant but was absent in the parents
(Figure1a). Use of the primer CGGCCCCGGT
yielded similar band patterns in Rhodococcus sp.
D310-1, Beijerinckia sp. P310-1 and fusant R3. The
580 bp and 2500 bp bands were strongly expressed
in Beijerinckia sp. P310-1 but absent in
Rhodococcus sp. D310-1 and the fusant.

Degradation
of
imazethapyr
and
chlorimuron-ethyl by fusant R3. The profiles of
imazethapyr and chlorimuron-ethyl degradation by
fusant R3 and the parental strains are presented in
Table 1. The results showed that fusant R3
degraded 67.3% of the imazethapyr and 66.3% of
the chlorimuron-ethyl, which represented a nearly
1.25-1.41-fold increase compared to the
degradation capacity of the parents. The enhanced
degradation activity of fusant R3 may be
attributable to a disorder in the normal expression
of the imazethapyr and chlorimuron-ethyl
degradation-related genes by multiplication of the
chromosomes or modification of regulatory or
structural regions of the imazethapyr and
chlorimuron-ethyl
degradation-related
genes
through genetic recombination. However, more
detailed study is necessary to evaluate the changes
that occurred in these genes during the process of
protoplast formation-regeneration.
In summary, fusants were achieved by
intergeneric fusion between Beijerinckia sp. P310-1
and Rhodococcus sp. D310-1. The fusant R3
degraded 67.3% of the imazethapyr and 66.3% of
the chlorimuron-ethyl, thereby achieving a nearly
1.25-1.41-fold increase in degradation ability
compared to the parental strains. The fusant may
contribute to the development of a consortium for
the
bioremediation
of
imazethapyr
and
chlorimuron-ethyl co-contaminated environments.

FIGURE 1
Randomly amplified polymorphic DNA (RAPD)
banding profiles of Rhodococcus sp. D310-1,
Beijerinckia sp. P310-1 and fusant R3 obtained
with primers CGGCCCCGGC (a) and
CGGCCCCGGC (b).
M, Transgene 2K DNA Marker; D,
Rhodococcus sp. D310-1; P, Beijerinckia sp.
P310-1; R3, fusant R3.
The 700 bp and 1500 bp bands were strongly
expressed in both the parents and the fusant. A band
at 800 bp was strongly expressed in Beijerinckia sp.
P310-1 but absent in Rhodococcus sp. D310-1 and
fusant R3. Bands at approximately 1400 bp and
2600 bp were observed in Beijerinckia sp. P310-1
and the fusant, but not in Rhodococcus sp. D310-1.
However, a band at approximately 1700 bp was

TABLE 1
Imazethapyr and chlorimuron-ethyl degradation by fusant R3 and the parental strains
Extent (%) of degradation
Ratio (%) of degradation
Imazethapyr chlorimuron-ethyl
imazethapyra chlorimuron-ethylb
Beijerinckia sp. P310-1
59.60
33.31
100
47.16
Rhodococcus sp. D310-1
39.37
70.63
66.06
100
R3
67.30
66.30
112.92
93.87
a
b

Relative value compared with Beijerinckia sp. P310-1.
Relative value compared with Rhodococcus sp. D310-1.
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one of the most significant indicators in aquatic
ecosystems for the impact of metal pollution. Fishes
are often at the top of aquatic food chain in water
ecosystems and they may accumulate toxic trace
metals in polluted waters (Mansour and Sidky,
2002; Zhuang et al. 2013; Kayhan et al. 2015). It is
well known that fish, as a regular constituent of the
human diet, can represent a dangerous source of
certain heavy metals (Özparlak et al. 2012).
In recent years, concentrations of heavy metal
were found to have increased in lake ecosystems
due to release of industrial and agricultural wastes
and as a result, aquatic organisms are exposed to
elevated levels of these metals (Kalay and Canil
2000; Sankar et al. 2006; Said et al. 2014). The
amount of heavy metals in lake water should be
within the limited values; otherwise, the
accumulation of heavy metals would cause many
problems to living organisms and agricultural areas.
Especially high levels of heavy metals are very
dangerous to freshwater ecosystems as for human if
the water is being used as drinking or irrigation
water. The aquatic organisms exposed to heavy
metals from runoff water tend to accumulate these
metals in their body, fishes being more commonly
affected than other species (Güven et al. 1999;
Henry et al. 2004; Mutlu et al. 2012; Miloskovic et
al. 2014). The most important heavy metals from
the point of view of water pollution are Zn, Cu, Pb,
Cd, Hg, Ni and Cr. Some of these metals (e.g. Cu,
Ni, Cr and Zn) are essential trace metals to living
organisms, but become toxic at higher
concentrations.
The aim of the present study is to determine
the concentrations of some heavy metals in
different tissues of Tinca tinca by using High
Resolution Continuum Source Flame Atomic
Absorption Spectrometer (HR CS-FAAS) from
different locations of Siddikli Kucukbogaz Dam
Lake. It is expected that the results of this research
will assist in acquiring information about the level
of toxic metals in this area.

ABSTRACT
Heavy metal concentrations of Cu, Fe, Mn,
Zn, Cr and Al in muscle, liver, skin, intestine and
gill of tench (Tinca tinca L., 1758) collected from
Siddikli Kucukbogaz Dam Lake, in Turkey, were
determined by High Resolution Continuum Source
Flame Atomic Absorption Spectrometer (HR CSFAAS) between March 2012 and February 2013.
The heavy metals were accumulated at varying
levels in different tissues of tench. The
concentration of heavy metals in different tissues of
fishes varied for Cu: 0.067-3.793, Fe: 0.460-13.22,
Mn: 0.041-1.366, Zn: 0.135-3.783, Cr: nd-1.177
and Al: 0.232-2.07 μg g-1 dry weight. Heavy metal
levels in tissues were compared with national and
international permissible limits. The values of all
metals in muscles of the analyzed fish were found
to be below the established limit values. Seasonal
changes in metal (Cu, Fe, Mn, Zn, Cr and Al)
concentration were observed in the tissues of tench,
but these variations may not influence consumption
advisories.
Consequently, this study suggests that various
metals were present in the fish muscle tissues at
different levels, but these were within the maximum
residual levels permitted by Turkish standards and
the WHO/FAO; thus, the fish from these areas are
generally safe for human consumption

KEYWORDS:
Tinca tinca, heavy metal, fish, tissues, Kirsehir

INTRODUCTION
Water pollution with heavy metals has become
a serious health concern during recent years. The
aquatic environment is more susceptible to the
harmful effects of heavy metal pollution because
aquatic organisms are in close and extended contact
with the soluble metals. Fish can be considered as

1972

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ





Massachusetts, USA). Standard solutions of
analyses were prepared from their 1000 mg Lí
stock solutions (Merck).
Results are expressed in μg g-1. One-way
ANOVA and Tukey test were performed to test the
differences of the metal levels among the
specimens (significance level p<0.05). All
statistical calculations were performed with SPSS
16.0 for Windows.

MATERIALS AND METHODS
The Siddikli Kucukbogaz Dam is located in
the borders of Kirsehir city in the central Anatolia
region. It was constructed on the Kepez Ozu River
and became operational in 2001. Reservoir volume
is 28.500 dam3, and reservoir area is 1.65 km2. The
study material consisted of 27 tench (Tinca tinca L.,
1758) specimens collected from different parts of
Siddikli Kucukbogaz Dam Lake between March
2012 and February 2013 on a seasonal basis. The
specimens were caught using trammel nets with
mesh sizes of 8x8, 12x12, 16x16 and 22x22 mm
and stored on ice until arrival at the laboratory.
Approximately 0.5 g samples of tissues
(muscle, gill, liver, skin, intestine) from each fish
were dissected, washed with distilled water,
weighed, packed in polyethylene bags and stored at
-20°C until metal analyses. All tissue samples were
transferred into 100 ml teflon beakers and samples
(0.5 g) were digested with 8 mL of HNO3
(65%(m/m)) in microwave oven (CEM MARS-5
Closed Vessel Microwave Digestion System) using
the following microwave digestion program;
pressure 200 psi, ramp time 15 min., temperature
210 °C, maximum power 450 W, hold time 10 min.
The Teflon beaker was covered with a watch glass,
and heated at 50-100 °C on a hot plate for 4 h, until
the solution evaporated slowly to near dryness. Two
milliliters of HNO3 (65%(m/m)) and H2O2
(30%(m/m)) were added to the residue and the
solution was evaporated again on the hot plate.
After cooling, 2.5 ml of 1 N HNO3 was added to
digested residue and was transferred to 10 ml
volumetric flasks, then diluted to level with
deionized water (Ciftci et al. 2011). Before the
analyses, the samples were filtered through a 0.45
μm syringe filter (Sartorius).
The analyses were performed by ContrAA 300
a High Resolution-Continuum Source Flame
Atomic Absorption Spectrometer (HR-CS AAS)
(Analytik Jena AG, Jena, Germany) equipped with
a 50 mm burner head and an injection module
(SFS-6). All absorption lines of an element in the
spectral range of 185±900 nm can be analytically
evaluated by using a Xe short-arc lamp as a
continuum lamp source. The spectral background of
the sample in the HR-CS FAAS is always corrected
directly on the analysis line simultaneously and
independently. All measurements were carried out
under optimum conditions in three replicates using
an injection module SFS-6 enabling the computer
controlled aspiration of blanks, analytical solutions
and samples (Ciftci et al. 2011; Ciftci and Er,
2013).
All solutions were prepared using ultra-pure
ZDWHU VSHFLILFUHVLVWDQFH0ȍFP IURPD0illiQ purification system (Millipore Corporation,

RESULTS
The present study is the first for tench in
Siddikli Kucukbogaz Dam Lake and supplies
valuable information about metal contents in
different tissues. The accumulation values of the
respective metals in various tissues were as follows:
Cu, liver > intestine >gill> muscle > skin; Fe, liver
> gills > intestine > skin >muscle; Mn, gill >
intestine > liver > skin >muscle; Zn, intestine
>liver> skin >gill> muscle; Cr, intestine > liver
>gill>muscle> skin and Al, gill > skin > muscle >
intestine > liver.
The mean concentrations of Cu, Fe, Mn, Zn,
Cr and Al in different tissues of tench, Tinca tinca
L., 1758, were given in Table 1. A total of 27
individuals were analyzed in this study. The highest
metal concentrations were found in the liver. Cu, Fe
and Zn were the most abundant metals in the liver
with the concentrations of 3.793, 13.220, 3.783 μg
g-1, respectively. The second highest metal
concentrations were found in the gills. Mn and Al
were the most abundant metals in the gills with the
concentrations of 1.366 and 2.070 μg g-1,
respectively. Muscles showed lowest level of
concentration throughout the study. Except Mn and
Al, all metal concentrations in livers were higher
than others.
The total concentrations of Al, Fe, Cu, Mn, Zn
and Cr in tench were 0.882 (±0.280), 4.320
(±0.889), 0.365 (±0.086), 2.053 (±0.186), 0.344
(±0.096) and 0.895 (±0.1150 μg g-1, respectively.
The minimum and maximum Cr levels in tench
were 0.174 μg g-1 in the skin and 0.419 μg g-1 in the
intestine. Cr levels reported in the literature were in
the range of 0.215± 0.255 for muscles of fish from
WKH %H\úHKLU /DNH RI 7XUNH\ $OWÕQGD÷ DQG <L÷LW
2005). The lowest and highest Cu levels were 0.67
μg g-1 in muscle and 3.793 μg g-1 in liver. Cu levels
in the literature have been reported as 0.03±0.12 μg
g-1 for muscle and 0.02±0.35 μg g-1 for liver of fish
in Tuzla Lagoon, Mediterranean region, Turkey
(Dural et al. 2007), 0.05±4.29 μg g-1 for muscles of
fish from Atatürk Dam Lake, Turkey (Karadede
and Ünlü, 2000).
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TABLE 1
The heavy metal concentrations in different tissues of Tench (μg g -1)
Mean.±SE
(Max.-Min.)

Total

Gill

Intestine

Skin

Muscle

Liver

Cu

0.316±0.109a,x
(0.625-0.113)

0.444±0.107a,x
(0.592-0.133)

0.134±0.405a,x
(0.253-0.078)

0.272±0.084a,xy
(0.457-0.067)

3.243±0.332b,z
(3.793-2.281)

0.882±0.280
(3.793-0.067)

Fe

6.103±0.529b,y
(6.807-4.557)

2.842±0.700a,y
(4.800-1.797)

1.016±0.325a,y
(1.701-0.460)

0.923±0.056a,yz
(1.014-0.766)

10.711±1.112c,w
(13.220-7.807)

4.320±0.889
(13.220-0.460)

Mn

0.994±0.167b,x
(1.366-0.588)

0.384±0.137a,x
(0.677-0.114)

0.191±0.032a,xy
(0.234-0.097)

0.060±0.010a,x
(0.078-0.041)

0.196±0.034a,x
(0.293-0.140)

0.365±0.086
(1.366-0.041)

Zn

1.677±0.560a,x
(2.676-0.135)

2.619±0.399a,y
(3.661-1.725)

1.913±0.143a,z
(2.343-1.759)

1.464±0.197a,z
(1.920-0.960)

2.593±0.438a,yz
(3.783-1.696)

2.053±0.186
(3.783-0.135)

Cr

0.382±0.274a,x
(1.164-nd)

0.419±0.255a,x
(1.037-nd)

0.174±0.171a,xy
(0.688-nd)

0.339±0.195a,xy
(0.771-nd)

0.407±0.261a,xy
(1.177-0.022)

0.344±0.096
(1.177-nd)

Al

1.492±0.273a,x
0.683±0.175a,x
0.922±0.270a,xy
0.715±0.240a,xy
0.665±0.132a,xy
(2.070-0.923)
(1.037-0.236)
(1.570-0.250)
(1.387-0.280)
(1.022-0.383)
Horizontally, letters a, b and c show statistically significant differences (p < 0.05).
Vertically, letters x, y, z and w show statistically significant differences (p < 0.05).
nd: not detected

0.895±0.115
(2.070-0.236)

(Mn), 0.960-1.920 (Zn), nd-0.771 (Cr) and 0.2801.387 μg g-1 (Al). Metal levels for fish muscles in
literature were reported as 13.4-23.7 (Fe), 0.44-0.85
(Mn), 0.42-1.87 (Cr), 0.07-0.38 (Cd), and 0.62-0.81
μg g-1 (Pb) (Türkmen et al., 2009); 5.67-54.49 (Fe),
0.273-0.986 (Mn), 3.30-16.6 (Cr) and 0.002-0.029
μg g-1 (Cd) (Company et al., 2010). Similar results
were reported from a number of fish species which
show that muscle is not an active tissue in
accumulating heavy metals (Visnjic-Jeftic et al.,
 -DULü HW DO  'XUDQ HW DO   7KH
levels of Al, Zn, Fe, Pb, Cu, Cr and Mn were
determined in the muscle because of its importance
for human consumption and also the liver and gill
were analyzed since these organs tend to
accumulate metals (Marcovecchio et al., 1991).
As consumption of fish is a possible source of
metal accumulation in people, there is great interest
in estimation of the daily intakes of heavy metals
through fish consumption. The estimated daily and
weekly intakes for the economically important fish
species consumed by adult people in Turkey are
illustrated in Table 2. These values for
economically important fish examined in present
study were far below the recommended values

Analyses of the heavy metal levels in all
tissues of fish samples showed that, on average, Fe
is the highest and Cr is the lowest. The highest
concentrations of Fe and Cu were found in the liver.
A total heavy metals concentration was found in
this study Fe>Zn>Al>Cu>Mn>Cr. In Lake
%H\úHKLU WKH DFFXPXODWLRQ RUGHUV RI KHDY\ PHWDOV
were Cd>Pb>Cr>Hg in the muscle and gill tissues
RI WHQFK $OWÕQGD÷ DQG <L÷LW   5DGZDQ HW DO
(1990) found higher accumulations of Pb than of
&GLQWKHWHQFK&DQOÕHWDO  UHSRUWHGWKDWWhe
accumulation of heavy metals in the liver and the
gill tissues of different species living Seyhan River
was much higher than the metals accumulated in
their muscles; Küçükbay and Örün (2003) also
obtained similar results that the Cu and Zn
accumulation in the liver of Cyprinus carpio living
in Karakaya Dam Lake was higher than the other
tissues.
The metal concentration in muscle tissue is
important for the edible parts of the fish. The mean
concentrations of heavy metals analyzed in the
muscle of tench were lower than the maximum
permitted concentrations proposed by FAO (2005).
In muscles, the mean metal levels in were found as
0.067-0.457 (Cu), 0.766-1.014 (Fe), 0.041-0.078
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according to Table 2 (FAO/WHO, 2004; WHO,
1993; EPA, 2008).

TABLE 2
The estimated daily and weekly intakes (EDI-EWI) of heavy metals through consumption of economically
important fish species by adult people in Turkey

Metal

PTWIa

PTWI*b

PTDIc

EWId (EDI)e

Tech,
EWId (EDI)e

Cd

7a

490

70

106.40 (15.2)

±

Co

±

±

±

44.8 (6.4)

±

Cr

±

±

±

140 (20)

107.94 (15.42)

Cu

3500a

245000

35000

529.2 (75.6)

63.98 (9.14)

Fe

5600a

392000

56000

7499.8 (1071.4)

141.96 (20.28)

Ni

35g

2450

350f

827.4 (118.2)

±

Mn

980g

68600

9800h

95.2 (13.6)

10.92 (1.56)

Pb

25a

1750

250

681.8 (97.4)

±

Zn

7000a

490000

70000

2457(351)

268.8 (38.4)

* Provisional Permissible Tolerable Weekly Intake (PTWI) in lg/week/kg body weight.
Mean weekly fish consumption in Turkey is 0.14 kg per person (FAO, 2005).
a
(FAO/WHO, 2004).
b
PTWI for 70 kg adult person (lg/week/70 kg body weight).
c
PTDI, permissible tolerable daily intake (lg/day/70 kg body weight).
d
EWI, estimated weekly intake in lg/week/70 kg body weight.
e
EDI, estimated daily intake in lg/day/70 kg body weight.
f
WHO recommends a TDI (tolerable daily intake) of 5 lg/day/kg body weight, i.e. 350 lg/day for a 70-kg person (WHO, 1993).
g
Calculated for a week (lg/week/kg body weight).
h
EPA recommends a RfD (reference dose) of 0.14 mg/day/kg body weight, i.e. 9800 lg/day for a 70-kg person (EPA, 2008).

The accumulations of heavy metals were
statistically assessed by One Way ANOVA and
Tukey tests. For the difference of Cu between liver
and other tissues; Fe between liver and other
tissues, and gill and intestine, gill and skin, gill and
muscle; Mn between liver and other tissues were
found to be statistically significant (Table 1). The
differences in the accumulation of Zn, Cr and Al in
different tissues were not statistically significant.
The differences in the accumulation of Cr-Mn, CrAl and Mn-Al in livers were found to be
statistically insignificant while the changes for
other metals were of statistical significance. Like
this, the accumulations of between Fe and other
metals in gills were statistically significant while
the changes of the accumulations of other metals
were found to be statistically insignificant.

collected from Sidikli Kucukbogaz Dam Lake.
$OWKRXJK VLJQL¿FDQW GLIIHUHQFHV RI KHDY\ PHWDO
accumulation were determined among muscle,
liver, skin and gill of tench, all results were well
below the limits for fish proposed by EU, 2001 and
FAO/WHO, 1987 and Turkish standards.
According to these results, the examined fish were
not associated with enhanced metal content in their
muscle and were safe within the limits for human
consumption. Moreover, our results also suggest
that precautions need to be taken in order to prevent
future heavy metal pollution. Otherwise, these
pollutions can be dangerous for fish and human
health.
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OXIDATIVE DAMAGE EFFECTS IN THE CALANOID
COPEPOD PSEUDODIAPTOMUS ANNANDALEI SEWELL
EXPERIMENTALLY EXPOSED TO METAL ADDITIONS
Yao Chen
Xiamen Marine Environmental Monitoring Center, Xiamen 361008, China

Recently there is increasing interest in studies
of oxidative toxicity by heavy metals in aquatic
organisms, since they could induce over-production
of reactive oxygen species (ROS) [6±8], which
attack many cellular macromolecules, often leading
to oxidative damage. Nevertheless, to counteract
ROS attack, the organisms have evolved an
antioxidant system, which is made of lowmolecular weight antioxidants [e.g., reduced
glutathione (GSH)] and antioxidant enzymes. The
latter are exemplified by superoxide dismutase
(SOD), which decomposes O2-; glutathione-Stransferase (GST), which detoxifies various
electrophiles by conjugating them with GSH, and
so on. Some authors have attributed the toxic
effects of heavy metals to a decrease in the cellular
GSH and a concomitant increase in the oxidized
glutathione (GSSG), hence altering the redox state
of the cell [7, 8]. Thus, the GSH/GSSG ratio could
be a suitable biomarker to oxidative stress in
organisms.
Due to their wide geographic distribution and
crucial position in the aquatic trophic chain,
copepods are regarded as important testing
organisms
for
marine
pollution
[9].
Pseudodiaptomus annandalei Sewell is a
widespread
egg-carrying
calanoid
species,
occurring in brackish waters of the Indo-Pacific
[10]. P. annandalei is one of a few copepod species
that can easily be cultured under laboratory
condition, making it become a good model species
in marine ecotoxicology [11]. Here, using P.
annandalei as a model species, we firstly attempted
to investigate the acute toxicity to this copepod in a
semi-static 48 h testing bioassay. Also, we
examined this copepod's response to Cd or Ni
additions at the biochemical level via analyzing the
parameters SOD, GST, GSH, and GSH/GSSG.
Additionally, the muscle ultrastructure was
investigated after the exposure.

ABSTRACT
Here, lethal toxicity of cadmium (Cd) and
nickel (Ni) to the copepod Pseudodiaptomus
annandalei Sewell was examined. The 48 h LC50
values were 0.87 and 12.31 mg/L, respectively. The
response of P. annandalei to Cd or Ni additions
was investigated under laboratory-controlled
conditions in a 12 d exposure. Superoxide
dismutase (SOD), glutathione-S-transferase (GST),
reduced glutathione (GSH) and the ratio of reduced
to oxidized glutathione (GSH/GSSG) were
analyzed for all Cd (0, 10, 20, 40 and 100 μg/L) and
Ni (0, 0.125, 0.25, 0.75 and 3.0 mg/L) treatments
after 1, 4, 7 and 12 days. The copepod's muscle
ultrastructure was also analyzed. The results
indicated that Cd or Ni additions remarkably
affected the parameters (SOD, GST, GSH and
GSH/GSSG) after certain exposure times.
Additionally, metal additions caused a remarkable
change in the muscle ultrastructure. Overall, metal
toxicity had intervened in the detoxification process
and antioxidant system of this copepod, with
concomitantly causing oxidative damage to its
muscle ultrastructure. Meanwhile, this copepod
could be used as suitable bioindicator of metal
exposure using GSH/GSSG as a biomarker.

KEYWORDS:
Biomarker, Cadmium, Copepod, Nickel, Oxidative
damage

INTRODUCTION
In many estuarine and coastal waters,
environmental poisoning by heavy metals has
increased recently, and they are becoming threats to
living organisms including human beings [1±3].
Cadmium (Cd) is one of the most dangerous heavy
metals both to human health and aquatic
ecosystems [4]. Nickel (Ni) is widely used in
commerce, and it is toxic at elevated concentrations
[5]. Therefore, it is very important to investigate the
mechanisms of Cd or Ni toxicity in order to obtain
a better understanding for its mode of action in
organisms.

MATERIALS AND METHODS
Sampling. Copepods (P. annandalei) were
collected from Xiamen Bay, People's Republic of
China. Pristine seawater used in the experiment was
obtained 20 km offshore in Xiamen Bay. All
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seawater used was filtered through a 0.45 μm
acetate fiber membrane, with the background
concentration of total Cd and Ni being 0.11 and
3.16 μg/L. Seawater characteristics were: dissolved
oxygen 7.0±8.0 mg/L, salinity 29±30, and pH 7.9±
8.0. Prior to metal exposure, copepods were
acclimated in seawater at 22 ºC for 2 d, with the
diet being Isochrysis galbana.

the test solutions. Each treatment was repeated in
triplicate.
Biochemical assays. For biochemical assays,
samples were homogenized for 5 min with 20 mM
Tris-buffer (pH 7.6, containing 1 mM EDTA, 0.25
M sucrose, 0.15 mM NaCl, and 1 mM
dithiothreitol) at 4 ºC, using a glass-glass ElvehjemPotter homogenizer. The homogenate was
centrifuged at 15000 g for 20 min at 4 ºC, and the
supernatant was used for biochemical parameter
determination.
Protein
determination
was
performed using the method of Bradford [13] with
bovine serum albumin as a standard.
The SOD activity was determined based on its
ability to inhibit the reduction of cytochrome c by
O2± generated in the xanthine oxidase/hypoxanthine
system [14]. One unit of SOD was defined as the
amount of sample causing 50 % inhibition of
cytochrome c reduction.
The GST activity was determined using 1chloro-2,4-dinitrobenzene as the substrate, as
previously described by Habig et al. [15]. One unit
of GST activity was the amount of enzyme that
catalyzed the formation of 1 nmol of product per
min at 37 ºC and pH 6.5.
The content of GSH and GSSG was
determined based on spectrofluorimetric assay, as
previously described by Hissin and Hilf [16] with
some modifications. For GSH estimation, the assay
tube contained 0.1 mL supernatant, 2.8 mL of 1 M
phosphate buffer (pH 8.0) and 0.1 mL of 1 mg/mL
Ortho-phthalaldehyde. Then the mixture was kept
at room temperature for 20 min followed by
fluorescence measurement. Calibration was carried
out in the same process using 2±10 μg
concentrations of GSH (Sigma) as a standard. For
the GSSG assay, 0.5 mL supernatant was
completely complexed with 0.2 mL of 0.04 M Nethylmaleimide, and the admixture was retained at
room temperature for 30 min. Then, 0.1 mL of the
mixture was thoroughly merged with 2.8 mL of 0.1
M NaOH and 0.1 mL of 1 mg/mL orthophthalaldehyde, followed by resting at room
temperature for 20 min before the fluorescence
measurement was undertaken. The standard
calibration was made in the same assay using
GSSG (Sigma) of concentration 2±10 μg. The
content of GSH and GSSG was expressed as
micrograms per milligram of protein.

Acute toxicity testing. Semi-static 48 h acute
toxicity tests were performed using standard
methods [12] with certain modifications.
Experimental conditions were the same as copepod
maintenance. Only active adult copepods were
subjected to the acute tests. Copepods were exposed
to different Cd or Ni concentrations (as nominal
concentrations) in the semi-static exposure system
bioassays, during which the testing solutions were
renewed every 24 h. Five to six metal
concentrations as nominal concentrations and
control were used. Each treatment was repeated in
triplicate, with 10 active copepods for each
replicate. The copepod acute tests were run in 100
mL glass dishes containing 50 mL of solution and
10 adult copepods. Animals were monitored and
dead animals removed at 3, 6, 12, 24, 36 and 48 h.
The criteria for copepod mortality are total lack of
movement, and lack of response after repeat
touches with a probe during 2 min. Because of the
short exposure time, copepods were not fed during
the testing period.
Experimental design. Adult copepods were
exposed to metal (Cd or Ni) additions using 2 L
testing-solutions in glass-cylinders. Cd treatments
consisted of a seawater control and four levels of
Cd (10, 20, 40 and 100 μg/L), and Ni treatments of
a seawater control and four concentrations of Ni
(0.125, 0.25, 0.75 and 3.00 mg/L). The experiments
were carried out as semi-static tests, with daily
renewal of half of the exposure solution, at a
temperature of 22 ºC with a 12 : 12 h light : dark
cycle. Acid washed vessels were pre-contaminated
for 24 h before the experiments, so as to keep the
testing solution to the nominal level of Cd or Ni.
For each experiment, the copepods were divided
into five groups and submitted to five treatments: a
seawater control plus four levels of Cd2+ (added as
CdCl2·2.5H2O) or four levels of Ni 2+ (added as
NiCl2·6H2O). Treatment was for 1, 4, 7 and 12 d
and, at the end of each exposure time, copepods
were sampled and immediately stored at ±80 ºC.
Additionally, at the end of the 12 d exposure, 5±7
copepods from each treatment were sampled and
immediately fixed in 2.5 % glutaraldehyde for later
ultrastructural analysis. Dead copepods were
removed daily. During the 12 d exposure, copepods
were fed with I. galbana after the daily renewal of

Ultrastructural
analysis.
For
the
ultrastructural analysis, copepods were fixed in a
volume of protein solution (2.5 % glutaradehyde in
0.1 M phosphate buffer at pH 7.3) for 4 h at 4 ºC.
The fixed samples were washed three times in the
same buffer at 20 min intervals, with periodic
agitation. Samples were postfixed in 1 % osmium
tetroxide for 2 h at 4 ºC, followed by being washed
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meet ANOVA assumptions of normality and
variance homoscedasticity. Correlations between
the variables were computed using the Pearson's
test on the raw data if they passed the test of
normality, or otherwise the data were transformed
to fit this prerequisite. Log-transformation was used
to correct the problem.

in the buffer three times at 20 min intervals. After
dehydration in alcohol, samples were embedded in
Epon-Araldite. Ultra-thin sections (50±80 nm) at
the half position of the copepod (from the vertical
direction) were collected on titanium grids, stained
with uranyl acetate and lead citrate and observed on
a JEM 2100 Transmission Electron Microscope.
Image analysis was conducted using the ImageJ
1.36 program (NIH, Washington, DC).

RESULTS
Statistical tests. All measurements were
replicated at least three times, and the data were
quoted as mean values ± standard deviation (SD).
Statistical analysis was carried out using one-way
ANOVA and the Fisher least significant difference
test to evaluate whether the means were
significantly different among the groups.
Significant differences were indicated at p < 0.05.
Prior to any analysis, data were log-transformed to

Acute toxicity test. The results of the acute
toxicity test of copepods exposed to Cd or Ni are
summarized (Tab. 1). The 48 h LC50 values were
0.87 and 12.31 mg/L for Cd and Ni, respectively,
suggesting that Cd showed more toxicity to P.
annandalei in comparison to Ni.

TABLE 1
Summary of the 48 h LC50 values and associated 95 % confidence intervals of the copepod
Pseudodiaptomus annandalei exposed to Cd or Ni.
Metal treatments
Cd
Ni

48 h LC50 values (mg/L)
0.87
12.31

95 % Confidence intervals
0.84-0.89
10.23-14.88

concentration, although there was no activity
connected with the 10 and 20 μg/L treatments, and
the 40 and 100 μg/L concentrations showed a
strikingly inhibitory effect. At day 12, the 10, 20
and 40 μg/L treatments obviously elevated the GST
activity, however it was independent of the highest
concentration (100 μg/L).
Fig. 1C shows that the GSH content at day 1
decreased linearly with an increase in Cd
concentration, and was notably suppressed by the
20, 40 and 100 μg/L treatments. However, at days 4
and 7, no Cd treatment had any impact on the GSH
content, except of the GSH content at day 7 being
markedly inhibited under the 40 and 100 μg/L
treatments. When the exposure time was 12 days,
all Cd treatments showed lack of inhibition, except
that the GSH content was obviously elevated by the
lowest Cd concentration (10 μg/L).
In terms of the GSH/GSSG ratio, all Cd
treatments exhibited a notable effect and the ratio
decreased linearly with an increasing Cd
concentration in the initial exposure time (Fig. 1D).
However, in the later exposure period (i.e., days 4,
7 and 12), no Cd exposure showed any impact on
the ratio, except that the 20 μg/L treatment
remarkably enhanced the ratio at day 4.

Influence of Cd on the different
biochemical parameters in P. annandalei. Fig.
1A shows the response of the SOD activity to Cd
treatment. At day 1, the SOD activity was
remarkably inhibited by high Cd concentrations (40
and 100 μg/L), whereas it showed little relationship
with low concentrations (10 and 20 μg/L). At day 4,
all Cd treatments notably influenced the SOD
activity, which was evidently depressed under the
lowest exposure (10 μg/L), but stimulated by the
higher concentrations (20, 40 and 100 μg/L). At day
7, the SOD activity was strongly restrained under
all Cd treatments and, furthermore, it decreased
linearly with an increasing Cd concentration. At
day 12, the SOD activity under all treatments
recovered in contrast to the control, except that the
lowest concentration (10 μg/L) showed a
remarkably inhibitory effect.
As shown (Fig. 1B), the GST activity of day 1
was markedly improved under the 20 μg/L Cd
treatment, but it was evidently suppressed by the 40
μg/L exposure, and showed no correlation with the
10 and 100 μg/L concentrations. At day 4, the GST
activity was markedly stimulated by the 20 and 40
μg/L treatments, but had no relationship with the 10
and 100 μg/L concentrations. At day 7, the GST
activity tended to decrease with the increase of Cd

1980

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ






FIGURE 1
Influence of Cd on the activities of superoxide dismutase (SOD; A), and glutathione-S-transferase (GST;
B), as well as the content of reduced glutathione (GSH; C) and the ratio of reduced to oxidized glutathione
(GSH/GSSG; D) in Pseudodiaptomus annandalei. Data are means ± SD (n = 3-4). Different letters indicate
a significant difference among different metal treatments at p < 0.05.

12, the 0.125 and 0.75 mg/L treatments had little
influence on SOD activity, whereas there was
remarkable stimulation under the 0.25 mg/L
treatment, but it was significantly suppressed under
the highest treatment (3.0 mg/L).
The GST activity at day 1 showed no
correlation with the 0.25 and 0.75 mg/L Ni
concentrations, whereas it was strikingly stimulated
under the 0.125 mg/L exposure but evidently
inhibited under the 3.0 mg/L treatment (Fig. 2B).
When the exposure time was 4 days, the GST
activity was markedly improved by the 0.25 and
0.75 mg/L treatments, but was independent of the

Influence of Ni on the different biochemical
parameters in P. annandalei. Fig. 2A shows the
response of the copepod's SOD activity to Ni
exposure. At day 1, high Ni concentrations (0.75
and 3.0 mg/L) significantly inhibited the SOD
activity, but it was negligibly affected by low
concentrations (0.125 and 0.25 mg/L). At day 4, all
Ni additions exerted little impact on the SOD
activity. Nevertheless, the SOD activity at day 7
was remarkably stimulated by the 0.125 mg/L
treatment, but was significantly inhibited under the
3.0 mg/L exposure, while displaying no relationship
with the 0.25 and 0.75 mg/L concentrations. At day
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significantly depressed by the 0.75 and 3.0 mg/L
concentrations, however there was no relationship
with the 0.125 mg/L treatment, although the 0.25
mg/L exposure exerted a significantly stimulatory
effect. When the exposure time was 7 days, no Ni
treatment showed any relationship with the GSH
content, except that the 0.25 mg/L concentration
had a notably stimulatory effect. However, at day
12, all Ni treatments evidently depressed the GSH
content, except that the 0.25 mg/L exposure
displayed a negligible effect.

0.125 and 3.0 mg/L concentrations. The GST
activity at day 7 was significantly depressed by Ni
exposure, and also it decreased linearly with an
increasing metal concentration. At day 12, the
copepod's GST activity was strongly enhanced by
the 0.25 mg/L treatment, although this activity was
evidently inhibited by other Ni concentrations.
The GSH content at day 1 decreased with an
increasing Ni concentration, and was evidently
reduced by the 0.25, 0.75 and 3.0 mg/L treatments
(Fig. 2C). At day 4, the GSH content was

FIGURE 2
Influence of Ni on the activities of superoxide dismutase (SOD; A), and glutathione-S-transferase (GST;
B), as well as the content of reduced glutathione (GSH; C) and the ratio of reduced to oxidized glutathione
(GSH/GSSG; D) in Pseudodiaptomus annandalei. Data are means ± SD (n = 3-4). Different letters indicate
a significant difference among different metal treatments at p < 0.05.

no influence, and the 0.75 and 3.0 mg/L treatments
exerting a significantly inhibitory effect (Fig. 2D).
When the exposure time was 4 days, the ratio was
independent of low Ni concentrations (0.125 and

The GSH/GSSG ratio at day 1 tended to
decrease with the increasing Ni concentrations,
with the 0.125 mg/L treatment displaying a notably
stimulatory effect, the 0.25 mg/L exposure showing

1982

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ





test, we examined the correlation among all the
biochemical parameters in copepods (Tab. 2). The
results indicated that SOD activity was positively
correlated with GST activity (p < 0.05).
Additionally, all the SOD, GST and GSH activities
showed a positive relationship with the GSH/GSSG
ratio (p < 0.01), hinting that the GSH/GSSG ratio
could be a suitable biomarker to oxidative damage
caused by metal toxicity in the copepod.

0.25 mg/L), but the high Ni treatments (0.75 and
3.0 mg/L) exerted a remarkably inhibitory effect.
At days 7 and 12, all Ni treatments markedly
influenced the GSH/GSSG ratio, which was notably
restrained by the 0.125, 0.75 and 3.0 mg/L
concentrations, but was obviously stimulated by the
0.25 mg/L exposure.
Correlation between the biochemical
parameters in P. annandalei. Using the Pearson's

TABLE 2
Pearson's correlation matrix on all variables in Pseudodiaptomus annandalei after 12 d metal exposure.

SOD

GST

GSH

SOD

1.000

GST

0.318*

1.000

GSH

0.217

0.077

1.000

GSH/GSSG

0.559**

0.525**

0.421**

GSH/GSSG

1.000

The variables are the activities of superoxide dismutase (SOD), glutathione-S-transferase (GST), and glutathione
(GSH) content, as well as the ratio of reduced to oxidized glutathione (GSH/GSSG). * indicates a significant
difference at p < 0.05, and ** at p < 0.01.

copepod, as well as some obscurity in the M-lines
and Z-lines, some disorder in the parallel alignment
of filaments, and disappearance of the I-bands.
Ni exposure significantly engendered changes
in the myofibril ultrastructure of the copepod (Fig.
4). In the control, the characteristics were
manifested as distinct thick and thin filaments in the
sarcomere, and Z-lines, I-bands, M-lines as well as
A-bands
were
visible.
However,
some
disintegration had occurred in the I-bands under the
0.125 mg/L exposure, along with the appearance of
vacuolation in the mitochondria. In the 0.25 and
0.75 mg/L treatments, some disorder of the parallel
alignment could be observed in the myofibril
structure, as well as the disruption in filaments.
Increased disorder of the parallel alignment was
present in the highest treatment (3.0 mg/L), along
with obscurity of the Z-lines and M-lines, and
disruption in the mitochondria.

Influence of Cd or Ni on the muscle
ultrastructure in P. annandalei. Changes in the
copepod's muscle ultrastructure after the 12 d
exposure to Cd are shown in Fig. 3. The muscle
ultrastructure in the control is distinctly
characterized by thick and thin filaments in the
sarcomere and visible Z-lines, I-bands, M-lines and
A-bands (Fig. 3A). Similarly, the characteristics
were manifested as distinct thick and thin filaments
in the sarcomere, and visible Z-lines, I-bands, Mlines and A-bands were also presented in the 10
μg/L Cd exposure (Fig. 3B). However, loss of
density in the Z-lines could be observed in the 20
μg/L treatment, along with some disintegration in
the I-bands (Fig. 3C). Some disorder of the parallel
alignment, increased disintegration of the Z-lines
and substantial disruption in the I-bands had
occurred in the 40 μg/L treatment (Fig. 3D). In the
highest concentration (100 μg/L), extensive
disruption appeared in the myofibril structure of the
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FIGURE 3
Transmission electron micrographs of the muscle (at the ½ body-transverse section of Pseudodiaptomus
annandalei) after 12 d of Cd exposure: (A) control, (B) 10 μg/L, (C) 20 μg/L, (D) 40 μg/L and (E) 100 μg/L.
Marked features include Ft (filament), A (A-bands), I (I-bands), Z-line and M-line.

FIGURE 4
Transmission electron micrographs of the muscle (at the ½ body-transverse section of Pseudodiaptomus
annandalei) after 12 d of Cd exposure: (A) control, (B) 0.125 mg/L, (C) 0.25 mg/L, (D) 0.75 mg/L and (E)
3.0 mg/L. Marked features include Ft (filament), A (A-bands), I (I-bands), Z-line, M-line and Mi
(mitochondria).
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mg/L) treatments showed no impact. Moreover, the
GSH levels in the copepods at day 1 linearly
decreased with the increase of Cd or Ni
concentration, which might be ascribed to GSH
being involved in metal detoxification. Most of the
GSH levels were independent of Cd or Ni
treatments in the later exposure time (i.e., days 4, 7
and 12), and the possible reason might be that the
antioxidant enzymes effectively worked, which was
suggested by a significantly positive correlation
between SOD and GST, concomitantly releasing
GSH from ROS attack. Nevertheless, Schlenk and
Rice [22] demonstrate that Cd distinctly stimulates
the synthesis of sulphydryl-rich protein (e.g., GSH
and MT) for the prevention of cellular damage. Our
study revealed that the GSH/GSSG ratio at day 1
linearly decreased with the increase of Cd
concentration. Similarly, nearly all Ni treatments
strongly influenced the GSH/GSSG ratio, most of
which were inhibitory. Overall, the GSH/GSSG
ratio could be a suitable biomarker for metal
exposure, and it was also confirmed by its
significant correlation with the other parameters
(i.e., SOD, GST and GSH) in copepods. A previous
study shows a significant decrease in intracellular
GSH in both human (25 %) and fish erythrocytes
(18 %) after Ni treatment, with concomitantly
higher GSSG concentrations and lower GSH/GSSG
ratios [23].
Our study showed that Cd or Ni treatments
could cause remarkable changes in the myofibril
ultrastructure after 12 d of metal exposure.
Supposedly, the treated copepod had suffered from
oxidative damage via the over-production of ROS
caused by metal attack, and to some extent, it was
proved by the notable changes in the antioxidant
response (e.g., SOD, GST, GSH and GSSH/GSSG).
A previous study, investigating the toxic effects of
Ni on an isopod Porcellio scaber (Oniscidea), also
shows that Ni treatment could cause ultrastructural
alterations (disturbances in the apical and basal
membrane labyrinth, and the presence of lysosomelike structures with electron-dense material in the
cytoplasm) in the cells [24]. Overall, metal toxicity
caused damage to the copepod's muscle
ultrastructure at least via ROS over-production in
this study.
Different Cd or Ni treatments had a significant
effect on the biochemical indexes SOD, GST, GSH
and GSH/GSSG during some part of the exposure
period. Cd or Ni treatments caused damage to the
myofibril ultrastructure in the treated animals.
Taken together, metal toxicity had intervened in the
detoxification process and antioxidant system of
this copepod, with concomitantly causing oxidative
damage to its muscle ultrastructure. Also, this
copepod could be used as suitable bioindicator of
metal exposure via measuring GSH/GSSG as a
biomarker.

DISCUSSION AND CONCLUSIONS
Previous estimations of LC50 values for Cd or
Ni on marine copepods are relatively scare. Barka
et al. [9] report the 96 h LC50 values of 47.9 μg/L
Cd and 206.9 μg/L Ni for the copepod Tigriopus
brevicornis. Exact comparisons are difficult
because of difference in LC50 time interval. But a
study by Verriopoulos and Dimas [12] determining
acute toxicity of some metals to the marine copepod
Tisbe holothuriae in synthetic seawater, find the 48
h LC50 values of 0.91 mg/l and 2.58 mg/l for Cd
and Ni, respectively. Therefore in comparison to T.
holothuriae, P. annandalei (with the 48 h LC50
values of 0.87 Cd and 12.31 mg/L Ni) is more
sensitive to Cd toxicity, nonetheless with showing
more resistance to Ni attack. It should be noted that
in this study, Cd showed more toxicity to P.
annandalei when compared to Ni, and this might be
contributing to a different mode for the copepod's
SOD or GST activities in response to Cd and Ni
treatments.
Several studies have proved that there is an
increased synthesis of ROS under metal exposure,
thereby causing widespread damage to cells, e.g.,
lipoperoxidation and genotoxicity [17, 18].
However, the enzymatic antioxidant system in
organisms is either enhanced or impaired as an
adaptative or a compensatory reaction to ROS
formation caused by this metal [7, 8, 19, 20], which
was basically consistent with our study. In this
study, different Cd or Ni treatments exerted a
remarkable effect on the SOD or GST activities in
the copepod during some part of the exposure
period, and the changes of the antioxidant enzyme
activities were correlated with metal concentration
and duration of exposure. Chandran et al. [20] find
that metal (Cd or Zn) treatments distinctly inhibit
the activities of antioxidant enzymes including
SOD in the digestive gland and kidney of the
gastropod Achatina fulica, along with a marked
decrease in the GSH and vitamin C contents.
However, Venugopal et al. [19] report that Cd
exposure significantly increases the activities of
xanthine
oxidase,
glucose-6-phosphate
dehydrogenase and SOD in the hepatopancreas and
gill of the freshwater crab Barytelphusa guerini.
The remarkable change in SOD or GST activities
implied that Cd or Ni treatment caused ROS overproduction, and consequently enforced the
copepods to endure oxidative damage (particularly
being evidenced by the damage of myofibril
ultrastructure).
Previous studies report that GSH can become
the first defense to metal attack [21], which might
explain the result in our study whereby the GSH
levels at day 1 were significantly restrained for all
metal treatments compared to control animals,
except that the lowest Cd (10 μg/L) and Ni (0.125
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ABSTRACT

INTRODUCTION

A sludge collection tank was set up for the
sludge return process of a conventional activated
sludge (CAS) process. Lysozymes were then added
into the sludge collection tank. The present study
investigated the sludge reduction effect and the
capacity for treating pollutants and analysed the
possible causes behind the sludge reduction. The
results show that when the sludge load was 0.5 kg
(chemical oxygen demand)/kg (mixed liquor
suspended solids)·d, the amount of the excess
sludge in the system with added lysozymes reduced
by 37.33% compared with the amount of the excess
sludge in the CAS system; in addition, the
efficiency of the system with added lysozymes to
treat organic compounds did not decrease due to the
addition of lysozymes. An analysis of the causes for
the sludge reduction shows that the energy
uncoupling that occurred due to the alternation of
the aerobic and anaerobic conditions of the sludge
in the system with added lysozymes had almost no
impact on reducing the amount of sludge in the
system; the increase in the activity of the sludge in
the system as well as the enhancement in the
endogenous metabolic capacity caused the sludge
reduction. Denaturing gradient gel electrophoresis
analysis shows that there was no significant
difference in the microbial diversity between the
system with added lysozymes and the CAS system,
which indicates that the lysozymes did not promote
the reduction in the sludge yield by altering the
microbial community structure in the activated
sludge system. Compared with the oxic-settlinganaerobic sludge reduction system, strict anaerobic
operating conditions for the sludge collection tank
were not required for the system with added
lysozymes, and the residence time of the sludge in
the sludge collection tank was nevertheless
significantly reduced, which is an advantage for the
practical application of sludge reduction.

Excess sludge is not only created in huge
yields but also has a complex composition ± excess
sludge contains large amounts of toxic and harmful
substances, such as pathogens, parasite eggs,
harmful synthetic organic compounds, heavy metal
ions, bacteria, etc.; in addition, excess sludge rots
extremely easily with a malodor. If not treated in a
timely fashion, excess sludge can very easily
produce secondary pollution to the environment.
Therefore, how to effectively reduce excess sludge
yield at the source has become an issue that must be
urgently solved. Various technologies have been
extensively applied to reduce excess sludge, and
several novel sludge reduction techniques have
been proposed that use physical, chemical and
biological methods. For example, many studies
have evaluated the effects of introducing ozonated
excess sludge into a variety of activated sludge
reactors, including traditionally activated sludge
reactors, sequential batch reactors (SBRs) and
membrane bioreactors (Huysmans et al., 2001; Lee
et al., 2005; He et al., 2006; Oh et al., 2007; Chu et
al., 2008). In all of these experiments, a reduction
in sludge was achieved compared with the control.
Other methods that have been developed to reduce
excess sludge include mechanical disruption using
ultrasound (Yoon et al., 2004; Zhang et al., 2007;
Zhang et al., 2009; He et al., 2011), chemical
hydrolysis using chlorination (Saby et al., 2002),
photo-Fenton reactions, and acid or alkali-based
methods (Liu et al., 2003; Tokumura et al., 2007).
All of the aforementioned studies are based on
the understanding that the bacterial cell walls are
destroyed in activated sludge. The bacterial cell
wall can be effectively hydrolyzed by lysozymes˗
therefore, a potentially new method to reduce
excess sludge production in activated sludge
processes using lysozymes could be developed. In
the present study, sludge was first hydrolysed and
recirculated using lysozymes and then returned to
the aerobic tank to participate in the biochemical
reaction. The present study investigated the effect
of lysozymes on sludge reduction; in addition, the
present study also analysed the effect of lysozymes

KEYWORDS:
Disintegration; excess sludge; sludge minimization;
lysozymes
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elevated tank, and the influent flow was controlled
using a rotameter. One of the three sets of
equipment, which did not include a sludge
collection tank, was set up to be the CAS system.
Figure 1 shows the experimental equipment and
process flow in detail. The entire process was run
continuously. The wastewater flow was 2 L/h. The
concentration of the sludge in the aeration tank was
controlled to be 3,000 mg/L. The surplus sludge
was collected as excess sludge. During the aeration
process, the concentration of the dissolved oxygen
in the aeration tank was controlled to be
approximately 4 mg/L.

on the treatment capacity of the system as well as
the causes for sludge reduction.

MATERIALS AND METHODS
Experimental equipment. There were three
sets of experimental equipment. Each equipment set
was primarily composed of an elevated tank with an
effective volume of 100 L (the elevated tank was
shared by the three sets of equipment), an aeration
tank with an effective volume of 12 L, a vertical
sedimentation tank with an effective volume of 4 L,
and a sludge collection tank with an effective
volume of 2 L (each sludge collection tank was
SODFHGLQDFRQVWDQWWHPSHUDWXUH Û& ZDWHUEDWK
in addition, a mechanical stirring device was placed
in each sludge collection tank). A peristaltic pump
was used to return the sludge. An air compressor
was used for aeration. A rotameter was used to
control the gas flow. The influent entered from the

Analysis and determination methods. The
protease activity was determined using the method
reported by Kim et al (2002). The dehydrogenase
activity was determined using a method that was
previously reported elsewhere (Gao et al., 2009).
Indexes, such as chemical oxygen demand (COD),
total nitrogen (TN),

FIGURE 1
Process flow.

total phosphorus (TP), mixed liquor volatile
suspended solids, mixed liquor suspended solids
(MLSS), and volume of settled solids, were all
determined using standard methods (L et al., 2001).
To determine the soluble COD, samples were
centrifuged at 100000 g for 15 min and the
supernatant was filtered through a prewashed 1m
membrane filter (Advantec GC50, glass fiber). The
specific oxygen uptake rate (SOUR) of sludge was
determined using the method reported by McSwain
et al (2005). Three parallel samples were measured
each time for each of the abovementioned items;
the average of the results of the three parallel
samples was selected as the value of each item.
Denaturing gradient gel electrophoresis (DGGE)

analysis was conducted according to the method
reported by Song et al (2013).
Acclimation and culture of activated sludge.
The ratio of the weight of the organic substrate to
the weight of the activated sludge in the aeration
tank is defined as the sludge load. The sludge load
is often characterized using the food/microorganism
ratio. The unit of the sludge load is
kgCOD/kgMLSS·d. The sludge load can also be
understood as the amount of organic matter that the
activated sludge per unit weight bears within a
certain time. Sludge load is an important operation
parameter that characterizes an activated sludge
system. Different sludge loads have different
impacts on the organic matter removal rate as well
as the excess sludge yield of an activated sludge
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content of less than 1.2 mg/L when the sludge
return ratio was controlled to be 50%.

system. In the present study, the wastewater used in
the experiments was synthetic wastewater. The
influent of each system had a COD content of 449
mg/L, a TN content of 24.3 mg/L, and a TP content
of 4.6 mg/L. When the concentration of the sludge
in the aeration tank was maintained at 3,000 mg/L,
the system had a sludge load of approximately 0.5
kgCOD/kgMLSS·d. After continuously adjusting
the system for approximately 45 d, the acclimation
of the system could be considered to be matured if
the effluent had a COD content of less than 35
mg/L, a TN content of less than 9 mg/L, and a TP

Method of adding lysozymes. Among the
three systems, the No. 1 system was the reference
system that did not include a sludge collection tank.
Between the two systems that included a sludge
collection tank, the No. 3 system was the enzyme
reaction system in which lysozymes (20000U/mgˈ
Amresco0663) were added, and the No. 2 system
was the reference system. The method of adding
lysozymes was as follows: 0.7 g of lysozymes was
added into the

Accumulated excess sludge discharge
(g)

3500
No.1 reference

3000

No.2 reference
No.3 enzyme reaction system

2500
2000
1500
1000
500
0

FIGURE 2
Accumulated sludge discharges.

sludge concentration tank at 8:00 and 20:00 each
day.

reaction system was reduced by 34.38%. It was also
discovered during the experiment that the reduction
in the amount of excess sludge in the reaction
system with added lysozymes was insignificant
during the first 12 d or so after the lysozymes were
first added, after which the sludge yield began to
lessen, which might be attributed to the fact that
lysozymes had a gradual impact on the activated
sludge. When the three systems were running
steadily, the COD contents of the effluents of these
three systems were almost all lower than 40 mg/L.
However, notably, from the 30 th day or so onward,
the COD content of the effluent of the No. 3 system
was generally lower than that of the No. 2 reference
system, which indicates that long-term operation is
beneficial for the No. 3 enzyme reaction system to
degrade COD organic pollutants. Within the 90 d,
the effluents of the No. 1 and No. 2 systems had
average TN contents of 8.73 mg/L and 8.41 mg/L,
respectively, whereas the effluent of the No. 3
system had an average TN content of 7.18 mg/L;
compared with the No. 1 and No. 2 systems, the

RESULTS AND DISCUSSION
Sludge yield and pollutant removal of each
system. Figure 2 shows the accumulated excess
sludge discharges of the three systems after
lysozymes had been added for 90 days.
There was a relatively large difference in the
excess sludge discharge among the three systems
(Fig. 2). The No. 1 reference system had a 90 daccumulated
excess
sludge discharge of
approximately 2,044 g, whereas the No. 2 and No.
3 systems had accumulated excess sludge
discharges of 1,952 g and 1,281 g, respectively,
after the same length of time. When compared to
the No. 1 reference system, the amount of sludge in
the enzyme reaction system was reduced by
37.33%; when compared to the No. 2 reference
system, the amount of sludge in the enzyme
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capacity of the No. 3 system for degrading nitrogen
substances was enhanced, which might be
attributed to the fact that the addition of lysozymes
reduced the excess sludge discharge of the activated
sludge system, i.e., the addition of lysozymes
increased the residence time of the sludge in the
activated sludge system and thus promoted the
increase in the amount of nitrifying bacteria to a
certain degree and enhanced the denitrification
capability of the system. Within the 90-d
experiment, the effluents of the No. 1 and No. 2
systems had average TP contents of 1.00 mg/L and
1.19 mg/L, respectively, whereas the effluent of the
No. 3 enzyme reaction system had an average TP
content of 1.44 mg/L. The addition of lysozymes
resulted in an increase in the TP content of the
effluent of the activated sludge system, which was
primarily because the P-removal bacteria absorb P
in the aeration period and release P in the anaerobic
period. P is removed from the activated sludge
system YLD HIÀXHQW and excess sludge discharge
(Zhang et al., 2007; Yan et al., 2009). In the No. 3
enzyme reaction system, the inability of P to be
withdrawn with the excess sludge resulted in higher
TP in the effluent. Other methods, such as chemical
precipitation and crystallization, should be
combined for phosphorus removal.

Analysis of the possible causes for the
sludge reduction in the enzyme reaction system.
ORP and Energy uncoupling. Adding a sludge
collection tank into the CAS flow to form an oxicsettling-anaerobic (OSA) system is a effective
method that is currently used to reduce sludge
yield. In the process, the oxidation-reduction
potential (ORP) in the sludge collection tank is an
important parameter that indicates the anaerobic
level, and directly affects the sludge yield of the
system. Generally, the sludge yield in an OSA
sludge reduction system decreases with decreasing
ORP values of the sludge in the sludge collection
tank. For example, Sebastien et al (2003)
discovered that when the ORP value was -250 mv,
the sludge yield was 2.30 g/d; when the OPR value
was -100 mv, the sludge yield was 2.79 g/d; when
the ORP value was +100 mv, the sludge yield was
60 g/d. In order to verify whether the low ORP in
the sludge collection tank is emerged by adding the
lysozymes and then promote the sludge reduction in
the No. 3 system. The ORP values of the sludge in
the sludge collection tank were measured in the No.
2 and No. 3 systems (Figure 3).
Figure 3 shows that the ORP values of the
sludge in the sludge collection tanks in the two
system were all greater than 0 mv; high ORP values
in the sludge tank are not beneficial for reducing
the sludge yield of the system, which also proves
that strictly speaking, the No. 2

60
No.2 reference system
No.3 enzyme reaction system

ORP/(mv)

50
40
30
20
10
0
30

40

50

60

70

80

90

Time/d

FIGURE 3
Variations of the ORP values.

on the other hand, compared with the classic OSA
sludge reduction system, in which the residence
time of the returned sludge in the sludge collection
tank is at least more than 8 h, the residence time (2
h) of the returned sludge in the process used in the
present study was too short.

system and the No. 3 enzyme reaction system
were not an OSA sludge reduction system, which
was primarily due to two reasons: on one hand, the
sludge collection tank was an open tank and
contained a stirring device that was used to stir the
sludge within, and thus, the sludge collection tank
could not provide a good anaerobic environment;
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reference system, the amount of sludge in the
enzyme reaction system was reduced by 34.38%,
this shows that the sludge reduction is indeed
caused because the addition of the lysozymes. To
verify whether the energy uncoupling was
strengthened by the lysozymes, an intermittent
experiment was conducted. Three simulation
reactors with an effective volume of 1 L were built.
The sludge samples were taken from the aeration,
sedimentation, and sludge collection tanks of the
NO.3 system. After the sludge settled, the
supernatant was discharged. Experimental water
was added into the reactors, immediately after the
4-h anaerobic treatment. The aerobic aeration
process was then allowed to continue for 6 h.
During this oxic treatment, the concentration of the
dissolved oxygen was controlled to be 4 mg/L and
the pH was controlled around 7±8, while the MLSS
and COD concentrations were monitored
throughout the treatment.
The sludge yield at the aerobic stage is

By comparison can also be found that the ORP
in the two systems were almost the same in the
experimental period, this shows that the ORP
values of the sludge in the sludge collection tanks
can not be decreased by adding the lysozymes. This
result confirms that the lysozyme decreasing the
ORP in the sludge collection tanks to achieve the
excess sludge reduction can not be happened in the
No. 3 system.
In previous relevant studies (Jin et al., 2008;
Guang et al., 2003; Chang et al., 1993; Wang et al.,
2008), a microbial energy uncoupling theory was
proposed to explain the sludge reductionin in the
OSA system. The theory suggests that when sludge
is retained in the sludge concentration tank, its ATP
content depletes under the conditions of no external
food; when the sludge is returned to the aeration
tank, ATP in the sludge would proliferate under the
aerobic and food sufficient conditions. Such a
cyclic change in the ATP content in the sludge thus
leads to an energy uncoupling between the
catabolism and the anabolism, thereby inducing a
reduction in the sludge growth yield. In the present
study, it can be seen from the results of sludge
reduction that the sludge yield of the No. 2 system
was slightly lower than that of the No. 1 system
(When compared to the No. 1 reference system, the
amount of sludge in the No. 2 was reduced by
4.50%), which indicates that energy uncoupling
resulting from the alternation of aerobic and
anaerobic conditions of microorganisms was not the
main cause for sludge reduction in the No. 2 and
No. 3 systems. But when compared to the No. 2

Sludge yields are calculated using the data
obtained from the experiment. Table 1 lists the
calculated sludge yields.
Table 1 shows the sludge yields measured
from the sludge samples taken from the aeration,
sedimentation, and sludge collection tanks of the
No. 3 system were almost unanimously. This shows
that these consecutive treatments do not induce a

TABLE 1
Sludge yields.

Number of days
30 d
38 d
46 d
54 d
62d
70 d
85 d
Mean

Sludge yields (mg MLSS/mg COD)
Aeration tank

Sedimentation tank

0.68
0.64
0.65
0.72
0.66
0.66
0.66
0.67

0.62
0.67
0.65
0.70
0.61
0.66
0.68
0.66

reduction in the sludge yield throughout the
entire operation period in the No. 3 system, which
indicates that energy uncoupling was not promoted
in the No. 3 system. These results confirm that the
energy uncoupling can not be enhanced by the
lysozymes. Through the above discussion, it

Collection tank
0.64
0.69
0.66
0.70
0.65
0.61
0.67
0.66

becomes clear that the sludge concentration tank in
the No. 3 system is only used to provide a place
where the lysozyme contacting with the returned
sludge. The ORP value of the sludge concentration
tank can not be reduced and the energy uncoupling
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every 10 d after the experiment had been conducted
for 30 d. Figure 4 shows the average SOUR values.
It can be seen from the figure that there was a
difference in the SOUR values of the sludge in the
No. 1 and No. 2 system after the anaerobic process,
which were lower than those before the anaerobic
process, whereas there was no significant difference
between the SOUR values of the sludge in the No.
3 enzyme reaction system before and after the
anaerobic process; in addition, the SOUR value of
the sludge in the No. 3 system before the anaerobic
process was higher than that in the two reference
systems before the anaerobic process, which
indicates that the activated sludge in the No. 3
system had a relatively strong endogenous
metabolic capacity and needed to consume
relatively more substances and energy to maintain
its metabolism (Jin et al., 2008). Endogenous
metabolism can be enhanced by the lysozyme in the
No. 3 enzyme reaction system, which might be one
cause for the reduced sludge yield.

can not be enhanced by the lysozymes, there are
other possible causes for excess sludge reduction.
Endogenous metabolism. The sludge sample
taken from the aerobic tank of the each of the three
systems was centrifuged (5 min, 10000 rpm) to
discard the supernatant, and the settled sludge was
then washed with distilled water. Centrifugation
and washing were repeated 3 times. The settled
sludge was inoculated in a 1-L container, and then
distilled water was added into the container. The
sludge was allowed to settle for 0.5 h, after which
water was discharged. Subsequently, experimental
water was added instantly, and the aeration process
was allowed to continue for 6 h; afterwards, the
sludge was allowed to settle for 0.5 h, after which
water was discharged; the anaerobic process then
continued for 4 h. The influent and effluent
volumes of the three experimental groups were the
same. The SOUR values of the sludge before and
after the anaerobic process were measured. The
sludge of each of the three systems was analysed

0.18
0.16

Before the anaerobic process
After the anaerobic process

0.14

SOUR mg/(g·min)

0.12
0.10
0.08
0.06
0.04
0.02
0.00
No.1 reference system

No.2 reference system

No.3 enzyme reaction system

FIGURE 4
SOUR values.

activity of an organism to a certain degree.
Therefore, in the present study, the activity of the
sludge protease and the activity of the
dehydrogenase were used to characterize the
activity of the sludge in each activated sludge
system. Activated sludge was taken from the
aerobic tank of each of the three systems for
analysis every 5 d after the experiment had been
conducted for 30 d. Figures 5 and 6 show the
average values of the measurement data.

Sludge activity. In an activated sludge
system, proteins are the organic component with the
highest content in the sludge. As macro-molecular
substances, proteins must be first decomposed by
proteases to smaller molecules before being used by
microorganisms for decomposition. Therefore, the
higher the activity of the sludge proteases, the
higher the activity of the sludge is. Dehydrogenase
is a necessary enzyme inside of a microorganism
for degrading organic pollutants and acquiring
energy; dehydrogenase also reflects the state of the
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FIGURE 5
Dehydrogenase activity.

0,5

No.1 reference
No.2 reference

Protease activity U/mg MLSS

0,4

No.3 enzyme reaction system

0,3

0,2

0,1

0

FIGURE 6
Protease activity.

the relatively high activity of the activated sludge in
the No. 3 system indicates a relatively low sludge
yield. Hence, the lysozymes improved the activity
of the sludge in the system, which was also one of
the causes for sludge reduction.

Within the entire operation time, the average
protease activity and the average dehydrogenase
activity of the No. 1 reference systems were 0.356
U/mgMLSS and 25.99 mg/(g·h), respectively; the
average protease activity and the average
dehydrogenase activity of the No. 2 reference
systems were 0.379 U/mgMLSS and 27.11
mg/(g·h), respectively; the average protease activity
and the average dehydrogenase activity of the No. 3
systems were 0.451 U/mgMLSS and 28.56
mg/(g·h), respectively; thus, the activity of the
sludge in the No. 3 enzyme reaction system was
greater than that in the No. 1 system and that in the
No. 2 system. The metabolic activity was inversely
proportional to sludge yield (Chang et al., 1993);

Analysis of microorganism communities.
The DGGE method is often used to analyse the
changes in biological communities and structures.
To understand the effect of lysozymes on
microorganisms in the continuously running
activated sludge system, the activated sludge in the
No. 1 and No. 3 systems was analysed using the
DGGE method in the present study. Figure 7 shows
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degradation of COD pollutants; in addition, the
capacity of the system with added lysozymes for
degrading nitrogen substances was also enhanced
due to the addition of lysozymes; however, the
addition of lysozymes resulted in an increase in the
TP content of the effluent of the activated sludge
system.
(3) Energy uncoupling that occurred due to the
alternation of aerobic and anaerobic conditions of
the activated sludge in the system with added
lysozymes had almost on impact on reducing the
amount of sludge in the system; the increase in the
activity of the sludge in the system as well as the
enhancement in the endogenous metabolic capacity
caused the sludge reduction.
(4) It was discovered through the DGGE
analysis that there was no significant difference in
the microbial community structure between the
enzyme reaction system and the reference system;
thus, lysozymes did not promote the reduction in
sludge yield by significantly altering the microbial
community structure in the activated sludge system.

the DGGE bands of the No. 1 and No. 3 systems
obtained every 21 d within the 90-d experiment.
It can be seen from Figure 7 that as the
experiment continuously progressed, there was a
certain change in the biological communities in the
No. 3 enzyme reaction system ± the original
relatively prominent bands of the enzyme reaction
system gradually faded, which indicates that some
of the

FIGURE 7
DGGE bands (A: No. 1 system; B: No. 3 system)
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microorganisms in the activated sludge system
gradually weakened with the continuous returning
of the enzymatic sludge; in contrast,several of the
bands that were not prominent originally gradually
appeared as the experimental time increased, which
indicates that several of the microorganisms in the
activated sludge system that were not prominent
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between the bands of the enzyme reaction system
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significant difference in the number of bands
between the two systems, which indicates that there
was no significant difference in microbial diversity
between the enzyme reaction system and the
reference system, which proves that lysozymes did
not promote the reduction in the sludge yield via
altering the microbial community structure in the
activated sludge system.
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ABSTRACT

INTRODUCTION

Exposure to 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) represents a potential health risk
and hepatotoxicity. The aim of this study was to
evaluate the protective effects of Glycyrrhiza
polysaccharide
(GPS)
against
2,3,7,8±
tetrachlorodibenzo-p-dioxin
(TCDD)-induced
hepatotoxicity in Jian carp using Precision-Cut
Liver Slices (PCLS). In this study, PCLS were
divided into six groups, five treatment groups (pretreatment group, post-treatment group, pre and
post-treatment group, TCDD group, GPS control
group), and one blank control group, GPS (0.2, 0.4
and 0.8 mg mL-1) was added to the PCLS before
(pretreatment), after (post-treatment) and both
before and after (pre- and post-treatment) the
LQFXEDWLRQRIWKH3&/6ZLWK7&''DWȝJ/-1 in
the culture medium. The results showed, after
PCLS treated with GPS, it was indicated that preand post-treatment group had the best effect on
relieving TCDD damage, it could significantly
inhibited the elevation of glutamate pyruvate
transaminase
(GPT),
glutamate
oxalate
transaminase (GOT), lactate dehydrogenase (LDH),
malondialdehyde (MDA), tumor necrosis factor-Į
(TNF-Į 
LQWHUOHXNLQ-ȕ
,/-ȕ 
DQG
immunoglobulin M(IgM), and significantly
increased the level of superoxide dismutase (SOD)
and glutathione S-transferase (GST). GPS can also
reduce the expression of AhR2, ARNT2, CYP1A
mRNA in different degrees. The present findings
might provide new insight into the development of
therapeutic and preventive approaches of TCDD
toxicity.

In recent years, the toxicity mechanism of
dioxins has become a hot research topic. Dioxins
are organic
pollutants
which can
exist
in soil, air and water, and originate mainly from
industrial garbage and waste incineration[1]. It
usually enriches in adipose tissue, and can be
gradually amplified by the food chains. It seriously
interferes with the normal function of the endocrine
system of the organism and displays a wide
spectrum of toxic effects, including dermal toxicity,
reproductive toxicity, immunotoxicity,
and
hepatotoxicity [2, 3]. Previous experiments have
shown that many chemicals, such as microcystin,
dioxin, and lipopolysaccharide (LPS) can cause
liver damage[4]. The current research on TCDD
mainly relates to the environment and mammals. In
humans, short-term exposure to high levels of
TCDD often presents as liver damage and
chloracne, while low-dose long-term exposure has
been linked to immune deficiency, diabetes, and
various cancer type[5-8]. Only less reports about
the fish, such as the report about the effects of
2,3,7,8±tetrachlorodi benzo-p-dioxin on the growth
of fish[9].
Typically, TCDD is biotransformation in the
liver, so liver is the main storage site and target
organ. The liver has long been thought to play the
major role in drug metabolism, first pass
metabolism was almost exclusively attributed to the
liver, the metabolic capacity of the intestine has
been increasingly recognized. Nowadays, PCLS is
widely used in pharmaceutical drug discovery and
development as an approach for toxicological
screening of new drugs[10-12], although the
procedure of PCLS was easy adapted to many
species, this technology has rarely been used in
fish, especially the Jian Carp.
At present, for TCDD therapy, some
researchers found that astaxanthin prevented the
suppression of antioxidant enzymes in the livers of
animals exposed to TCDD [13]. Some researchers

KEYWORDS:
2,3,7,8-tetrachlorodibenzo-p-dioxin, Precision-Cut Liver
Slices, Glycyrrhiza polysaccharide, Aryl hydrocarbon
(AhR2), Aryl hydrocarbon receptor nuclear translocator
(ARNT2), Cytochrome P4501A (CYP1A)
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Preparation and culture of slices. In sterile
conditions, the livers were immediately excised and
placed in cold L-15 medium containing with 25
mM D-JOXFRVHȝJPO-1 gentamicin, and 2.5 mg
mL-1 fungizone previously gassed with 95% O2 , 5%
CO2 by basic method, the liver was cut into pieces
of 5 mm × 5 mm × 5 mm and embedded in a low
melting point agarose. The slices were prepared
using a ZQP-86 tissue slicer (Zhejiang Jinhua Kedi
Instrumental Equipment Co., Ltd., Jinhua, CN) and
cultured in 24-well plate in oxygenated L-15 at 27
Ԩ.
(1)Thickness
The slices are fixed to 200, 300, 400 and 500
ȝPUHVSHFWLYHO\'LIIHUHQWWKLFNQHVVRIVOLFHVZHUH
cultured in 24-well plate for 0, 8, 16, 24 and 48
hours at 27 Ԩ. Then the biochemical indices were
measured.
(2)PH
7KHVOLFHVRIȝPWKLFNQHVVZHUHLQFXEDWHG
in L-15 medium with different pH (6.8, 7.0 and 7.2)
for 0, 8, 16, 24 and 48 hours at 27 Ԩ. Then the
biochemical indices were measured.
(3)Viability assay
PCLS viability was estimated by adenosine
triphosphate (ATP) content. The viability of the
tissue slices were measured via ATP determination
using the ATP Determination Kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, CN).
The results are expressed as μmol ATP g protein-1.

also studied L-glutamine (Gln) in alleviating the
toxicity of TCDD in liver of rats[14]. There are no
reports about used Chinese herbal medicine to treat
and prevent TCDD toxicity. Chinese medicinal
herbs have been widely used in animal disease,
Glycyrrhiza was one of the common traditional
Chinese
herbal
medicine,
Glycyrrhiza
polysaccharide
(GPS)
was
the
active
polysaccharides extracted from Glycyrrhiza, GPS
mainly consists of rhamnose, glucose, arabinose,
galactose, which could adjust the immunity, antitumor, anti -virus, antioxidant and so on. In the
latest research, GPS has good scavenging effect on
DPPH, OH-, O2-.[15]. GPS, one of the major active
FRPSRQHQWV FDQ EROVWHU WKH ERG\¶V DELOLW\ WR ILJKW
disease by activating proteins in the immune
system[16]. Although numerous studies have
reported its beneficial effects in mammals, there is
a lack of reports on its function in aquatic animals.
In this study, a liver damage model of
Cyprinus carpio var. Jian (Jian carp) was
established by TCDD induction, and the effects of
GPS on changes in the liver indices, liverassociated enzymes, and the expression of AhR2,
ARNT2, CYP1A mRNA in the liver were
investigated.

MATERIALS AND METHODS
Chemicals. L-15 medium, dimethyl sulfoxide
(DMSO), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
('7$ 'XOEHFFR¶V SKRVSKDWH-buffered saline (DPBS),
gentamicin
sulfate,
insulin,
streptomycin/penicillin and heparin were purchased
from Sigma Company (Sigma-Aldrich Co. LLC.,
santa clara, CA, USA). Fetal bovine serum (FBS)
and cell culture plates were ordered from Gibco
Company (Gibco Company, Carlsbad, CA, USA).
TNF-Į,/-ȕ,J0 ZHUHSXUFKDVHGIURP6KDQJKDL
Zhaorui bio-tech Co., Ltd (Shanghai Zhaorui biotech Co., Ltd, Shanghai, CN). TCDD was the
product of Toronto Research Chemicals (Toronto
Research Chemicals, Toronto, Ontario ˈ CAN)
(CAS1746-01-6, purity 98 %). Glycyrrhiza
polysaccharide (GPS) was purchased from Nantong
universal plant extract co., Ltd (Nantong universal
plant extract co., Ltd., Nantong, CN). All other
reagents used in the experiment were of analytical
grade.

DPPH assay. To determine the radical
scavenging activity of GPS, DPPH assay was
conducted according to the methods described
previously. Different methanolic dilutions of extract
were prepared (0.05-0.35 mg mL-1). Briefly, 2.0 mL
GPS extract was added to 2 mL DPPH solution (90
ȝ0 LQ PHWKDQRO  DV WKH IUHH UDGLFDO VRXUFH 7KH
mixtures were shaken vigorously and allowed to
stand at room temperature for 30 min. The decrease
of solution absorbance due to proton donating
activity of components of each extract was
determined at 519 nm. Lower absorbance of the
reaction mixture indicates higher free radical
scavenging activity. The DPPH with corresponding
solvents (without plant material) serves as control.
The DPPH radical scavenging activity was
calculated using the following formula: DPPH
radical scavenging activity (%) = [(A0 ± A1 /A0)
×100], where A0 is the absorbance of the control,
and A1 is the absorbance of extract or standard
sample.

Fish. Jian carp were obtained from the
Freshwater Fish Research Center of Chinese
Academy of Fishery Sciences, Wuxi, China. Fish
were reared at 26 Ԩ in a recirculation system and
fed adlibitum twice a day with diets containing 40
% crude protein, 10 % crude lipid, 10 % ash and an
energy content of 21 kJ g-1DM.

Treatments of Precision-Cut Liver Slices
with GPS. The hepatoprotective effect of GPS was
investigated using an in vitro model of TCDDinduced PCLS injury. Six groups were set up as
follows:
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determined using Quantity One software (BioRad
Laboratories, Hercules, CA, USA).

(1)Control: slices were cultured in L-15 for 3
h.
(2)GPS control: slices were cultured with
GPS at 0.8 mg mL-1 in L-15 for 3 h.
(3)TCDD control: slices were cultured with
ȝJ/-1 in L-15 for 3 h.
(4)Pre-treatment group: The PCLS were
firstly incubated with 0.2, 0.4, 0.8 mg mL -1 of GPS
for 3 h, then washed and incubated with TCDD at
WKHFRQFHQWUDWLRQRIȝJ L-1 for another 3 h.
(5)Post treatment group: The PCLS were
LQFXEDWHGZLWK7&''DWWKHFRQFHQWUDWLRQRIȝJ
L-1 for 3 h, then washed and incubated with GPS at
the concentrations of 0.2, 0.4, 0.8 mg mL-1 for
another 3 h.
(6)Pre and post treatment group: The PCLS
were first incubated with 0.2, 0.4, 0.8 mg mL-1 of
GPS for 3 h, and then, TCDD was added at a final
FRQFHQWUDWLRQRIȝJ/-1; with 3 h incubation of
TCDD, the PCLS were further treated with GPS at
the concentrations of 0.2, 0.4, 0.8 mg mL-1 for
another 3 h.
For each set of conditions, six experiments
were performed. At the end of experiment, the
supernatants and slices from each individual well
were collected and stored at - 20 Ԩ.

Gene expression analysis of CYP1A,
AhR2,ARNT2. Total RNA was extracted from fish
liver using a fast pure RNA kit (TaKaRa
Biotechnology Co., Ltd., Dalian, CN), according to
WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV 7KH 51$ TXDOLW\
was detected by gel electrophoresis, the RNA
concentration was determined by GeneQuant 1300
(GE Healthcare Biosciences, Piscataway, NJ,
USA), and normalized to a common concentration
with DEPC treated water (Invitrogen, Carlsbad,
CA, USA) before proceeding to cDNA synthesis.
The procedure for reverse transcription was carried
RXW DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV
(Invitrogen, Carlsbad, CA, USA), and the products
(cDNA) were then stored at -20 Ԩ for qRT-PCR.
Real-time quantitative PCR (qRT-PCR) was
performed to detect the gene expression of AhR,
ARNT, and CYP1A in fish liver using SYBR
Premix Ex Taq (TaKaRa Biotechnology Co., Ltd.,
Dalian, CN), and the reaction was performed on an
ABI PRISM 7500 Detection System (Applied Bio
systems, Foster city, CA, USA). The program was
set to run for one cycle at 95 Ԩ for 30 s, 33 cycles
at 95 Ԩ for 5 s and at 60 Ԩ for 34 s. The primers
used in this study are listed in Table l. The
specificity of PCR amplification was confirmed by
agarose gel electrophoresis and melting curve
analysis. The gene expression results were analyzed
using the 2-¨¨&W method.

Biochemical index assays. GPT, GOT, TNFĮ,/-ȕ,J0LQWKHFXOWXUHVXSHUQDWDQWVDQG/'+
ATP, MDA, SOD, GST, in the liver slice
homogenates were measured using kits from
Nanjing Jiancheng Bioengineering Institute
(Nanjing Jiancheng Bioengineering Institute,
Nanjing, CN). Protein content in the liver slice
homogenate was determined using BCA test kit.
GPT, GOT were expressed as U L-1, SOD, GSH-ST
were expressed as U mg-1 protein, TNF-Į ,/-ȕ
were expressed as ng L-1, IgM was expressed as ng
mL-1, LDH was expressed as U g-1 protein, ATP
ZHUHH[SUHVVHGDVȝPROJ-1 protein, and MDA was
expressed as nmol mg-1 protein.

TABLE l
Sequence of primers used for quantitative realtime PCR.
Gene
AhR2
ARNT2

Western blotting assay. The levels of
CYP1A
protein
were
determined
by
immunoblotting. Protein samples were boiled for 5
min in loading buffer (Beyotime Institute of
Biotechnology, Haimen, CN), loaded onto a 12 %
SDS
polyacrylamide
gel,
separated
electrophoretically, and transferred to a cellulose
acetate membrane. The cellulose acetate membrane
was blocked with sealing fluid and the proteins
were probed with a mouse anti-fish CYP1A
monoclonal antibody (Biosense, Thane West, India;
1:3000 dilutioQ  7KH ȕ-actin protein was used as
the internal control. Alkaline phosphatase-labeled
anti-mouse IgG antibody (Beyotime, Haimen,
China; 1:3000 dilution) was used as the secondary
antibody in the staining reaction. The amount of
immunoreactive product in each lane was

CYP1A
ȕ-actin

PCR sequence
F: ATTCCCTTCCTCAAAAACCGT
R: AGTCCAGGATTGGCAGCGT
F: TGGATATGAACGGACTCTCTGTG
R: CCTGTTGGAAGCTCTCTCGC
F: TGACAAGGACAACATCCGAGAC
R: TAGACGACAGCCCAAGACAGAG
F:GTCAAGTCCGTTGAGATGCACC
R:GGATGATGACCTGAGCATTGAA
GC

Statistical analysis. The data were analyzed
with one-way ANOVA using the SPSS 17.0
software and expressed as means ± standard
deviation of the means. * P <0.05 and ** P <0.01
were taken as statistically significance.
RESULTS
Effects of different cultured conditions on
the biochemical indices. The level of ATP in liver

1999

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ





As shown in Figure 1(b, c, d), there were no
significant increase in both GOT and GPT leakage
IURP WKH OLYHU VOLFHV DW  ȝP DQG  ȝP after
cultured 16 hours, and LDH leakage from slices at
 ȝP VKRZHG VLJQLILFDQW LQFUHDVH DIWHU FXOWXUHG
IRU  KRXUV LQGLFDWLQJ WKDW WKH VOLFHV DW  ȝP
can remain stable for more than 16 hours.

slices of different thickness at various time points
are presented in Figure 1a. The results showed that
there was no detectable depletion of ATP in slices
DW  ȝP DQG  ȝP IRU  KRXUV FXOWXUH
indicating WKDWWKHVOLFHVDWȝPDQGȝPFDQ
keep normal energy metabolism with no significant
change for up to 16 hours.
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FIGURE 1
The effects of different slices thickness on the level of ATP (a), GOT (b), GPT (c) and LDH (d) at different
times. Values are expressed as mean±SD (n=3). x, y, z significant differences (P < 0.05) between different
thicknesses at various time point;
a, b, c
significant differences (P< 0.05) between different cultured times at each thickness.
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FIGURE 2
The effects of different cultured pH on the level of ATP (a), GOT (b), GPT (c) and LDH (d) after cultured
for different time. Values are expressed as mean±SD (n=3). x, y, z significant differences (P < 0.05)
between different thicknesses at each cultured time;a, b, c significant differences (P< 0.05) between
different cultured time at each thickness.
cultured for 16 hours, however, no detectable
The level of ATP in liYHUVOLFHVDWȝPIRU
depletion of ATP in slices at pH 6.8, 7.0 after
different time is presented in Figure 2a. There was a
cultured for 16 hours was observed, demonstrating
remarked depletion of ATP in slices at pH 7.2 after
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GPT(IU L -1 )

that the slices can keep stable energy metabolism
for up to 16 hours.
The leakages of GOT, GPT and LDH in liver
slices at each cultured time are presented in Figure
2 (b, c, d). There were no significant increase in
GOT leakage from the liver slices at pH 6.8 and 7.0
after cultured 16 hours, but LDH and GPT leakage
from slices at pH 6.8 showed significant increase
after cultured for 16 hours, indicating that the slices
at pH 7 can remain stable for more than 16 hours.
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Radical scavenging activity of GPS. In order
to verify the antioxidant power of GPS and its free
radical scavenging potency, the DPPH assay was
performed. The results showed that GPS even at
lower concentration exerted a potent radical
scavenging activity (Figure 3).
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FIGURE 4
Effects of GPS on the activity of GOT(A),
GPT(B), LDH(C) in TCDD-treated PCLS
culture medium
Ctrol: slices cultured in L- 15; GPS Ctrol: slices
cultured in L- 15 with GPS at 0.8 mg mL-1;
TCDD: slices cultured in L- 15 with TCDD at
ȝJ L-1. Values are expressed as mean ± SD
(n=6). * P <0.05; **P<0.01, compared with
TCDD group.
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FIGURE 3
Radical scavenging activity of GPS: the
inhibition of DPPH changed as the concentration
of GPS varied.

Effects of GPS on hepatic antioxidant
enzyme activities. As shown in Figure 5, compared
with the control group, the SOD activity and
amount of GST reduced significantly when PCLS
were treated with TCDD alone (P<0.01). Pretreatment with GPS at 0.2, 0.8 mg mL-1
significantly increased SOD activity, post-treatment
with GPS at 0.4, 0.8 mg mL-1 significantly
increased SOD activity and amount of GST, preand post-treatment with GPS at 0.4 mg mL-1
significantly increased SOD activity and amount of
GST.

Effects of GPS on GOT, GPT and LDH
activities. As shown in Figure 4, cultured PCLS
treated with TCDD, the activities of GOT, GPT,
LDH in PCLS culture medium increased
significantly (P<0.01). When PCLS were treated
with GPS at 3 different concentrations, pretreatment, post-treatment and pre- and posttreatment of the PCLS significantly reduced the
increasing activities of GPT, GOT and LDH
induced by TCDD.
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Effects of GPS on TNF-Į ,/-ȕ ,J0
amounts. As shown in Figure 7, cultured PCLS
treated with TCDD, the amounts of TNF-Į,/-ȕ
IgM in PCLS had an increased trend (P<0.01 or
P<0.05). In 3 treatment groups, GPS at the
concentration of 0.2, 0.4 and 0. 8 mg mL-1 could
obviously decrease the amounts of TNF-Į ,/-ȕ
IgM to different degrees (P<0.01 or P<0.05).
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FIGURE 5
Effects of GPS on the contents of SOD(A),
GST(B) in TCDD-induced liver injury.
Ctrol: slices cultured in L- 15; GPS Ctrol: slices
cultured in L- 15 with GPS at 0.8 mg mL-1;
TCDD: slices cultured in L- 15 with TCDD at 0.3
ȝJ L-1. Values are expressed as mean ± SD (n=6).
* P <0.05; **P<0.01, compared with TCDD
group.
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FIGURE 6
Effects of GPS on slices lipid peroxidation in
TCDD-induced liver injury.
Ctrol: slices cultured in L- 15; GPS Ctrol: slices
cultured in L- 15 with GPS at 0.8 mg mL-1;
TCDD: slices cultured in L- 15 with TCDD at 0.3
ȝJ L-1. Values are expressed as mean ± SD (n=6).
* P <0.05; **P<0.01, compared with TCDD
group.
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FIGURE 7
Effects of GPS on the contents of TNF-Į $ ,/ȕ % ,J0 & LQTCDD-treated PCLS culture
medium. Ctrol: slices cultured in L- 15; GPS
Ctrol: slices cultured in L- 15 with GPS at 0.8
mg mL-1; TCDD: slices cultured in L- 15 with
7&''DWȝJ L-1. Values are expressed as
mean ± SD (n=6). * P <0.05; **P<0.01,
compared with TCDD group.

Effects of GPS on lipid peroxidation. As
shown in Figure 6, cultured PCLS treated with
TCDD alone showed a threefold increase in the
amount of MDA released into the medium
(P<0.01). The inhibited MDA formation was
significantly inhibited in pre-treatment, posttreatment and pre- and post-treatment.
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FIGURE 8
Effects of GPS on the protein expression of CYP1A by western blotting.
concentration of 0.2, 0.4 and 0.8 mg mL-1 could
decrease the protein expression of CYP1A.
Effects of GPS on CYP1A , AhR2 and
ARNT2 gene expression. As shown in Figure 9,
AhR2, ARNT2, CYP1A mRNA expression
increased significantly in TCDD treatment group
compared to the normal control. When PCLS were
treated with 3 different concentrations of GPS, in
pre-treatment group, GPS at the concentration of
0.8 mg mL-1 had the best effect on decreasing the
expression of CYP1A mRNA; in post-treatment
group, GPS at the concentration of 0.4, 0.8 mg mL-1
had the best effect on decreasing the expressions of
AhR2, ARNT2,
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Effects of GPS on CYP1A protein
expression. As shown in Figure 8, the expression
of CYP1A was low in control group and GPS
control group, after treated with TCDD, the
expression of CYP1A in PCLS increased; when
precision cut liver slices were treated with 3
different concentrations of GPS, in pre-treatment
group, with the concentration increased, the protein
expression of CYP1A decreased ˈ these results
showed that GPS had some effect on anti liver
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mL-1 could decrease the protein expression of
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FIGURE 9
Effects of GPS on AHR2(A), ARNT2(B), CYP1A(C) mRNA expression levels of PCLS injury induced by
TCDD. Ctrol: slices cultured in L- 15; GPS Ctrol: slices cultured in L- 15 with GPS at 0.8 mg mL-1;
TCDD: slices cultured in L- ZLWK7&''DWȝJ L-1. Values are expressed as mean ± SD (n=6). * P
<0.05; **P<0.01, compared with TCDD group.
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CYP1A mRNA; in pre- and post-treatment group,
GPS at all the three concentrations significantly
decreased the expression of AhR2, ARNT2,
CYP1A mRNA to different degrees.

role in defending the cells against free radicalmediated oxidative damage[22], SOD is one of the
enzymes on free radical scavenging, inhibition of
free radical reaction in vivo, it can prevent xanthine
dehydrogenase into xanthine oxidase, reduce the
production of free radicals, protect liver cells.
When oxidative damage or free radicals occurred,
the activity of SOD decreased. Therefore, the
activities of SOD, GST reflect the degree of
oxidative damage. In this study, after treated with
different concentrations of GPS, the increasing of
MDA caused by TCDD effectively reduced
(P<0.01) and the activity of SOD increased
significantly (P<0.01), 3 different concentrations of
GPS can reduce the content of MDA caused by
TCDD (P<0.01). The activity of SOD increased
significantly (P<0.01), which showed that GPS can
anti the liver injury caused by TCDD. The similar
results have been shown in SD rats[23].
TNF-Į
,/-ȕ
DUH
WKH
LPSRUWDQW
immunomodulatory cytokines, mainly produced by
monocytes- macrophage activation, which have
strong anti-infection and anti-cancer effects. It was
reported that TNF-Į ,/-ȕ PHGLDWHG PDQ\
pathophysiological process in inflammation
reaction, played an important role in the
pathogenesis of many diseases[24-26]. Mass of
TNF-Į DQG ,/-ȕ LQGXFHV SUoinflammatory genes,
and persistent hepatic injury and inflammation
leading to the progressive liver damage, fibrosis,
and finally cirrhosis [27, 28]. IgM is immune
globulin, which reflects the damage degree of liver
disease. In this experiment, after treated with
TCDD, the levels of the immune factors TNF-Į,/ȕ ,J0 LQFUHDVHG LQ GLIIHUHQW GHJUHH P<0.01 or
P<0.05). This indicated that TCDD caused some
damage to fish liver. After treated with different
concentrations of GPS, GPS in pre and post group
at the concentration of 0.2, 0.4 mg mL -1 decreased
significantly the amount of TNF-Į P<0.01); the
amounts of IL-ȕ ,J0 GHFUHDVHG VLJQLILFDQWO\
(P<0.01). This showed that GPS had protective
effect on liver injury caused by TCDD.
Western blotting is a well-established,
inexpensive and accurate way of measuring protein
content.CYP1A is the important subgroup of
CYP450, its activity level can directly influence the
therapeutic effect of drugs and toxic effect. The
expression level of CYP450 have been popularly
used to screen and research new drugs in the
world[29-33] ˊ It could predict the effectiveness
and potential toxicity of drugs in vitro and in vivo.
In this experiment, after treated with TCDD, we
found that TCDD significantly increased the
expression of CYP1A, in different treatment group,
order of dosing also influence the expression of
CYP1A. In post treatment group, CYP1A
expression decreased gradually with the drug
concentration increasing, which indicated that the

DISCUSSION
In the past decades, the development of in
vitro models to study the toxicity of manmade
chemicals in fish species often used hepatocytes
and hepatoma cell lines [17]. But these methods
have limited ability to research the in vivo toxicity,
WKH\ FRXOGQ¶W DFFXUDWHO\ UHIOHFW WKH effects of
drugs or poison on fish liver . In this study, PCLS
were used to screen drugs for relieving TCDD
induced liver injury in Jian carp for the first time.
PCLS have been confirmed by microarrays that
PCLS more closely predicted in vivo toxicity than
isolated hepatocytes or established cell lines[18].
The best preparation and cultivation condition of
liver slices is the key to the success of this
experiment, so we set different thickness and
medium pH to evaluate the slices viability and
measured different biochemical indices to analyze
the optimal slice thickness and medium pH. The
UHVXOWVVKRZHGWKDWWKHVOLFHVDWȝPLQWKHS+
medium kept good bioactivity for more than 16
hours.
About the toxicity mechanism of TCDD, the
study mainly focus on oxidative stress. Oxidative
stress is an important mechanism of chemical
toxicity including TCDD, CCl4, and ethanol.
Normally, the antioxidant system made production
and elimination of activated oxygen in a
balanceable and dynamic state, it could prevent
excessive ROS caused oxidative stress, kept the
body balance, and maintained the normal structure
and
function
of
cells.
when
the
body metabolism imbalance, it will cause oxidative
damage to the body.
GOT, GPT, LDH are the most sensitive
indicator of liver diseases, their values also reflect
the degree of injury[19]. In this experiment, GOT,
GPT, LDH activities in model group were
significantly higher than those in control group,
after treated with 3 different concentrations of GPS,
GPS at all the three concentrations significantly
reduced the activities of GOT, GPT, LDH
(P<0.01). Our results were consistent with the
report from Cao [20] that GPS could markedly
inhibit the levels of GOT, GPT and LDH induced
by t-BHP.
Lipid peroxidation was an important
parameter of oxidative stress, and it usually was
reflected by levels of MDA [21]. MDA usually
combined with SOD or GST to reflect the degree of
injury of oxygen free radical on the cells. The
antioxidant enzymes (SOD, GST) play an important
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high concentration of GPS had certain inhibition on
CYP1A expression. In the pre-treatment group, the
expression of CYP1A was not obvious regularity.
In pre and post treatment group,CYP1A expression
decreased gradually along with the increase of GPS.
From the results, we knew that GPS has good effect
on relieving TCDD damage.
A number of evidence support the idea that the
regulation of adaptive metabolism requires an AhR
partnership with the aryl hydrocarbon receptor
nuclear translocator (ARNT)[34]. In this study, the
expression of AhR2, ARNT2, CYP1A mRNA
increased significantly in TCDD treatment group
compared to the normal control. The similar results
have been shown in atlantic salmon ( salmo salar)
[35]. It was reported that TCDD as the ligand of
AhR, binding with the AhR of cytoplasm entering
the cellular nucleus, and then combined with the
specific enhancer sequence, induced the ARNT,
CYP1A mRNA expressions[36]. When precision
cut liver slices were treated with 3 different
concentrations of GPS, pre-treatment, posttreatment and pre-and post-treatment of the PCLS
with GPS at all the three concentrations reduced the
expressions of AhR2, ARNT2 mRNA induced by
TCDD in different degrees .

[3]

[4]

[5]

[6]

[7]
CONCLUSIONS
In summary, the present findings demonstrate
that GPS plays a protective role against liver
damage induced by TCDD in Jian carp. The
hepatoprotective effects of GPS are closely
associated with the elevation of the hepatocyte
antioxidative capacity and inhibition of the
expression of AhR2, ARNT2, CYP1A.

[8]

[9]
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Particulate Matters (PM) is one of the seven
conventional (criteria) pollutants (including SO2,
CO, particulates, hydrocarbons, nitrogen oxides, O3
and lead). These pollutants produce the highest
volume of pollutants in the air and the most serious
threat for human health and welfare. Concentration
on these pollutants, especially in cities, has been
regulated by Clean Air Act since 1970 [2].
Particulate pollutants may be classified according to
their nature and size as follows: smoke, mist, spray,
fumes, soot and dust which is main part of PM.
Dust is composed of fine solid particulates and their
size range from 1 to 100 micron.
The presence of pollutants in the atmosphere,
causes a lot of problems, thus the study of
SROOXWDQW¶ EHKDYLRU LV QHFHVVDU\ [3]. Health effects
of PM depend upon size. Some of the main
problems are such as: their toxicity, lung damages
(like silicosis, black lung disease), mutagenic and
carcinogenic, Irritation (eye, nose and throat) and
heart damage (Lung not as efficient, heart must
work harder to get oxygen).
Status of pollutants concentration and effects
of meteorological and atmospheric parameters on
these pollutants compose the base of following
studies: Ho and Lin [4] studied semi-statistical
model for evaluating the NOx concentration by
considering source emissions and meteorological
effects. In a study, the relationship between
monitored air pollutants and meteorological factors,
such as wind speed, relative humidity ratio and
temperature, was statistically analyzed, using SPSS.
According to the results obtained through multiple
linear regression analysis, for some months there
was a moderate and weak relationship between the
air pollutants like PM level and the meteorological
factors in Trabzon city [5].
Statistical modeling of ambient air pollutants
in Delhi has been studied by Chelani et al. [6]. The
observed behavior of pollution concentrations to the
prevailing meteorological conditions has been
studied for the period from June 13 to September 2,
1994, for the Metropolitan Area of Sao Paulo [7].
Results show low concentrations associated with
intense ventilation, precipitation and high relative
humidity. While high values of concentrations
prevailed due to weak ventilation, absence of

ABSTRACT
In the present study, air quality analyses for
particulate matters (PM10) were conducted in
Tehran, Capital of Iran. The measurements were
taken in four different locations to prepare average
data in the city. The averages concentrations were
calculated for every 24 hours, each month and each
season. Results showed that the highest
concentration of PM10 occurs generally in the midnight while the least concentration was found at the
morning. Monthly concentrations of PM10 showed
the highest value in August while the least value in
October. The seasonal concentrations showed the
least amounts in autumn while the highest amounts
in summer. Then Relations between the air
pollutant and some meteorological parameters were
calculated statistically using the daily average data.
The wind data (velocity, direction), relative
humidity, temperature, sunshine periods, dew point
and rainfall were considered as independent
variables. The level relationships between
concentration of pollutant and meteorological
parameters were expressed by multiple linear and
nonlinear regression equations for both annual and
seasonal conditions using SPSS software. RMSE
test showed that among different prediction models,
stepwise model is the best option.

KEYWORDS:
PM10, air pollution,
regression model

meteorological

parameters,

INTRODUCTION
Air sustains life. But the air we breathe is not
pure. It contains a lot of pollutants and most of
these pollutants are toxic [1]. While developed
countries have been making progress during the last
century, air quality has been getting much worse
especially in developing countries air pollution
exceeds all health standards. For example, in
Lahore and Xian (china) Dust is ten times higher
than health standards [1].
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Index was established to determine the quality of
breathed air with ease and clarity. Furthermore, an
Air Quality Plan was proposed to protect human
health and the environment as a whole within the
study area. General and specific corrective
measures for main emission sources were provided.
A strategy for air pollution management was thus
presented.
Li et al. [13] presented the spatial and
temporal variation of Air Pollution Index (API) and
examined the relationships between API and
meteorological factors during 2001±2011 in
Guangzhou, China. Relationships were found
between API and a variety of meteorological
factors.
Temperature,
relative
humidity,
precipitation and wind speed were negatively
correlated with API, while diurnal temperature
range and atmospheric pressure were positively
correlated with API in the annual condition. Yoo et
al. [14] mentioned that all of the pollutants showed
significant negative correlations between their
concentrations and rain intensity due to washout or
convection. The relative effect of the precipitation
on the air pollutant concentrations is estimated to
be: PM10 > SO2 > NO2 > CO > O3, indicating that
PM10 was most effectively cleaned by rainfall.
Ozelkan et al. [15] determined PM10 data
using multispectral satellite images' reflectance
values. The results show that the B5/B7 and B7/B5
ratio values of Landsat 5TM were more correlated
and appropriate than other band ratios to determine
PM10.
Wang et al. [16] studied on air quality in
Chongqing, the largest mountainous city in China.
From 2002 to 2012, statistical analysis of SO 2,
PM10 and NO2 concentrations is conducted. The
analysis of Pearson correlation indicated that
concentrations of SO2, PM10 and NO2 were
positively correlated with atmospheric pressure, but
negatively with temperature and wind speed. The
analysis of Multi-Pollutant Index (MPI) showed
that air quality in Chongqing was serious.
Zosima and Ochsenkuhn-Petropoulou [17]
investigated the emissions of particulate matter
(PM10) from the combustion of specific types of
wood pellets used for domestic heating. Around
40% of total particle mass account for total organic
carbon and 35% for elemental carbon, while non
inorganic carbon was found for all types of pellets.
On average around 0.5% of PM10 emissions was
consisted of heavy metals and water soluble ions.
The present study exhibits diurnal, monthly
and seasonal variations of concentration of PM10
and also a statistical model that is able to predict
amount of PM10. This is based on multiple linear
and nonlinear regression techniques. Multiple
Regression estimates the coefficients of the linear
and nonlinear equations, involving one or more
independent variables that best predict the value of

precipitation and low relative humidity for some
pollutants.
Elminir [8] mentioned dependence of air
pollutants on meteorology over Cairo in Egypt. The
results hint that, wind direction was found to have
an influence not only on pollutant concentrations
but also on the correlation between pollutants. As
expected, the pollutants associated with traffic were
at highest ambient concentration levels when wind
speed was low. At higher wind speeds, dust and
sand from the surrounding desert was entrained by
the wind, thus contributing to ambient particulate
matter levels. It was also found that, the highest
average concentration for NO2 and O3 occurred at
KXPLGLW\  40% indicative for strong vertical
mixing. For CO, SO2 and PM10 the highest average
concentrations occurred at humidity above 80%. In
another research, data on the concentrations of
seven air pollutants (CH4, NMHC, CO, CO2, NO,
NO2 and SO2) and meteorological variables (wind
speed and direction, air temperature, relative
humidity and solar radiation) were used to predict
the concentration of ozone in the atmosphere using
both multiple linear and principal component
regression methods [9]. Results showed that while
high temperature and high solar energy tended to
increase the day time ozone concentrations, the
pollutants NO and SO2 being emitted to the
atmosphere were being depleted. However, the
model did not predict the night time ozone
concentrations as precisely as it did for the day
time. Asrari et al. [3] studied effect of
meteorological factors for predicting CO. Also
variations in concentration of CO in different times
have been shown in this study.
Kalabokas et al. [10] presented seasonal
variation characteristics of PM10, nitrogen oxides
(NOx) and ozone during the 4-year period 20012004 in the two major urban areas of Greece,
Athens and Thessaloniki. The highest PM10 hourly
values appear in the central urban stations during
the cold semester of the year and during the
morning hours. It also comes out that the PM10
variation characteristics exhibit similar features
with the corresponding variation patterns observed
for NOx like the existence of the sharp morning and
the evening peaks at the central urban stations but
for ozone.
Dundar et al. [11] determined some heavy
metal contents in PM1 and PM10 by AAS analysis.
Sample solutions were FAAS-analyzed for Cd, Cr,
Cu, Fe, Mn, Ni, Pb and Zn elemental contents. The
highest values were found for Zn and Fe,
respectively.
Vicente et al. [12] presented air quality
assessment in terms of atmospheric particle levels
(PM10), as outlined by European Union legislation
and carried out in an industrial coastal area in Spain
over an eleven-year period. A PM10 Air Quality
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dew point (mean), wind direction (max) and wind
speed (max & mean).
In the next step, daily average data at four
stations in 2010 was considered as dependent
variable for statistical analysis while daily data of
meteorological parameters during this year were
selected as independent variables in SPSS
programme and the multiple regression equations
showed that the concentration of PM10 depends on
the kind of meteorological parameters and also give
an idea about the levels of these relations. The
relationship between the dependent variables and
each independent variable has been considered for
both linear and nonlinear techniques. The
significant values in output are based on fitting a
single model. Also linear regression equation was
made for different seasons maybe show those
relationships which are not observed using annual
data.
The model for predicting PM10 was
determined using two multiple regression modeling
SURFHGXUHV RI µHQWHU PHWKRG¶ DQG µVWHSZLVH
PHWKRG¶ ,Q µHQWHU PHWKRG¶ DOO LQGHSHQGHQW
variables selected are added to a single regression
PRGHO ,Q µVWHSZLVH¶ ZKLFK LV EHWWHU DOO YDULDEOHV
can be entered or removed from the model
depending on the significance. Therefore only those
variables which have more influence on dependent
variable are observed in a regression model.

the dependent variable (PM10 amount in this study).
So, a large statistical and graphical software
package (SPSS, Software Package of Social
Sciences, V. 20) as one of the best known statistical
packages has been used.
MATERIALS AND METHODS
Study Area. The research area, Tehran is the
capital of Iran located between 35° 35' N to 35º 50'
N latitudes 51° 05' E to 51º 35' E Longitudes and
the elevation is 1280 m above the mean sea level.
Area of Tehran is 730 km². It has moderate climate
and residential population was 8.5 million in 2011.
There are about one million cars in city and many
factories and industrials place around the city. So,
Tehran is one of the most polluted cities in Iran and
needs to carry out an ambient air quality analysis in
this city.
Data and methodology.
Four available
sampling stations in the city called, Azadi,
Gholhak, Tajrish and Sorkhe-Hesar, belong to
Environmental Organization of Iran were selected
to represent different traffic loads and activities.
The sampling has been performed every 30
minutes daily for each pollutant during all months
of 2009 and 2010. Among the measured data in the
four stations PM10 was chosen. Then the averages
were calculated for every hour, each month and
each season for the four stations by Excel. Finally
averages of data at four stations were used to show
air pollution situation as diurnal, monthly and
seasonal graphs of concentration of PM10 in the
city.
Studying correlation of PM10 and metrological
parameters of synoptic station of city was the next
step. The metrological parameters studied include:
temperature (min, max & mean), ratio of humidity
(min, max & mean), precipitation, sunshine hours,

RESULTS AND DISCUSSION
In Figs. 2, 3 and 4, the diurnal, monthly and
seasonal variations in concentration of PM10 have
been presented. As shown in fig. 2 the high
concentration of PM10 occurs in the mid-night.
Stability of the atmosphere during this time may be
responsible for this high concentration because
stable atmospheric condition inhibits dispersal of
pollutants.

FIGURE 1
Two photos graphs from the same place in Tehran city showing impacts of air pollution during recent
years. (right one in clean condition and left one in worse condition).
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of USA and Iran, respectively, protecting human
health. High amounts of PM10 are observed more
during recent years in western and southern parts of
Iran as it said above the main source of this
pollution is arid lands of Iraq. Especially after wars
of USA with this country the number of critical
zones for detachment of soil particles in wind
erosion process have been increased because of
mismanagements and forgetfulness of doing
remedial measures and conservation against wind
erosion (Fig. 6). Currently Ahvaz, a big city in the
south western part of Iran, is introduced as the
worst polluted city of the world according to a
survey by the World Health Organization in 2011
because of high concentration of dust during year
[21]. Increasing of PM causes different impacts and
problems like occurring and increasing of related
illness to this pollution such as cancer and lung
damages during recent years which have been
recorded by Health offices of region.

Monthly concentration of PM10 showed the
highest values in August and the least in October
(Fig. 3). Seasonal concentration showed the highest
values in summer and the least in autumn (Fig.4).
These results are almost in good agreement with
other results obtained in other cities like Shiraz [18]
and Ahvaz [19] but differ somewhat with results of
Esfahan city [20].
Precipitation is very low and evaporation is
very high during these times especially in the end
of spring and beginning of summer, therefore soil is
very dry allowing for wind erosion and carrying
soil suspended particles to long distances. Origin
and source of most of the particle matters during
this period is in dry lands of western neighbors
especially in some critical zones of Iraq country
(Fig. 5).
Unfortunately, all graphs showed that the
concentrations of the PM10 are upper than Primary
Standards of PM10 (50 μg/m3) recommended by
National Ambient Air Quality Standards (NAAQS)

FIGURE 2
Diurnal variation of PM10 concentration in Tehran.

FIGURE 3
Monthly variation of PM10 concentration in Tehran.
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FIGURE 4
Seasonal variation of PM10 concentration in Tehran.

FIGURE 5
Satellite image shows origin and source of most of the dust pollution carried by wind in Iran is in dry
land of western neighbors especially in Iraq country.

FIGURE 6
Two maps from the western neighbors of Iran showing the number of critical points for detachment of
soil particles in wind erosion process have been increased especially in Iraq country during recent years.
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point and sunshine hours that is agreement to the
results of Yoo et al. [14]. Correlation coefficients
significant at the 0.05 level are identified with a
single asterisk (significant), and those significant at
0.01 level are identified with two asterisks (highly
significant).
Table of analysis of variance (Table 3) shows
WKDW ERWK UHJUHVVLRQV RI µHQWHU¶ DQG µVWHSZLVH¶
methods for annual condition are highly significant,
indicating a significant relation between the
different variables.

Table 1 shows the relationships between PM10
and other air pollutants. For example the
concentration of PM shows negative correlation
with O3 although it is not significant. On the other
hand it shows positive correlation with CO, NO2,
NOx and SO2. These results are not the same as
results of PM10 assessment in other Iranian cities
like Shiraz [18], Ahvaz [19] and Esfahan [20].
Table 2 shows the relationships between PM10
and metrological parameters. Results show that the
concentration of PM10 correlates positively with
wind parameters and negatively with rain, dew

TABLE 1
Correlation between air pollutants and PM10.
CO
.179**
.001
357

Pearson Correlation
Sig. (2-tailed)
N

NO2
.228**
.000
357

NOX
.171**
.001
357

O3
-.063
.236
357

SO2
.310**
.000
357

TABLE 2
Correlation between metrological parameters and PM 10.

Temperature (mean)
Temperature (max)
Temperature (min)
Wind speed (mean)
Wind speed (max)
Wind direction (max)
Ratio of Humidity (mean)
Ratio of Humidity (max)
Ratio of Humidity (min)
Rain
Dew point
Sunshine Hours

Pearson Correlation
-.062
-.061
-.060
.107*
.110*
.084
-.029
-.052
-.053
-.173**
-.125*
-.127*

Sig. (2-tailed)
.240
.245
.253
.041
.037
.110
.582
.319
.312
.001
.018
.015

N
363
363
363
363
363
363
363
363
363
363
363
363

TABLE 3
Tables of analysis of variance for both regressions RIµHQWHU¶ D DQGµVWHSZLVH¶ E PHWKRGV for
annual condition.

Model

Sum of Squares

Regression
Residual
Total

87620.103
634831.795
722451.899

Analysis of variance (a)
df
Mean Square
12
350
362

7301.675
1813.805

F

Sig.

4.026**

.000

Predictors: (Constant), Rain, Wind direction (max), Wind speed (max), Wind speed (mean), Temperature (max),
Temperature (min), Temperature (mean), Sunshine Hours, Ratio of Humidity (min), Ratio of Humidity (max),
Ratio of Humidity (mean), Dew point.
Dependent Variable: PM10
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Analysis of variance (b)
df
Mean Square

Model

Sum of
Squares

Regression

62973.122

3

20991.041

Residual

659478.776

359

1836.988

Total

722451.899

362

F

Sig.

11.427**

.000

Predictors: (Constant), Rain, Sunshine Hours, Wind Speed(mean))
Dependent Variable: PM10

TABLE 4
Coefficients of PM pollution model and regression lines for both enter (a) and stepwise (b) methods for
annual condition

Model

(Constant)
Temperature (mean)
Temperature (max)
Temperature (min)
Wind speed (mean)
Wind speed (max)
Wind direction (max)
Ratio of Humidity (mean)
Ratio of Humidity (max)
Ratio of Humidity (min)
Rain
Dew point
Sunshine Hours

Coefficients (a)
Unstandardized
Coefficients
B
Std. Error
207.313
38.261
-31.823
20.416
16.296
10.268
14.389
10.357
1.555
1.217
-.008
.579
.021
.036
.700
.675
-.677
.304
-.718
.456
-4.789
1.476
.435
1.214
-3.433
.981

Standardize
Coefficients
Beta
-7.807
4.326
3.277
.098
-.001
.033
.320
-.352
-.272
-.199
.049
-.275

t

Sig.

5.418
-1.559
1.587
1.389
1.278
-.013
.586
1.036
-2.229
-1.574
-3.245
.358
-3.499

.000
.120
.113
.166
.202
.989
.558
.301
.026
.116
.001
.720
.001

Dependent Variable: PM

Model

(Constant)
Rain
Sunshine Hours
Wind speed (mean)
Dependent Variable: PM10

Coefficients (b)
Unstandardized
Standardized
Coefficients
Coefficients
B
Std. Error
Beta
168.116
-6.156
-2.923
1.922

7.134
1.307
.680
.804

-.256
-.234
.121

In Tables 4 the coefficients of PM10 pollution
model and regression lines for both enter and
stepwise methods in annual condition are presented.
Regression
coefficients,
standard
errors,
standardized coefficient beta, t values, and twotailed significance level of t have been shown in the
Tables.
The linear regression equations show that the
PM10 pollution depends on the meteorological
parameters and also give an idea about the levels of

t

Sig.

23.564
-4.709
-4.297
2.391

.000
.000
.000
.017

relations. The linear model equations after using
µHQWHU PHWKRG¶ DQG µVWHSZLVH PHWKRG¶ for annual
condition are:
PM10 amount (ȝg/m3) XVLQJµHQWHUPHWKRG¶ for
annual
condition
=
207.313+(14.389)
Temperature(min)+ (16.296) Temperature(max) + (31.823) Temperature(mean)+ (-0.718) Ratio of
humidity (min) + (-0.677) Ratio of Humidity(max) +
(0.700) Ratio of Humidity(avg) + (-4.789) Rain + (3.433) Sunshine Hours + (0.021) Wind
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hours and ratio of humidity compared to other
meteorological parameters for measuring the PM 10
which is close to the results of Asadifard [19],
Gerami [20], Ordibeheshti and Rajai poor [18] and
Masoudi et al. [22]. Parameter Sig (P-value) from
Table 4 shows that amount of relation between
PM10 and meteorological parameters. For example,
Table 4a shows wind speed (mean) has higher
effect on PM10 than wind direction.
On the other hand, in Table 5 the linear
regression equations of PM10 amount are presented
for both enter and stepwise methods in different
seasonal condition. Results show all of the seasonal
models are significant. Stepwise methods show
those meteorological parameters which are most
important during these seasons for estimating the
pollution. Among the models, spring models have
the highest R compared to the R of other seasonal
models which is same as the results of Gerami [20].
R in seasonal models except of stepwise model of
winter are higher than in annual models, also
indicating that relations between the pollutant and
meteorological parameters are stronger than whole
year during these seasons. These results differ
somewhat with other results regarding PM10
assessment in other Iranian cities of Ahvaz [19] and
Shiraz [18] but they are the same as the results of
Esfahan [20].
Also the nonlinear multiple regression
equation of PM10 amount using parameters of linear
stepwise method for annual condition is calculated
which is significant:
PM10 DPRXQW ȝg/m3) using nonlinear
regression for annual condition = (149.525 × 0.967
Rain
) + (156.023 × 0.993Sunshine Hours) + (140.641 ×
1.009Wind Speed(mean))
R2= 0.118 (significant at 0.01)
To test which annual model is better to use,
RMSE (Root Mean Square of Error) is calculated
for different linear models of enter and stepwise
and nonlinear model. Predicted amounts using the
different annual models for 30 days during 2011 are
calculated and compared with observed data during
those days using RMSE equation:

direction(max) + (-0.008) Wind speed(max) + (1.555)
Wind speed(mean) + (0.435) Dew point R= 0.348
(significant at 0.01)
PM10 amount (ȝg/m3) XVLQJµVWHSZLVHPHWKRG¶
for annual condition = 168.116+ (-6.156) Rain + (2.923) Sunshine Hours + (1.922) Wind speed(mean)
R= 0.295 (significant at 0.01)
Results of linear regression model show that
rain and sunshine hours have reverse effect on
concentration of PM10. So that when these
parameters increase, the concentration of PM10
decreases. While, when wind speed increases, the
concentration of PM10 significantly increases (Table
4b). Other meteorological parameters show
different effects on PM10 amounts although these
results are not significant. For example, ratio of
humidity (max and min) and temperature (mean)
have reverse effect on concentration of PM10 while
temperature (max and min) shows positive
relationship (Table 4a). These results are almost in
good agreement with other results regarding PM10
measurements in other Iranian cities like Ahvaz
[19] and Esfahan [20] and Shiraz [18] and other
regions [13, 14].
Actually some of these events happen in real
condition. Increasing in rainfall and ratio of
humidity usually decrease most of air pollutant [3].
But with increasing Wind speed, we expect dust
amounts increases. The effect of increasing wind
speed and temperature (max and min) and
decreasing humidity and rainfall can be seen during
the warm months that increase wind erosion in the
west of region that permit detachment of soil
particles from soil which have been transported as
suspended particles by wind.
The values and significance of R (multiple
correlation coefficient) in both equations show
capability of them in predicting PM10 amount. The
amount of Adjusted R2 in both equations is almost
0.1 showing that different parameters can calculate
almost 10% variability of PM10. This result
indicates for predicting most of air pollutants like
PM10, we should take into consideration natural and
anthropogenic sources of their production such as
consumption of fossil fuel and wind erosion
process. On the other hand, R in enter method
(0.348) is almost equal to stepwise method (0.295),
showing no different significant. Therefore, second
equation based on stepwise method can be used to
predict PM10 in the city instead of using first
equation which needs more data. On the other hand,
no difference between the two R values indicates
that the excluded variables in second equation have
less effect on measuring of PM10 in the city.
Beta in Table 4 shows those independent
variables (meteorological parameters) which have
more effect on dependent variable (PM10). The beta
in the both Table 4 shows a highly significant effect
of some variables like temperature, rain, sunshine

σ୧ୀଵሺ௦ି  ሻଶ
 ൌ ඨ

Oobs: observed PM10 value
OPre:predicted PM10 value using model
The values of RMSE in both linear models of
enter (56.71) and stepwise (55.72) show capability
of them in predicting PM10 amount compared to
nonlinear model value (333.08). This result which
is the same as the results of Asadifard [19], Gerami
[20], Ordibeheshti and Rajai poor [18] and Masoudi
et al. [22] indicates for predicting most of air
pollutants like PM10, we may take into
consideration only linear models of stepwise which
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calculation is easier than nonlinear model.

TABLE 5
PM10 amount (ȝg/m3) using two methods of enter and stepwise for different seasonal condition
Season
Spring

Enter Method
= -20.916+ (-43.842)Tmean +(23.089) Tmax
+ (25.470) Tmin + (2.188) WSmean + (1.287)
WSmax + (0.207) WDmax + (1.229) RHmean
+ (-0.403) RHmax + (0.872) RHmin + (10.698) Rain + (-2.556) Dew + (-5.025)
Sunshin

R
0.688
(significa
nt at 0.01)

Stepwise Method
= 54.466+ (-5.082)
Sunshin + (4.232)
WSmean + (3.012)
Tmin + (0.191)
WDmax

R
0.635
(significan
t at 0.01)

Summer

= 137.057+ (7.852) Tmean + (-.851) Tmax +
0.627
= 231.297+ (-9.510)
0.516
(-5.535) Tmin + (4.964) WSmean + (-.683)
Sunshin + (-0.299)
(significa
(significan
WSmax + (0.096) WDmax + (4.347) RHmean nt at 0.01)
WDmax
t at 0.01)
+ (-1.496) RHmax + (-1.795) RHmin + (56.225) Rain + (-0.882) Dew + (-9.600)
Sunshin
Autumn
= 283.698 + (-61.525) Tmean + (34.141)
0.642
= 227.482 + (-7.141)
0.527
Tmax + (21.735) Tmin + (-9.828) WSmean +
WSmean + (-1.232)
(significa
(significan
(2.399) WSmax + (0.077) WDmax + (-0.510) nt at 0.01)
RHmin + (-1.921)
t at 0.01)
RHmean + (-0.992) RHmax + (-0.517)
Tmin
RHmin + (-1.253) Rain + (4.065) Dew + (2.477) Sunshin
Winter
= 430.890 + (-33.585) Tmean + (10.475)
0.507
= 174.068+ (-4.590)
0.223
Tmax + (16.756) Tmin + (6.590) WSmean +
Rain
(significan
(significa
(-3.523) WSmax + (0.015) WDmax + (-3.484) nt at 0.01)
t at 0.01)
RHmean + (0.652) RHmax + (-0.022) RHmin
+ (-2.261) Rain + (6.785) Dew + (-1.427)
Sunshin
Note: Tmean=Temperature (mean) , Tmax =Temperature (max), Tmin=Temperature (min), WSmean = Wind
speed (mean), WSmax =Wind speed (max), WDmax =Wind direction (max), RHmean = Ratio of Humidity
(mean), RHmax =Ratio of Humidity (max), RHmin= Ratio of Humidity (min), Dew =Dew point, Sunshin=
Sunshine Hours

CONCLUSION
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animal commodities [3,16]. These nonpolar
pesticides POPs are able to accumulate in the body
tissues around the internal human and animal
organs, causing chronic toxicities and hazardous
diseases to the nerve system and carcinogenic
effects [4].
In Jordan, there is a trend towards the
minimizing in use of pesticides on animals to
protect environment and animal contamination, but
still there is a need to dip and spray animals with
pesticides but not organochlorines to control animal
pests [3]. Despite, organochlorine pesticides have
been banned from use in Jordan since early eighties
of the last century [2], they might be detected in
animal products due to the long in their half-lives
and persistence in the environment [5]. Monitoring
of organochlorine residues in animal products
becomes an important issue all over the world to
protect consumer health. Database for the
maximum residue limits has been established by the
international organization (WHO, FAO) based on
several criteria and allowable daily intake (ADI) in
different agricultural and animal commodities such
as Codex Alimentarius Commission and European
Union Committee to show the safe residual limits
for pesticides [6].
The aim of this study is to monitor
organochlorine pesticides in animal products in
local and imported samples in 2011 and 2012 in
Jordan to know the levels and range of animal
commodities contamination with these POPs to
provide scientific information about important
issues to increase database and to help stakeholders
to find alternatives and to minimize the use of
pesticides.

ABSTRACT
This study was conducted to monitor
organochlorine pesticides residues in animal
products in southern parts of Jordan in 2011 and
2012. Since residues of these pesticides POPs are
important organic pollutants to the environment
particularly in local and imported animal products,
the Ministry of Environment of Jordan asked the
Royal Scientific Society for monitoring the residues
of these pollutants in the animal products. Results
of milk products showed that there were only two
samples contained residues, but less than the MRL.
Results of table eggs showed that there were eleven
samples contained residues, but less than the MRL.
There were three samples of the table eggs
contained residues more than the MRL. These
contaminated samples contained p,pǯ-DDE. Results
of meat and poultry showed that there were thirtythree meat samples contained residues, but less than
the MRL. However, the contaminated samples were
contained Į-+&+ ȕ-+&+ Ȗ-HCH, Heptachlor,
Aldrin, SSǯ-DDE, SSǯ-DDT and SSǯ-DDD.
Several recommendations were proposed about
pesticides residues in the animal products samples
in Jordan.

KEYWORDS:
Pesticides, Residues, Animal products, Jordan

INTRODUCTION
Pesticides are considered to be an important
factor to protect animals from ecto and endoparasites to increase yield and keep animals healthy
[1]. Globally, pesticides assist to decrease
starvation problem, particularly in the developing
countries [2]. However, they are considered from
the main persistent organic pollutants (POPs) all
over the world. These POPs are able to transfer the
food chain including animals to reach humans.
Humans may expose to these pollutants through the
daily intakes from the different agricultural and

MATERIALS AND METHODS
This study was conducted at Industrial
Chemistry Labs in the Royal Scientific Society
(RSC) according to the demand and financing by
the Ministry of Environment of Jordan. The
international analysis method was adopted [7, 8,
12] as follows:
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GC ± Apparatus. A HP 5890 gas
chromatograph, equipped with two capillary
columns and a 63Ni-Electron Capture Detector
(ECD), was used. The first column was a DB-1701
(30 m x 0.32 mm, film thickness 0.25 μm,
moderately polar). The second column was a HP-5
(30 m x 0.32 mm, film thickness 0.25 μm, nonpolar). Carrier gas (He) was used at a flow-rate of 2
ml/min. The make-up gas (Ar-CH4) was used at a
flow-rate of 30 ml/min. Injector temperature was
280 °C, while detector temperature was 300 °C.
The column temperature program was as follows:
Initial temperature 80 °C (2.2 min), 80-175 °C (30
°C/min), 175-225 °C (10 °C/min), and 225 °C (2
min). HP-3395 integrator operated at a chart speed
of 5 mm/min was used. Injection volume was 1 μl,
and split ratio was 1:25.

Tools and Glassware. A Soxhlet extractor,
separatory funnels with glass or Teflon stopcocks,
chromatography columns (id =20 mm, l = 40-50
cm) with Teflon-stopcocks, round bottom flasks,
and volumetric flasks were used. All parts of
glassware were washed thoroughly with water,
soap, water, distilled water, acetone and finally
hexane, dried in a drying oven at 120 °C, and kept
tightly closed after cooling to room temperature.
Each glassware piece was washed several times
with acetone prior to use.
Chemicals, Solvents, and Gases. A certified
standard mixture containing all the targeted
chlorinated pesticides (purity 99.5-99.9%, 1000
ppm) purchased from Ehrenstorfer (Germany) was
diluted to 0.1 ppm with n-hexane containing 0.1
ppm isodrin as internal standard. Petroleum ether
(40-60 °C), dichloromethane, acetone, n-hexane,
methanol, acetonitrile and diethyl ether of pesticide
residue grade were purchased from Riedel-deHaën
(Hannover-Germany) and used as solvents without
further purification. Double-distilled water was
prepared for use. Anhydrous sodium sulfate (grade
³IRUUHVLGXHDQDO\VLV´ ZDVKHDWHGDW°C for 2 h
DQGNHSWLQDFORVHGFRQWDLQHU)ORULVLORI³SHVWLFLGH
UHVLGXHV JUDGH´ -100 mesh) was also heated at
550 °C for 12 h, kept in a closed container and
heated once again at130 °C for 1 h prior to use.
Quartz wool was extracted with petroleum ether.
Helium used as carrier gas was of 99.999% purity
(grade 5). Argon/ methane (95/5% v/v) was used as
make-up gas (99.9% purity).

Extraction Methods. Extraction of Fat from
Meat Products. A meat sample of 2-3 kg was
cleaned from the bones, and then minced with a
meat mixer. A 20-30 g aliquot of the homogenous
sample was weighed and mixed with 50 g
anhydrous sodium sulfate. The sample was placed
in a thimble and extracted for 6 h in a Soxhlet
apparatus using 250 ml petroleum ether. The extract
was rotary-evaporated (12 mbar) nearly to dryness
at 30 °C. The residue was left in desiccators for half
an hour, and then the fat residue was weighed to
obtain % fat in the sample.

TABLE 1
Detection limits (DL) and recovery percentages of the organochlorine pesticides in the study, using GCECD.

Pesticide

Recovery %

Detection Limits

Aldrin
Dieldrin
Endrin
Į-endosulfan
ȕ-endosulfan
HCB
Į-HCH
ȕ-HCH
Ȗ-HCH
Heptachlor
RS¶-DDE
RS¶-DDD
RS¶-DDT
SS¶-DDD
SS¶-DDE
SS¶-DDT

99.0 ± 2.9
87.8 ± 3.8
79.9 ± 4.4
94.5 ± 3.9
99.2 ± 3.7
79.3 ± 2.6
94.8 ± 2.5
91.9 ± 3.0
94.1 ±2.4
99.0 ± 2.5
94.8 ± 3.6
86.9 ± 5.6
94.7 ± 3.4
90.3 ± 5.6
98.7 ± 3.7
90.3 ± 1.3

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
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TABLE 2
Numbers of milk products samples contained organochlorine pesticides residues collected from the
southern parts of Jordan from October 19, 2011 to October 10, 2012.

Milk Product

Total analyzed samples

Yoghurt
Labaneh
White Cheese

10
10
10

No.
of
Samples
contained residues less
than MRL
0
2
0

No. of Samples contained
residues less than MRL
0
0
0

TABLE 3
Organochlorine pesticides residues in milk products samples collected from the southern parts of Jordan
from October 19, 2011 to October 10, 2012.
Milk
Product/Region

Ewe Labaneh/
Tafealah
Ewe Labaneh/
Aqaba
(---)
:
+&+¶V
DDT
:
DDE
:
DDD
:

SS¶DDT
(mg/
kg
milk
fat)

SS¶DDE
(mg/
kg
milk
fat)

SS¶DDD
(mg/
kg
milk
fat)

RS¶DDE
(mg/
kg
milk
fat)

Į-HCH

ȕ-HCH

Ȗ-HCH

Heptachlor

Aldrin

(mg/
kg
milk
fat)

(mg/
kg
milk
fat)

(mg/
kg
milk
fat)

(mg/
kg
milk fat)

(mg/ kg
milk
fat)

---

---

---

---

---

0.04

---

---

---

--------under the detection limit.
(ĮȕȖ)- Hexachlorocyclohexane.
dichlorodiphenyltrichloroethane
dichlorodiphenyldichloroethylene
dichlorodiphenyldichloroethane.

---

0.01

---

---

---

bottom flask and evaporated to dryness at 30 °C
and 12 mbar. The residues were dissolved in 2 ml
n-hexane containing 0.1 μg isodrin per ml (internal
standard). This final solution was ready for GC
injection

Extraction and Determination of Fat
Content from Milk Products. Milk sample with
less than 3 g fat was placed in a 250-ml separatory
funnel with 15 ml petroleum ether and 30 ml of
acetonitrile saturated with petroleum ether, and then
mixed thoroughly for 3 min. The organic layer was
separated and gathered in a 1-L separatory funnel.
Two portions each of 30 ml of acetonitrile saturated
with petroleum were added to the aqueous layer in
the 250-ml funnel, shaken well and then added to
the 1-L funnel. Then, 600 ml distilled water, 40 ml
saturated sodium chloride solution and 100 ml
petroleum ether were added, and mixed thoroughly.
The aqueous layer was separately placed in another
separatory funnel with 100 ml petroleum ether,
mixed thoroughly and then, the aqueous layer was
discarded. The remained organic layer was added to
the 1-L separatory funnel. The pooled organic
extracts were passed through anhydrous sodium
sulfate, and then evaporated using the rotary
evaporator. At this stage, the % fat can be
calculated. The fat residues (meat and milk) were
dissolved in petroleum ether and passed through an
activated Florisil column for clean-up using
petroleum ether/dichloromethane (80/20, v/v) as
eluent. The eluate was collected in a 500-ml round

Recovery Tests and Quality Control. For the
evaluation of the extraction efficiency, blank
samples were spiked with standard solution mixture
of the studied pesticides, and the spiked samples
were analyzed using the above-mentioned
procedure. Calculated percent recoveries, and the
detection limits for the used ECD are shown in
Table (1). Quality control program was applied
through the food analysis performance assessment
scheme (FAPAS) in Britain. Quality control on
samples was done nationally through the
cooperation with the pesticides analytical
laboratory in the Environment Research Center of
the Royal Scientific Society, and with the Ministry
of Agriculture, to ensure the accuracy of the
analysis.
Samples Collection Method. Samples were
collected according to the International Standards
Method [9] issued by the WHO and FAO. These
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sources, production regions, and the representative
quantity. The samples were kept in a special
refrigerator.

methods included all stages of samples collection,
kept, transferred to the lab, cooled from collecting
regions to avoid spoiling and drying. All needed
information was reported concerning the sample,

TABLE 4
The maximum reside levels for organochloride pesticides residues in animal products according to
CODEX Alimentarius, 2009.
Pesticides

Animal Product
Eggs
Red Meat
Milk Product Fat
(mg/ kg milk fat)
(mg/ kg milk fat)
(mg/ kg milk fat)
Aldrin + Dieldrin
0.1
0.2
0.006
DDT *
0.1
5
0.02
Endrin
0.2
0.1
0.0008
Heptachlor
0.05
0.2
0.006
Lindane
0.01
0.1
0.01
Į+ ȕ HCH
0.1
----* SSǯ-DDE, SSǯ-DDT, SSǯ-DDD, RSǯ-DDE, RSǯ-DDT and RSǯ-DDD

Poultry
(mg/ kg milk fat)
----1.0
0.2
0.7
---

that there were two samples contained (6.7%)
organochlorine pesticides residues, but less than the
maximum residue level (MRL) according to the
adopted specifications (Table 4).

Number of Samples and their Distribution.
The samples were divided to three categories as
follows:
1. Dairy products: yoghurt, labaneh (water
extracted yoghurt), and white cheese.
2. Poultry products: meat from local and imported
chicken and table eggs (baladi and farmers)
3. Red meat: local red meat, imported red meat,
and imported frozen red meat.

Table Eggs. Forty table eggs (15 Balady and
25 farmers) were analyzed. The results in Tables (5
and 6) showed that there were eleven samples
contained organochlorine pesticides residues, but
less than the MRL. There were three samples
(7.5%) contained residues more than the MRL
(Table 4). These contaminated samples contained
SS¶-DDE. One farmer table egg was collected from
Ghor Esafy and two Balady table eggs from Karak
and Ghor Esafy.

The total number of samples was 120.
Percentage of the samples for milk products, eggs,
red meat, and poultry were 25.0, 33.3, 33.3, and
8.3%, respectively. The imported samples were
20.8% and the local samples 79.2%. The samples
were collected from the southern part of Jordan
(Karak, Tafealah, Maan, Aqaba, and Ghor Esafy)

Meat and Poultry Products. Fifty meat and
poultry products samples were analyzed. The
results in Tables (7, 8, and 9) showed that there
were thirty-three meat samples contained
organochlorine pesticides residues, but less than the
MRL according to the adopted CODEX
Alimentarius (Table 4). There were not any sample
contained residues more than the MRL

RESULTS
Milk Products. Thirty milk samples were
analyzed. The results in Tables (2 and 3) showed

TABLE 5
Number of table eggs samples contained organochlorine pesticides residues collected from the southern
parts of Jordan from October 19, 2011 to October 10, 2012.
Table eggs

Total analyzed samples

Farmers eggs
Balady

25
15

No.
of
Samples
contained residues less
than MRL
6
5

2021

No. of Samples contained
residues less than MRL
1
2
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ȕ-HCH
(mg/ kg milk fat)

Ȗ-HCH
(mg/ kg milk fat)

Heptachlor
(mg/ kg milk fat)

HCB
(mg/ kg milk fat)

Balady/
--0.06
--Maan
2
Balady/
--0.04
--Karak
3
Balady/
0.05
0.29
--Karak
4
Balady/
--0.04
--Karak
5
Balady/
--0.01
--Tafelah
6
Balady/
--0.07
--Tafelah
7
Balady/
0.03
0.36
--Ghor Esafi
8
Balady/
------Ghor Esafi
9
Farmers/
0.01
0.07
--Karak
10
Farmers/
--0.02
--Tafelah
11
Farmers/
--0.02
--Aqaba
12
Farmers/
0.01
0.16
--Aqaba
13
Farmers/
--0.08
--Ghor Esafi
14
Farmers /
--0.02
--Ghor Esafi
(---)
:
Under the detection limit
+&+¶V (ĮȕȖ)- Hexachlorocyclohexane.
DDT
: dichlorodiphenyltrichloroethane
DDE
: dichlorodiphenyldichloroethylene
DDD
: dichlorodiphenyldichloroethane.

Į-HCH
(mg/ kg milk fat)

1

RS¶-DDE
(mg/ kg milk fat)

SS¶-DDD
(mg/ kg milk fat)

SS¶-DDE
(mg/ kg milk fat)

SS¶-DDT
(mg/ kg milk fat)

Table eggs/Regions

Sample number

TABLE 6
Organochlorine pesticides residues in table eggs samples collected from the southern parts of Jordan from
October 19, 2011 to October 10, 2012.

---

---

---

---

---

---

---

---

---

---

0.03

0.02

---

---

---

---

---

---

---

---

---

---

0.03

0.01

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

0.04

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

0.02

0.02

TABLE 7
Number of meat and poultry products samples contained organochlorine pesticides residues collected
from the southern parts of Jordan from October 19, 2011 to October 10, 2012.
Sample
number
12345-

Meat and Poultry
product
Local red meat
Imported red meat
Imported frozen red meat
Local Poultry
Imported Poultry

Total analyzed
samples
20
10
10
5
5

2022

No. of Samples
contained residues
less than MRL
13
6
5
5
4

No. of Samples
contained residues
less than MRL
-----------
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ȕ-HCH
(mg/ kg milk fat)

Ȗ-HCH
(mg/ kg milk fat)

Heptachlor
(mg/ kg milk fat)

HCB
(mg/ kg milk fat)

Fresh
--0.04
--Chicken/
Maan
2
Fresh
0.04
0.25
--Chicken/
Aqaba
3
Fresh
0.05
0.14
--Chicken/
Tafelah
4
Balady
--0.08
--Chicken/
Tafelah
5
Balady
------Chicken/
Karak
6
Frozen
0.02
0.17
--Chicken/
Maan
7
Frozen
0.02
0.13
--Chicken/
Maan
8
Frozen
--0.09
--Chicken/
Ghor Esafi
9
Frozen
--0.04
--Chicken/
Karak
(---)
: under the detection limit.
+&+¶V
(ĮȕȖ)- Hexachlorocyclohexane.
DDT
:
dichloroiphenyltrichloroethane
DDE
:
dichloroiphenyldichloroethylene
DDD
:
dichloroiphenyldichloroethane.

Į-HCH
(mg/ kg milk fat)

1

RS¶-DDE
(mg/ kg milk fat)

SS¶-DDD
(mg/ kg milk fat)

SS¶-DDE
(mg/ kg milk fat)

SS¶-DDT
(mg/ kg milk fat)

Poultry/ region

Sample number

TABLE 8
Organochlorine pesticides residues in local and imported poultry samples collected from the southern
parts of Jordan from October 19, 2011 to October 10, 2012.

---

0.02

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

0.03

---

---

---

---

---

0.06

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

0.03

---

---

---

---

---

---

---

---

6.7%of the analyzed milk products samples
were contained residues less than the MRL. Deker
[11] reported the hazards of pesticide residues in
milk products. These contaminated samples
contained ȕ -HCH.
24.5% of the organochlorine pesticides in the
animal products were (ĮȕȖ) HCH. The Į-HCH and
ȕ-HCH were without MRL in the animal products
according to the Jordanian standards which adopted
the CODEX Alimentarius [10].

DISCUSSION
In general, one hundred and twenty samples
were analyzed. Forty-six animal products samples
(38%) were contained organochlorine pesticides
residues, but less than the MRL. Three samples
(2.5%) contained residues more than the MRL [10].
The contaminated specimens were contained (ĮȕȖ)
HCH, Aldrin, Heptachlor, SS¶-DDE, SS¶-DDT,
and SS¶-DDD.
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ȕ-HCH
(mg/ kg milk fat)

Ȗ-HCH
(mg/ kg milk fat)

Heptachlor
(mg/ kg milk fat)

Aldrine
(mg/ kg milk fat)

0.05

Į-HCH
(mg/ kg milk fat)

SS¶-DDE
(mg/ kg milk fat)

SS¶-DDT
(mg/ kg milk fat)
---

RS¶-DDE
(mg/ kg milk fat)

Fresh Balady
lamb/ Maan

SS¶-DDD
(mg/ kg milk fat)

1

Meat /region

Sample number

TABLE 9
Organochlorine pesticides residues in local and imported red meat samples collected from the southern
parts of Jordan from October 19, 2011 to October 10, 2012.

---

---

---

---

---

---

---

2

Fresh Balady
--0.06
------cow/ Maan
3
Fresh Balady
--0.09
------lamb/ Karak
4
Fresh Balady
--------0.01
lamb/ Karak
5
Fresh Balady
----------cow/ Karak
6
Fresh Balady
0.13
0.46
------cow/ Karak
7
Fresh Balady
--0.07
------lamb/ Tafealeh
8
Fresh Balady
------0.11
--lamb/ Tafealeh
9
Fresh Balady
0.07
0.13
--0.05
0.04
cow/ Tafealeh
10
Fresh Balady
0.21
0.34
------lamb/ Aqaba
11
Fresh Balady
0.40
0.40
------lamb/ Aqaba
12
Fresh Balady
----------lamb/ Aqaba
13
Fresh Balady
----------lamb/ Aqaba
14
Fresh
Indian
--0.02
------cow/ Maan
15
Cooled
--0.04
------imported cow/
Maan
16
Saudi
Lamb/
----0.01
--0.01
Karak
17
Fresh Imported
--3.09
0.02
----lamb/ Tafealeh
18
Fresh Imported
------0.04
--lamb/ Aqaba
19
Fresh Imported
------0.02
--Cow/ Aqaba
20
Frozen Indian
--------0.03
cow/ Maan
21
Frozen
--0.04
------Imported cow/
Maan
22
Frozen Indian
--1.36
------cow/ Karak
23
Frozen Indian
--0.30
--0.07
--Lamb/ Karak
24
Fresh
Indian
--0.04
----0.02
cow/ Aqaba
(---)
: Under the detection limit
+&+¶V
(ĮȕȖ)- Hexachlorocyclohexane.
DDT
:
Dichlorodiphenyltrichloroethane
DDE
:
Dichlorodiphenyldichloroethylene
DDD
:
Dichlorodiphenyldichloroethane.
(Įȕ)- HCH : No MRL in Meat products for these compounds

''7¶V (RSǯ- SSǯ- (DDE, DDT and DDD)
residues in the animal products were the greatest in
the samples. They had formed 79.6% of the total
residues. The HCH and DDT members were also
reported by Al Antary et al [12]. 32.6% of the local
animal
product
samples
were
contained
organochlorine pesticides residues, but less than the
MRL [10]. 3.16% (3 samples from 95) of the
contaminated samples were more than the MRL. Al

---

---

---

---

---

---

0.03

---

---

---

0.03

---

0.02

---

0.04

---

---

---

---

---

---

---

---

---

---

---

0.08

---

---

---

---

---

---

---

---

---

---

---

---

---

---

0.02

0.03

---

---

0.02

0.03

---

---

---

---

---

---

---

---

---

---

---

0.01

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

0.02

---

---

---

---

---

---

---

---

0.03

---

Antary et al [12] in Jordan, were also showed
similar trend.
60% of the imported animal products samples
were contained organochlorine pesticides residues,
but less than the MRL [10]. There were no samples
contained residues more than the MRL at that
period (2011/2012) in the imported samples.
Unfortunately, many persons carry organochlorine
residues in their bodies through taking meat [14].
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[6] Al Antary, T.M., Al-Dabbas, M. and Shaderma
A. (2015) Evaluation of three treatments on
carbosulfan removal in tomato juice. Fuesenins
Environmental Bulletin 24 (3): 733-739
[7] Association of Official Analytical Chemists
(AOAC) (2005) Official Method 970.52
Organochlorine
and
Organophosphorus
Pesticides residues. New York.
[8] Their, H.P. and Zeumer, H. (1987) Manual of
Pesticides Residues Analysis/DEG, GermanyMethod 5g.
[9] FAO (1999) Manual of Development and Use
of FAO Specification for Plant Protection
Products: Pesticides specifications, 5th edition,
FAO Publications, Rome. 170pp.
[10] Pesticides Residues in Food and Feed (2013)
Codex Alimentarius: Pesticides Residues in
Food.
www.Codex
Alimentarius.net/pestrex/data.
[11] Deker, G. C. (1959) Significance of pesticide
residues in milk and meat. J. Agric. Food
Chem. 10 (7): 681-483.
[12] Al Antary, T.M., Alawi, M., Estityha, H., AlOqlah, K. (2012) Comparison study of
chlorinated pesticides in animal products
within fourteen years in Jordan. Fresenins
Environmental Bulletin 21 (1a): 177-122.
[13] Darko, G. and Acquaah, S.O. (2007) Levels of
organochlorine pesticides residues in meat. Int.
J. Environ. Sci. Tech. 4(4): 521-524.
[14] Cummings, J., Eidelman, M.,Tumer, V., Reed,
D., Zee, K. and Cook, R. (1967) Residues in
poultry tissues from level feeding at low five
chlorinated hydrocarbon insecticides to hens. J.
Anal. Chem. 50: 418-425.
[15] Terriere, L.C., Arscott, G.H. and Kiigenagi,
V.C. (1959) Content of eggs and body tissue of
poultry receiving endrin daily diet . J.Agric.
Food Chem. 7: 502-504.
[16] Alawi, M., Al-Antary, T.M., Estityeh, H., AlAqqad, S. and Al-Oqlah, K. (2013).
Comparative study for chlorinated pesticides in
mother milk from Jordan in four studies
between
1993
and
2003.
Fresenins
Environmental Bulletin 22 (1a) 279-285.

Imported and local lamb meat, and poultry
and milk products samples did not contain residues
of organochlorine pesticides more than the MRL.
However, Cummings et al [14] found
organochlorine residues in poultry tissues. Balady
and farmer eggs did contain samples with residues
more than the MRL. Terriere et al [15] reported
endrin residues from the organochlorines in eggs
and body tissues of poultry.
Relying on the results of this study, it is
concluded and recommended to:
1. It is necessary to carry out larger study on animal
products, including continuous monitoring for
POPs pesticides found in the present study, and
increasing number of samples for each animal
product commodity.
2. Continuation monitoring of pesticides residues in
the imported animal products, with emphasis on
commodities containing residues more than the
MRL.
3. It is necessary to find national MRL for (Įȕ)HCH in the animal products with the cooperation of
specific international organization such as FAO and
WHO.
4. Awareness programs about the hazards of
Pesticides POPs on human are required.
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EFFECT OF PRP SOL AND PRP EBV NUTRITION ON
YIELD, PHOTOSYNTHESIS ACTIVITY AND SOIL
MICROBIAL ACTIVITY OF THREE CEREAL SPECIES
Klaudia Borowiak1, Alicja Niewiadomska2, Hanna Sulewska3, Grazyna Szymanska3, Katarzyna
Gluchowska2, Agnieszka Wolna-Maruwka2
2
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DHSDUWPHQWRI(FRORJ\DQG(QYLURQPHQWDO3URWHFWLRQ3R]QDĔ8QLYHUVLW\RI/LIH6FLHQFHVul. 3LąWNRZVND&-3R]QDĔ3RODQG
'HSDUWPHQWRI*HQHUDODQG(QYLURQPHQWDO0LFURELRORJ\3R]QDĔ8QLYHUVLW\RI/LIH6FLHQFHVul. 6]\GáRZVND-3R]QDĔ3Rland
3
'HSDUWPHQWRI$JURQRP\3R]QDĔ8QLYHUVLW\RI/LIH6FLHQFHVXODojazd 11, 60-3R]QDĔ3RODQG

living in the soil, might be a good biological
indicator, which consists totally of energy and
compounds transformations [1,2]. Nutrition has an
influence on microorganisPV¶ TXDQWLW\ 7KLV LV
especially valid for mineral fertilizers, which are
used for the application of proper nutrient to plants
[3]. The type of fertilizer is very important for
development of microorganisms quantity, quality
selection of whole soil microorganisms groups and
plant yield [4]
Active substance PRP SOL (PROCEDES
ROLAND PIGEON company, France) has a broad
spectrum of impact on processes responsible for
soil fertility and fecundity, as well as on plants.
Moreover, it influences the optimal development of
biological, chemical and physical processes in soil
and plants. Active substance of PRP SOL is a
stimulator of living functions of the soil, and its
formulation is based on Mineral Inducer Process
(MIP) technology. The effect of this fertilizer is
based on stimulation of certain physiological
functions of plant and animal organisms by using
specific mineral compounds. Their composition,
proportions and chemical form is protected by
licence of PRP SAS company. PRP SOL is a
preparation regarded as a group of medium
improving soil properties, which has been produced
for 30 years in Europe.
Based on PRP SAS data, it seems that the
chemical composition of the active substance of the
presented fertilizer is not neutral for bacteria and
plants. The active substance of PRP SOL is a
granulate which includes 30% CaO, 8% MgO,
3.5% Na and 3 ± 5% additives, which provide 48
trace elements (microelements) necessary for
normal
plant
growth
and
development.
Microelements, especially iron, manganese, zinc,
copper, boron, molybdenum etc. play an important
UROHLQSODQWDQGPLFURRUJDQLVPFHOOV¶IXQFWLRQLQJ
PRP EBV is a special multi-nutrient liquid
fertilizer to activate the metabolism of plants.
According to the manufacturer, it activates the
process of photosynthesis and influences the
effective use by plant of the nutrients contained in
fertilizer with a special metabolic activation. PRP

ABSTRACT
Three cereal species were tested in the
presented experiment: winter wheat, spring barley
and maize. Plant response, as well as soil ecological
activity were examined due to fertilization by PRP
SOL and PRP EBV. Both fertilizers are a type of
fertilizer, which should positively influence the
plant functioning and soil structure, also resulting in
yield increase. The obtained results were compared
to the results from conventional fertilizing. Net
photosynthesis
rate,
stomatal
conductance,
intercellular CO2 concentration and transpiration
rate, as well as parameters characterising plant
growth were measured in all types of fertilizing.
Soil microorganisms and biochemical activity were
analyzed only in control and PRP SOL fertilizing
types. A positive influence of both PRP fertilizers
was found on net photosynthesis rate and plant
growth. This was especially valid for spring barley
and maize. PSP SOL fertilizer also improved soil
ecological status, higher oligotrophic bacteria and
Actinobacteria amount in soils. Lower activity of
phosphatases also indicated good nutrition by
phosphorus and potassium. Overall, based on
presented results, we could conclude that both
fertilizers improved plant growth conditions and
PRP SOL on soil properties resulting in better plant
photosynthesis activity and growth. However, we
also could recommend longer investigations on soil
structure to confirm positive effect of these
fertilizers with a longer time perspective.

KEYWORDS:
crops; soil enzymes; photosynthesis activity; fertilization
PRP and EBV

INTRODUCTION
Cultivation, nutrition, protection and soil
contamination modify physical and chemical
properties of the soil. Soil enzyme activity, as well
as the dynamics of development of microorganisms
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biochemical activity of soil. Moreover the effect of
PRP SOL and foliar EBV on the photosynthetic
activity of the above and below ground part of three
plant species production was also determined. The
presented study had an extremely important role
from the practical point of view of agricultural and
environmental sciences.

EBV contains a soluble form of the following
nutrients: potassium (K2O - 3.5%), sulfur (SO3 3.8%), sodium (Na2O - 1.5%), boron (B - 0.12%),
copper (Cu - 0.02%). The fertilizer also contains
calcium and magnesium, and a number of
micronutrients including iron, zinc, manganese,
molybdenum and cobalt. This fertilizer is an
alkaline of pH - 8.0. The examined fertilizer might
be highly important for environmental reasons, due
to the decreasing application of standard mineral
fertilizers and soil contamination which has
exceeded the levels of some elements. Moreover,
there is potential to increase the amount of absorbed
natural minerals due to the microorganisms
enhanced activity.
Proper plant nutrition is very important for
photosynthesis and global plant functioning. For
example, potassium plays an important role in the
synthesis of ATP, activation of the enzymes
involved in photosynthesis, CO2 uptake and balance
of
the
electric
charges
required
for
photophosphorylation in chloroplasts [5,6].
Photosynthesis activity can vary due to various
levels of available potassium [7]. Another mineral,
which is an important component of many cells and
organelles, is phosphorus [8]. Moreover,
phosphorus is responsible for the photosynthesis
process, leading to proper plant growth and
development. Inorganic phosphorus is involved in
many
organic
combinations
during
photophosphorylation, as a proton gradient is
discharged through an ATPase into the chloroplast
stroma. A proper level of phosphorus is essential
for photosynthetic assimilation of carbon in plants
[9]. Hence, a low level of available phosphorus in
the soil can result in perturbation of plant
photosynthesis and yield [10]. Based on
information about PRP fertilizer, we could assume
that this fertilizer applies the necessary elements to
plants, as well as improves soil properties
increasing the availability of elements to plants.
Hence, we can assume an increase in
photosynthesis activity and yield of crop species.
The aim of the presented study was to evaluate
the effect of using soil fertilizer PRP SOL on
WUDQVIRUPDWLRQ PLFURRUJDQLVPV¶ FRPSRVLWLRQ DQG

MATERIALS AND METHODS
Experimental design. Trials were carried out
in the 2012 growing season on experimental plots
ORFDWHG LQ 5HVHDUFK DQG (GXFDWLRQ &HQWHU *RU]\Ĕ
([SHULPHQWDO 6WDWLRQ =áRWQLNL EHORQJLQJ WR WKH
Agronomy Department of Poznan University of
Life Sciences (GPS N 52029, 193; E 160569).
Measurements were conducted in three, onefactor experimental plots, established in randomised
block design with four replications.
PRP SOL fertilizer was applied before
sowing. Doses of all applied components are
presented in Table 1. PRP EBV was applied in
wheat and barley during the tilling phase (BBCH 25
to 29) ± 2l ha-1, while in the case of maize after
developing 4 - 6 leaves (BBCH 14 to 16) ± 2l ha-1.
The size of harvest plots was 32 m2. Three
cereal species were chosen to present study: spring
barley (Hordeum vulgare L.), winter wheat
(Triticum aestvum L.) and maize (Zea mays L.).
Spring barley was cultivated after potato, while
forecrop of winter wheat was winter rape, and
winter wheat was forecrop for maize. All crop
treatments were done according to good agricultural
practice.
7KH VRLO LQ =áRWQLNL VWDWLRQ LV FODVVLILHG DV
luvisoils, class IVb, and its pH is in the range of
5.6. The low level of the groundwater occurring in
the soil and low rainfall often cause unfavourable
water conditions in the soil and water shortage
during plant vegetation.
Control object was fertilized with NPK
recommended for each species, without PRP (Table
1).

TABLE 1
Fertilization of experimental objects ± doses of PRP SOL, phosphorus, potassium and nitrogen (kg ha -1).
Plant species
Hordeum vulgare L.
Triticum aestivum L.
Zea mays L.

Object
Control*
PRP SOL
Control
PRP SOL
Control
PRP SOL

PRP SOL
0
220
0
220
0
220

*

potassium salt 60%, triple superphosphate, ammonium nitrate.
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P*
80
0
80
0
80
0

K*
120
0
120
0
120
0

N*
100
100
100
100
160
160
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x fungi counted on Martin [11] medium after
5 days of incubation at 24 °C,
x copiotrophic microorganisms (CFUg-1 DM
of soil) counted on nutrient broth at 28 °C after 7
days of incubation [12],
x oligotrophic microorganisms (CFUg-1 DM
of soil) counted on diluted nutrient broth at 28 °C
after 28 days of incubation [12],
x Actinobacteria were counted on 3RFKRQ¶V
medium after 5 days of incubation at 25 °C [13].

Photosynthetic activity investigations. Fully
developed leaves were chosen for the investigation
of photosynthetic activity. The measurements were
conducted during the flowering phase (in four
replications). The handheld photosynthetic system
CI 340aa (CID Biosciences Inc., Camas, USA) was
used to evaluate net photosynthesis (PN), stomatal
conductance (gs), intercellular CO2 concentration
(Ci) and transpiration rate (E). For these purposes,
constant conditions of measurements in the leaf
chamber
were
maintained:
CO2
inflow
concentration
(390
μmol
(CO2)
mol-1),
photosynthetic photon flux density (PPFD) 1000
μmol (photon) m-2 s-1, chamber temperature 25 °C
and relative humidity 50±3 %. Investigations were
conducted during midday light conditions, between
10:00 and 15:00 h.

Enzyme activity analyses. Biochemical soil
activity investigations fertilized by PRP SOL were
based on following measurements:
x dehydrogenases by colorimetric method
[14], with 1% TTC (triphenylotetrasole chloride) as
substrate, after 24 hours of incubation at 30 °C, at
QPZDYHOHQJWKLQȝPRO73)NJ-1 24h-1,
x acid phosphatase by spectrophotometric
method [15], with sodium p-nitrophenylophosphate
after 1 hour of incubation at 37 °C, at 400nm wave
OHQJWKXVLQJ1RYRVSHFVSHFWURSKRWRPHWHULQȝPRO
PNP g-1 dm h-1,
x Urease with Hoffmann and Teicher [16]
method with urea as substrate, in N mL-1 18 h1.

Microbiological analyses. Microbiological
analyses were carried out only for plants treated by
PRP SOL fertilizer, due to its potential effect on
PLFURRUJDQLVPV¶ FRPSRVLWLRQ DQG ELRFKHPLFDO
activity. PRP EBV is a foliar fertilizer, hence we
assumed, that the most effects were noted on plant
photosynthesis, growth and yield. Soil samples for
further microbiological analyses were collected five
times during the season: before sowing,
germination phase, phase of 6 - 7 leaves, flowering
phase and phase of ear setting.
In the soil sample collected from 15 - 20 cm
depth the quantity of microorganisms was evaluated
with using the diluting Koch method, at proper agar
medium (in five replications). Mean values were
calculated for dry soil mass. The following
measurements were completed:
x total number of bacteria (CFU g-1 DM of
soil) counted on 2 % agar medium, with soil
solution after 14 days of incubation at 28 °C,

Statistical analysis. The data were analysed with
the statistical software STATISTICA 9.1. Results
were analysed with one-ZD\ $129$ ZLWK ³NLQG RI
IHUWLOL]HU´ IL[HG IDFWRU 7XNH\¶V WHVW ZDV XVHG WR
analyse the differences between the measured
SDUDPHWHUV $ JUDSKLFDO SUHVHQWDWLRQ RI 7XNH\¶V WHVW
results is provided in the present study. Mean values
and standard errors were also calculated and presented
here.

FIGURE 1
Photosynthesis rate (PN), stomatal conductance (gs), intercellular CO2 concentration (Ci) and transpiration
rate (E) measured for Triticum aestivum L. plants cultivated in control condition, with PRP SOL and PRP
EBV (Means ± SE; n = 5; different letters denote significant differences between means P = 0.05).
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TABLE 2
One-way ANOVA of photosynthetic activity parameters of Triticum aestivum L., Hordeum vulgare L. and
Zea mays L. with kind of fertilizer influencing factor.
Parameter
Triticum aestivum L.
Photosynthesis rate
9.94**
Stomatal conductance
7.85**
Intercellular CO2
3.03ns
concentration
Transpiration rate
34.82***
* p < 0.05, ** p < 0.01, *** p < 0.001, ns ± not significant

Hordeum vulgare L.
17.21***
5.07*

Zea mays L.
12.57***
13.79***

1.57ns

2.90ns

4.06*

22.48***

FIGURE 2
Photosynthesis rate (PN), stomatal conductance (gs), intercellular CO2 concentration (Ci) and transpiration
rate (E) measured for Hordeum vulgare L. plants cultivated in control condition, with PRP SOL and PRP
EBV (Means ± SE; n = 5; different letters denote significant differences between means P = 0.05)

PRP EBV. In both applied types of PRP fertilizers
decrease of intercellular CO2 concentrations were
observed, however not statistically significant
(Figure 2).
Maize revealed a higher net photosynthesis
rate in both types of PRP fertilizing, however only
for PRP EBV it ZDV VWDWLVWLFDOO\ VLJQLILFDQW Į 
0.05) in comparison to control plants. There was
not such clear stomatal conductance evidence, like
in the case of two other plant species. However, in
the case of transpiration rate we even noted lower
values in plants cultivated with PRP fertilizer in
comparison to control plants. Due to the C4 type of
photosynthesis process in the case of maize there
was almost a lack of collection of CO2 in
intercellular spaces. This is especially valid for
plants fertilizing with both PRP, which confirmed a
high efficiency of CO2 during the photosynthesis
process. Furthermore, we noted higher PN level in
both types of PRP fertilization (Figure 3).

RESULTS
Photosynthesis activity. One-way analysis of
variance revealed a highly signiILFDQW Į   
effect of fertilization on net photosynthesis rate in
all three tested plant species. There is also high
dependence of stomatal conductance and
transpiration rate in the case of maize and winter
wheat (Table 2). Statistically significantO\KLJKHU Į
= 0.05) level of net photosynthesis rate of stomatal
conductance and transpiration rate of Triticum
aestivum L. cultivated with PRP SOL fertilizer was
noted than in control plants. PRP EBV revealed a
positive effect only on transpiration rate, while no
response in PN and gs. However, a decreased level
of Ci indicates a sufficient effectiveness of
photosynthesis process, which is clearly observed
in plants cultivated with PRP SOL fertilizer (Figure
1). In the case of spring barley a significantly
higher level of net photosynthesis rate, stomatal
conductance and transpiration rate were noted for
plants cultivated with PRP SOL, as well as with
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FIGURE 3
Photosynthesis rate (PN), stomatal conductance (gs), intercellular CO2 concentration (Ci) and transpiration
rate (E) measured for Zea mays L plants cultivated in control condition, with PRP SOL and PRP EBV
(Means ± SE; n = 5; different letters denote significant differences between means P = 0.05)

many others. Both PRP fertilizers positively
affected plant growth (both the upper and lower
parts of the plants). In the case of winter wheat,
VLJQLILFDQWO\KLJKHU Į YDOXHVZHUHQRWHGLQ
plants fertilized by PRP SOL, while in the case two
other cereal species both fertilizers significantly
increased dry weight of plants and straw (Table 3).

Plant growth and yield. The next parameters
connected also with the effect of the fertilizing and
photosynthesis process were evaluation of above
and below plant parts growth. Yield depends on
several factors, such as light, temperature, soil
quality, fertilizer type, nutrient availability,
biochemical and microbiological soil activity and

TABLE 3
Plant growth parameters of winter wheat, spring barley and maize in control, PRP SOL and PRP EBV
fertilizing type (means ± SE)
Parameter
Dry weight of 1 plant [g]
Dry weight of above ground part of 1 plant
[g]
Dry weight of below ground part of 1 plant
[g]
Straw dry weight [g]

Dry weight of 1 plant [g]
Dry weight of above ground part of 1 plant
[g]
Dry weight of below ground part of 1 plant
[g]
Straw dry weight [g]

Dry weight of 1 plant [g]
Dry weight of above ground part of 1 plant
[g]
Dry weight of below ground part of 1 plant
[g]
Straw dry weight [g]

Control
Triticum aestivum L.
46.6
±8.1
38.0
±6.8
8.6
±1.4
14.3
±3.2
Hordeum vulgare L.
17.5
±2.89
14.4
±1.6
3.15
±0.8
4.9
±0.8
Zea mays L.
1086.7
±73.9
785.8
±78.2
300.9
±22.3
0.132
±0.010
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PRP SOL

PRP EBV
75.5
±8.6
59.6
±5.0
15.9
±6.9
22.9
±3.3

49.3
±9.6
35.2
±6.2
14.1
±5.9
14.3
±4.1

28.2
±3.61
22.4
±1.0
5.8
±0.7
7.9
±1.1

26.6
±6.07
23.2
±1.4
3.3
±0.8
8.5
±2.1

1247.8
±80.1
891.3
61.4
356.5
22.6
0.157
±0.020

1299.3
±75.0
929.6
±85.0
369.6
±21.2
0.162
±0.023

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


TABLE 4
Number of selected groups of microorganisms in 1 g of dry soil (CFU) depended on experimental
combinations (means±SE).
Time of
analyses

control

SOL

EBV

Total number of bacteria
105

control

SOL

EBV

Oligotrophic bacteria 10

control

5

SOL

EBV

Copiotrophic bacteria 10

control

EBV

SOL

control

Actinobacteria
105

5

SOL

EBV

Fungi
104

Hordeum vulgare L.
before
sowing

18.56
±1.67

22.71
±1.13

20.4
±2.34

30.57
±3.13

33.14
±2.80

31.24
±1.82

5.10
±0.36

15.64
±1.38

12.46
±1.86

31.15
±1.50

46.77
±1.80

42.05
±0.72

3.64
±0.46

2.61
±0.27

2.54
±0.56

phase of
germination

11.83
±1.07

14.27
±1.26

12.81
±1.34

30.48
±2.51

10.25
±1.82

16.4
±1.56

19.36
±1.35

17.20
±1.18

18.42
±0.56

17.75
±1.26

27.59
±2.89

19.08
0.34

2.15
±0.62

1.46
±0.65

2.43
±1.23

phase of 67 leaves

11.23
±0.57

18.67
±1.02

14.41
±0.56

3.74
±0.72

2.04
±0.28

3.23
0.56

10.55
±1.79

16.63
±0.89

13.36
±1.47

8.20
±0.65

18.94
±1.70

15.62
±1.25

0.00
±0.00

0.68
±0.14

0.58
±0.12

flowering

4.29
±0.41

9.53
±1.49

7.62
±0.54

38.29
±2.58

24.20
±1.90

27.42
±2.41

1.79
±0.11

8.80
±0.19

5.62
±1.76

15.71
±1.12

1.14
±0.43

8.21
±2.34

2.86
±0.21

0.00
±0.00

1.86
±0.23

phase of
cob setting

7.30
±0.73

24.12
±1.19

18.34
±1.42

9.13
±1.39

56.78
±2.21

35.23
±1.28

5.48
±0.67

22.27
±2.07

18.92
2.04

8.25
±0.31

14.25
±0.17

12.03
±1.24

0.73
±0.36

6.68
±0.70

3.45
±0.46

average

10.64

17.86

14.7

22.44

25.28

22.70

8.46
16.11
Triticum aestivum L.

13.756

16.21

21.74

19.399

1.88

2.27

2.172

before
sowing

44.89
±2.81

27.06
±1.64

30.08
±0.34

62.91
±3.65

29.79
±1.96

43.88
±2.24

34.95
±1.94

17.05
±0.59

32.04
±0.84

32.38
±1.28

32.02
±1.79

30.42
±1.56

4.78
±0.31

2.96
±0.37

3.42
±0.56

phase of
germination

27.50
±1.67

31.07
±2.22

28.56
±1.86

18.21
±1.46

18.79
±1.70

18.42
±1.82

37.86
±1.80

29.99
±1.74

28.56
±2.24

14.60
±0.41

14.63
±0.85

12.46
±0.67

1.79
±0.19

1.81
±0.13

1.67
±0.24

phase of 67 leaves

7.77
±0.59

1.02
±0.00

4.56
±0.48

2.70
±0.69

1.69
±0.34

2.02
±0.45

4.39
±0.67

0.34
±0.03

2.68
±0.46

3.68
±0.31

3.79
±0.33

3.56
±0.56

0.34
±0.03

0.00
±0.00

0.00
±0.00

flowering

13.79
±0.22

8.74
±0.27

10.42
±0.46

35.55
±1.95

27.31
±1.94

32.42
±1.98

10.52
±0.96

8.74
±0.63

9.82
±0.84

8.63
±0.22

5.61
±0.25

6.84
±0.45

2.18
±0.25

1.46
±0.17

0.00
±0.00

phase of
cob setting

45.73
±2.03

48.88
±2.79

46.34
±1.24

121.71
±3.03

97.77
±1.70

102.4
±2.45

46.10
±1.36

41.48
±1.49

42.65
±1.23

22.83
±0.64

11.26
±0.29

18.46
±0.36

4.79
±0.60

1.85
±0.14

1.45
±0.16

average

27.73

23.35

23.99

48.22

34.97

39.83

26.76
19.52
Zea mays L

23.15

16.42

13.46

14.35

2.78

1.62

1.31

before
sowing

41.25
±2.64

15.66
±1.93

24.52
±0.82

56.16
±2.13

26.48
±1.91

36.24
±2.04

14.87
±1.07

22.17
±0.91

20.46
±1.22

45.34
±0.68

39.83
±0.13

42.34
±0.22

4.46
±0.11

1.86
±0.17

3.24
±0.23

phase of
germination

15.39
±0.86

24.10
±2.03

23.4
±0.34

14.66
±0.86

18.91
±0.92

17.36
±0.88

16.12
±1.64

27.17
±0.96

23.56
±1.48

7.73
±0.26

14.94
±0.77

10.56
±1.22

0.00
±0.00

7.78
±0.11

5.67
0.13

phase of 67 leaves

10.27
±1.15

5.33
±0.25

8.44
±1.22

3.19
±0.26

4.26
±0.25

6.24
±1.68

11.33
±0.48

6.39
±1.06

9.42
±1.65

9.67
±0.60

7.42
±0.34

6.58
±0.86

0.00
±0.00

0.00
±0.00

0.00
±0.00

flowering

14.66
±2.32

14.65
±1.04

12.42
±1.26

53.52
±2.22

51.29
±2.96

52.42
±1.78

12.46
±1.40

14.56
±1.26

13.36
±1.42

15.58
±0.75

14.18
±0.23

15.00
±0.34

4.03
±1.94

1.47
±0.13

3.20
±0.24

phase of
cob setting
average

6.15
±0.96
17.27

22.97
±1.26
16.54

20.42
±1.34
17.84

3.25
±0.62
26.15

47.77
±2.09
49.57

38.42
±0.98
30.14

2.53
±0.09
11.62

12.03
±1.67
16.50

10.24
±0.56
15.41

4.05
±0.35
16.47

7.00
±0.48
16.67

6.25
±0.64
16.15

0.36
±0.03
1.77

0.36
±0.03
2.29

0.56
±0.02
2.53

Biological processes determining soil fertility
and
productivity
are
connected
with
microorganisms and secreting by them enzymes [1,
17, 18]. Enzyme activity and number of soil
microorganisms is treated as level of biological
activity of the soil, which make it possible to
HYDOXDWHWKHOHYHORI³VRLOKHDOWK´,WLVDVVXPHGWKDW
the metabolic activity of microorganisms is
represented by the activity of enzymes, here we
presented the changes in the activity of such
enzymes as dehydrogenases, alkalic and acid
phosphatases and ureases in the soil (Table 5).
There was lack of statistically significant
effect of PRP SOL and PRP EBV fertilizer on
enzyme activity in the soil. However, a large
variability of dehydrogenases (DHA) level was
noted, both in control as well in PRP SOL
fertilizing soils. The elevated level of this enzyme
in spring barley and maize was noted directly after
using fertilizer in the first term of analysis. While,
in the case of winter wheat higher activity of DHA
ZDV UHFRUGHG GXULQJ WKH VHHGV¶ JHUPLQDWLRQ SKDVH
(Table 5).

Microbiological results. PRP SOL and PRP
EBV fertilizer influenced population quantity of
measured microorganisms (total number of
bacteria, Actinobacteria, fungi, oligotrophic and
copiotrophic bacteria) in soil and varied between
samples collected from three plant species (Table
4). In the case of spring barley the increase of total
number of bacteria was noted in every collection
time samples from plants cultivated with PRP SOL
fertilizer in comparison to control plants. Moreover,
in almost every measurement time, higher
(statistically significant) levels of copiotrophic
bacteria and Actinobacteria were noted. This
resulted in higher mean values of these
PLFURRUJDQLVPV¶ QXPEHUV LQ VRLO FROOHFted from
plants cultivated with PRP SOL fertilizer. Overall,
all measured microorganisms evaluated in spring
barley revealed higher mean numbers in soils
collected under plants fertilized by PRP SOL
(however, not always statistically significant at
leveO Į  ,Q WKH FDVH RI ZLQWHU ZKHDW WKHUH LV
no effect of PRP SOL on number of measured
microorganisms (Table 4).
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The presented investigations revealed a lower
level of phosphatases activity in soils collected
from plants cultivated with PRP SOL in

comparison to control (Table 5). A large effect of
plants on phosphatases activity was found.

TABLE 5
Enzymatic activity of soil depend on experimental combinations (means±SE)
Time of
analyses

EBV
control
SOL
dehydrogenases
(μmol TPF g-1d.m. of soil
24h)

EBV
EBV
control
SOL
control
SOL
alkali phosphatase
acid phosphatase
(μmol PNP g-1 DM of soil
(μmol PNP g-1s.m. soil h1
)
h-1)
Hordeum vulgare L.

control

before
sowing
phase of
germination
phase of 67 leaves

0.089
±0.002
0.017
±0.004
0.202
±0.023
0.091
±0.011
0.031
±0.001
0.085

0.094
±0.002
0.009
±0.001
0.153
±0.017
0.138
±0.016
0.025
±0.009
0.086

0.090
±0.001
0.008
±0.002
0.149
±0.022
0.128
±0.0012
0.027
±0.006
0.81

1.780
±0.15
2.250
±0.05
1.770
±0.58
1.540
±0.09
1.390
±0.09
1.750

2.380
2.128
±0.12
±0.13
2.290
2.134
±0.07
±0.06
0.940
1.240
±0.07
±0.08
1.660
1.560
±0.14
±0.12
0.620
0.784
±0.05
±0.04
1.570
1.570
Triticum aestivum L.

4.220
±0.47
4.410
±0.53
6.150
±0.32
6.770
±0.47
3.190
±0.20
4.940

5.530
±0.55
4.450
±0.49
5.810
±0.70
5.710
±0.64
1.490
±0.19
4.600

5.450
±0.32
4.12
±0.24
5.899
±0.52
5.450
±0.42
2.190
±0.12
4.622

3.980
±0.45
3.660
±0.32
3.480
±0.37
1.110
±0.19
5.510
±0.21
3.550

3.290
±0.25
3.180
±0.37
3.600
±0.27
1.190
±0.31
3.300
±0.22
2.910

3.456
±0.32
3.322
±0.24
3.540
±0.36
1.138
±0.42
4.347
±0.56
3.161

0.112
±0.011
0.036
±0.006
0.097
±0.008
0.058
±0.002
0.039
±0.001
0.067

0.095
±0.013
0.056
±0.004
0.083
±0.001
0.041
±0.002
0.024
±0.009
0.060

0.105
±0.014
0.048
±0.007
0.089
±0.002
0.052
±0.003
0.028
±0.004
0.064

1.260
±0.05
1.800
±0.04
1.510
±0.07
0.780
±0.04
1.120
±0.01
1.297

1.290
1.270
±0.02
±0.02
1.360
1.342
±0.05
±0.03
1.970
1.780
±0.04
±0.06
0.490
0.520
±0.08
±0.05
0.510
0.554
±0.01
±0.06
1.126
1.093
Zea mays L

6,20
±0,50
5,24
±0,18
5,32
±0,43
6,97
±0,16
4,08
±0,34
5.564

6,63
±0,24
5,06
±0,19
5,70
±0,57
6,29
±0,46
1,88
±0,13
5.113

6.24
±0,24
5.16
±0,20
5.45
±0,44
6.47
±0,36
3.42
±0,54
5.35

4.410
±0.18
2.500
±0.17
2.100
±0.16
1.920
±0.13
4.350
±0.16
3.057

1.170
±0.12
1.970
±0.17
3.810
±0.22
0.680
±0.01
1.520
±0.13
1.834

2.234
±0,24
2.124
±0,27
2.456
±0,22
0.980
±0,04
3.456
±0,14
2.25

0.110
±0.008
0.031
±0.017
0.099
±0.002
0.059
±0.004
0.060
±0.010
0.073

0.115
±0.011
0.016
±0.001
0.031
±0.004
0.037
±0.008
0.026
±0.005
0.045

0.112
±0.013
0.024
±0.012
0.054
±0.005
0.042
±0.006
0.046
±0.008
0.056

2.770
±0.14
2.230
±0.13
0.910
±0.08
0.610
±0.02
0.960
±0.01
1.443

1.910
±0.13
2.230
±0.14
1.550
±0.27
1.130
±0.03
0.610
±0.09
1.489

5.160
±0.21
4.890
±0.31
5.560
±0.54
6.770
±0.18
3.670
±0.07
5.210

5.380
±0.32
5.370
±0.15
5.050
±0.31
6.370
±0.32
1.680
±0.16
4.770

5.234
±0,24
5.134
±0,14
5.125
±0,34
6.270
±0,64
2.580
±0,14
4.87

3.550
±0.40
1.570
±0.12
0.690
±0.04
1.100
±0.17
3.250
±0.52
1.974

4.250
±0.17
3.930
±0.12
0.570
±0.02
0.800
±0.09
2.450
±0.01
2.402

4.150
±0,04
2.980
±0,16
0.450
±0,04
0.900
±0,08
2.460
±0,03
2.188

flowering
phase of
cob setting
average
before
sowing
phase of
germination
phase of 67 leaves
flowering
phase of
cob setting
average
before
sowing
phase of
germination
phase of 67 leaves
flowering
phase of
cob setting
average

2.004
±0.12
2.224
±0.13
1.250
±0.18
1.120
±0.08
0.710
±0.06
1.462

SOL

EBV

ureases (μg tyrosine g1
DM of soil 18h-1)

to plant photosynthesis activity, as well as to further
growth and yield.
Our results were in agreement with results
obtained by Siebielec [19] with PRP SOL
application to spring barley in comparison to
conventional fertilizer application, as well as to
Sulewska et al. [20], who examined the positive
effect of PRP SOL to winter wheat. These authors
explained higher yield of plants applied by PRP
SOL due to improvement of soils physical
properties through improving the creation of soil.
Moreover, according to the producer, fertilizer
should have an influence on water-air balance and
soil structure [21], which in turn can positively
DIIHFW SODQWV¶ \LHOG ,QFUHDVH RI SKRWRV\QWKHVLV
activity parameters in plants fertilized by PRP
could be an effect of the proper increase in the
numbers of certain groups of microorganisms,
which are responsible for soil ecological activity, as

DISCUSSION AND CONCLUSIONS
A large quantity and variability of interactions
between physical, chemical and biological
properties of soils are common in the soils. The
most important role in proper functioning in this
ecosystem is played by microorganisms [17]. They
play a key role in controlling reactions responsible
for maintaining soil fertility and structure.
Microorganisms cooperation with higher
plants result in creation of specific balance in soil
ecosystem, which might be disturbed by the
application of any new nutrient or chemical
compound, as well as rapid transformation of
physical and chemical soil properties. Soil is
characterized by biological activity, which is
indirectly created by microorganisms and secreted
enzymes [18]. The changes in soil should respond
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soil capacity of phosphorus and potassium.
6]\PDĔVND et al.[35] indicate also the need for
proper fertilization of maize plants with phosphorus
and potassium while PRP SOL is used.
Our results revealed the positive effect of
fertilizing by PRP SOL and PRP EBV in
comparison to the conventional type of plant
nutrition. Both types of fertilizer improved
photosynthesis activity parameters of all three
plants species. However, in the case of maize, a
stronger effect was observed after PRP EBV
fertilizing, while winter wheat and spring barley
revealed higher response for PRP SOL. These
results were also related to plant growth. Soil
microorganisms and biochemical activity also
confirmed the positive effect of soil fertilizer PRP
SOL. It seems that this fertilizer helps to release
phosphorus and potassium from soil capacity,
hence there is no necessity for further fertilizing.
This was confirmed by the low level of
phosphatases activity, which is obvious when plants
are well feed by the above mentioned elements.
Moreover, PRP SOL had an influence on ecological
soil properties due to proper microorganism
combinations. Overall, based on presented results
we could conclude that both fertilizers improved
soils properties and plant growth conditions
resulting in better plant photosynthesis activity and
growth. However, we also could recommend longer
investigations on soil structure to confirm the
positive effect of these fertilizers in the longer time
perspective.

well as a result of increasing availability of
elements such as phosphorus and potassium, which
might limit the photosynthesis process [7, 9].
The higher number of oligotrophic bacteria
and Actinobacteria belong to an ecological group of
microorganisms indicating soil high fertility [24]. It
is worth emphasising, that applied PRP SOL
fertilizer involves some calcium and magnesium,
which could cause an increase in the above
mentioned group of microorganisms. Similar results
were obtained by 6ZĊGU]\ĔVND et al. [25], when a
higher number of oligotrophic bacteria and
Actinobacteria was noted in soil fertilized by PRP
SOL cultivated with Lolium perenne L.
An increase number of oligotrophic bacteria
and Actinobacteria (the latter one not significant) in
soil collected under maize fertilized by PRP SOL in
comparison to control one was also noted.
Moreover, in both plant species increased
copiotrophic bacteria might be connected with
elevated secreting of sugar by roots of crop species
during the germination phase, as well as by amino
acids during the flowering and setting ear phase
[26].
Many authors pointed out DHA as enzymes
revealing high seasonal variability. Sinsabaugh et
al. [27] found that this enzymes activity is not only
connected with plant species, but also with plant
growing phase, depth of root system and
temperature. Zhao at al. [28] also confirmed a
significant effect of soil temperature on enzymatic
processes. While Amdor et al. [29] pointed out
strong relations between dehydrogenases activity
with soil properties, such as pH, organic carbon etc.
This is especially valid for plants with roots
systems secreting this enzyme, especially while
malnutrition by phosphorus effect is noted [30, 31,
32]. Some authors emphasized, that during deficit
of absorber phosphorus in soil, plants increase the
amount of secrete phosphatase catalysing
hydrolysis of combining C-O-P in organic
compounds of phosphorus [33]. Presented here,
PRP SOL fertilizer could improve soil properties
through unblocking existing deposits of elements in
soil and facilitate absorption by plants.
Technologies proposed by PRP company (Procedes
Roland Pigeon, France) is using the assumption,
that soil has the capacity of nutrients necessary for
plant growth and development, however existing in
forms unavailable, such as in form FePO4 and
AlPO4, and potassium blocked in loam minerals.
The here presented fertilizer technology aimed to
improve soil properties by unblocking existing
potential of collected in soil elements and make
them available to plants [34]. It is assumed, that this
fertilizer should substitute phosphorus and
potassium fertilizing. The low level of phosphatases
activity in soils fertilized by PRP SOL, confirmed
the above mentioned assumption about releasing

ABBREVIATIONS
Ci ± intercellular CO2 concentration; E ±
transpiration rate; gs ± stomatal conductance; PN ±
net photosynthetic rate; PPFD ± photosynthetic
photon flux density; DHA ± dehydrogenases;
BBCH
Biologische
Bundesanstalt,
Bundessortenamt and Chemical
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[16] Hoffmann G., Teicher K. (1961) Ein
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and environment pollution. Consequently, many
physical,
chemical
processes
and
their
combinations have been worked out but no single
set of procedures can be applied for an array of
lignocellulosic materials [1,2]. Recently, the
environmentally friendly biological treatment turns
out to be a promising approach to utilize straw and
among enzymolysis has drawn broad attention for
its convenience and efficiency.
Depolymerization
of
cellulose
or
hemicellulose to monosaccharide requires the
synergistic action of various key enzymes, such as
endo-1,4-ȕ-glucanase (EC 3.2.1.4), exo-1,4-ȕglucanase (EC 3.2.1.91), ȕ-glucosidase (EC
3.2.1.21), endo-1,4-ȕ-xylanse (EC 3.2.1.8), ȕxylosidase (EC 3.2.1.37) and other enzymes. All
these enzymes belong to the glycosidase hydrolase
family and catalyze the hydrolysis of glycosidic
linkages depolymerizing cellulose or hemicellulose
to fermentable sugars. In addition, the key enzymes
directly involved in the depolymerization of lignin
in natural lignocellulosic substrates mainly include
laccase (EC 1.10.3.3), lignin peroxidase (EC
1.11.1.14) and manganese peroxidase (EC
1.11.1.13) [3], although versatile peroxidase (EC
1.11.1.16) and chloroperoxidase (EC 1.11.1.10)
have been discovered to be involved in this process
as well [4,5].
As certain microorganisms had the ability to
degrade lignocellulose into chemically modified
low molecular weight fragments effectively for the
secretion of enzymes [6]. Great efforts have been
made towards isolation and characterization of
these lignocellulolytic microorganisms. Bacteria,
showing higher growth rate than fungi had great
potential in lignocellulose degradation. Among
bacteria, streptomycetes were crucial because of
their broad range of metabolic processes and
transformations, during which streptomyces' hyphal
growth form was well-suited to the colonization of
plant biomass [7].
Streptomycetes play important roles in
lignocellulose degradation and many application
instances have been announced recently.
Deconstruction of wheat straw lignin by S.
viridosporus as insight into biological degradation

ABSTRACT
Biodegradation of rice straw was carried out
using a actinomycete isolate, identified as
Streptomyces griseorubens JSD-1 that was able to
produced varieties of lignocellulolytic enzymes.
Consequently, it could metabolize 88% rice straw
within ten days incubation and the enzymatic
abilities were also determined when induced by
different carbon sources. To demonstrate the
molecular mechanism of biodegradation, genome
sequencing was carried out by Miseq platform and
finally a draft genome map of JSD-1 with high GC
content of 72.42% was obtained. Thereafter, genes
related were acquired for the following
characterization of their cellular localizations.
Through the analysis of quantitative real-time PCR,
these genes were proved to be related to the
metabolism of lignocellulose as their expression
were generally and significantly up-regulated with
the induction of rice straw. Finally, heterogeneous
expression of their recombinant proteins were also
optimized for efficient production. In conclusion,
our findings provided the genetic or genomic
background of utilizing lignocellulose in this
isolate.

KEYWORDS:
Lignocellulose; Biodegradation; Streptomyces
griseorubens; Genome sequencing

INTRODUCTION
According to incomplete statistics, over ten
billion tons of straw have been produced recent
years all over the world and among almost one
billion tons are produced in China per year. Rice
straw, which accounted for 31.6% totally, had the
largest amount among crop straw. Lignocellulose,
the complex of cellulose, hemicellulose and lignin,
is the main constitute of plant cell walls with low
bioavailability. As the utilization of rice straw is
rather difficult, nearly 90% rice straw have been
used improperly, which led to great resource waste
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mechanism for targeted deconstruction of plant cell
walls through selective cleavage and structural
modification of lignin have been studied [8]. Such
modification caused changes in cell wall structure
for facilitating enzymatic attack to cellulose with
sugar release. According to an recent study [9], a
rice straw degrading S. griseorubens C-5 has been
applied to improve the utilization efficiency of rice
straw. In addition, another S. griseorubens, ssr38
was used for the delignification of paddy straw for
the release of different kinds of enzymes such as
lignin peroxidase, laccase, xylanase, CMCase,
FPase and pNPGase during the degradation [10].
Instances of S. thermodiastaticus, S. setonii and
other Streptomyces sp. have also been reported [1113].
Despite recent progresses, the genetic
background of lignocellulose utilization in
streptomycetes remains to be elucidated. In this
study, genome sequencing of S. griseorubens JSD-1
[14,15] that was able to utilize rice straw as its
unique carbon source for growth, was determined
for identification and characterization of these
lignocellulolytic enzymes related to this bioprocess.
Additionally, expression of recombinant proteins
were also optimized for efficient production in
heterogeneous hosts.

s and 68°C for 30 s with a final extension at 68°C
for 3 min. Then A-tailing and cloning procedures
were performed using DNA A-Tailing Kit
(TaKaRa, Dalian, China) and PMDTM 19-T Vector
Cloning Kit (TaKaRa, Dalian, China).
Sequence inserted was used to search against
in the NCBI database. Besides, morphological and
physiological characteristics of this isolate were
also determined for identification.
Substrate.
The
substrate
used
for
delignification was dried and chopped rice straw.
The initial composition of rice straw was
determined to be 40.4% cellulose, 18.6%
hemicellulose and 16.5% lignin. Rice straw was
chopped into about 1 cm sized pieces to be used as
substrate.
Quantitative
determination
of
the
lignocellulolytic ability. Lignocellulolytic abilities
of the isolate were assayed quantitatively [13]. For
quantitative assay, the isolate was subjected to
submerged fermentation in 50 mL of basal salts
medium containing (NH4)2SO4 1.0 g/L, KH2PO4 1.5
g/L, K2HPO4 3.0 g/L, NaCl 0.5 g/L, MgSO4 0.2
g/L, CuSO4·5H2O 0.005g/L, MnSO4·2H2O
0.005g/L, yeast extract 1.0 g/L and 1.0 g chopped
rice straw, cellulose, xylan or lignin as carbon
sources. The activities of exo-ȕ-glucanase (FPase),
endo-ȕ-JOXFDQDVH
&0&DVH 
ȕ-glucosidase
(pNPGase), endo-ȕ-[\ODQDVH
;<1DVH  ȕxylosidase (pNPXase), laccase (Lac), lignin
peroxidase (LiP) and manganese peroxidase (MnP)
were determined at the 7th day since incubation.
Rice straw remained were weighted every two days
and medium without incubation was used as blank
control. Technical triplicates were performed for
quantification.

MATERIALS AND METHODS
Isolation and characterization of isolate. An
actinomycete was isolated from compost treated
soil in Shanghai, China on a basal salts medium
containing the following compounds: (NH4)2SO4
1.0 g/L, KH2PO4 1.5 g/L, K2HPO4 3.0 g/L, NaCl
0.5 g/L, MgSO4·7H2O 0.2 g/L, CuSO4·5H2O
0.005g/L, MnSO4·2H2O 0.005g/L, yeast extract 1.0
g/L and 1.0 g chopped rice straw as carbon source.
The isolate was then maintained on nutrient agar
slants and sun-cultured periodically.
For identification and characterization,
genome was extracted from 2.5 ml LB liquid
medium cultured at 32°C for 48 h using Bacteria
Genomic DNA Extraction Kit (TIANGEN, Beijing,
China) following the manufacturer's instruction.
Genomic DNA was visualized by electrophoresis in
a 0.8% agarose gel to assess its integrity and
quality, and then stored at -20°C prior to PCR
amplification.
PCR amplification of 16S rRNA gene was
done. The reaction volume was 50 μL containing 1
μL PrimeSTAR GXL DNA Polymerase (TaKaRa,
Dalian, China), 10 μL 5×PrimeSTAR GXL Buffer
(Mg2+ plus), 4 μL dNTP mixture (2.5 mM each), 1
μL forward and reverse primers (10 mM each) and
1 μL template DNA. PCR reaction was carried out
as follows: an initial denaturation at 98°C for 3 min
followed by 30 cycles of 98°C for 10 s, 55°C for 15

Genome
sequencing
and
functional
annotation. The genome was sequenced by
Illumina MiSeq (2×250 bp) platform (Personal,
Shanghai, China) with insert sizes of 300 bp, 360
bp and 700 bp paired-end as well as 3 kb and 8 kb
mate-paired libraries. Assembly of all sequence
reads applying Newbler 2.8 assembler resulted in a
draft genome. Glimmer 3.0 were used to predict
open reading frames (ORFs) with BLASTP
annotation [16]. The functional annotation was
determined according to the KEGG, COG and GO
databases [17-19]. Finally, genome sequence of
JSD-1 was submitted to the GenBank for further
investigation.
Differential expression patterns of analyzed
genes by qRT-PCR. Cultures collected from LB
medium as well as straw basal medium at the 7th
day were used for the extraction of total RNA using
Bacteria RNA Extraction Kit (TIANGEN, Beijing,
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extension at 72°C for 15 s. The relative
quantification of these genes was analyzed with the
2-¨¨Ct method. Technically, triplicates were
performed for quantification. Primers of these
analyzed genes as well as 16S rRNA used were
designed using DNAMAN 6.0 and listed in Table 1.
16S rRNA was used as internal control to normalize
the relative transcription levels of these analyzed
genes.

China). The reverse transcription PCR for cDNA
was performed followed by quantitative real-time
PCR (qRT-PCR) with SYBR Green method
according to the instruction of SYBR® Premix Ex
TaqTM GC (TaKaRa, Dalian, China). Cycling
parameters
of
qRT-PCR
reactions
were
programmed with an initial step of 30 s at 95°C
followed by 40 cycles consisting of denaturation at
95°C for 10 s, annealing at 60°C for 30 s and

TABLE 1
Primers used in qRT-PCR.
Genes

Functional annotation

GO name

Forward primer sequences (5'-3')

Reverse primer sequences (5'-3')

Inner
control
a
b
c
d
e
f
g
h
i

16S rRNA

ribosomal protein

F: CGTATTCACCGCAGCAATGC

R: GCGAGGTGGAGCGAATCTCA

exo-ȕ-1,4-glucanase
endo-ȕ-1,4-glucanase
endo-ȕ-1,4-glucanase
endo-ȕ-1,4-glucanase
ȕ-1,4-glucosidase
endo-ȕ-1,4-xylanase
endo-ȕ-1,4-xylanase
ȕ-1,4-xylosidase
Į-Larabinofuranosidase
laccase
lignin peroxidase
manganese peroxidase

ȕ-cellobilhydrolase
endo-ȕ-glucanase precursor
endo-ȕ-glucanase
carboxymethyl cellulase
ȕ-glucosidase
endo-ȕ-xylanase
ȕ-1,4-xylanase
ȕ-xylosidase
Į-L-arabinofuranosidase

F: GACTCGCTGCCCAACCTGGT
F: GGCGAAGAAGACCACGGCTT
F: GCGTCAACGGCATCTCCTCC
F: CACGGCTTCTCGCTCAAC
F: GCGACACCGCCGAGCACT
F: GGGCGACCGCTACAACCT
F: CGCCCGAGAACCAGATGA
F: CCACGCCGACTCCTTCTCCT
F: TACCGCATCAAGTCCCGC

R: CGTAGCCGACGCCCTTGATG
R: TGGTCGGCGATGCGTGACTC
R: TCGGGTCCAGCCAGATGTCG
R: CGAACGGCTTGGTGTAGC
R: ATCCAGGCGGAGCACAGGG
R: TGGAGGAGACCTTGGCGGG
R: CTTGGTGGTTCTTGCGGG
R: GGTGGTAGGTGGGTTTGCGG
R: GGTTGGCGGCGTTCAGAT

copper oxidase
dyp-type peroxidase
catalase peroxidase

F: CACCCAGCAGAACAAGAGCG
F: TTCGGATTCGGGCACAGC
F: CAAGCAGTGGGTCGCCAAGA

R: GTGGTCGTGGTAGTGCCAGT
R: AGGAGAAGGCGGGCAACG
R: CCAGGTCGGTGGTGAGCAT

j
k
l

with regard to expression strain BL21(DE3),
BL21(DE3)pLysS,
Transetta(DE3)
and
TransB(DE3) (TRANSGEN, Beijing, China),
medium (LB, TB, M9, 2×YT), induction OD600
(0.5-1.5), inducer (IPTG) concentration (10 μM-1
mM), expression temperature (20°C-37°C) and
expression duration (0-24 h). Besides, 0.1 mM
copper (II) sulfate and manganese (II) sulfate were
added to the medium upon induction.
After expression, cultures were collected by
centrifugation at 13000 rpm and 4°C for 10 min.
The cell pellets were re-suspended in 50 mM
potassium phosphate buffer (pH 7.5) containing 0.1
mM PMSF. Cell disruption was done by sonication
on ice. Cell debris was removed by centrifugation
at 13000 rpm and 4°C for 10 min and the resulting
supernatants were filtered through cellulose acetate
membranes with 0.45 μm pores. Purification of
GST tagged proteins were performed according to
the protocol of GST-SefinoseTM Kit (Sangon,
Shanghai, China).
Finally, the supernatants as well as their
purifications were boiled for 5 min for
identification of SDS-PAGE and Western Blot.
Protein markers used for SDS-PAGE and Western
Blot were Premixed Protein Marker broad

Cellular localizations. After obtaining
sequences of these lignocellulolytic enzymes, their
cellular localizations as well as signal peptide
cleavage sites were predicted by the online program
SignalP 4.1 in fasta format [20].
Construction of expression plasmids. The
analyzed genes were amplified by PCR using
genome of S. griseorubens JSD-1 as the template.
Sequences were truncated at 5' end in order to
remove natural signal peptide sequences of the twin
arginine translocation pathway. PCR products were
purified and then cloned into the pET-41(a+)
plasmid using the Nde I and EcoR I or Spe I and
EcoR I restriction endonucleases pairs. Primers
used were listed in Table 2. Sequences inserted
were verified by sequencing (Sunny, Shanghai,
China).
Expression and purification of recombinant
enzymes. E. coli expression strains were
transformed with the integrated plasmids and grown
at 32°C and 150 rpm in 50 mL medium containing
kanamycin (50 μg/mL) and, when required,
chloramphenicol
(34
μg/mL).
Expression
conditions of recombinant proteins were optimized
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(TaKaRa, Dalian, China) and EasySee® Western

Marker (TRANSGEN, Beijing, China), respectively

TABLE 2
Primers used in plasmids construction.
Genes
Sequences (5'-3')
HIS-a-Nde I-F
F: GGAATTCCATATGGCCGCCGTCCCCTGCACCGTGGA
HIS-a-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGCGACACCGGCGGGTAGGCG
GST-a-Spe I-F
F: GACTAGTGCCGCCGTCCCCTGCACCGTGGA
GST-a-EcoR I-R R: GGAATTCTCACGACACCGGCGGGTAGGCGT
HIS-b-Nde I-F
F: GGAATTCCATATGTCGGGGCCGGACGTGCCGGAGGC
HIS-b-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGGCGCGCCAAGTCGTAGGCG
HIS-c-Nde I-F
F: GGAATTCCATATGGACACCACGCTCTGCGAGGAGTTC
HIS-c-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGCGCGGTGCGGCAGGCCG
HIS-d-Nde I-F
F: GGAATTCCATATGACCAACGGCTTCTACGTGGACC
HIS-d-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGGTAGCCGTAGATCATCT
HIS-e-Nde I-F
F: GGAATTCCATATGGTGACCATCGACTACGCCGCCCTCCC
HIS-e-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGCGCCGCCTCCCGTACCCGC
HIS-f-Nde I-F
F: GGAATTCCATATGGCCCCCGTCATCTCCACCAACCAGAC
HIS-f-EcoR I-R
R: GGAATTCTCAATGATGATGATGATGATGGCCTGCGCTGCAGGAGA
HIS-g-Nde I-F
F:
GGAATTCCATATGCTGCCGCTCCTCGGCGGTTCGG
HIS-g-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGCTTGTGCTTCGGCCCCT
GST-g-Spe I-F
F: GACTAGTCTGCCGCTCCTCGGCGGTTCGG
GST-g-EcoR I-R R: GGAATTCTCACTTGTGCTTCGGCCCCT
HIS-h-Nde I-F
F: GGAATTCCATATGATCCACGTGCCCGCGGAGCCGG
HIS-h-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGTGCCGTGTCCCGGCCGAGC
HIS-i-Nde I-F
F: GGAATTCCATATGGCGACCGTGGACACGAACGCC
HIS-i-EcoR I-R
R: GGAATTCTCAATGATGATGATGATGATGGCGCCGCAGCGTCAGCA
HIS-j-Nde I-F
F: GGAATTCCATATGGCCACCGCGACGGCCAGAACC
HIS-j-EcoR I-R
R: GGAATTCTCAATGATGATGATGATGGTGCGCGTGTCCGGGCTTCT
GST-j-Spe I-F
F: GACTAGTGCCACCGCGACGGCCAGAACC
GST-j-EcoR I-R R: GGAATTCTCAGTGCGCGTGTCCGGGCTTCT
HIS-k-Nde I-F
F: GGAATTCCATATGGCTGACCCTTCCCTGTCGCAGA
HIS-k-EcoR I-R R: GGAATTCTCAATGATGATGATGATGATGCCCCTCCAGCAGCGCCTGAC
GST-k-Spe I-F
F: GACTAGTATGGCTGACCCTTCCCTGTCGCAGA
GST-k-EcoR I-R R: GGAATTCTCACCCCTCCAGCAGCGCCTGAC
HIS-l-Nde I-F
F: GGAATTCCATATGACCGAGAACCATGACGCGATCG
HIS-l-EcoR I-R
R: GGAATTCTCAATGATGATGATGATGATGGACGAGGTCGAACCGGTCG
Bases in bold are restriction enzyme sites Nde ȱ, Spe ȱ and EcoR I. Underlined bases are poly-histidine encoding
sequences. The determined molecular sizes of HIS tagged proteins (a to l) are 59.0 kDa, 37.0 kDa, 46.8 kDa,
30.3 kDa, 50.5 kDa, 38.3 kDa, 42.3 kDa, 57.1 kDa, 50.6 kDa, 33.2 kDa, 38.3 kDa and 81.0 kDa, respectively.
Meanwhile, theoretically molecular weights of GST tagged proteins (a, g, j and k) are 84.2 kDa, 67.5 kDa, 58.4
kDa and 63.6 kDa.

phenomenons showing its lignocellulolytic ability.
Enzymes released by JSD-1 under submerged
cultures of 2% rice straw, cellulose, xylan and
lignin as carbon sources were measured and results
were shown in Table 3. The enzymatic activities of
CMCase, FPase, XYNase, Lac were high but those
of pNPGase, pNPXase, LiP and MnP were
relatively low when cultured with rice straw.
Almost all enzymes had their largest production
with rice straw, a natural lignocellulosic material.
Generally, certain category of enzymes were
induced and expressed in high quantities when their
preferable substrate was added. Interestingly, both

RESULTS
Isolation
and
identification
of
S.
griseorubens JSD-1. An actinomycete, designated
as JSD-1 was isolated on the basal salts medium
owing to the ability to utilize rice straw as its sole
carbon source for growth. Then the isolate was
identified as S. griseorubens through the combined
identification of 16S rRNA sequence and its
morphological and physiological characteristics.
Determination of lignocellulolytic ability. S.
griseorubens JSD-1 produced various significant
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Consequently, JSD-1 could decompose 88%
rice straw within 10 days' cultivation, indicating
that JSD-1 had great potential of degrading rice
straw (Fig. 1).

cellulase and hemicellulase were measured in high
levels when stimulated by cellulose or xylan. It was
supposed that cellulase had an identical substrate
preference with hemicellulase due to their similar
hydrolytic mechanisms [21].

TABLE 3
Lignocellulolytic ability (IU/ml) of S. griseorubens JSD-1 on basal salts medium at the 7th day with rice
straw, cellulose, xylan and lignin (2%) as carbon resource.
Substrate

CMCase

FPase

pNPGase

XYNase

pNPXase

Lac

Lip

Mnp

Rice
straw
Cellulose

0.43±0.05

0.52±0.04

0.08±0.01

0.81±0.05

0.11±0.02

1.93±0.11

0.59±0.08

0.44±0.03

0.39±0.03

0.53±0.03

0.06±0.01

0.43±0.02

0.07±0.01

0.13±0.02

0.25±0.01

0.19±0.02

Xylan

0.36±0.03

0.35±0.03

0.07±0.01

0.68±0.04

0.06±0.01

0.22±0.03

0.19±0.03

0.22±0.01

Lignin

0.05±0.01

0.04±0.02

ND

0.08±0.01

ND

2.07±0.15

0.45±0.03

0.40±0.05

ND-Not detected

FIGURE 1
Decomposition efficiency of rice straw with the incubation of S. griseorubens JSD-1.

the ones of S. coelicolor A3(2) (8.7Mb), S.
avermitilis MA-4680 (9.0 Mb) or S. griseus IFO
13350 (8.5 Mb) [22-24]. Its genome G+C content
was 72.42%, a typical character of streptomycetes
[25,26].
The whole genome sequence of JSD-1 has
been deposited in GenBank under accession
number JJMG00000000. When obtaining its
genomic information, emphasis was put on
identification and characterization of these
OLJQRFHOOXORO\WLF
HQ]\PHV
)LQDOO\
ȕcellobilhydrolase (a), endo-ȕ-glucanase precursor
(b), endo-ȕ-glucanase (c), carboxymethyl cellulase
(d  ȕ-glucosidase (e  ȕ-1,4-xylanase (f), endo-ȕ-

Genome
sequencing
and
functional
annotation of JSD-1. A total number of 6,432,848
reads including 2,209 Mb clean data were
generated, which represented a 263.0-fold average
coverage of the whole genome. The assembled
genome contained 2 scaffolds and 246 contigs. The
N50 length of contigs was 53,294 bp and that of
scaffolds was 7,563,100 bp. Analysis of the genome
revealed that it contained 7159 protein-coding
sequences (CDS). For these CDSs, 4587 proteins
could be assigned to clusters of orthologous groups
(COGs) families. Finally, we obtained the draft
genome of S. griseorubens with a single linear
chromosome of 8,463,223 bp, a smaller size than
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xylanase
(g 
ȕ-xylosidase
(h),
Į-Larabinofuranosidase (i), copper oxidase (j), dyptype peroxidase (k) and catalase peroxidase (l) were
picked out according to their annotations. Inferred
from these conclusions [27-31], copper oxidase,
dyp-type peroxidase and catalase peroxidase
functioned as copper oxidase, lignin peroxidase and
manganese peroxidase, respectively. Since the
constituent of rice straw was rather complex, other
enzymes might also contribute to this degradation
bioprocess.

Expression responses of different enzymes
towards rice straw. Generally, expression of all
analyzed enzymes were up-regulated induced by
rice straw, indicating that they were involved in the
degradation of lignocellulose (Fig. 2). Besides,
responses of enzymes from a to j were more
significant compared with the other two genes (k
and i). Dyp-type peroxidase and catalase peroxidase
were supposed to be active in other redox bioreactions [32,33].

FIGURE 2
Expression responses of the lignocellulolytic enzymes induced by rice straw.

glucanase (a), endo-ȕ-xylanase (g), copper oxidase
(j) and dyp-type peroxidase (k) with HIS6-tag were
expressed in so poor levels that they could only be
detected by Western Blot (Fig. 4B). It could be
either there were too many hydrophobic ammino
acids bared or these complex structured proteins
were mis-folded for the lack of cofactors, both
resulting the formation of inclusion bodies.
Alternatively, their GST tagged proteins as well as
purifications were visualized from SDS-PAGE
(Fig. 5). Thereafter, further enterokinase digestion
should be carried out to cut off GST-tags.
Meanwhile, other HIS6-tagged proteins were able to
be expressed efficiently and migrated to their right
places in accordance with the theoretically
determined molecular weights (Fig. 4A).

Cellular localizations of these analyzed
proteins. Among all these analyzed proteins, exoȕ-1,4-glucanase (a), endo-ȕ-1,4-glucanase (b, c ȕxylanase (f, g), Į-L-arabinofuranosidase (i) as well
as copper oxidase (j) were predicted to be
extracellular enzymes with natural signal peptides
on their N-terminals. However, other enzymes were
intracellular enzymes. It was exactly in accordance
with the result of high CMCase, FPase, XYNase,
Lac but low pNPGase, pNPXase, LiP, MnP
activities. Details were also shown in Fig. 3.
Heterogeneous expression and purification
of recombinant enzymes. Generally, HIS6-tag has
negligible influences on the structure or function of
recombinant protein, so it was widely used in
protein expression [34]. Among enzymes, exo-ȕ-
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FIGURE 3
Cellular localization of the lignocellulolytic enzymes.

FIGURE 4
SDS-PAGE and Western Blot analysis of recombinant proteins. (A) M: protein marker, lane 1: cell
extract of J, lane 2: cell extract of K, lane 3: cell extract of L, lane 4: cell extract of A, lane 5: cell extract of
B, lane 6: cell extract of C, lane 7: cell extract of D, lane 8: cell extract of E; lane 9: cell extract of F, lane
10: cell extract of G, lane 11: cell extract of H, lane 12: cell extract of I. Each symbol represents one
enzyme referred above. (B) Western Blot analysis of HIS tagged proteins. M: protein marker, lane 1: cell
extract of J, lane 2: cell extract of K, lane 3: cell extract of A, lane 4: cell extract of G.
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Expression medium, induction temperature,
induction duration, inducer (IPTG) concentration as
well as induction OD600 were optimized for more
efficient expression. Finally, the optimal conditions
were obtained with Transetta(DE3) in TB medium,
when expression was induced at OD600 of 0.8 with
100μM IPTG and carried out for 12 h at 25°C.
Particularly, Arg codons (AGA, AGG, CGG
CGA), Ile codon (AUA), Leu codon (CUA), Gly
codon (GGA) and Pro codon (CCC) are rarely used
in E. coli. As tRNA population closely reflects the
codon bias of the mRNA population and when
mRNA of heterologous target genes is overexpressed in E. coli, differences in codon usage can
impede translation due to the demand for one or
more tRNAs that may be rare or lacking in the
population. Insufficient tRNA pools can lead to
translational
stalling,
premature
translation
termination, translation frame-shifting and amino
acid mis-incorporation. The expression host,
Transetta (DE3), a strain containing a plasmid
encoded rare tRNAs that were frequently
discovered in genes of GC-rich genome such as
streptomycetes, were used for efficient expression
[35]. Since genes contained codons that were rarely
used in E. coli, codon optimization could also be
expected to increase volumetric production and
activities [36]. Generally, prolonged induction at
low temperatures (15°C-20°C) proved ro be
optimal for the yield of soluble protein [37].
Besides, expression can be regulated from very low
level expression up to the robust by adjusting IPTG
at optimum concentration.
In summary, the genetic background of
utilizing lignocellulose in S. griseoruben were
illustrated. High degradation efficiency of rice
straw was determined mainly due to the synergistic
function of lignocellulolytic enzymes. Inferred from
these significant evidences, enzymes related to
lignocellulose degradation were isolated and
identified through functional annotation and qRTPCR following with characterization of cellular
localizations. Finally, heterogeneous expression of
different recombinant proteins were optimized for
efficient production, which would lay the
foundation for their industrial applications. In
conclusion, combinations of JSD-1 are expected to
be potential approaches to deal with crop straw.
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period of feather growth when the feather is
connected with the bloodstream through small
blood vessels [3, 4]. After the feather is fully
formed, the blood vessels atrophy and the feather
becomes physiologically separated from the bird.
Particularly feathers contain higher concentrations
of some metals, such as lead or mercury, and the
levels reported generally are not or only slightly
affected by external contamination.
In the central Apennines, since 1993, the
Corpo Forestale dello Stato (CFS)-Castel di Sangro,
has carried out a griffon vulture reintroduction [5].
Almost all birds have been released from the
acclimation aviaries of Monte Velino nature reserve
¶ 1 ¶ ( , Abruzzi region, Italy and
presently 4 breeding colonies have been established
around the reserve. The main aim of this study was
to obtain information on Hg, Cd, Cr and Pb
background exposure in these colonies and to
understand whether these specimens were being
overexposed to contaminants that might affect
reproductive success such as been reported in other
species of wild birds.

ABSTRACT
The aim of this study was to investigate heavy
metals concentrations in feathers of a griffon
vulture population (Gyps fulvus, Linnaeus 1758)
present in the central Italy. Body feathers of 27 live
griffon vultures were examined for lead, chromium
and cadmium by inductively coupled plasma mass
spectrometry (ICP-MS) while for mercury by
thermal decomposition amalgamation and atomic
absorption spectrophotometry (TDA-AAS). The
heavy metals concentrations did not differ
significantly between juveniles and adults neither
between males and females. The analysed samples
showed a lower Hg concentration than those found
elsewhere for this species. Furthermore, for Cr, Cd
and Hg levels were not significant correlations
between tarsus length and body weight. Contrary
Pb was negatively correlated with tarsus length,
showing the absence of recent exposure of the birds.

KEYWORDS:
Birds, feathers, heavy metals, Abruzzi region.

MATERIALS AND METHODS
INTRODUCTION
The population of griffon vulture under study
lives in an area > 7,000 km2 wide extending from
the Matese massif at the border of MoliseCampania regions in the south to the Sibillini
mountains (Marche region) at north, as revealed by
both sightings and by GPS instrumented vultures.
Anyway, most of GPS locations are spread over a
narrower area (ca. 3,500 km2) within and around
the Monte Velino reserve and across the Gran Sasso
massif. No formal population size estimates has
been carried out, though simultaneous counts at
roosts and an empirically derived estimation
suggest a population likely not smaller than 130150 individuals. The area were griffon vultures
occur is characterized by mountain landscape with
mid-to high elevation plateaus. Livestock (sheep,

Griffon vultures by virtue of their position at
the top of the food chain and as obligate scavengers,
are at risk of accumulating and concentrating heavy
metals in their tissues. They are good bioindicators
but, as the majority of raptors, are protected by law
and there is a need to use non-invasive techniques
to collect samples [1]. Since one feather can easily
be removed from a living bird without causing
damages, this technique is an easy and non-invasive
approach used as a suitable biological monitoring
method for heavy metal pollution [2], being
particularly appropriate for rare and declining
species. Moreover, the heavy metal levels in
feathers adequately reflect the body burden during
feather formation and because the metals bind to
the protein-molecules in the feather during the short
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concentrations were detected using an axial
inductively coupled plasma-atomic emission
spectrophotometer (ICP-MS Thermo Instruments X
Serie 2) equipped with collision cell technology ±
kinetic energy discrimination (CCT-KED). The
concentrations are expressed in mg/kg, based on a
dry weight. Cr, Cd and Pb calibrations curves (1-520-50 μg/L) were built using dilutions of
commercial standard solutions (Inorganic Ventures).
To investigate mercury concentrations, about
0.08 g of cut feather samples were weighed and
directly analysed without mineralization using a
Direct Mercury Analyser (DMA 80 ± Milestone)
for the analysis. Hg calibrations curves (25-50-100
μg/L and 300-1000-2000-5000 μg/L) were built
using dilutions of commercial standard solutions
(Absolute Standard).
All samples were analysed in batches with
blanks and samples with known metal content:
Certified Reference Material Oyster Tissue 1566b
NIST for Pb, Cd and Hg while for Cr Lichen BCR482 were utilised. Recovered concentrations for of
the certified materials were within 10% of the
certified values (Table 1).
Levels of heavy metals and tarsus length have
been compared between adult and young and
between males and females using the Mann
Whithney non paramteric test for independent
VDPSOHV 0RUHRYHU WKH 6SHDUPDQ¶V QRQ SDUDPHWULF
correlation coefficient was calculated to assess the
correlation
among
the
heavy
metals
concentrations. Statistical analyses were performed
with SPSS 17.0 (SPSS Inc., Chicago, IL, USA)

cattle and horses) is widespread and the most
abundant wild ungulate is the wild boar (Sus scrofa).
In November 2010 and February 2011
samples of body feathers were taken from 27 live
griffon vultures (14 adult and 13 juvenile) of both
sexes. The birds were caught by the CFS using a
cage trap baited with sheep carcasses within a wider
study project aiming at monitoring with GPS
transmitters the ranging behaviour of adult vultures.
Non-invasive sampling of body feathers was carried
out for each bird. Several authors [6, 7] have
suggested that body feathers are more
representative for estimating whole-bird Hg content
than flight feathers as they show less variation in
Hg content. The collected feathers were stored
without refrigeration before the analysis.
The samples were transferred and analysed to
the Environmental Safety Laboratory of Piedmont,
Liguria and Aosta Valley, Turin, Italy.
Feathers were washed with a 0.01% Triton X
100 solution (Merck) to remove very fine
particulates or more specifically adsorbed metals;
then they were rinsed with ultrapure water (5 times),
and dried overnight in a oven (70°C). Washing the
samples causes all external pollution available in
the feathers to be removed.
To determine levels of Cr, Cd and Pb, about
0.3 g of cut feathers were weighed and digested in a
microwave oven (Ethos 1 Milestone) with 7 ml of
70% nitric acid, 1.5 ml of 30% hydrogen peroxide
and 0.05 ml of 37% fluorhydric acid. The digested
samples were then diluted to a final volume of 25
ml with ultrapure water and the heavy metals

TABLE 1
Results of quality assurance procedure for Cd, Pb, Hg and Cr (mg/kg).
CRCa

Number of
replicates
Pb
NIST
2
Cd
NIST
2
Hg
NIST
2
Cr
BCR
2
a
Certified reference material.
b
Standard deviation.
c
Recovery.

Certified
values
0.308
2.48
0.037
4,12

Obtained
mean
0.326
2.63
0.035
4,06

SDb

Rc(%)

LOD

LOQ

0.009
0.06
0.003
0.04

106,15
106.05
96.27
98.53

0.008
0.009
0.001
0.0008

0.02
0.02
0.01
0.01

males and females nor between adults and juveniles
(p>0.05). The absence of sexual differences in
mercury and lead levels in feathers agree with data
reported in other birds from several authors [6, 10].
Furthermore the absence of significant relationship
between age and mercury levels in feathers confirm
that Hg accumulation is not age-dependent, as
reported from Burger [3]. However for cadmium,
lead and chromium their relationship to age is less

RESULTS
The biometric data (mean and range) of
collected griffon vultures are reported in Table 2.
Values for all parameters are well in the reference
range reported in the literature [8, 9] for this species.
Concentrations (expressed in mg/kg dry
weight) of Hg, Pb, Cd and Cr found in the feathers
of all griffon vultures are shown in Table 3.
Concentrations did not differ significantly between
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show any correlation (p> 0.05). Pb resulted
negatively correlated with tarsus length (r = -0.525;
p< 0.01). The significant decrease of Pb levels in
the feathers of adult vultures confirm both the
absence of specific lead sources in the monitored
area and the absence of recent exposures of birds to
lead.

clear because few studies have determined gender
and age differences in bird feathers.
Pb, Cd and Cr concentrations are positively
correlated (p<0.05) but the correlation test between
body mass and all heavy metals concentrations did
not show any significant difference (p> 0.05). With
regard to body mass and tarsus length, Pearson
correlation with Cd, Cr, Hg concentration did not

TABLE 2
Biometric data recorded for griffon vultures. Weight is expressed in kilograms and lengh in centimetres.
Males

Weight

Mean
SD
Max
Min
Females
Mean
SD
Max
Min

Tail lenght

8.51
0.77
10
7

Wing
lenght
74.82
1.87
78
72

30.73
1.31
33.5
28

Tarsus
lenght
11.46
0.69
12.84
10.45

Bill
lenght
5.38
0.21
5.83
5.01

Bill
height
3.64
0.16
3.79
3.21

8.60
0.78
9.95
7.75

74.22
2.17
77
70

29.83
1.00
31
28

11.43
0.72
12.6
10.11

5.41
0.20
5.8
5.1

3.52
0.13
3.82
3.42

TABLE 3
Concentrations (mg/kg dry weight) of Hg, Pb, Cd and Cr found in feathers of griffon vulture.
Age
Sex
Hg
Pb
A
Ma
0.02
0.99
A
Fa
0.02
0.91
A
Ma
0.02
0.63
J
M
0.02
1.59
J
M
0.02
1.14
J
M
0.01
2.87
A
Ma
0.03
2.08
A
M
0.03
1.21
J
F
0.01
1.98
J
F
0.02
1.61
J
F
0.01
1.45
A
Fa
0.02
3.07
A
Ma
0.03
1.93
A
M
0.04
1.23
A
Fa
0.02
2.06
J
M
0.03
2.39
J
M
0.03
2.10
A
Ma
0.01
1.60
A
Ma
0.02
0.78
J
F
0.03
2.88
J
Ma
0.02
1.23
A
Fa
0.04
2.63
J
M
0.04
2.09
A
M
0.03
2.12
F
0.02
1.14
A
M
0.02
1.51
J
M
0.01
2.95
a
Birds equipped with GPS transmitters
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Cd
0.02
0.04
0.08
0.06
0.07
0.33
0.12
0.06
0.09
0.06
0.07
0.25
0.14
0.07
0.21
0.19
0.17
0.10
0.79
0.20
0.07
0.11
0.10
0.12
0.05
0.07
0.36

Cr
2.14
2.06
1.17
2.25
1.95
6.17
2.73
1.83
2.88
2.28
1.72
5.84
3.00
1.49
3.35
3.91
3.85
2.63
0.77
4.24
1.81
3.05
2.19
2.23
1.55
1.92
3.93
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the species liable to ingest lead shots or bullets
from their prey and acute lead poisoning has been
recognized as one of the most potential cause of
decline in raptor populations. While in the USA the
lead poisoning in raptors is well documented and
represent a problem for the threatened species, in
Europe exist only one case of confirmed lead
poisoning in a griffon vulture [15]. The low values
found in our specimens could be due both, to the
fact that no important source of lead is present
through their range and to the fact that they feed
mainly on sheep, cattle and horses carcasses.
Cadmium is a non essential heavy metal
described as one of the most dangerous trace
elements in food and in the environment, not only
for its high toxicity but also for its persistence. In
birds it causes decreased testis weight and
spermatogenesis failure. The Cd levels (Table 4)
from the studied birds (0.15 ± 0.15 mg/kg) are
higher than those (0.018 ± 0.009 mg/kg) reported
from Martìnez-Lopez et al. [15] in the booted eagle
(Aquila pennata) and in the common buzzard
(Buteo buteo) (0.028 ± 0.01 mg/kg), but they are
still below the experimental levels related with
behavioral, physiological and nutritional disorders
in birds. Considering that generally less than 30 %
of the cadmium is in the feathers of adults for this
metal higher values could be present in other tissues.

To our knowledge there are not published data
for heavy metals in the feathers of griffon vultures
differently from other birds like seabirds and
waders. Only for mercury there is a study [11]
reporting the Hg levels in 3 specimens of griffon
vultures. Those levels (0.93 ± 0.10 mg/kg) are
higher than those found (Table 4) in our study (0.02
± 0.01 mg/kg), which can be considered below the
range (5 mg/kg) that for feathers is known to cause
behavioural change or reproductive effects [12].
For the other heavy metals, no data on griffon
vulture feathers contamination are published and
where possible, we compared the levels in this
study with those found in other raptors. Lead
concentrations (1.78 ± 0.70 mg/kg, Table 4) are in
the same order of magnitude than those found for
laggar falcon Falco jugger (1.56 ± 1.12 mg/kg) [6]
and higher than those reported from RodriguezRamos et al. [10] in Spanish imperial eagle Aquila
adalberti (0.043 ± 0.078 mg/kg in primary feathers
and 0.049 ± 0.095 mg/kg in secondary feathers). It
is necessary to consider that for Pb the correlations
between values in feathers and other tissues are
often quite strong and generally over 50 % of the
body burden of lead in adults can be found in
feathers [3]. This suggests that feathers are a good
indicator for local atmospheric contamination [13],
above all for sedentary species and during the
moulting season. Scavengers and raptors are among

TABLE 4
Heavy metals concentrations in feathers of adults and juveniles griffon vultures. Arithmetic mean (mg/kg
dry weight), standard deviation (SD) and range (minimum-maximum).

Cd
Pb
Cr
Hg

Adults
14
14
14
14

Mean
0.15
1.62
2.44
0.02

SD
0.19
0.72
1.22
0.01

Range
0.02-0.79
0.63-3.07
0.77-5.84
0.01-0.04

Juveniles
13
13
13
13

Mean
0.14
1.96
2.98
0.02

SD
0.1
0.66
1.35
0.01

Range
0.06-0.36
1.14-2.95
1.55-6.17
0.01-0.04

as a heavy metal very widespread in the
environment. Probably chromium presence in this
area could be due to the anthropogenic activities as
metallurgical and chemical manufacturing, leather
tanning, industrial utilities, and chrome plating
production or fossil fuel combustion production,
developed in the adjacent industrial area. Actually
the few data available in the literature do not allow
to confirm whether the Cr levels observed in our
study may be associated with pathological effects.

There are few studies investigating the Cr
effects in birds and no information are available on
the intake and tissue concentrations in wild birds.
As reported from Burger [3], levels of Cr in avian
feathers are not particularly low and they are bound
to the anthropogenic activities of industrial and
urban complexes. In the literature the only study
concerning the Cr levels in feathers of raptors
shows a Cr mean value of 1.98 ± 0.58 mg/kg, with
a range of 1.18 ± 3.37 mg/kg [6]. Our values (2.70
± 1.29 mg/kg, Table 4) are slightly higher than
those reported in the laggar falcons from Movalli [6]
with a range of 0.77 - 6.17 mg/kg but several
griffon vultures have reported Cr concentration
upper to 3 mg/kg. Considering that Cr
concentrations in feathers indicate relative levels of
airborne Cr contamination this results highlights Cr

DISCUSSION AND CONCLUSIONS
There are few published articles for heavy
metals in feathers of griffon vultures and no data
are available of their toxic effects in this species.
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However it has been reported that all these heavy
metals can hamper the reproductive output or even
cause death [16], constituting a serious threat to the
survival of wild bird species [17].
The central Italy griffon vultures are not
severely exposed to Hg, Cd and Pb contamination,
as can be concluded from the low levels found in
their feathers. Only for Cr we found higher
concentrations but the toxicological significance of
elevated Cr levels is largely unknown because data
on wildlife birds as well information on the tissue
concentrations or clinical reproductive deficits are
virtually inexistent.
As the griffon vulture is resident it is likely
that heavy metal concentrations in collected
feathers
could
reflect
the
environmental
contamination levels in their range during moulting,
but as no data on heavy metals pollution are known
for this area, further investigations are required both
to assess the background level and to better
investigate sexual and age differences in heavy
metal levels.
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basic compartment would be favorable in terms
of the activity against M. tuberculosis H37Rv.

ABSTRACT
In present paper, a series of 2-/3-alkoxyphenylcarbamic acid derivatives 5a±5d containing
4´-(pyrimidin-2´-yl)piperazin-1´-yl fragment were
synthesized and isolated as salts with hydrochloric
acid. Chemical structures of prepared intermediates
and final compounds were confirmed by IR, 1H
NMR, and 13C NMR spectral data. In addition,
target molecules 5a±5d were characterized by MS
as well as elemental analyses readouts. Prepared
basic carbamates 5aB±5dB were investigated to
consider some of their drug-like parameters known
as Lipinski Rule of Five, i.e. molecular weight
(<500), predicted values of log P for octan-1-ol/water system by applying Moriguchi prediction
method (d4.15) or by using Leo´s prediction
approach (d5), number of hydrogen bond donors
(d5), number of hydrogen bond acceptors (d10),
number of rotable bonds (d10) and, finally, the
values of topological polar surface area (d140 Å2).
Given compounds have entirely met the criteria
formulated above. Assuming their delivery by oral
route and absorption by passive mechanisms,
evaluated molecules would be able to show good
oral bioavailability. The salts 5a±5d were in vitro
screened for the activity against virulent
Mycobacterium tuberculosis CNCTC My. 331/88
(identical with H37Rv and ATCC 2794) and some
of potentially pathogenic strains, i.e. M. avium
CNCTC My. 330/80 (identical with ATCC 25291),
M. kansasii CNCTC My. 235/80 (identical with
ATCC 12478) and clinical isolate of M. kansasii
6509/96, respectively, by the dilution-micromethod
using isoniazide and ethambutol as standard drugs.
Following estimated values of minimum inhibitory
concentration, current research suggested that the
presence of 3-alkoxy side chain attached
to phenylcarbamoyloxy fragment as well as
relatively ʌ-electron rich aromatic system(s) within

KEYWORDS:
N-arylpiperazines, Mycobacterium tuberculosis H37Rv,
positional isomerism

INTRODUCTION
Tuberculosis (TB) troubled humankind
throughout history. It has been considered to be
a leading bacterial infectious disease among
humans with a variety of manifestations, caused by
various strains of mycobacterium from so-called
ÄWXEHUFXORVLV FRPSOH[³ LQFOXGLQJ SULPDULO\ DFLG-fast bacillus of Mycobacterium tuberculosis [1].
On a planet in which over one third of the
population is infected with TB, it is more than ever
prudent to synthesize and evaluate new anti-TB
compounds [2]. Despite efforts of research centers
and pharmaceutical companies engaged in design,
synthesis, and development of new antimycobacterial structures, current TB therapeutic arsenal
is quite poor and the situation worldwide is
becoming alarming [3, 4].
Continuous study of 2-/3-/4-alkoxyphenylcarbamic acid esters revealed several important
structural features which determined the range
of their activity against tuberculous M. tuberculosis
strain and some the non-tuberculous ones, i.e.
M. avium and M. kansasii [5]. As drawn in
Figure 1, these are (i) the nature of a substituent
attached
to
lipophilic
phenyl
ring
of
phenylcarbamic acid, (ii) polar carbamoyloxy
group, (iii) two or three carbon atoms forming
linear or branched connecting chain and (iv) salt
forming fragment.
As being summarized in research paper [5],
previous structure±activity relationship analyses
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on the synthesis and in vitro antimycobacterial
activity assessment of highly lipophilic compounds
in which molecule was incorporated N-arylpiperazin-1-yl fragment. As can be seen in Figure 1,
basic part of previously in vitro tested 2-/3-/4-alkoxyphenylcarbamic acid esters was formed mainly
by aliphatic or cyclic amino moiety with difference
in size. Current integration of attractive N-arylperazine moiety has attaining a significant
place in modern medicinal chemistry. This
structural feature has been regarded as important
component of evaluated target structures with
promising antimycobacterial efficiency [3, 6-10].

confirmed that the activity of these compounds
against given mycobacterial strains increased with
the elongation of attached alkoxy group. Following
2-/3-/4-alkoxy side chain isomerism, 3-alkoxy
substituted derivatives were regarded as more
active than the 4- or 2-alkoxy ones. The influence
of basic moiety, especially with simultaneous
presence of ethane-1,2-diyl connecting chain,
seemed to be more complex.
In the light of mentioned conlusions, as
a continuation in methodical research in order
to contribute to structury±activity relationship
trends, there was a decision to focus an attention

FIGURE 1
2-/3-/4-Alkoxyphenylcabamic acid derivatives previously explored in vitro for antimycobacterial activity.

was used as S1 mobile phase in order to check
purity of prepared derivatives containing oxiran-2-ylmethyl moiety. Similarly, S2 mobile phase
consisted of petroleum ether/diethylamine (8:3, v/v)
was applied for the evaluation of final chlorides.
Spots were located under iodine vapours/UV light
using UV/VIS lamp Krüss UV 240, 230 VAC
(A. Krüss Optronic, Germany) at the wavelength
Ȝmax=254 nm and reported in the Rf values.
1
H NMR/13C NMR Spectral data of prepared
molecules were run on FT-NMR spectrometer
Gemini 300 (Varian, USA) operating at 300 MHz
(1H NMR) and at 75 MHz (13C NMR), respectively,
in dried CH2Cl3 (intermediates) or in dried
DMSO-d6 (target compounds). Chemical shifts
were reported in the į scale in pars per million
units (ppm), coupling constants J were given in
Hertz (Hz) and spin multiplicities were expressed
as: s (singlet), br s (broad singlet), d (doublet), dd
(double doublet), t (triplet), q (quartet) and
m (multiplet), respectively. Complete assignment

MATERIAL AND METHODS
EQUIPMENTS AND MEASUREMENTS
All the chemicals used for synthesis were
commercially available from common suppliers
(Alpha Aesar, Lancaster, United Kingdom; Fluka,
Merck, Sigma-Aldrich, Germany; Lachema,
LachNer, Czech Republic) and were used without
further purification. Solvents were dried and freshly
distilled before use.
Melting points (m.p.) of synthesized solid
reaction intermediates and final compounds were
determined on electrical thermometer Stuart SMP
11 (Lennox Laboratory Suppliers, Ireland),
obtained values were uncorrected.
Intermediates´ and final salts´ Rf readouts were
determined
by
adsorption
thin-layer
chromatography (TLC) on 10 cm aluminium sheets
pre-coated with silica gel 60 F254 (0.25 mm
thickness; Merck, Germany) in glass developing
chambers. Petroleum ether/diethyl ether (1:2, v/v)
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of 1H and 13C NMR resonances was based on the
interpretation of standard NMR data.
Signals of CH2Cl3 (į=77.0 ppm) and
tetramethylsilane (TMS, į=0.0 ppm) were used as
internal standards for 13C and 1H NMR spectra
calibration when confirmed chemical structure
of the intermediates and final derivatives,
respectively.
FT-IR (IR) Spectra were obtained by ATR
technique on FT-IR spectrophotometer Impact 410
(Thermo Nicolet, USA). Absorption frequencies
ȣmax were reported in reciprocal centimeters (cm±1)
in recorded middle IR spectrum range 4000±400
cm±1.
Liquid chromatography mass spectral data
(LC/MS) of final compounds were measured
on chromatographic apparatus consisted of Liquid
Chromatography Agilent Infinity System (Agilent
Technologies, USA) equipped with gradient pump
Infinity 1260, automatic injector 1260 HiPals,
column thermostat 1290, photo-diode array detector
Infinity 1290, Accurate-Mass Quadrupole Time-of-Flight 6520 detector (Agilent Technologies, USA)
and personal computer with Chem Station software
for the data registration and calibration (Agilent
Technologies, USA).
Nebulization gas (nitrogen) flow was
10 L·min±1 at the pressure of 40 psi. MS
Electrospray was operated at capillary voltage
3.5 kV, fragmentor was 140 V, and temperature
was set to 350°C. Synthesized final compounds
were dissolved in LC-MS grade methanol (J.T.
Baker, Netherlands) in the concentration of
c=1 mg·mL±1, individually applied injection
volume was 2 ȝL. The fragments were described as
the relationship between atomic mass units and
charge (m/z); recorded interval was 50±1000 m/z.
UV/VIS Spectra of final derivatives were
recorded by UV diode array spectrophotometer
Vectra 8452A (Hewlett-Packard, Germany) in UV
region in the interval of Ȝ=190±350 nm
at appropriate wavelength maxima using 1 cm
quartz cell. The spectra of respected compounds
were carried out at room temperature measuring
their methanolic solutions with the concentration
of c=2.00 × 10±5 mol·L±1. The values of molar
absorption coefficients İ (log İ) were calculated
according to Lambert-Beer law.
Elemental analysis (% C, H, N) of final
substances was carried out by Perkin-Elmer 2400
Series-II Elemental Analyzer (Perkin-Elmer, USA).
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(r)-oxiran-2-ylmethanol to 2-/3-alkoxyphenyl
isocyanates which were commercially available
(Sigma-Aldrich, Germany) applying procedures
and principles published previously [11-13].
Briefly, into a stirred solution of 2-alkoxyphenyl
isocyanate,
namely
1a
(3.73 g,
25.0 mmol)/1b (4.08 g, 25.0 mmol) or the 3-alkoxy
substituted one, i.e. 1c (3.73 g, 25.0 mmol)/
1d (4.08 g, 25.0 mmol) in 50 mL of anhydrous
(dried) toluene, a solution of (r)-oxiran-2-ylmethanol 2 (1.85 g, 25.0 mmol) in 25 mL of
anhydrous toluene was added dropwise and the
reaction system was kept 10 h at 65°C (Scheme 1).
Once the reaction appeared to be completed by
TLC analysis, the solvents were removed in vacuo.
Solid intermediates were dissolved in chloroform,
washed with 3u100 mL of distilled water, dried
over anhydrous potassium carbonate, filtered and
concentrated in vacuo again to give solid crude
products which were recrystallized from propan-2-ol. An identity and a purity of prepared
intermediates 3a±3d was verified by the measuring
and interpreting of their IR, 1H NMR and 13C NMR
spectra, respectively, as well as by the
determination of the Rf values from TLC using the
S1 mobile phase. Full characterization data for the
compounds 3a±3d (Scheme 1), isolated as colorless
solids, are given below.
(r)-Oxiran-2-ylmethyl-2-methoxyphenylcarbamate (3a)
Yield: 68%; m.p. 68±69°C; Rf: 0.51; IR ȣmax
(KBr/cm±1) 3294, 3060, 2988, 2962, 2875, 2835,
1728, 1603, 1537, 1460, 1329, 1252, 1061, 737; 1H
NMR (300 MHz, CH2Cl3) į: 2.70 (2H, t, J=2.8 Hz),
2.88 (2H, t, J=2.8 Hz), 3.25 (1H, m), 3.86 (3H, s),
6.87±7.02 (4H, m), 7.35 (1H, s); 13C NMR (50
MHz, CH2Cl3) į: 44.0, 51.2, 55.6, 64.0, 112.5,
120.0, 122.2, 128.4, 128.9, 147.2, 154.0.
(r)-Oxiran-2-ylmethyl-2-ethoxyphenylcarbamate (3b)
Yield: 65%; m.p. 63±66°C; Rf: 0.59; IR ȣmax
(KBr/cm±1) 3315, 3064, 2989, 2932, 2879, 2838,
1705, 1601, 1541, 1453, 1324, 1256, 1062, 738; 1H
NMR (300 MHz, CH2Cl3) į: 1.45 (3H, t, J=6.8 Hz),
2.71 (2H, t, J=2.6 Hz), 2.90 (2H, t, J=2.6 Hz), 3.20
(1H, m), 4.11 (2H, q, J=6.8 Hz), 6.87±7.00 (4H,
m), 7.35 (1H, s); 13C NMR (50 MHz, CH2Cl3) į:
14.4, 44.2, 51.4, 64.0, 64.8, 112.8, 119.5, 120.4,
127.1, 147.6, 154.0, 155.6.
(r)-Oxiran-2-ylmethyl-3-methoxyphenylcarbamate (3c)
Yield: 68%; m.p. 65±67°C; Rf: 0.54; IR ȣmax
(KBr/cm±1) 3283, 3091, 2970, 2956, 2869, 2837,
1735, 1600, 1552, 1460, 1335, 1228, 1064, 762; 1H
NMR (300 MHz, CH2Cl3) į: 2.69 (2H, t, J=2.7 Hz),
2.88 (2H, t, J=2.8 Hz), 3.28 (1H, m), 3.79 (3H, s),
6.60±6.90 (4H, m), 7.27 (1H, s); 13C NMR (50
MHz, CH2Cl3) į: 44.2, 50.8, 55.4, 64.5, 110.5,
113.8, 116.4, 129.4, 136.2, 153.8, 160.0.

SYNTHESIS
General procedure for the preparation of
(r)-oxiran-2-ylmethyl-2-/3-alkoxyphenylcarbamates (3a±3d). Oxiran-2-ylmethyl-2-/3-alkoxyphenylcarbamates (where alkoxy=methoxy or
ethoxy group) were synthesized by addition of
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SCHEME 1
r)-oxiran-2-ylmethyl-2-/3-alkoxyphenylcarbamates 3a±3d.
The synthetic route of reaction intermediates, (r
(r)-Oxiran-2-ylmethyl-3-ethoxyphenylcarbamate (3d)
Yield: 70%; m.p. 70±73°C; Rf: 0.61; IR ȣmax
(KBr/cm±1) 3289, 3089, 2976, 2931, 2881, 2838,
1738, 1601, 1556, 1457, 1340, 1235, 1059, 755; 1H
NMR (300 MHz, CH2Cl3) į: 1.40 (3H, t, J=7.0 Hz),
2.68 (2H, t, J=2.6 Hz), 2.88 (2H, t, J=2.6 Hz), 4.07
(2H, q, J=7.0 Hz), 6.85±6.89 (4H, m), 7.10 (1H, s);
13
C NMR (50 MHz, CH2Cl3) į: 14.5, 44.4, 51.0,
64.5, 64.6, 109.8, 110.6, 113.5, 129.0, 136.8, 153.8,
160.1.

carbamates (Scheme 2). An addition of saturated
solution of hydrogen chloride in diethyl ether to
particular solutions of prepared basic compounds
5aB±5dB in 40 mL of chloroform and continuous
moderate stirring for 2 h provided required crude
salts. Solvents were removed in vacuo and crude
products obtained were purified by the
recrystallization from propan-2-ol. An identity and
a purity of final molecules 5a±5d was verified by
the measuring and interpreting of their IR, 1H NMR
and 13C NMR spectra, respectively, as well as by
the determination of the Rf values from TLC using
the S2 mobile phase. Full characterization data for
target compounds 5a±5d (Scheme 2), isolated as
colorless solids, are given below.
1-[3-(2-Methoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium chloride (5a)
Yield: 78%; m.p. 170±173°C; Rf: 0.61; Anal.
Calcd. for C19H26ClN5O4: C, 53.84; H: 6.18; N:
16.52; Found %: C, 53.80; H: 6.28; N: 16.44; IR
ȣmax (KBr/cm±1) 3443, 3254, 2979, 2955, 2898,
2835, 2599, 2328, 1737, 1614, 1535, 1455, 1348,
1211, 1022, 975, 748; 1H NMR (300 MHz,
DMSO-d6) į: 3.11±3.29 (4H, m), 3.42±3.78 (4H,
m), 3.83 (3H, s), 3.98±4.13 (2H, m), 4.37±4.47 (1H,
m), 4.68 (2H, d, J=13.8 Hz), 4.98 (1H, br s), 6.79
(1H, t, J=4.7 Hz), 6.90±7.00 (1H, m), 7.03±7.12
(2H, m), 7.72 (1H, d, J=7.6 Hz), 8.45 (1H, br s),
8.48 (2H, d, J=4.7 Hz), 11.11 (1H, br s); 13C NMR
(75 MHz, DMSO-d6) į: 50.8, 51.9, 55.7, 58.5, 63.5,
66.1, 111.2, 111.3, 120.4, 121.3, 124.2, 126.9,
149.8, 153.3, 158.2, 160.6; MS (m/z): 388.1979;
UV/VIS (methanol), Ȝmax nm (log İ): 208 (4.68),
238 (4.82), 282 (3.88).

General procedure for the preparation of
1-[3-(2-/3-alkoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium
chlorides (5a±5d). Next step of the synthesis was
the reaction of (r)-oxiran-2-ylmethyl-2-/3-alkoxyphenylcarbamates
dissolved
in
50 mL
of anhydrous ethanol, i.e. 3a (2.23 g, 10.0 mmol),
3b (2.37 g, 10.0 mmol), 3c (2.23 g, 10.0 mmol) or
3d (2.37 g, 10.0 mmol), and commercially available
1-(pyrimidin-2-yl)piperazine 4 (1.64 g, 10.0 mmol)
in 25 mL of anhydrous ethanol (Scheme 2). The
mixtures were continuously stirred and heated for
9 h, then were kept at room temperature and stirred
for 5 h. Gentle cooling and stirring of particular
reaction systems provided crude intermediates.
Once the reaction appeared to be completed
(verification by TLC), the solvents were removed
in vacuo and the intermediates were dissolved
in chloroform. Organic layer was treated with
3×100 mL of distilled water, dried over anhydrous
potassium carbonate, filtered and concentrated
in vacuo again to give oily crude intermediates
5aB±5dB, chemically 2-hydroxy-3-[(4-pyrimidin-2-yl)piperazin-1-yl]propyl (2-/3-alkoxyphenyl)-
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SCHEME 2
The synthetic route of final compounds, 1-[3-(2-/3-alkoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium chlorides 5a±5d.

1-[3-(2-Ethoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium chloride (5b)
Yield: 72%; m.p. 198±201°C; Rf: 0.68; Anal.
Calcd. for C20H28ClN5O4: C, 54.85; H: 6.44; N:
15.99; Found %: C, 54.78; H: 6.32; N: 15.68; IR
ȣmax (KBr/cm±1) 3420, 3204, 2978, 2957, 2875,
2835, 2593, 2461, 1734, 1613, 1527, 1451, 1338,
1207, 1041, 978, 748; 1H NMR (300 MHz,
DMSO-d6) į: 1.38 (3H, t, J=7.0 Hz) 3.08±3.77 (8H,
m), 3.96±4.05 (2H, m), 4.10 (2H, q, J=7.0 Hz)
4.38±4.47 (1H, m), 4.68 (2H, d, J=13.8 Hz), 4.87
(1H, br s), 6.79 (1H, t, J=4.7 Hz), 6.88±6.98 (1H,
m), 7.03±7.12 (2H, m), 7.74 (1H, d, J=7.6 Hz), 8.30
(1H, br s), 8.47 (2H, d, J=4.7 Hz), 11.09 (1H, br s);
13
C NMR (75 MHz, DMSO-d6) į: 16.4, 52.6, 53.8,
60.2, 65.3, 65.6, 68.0, 113.0, 113.9, 122.1, 123.2,
125.9, 128.9, 149.8, 155.1, 160.0, 162.5; MS (m/z):
402.2138; UV/VIS (methanol), Ȝmax nm (log İ): 208
(4.35), 240 (4.54), 286 (3.67).

1-[3-(3-Methoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium chloride (5c)
Yield: 75%; m.p. 180±182°C; Rf: 0.51; Anal.
Calcd. for C19H26ClN5O4: C, 53.84; H: 6.18; N:
16.52; Found %: C, 53.78; H: 6.26; N: 16.42; IR
ȣmax (KBr/cm±1) 3452, 3264, 2982, 2955, 2880,
2834, 2594, 2458, 1730, 1612, 1538, 1451, 1335,
1209, 1062, 972, 744; 1H NMR (300 MHz,
DMSO-d6) į: 3.08±3.82 (10H, m), 3.70 (3H, s),
4.12 (2H, d, J=4.8 Hz), 4.32±4.40 (1H, m), 4.72
(1H, br s), 6.50 (1H, dd, J=8.1 Hz, J=2.0 Hz), 6.78
(1H, t, J=4.7 Hz), 7.02 (1H, d, J=7.8 Hz), 7.12 (1H,
s), 7.18 (1H, t, J=8.0 Hz), 8.48 (2H, d, J=4.7 Hz),
9.78 (1H, br s), 10.92 (1H, br s); 13C NMR (75
MHz, DMSO-d6) į: 50.6, 51.7, 58.2, 62.8, 63.4,
65.6, 104.4, 108.2, 110.2, 111.4, 129.3, 140.2,
153.0, 158.1, 158.8, 160.0; MS (m/z): 388.1975;
UV/VIS (methanol), Ȝmax nm (log İ): 210 (4.72),
240 (4.84), 284 (3.86).
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1-[3-(3-Ethoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium chloride (5d)
Yield: 80%; m.p. 200±202°C; Rf: 0.62; Anal.
Calcd. for C20H28ClN5O4: C, 54.85; H: 6.44; N:
15.99; Found %: C, 54.82; H: 6.40; N: 15.85; IR
ȣmax (KBr/cm±1) 3433, 3254, 2970, 2955, 2876,
2833, 2605, 2464, 1733, 1609, 1536, 1448, 1337,
1218, 1054, 947, 765; 1H NMR (300 MHz,
DMSO-d6) į: 1.31 (3H, t, J=6.9 Hz), 3.08±3.82
(10H, m), 3.96 (2H, q, J=6.9 Hz), 4.09 (2H, d,
J=4.7 Hz), 4.32±4.44 (1H, m), 4.73 (1H, br s), 6.55
(1H, dd, J=8.0 Hz, J=2.0 Hz), 6.79 (1H, t, J=4.7
Hz), 7.03 (1H, d, J=7.8 Hz), 7.13 (1H, s), 7.16 (1H,
t, J=8.0 Hz), 8.46 (2H, d, J=4.7 Hz), 9.78 (1H, br
s), 10.94 (1H, br s); 13C NMR (75 MHz, DMSO-d6)
į: 14.5, 50.6, 51.9, 58.4, 62.7, 63.4, 65.8, 104.5,
108.1, 110.4, 111.2, 129.4, 140.1, 153.0, 158.0,
158.7, 160.0; MS (m/z): 402.2133; UV/VIS
(methanol), Ȝmax nm (log İ): 212 (4.77), 240 (4.75),
286 (3.85).
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CALCULATION
PARAMETERS

OF

DRUG-LIKE

Molecular weight (MW), a number of
hydrogen bond acceptors (nON), a number
of hydrogen bond donors (nOHNH), a number of
rotable bonds (nrotb) and topological polar surface
area (TPSA) readouts for basic alkoxyphenylcarbamates 5aB±5dB were calculated by
interactive
web-based
tool
Molinspiration
Cheminformatics
(Molinspiration
Cheminformatics, Slovak Republic; Table 1). The values
of partition coefficient logarithms predicted for
octan-1-ol/water system of given molecules were
calculated by applying computerized CLOGP 4.0
method [14] as well as MLOGP approach [15]
which were integral part of ChemBioDraw Ultra
12.0 software package (CambridgeSoft, USA) and
Virtual Computational Chemistry Laboratory´s
ALOGPS 2.1 interactive applet [16], respectively.

TABLE 1
Drug-like properties calculated for prepared bases 5aB±5dB by applying Molinspiration Cheminformatics
interactive applet, ALOGPS 2.1 and ChemBioDraw Ultra 12.0 software packages.
Entry

MW

CLOGP

MLOGP

nONa

nOHNHb

nrotbc

TPSAd/Å2

5aB

387.44

1.32

0.64

9

2

8

100.05

5bB

401.47

1.85

0.87

9

2

9

100.05

5cB

387.44

1.32

0.64

9

2

8

100.05

5dB

401.47

1.85

0.87

9

2

9

100.05

a

b

nON =number of hydrogen bond acceptors, nOHNH =number of hydrogen bond donors, nrotbc=number
of rotable bonds, TPSAd=topological polar surface area

strain was clinically isolated because isoniazide-resistant strains of M. kansasii have not been found
in Czech Republic or Slovak Republic yet.

IN
VITRO
ANTIMYCOBACTERIAL
SUSCEPTIBILITY TESTING
Microorganisms. For in vitro evaluation of
the activity of prepared compounds 5a±5d and
standard drugs, following mycobacterial strains
were used: M. tuberculosis CNCTC My. 331/88
(identical with H37Rv and ATCC 27294; dilution
of the strain was 10±3 ȝPROā/±1), M. kansasii
CNCTC My. 235/80 (identical with ATCC 12478;
dilution of the strain was 10±4 ȝPROā/±1), M. avium
CNCTC My. 330/88 (identical with ATCC 25291;
dilution of the strain was 10±5 ȝPROā/±1), obtained
from the Czech National Collection of Type
Cultures (CNCTC), National Institute of Public
Health (Prague, Czech Republic) and M. kansasii
6509/96 (dilution of the strain was 10±4 ȝPROā/±1)
in the National Reference Laboratory for
M. kansasii, Regional Institute of Hygiene in
Ostrava (Czech Republic). The M. kansasii 6509/96

CULTURE MEDIA
Antimycobacterial activity of the molecules
under the study was determined in âula
semisynthetic medium (SEVAC, Czech Republic).
Each tested strain was simultaneously inoculated
into a Petri dish containing Lowenstein-Jensen
medium for the control of sterility of the inoculum
and its growth, as reported [17, 18]. The
compounds were added to the medium
in dimethylsulfoxide (DMSO; Merck, Germany)
solutions.
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the lowest concentration of a substance (on the
above concentration scale), at which the inhibition
of the mycobacteria growth occurred. The
evaluation was repeated three times and the MICs
were the same. The values of MIC which have been
estimated for tested compounds are reported
in Table 2 in ȝPRO·L±1 units.

DETERMINATION
OF
MINIMUM
INHIBITORY CONCENTRATION (MIC)
Final concentrations were 1000, 500, 250,
DQGȝPROā/ ±1. The
MICs were determined after incubation at 37ºC for
7 days (abbreviation used: 7d), 14 days (14d) and
21 days (21d), respectively (Table 2). The MIC was

TABLE 2
The MIC values of the compounds under the study 5a±5d against selected mycobacterial strains.

a

Entry
5a
5b
5c
5d
INH
ETB

MT
My. 331/88
7d
21d
500
1000
250
500
250
500
125
250
0.5
1
1
2

MIC/ȝPROā/±1
M. avium
M. kansasii
My. 330/88
My. 235/80
14d
21d
7d
14d
500
>500
500
>1000
500
500
500
1000
500
1000
500
1000
500
1000
500
1000
>250
>250
>250
>250
1
2
2
16
MTa=M. tuberculosis

21d
>1000
1000
1000
1000
>250
16

7d
1000
500
500
500
2
1

M. kansasii
6509/96
14d
1000
1000
1000
500
4
2

21d
1000
1000
1000
1000
8
2

bamoyloxy)-2-hydroxypropyl]-4-(pyrimidin-2-yl)piperazinium chlorides, when saturated solution of
hydrogen chloride in diethyl ether was added.
Described procedure took place at a
sufficiently high rate at room temperature with
constant stirring providing relatively satisfactory
72±80% yields, respectively. In terms of 2-/3-alkoxy side chain isomerism, practically no
differences in the yields between corresponding
compounds were found out.
Further, the purity of synthesized final salts
was verified by TLC using eluant petroleum
ether/diethyl amine (8:3, v/v) as mobile phase. The
spots were observed under iodine vapours/UV light
(254 nm). The elongation of attached alkoxy group
led to higher Rf values, as expected. The position of
this side chain influenced the estimated Rfs; 2-alkoxy positional isomers have shown slightly
higher values, 0.61 and 0.68, than the 3-alkoxy
substituted ones with their Rfs of 0.51 and 0.62,
respectively. All the newly synthesized colorless
target substances 5a±5d were fully characterized by
1
H NMR, 13C NMR, IR and ESI-MS spectral data
which were in full accordance with proposed
structures.
Elemental analyses readouts of the compounds
5a±5d pointed out that the addition of saturated
solution of hydrogen chloride in diethyl ether led to
the protonization of only one nitrogen atom of
piperazin-1,4-diyl fragment due to positive
mesomeric effect of one nitrogen towards aromatic
ring. This statement was further evidenced by the
mass spectral data of all considered final structures

RESULTS AND DISCUSSION
CHEMISTRY
Target original 2-/3-alkoxyphenylcarbamoyloxyaminolpropanols (where alkoxy=methoxy or
ethoxy group) were allowed to prepare, exploring
the influence of (i) positional isomerism of attached
alkoxy side chain and (ii) the substitution within
basic compartment on the activity against selected
tuberculous and non-tuberculous mycobacterial
strains.
Based on outlined strategy of modifying
arylcarbamoyloxyaminopropanols´
chemical
structure, titled molecules were prepared as
racemates according to synthetic procedures drawn
in Scheme 1 and Scheme 2. Initially, the reaction
of 2-/3-alkoxyphenyl isocyanates 1a±1d, which
were employed as convenient starting compounds,
with (±)-oxiran-2-ylmethanol 2 in anhydrous
toluene (Scheme 1) provided colorless (±)-oxiran-2-ylmethyl-2-/3-alkoxyphenylcarbamates 3a±3d.
The yields of given synthetic step, nucleophilic
addition which led to 3a±3d, varied in the interval
of 68±70%. Spectral characteristics of all prepared
intermediates 3a±3d are given in detail within
Material and Methods part.
As drawn in Scheme 2, the molecules 3a±3d
came under nucleophilic addition by the reaction
with commercially available 1-(pyrimidin-2-yl)piperazine 4 to give basic derivatives 5aB±5dB
which were converted into corresponding chlorides
5a±5d, chemically 1-[3-(2-/3-alkoxyphenylcar-
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wherein the molecular peaks of (M + H)+ were
observed. In addition, the elemental analyses results
were within ±0.4% of theoretical values for
corresponding monochlorides, as documented
in Material and Methods part. Molecular absorption
in the ultraviolet and visible region of the spectrum
LV GHSHQGHQW RQ WKH PROHFXOH¶V HOHFWURQLF
structure [19]. In methanol medium, final
compounds 5a±5d have shown three absorption
maxima. The values of molar absorptivity İ (log İ)
are commonly used for comparing the UV/VIS
spectra of different compounds because they are
considered intrinsic property of a species. Prepared
molecules 5a±5d displayed only slight difference in
the values of log İ related to 2- and 3-alkoxy
positional isomers. Inspecting given set the
substances, with the increase in molecular weight
WKHYDOXHVRIORJİFKDQJHGLUUHJXODUO\
Non-protonated
alkoxyphenylcarbamates
5aB±5dB (Table 1) were investigated in silico to
consider some of their drug-like parameters [20, 21], i.e. molecular weight (MW) under 500,
predicted values of log P for octan-1-ol/water
system by applying Moriguchi [15] prediction
method (MLOGP) equally or less than 4.15 or by
using Leo´s [14] prediction approach (CLOGP)
equally or less than 5, the number of hydrogen
bond donors (nOHNH) equally or less than 5, the
number of hydrogen bond acceptors (nON) equally
or less than 10, the number of rotable bonds (nrotb)
equally or less than 10 and, finally, the values
of topological polar surface area (TPSA) equally
or less than 140 Å2.
It should be pointed out that current paper was
not based on combinatorial approach. Rather, it was
intended to be a methodical parallel approach to
create a precise, well characterized set of the
compounds with the properties intended to fall
within the calculated (predicted) range of the
molecular physicochemical profile of antimycobacterial drugs.
As the results summarized in Table 1
unambiguously indicated, given compounds have
entirely met the criteria formulated above, which
have been also known as the Lipinski Rule of Five
(RO5). The RO5 has been based on a distribution
of calculated properties among several thousand
drugs [20-22]. It means that the molecules under
the study, assuming their delivery by oral route and
absorption by passive mechanisms [21], would be
able to show good oral bioavailability. It should be
also noted that, in general, the RO5 compliant
compounds are not automatically regarded as good
drugs [22]. For instance, they must contain enough
functionality to interact in a meaningful way with
a protein [23]. In addition, applied CLOGP and
MLOGP predictor methods implemented within the
RO5 have been primarily designed for the
evaluation of non-protonated compounds. That was
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the reason why current research focused on the
evaluation of the bases 5aB±5dB.
IN
VITRO
ANTIMYCOBACTERIAL
SUSCEPTIBILITY TESTING
Target compounds 5a±5d containing one
stereogenic centre were tested as racemates. They
were initially in vitro screened for the activity
against M. tuberculosis CNCTC My. 331/88
(identical with H37Rv and ATCC 2794), M. avium
CNCTC My. 330/80 (identical with ATCC 25291),
M. kansasii CNCTC My. 235/80 (identical with
ATCC 12478) and clinical isolate of M. kansasii
6509/96 by the dilution-micromethod [17, 18]
in âXODVHPLV\QWKHWLFPHGLXP
The MIC was defined as the lowest
concentration of particular compound at which the
inhibition of the mycobacteria growth occurred.
The MIC readouts of 5a±5d were reported in
Table 2. In addition, their activity was compared to
the efficiency of simultaneously evaluated
reference drugs, i.e. first-front line anti-TB
compound isonicotinic acid hydrazide (isoniazide,
INH) and ethambutol (ETB), respectively, under the
same experimental conditions.
From currently reported preliminary in vitro
screening (Table 2) was noticed that the substances
5a±5d have shown the MICs ranging from 125 to
 ȝPRO·L±1. Following 2-/3-alkoxy positional
isomerism, 3-alkoxy derivatives were more
effective against given tuberculous slow-growing
pathogen than the 2-alkoxy ones (Table 2). In entire
tested set, the lipophilicity enhancement
of investigated substances meant the increase in the
potency.
Taking into the consideration the data
resulting from previous in vitro antimycobacterial
evaluation of structurally similar molecules [24],
chemically
1-[3-(2-/3-/4-alkoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(2-methyl-/4-fluoro-/
3-trifluoromethylphenyl)piperazinium
chlorides
(where alkoxy=methoxy to butoxy group), current
introduction of 4´-(pyrimidin-2´-yl)piperazin-1´-yl
into the structure instead of 4´-(substituted
phenyl)piperazin-1´-yl fragment led to the decrease
in the efficiency against M. tuberculosis H37Rv. It
has been known that both nitrogens polarized the
ʌ-electron system of pyrimidin-2-yl, resulting
in decreased electron density on the ring carbons.
Current experiments proved that the presence
of such heteroaromatic system within basic part did
not mean the improvement in the effectiveness
compared to previously evaluated molecules
containing
4´-(4´-fluorophenyl)piperazin-1´-yl
fragment and identical 2-/3-alkoxy group [24]
attached to lipophilic moiety as well. Fluorine has
played a pivotal role in novel drug discovery for
modulating physical and biological properties of
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ETB was the most active showing the MICs 1 and
2 ȝPROā/±1, respectively.
Following the MICs from current in vitro
screening after 7, 14 and 21 days of incubation
(Table 2), it can be clearly noticed that investigated
3-alkoxy positional isomers were more efficient
against INH-resistant (MIC! ȝPROā/±1)
M. kansasii My. 235/80 as well as against
M. kansasii 6509/96 than those with alkoxy moiety
attached to 2-position.
It seemed that the lipophilicity could play
an important but probably not decisive role in terms
of the activity of currently tested derivatives against
M. kansasii 6509/96 (Table 2). Following previous
observations, more lipophilic 3-alkoxy substituted
molecules which contained 3´-trifluoromethyl
group directly attached to N-phenylpiperazin-1´-yl [29] were slightly more promising (MIC=32
ȝPROā/±1 after 14- and 21-day incubation,
respectively) compared to currently investigated
compounds.
In addition, reference drug ETB was
considered the most active molecule among whole
the tested set (Table 2).
A closer look into antimicrobial activities of
the compounds 5a±5d revealed that the presence of
pyrimidin-2´-yl group as highly ʌ-electron deficient
aromatic heterocycle [30] caused the decrease in
the potency against all inspected mycobacterial
strains regardless the 2-/3-alkoxy positional
isomerism involved by the substituent attached to
phenyl ring. Inductive effects of both nitrogen
atoms led to partially positive charge on carbon
atoms [31]. Following the calculation of various
aromaticity indices, Calaminici et al. [32] clearly
indicated that the aromaticity of pyrimidine
heterocycle was considered lower than those of
benzene ring.
According to the conclusions from the
paper [8] it could be suggested that the replacement
of 4´-(substituted phenyl)piperazin-1´-yl ring by
bulkier benzhydryl group would mean the increase
in antimycobacterial potency. In addition,
molecular modeling and docking studies of
quinolone and naphthalene based derivatives [8],
which
contained
2-hydroxypropane-1,3-diyl
connecting chain and N-arylpiperazine moiety,
revealed the importance of hydroxyl group in terms
of hydrogen bonding interactions with key amino
acid residues at the putative binding site of ATP
synthase of M. tuberculosis H37Rv.

the compound. Due to its higher electronegativity,
an incorporation of fluorine atom(s) into the
molecule
can enhance
their
biopotency,
bioavailability,
metabolic
stability
and
lipophilicity [25]. Lower MIC data were previously
determined when the atom of fluorine was replaced
by electron-donating 2´-methyl moiety or highly
electron-withdrawing 3´-trifluoromethyl group
which incorporation into chemical structure has
been regarded as one of the most significant
strategies to improve pharmacological activities of
the molecule due to its high lipophilicity, thereby
enhancing in vivo uptake and transport of the drug
candidate [24, 26].
It could be stated that INH demonstrated the
lowest MIC readout in vitro  DQG  ȝPROā/±1,
respectively), as listed in Table 2.
Surprisingly, previous investigation of
structure±antimycobacterial activity relationship in
the group of Äclassical³ aryloxyaminopropanols,
which contained substituted N-arylpiperazin-1-yl
moiety, has shown that the embranchment in
lipophilic part and simultaneous substitution within
given salt forming fragment by 3´-trifluoromethyl,
4´-fluoro, 4´-chloro or by 3´,4´-dichloro group led
to the loss of the potency against M. tuberculosis
H37Rv [8]. In addition, the compounds containing
4´-(pyridin-2´-yl)piperazin-1´-yl
moiety
were
considered moderately active [27] or practically
inactive [8].
Following
in vitro
evaluation
of hybridized cinnamic acid derivatives employing
N-arylpiperazine group [10], similar conclusions
were made. The introduction of pyridin-2´-yl led
to decrease in antitubercular activity.
Panda et al. (2005) previously investigated in
vitro diaryloxy methano phenanthrene derivatives
which
contained
2-hydroxypropane-1,3-diyl
connecting chain and cyclic or acyclic amines [28].
The authors reported that the increase in the ring
size of cyclic amines gave lower order of
determined MICs against M. tuberculosis H37Rv. In
addition, the replacement of cyclic amines for the
acyclic ones provided higher antitubercular activity.
Similarly, the introduction of shorter alkyl amino
chain between 2-hydroxypropane-1,3-diyl and
cyclic amine fragment meant higher potency
against this strain [28].
Current experiments have also shown that in
vitro efficiency of the molecules 5a±5d against
INH-resistant
(MIC!
ȝPROā/±1)
nontuberculous M. avium CNCTC My. 330/80 was not
dependent on 2-/3-alkoxy side chain isomerism. As
can be seen in Table 2, all the inspected compounds
were completely inactive regardless the position
of alkoxy chain. The presence of 4´-(3´-trifluoromethylphenyl)piperazin-1´-yl group was
previously considered more promising for the
potency of such compounds [29]. Within all
currently investigated molecules, applied standard

CONCLUSIONS
Current research focused the synthesis, in
silico calculated drug-like properties and in vitro
testing
of
2-/3-alkoxyphenylcarbamic
acid
derivatives bearing both 2-hydroxypropane-1,3-diyl
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[4] Trivedi, A.R., Dodiya, D.K., Dholariya, B.H.,
Kataria, V.B., Bhuva, V.R. and Shah, V.H.
(2011) Synthesis and biological evaluation of
some novel N-aryl-1,4-dihydropyridines as
potential antitubercular agents. Bioorg. Med.
Chem. Lett. 21, 5181-5183.
[5] ýLåPiULNJ. and Waisser, K. (2008) Review of
potentially antituberculotics: Esters of
substituted phenylcarbamic acids. Folia
Pharm. Univ. Carol. 37, 91-94.
[6] Nagesh, H.N., Suresh, N., Naidu, K.M., Arun,
B., Sridevi, J.P., Sriram, D., Yogeeswari, P.
and Sekhar, K.V.G.Ch. (2014) Synthesis and
evaluation of anti-tubercular activity of 6-(4-substitutedpiperazin-1-yl)
phenanthridine
analogues. Eur. J. Med. Chem. 74, 333-339.
[7] Nair, V., Okello, M.O., Mangu, N.K., Seo, B.I.
and Gund, M.G. (2015) A novel molecule
with notable activity against multi-drug
resistant tuberculosis. Bioorg. Med. Chem.
Lett. 25, 1269-1273.
[8] Upadhayaya, R.S., Vandavasi, J.K., Kardile,
R.A., Lahore, S.V., Dixit, S.S., Deokar, H.S.,
Shinde, P.D. and Sarmah, M.P. (2010) Novel
quinoline and naphthalene derivatives as
potent antimycobacterial agents. Eur. J. Med.
Chem. 45, 1854-1867.
[9] Kathrotiya, H.G. and Patel, M.P. (2013)
Synthesis and identification of ȕ-aryloxyquinoline based diversely fluorine substituted
N-aryl quinolone derivatives as a new class of
antimicrobial, antituberculosis and antioxidant
agents. Eur. J. Med. Chem. 63, 675-684.
[10] Patel, K.N. and Telvekar, V.N. (2014) Design,
synthesis and antitubercular evaluation of
novel series of N-[4-(piperazin-1-yl)phenyl]cinnamamide derivatives. Eur. J. Med.
Chem. 75, 43-56.
[11] Morini, G., Pozzoli, C., Menozzi, A., Comini,
M. and Poli, E. (2005) Synthesis of 1,2-benzisothiazolyloxypropanolamine
derivatives and investigation of their activity at ȕ-adrenoceptors. Farmaco 60, 810-817.
[12] Brizzi, A., Brizzi, V. and Valoti, M. (2005)
Synthesis and in vitro pharmacological
activity of oxypropanol analogs of labetalol.
Farmaco 60, 105-111.
[13] Liang, J.-Ch., Yeh, J.-L., Wang, Ch.-S., Liou,
S.-F., Tsai, Ch.-H. and Chen, I.-J. (2002) The
new generation dihydropyridine type calcium
blockers, bearing 4-phenyl oxypropanolamine,
display Į-/ȕ-adrenoceptor antagonist and long-acting antihypertensive activities. Bioorg.
Med. Chem. 10, 719-730.
[14] Leo, A. (1991) Daylight Chemical Information
Systems: Irvine, California.

connecting chain and 4´-(pyrimidin-2´-yl)piperazin-1´-yl fragment against M. tuberculosis CNCTC
My. 331/88 (M. tuberculosis H37Rv), M. kansasii
CNCTC My. 235/80, M. avium CNCTC My.
330/88 and M. kansasii 6509/96, respectively. The
results confirmed that 3-alkoxy substituted
substances would be promising candidates for
potent antimicrobial agents, especially against
M. tuberculosis H37Rv. It was suggested that the
nature of the N-arylpiperazin-1´-yl moiety played
an important role, the presence of highly ʌ-electron
deficient aromatic heterocycle instead of suitably
substituted phenyl ring led to decrease in the
efficiency against tuberculous as well as potentially
pathogenic mycobacterial strains. In terms of the
synthesis, that knowledge suggested the ring
opening of (±)-oxiran-2-ylmethyl group by
sterically bulkier (substituted) phenylalkylamine
nucleophiles (e.g. 1-benzhydryl-piperazine) which
might lead to more convenient pharmacophore for
further antimycobacterial activity optimizing of
such compounds.
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of environmental protection, and national
authorities to support wind power project in the
policy, wind power in China has been rapid
development.
Liaoning Province Beizhen city is one of
the areas with abundant wind energy
resources(GONG Qiang, et al., 2009), where the
wind speed, wind direction stability, and in most
of the flat, open, suitable for large-scale
development and installation of wind turbine. To
take advantage of local wind energy resources,
drive the region and regional economic
development, Beizhen city planning and
construction of the people's government of 100
MW wind farm. Regional development and
construction of wind farms will inevitably
destroy vegetation, construction activities can
cause surface rolling, the development and
construction activities will cause certain
influence to the ecological environment in the
study area (Ilhami Kiziroglu and Ali
Erdogan,2015). Beizhen city is located in the
western liaoning region, the regional vegetation
coverage rate is low, the ecosystem is fragile,
through wind power planning area of ecological
suitability and related policy analysis, reasonable
use of GIS technology defined area of suitable
development areas, provides the scientific basis
for the later period of wind power development
and ecological protection to wind power
development in the region will produce important
influence(Wang Kunping,2015; Pan Yan-qiu and
Li Lu,2011).

ABSTRACT
Wind farms construction projects influence
of natural resources mainly appears as the
occupation of land resources which will make the
functions and structure of land to change.
Meanwhile, local ecological environment will
also be broken. This paper introduces the related
concept
and
research
development
of
ecological-suitability and GIS. Then, the
procedures of the evaluation are set up,
combining the qualitative research with the
quantitative one. The factor weighted-stack
method is employed as the rationale, and GIS as
the technical platform. Accordingly, evaluation
index system is built, evaluation criteria
determined and the method and process of
ecological-suitability analysis of wind power
development planning area are made. Finally, the
wind power development planning for Liaoning
Province Beizhen city has been illustrated as the
example. To sum up, this dissertation confirms
that the ecological-suitability analysis of wind
power development planning area relying on GIS
brings much convenience to ecological plan, and
at the same time, improves the reasonability,
accuracy, timeliness, and efficiency, which is of
great importance to reasonable specific planning.

KEYWORDS:
wind power development planning; GIS; overlay
analysis; the ecological-suitability analysis

STUDY AREA AND METHODS
INTRODUCTION
A Survey of Wind power planning area.
Through micro and macro location survey and
filter, Beizhen city will plan newly increased two
wind farm development area within its
jurisdiction, is located in the Dashi town and
Zhengan Town. The evaluation is 24.1~321m
altitude hills. Due to planning area mostly is a

Wind energy is a clean, renewable energy.
Wind power do not need to consume mineral
energy, do not pollute the environment, the
construction period is short and flexible,
meanwhile, it has also a good social and
economic benefits. With the enhanced awareness
2063
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spatial data collection, processing, storage,
analysis and performance, so the spatial data
source, data acquisition method, generating
process, quality directly affect the potential of
geographic information system application, cost
and efficiency.
Research data of Landsat 8 and Digital
Elevation Model (DEM) are from the U.S.
Geological Survey. The evaluation factor and
evaluation standards are choosed after analyzing
the terrain, elevation, slope, slope aspect,
vegetation and buffer. In order to determine the
weights of evaluation factor, the fuzzy analytic
hierarchy process (FAHP) is applied to
comprehensively evaluate
the ecological
suitability analysis of construction land grading
in wind power development planning.

hilly terrain, more gentle topography, top of the
mountain ridge, the wind speed is larger, more
suitable for wind turbine configuration. Planning
a total installed capacity of 100MW, planning
area of 127.63km2.
Planning area location as shown in figure 1.

Single factor classification and evaluation.
The last steps of each ecological evaluation
factors of the original information will be unified,
graded and quantification. According to the needs
of spatial analysis, to determine the required
evaluation criteria. The evaluation criteria is
divided into three gradesˈwhich respectively are
most sensitive, sensitive and low sensitive. Then
the thematic layer is established for each single
factor in the different attribute. Each quantitative
single factor will be shown by an attributive layer.
According to the factor classification standard to
make the analysis map of a single factor, the
specific drawing process is as follows: spatial
properties of each factor defined by the vector
graphics software such as AutoCAD, then import
the GIS application software such as ARC/INFO
software. Next, the classification score results at
the previous pass will do data entry, and establish
a factor analysis of the regional spatial data (Ai
Qiao, 2007).

FIGURE 1
The geographical location of planning
area map.

The analysis method of Ecological
Suitability for Wind Power Development
Planning. This study uses the weighted overlay
analyses of a GIS-based tool as a theoretical basis
and the possible applications in solving the
problem of ecological sensitivity analysis of wind
power planning. It is necessary to overlay with
multi-layers for solving sensitivity analysis. After
the overlapping layers, each independent
influence factor can be corresponding to a layer.
When we are using GIS-based tool as analyzing
and evaluating for ecological sensitivity, we need
to solve two problems: one is how different
factors into independent layers, the two is how to
overlay in each layer (Tang Guoan and Yang Ting,
2006).

Weight Determination. Weight is used to
measure the relative importance of the single
factor, the greater the weight, the greater the
impact of the factor on the sensitivity of the
factor. The determination of weight in the
ecological sensitivity analysis is a key step,
which is often influenced by the subjective
factors of the decision makers, but to minimize
the error caused by human factors, and it is able
to reflect the true relative relationship between
the standards.
In the process of the superposition of factors,
the weight is need to be standardized, so that
summation of all the weight value is 1. When
there is a factor of N, all the weight is expressed
as W1 ˈ W2 ˈ W3 ˈ « ˈ Wn ˈ ȈWn=1(Zhang
Jun-hua,2004).

Methods. Weighted overlay analysis is a
most popular method for ecological sensitivity
analysis. Its basic principle is based on the
overlay method, which is by multiplying the
single factor evaluation value and its weight
value, accumulative sum again. Weighted overlay
analysis is better suited to computer technology,
and the same as the principle of overlay of GIS
technology (Hakan Mete Dogan et al.,2005), so
the weighted superposition method and GIS can
be a good fit.
The data source. The geographic
information system is around the spatial The
geographic information system is around the
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RESULTS
Ecological Suitability GIS-based. Data
Processing Analysis. Vegetation Analysis. This
paper cut out wind power planning area from
Landsat8-TM full band image as the research
object, the imaging time is May 13, 2015. Day
the weather was clear and cloudless, image
quality better, land type has the obvious
difference. Using ERDAS IMAGINE and
ARC/INFO software to draw the vegetation in
the study area map, the result is as shown in
figure 2.
Elevation Analysis. Elevation analysis is
divided into several groups according to the
number of the contour lines by a certain distance,
using different symbols or colors to distinguish,
to show the elevation changes, the maximum
height and the minimum height. The elevation
analysis can help the planner to find out the best
development zone in the planning area, and direct
the wind power planning.
In ArcGIS10. 2, elevation analysis is
achieved by using the Counters command, the
result is as shown in Figure 3. By Figure 3 we
can see the whole planning area is divided into
10 levels, the highest elevation of 321m, and the
minimum elevation 24m.

FIGURE 3
The evaluation analysis map.

FIGURE 4
The slope analysis map.

Slope Analysis. The slope of a certain point
on the ground indicates the extent of the tilt at
that point. Slope analysis is the expression and
understanding of a particular means of terrain
structure. Because different land use types need
to be built on the basis of different terrain, so we
should consider the slope of the region in the
development of wind power.
In this paper, we use DEM data to extract
the slope, the results are shown in Figure 4.
Figure 4 is divided into six grades according to
the different color, color is red local slope is
greater, display color from the point of view,
planning area smaller slope, mostly in less than
10 degrees.

FIGURE 2
The vegetation analysis map.

Slope Aspect analysis. The slope aspect is
defined as the angle between horizontal
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has a relationship with the distance, so for the
buffer analysis, the result is shown in figure 6
and figure 7.

projection of normal and north direction. In
ArCG1S10.3, in the output of the slope to the
data, the slope aspect value is defined as: north
direction is 0º, east of 90º, and so on. Different
slope aspect, its acceptance of solar radiation and
sunshine duration are not the same, the
temperature difference is also great. The sunlight
in southern slope is clearly better than northern
slope, the average temperature is high. Different
slope accepts have an important impact on the
building's location, and most people like the
sunny environment and more exposure to the sun.
And due to different light requirements of plants,
vegetation north and south slope has a
corresponding difference, which will have a
guiding significance for planning.

FIGURE 6
The residential areas buffer map.

FIGURE 5
The slope aspect analysis map.

The slope aspect is similar to the slope,
which can be extracted directly from the DEM
data of the ArcGIS10.2, and the results are shown
in Figure 5. The slope aspect is been divided into
eight different directions with different
color ,East (67.5º ~ 112.5Ϩ), southeast (112.5º ~
157.5º), south (157.5º ~ 202.5º), southwest to
(202.5º ~ 247.5º), west (247.5º ~ 292.5º),
northwest (292.5º ~ 337.5º), north (0º ~ 22.5º and
337.5º ~ 360º), north (22.5º ~ 67.5º). By figure,
the east is priority to south in planning area.

FIGURE 7
The road buffer map.

The ecological suitability analysis in the
application of wind power development
planning. Selection of Ecological Factors. This
paper mainly analyzes the man-made negative
effect of natural environment in the development
of wind power, maintains the original biological
population, structure and function, improves the
recovery ability of the natural environment, and
improve the stability and load bearing capacity of
the ecological system or natural environment.
The terrain factor, vegetation factor and the
resident factor have influence on it. The selection
of the factors is as follows:

Buffer Analysis. Buffer analysis is based on
a certain type of graphic elements (point, line,
surface) to develop a certain width. Buffer
analysis has many practical applications in
planning.
In this study, the impact of residential area
and road on the suitability of construction land
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Evaluation of Single Factor. The raw data
of each evaluation factor is hierarchical and
quantitative, the basic data is input into computer
system, and the data information can be
identified by ArCG1S10.3. Each single factor for
one layer, which will be single factor sensitivity
classification and cartography. Using Delphi
method to determine the value of the single factor
sensitivity evaluation, grade 3, 5, 3, 1 on behalf
of the ecological sensitivity level and for grading
more factor, using 4, 2 as median (see Table 1).
Each single factor evaluation diagram is shown
in figure 2~7.

Terrain factor: the terrain is a larger frame
and background in regional ecological
environment and landscape quality, the terrain
has an important impact. This study selected
elevation, slope, slope aspect to evaluate, the
slope is the greater, soil and water conservation
requirements are the higher, and the slope of the
plant growth can have a greater impact, generally
the growth of shrubs or trees when the slope is
greater than 25°, the grass is difficult to grow
when the slope is greater than 45°. Elevation is
an important factor in the ecological environment,
the air temperature decreases with increasing
altitude, causing the distribution of plants
showing a significant characteristic vertical
stratification, entire ecosystems are also showing
a significant vertical distribution as the
temperature decreased, ecological diversity of
decreased, ecological system also become fragile.
The slope aspect to the microclimate is the
important part, south by east, is the most superior
can fully accept lighting and ventilation and
conducive to the growth of plants.
Vegetation factors: vegetation is the most
important and sensitive natural factor in the
ecological environment. It is an important factor
to protect the ecological gene pool and improve
the environment. It plays a role in regulating the
microclimate, protecting the biodiversity and
maintaining the good ecological environment. In
this study, the vegetation diversity index was
used to evaluate.
Resident factor: residential area is the
important protection object of the wind power
planning area. In this study, we used the analysis
of residential area buffer analysis as evaluation
index.
The road buffer factor: the road is the wind
power planning area important objects of
protection. In this study, we used the road buffer
analysis as evaluation index.

Determination of Weight. According to the
importance of analysis factors in the sensitivity,
the weight value of each factor is calculated by
using the paired comparison method. Comparison
of six single factors, such as elevation, slope, etc.
According to the weight value calculating
method of single factor weight value (see table
2).
After obtaining the weight of each factor,
but also testing whether the scientific and correct,
because this is only the value of the two
evaluation criteria, the evaluation criteria for the
whole does not necessarily have such a value. At
this time need to view the "integration" (C.I.) to
solve. Integration (C.I.) = (total score of
arithmetic mean-(item number) / (item number
-1). The average C.I. value is between "0-1" and
sometimes the "0.15"can be reached according to
the need (Wu Bin, 2009). If the calculation
results are reasonable and feasible in the interval,
the calculation results are reasonable and
feasible.
After calculating its integration degree (C.I.)
= (the total score of the arithmetic average
number of items) / (item number -1) =
(6.3611+7.0272+5.9661+7.0421+6.7393+5.

TABLE 1
The factor grading of protection planning in wind farm planning area.
Ecological Level

Factor
1

2

3

4

5

Evaluation
Slope

˘100m
˘5°

100-150
5°~10°

150-200
10°~15°

250-300
15°~20°

˚300m
˚25°

Slope Aspect

Flat, South

Southeast, Southwest

East, West

Northeast, Northwest

North

Vegetation

Other

-

Grassland

-

Woodland

Buffer Residential Area

˚500m

500~400m

400~300m

300~200m

˘200m

Buffer Road Area

˚200m

150~200m

100~150m

50~100m

˘50m
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TABLE 2
The weight analysis of single factor.
Buffer

Buffer

Residential

Road

Slope
Factor

Evaluation

Slope

Arithmetic-Geometric
Vegetation

Aspect

Mean
Area

Area

Weight

Evaluation

1

1/3

3

1/5

1/7

1/3

0.46

0.0503

Slope

3

1

5

1/5

1/7

1

0.87

0.0948

1/3

1/5

1

1/7

1/9

1/3

0.27

0.0290

5

3

7

1

1/3

5

2.37

0.2582

7

5

9

3

1

7

4.33

0.4730

3

1

5

1/5

1/7

1

0.87

0.0948

Slope Aspect
Vegetation
Buffer
Residential
Area
Buffer Road
Area

Note: the weight value= individual geometric average/the geometric average
TABLE 3
The C.I. value calculation of limited model.

Factor

Slope

Buffer Road

Area

Area

Slope

Evaluation

0.0503

0.1508

0.0168

0.2513

0.3518

0.1508

Slope

0.0316

0.0948

0.0190

0.4740

0.6635

0.0948

Slope Aspect

0.0871

0.1451

0.0290

0.2031

0.2612

0.0871

Vegetation

0.0516

0.0861

0.0369

0.2582

0.7746

0.0516

0.0676

0.0946

0.0526

0.1577

0.4730

0.0676

Buffer Road Area

0.0316

0.0948

0.0190

0.4740

0.6635

0.0948

Total

0.3197

0.6661

0.1731

1.8182

3.1877

0.5466

Score

6.3611

7.0272

5.9661

7.0421

6.7393

5.7667

Buffer

Residential

Area

Aspect

Vegetation

Buffer Residential

Evaluation

7667) /6-6) / (6-1) =0.09675. Calculation result
according to table 3 shows that the basic standard
of content to less than 0.1, so the weight of the
judgment result can be used.
Comprehensive Evaluation Sensitive
Area division. Using the weighted superposition
method of calculating formula: Multiply each
single factor layer by its weight to get the result
layer. This step can be directly used Acrgis10.3ė
Analyst Tools OverlayėSpatialėWeightedSum.
After the combination, get the ecological
sensitivity assessment classification of the map,
as shown in figure 8.
FIGURE 8
The grading map of eco-sensitivity analysis.
2068

E\363 

9ROXPH²1RSDJHV 

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

small and the sparse vegetation area, area is
about 43.11 km2, percentage is about 33.78%, the
area is ordinary for ecological sensitivity and can
bear mild human disturbance, belonging to the
wind power development of the restricted area.
Low sensitive areas are mainly located in
the relative residential area not far, the slope is
small and the sparse vegetation area, area is
about 43.11 km2, percentage is about 33.78%, the
area is ordinary for ecological sensitivity and can
bear mild human disturbance, belonging to the
wind power development of the restricted area.
The area of low sensitive area, which is located
in the area of the planning area, is far from the
residents, the slope is relatively slow and the
vegetation coverage is poor, the area is 58.89km2,
the total area is 46.14%. The area has a low
degree of ecological sensitivity and can withstand
a certain intensity of wind power development,
but the development process should accelerate
the restoration of vegetation, reduce soil erosion
and environmental pollution, in order to protect
the environment and maintain the ecological
environment.

In the grading map, the red represents high
sensitive area, must strengthen the protection,
yellow represents the sensitive area, green
represents low sensitive area. In the classification
map, the comprehensive evaluation of ecological
sensitivity values is expressed by SE, for a
maximum
of
4.65,
minimum
1.0,
1.0~1.8~2.66~4.65 is the comprehensive
evaluation value grading standards, the grading
standard is divided into three kinds of sensitive
areas, namely low sensitive area 1.0 < SE is not
more than 1.80, sensitive area 1.8 < SE˘2.66
and high sensitive area is 2.66 < SE < 4.65.
Specific statistics as shown in the table 4.
High sensitive area is mainly located in the
planning area of the distribution of dense
vegetation, vegetation and steep slope area, area
is about 26.62 km2, percentage is about 20.08%,
the area is high ecological sensitivity, once the
destruction, not only to the region's residents
have a serious impact, but also to the entire
regional ecosystem has brought serious damage,
is an important natural ecological protection zone,
is not suitable for wind power development and
construction. Sensitive areas are mainly located
in the relative residential area not far, the slope is

TABLE 4
The classifying statistics of ecological sensitivity
Classification

Area,km2,

Scope

Percentage,%,

Low Sensitive Area

58.89

1.0-1.80

46.14

Sensitive Area

43.11

1.80-2.66

33.78

High Sensitive Area

25.62

2.66-4.65

20.08

Total

127.62

-

100

of level 3, which will provide a scientific basis for
ecological suitability analysis for the location of the
wind power project.
(3) In this paper, we have not introduced the
evaluation factor of wind energy resources, because
the evaluation area is lesser, wind energy resources
change is small, when wind power planning in large
area, such as provincial wind power development
planning, the wind energy resource factors should
be introduced as evaluation factors.
(4) It is suggested that planning should also be
taken into account in the development of a large
scale wind power development plan for the impact
of the ecological sensitivity of birds and habitats,
natural conservation areas, basic farmland

DISCUSSION
(1) The ecological suitability analysis is the
core content of wind power development planning,
so far technology for suitability analysis of
examples and research is rarely in the wind power
project site selection, this paper uses GIS
technology, the wind power development planning
of ecological suitability analysis method is studied.
(2) This paper selected the elevation, slope,
slope aspect, vegetation diversity, buffer of roads
and residential areas buffer as its ecological factors,
which is conducted by using Acrgis10.2's single
factor overlay to obtain the ecological sensitivity
analysis. Planning will eventually be divided into
high sensitive area, sensitive and low sensitive area
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electrostatic aerosol precipitation [1], microbial
sterilization [2, 3, 4], human health [5] and growth
of plants and animals [6, 7] . The lifetimes of NAI
are generally no more than five minutes [8].
Statistically, about 75% of the population is
considerably affected by levels of ions in the air.
Humans may feel lively, uplifted and enthusiastic
under high NAIC, but become depressed, lethargic
and full of aches, pains and complaints if NAI
levels are insufficient [9]. Recently, it was found
that water-generated negative air ions could inhibit
carcinogenesis in mice, which may have
implications for humans [10]. Hence, Federal
Aviation Administration in USA recommended that
concentration of negative ions should not be
allowed to drop below 500 ions/cm3.
There are some locations within cities where
NAIC reaches the level expected for green belts.
Thus, various air ionizers such as corona discharge
ionizer, germanium or silicon needles electrodes, and
radioactive ionizers have been developed and are
widely used indoors for human health [11]. They
were seldom used outdoors because most countries
forbade the use of radioactive-like activities amidst
their people. In contrast, people plant grass and trees,
dig pools, or establish fountains to improve NAIC
and the urban environment. However, these physical
activities are not sufficient for maintaining NAIC in
some cases. For example, according to other research,
on urban negative air ions, the average NAIC may be
less than 500 ions/cm3 over the urban meadows near
big cities in a whole day [12, 13]. Such a low NAIC
is reported to elicit physiological responses in angry,
nervous or depressed people [14]. Thus, there is a
great need to improve NAIC outdoors, especially on
the widely planted grassy areas within cities.
Recently, it has been found that potted plants with
water-rich leaves may generate high NAIC when
stimulated by electricity [15]. This type of technology
is possible to apply indoors, but it is unsuitable for
widespread use outdoors, due to the fact that few
plants are generally planted outdoors in cities. In this

ABSTRACT
Negative air ion concentrations (NAIC) are
being used as a significant indicator of air quality in
urban life. Generally, the NAIC over unpaved areas,
e.g., meadows, fields, in cities is around several
hundred ions/cm3, which is not high enough to
promote human health. In this study, to increase the
outdoor NAIC over urban lawns, research was
carried out on the biogeneration of negative air ions
with lawn grasses by adjusting discharge of kV
electricity under different conditions. The results
showed that lawn grasses with gladiate, lanceolate
or angustifoliate leaves stimulated by kV electricity,
generated high NAIC predominantly from the leaf
tips at the order of 1E6 ions/cm3. The discharges
could be divided into continuous and discontinuous
discharge according to the voltage of the kV
electricity. Different substrates, including soil, pearl,
salt and sand were all suitable for exposure to the
different discharges. Moreover, when NAIC was
maintained at a high level, the positive air ion
concentration decreased with an increase of the
planting densities of grass. After discontinuous
discharge, normal growth of the lawn grasses,
including superoxide dismutase activity and
chlorophyll content were not significantly
influenced.

KEYWORDS:
Negative air ion, Ion generator, Lawny plants, Grass

INTRODUCTION
It is well-known today that negative air ions
(NAI) may meliorate the urban atmospheric
environment. As numerous articles have reported,
where air ionization may significantly contribute to
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were gladiate, lanceolate or angustifoliate. The leaf
form of the last grass species was designated as
cardioid. The leaf heights of all the grasses ranged
from 5 cm to 40 cm. Near to the pool, there was a
power supply available whose average output
voltage (AOV) of its sine wave was constantly
measured at a 21.5 kHz frequency with ranging
from 0 to 80 kV. The output electrode of the power
supply was connected to a long metal stick deeply
inserted into the substrate in the pool. The other
electrode was hung in the air or was directly
connected to the grounded electrode. A DLY3G air
ion counter was placed near to the pool to measure
the concentrations of air ions greater than 0.4 cm2
V-1 s-1 over the grasses and around the pool. In all
experiments, there were no winds greater than 3
km/h from the ambient environment, with a
temperature around 10°C and humidity of 50% RH.
Before each measurement of the concentrations of
air ions from the grass, we measured the
background ion concentrations over the specific
grass. In some cases, the concentration of positive
air ions (PAIC) were also detected for comparison
with NAIC.
To investigate the NAIC and the PAIC from
different kinds of grasses stimulated by various
AOVs in diverse substrates with different planting
densities of the grass, the following four aspects
were considered;

regard, leaves of most grasses widely planted
outdoors are gladiate, lanceolate or angustifoliate,
which may also be manipulated to provide high
NAIC (>103 ions/cm3) in light of the mechanism of
needle discharge by electricity.
In this study, we demonstrated the ability of
outdoor grass receiving a discharge by kV electricity
to produce high NAIC under ambient air conditions
without exhibiting any damage. The results may be
applicable for outdoor use on maintaining high NAIC
over grassy areas, and consequently for ameliorating
air quality in the urban environment.

MATERIALS AND METHODS
As shown in Fig.1, a small pool was excavated
in the soil. Its depth was about 0.5 m, width and
length were 1 m, respectively on the bottom and
walls of the pool, several pieces of 2 cm-thick
insulated plastic were mounted to isolate the pRRO¶V
inner substrates from the outer ground. Afterwards,
different substrates were transferred base of the pool
and various kinds of grasses were planted.
The substrates were soil, sand, mixture of sand
and soil (1:1) and pearl salt, respectively, and the
grasses to be planted were Ophiopogon japonicus, L.
muttiflorum,
Zoysia
spp,
Poa
pratensis,
Zephyranthes candida, and Apocynum venetum,
respectively. The leaf forms of the first five grasses

FIGURE 1
The illustration of model used in the study.

adjusted the AOV to find the best voltage for
maintaining a continuous discharge from the leaves
for each kind of the grass. (2) Secondly, various
AOVs were applied to the pool substrate and the
NAIC and PAIC from the demonstration grass L.

(1) Firstly, several bunches of the different
grass, as described above, were respectively planted
in the pool substrate and stimulated by 30-kV to
40-kV AOVs, and the NAIC and PAIC (10 - 20 cm)
and near to the pool (3 m) were measured. We
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RESULTS AND DISCUSSION

evaluation index used for rating air quality,
CI=NAIC/(1000*q). When the index is greater than
1.0 (air quality is quite clean) (and less than 0.29),
the air quality is low-grade [12]. In our experiment,
the index was 0.25 indicating that the air can
become very clean with the bio-generator negative
air ions.
It appeared that grasses with gladiate leaves
had higher NAIC values with similar AOVs
compared to other grasses. These results may not
only be similar to the same types of leaves, but also
for the gladiate green leaves of different kinds of
grass (Table 1). Although the five grasses with
gladiate leaves turned out to be effective for NAI
production outdoors, Apocynum venetum with
FDUGLRLG OHDYHV GLGQ¶W ILW WKLV PRGHO %HFDXVH RI
their cardioid leaves, the grass did not provide
constant high NAIC more than 1E5 ions/cm3,
although the AOV reached more than 40 kV with
most grasses. Moreover, after several minutes
discharge, the cardioid leaves turned yellow in
about 2 days of growth in a normal environment. In
contrast, the gladiate leaves of the other five grasses
remained intact, which will be further discussed in
the fifth part of the result and discussion. In any
case, the grass with non-gladiate leaves was not
better than those with gladiate leaves in discharge.

Different grass. As shown in Table 1, the
average length of the leaves of all the grasses was
18±4 cm and the average weight of all the leaves
was 12.2 mg cm-1. The background NAIC and PAIC
values over the planted grass were about 300
ions/cm3, and 360 ions/cm3 respectively. We found
that when stimulated by suitable AOVs, high NAIC
values (> 1E5 ions/cm3 in most cases) can be found
across the grass varieties. Even 3 m distance from
the pool, concentrations still remained near 4E4
ions/cm3. The concentration was more than 1000
times than that of the background value, reported
as?? Importantly, the PAIC may be much lower than
the NAIC by an order of magnitude of 10. The
coefficient of unipolarity (q=PAIC/NAIC) (as a
significant parameter of air quality), around the pool
was much smaller than the general value (1.1 to 1.4
units in nature). This coefficient is less than 0.1 for
most grasses reported here. Also, there is another

Diverse AOVs. As shown in Fig.1, if the
AOV was increased from 18.7 kV to 25.5 kV, the
NAIC enhanced rapidly. In this situation, the PAIC
increased very slowly compared with the NAIC. If
the AOVs were more than 25 kV, the NAIC
fluctuated from 5E5 to 9E5 ions/cm3. However, if
the AOVs were between 13.6 kV and 18.7 kV, the
grass could not maintain the status of discharging
continuously, and may discharged with a frequency
of about 1Hz (0.1 Hz to 3 Hz). The lower the AOV,
the higher was the frequency. Interestingly, the
leave tips may fluctuate with the same frequency
under the AOVs. On the other hand, if the AOVs
were less than 13.6 kV, the NAIC may drop to 1E3 1E4 ions/cm3, which was not high enough to
transfer the NAI far away from the pool before the
ionic depletion. Similar results were observed as
different bunches of the grass were planted under
the same ranges of AOVs, as shown in Fig. 3.

muttiflorum planted in the soil in the pool were also
measured. The electrode was inserted in the middle
of the pool, and the AOVs varied from 13.6 kV to
47.6 kV. Also, we planted different bunches of the
grass in the soil and repeated the experiment under
various AOVs. (3) Thirdly, after creating diverse
substrates of soil, sand, mixture of sand and soil
(1:1) and pearl salt, they were respectively exposed
to 35.8 kV AOV. We then measured NAIC and
PAIC from the demonstration grass L. muttiflorum.
The average length of the leaves was about 18 cm.
(4) Fourthly, we altered the planting densities of
Poa pratensis in the soil and measured the average
NAIC and PAIC under 13.6 kV to 25.5 kV AOVs to
analyze the relationship between the planting
densities and the air ion concentrations. Each bunch
of the grass may contain about 20 to 50 leaves.
Moreover, the total superoxide dismutase (SOD)
activities and total chlorophyll content of the leaves
of L. muttiflorum were measured after discharge for
different times with 15 kV AOV. The assay of SOD
activity was measured according to [16]. The total
chlorophyll content was determined according to
-RYDQLFDQG-RYDQLF¶VPHWKRG  
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TABLE 1
Physical leaf parameters and SNAI and SPAI concentrations from different discharging grass.
Grass

Average

Average leave

Suitable AOVs

leave

weights

for continuous

lengths

(mg/cm)

discharge (kV)

NAIC (ions/cm3)

PAIC
(ions/cm3)

(cm)
Ophiopogon japonicus

22

7.3

37.6

(2.0±0.3)E6

(8.0±0.9)E4

L. muttiflorum

18

10.0

37.3

(5.0±0.6)E5

(5.0±0.6)E4

Zoysia spp

18

9.2

38.0

(2.0±0.3)E5

(7.0±0.7)E4

Poa pratensis

16

25.2

38.6

(2.0±0.3)E5

(9.0±0.9)E4

Zephyranthes candida

16

4.0

42.8

(1.0±0.23)E5

(6.0±0.7)E3

Apocynum venetum

19

17.4

30.7

(8.0±0.9)E4

(8.0±0.9)E3

18±4

12.2±5

37.5±7

(4.7±0.3)E+05

4.6E+04

(cardioid leaves)
Average+-SD

FIGURE 2
Average NAIC and PAIC discharged under different AOVs

FIGURE 3
SNAI concentrations under different AOVs from diverse bunch of grass.
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The mixture of sand and soil is not
recommended to be utilized because they would
decrease the discharge ability of the grass
stimulated by kV electricity. Whatever substrate
was used, (similarly to the results of planting
different grass), the NAIC was thousands of times
higher than the background value, and the
coefficient of unipolarity might also be at the order
of 0.1. Complementarily, if we improved the
humidity of the substrates, the NAIC might increase
under these tested conditions.

Thus, we are reporting that there may be a
dividing point of the AOVs for grass discharge to
separate the continuous discharge and the
discontinuous discharge, as described above.
Furthermore, even if the AOVs were in the range of
discontinuous discharge, there may be a part of the
NAIC, which could approach the highest value
under the continuous discharge. We designate this
point of the AOVs as the best AOV for
discontinuous discharge. For example, in our
experiment the dividing point of the AOVs was
about 20 kV and the best AOV for discontinuous
discharge was about 15.3 kV (Fig.2).

Different planting densities. The mean air
negative and positive ion concentrations are shown
in Fig. 4 for different planting densities under the
AOVs from 13.6 kV to 25.5 kV with interval 1.7
kV). The results indicate that the general planting
densities of the grass in lawns are not main factors
for the fluctuation of NAIC, which ranged from 2E5
to 5E5 ions/cm3. However, the PAIC decreased as
the planting density increases.

Various substrates. As listed in Table 2, we
found that pear salt is that best substrate for
discharge, while sand or soil could also be good
choices. However, pear salt and sand are not
common substrates for lawns outdoor. Hence, a soil
is a satisfactory feasible substrate for practical
applications.

TABLE 2
NAIC and PAIC from grass planted in different substrates.
Substrate
Pearl salt
Sand
Soil
Soil and sand (1:1)
Mean
Background

Concentration of SNAI
(ion/cm3)
(2.1±0.4)E6
(5.0±0.4)E5
(5.0±0.4)E5
(1.0±0.2)E5
(7.5±0.9)E5
(2.0±0.3)E2

FIGURE 4
NAIC and PAIC under different planting densities.
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Concentration of SPAI
(ion/cm3)
(2.0±0.3)E5
(6.0±0.5)E4
(5.0±0.5)E4
(2.0±0.5)E4
(8.3±0.5)E4
(2.4±0.3)E2
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reported by [17], the unipolar ionized atmospheres
containing approximately NAIC of 1E5 ions/cm3
may increase the rate of plant growth by as much as
50% without altering the protein, sugar, or
chlorophyll content of the plants substrates. In
marked contrast to growth stimulation elicited by
air ions, the removal of NAIC from the atmosphere
resulted in a lower rate of growth, reduced turgor
(pressure in plant cells) and the development of soft,
fleshy leaves, while chlorophyll production was not
affected. Based upon observations collected in this
study, several clues of effects on biochemical
mechanism were uncovered. Positive and negative
ions expedited both the uptake of iron and its
utilization of the production of ion-containing
enzymes. The ions stimulated the metabolism of the
high-energy compound adenosine triphosphate
(ATP) in the chloroplasts and augment both nucleic
acid metabolism and oxygen uptake. All of these
phenomena are consistent with the observed
ion-induced increase in growth rate [18]. Also, the
high NAIC may decrease the transpiration rate of
water, from plant sand consequently to inhibit water
lost from the lawn [19,20].

Influence of the discharge on the lawny
plants. Superoxide dismutase, or SOD, is a
metalloenzyme whose active center is occupied by
copper and zinc ions, and sometimes manganese or
iron. SOD plays an extremely important role in the
protection of all aerobic life-systems, including
oxygen toxicity (free radicals derived from oxygen)
in humans. As an enzyme, SOD has particular value
as an antioxidant that can help protect against cell
destruction. It has the distinct ability to neutralize
superoxide, one of the most damaging free radical
substances in nature. Like so many other protective
compounds which naturally occur in the body, the
decrease of SOD activity may make cells much
more vulnerable to the oxidants which cause aging
and disease, it occurs naturally in broccoli, wheat
grass and in the majority of green plants. Thus,
SOD could be regarded as the main index for
evaluating damage to plant leaves in our experiment.
Because, the chlorophyll content is the main index
for photosynthesis of plants, the growth of plant is
severely influenced, if the chlorophyll content
decreases after discharge. To evaluate the influence
of the discharge, on plants, water potential, sugar
content and other bio-chemical compounds in the
plants could be further explored in future
experiments.
There was no obvious change in the total SOD
activity and total chlorophyll content of L.
muttiflorum, as shown in Table 3. We found that
even after 2 hours of discharging, the total SOD
activity and total chlorophyll content of L.
muttiflorum GLGQ¶W GHFUHDVH )XUWKHUPRUH DIWHU
cultivation of the stimulated grass for about one
week, grasses with gladiate leaves still grew as well
as the controls. In this case, the applied AOV (15kV)
was in the range of the discontinuous discharge. The
results indicate that the discharges, especially the
GLVFRQWLQXRXV GLVFKDUJH GLGQ¶W GDPDJH WKH JUDVV
However, if the AOV was too high during the
continuous discharge, (i.e., greater than 45 kV),
some green leaves turned yellow soon after the
discharge, especially for the grass with non-gladiate
leaves. Some kraurotic leaves might be seriously
damaged when exposed to greater than 60 kV AOV,
especially for some leaves that were water-rich and
green. Thus, we suggest that the AOV should not be
too high in practical applications. In fact, the most
safe and satisfactory AOV for outdoor applications
would be the best AOV for discontinuous discharge.
The plants appear to benefit from increases of
the NAIC generated from the negative air ions
biogenerator. Such ionization may markedly
increase the rate of growth of higher plants. As

Practical application. In practice, we could
establish a set of negative air ions biogenerators in
the lawns around centers of towns. The size of seed
biogenerators can be from about half meter to
several meters in size. The lawn should consist of
grasses with gladiate leaves planted on soil or sand.
According to the area of the lawn, the quantity of
the biogenerators may be arranged with 10m
spacing between them. The AOVs are suggested to
be the best AOV for discontinuous discharge, which
is generally less than 20kV. The whole system,
including the power supply and the lines, should be
considered for safety and efficiency. Moreover, it
should be controlled by an automatical system.
Because the NAIC is very low after 5:00 pm in the
city, and many people may walk around their lawns
at dusk, the negative air ion biogenerators might
provide a more relaxed environment for them.

CONCLUSION
Grass with gladiate leaves stimulated by kV
AOVs can generate high NAIC (>1E5 ions/cm3)
outdoors in wide ranges, and the NAIC is greater
than PAIC.
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TABLE 3
Total SOD and chlorophyll of the grass leaves after discharge.
Discharge time (min)

0

2

4

SOD activity (u/ml)

4.327±0.100

4.300± 0.110

4.320± 0.112

4.248± 0.115

4.287±0.100

chlorophyll content (mg/g)

3.181±0.121

3.182± 0.110

3.174± 0.100

3.164± 0.116

3.178±0.105

Discharge time (min)

20

25

SOD activity (u/ml)

4.270±0.100

4.182± 0.110

4.190± 0.115

4.211± 0.120

4.228±0.123

chlorophyll content (mg/g)

3.175±0.110

3.171± 0.110

3.169± 0.125

3.166± 0.124

3.164±0.130

30

8

60

15

120

Foundation of China (Grant No. 50949038).

According to different kV AOVs, the
discharge of the grass can be divided into
discontinuous discharge and continuous discharge.
During the discontinuous discharge, there may be a
part of the NAIC that is near to the NAIC during 56
continuous discharge. All the tested substrates,
including soil, are suitable for grass discharge.
Planting densities between 50 to 200 bunches/m2
may influence the PAIC to the greatest extent,
although plant density seems to have no apparent
effect on the NAIC. According to the change of the
total SODs, chlorophyll contents and the growth of
grasses in a normal environment, there is no
damage to grass with gladiate leaves after
discontinuous discharge. In contrast, it is not
recommended to apply discontinuous discharge to
grass with cardioid leaves. Importantly, in practical
application, we suggest that a set of negative air ion
biogenerators may be arranged on lawns near the
center of towns. The grass planted should have
gladiate leaves, and be planted in the soil well
isolated on the ground. It is best by the AOV for
discontinuous discharge with safe and effective
measures for generating high NAIC outdoors. Their
use may enhance air quality to such an extent that is
also beneficial to human health.
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harmful effects on the environment and human
health even at trace level [1-4]. Lead (Pb) is nonessential element for human body and is one of the
common heavy metal pollutants in water. Thus, it is
very important to remove lead effectively from
ZDWHUIRUKXPDQEHLQJ¶VKHDOWK'LIferent treatment
techniques such as biosorption [5, 6], adsorption [711], ion-exchange [12], chemical precipitation
[13], electrocoagulation [14] and membrane
filtration [15] have been developed to eliminate
heavy metals from water environment. Among
these methods, the most extended one is the
chemical precipitation of metals as insoluble metal
hydroxides, by increasing the pH [16]. However
this could generate large volumes of low density
sludge, which make the disposal process difficult,
and the residual trace heavy metals are poisonous.
Therefore, adsorption process has come to the
forefront as one of the major techniques because it
is simple, low-cost and high-efficient.
Layered double hydroxides (LDHs) are a class
of anionic clays or hydrotalcite-like compounds
whose structures are based on brucite-like layers.
They are composed of positively charged brucitelike sheets and negatively charged anions in the
hydrated interlayer regions. They can be
represented
by
this
general
formula,
୍୍
ሾଵି௫
௫୍୍୍ ሺ ሻଶ ሿ௫ା ሺି ሻ௫Ȁ  ݉ ଶ  , where 0,,
are divalent cations like Mg2+, Cu2+, Zn2+, etc., 0,,,
are trivalent cations like Al3+, Fe3+, etc., An- denotes
exchangeable interlayer anion with negative charge
n, m is the number of interlayer water, and x is
defined as the MIII/ (MII + MIII) ratio. As a kind of
multifunctional material, LDHs are known as
excellent adsorbents for anionic contaminants due
to the large surface area, high anion exchange
capacity and good thermal stability. We have done
related works on the anionic contaminants removal
by using LDHs adsorbents [17-19]. In recent years,
LDHs have also been studied as possible sorbents
and scavengers of metal cations from waters [2023]. However, the reports on the adsorption
performance of ferric-based LDHs in heavy metal
removal, the adsorption mechanism and practical
applications are still limited.
Our previous work has proved that the
Mg/Cu/Fe-LDHs have a high efficiency for arsenic

ABSTRACT
The Mg/Cu/Fe layered double hydroxides
(Mg/Cu/Fe-LDHs) intercalated with carbonate
anions was prepared by chemical co-precipitation
and used for the effective removal of Pb2+ from
aqueous solutions. The as-prepared LDHs material
was characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and energy
dispersion spectroscopy (EDS), Brunauer±Emmett±
Teller (BET) and Barrett±Joyner±Halenda (BJH).
The effects of various factors, such as initial
solution pH, adsorbent dosage, contact time and
initial Pb2+ concentrations, were investigated. The
results showed that the removal efficiency for Pb 2+
by Mg/Cu/Fe-LDHs increased with the increment
of initial solution pH values and the maximum
adsorption capacity for Pb2+ was 588 mg/g. The
adsorption kinetics followed the pseudo-secondorder kinetic model, and the experimental
equilibrium data were well described by Langmuir
isotherm model. When the adsorbent dosage was
0.2 g/L, the batch experiments showed that the
residual concentration of Pb2+ decreased from 10
mg/L to lower than 0.01 mg/L. It can meet the
standards of drinking water regulated by World
Health Organization, European Union, U.S.
Environmental Protection Agency and China. In
addition, the possible Pb2+ removal mechanism by
Mg/Cu/Fe-LDHs was proposed, suggesting that the
major removal route was isomorphic substitution
between Pb2+ and Mg2+. It was demonstrated that
the synthesized Mg/Cu/Fe-LDHs is a potential
material for decontamination of trace lead pollution
from water.

KEYWORDS:
layered double hydroxides; lead; removal

INTRODUCTION
Water pollution which contains heavy metals,
as a result of both natural and anthropogenic
activities, have attracted wide attention due to their
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spectroscopy (FTIR) was recorded in the range
4000±400 cm-1 by an FTIR-Thermo Nicolet 5700
spectrometer (Thermo Nicolet Corporation, USA)
using KBr tablet method. The surface area, total
pore volume and pore size distribution were
measured by nitrogen adsorption/desorption at 77 K
using a Quantachrome Autosorb-iQ analyzer
(Quantachrome Instruments, USA). The surface
areas were calculated by the Brunauer±Emmett±
Teller (BET) method, and the pore size distribution
and total volume were determined by the Barrett±
Joyner±Halenda (BJH) method applied to the
desorption data. Zeta potential was measured by
particle size analyzer (Zetasizer nano Z, Malvern,
UK). Scanning electron microscopy images were
obtained using a scanning electron microscope
(SEM, Philips, Netherlands) equipped with an
energy dispersion spectrometer (EDS, EDAX,
USA).

removal in aqueous solutions [24]. To explore the
possibility of ferric-based LDHs materials for
decontamination of both arsenic (mainly in form of
anions) and typical heavy metal lead (mainly in
form of cations) in water, the objective of this study
was to synthesize Mg/Cu/Fe-LDHs with carbonate
intercalation by a co-precipitation method and
investigate its adsorption performance to remove
lead ions from water. In order to evaluate the
efficiency of Pb2+ removal by Mg/Cu/Fe-LDHs, the
effects of initial solution pH, adsorbent dosage,
contact time and initial Pb2+ concentration have
been studied. The possible removal mechanism of
Pb2+ by Mg/Cu/Fe-LDHs was also discussed.

MATERIALS AND METHODS
Materials. Analytic grade chemicals used in
the experiments including Mg(NO3)2·6H2O,
Cu(NO3)2·3H2O, Fe(NO3)3·9H2O, Na2CO3, NaOH,
HNO3 and Pb(NO3)2 were purchased from
Sinopharm Chemical Reagent Co. Ltd. Stock
solutions were prepared by dissolving the expected
chemicals in deionized water. The required
concentrations of Pb2+ were obtained by diluting the
stock solution in appropriate proportions.

Batch adsorption experiments. Adsorption
experiments were carried out by batch equilibrium
technique at the temperature of 298 K and were
replicated two times. Initial solution pH, adsorbent
dosage, adsorption kinetics and adsorption
isotherms were analyzed to evaluate the adsorption
performance of Pb2+ onto the prepared Mg/Cu/FeLDHs. All the adsorption experiments were carried
out in well capped 250 ml flasks, containing 100
mL Pb2+ solution with the required concentrations.
After adsorbent was added, the flask was shaken in
a thermostatic shaker at 150 r/min and at 298 K.
After adsorption, the adsorbent was separated by a
 ȝP PHPEUDQH 7KH UHVLGXDO 3E2+
concentrations in solutions were determined by
ICP-OES or Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) Agilent 7700 (Agilent,
USA).

Preparation of Mg/Cu/Fe-LDHs. The
Mg/Cu/Fe layered double hydroxides intercalated
with carbonate anions was synthesized using a
constant pH co-precipitation method at room
temperature. Firstly, a mixed solution containing
Mg(NO3)2·6H2O (48 mmol), Cu(NO3)2·3H2O (12
mmol) and Fe(NO3)3·9H2O (20 mmol) was made in
100 ml deionized water. Another solution
containing NaOH (1 mol/L) and Na2CO3 (2 mol/L)
was prepared in deionized water. And then, these
two solutions were added dropwise into vigorously
stirred 100 ml deionized water. During the reaction
process, the solution pH was kept at about 10.5 by
adding appropriate amount of NaOH or HNO3
solution. The resulting slurry was aged at 353 K for
24 h and then centrifuged, washed with deionized
water until the pH of supernatant reached 7. After
that, the solid product was dried at 333 K. The
product was named as Mg/Cu/Fe-LDHs in this
article.

RESULTS AND DISCUSSIONS
Characterization of LDHs. The composition
of the synthesized Mg/Cu/Fe-LDHs based on the
chemical analysis was calculated. The molar ratio
of (Mg + Cu)/Fe is 3.08, which is close to that of
the starting salts 3.
The crystalline structure of the as-prepared
adsorbent was determined by XRD. Figure 1 shows
the XRD pattern of the Mg/Cu/Fe-LDHs, which is
consistent with our previous study [24]. A series of
(00l) peaks indexed as (003), (006), and (009)
DSSHDULQJDVV\PPHWULFUHIOHFWLRQVDWORZșDQJOH
correspond to the basal spacing, indicating the
presence of an ordered stacking sequence. The
basal spacing (d003) of Mg/Cu/Fe-LDHs is 0.77 nm,
which is equal to the value of Mg/Fe-LDHs with
carbonate intercalation reported by other authors
[25, 26].

Characterization. The metal contents of the
synthesized Mg/Cu/Fe-LDHs were determined by
an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) Agilent 720 ES (Agilent,
USA) after the sample was dissolved in
concentrated nitric acid. The X-ray diffraction
(XRD) pattern was measured on a D-8 Advance Xray diffractometer (Bruker-AXS, Germany) with
&X.ĮUDGLDWLRQRSHUDWHGDWDYROWDJHRI40 kV and
a current of 40 mA. The Fourier transform infrared
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FIGURE 1
XRD patterns of Mg/Cu/Fe-LDHs samples before (line a) and after (line b) Pb 2+ adsorption.

The morphology of the Mg/Cu/Fe-LDHs
sample can be seen in the SEM image presented in
Figure 2c. It can be found that the particles of the
sample are aggregation of plate-like particles giving
rise to slit-shaped pores. This is consistent with
prior surface area and pore size analysis.

The structure of the as-prepared adsorbent was
also determined by the FTIR. Figure 2a shows the
FTIR spectrum of the Mg/Cu/Fe-LDHs. The
spectrum exhibits an intense broad band at 3462
cmí1, which contributed to the stretching vibration
of structural O±H groups hydrogen bonded with
interlamellar water or O±H groups in adjacent
layers. Another absorption band at 1643 cmí1 is due
to the bending vibration of H±O±+ į+í2í+) and it
should be assigned to the adsorbed water molecule
in the interlayer. The appearance of strong band at
1363 cm-1 LVWKHȞ3 (asymmetric stretching) of CO3í
in the interlayer, indicating that some CO3í existed
in the gallery of Mg/Cu/Fe-LDHs sample [27]. In
addition, the peaks in the range of 400-900 cm-1 can
be interpreted as lattice vibration modes of M±OH
and M-O.
The N2 adsorption±desorption isotherms of the
Mg/Cu/Fe-LDHs are included in Figure 2b. The
inset shows the pore size distribution determined by
the BJH analysis using desorption data. The
adsorption±desorption isotherms exhibit the
characteristics of types Č isotherms with a H3 type
hysteresis loop in the IUPAC classification. The H3
type hysteresis loop is related to slit-shaped pores
of packing plate-like particles. The specific area of
Mg/Cu/Fe-LDHs calculated by the BET method is
71.5 m2/g and C-value in BET equation is 383.4.
The pore size distribution and total volume were
determined by BJH method based on the desorption
branch. The results show that the average pore
diameter is about 34 nm, and total pore volume is
0.861 cc/g.These results indicate the mesoporous
structures of the synthesized Mg/Cu/Fe-LDHs.

Effect of initial solution pH on adsorption.
The effect of initial solution pH on Pb2+ adsorption
on the synthesized Mg/Cu/Fe-LDHs was
investigated. High pH could promotes hydroxide
precipitation (KspPb(OH)2 = 1.2×10í15), which
might introduce uncertainty into the adsorption
study; thus, the pH was controlled in the range of
3±6. As shown in Figure 3a, the removal efficiency
for Pb2+ increases with the increment of initial
solution pH values. This phenomenon may be
contributed to the surface properties of Mg/Cu/FeLDHs in terms of surface charge. The surface of
Mg/Cu/Fe-LDHs contains a number of binding sites
and may become positively charged at low pH due
to the protonation reaction on the surfaces (i.e., SurOH+H+֞Sur-OH2+ WKH ³6XU´ UHSUHVHQWV WKH
surface of LDHs).[28] The pHzpc of the synthesized
adsorbent in the experiment is 9.2 (Figure 2d).
When the solution pH was lower than 9.2, the
surface of the Mg/Cu/Fe-LDHs was positively
charged. This resulted in electrostatic repulsion
occurred between metal ions and the edge groups
with positive charge (Sur-OH2+) on Mg/Cu/FeLDHs surface and weakened with the increment of
initial solution pH values. It can be seen that the
removal efficiency of Pb2+ was higher than 90% at
pH ranging from 4 to 6. Therefore, the synthesized
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Mg/Cu/Fe-LDHs showed a good adsorption
performance for Pb2+ over a relatively wide pH

range.

FIGURE 2
(a) FTIR spectrum of Mg/Cu/Fe-LDHs sample. (b) N2 adsorption±desorption isotherms and pore size
distribution based on BJH analysis of desorption data of Mg/Cu/Fe-LDHs. (c) SEM image of synthesized
Mg/Cu/Fe-LDHs. (d) Zeta potentials of Mg/Cu/Fe-LDHs as a function of pH.
Effect of Mg/Cu/Fe-LDHs dosage on Pb2+
adsorption. The removal efficiency of Pb2+ as a
function of adsorbent dosage is presented in Figure
3b. In general, the removal efficiency increased as
the adsorbent dosage increased. When a dosage of
0.2 g/L was used, the removal efficiency reached
99.9%, suggesting that the residual Pb2+
FRQFHQWUDWLRQ ZDVORZHUWKDQȝJ/L. It can meet
the standards of drinking water regulated by World
Health Organization, European Union, U.S.
Environmental Protection Agency, and China.

the Mg/Cu/Fe-LDHs, resulting in the decrease in
adsorption rate at the later stages [28].
In order to further understand the
characteristic of the adsorption process, the
experimental data were analyzed using the pseudofirst-order and pseudo-second-order kinetic models.
These two models can be expressed as follows [29]:

Adsorption kinetic. The amount of Pb2+
adsorption by the synthesized Mg/Cu/Fe-LDHs as a
function of time was studied and shown in Figure 4.
The Pb2+ adsorption was rapid in the first 10 h, and
thereafter it proceeded at a relatively slower rate
and finally reached equilibrium. The initial rapid
adsorption may be due to the large number of
available sites at the initial stage. In addition, the
large concentration gradient led to increase in Pb2+
adsorption rate at the initial stages. As time
proceeded, the concentration gradient reduced
owing to the accumulation of Pb2+ adsorbed onto

Where ݍ (mg/g) and ݍ௧ (mg/g) represent the
adsorption amount of the adsorbate at equilibrium
and at time t, respectively; ݇ଵ (min-1) and ݇ଶ
(g/(mg·min)) are the adsorption rate constant of the
pseudo-first-order and pseudo-second-order kinetic
models, respectively.
The kinetic parameters estimated by nonlinear
fitting are represented in Table 1. The equilibrium
data were described better by the pseudo-secondorder kinetic model than by the pseudo-first-order
kinetic model. This indicates that the Pb2+
adsorption process on the Mg/Cu/Fe-LDHs is more
close to a second order adsorption kinetics system.

ሺݍ െ ݍ௧ ሻ ൌ ݍ െ ݇ଵ ݐ
ݐ
ͳ
ݐ
ൌ

ݍ௧ ݇ଶ ݍଶ ݍ
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FIGURE 3
(a) Effect of initial solution pH on Pb2+ adsorption on Mg/Cu/Fe-LDHs. C(Pb)initial=20 mg/L, m/V=0.1 g/L,
t=24 h. (b) Effect of Mg/Cu/Fe-LDHs dosage on Pb2+ adsorption. pH=6, C(Pb)initial=10 mg/L, t=24 h.

FIGURE 4
Effect of contact time on Pb2+ adsorption onto Mg/Cu/Fe-LDHs and kinetic fitting curves.
pH=5.4,C(Pb)initial=60 mg/L, m/V=0.1 g/L.

TABLE 1
Adsorption kinetic parameters for Pb2+ adsorption onto Mg/Cu/Fe-LDHs.
Pseudo first-order kinetic model

Pseudo second-order kinetic model

qe (mg/g)

k1 (min-1)

R2

qe (mg/g)

k2 (g/(mg·min))

R2

421

8.06×10-3

0.946

508

7.43×10-6

0.969
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where ܥ (mg/L) is the equilibrium
concentration; ݍ (mg/g) and ݍ (mg/g) are the
maximum and equilibrium adsorption capacity,
respectively; ܭ is the Langmuir adsorption
constant; ܭி is the Freundlich constant and 1/n is
the heterogeneity factor.
The nonlinear fit curves using these models
are shown in Figure 5, and the parameters and R2
values calculated from these models are
summarized in Table 2. The adsorption data of Pb2+
adsorbed on the Mg/Cu/Fe-LDHs were found to fit
better to the Langmuir isotherm model with a R2
value of 0.919, higher than that of Freundlich
model (R2 = 0.843), indicating that Langmuir
isotherm model better describes the adsorption
mechanism of the Mg/Cu/Fe-LDHs. This result
proves that the Pb2+ adsorbed on the Mg/Cu/FeLDHs may be close to a monolayer adsorption. In
addition, according to regression of Langmuir
isotherm model, the maximum Pb2+ adsorption
capacity of the Mg/Cu/Fe-LDHs is obtained to be
about 588 mg/g. A comparison of maximum
adsorption capacity of various adsorbents for Pb 2+
is given in Table 3. It is found that the Mg/Cu/FeLDHs in this study has a high adsorption capacity
for Pb2+, which makes it a possible efficient
adsorbent for Pb2+ removal from aqueous solution.

Adsorption isotherm. To further understand
the adsorption behavior of the Mg/Cu/Fe-LDHs for
Pb2+, two isotherm models including Langmuir and
Freundlich models were used to analyze the
adsorption experimental data. The Langmuir
isotherm model is usually used for calculation of
the
maximum
adsorption
capacity
ݍ
corresponding to complete monolayer coverage on
the adsorbent surface. The Freundlich isotherm
model is based on the assumption that the
adsorption surface becomes heterogeneous during
the adsorption process. The parameters obtained
from these models can provide useful information
on the adsorption mechanism, surface properties,
and affinities of the adsorbent. These isotherm
models can be represented as follows [30]:
The Langmuir isotherm model:


ܥ ܥ
ͳ
ൌ

ݍ ݍ ܭ ݍ

The Freundlich isotherm model:
 ݁ݍൌ  ܨܭ

ͳ
݁ܥ
݊

TABLE 2
Adsorption isotherm parameters for Pb2+ adsorption onto Mg/Cu/Fe-LDHs.
Langmuir isotherm model

Freundlich isotherm model

qm (mg/g)

KL (L/mg)

R2

KF (mg/g)(L/mg)1/n

1/n

R2

588

0.351

0.919

284

0.159

0.843

TABLE 3
Comparison of adsorption capacity of various adsorbents for Pb 2+.
Adsorbents

Adsorption capacity (mg/g)

pH

C(Pb)initial (mg/L)

Reference

Activated carbon

13.05

5.7

200

[31]

Carbon foam

491

7

400

[32]

Clinoptilolite

80.93

4.5

400

[33]

Hydroxyapatite/Fe3
O4

598.8

5

500

[34]

Mg2Al-LDH

66.16

5.7

23

[28]

Mg/Cu/Fe-LDHs

588

5.4

215

This study
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FIGURE 5
Adsorption isotherm for Pb2+ adsorption onto Mg/Cu/Fe-LDHs. pH=5.4, m/V=0.1 g/L, t=24 h.

Mechanism discussion. In order to explore
the possible mechanism, Pb-saturated Mg/Cu/FeLDHs samples were prepared. The XRD pattern of
the Pb-saturated Mg/Cu/Fe-LDHs still showed
typical peaks of crystallinity, which suggests a
preservation of the layered structure. However, the
intensity of basal spacing peak (003) at 11.45° (2ș)
for the Pb-saturated Mg/Cu/Fe-LDHs was much
weaker than that for the pristine Mg/Cu/Fe-LDHs.
This finding showed that the basic structure of
Mg/Cu/Fe-LDHs was partly collapsed during the
Pb2+ adsorption. The XRD pattern of the Pbsaturated Mg/Cu/Fe-LDHs has been compared with
the standard JCPDS (Joint Committee on Powder
Diffraction Standards) and were found to be similar
to those of hydrocerussite Pb3(CO3)2(OH)2,
suggesting the presence of lead hydroxides and lead
carbonates. In addition, the Mg/Cu/Fe-LDHs have
some functional groups such as hydroxyl groups on
the surface that can react with Pb2+ by chemical
binding to form inner-sphere complexes.
Meanwhile the LDHs surface has some
deprotonated hydroxyl groups (Sur±Oí) which may
form outer-sphere complexes with Pb2+ through
electrostatic binding reaction [22]. EDS result also
confirmed that Pb2+ ions were adsorbed on the
Mg/Cu/Fe-LDHs. As shown in Figure 6, the high

peak of Pb element was observed in the EDS
spectrum. Furthermore, the Pb2+, Mg2+, Cu2+ and
Fe3+ concentrations in residual solutions were
determined by ICP-OES after adsorption in
adsorption isotherm experiments, and the values are
shown in Table 4. These results showed that the
Mg2+ concentrations increased obviously while Fe3+
was not detected after the adsorption, which
indicates the isomorphic substitution took place
between Pb2+ and Mg2+. It was also found that the
release of Cu2+ from the Mg/Cu/Fe-LDHs in the
solutions after the adsorption, but the concentration
of Cu2+ was remarkable lower than that of Mg2+ in
the residual solutions. It suggested that a small
amount of isomorphic substitution was also
occurring between Pb2+ and Cu2+. The phenomenon
may be ascribed to the molar ratio of Mg/Cu (3.23)
in the pristine Mg/Cu/Fe-LDHs, but which was
much lower than that of the residual solutions.
Further researches are required to give a distinct
answer to this phenomenon. Most notably, the
molar amount of Pb2+ adsorbed by Mg/Cu/Fe-LDHs
is close to the total molar amount of Mg2+ and Cu2+
in residual solutions after adsorption, suggesting
that isomorphic substitution may be the main way
of Mg/Cu/Fe-LDHs to remove Pb2+ from aqueous
solution.
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FIGURE 6
EDS spectra of Mg/Cu/Fe-LDHs samples before (a) and after (b) Pb 2+ adsorption.

TABLE 4
The Pb2+, Mg2+, Cu2+ and Fe3+ concentrations in residual solutions after adsorption in adsorption
isotherm.
C(Pb)initial
C(Pb)residual
(mmol/L)
(mmol/L)
0.1074
0.0047
0.2179
0.0357
0.2754
0.0578
0.3255
0.0828
0.5410
0.2609
0.8008
0.5131
1.0381
0.7616
nd= not detected.

C(Pb)adsoption
(mmol/L)
0.1027
0.1822
0.2176
0.2427
0.2801
0.2877
0.2765

C(Cu)residual
(mmol/L)
0.0045
0.0162
0.0237
0.0267
0.0379
0.0399
0.0401

C(Mg)residual
(mmol/L)
0.1160
0.1644
0.1958
0.2148
0.2469
0.2413
0.2304

C(Cu+Mg)residual
(mmol/L)
0.1205
0.1806
0.2195
0.2415
0.2848
0.2812
0.2705

C(Fe)residual
(mmol/L)
nd
nd
nd
nd
nd
nd
nd

Pb2+ and Mg2+ (a small amount of Cu2+), coupled
with the precipitation of lead hydroxides and lead
carbonates, and adsorption by chemical binding
with surface hydroxyl groups and by electrostatic

Based on the above analysis and speculation,
the removal of heavy metal ions of Pb2+ by the
Mg/Cu/Fe-LDHs was a complex process, mainly
controlled by the isomorphic substitution between
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shown in Figure 7.

FIGURE 7
Diagrammatic sketch for the proposed removal mechanism of Pb 2+ by Mg/Cu/Fe-LDHs.

CONCLUSIONS
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aquatic ecosystems as lakes, and heavy metals are
serious threat because of their toxicity, long
persistence, bioaccumulation and biomagnification
in the food chain. Especially, Cd and Pb may
become toxic to natural biota since they accumulate
in the environment [2, 3, 4]. In freshwater
ecosystems, fish is one of aquatic products human
consume, and also provide a good indicator of
heavy metal pollution. Therefore, it is
recommended that heavy metal levels in fish should
be monitored regularly [5, 6].
6X÷la Lake is a freshwater lake in Konya,
Turkey. It is a large lake in Konya Province,
southwestern part of Turkey. It has an area of 25-80
km². Zengin et al. [7] determined the irrigation
water quality and pollutions of some lake and dams
LQFOXGLQJ6X÷la Lake in Turkey. They reported that
the water samples evaluated were suitable for
irrigation with respect WR FHUWDLQ SDUDPHWHUV 6X÷la
Lake is also an important wetland site for birds.
6X÷OD/DNHLVIHGE\ZDWHUIURPWKH%H\úHKLU/DNH
and groundwater [8]. %H\úHKLU /DNH ORcated in the
southwest Anatolia is the largest freshwater lake in
Turkey. The lake is distance approximately 75 km
from the city of Konya. The lake is nearly 50 km
long and 15-20 km wide, and the depth is
approximately 10 m. It is important irrigation and
drinking water sources, and bird nesting and
visiting areas [9].
Some investigations about heavy metal
pollution of the 6X÷ODDQG %H\úHKLU /DNHs, Turkey
have been reported by researchers recently. The
amount of some heavy metals (Cr, Cu, Fe, Mn, Ni,
Pb and Ni) in Phoxinellus anatolicus and Cyprinus
carpio IURP6X÷OD/DNH were determined by Akköz
DQG dD÷ODU [10]. The accumulation of some heavy
metals (Cd, Pb, Hg and Cr) was measured in water,
sediment, plankton and fish samples obtained from
%H\úHKLU /DNH E\ $OWÕQGD÷ and <L÷LW [11]. The
heavy metal content of Cyprinus carpio, Leuciscus
cephalus and Stizostedion lucioperca IURP%H\úHKLU
Lake were studied by Tekin-Özan and Kir [12, 13].
Tekin-Özan [14] and Aktumsek and Gezgin [15]
reported heavy metal content in water, sediment
and tissues of Tinca tinca IURP %H\úHKLU /DNH.

ABSTRACT
Phoxinellus anatolicus, Carassius gibelio,
Sander lucioperca, Vimba vimba tenella, Capoeta
capoeta, Tinca tinca IURP6X÷OD/DNH 7XUNH\ DQG
P. anatolicus, Scardinius erythrophthalmus, T.
tinca IURP %H\úHKLU /DNH 7XUNH\  DUH
economically important fish species and these fish
have been consumed as food by local people. P.
anatolicus is also endangered and endemic species
from Turkey. In this study, concentrations of Cd,
Co, Cr, Fe, Mn, Ni, Pb and Zn were determined in
muscle tissue of these fish by using atomic
absorption spectrometer. Levels of metals in the
muscle tissue of all the fish specimens were
compared with results of previous studies, the
tolerance levels of national and international
guidelines and the levels of Provisional Tolerable
Weekly Intake (PTWI) limits set by FAO/WHO.
Concentrations of Cd, Cr, Ni and Pb in the muscle
WLVVXH RI DOO WKH ILVK VSHFLPHQV IURP 6X÷OD DQG
%H\úHKLU /DNHV H[FHHGHG WKH WROHUDQFH OHYHOV RI
national and international guidelines. However,
concentrations of Cd, Fe, Pb and Zn were below
PTWI limits. Therefore, in terms of these metal
levels, consumption of fresh fillet of examined
seven fish species (weekly up to about 0.3
kJSHUVRQ  GRHVQ¶W VHHP WR EH REMHFWLRQDEOH IRU
human health.

KEYWORDS:
Fish, metal FRQFHQWUDWLRQ %H\úHKLU /DNH 6X÷OD /DNH
Turkey.

INTRODUCTION
The term of heavy metal refers to any metallic
element which is relatively of high density and
which is toxic or poisonous even at low
concentration. Heavy metals include Pb, Cd, Zn,
Hg, As, Ag, Cr, Cu, Fe, and the platinum group
elements [1]. Heavy metals from anthropogenic
pollution sources are continually released into
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ContrAA 300 Atomic Absorption Spectrometer
(Germany) were used in this study.

Özparlak et al. [16] also reported the levels of
sixteen metals including heavy metals in muscle
WLVVXHRIQLQHILVKVSHFLHVIURP%H\úHKLU/DNH
Phoxinellus anatolicus (Hanko, 1924),
Carassius gibelio (Bloch, 1782), Sander lucioperca
(Linnaeus, 1758), Vimba vimba tenella (Nordmann,
1840), Capoeta capoeta (Güldenstädt, 1773), Tinca
tinca (Linnaeus   IURP 6X÷OD /DNH 7XUNH\ 
and P. anatolicus, Scardinius erythrophthalmus
(Linnaeus, 1758), T. tinca IURP %H\úHKLU /DNH
(Turkey) are economically important fish species
and these fish have been consumed as food by local
people. P. anatolicus is also endangered and
endemic species from Turkey. In the present study,
the concentrations of eight heavy metals (Cd, Co,
Cr, Fe, Mn, Ni, Pb and Zn) were determined in
muscle tissue of these fish by using atomic
absorption spectrometer. The liver is the main site
of accumulation, biotransformation and excretion of
pollutants in fish [17, 18]. Nevertheless, the muscle
is the section of fish that is consumed by human
and is required to verify whether contaminants like
heavy metals are within the recommended limits for
human consumption [17]. For this reason the metal
content in the muscle of fish was analysed in the
present study. The levels of metals were compared
with results of previous studies, the tolerance levels
of national and international guidelines and the
levels of Provisional Tolerable Weekly Intake
(PTWI) limits set by FAO/WHO.

Reagents and solutions. A stock standard
solution of metals at a concentration of 1000 mg L-1
was purchased from Merck (Frankfurter Str. 250,
64293 Darmstadt, Germany). Deionised water
(Millipore Milli-Q Plus water purification system
18.2 MX cm-1, resistivity, France) was used for all
dilutions. The working solutions with a
concentration of metals were prepared by
appropriate dilutions of the stock solution
immediately prior to their use. Laboratory
glassware was kept overnight in a 10% v/v HNO3
solution and then rinsed with deionised double
distilled water.
Experimental Method. Muscle tissue
samples were washed with double-distilled water
and were dried in filter paper at 60oC for 24 h.
Dried fish samples were homogenized in a blender
and one gram of homogenate was digested by
microwave digestion system. CEM-MDS 2000
closed vessel microwave system (maximum
pressure 800 psi, maximum temperature 220ºC)
was used. Digestion conditions for microwave
system for the samples were applied as 2 min for
250 W, 2 min for 0 W, 6 min for 250 W, 5 min for
400 W, 8 min for 550 W, ventilation: 8 min [16].
After digestion, the residues diluted to 50 mL with
deionised water. Instrument calibrated standard
solutions were prepared from commercial materials.
The metal analyses of samples (Cd, Co, Cr, Fe, Mn,
Ni, Pb and Zn) were carried out by using Contr AA
300 Atomic Absorption Spectrometer. The
operating parameters for working elements were set
as recommended by the manufacturer. The
absorption wavelengths (nm) were 228.802,
240.725, 357.869, 248.327, 279.482, 232.003,
217.000 and 213.857 for Cd, Co, Cr, Fe, Mn, Ni, Pb
and Zn, respectively. Metal contents were
expressed as mg kg-1 dry weight (dw).

MATERIALS AND METHODS
SAMPLING
This study was performed with the permission
of the ethics committee of Selcuk University
Veterinary Faculty (Permission no. 2012/028). P.
anatolicus (fatty fish), C. gibelio (Prussian carp), S.
lucioperca (Pike-perch), V. vimba tenella (Vimba),
C. capoeta (Caucasian scraper) and T. tinca
(Tench) were obtained IURP6X÷OD/DNH in April. P.
anatolicus, S. erythrophthalmus (Rudd) and T. tinca
were also obtained IURP %H\úHKLU /DNH in March.
The fish samples were purchased after landing from
local fisherman and were transported in ice to the
laboratory. The fish were the mostly consumed size
and the same age and size because these may be
important factors for metal accumulation in fish.
Dorsal muscle tissues were taken as samples and
were frozen at -20°C until analysis. At the
beginning of analysis, the samples were allowed to
equilibrate to room temperature.

STATISTICAL ANALYSIS
The statistical differences of mean metal
levels among different fish species were analyzed
using multiple comparison tests (One-way
ANOVA, Tukey HSD (Honest Significant
Differences)). SPSS package program (13.0) was
used in the statistical calculations.

RESULTS AND DISCUSSION
The mean concentrations of Cd, Co, Cr, Fe,
Mn, Ni, Pb and Zn (mg kg-1 dw) in muscle of six
fish species from 6X÷OD /DNH ZHUH SUHVHQWHG LQ
Table 1. As can be seen from these results, it has

CHEMICAL ANALYSIS
Apparatus. CEM-MDS 2000 closed vessel
microwave system and an AnalytikJena model
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from 6X÷OD /DNH As presented in Table 1, the
differences among the concentrations of Cd, Cr, Ni,
3EDQG=QLQGLIIHUHQWILVKVSHFLHVIURP6X÷OD/DNH
were not statistically significant (P>0.05). On the
contrary, the differences among the concentrations
of Co, Fe and Mn were statistically significant
(P<0.05) (Table 1). This situation may be
associated with differences of species.

been found that the highest concentrations of Pb
and Cr were in C. capoeta as 17.48 mg kg-1 and
7.31 mg kg-1 respectively. The highest levels of Cd
and Fe were determined in C. gibelio as 3.47 mg
kg-1 and 91.57 mg kg-1 respectively. The levels of
four metals in T. tinca were higher than those of
other fish species as follows: Co 2.18 mg kg-1, Mn
2.34 mg kg-1, Ni 8.53 mg kg-1 and Zn 9.53 mg kg-1.
Zn was below detection limit in V. vimba tenella

TABLE 1
Some metal levels in muscle of six fish species LQ6X÷OD/DNH7XUNH\ w.
w

Values given as mg kg-1 dry weight
mean ± standard deviation
y
BDL, Below Detection Limit.
ab
7KHGLIIHUHQFHDPRQJWKHYDOXHVZLWKGLIIHUHQWVXSHUVFULSWLQHDFKSDUDPHWHUFROXPQLVVWDWLVWLFDOO\VLJQL¿FDQW One-way ANOVA, Tukey
x

Species
(n)

Cd

Co

Cr

Fe

Mn

Ni

Pb

Zn

Phoxinellus anatolicus
(9)

2.25±0.41x

1.43±0.64ab

6.28±1.31

11.63±2.02a

2.06±0.42ab

4.30±1.25

14.93±2.46

2.16±2.15

Carassius gibelio
(9)

3.47±2.34

0.80±0.43a

7.25±0.51

91.57±53.62b

1.57±0.28a

5.23±8.87

15.80±2.96

9.29±5.34

Sander lucioperca
(9)

2.30±0.80

1.57±0.66ab

6.19±1.90

13.59±11.70a

1.84±0.23ab

3.83±1.64

14.95±2.41

2.71±2.36

Vimba vimba tenella
(3)

2.75±1.26

1.28±0.17ab

5.40±0.93

18.85±9.31ab

1.68±0.14a

2.41±0.36

13.71±1.66

BDLy

Capoeta capoeta
(3)

2.37±0.14

1.90±0.23b

7.31±0.36

31.41±10.51ab

2.21±0.39ab

3.71±0.98

17.48±1.07

2.68±2.88

Tinca tinca
(3)

2.14±0.07

2.18±0.22b

6.95±0.72

34.30±12.90ab

2.34±0.31b

8.53±6.74

16.70±0.56

9.53±5.60

HSD, P < 0.05).

was at the highest level, 0.95 mg kg-1, in P.
anatolicus. Zn could not be detected in any of the
three ILVK VSHFLHV IURP %H\úHKLU /DNH EHFDXVH LW
was below detection limit. As can be seen in Table
2, the differences among the concentrations of each
metal which were analyzed in different fish species
IURP %H\úHKLU /DNH were not statistically
significant (P>0.05).

The mean concentrations of the examined
metals (mg kg-1 dw) in muscle of three fish species
from %H\úHKLU /DNH ZHUH given in Table 2. The
highest concentrations of Pb, Mn and Fe were
determined in T. tinca as 18.53 mg kg-1, 2.75 mg
kg-1 and 26.89 mg kg-1 respectively. The highest
levels of Cd, Cr and Ni were detected in S.
erythrophthalmus as 1.82 mg kg-1, 6.04 mg kg-1 and
2.19 mg kg-1 respectively. It has been found that Co
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TABLE 2
Some metal levels in muscle of three fish species LQ%H\úHKLU/DNH7XUNH\ w.
Species
(n)

Cd

Co

Cr

Fe

Mn

Ni

Pb

Zn

Phoxinellus anatolicus
(9)

1.74±0.21x

0.95±0.54

6.02±0.71

14.02±2.50

2.73±0.41

1.43±0.73

18.01±1.67

BDLy

Scardinius erythrophthalmus
(9)

1.82±0.18

0.54±0.42

6.04±0.63

23.64±18.33

2.69±0.37

2.19±1.69

17.60±1.23

BDL

Tinca tinca
(6)

1.72±0.39

0.42±0.17

5.88±0.53

26.89±15.99

2.75±0.17

1.71±1.15

18.53±3.50

BDL

w

Values given as mg kg-1 dry weight
mean ± standard deviation
y
BDL, Below Detection Limit.
7KHGLIIHUHQFHDPRQJWKHYDOXHVLQHDFKSDUDPHWHUFROXPQLVQRWVWDWLVWLFDOO\VLJQL¿FDQW One-way ANOVA, P > 0.05).
x

FAO/WHO [19], Range of International Standards
[20], IAEA-407 [21], TFC [22], EC [23] and Chine
[24] guideline limits (Table 4). Only Cd values of
fish species LQ%H\úHKLU/DNHZHUHFRPSDWLEOHwith
Range of International Standards [20].
Cr which is essential element plays an
important role in glucose metabolism. Cr may
become toxic when accumulating in liver and
spleen [25]. In this study, Cr concentrations in
muscle of fish species IURP 6X÷OD DQG %H\úHKLU
Lakes varied from 5.40-7.31 mg kg-1 and 5.88-6.04
mg kg-1, respectively (Table 1 and 2). The values
obtained from 6X÷OD/DNHZHUHconsiderably higher
than those of previous study (Table 3). Also the
values obtained from %H\úHKLU /DNH ZHUH rather
higher than the results of published studies except
for Özparlak et al. [16] (Table 3). In addition, all Cr
values in this study exceeded all guideline limits in
Table 4.
Ni inhibits a number of enzymes and is bound
to various proteins, including metallothioneins and
albumins. Freshwater fish are exposed to Ni
directly through the water and the ingestion of
contaminated food and sediments [26]. Ni is toxic
to fish when present in high enough concentrations.
An uptake of too large quantities of Ni results in
respiratory failure, birth effects, asthma and chronic
bronchitis and heart disorders. Ni can also cause
various kinds of cancer on different sites within the
bodies of animals and humans [27,28]. Ni
concentrations in muscle of fish species IURP6X÷OD
DQG%H\úHKLU/DNHV ranged from 2.41-8.53 mg kg-1
and 1.43-2.19 mg kg-1, respectively, in the present
study (Table 1 and 2). Ni values determined from
6X÷OD/DNHwere rather higher than data reported by
other study (Table 3). However, Ni values
GHWHUPLQHGIURP%H\úHKLU/DNHwere almost similar
to the previous studies (Table 3). Besides, all Ni
values in this study exceeded the guideline limit in
Table 4.

Heavy metals such as Cd, Pb, As and
methylated forms of Hg have been reported to have
no known bio-importance in human physiology and
biochemistry and do not occur naturally in living
organisms. Therefore dietary intakes of these
metals, even at very low concentrations can be very
harmful because they bioaccumulate. Cd is toxic at
extremely low levels. In humans, long term
exposure results in renal dysfunction. High
exposure can lead to obstructive lung disease,
cadmium pneumonitis. Cd is also associated with
bone defects [1]. Pb is the most toxic the heavy
metal, and the inorganic forms are absorbed
through ingestion by water and food, and
inhalation. An especially serious effect of lead
toxicity is its teratogenic effect. Pb poisoning also
causes inhibition of the synthesis of haemoglobin,
dysfunctions in the kidneys, joints, reproductive
system, cardiovascular system and chronic damage
to nervous system [1]. These metals have a high
potential for bioconcentration in fish and are
accumulated in multiple organs. The mean Cd
values in the muscle tissue of fish species from
6X÷OD DQG %H\úHKLU /DNHV were found to be in
range of 2.14-3.47 mg kg-1 and 1.72-1.82 mg kg-1 in
the present study, respectively (Table 1 and 2). Cd
levels were higher than those of other studies in
%H\úHKLU /DNH except for Özparlak et al. [16]
(Table 3). There has not been any report on Cd
levels of fishes in 6X÷OD/DNH. Pb concentrations in
muscle of fish species IURP 6X÷OD DQG %H\úHKLU
Lakes ranged from 13.71-17.48 mg kg-1 and 17.6018.53 mg kg-1 in this study, respectively (Table 1
and 2). These values were rather higher than data
reported by other studies in 6X÷OD DQG %H\úHKLU
Lakes (Table 3). When compared to the previous
studies (Table 3), there are severely significant
increases in Pb levels of the fishes in both lakes.
Almost all Cd and Pb concentrations in fish
specimens of this study exceeded tolerance levels
of metal concentrations in fish according to
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Water pollution of lakes led to affected fish
with heavy metals, which resulted from many
sources, for example discharge of sewerage and
industrial effluents, agricultural drainage. However,
fish is considered as one of the main protein
sources of food for human. Metal concentrations in
muscle are very important as fish flesh is the edible
part of the fish. The average weekly fish
consumption of local people which are around
6X÷OD DQG %H\úHKLU /DNHV is about 0.3 kg/person.
As known, the main constituent of fish flesh is
water, which usually accounts for about 80 percent
of the weight of a fresh white fish fillet. For this
reason, the dry weight of 0.3 kg fresh fish fillet is
calculated as 0.06 kg. The Joint FAO/WHO Expert
Committee on Food Additives has set limit for
heavy metal intake based on body weight (bw).
Provisional Tolerable Weekly Intake (PTWI) for
Cd and Pb are 0.007 mg kg-1 (bw) and 0.025 mg kg1
(bw), respectively, for an average adult (70 kg bw)
[32]. As can be seen in Table 5, Pb and Cd
concentrations of all fish flesh obtained from 6X÷OD
and %H\úHKLU /DNHs did not exceed the PTWI
limits. Therefore, considering these two heavy
metals, up to 0.3 kg consumption of fillets of these
fish species does not present a drawback.
The Joint FAO/WHO Expert Committee on
Food Additives established a Provisional Daily
Dietary Requirement/Maximum Tolerable Daily
Intake (PMTDI) for Fe and Zn as 0.8 mg kg-1 (bw)
and 0.3-1 mg kg-1 (bw), respectively, for an average
adult (70 kg bw) [32]. In Table 5, these PMTDI
values were presented and evaluated as PTWI
values. As can be seen in Table 5, Fe and Zn
concentrations of all fish flesh obtained from 6X÷OD
and %H\úHKLU/DNHs are reasonably under the PTWI
limits (Table 5). For this reason, considering these
two metals, the fillets of these fish species more
than 0.3 kg can be consumed safely.
Consequently, Cr, Fe, Mn, Ni and Pb contents
LQ ILVKHV 6X÷OD /DNH DQG DV ZHOO DV )H DQG 3E
FRQWHQWV LQ ILVKHV IURP %H\úHKLU /DNH have
increased at a serious level when compared with
published data. These results may indicate an
increase in the heavy metal pollution of these lakes.
However, consumption of fresh fillet of examined
fish species (weekly up to about 0.3 kg/person)
GRHVQ¶WVHHPWREHREMHFWLRQDEOH in terms of human
health.

Zn is an essential micronutrient, found almost
in every cell and it is the second most abundant
trace element after Fe. Zn is a regulatory catalyst of
a number of metalloenzymes and is also required
for the metabolism of biological molecules such as
nucleic acids and proteins. It can become toxic for
fish at increased waterborne levels, while dietary
Zn has mild toxic effects on fish [29]. Zn
concentrations of fish samples IURP 6X÷OD /DNH in
this study were determined as 2.16-9.53 mg kg-1
(Table 1). These results were almost similar to the
previous study (Table 3). According to the
guideline limits in Table 4, all Zn values were very
low.
Fe is essential to most life forms and to
normal human physiology. Fe is an essential
component of proteins involved in oxygen
transports from the lung to the tissues [30]. Fe
values in the fish samples of this study were found
to be 11.63-91.57 mg kg-1 and 14.02-26.89 mg kg-1
for 6X÷ODDQG%H\úHKLU/DNHV, respectively (Table 1
and 2). Almost all Fe values were higher than those
of previous studies (Table 3). On the contrary, these
values were considerably lower than the
international guideline limit in Table 4.
Mn is an essential trace element for both
animals and human. However, high levels of Mn
can cause lung, liver and vascular disturbances,
declines in blood pressure, failure in development
of animal fetus and brain damage [28]. In present
study, the lowest and highest Mn concentrations
were found to be 1.57-2.34 mg kg-1 and 2.69-2.75
mg kg-1 IRU6X÷ODDQG%H\úHKLU/DNHVUHVSHFWLYHO\
(Table 1 and 2). These values were higher than
those of previous studies except for Özparlak et al.
[16] who had reported much higher Mn values in
fishes IURP%H\úHKLU/DNH (Table 3). However, our
Mn values were below the international guideline
limit in Table 4.
Co is classified as an essential element, which
is vital to many enzymatic systems and a
component of cyanocobalamin (vitamin B12),
constituting nearly 4.5% of its molecular weight
[31]. 7KH FRQWHQWV RI &R LQ ILVKHV IURP 6X÷OD DQG
%H\úHKLU /DNHV ZHUH -2.18 mg kg-1 and 0.420.95 mg kg-1 respectively, in present study (Table 1
and 2). Co results were lower than those of previous
UHVHDUFK LQ %H\úHKLU /DNH 7DEOH  There has not
been an\ UHSRUW RQ &R FRQWHQWV RI ILVKHV LQ 6X÷OD
Lake. Besides, the tolerable Co limits for fish have
not been reported by international guidelines.
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Ni

Mn

Fe

Cr

Co

Cd

Metals

TABLE 3
Some metal concentrations in the muscle RIFHUWDLQILVKVSHFLHVLQ%H\úHKLUDQG6X÷OD/DNHs, Turkey.

Species

Locality

Mean or minimum-maximum levels of
metal concentrations (mg kg-1)

References

Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Tinca tinca
Sander lucioperca
Sander lucioperca
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Sander lucioperca
Phoxinellus anatolicus
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Tinca tinca
Sander lucioperca
Sander lucioperca
Sander lucioperca
Phoxinellus anatolicus
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Tinca tinca
Sander lucioperca
Sander lucioperca
Phoxinellus anatolicus
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Tinca tinca
Sander lucioperca
Sander lucioperca
Phoxinellus anatolicus
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Sander lucioperca

%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH

3.99 (dw)b
2.29 (dw)
2.17 (dw)
0.54 (dw)
2.31 (dw)
2.74 (dw)
0.01 (ww)c
0.60 (dw)
2.17 (dw)
0.64 (dw)
3.43 (dw)
2.87 (dw)
2.85 (dw)
2.79 (dw)
3.00 (dw)
2.61 (dw)
BDLa
14.93 (dw)
12.40 (dw)
12.11 (dw)
0.31
0.03 and 0.04 (sumd and wine, ww)
11.68 (dw)
13.05 (dw)
0.02 (ww)
2.35
12.21 (dw)
0.26
BDL
4.04 and 3.28 (sum and win, ww)
6.46 (dw)
2.61 (dw)
3.03 (dw)
1.46 and 2.97 (2003 and 2004, dw)
9.43 and 6.74 (sum and win, ww)
7.04 (dw)
13.98 (dw)
0.04 (ww)
7.35 and 8.51 (spr f 2003 and 2004, dw)
2.03 (dw)
6.12 (ww)
0.18 and 0.14 (sum and win, ww)
9.63 (dw)
9.34 (dw)
9.35 (dw)
BDL
0.22 and 0.17 (sum and win, ww)
8.51 (dw)
9.84 (dw)
0.02 (ww)
BDL
9.11 (dw)
BDL
BDL
1.83 (dw)
1.71 (dw)
1.43 (dw)
BDL
0.91 (dw)
1.99 (dw)
0.09 (ww)
1.08 (dw)

[16]
[16]
[16]
[11]
[16]
[16]
[15]
[11]
[16]
[11]
[16]
[16]
[16]
[16]
[16]
[16]
[10]
[16]
[16]
[16]
[11]
[10]
[16]
[16]
[15]
[11]
[16]
[11]
[12]
[10]
[16]
[16]
[16]
[13]
[10]
[16]
[16]
[15]
[14]
[16]
[12]
[10]
[16]
[16]
[16]
[13]
[10]
[16]
[16]
[15]
[14]
[16]
[12]
[10]
[16]
[16]
[16]
[10]
[16]
[16]
[15]
[16]
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TABLE 3 continued.

Zn

Pb

Phoxinellus anatolicus
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Tinca tinca
Sander lucioperca
Sander lucioperca
Sander lucioperca
Phoxinellus anatolicus
Phoxinellus anatolicus
Carassius gibelio
Cyprinus carpio
Cyprinus carpio
Cyprinus carpio
Scardinius erythrophthalmus
Tinca tinca
Tinca tinca
Tinca tinca
Sander lucioperca
Sander lucioperca
a
BDL, Below Detection Limit.
b
dw, dry weight.
c
ww, wet weight.
d
sum, summer.
e
win, winter.
f
spr, spring.

6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLULake
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
6X÷OD/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH
%H\úHKLU/DNH

BDLa
2.83 (dw)b
2.51 (dw)
2.84 (dw)
0.30
BDL
1.94 (dw)
3.34 (dw)
0.09 (ww)c
0.42
1.62 (dw)
0.68 (dw)
BDL
7.77 and 6.93 (sum d and win e, ww)
19.33 (dw)
13.98 (dw)
12.49 (dw)
7.49 and 11.32 (2003 and 2004, dw)
11.58 and 10.87 (sum and win, ww)
20.17 (dw)
14.05 (dw)
0.65 (ww)
2.97 and 6.93 (spr f 2003 and 2004, dw)
8.20 (dw)
6.85 (ww)

[10]
[16]
[16]
[16]
[11]
[10]
[16]
[16]
[15]
[11]
[16]
[11]
[12]
[10]
[16]
[16]
[16]
[13]
[10]
[16]
[16]
[15]
[14]
[16]
[12]

TABLE 4
Tolerance levels of metal concentrations in fish according to guidelines a.
Guidelines

Pb

Cd

Zn

Ni

Cr

Mn

Fe

FAO/WHO [19]

0.50

0.50

40

-

-

-

-

0.50-10

0.0-2

40-100

-

-

-

-

TFC [22]

0.2

0.05

50

-

-

-

-

IAEA-407 [21]

0.12

0.19

67.10

0.60

0.73

3.52

146

EC [23]

0.30

0.05

-

-

-

-

-

0.50

-

-

-

2<

-

-

Range of International Standards
[20]

Chine [24]
a

Values given as mg kg

-1
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TABLE 5
Weekly dietary intake of some metals by eating 0.3 kg/person fresh fish fillet (which was equivalent to 0.06
NJSHUVRQGZ IURP6X÷ODDQG%H\úHKLU/DNHV
Weekly intake concentrations (mg)
Species

Cd

Fe

Pb

Zn

Phoxinellus anatolicus
Carassius gibelio

0.14
0.21

0.70
5.49

0.90
0.95

0.13
0.56

Sander lucioperca

0.14

0.82

0.90

0.16

Vimba vimba tenella

0.17

1.13

0.82

-

Capoeta capoeta
Tinca tinca
Phoxinellus anatolicus

0.14
0.13
0.10

1.88
2.06
0.84

1.05
1.00
1.08

0.16
0.57
-

Scardinius erythrophthalmus

0.11

1.42

1.06

-

Tinca tinca

0.10

1.61

1.11

-

PTWIa (mg kg-1 bw/week) [32]

0.007

5.6

0.025

0.21-7

0.49
Normal for
human
consumption

392
Normal for
human
consumption

1.75
Normal for
human
consumption

14.70-490
Normal for
human
consumption

%H\úHKLU
Lake

6X÷OD/DNH

Lakes

PTWI (mg/week) for a 70 kg adult
Remark
a

PTWI, Provisional Tolerable Weekly Intake.

[6] Dogru, M., Orun, I., Dogru, A., Kandemir, S.,
Altas, L., Erdogan, K., Orun, G. and Polat, N.
(2011) Evaluation of metal accumulation,
oxidative
stress,
biochemical
and
haematological
parameters
in
Sander
lucioperca L., 1758 from Bafra (Samsun) fish
lakes. Fresenius Environmental Bulletin, 20,
2731-2736.
[7] Zengin, M., Karakaplan, S., and Ersoy, I. (2002)
Determination of irrigation water quality of
Lake Beysehir and other water sources used in
irrigation of Çumra Plain. Selçuk Üniversitesi
Ziraat Fakültesi Dergisi, 16(29), 72-78.
[8] $NN|] & DQG <ÕOPD] % (2009) SX÷OD *|O
6H\GLúHKLU  .RQ\D  EHQWLN Dlgleri üzerine
DUDúWÕUPDODU Selçuk Üniversitesi Fen Fakültesi
Fen Dergisi, 33, 51-59.
[9] Yarar, M. and Magnin, G. (1997) 7UNL\H¶QLQ
gQHPOL .Xú $ODQODUÕ 'R÷DO +D\DWÕ .RUXPD
'HUQH÷L$QD%DVÕP$6,VWDQEXOS
[10] $NN|] & DQG dD÷ODU & (2013) Examination
of the concentrations of some heavy metals in
the organs of two fish species (Phoxinellus
anatolicus Hanko, 1924, Cyprinus carpio
Linneaus, 1758) taken fURP 6X÷OD /DNH.
Management of Sustainable Development
Sibiu, Romania, 5(2), 5-8.
[11] $OWÕQGD÷ $ and <L÷LW 6 (2005) Assessment
of heavy metal concentrations in the food web
RI ODNH %H\úHKLU 7XUNH\ Chemosphere, 60,
552-556.
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DISSOLVED OXYGEN CONCENTRATION IN ACTIVATED
SLUDGE PROCESS
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most widely used for biological waste water
treatment process. For the treatment of waste
activated sludge, aerobic and anaerobic digestion
are popular methods. The sludge degradation
during aerobic and anaerobic digestion have been
investigated in the literature (Wang et al., 2015;
Yuan et al., 2015). In this process a bacterial
biomass suspension is responsible for the removal
of pollutants depending on the design and the
specific application an activated sludge waste water
treatment plant can achieve biological nitrogen
removal and biological phosphorous removal,
besides removal of organic carbon substances
(Akyürek et al., 2009). Modeling and control of
activated sludge process has become an important
part of the design and operation of waste water
treatment plants. In the control of waste water
treatment plants, generally mechanistic models are
used in simulating plant behavior over a wide range
of organic carbon substances. Controlling of waste
water treatment is difficult because of biological,
chemical and physical phenomena of it. In order to
model of activated sludge, so far some models have
been proposed. Activated Sludge Models (ASMs)
of International Water Association (IWA) including
ASM1, ASM2, ASM2d and ASM3 (Yang et al.,
2014). The Activated Sludge Model (ASM1) has
been widely accepted as a reference model in
activated sludge processes. On the other hand, due
to the complexity of the model such as high
dimensional with many nonlinear terms and
parameters are limited to use ASM1 models for
controller design. An alternative approach,
intelligent models and hybrid models for modeling
activated sludge process (Hyun et al., 2010; Su et
al., 2012; Su et al. 2013).
In order to carry out inspection of waste water
system in a good way, control strategies must be
used effectively. Different control algorithms for
waste water treatment plants have been developed
over the years (Nejjari et al., 1999; Coelho et al.,
2000; Stare et al., 2007; Souza et al., 2008; 2¶%ULHQ
et al., 2011; Nasr et al., 2012; Han et al., 2014;
Yang et al., 2014). Model predictive control that
capable of cope with multi-variable systems and

ABSTRACT
Different control algorithms were compared
and tested for activated sludge wastewater
treatment process. Proportional-integral-derivative
control (PID), Model Predictive Control (MPC)
with linear model, MPC with non-linear model,
Nonlinear
Autoregressive-Moving
Average
(NARMA-L2) control, Neural Network Model
Predictive Control (NN-MPC) and optimal control
with Sequential Quadratic Programming (SQP)
algorithm were evaluated via simulation of
activated sludge model. Controlled and manipulated
variables were selected as dissolved oxygen level
and aeration rate, respectively. Rise time,
overshoot, Integral Absolute Error (IAE) and
Integral Square Error (ISE) were calculated for
each controller. It was concluded that NARMA-L2
controller and optimal control with SQP would
outperform the other control strategies.

KEYWORDS:
Waste water treatment plant, ASM model, control studies

INTRODUCTION
Water pollution is one of the most serious
environmental problems owing to the discharge of
nutrients into receiving waters. For this reason
stricter regulations for the operation of waste water
treatment plants have been imposed by authorities.
Moreover, together with the growing interest in
environmental processes importance of control and
proper operation of waste water treatment plant is
constantly increasing.
Waste water treatment is defined as water that
as a result of various uses of water transformed into
waste water physical, chemical and biological
properties are recovered. For this purpose three
waste water treatment strategies can be used: i)
physical treatment, ii) chemical treatment and iii)
biological treatment. Activated sludge is one of the
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control approach was also used in literature (Shen
et al., 2009). Despite these control strategies for
waste water treatment, comprehensive and
comparative study with activated sludge process is
limited.
In this study comparison of six different
control algorithms that proportional integral control
(PID), model predictive control (MPC), neural
network model predictive control (NN-MPC),
nonlinear
autoregressive
moving
average
(NARMA-L2)
and
sequential
quadratic
programming (SQP) for dissolved oxygen
concentration were carried out by using ASM1
model. The proposed control strategies were
evaluated in terms of set-point rise time, reliability
of manipulated variable, Integral Absolute Error
(IAE), Integral Square Error (ISE) performance
criteria and overshoot. After determining of the
most suitable control algorithm converging of
control system to filter was examined with SQP
algorithm.

constraints has been widely used for controlling
activated sludge process (Shen et al., 2008; Shen et
al., 2009; 2¶%ULHQ HW DO, 2011). In this control
strategy there are many manipulated variables such
as dissolved oxygen, ammonia, residual substrate
and internal recycle flow rate and external carbon
dosing rate can be used. Effective control of
dissolved oxygen can not only guarantee for
microorganisms living in activated sludge. On the
other hand reducing operational cost of waste water
treatment plant is possible with this approach. In
recent years model predictive control strategies
have focused on neural network, linear state space
model, bilinear model and fuzzy model (Han et al.,
2012; Holenda et al., 2008; Ekman 2008). Besides,
simple ON/OFF and proportional-integral (PI)
controls have been used for waste water treatment
(Ayesa et al., 2006). Stare et al. 2007 introduced
several control strategies for nitrogen removal are
proposed and evaluated in benchmark simulation
model of activated sludge process. According to
simulation results PI and feed forward controllers
almost same operating costs can be achieved as
with MPC strategies under operating conditions.
But more advanced control algorithms are
advantageous like MPC only in cases where plant is
highly loaded and if stringent effluent fines are
imposed by legislation. In order to fulfill the
effluent quality standards, while minimizing
operating conditions quadratic dynamic matrix

MATERIALS AND METHODS
In this part of this study open loop simulation
of ASM1 model (Nejjari et al., 1999) was presented
(Equations 2.1-2.5).

݀ܺ
ൌ ߤሺݐሻܺሺݐሻ െ ܦሺݐሻሺͳ  ݎሻܺሺݐሻ  ܦݎሺݐሻܺ ሺݐሻሺʹǤͳሻ
݀ݐ
݀ܵ
ߤሺݐሻ
ൌെ
ܺሺݐሻ െ ܦሺݐሻሺͳ  ݎሻܵሺݐሻ  ܦሺݐሻܵ ሺʹǤʹሻ
݀ݐ
ܻ
ߤሺݐሻ
ܱ݀ܦ
ൌ െܭ
ܺሺݐሻ െ ܦሺݐሻሺͳ  ݎሻܱܦሺݐሻ  ߙܹ൫ܱܦ௫ െ ܱܦሺݐሻ൯  ܦሺݐሻܱܦ ሺʹǤ͵ሻ
ܻ
݀ݐ
݀ܺ
ൌ ܦሺݐሻሺͳ  ݎሻܺሺݐሻ െ ܦሺݐሻሺߚ  ݎሻܺ ሺݐሻሺʹǤͶሻ
݀ݐ
ܵሺݐሻ
 ܵሺݐሻቇ ൫ܱܦሺݐሻ൯
ߤ௫ ቆ
݇௦
ߤሺݐሻ ൌ
ሺʹǤͷሻ
ܭை  ܱܦሺݐሻ
biomass, ܦሺݐሻ: dilution rate, ܵ and ܱܦ : substrate
and dissolved oxygen in inlet flow, ܻ: biomass
yield factor,ߤሺݐሻ: biomass grow rate, ߤ௫ :
maximum growth rate, ݇௦ and ܭை : saturation
FRHIILFLHQWĮR[\JHQWUDQVIHUUDWHܹ: aeration rate,
ܭ : model constant,  ݎand ߚ: recycling and waste
sludge ratio (Caraman et al., 2007). Schematic
representation of process flow diagram is shown in
Fig. 1.

This model is based on certain assumptions: i)
steady state ܳ ൌ ܳ௨௧ ൌ ܳ,  ܦൌ ܳȀܸ ii)
recycling amount of sludge is proportional to the
SURFHVV IORZ DQG LW LV GHILQHG DV ³ܺ ´ݎ ൌ  ݎή ܳ)
iii) sludge from secondary settler is proportional to
process flow rate that can be called as ߚሺܺఉ ൌ ߚ ή
ܳሻ iv) substrate and dissolved oxygen concentration
in sludge is zero. In this model ܺሺݐሻ: biomass, ܵሺݐሻ:
substrate, ܱܦሺݐሻ: Dissolved oxygen ܱܦ௫ :
maximum dissolved oxygen, ܺ ሺݐሻ: recycle
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FIGURE 1
Process flow diagram.

Open-loop simulation studies in operation
period were carried out with the above four state
variable equations in MATLAB environment.
Kinetic parameters that in simulation study are ܻ ൌ
ͲǤͷǡ ܾ ൌ ͲǤʹǡ ܽ ൌ ͲǤͲͳͺǡ ܭை ൌ ʹ݉݃Ȁܮǡ ܭ ൌ
ͲǤͷǡ ߤ௫ ൌ ͲǤͳͷ݉݃Ȁܮǡ ݇௦ ൌ ͳͲͲ݉݃Ȁܮand  ݎൌ
ͲǤ. In this process manipulated variable is aeration
rate, controlled variable dissolved oxygen and

disturbance substrate concentration in inlet flow
respectively. Initial conditions of state variables are
ܺሺͲሻ ൌ ʹͲͲ݉݃Ȁܮǡ ܵሺͲሻ ൌ ͺͺ݉݃Ȁܮǡ ܱܦሺͲሻ ൌ
ͷ݉݃Ȁܮǡ ܺ ሺͲሻ ൌ ͵ʹͲ݉݃Ȁܮ. Model parameters
are ܵ ൌ ʹͲͲ݉݃Ȁܮǡ ܱܦ ൌ ͲǤͷ݉݃Ȁܮǡ ܱܦ௫ ൌ
ͲǤͷ݉݃Ȁܮǡ ܹ ൌ ͷͲͳȀ݄
and  ܦൌ ͲǤͲ͵ͷͳȀ݄.
Schematic representation of waste water treatment
plant is given Fig. 2.

FIGURE 2
Schematic representation of wastewater treatment plant.

Dynamic simulation of multi-input and multioutput differential equation system results are given
in Fig. 3. This simulation studies were carried out

for approximately 500 hours and steady state
condition values were obtained (Table 1).
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FIGURE 3
Open loop simulation results of activated sludge process in operation period.

TABLE 1
Steady state value of model after the open loop simulation.
State variables

Initial values of aeration basin
(mg/L)

Biomass (ܺ)
Substrate (ܵ)
Dissolved Oxygen ()ܱܦ
Recycle Biomass (ܺ )

200
88
5
320

State variables in steady state
condition (mg/L)
(after operation period)
280.055
17.282
3.453
560.110

error with the Ziegler Nichols method (Bequette
2003). Tuning parameters of the PID controller
were found to be as ܭ ൌ Ͷǡ ߬ூ ൌ ͳͳͷǡ ߬ ൌ ͶǤ.

CONTROL STUDIES
Proportional Integral Control (PID).
Proportional integral derivative (PID) control is the
classical control algorithm. Three parameters, the
gain (ܭ ), the integral constant (߬ூ ) and the
derivative constant (߬ ), are determined by various
techniques such as Ziegler Nichols methods. In this
study, a state-space model was used, and the
controller parameters were obtained by trial and

Model Predictive Control (MPC). In the
MPC technique a process model is used that
predicts the future output of a plant and solves
objective function the value of which is between
desired and predicted outputs (Semizer et al., 2012).
The basic idea of MPC algorithm is given in Fig. 4.
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FIGURE 4
Basic idea of MPC algorithm.

minimization. This process continues until reaches
the set point.
In MPC technique various objective functions
can be used but the most common used form is
standard least squares method. This objective
function is defined as the sum of square difference
between estimated error and control actions
(Equation 3.1).

As in Figure 4 optimization problem is solved
for each k time interval. In MPC control algorithm
objective function that based on estimated value in
each time along the prediction horizon is minimized
by using selected manipulated variable for ܯ
controls along the control horizon. Fist control
action from obtaining objective function is applied
to the system over the control horizon. Other
control action is used to initial value for the next


ெିଵ

 ൌ ሺݎା െ ݕොାଵ

ሻଶ

ୀଵ

  οݑା ଶ ሺ͵Ǥͳሻ
ୀ

Another form of objective function that can be
used in MPC algorithm is given in Equation 3.2.


ெିଵ

 ൌ ȁݎା െ ݕොାଵ ȁ   ݓ ȁοݑା ȁ ሺ͵Ǥʹሻ
ୀଵ

ୀ

In this objective function is based on
minimizing of absolute value that sum of estimated
errors and controlled actions. On the other hand


ο௨ೖ ǡǥο௨ೖ ାெ



ݐݏǤ ݉ݏ݊݅ݐܽݑݍ݈݁݁݀

objective functions are minimized by using model
equations (Equation 3.3).

ሺ͵Ǥ͵ሻ
model is achieved by Jacobian command in
MATLAB.
During the simulations aeration rate was taken
as manipulated variable with constant dilution rate.
Parameters of MPC controller were tuned by trial
and error and as an objective function were selected

MPC is by far the most commonly applied
advanced control strategy in the waste water
treatment process. In this control strategy two
approaches were applied with using MATLAB
MPC toolbox; MPC with linear model (state-space
model) and MPC with nonlinear model. State space
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ͲǤʹͷ݄. Closed loop of MPC with linear and
nonlinear model are given in Fig. 5a and 5b.

as Equation 3.3. The prediction horizon and control
horizon were determined as 60 and 20 interval
respectively and the sampling time was taken as

FIGURE 5a
MPC algorithm with linear model.

FIGURE 5b
MPC algorithm with nonlinear model.

(NARMA-L2) were applied successfully in the
identification and control of dynamic systems.
Rather than attempting to survey the many ways in

NN-MPC and NARMA-L2 Control. Neural
network model predictive control (NN-MPC) and
Nonlinear Autoregressive-Moving Average control
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performance. Because the optimization algorithm is
used at each sample time to compute the optimum
control input, this controller requires many online
computations (Semizer et al., 2012).
In this part of study, for two control strategies,
the system identification was identical, but the
control identification step was different. In NNMPC and NARMA-/ FRQWUROV¶ V\VWHP
identification step network is trained to represent
the forward dynamics of the plant. Training signal
is defined as error between the plant and neural
network outputs. In the system identification stage
for NN-MPC three neurons in the hidden layer are
used. The Levenberg-Marquardt algorithm was
used in the optimization step. The NN-MPC block
diagram/MATLAB (MathWorks 2003) is given in
Fig. 6. The NN-MPC control algorithm parameters
are given in Table 2.

which multilayer networks have been used in
control systems, it is concentrated on two typical
neural network controllers: model predictive
control (Narendra & Parthasarathy 1990; Narendra
& Mukhopadhyay 1997), and NARMA-L2 control
(Narendra & Mukhopadhyay 1997). They are based
on standard linear control architectures like other
neural controllers. Using neural networks for
control purposes, two steps are critical; system
identification and control design. In the system
identification stage, a neural network model of the
plant was developed to control, and in the control
design stage, the neural network plant model was
used to design and train the controller (Atasoy et
al., 2007). The future plant responses are predicted
using the neural network model according to the
potential control signals in predictive control. The
control signals are determined using an
optimization algorithm for optimizing the plant

FIGURE 6
NN-MPC block diagram.

suggested by Narendra & Mukhopadhyay (1997)
was used.
NARMA-L2 control includes two stages,
system identification and control design, as for NNMPC. In the system identification stage, the
NARMA model was used. This model is better than
the other model because the analytical solution
determines the control input that supplies the
system output based on the reference signal.
In Figure 7, the tapped delay line (TDL) stores
previous values of the input signal. The NARMAL2 controller study was carried out in
MATLAB/Simulink environment, as was NNMPC.
Five neurons are used in the hidden layer as shown
in Table 2.

For the NARMA-L2 controller, the neural
network plant model, which was trained offline,
was used as the NN-MPC. The only online
computation was a forward pass through the neural
network controller (Atasoy et al., 2007). In this
control system, nonlinearities are eliminated by the
transformation of the nonlinear dynamics system
into a linear dynamic system. This process was
completed using the nonlinear autoregressive
moving average (NARMA) model. During the
training of the artificial neural network (ANN), the
back-propagation algorithm was used. Because this
algorithm is very slow, it causes a computational
and convergence problem. To overcome this
problem, an approximate NARMA model
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FIGURE 7
NARMA-L2 controller (Hagan et al., 2002).

TABLE 2
Parameters of the NN-MPC and NARMA-L2 control algorithm.
Parameters

NN-MPC

Size of hidden layer
Training algorithm

NARMA-L2
3

5

Levenberg-Marquardt Levenberg-Marquardt

Training data

Normalized

Normalized

Optimization horizon (ܰଶ )

20

-

Control horizon (ܰ௨ )

2

-

Control weighting factor (ߩ)

0.1

-

Search parameter (ߙ)

0.1

-

minimize. As soon as the desired criteria had been
obtained, optimization ended and manipulated
variable profile was obtained for 20 sampling
intervals (i.e. control horizon). The first value of the
obtained manipulated variable profile was
implemented on the model as an actual control
effort and the procedure was repeated for the next
interval until the final operation time was reached.

Optimal control with sequential quadratic
programming algorithm (SQP). Sequential
quadratic programming (SQP) method is an
iterative method, which solves at each iteration a
quadratic programming problem to investigate the
best operational strategy for manipulated variable
sought to catch the set point. In this control
strategy, firstly state variables and manipulated
(optimized) variable (ݔሺͲሻ and ݑሺͲሻ) were
initialized, and upper and lower bounds of
manipulated variable ( )ݑwere defined. Then model
was solved up to ݐ with ͲǤʹͷ݄ sampling time
and obtained state variables in each interval were
used as an initial value for the next interval. The
difference between the controlled variable values
obtained from the model and desired set point
values for each sampling time were squared and
their sum was used as objective function to

Comparison of Control Strategies and
Performance Criterion for Controllers. In this
study presents six different control algorithms for
controlling dissolved oxygen concentration in terms
of set point tracking. Controlled variable and
manipulated variable are dissolved oxygen
concentration in aeration tank and aeration rate
respectively. Simulation of set point tracking of all
control strategies is given in Fig. 8.
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FIGURE 8
Set point tracking of controllers.
these equations ߝሺݐሻ is difference between set point
and response of the system (ߝሺݐሻ ൌ ݕ௦ ሺݐሻ െ ݕሺݐሻ).

In order to determine performance criterion
for all controllers, dynamic performance criteria for
controllers were calculated at  ݐൌ Ͳ from steadystate values according to Equation 3.4 and 3.5. In
ஶ

 ܧܣܫൌ න ȁߝሺݐሻȁ ݀ݐ

ሺ͵ǤͶሻ


ஶ

 ܧܵܫൌ න ߝሺݐሻଶ ݀ݐ

ሺ͵Ǥͷሻ



Comparison of controllers in terms of
ܧܣܫ, ܧܵܫand rise time and overshoot are shown in
Table 3.
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TABLE 3
Comparison of controllers in terms of IAE, ISE and Rise Time.

Controller

ࡵࡱ

ࡵࡿࡱ

Rise time (ࢎ) Overshoot (%)

NARMA-L2 0.1018 0.0346 0.6000

-

SQP

0.1820 0.0812 1.0000

-

PID

0.3188 0.1241 12.0000

13.2000

NN-MPC

0.7546 0.2508 9.0000

-

L-MPC

0.8668 0.3663 10.0000

-

NL-MPC

1.0046 0.3801 20.0000

-

two different form of transfer function were used as
shown in Equation 3.6 and Equation 3.7.

Converge of Control System to Filter with
SQP. In this part of this study converging of control
system to filter was carried out. For this purpose

ͳ
ሺ͵Ǥሻ
ͲǤͳ ݏ ͳ
ͳ
݃ൌ
ሺ͵Ǥሻ
ͲǤʹ ݏ ͳ
݃ൌ

mg/L. Sampling time is selected as 0.01 h during
simulations. Set point value is determined as output
of filter. Results of control studies for two different
time constants are depicted as Fig. 9 and Fig. 10.

Controlled variable and manipulated variable
are selected as dissolved oxygen concentration and
aeration rate respectively as the other control study.
Upper and lower values for controlled variable is 80
and 20 h-1 and manipulated variable is and 7 and 0

FIGURE 9
Simulation result of converging to filter (࣎ ൌ Ǥ ).
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FIGURE 10
Simulation result of converging to filter (࣎ ൌ Ǥ ).
value of manipulated variable increases 90 h-1 and
100 h-1 respectively better response can be obtained
than better before. Simulation results of this state
are given in Fig. 11 and Fig. 12.

According to above figures when time
constant is ߬ ൌ ͲǤʹ is more suitable than ߬ ൌ ͲǤͳ
in terms of following filter. The cause of poor
response as ߬ ൌ ͲǤͳ can be determined as
constraint value of manipulated variable. If upper

FIGURE 11
Simulation result of converging to filter (࣎ ൌ Ǥ  upper limit of aeration rate=90 h-1).
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FIGURE 12
Simulation result of converging to filter (࣎ ൌ Ǥ  upper limit of aeration rate=100 h-1).

An optimal set-point value of dissolved
oxygen concentration was selected as 4 mg/L.
Figure 8 shows the comparison of the performances
of the control strategies for a step change around
this optimal set point value. To determine the
performance of the controllers, dissolved oxygen
set point value was changed from 3.43 to 4 mg/L.
The obtained value of ܧܣܫǡ ܧܵܫ, rise time values
and overshoot are shown in Table 3.
The PID control strategy gives the largest
overshoot (OS) value, 13.2 % as expected. PID
controller catches the set point in 12 hours. MPC
controller with linear model gives better response
than the MPC controller with non-linear model. The
rise time of these controllers are 10 and 20 hours,
respectively. NN-03&¶V ULVH WLPH LV  KRXUV
NARMA-L2 controller and SQP algorithms give
much better responses than the others in terms of
rise time and overshoot. Both of these controllers
employed non-linear model. Dissolved oxygen
concentration in NARMA-L2 controller and SQP
algorithm reaches the set point in 0.6 and 1 hour,
respectively. Optimal control with SQP algorithm
and NARMA-L2 controller exhibit most adequate
responses compared to other controllers in terms of
IAE and ISE performance criteria (Table 3). After
the better results obtained with SQP algorithm
converging of reference filters study was carried
out with activated sludge model. For this purpose
transfer functions of filter with two different time
constant (߬ ൌ ͲǤͳ and ߬ ൌ ͲǤʹ) were used.
$FFRUGLQJ WR VLPXODWLRQ UHVXOWV ILUVWO\ ZKHQ Ĳ 

RESULTS AND DISCUSSION
In this study, controlling of complex activated
sludge system was realized. For this purpose both
advanced and classical control algorithms were
applied and performance analyses were carried out
in terms of ܧܣܫǡ  ܧܵܫrise time and overshoot.
In the first part of this study open-loop
simulation of ASM1 model with four state variables
was carried out for 500 hours and steady state
values are determined.
In order to determine the most suitable
algorithm for waste water treatment plant six
different control algorithms were used. Dissolved
oxygen level in the aeration tank was used as
controlled variable whereas the manipulated
variable was the aeration rate. This decision was
based on the fact that the growth of biomass in the
aeration tank is highly dependent on dissolved
oxygen concentration. Selected set-point of
dissolved oxygen concentration of the controller
strongly influences the performance of the plant.
High DO levels in the aeration tank will cause high
energy consumption. On the other hand, substrate
will not convert to biomass in low DO
concentration. In order to find the impact of the
controller set points on plant performance, a
number of simulations with different set point
values were performed. During these simulations,
effluent substrate concentration was taken as
process constraint. By the environmental
regulations it must be below 30 mg/L.
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better results were obtained as depicted in Fig. 9
and Fig. 10. After changing of the upper limit of
manipulated variable good results could be obtained
when ߬ ൌ ͲǤͳ (Fig. 11 and Fig. 12). As a result
when upper limit of aeration rate was 100 h-1
desired response was obtained with transfer
function having ߬ ൌ ͲǤͳ time constant.
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[6] Coelho MAZ, Russo C, & Araujo OQF (2000)
Optimization of a sequencing batch reactor for
biological nitrogen removal. Water Res
10:2809-2817.doi:10.1016/S00431354(00)10-5
[7] Ekman M (2008) Bilinear black-box
identificaiton and MPC of the activated sludge
process. J Process Control 18: 643-653.doi:
10.1016/j.jprocont.2007.12.006
[8] Han HG, Qian HH, & Qiao JF (2014)
Nonlinear multivariable model predictive
control scheme for waste water treatment
process. J Process Control 24:47-59.doi:
10.1016/j.jprocont.2013.12.010
[9] Han H, Qiao J, & Chen Q (2012) Model
predictive control of dissolved oxygen
concentration based on a self-organizing RBF
neural network. Control Eng Pract 20:465476.doi: 10.1016/j.conengprac.2012.01.001
[10] Hagan TM, Demuth HB, & Jesus OD (2002)
An introduction tothe use of neural networks
in control systems. Int J Robust Nonlin
12:959±985.doi: 10.1002/rnc.727
[11] Holenda B, Domokos E, Redey A, & Fazakas
J (2008) Dissolved oxygen control of the
activated sludge waste water treatment process
using model predictive control. Comput Chem
Eng
32:1270-1278.doi:
10.1016/j.compchemeng.2007.06.008
[12] Hyun CH, Park CW, & Kim S (2010) TakagiSugeno fuzzy model based indirect adaptive
fuzzy observer and controller design. Inf Sci
180:2314-2327.doi: 10.1016/j.ins.2010.02.002
[13] Narendra KS, & Mukhopadhyay S (1997)
Adaptive control using neural networks and
approximate models. IEEE Trans Neural
Networks 8:475±485.doi: 10.1109/72.57089
[14] Narendra KS, & Parthasarathy K (1990)
Identification and control of dynamical
systems using neural networks. IEEE Trans
Neural
Networks.
1:427.doi:10.1109/72.80202
[15] Nasr MS, Moustafa MAE, Seif HAE, &
Kobrosy GE (2012) Application of artificial
neural network (ANN) for the prediction of
EL-AGAMY waste water treatment plant
performance-EGYPT. Alexandria Eng J
51:37-43.doi:10.1016/j.aej.2012.07.005
[16] Nejjari F, Dahhou B, Benhammou A, & Roux
AG (1999) Non-linear multivariable adaptive
control of an activated sludge wastewater
treatment process. Int J Adapt Control 13:347365.doi:10.1002/(SICI)10991115(199908)13:5<347::AIDACS543>3.0.CO;2-8.

CONCLUSION
In this study six control strategies; PID, MPC
with linear model (L-MPC) and nonlinear model
(NL-MPC), NARMA-L2, NN-MPC and optimal
control with SQP algorithm were used for dissolved
oxygen control in exemplary activated sludge
system. The objective of control action was to keep
effluent dissolved oxygen concentration at a certain
value by manipulating the aeration rate.
Results were indicative of the conclusion that
NARMA-L2 and optimal control with SQP would
outperform the others in achieving specified
objective. After obtaining the most suitable control
algorithms, converging of control system to filter
was examined using transfer functions with
different time constants by SQP algorithm. As a
result determination of the optimal control
algorithm for waste water treatment plant is crucial
for in terms of reduce operating conditions.

REFERENCES
[1] $N\UHN(<FHHU0 $WDVR\ø & Berber R
(2009) Comparison of control strategies for
dissolved oxygen control in activated sludge
wastewater treatment process. Comput Aided
Chem
Eng
26:1197-1201.
doi:
10.1016./S1570-7946(09)70199-3
[2] Atasoy I, Yüceer M, Ülker EO, & Berber R
(2007) Neural network based control of the
acrylonitrile polymerization process. Chem
Eng
Technol
30:1525±1531.doi:
10.002/ceat.200700225
[3] Ayesa E, Sota D, Grau A, Sagarna P, Salterain
A, & Suescun J (2006) Supervisory control
strategies fort he new WWTP of GalindBilbao: the long run from the conceptual
design to the full scale experimental
validation. Wat Sci Technol 53:193-201.doi:
10.2166/wst.2006.124
[4] Bequette BW (2003) Process Control:
Modeling Design and Simulation. Prentice
Hall, New Jersey.
[5] Caraman S, Sbarciog M, & Barbu M (2007)
Predictive control of a waste water treatment
process. Int J Comput Commun 2:132-142.
doi: 10.3182/20060830-2-SF-4903.00028 .

2111

E\363

9ROXPH²1RSDJHV

[17] 2¶%ULHQ 0 -DFN 0 /HQQR[ % /RYHWW ' &
Wall A (2011) Model predictive control of an
activated sludge process: A case study.
Control
Eng
Pract
19:5461.doi:10.1016/jconengprac.2010.09.001
[18] Semizer E, Yüceer M, Atasoy I, & Berber R
(2012) Comparison of control algorithms for
the blood glucose concentration in a virtual
patient with an artificial pancreas. Chem Eng
Res
and
Des
90:926937.doi:10.1016/j.cherd.2011.10.017
[19] Shen W, Chen X, & Corriou JP (2008)
Application of model predictive control to the
BSM1 benchmark of wastewater treatment
process. Comput Chem Eng 32:2849±
2856.doi:
10.1016/jcompchemeng.2008.01.009
[20] Shen W, Chen X, Pons MN, & Corriou JP
(2009) Model predictive control for
wastewater
treatment
process
with
feedforward compensation, Chem Eng J
155:161±174.doi: 10.1016/j.cej.2009.07.039
[21] Souza SM, Araujo OQF, & Coelho MAZ
(2008) Model-based optimization of a
sequencing batch reactor for biological
nitrogen removal. Bioresource Technol
99:3213-3223.doi:
10.1016/j.b.ortech.2007.05.066.
[22] Stare A, Vrecko D, Hvala N, & Strmcnik S
(2007) Comparison of control strategies for
nitrogen removal in an activated sludge
process in terms of operating costs: A
simulation study. Water Res 41:20042014.doi:10.1016/j.watres.2007.01.029
[23] Su X, Shi P, Wu L, & Song YD (2012) A
novel approach to filter design for T-S fuzzy
discrete-time systems with time-varying delay.
IEEE Trans Fuzzy Syst 20:1114±1129.doi:
10.1109/TFuzz.2012.2196522
[24] Su X, Shi P, Wu L, & Song YD (2013) A
novel control design on discrete-time Takagi±
Sugeno fuzzy systems with time-varying
delays. IEEE Trans Fuzzy Syst 21:655±671.
doi:10.1109/TFuzz.2012.2226941
[25] Wang X, Yan Y, An Y, & Zhou Q (2015)
Enhancement of anaerobic digestion of highsolid waste activated sludge with low organic
content at different organic loading rates by
pretreatment.
Fresenius
Environmental
Bulletin 24(2):510-518.
[26] Yang T, Qiu W, Ma Y, Chadli M, & Zhang L
(2014) Fuzzy model-based predictive control
of dissolved oxygen in activated sludge
processes. Neurocomputing 136:88-95.doi:
10.1016/jneurocom.2014.01.025
[27] Yuan H, Wang, Q, Guo S, Yao J, Zhu N, &
Gong Y (2015) Enhancement of waste
activated sludge aerobic digestion with
combined
fenton
oxidation
and



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

electrochemical
pretreatment
method.
Fresenius Environmental Bulletin 24(9): 28432849.

Received:
Accepted:

02.09.2015
25.12.2015

CORRESPONDING AUTHOR
Mehmet Yuceer
Department of Chemical Engineering, Faculty of
Engineering, Inonu University, Malatya 44280 ±
TURKEY
e-mail: mehmet.yuceer@inonu.edu.tr

2112

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



STABILITY OF MODIFIED DOUBLE CROSS MAIZE
HYBRIDS FOR YIELD PARAMETERS ACROSS FOUR
ENVIRONMENTS
Syed Majid Rasheed1,2, Hidayatur Rahman1, Ikramullah2, Zafar Hayat Khan3, Muhammad Ali4, Syed
Saleem Shah2, Wajid Ali Shah3, Manzoor Ahmad3, Tariq Shah5, Amjad Iqbal6, Arshad Ali Khan6 and
Farooq Shah6,c
1

Department of Plant Breeding and Genetics, Khyber Pakhtunkhwa (KP) Agricultural University Peshawar Pakistan.
2
Department of Plant Breeding and Genetics, Bacha Khan University Charsadda, Khyber Pakhtunkhwa, Pakistan.
3
Department of Agronomy, Bacha Khan University Charsadda, Khyber Pakhtunkhwa, Pakistan.
4
Department of Biotechnology, Bacha Khan University Charsadda, Khyber Pakhtunkhwa, Pakistan.
5
College of Economics and Management, Huazhong Agricultural University, Wuhan, Hubei 430070, China.
6
Department of Agriculture, Abdul Wali Khan University Mardan, Khyber Pakhtunkhwa, Pakistan.

ABSTRACT

INTRODUCTION

A study to investigate the stability in yield and
other morphological parameters associated with
modified double cross maize hybrids compared
with their respective standard parental hybrids
across three locations of Khyber Pakhtunkhwa that
is, Agricultural University Peshawar (AUP),
Agricultural Research Station (ARS), Baffa,
(Mansehra) and Cereal Crops Research Institute
(CCRI), Pirsabak (Nowshera), was conducted
during 2008-2009. Production of modified double
cross hybrids of maize having improved yield was
carried out during spring crop season of 2008 at
Malakandher Research farm of KP Agricultural
University Peshawar. Genotype x environment
interaction was studied for yield and yield
parameters in five modified double cross maize
hybrids and their respective parental maize hybrids.
Genotype main effect was highly significant for all
the parameters except anthesis-silking interval
(ASI), while significant genotype x environment
effect was observed for all parameters. The
genotype x environment (linear) interaction
component showed high significance for all the
characters studied except ear diameter and 300kernel weight. This indicated significant differences
among the genotypes for linear response to
environments. Based on stability parameters and
over all mean, the performance of modified hybrid
P-3025 excelled other parental hybrids as well as
modified hybrids. Selection of modified hybrid P3025 for ear length, fresh weight plot-1 and grain
yield could enhance the grain yield in the target
environments.

Maize being the highest yielding cereal crop in
the world is of significant importance for countries
like Pakistan, where rapidly increasing population
has already out stripped the available food supplies.
In Pakistan maize is third important cereal after
wheat and rice. Maize accounts for 4.8% of the
total cropped area and 3.5% of the value of
agricultural output. In Pakistan maize is planted on
an area of 1.016 million hectare with an average
production of 3037 kg ha-1. In Khyber
Pakhtunkhwa (KP) province maize is grown on an
area of 0.5161 million hectares and average
production of 1780 kg ha-1[1]. Maize in Pakistan is
cultivated as a multipurpose food and forage crop,
generally by resource poor farmers using marginal
land, limited inputs, with significant portion of
harvest distant for home/farm consumption.
Increased maize production per unit area is the
primary objective in most of the maize-breeding
programs which can be achieved by growing
improved cultivars and adopting improved package
of production technology. In spite of maize great
potential for high yield, its yield in Pakistan in
general and in KP in particular is very low as
compared to other maize producing countries of the
world. Some of the reasons for this lag in
productivity are availability of superior maize
germplasm, lack of production technology,
unavailability of suitable maize hybrids and
varieties for the target environments as well as high
prices of maize hybrids. The production of superior
hybrid seed is a lengthy, time consuming and
laborious job, and the hybrids available in the
market are quite expensive and beyond the reach of
an ordinary farmer. As the standard single and
double cross hybrids are comparatively expensive,
therefore some new avenues need to be explored to
produce

KEYWORDS:
Stability analysis, modified double cross maize hybrids,
genotype x environment interaction, yield and related
traits
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TABLE 1
Description of environments and sowing years.
Environment
1
2
3
4

Year
2008
2009
2009
2009

Environments (Locations)
Malakandher farm, KP Agricultural University Peshawar.
Malakandher farm, KP Agricultural University Peshawar.
Agricultural Research Station, Baffa, Mansehra.
Cereal Crop Research Institute, Pirsabak, Nowshera.

TABLE 2
List of modified double cross hybrids and their respective parental hybrids.
Modified Double Cross Maize
Hybrids
ICI-974
Pioneer-3025
CS-201
WD- 3 x 6
CS-King

Parental Hybrids
ICI-974
Pioneer-3025
CS-201
WD- 3 x 6
CS-King

as the genotype x environment interaction (linear)
sum of squares was a small portion of the genotype
x environment interaction. This approach has been
extensively used by several breeders emphasizing
that linear regression should be regarded as a
measure of the response of a particular genotype,
whereas deviation from regression should be
considered as a measure of stability of genotype
with the lowest deviation being the most stable.
The objective of this study was the production
of modified double cross hybrids of maize having
improved grain yield and to investigate the stability
in yield and other morphological parameters
associated with modified double cross maize
hybrids compared with their respective standard
parental hybrids across different maize growing
areas of K P.

modified double cross maize hybrids which could
be comparatively less expensive than the standard
single and double cross maize hybrids.
The importance of evaluating potential
genotypes in different environments (locations and
years) before selecting desirable ones for release
and commercial cultivation has been recognized
earlier. A desirable cultivar is one that does
maintain high yielding ability over a wide range of
environments within its intended area of
production. In such situations, stability analysis is
needed which is defined as the ability of a certain
variety to maintain stable yield under changing
environmental conditions [2].
Several approaches are available to determine
the stability of genotypes over wide range of
environments. Finlay and Wilkinson (1963) [3],
utilized a regression technique to estimate stability
in barley. They suggested linear regression
associated with high mean yield as measure of
stability. Genotypes with regression coefficient of
1.0 and high mean yield indicate average stability
and general adaptation. On the other hand,
genotypes with low mean yield are poorly adapted
to all environments. Regression coefficient above
1.0 describes genotypes with increasing sensitivity
to environmental changes and greater specificity of
adaptation to high yielding environments.
Regression coefficients below 1.0 provide a
measure of greater resistance to environmental
changes and therefore increasing specificity of
adaptability to low-yielding environments. Eberhart
and Russell (1966) [4], considered a stable
genotype to have a slope equal to unity and
deviation from regression equal to zero. They
reported that the deviation from regression, a
second stability parameter appears very important

MATERIALS AND METHODS
This experiment was carried out on five maize
hybrids at the Malakandher Research Farm of KP
Agricultural University Peshawar Pakistan during
March 2008. The first part of experiment was the
development of modified double cross hybrids from
the available maize hybrids, where five different
single cross maize hybrids of nearly similar
maturity were sown in isolation in such a way that
two rows of maize hybrids were used as female
which were followed by an alternate row of male
hybrid parent. Male hybrid rows were sown from
the bulk comprising seed of all hybrid parents in
equal proportion. Before flowering female parent
rows were detasseled to prevent self-fertilization.
Male parent hybrids were allowed to open pollinate
the silks of the plants used as female parent. Early
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RCB design using statistical software M Stat C.
Upon significant F-value, the data is further
VXEMHFWHG WR (EHUKDUW DQG 5XVVHOO¶V PRGHO IRU
stability analysis [5], αΪ ΪɁǤ

maturing ears of female parents were selected
accompanied with other superior attributes for
further evaluation in a replicated experiment over
two locations.
The evaluation and stability trial of modified
double cross hybrids was conducted during July
2008 and 2009 using randomized complete block
design with three replications. Five modified
double cross maize hybrids and their respective
parental hybrids were planted in two rows with
plant-to-plant distance of 25 cm and row-to-row
distance of 75 cm. Nitrogen and Phosphate fertilizer
were applied, at the rate of 41 kg and 20 kg hac -1
respectively, at the time of seed bed preparation just
before sowing . Next doze of fertilizer was side
dressed at knee high stage of the crop.
Experimental plot was irrigated as and when
needed. However, adequate moisture was
maintained during the entire growing period
particularly during flowering. Standard culture
practices were applied from sowing to harvest.
Detail of the four environments and sowing year is
presented in the Table 1 and the list of modified
double cross maize hybrids and their respective
parental hybrids used in this study were given in
Table 2.
Anthesissilking interval was calculated from
the difference between days to 50% pollen
shedding and days to 50% silking. Average ear
diameter of five ears was recorded by
verniercalliper at the point of maximum thickness.
Average ear length, in cm, of five randomly chosen
ears was taken from each plot. Fresh weight of ears
in kg plot-1 along with number of ears for each
entry was recorded at the time of harvest in the
field. Three hundred kernel weight of uniformly
dried sample was taken by using electronic balance.
Grains were harvested at full crop maturity and
grain yield ha-1 was determined with the help of the
following formula:

RESULTS AND DISCUSSION
The present study investigated the production
and stability in yield and other morphological
parameters of the modified double cross maize
hybrids compared with their respective standard
parental hybrids across different maize growing
areas of Kr P. As the modified hybrids and their
respective parents were having different genetic
makeup, although similar maturity and expresses
differently across different environments, therefore
they were evaluated to identify the superior
modified hybrids. Data on different parameters
were statistically analyzed and results are given in
Table 3. The pooled analysis of variance across
four environments for anthesissilking interval, ear
diameter, ear length, fresh weight, 300-kernel
weight and grain yield showed significant
differences among genotypes, environments and
genotypes by environment interaction, indicating
the presence of wide variability among the
genotypes. The linear component of G x E was
significant indicating that the major portion of
interaction was linear in nature and prediction over
the environments was possible. Highly significant
differences among the genotypes and environments
as well as interaction of genotype with
environments indicated the need to develop
cultivars that are adaptive to specific environmental
conditions and identify cultivars that are
exceptional
in
their
stability
across
environments.Overall mean values for different
parameters are given in Table 4-6. Mean values for
anthesissilking interval varied between 1.75 and
2.67 days, minimum ASI (1.75) being observed for
hybrid P-3025 and hybrid WD 3x6, followed by the
modified hybrid ICI-974 (1.92 days), whereas
hybrid CS-King attained maximum ASIdifference
(2.67). Maximum and minimum mean ear diameter
was observed in modified hybrid P-3025 (4.67 cm)
and WD-3x6 (4.19 cm). Mean values for ear length
ranged between 16.0 cm to 18.2 cm. Maximum
mean ear length was attained by the modified
hybrid P-3025, followed by modified hybrid CS201 (18.0 cm) while minimum mean ear length
across four environments was observed for hybrid
WD- 3x6. Mean fresh weight at harvest varied
between 4.74 and 7.85 kg plot-1.

Grain yield (t ha-1) = Field wt. x (100 ± grain
moisture content) x 0.8 x 43 x 10,000n x 85 x 7.5
where
0.8 = Shelling percentage
43 = Standard number of plants in two central
rows/plot
85 = Standard value for grain moisture
7.5 = Area of sub plot
10,000= Area of hectare in square meters
n = Number of plants harvested
Statistical analysis.The experimental data are
subjected to the analysis of variance appropriate for

2115

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



TABLE 3
Pooled analysis of variance for stability of Anthesissilking interval (ASI), Ear diameter, Ear length,
Fresh weight plot-1, 300-kernel weight and grain yield over four environments.
Source of variation

df

ASI

Ear
diameter

Ear length

Genotypes (Gen)
Environment (Env)
Gen x Env
Env. + (Gen x Env)
Environment (Linear)
Gen x Env (Linear)
Pooled deviation from
regression
Pooled error

9
3
27
30
1
9
20

1.060*
21.431**
0.838*
0.965
2.143
2.511**
0.211

0.405**
0.190
0.049*
0.019
0.016
0.026
0.016

7.808**
97.858**
2.616*
4.039
9.761
10.67**
0.769

80

0.299

0.027

1.101

Fresh weight
plot-1
12.270**
236.40**
3.208**
8.842
23.644
24.214**
1.185
1.190

300 kernel
weight

Grain yield

173.887**
109.091
65.59*
24.764
13.641
21.22
26.914

12.357**
93.736**
2.769*
3.920
9.3421
10.8661**
0.5237

27.78

1.2493

*, **=Significant and highly significant at 5 and 1 % respectively

Maximum mean fresh weight plot-1 was
observed for the hybrid ICI-974 followed by hybrid
P-3025 (7.77 kg plot-1) and modified hybrid P-3025
(7.65 kg plot-1). Maximum 300-kernel weight was
observed for hybrid P-3025 (99.76 g) followed by
modified hybrid P-3025 (97.48 g) while minimum
300-kernel weight of 88.35 g was observed in WD3x6. Mean grain yield ranged from 5.98 t ha-1 to
9.05 t ha-1 in modified hybrid WD 3x6 and hybrid
P-3025 respectively with an overall mean yield of
7.48 t ha-1Table 6.Overall mean values for different
parameters are given in Table 4-6. Mean values for
anthesissilking interval varied between 1.75 and
2.67 days, minimum ASI (1.75) being observed for
hybrid P-3025 and hybrid WD 3x6, followed by the
modified hybrid ICI-974 (1.92 days), whereas
hybrid CS-King attained maximum ASIdifference
(2.67). Maximum and minimum mean ear diameter
was observed in modified hybrid P-3025 (4.67 cm)
and WD-3x6 (4.19 cm). Mean values for ear length
ranged between 16.0 cm to 18.2 cm. Maximum
mean ear length was attained by the modified
hybrid P-3025, followed by modified hybrid CS201 (18.0 cm) while minimum mean ear length
across four environments was observed for hybrid
WD- 3x6. Mean fresh weight at harvest varied
between 4.74 and 7.85 kg plot-1. Maximum mean
fresh weight plot-1 was observed for the hybrid ICI974 followed by hybrid P-3025 (7.77 kg plot-1) and
modified hybrid P-3025 (7.65 kg plot-1). Maximum
300-kernel weight was observed for hybrid P-3025
(99.76 g) followed by modified hybrid P-3025
(97.48 g) while minimum 300-kernel weight of
88.35 g was observed in WD-3x6. Mean grain yield
ranged from 5.98 t ha-1 to 9.05 t ha-1 in modified
hybrid WD 3x6 and hybrid P-3025 respectively
with an overall mean yield of 7.48 t ha-1 Table 6.

Once the genotype x environment interaction
was found to be significant, the next test is to
identify stable genotypes, with minimum
interaction with the environments. Several stability
models have been developed to identify the stable
genotype. Eberhart and Russell (1966) [4] model is
the one which has been used in maize and in other
crops by several researchers. According to their
model a variety is said to be stable when regression
coefficient (bi) is equal to one, deviation from
regression (S²di) as close to zero as possible
accompanied with high mean performance. It has
been suggested that selection of stable genotype
depends upon genotype having less interaction with
environments [5].
The above three measures of assessing the stability
of genotype viz., mean, regression coefficient (bi)
and the mean square deviation (S²di) were
employed in assessing the stability of genotypes
included in the present study. The linear regression
(bi) could simply be regarded as the measure of
response of a particular genotype, if regression
coefficient (bi) is greater than one the genotypes is
said to be sensitive to environment changes but
adopted to favorable environments. If it is less than
one it indicates above average stability. If this is
accompanied by the high mean value then, the
genotype is said to be better adapted to widely
differing conditions for unfavorable environment
[3]. On the other hand, deviation around the
regression line is considered as a better measure of
stability. With respect to the non-linear component
of the G x E interaction, the genotype with the
lowest standard deviation will be the most stable
and vice-versa.
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TABLE 4
0HDQV ଲ;L 5HJUHVVLRQUHVSRQVHLQGLFHV EL DQGGHYLDWLRQIURPUHJUHVVion (S2di) for various maize
genotypes.
Modified
double cross hybrids

AnthesisSilking interval

Ear diameter (cm)

0HDQ
ଲ;L

bi

S2di

0HDQ
ଲ;L

bi

ICI-974
P-3025

1.92
2.17

0.81
1.51*

-0.187
-0.246

4.63
4.67

0.17
1.04

-0.028
-0.026

CS-201
WD 3x6
CS King

2.50
2.00
2.17

0.72
0.85
1.44*

0.640*
-0.295
-0.143

4.54
4.17
4.57

0.96
1.70
0.58

-0.024
0.037
0.009

S2di

Parental hybrids
ICI-974
P-3025

2.08
1.75

1.17
1.41*

0.046
-0.265

4.59
4.64

0.28
0.71

\-0.016
-0.017

CS-201
WD 3x6

2.25
1.75

0.36**
0.45*

-0.290
-0.036

4.42
4.19

2.42**
1.78

-0.008
-0.020

CS King
Average

2.67
2.12

1.25
1.00

-0.096

4.41
4.41

0.32
1.00

-0.026

4.34<X< 4.48

0.02<b<1.98

Confidence
interval

1.86<X< 2.38

0.69<b< 1.31

HTXDO WR XQLW\  DQG  UHVSHFWLYHO\ 
0RGLILHG K\EULG 3- ଲ;  FP  DOVR KDV
regression coefficient value bi lies in the confidence
interval. Also they showed non-significant
deviation from regression near zero. Therefore,
these genotypes could be considered stable for this
parameter across all the environments.
It is evident from Table 5 that hybrid ICI-974
and modified hybrid P-3025 were comparatively
stable and widely adapted, for fresh weight at
harvest, with high mean performance (7.85 kg and
7.65 kg plot-1, respectively), average responsiveness
(bi ~ 1), and non-significant deviation from
regression line (S2di ~ 0). Modified hybrid P-3025
was also stable for other yield contributing traits
(TDEOH   DQG FRXOG EH XWLOL]HG IRU WKH YDULRXV
HQYLURQPHQWV WR DFKLHYH KLJKHU DQG VWDEOH VHHG
\LHOGLQFUHPHQW$QRWKHUKLJKSHUIRUPLQJK\EULG3 X
ଲ =7.77 kg), having regression coefficients
less than unity (bi=0.86), were found unstable due
to highly significant deviation from regression
(S2di).Ultimate grain yield of a plant depends
mainly on kernel weight through various other
component characters. Among the genotypes
evaluated for 300-kernel weight, modified hybrid
CS-King showed bi value close to 1.0 and had
small deviation from regression (S2di) and hence
was comparatively stable in performance across the
environments and had mean kernel weight (94.51 g)
above the grand mean, K\EULG 3- ZLWK KLJK
PHDQ ଲ;  J  EL !  ZLWK QRQ-significant
deviation from regression (S2di) are considered
below average in stability. Such genotype tends to
respond favorably to better environments but give

The data on the three VWDELOLW\ SDUDPHWHUV LH
PHDQ SHUIRUPDQFH ଲ;L  UHJUHVVLRQ FRHIILFLHQW EL 
and deviation from regression (S2di), for different
traits are presented in Table 4-6.The regression
coefficient values indicated a wide range of
stability among the modified maize hybrids and
their parents for all parameters studied during this
investigation. The deviation from regression for
anthesissilking interval (ASI) was significant only
for the modified maize hybrid CS-201. Anthesissilking interval is a trait used mostly in screening
genotypes
for
tolerance
to
unfavorable
environments.
It is a measure of nicking (synchronization) of
pollen shed with silking. The regression coefficient
of modified hybrid ICI-974 for ASI was nonVLJQLILFDQW  DQGKDGDVPDOOHUGHviation
from regression (S2di= -0.187), and thus possessed
fair stability. There was an indication that selection
for a character such as ear width could lead to
considerable improvement in the yield [6]. Based
on the stability parameters modified hybrids &6 ଲ; FPEL  DQG3- ଲ; FP
bi=1.04) could be considered stable for ear diameter
as it gives regressioncoefficient equal to unity and
also deviation from regression is nearly equal to
zero.
Ear length being a yield component in maize
could considerably affect grain yield via other yield
components like kernel numbers etc [7]. A perusal
of stability parameters for ear length (cm) indicated
that out of ten genotypes, modified hybrid CS201 (18.0 cm) and hybrid P-3025 (17.9 cm)
regiVWHUHG KLJKHU HDU OHQJWK DQG VKRZHG  EL YDOXH

2117

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



values suggested that the genotypes responded
differently to the varying environments.
Variability among environments is an
important factor and mostly determines the
usefulness of b values [8] and [9]. The regression
coefficient values of modified hybrid P-3025 were
close to 1.0 (bi~1=0.93) with mean average yield
(8.44 t ha-1) at four locations greater than grand
mean.
+\EULG,&,- X
ଲ =8.08 t ha-1) had the highest
(1.28) regression coefficient. The grain yield of this
genotype was affected by varying environmental
conditions significantly and yield increased when
the conditions were favorable and decreased to
below average when the conditions were
unfavorable. Small value of regression coefficient
(bi=0.22), non-significant deviation from regression
line (S2di ~ 0) DQG KLJK YDOXH RI PHDQ JUDLQ \LHOG
ଲ;  W KD-1), made hybrid P-3025 suitable for
high yield under unfavorable environmental
conditions.

poor yield in unfavorable environments. Hence, it
could be more suitable for favorable environments.
Low value RI EL   PDGH PRGLILHG K\EULG 3 VXLWDEOH IRU XQIDYRUDEOH HQYLURQPHQW GXH WR
LWV KLJK PHDQ YDOXH ଲ;  J  EXW KLJKO\
significant deviation from regression made it
unstable and hence cannot be considered stable.
Grain yield is the most important trait in the
development of maize hybrids. Identification of a
genotype with high grain yield and stability is of
immense value. Variances in genotype mean were
used to evaluate stability of grain yield across
environments and regression coefficients (bi)
deviations from regression (S²di) are presented in
Table 6. Significant differences in genotype
responses to environments were observed in the
linear regression coefficients (bi) for grain yield
(Table 6). The regression coefficient (bi) values of
the 10 genotypes used in this study ranged from
0.29 to 1.57 (Table 6) and there was no genotype
with b-values equal to 1.0. Thevariations in bi-

TABLE 5
0HDQV ଲ;L 5HJUHVVLRQUHVSRQVHLQGLFHV EL DQGGHYLDWLRQIURPUHJUHVVLRQ 6 2di) for various maize
genotypes.
Ear length (cm)

Modified
double cross
hybrids

0HDQ ଲ;L

bi

ICI-974
P-3025
CS-201
WD 3x6
CS King

17.4
18.2
18.0
16.1
17.5

1.18
0.78
1.01
0.87
0.65

ICI-974

16.5

0.91

P-3025
CS-201
WD 3x6
CS King

17.9
16.5
16.0
16.7

0.98
1.64**
0.66
1.29

Average
Confidence
interval

17.05
16.55<X<17.55

1.00
0.52<b< 1.48

Fresh weight at harvest (kg plot-1)
S2di
-0.505
-1.067
0.834
-1.096
-0.558
Parental hybrids
-0.947
1.324
0.470
-0.766
-1.004

0HDQ
ଲ;L
6.52
7.65
6.35
4.74
6.38

bi

S2di

1.16
0.94
0.84
1.11
0.89

0.227
-0.950
-0.792
-0.202
0.463

7.85

0.98

-1.109

7.77
6.26
5.54
5.91

0.86
1.33*
0.91
0.96

4.711**
-0.625
-1.029
-0.748

6.49
5.86<X< 7.12

1.00
0.78<b<1.22

well as modified hybrids. Selection of modified
hybrid P-3025 for ear length, fresh weight plot-1
andgrain yield could enhance the yield and it could
be recommended as suitable and stable genotype
for all four locations. Eberhart and Russell (1969)
[10] suggested that, if the traits associated with high
yield showed stability, the selection of genotype
only for yield could be effective.

Any generalization regarding the stability of a
genotype for all the traits is quite difficult. The
genotypes used in this study did not exhibit a
uniform stability and response pattern for different
traits. Different genotypes responded differently for
different parameters. Overall, the performance and
stability of modified hybrid P-3025 across different
environments excelled other parental hybrids as
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TABLE 6
0HDQV ଲ;L 5HJUHVVLRQUHVSRQVHLQGLFHV EL DQGGHYLDWLRQIURPUHJUHVVLRQ 6 2di) for various maize
genotypes.

Modified double
cross hybrids

300-kernel weight (g)

Grain yield (t ha-1)

0HDQ ଲ;L

Bi

ICI-974
P-3025
CS-201
WD 3x6

94.54
97.48
93.65
88.67

0.35
0.05
0.22
1.65

-26.848
109.92**
-1.499
-14.150

CS King

94.51

0.78

-3.848

S2di

0HDQ
ଲ;L
8.101
8.448
7.240
5.984

1.15
0.93
0.66*
1.42*

-1.192
-1.189
-8.872
-7.672

8.044

0.53*

-1.045

8.088
9.058
7.006
6.393
6.467
7.483

1.28*
0.29**
1.57*
1.12
1.02
1.00

0.827
0.074
-0.988
-0.873
-1.213

bi

S2di

Parental hybrids
ICI-974
P-3025
CS-201
WD 3x6
CS King
Average
Confidence
interval

94.15
99.76
89.34
88.35
88.83
92.92
89.93<X<
95.91

0.31
1.37
1.44
1.64
2.17
1.00
-0.4
<b < 2.4

0.0215
-4.832
-24.179
-20.224
-23.020

7.065<X<7.901

0.77<b< 1.23

TABLE 7
Grain yield (t ha-1) of modified double cross maize hybrids and their respective parental hybrids
during 2008-09 across four environments (locations).
Modified double
cross hybrids

KP Agri.Uni,
Peshawar 2008

ICI-974
P-3025
CS-201
WD 3x6
CS King

7.58
7.57
7.44
4.61
7.28

ICI-974
P-3025
CS-201
WD 3x6
CS King

8.20
8.29
5.90
5.12
5.96

KP Agri.Uni,
Peshawar 2009
5.74
6.83
5.69
3.73
7.08
Parental hybrids
5.59
8.30
3.69
4.26
4.40

ARS, Baffa,
Mansehra. 2009

CCRI Pirsabak,
Nowshera. 2009

10.65
10.63
8.77
9.57
9.07

8.44
8.76
7.06
6.03
8.75

11.58
9.08
10.15
8.64
8.75

6.99
10.56
8.28
7.55
6.75

their respective single cross parental hybrids.
Double cross maize hybrids were generally more
stable than the single cross maize hybrids [11].
However further studies are needed to confirm the
adaptation of modified double cross hybrid across
multiple environments.

CONCLUSIONS
As mentioned earlier that the production of a
superior hybrid seed is a lengthy, time consuming
and laborious job, if method of modified double
cross hybrid production is adopted, the farmer may
get seed of good quality at affordable price. It is
justified fromstability analysis and table of
averagemaize grain yield, across four locations
(Table 7), that production of modified double cross
hybrids could be beneficial, as the yield of modified
double cross hybrids were almost at par with their
respective parental maize hybrids. This study also
indicated that modified double cross maize hybrids
are as stable, across four locations, as compared to

2119

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



[9] Sharma, R.C., Smith, E.L., Mc New, R.W.,
(1987) Stability of harvest index and grain
yield in winter wheat. Crop Sci, 27, 104-108.
[10] Eberhart, S.A. and Russell, W.A. (1969) Yield
and stability for a 10-line diallel of single cross
and double cross maize hybrids. Crop Sci, 9,
357±361.
[11] Guillen-Portal,
F.R.
Russell,
W.K.
Baltensperger, D.D. Eskridge, K.M. D'CrozMason, N.E. andNelson, L.A. (2003) Best
types of maize hybrids for the western high
plains of the USA. Crop Sci, 43(4), 2065-2070.

REFERENCES
[1] MINFAL., (2008) Agric. Statistics of Pakistan.
Govt. of Pakistan. Ministry of Food, Agric.
&Livest. (MINFAL). Econ.Wing, Islamabad,
Pakistan
[2] Yilmaz, G.and Tugay, M.E. (1999) Genotype x
environment interactions in potato I. the
investigation based on stability parameters.
Turkish J. Agric. For., 23, 97-105.
[3] Finlay, K.W. and Wilkinson, G.N. (1963) The
analysis of adaptation in plant breeding
programmes. Aus. J. Agric. Res, 14, 742-754.
[4] Eberhart, S.A. and Russell, W.A. (1966)
Stability parameters for comparing varieties.
Crop Sci, 6, 36-40.
[5] Allard, R.W. and Bradshaw, A.D. (1964)
Implication
of
genotype-environment
interaction. Crop Sci, 4, 503-57.
[6] Williams, J.C. Penny, L.H. and Sprague, G.F.
(1965) Full sib and half sib estimates of genetic
variance in an open pollinated variety of corn.
Crop Sci, 5, 125-129.
[7] Herczecjji, M. (1970) Importance of yield
components in the phenotype. In: Some
Methodological
Achievements
of
the
Hungraian Hybrid Maize Breeding, pp. 229236.
[8] Pfahler, P.L. and Linskens, H.F. (1979) Yield
stability and population diversity in oats
(Avenasp). Theo. and App. Gen, 54, 1-5.

Received:
Accepted:

15.09.2015
29.02.2016

CORRESPONDING AUTHOR
Farooq Shah
Department of Agriculture, Abdul Wali Khan,
University Mardan, Khyber Pakhtunkhwa ±
PAKISTAN
E-mail: farooqshah@awkum.edu.pk

2120

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ
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ABSTRACT

INTRODUCTION

The aim of this paper was to find out the
effects of seedbed density on some morphological
properties and nutrient status of two-year old
Taurus cedar (Cedrus libani A. Rich) seedlings.
Seedlings were raised in VHHGEHGV LQ (VNLúHKLU
Nursery using seeds collected from three
genetically different provenances, which were
Konya-Bademli, Mersin-Erdemli and IspartaBelcegiz. Randomized parcels experimental design
was applied at test sites. Parcels were composed of
seedbeds with 7 rows each spaced 15 cm apart.
Within each row, seedlings were planted 1.5, 2.5,
5.0, 7.5, and 10.0 cm apart. Some morphological
properties as well as nutrient contents of needles,
stems and roots were measured. Analyses of
variance and correlation analyses were performed,
and different densities were compared by using
'XQFDQ¶VPXOWLSOHUDQJHWHVWV It was found out that
seedling density had an effect on shoot height (SH);
root collar diameter (RCD), shoot height/root collar
diameter ratio (SH/RCD), shoot dry weight (SDw),
root dry weight (RDw) and shoot dry weight/root
dry weight ratio (SDw/RDw). Moreover, SH, RCD,
SH/RCD and SDw/RDw were differentiated by
seed
provenance.
Statistically
significant
relationships
were
found
between
the
morphological properties. N, P, K, Ca, Mg, S, Na,
Fe, Zn and Mn content of seedlings decreased when
seedling density increased while they were not
influenced by the seed provenance. Our results
showed that the spacing should be 15.0 cm x 2.5 cm
for density in order to obtain higher quality
seedlings.

Taurus cedar (Cedrus libani A. Rich.) is
distributed naturally in Anatolia, Lebanon and
Syria. It has been damaged due to its valuable wood
throughout the history and now it exists only in
restricted areas [1, 2]. Its widest distribution is in
Turkey with 463,521 ha of pure and mixed trees
with the other tree species and accounts for only
2.1% of the forestland in Turkey [3].
Due to its survival and adaptation capabilities
in different ecological conditions, Taurus cedar is
often used for afforestation in areas outside its
natural distribution range. Boydak and Calikoglu
[1] inform that beside Turkey, it is used in Italy,
Iran and Bulgaria for afforestation. It is the most
commonly used species for afforestation after Pinus
brutia Ten. and Pinus nigra Arn. [4] while 129,114
hectare of land was planted with this species by
2006 [1].
From 1992 to 2014, 35,850 hectare of land
was afforested in Turkey, 30% (10,620 ha) of
which was in semi-arid areas [5]. It is used quite
commonly for afforestation in Central Anatolia
Region; moreover, 4.5 million bare-root seedlings
are cultured per year in Eskisehir nursery, in which
our research was conducted and used for
afforestation in the region. However, no study has
been conducted so far regarding the seedling
density in Eskisehir nursery conditions for Taurus
cedar.
High survival rate and growth performance
after plantation in addition to having an economical
balance are important for seedling quality in terms
of afforestation investment [6]. Therefore, the
success of an afforestation investment depends on
high seedling survival rate, less maintenance costs
and getting stand with enough density as soon as
possible, which are related directly to the seedling
quality. One of the important factors that affect the
seedling quality is density on seedbed [7]. Studies
showed that seedling density has an effect on the
morphological and physiological properties of
seedlings [8-12].

KEYWORDS:
Taurus cedar; seedbed density; seedling; nutrients;
morphological properties.

2121

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ







1780 m asl) and Isparta-%HOFH÷L] .
D, 1720 m asl). The study was conducted in
Eskisehir Forest Nursery (39°44´ K, 30°26´ D, 816
m asl) (Fig. 1). The mean annual temperature and
precipitation of Eskisehir weather station for the
period of 1975-2006 were 10.6 ºC and 307.2 mm,
respectively [13]. The length of growth season was
approximately 240 days. The climate was found to
be semi-arid according to Thornthwaite method.
The soil properties at 0-30 cm depth of the seedbed,
where the study was conducted, are shown in Table
1.

The aim of this study was to find out the
effects of seed provenance and seedling density on
some morphological and nutritional properties of
two-years-old (2+0) Taurus cedar seedlings.

MATERIALS AND METHODS
Study sites. The seeds used in the experiment
were collected from three different provenances
which were Konya-Bademli (36°59´ K, 32°39´ D,
1520 m asl), Mersin-Erdemli (36°54´ K, 34°04´ D,

FIGURE 1
Location of the study area.

TABLE 1
Soil properties of seedbed grown the seedlings.
Fine soil (g/l)
Sand (%)
Silt (%)
Clay (%)
Soil texture
Soil reaction (pH)
Total carbonates (%)
Electrical conductivity (mS/cm)
Organic carbon (%)
Total N (%)

837.6
20.2
31.3
48.5
Clay
8.64
7.95
0.14
1.16
0.13

2122

P (ppm)
S (ppm)
Ca (ppm)
Mg (ppm)
K+ (ppm)
Na+ (ppm)
Fe++ (ppm)
Mn++ (ppm)
Zn++ (ppm)
Cu++ (ppm)

50
17
4492
2802
733
64
1.6
2
0.1
1.5
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TABLE 2
Spacings applied in the treatments.
Treatments
Control

Konya
Mersin
Isparta

1
1
1
2
3
4
5

Row spacing
(cm)

Seedling spacing
(cmxcm)

Seedling density
(seedling/m2)

15
15
15
15
15
15
15

1.7
1.0
1.8
2.5
5.0
7.5
10.0

334
581
330
232
116
77
58

Nursery study. The seeds collected from
Konya, Mersin and Isparta provenances were
sowed in 2003 (18 January) as row parcels on 120
cm wide seedbeds with 7 rows each spaced 15.0 cm
apart. The routine sowing methods adopted in the
nursery and the sowing density of 140 g/m2 were
used. The spacing between the seedlings was
adjusted to 2.5; 5.0; 7.5 and 10.0 cm through
thinning treatment after one month following seed
germination (19-20 June 2013). One control parcel
for each treatment was also created. Seedlings from
the seedbeds on 5 rows out of 7 were used as
research material and 30 cm buffer zones were
created between the parcels. Detailed information is
given on the Table 2. Randomized parcels
experimental design with three replications was
applied at the test sites. Routine maintenance
treatments like weed control, irrigation, fertilization
and undercutting were performed for two years
following the establishment of the test sites.

absorption spectrometer were used for Ca, Mg, Fe,
Zn and Mn measurements [14].
Statistical analysis. Beside the ratios of dry
material, the total amounts of nutrients were also
calculated to evaluate the nutritional status of
different seedling spaces. To this end, the
percentages of the samples (needles, stems and
roots) obtained through the analysis were multiplied
by the dry mass of the relevant samples to calculate
the total amount of nutrients of the samples. Then,
the total nutrient amount per seedling was
calculated as a sum of nutrients of needle, stem and
roots.
Normality tests were performed before the
statistical analyses. Shoot height and root collar
diameter, which did not have normal distribution,
were transformed using square root
¥[ 
transformation method. Analyses of variance
(ANOVA) was performed to assess the effects of
different densities including the control on the
morphological properties and nutritional status of
two-year-old (2+0) seedlings. Different spaces were
compared using 'XQFDQ¶V PXOWLSOH UDQJH WHVWV IRU
each dependent variable. Correlation analyses were
used to analyse the relationships between VHHGOLQJV¶
morphological properties [15, 16].

Laboratory study.
Two-year-old (2+0)
seedlings were undercut and hand-lifted from the
seedbed, than roots were cut leaving 30 cm from
root collar in the spring (12-15 March) of 2015.
Later, shoot height (SH), root collar diameter
(RCD), shoot dry weight (SDw) and root dry
weight (RDw) were measured for 20 seedlings
randomly chosen from each parcels. Dry weights
were measured after drying the materials in oven at
70ºC for 48 hours.
After the measurement of the morphological
properties; mixed needle, stem and root samples of
each parcel (3 provenance x 5 spacing x 3
replication = 135 samples) were analysed for their
nutrient (N, P, K, Ca, Mg, S, Na, Fe, Zn, Mn)
contents. N was measured using modified Kjeldahl
method and FOSS 8400 device. In the samples wetburned with nitric-perchloric acid; P and S were
measured using vanadomolybdophosphoric yellow
colour and turbidimetric methods respectively with
Shimadzu UV-1800 spectrophotometer device. Na
and K were measured using Jenway PFP 7 flame
photometer device while Shimadzu 6601-F atomic

RESULTS
The variations in the morphological properties
of seedlings by spacing and provenance are given in
Table 3. As shown in the table, there were
statistically significant differences at P<0.001 level
between provenances for SH, RCD, SH/RCD and
SDw/RDw. But the differences in SDw and RDw
were insignificant at P>0.05 level. SH in Mersin
provenance, RCD in Konya provenance and
SH/RCD as well as SDw/RDw in Konya and
Isparta provenances were better than in the other
provenances. Seedling morphological properties
were found different among the spacings
(P<0.001). 10.0 x 15.0 cm spacing was better than
the other densities for RCD, SH/RCD, SDw and
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are given in Table 6. As the Table shows, N, P, K,
Ca, Mg, S, Na, Fe, Zn and Mn contents were not
different at P>0.05 level between the provenances
while they were different at the significance level of
P>0.001 between the densities. The total nutrient
content increased as the spaces were narrowed.
The distribution of the seedling among the
classes according to the classification developed by
Turkish Standardization Institute (TSI) for conifer
seedlings is given in Table 7 [17]. As shown in the
table, all the seedlings cultured in different densities
were classified as first class. On the other hand, the
former classification for conifer seedlings [18],
which was abolished in 1988 by TSI, was used in
this study, as it was compliant with European
Union standards. According to this old
classification dated 1976, only 33% of the control
seedlings were not compliant with the standard but
the distribution of seedlings to the classes for the
other densities spaced at 2.5, 5.0, 7.5 and 10.0 cm
was the same as in the current standard (Table 7).

RDw. 7.5 x 15.0 cm and 10.0 x 15.0 cm spacing
were better than the others in terms of SH whereas
the control was better than the other densities for
SDw/RDw.
Correlations
between
morphological
properties are shown in Table 4. As can be seen
from the table, the relations were found to be
significant at P<0.01 level.
Table 5 shows the nutrient content (%, mg kg1
) of needle, stem and root of two-year old (2+0)
Taurus cedar seedlings for three different
provenances and different densities. Results showed
that K, Ca, Mg, Fe, Zn, Mn content in needle; P,
Mg, S, Zn, Mn content in stem and P, Mn content
in root were significantly different between the
provenances at P<0.05 level. But for spacing; N, P,
Fe content in needle; K, Fe, Zn content in stem and
Zn content in root were significantly different at
P<0.05 level.
Differences in the total nutrient content (mg
seedling-1) by provenances and different densities

TABLE 3
Effects of seedbed density on some seedling morphological properties by provenances.
SH (cm)

RCD (mm)

SH/RCD
SDw (g)
RDw (g)
SDw/RDw
ANOVA sig.
Factor
Treatment
P<0.001
P<0.001
P<0.001
P>0.05
P>0.05
P<0.001
Konya
28.48 bA
4.89 b
6.05 a
6.36 a
2.25 a
2.79 a
Provenance
Mersin
29.44 c
4.59 a
6.67 b
6.67 a
2.15 a
3.04 b
Isparta
26.61 a
4.61 a
5.92 a
6.25 a
2.21 a
2.80 a
P<0.001
P<0.001
P<0.001
P<0.001
P<0.001
P<0.001
Control
23.95 a
3.23 a
7.57 d
2.66 a
1.01 a
2.65 a
2.5
27.26 b
4.22 b
6.52 c
4.96 b
1.72 b
2.87 b
Seedling
5.0
29.08 c
4.97 c
5.94 b
6.94 c
2.40 c
2.90 b
spacing (cm)
7.5
30.14 cd
5.24 d
5.78 b
8.25 d
2.72 d
3.03 c
10.0
30.43 d
5.83 e
5.25 a
9.33 e
3.18 e
2.92 bc
SH: shoot height, RCD: root collar diameter, SDw: shoot dry weight, RDw: root dry weight
AMeans within each column and factor followed by the same letter are not significantly different (P<0.05)

TABLE 4
Pearson coefficient of correlation between pairs of characteristics of the seedlings
SH
SH

RCD

SH/RCD

SDw

RDw

SDw/RDw

1.000

RCD

0.820**

1.000

SH/RCD

-0.515**

-0.896**

1.000

SDw

0.864**

0.964**

-0.812**

1.000

RDw

0.816**

0.977**

-0.861**

0.986**

1.000

SDw/RDw

0.669**

0.467**

-0.248ns

0.587**

0.453**

1.000

SH: shoot height (cm), RCD: root collar diameter (mm), SDw: shoot dry weight (g), RDw: root dry weight (g),
ns: Correlation is non-significant, **:Correlation is significant at 0.01 level.
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TABLE 5
Nutrient rates in needle, stem and roots of Taurus cedar seedlings depending on provenance and spacing
N

P

K

Ca

Mg

S

Na

Fe

Zn

Mn

Micronutrients (mg kg-1)

Macronutrients (%)
ANOVA sig.
Seedling
fraction

Factor

Provenance

Treatment P>0.05

P>0.05 P<0.05 P<0.05 P<0.001 P>0.05 P>0.05 P<0.05 P<0.05 P<0.001

Konya

1.183 aA 0.129 a

Mersin
Isparta

0.460 a 0.572 a 0.261 c 0.306 a 114 a

486 a

24 a

27 a

1.178 a

0.137 a 0.486 ab 0.664 b 0.247 b 0.326 a 118 a

551 ab

29 ab

39 b

1.159 a

0.136 a

586 b

37 b

0.501 b 0.569 a 0.232 a 0.340 a 122 a

P<0.01 P<0.001 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P<0.001 P>0.05
Control

Needle
Seedling
spacing
(cm)

0.124 a

0.460 a 0.528 a 0.253 a 0.314 a 121 a

470 a

35 a

36 a

2.5

1.141 ab 0.131 b

0.484 a 0.598 a 0.250 a 0.317 a 107 a

483 a

26 a

33 a

5.0

1.189 b 0.140 cd 0.476 a 0.610 a 0.245 a 0.316 a 117 a

500 a

26 a

32 a

7.5

1.171 ab 0.134 bc 0.505 a 0.618 a 0.243 a 0.332 a 129 a

583 b

30 a

38 a

668 c

34 a

38 a

10.0

1.115 a

41 b
P>0.05

1.251 c

0.141 d

0.489 a 0.653 a 0.241 a 0.342 a 117 a

P>0.05 P<0.001 P>0.05 P>0.05 P<0.001 P<0.01 P>0.05 P>0.05 P<0.05 P<0.001
Provenance

Konya

0.539 a

0.080 a

0.555 a 0.288 a 0.215 b 0.120 a

87 a

635 a

37 a

24 a

Mersin

0.548 a

0.095 b

0.555 a 0.316 a 0.222 b 0.154 b

88 a

583 a

43 b

35 b

0.534 a

0.090 b

0.520 a 0.313 a 0.196 a 0.161 b

85 a

615 a

42 b

Isparta

P>0.05 P>0.05 P<0.05 P>0.05 P>0.05 P>0.05 P>0.05 P<0.01 P<0.01
Stem
Seedling
spacing
(cm)

Control

0.530 a

0.085 a

0.480 a 0.289 a 0.206 a 0.141 a

80 a

2.5

0.513 a

0.083 a

0.572 b 0.323 a 0.216 a 0.165 a

5.0

0.550 a

0.094 a

0.555 b 0.339 a 0.213 a 0.129 a

7.5

0.525 a

0.086 a

0.584 a

0.091 a

10.0

546 a

36 a

30 a

79 a

575 ab

39 ab

30 a

94 a

612 abc

41 ab

30 a

0.541 b 0.291 a 0.210 a 0.144 a

97 a

636 bc

42 bc

35 a

0.567 b 0.287 a 0.210 a 0.146 a

86 a

686 c

46 c

P>0.05 P<0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05
Provenance

Konya

0.406 a

0.060 a

0.367 a 0.476 a 0.220 a 0.097 a 164 a

1119 a

32 a

17 a

0.435 a

0.075 b

0.405 a 0.587 a 0.219 a 0.108 a 174 a

1106 a

35 a

26 b

0.381 a 0.071 ab 0.389 a 0.474 a 0.206 a 0.098 a 146 a

1113 a

35 a

P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P<0.01

Seedling
spacing
(cm)

A Means

36 a
P<0.01

Mersin
Isparta

Root

38 b
P>0.05

Control

0.452 a

0.068 a

0.408 a 0.633 a 0.234 a 0.107 a 189 a

2.5

0.380 a

0.059 a

5.0

0.395 a

0.079 a

7.5

0.402 a

10.0

0.407 a

28 b
P>0.05

1056 a

32 a

25 a

0.362 a 0.465 a 0.204 a 0.099 a 143 a

947 a

31 a

18 a

0.399 a 0.537 a 0.219 a 0.094 a 171 a

1107 a

34 a

22 a

0.067 a

0.374 a 0.461 a 0.207 a 0.099 a 149 a

1156 a

34 a

26 a

0.070 a

0.394 a 0.468 a 0.212 a 0.107 a 155 a

1297 a

39 b

28 a

within each column and factor followed by the same letter are not significantly different (P<0.05)

According to this classification; our control
seedlings were in poor quality class and the all of
the seedlings raised at 2.5, 5.0 and 7.5 cm spaces
were in the fair class. 78% and 22% of the
seedlings raised at 10 cm space were in the fair
class and good class, respectively.

There is another classification developed for
Taurus cedar seedlings by Eler et al. [19]. This
classification system contains three classes based
on shoot height (SH) and root collar diameter
(R&'    JRRG 6+ FP DQG 5&' PP   
IDLU 6+ FP DQG 5&' ޒPP  DQG  
SRRU TXDOLW\ 6+ ޒFP DQG 5&' PP 
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TABLE 6
Total nutrient amounts in needle, stem and roots of Taurus cedar seedlings depending on provenance and
spacing.
N

P

K

Ca

Mg

S

Na

Fe

Zn

Mn

mg seedling-1
ANOVA sig.
Factor

Treatment

Provenance

P>0.05

P>0.05

P>0.05

P>0.05

Konya

66.194 aA 8.350 a 40.680 a 38.120 a 20.230 a 16.319 a 1.060 a

6.283 a

0.270 a

4.206 a

Mersin

67.611 a

9.400 a 44.582 a 43.671 a 20.142 a 18.426 a 1.045 a

6.436 a

0.335 a

6.362 a

63.492 a

8.901 a 40.816 a 40.672 a 18.087 a 18.320 a 0.975 a

6.395 a

0.331 a

6.324 a

Isparta

P>0.05

P>0.05

P>0.05

P>0.05

P>0.05

P>0.05

P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001

Seedling
spacing
(cm)

A Means

Control

26.897 a

3.471 a 16.785 a 16.982 a

8.484 a

7.226 a

0.457 a

2,416 a

0.134 a

2.295 a

2.5

48.495 b

6.443 b 32.475 b 31.713 b 15.200 b 13.787 b 0.717 b

4.292 b

0.217 b 3.877 ab

5.0

71.234 c 10.193 c 45.260 c 46.290 c 21.297 c 18.113 c

1.151 c

6.490 c

0.316 c

5.455 b

7.5

82.546 d 11.091 c 53.752 d 50.507 cd 24.552 d 22.770 d 1.358 d

8.205 d

0.392 d

7.626 c

10.0

99.657 e 13.221 d 61.858 e 58.612 d 27.900 e 26.546 e 1.450 d 10.452 e 0.501 e

8.898 c

within each column and factor followed by the same letter are not significantly different (P<0.05)

TABLE 7
Distribution of seedlings according to height, root-collar diameter and shoot/root ratio in the
TS2265/February 1988 grading.

Treatments

Control
2.5
5.0
7.5
10.0

Seedling quality classes
II
5&'PP
6+ޒFP

I
5&'PP
6+FP
Ia
SDw/RDw
less than 3/1

Ib
SDw/RDw between
3/1-4/1

IIa
SDw/RDw less
lessthan 3/1

IIb
SDw/RDw between
3/1-4/1

%
100
100
78
56
67

%
22
44
33

%
-

%
-

Out of standard
5&'ޒPP
6+ޒFP
SDw/RDw
more than 4/1
%
-

density can be decreased in nurseries where there
are no other constrains in order to obtain higher
quality seedlings. Guner et al. [10] found similar
results in their study on Pinus nigra Arn. but Tetik
[20] did not find any significant difference in SH
depending on density for Pinus sylvestris L.
Deligoz [12] found out a reverse relationship
between SH and density for Acer negundo L.
seedlings. These differences between species may
be due to their biological properties.
RCD is a more reliable parameter than SH to
determine the seedling quality. Therefore, seedlings
with larger diameters have much more nutrients as
they have more needles. Similarly, larger diameter
means having better root system and better water
uptake capacity. Furthermore, larger diameter also
means higher resistance to the environmental
mechanical factors due to thicker cuticula and more

DISCUSSION
Our study revealed that both the provenance
and spacing influenced the morphological
properties of two-year old (2+0) Taurus cedar
seedlings. Better seedling morphological properties
were observed with the decreased seedling density.
This may be due to the increased water, light,
nutrient and area allocated per seedling. Therefore,
a study performed for one-year old Fraxinus
angustifolia (Vahl.) seedlings under nursery
conditions showed that morphological properties
differed significantly by provenance and density
while they increased with decreasing density [8].
SH is one of the important parameters that
indicate the seedling quality especially in terms of
weed control. In this research, SH was increased
with decreasing spacing. This implies that seedling
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concerning the correlation between the seedling
density and nutrient contents. However, it should be
underlined that all of the abovementioned studies
considered the percentage of the nutrient in dry
matter (amount of nutrient in 100 g dry matter). In
our study, we also evaluated the total amount of
nutrients per seedling and found that N, P, K, Ca,
Mg, S, Na, Fe, Zn and Mn stocks were significantly
different depending on the seedling density rather
than the provenance. This result indicated that even
if there were no differences between the
proportional values of the nutrients, seedlings
grown in different densities took up different
amounts of nutrients. Similar result were found by
Guner et al. [10], Semerci et al. [9] and Yildiz et al.
[31] for Pinus nigra, Robinia pseudoacacia L. and
Pseudotsuga menziesii (Mirb.) Franco, respectively.
As for the findings about the nutrient contents
of needles in this study, it can be suggested that the
seedlings grown in different densities can uptake
adequate amount of nutrients from the soil. A
research conducted on the nutrient content of
conifers in Turkey showed that the needles of
Taurus cedar trees had 0.910-2.266% N, 0.0910.196% P, 0.474-1.744% K, 0.400-1.873% Ca,
0.110-0.261% S, 0.110-0.580% Mg, 100-350ppm
Na, 124-404ppm Fe, 110-580ppm Mn, 12.721.2ppm Zn, and Trace-10ppm Cu [32]. When we
made a comparison with these nutrient contents, our
results showed higher S and Fe, and lower Mn
contents.
The success of a plantation depends primarily
on the use of high quality seedlings. Our results
showed that all of the seedlings were in the 1 st class
according to 76,¶V FODVVLILFDWLRQ V\VWHP IRU
coniferous species [17] and there were no 2nd class
and out of class seedlings. However, all the controls
and seedlings grown at 2.5 cm spaces were in the
1a class while 22, 44 and 33% of the seedlings
grown at 5.0, 7.5 and 10.0 cm spaces, respectively,
were in the 1b class (which had SDw/RDw from
3/1 to 4/1) (Table 3). Producing seedlings having
SDw/RDw less than 3 by undercutting is important
for plantations in arid and semi-arid areas. The
results of another study conducted for Pinus nigra
showed that decreased seedling density reduced the
rate of the seedlings that were out of standard. The
rate of the discarded seedlings was over 30% for
the controls and 2.5 cm spacing while it was less
than 20% for the seedlings grown at 5.0, 7.5 and
10.0 cm spaces [10]. According to this old conifer
seedling classification dated 1976, which is out of
use now, only 33% of the control seedlings were
out of standard but the others were in the 1 st class.
According to the classification developed by Eler et
al. [19], all of the control seedlings were classified
as poor quality, all of the seedlings raised at 2.5, 5.0
and 7.5 cm spaces were in fair class whereas 22%

woody tissues [7]. Earlier studies showed that
increased density caused decreased RCD [21-25].
Findings in our study were convenient with these
results.
SDw/RDw and SH/RCD are the other
parameters used for seedling quality. Therefore,
seedlings having low SDw/RDw and SH/RCD are
suggested to be used for afforestation. SDw/RDw is
effective on the water stress, in other words
physiological state of a seedling. Therefore,
seedlings with SDw/RDw of less than 3 tend to
have better survival. Thus, these seedlings are able
to uptake the water by their roots that they lose via
transpiration. That is why scientists suggest using
the seedlings having SDw/RDw of less than 3 [26].
In our study, SDw/RDw varied from 2.65 to 3.03
depending on the seedling density. It increased with
decreased density (Table 3). Catal [27] reached
similar results in his study on Taurus cedar
seedlings. In the event that SDw/RDw is higher
than 3, it should be reduced through some
manipulations like undercutting. Therefore, Boydak
and Calikoglu [1] suggested that undercutting once
in fall in the first year (August-September) is
adequate to balance the SDw/RDw for two-year old
(2+0) Taurus cedar seedling production.
In this study, we found significant and strong
relationships between morphological properties
(Table 4). Some earlier studies also reached similar
results. For instance, Bilir et al. [28] found a
significant relationship between SH and RCD for
Pinus pinea L. and Yücedag and Gailing [11]
reported similar findings regarding the relationships
between SH, RCD, main root length and thin root
numbers for Amygdalus communis L., Prunus
avium L., Pyrus elaeagnifolia Pall. and Eriolobus
trilobatus (Poiret) Roemer.
Nutrient status, which is one of the important
physiological properties, was also analysed in our
study. The analysis results showed that N, P and Fe
in needle; K, Fe and Zn in stem and Zn in root
increased significantly with the decreased density.
Guner et al. [10] performed a similar study on
Pinus nigra and found that all the nutrients except
N and Zn decreased with the increased density.
Another study by Bilir [29] conducted on Cedrus
libani showed that there were negative significant
correlations between the nutrient contents and
morphological properties of seedlings. Genc and
Yahyaoglu [7] citing from Landis reported that N,
Ca, and Mg content increased three times, P content
five times and K content four times when seedling
density decreased from 1200 seedling/m2 to 300
seedling/ m2 in conifers. Kennedy [22] revealed that
seedling density did not affect the nutrient contents
in oak and ash trees. Similarly; Bowles [30] found
no significant relationship between the seedling
density and nutrient content in Pinus radiata D.
Don. In conclusion, there are varying results
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The densities appropriate for the production of
good quality seedlings should be investigated on
the basis of tree species, provenance and nurseries.

and 78% of seedlings raised in 10.0 cm spaces were
in good and fair quality classes, respectively.
Boydak and Calikoglu [1] suggested that the
VHHGOLQJV LQ JRRG DQG IDLU FODVVHV 6+ FP DQG
5&' PP  DFFRUGLQJ WR WKH FODVVLILFDWLRQ
developed by Eler et al. [19] should be used in the
natural distribution areas of Taurus cedar where the
soil is deep and available for deep cultivation,
climate is wet and temperature and weed control is
needed. A study conducted in Central Anatolia by
Semerci [33] for Taurus cedar seedlings focusing
on their five-year field performance showed that the
morphological properties were not a good criterion
indicating the survival rate but the growth rate. He
reported that especially RCD had an effect on the
field growth performance. All of these studies also
confirm that RCD has a significant effect on both
weed control and growth performance.
Considering the literature review and the
requirement of producing good quality seedling as
much as possible in a unit area, our study findings
suggest that spacing of 15.0 x 2.5 cm is suggestible
for the production of Taurus cedar seedlings.
However, spacing wider than 2.5 cm can also be
used in nurseries where the area is not restricted
and sturdy seedlings will be produced.
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manufacturing industries of pesticides, dyes,
polyurethane foams, antioxidants, semiconductors
and pharmaceuticals [1-3]. Many of them exhibit
genotoxicity in the Ames assay, and have been
reported to be strong carcinogens [4-6]. Large
quantities of aromatic amines are routinely released
directly or indirectly through wastewater discharges
into aquatic systems after industrial usage, which
can have serious adverse health effects on humans
and indigenous biota [7]. Because of their relatively
high solubility in water, aromatic amines can easily
permeate through soil and contaminate the
surrounding groundwater. Recently, many of these
genotoxic compounds have attracted considerable
public attention, the US Environmental Protection
Agency (US EPA) have placed several of them on
the list of priority control pollutants [8]. A
derivative of aniline, p-nitroaniline (PNA) is highly
toxic aromatic amine, which has a mutagenic
impact on animals and human beings even at low
concentrations in water. Thus, to protect the human
health and ecological environment, it is imperative
and challenging to develop a simple, reliable, rapid,
economical and environmentally friendly method
for selective removal of p-nitroaniline from water.
To remove nitroanilines from polluted waters,
various methods have been applied, including
photocatalytic [9,10], biodegradation [11], chemical
oxidation [12,13], ozonation [14] and adsorption
[15-17]. Most of these methods have lower
selectivity in the removal of nitroanilines from
water. Adsorption is one of the well-known
technologies for the purification of water polluted
with nitroanilines. Non-specific sorbents, such as
activated carbon, metal oxides, ion-exchange resins
and modified clay have been used for the removal
of some genotoxic compounds [18]. However, it is
still difficult to realize selective removal of the
target compounds from complicated environmental
water samples. Therefore, it is essential to develop
more specific technologies for nitroanilines
separation from water environment of natural
matrices.
Molecular imprinting is a state-of-the-art
technique for synthesis of polymers with highly
specific recognition sites that exhibit pre-

ABSTRACT
This paper describes the synthesis and
development of molecular imprinted polymer (MIP)
as an effective adsorbent for the removal of
genotoxic
compound
p-nitroaniline
from
environmental water samples. The synthesis was
designed and optimized through the selection of
different type of functional monomers and porogens.
A novel molecular imprinted polymer was
synthesized by the radical bulk polymerization
using p-nitroaniline as a template, methacrylic acid
as functional monomer, EGDMA as cross-linker
and toluene- acetonitrile (95:5, v/v) as porogen. By
comparing the performance of the synthesized
MIPs in a mixed solution with different ratio of
acetonitrile-water, the results showed a higher
recognition and adsorption capacity for pnitroaniline in water because of the synergistic
effect of hydrophobic and specific binding
interactions for polymers. The adsorption isotherm
of p-nitroaniline on the MIP was well described by
the Langmuir model with a maximum adsorption
capacity of 309.8 ȝPRO/g. The adsorption kinetic
was investigated and well fitted to the pseudo
second-order model (R2 > 0.999) and rapidly
reached the equilibrium after 30 minutes. It was
found that p-nitroaniline could be selectively
recognized by MIP in presence of its structural
analogues. The regeneration property of the MIP
was also investigated and found that it can be
regenerated at least five adsorption±regeneration
cycles. Furthermore, the MIP was successfully
applied for effective removal of p-nitroaniline from
real river water samples.
KEYWORDS:
Molecular imprinted polymer; p-nitroaniline; Genotoxic
compounds; Adsorption removal

INTRODUCTION
Aromatic amines such as aniline and its
derivatives represent one of the most important
classes of industrial and environmental chemicals.
They are widely used as intermediates in the
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determined selectivity toward the target molecules
[19-21]. The functional groups of the template
molecule can be interacted with the functional
monomer to form precursor through hydrogen
ERQGLQJʌ-ʌERQGLQJK\GURSKRELFLQWHUDFWLRQDQG
electrostatic interaction prior to a polymerization
process. The template molecules are removed after
the polymerization, leaving three-dimensional
cavities with spatially oriented functionalities that
are complementary to the template in highly crosslink polymer network. Due to the high specificity
and selectivity, molecular imprinting polymers
(MIPs) have become increasingly popular and have
been widely applied in different areas such as solid
phase extraction (SPE) [22-24], chromatography
separation [25], chemical sensors [26-28], catalysis
[29], drug delivery [30] and
many other
applications.
In order to develop efficient functional
materials for selective removal of genotoxic
compound p-nitroaniline from water, a novel MIP
with p-nitroaniline as the template was successfully
synthesized by the radical bulk polymerization
method in this study. Effects of various parameters
such as functional monomers and porogens in the
polymerization process were investigated. The
imprinted and non-imprinted polymers were
characterized by scanning electron microscopy and
specific surface area, FT-IR and thermal analysis.
Langmuir and Freundlich isothermal adsorption
model was used for fitting experimental adsorption
data. The selectivity adsorption experiments were
conducted for a mixture of p-nitroaniline and its
structural analogues. Furthermore, the synthesized
MIP was evaluated for the removal of p-nitroaniline
from the spiked river water samples simulating
contaminated environmental water.

phenylenediamine, 2-amino-4-nitrophenol were
purchased from TCI Development Co., Ltd. (China).
Monomer methacrylic acid (MAA), 1-vinyl
imidazole (1-VID), ethyleneglycol dimethacrylate
(EGDMA, cross linker) were obtained from SigmaAldrich and distilled in vacuum prior to use in order
to remove stabilizers. Methacrylamide (MAAM)
was purchased from Acros Organics (New Jersey,
USA) and 2, 2'-azobis (2-methylpropionitrile)
(AIBN, initiator) was purchased from J&K
Technology Limited (Beijing, China) and
recrystallized in methanol prior to use. Acetonitrile,
chloroform, toluene, acetic acid and other reagents
were analytical grade or HPLC grade and
purchased from Fisher Scientific (Shanghai, China)
and used without purification. Ultra-pure water
delivered from a Milli-Q purification system
(Millipore, USA) was used to prepare the purified
water.
Synthesis
of
molecularly
imprinted
polymers. For the preparation of the p-nitroaniline
imprinted polymer, different type of functional
monomers and porogens were screened, the
genotoxic compound p-nitroaniline was used as a
template, EGDMA as cross-linker and 2, 2'-azobis
(2-methylpropionitrile) (AIBN) as initiator. The
molecularly imprinted polymers named as MIP1MIP5 and related non-imprinted polymers (NIP1NIP5) were obtained by the radical bulk
polymerization using a non-covalent approach.
Detailed information was listed in Table 1. For a
typical polymerizing procedure, 1 mmol template
of p-nitroaniline and 4 mmol functional monomer
were dissolved in 20 mL of appropriate porogen in
a 100 mL round-bottomed flask and prepolymerized by rotating at 200 rpm for 12 h in an
ice bath. Then cross-linker EGDMA and freeradical initiator AIBN were added into the prepolymer solution. The solution was sonicated and
thoroughly purged with oxygen-free nitrogen for 20
min,

EXPERIMENTAL
Reagents and chemicals. p-nitroaniline
(PNA),
2-methoxy-5-nitroaniline,
4-nitro-o-

TABLE 1
Detailed information of MIPs.
Template,
mmol

Functional monomer,
mmol

MIP1

1

Methacrylic acid, 4

NIP1

--a

Methacrylic acid, 4

Acetonitrile, 20

MIP2

1

Methacrylic acid, 4

Toluene : Acetonitrile (95:5), 20

NIP2

--

Methacrylic acid, 4

Toluene : Acetonitrile (95:5), 20

MIP3

1

Methacrylic acid, 4

NIP3

--

Methacrylic acid, 4

MIP4

1

1-vinyl imidazole, 4

Toluene : Acetonitrile (95:5), 20

NIP4

--

1-vinyl imidazole, 4

Toluene : Acetonitrile (95:5), 20

MIP5

1

Methacrylamide, 4

Toluene : Acetonitrile (95:5), 20

NIP5

--

Methacrylamide, 4

Toluene : Acetonitrile (95:5), 20

Polymer

Cross-linker,
mmol

Initiator,
mg

Porogen,
mL
Acetonitrile, 20

EGDMA, 20

2132

AIBN, 80

Chloroform: Acetonitrile (90:10), 20
Chloroform: Acetonitrile (90:10), 20
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(2)
Kd = Qe/Ce
The imprinting factor (IF) was calculated as
follows Eq. (3):
IF = Kd (MIP)/Kd (NIP)
(3)
Where Qe (ȝPRO/g) is the equilibrium
adsorbing amount of p-nitroaniline, C0 and Ce
(ȝPRO/mL) are the initial and equilibrium
concentrations of p-nitroaniline, respectively. V
(mL) is the volume of the initial solution and m (g)
is the weight of MIPs or NIPs.
Batch adsorption isotherm experiments were
conducted by adding 20 mg of MIPs or NIPs into
10 mL of p-nitroaniline solution with initial
concentrations ranging from 0.05 ȝmol/mL to 2.5
ȝmol/mL. After shaking for 24 h, the adsorbent was
separated by filtration. The concentration of
equilibrium solutions were determined by UPLC.
The adsorption isotherms were described by
Langmuir [31] and Freundlich [32] isothermal
adsorption model.
For the kinetic study, the suspensions were
shaken at 25 oC and sampled at different intervals
of time in p-nitroaniline solutions with the initial
concentration of 0.35 ȝmol/mL. 7KH /DJHUJUHQ¶V
pseudo first order [33] and +R¶V pseudo second
order [34] models were used to investigate the
adsorption kinetics of MIPs.

the round-bottomed flask was sealed under nitrogen
and then placed in the controlled oil bath. The
temperature was increased from room temperature
to 60 oC over 2 h and then maintained at 60 oC for a
further 24 h. At the end of the reaction, the polymer
particles were isolated by filtration and washed
with methanol/acetic acid (90:10, v/v) under
Soxhlet extraction until no template was detected
by UPLC in the extract and then washed with
methanol till neutral. The obtained polymers were
dried under vacuum overnight at 50 oC. For
comparison, the non-imprinted polymers were also
synthesized simultaneously under the same
procedure except in the absence of template.
Characterization of molecular imprinted
polymers. Surface morphology of the MIPs were
observed using a Scanning Electron Microscope
(SEM) (PHILIPS, XL-30 FEG) in secondary
electron mode, with an acceleration voltage of 20
kV. The samples were required to be sputter coated
with a gold thin film to enable SEM imaging.
Fourier transform infrared (FT-IR) spectroscopy
was performed using KBr pellets on the thermo
Nicolet AVATAR 370DTGS FT-IR instrument.
The data collection and data analysis software was
OMNIC. Background and sample spectra were
acquired from 4000-600 cm-1 with a resolution of 4
cm-1, and a 32 seconds scan time. The specific
surface areas (S) were evaluated by BrunauerEmmett-Teller (BET) model using multi point
analysis mode and the pore size distribution and
total pore volume were determined by the
Brunauer-Joyner-Hallenda (BJH) method using a
QuantaChrome Autosorb-Iq-MP Analyzer. Prior to
the analysis, the samples were outgassed in a
vacuum for at least 12 h. The thermal stability was
performed on a Q5000 thermogravimetric analyzer
(TA Instruments, USA).

Selectivity experiments. p-nitroaniline and
three
analogous
compounds
2-methoxy-5nitroaniline, 4-nitro-o-phenylenediamine, 2-amino4-nitrophenol were used to evaluate the selectivity
performance of MIP. 20 mg of MIP2 or NIP2
particles were added into 10 mL acetonitrile: water
(10:90 v/v) standard solution containing 0.1
ȝmol/mL of each compound. After shaking for 24 h,
the supernatants were filtered by 0.22 ȝPILOWHUIRU
UPLC analysis. The selectivity factor (Į and
UHODWLYHVHOHFWLYLW\IDFWRU Į') were described by the
following equations (4-5):
Į = Kd(PNA)/Kd(X)
(4)
Į  ĮMIP/ĮNIP
(5)
Where, Į represents the selectivity factor,
Kd(PNA) and Kd(x) are the distribution coefficients of
p-nitroaniline and its analogous compounds,
respectively. Į represents the relative selectivity
factor which is depended on the selectivity factor of
MIP and NIP.

Adsorption experiments. To evaluate the
adsorption capacity of prepared MIPs and NIPs
towards p-nitroaniline, the batch adsorption
experiments were carried out by equilibrating 20
mg of MIPs or NIPs particles with each tube 10 mL
of 0.35 ȝmol/mL of p-nitroaniline acetonitrile
standard solution or acetonitrile: water (10:90, v/v)
standard solution. The suspensions were placed on
the controlled temperature shaker for 24 h at 25 oC
to reach equilibrium and then centrifuged by a highspeed centrifugation at 4000 rpm for 20 min. The
supernatants were filtered with 0.22 ȝP membrane
before being measured by UPLC. The adsorption
capacity (Qe, ȝPRO/g) was calculated by the
following Eq. (1):
Qe = (C0 ± Ce)V/m
(1)
The distribution coefficient (Kd, mL/g) for
MIPs and NIPs were calculated by the following Eq.
(2):

Removal of p-nitroaniline from the spiked
river water. River water samples were collected
from Chuan Yang river of Shanghai City, China
and filtered by 0.22 ȝP ILOWHUV No p-nitroaniline
was detected in the original river water samples by
UPLC. 20 mg of the MIP and NIP were suspended
in 10 mL of river water spiked with ȝmol /mL pnitroaniline and incubated at 25 oC for 90 min under
shaking, then centrifuged by a high-speed
centrifugation at 4000 rpm for 20 min. The
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supernatants were filtered by 0.22 ȝP ILOWHU IRU
UPLC analysis.

the morphological properties of porosity and
surface area are determined by the type of solvent
used in the polymerizationUHIHUUHGWRDV³SRURJHQ´
[35]. In addition, the porogen affects the
complexing ability of functional monomers with the
template during the pre-polymerization. Especially
in the non-covalent polymerization, the degree of
pre-polymer composite is affected by the polarity of
the porogen solvent. Non-polar solvents are usually
the best choice for the formation of pre-polymer
complex. On the contrary polar solvents usually
compete with the template molecules for functional
monomers, weaken the interaction between
template molecule and the functional monomer,
resulting in poor recognition performance of MIPs.
Thus, three polymers MIP1-MIP3 from functional
monomer methacrylic acid were prepared using
following
porogens:
acetonitrile,
tolueneacetonitrile (95:5, v/v), chloroform-acetonitrile
(90:10, v/v), where toluene-acetonitrile or
chloroform-acetonitrile co-solvent system was used
because of low solubility of template molecule in
toluene or chloroform. In order to compare the
effect of these porogens, the adsorption capacities
of polymer MIP1-MIP3 and NIP1-NIP3 were
determined in according to Eq.(1) using the
adsorption experiments in acetonitrile-water (10:90,
v/v) solution and the imprinting factors were
calculated according to Eq.(3) after determination
of distribution coefficients for imprinted polymers
and relevant non-imprinted polymers. The results of
adsorption capacity, distribution coefficient Kd, and
imprinting factor IF for p-nitroaniline were
presented in Table 2. As shown in the table, the
adsorption capacity of MIP2 prepared in tolueneacetonitrile (95:5, v/v) co-solvent was much higher
than MIP1 and MIP3 using acetonitrile and
chloroform-acetonitrile (90:10, v/v) as porogen,
respectively. In addition, the calculated imprinting
factors, IF for MIP1 and MIP3 were only 1.88 and
1.19. In the contrast to that, MIP2 showed
significant affinity towards the template and IF
equal to 20.58. It was demonstrated that using
toluene- acetonitrile (95:5, v/v) as porogen, the
highest adsorption capacity and selectivity to the
template can be obtained in the polymerization
system. Therefore, toluene-acetonitrile co-solvent
was selected as porogen in the future preparation of
MIPs.

UPLC analysis. A simple, sensitive and rapid
analytical method based on ultra-performance
liquid chromatography (UPLC, Waters, USA) has
been developed for the determination of pnitroaniline and its analogues. The chromatography
was performed on an Acquity UPLC CSH Fluorophenyl column (2.1 mm × 50 mm, 1.7 ȝP SDUWLFOH
size) with a column temperature set at 35oC. Water
and acetonitrile, both acidified with 0.1%
trifluoroacetic acid, were used as mobile phase A
and mobile phase B, respectively. A linear gradient
at a flow-rate of 0.7 mL/min was achieved with 10±
45% of mobile phase B from 0 to 4 min, then 45±95%
of mobile phase B over 1 min, which was held for
1 min for re-equilibration of the system. pnitroaniline and its analogues can be separated with
baseline by this UPLC method. The four point
calibration lines were constructed as a function of
peak area (y) versus concentration(x) in range of
0.5×10-3 ~1 ȝPRO/mL. The linearity of calibration
lines were good with correlation coefficients r>
0.999, maximum absorption ZDYHOHQJWKȜmax (nm),
LOQs and LODs (ȝPRO/mL) were as follows: pnitroaniline (380, 0.65×10-3, 0.21×10-3), 2-methoxy5-nitroaniline (305, 0.55×10-3, 0.18×10-3), 4-nitroo-phenylenediamine (360, 0.57×10-3, 0.16×10-3)
and 2-amino-4-nitrophenol (308, 0.69×10-3,
0.22×10-3).

RESULTS AND DISCUSSIONS
Preparation and performance evaluation of
p-nitroaniline MIP. The objective p-nitroaniline
MIPs coded as MIP1-MIP5 were synthesized by the
radical bulk polymerization under the experimental
conditions described in Section 2.2 and the
compositions were listed in Table 1. Preparation of
imprinted polymers depends on various factors such
as the functional monomer, crosslinking agent,
initiator, the reaction temperature and solvent. Here
we focused on the investigation of the effects of
solvents and functional monomers for the synthesis
of p-nitroaniline MIPs.
First, the effect of solvents was investigated.
As well known, solvent plays an important role in
the formation of the porous structure of MIPs, and
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TABLE 2
Adsorption capacities, distribution coefficients and imprinting factors of MIP1-MIP3 and NIP1-NIP3.
No. of
polymer
1
2
3

Adsorption capacity
(QeȝPROJ

Distribution coefficient
(Kd, mL/g)

MIP

NIP

MIP

NIP

52.50
60.16
43.31

42.32
14.03
40.20

529.93
990.50
298.77

282.20
48.14
250.45

Imprinting factor
(IF)
1.88
20.58
1.19

TABLE 3
Adsorption capacities, distribution coefficients and imprinting factors of MIP2, MIP4, MIP5 and NIP2,
NIP4, NIP5.
No. of
polymer
2
4
5

Adsorption capacity
(QeȝPROJ

Distribution coefficient
(Kd, mL/g)

MIP

NIP

MIP

NIP

60.16
56.25
58.22

14.03
51.77
48.66

990.50
700.90
826.58

48.14
504.22
411.62

Imprinting factor
(IF)
20.58
1.39
2.01

was finally selected as the best promising monomer
for the synthesis of imprinting polymer. Here, the
carboxylic group of methacrylic acid could strongly
interact with the amide group of p-nitroaniline form
stable host-gust complexes via hydrogen bonds.
On the basis of the results obtained for pnitroaniline adsorption, the imprinting polymer
prepared with methacrylic acid in tolueneacetonitrile co-solvent as porogen was selected as
the most suitable candidate for our further
investigations.

On the other hand, the selectivity of functional
monomer to the template molecules is very
important for the recognition specificity of the
MIPs [36]. Stronger interaction between templates
and monomers is essential for the formation of a
stable pre-polymer complex. In this work, three
different
functional
monomers
including
methacrylic acid (MAA), 1-vinyl imidazole (1-VID)
and methacrylamide (MAAM) were used to prepare
MIPs and relevant NIPs for the adsorption study.
The polymer prepared from methacrylic acid
presents particularly promising properties, which
has higher adsorption capacity of p-nitroaniline
(60.16 ȝPRO/g) on the imprinted polymer MIP2. For
the respective non-imprinted polymer NIP2, it
shows much lower adsorption capacity (14.03
ȝPRO/g). These resulted in a large increase of
specificity towards p-nitroaniline with the IF value
equal to 20.58. In addition, based on the results of
the adsorption experiments as shown in Table 3, the
adsorption capacity obtained by MIP2 was higher
than other two polymers synthesized with 1-vinyl
imidazole
and
methacrylamide
functional
monomers, respectively. :KDW¶V more obvious is
that MIP2 has absolutely superior in terms of
imprinting factor compared with MIP4 and MIP5.
The results indicate that the highly specific polymer
could be obtained by using methacrylic acid as
functional monomer. Therefore, methacrylic acid

Characterization of imprinted polymers.
Morphology. The morphology of MIP2 and NIP2
prepared under the optimum conditions was
observed by the scanning electron microscope
(SEM) and the images were shown in Figure 1 (a
and b). The images show appreciable differences in
the morphology of the polymers. The non-imprinted
polymer (Figure 1a) had a more uniform, smooth
shape than that of the imprinted polymer (Figure 1b)
which had an irregular, rough and porous
morphology. The regular morphology of the nonimprinted polymer was due to the fact that no
specific binding sites were created for the analyte,
which was consistent with the results of adsorption
described in section 3.1. Abundant imprinting
cavities in the MIP2 were favorable for rebinding
the target molecules.
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(b) Imprinted polymer (MIP2)

FIGURE 1
Scanning electron micrograph of polymers. (a) Non imprinted polymer (NIP2), (b) p-nitroaniline
imprinted polymer (MIP2).

FIGURE 2
The FT-IR spectra of (a) MIP2 and (b) NIP2.

FT-IR analysis. The FT-IR spectra of the
MIP2 and NIP2 are shown in Figure 2. It can be
seen that there is no significant difference for the
FT-IR spectra of imprinted and non-imprinted
polymers. The typical strong adsorption band at
1730 cm-1 can be assigned to C=O stretch vibration
of carboxylic ester and carboxyl came from
crosslinker EGDMA. C-O stretching vibration at
1261 cm-1 and 1161 cm-1 are due to symmetric and
asymmetric ester. The double peaks at 2992 and
2958 cm-1, 1458 and 1391 cm-1, 958 and 879 cm-1
corresponds with the symmetric and asymmetric
stretching of C-H due to the methyl and methylene
groups existing in both MIP and NIP. A broad band
at around 3500 cm-1 due to the stretching vibration
of O-H bonds of the hydroxyl groups from
monomer MAA was seen in the FT-IR spectra of
MIP and NIP.

Specific surface areas and pore analysis.
The specific surface area (SSA) and porosity
parameters of MIP2 and NIP2 were investigated by
nitrogen adsorption±desorption measurements. The
specific surface area of the synthesized polymers
was determined by Brunauer-Emmett-Teller (BET)
model using multi-Point BET method. The total
pore volume and average pore size were calculated
by BJH method according to the adsorption branch.
The detailed SSA and porosity parameters of MIP2
and NIP2 were shown in Table 4. The obtained
MIP2 showed significantly higher SSA and pore
volume (225.98 m2/g and 0.782 cc/g, respectively)
compared with the values of NIP2 (15.67 m2/g and
0.053 cc/g, respectively). It indicated that MIP2
could provide much more active sites and facilitate
the adsorption of the template molecules.
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surface, evaporating quickly with the increase of
temperature. The initial decomposition process of
both polymers was happened during 200 oC to 300
o
C and thoroughly decomposed until 500 oC. As can
be seen in Figure 3A, a gradual and smaller weight
loss at 244.9 oC was observed for MIP2 polymer
with the loss of nearly 4.8% of total mass, which
was likely due to short chain degradation and
decarboxylation. The weight of MIP2 polymer
declined sharply between 300 oC and 500 oC, which
might be attributed to the decomposition of carbon

Thermal analysis. The thermal stability of
MIP2
and
NIP2
was
investigated
by
thermogravimetric
analysis
(TGA).
The
thermographs of MIP2 and NIP2 were presented in
Figure 3. Line (a) showed weight loss as the
function of temperature and line (b) was a
derivative of weight loss as the function of
temperature. Both polymers showed similar
thermograms. Nearly 0.9% and 3.1% weight loss
was observed at about 50oC for MIP2 and NIP2
polymers, respectively, which was probably due to
the presence of methanol and water on polymers

TABLE 4
BET surface area, total pore volume, average pore size of MIP2 and NIP2.
Polymer
MIP2
NIP2

Specific surface
(SSA, m2/g)
225.98
15.67

area

Total pore volume
(cc/g)
0.782
0.053

Average pore size (nm)
4.43
4.44

FIGURE 3
TGA curves of (A) MIP2 and (B) NIP2.
60.16 ȝPRO/g. The value of MIP2 in acetonitrilewater (10:90, v/v) was 60.16 ȝmol/g, more than 20
times the adsorption capacity of MIP2 in
acetonitrile. The remarkable high adsorption
capacity showed in acetonitrile-water (10:90, v/v)
was mainly due to the strong hydrophobic
properties of p-nitroaniline, as well as the surface
recognition structure of the MIPs for p-nitroaniline
[37]. It could be a synergistic effect of hydrophobic
and specific recognition interactions for the MIPs in
acetonitrile-water mixed solutions. In addition, it
was worth noting that the difference of adsorption
capacity between all the MIPs and NIPs in
acetonitrile was evidently higher than that in
acetonitrile-water (10:90, v/v).

skeleton. The decomposition behavior of NIP2 was
very similar with MIP2, which was shown in Figure
3B.
Adsorption performance of MIPs in
acetonitrile and acetonitrile-water mixed
solution. To get deeper insight into the adsorption
capacity of MIPs and NIPs, the adsorption
experiments were performed in acetonitrile and
acetonitrile-water mixed solution. As can be seen in
Figure 4 and Table 5, the adsorption capacities of
synthesized MIPs (MIP1~MIP5) and NIPs
(NIP1~NIP5) for p-nitroaniline were in the range of
0.48 ȝmol/g to 2.98 ȝmol/g in acetonitrile.
However, it was noted that the adsorption capacities
of MIPs in acetonitrile-water (10:90, v/v) were
significantly higher than that in acetonitrile (Figure
5), which were in the range of 14.03 ȝPRO/g to
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TABLE 5
Comparison of adsorption capacity of the MIPs and NIPs polymers in acetonitrile and acetonitrile-water
(10:90, v/v).

No. of polymer
1
2
3
4
5

Adsorption capacity
Acetonitrile
MIP
1.17
2.98
1.56
2.71
2.56

Adsorption capacity
Acetonitrile-Water (10:90, v/v)
MIP
NIP
52.50
42.32
60.16
14.03
43.31
40.20
56.25
51.77
58.22
48.66

NIP
0.48
0.59
1.19
1.90
1.37

It could be due to the increase of solubility of
p-nitroaniline in acetonitrile, and resulting in an
easier diffusion of p-nitroaniline into the
recognition sites on the surface of the MIPs [38].
Adsorption isotherms. In order to understand
the adsorption behavior of the synthesized polymers,
the adsorption isotherms experiments of pnitroaniline on MIP2 and NIP2 materials were
performed at room temperature for overnight.
Equilibrium data of p-nitroaniline adsorption on
MIP2 and NIP2 as a function of equilibrium
concentration were presented in Figure 6. The
equilibrium adsorption capacity of the adsorbents
showed an increased trend with the increase of
equilibrium concentrations. Langmuir [31] and
Freundlich [32] models were applied to describe the
adsorption isotherms of MIP2 and NIP2.

FIGURE 5
Adsorption performance of MIPs and NIPs in
acetonitrile-water (10:90, v/v).

The linear expression of the Langmuir
isotherm model was represented by the following
Eq. (6):
Ce/Qe = 1/(Qm *b) + Ce/Qm
(6)
The Freundlich isotherm model which is an
empirical equation and derived by assuming a
heterogeneous surface with multilayer adsorption
on the surface is given in logarithm form as follows:
ln Qe = ln KF + 1/n ln Ce
(7)
Where Ce is the equilibrium concentration of
p-nitroaniline in solution (ȝmol/mL), Qe is the
equilibrium adsorption capacity (ȝPRO/g), Qm is the
maximum adsorption capacity of the sorbent, b
represents the Langmuir constants related to
adsorption capacity and energy of adsorption. KF is
the Freundlich constants corresponding to
adsorption capacity and 1/n is the heterogeneity
factor.
Linear plots of Ce/Qe versus Ce were employed
to determine the value of Qm and b. The linearity
curves of Langmuir model for MIP2 and NIP2 were
obtained in Figure 7 and the related parameters
were shown in Table 6. The Qm and b values for
MIP2 were found to be 309.6 ȝPRO/g and 1.087

FIGURE 4
Adsorption performance of MIPs and NIPs in
acetonitrile.
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mL/ȝmol, and for NIP2 is 79.9 ȝPRO/g and 0.927
mL/ȝPRO, respectively. The linearity curves of
Freundlich model for MIP2 and NIP2 were
obtained in Figure 8. From the plot of ln Qe versus
of ln Ce, the values of KF and 1/n for MIP2 and
NIP2 were calculated to be 0.856 and 0.755, 0.174
and 0.779, respectively. The related parameters
were shown in Table 6. By comparison of the
correlation coefficients (R2) of the two models, it
was obviously that Langmuir model can better
describe the adsorption behavior of p-nitroaniline
on MIP2 and NIP2 than Freundlich model. It can be
deduced that p-nitroaniline adsorption by MIP
followed the Langmuir model with a maximum
adsorption capacity of 309.8 ȝPRO/g at room
temperature.

FIGURE 6
Adsorption isotherms of p-nitroaniline on MIP2
and NIP2 at 298 K. Initial p-nitroaniline
FRQFHQWUDWLRQUDQJHGIURPWRȝPRO/mL;
the dosage of adsorbents was 2mg/mL.

TABLE 6
Langmuir and Freundlich isotherm parameters for p-nitroaniline adsorption on MIP2 and NIP2.

Polymer
MIP2
NIP2

Langmuir isotherm
Qm
b
ȝPROJ
P/ȝPRO
309.8
1.087
79.9
0.927

R2
0.987
0.990

Freundlich isotherm
KF
ȝPRO1-1/nmL1/n/g)
0.856
0.174

1/n
0.755
0.779

R2
0.975
0.971

FIGURE 7
Langmuir isotherms of p-nitroaniline adsorption
on MIP2 and NIP2.

FIGURE 8
Freundlich isotherms of p-nitroaniline
adsorption on MIP2 and NIP2.

Adsorption kinetics. In order to investigate
the controlling steps of adsorption process such as
mass transfer and chemical reaction, the kinetic
data obtained have been analyzed using pseudofirst-order rate equation and pseudo-second-order
rate equation. The pseudo-first-order equation can
be expressed as linear forms by Eq. (8) [33].

ln (Qe ± Qt) = ln Qe ± k1t
(8)
The pseudo second-order equation can be
expressed as linear forms by Eq. (9) [34].
t/Qt = 1/k2Qe2 + t/Qe
(9)
Where K1 (min-1) and K2 (g/ȝPRO/min) are the
pseudo-first order and pseudo-second order
adsorption rate constant, respectively; Qe (ȝPRO/g)
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adsorption selectivity was evaluated using
distribution coefficient (Kd  VHOHFWLYLW\ IDFWRU Į 
DQG UHODWLYH VHOHFWLYLW\ IDFWRU Į  7KH UHVXOWV DUH
shown in Table 8. It can be found that p-nitroaniline
had higher distribution coefficient than its
analogues on the imprinted polymers, which
indicated that the selectivity ability of MIP2 to pnitroaniline was stronger than that of the other
analogues. However, the NIP did not show
significant
difference
between
distribution
coefficient of p-nitroaniline and similar compounds
because of no selective recognition site on NIP2. In
DGGLWLRQ WKH YDOXH RI VHOHFWLYLW\ IDFWRU Į  RI WKH
MIP2 was obviously higher than that of NIP2,
which indicated that the MIP2 had more selectivity
for p-nitroaniline than its analogue compounds.

and Qt (ȝPRO/g) are the sorption capacity at
equilibrium and time t (min), respectively.
The adsorption capacity against the time was
shown in Figure 9. The adsorption of p-nitroaniline
on MIP2 and NIP2 was found to be time-dependent.
The sorption increased rapidly in the initial 20 min
for p-nitroaniline on both MIP2 and NIP2, and
reached the equilibrium after 30min. It was also
found that the amount of the adsorbed pnitroaniline on MIP2 at any time was much more
than that of NIP2.
The adsorption kinetics constants and linear
regression results of the two models were listed in
Table 7. The regression curves of the pseudo-firstorder and pseudo-second-order rate equation of
linear forms for p-nitroaniline adsorption were
shown in Figure 10 and Figure 11, respectively. As
shown in Table 7, it showed that the equilibrium
data were obviously described better by the pseudosecond order model with higher correlation
coefficient for both MIP2 and NIP2 (R2 values
above 0.999). Additionally, the calculated value of
Qe was consistent with the experimental value of Qe
for the pseudo-second order kinetic model.
Therefore, it is clear that the adsorption kinetics of
MIP2 and NIP2 followed the pseudo-second order
model. The result suggested that the chemical
interactions are possibly involved in the adsorption
processes and the adsorption rate is controlled
mainly by the diffusion process within the MIP2
[39].
Selectivity study. To investigate the
recognition and adsorption specificity of imprinted
polymers for the template molecules, selectivity
experiments were carried out by using the pnitroaniline and its structural analogues including 2methoxy-5-nitroaniline,
4-nitro-ophenylenediamine, 2-amino-4-nitrophenol. The

FIGURE 9
Adsorption kinetics curves of p-nitroaniline on
the MIP2 and NIP2.

TABLE 7
Kinetic parameters of the pseudo-first-order and pseudo-second-order rate equations for p-nitroaniline
adsorption on MIP2 and NIP2.

Polymer
MIP2
NIP2

Pseudo-first order
Qe,cal
K1 (min-1)
ȝPROJ
1.23×10-2
13.05
0.82×10-2
6.63

Pseudo-second order
K2
JȝPRO/min)
0.53×10-2
1.06×10-2

R2
0.782
0.837

Qe,cal
ȝPROJ
59.88
14.37

R2
0.9993
0.9994

of MIP2 to p-nitroaniline was higher than that of
the corresponding NIP. Therefore, it could be
deduced that MIP2 might be used for selective
removal of p-nitroaniline from complex matrices of
above mentioned analogues.

Comparison of the chemical structures of all
the similar compounds used in the experiments, the
different recognition effect may be due to the
distinct sizes, structure and functional groups of the
adsorbates [40]. The values of relative selectivity
IDFWRU Į  DOVR LQGLFDWHG WKDW WKH VHOHFWLYLW\ IDFWRU
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FIGURE 10
Pseudo-first-order kinetic model for the
adsorption of p-nitroaniline on MIP2 and NIP2.

FIGURE 11
Pseudo-second-order kinetic model for the
adsorption of p-nitroaniline on MIP2 and NIP2.

Regeneration and reusable studies. The
regeneration property of MIP2 was investigated to
understand the further practical application. As

shown in Figure 12, the MIP2 can be regenerated
after washing with methanol/acetic acid (90:10, v/v)

TABLE 8
The selectivity parameters of MIP2 and NIP2.
Samples
p-nitroaniline
2-methoxy-5-nitroaniline
4-nitro-o-phenylenediamine
2-amino-4-nitrophenol

MIP2
Kd (mL/g)
367.87
229.45
134.10
35.17

Į
1.60
2.74
10.46

NIP2
Kd (mL/g)
57.93
55.02
78.73
28.19

Į

Į

1.05
0.74
2.05

1.52
3.70
5.10

nitroaniline. After the fifth regeneration, the
reduction in adsorption recovery of MIP2 for pnitroaniline was only 3.4%. These results indicated
that MIP2 is desirable for potential application in
real practice.
Removal of p-nitroaniline in real river
water samples with MIP.The performance of the
MIP2 for removing the genotoxic compound pnitroaniline was evaluated with real river water
samples spiked with p-nitroaniline. The Chuan
Yang river from Shanghai, China was collected as
real water samples and treated with MIP2 and the
controlled polymer NIP2. To evaluate the removal
efficiency of the MIP2, the residual content of pnitroaniline were analyzed after treating water
samples spiked with p-nitroaniline with MIP2. The
chromatograms of the spiked waters samples, the
spiked samples after adsorption by MIP2 and NIP2
and blank water samples without spiked pnitroaniline are displayed in Figure 13.

FIGURE 12
The regeneration performance of MIP2 over five
cycle times.

and well maintained for up to at least five
adsorption±regeneration cycles without obviously
decrease in the adsorption efficiency for p-
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selectivity for p-nitroaniline in presence of other
structural analogues. Therefore, the synthesized
MIP in this work might be a possible adsorbent for
the removal of p-nitroaniline in environmental
water samples with satisfactory results.

The results showed that the removal efficiency
of MIP2 for p-nitroaniline was nearly seven times
higher than that of NIP2, almost 90% of pnitroaniline in the water sample can be removed in
one cycle adsorption. It was demonstrated that the
synthesized MIP2 has the potential for application
in decontamination of p-nitroaniline polluted water.
The possible reason may be related to the existence
of specific recognition sites in the MIP material,
and leading to a high selective and efficient
removal of p-nitroaniline from real water samples.
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experiment data. The MIP showed a good
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countries [3]. In addition, 35% of all children in the
world below five years of age suffer from Zn-or
Fe-deficiencies [4]. Zn and Fe deficiencies may impair
people development and growth due to the immune
function was weakened [5].
Strategies to reduce micronutrient malnutrition
include food supplementation and fortification,
food-based strategies, and public health interventions
[6]. However, the high and unsustainable cost of these
strategies is the limitation. People can neither afford it
nor have compliance with these methods which even
have such unpleasant side-effects [7].
Through micronutrients fertilization application
in agronomic approaches to enhance the target
micronutrients in staple food crops was indicated to be
an efficient way. The biofortification of wheat, maize,
rice, broccoli and other food crops was observed
sustainable and low cost strategies which was
successful to improve Zn, Fe, Se and I density in
edible portions [8-14].
Although Zn fertilizers are widely used, the
effects of Zn application differ depending on crop
variety [15], method of fertilizer application and soil
conditions. Foliar Zn application was test to be
efficient to increase the growth of wheat, maize and
mung beans [16-19], which was a primary method of
Zn applied for biofortification. Another method of
using Zn fertilizer is soil application. Even in
Zn-deficient soil, the effect of soil Zn application
showed inconsistent [20-22]. Important factors
including pH, CaCO3 content, organic matter content
and water content may lead to the different Zn
availability in soil [23, 24]. Besides, crops varieties
appeared different response to Zn-deficient which
caused different Zn fertilizer application efficiency.
Such as wheat is highly tolerant to Zn deficiency
while maize is sensitive to Zn deficiency [15]. Fe
fertilizer was studied to be efficient through foliar
application while inefficient through soil in crops
(wheat, rice and peach) growth due to the strong
fixation effect of Fe ion in soil which was hard for
plant adsorption from the rhizosphere [25, 26].
Grain protein has been reported to be a sink for
Zn and Fe in durum wheat grain and that increasing N
application enhanced grain Zn and Fe concentrations
[2]. Although Fe fertilizer had less influence on the Fe
concentrations of durum wheat compared with Zn

ABSTRACT
Zn and Fe are essential micronutrients for
organisms. Different Zn fertilizer application methods
were used in this study to focus on the Zn
concentration and related Fe concentration
improvement in maize. Field experiments were
conducted in two sites with two growing seasons in
Loess Plateau, China. Zn applications did not increase
biomass and grain yield either in two fields, while
foliar Zn application can significantly increase grain
Zn concentration by 26.4%, 35.1% in Yongshou and
by 10.7% and 21.7% in Fengxiang with soil combined
foliar Zn application during two growing seasons,
respectively. Fe concentration in grain can be
significant increased by 18.4% and 11.5% with soil Zn
application in Fengxiang during two seasons,
respectively, while no effects were found in
Yongshou. Grain Zn recovery was highest with foliar
Zn application by 59.4Å and 38.5Å in Yongshou and
by 14.0Å and 14.3Å in Fengxiang during two
seasons, respectively, compared with soil Zn
application by 0.2Å and 1.8Å in Yongshou and by
1.7Å and 1.2Å in Fengxiang during two seasons,
respectively. Grain Fe and Zn concentration showed
significant correlation in two fields during two
growing seasons. Zn uptake rate of grain was not
improved with Zn applied, while Fe uptakes rate of
tissues showed no significant effects with Zn applied.
Foliar Zn application is an efficient method to improve
maize grain Zn concentration, and Fe concentration
can be increased with soil Zn application with water
sufficient in soil, in Loess Plateau in China.

KEYWORDS:
Zinc, Iron, Maize, Grain, Recovery.

INTRODUCTION
More than two billion people worldwide suffer
from micronutrient malnutrition, and Zn and Fe
deficiencies are among the most prevalent [1, 2].
Inadequate Zn and Fe intake in the human body results
in severe consequences, such as significant adverse
effects on health and on the economic development of

2145

E\363 

9ROXPH²1RSDJHV

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

and their relation in maize plant with Zn fertilizer
application?

because of its low phloem mobility, the relationship of
Zn and Fe concentrations in crops was reported to be
different. A significant positive correlation was found
in maize, whereas both significant and non-significant
positive correlations were found in winter wheat [15,
27]. Different correlations may be caused by crop
variety and soil properties.
Maize is grown in a large area in North China
Plain [28], and it is main food crop for people living in
Loess Plateau, China. Therefore, in such Zn-deficient
calcareous soil with the CaCO3 content ranges from 1
to 300 g kg-1 and the pH values range from 7.6 to 8.7
[29], the effect of Zn fertilizer application on maize
growth and the relation with Fe adsorption need to be
investigated which can find out an efficient way to
alleviate the Zn and Fe deficiency in human. This
study was conducted with that: 1) what is the suitable
way for Zn biofortification in maize grain in the area
of dryland, and 2) what is the distribution of Zn and Fe

MATERIALS AND METHODS
Experimental site. The field trials of two
growing seasons were conducted in two years of 2012
and 2013 at two sites as follows: Yangmazhuang
Village, Yongshou County (YS) ¶1¶(
elevation = 1127.76 m) and Hengshui Village,
Fengxiang County (FX) (34°27¶ 1 7°3¶ (
elevation = 710.25 m). Both two sites are located in
Shaanxi Province, China. The basic chemical
properties of the soil were presented in Table 1. The
annual precipitations of YS and FX were 728.4 mm
and 630.9 mm in 2012, while 1074.7 mm and 989.5
mm in 2013, respectively. More than 65% of the
rainfall was received between August and September
(Figure 1). FX was irrigated once before seedling with
a volume of 56 mm, while YS was typical rainfed area.

TABLE 1
Selected chemical properties of the air-dried soil (0 to 20 cm depth) before the start of the experiments in
two sites of two growing seasons.
2012

Properties

YS

FX

YS

FX

8.2

7.25

8.15

7.35

10.74

14.6

11.3

15.2

0.78

0.87

0.96

0.97

3.8

5.6

4.7

5.8

-1

12.8

8.1

12.3

10.1

kg-1)

94

113

95

118

64.08

82.12

64.56

88.12

0.51

0.84

0.35

0.83

2.01

1.86

2.46

2.16

5.84

6.78

5.72

6.35

pH (H2O)
Organic matter (g

kg-1)

kg-1)

Total nitrogen (g

Nitrate nitrogen (mg kg-1)
Available P (mg kg )
Available K (mg
Total Zn (mg

kg-1)

Available Zn (mg kg-1)
Total Fe (g

2013

kg-1)

Available Fe (mg

kg-1)

300

Precipitations (mm)

250

YS 1st GS
YS 2nd GS
FX 1st GS
FX 2nd GS

200
150
100
50
0
1

2

3

4

5

6

7

8

9

10

11

12

Month

FIGURE 1
Precipitations in two experimental sites during two growing seasons (Note: GS, growing season).
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in triplicate for each sample. Zn and Fe
concentrations were determined using inductively
coupled plasma (ICP) optical emission spectrometry
(Radial CIROS) following nitric acid digestion.

Field experimental design. The experimental
design was randomized block with four replicates and
comprised four fertilizer treatments as follows: (1)
control group (CK), (2) soil Zn (S), (3) foliar Zn (F)
and (4) soil and foliar Zn (SF). The dimensions of the
plots were 6 × 5 m. N fertilizer was applied with urea
by using 60 kg N ha-1 that was one third of the total N
before seeding, the rest of the N fertilizer was applied
at the stem elongation stage. The P fertilizer,
(NH4)2HPO4, was applied with 75 kg P2O5 ha-1. The K
fertilizer, K2SO4, was applied with 75 kg K2O ha-1.
The soil Zn fertilizer, ZnSO4·7H2O, was applied with
11.74 kg Zn ha-1. The P, K, Zn and the first part of the
N fertilizers were incorporated into the upper 20 cm
of the soil before seeding. The foliar Zn fertilizer,
ZnSO4·7H2O, which had a concentration of 0.3% at
600 l ha-1, was applied twice at the six-leaf stage and
a week after the silking stage.
Spring maize was seeded on April 25 and
harvested on October 3, 2012 and 2013 in YS,
whereas summer maize was seeded on June 12 and
harvested on October 5, 2012 and 2013 in FX. All
maize species were selected µZhengdan 958¶and the
seeding rate was 65,000 plants ha-1. Irrigation and
crop management practices were conducted
according to local practice. Weeds were removed
manually. No obvious water or pest-related stresses
were observed during the two growing seasons.

Statistical analysis. Means were compared
using analysis of variance. The least significant
difference tests were conducted using Predictive
Analytics Software (PASW) Statistics v. 17.0. Means
were considered significant at P < 0.05.

RESULTS

Sampling and laboratory procedures. Five
plants were randomly harvested from each treatment
for analyses. Five parts of the maize (grain, stem, leaf,
husk and cob) were separated, dried, threshed and
weighed and stored for subsequent analysis. After the
samples were digested with H2SO4-H2O2, their N
concentrations were determined using the Kjeldahl
method [30]. Digestion and analysis were performed

Biomass and grain yield. The results of two
growing seasons showed that Zn application methods
had no significant effect on biomass and grain yield
(Table 2). In YS, average biomass and grain yield
over treatments were 15712 kg ha-1 and 9813 kg ha-1
in the first growing season, while 10869 kg ha-1 and
6238 kg ha-1 in the second growing season,
respectively. In FX, average biomass and grain yield
were 17454 and 9943 in the first growing season,
while 12065 kg ha-1 and 6074 kg ha-1 in the second
growing season, respectively. It was obvious that the
biomass and grain yield in the second growing season
were lower than that in the first growing season. The
main reason might be concluded with the extremely
abnormal precipitation in the two places in the second
growing season, that reached a total of 600 mm and
518 mm in two month of August and September in
YS and FX in the second growing season,
respectively, which were 340 mm and 300 mm in the
same period in YS and FX in the first growing season,
respectively (Figure 2).

TABLE 2
Biomass (kg ha-1) and grain yield (kg ha-1) in two experimental sites were affected by Zn application of two
growing seasons.
First GS

Second GS

Treatment

YS
FX
YS
FX
Biomass
Grain yield
Biomass
Grain yield
Biomass
Grain yield
Biomass Grain yield
CK
15417a
9591a
16796a
9601a
11014a
6287a
11584a
5844a
S
15544a
9594a
17179a
9779a
10721a
6104a
12686a
6532a
F
15385a
9718a
16436a
9424a
11322a
6565a
12195a
6125a
SF
16504a
10348a
19406a
10969a
10418a
5996a
11794a
5794a
Note: GS, growing season. Different small letters in the same column indicate significant differences at P <0.05. The same as
follows.

2147

E\363 

9ROXPH²1RSDJHV

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

FX

YS
1.0

Rate of Zn uptakes in maize

Rate of Zn uptakes in maize

1.0

0.8

0.6

0.4

Cob
Husk
Leaves
Stem
Grain

0.2

0.0

0.8

0.6

0.4

Cob
Husk
Leaves
Stem
Grain

0.2

0.0

CK

S
F
First growth season

SF

CK

S
F
SF
Second growth season

CK

S
F
SF
First growth season

Treatments

CK

S
F
SF
Second growth season

Treatments

FIGURE 2
Rate of Zn uptakes of five parts in maize with Zn applications in two growing seasons in two experimental
sites.
*Note: Rate of Zn uptakes = grain (stem, leaf, husk, cob) Zn concentration × grain (stem, leaf, husk, cob) yield / total Zn
accumulation in five parts.

grain by 10.7% in the first growing season, and
21.7% in the second. Zinc application had no
significant effect on Fe concentration in grain in YS,
though there showed increase tendency with Zn
application. In FX, Fe concentration in grain can be
significant increased by 18.4% with soil Zn
application in the first growing season, while by
11.5% and 11.3% with soil Zn and soil + foliar Zn
application in the second.

Zinc and iron concentrations in grain. Zinc
application can significantly increase grain Zn
concentration in two growing seasons in YS and FX
(Table 3). In YS, foliar Zn and foliar + soil Zn
application can significantly increase Zn in grain by
26.4% and 38.2% in the first growing season, and
also showed increase of 35.1% and 40.8% in the
second growing season. In FX, foliar Zn and foliar +
soil Zn application can significantly increase Zn in

TABLE 3
Grain Zn (mg kg-1) and Fe (mg kg-1) concentrations increased in two experimental sites with Zn application
of two growing seasons.
First GS
Treatment
CK
S
F
SF

Second GS

YS
Zn
18.07b
18.31b
22.85a
24.98a

FX
Fe
11.37a
11.23a
11.96a
12.64a

Zn
15.75b
17.39ab
17.26ab
17.44a

YS
Fe
11.11b
13.15a
12.03ab
12.77ab

Zn
18.28b
22.76a
24.70a
25.73a

FX
Fe
36.78a
38.33a
37.34a
38.18a

Zn
13.06c
14.19bc
15.33ab
15.89a

Fe
32.52b
36.25a
35.42ab
36.19a

TABLE 4
Grain Zn accumulation (GZA, g ha-1 DQGJUDLQ=QUHFRYHU\ *=5Å LQWZRHxperimental sites with Zn
application of two growing seasons.
First GS
Treatment

YS

Second GS
FX

YS

FX
GZA
GZR
GZA
GZR
GZA
GZR
GZA
GZR
CK
173.3b
151.2b
114.9b
76.3b
S
175.7b
0.2b
170.0ab
1.7b
138.9a
1.8b
92.7a
1.2b
F
222.0a
59.4a
162.7ab
14.0a
162.2a
38.5a
93.9a
14.3a
SF
258.5a
7.0b
191.3a
3.3b
154.3a
3.1b
92.0a
1.2b
Note: GZA (g ha-1) = grain Zn concentration (mg kg-1) × grain yield (kg ha-1 *=5 Å   JUDLQ=QDFFXPXODWLRQ JKD-1)
in the Zn treatments ± grain Zn accumulation (g ha-1) in the control) / rate of applied Zn (g ha-1) × 1000.
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Uptakes rate of Zn and Fe in five tissues of
maize. Five tissues of maize were separated with
grain, stem, leaves, husk and cob in the experiment.
In YS, rate of grain Zn uptakes were decreased with
foliar and soil + foliar Zn applications, while rate of
stem and leaves Zn uptakes were increased with the
same applications in the first growing season. No
obvious differences between Zn applications were
found in the second growing season. In FX, rate of
grain Zn uptakes were slight decreased with three Zn
applications, while slight increase were got in stem
with soil and soil + foliar Zn applications in the first
growing season. Grain Zn uptakes rate were
decreased with soil and soil + foliar Zn applications,
while increased in stem with the same applications in
the second growing season (Figure 2).

Grain Zn accumulation (GZA) and Zn
recovery (GZR). Grain Zn accumulation improved
the same with grain Zn concentration in YS and FX
in two growing seasons (Table 4). In YS, the GZA
significantly increased by 28.1% and 49.2%, with
foliar Zn application and soil + foliar Zn application,
respectively, in the first growing season. Significant
increase of 20.9%, 41.2% and 34.3% were got with
soil, foliar and soil + foliar Zn applications,
respectively, in the second growing season. In FX,
significant increase of 26.5% was got with soil +
foliar Zn application in the first growing season,
while significant increase of 21.5%, 23.1% and
20.6% were got with the three Zn applications,
respectively, in the second growing season.
The GZR was consistantly low with soil Zn
application in YS (0.2Å in the first growing season
and 1.8Å in the second) and FX (1.7Å in the first
growing season and 1.2Å in the second). With soil +
foliar Zn application, the GZR was slightly increased
both in YS (7.0Å in the first growing season and
3.1Å in the second) and FX (3.3Å in the first
growing season and 1.2Å in the second). On the
other hand, foliar Zn application can significant
increase the GZR both in YS (59.4Å in the first
growing season and 38.5Å in the second) and FX
(14.0Å in the first growing season and 14.3Å in the
second).

Rate of grain Fe uptakes showed much lower
than that of Zn uptakes. In YS, no obvious difference
of five tissues Fe uptake rates were found between Zn
applications both in the first growing season and the
second, while grain Fe uptake rates showed increase,
stem and leaves Fe uptake rates showed decrease in
the second growing season compared with the first.
In FX, the similar tendency was got in two growing
seasons (Figure 3).

YS

FX

1.0

0.8

0.6

0.4

Cob
Husk
Leaves
Stem
Grain

0.2

0.0
S
F
SF
First growth season

CK

Rate of Fe uptakes in maize

Rate of Fe uptakes in maize
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0.6

0.4

Cob
Husk
Leaves
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Grain

0.2

0.0
CK

S
F
SF
Second growth season

S
F
First growth season

SF

CK

S
F
SF
Second growth season

Treatments

Treatments

FIGURE 3
Rate of Fe uptakes of five parts in maize with Zn applications in two growing seasons in two experimental
sites.
*Note: Rate of Fe uptakes = grain (stem, leaf, husk, cob) Fe concentration × grain (stem, leaf, husk, cob) yield / total Fe
accumulation in five parts.

and 0.40 mg kg-1, respectively. A field experiment
result in Pakistan showed that maize yield could be
increased by 21% and 13% in two cultivars by using
foliar Zn application, with DTPA-Zn of 0.72 mg kg-1,
pH of 7.98 and organic matter of 0.72% soil [32].
Cakmak et al. reported significant increase on wheat
yield with soil Zn application in field trial, which
conducted in Konya, Turkey, with soil DTPA-Zn of
0.18 mg kg-1, organic matter of 1.5% and pH of 8.31
[18]. Results indicated that Zn application can make
effective effect on crop yield when Zn can be regard

DISCUSSION
Effect of Zn applications on maize yield. In
this study, Zn applications did not increase biomass
and grain yield either in two growing seasons in YS
or in FX, where are typical rainfed and irrigated area
with calcareous soil, respectively. It was consistent
with the finding of Wang et al. and Zhang et al. [15,
31], which indicated that no increase of biomass and
grain yields were effect by Zn application. These
results were got with soil DTPA-Zn of 0.48 mg kg-1

2149

E\363 

9ROXPH²1RSDJHV

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

explained with the abnormal water condition at that
time.

as a main limitation factor in that place, such as
DTPA-Zn was less than 0.4 mg kg-1. Besides, in soil,
availability of Zn can be affected by many factors,
such as, pH, CaCO3 concentration, water content and
other minerals concentrations. All these limitation
factors in the typical calcareous soil lead to the
unsatisfied result of crop yields through soil Zn
applied on Loess Plateau.
Foliar Zn application did not increase yield
significantly, which can be explained with the
application period. Zhang et al. [31] and Cakmak et
al. [18, 19] reported that when foliar Zn application
period can be conducted at early stage of growth,
such as germination or seeding, crop yield can be
enhanced obviously. So the stages of six-leaf and
silking can be moved up for Zn application.
In the second growing season, the biomass and
grain yield got a significant decrease compared with
the first growing season, which can be explained with
the concentrated and huge rainfall in August and
September in two sites. Nutrients in such kind soil
can be washed out with concentrated rainfall, which
lead to the low production.

Using grain Zn accumulation and recovery to
evaluate Zn efficiency.
Macronutrients or
micronutrients fertilizer should be study with the
utilization efficiency by crops, which can instruct the
fertilizer species and amount to the local farming or
the next relative research [33]. Compared with the
whole plant Zn utilization of Zn fertilizer, grain Zn
utilization should be considered more important due
to that it is the main part for human and animal
consuming [15, 34].
In this study, the GZA in two fields in the first
season showed significant increase with foliar Zn or
combined with soil applied, while all Zn application
include applying in soil can increase the GZA in the
second season. It was the same tendency with grain
Zn concentration affected by Zn application. The
lower GZA in the second season attributed to the
poor production in two fields. Highest GZR were
observed with foliar Zn application, which indicated
it was the highest Zn fertilizer efficiency of maize in
the two fields [15]. Furthermore, GZR appeared
higher with foliar Zn application with normal rainfall
or non-irrigation, which indicated that the foliar
method can be used more effective with such arid
conditions. The results can help farmers to choose the
effective and economical way to improve Zn
concentrations in crops grains.

Grain Zn and Fe concentrations affected with
Zn application. Grain Zn concentration can be
improved in two fields in two growing seasons.
Single or combined with soil Zn application, foliar
Zn application can significantly increase grain Zn
concentration in YS in two seasons. In the second
growing season, soil Zn application also increased
grain Zn concentration which can be related to the
plenty rainfall in such calcareous soil. Similar effect
of Zn application was got in FX in two seasons. This
study indicated that foliar Zn application can be used
effective to improve maize grain Zn concentration in
Loess Plateau with or without irrigation measure. It
was consistent with former results observed by Wang
et al. [15] on maize, Zhang et al. [31] and Cakmak et
al. [18, 19] on wheat. Soil Zn application can be
effective or ineffective to increase crops grain Zn
concentration, which were observed with different
soil conditions, such as in Konya, Turkey, with
DTPA-Zn of 0.18 mg kg-1 in soil. In this study, grain
Zn concentration in maize were lower in FX than that
in YS in either growing season due to that growing
time of summer maize in FX is almost 2 month
shorter than that of spring maize in YS.
Grain Fe concentration cannot increase with Zn
application in YS in two seasons, while in FX, soil
Zn application leaded to a significant increase of
grain Fe concentration in two seasons. This result
indicated that better water condition in soil can lead
to more effective of Fe adsorption in maize. Quite
different with grain Zn concentration in two seasons,
Fe concentration is higher in two fields in the second
season than that in the first season, which can be

Tissue Zn and Fe uptakes rate affected with
Zn application. Since Zn concentration of maize
grain cannot be improved to meet the target content
with Zn application in this study, it is important to
find out the Zn distribution in tissues of maize.
Correlation analysis of grain Zn concentrations and
other tissues showed that Zn concentration of stem
was significant correlated with that of grain in two
fields in two seasons (Table 5). Zn concentration in
most of other tissues had no correlation with that of
grain. This indicated that the Zn amount transported
to stem may affect that in grain.
Zn uptakes rate of different tissues were affected
by tissues Zn concentrations and yields. Though Zn
uptake rate of grain occupied the biggest part, it was
not improved with Zn applied. Foliar Zn application
increased Zn uptake rate of stem in YS in first season
while not in the second. Soil Zn application showed
effective to increase Zn uptake rate of stem in FX in
two seasons. The results showed that water condition
in field made effects of Zn transportation and tissues
yields, which leaded to the Zn uptake rate difference.
Besides, foliar Zn application increased the stem Zn
uptake rate with arid condition while soil Zn
application worked with sufficient water supplied.
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TABLE 5
The correlation coefficients between Zn concentration of grain and that of leaf, husk, stem and cob in two
growing seasons.
Growing season
Leaf
Husk
Stem
First in YS
0.59 *
-0.02 ns
0.65 **
First in FX
-0.02 ns
0.23 ns
0.50 *
Second in YS
0.45 ns
0.24 ns
0.62 **
Second in FX
0.40 ns
0.42 ns
0.71 **
Note: ** indicates significance at P<0.01, * indicates significance at P<0.05 and ns indicates no significance.

Fe uptakes rate of different tissues in YS were
not affected with Zn applications. It was the same
with Fe concentrations in tissues. The relative rate of
Fe uptakes in leaves and stem decreased in the
second season, which can be explained with the weak
transpiration in late growth stage with abnormal
rainfall. It was similar in FX though differences were
lighter than that in YS.

Relationship
between
Zn
and
Fe
concentrations in grain. Maize is highly sensitive
crop to Zn deficiency. Differ from wheat with the
positive and negative correlations between Fe and Zn
in grain, most results observed the positive
correlation in maize grain [15]. In this study, grain Fe
and Zn concentration showed significant correlation
in two fields in two growing seasons, while
correlation relationship and coefficient in first season
was better than that in the second (Figure 4).
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FIGURE 4
Relationship between Zn and Fe concentrations in maize grain during the first growing season in YS (A)
and FX (B), and the second season in YS (C) and FX (D).
** indicates significance at P<0.01 and * indicates significance at P<0.05.

deficient in maize gain can be solved simultaneously
with Zn biofortified with efficient Zn application in
such soil in Loess Plateau.

Though the two experimental fields and two
seasons have different water resources related to
maize growth, grain Fe concentration in Zn
deficiency area was correlated with Zn concentration
affected by Zn application. Hence, Fe and Zn
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CONCLUSIONS
Though different Zn fertilizer methods could not
make positive effect on yield of maize in Loess
Plateau, it improved the grain Zn concentration.
Foliar Zn application was observed to be more
effective in grain Zn increase and grain Zn recovery.
Zn and Fe uptake rates in maize tissues were not
affected by Zn application. Significant correlation
between grain Zn and Fe concentrations with Zn
applied was observed. Similar effect of Zn fertilizer
was showed in two growth season though the growth
condition appeared different.

ACKNOWLEDGEMENTS
This study was supported by the National
Natural Science Foundation of China (41571282 and
41201282), and by the Natural Key Technologies
R&D Program (2015BAD23B04), also by the
Northwest A&F University Fundamental Research
Funds (2452015047) and PhD research starting
foundation (2014BSJJ042).

REFERENCES
[1] Bouis, H. E. and Welch, R. M. (2010)
Biofortification²A sustainable agricultural
strategy for reducing micronutrient malnutrition
in the global south. Crop Sci, 50, pp S-20-S-32.
[2] Kutman, U. B., Yildiz, B. and Cakmak, I. (2011)
Effect of nitrogen on uptake, remobilization and
partitioning of zinc and iron throughout the
development of durum wheat. Plant Soil, 342,
pp 149-164.
[3] Hunt, J. M. (2005) The potential impact of
reducing global malnutrition on poverty
reduction and economic development. Asia Pac.
J. Clin. Nutr, 14, pp 10-38.
[4] Yang, X.-E., Chen, W.-R. and Feng, Y. (2007)
Improving human micronutrient nutrition
through biofortification in the soil±plant system:
China as a case study. Environ. Geochem.
Health, 29, pp 413-428.
[5] Welch, R. M. and Graham, R. D. (2002) Breeding
crops for enhanced micronutrient content. Plant
Soil, 245, pp 205-214.
[6] Ramakrishnan, U. (2002) Prevalence of
micronutrient malnutrition worldwide. Nutr. Rev,
60, pp S46-S52.
[7] Frossard, E., Bucher, M., Mächler, F., Mozafar, A.
and Hurrell, R. (2000) Potential for increasing
the content and bioavailability of Fe, Zn and Ca
in plants for human nutrition. J. Sci. Food Agric,
80, pp 861-879.

2152

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

[8] Rengel, Z., Batten, G. and Crowley, D. d. (1999)
Agronomic approaches for improving the
micronutrient density in edible portions of field
crops. Field Crop Res, 60, pp 27-40.
[9] Dai, J.-L., Zhu, Y.-G., Zhang, M. and Huang, Y.-Z.
(2004) Selecting iodine-enriched vegetables and
the residual effect of iodate application to soil.
Biol. Trace Elem. Res, 101, pp 265-276.
[10] Lyons, G. H., Stangoulis, J. C. R. and Graham, R.
D. (2005) Tolerance of wheat (Triticum
aestivum L.) to high soil and solution selenium
levels. Plant Soil, 270, pp 179-188.
[11] Cakmak, I. (2008) Enrichment of cereal grains
with zinc: agronomic or genetic biofortification?
Plant Soil, 302, pp 1-17.
[12] Lyons, G. H., Genc, Y., Soole, K., Stangoulis, J.
C. R., Liu, F. and Graham, R. D. (2009)
Selenium increases seed production in Brassica.
Plant Soil, 318, pp 73-80.
[13] Beladel, B., Nedjimi, B., Mansouri, A., Tahtat,
D., Belamri, M., Tchanchane, A., Khelfaoui, F.
and Benamar, M. (2012) Selenium content in
wheat and estimation of the selenium daily
intake in different regions of Algeria. Appl.
Radiat Isot, 71, pp 7-10.
[14] Phattarakul, N., Rerkasem, B., Li, L., Wu, L.,
Zou, C., Ram, H., Sohu, V., Kang, B., Surek, H.
and Kalayci, M. (2012) Biofortification of rice
grain with zinc through zinc fertilization in
different countries. Plant Soil, 361, pp 131-141.
[15] Wang, J., Mao, H., Zhao, H., Huang, D. and
Wang, Z. (2012) Different increases in maize
and wheat grain zinc concentrations caused by
soil and foliar applications of zinc in Loess
Plateau, China. Field Crop Res, 135, pp 89-96.
[16] Thalooth, A., Tawfik, M. and Mohamed, H. M.
(2006) A comparative study on the effect of
foliar application of zinc, potassium and
magnesium on growth, yield and some chemical
constituents of mungbean plants grown under
water stress conditions. World J. Agric. Sci, 2,
pp 37-46.
[17] Peck, A., McDonald, G. and Graham, R. (2008)
Zinc
nutrition
influences
the
protein
composition of flour in bread wheat (Triticum
aestivum L.). J. Cereal Sci, 47, pp 266-274.
[18] Cakmak, I., Kalayci, M., Kaya, Y., Torun, A.,
Aydin, N., Wang, Y., Arisoy, Z., Erdem, H.,
Yazici, A. and Gokmen, O. (2010)
Biofortification and localization of zinc in
wheat grain. J. Agric. Food Chem, 58, pp
9092-9102.
[19] Cakmak, I., Pfeiffer, W. H. and McClafferty, B.
(2010) Review: Biofortification of durum wheat
with zinc and iron. Cereal Chem, 87, pp 10-20.
[20] Srivastava, P., Ghosh, D. and Singh, V. (1999)
Evaluation of different zinc sources for lowland
rice production. Biol. Fert. Soils, 30, pp
168-172.

E\363 

9ROXPH²1RSDJHV

[21] Erdal, I., Yilmaz, A., Taban, S., Eker, S., Torun,
B. and Cakmak, I. (2002) Phytic acid and
phosphorus concentrations in seeds of wheat
cultivars grown with and without zinc
fertilization. J. Plant Nutr, 25, pp 113-127.
[22] Hossain, M., Jahiruddin, M., Islam, M. and Mian,
M. (2008) The requirement of zinc for
improvement of crop yield and mineral nutrition
in the maize±mungbean±rice system. Plant and
Soil, 306, pp 13-22.
[23] Lindsay, W. (1972) Zinc in soils and plant
nutrition. Adv. Agron, 24, pp 147-186.
[24] Alloway, B. (2009) Soil factors associated with
zinc deficiency in crops and humans. Environ.
Geochem. Health, 31, pp 537-548.
[25] Fernández, V., Del Río, V., Abadía, J. and
Abadía, A. (2006) Foliar iron fertilization of
peach (Prunus persica (L.) Batsch): effects of
iron compounds, surfactants and other adjuvants.
Plant Soil, 289, pp 239-252.
[26] Aciksoz, S. B., Yazici, A., Ozturk, L. and
Cakmak, I. (2011) Biofortification of wheat
with iron through soil and foliar application of
nitrogen and iron fertilizers. Plant Soil, 349, pp
215-225.
[27] Morgounov, A., Gomez-Becerra, H. F.,
Abugalieva, A., Dzhunusova, M., Yessimbekova,
M., Muminjanov, H., Zelenskiy, Y., Ozturk, L.
and Cakmak, I. (2007) Iron and zinc grain
density in common wheat grown in Central Asia.
Euphytica, 155, pp 193-203.
[28] Karim, M., Zhang, Y. Q., Tian, D., Chen, F. J.,
Zhang, F. S. and Zou, C. Q. (2012) Genotypic
differences in zinc efficiency of Chinese maize
evaluated in a pot experiment. J. Sci. Food
Agric, 92, pp 2552-2559.
[29] Wei, X., Hao, M., Shao, M. and Gale, W. J.
(2006) Changes in soil properties and the
availability of soil micronutrients after 18 years
of cropping and fertilization. Soil Till. Res, 91,
pp 120-130.
[30] Sáez-3OD]D 3 0LFKDáRZVNL 7 1DYDV 0 -
Asuero, A. G. and Wybraniec, S. (2013) An
overview of the Kjeldahl method of nitrogen
determination. Part I. Early history, chemistry of
the procedure, and titrimetric finish. Crit. Rev.
Anal. Chem, 43, pp 178-223.
[31] Zhang, Y.-Q., Sun, Y.-X., Ye, Y.-L., Karim, M.
R., Xue, Y.-F., Yan, P., Meng, Q.-F., Cui, Z.-L.,
Cakmak, I. and Zhang, F.-S. (2012) Zinc
biofortification of wheat through fertilizer
applications in different locations of China.
Field Crop Res, 125, pp 1-7.
[32] Kanwal, S., Rahmatullah, A. R. and Ahmad, R.
(2010) Zinc partitioning in maize grain after soil
fertilization with zinc sulfate. Int. J. Agric. Biol,
12, pp 299-302.

2153

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

[33] Prasad, B. and Sinha, M. (1981) The relative
efficiency of zinc carriers on growth and zinc
nutrition of corn. Plant Soil, 62, pp 45-52.
[34] Gonzalez, D., Obrador, A., Lopez-Valdivia, L.
and Alvarez, J. (2008) Effect of zinc source
applied to soils on its availability to navy bean.
Soil Sci. Soc. Am. J, 72, pp 641-649.

Received:
Accepted:

18.09.2015
25.12.2015

CORRESPONDING AUTHOR
Zhaohui Wanga,b*
College of Natural Resources and Environment,
Northwest A& F University, Yangling, Shaanxi
712100 ±P.R. CHINA
E-mail: w-zhaohui@263.net

E\363 

9ROXPH²1RSDJHV

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

DEGRADATION KINETIC OF REACTIVE RED AZO DYE BY
FENTON-LIKE PROCESS USING ONLINE
SPECTROPHOTOMETRIC METHOD
Hang Xua, Tianlong Yua, Jianxu Wangb, Xiaoxi Guoa, Airong Xua
a

Chemical Engineering and Pharmaceutics School, Henan University of Science and Technology, Luoyang 471023, China
b
College of Chemistry and Chemical Engineering, Xinyang Normal University, Xinyang 464000, China

and like-Fenton processes has become an
attractive alternative for its high disposal
efficiency and low cost etc[8, 9].
The application of traditional Fenton
(Fe2+/H2O2) method has been limited as its
disposal efficiency could be affected because
Fe2+ is not stable and easily oxidized, which has a
strongly impact on Fenton process [3, 10, 11].
Moreover, for homogenous Fenton process or
Fenton-like ones only work efficiently at an
appropriate pH value, and no matter a weak or
strong acid environment will disadvantage the
degradation[13, 14]. Thus, in this study, Fe2+ was
replaced by Fe3+ to avoid the effect caused by
Fe2+ oxidation and key parameters such as initial
pH value, reaction temperature and reagent
dosage were also studied. Meanwhile, ultraviolet
light was introduced to the reaction system to
reduce the dosage of Fe3+, H2O2 while increasing
disposal efficiency in a highly acidic
environment, [15, 16].
Online spectrophotometric technology [4,
13, 17] provides a fast, accurate and convenient
method for the detection of the degradation and
avoiding the systematic errors in traditional
process caused by the termination of the reaction
by high dose chemical reagent. The more
accurate experimental data were acquired and the
pseudo
first
order
and
Behnajady-Modirshahla-Ghanbery
(B-M-G)
kinetics models were described degradation
processes at all the reaction conditions. The
instantaneous reaction rates and hydroxyl
radicals were calculated and reflected some
important information at all the conditions based
on two kinetics.

ABSTRACT
Online spectrophotometric
monitoring
technology provides a fast, accurate and
convenient method to detect the change of dye
concentration in a degradation process.
Fenton-like degradation kinetics of reactive red
azo dye were investigated using online
spectrophotometric technology. The pseudo first
order and Behnajady- Modirshahla-Ghanbery
(B-M-G) kinetics models were described
degradation processes at all the reaction
conditions. The results showed that the best
degradation rate of reactive red was nearly 100%
after 400 s with Fe3+ = 5×10-4 PROǜ/-1, H2O2=
1×10-PROǜ/-1, pH=4 and T = 15oC. The B-M-G
kinetics model was better to be followed in dye
degradation than pseudo first order. The
instantaneous reaction rates and hydroxyl radicals
were calculated and reflected some important
information at all the conditions based on two
kinetics.

KEYWORDS:
Azo dye, Fenton-like,
spectrophotometry

Kinetics

model,

Online

INTRODUCTION
The wastewater discharged from printing
and dyeing industry, which has occupied a big
proportion of whole organic effluent amount, is
one of the most serious issues need to be
resolved[1-3]. The research data has indicated
that the amount of daily dyeing effluent in China
is about 3.5×106 m3 and this discharge always
contains one or more kinds of dyestuffs giving
rise to the coloration. Traditional treatment
methods such as activated sludge, precipitation,
hyper filtration are also ineffective for this kind
of wastewater [4, 5]. Therefore, advanced
oxidation processes (AOPs) ,has been widely
proposed and been proved effective for dyeing
wastewater disposal [6, 7], among which Fenton

EXPERIMENTAL
Reagents and apparatus. In this studyˈ
Reactive Red 6B (RR 6B) azo dye sample was
purchased from Tianjin chemical limited
corporation (China). Its chemical structure was
expressed in Fig1. UV-Vis spectrum of RR 6B
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and effect of interference (Fe2+, Fe3+ and H+)
were displayed in Fig 1. From the Fig 1, the peak
of RR 6B spectrum is 523 nm. The standard
curve
equation
of
RR6B
is
A=0.03438C+3.12×10-4, where A represents the
absorbance of RR 6B at 523nm recorded every
second and C represents the corresponding
concentration of RR6B. Other reagents such as
ferric trichloride hexahydrate (FeCl3·H2O),
hydrogen peroxide (H2O2), hydrochloric acid
(HCl) was also analytical pure degrade.

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

system [13] consists of monitoring computer
(Lenovo), digital thermostat magnetic stirrer
(ZNCL-BS
Beijing
instrumental
limited
company), UV-Vis spectrometer (SP-756PC
Shanghai spectrometric instrument limited
company), micro-scale flowing cuvette (1 ml)
and cycle peristaltic pump (HL-1D Shanghai
instrument manufactory). UV-lamp with length
FP :QPȝ:FP-2, Guangdong
Bright Star). The pH value of each sample was
adjusted by digital pH meter (PHS-3C-01
experimental pH meter Shanghai instrument
manufactory).

Experimental and procedure. The online
spectrometric device was showed in Fig 2. This
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OH

Aborbence

N

NHCOCH3

N

2

R =0.9999
1.2 ¬PD[=523nm
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FIGURE 1
UV-Vis spectrum of RR 6B and effect of interference, RR 6B chemical Structure and the relationship
between dye concentration and absorbance.

initialized to record the instant absorbance. then
Fe3+ and H2O2 were added sequencely to make
sure all experimental absorbance results were
recorded from t=0s, and the total reaction time
was 1000s.

Reaction process was performed in a beaker
fixed on the magnetic stirrer with 200 mL
solution which contained the specified
concentration of RR 6B. pH value of each
reaction samples were adjusted by adding HCl
and NaOH solution. The monitoring system was
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FIGURE 2
Online spectrophotometric monitoring device.

RESULTS AND DISCUSSION

k6
Fe2 gOH 
o Fe3  OH 

˄6˅

k7
H2O2 gOH 
o HO2 g H 2O

˄7˅

3+

Mechanism of Fe /H2O2 process. In brief,
Fenton process is the redox reactions between
Fe2+, Fe3+ and H2O2 [11, 18, 19]. Iron ion acts as
a catalyst and reagent in the process and H2O2 is
the major source of ·OH. Besides taking part in
Fenton reaction, H2O2 can be decomposed itself
or by UV photo-catalysis to produce radicals
such as peroxyl or hydroxyl which make
oxidation potential as high as 2.8eV
[8,10,15].which could destroy most stable
substances just like residual dye in the sewage.
The main reactions [7, 11, 15, 20] are as follows:

k8
HO2 ggOH 
o H2O  O2
k9
H  gOH 
o H2O

3

The effects of experimental conditions.
Iron ions play an essential role in the Fenton-like
process and its optimal dosage needs to be
investigated. As Figure 3 is shown, the dye
concentration decreases rapidly when more Fe3+
dosages are added. Finally, the RR 6B could be
decomposed thoroughly. However, the efficiency
is not always increasing when more Fe3+ is added
up. When initial Fe3+ concentration is over
50×10-5PROǜ/-1, the removal rate startes to drop
down. The whole case could be explained as
follows. Inadequate Fe3+ would fail to produce



Fe  H2O2 
o Fe  OH gOH ˄2˅
k2

k3
Fe3  HO2 g
o Fe2  O2  H 

˄3˅

k4
R gOH 
o Rdecomposed

˄4˅

k5
H2O2  hJ 
ogOH

˄5˅

˄9˅

Taking
all
reactions
above
into
consideration, it can be found that there exists an
appropriate dosage of Fe3+, H2O2 and a suitable
pH value. Moreover, the ·OH will be scavenged
if these reagents were added excessively[21].

k1
Fe3  H2O2 
o Fe2  H   HO2 g˄1˅

2

˄8˅

Meanwhile, side reactions occur:
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enough ·OH to degrade contaminations.
Consequently, the finial removal rate is low.
When more Fe3+ are added, more radicals are
generated to participate in degradation and the
corresponding removal rate keeps high [equation
 ʊ  @+RZHYHUH[FHVVLYH)H3+ could act as
the ·OH scavengers to react with hydroxyl
radical, leading to the decreasing of removal rate
[equation (1) and (6)] [7, 13].

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

the corresponding removal rate is above 99%.
When the concentration of H2O2 is above
1.0×10-2 PROǜ/-1, the degradation rate slight
decreased mainly for consuming of ·OH by
superfluous H2O2 [equation (7) and (8)][13].
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0.8

-5

1.5×10 mol/L
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FIGURE 5
Effect of pH
Experimental condition: CRR6B: 4×10-5 PROǜ/
CFe3+:5×10-4 mol/L, CH2O2:1×10-2 mol/L-1, T=15
o
C

1000

time / s

FIGURE 3
Effect of varies Fe3+ concentration.
Experimental condition: CRR6B: 4×10-5 mol/L,
CH2O2:2.5×10-3 mol/L, pH=3.15,T=15 oC

In other word, overdosed H2O2 will
decompose by itself or by light to release bubbles
disturbing sewage deposal system, which should
be strictly controlled in practical application[17].
It has been proved that homogenous
Fe3+/H2O2
process
needs
non-alkaline
environment and different acidities will also
effect degradation degree[4, 9]. The pH value
ranging from 2 to 5 were selected to investigate
the most appropriate pH value for the process. As
shown in Figure 5, it is obvious that strong acid
environment only reached 10% removal. The
ideal pH value in this study is 4 with almost 90%
removal rate reaches at 200 seconds and 95% in
the end. The reason why degradation was
suppressed at low pH value is the scavenging
effect of H+ [equation (9)].
As depicted in Figure 6, when the reaction
temperature is 8oC or 15oC, the degradation rate
before 200 seconds is low but the final removal
rate is superior. And if the temperature was
increased to 25 oC or 35 oC, the process became
faster while the ultimate removal drops down.
This case can be

-5

1.56×10 mol/L
-4
6.25×10 mol/L
-3
2.5×10 mol/L
-2
1×10 mol/L
-2
2×10 mol/L
-2
5×10 mol/L

1.0

0.8

0.6

C/C0
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0.4

0.2

0.0
0

200

400
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800

1000

time / s

FIGURE 4
Effect of different H2O2 concentration.
Experimental condition: CRR6B: 4×10-5 mol/L,
CFe3+:5×10-4 mol/L, pH=3.15,T=15 oC

The concentration of H2O2 has an direct
influence on removal rate because it is the
primary source of ·OH. As is shown , Figure 4
has the same tendency with Figure 3. The
optimum dosage of H2O2 is 1.0×10-2 PROǜ/-1 and
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equation is:

dC
dt

1.0

0.8

 kap t

(10)

Removal

o

8C
o
15 C
o
25 C
o
35 C

0.6

ʊ² kap is the constant of apparent reaction rate
ʊ²C is the concentration of RR 6B

0.4

ʊ²t is the reaction time
0.2

The equation (10) can be integrated to:

0.0
0

200

400

600

800

d ln C

1000

time / s

ln
FIGURE 6
Effect of temperature
Experimental condition: CRR6B: 4×10-5 mol/L,
CFe3+:5×10-4 mol/L, CH2O2:1×10-2 mol/L, pH=4

Pseudo first order kinetic. Some
researchers had raised that Fenton process fits
first order kinetics [6]. The first order dynamic
-5

3

2

R =0.986

4
2

R =0.991
2

R =0.976
2

2

R =0.967

1

A

(12)

1.56× mol/L

6.25× mol/L

2.5× mol/L

1.0× mol/L

2.0× mol/L

5.0× mol/L

5

ln C0/C

ln C0/C

4

kap t



2

R =0.977

1.5×10 mol/L

5.5× mol/L

15× mol/L

50× mol/L

200× mol/L

300× mol/L

(11)

Therefore, the apparent reaction rate can be
calculated through the first order kinetics.
In order to judge Fe3+/H2O2 process
followed pseudo first order kinetic or not,
average ten experiment points were selected at
1000s. Figure 7 illustrates the first order kinetics
fitting of Fe3+/H2O2 process under different
conditions. It has been reported Fenton-like
process fit the first order kinetics well, however,
in this studyˈit is not that exactly applicable. As
is shown in Figure 7, most of fitting coefficients
are lower than 0.98 which is a common criterion
of perfect linear fitting. Therefore, another model
should be selected to depict the Fe3+/H2O2
process.

explained that the probability of molecular
collision is increased with higher temperature,
consequently, a better removal rate presented.
however, the possibility of ·OH break down is
also increased, which lead to the decrease of
finial removal at higher temperature. Therefore,
practically speaking, indoor temperature is
adequate for the Fe3+/H2O2 process.

5

C0
C

kap dt
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FIGURE 7
First order kinetics fitting at different conditions.
A: effect of Fe3+ initial concentration B: effect of H2O2 initial concentration C: effect of initial pH
temperature

B-M-G model kinetic. Other researchers
like Behnajady et al reported a novel hyperbolic
model to depict Fenton process [8]. The detail
equation is:
Ci
t
(13)
1
C0
m  bt
²ʊ

thoroughly, that is to say, the extreme value of
equation (16) is

b 1
! 0 . Mathematically, it can
b

be concluded that RR6B is not able to be
decomposed when b ! 1 or b  0 . On the

Ci , C0 represents the concentration of

contrary, RR6B will be thoroughly degraded
if 0 d b d 1 .
It is strongly recommended that transform the
equation (13) to:
C0
1
(17)
mb
t
C0  Ci

ʊʊ t is reaction time
Take derivatives of time to B-M-G model
equation (13) both side and reaction rate formula
following:
dC
mC0
(14)
r  i
dt (m  bt )2
At the beginning stage of degradation, in other
words, at time 0, equation (14) can be simplified
as:

C0
m

D: effect of

enough and RR6B fail to be decomposed

RR6B at time and time 0 respectively
ʊʊ m, b are two constants

r0

1000

Obviously, the relationship between

1
and
t

C0 belongs to linear regression scope where
C0  Ci
m is the slop coefficient and b is the intercept.
According to equation (4), the reaction rate of
RR6B can be characterized as:

(15)

r kCiC OH
O

Equation (15) indicates the relation between m
and r0 is in inverse relationˈwhich means the
bigger m value is, the reaction will be slower. If
the reaction time is infinite:
C
1 b  1 (16)
t
lim i lim(1 
) 1
t of C
t of

m
bt
b
b
0

(18)

²ʊ C OH
represents the instant concentration
O
of ·OH.

Equation (16) can be interpreted by
following hypothesis. If degradation time is long
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FIGURE 8
B-M-G model kinetics fitting at different conditions
A: effect of Fe3+ initial concentration B: effect of H2O2 initial concentration C: effect of initial pH
temperature

The k value was 1.62×108 s-1, which was
calculated by former investigation.
So, combining the equation (18) and (14),
the hydroxyl radical concentration can be
estimated:
mC0
(19)
C OH
kCi (m  bt )2

verified to:
mC0
r
(m  b t )2
C OH

mC0
kCi (m  b t ) 2

0.000

-1

D: effect of

(20)
(21)

The B-M-G model was proposed by
researchers Behnajady ˈ Modirshahla and
Ghanbery and it depicted degradation with high
linear fitting coefficients at Fenton process [8,
13]. The Figure 8 displays the relationship
between C0 / (C0  Ci ) and 1/ t [equation
(17)] and most of their fitting results are over
0.98. Therefore, B-M-G model is more suitable
in Fe3+/H2O2 process. Also, the reaction rate and

There is another point should be clarified is
that b  0 or b ! 1 ,means the degradation is
failed to accomplish. So put it this way, the range
of b is just stands for the degraded level instead
of concrete mathematic or physical meaning. And
actually, by data analysis, the b value can be
negative. Therefore, in order to avoid this
complication, the equation (19) and (14) can be
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degradation efficiency can be easily calculated
through constant m and b value. In detail, the
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FIGURE 9
Calculation of instant degradation rate at vary conditions.
A: effect of Fe3+ initial concentration B: effect of H2O2 initial concentration C: effect of initial pH
temperature

D: effect of

removed,. In Figure D, the initial rate shows a
maximum value of 0.83 mol/(Ls) which was
increased by higher temperature. While in the
inefficient condition such as low Fe3+ or H2O2
dosage or strong acid media, the initial reaction
rate was slow enduring the whole process.
As can be seen from the Figure 10(A), the
concentration of hydroxyl radicals in solution are
an increasing trend with the rise of Fe3+ dosage.
When Fe3+ dosage surpasses the optimum value,
concentration of hydroxyl radicals express a
certain downward. The estimation results are
consistent with the effect of Fe3+ dosage on RR
6B removal. From the Figure 10(A), it can also
be seen the change of hydroxyl radicals during
one reaction which is a slight decrease at early
reaction and great increase at

will be. And if b vale is in the range of 0 to 1, that
means the RR 6B could be decomposed
completely [equation (16)]. The m and b values
can give a apparent index to express the reaction
rate like kap.
In Figure 9, it can be summarized that under
different initial sample concentration the reaction
rate all showed a sharp to gradual decreasing
tendency. It can be explained as follows: at the
initial phase, the radicals are adequate for
degradation so the speed of reaction is fast. As
the reaction progress, the OH radicals were
consumed and the number of contamination is
relatively smaller therefore the reaction rate
decrease quickly. At the end of the reaction, the
rate became even slower and had little change
since most of the dye molecules had been
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FIGURE 10
Calculation of instant OH concentrations at vary conditions
A: effect of Fe3+ initial concentration B: effect of H 2O2 initial concentration C: effect of initial pH
effect of temperature.

D:

rapidly increasing trend of hydroxyl radical. The
late reaction, since hydrogen peroxide has been
substantial decomposition, the system tends to
balance which is showing a balance of hydroxyl
radical. From the Figure 10 (B,C,D), it can be
seen that the changes of hydroxyl radicals at all
the experimental conditions express the first
decrease and then increase.

the late reaction to approach the balance. In the
initial reaction, the ability to produce hydroxyl
radical is very strong, however, the substrate
concentration in this stage is enough. So, the
consume of hydroxyl radical is great to lead to a
slight downward trend. With the reaction
proceeding, the substrate concentration has a
great decrease and at this stage a large amount of
hydroxyl radicals have been produced to cause a
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FIGURE 11
Cooperative catalysis of UV at different conditions.

with UV irradiation than that of the dark group
Therefore, the UV catalysis can be taken as a
feasible assistant in dyeing wastewater disposal,
which means of the cost of Fe3+ and H2O2 can be
reduced and the secondary contamination issue in
Fenton-like process can be depressed.

Cooperative catalysis of UV.
A
phenomenon can be seen from Figure 11 that the
Fe3+/H2O2 process is barely working at Fe3+
concentration is 1.5×10-5 PROǜ/-1 or H2O2 dosage
is 1.56×10-5 PROǜ/-1or pH is 2. Former researches
had showed that UV light has photocatalytic
effect on Fenton process[10, 11, 19]. The
acceleration of UV catalysis is due to
charge-transfer photo-reduction of Fe3+ to Fe2+,
which reacted with H2O2 to generate hydroxyl
radical. On the other side, the photocatalytic
enhancement of treatment efficiency could be
ascribed to photo-induced oxidation by
inner-sphere electron-transfer reaction of some
intermediates or organic substrate[11]. So a
comparison trials were carried out to investigate
the effect of UV catalysis on Fe3+/H2O2 process.
The result can be seen in Fig 11 that the removal
efficiency is 50% more and the reaction rate
with UV irradiation is twice or fourfold bigger

CONCLUSION
The efficiency of Fe3+/H2O2 process was
investigated in this study with online monitoring
technology. The optimum condition was
determined by experiments on different Fe3+,
H2O2 dosages, different pH values and
experimental temperatures. The instant reaction
rates and OH concentrations were estimated
through B-M-G kinetics analysis. Finally,
conclusions can be draw as follow:
1. The online spectrometric recording system
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On-line spectrophotometric method for the
determination of optimum operation
parameters on the decolorization of Acid
Red 66 and Direct Blue 71 from aqueous
solution by Fenton process. Chemical
Engineering Journal 181-182, 431-442.
[5] Maria, S., Robina, F. and Gareth, J.P. (2014)
Synergistic effects of combining ultrasound
with the Fenton process in the degradation of
Reactive
Blue
19.
Ultrasonics
Sonochemistry 21, 1206-1212.
[6] Ai, Z. and Yongmei, L. (2014) Removal of
phenolic endocrine disrupting compounds
from waste activated sludge using UV, H2O2,
and UV/H2O2 oxidation processes: Effects of
reaction conditions and sludge matrix.
Science of the Total Environment 493,
307-323.
[7] Arjunan, B. and Karuppan, M. (2014) A
review on Fenton and improvements to the
Fenton process for wastewater treatment.
Journal
of
Environmental
Chemical
Engineering 2, 557-572.
[8] Behnajady, M.A., Modirshahla, N. and
Ghanbary, F. (2007) A kinetic model for the
decolorization of C.I. Acid Yellow 23 by
Fenton process. Jouranl of Hazardous
Materials 148, 98-102.
[9] Hrvoje, K., Natalija, K., Ana, L.B. and Iva, S.
(2006) Photo-assisted Fenton type processes
for the degradation of phenol: a kinetic study.
Jouranl of Hazardous Materials 136,
632-644.
[10] Rubio, D., Nebot, E., Casanueva, J.F. and
Pulgarin, C. (2013) Comparative effect of
simulated solar light, UV, UV/H2O2 and
photo-Fenton
treatment
(UV-Vis/H2O2/Fe2+,3+) in the Escherichia coli
inactivation in artificial seawater. Water
Research 47, 6367-6379.
[11] Li, X., Shen,T., Wang, D., Yue, X., Liu, X.,
Yang,Q., Cao, J., Zheng, W. and Zeng, G.
(2012) Photodegradation of amoxicillin by
catalyzed Fe3+/H2O2 process. Journal of
Environmental Sciences 24, 269-275.
[12] Ivana,G., Marija, M., Sanja, P. and Natalija,
K. (2011) Low frequency US and UV-A
assisted Fenton oxidation of simulated
dyehouse wastewater. Journal of Hazardous
Materials 197, 272-284.
[13] Xu, H., Zhang, D. and Xu,W. (2008)
Monitoring of decolorization kinetics of
Reactive Brilliant Blue X-BR by online
spectrophotometric method in Fenton
oxidation process. Journal of Hazardous
Materials 158, 445-453.

provided a fast, accurate and convenient
method for the detection of the Fe3+/H2O2
process, its advantage was minimizing
systematic errors caused by the termination
of
adding
chemicals
and
manual
manipulation.
The optimum experimental condition is Fe3+
concentration
5×10-4PROǜ/-1,
H2O2
-2
concentration 1×10 PROǜ/-1 and pH value 4,
which was about 100% color removal under
room temperature.
Compared to first order kinetics, the B-M-G
model fits better in depicting Fe3+/H2O2
process with higher fitting coefficients.
Reaction rate showed a sharp to gradual
decreasing tendency during the whole
reaction. The changes of hydroxyl radicals at
all the experimental conditions express the
first decrease and then increase to approach
the balance.
UV catalysis was proved to be a promising
method to improve the efficiency of
degradation with about 50% extra removal
rate.
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ABSTRACT

INTRODUCTION

Little information on carbon storage in the
ecosystem of Camellia oleifera (CAM), an
economically important plant in China, is available.
CAM ecosystem carbon storage and its allocation
characteristics were studied by a biomass linear
regression model in this paper. The results showed
that the correlation coefficients of the biomass
regression models of CAM components were high
enough for biomass estimation. The carbon pool in
the CAM ecosystem (50 years old) was 99 Mg C
ha-1, in which soil organic carbon (0±100 cm deep)
was 88 Mg C ha-1 (89.2%) and carbon of the
vegetation was 10.7 Mg C ha-1 (10.8%). The carbon
content of each CAM component was 43.8% in bud,
46.8% in root, 48.3% in branch, 48.9% in trunk,
49.8% in leaf, and 51.8% in fruit. The order of
carbon allocation in tree components of was: trunk >
root > branch > leaf > fruit > bud. Diameter class of
5±7 cm was the critical value of CAM tree number
in Guangdong. The carbon pool of diameter classes
over 11±13 cm diameter tended to be stable. Thus,
allometric models were very suitable for the
determination of the biomass of CAM forests. It is
necessary to determine the carbon content of each
tree component respectively. The carbon pool of
CAM forest is between the means of non-timber
forest and shrubbery in Guangdong. There is less
litter fall and infrequent soil microbial activity in
CAM forest compared with other timber forests.
Overall, our study provided basic data for the future
study of CAM ecosystem carbon storage and a
methodology for CAM and other non-timber forHVWV¶
carbon storage.

Plantation carbon sinks are considered a
possible mechanism and one of the most promising
choices for mitigating global climate change.
Numerous studies have been carried out on the role
of carbon sinks in the global carbon cycle [1-4].
However, studies on carbon sinks have been
disproportionately focused on timber forest, and
related studies on carbon storage of non-timber
forests have rarely been reported. Moreover, current
studies have mostly focused on orchard ecosystems,
such as apple [5-6], citrus [7-9], peach [10-12],
grape [13-14], chestnut [15-16], olive [17-18], and
so on.
Camellia oleifera Abel (CAM) is an
economically important evergreen shrub or small
tree in China. There are about 4 million hectares of
CAM SODQWDWLRQV LQ VRXWKHUQ &KLQD WKH ZRUOG¶V
largest production base, in addition to a smaller
distribution in Southeast Asia. CAM plays a vital
role in alleviating conflicts over Chinese edible oil
VXSSO\ LQFUHDVLQJ IDUPHUV¶ LQFRPH DQG SURWHFWLQJ
the environment. However, beside a small number
of biomass studies [19-20], a complete systematic
study on CAM ecosystem carbon storage has not
been reported.
Given the huge basis of forest biomass in
tropical and subtropical ecosystems, small
fluctuations of which could cause significant
changes in the global carbon cycle [21]. It is of
great significance to understand the carbon storage
status of tropical and subtropical forest ecosystems.
Guangdong, located in south subtropical region of
China, is one of the main production areas of CAM.
In this paper, carbon storage and allocation
characteristics in CAM ecosystem in Longchuan,
Guangdong were studied to provide basic data for
the study of CAM ecosystem carbon storage and a
methodology for other non-WLPEHU IRUHVWV¶ FDUERQ
storage nationwide.

KEYWORDS:
Camellia forest ecosystem; biomass model; carbon pool;
carbon storage; non-timber forests
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and 60±100 cm soil layers using soil bulk density
samplers. Soil samples in the same soil layer were
mixed, dried, and sieved for determination of their
organic carbon content through the potassium
dichromate oxidation method [22].

MATERIALS AND METHODS
Sampling site. The sample site is located in
the central mountain area of Longchuan County in
the north-east of Guangdong Province in southern
China. Longchuan County has an area of 3,089 km2
with 106.7 km2 of forests. Mean annual
temperature is 21.0 °C, annual precipitation is
1,693.3 mm, and total sunshine is 1,703.5 h yr-1,
and a frost-free period is 320 d yr-1. The soil is
mainly laterite red soil.

Model selection. Biomass model. The
relationships between the biomass of various
components and tree measurement factors were
established to estimate the biomass of various tree
components [23-25]. Thus, the biomass of the CAM
ecosystem was estimated by the biomass of all tree
components.

Field investigation. Vegetation biomass. The
basic conditions of the CAM ecosystem in the
sampling site were: 7.0 cm for the mean base
diameter (0.3 m above ground), 2.7 m for the mean
tree height, and 1.9 m × 1.8m for the mean crown
width. This system was about 50 years old with
infrequent artificial management, which has been in
the course of natural regeneration. There were
negligible associated plants or litter in the CAM
ecosystem.
Three 600-m2 CAM forest sample plots were
selected for measurement. In each plot, diameter,
tree height, and crown width of each tree were
measured. Eight sample trees (approximate mean
diameter in each diameter class) covered all 2 cm
gap diameter classes between the maximum (16.9
cm) and the minimum (1.6 cm) diameter were then
selected for biomass investigation respectively.
Each sample tree was cut into 1 m long pieces, and
then aboveground vegetation was separated into
trunks, branches, leaves, fruits, and buds.
Underground parts (tap roots, roots and fine roots
over 5 mm) were dug out for fresh weight
measurement in the field using scales with a 50-kg
capacity [7]. After fresh weight measurement of
each component, trunk samples (discs of 5 cm thick)
were collected from the bottom of each 1-m trunk
piece, and about 1 kg samples of branches, leaves,
fruits, and roots were collected randomly around
the tree, and all buds (less than 1 kg) were sampled.
Fresh weights of all vegetative samples were then
measured [9].
Samples of various components were placed
in different plates respectively and oven-dried at
65°C to a constant weight for 48 hours. Dry
samples were weighed and grated and sieved for the
determination of their carbon content through the
potassium dichromate oxidation method [22].

Height model. Height model was established
to reflect the correlation between CAM height and
diameter [7, 9, 26].
Equations for calculation. The related
formulas are as follows:
Carbon pool (Mg C ha-1) = carbon content ×
biomass
Carbon storage (Mg C) = carbon pool × area
Vegetation carbon pool (Mg C ha-1   Ȉ
[component biomass ×component carbon content]
Soil organic carbon (SOC) = soil bulk density ×
sampling depth × carbon content
Statistical analyses. The design of the
experiment was Completely Randomized Design
(CRD) with three replicates. Mean values and
standard error were calculated and analysed. The
data were subjected to statistical analysis using the
data processing software SPSS 17.0, and one-way
ANOVA was employed to test the significant
differences at 0.05 probability level.

RESULTS AND ANALYSIS
Main results. The main results obtained in
this study were:
(1)Correlation coefficients of the biomass
regression models of CAM components were high
enough for biomass estimation. A good correlation
existed between CAM height and diameter.
(2)The carbon content of each CAM
component
was
bud
(43.8±0.82%),
root
(46.8±0.60%), branch (48.3±0.45%), trunk
(48.9±0.53%), leaf (49.8±0.51%) and fruit
(51.8±0.80%).
(3)The carbon pool of vegetation in CAM
ecosystem in Longchuan, Guangdong was a total of
10.7±0.54 Mg C ha-1. The order of the carbon pool
allocation in various components was: trunk > root >
branch > leaf > fruit > bud.

Soil sample. Soil sampling points were
located around eight soil profiles where the roots
were dug up, and three soil cores at each layer were
selected randomly in each sampling point,
respectively at the 0±20 cm, 20±40 cm, 40±60 cm,
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Mg C ha-1, and decreased progressively as soil
depth increased, and the 0±60 cm soil layer (77.7%)
was the most important part.
(6)The carbon pool in the selected ecosystem
(50 years old) was 99±2.9 Mg C ha-1, and the
carbon pool of the soil was almost 9 times more
than that of vegetation.

(4)Tree number in CAM ecosystem reached
the peak value at 5-7 cm diameter class. However
the peak value of CAM carbon pool was at 7-9 cm
diameter class. After the peak value, tree number
declined steadily. Nevertheless, CAM carbon pool
decreased and became constant afterward.
(5)Soil organic content (SOC) of the 0±100
cm soil layer in the CAM ecosystem was 88.4±2.6

TABLE 1
Relationship between total biomass and tree measurement factors of CAM.

Components

Regression equation

Correlation coefficient

P value

Leaf
Branch
Trunk
Root
Fruit
Bud

W=0.019(D2H)0.75
W=0.038(D2H)0.73
W=0.020(D2H)0.96
W=0.051(D2H)0.68
W=0.004(D2H)0.79
W=0.004(D2H)0.74

0.87
0.93
0.97
0.89
0.94
0.91

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

D: tree diameter (cm); H: tree height (m); W: biomass (kg).

TABLE 2
Relationship between height and diameter of CAM.
Coefficient
a1

b1

0.14

1.7

Regression equation

Correlation
coefficient

P value

Y=0.14x+1.7

0.82

<0.01

Y: tree height; x: trunk diameter

Establishment of the biomass regression
model. Table 1 and Table 2 showed that good
correlations could be seen among CAM height,
diameter, and component biomass, which could be
applied to estimating the CAM ecosystem biomass.

Carbon pool and its allocation of vegetation
in the CAM ecosystem. The carbon pool of
vegetation in CAM ecosystem was a total of
10.7±0.54 Mg C ha-1. In terms of the carbon pool
allocation in various components, Fig. 1 showed
trunk occupied the most, 40.7 % of the pool,
followed by root > branch > leaf > fruit > bud, in
which leaves, fruits, and flower buds only occupied
respectively 12.7%, 3.3%, and 1.9 %.

The carbon content in the CAM
components. Table 3 showed significant difference
between the carbon content in each component.

Carbon pool and tree density of different
CAM trunk diameters. Fig. 2 showed that CAM
tree number was up to 2,875 per hectare, generally
following a normal distribution. The 5-7 cm
diameter class accounted for the highest tree
number, 665 per hectare (23.1%). The tree number
then decreased progressively with the increased
CAM trunk diameters.

TABLE 3
Carbon content in CAM components.
Compo
nents
Carbon
content/
%

bud

root

43.8
±0.8
2a

46.8
±0.6
0b

trun
k
48.9
±0.5
3c

branc
h
48.3
±0.4
5bc

leaf

fruit

49.8
±0.5
1cd

51.8
±0.8
0d

(Note: The values present as mean ± standard error in this paper,
and different letters mean significant difference at the 0.05
probability level.)
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FIGURE 1
Carbon pool and its allocation in the CAM components.
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FIGURE 2
The contrast of carbon pool and tree density of different CAM trunk diameters.

in which the carbon pool of the 0±20 cm soil layer
was 35.8%, followed by the 20±40cm layer (25.1%),
the 40±60 cm layer (18.4%), and the 60±100 cm
soil layer (22.3%). Thus, SOC in the CAM
ecosystem decreased progressively as soil depth
increased, with the 0±60 cm soil layer being the
most important part.

By contrast, CAM carbon pool first increased
and then decreased to remain unchanged with the
increased diameter class. It reached the peak at 7-9
cm diameter class.
SOC and its allocation. Significant
differences could be found between each soil layer
in consideration of that 60±100 cm soil layer was
twice thick as other soil layers. The SOC of the
0±100 cm soil layer in the CAM ecosystem was
88.4±2.6 Mg C ha-1 (Fig. 3). In terms of the spatial
distribution of SOC, SOC decreased progressively
as soil depth increased and was focused on the
upper layer of soil. The SOC of the 0±60 cm soil
layer was 69±2.7 Mg C ha-1, accounting for 77.7%,

Carbon pool and its allocation in the CAM
ecosystem. In Fig. 4, the differences among soil,
vegetation and ecosystem were statistically
significant. SOC was predominantly allocated in
the CAM ecosystem, while vegetation made a small
contribution, with the ratio of about 9:1.
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FIGURE 3
SOC and its allocation by soil layers.
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FIGURE 5
Annual change of carbon storage in the CAM ecosystem in Guangdong Province.

(48.3%), trunk (48.9%), leaf (49.8%) and fruit
(51.8%). They were used to estimate the carbon
pool of the corresponding components respectively.
On the other hand, He et al. (1996) [19] and Song et
al. (2014) [20] only selected 50% as the carbon
content of the tree to calculate the carbon pool of
the whole CAM tree. So this study suggests that it is
more accurate to separate the whole tree into
various components to study their biomass and
carbon pool respectively.
In addition, we estimated the carbon pool with
the tree number of different CAM trunk diameter
classes. The curve of tree number indicated
diameter class of 5±7 cm was the critical value of
CAM in Longchuan, Guangdong. With less tree
number, the carbon pool of 11±13 cm, 13±15 cm
and 15±17 cm was almost unchanged. Thus we
could deduce that the carbon pool of each diameter
class tended to be stable after CAM reached the
11±13 cm diameter class.

The dynamic change of organic carbon
storage in the CAM ecosystem in Guangdong
Province. Incomplete original data resources [27]
showed general dynamic trend of organic carbon
storage in all CAM ecosystems in Guangdong in Fig.
5.

DISCUSSION
Methodology. Firstly, the traditional method
(average diameter sample tree biomass method) in
previous studies was known as a very inaccurate
approach to estimate the biomass of a forest [19-20],
and one of the main goals of this experiment was to
find a more reliable methodology to estimate the
biomass of CAM ecosystem nationwide. Results in
this study indicated that biomass regression models
of CAM components had good fitness. Thus
allometric models will improve the biomass
estimation accuracy significantly. However, the
accuracy of the models can still be improved by
increasing the number of samples.
Besides, the carbon content of each CAM
component was measured in this study for the first
time as follows: bud (43.8%), root (46.8%), branch

Vegetation. The vegetation carbon pool in the
CAM ecosystem (10.7 Mg C ha-1) in this study was
slightly lower than the mean non-timber forest
carbon pool (11.4 Mg C ha-1) reported by Wang et
al.[28] and a little higher than the mean of
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shrubbery (9.9 Mg C ha-1) [29], which illustrated
that CAM forest carbon pool could not be ignored.
The proportions of the leaves (12.7%) and fruits
(3.34%) were far below the biomass conversion of
26.2% for leaves and 11.1% for fruits reported by
He et al.(1996) [19], while that of flower buds
(1.9%) was higher than He et al.(1.2%) [19]. Thus,
aging and low-yielding occurred in CAM forests in
Longchuan, Guangdong (50-year old in this study)
compared with 30-year old in He et al.(1996) [19].

Selecting 50% as the carbon content of the
whole CAM tree will induce significant error.
Instead, it is more accurate to determine the carbon
content of each component respectively.
Significant differences in carbon pool are
found among various components, diameters, and
soil layers.
The carbon pool of CAM forest is between
mean non-timber forest and mean shrubbery in
Guangdong and there is less litter fall and
infrequent microbial activity in CAM forest soil
compared with other timber forests.
This study provides a practical methodology
and basic data for future studies on CAM carbon
sequestration.

Soil. The SOC in the 0±20 cm layer (31.8 Mg
C ha-1) of the CAM forest in this study was similar
to that of eucalyptus forest (30.4 Mg C ha-1)
reported by Qiu [30], which was a little above the
provincial average (29.2 Mg C ha-1) obtained by
Wen et al. [31]. Due to less litter fall and infrequent
microbial activity, i.e. the SOC of the 0±100 cm soil
layer (88.4 Mg C ha-1) was lower than the
provincial average (100.3 Mg C ha-1) obtained by
Wen et al. [31] and consistent with the lateritic
soil(88.3Mg C ha-1) reported by Gan et al. [32] in
the Guangdong mountain area.
CAM cultivation history in Guangdong
Province was more than 2,000 years, which
experienced two development peaks in the 1950s
and 1970s with a farming area of above 5000km2.
However, from the 1980s CAM cultivation started
to move into the doldrums, and its farming area
declined due to the adjustment of non-timber forest
structure. The sharpest drop was from 2700 km2 in
1996 to 1300 km2 in 1998 [27].
In the 21st century, with the improvement in
SHRSOH¶VOLYLQJVWDQGDUGVSDUWLFXODUO\DIWHU&KLQD¶V
accession to the World Trade Organisation (WTO),
CAM had high competitiveness in the international
market due to its excellent quality of oil, which
encouraged more enthusiastic planting of CAM and
resulted in a gradual increase from 910 km2 in 2001
to 1260 km2 in 2010 [27].
$FFRUGLQJWRWKH³1DWLRQDO'HYHORSPHQW3ODQ
for the CAM ,QGXVWU\´ DQG ³*XDQJGRQJ
Development Plan for the CAM Industry in
2010±´ >@ *XDQJGRQJ 3URYLQFH KDV
vigorously developed the CAM industry and the
acreage showed a rapid rising trend, and it was
supposed to continue into the future.
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CONCLUSIONS
Compared with average diameter sample tree
biomass method, allometric models prove to be
very suitable for the determination of the biomass
of CAM forests, which can improve the biomass
estimation accuracy greatly.
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ADSORPTION OF THE LOW CONCENTRATION CR (ϭ
ϭ) ON
MAGNETIC CHITOSAN/PVA HYDROGEL BEADS
Na Yi1, Yaoguo Wu*,1, Jianguo Wei1, Sheng Zhang1 and Puhui Ji2
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to biodegradable, biocompatible and bioactive
properties [5, 6]. Besides, because of the presence
of large numbers of amino and hydroxyl groups on
chitosan, it has a high affinity for metal ions [7, 8].
However, pure chitosan is poor chemical
resistances and weak mechanical properties. Many
chemical modifications of chitosan have been
investigated to improve its resistance to acidic
solution, mechanical strength and adsorption
capacity.
PVA contains a lot of the molecular chain of
-OH groups, which can react with -OH, -O of
chitosan molecules. The formation of hydrogen
bonds and intermolecular forces are able to prevent
chitosan/PVA blends from being dissolved by the
acid medium and improve the mechanical strength.
Zhu et al. [9] investigated the removal of Co2+
metal ions from the radioactive waste water using
polyvinyl alcohol crosslinked magnetic chitosan
polymer. Kumar et al. [10] prepared crosslinked
chitosan/polyvinyl alcohol blend bead and used it to
adsorb Cd (Ċ) from wastewater. Although there
are many reports about the applications of PVA
crosslinked chitosan polymer were investigated for
the removal of various heavy metal ions from
aqueous solutions, the related studies with the
adsorption of Cr (Ď) are rarely reported.
In this study, MCPHB were prepared and Cr
( Ď ) was selected as the target pollutant. The
different
experimental
conditions
affecting
adsorption, such as initial pH, absorbent dose, Cr
(Ď) ion initial concentration and temperature, were
investigated. The experimental equilibrium
adsorption data were fitted for Langmuir and
Freundlich isotherm adsorption equations. The
experimental kinetic adsorption data were evaluated
by the pseudo-first order, pseudo-second order and
intra-particle diffusion models.

ABSTRACT
Cr (Ď) is one of the toxic heavy metals and
how to effectively reduce the excessive amounts of
Cr (Ď) in wastewater to safe concentration has
received increasing attention. In this study,
magnetic chitosan/PVA hydrogel beads (MCPHB)
were prepared and used for Cr (Ď) removal. The
effects of initial pH value, absorbent dose, contact
time, temperature, and the initial concentration of
Cr ( Ď ) solution were investigated. The results
indicated that the maximum adsorption quantity
was 2.21 mg g-1, and the optimum pH appeared at
pH=3. The kinetics of adsorption is better fitted by
the pseudo-second order equation, and adsorption
isotherms are better described by the Langmuir
equation. The residual concentration of Cr (Ď) in
the solution can meet the National Standard of
drinking water. The results indicated that MCPHB
can be used as promising adsorbents for the
removal of Cr ( Ď ) from low concentration
wastewater.

KEYWORDS:
Chitosan, Cr (ϭ), Polyvinyl alcohol (PVA), Adsorption,
Magnetic hydrogel beads

INTRODUCTION
The Cr ( Ď ) is one of the heavy metal
pollutants. Heavy metal pollution not only cause
pollution of rivers and lakes, but also can cause
main threat to public safety, especially to the
pollution of groundwater and potable water [1].
According
to
the
National
Standard
(GB8978-1996),
the
maximum
discharge
concentrations of chromium in the surface water
and potable water are 0.1 mg L-1 and 0.05 mg L-1
respectively [2]. It is mandatory to remove Cr (Ď)
ions before discharge [3]. The adsorption process
has been considered as an economical and effective
technique for removal of Cr (Ď) [4].
Chitosan is the N-deacetylated product of
chitin. The natural biopolymers have received great
attention in the application of metal adsorption due

MATERIALS AND METHODS
Chemicals
and
materials.
Chitosan
(MW=200,000, DA=90%) was purchased from
Shanghai Demo pharmaceutical technology co., Ltd.
All of other chemicals used in this study were of
analytical grade. Poly(vinyl alcohol) (PVA, average
degree of polymerization of 1750±50) was
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purchased from Tianjin Fuchen chemical reagent
factory. De-ionized water was used in the
preparation of all solutions. An aqueous solution of
Cr (Ď) was prepared by dissolving K2Cr2O7 in
de-ionized water. The stock solution with a
concentration of 1000 mg L-1 of Cr ( Ď ) was
prepared and subsequently further diluted as
required.

time, because 1,5-diphenylcarbazide and Cr (Ď)
could form the pink-colored complex, which
presented the maximum absorb peak at 540 nm
[11].The amount of Cr (Ď) ions adsorbed per unit
mass of the MCPHB was calculated by using the
following equation:[10]

Instruments and apparatus. PHS-3C
precision pH meter᧤Dapu Instrument Co., Ltd,
Shanghai, China ᧥ , Thermostatic water bath
oscillators᧤Changzhou guohua electric appliance
co., LTD, Jiangsu, China ᧥ , WFJ 7200-UV
spectrophotometer ᧤Unico Instrument Co., Ltd᧨
Shanghai, China ᧥ and thermostatted magnetic
stirrer᧤Gongyi city instrument co., LTD, Henan,
China ᧥ were used in the experiments. Fourier
transform infrared (FTIR) spectra were conducted
at room temperature on a TENSOR27 FTIR
spectrometer (Bruker). The microstructures of
MCPHB was carried out by using a scanning
electron microscope (SEM) (VEGA 3 LMH, Ty,
Ken trade co., LTD), and the elemental composition
(EDAX) that was available in the SEM.

(1)
The percent removal of Cr (Ď) was evaluated as
follows:

qe

K

C0  Ce
uV
m

C0  Ce
u100%
C0

(2)
Where qe is the equilibrium adsorption
capacity (mg g-1); Ș is the removal rate; C0 is the
initial concentration of Cr (Ď) solution (mg L-1); Ce
is the liquid-phase Cr (Ď) concentration at time t or
at equilibrium (mg L-1); m is the mass of the
adsorbent used (g) and V is the volume of Cr (Ď)
solution used (L).

RESULTS AND DISCUSSION

Preparation of MCPHB. The procedure for
the preparation of the MCPHB was the same as that
reported in literature [9]. 4 g Chitosan power was
dissolved in 100mL acetic acid solution (3%, v/v).
4 g PVA was completely dissolved in de-ionized
water 100mL overnight at 80°C. The above
solutions were mixed together at 80°C and stirred
for 30 min. FeCl3 and FeSO4 (0.02mol:0.01mol)
was dissolved and added into the above mixed
solution. The solution was kept stirring for 30 min
and then added into 300mL NaOH solution (10%,
w/v) dropwise using a syringe to make the beads.
After that, the beads were stirred for 1h in order to
solidify, then separated from NaOH solution and
washed with de-ionized water until to neutral. The
beads were dried at 60°C for 24h.

Characterization of the magnetic chitosan
/PVA hydrogel beads. FT-IR analysis. Figure 1
showed the FT-IR spectra of chitosan, PVA and
MCPHB respectively. The major peaks of the
chitosan were located around 3431 cm-1 (-NH and
-OH stretching vibration) [12,13], 2879 cm-1 for
-CH of methylene [14], 1656 cm-1 and 1325 cm-1
for acetyl amino group deformation vibration, 1161
cm-1 and 897 cm-1 (characteristic absorption peak of
glycosidic bond structure in chitosan), 1081 cm-1
and 659 cm-1(crystallizing peak). In addition, the
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Adsorption experiments. 1000 mg L-1 of
standardized Cr (Ď) were prepared by added 2.82 g
of potassium chromate into 500mL of de-ionized
water. Adsorption experiments were carried out
using MCPHB as adsorbent on a thermostatic water
bath oscillators set at 100 rpm maintained at 298K
for 5h. A known amount of adsorbent was well
mixed with 25mL of respective Cr (Ď) solution in
100mL flasks. The initial pH of the reaction
solution was adjusted using the pH with 0.1M
hydrochloric acid (HCl) or sodium hydroxide
(NaOH). The reaction solution was analyzed for Cr
( Ď )
concentration
by
UV-Visible
spectrophotometer using 1,5-diphenylcarbazide at
540 nm after the flakes were shaken for the desired
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FIGURE 1
FT-IR spectra of chitosan (a), PVA (b) and
MCPHB (c).
absorption bands of PVA at 2906-2938 cm-1, 1136
cm-1 were ascribed to stretching vibration peaks of
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560-650 cm-1 originated from the existence of Fe-O,

-CH- and -CH2, crystallizing peak respectively. As
shown in Figure 1 (c), the adsorption bands at

FIGURE 2
SEM images of MCPHB.
confirmed the presence of Cr in the absorbent after
Cr (Ď) adsorption. Zhu et al. [9] used SEM-EDAX
analysis to confirm the presence of Co in the
absorbent after the absorption. Gandhi et al. [15]
also used SEM-EDAX to confirm the presence of
Cr on absorbent after the adsorption. Besides, Fe
was found in MCPHB from Figure 3, resulting
from the addition of Fe3O4 in absorbent.

suggested that Fe3O4 had been introduced into
MCPHB successfully. SEM analysis. The SEM
micrographs of MCPHB were shown in Figure 2. It
can be observed that MCPHB was well-shaped
sphere and its mean size was about 1mm. The
surface of hydrogel beads was uneven, and there
were many holes and channels on the surface of
MCPHB, these holes and channels could increase
the surface areas of adsorbent and the adsorption
sites.
The objective of performing EDAX analysis
on MCPHB was to investigate the element presence,
as it was shown in Figure 3. Figure 3 showed that
the EDAX analysis graph of adsorption before (a)
and after (b). As could be seen from the Figure 3 (b),
the amount of Cr in absorbent was 2.09wt%, which

Adsorption. Effect of initial pH on Cr (Ď)
adsorption. The initial pH value of the Cr (Ď)
solution was one of important variable in the
adsorption process, because it affected the surface
charge of the adsorbents, the species of chromium

FIGURE 3
EDAX analysis graph: (a).Adsorption before of MCPHB; (b). Adsorption after of MCPHB.
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Effect of absorbent dose on Cr ( Ď )
adsorption. The effect of absorbent dose on the
adsorption quantity and removal efficiency of Cr
(Ď) was shown in Figure 5. From the Figure 5, it
can be seen that the adsorption quantity of Cr (Ď)
decreased with the increase of adsorbent dose. The
maximum equilibrium adsorption quantity reached
around 50 mg. While, the removal efficiency of Cr
( Ď) increase from 61.59% to 98.54% with an
increase, as the dose of MCPHB from 10.0 mg to
125.0 mg. This suggested that, there would be more
active sites when more MCPHB were introduced.
Take consideration of economic, 50.0mg MCPHB
were the best.

TH PJJ

E\363 
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FIGURE 4
Effect of the initial pH on the adsorption
capacity of magnetic chitosan/PVA hydrogel
beads for Cr (Ď). (C0=5.0 mg L-1; V: 25mL;
adsorbent dose: 50.0 mg; temperature: 298K).
and the degree of ionization [16,17]. Bath
experiments were carried out to determine the
suitable initial pH value in containing chromium
aqueous solution. The pH value of Cr-containing
solution ranged from pH 2.0 to 11.0 with a contact
time of 5 h at 298K. The adsorption quantity and
removal efficiency of Cr (Ď) on MCPHB were
obviously influenced by the pH of the solution. The
results were showed in Figure 4. It was found that
the maximum adsorption on hydrogel beads
occurred at pH 3.0, where adsorption quantity was
2.45 mg g-1 and decreased to 0.23 mg g-1 at pH 11.0.
While, the removal efficiency of Cr (Ď) decreased
from 97.85% to 8.69% when the value of pH

FIGURE 5
Effect of adsorbent dose on the adsorption
quantity and removal efficiency of MCPHB for
Cr (Ď).(C0=5.0 mg L-1; V: 25mL; pH0=3.0;
temperature: 298K).

changed from 3.0 to 11.0. However᧨ when pH <
3.0, the adsorption capacity increased with the
increasing of pH . There were various ionic forms
as CrO42-, Cr2O72-, and HCrO4- in the aqueous
solutions when pH ranged from 2.0 to 11.0. The
main form of Cr (Ď) in the aqueous solutions was
HCrO4- when pH was between with 3.0-5.0. The
adsorption of Cr (Ď) on MCPHB took place via the
ion-exchange mechanism. Because at pH < 5.0, the
amine groups of chitosan were ionized, the
positively charged amino groups and negatively
charged HCrO4- interacted via ion-exchange. The
ratio of OH- in the solutions increased gradually
with increase of pH value, the increasing pH
promoted the de-protonation, leading to a
competitive adsorption with CrO42- and Cr2O72- [18].
Hence the adsorption quantity of Cr ( Ď ) on
MCPHB decreased with the increasing of pH value.
However, when pH<3.0, the main form of Cr (Ď)
was H2CrO4 and weaken interaction between Cr (Ď)
and -NH2 of chitosan which coursed adsorption
decreasing [14] .

Effect of contact time, initial concentrations
and temperature on Cr ( Ď) adsorption. The
contact time that was taken to attain equilibrium
was an important factor for predicting the efficiency
and feasibility of an adsorbent when this adsorbent
was used for removing metal ion from aqueous
solution [19]. Figure 6 showed the contact time
profile of Cr ( Ď ) removal with 2.0 g L-1 of
MCPHB at different initial concentration (2.5 to
10.0 mg L-1). It can be seen that the adsorption
process with MCPHB was finished within 240 min.
Between 240 min and 360 min, the adsorption
capacity had no significant change, while the
adsorption reached equilibrium. Hence, it will be
reasonable to choice 240 min as the contact time for
adsorption of Cr (Ď) to the MCPHB.
The effect of the initial Cr (Ď) concentrations
on adsorption capacity of MCPHB was also
investigated. The adsorption capacity of MCPHB
increased from 1.01 mg g-1 with initial Cr of 2.5 mg
L-1 to 4.76 mg g-1 with a concentration of 10.0 mg
L-1. The increase in the adsorption quantity at this
range of the initial concentration may be
contributed to a competition of the Cr (Ď) ions for
2177
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the available adsorption sites. As compared to lower
initial concentration, higher initial concentration
can induce faster and stronger binding. These
results showed that the initial Cr (Ď) concentration
was a very important factor in the adsorption
capacity of MCPHB.
The effect of temperature on Cr (Ď) absorbed
by MCPHB was studied at various adsorption
temperatures (291, 298, 308 and 318K) with a
constant initial Cr (Ď) concentration of 5.00 mg L-1.
The results were shown in Figure 7, and it was
apparently that the equilibrium adsorption quality
of MCPHB increased with increasing temperature
from 291K to 318K. It means that the adsorption of
Cr ( Ď ) onto MCPHB was favored at higher
temperatures and it was controlled by an
endothermic process [14].

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



Adsorption kinetic studies. The kinetics of
adsorption that describes the solute uptake rate
governing the contact time of the sorption reaction
is one of the important characteristics that define
the efficiency of sorption [20]. In order to
investigate the controlling mechanism of adsorption
process of MCPHB for Cr (Ď), the pseudo-first
order, the pseudo-second order and intra-particle
diffusion kinetic models were cited to evaluate the
experimental data obtained from batch Cr ( Ď)
removal experiments.
The pseudo-first-order equation is:

ln(qe  qt ) ln qe  k1t

(3)

The pseudo-second-order equation is:

t
qt

1
1
 t
2
k2 qe qe

(4)

Intra-particle diffusion equation is᧶

qt

kd t1/2  y

(5)

Where qe᧤mg g ᧥ is the adsorption capacity
at equilibrium, qt is the amount of Cr (Ď) adsorbed
at time t. k1 (min-1) and k2 (g mg-1 min-1) are
pseudo-first-order and pseudo-second-order rate
constants of adsorption, respectively. kd (mg L-1
min-1/2) and y are the initial rate of intra-particular
diffusion and the intercept, respectively. The value
of y gives information on to the thickness of the
boundary layer, that is, the larger the intercept, the
greater the boundary-layer effect [21].
The data of adsorption kinetic curve in Figure
6 and Figure 7 were fitted by equations (3)-(5), and
the results were shown in Figure 8. All the
corresponding parameters for Cr (Ď) adsorption
obtained from the linear plots of ln(q e-qt) versus t,
t/qt versus t and qt versus t1/2 were listed in Table 1.
From the Table 1, it can be seen that the linear
correlation coefficients (R2) for the pseudo-first
order kinetic model were relatively low. However,
there were no significant differences between the
calculated qe values (qe,cal) and the experimental qe
values (qe,exp) by pseudo-second order equation, the
experimental data could be fitted better by the
pseudo-second order kinetic model, and the values
of all R2 were >0.970 for all temperatures and
initial Cr (Ď) concentrations. On the other hand,
the linear correlation coefficients (R2) for the
pseudo-first order and intra-particle diffusion
kinetic models were low relatively. Hence, these
results indicated that the adsorption processes of
MCPHB for Cr (Ď) could be well described by the
pseudo-second order kinetic model.
-1

FIGURE 6
Effect of contact time and initial Cr (Ď
Ď)
concentrations on the adsorption capacity of
MCPHB for Cr (Ď). (V: 25mL; pH o=3.0;
adsorbent dose: 50.0 mg; temperature: 298K).

FIGURE 7
Effect of temperature of Cr (Ď) on the
adsorption capacity of MCPHB for Cr (Ď). (C0:
5.0 mg L-1; adsorbent dose: 50 mg; V: 25mL;
pH0: 3.0).
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Pseudo-first order model.

Pseudo-second order model.

intra-particle diffusion model.

FIGURE 8
Linear plot of (a) ln(qe-qt) vs. t, (b) t/qe vs. t and (c) qt vs. t1/2.

TABLE 1
Ď)
Pseudo-first order, Pseudo-second order and intra-particle diffusion model parameters for Cr (Ď
adsorption.
T
(K)

C0
(mg
L-1)

291

Pseudo-second order model

Pseudo-first order model

Intra-particle diffusion
model
Kd
R2

qe,exp
(mg g-1)

qe,cal
(mg g-1)

K1
(min-1)

R2

qe,cal
(mg g-1)

k2
(g mg-1 min-1)

R2

5.00

2.13

5.09

0.0252

0.78088

2.71

0.004948

0.97552

0.11163

0.83125

2.50

1.01

1.26

0.0094

0.92761

1.58

0.003048

0.98681

0.06076

0.98966

5.00

2.21

5.35

0.0265

0.88985

2.83

0.004677

0.96987

0.11673

0.79463

10.00

4.76

6.57

0.0182

0.94591

6.02

0.002332

0.97291

0.24809

0.79613

308

5.00

2.27

5.24

0.0312

0.95272

2.70

0.007652

0.97363

0.10001

0.68289

318

5.00

2.36

13.18

0.0622

0.86904

2.51

0.024145

0.99467

0.06600

0.52937

298
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Adsorption isotherm studies. Adsorption
isotherms were the basic requirements for the
design of an absorber by providing fundamental
physic-chemical feature [22]. The most frequently
used isotherms for adsorption experimental data
correlations were the Langmuir and Freundlich
models because of their simplicity [23]. In order to
evaluate the applicability of adsorption processes as
a unit operation, the initial Cr (Ď) concentrations in
the range of 5.0-50.0 mg L-1 had been used for
investigation of the adsorption isotherm. Figure 9
showed the equilibrium isotherm for the adsorption
of Cr (Ď) onto MCPHB at an ambient temperature.
In the range of the studied concentration, it was
clear that the adsorption capacities of MCPHB with
increasing concentration were increased from 2.31
to 20.86 mg g-1.

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

Where qe is the equilibrium Cr (Ď) concentration in
the absorbent (mg g-1), Ce is the equilibrium Cr (Ď)
concentration in solution (mg L-1), qmax is the
monolayer capacity of the adsorbent (mg g-1), b is
the Langmuir adsorption constant (L mg-1) related
to the free energy of adsorption.
The dimensionless separation factor, RL
denoted as:

RL

(7)
Where the value of RL indicates whether the
adsorption of the adsorbent/adsorbate system is
unfavorable
(RL>1),
favorable
(0<RL<1),
irreversible (RL=0) or linear (RL=1) [24].C0 is the
initial Cr (Ď) concentration (mg L-1).
The Freundlich equation is an empirical equation.
The Freundlich equation can be represented by the
following form:

ln qe

In this study, Langmuir and Freundlich models
were introduced to analyze the equilibrium
experimental data. The Langmuir isotherm model
was based on several assumptions, including
homogeneous surface, localized adsorption on the
surface and solo molecule accommodated active
sites. The Langmuir isotherm equation was
expressed as follows:

1
qmax b



Ce
qmax

1
ln K F  ln Ce
n

(8)
KF (mg g-1) and n are the Freundlich constant,
which indicate the adsorption capacity and
adsorption intensity respectively.
The datum of isotherms adsorption curve in
Figure 9 were fitted by equation (6) and (8), and the
results were shown in Figure 10. The adsorption
constants and the correlation coefficients calculated
from corresponding models were listed in Table 2.
The comparison of the value of R2 indicated that
the adsorption of Cr (Ď) on MCPHB was well
fitted to the Langmuir isotherm model with the
higher R2 (0.9951). It indicated that, the adsorption
took place at specific homogeneous sites within the
adsorbent forming monolayer coverage of Cr (Ď)
ions at the surface of the sorbent. Furthermore, the
value of RL for adsorption of Cr (Ď) onto MCPHB
was less than 1 and greater than 0, and the
Freundlich constant 1/n was smaller than 1,
indicating the favorable process of Cr (Ď) by the
absorbent. Armindo found the same experiment
isotherm results [25]. The results suggested that, the
Cr (Ď) adsorption onto MCPHB involves binding
forces of the absorbate on the adsorbent surface of
the electrostatic or London-van der Waals force
types, forming monolayers, in accordance with the
Langmuir model (R2Langmuir>R2Freundlich).

FIGURE 9
Adsorption isotherm of MCPHB for binding (V:
25mL; pH0: 3.0; adsorbent dose: 0.05 g;
temperature: 298K; initial concentration:
5.0-50.0 mg L-1).

Ce
qe

1
1  bC0

(6)
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FIGURE 10
The Langmuir and Freundlich adsorption isotherm for Cr (Ď
Ď) ions adsorption on MCPHB.

TABLE 2
Langmuir and Freundlich parameters for Cr (Ď) adsorption.
Sample
Hydrogel beads

-1

qm(mg g )
22.44

Langmuir equation
b(Lmg-1)
R2
1.74
0.9951

RL
0.1031

Freundlich equation
R2
1/n
0.55506
86
0.277

KF2

CONCLUSION
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requires a careful evaluation of the design criteria,
taking into account the different associate removal
mechanisms [6].
CW treatment systems are engineered systems
that have been designed and constructed to utilize
the natural processes involving wetland vegetation,
soils, and their associated microbial assemblages to
assist in treating wastewater. They are designed to
take advantage of many of the same processes that
occur in natural wetlands, but they do so within a
more controlled environment. Some of these
systems have been designed and operated with the
sole purpose of treating wastewater, while others
have been implemented with multiple-use
objectives in mind, such as using treated
wastewater effluent as a water source for the
creation and restoration of wetland habitat for
wildlife use and environmental enhancement [7].
CWs consisting of shallow (usually less than 1 m
deep) ponds or channels which have been planted
with aquatic plants and which rely upon natural
microbial, biological, physical, and chemical
processes to treat wastewater. They typically have
impervious clay or synthetic liners, and engineered
structures to control the flow direction, liquid
detention time, and water level. Depending on the
type of system, they may or may not contain an
inert porous media such as rock, gravel, or sand
[5].The larger aquatic plants growing in wetlands,
the so-called macrophytes, are an indispensable
component of these ecosystems: the presence or
absence of aquatic macrophytes is one of the
characteristics used to define wetlands. As the most
important removal processes in constructed
treatment wetlands are based on physical and
microbial processes, the role of the macrophytes in
these has been questioned. Plants in CWs also serve
to stabilize the bed surface, increase porosity
throughout the wetland volume, insulate the bed
against freezing through litter production, absorb
and store plant nutrients, prevent channelized flow,
and improve wetland aesthetics.
CWs could also remove Ethylbenzene from
wastewater. This topic has been studied
increasingly in recent years [8, 9] not only for
wastewater but also for soil and waste leachate

ABSTRACT
In this paper, the performance of three types
of CWs (two of them were planted with two
different species of macrophytes ± Phragmites
australis and Typha latifolia - and the third was
used as bench- unplanted) located in the South of
Italy (Lecce, Apulia) were investigated. The
objectives of this study are to compare the
hydraulic behavior of the CWs with the trend of
the model by varying the hydraulic conditions, to
evaluate the effect of the clogging and then to
assess the efficiency of the different species of
macrophytes in removing Ethylbenzene. At the
beginning of the experience and after 24 months,
the results show a good correlation in the hydraulic
behavior between the model and physical data by
modifying input parameters as a consequence of
the clogging. The Ethylbenzene removal from the
planted fields is higher than the unplanted one. The
potentiality application of the treatment in transient
economies, offend exposed to hydrocarbon
contamination is discussed too in various matrices.

KEYWORDS:
Clogging; Hydraulic Residence Time; Phragmites
australis; Typha latifolia.

INTRODUCTION
Constructed wetlands (CW) are receiving
much attention where alternatives to failing septic
tank-soil drain field systems are needed. The
wetland provides a low cost and easily managed
system that can be used to treat water in order to
achieve acceptable levels for discharge waterways
[1, 2, 3, 4, 5].
The current focus of the research in this
scientific area is to optimize the CWs, to improve
the performance, in terms of removal efficiencies,
applied to urban effluents, industrial wastes than
those of agricultural origin. In particular,
wastewater from agriculture, especially for the
component consisting of organic contaminants,
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correlation of the experimental RTD curves with
the model curve, as a function on the variation of
hydraulic characteristics and clogging.
b)to evaluate Ethylbenzene removal as a function of
the Hydraulic Residence Time (HRT).

exploring alternative solutions too [10, 11]. Indeed
in transient economies there is a strong need for low
cost and pollutant specific treatment options as
demonstrated by the significant economic effort
that the European Union plans through structural
funds for site remediation sector when a new
country enters in the EU. Ethylbenzene is a
colorless, flammable liquid that smells like
gasoline. It is found in natural products such as coal
tar and petroleum and is also found in manufactured
products such as inks, insecticides, and paints.
Ethylbenzene is used primarily to produceother
chemicals, such as styrene. Other uses include:
solvent, fuels, and other types of chemicals.
Ethylbenzene
is
part
of
Benzene, Toluene, Ethylbenzene,
and
Xylene
(BTEX) group and monocyclic aromatic
hydrocarbons. The removal of Ethylbenzene has
been studied mainly in conventional treatment
plants, with particular attention not only to
monocyclic, but also to polycyclic aromatic
hydrocarbons [12, 13], with less frequent
applications relating to the use of CWs.
Moreover, Ethylbenzene is an organic
compound characterized by a high value of the
Henry coefficient, which is an important indicator
for predicting volatilization behavior of organic
contaminants. It comprehensively describes the
transfer of volatile contaminants from the water
phase to the atmosphere. In unsaturated soil zones,
additionally the diffusion transport determines the
effective Volatile Organic Compounds (VOCs)
emissions.
Furthermore hydraulic considerations have a
significant role in prediction of the actual removal
percentages for every contaminant [14, 15, 16].
This study assesses and elaborates the hydraulic
performance in a pilot-scale Horizontal Subsurface
Flow Constructed Wetlands (HSFCWs) and
observes trends over time. Design parameters such
as aspect ratio, size of the porous media, and
hydraulic loading rate can improve the hydraulic
behavior of constructed wetland systems by
imparting a hydraulic flow behavior that
approaches an ideal flow system [17, 18]. The
experiments were conducted using potassium
bromide (KBr) as tracer tests which provided the
Residence Time Distribution (RTD). Particularly,
after 24 months of operating, the experimental
clogging conditions in the HSFCWs, result with
lower hydraulic conductivity values.
The objectives of this study are:
a)to understand how macrophytes influence the
treatment processes in wetlands: evaluating the
hydraulic behavior of constructed wetlands not
planted and planted with different species
(Phragmites australis and Typha latifolia), by
varying hydraulic conductivity; assessing the

MATERIALS AND METHODS
EXPERIMENTAL CONSTRUCTED
WETLANDS
The experimental area includes three
constructed wetland fields, two containing different
species of plants (Phragmites australis and Typha
latifolia) and the third serving as a control reactor.
Water is supplied to the fields from four High
Density Polyethylene (HDPE) tanks; samples are
obtained from eighteen sampling ports and effluent
is stored in two lagoon ponds. Figure 1 depicts the
plan view of the site (Figure 1.(a)) and the
longitudinalsection of one planted constructed
wetland bed (Figure1(b)). Each wetland has a
planted area equal to 15 m2 (3 x 5 m), a water depth
ranging from 0.6 m to 0.65 m and a resulting total
volume of approximately 9.4 m3.The ponds have
been connected in a subsequential mode (Figure2).
The constructed wetlands have a bottom slope of
1% to facilitate the outflow of water by gravity. The
stability of the side banks is ensured by providing a
45° inclination. Five perforated tubes with 200 mm
internal diameter are positioned within each field to
permit collection of water samples and control of
water levels. The bottom of each reactor is
waterproofed with a bentonite liner that is
permeable to plant roots and largely impermeable to
water. The liner consists of three layers: an upper
geotextile 220 g/m2, a lower geo-textile 110 g/m2,
and sodic powdered bentonite 4670 g/m2,
containing approximately 90% montmorillonite.
The total weight of the geo-composite is 5000 g/m2
and its total dry thickness is 6 mm. The hydraulic
conductivity of the installed liner is k < 10-11 m/s.
Raw water is supplied in the reactor inlet and
passes slowly through the filtration medium under
the surface of the bed in a generally horizontal path
until it reaches the outlet zone where it is collected
and discharged to the lagoon. The filtration medium
consists of three layers: 0.1 m of soil, 0.2 m of
stones, and 0.30 - 0.35 m gravel as shown in Figure
1 (b). The mineral composition of the substrate is
59% calcium carbonate, 32% silica and 9% iron
oxide for the rocks and gravel. The soil is a mixture
of red clay and organic matter.
Sieve analysis of the soil (red clay) gave the
following results (Table 1):
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TABLE 1
Results of sieve analysis of red clay presented into the soil.
Sample size (mm)

Percentage

> 0.5

16%

0.5 ± 0.25

21%

< 0.05

63%

curves were assessed by introducing 6
kg/m3solution of KBr in 10 min along the first
cross-section of each wetland unit as a conservative
tracer.
The RTD curves have been calculated using
the plug flow with Plug Flow Dispersion Reactor
(PFDR) model by adjusting the Hydraulic
5HVLGHQFH 7LPH +57 ș  WDNLQJ LQWR DFFRXQW the
evapotranspiration rate [19, 20] and the reactor
Peclet number to minimize the sum of the squared
errors between the experimental bromide
concentration data and the analytical solution to the
PFDR model given by Levenspiel and Smith [21]:

By considering the effective and most
probable hydraulic residence time, the volume of
the voids has been calculated in 1.56m3 and the
relative porosity n = Vv/Vt = (1.56m3)/(9.4m3) =
0.17 (where Vv is the void volume and Vt is the total
volume). The low void fraction (porosity) is due to
the nature of red clay that is typical of the Apulian
karstic area. Moreover, the porosity of the medium
is influenced by biofilms and non-degradable
residues. The unplanted bed served as a control
reactor to isolate the impact of macrophytes and
any microorganisms associated with their root mass
on Ethylbenzene removal. At no time during the
study was the water depth above the top of the
media in any of the reactors, i.e., all flows were
subsurface. The RTD curves were assessed by
introducing 30 L of a 10 g/L solution of KBr along
the first cross section of each wetland unit as a
conservative tracer.
Water samples were collected every 30 min
from each sampling point. The experiments were
carried out from March to June during the
vegetation period of the macrophytes. Daily
average temperatures during the four months of
experimentation range from 14 °C to 24 °C.

ܥሺݐሻ ൌ

ሺσ  ο௧ ሻ 
ఏ

ುሺభషഇሻమ
ష
రഇ

ටସగ൫ଵൗ൯

(1)

where:
6iCi't is the area under the RTD curve,
Pe
is Peclet number,
ș
is the HRT.
The equation has been modified from its
original dimensionless form by multiplying the
VXPPDWLRQ RI &LǻW ZKLFK DSSUR[LPDWHV WKH DUHD
under the RTD curve.

TRACER INJECTION

Ethylbenzene sampling and analysis.
Ethylbenzene solution was conveyed to the CWs
from the supply tanks containing tap water at a
constant initial concentration of 0.5 mg/L,
respectively, for each compound, for all tests.
Composite samples of the effluent from each
constructed wetland were collected in 500 mL
amber glass bottles every 6 h using an auto sampler
for a time period of 220 d. Samples were collected
at inlet and outlet two times per week and were kept
refrigerated at 4°C until analyses. Samples were
analyzed according to Standard Methods [22] using
an HP 5890 series II Gas Chromatograph equipped
with flame ionization detector and a split/splitless
injector. Standard deviation (SD) was calculated for
each measurement series and was less than 5% for
each compound considered. For all measurements,
standard Quality Control (QC) was performed. QC
samples consisted of triplicate samples and spiked
samples.

Sampling for Hydraulic Residence Time
measurements. The tracer used in the experimental
plant was the KBr, because it is highly soluble, nondegradable, relatively inexpensive, and can be
measured quantitatively in very low concentrations.
Tracer solution was added in 10 min mixed with
wastewater flow in order to reduce sinking effects
related to density differences. Composite samples
of the effluent from each constructed wetland were
collected in 500 mL amber glass bottles using an
auto sampler. Effluent grab samples were taken
approximately every 12 h from the morning of day
3 until the evening of day 9. From the morning of
day 10 to the morning of day 12, samples were
taken every 24 h. Tests finished on the fourth day
after a total sampling period of approximately 330
h. For a time of approximately 300 h, the tracer
concentration was not detected and, therefore, a
period of time of 300 h was enough to obtain a
complete response of the tracer injection. RTD
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FIGURE 1
(a) Constructed wetlands pilot plant in Lecce (Italy). (b) Longitudinal section.
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FIGURE 2
Longitudinal section of the ponds in Lecce, Italy.

the aim of evaluating the different clogging
conditions. Table 2reports the hydraulic parameters
adopted for the experimental HSFCWs and utilized
in the model at the beginning of the experience and
after two years for both planted and unplanted
fields.

RESULTS AND DISCUSSION
EFFECT OF CLOGGING
In HSFCWs, experimental curves have been
collected at time t = 0 and at time t = 24 months to

TABLE 2
Values of parameters that define hydraulic behavior of the tested experimental plants and after 24 months
(planted and unplanted).
Parameter
Symbol

Parameter
Name

Value (at the
beginning)

Value (after 24 months
for planted fields)

Value (after 24 months
for unplanted field)

K

Hydraulic
Conductivity

30 [m/d]

25 [m/d]

30 [m/d]

Hout

Hydraulic head
at the outlet

0.6 [m]

0.6 [m]

0.6 [m]

ĮL

Longitudinal
Dispersion

0.2 [m]

0.35 [m]

0.35 [m]

ĮT

Tranversal
Dispersion

0.02 [m]

0.02 [m]

0.02 [m]

DKBr

Diffusion

2.02-5 [cm2/s]

2.02-5 [cm2/s]

2.02-5 [cm2/s]

p

Porosity

0.16

0.16

0.15

probably due to lower porosity of the substrate.
Phragmites field behavior is quite similar to the
Typha ones, whereas the unplanted field showing a
clearer plug flow behavior. The variation from the
ideal plug flow behavior and the coefficient
correlation (R2) was equal to 0.92 for the unplanted
field, 0.87 for the Phragmites field and 0.86 for the
Typha field.

Figure 3. (a) shows the comparison between
the experimental and the simulated RTD curves,
measured at the beginning of the experience in the
experimental plant. According to well-recognized
model evaluation techniques [23], the results show
a good correspondence, with a correlation
coefficient equal to R2 = 0.98, between the
simulation curve and the tracer test. A lesspronounced plug flow behavior in the Lecce plant is
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(b)

(c)
FIGURE 3
Bromide concentration trends vs HRT. Comparison between: (a) the experimental (black) and the
simulated RTD curves (of P. australis, T. latifolia, and unplanted field) measured at the beginning of
the experience (at time t = 0). (b) the experimental curve, the tracer concentration curve and the
second simulated RTD curve after two years for Phragmites and Typha plants. (c) the experimental
curve and the second simulated RTD curve after two years in unplanted field.
where R2had values greater than 0.975. The
differences between the RTD curves for the planted
reactors are probably related to the different root
structures of the two species. The roots of
Phragmites australis penetrate to a depth of
approximately 51 cm, while Typha latifolia roots
are not likely to extend beyond 29 cm, according to
previous experience with these species [24]. The
differential root penetration depth is likely to be
responsible for the slightly different flow regimes in
the two wetland beds. Clogging was more
significant in the Phragmites bed, and this favors
the development of preferential flow paths and
causes the slightly shorter of HRT compared to the
Typha one bed and the slightly lower Peclet number
of 26.7 in contrast with the Typha bed of 29.7. The
unplanted bed had a Peclet number of 24.9.

After 24 months, tracer tests were performed
and the results are illustrated in Figure 3(b). The
correlation between the model and the experimental
data was less evident. In particular, while the
unplanted field still maintains a good plug flow
behavior, the Phragmites and the Typha plants
show a decrease of the peak with lower concavity
of the curve and a higher distance from the model
interpolation curve. This is probably due to the
lower hydraulic conductivity measured in the field
hydraulic conductivity decreasing from 30 to 25m/d
for the Phragmites field and 25.2 m/d for the Typha
field, as reported in previous experiences. The
RTDs for the unplanted wetland have been assessed
after 24 months. Results are shown in Figure3(c). It
is observed that the model curve interpolate very
well the tracer experimental data in the unplanted
field where the hydraulic conductivity still remain
equal to 30 m/d and only the porosity decrease from
0.16 to 0.15 as measured in the field. The RTD
curves have been calculated using the PFDR model.
All of the PFDR model results fit to the tracer data

ETHYLBENZENE REMOVAL
Ethylbenzene was measured at the inlet of
each field, at the five perforated tubes (A, B, C, D,
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While, the concentrations of Ethylbenzene
measured at the lagoon pond for the three beds are
equal to 0.23 mg/L (Fig. 4).Based on the above, the
average removal efficiencies are equal to 35.14%
for the Phragmites field, 28.57% for the Typha bed
and 26.86% for the unplanted one (Figure 5), while
the removal efficiencies between inlet and outlet of
the fields are equal to 44%, unplanted, 52 % Typha
plant and 54% Phragmites, respectively.

E), figure 1, at the outlet of each field and at the
lagoon pond.
The final residual concentrations of
Ethylbenzene at the outlet for planted and unplanted
fields are equal to:
x 0.23 mg/L for Phragmites bed;
x 0.24 mg/L for Typha field;
x 0.28 mg/L for the unplanted ones.

Phragmites

Typha

Soil

Etylbenzene concentration mg/l

0,6
0,5
0,4
0,3
0,2
0,1
0

FIGURE 4
Ethylbenzene concentration at the sampling points in the Phragmites field, in the Typha field and in
the unplanted one.
Phragmites

Typha

Soil

ϲϬ
ϱϬ
ϰϬ
% removal



ϯϬ
ϮϬ
ϭϬ
Ϭ

FIGURE 5
Percentage removal of Ethylbenzene measured in each sampling point from the input in the
Phragmites field, in the Typha field and in the unplanted one.
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The removal efficiencies determined in the
present work are lower or similar compared with
related other experimental works [8, 25]. The latter
may be attributed to the fact that the inflow
concentration at the present concentration was
lower (0.5 mg/L here, instead of 2 mg/L) [26]. The
observed removals in the Phragmites field were, on
average, 7.0% higher than the Typha field and 9 %
higher than the unplanted field. However, because
of the low affinity of the Ethylbenzene compounds
with plant tissues, the direct effect of vegetation
should be less significant compared with the net
effect of sorption [27]. The effect of macrophytes
starts to be more evident in piezometer D (after
about 36 h HRT) where the difference between
percentage values of planted and unplanted is more
or less equal to 12% (Figure 5). Higher removal is
probably due to the microbial communities
associated with the plant rhizosphere which create
an environment conducive to degradation for many
VOCs [28]. Other reports have attributed a
significant role of BTEX removal to volatilization,
as the BTEX compounds have a high tendency for
volatilization, especially in surface-flow CWs [25],
or in systems with forced bed aeration, which
enhances the volatilization of BTEX compounds
[29]. Despite the volatilization process, which may
be the predominant BTEX removal mechanism,
some other mechanisms should also contribute in
BTEX removal. Microbial degradation is such a
mechanism, as BTEX may biodegrade under
aerobic or anaerobic conditions [30,31] (the latter
are occurring in the deeper layer of the fields). The
present research demonstrated that CWs could be a
viable option for Ethylbenzene removal in countries
with a transient economy thanks to its low cost. It
must be pointed out that the need of wide surfaces
limits it adoption to countries where an adequate
area could be easily found. However emerging
countries either in Latin America, either in Europe
has demonstrated that take advantages of their
surface availability for a better management of
environmental issues [32,33,34].
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for both Phragmites and Typha plants in
HSFCWs due to clogging and the model curve
is capable of interpolating this hydraulic
behavior variation. The lack of the vegetation
in the unplanted constructed wetland results in
a constant value of the hydraulic conductivity
after 24 months of operating. In the unplanted
field only a slightly decrease of the porosity
has been evidence. This causes a shift of the
experimental curve towards lower HRTs. The
field measurement of hydraulic conductivity
appears to be one crucial parameter useful to
predict the actual hydraulic behavior.
CWs offer a potential for the removal of more
than 50% of Ethylbenzene from wastewater at
HRT higher than 100 h, however, the latter
correlation should be evaluated as a function
of inlet concentrations. Percentages removal at
the outlet of plants varies from 44%
(unplanted) to 52% (Typha) and 54%
(Phragmites).

Further large-scale experimental tests should
be carried out to validate the results.
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ESTIMATION OF MISSING VALUE IN ANALYSIS OF
VARIANCE; A SIMULATION STUDY
Ozgur Koskan*, Elif Gul Onder
Suleyman Demirel University Department of Animal Science, 32260 Isparta, Turkey.

loss by using other parcels. Researcher is able to
estimate the observation lost through existing data.
Differences between decision to be reached by
replacing such estimation and real and estimated
values have been considered in this study through
different methods such as; distribution, difference
between groups and simulation studies at differing
example widths (blocks).
Balanced missing block trials suggested by
Yates for the first time are design formats that are
frequently used in the agricultural, industrial and
medical trials and are well-known [1].
There are different missing data techniques
which can be listed and described as;
1. Listwise deletion: Missing values for any of
the variables are omitted from the analysis.
2. Mean imputation: Replaces the missing
observations of a certain variable with the mean of
the observed values in that variable.
3. Regression imputation : The missing values
are estimated with regressions Analysis.
4. Expectation maximization : The algorithm
is an iterative two step procedure obtaining the
maximum likelihood estimates of a model starting
from an initial guess.
5. Multinomial logistic regression : This
method is used to model the relationship between a
dichotomous dependent variable and a set of k
predictor variables [2].
In recent years, modern missing data analyses
methods found by Rubin are being developed.
These methods are missing completely at random
(MCAR), missing at random (MAR), and missing
not at random (MNAR). These mechanisms
describe relationships between measured variables
and the probability of missing data [3].
In this paper, differences between estimation
of existing estimation methods and actual value are
examined. Powers of the test by using actual values
and power of test by using estimated values are
interpreted. Also, a new estimation modification
has been developed by using the changes in existing
data.

ABSTRACT
In this study, F test conducted after missing
value estimation (Yates) in randomized block
design was compared in terms of type I error rate
and power of the test with different methods. These
methods were Yates, group mean and new
modification of Yates we developed in this study.
The experiments containing 3 groups were chosen.
In the experiments, the samples including equal
observations were drawn from populations, Z (0, 1)
distribution. Type I error rate and power of the test
were obtained from the samples of 1000000
simulation trials. As a result, new modification of
Yates and group mean provided less reliable results
than the Yates for small sample sizes. New
modification and Yates provided similar results for
large sample sizes.

KEYWORDS:
Randomized block design, Missing value, Type I error
rate, Power of tests, Monte Carlo simulation method.

INTRODUCTION
After experimental design executed, failure in
gathering data from certain experimental units due
to some reasons beyond control may affect the
results of the study. In some studies, data obtained
for a certain period of time may not even be
analyzed at the end of study since data of
experimental unit are not gathered. In such case,
data that cannot be gathered are named as missing
observation, and may cause the researcher to make
an erroneous decision at the stage of conducting
analysis and interpreting the results.
Especially when no data is obtained from any
one of the factor levels at which measurement is
done or any one of the blocks or a few of the same
in variance analysis technique at randomized
blocks, information, time and financial losses arise
if that level or block is removed from the analysis.
It is thought that such case might affect results of
trial.
Estimation of missing observations in
randomized block design is very important in order
to be able to analyze the data with minimum data

MATERIAL AND METHOD
Material. Material of this study was
composed of random numbers generated by means
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μ= population mean or overall mean
Įi= effect of treatment
ȕj= effect of block
eij= error term [5,6]

of Microsoft Power Station Developer studio and
IMSL Library according to different block
numbers, different variance combinations and
group averages in terms of different standard
deviation in 3 groups from the populations with Z
distribution. All required calculations for this study
were done by using programs written in FORTRAN
programming language.
When examining the differences among three
groups in this study, ratio of variances were 1:1:1,
1:1:2, 1:1:5, 1:1:10, 1:1:30, number of blocks were
2:2:2, 3:3:3, 4:4:4, 5:5:5, 6:6:6 and averages in
terms of standard deviation were 0:0:0, 0:0:0.5,
0:0:1.0, 0:0:1.5, 0:0:2.0, 0:0:2.5 and difference
among blocks was kept constant at two standard
deviation. Calculation steps of study were carried
out with programs written in FORTRAN
programming language.

Missing observation in randomized blocks.
Due to unexpected events taking place during trial,
some parcels might be destroyed at some blocks. It
is not possible or advised to carry out the analysis
without taking into consideration measurements as
is the case with randomized parcels. Instead, if an
entire block or more than half of the parcels in a
block is destroyed, that block should not be
included in analysis. This only leads to a reduction
in number of repetition. Yates suggested that
approximate value to be used for missing
experiment unit in a block could be calculated with
the below formula [4].
்כାכିௌ
 ݔൌ ሺିଵሻכሺିଵሻ

Method. Variance analysis technique in
randomized block design. When there are not
adequate homogenous materials for an experiment,
blocks have to be separated depending on factor or
factors deteriorating the homogeneity and
treatments of which effects will be examined have
to be tried within one of the units that can be
considered homogeneous inside each block . Thus,
error arising from the fact that material is not
homogeneous among treatment is reduced. Also, in
this experimental design, sum of square which
measures unit of difference among blocks, was
calculated and it was deducted from total sum of
squares, thus, total of square left for the
experimental error was reduced .
However, since degree of freedom of error is
reduced depending on the number of blocks, an
increase may be observed in mean of squares. Such
increase may be higher than reduction caused by
separating the experiment material under certain
circumstances. This is the case encountered if there
is no obvious difference between blocks. Therefore,
if material is in a state that does not require division
into blocks, conducting the experiment as
randomized blocks may give rise to more loss than
benefit.
Another disadvantage of this experimental
design is the fact that those units which are missing
during experiment may not be removed from
analysis. Although it is possible to exclude such
block containing the missing unit from analysis,
this reduces number of repetition. Since each
treatment is applied at every block once, repetition
is done at a number equal to number of blocks [4].
Mathematical model of this experiment was
such;
Yij Įiȕj+eij
where:
Yij= Individual value in terms of character focused
on

where:
m= number of treatment or parcel at normal block
b= number of blocks
T= total of the values pertaining to parcels treated
as is the case with damaged unit
B= total of the values pertaining to intact parcels at
the block containing damaged experiment unit
S= total of all normal units measured
Standard error of the difference between the mean
of the treatment with a missing value;
ଶ





ሺିଵሻሺିଵሻ

ܵௗ ൌ ටܵ ଶ ሾ 

ሿ

[7]

New formula modificated in this study for the
purpose of estimating missing observation is as
follows;
ܳ ൌ ݉݁ܽ݊ െ ሾቀඥȁܨ െ ܨ െ ܨ  ܨ௧௧ ȁቁ െ Ͳǡͷሿ
்ܨ௧ ൌ

ሺ݁ܿ݊݁ݎ݂݂݈݈݂݅݅݀ܽ݉ݑݏሻଶ
݊ ݑݎ݂݃ݎܾ݁݉ݑ݊ כ ݈ܾ݂݇ܿݎܾ݁݉ݑെ ͳ

where:
Q= Estimated value
Mean= average of the treatment containing missing
observation
Fmean= sum of squares of the differences of each
observation from average
Fm= sum of treatment squares of differences of each
observation from average
Fb= sum of block squares of the differences of each
observation from average
Simulation method. Three different methods
were used in this study. These methods were Yates,
modification of Yates and group mean. Missing
observation estimation was done in the samples
taken from a normal distribution arranged in a
randomized block design, and the type I error and
power of test values were obtained as a result of
variance analysis conducted with replaced values.
From the respective standardized populations,
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samples equaling number of blocks were taken
from determined blocks.

TABLE 1
Type I error rates obtained after 1000000 simulation trials at different variance and block numbers.
ı

1:1:1

1:1:2

1:1:5

1:1:10

1:1:30

block

F

FA

FY

FQ

DY-A

DY-Q

DQ-A

2:2:2

0.050

0.006

0.061

0.005

0.606

0.494

0.595

3:3:3

0.050

0.036

0.066

0.038

0.608

0.376

0.686

4:4:4

0.050

0.046

0.066

0.049

0.609

0.263

0.767

5:5:5

0.050

0.049

0.064

0.052

0.606

0.196

0.823

6:6:6

0.050

0.050

0.061

0.052

0.608

0.153

0.863

2:2:2

0.052

0.005

0.055

0.004

0.631

0.491

0.621

3:3:3

0.052

0.033

0.062

0.036

0.631

0.349

0.727

4:4:4

0.053

0.044

0.062

0.047

0.631

0.230

0.806

5:5:5

0.053

0.048

0.062

0.050

0.630

0.163

0.860

6:6:6

0.053

0.049

0.060

0.050

0.629

0.121

0.898

2:2:2

0.059

0.005

0.049

0.004

0.675

0.481

0.678

3:3:3

0.064

0.036

0.061

0.037

0.675

0.293

0.797

4:4:4

0.065

0.049

0.065

0.050

0.674

0.173

0.872

5:5:5

0.065

0.054

0.066

0.054

0.675

0.113

0.917

6:6:6

0.065

0.056

0.066

0.056

0.675

0.078

0.945

2:2:2

0.069

0.006

0.045

0.003

0.721

0.466

0.738

3:3:3

0.077

0.043

0.064

0.040

0.720

0.237

0.857

4:4:4

0.078

0.056

0.071

0.056

0.721

0.129

0.918

5:5:5

0.077

0.062

0.073

0.061

0.720

0.078

0.952

6:6:6

0.077

0.064

0.074

0.063

0.721

0.052

0.970

2:2:2

0.092

0.008

0.041

0.002

0.801

0.423

0.842

3:3:3

0.097

0.055

0.071

0.048

0.802

0.148

0.935

4:4:4

0.094

0.068

0.080

0.066

0.802

0.073

0.967

5:5:5

0.091

0.071

0.082

0.070

0.802

0.041

0.983

6:6:6

0.089

0.074

0.083

0.072

0.801

0.027

0.989

F
FA
FY
FQ
DY-A

F-test when observations are complete
F-test when treatment average replaced missing observation
F-test when Yates estimation replaced missing observation
F-test when new modification estimation replaced missing observation
Comparison of difference between Yates estimation minus actual value, and average of treatment having missing observation DYComparison of difference between Yates minus actual value and actual value minus new modification.
Q
DQ-A Comparison of difference between actual value minus new modification and actual value minus average of treatment having
missing observation

as a result of the calculations made exceeded the
OLPLWYDOXHLQUHVSHFWLYHGLVWULEXWLRQWDEOH Į  
it was concluded that respective H0 hypothesis is
rejected in variance analysis. Missing observation
in this study was determined as value of the first
treatment in the last block.
The abovementioned process was simulated
1000000 times. During 1000000 examinations,
ratio of rejected H0 which even though is correct is
described as type I error, and power of test is
described as the ratio of H0 rejected when an

If the type I error was the main point, and
variances
in
the
groups
were
homogeneous,observations were kept, and if
variances were nonhomogenous, transformation
was applied by multiplying observations in the last
group with square root of the pre-determined fixed
numbers. If power of test was being considered,
transformation was applied by adding certain fixed
numbers to observations in the last group.
Weather difference between group averages is
due to randomness or not this was examined by
variance analysis technique. If statistics calculated
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level of 0.05 in terms of type I error. The newly
developed missing observation estimation method
was not able to retain the type I error at the trials
with 2 and 3 blocks and it was the new modification
we devised did not fill the deficiency of correct
estimation.
However, it was concluded that
necessity of a new modification giving better
results at small block numbers is required.
In Table 1, comparison of estimated values
with actual value in terms of absolute value from a
size perspective is given. Difference of Yates from
actual value was bigger than difference of average
from actual value. This situation showed similar
results with the method developed in this study.
It was observed that difference between Yates
and the actual value was lower than the difference
between new modification and actual value. When
results were examined in terms of power of test
values starting from Table 2; it was observed that
when difference between group averages was 0.5
standard deviation and number of repetition (block)
was 2, then power of test got the value of observed
that it took lower values. When the number of
blocks was 4 and larger, it was observed that the
type I error was maintained as approximately 0.05.
0.058, and as the number of repetition increased,
this value increased and when repetition number
(block) was 6, power of test got the value of 0.111.
In the first situation when the last group variance
was two times higher than the other variances
which means variances started to lose homogeneity,
power of test got the value of 0.057 when number
of repetition (block) was 2 and as the number of
repetition increased, this value increased and when
repetition number (block) was 6, power of test got
the value of 0.100. Since difference between group
averages was low, it was not possible to clearly
distinguish the situations where power values drop
as homogeneity is being lost which is seen
relatively less frequently. Such situation became
obvious as from the moment difference between
groups averages was 1.0 standard deviation. When
Yates was examined, it was observed that when
variances were homogeneous, it took power of test
values that were similar to that of the situations
when observations were complete. When use of
average and new modification was examined, it was
observed that it showed inconsistent results, as
suggested by Bal and Özdamar [13] when repetition
(block) number was low (2, 3). As number of
repetition (block) increased, it was observed that
especially the new modification caught the Yates
and it started to take higher values. When
homogeneity of variances was lost, drops of similar
level were seen at both tests in terms of power
values. In the Table 2, difference between actual
value and Yates difference actual value and average
of treatment group containing the missing
observation was higher than all block combinations

observation is added to the last one of the
observations out of the groups in F test [8].

RESULTS AND DISCUSSION
When, in the study, observations were
complete and variances were homogeneous in terms
of the type I error values that occurred as a result of
1000000 simulation, it was seen that the type I error
occurring at all combinations with repetition
number (block) ranging from 2 to 6 retains value of
0.05 originally agreed upon. Such expected
situation was in agreement with findings by
%DúSÕQDU HW DO >@ .HVNLQ >@ 0HQGHú >@
.RúNDQDQG*UE]>@
When there was a missing observation in
Table1 and the type I error was examined by
replacing it after estimation, it was observed that
Yates was taking values that were 0.06 higher than
type I error value originally agreed upon even when
variances were homogeneous in terms of the type I
error . Such situation is found at around 0.005, that
is, at a value that is smaller than value of 0.05
especially when number of blocks is 2 for the small
block numbers when new modification and
averages are used. In a study conducted by Bal and
Özdamar [13], it was reported that missing
observation estimation methods lead to instable
results at small example widths. When the block
number exceeds 4, use of average and the new
modification started to keep the type I error value at
around 0.05 and as the number of block increased
this situation became fixed and in both tests type I
error was kept around 0.05.
From the moment homogeneity of variances
started to get nonhomogenous, it was observed that
type I error took values higher than 0.05. This is in
agreemHQW ZLWK ILQGLQJV E\ %DúSÕQDU HW DO >@
.HVNLQ >@ 0HQGHú >@ .RúNDQ DQG *UE]
[12]. As homogeneity of variances increased as
multiple of group variances, type I error values also
increased.
So this means, as heterogeneity
increases type I error gets values higher than 0.05.
When the latest group variances were 1:1:30 and
number of blocks was 3, it was observed that type I
error value reached to 0.097. Of the three methods,
when Yates, average and new modification were
examined together, it was observed that when the
homogeneity of variance was lost, type I error value
in three methods increased and 0.05 value was not
retained.
However, Yates had larger values compared to
the other two tests in terms of type I error values ,
which means it showed a deviation higher than
0.05.
As a result of this study, it is concluded that,
at trials with block requiring estimation, Yates was
not able to maintain the original type I error at the
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TABLE 2
Power of test values of 1000000 trials when standard deviation among treatment averages is 0.5.
μ1: μ2: μ3

ı

1:1:1

1:1:2

0:0:0.5
1:1:5

1:1:10

1:1:30

block
2:2:2
3:3:3
4:4:4
5:5:5

F
0.058
0.070
0.083
0.097

FA
0.006
0.049
0.073
0.091

FY
0.064
0.084
0.096
0.110

FQ
0.006
0.058
0.087
0.108

DY-A
0.609
0.608
0.608
0.608

DY-Q
0.479
0.369
0.271
0.212

DQ-A
0.604
0.688
0.761
0.811

6:6:6
2:2:2
3:3:3

0.111
0.057
0.068

0.107
0.006
0.043

0.122
0.058
0.074

0.127
0.005
0.051

0.607
0.630
0.628

0.173
0.479
0.344

0.848
0.626
0.726

4:4:4
5:5:5

0.078
0.089

0.064
0.079

0.086
0.096

0.076
0.093

0.630
0.630

0.236
0.174

0.801
0.854

6:6:6
2:2:2
3:3:3

0.100
0.063
0.074

0.092
0.005
0.042

0.106
0.050
0.068

0.108
0.004
0.047

0.630
0.675
0.675

0.135
0.472
0.289

0.888
0.680
0.797

4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6

0.081
0.086
0.093
0.072
0.083
0.087
0.090
0.093
0.093
0.100
0.097
0.096
0.096

0.061
0.071
0.081
0.006
0.046
0.064
0.072
0.079
0.008
0.057
0.070
0.076
0.080

0.079
0.086
0.093
0.046
0.068
0.079
0.085
0.089
0.040
0.073
0.083
0.087
0.089

0.069
0.081
0.092
0.003
0.047
0.069
0.079
0.086
0.002
0.051
0.071
0.079
0.083

0.675
0.675
0.674
0.720
0.720
0.720
0.720
0.719
0.802
0.802
0.802
0.802
0.801

0.177
0.119
0.085
0.459
0.235
0.131
0.082
0.055
0.419
0.147
0.074
0.043
0.028

0.869
0.914
0.941
0.738
0.857
0.917
0.951
0.968
0.843
0.935
0.966
0.982
0.989

F F-test when observations are complete
FA F-test when treatment average replaced missing observation
FY F-test when Yates estimation replaced missing observation
FQ F-test when new modification estimation replaced missing observation
DY-A
Comparison of difference between Yates estimation minus actual value, and average of treatment having missing
Comparison of difference between Yates minus actual value and actual value minus new modification.
observation DY-Q
Comparison of difference between actual value minus new modification and actual value minus average of treatment
DQ-A
having missing observation

%DúSÕQDU DQG *UE] >@ %DúSÕQDU HW DO >@
.HVNLQ >@ 0HQGHú >@ .RúNDQ DQG *UE]
[12]. When variances were homogeneous and
number of the blocks was 2, and observations were
complete, it was observed that value of power of
test was 0.081. As number of blocks increased,
power values increased, when number of block was
6, then it took value of 0.318. While number of
blocks was 2 at the situation of 1:1:2, the first
situation when variances were no longer
homogeneous, it was observed that power of test
value was 0.075 when observations were complete.
As number of blocks increased, power values
increased, when number of block was 6, it took
value of 0.250. It was observed that power values
decreased more and more when variances were no
longer homogeneous. While number of blocks was
2 at the situation of 1:1:30, the first situation when

by around 0.63. Magnitudes beginning with 0.63
and reaching 0.80 when number of blocks was 6
have been detected at difference between actual
value and new modification as well as difference
between actual value and treatment group
containing missing observation .
It was observed that difference between actual
value and Yates and difference between actual
value and new modification decreased as the
number of blocks increased. A similar decrease to
this continued where variance ratios were 1:1:5,
1:1:10 and 1:1:30.
It was observed that when difference between
group averages was 1.0 standard deviation, as
homogeneity of variance was lost there was a
decrease in power of test. Also, power of test
values increased as the number of repetition
increased. This is in agreement with findings of
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When looking into power values of Yates, when
number of blocks was low, it was relatively small,
but as number of blocks increased, power values
increased and reached the power of test values
when observations were complete.

variances were no longer homogeneous, it was
observed that power of test value was 0.097 when
observations were complete. As number of blocks
increased, power values also increased, when
number of block was 6, it took value of 0.113.

TABLE 3
Power of test values of 1000000 trials when standard deviation among treatment averages is 1.0.
μ1: μ2: μ3

ı

block
F
FA
FY
FQ
DY-A
DY-Q
DQ-A
2:2:2
0.081
0.009
0.074
0.007
0.608
0.456
0.617
3:3:3
0.133
0.089
0.134
0.104
0.608
0.363
0.689
1:1:1
4:4:4
0.192
0.163
0.196
0.187
0.608
0.297
0.742
5:5:5
0.255
0.232
0.259
0.262
0.608
0.257
0.779
6:6:6
0.318
0.300
0.322
0.334
0.608
0.228
0.805
2:2:2
0.075
0.007
0.065
0.006
0.630
0.460
0.637
3:3:3
0.116
0.072
0.111
0.085
0.630
0.338
0.727
1:1:2
4:4:4
0.160
0.128
0.158
0.149
0.630
0.256
0.788
5:5:5
0.205
0.180
0.204
0.206
0.631
0.208
0.830
6:6:6
0.250
0.229
0.250
0.259
0.629
0.176
0.858
2:2:2
0.074
0.006
0.054
0.004
0.675
0.457
0.687
3:3:3
0.103
0.059
0.089
0.067
0.674
0.284
0.797
0:0:1.0
1:1:5
4:4:4
0.128
0.097
0.120
0.112
0.676
0.188
0.863
5:5:5
0.151
0.127
0.146
0.146
0.675
0.137
0.903
6:6:6
0.177
0.156
0.173
0.178
0.675
0.106
0.927
2:2:2
0.080
0.007
0.048
0.003
0.721
0.448
0.742
3:3:3
0.101
0.057
0.081
0.060
0.720
0.232
0.857
1:1:10
4:4:4
0.116
0.086
0.104
0.096
0.720
0.137
0.914
5:5:5
0.129
0.105
0.120
0.119
0.721
0.092
0.945
6:6:6
0.141
0.122
0.135
0.137
0.720
0.066
0.963
2:2:2
0.097
0.009
0.042
0.002
0.802
0.413
0.844
3:3:3
0.107
0.061
0.078
0.057
0.801
0.147
0.934
1:1:30
4:4:4
0.109
0.079
0.093
0.083
0.802
0.077
0.965
5:5:5
0.111
0.088
0.100
0.095
0.802
0.045
0.981
6:6:6
0.113
0.095
0.105
0.103
0.802
0.031
0.988
F F-test when observations are complete
FA
F-test when treatment average replaced missing observation
F-test when Yates estimation replaced missing observation
FY
FQ
F-test when new modification estimation replaced missing observation
Comparison of difference between Yates estimation minus actual value, and average of treatment having missing
DY-A
Comparison of difference between Yates minus actual value and actual value minus new modification.
observation DY-Q
DQ-A
Comparison of difference between actual value minus new modification and actual value minus average of treatment
having missing observation

and number of blocks was 6 with the value of
0.250.
In the new modification, while power values
were low when there were 2 and 3 blocks, and as
from the moment number of blocks was 4, power
values increased and reached the values where
observations were complete. When number of
blocks was 6, power value of the new modification
was 0.259. In a situation when variances of the last
groups were 1:1:30, number of blocks was 2 and
power of test value was inconsistent in new
modification, it took lower power value compared
to the other methods (0.057) when number of
blocks was 3, yet as number of blocks increased,
power values also increased, and when number of
blocks was 6, it took value of 0.103. As differences
among groups increased in standard deviation term,
it was observed that power of test values also

Power of test value (0.74) when variances
were homogeneous and number of blocks was 2,
reached a value of 0.322 when number of blocks
was 6, values that are similar to the situation where
observations were complete.
In the new modification, while power values
were low in situations with 2 and 3 blocks, and as
from the moment number of blocks became 4,
power values increased and reached the situation
where observations were complete. Starting from
the moment homogeneity of variances was lost,
power values decreased in all methods, they
showed similar results in that values were close to
one another. When variances were no longer
homogeneous, that is, group variances were 1:1:2,
and when number of blocks was 2, power of test
value which was 0.065 in Yates took values similar
to the period in which observations were complete
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small, but as number of blocks increased, power of
test values reached the values when observations
were complete. In Yates method, when variances
were homogeneous and number of blocks was 2,
power of test value was 0.089 and this increased to
value of 0.617 when number of blocks was 6 and
this value was a similar value obtained observations
were complete. In the new modification, power
values were low when there were 2 and 3 blocks,
and it started to increase from the moment number
of blocks was 4 and from this point power values
increased and received similar values where
observations were complete. Although power
values decreased in all methods as from the
moment variances were no longer homogeneous,
they showed similar results in that values were
close to one another.
When variances were no longer homogeneous,
that is, group variances were 1:1:2, and number of
blocks was 2, power of test value which was 0.076
in Yates took values similar to the period in which
observations were complete and number of blocks
was 6 with the value of 0.478. In the new
modification power values were inconsistent when
there were 2 blocks, and power values took low
values when there were 3 blocks. As from the
moment number of blocks was 4, power values
increased and reached to the values of the situation
where observations were complete. When number
of blocks was 6, power value of the new
modification was 0.491. In new modification when
variances of the last groups were 1:1:30, number of
blocks was 2 power of test value was inconsistent.
When number of blocks was 3 it had lower power
value compared to the other methods (0.066) and as
number of blocks increased, power values also
increased, when number of blocks was 6, it took the
value of 0.134. When difference between group
averages was 2 standard deviation, it was observed
that power of test values increased as difference
between group averages in terms of standard
deviation increased (Table 5). Like in other tables,
as variances were no longer homogeneous, it was
found that power of test values also decreased.
Also, power of test values increased as the number
of repetition increased. Similar results were
UHSRUWHGE\%DúSÕQDUDQG*UE]>@%DúSÕQDUHW
DO >@ .HVNLQ >@ 0HQGHú >@ .RúNDQ DQG
Gürbüz. When variances were homogeneous,
number of the blocks was 2, and observations were
complete, power of test had value of 0.169. As
number of blocks increased, power values
increased, when number of block was 6, it took
value of 0.872. [12].

increased. Similar finding were reported by
%DúSÕQDU DQG *UEz [14], %DúSÕQDU HW DO [9],
Keskin [10], 0HQGHú[11], .RúNDQDQG*UE][12]
and Bal and Özdemir [13]. In Table 3, where size of
differences between estimated values and actual
values was considered, it was observed that average
was a little closer to actual value in comparison to
Yates when variances were homogeneous. As from
the moment variances were no longer
homogeneous, Yates was making estimations that
are further from the average. . When variance ratios
were 1:1:30, difference between Yates estimation
and average of actual value was larger by 0.80 than
difference between average of treatment group
containing the missing observation and actual
value. Again, difference between Yates and actual
value took lower values than actual value and the
new modification. While proximity of the new
modification to the actual was further than Yates, it
was closer than the average of treatment group
containing missing observation. As in other tables
and in Table 4 in which difference between group
averages was 1.5 standard deviation, it was
observed that power of test values decreased as
homogeneity of the variances decreased. It is also
observed that power of test values increased as the
number of repetition increased. This is in agreement
ZLWK ILQGLQJV UHSRUWHG E\ %DúSÕQDU DQG *UE]
[14], %DúSÕQDU HW DO [9], Keskin [10], 0HQGHú[11],
.RúNDQ DQG *UE] [12]. When variances were
homogeneous and number of the blocks was 2, and
observations were complete, it was observed that
power of test value was 0.118. As number of
blocks increased, power values increased, when
number of block was 6, it took value of 0.628. This
value was approximately two times higher than the
power value when difference between groups
averages was 1.0 standard deviation. When number
of blocks was 2 at the situation of 1:1:2, the first
situation when variances were no longer
homogeneous, it was observed that power of test
value was 0.104 when observations were complete.
As number of blocks increased, power values
increased, when number of block was 6, it took
value of 0.489. It was found that power values
decreased more and more when variances were no
longer homogeneous. When number of blocks was
2 at the situation of 1:1:30, the first situation when
variances were no longer homogeneous, it was
found that power of test value was 0.102 when
observations were complete. As number of blocks
increased, power values increased, when number of
block was 6, it took value of 0.143. When power
values of Yates are examined, it was found that
when number of blocks was low, it was relatively

2199

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



TABLE 4
Power of test values of 1000000 trials when standard deviation among treatment averages is 1.5.
μ1: μ2: μ3

ı

1:1:1

1:1:2

0:0:1.5
1:1:5

1:1:10

1:1:30

F
FA
FY
FQ
DY-A
DY-Q
DQ-A

block
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6

F
0.118
0.243
0.381
0.514
0.628
0.104
0.197
0.298
0.397
0.489
0.093
0.151
0.207
0.261
0.314
0.092
0.130
0.162
0.191
0.221
0.102
0.118
0.126
0.134
0.143

FA
0.012
0.161
0.324
0.473
0.597
0.010
0.123
0.243
0.354
0.455
0.008
0.089
0.160
0.223
0.282
0.008
0.075
0.122
0.159
0.194
0.009
0.068
0.092
0.108
0.122

FY
0.089
0.218
0.363
0.500
0.617
0.076
0.173
0.280
0.384
0.478
0.060
0.125
0.189
0.247
0.303
0.051
0.102
0.144
0.178
0.210
0.043
0.086
0.107
0.121
0.133

FQ
0.008
0.179
0.355
0.507
0.631
0.006
0.138
0.271
0.388
0.491
0.004
0.099
0.181
0.249
0.312
0.003
0.080
0.137
0.178
0.216
0.002
0.066
0.099
0.118
0.134

DY-A
0.609
0.607
0.608
0.608
0.608
0.630
0.630
0.630
0.630
0.630
0.675
0.674
0.674
0.675
0.675
0.721
0.720
0.720
0.720
0.720
0.801
0.802
0.801
0.802
0.802

DY-Q
0.424
0.353
0.355
0.309
0.276
0.431
0.329
0.286
0.253
0.224
0.436
0.279
0.207
0.164
0.136
0.432
0.228
0.149
0.106
0.082
0.405
0.146
0.081
0.050
0.036

DQ-A
0.635
0.691
0.716
0.742
0.770
0.653
0.730
0.768
0.799
0.824
0.698
0.797
0.850
0.886
0.908
0.748
0.857
0.907
0.937
0.955
0.846
0.935
0.964
0.980
0.987

F-test when observations are complete
F-test when treatment average replaced missing observation
F-test when Yates estimation replaced missing observation
F-test when new modification estimation replaced missing observation
Comparison of difference between Yates estimation minus actual value, and average of treatment having missing observation
Comparison of difference between Yates minus actual value and actual value minus new modification.
Comparison of difference between actual value minus new modification and actual value minus average of treatment having
missing observation

complete. In Yates method, when variances were
homogeneous and number of blocks was 2, power
of test value was 0.107 and this increased to value
of 0.849 when number of blocks was 6 and this
value was a similar value obtained observations
were complete. In the new modification, power
values were low when there were 2 and 3 blocks,
and it started to increase from the moment number
of blocks was 4 and from this point power values
reached to 0.56 and received similar values where
observations were complete. When number of
blocks was 5 and 6, new modification took power
values of 0.752 and 0.868, respectively, which were
similar to situation when observations were
complete.

When the variance of the groups was 1:1:2,
number of blocks was 2, and observations were
complete power of test value was 0.143. When
number of blocks was 6, it took value of 0.733. It
was found that power values decreased when
variances were no longer homogeneous. While
number of blocks was 2 at the situation of 1:1:30,
the first situation when variances were no longer
homogeneous, it was observed that power of test
value was 0.110 when observations were complete.
As number of blocks increased, power values
increased, when number of block was 6, it took
value of 0.184. When power values of Yates are
examined, it was found that when number of blocks
was 2, power value was relatively small, but as
number of blocks increased, power of test values
reached the values when observations were
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TABLE 5
Power of test values of 1000000 trials when standard deviation among treatment averages is 2.0
μ1: μ2: μ3

ı

1:1:1

1:1:2

0:0:2.0
1:1:5

1:1:10

1:1:30

block

F

FA

FY

FQ

DY-A

DY-Q

DQ-A

2:2:2
3:3:3

0.169
0.390

0.017
0.267

0.107
0.331

0.008
0.280

0.608
0.608

0.390
0.344

0.657
0.695

4:4:4
5:5:5
6:6:6

0.608
0.769
0.872

0.531
0.726
0.849

0.567
0.746
0.859

0.560
0.752
0.868

0.608
0.608
0.607

0.372
0.324
0.248

0.693
0.733
0.793

2:2:2
3:3:3
4:4:4

0.143
0.309
0.477

0.013
0.197
0.400

0.089
0.256
0.440

0.007
0.212
0.431

0.631
0.631
0.629

0.399
0.322
0.320

0.673
0.731
0.745

5:5:5
6:6:6
2:2:2

0.621
0.733
0.117

0.569
0.699
0.010

0.596
0.716
0.067

0.600
0.727
0.004

0.630
0.630
0.676

0.285
0.236
0.410

0.778
0.817
0.713

3:3:3
4:4:4
5:5:5

0.217
0.314
0.403

0.130
0.249
0.352

0.173
0.283
0.380

0.140
0.274
0.383

0.674
0.675
0.675

0.273
0.231
0.193

0.800
0.835
0.868

6:6:6
2:2:2
3:3:3

0.484
0.109
0.171

0.444
0.009
0.101

0.467
0.056
0.131

0.477
0.003
0.106

0.676
0.720
0.721

0.162
0.411
0.225

0.892
0.759
0.858

4:4:4
5:5:5
6:6:6

0.225
0.276
0.326

0.173
0.234
0.291

0.199
0.257
0.311

0.192
0.259
0.318

0.720
0.719
0.721

0.165
0.124
0.101

0.899
0.929
0.945

2:2:2
3:3:3
4:4:4

0.110
0.134
0.151

0.010
0.078
0.112

0.045
0.097
0.129

0.002
0.076
0.122

0.802
0.802
0.802

0.394
0.146
0.086

0.850
0.935
0.962

5:5:5
6:6:6

0.167
0.184

0.137
0.158

0.152
0.172

0.151
0.175

0.802
0.802

0.057
0.043

0.978
0.985

F F-test when observations are complete
FA
F-test when treatment average replaced missing observation
FY
F-test when Yates estimation replaced missing observation
FQ
F-test when new modification estimation replaced missing observation
DY-A
Comparison of difference between Yates estimation minus actual value, and average of treatment having missing
observation DY-Q
Comparison of difference between Yates minus actual value and actual value minus new modification.
DQ-A
Comparison of difference between actual value minus new modification and actual value minus average of treatment
having missing observation

As from the moment number of blocks was 4,
power values increased and reached to the values of
the situation where observations were complete.
When number of blocks was 6, power value of the
new modification was 0.727. In new modification
when variances of the last groups were 1:1:30,
number of blocks was 2 power of test value was
inconsistent. When number of blocks was 3 it had
lower power value compared to the other methods
(0.076) and as number of blocks increased, power
values also increased, when number of blocks was
6, it took the value of 0.175.

Although power values decreased in all
methods as from the moment variances were no
longer homogeneous, they showed similar results in
that values were close to one another. When
variances were no longer homogeneous, that is,
group variances were 1:1:2 and number of blocks
was 2, power of test value which was 0.089 in
Yates took values similar to the period in which
observations were complete and number of blocks
was 6 with the value of 0.716. In the new
modification power values were inconsistent when
there were 2 blocks, and power values took low
values when there were 3 blocks.
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TABLE 6
Power of test values of 1000000 trials when standard deviation among treatment averages is 2.5
μ1: μ2: μ3

ı

1:1:1

1:1:2

0:0:2.5

1:1:5

1:1:10

1:1:30

block
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6
2:2:2
3:3:3
4:4:4
5:5:5
6:6:6

F
0.228
0.557
0.803
0.925
0.974
0.190
0.442
0.662
0.809
0.899
0.148
0.299
0.437
0.558
0.659
0.129
0.221
0.302
0.379
0.450
0.119
0.154
0.181
0.209
0.236

FA
0.023
0.398
0.731
0.899
0.966
0.018
0.294
0.575
0.764
0.876
0.013
0.185
0.356
0.500
0.617
0.011
0.133
0.236
0.327
0.408
0.011
0.091
0.135
0.172
0.206

FY
0.126
0.462
0.757
0.907
0.968
0.105
0.358
0.611
0.783
0.885
0.077
0.234
0.393
0.528
0.638
0.062
0.168
0.267
0.353
0.430
0.047
0.112
0.154
0.190
0.221

FQ
0.007
0.399
0.751
0.911
0.971
0.007
0.301
0.602
0.787
0.891
0.004
0.193
0.384
0.531
0.647
0.003
0.138
0.259
0.356
0.439
0.002
0.090
0.148
0.190
0.226

DY-A
0.609
0.608
0.608
0.608
0.609
0.630
0.631
0.630
0.630
0.629
0.675
0.674
0.675
0.674
0.675
0.720
0.721
0.720
0.721
0.720
0.801
0.802
0.801
0.801
0.802

DY-Q
0.353
0.334
0.390
0.275
0.159
0.363
0.313
0.349
0.279
0.194
0.379
0.266
0.256
0.215
0.174
0.387
0.221
0.181
0.144
0.118
0.381
0.144
0.093
0.065
0.051

DQ-A
0.684
0.700
0.684
0.772
0.866
0.698
0.735
0.728
0.784
0.850
0.730
0.801
0.821
0.855
0.887
0.771
0.859
0.890
0.919
0.937
0.854
0.936
0.960
0.975
0.982

F F-test when observations are complete
FA F-test when treatment average replaced missing observation
FY F-test when Yates estimation replaced missing observation
FQ F-test when new modification estimation replaced missing observation
DY-A
Comparison of difference between Yates estimation minus actual value, and average of treatment having missing
observation DY-Q
Comparison of difference between Yates minus actual value and actual value minus new modification.
DQ-A
Comparison of difference between actual value minus new modification and actual value minus average of treatment
having missing observation

[12]. When variances were homogeneous, number
of the blocks was 2, and observations were
complete, power of test had value of 0.228. As
number of blocks increased, power values
increased, when number of block was 6, it took
value of 0.974. When the variance of the groups
was 1:1:2, number of blocks was 2, and
observations were complete power of test value was
0.190. When number of blocks was 6, it took value
of 0.899. It was found that power values decreased
when variances were no longer homogeneous.
While number of blocks was 2 at the situation of
1:1:30, the first situation when variances were no
longer homogeneous, it was observed that power of
test value was 0.119 when observations were
complete. As number of blocks increased, power
values increased, when number of block was 6, it
took value of 0.236. When power values of Yates
are examined, it was found that when number of
blocks was 2, power value was relatively small, but
as number of blocks increased, power of test values
reached the values when observations were
complete. In Yates method, when variances were

When absolute deviation between estimated
value and actual values are compared, it was found
that both Yates and new modification made
estimations that are further than the actual value in
comparison to the method using average of the
treatment group containing missing observation.
When new modification and Yates are
compared, it was found that Yates made estimations
that are closer to actual value. When difference
between group averages was 2.5 standard deviation,
it was observed that under all circumstances power
values were highest (Table 6). It is known that
power of test values increases as difference
between group averages increase.
As in Table 4.6 where difference between
group averages was 2.5 standard deviation, and in
other tables it is observed that as variances were no
longer homogeneous, it was found that power of
test values also decreased. Also, power of test
values increased as the number of repetition
increased. Similar results were reported by
%DúSÕQDU DQG *UE] [14] %DúSÕQDU HW DO [9],
Keskin [10] 0HQGHú [11] .RúNDQ DQG *UE]
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different blocks and different treatments. 2) the two
missing observations belong to same block and
different treatments [16]. New methods are being
developed to predict missing values under the
guidance of the two studies mentioned earlier
[15,16].

homogeneous and number of blocks was 2, power
of test value was 0.126 and this increased to value
of 0.968 when number of blocks was 6 and this
value was a similar value obtained observations
were complete. In the new modification, power
values were low when there were 2 and 3 blocks,
and it started to increase from the moment number
of blocks was 4 and from this point power values
reached to 0.751 and received similar values where
observations were complete. When number of
blocks was 5 and 6, new modification took power
values of 0.911 and 0.971, respectively, which were
similar to situation when observations were
complete. Although power values decreased in all
methods as from the moment variances were no
longer homogeneous, they showed similar results in
that values were close to one another. When
variances were no longer homogeneous, that is,
group variances were 1:1:2 and number of blocks
was 2, power of test value which was 0.105 in
Yates took values similar to the period in which
observations were complete and number of blocks
was 6 with the value of 0.885. In the new
modification power values were inconsistent when
there were 2 blocks, and power values took low
values when there were 3 blocks. As from the
moment number of blocks was 4, power values
increased and reached to the values of the situation
where observations were complete. When number
of blocks was 6, power value of the new
modification was 0.891. In new modification when
variances of the last groups were 1:1:30, number of
blocks was 2 power of test value was inconsistent.
When number of blocks was 3 it had lower power
value compared to the other methods (0.090) and as
number of blocks increased, power values also
increased, when number of blocks was 6, it took the
value of 0.226.
Under such conditions when variances were
no longer homogeneous and such homogeneity was
increased more and more, it was observed that both
tests made estimations that were far away from the
average when differences between estimated value
and actual value were considered as it was noted
more remarkably in Yates method as well as in the
new modification. New modification made further
estimations than Yates.
In a study conducted on a data set, 14 different
methods were used to determine the method that
gives closest predicted value to real value. Results
showed that flexible artificial neural network
(ANN) and fuzzy regression models gave better
prediction values [15].
In a randomized block design when the
number of missing value was two, another study
was conducted to develop new prediction equations
based on the location of missing values either in
block or treatment. In this case, two options would
be: 1) the two missing observations belong to

CONCLUSION
It was concluded that in terms of power of
test, use of average of missing treatment group
showed inconsistent results when number of blocks
was 2 and power values increased as the number of
blocks increased. Using average of missing
treatment group gave lower power of test values
than new modification and Yates.
Disadvantage of Yates method about failing to
maintain the value of 0.05 originally agreed upon at
the type I error is given in Table 1. Yates which
takes high power values in terms of power of test
when block number is 4 and higher, alleviated such
disadvantage. When number of blocks was 2 and 3,
it was shown in the tables that Yates took lower
power values in comparison to when observations
were complete.
With regards to use of new modification, it
became necessary to use it when number of blocks
was higher than 2. Especially when number of
blocks is higher than 4, it is suggested that missing
observation estimation should be made with this
modification. It is also concluded that new
modification is a better method in terms of power
of test. Also, when number of blocks is above 4, it
is observed that the new modification deviated less
than 0.05 in terms of the type one error.
Finally, when number of blocks is 2 and 3
which frequently is encountered in real life, it is
concluded that it is necessary to develop the method
we worked on or an alternative method for type one
error and power of test.
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[14] %DúSÕQDU ( DQG *UE] )  1RUPDO
%HWD *DPPD YH :HLEXOO 'D÷ÕOÕPODUÕQÕQ øNLOL
.RPELQDV\RQODUÕQGDQ $OÕQDQ 'H÷LúLN gUQHN
*HQLúOL÷LQGHNL gUQHNOHULQ .DUúÕODúWÕUÕOPDVÕQGD
7HVWLQ *F 7DUÕP %LOLPOHUL 'HUJLVL   
116-127.
[15] Azadeh. A., Saberi, Z., Behrouznia, H.,
Pazhoheshfar, R.P., 2012. (VWÕPDWÕQJ 7KH
0ÕVVÕQJ 9DOXHV ,Q $QDO\VÕV 2I 9DUÕDQFH
7DEOHV %\ $ )OH[ÕEOH $GDSWÕYH $UWÕIÕFÕDO
1HXUDO 1HWZRUN $QG )X]]\ 5HJUHVVÕRQ
Models. The 6th International Days of
Statistics and Economics, Prague, September
13-15.
[16] Bhatra Charyulu, N.Ch. and Dharamyadav, T.,
 7HVWÕPDWÕRQ 2I 0ÕVVÕQJ 2EVHUYDWÕRQ ,Q
5DQGDPÕ]HG %ORFN 'HVLgn. International
Journal of Technology and Engineering
Science 1(6), 618 ± 621.
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ALKALINE ASSISTED HYDRODYNAMIC CAVITATION
FOR DISINTEGRATION OF WASTE ACTIVATED SLUDGE
Fatma Olcay Topac Sagban*, Habibe Gozde Tasdemir
Uludag University, Engineering Faculty, Department of Environmental Engineering, Görükle, 16059, Bursa, Turkey

step. Because the hydrolysis rate is low, large
reactor volumes are needed for extended periods.[1,
2] To destroy the refractory structure of waste
activated
sludge
(WAS),
increase
its
biodegradability and increase the hydrolysis rate,
different pre-treatment processes are conducted to
transform the particulate compounds in WAS into
soluble compounds. Processes known as sludge
disintegration methods include mechanical,
chemical, biological and thermal methods for
sludge digestion. [3-7]
Cavitation is among the mechanical
disintegration methods used on waste activated
sludge, and its efficiency has been considered in
recent years. The studies made within this scope
specifically focus on ultrasonic (acoustic)
cavitation. Ultrasonic cavitation is defined as a
phenomenon that results from the growth and
collapse of micro bubbles under an ultrasonic field.
When cavitation bubbles oscillate and collapse,
several physical effects, such as shock waves,
micro jets, turbulence and shear forces, are
produced. In addition, extreme temperatures within
the bubbles and OHƔ radicals are generated.[8]
Previous studies have indicated that the effects
generated by ultrasonic cavitation make sludge
easily degradable. Thus, ultrasonic cavitation
disintegrates the sludge and results in subsequent
increments of biogas production from cavitated
sludge.[9-12]
Hydrodynamic cavitation exhibits effects that
are similar to those of ultrasonic cavitation and is
considered energy efficient.[13-15] Hydrodynamic
cavitation can be defined as the cavitation induced
in a flow system by a reduction in pressure or
pressure variations. Previously, studies have
indicated that successful results can be achieved
when treating leachate and wastewaters containing
toxic compounds and dyes through hydrodynamic
cavitation.[16-19]
Despite the existence of numerous studies
regarding the effects of ultrasonic cavitation on
sludge properties, anaerobic digester performance
and biogas production, studies regarding
hydrodynamic cavitation, which can provide a more
economical solution as a sludge disintegration
method, are scarce.[20-24] These studies revealed
the potential use of hydrodynamic cavitation as a
disintegration method before anaerobic digestion.
Furthermore, these studies tested nozzle, venturi

ABSTRACT
Alkaline treatment with NaOH in a
hydrodynamic cavitation system consisting of a
single-hole orifice plate was evaluated for use as a
disintegration method for waste activated sludge
(WAS). The results indicated that the solubilization
of WAS can be effectively performed using
alkaline assisted hydrodynamic cavitation. In
addition, the results revealed that more SCOD and
STKN increments were achieved in the WAS when
a cavitation number of 0.3 was used than when
cavitation numbers of 0.4 and 0.5 were used. After
an experimental period of 30 minutes, a maximum
SCOD value of 2325 mg l-1 (corresponding to a
disintegration degree of 57.6 %) was obtained by
combining the alkaline treatment at pH 11 with
hydrodynamic cavitation with a cavitation number
of 0.3. However, the synergistic effect was only
observed for the combination of low-level alkaline
treatment with an initial pH level of 9 and
hydrodynamic cavitation with respect to both
SCOD and STKN. The observed SCOD and STKN
values in this combination were significantly
greater than the arithmetic sum of the individual
alkaline treatment process and hydrodynamic
cavitation (28% and 22%, respectively).
Accordingly, the retarding effect of the ratelimiting step of anaerobic sludge digestion would
most likely be reduced, which would result in
greater efficiency in the digesters when using the
proposed sludge disintegration method with lowlevel alkaline-assisted hydrodynamic cavitation.

KEYWORDS:
alkaline treatment, cavitation number, hydrodynamic
cavitation, sludge disintegration, waste activated sludge.

INTRODUCTION
Anaerobic digestion is a frequently used
secondary sludge stabilization method that results
in the reduction of volatile solids in sludge and the
production of biogas. The anaerobic digestion
process generally consists of four stages,
hydrolysis,
acidogenesis,
acetogenesis
and
methanogenesis. The hydrolysis stage is the first
step of anaerobic stabilization and is a rate-limiting
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tube based or multi hole orifice plate cavitators and
evaluated them for sludge disintegration. In this
study, hydrodynamic cavitation with a single-hole
orifice plate was evaluated as a sludge
disintegration method. To determine the effects of
cavitation number on sludge disintegration, the
cavitation set up was operated at three different
cavitation numbers (0.3, 0.4 and 0.5). Moreover,
hydrodynamic cavitation was used with alkaline
(NaOH) treatment to examine the possible
synergistic effects that increased the performance of
the system.

MATERIALS AND METHODS
FIGURE 1
Schematic diagram of the hydrodynamic
cavitation reactor set-up.

Materials. WAS were sampled from a
treatment plant of a canned food company that
treated wastewater at a flow rate of 5500 m3 day-1
in Bursa, Turkey. The characteristics of sludge
samples are given in Table 1. Technical grade
NaOH (99%) was used in alkaline treatment and
alkaline assisted hydrodynamic cavitation trials.

In the first stage of the study, the individual
effects of hydrodynamic cavitation for sludge
disintegration were evaluated. The inlet pressure
was adjusted to 3, 4 and 5 bar, which resulted in
approximate cavitation numbers of 0.5, 0.4 and 0.3,
respectively. The cavitation number was calculated
from
the
equation
given
below.[25]

Experimental set up. In this study,
hydrodynamic cavitation and alkaline treatment
were initially applied to aerobic WAS and the
combined effects of hydrodynamic cavitation and
alkalinization were evaluated for sludge
disintegration. The experimental setup for the
hydrodynamic cavitation is shown in Figure 1. The
setup consisted of a 25-L tank, a positive
displacement pump and a cavitation device. A 4mm single hole orifice plate was used as a
cavitation device. The diameter of the main line
was 19 mm, and the discharge well was placed
below the liquid level in the tank to avoid
introducing air. The temperature was not controlled.
The samples were collected from the tank and
triplicate measurements were made for all samples.

Cv= (P2-Pv  ȡY0)

where P2 is the recovered pressure
downstream, Pv is the vapor pressure of the liquid,
v0 LVWKHYHORFLW\RIWKHOLTXLGDWWKHRULILFHDQGȡLV
the density of the liquid. In these calculations, the
atmospheric pressure was used as the recovered
pressure.
The hydrodynamic cavitation experiment was
run for 75 minutes, and samples were collected
from the tank at 0, 15, 30, 45, 60 and 75 minutes.
According to the results of this stage, a period of 30
minutes was adequate for observing the cavitation
results. Therefore, subsequent trials were evaluated
using a reaction time of 30 minutes. In the second
stage of the study, the effects of NaOH on sludge
disintegration were evaluated. Initial pH values of
9, 10 and 11 were achieved by adding 1N NaOH
solution (0.2, 0.3 and 0.4 g NaOH l-, respectively)
to WAS while mixing 500 ml of sludge with a
magnetic stirrer at the speed of 200 rpm. The pH
decreased by 0.4 to 0.6 units after 30 minutes.
Thereafter, properly mixed NaOH added sludge
samples were used for analysis. In the third and
final stage of the study, the combined effects of the
NaOH treatment and the hydrodynamic cavitation
for sludge disintegration were evaluated. In this
case, three different volumes of a NaOH solution
(1N) were added to the WAS in the cavitation tank
(initial pH of 9, 10 and 11), and the alkaline
mixture was cavitated at 3 different cavitation

TABLE 1
Characteristics of WAS used in experiments
Parameter
TCOD (mg l-1)
SCOD (mg l-1)
TS (%)
VS (% of TS)
SS (mg l-1)
VSS (mg l-1)
pH
TKN (mg l-1)
STKN (mg l-1)
Ammonium N (mg l-1)
Nitrate N (mg l-1)

(1)

Value
12800
320
1.42
73.5
13300
9300
7.21
1100
25
0
2.20
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subjected to a 2-way ANOVA. For the subsequent
stages of the study, post hoc comparisons using
Tukey¶V test were performed to verify the
differences in alkaline treatments, hydrodynamic
cavitation and combined processes. All statistical
calculations
were
performed
using
the
STATISTICA 6.0 software.

numbers (0.5, 0.4 and 0.3). These experiments were
run for 30 minutes.
Laboratory Analyses. The COD contents in
the WAS were analyzed using the dichromate
standard method.[26] The TKN contents of the
samples were measured using the Kjeldahl
digestion method.[27] The ammonium and nitrate
nitrogen contents in the WAS were analyzed using
steam distillation with MgO and Devarda alloy.[28]
The soluble fractions of the sludge were obtained
using centrifugation at 5000 rpm for 10 min and
subsequent filtration through membrane filters
(0.45-ȝPSRUHVL]H 
The degree of disintegration (DD) was
calculated according to the following [29]:

RESULTS AND DISCUSSION
The cavitation number is an important
dimensionless
parameter
in
hydrodynamic
cavitation. In addition, ideal cavitation conditions
occur when the cavitation number is less than 1.
The number of cavities generated and the cavitation
events are high at cavitation numbers of <1.[30] In
contrast, at intense cavitation conditions (high inlet
pressure or low cavitation numbers), the collapse
pressure of each cavity decreases. When increasing
the number of cavities, the neighboring cavities
influence each other and the cavity efficiency
decreases.[25] Thus, an optimum cavitation number
is expected in which the effect of cavitation is
maximized. The existence of this optimum was
specified by several researchers.[31, 32] The
pressure pulse generated when using the optimum
cavitation number will have desirable chemical
effects and may have significant physical or
mechanical effects on cavitation set up.

DD = [(COD1 ± COD2) / (COD3 ± COD2)]. 100 (2)
where COD1 is the soluble OD concentration
of the sludge after disintegration, COD2 is the
soluble COD concentration of the raw sludge and
COD3 is the soluble COD concentration of the
sludge after chemical disintegration. Chemical
disintegration is performed by processing the
sludge at 90 °C for 10 min after the addition of
NaOH.
Statistical Analyses. To determine whether
the selected cavitation numbers and time resulted in
changes in the SCOD, the data from the
hydrodynamic cavitation experiments were

FIGURE 2
The variations of SCOD in the cavitated WAS (Error bars indicate standard error of the means, with
95% confidence interval).
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Figure 2 shows the variations of SCOD in
sludge samples depending on different cavitation
numbers and reaction times. An analysis of
variance indicated that the main effects of the
cavitation number (F=66.5, p<0.01) and time
(F=220, p<0.01) and the cavitation number x time
interactions (F=8.08, p<0.01) were significant. As
shown in Figure 2, the cavitation device operated
under different conditions (characterized by three
different cavitation numbers), achieved enhanced
solubilization of WAS in all cases. The organic
matter solubilization was expressed as SCOD and
increased over 75 minutes. The SCOD
concentration in the supernatant of the sludge
increased from 320 mg l-1 to 1900 mg l-1
(disintegration degree of 45.1%), 1780 mg l-1
(disintegration degree of 41,9%) and 1120 mg l -1
(disintegration degree of 22.9%) for Cv numbers of
0.3, 0.4 and 0.5, respectively. The obtained results
confirmed that the tested Cv values were
appropriate for WAS disintegration, which resulted
in the destruction of the cell walls of the sludge
biomass and led to the solubilization of
extracellular and intracellular materials in the
aqueous phase. Although all tested cavitation
numbers caused the cavitation phenomena, the
experimental results indicated that Cv values of 0.3
and 0.4 were more effective for sludge
disintegration with respect to SCOD. The
disruption of E. coli using hydrodynamic cavitation
to release soluble protein, acid phosphatase
(periplasmic) and p-galactosidase (cytoplasmic)
was studied by Bangaru.[33] The results of this
study indicated that the release of soluble protein
and enzymes increased when the cavitation number
decreased and reached a maximum at a Cv of 0.17.
To
evaluate
the
alkaline
assisted
hydrodynamic cavitation processes with different
Cv numbers, the results were compared with those
of the individual alkaline treatments and
hydrodynamic cavitation (Figure 3). The arithmetic
sum of the results of the individual processes is also
shown in Figure 3 to assess the synergistic effects.
Figure 3 shows that the addition of increasing
amounts of NaOH to WAS result in more
solubilization of organic compounds. At high pH
values, the cells lose viability because they cannot
maintain appropriate turgor pressures and are
disrupted.[34] Alleman et al.[35] demonstrated that
alkaline treatment is effective for solubilizing
munitions-grade nitrocellulose into soluble organic
carbon. Moreover, low alkalinization levels result
in weaker cell walls, which make them more
susceptible
to
subsequent
disintegration
processes.[23] According to the results of this study
the control SCOD value of 320 mg l-1 increased to
430 mg l-1, 490 mg l-1 and 937 mg l-1 when initial
pH values were 9, 10 and 11, respectively, after
reacting for  PLQXWHV 'R÷DQ DQG 6DQLQ[36]

observed significantly greater SCOD values in
sludge samples that were pretreated at pH 10 and 11
(1000 and 2000 mg l-1; respectively). This higher
solubilization likely resulted from the continuous
addition of NaOH to maintain the pH throughout
the experimental period.
As shown in Figure 3, the maximum SCOD
values were obtained for the alkaline treatment at
pH 11 with hydrodynamic cavitation at all of the
tested cavitation numbers (p<0.01). However, no
synergistic effects were observed for this
FRPELQDWLRQ 3RVW KRF FRPSDULVRQV XVLQJ 7XNH\¶V
test indicated that no significant differences existed
between the mean SCOD values of this combined
process and the arithmetic sum of the individual
processes. In contrast, the hydrodynamic

FIGURE 3
The evaluation of alkaline assisted
hydrodynamic cavitation process with respect to
SCOD in the sludge supernatant (AT: Alkaline
Treatment, HC: Hydrodynamic Cavitation,
Error bars indicate standard error of the means,
with 95% confidence interval).

cavitation of the WAS was accelerated by adding
NaOH when the initial pH values were 9 and 10.
The observed SCOD values in these combinations
were significantly greater than the arithmetic sum
of the individual alkaline treatment processes and
hydrodynamic cavitation (p<0.01). This apparent
synergistic effect was observed for all tested
cavitation numbers, which confirmed the results of
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hydrodynamic cavitation resulted in higher STKN
contents for all tested cavitation numbers (p<0.01).
However, the synergistic effects for STKN were
only observed at low level alkaline-assisted (initial
pH of 9) hydrodynamic cavitation trials with
cavitation numbers of 0.3 and 0.4. The STKN
concentrations in the disintegrated WAS reached
more than 500 mg l-1.
As shown in Table 1, the total and STKN
contents in the sludge were 1100 mg l-1 and 25 mg
l-1, respectively. Thus, after 30 minutes of alkalineassisted (initial pH of 9) hydrodynamic cavitation,
approximately 50% of the solid phase nitrogen was
solubilized. These results were satisfactory because
the microorganisms in the biological treatment
systems could only degrade soluble form of the
substrates. The obtained STKN results in this study
are similar to those given by Gündüz.[37]
Ultrasound WAS disintegration, which causes of
the formation of cavitation bubbles that are similar
to those formed when using hydrodynamic
cavitation, resulted in soluble TKN contents that
increased from 9 mg l-1 to 524 mg l-1 at a specific
energy of 100000 kJ kg-1 TS. Furthermore, the
disruption of E. coli by hydrodynamic cavitation
was previously investigated,[38] and an apparent
increase in soluble protein (48%) was observed.
These results indirectly indicated the increment of
STKN.
The amounts of ammonium nitrogen (NH4+-N)
and nitrate nitrogen (NO2--N) released during the
applied disintegration processes are presented in
Figure 5. Overall, the applied processes had very
limited effects on the inorganic nitrogen
concentrations. The individual alkaline treatment
resulted in mild increases (p<0.01) in the
ammonium and nitrate nitrogen concentrations (1.54.5 mg l-1 and 1-2.5 mg l-1, respectively). When
hydrodynamic cavitation was applied alone, the
ammonium nitrogen concentration increased to ~3
mg l-1 and the nitrate nitrogen levels increased to
approximately 4 mg l-1. No meaningful changes
were observed based on the tested cavitation
numbers. The existence of nitrate nitrogen in the
cavitated WAS samples indicated that the
nitrification process was most likely encouraged by
the enhanced aerobic conditions and OH radicals in
the cavitation tank. This finding was also
highlighted in the study conducted by Suschka and
Grübel [24]. In contrast, Chanda[39] reported that
the concentration of NOx-N gradually decreased to
zero with time when cavitation was applied alone.
The author stated that denitrification, which
involved the conversion of NOx-N to N2,
potentially occurred in the tank under the
experimental conditions.

a recent study conducted by Grübel and
Suschka,[23] which investigated the performance of
a hybrid system consisting of low level
alkalinization and a nozzle hydrodynamic cavitation
system at a cavitation number of 0.245.
Proteins are the principle components of
organisms and are distinguished by their high and
constant nitrogen contents. The nitrogen in proteins
is bound as either amino groups or as peptic bonds.
Therefore, the release of STKN in the aqueous
phase could serve as another useful tool for
assessing the disintegration efficiency of alkaline
assisted hydrodynamic cavitation. Figure 4
illustrates the STKN levels in the disintegrated
WAS samples. Alkaline treatment with varying
doses of NaOH increased the STKN levels of the
WAS sample (25 mg l-1) to 75-109 mg l-1, whereas
more
significant
increases
occurred
for
hydrodynamic cavitation with approximate values
of 300 mg l-1.

FIGURE 4
The evaluation of alkaline assisted
hydrodynamic cavitation process with respect to
soluble TKN in sludge supernatant (AT:
Alkaline Treatment, HC: Hydrodynamic
Cavitation).

As

shown

in

Figure

4,

alkaline

assisted
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that the NH4+/NH3 ratio decreases dramatically as
the pH increases. Aqueous inorganic ammonia
mainly occurs as ammonium ions (NH4+) below pH
9.25 and as aqueous ammonia (NH3) above pH
9.25.[40]

CONCLUSIONS
The following major conclusions were drawn
from this study.
-The solubilization of WAS was effectively
performed using alkaline-assisted hydrodynamic
cavitation. In addition, better SCOD and STKN
increments were achieved in the WAS at a
cavitation number of 0.3 than at cavitation numbers
of 0.4 and 0.5.
-After 30 minutes of treatment, a maximum
SCOD value of 2325 mg l-1 (corresponding to a
disintegration degree of 57.6%) was obtained in the
combined process of alkaline treatment at pH 11
and hydrodynamic cavitation occurred at a
cavitation number of 0.3.
-The synergistic effect was only observed for
the combination of low-level alkaline treatments
with an initial pH level of 9 and hydrodynamic
cavitation with respect to SCOD and STKN.
- Although the STKN increments were very
pronounced, the applied processes only had limited
effects on the inorganic nitrogen concentrations.
The alkaline assisted hydrodynamic process had
nearly no effect on organic nitrogen mineralization
in the WAS.
Consequently, the retarding effect of the ratelimiting step of anaerobic sludge digestion would
most likely be reduced, which would result in
greater efficiency in the digesters when using the
proposed sludge disintegration method with lowlevel alkaline-assisted hydrodynamic cavitation.

FIGURE 5
The evaluation of alkaline assisted
hydrodynamic cavitation process with respect to
the ammonium and nitrate nitrogen
concentrations in the sludge supernatant (AT:
Alkaline Treatment, HC: Hydrodynamic
Cavitation, Error bars indicate standard
error of means, with 95% confidence interval).

Regarding the combined application of the alkaline
treatment and hydrodynamic cavitation, the
ammonium N concentrations varied between 1 mg
l-1and 4 mg l-1. However, higher nitrate
concentrations (4 to 9 mg l-1) were generally
obtained. These results clearly showed that
alkalinization at an initial pH of 9 together with
hydrodynamic cavitation resulted in equal or
greater inorganic nitrogen levels relative to the
arithmetic sum of the individual processes. In
contrast, alkaline-assisted cavitation processes with
higher pH values generally showed significantly
lower inorganic nitrogen concentrations than the
arithmetic sum values (p<0.01). This finding was
observed at all tested cavitation numbers. Higher
pH values in the combined processes may be
responsible for ammonia losses and could result in
lower inorganic nitrogen levels. It is well known
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ABSTRACT

INTRODUCTION

In this study, located in Turkey's Aegean
Region of Good Agricultural Practices (GAP) in
$\GÕn province between 2009-2013 years with
Geographical Information System (GIS) was
carried out with the help of the spatial scope of the
evaluation. Some production areas in the districts of
good agricultural practice data were obtained from
WKH $\GÕQ 3URYLQFLDO 'LUHFWRUDWH RI )RRG
Agriculture and Livestock. Arc GIS
10.3.1
software was used to evaluate the spatial data
covered by the study and determining the
intermediate value spline interpolation it was
XWLOL]HGVWDWLVWLFDODSSURDFK$\GÕQSURYLQFHVWDUWHG
the year on a total of 17 districts in the county have
a decent amount of work carried out in some
agricultural areas as spatial maps by transferring
data in the GIS software is built into the base
coordinates. According to the study, produced
spatial map in 2009 year where the most GAP
225.1 ha area is seen in Söke, whereas for
øQFLUOLRYD.DUSX]OXdLQHDQG%XKDUNHQW ZHUH QRW
found to be in GAP. In 2010 and 2011 years, GAP
held the most Kuyucak (723.0 ha-563.0 ha),
ZKHUHDV IRU .DUSX]OX dLQH .|úN <HQLSD]DU DQG
Buharkent were not found to be in GAP. Kuyucak
where most GAP's done (580.6 ha) has been
observed and It was determined that lack of good
agricultural practices in .XúDGDVÕ øQFLUOLRYD
Karpuzlu and Buharkent in 2012 year. In 2013 year,
it made the most GAP's Sultanhisar in 503.2 ha,
while the Germencik and Karpuzlu were not found
to be the GAP. Good agricultural practice is a form
of agriculture that takes into account more
environmental friendly production techniques. So,
it is emerging as increasingly inevitable
dissemination of environmental friendly good
agricultural practices.

Good Agricultural Practice (GAP), habitable
social aspects of agricultural production systems,
economically profitable and efficient, protecting
human health is defined as a transaction that should
be applied to make an emphasis on the environment
and animal health and welfare [1]. The aim of GAP;
environment, human and animal agricultural
production is done does not harm the health,
preservation of natural resources, ensuring food
safety
and
agricultural
traceability
and
sustainability [2]. Good agricultural practises
(GAP), a certificated production system, have come
to agenda in 2000 years with a demand coming
from Europe. The problems faced in Turkish fresh
fruit and vegetables export to EU has forced both
producers and exporters to use EUREPGAP
certification. The interest of government, local
administrators and exporters to the GAP has
encouraged the producers to shift GAP system in
the production in particular to sustain export
markets [3]. Today, close to 12 thousand producers
in 40 countries in the world, is producing about 4
million square meters in fresh fruits and vegetables
in the EUREPGAP discipline. At the beginning of
the EUREPGAP certified product demand and 90
% of retailers in the Netherlands, the United
Kingdom and 65 %, Belgium 51 %, Spain with 41
% in Finland and it is listed as 23 % [4].
Turkey belongs in GAP certification studies, it
started with EUREPGAP Protocol. Since 2003, the
fruit and vegetable sector exporting to European
countries, GAP is done according to the
EUREPGAP criteria. GAP held in Turkey in 2007.
The number of 18 provinces, the certified area
5.360 ha certified manufacturer and the number of
651. However, as the years there has been a
significant increase in the number of agricultural
producers who do good. In 2014, the number of 53
to the provinces GAP certified 21.477 ha areas in
the number of certified producers reached 21.332
piece [5].
GAP is an important component of modern
agricultural systems and reducing environmental
pollution at different levels are supported by
national and international regulations [6]. In 2014
year, according to GAP rules that produce fruits
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GAP, Geography Information System, Spatial Analysis,
Agricultural Product, Enviroment
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has a total area of 800.700 ha. The total area of
363.215 ha (45.3 %) of the farming is done. This
area of 29.720 ha of good agricultural land, 25.242
ha of grassland, forest land 315.132 ha, 14.950 ha
of lakes and swamps, as 82.161 ha of nonagricultural land is distributed [9].

and vegetables for 1.7 $ / ha, while those who do
the production under cover of 5.1 $ /ha also support
payments are made [7]. Besides, the difference
varies according to the product payment of
domestic support, the use of certified seed, certified
seed production of domestic support, seedlings and
saplings support, such as support for irrigation are
also of interest discount loans. planning of Good
agricultural practices aims agricultural production,
improving on record, marketing, aimed to give
guarantees access to healthy food for all activities
and transactions consumers by bringing together
about delivering to consumers in the food safety
chain of safe products [8]. Agricultural enterprises
in the province of Aydin is small and fragmented,
total 70.884 pieces agricultural enterprises is
available. Intellectuals agricultural enterprises in
the province generally is doing with vegetable +
animal production, the proportion of this business is
36%. This is followed by businesses and businesses
that only enterprises engaged in crop production
and livestock production is only 29 % and 35 %,
respectively [9]. Agriculture crop pattern
forecasting, yield forecasting, determination of
meadows and pastures, identifying areas fallow,
monitoring of plant growth, soil classification,
irrigation and drainage studies, water resources
protection planning, agriculture and resource
estimates for livestock, as many as the
determination of rural areas, agriculture GIS can
also be used for this purpose [10].
Agricultural work in our country, there are
many studies to assess the spatial GIS environment.
However, there is little good agricultural field
studies to assess the spatial. In this context,
Turkey's year of good agricultural practice areas in
WRWDO  GLVWULFWV LQ $\GÕQ SURYLQFH LQ -2013
years were carried out a pilot study to determine the
trend changes in some. In the study, evaluated data
on GAP domain of geographic information
systems, spatial environments Aydin province,
analyzed changes in the course of the GAP space
and GIS have tried to reveal the effectiveness of
these types of studies.

FIGURE 1
Study area, Aydin.

Data use. In this study, datas of the good
agricultural practices between 2009-2013 years
have taken from records of the Turkey Statistical
,QVWLWXWH DQG $\GÕQ 'LUHFWRUDWH RI 3URYLQFLDO )RRG
Agriculture and Livestock [5, 9].
Method. Geographic Information Systems
software (Arc GIS 10.3.1)
is used for the
realization of spatial analysis in this study. Related
software "Spatial Analyst" module Based on the
data in the aid, predicting unknown points "Spline
Entelpolation" approach was used. In this study,
*RRG $JULFXOWXUDO 3UDFWLFHV LQ $\GÕQ Province
(2009-2013 years) was carried out to map the
spatial basis. The spatial analysis module of the Arc
GIS 10.3.1 software covered by the creation of
spatial GIS mapping was used. The statistical
approach of the Spline entelpolasyon is used of the
resulting Good Agricultural Practices in the context
of spatial mapping [11, 12]. Approaches should add
a special type of spline interpolation polynomial
with a group of other techniques and are preferred
for the simple polynomial interpolation. Because,
search is able to estimate the value of more
parameters Spline function assumes that an error in
the data therefore also needs to be a localcorrection
[13].

MATERIAL AND METHODS
Study area. 7KH$\GÕQSURYLQFHLVFKRVHQDV
study area. It is Turkey's Aegean Region of $\GÕQ
province within 7.904 km2 area which has
geographic coordinates between 37°50ƍ1 DQG
17°53ƍ1 ODWLWXGH DQG 27°50ƍ( DQG 39°91ƍ(
longitude. In the study area, %XKDUNHQW .XúDGDVÕ
'LGLP 6|NH *HUPHQFLN øQFLUOLRYD .RoDUOÕ
.DUSX]OX dLQH .|úN  6XOWDQKLVDU <HQLSD]DU
%R]GR÷DQ1D]LOOL.X\XFDN.DUDFDVX&HQWUXPRI
$\GÕQGLVWULFWVDUHORFDWHG (Fig. 1). $\GÕQSURYLQFH
is located in western Turkey in the Aegean region

RESULTS AND DISCUSSION
The areas of good agricultural practises were
given for the years 2009 and 2013 LQ $\GÕQ
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province and districts [7] (Table 1). :KHQ $\GÕQ
district are some of the best farmland in the course

of examining the changes in some; More

TABLE 1
The area amounts of good agricultural practices according to years.
The areas of good agricultural practices (ha)
Numbers

Districts

1

2009

2010

2011

2012

2013

66.2

75.2

164.9

229.2

399.6

2

$\GÕQ
Centrum
.XúDGDVÕ

9.8

50.5

15.6

0.0

99.3

3

Didim

93.7

93.7

55.3

99.3

225.8

4

Söke

225.1

311.5

366.1

278.2

396.0

5

Germencik

93.7

125.9

219.2

173.2

0.0

6

øQFLUOLRYD

0.0

4.4

10.0

0.0

37.4

7

.RoDUOÕ

148.9

307.7

286.6

232.7

117.8

8

Karpuzlu

0.0

0.0

0.0

0.0

0.0

9

Çine

0.0

0.0

8.6

52.3

53.5

10

.|úN

0.0

0.0

11.3

11.0

39.0

11

Sultanhisar

23.6

82.3

340.0

372.0

503.2

12

Yenipazar

0.0

0.0

131.0

234.8

106.5

13

%R]GR÷DQ

10.2

31.9

80.6

136.8

210.8

14

Nazilli

42.3

127.8

147.4

211.3

290.8

15

Kuyucak

142.2

723.0

563.0

580.6

468.8

16

Karacasu

4.5

10.2

24.7

24.3

22.8

17

Buharkent

0.0

0.0

0.0

0.0

77.1

practices in all areas of the county outside the
county increased GHUPHQFLNDQG.RoDUOÕ 7DEOH 
$FFRUGLQJ WR DOO RI GLVWULFWV LQ $\GÕQ WKH
spatial maps between 2009-2013 years of the areas
good agricultural practices in GIS are shown in Fig.
2, 3, 4, 5 and 6. According to the GIS spatial
analysis conducted in; maximum areal density
made good agricultural practices as contained in the
6|NH GLVWULFW RI $\GÕQ ZHVW   LV REVHUYHG $UHDO
GHQVLW\LQWKLVVHQVH.RoDUOÕ  DQG.X\XFDN  
districts were also put forward as a result of the
upward trend analysis that compared to other areas.
The territorial base in the north central province of
$\GÕQ FHQWHU ORFDWHG LQ DUHDV LQ WKH VRXWK DQG
southeast of the good agricultural practices that are
less or not at all seem to be made of the application
(Fig. 2). The area where most good agricultural
practices making is Kuyucak district (15) as seen in
\HDU6RNH  .RoDUOÕ  GLVWULFWVDUHVHHQDV
areas that are more than other areas of good
agricultural practices. In other areas of good
agricultural practice or never performed or
performed compared to most applications are made
until the application area in less space (Fig. 3) Good

application of GAP is made in Söke district with
225.1 ha areas in 2009 year, Good agricultural
practices were not found to have made in Yenipazar
%XKDUNHQW GLVWULFWV øQFLUOLRYD .DUSX]OX dLQH DQG
.|úNGLVWULFWV
While the most good agricultural practice in
2010 year, it was present in Kuyucak district (723.0
ha), untreated districts have been identified as
Karpuzlu and Buharkent. In determining the
maximum area of good agricultural practices in
Kuyucak district (563.0 ha; 580.6 ha) between
2011-2012 years, respectively.
In 2011 year, untreated districts have been
identified as Karpuzlu and Buharkent, In 2012 year,
XQWUHDWHGGLVWULFWVKDYHEHHQLGHQWLILHGDV.XúDGDVÕ
øQFLUOLRYD .DUSX]OX DQG %XKDUNHQW ,Q  \HDU
the maximum amount of land where good
agricultural practices is seen in Sultanhisar districts
in 503.2 ha, while the Karpuzlu and Germencik
have not been shown to be of good agricultural
practices. Overall good agricultural practices
counties in 2013. Given the modest increase
compared to the year 2009; Good agricultural
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other areas of the county where farming practices of
WKH ZHVWHUQ SURYLQFH RI $\GÕQ PDS RI WKH
northeastern part of the area located in parts of the
agricultural area (Fig. 4). The area where good
agricultural practices indicate density areas in the
more northern regions of eastern and western parts

agricultural practices made maps of the area west of
the Kuyucak (15), Soke (4), Sultanhisar (11),
.RoDUOÕ  DQG*HUPHQFLN  LVVHHQLQWKHGLVWULFW
in 2011 year. In other areas, the density is less good
agricultural practices Karpuzlu (8) and Buharkent
(17) is not applied at all in the district.
In
general, there seems to be much better compared to

FIGURE 2
The spatial distrubitions of good agricultural areas in 2009 year.

FIGURE 3
The spatial distrubitions of good agricultural areas in 2010 year.
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FIGURE 4
The spatial distrubitions of good agricultural areas in 2011 year.

FIGURE 5
The spatial distrubitions of good agricultural areas in 2012 year.

FIGURE 6
The spatial distrubitions of good agriculture areas in 2013 year.

in 2012 year. Other area compared to most good
agricultural practice is done with the county

Kuyucak (15), which is the county respectively
Sultanhisar (11), Söke (4), Yenipazar (12) and
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.RoDUOÕ   LV IROORZHG GLVWULFWV 7KH good
agricultural practice have been identified as not
SHUIRUPHG .XúDGDVÕ   øQFLUOLRYD   .DUSX]OX
(8) and Buharkent (17) districts (Fig. 5). In 2013
year, good agricultural practices made the areal
densities in some districts in the northern part
remaining with generally northeast and western
parts are seen. The most good agricultural practices
made the Sultanhisar district (11), this district (15)
is followed the Kuyucak district. The district made
no Germencik good agricultural practices (5) and
watermelon (8) is defined as. Especially good
agricultural practices in areas of south-eastern and
southern parts distribution showed less as compared
to other areas (Figure 6).
Ankara University, Faculty of Agriculture,
Research and Application Farm and Field Crops
Research Institute land in GIS environment in a
study conducted to determine the suitability of
agricultural land use; GIS created the soil for each
territory by using techniques such as data layers
have formed to examine the conditions of
topography and irrigation of agricultural land
suitability index and classify their farmland to the
GIS environment. The end of the Research; 7.15 %
of the total area (69.3 ha) ponds that form the
marshes and rocky areas, 16.24 % in terms of
agricultural suitability of the land (157.2 ha) is very
suitable (S1), 34.30 % in (332.1 ha) suitable (S2)
and 30.27 % of (293.1 ha), less suitable (S3)
determined that they are on land. 12.04 % of the
study area (116.6 ha), have demonstrated that there
is appropriate soil properties related to agricultural
use [14]. In some agricultural production data
before the GAP Southeastern Anatolia Region and
the period after the town of agricultural products by
processing the digital map composition, geographic
distribution of its essential characteristics were
analyzed with relation to geographical boundaries
and GIS tools [15]. Example of Good Agricultural
Practices and the Çanakkale Province in Turkey
"have made the definition of good agricultural
practices is in the works and fruits were evaluated
GAP's practice facility in Çanakkale province,
which has a large share in vegetable production. As
a result of Çanakkale 61 acres of the 611 producers
received EUREPGAP certificate, demonstrated that
fruit and vegetable area was 396 M2 in area
certified according to the GAP system [16]. The
applicability of GAP of the country is directly
proportional to the level of development and
infrastructure. The structure of a large number of
small-scale enterprises in our country, farmers and
farmer organizations Considering that inadequate
low level of education can not be realized in this
application only arises statute [17].

CONCLUSIONS
There are many applications for the
agricultural data management of Geographical
Information System. However, the implementation
of good agricultural practices in our country in the
GIS alone thought to occur than the obtained for a
new issue has not been observed in many studies to
assess spatial.
GAP spatial maps of studies, particularly
surveys done as well as GIS-based database with
the help of the GAP data transferred on the basis of
territorial
evaluation
is
extremely
important.Nowadays, with the development of
technology and data evaluation software to be more
healthy and precautions to be taken to ensure and
HDVH WKH GHFLVLRQ PDNLQJ SURFHVV7XUNH\ V $\GÕQ
province as a pilot evaluation of the best farmland
in the chosen spatial and years of establishing a
spatial change in the course of some will make it
easier for decision makers.Effective and spacebased information in a GIS environment as a result
of the evaluation made by the effective use of the
GAP will allow density to be given to areas where
less done. Efforts to increase agricultural training
and extension activities in areas where GAP vary
by more or less made in the interpretation of the
map set out in Spatial-based assessments can be
carried out more efficiently as a result. An
environmentally friendly form of agriculture should
be noted that good agricultural practices. The all of
applications made in good farmland minimal
impact on the environment by adopting the way
environmental resources are more sensitive to
agricultural production. So, it is necessary to
expand the eco-friendly good agricultural practices.
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DOES WARMING INFLUENCE FREEZE-THAW TREATED
DISSOLVED N IN WETLAND SOIL SOLUTIONS
Xiaofei Yu, Yang Song, Yuanchun Zou, Ming Jiang, Xianguo Lu, Guoping Wang
Key Lab of Wetland Ecology and Environment, Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences,
Changchun 130102, China

The objectives of this study are to reveal
whether there is significant effect of elevated
temperature on dissolved nitrogen in wetland soil
solutions under freeze-thaw conditions with water
overlying and without snowpacks, and to
investigate the difference of dissolved nitrogen in
wetland soils between freeze-thaw and growing
season treatments.

ABSTRACT
Wetland soil columns with water overlying
and without snowpacks were exposed to freezethaw treatment (FTT1), freeze-thaw treatment with
elevated 2 °C (FTT2) and growing-season treatment
(GST). We found elevating 2 °C under freeze-thaw
condition without snowpacks and with water
overlying could not significantly influence NH4+-N
and NO3--N concentrations in wetland soil
solutions (p>0.05). Except for the first treatment
cycle and 5-10 cm soil layer, NH4+-N and NO3--N
concentrations of GST were not significantly
different from that of FTT1 and FTT2 (p>0.05)
indicating there might be not significant differences
of NH4+-N and NO3--N concentrations in wetland
soil solutions between in freeze-thaw season and
growing season.

MATERIAL AND METHODS
The study area is located at the wetlands of
Xingkai Lake, Northeast China. Xingkai Lake is the
largest lake in Northeast Asia and a transboundary
lake shared by China and Russia. The area is a
winter-cold zone and regularly exposed to freezethaw in spring and autumn [8].
We sampled nine undisturbed soil columns
(diameter of 10 cm, depth of 15 cm) at the study
area in October, 2012 and plants were retained. The
dominate plant was (G. spiculosa). The soil
columns were then transferred to the laboratory
where incubation studies were conducted
The soil columns were placed inside the
polypropylene tubes (inner diameter of 10 cm,
length of 35 cm) in the lab. The soil solution
extractors as described in [8] were installed in each
soil layer (0-5 cm, 5-10 cm, and 10-15 cm). All the
columns were filled with deionized water up to 10
cm above the soil surface, and then stored at a
constant temperature of 15 °C for 14 d. The nine
columns were divided into three groups of three
columns each. The first two groups of columns
were exposed to three freeze-thaw cycles. The
freeze-thaw cycle of the first group was defined as
freezing at -5 °C for 12 h and then thawing at 5 °C
for 12 h (FTT1). The second group of columns was
subjected to freezing and thawing temperatures 2
°C higher than that of the first group (FTT2). The
third group of columns was also exposed to three
treatment cycles. The treatment cycle was defined
as storing at 20 °C for 12 h and then storing at 25
°C for 12 h to simulate the growing-season
condition (GST). After each treatment cycle, the
soil solution in each layer was collected using the
soil solution extractor.

KEYWORDS:
FTT, freeze-thaw treatment; GST, growing-season
treatment.

INTRODUCTION
It has been suggested that the climate warming
effects on soil biogeochemistry during freeze-thaw
season resulted from the shallow snowpacks which
induce soil freeze-thaw cycles [1, 2]. For wetland
soils with water overlying, after snowpacks have
melted, ice or ice water mixture are also covering
soils and soil freeze-thaw processes are still in
progress. However, the response of wetland soil
dissolved nitrogen to elevated temperature under
freeze-thaw conditions during this short period has
not been investigated and revealed.
Numerous study results have shown that
freeze-thaw cycles increased NH4+-N and NO3--N
in soils [3-6], which were concluded from the
comparisons between freeze-thaw treatments and
control treatments [1, 7]. The temperatures of
control conditions are usually just slightly higher
than 0 °C, thoroughly different from that of
growing-season. Thus, these researches provided no
information about the difference of soil dissolved
nitrogen between freeze-thaw season and growing
season.
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NH4+-N, NO3--N and total nitrogen (TN)
were determined using SAN++ Continuous Flow

Analyzer (SKALAR, The Netherlands).

TABLE 1
Repeated-measures analysis of variance (ANOVA) of NH4+-N and NO3--N concentrations in wetland soil
solution.
NH4+-N

Treatment
Cycle

Cycle×Soil layer

Cycle×Treatment

Cycle×Soil layer×Treatment

NO3--N

F

1.087

22.145

p

0.348

<0.001*

F

2.333

5.992

p

0.074

0.005*

F

0.866

1.556

p

0.494

0.207

F

3.488

3.268

p

0.004*

0.007*

Significant effects (p < 0.05) are shown in symbol *.

Statistical analyses were performed using
SPSS Statistics 21.0 (SPSS Inc., USA). The main
and the interaction effects of treatment, cycle and
soil layer on the concentrations of NH4+-N and
NO3--N were compared by repeated measures
analysis of variance (ANOVA).

significant difference of NH4+-N concentrations
between FTT1, FTT2 and GST (p>0.05, Figure 1).
Except for the first treatment cycle and at 5-10 cm
soil layer, there was no significant difference of
NO3--N concentrations between FTT1, FTT2 and
GST (p>0.05, Figure 2). For the first treatment
cycle, NO3--N concentration of FTT1 was
significantly lower than that of GST (p<0.05,
Figure 2), and there was no significantly difference
between FTT1 and FTT2 (p>0.05, Figure 2). At 510 cm soil layer, NO3--N concentration of FTT2
was significantly lower than that of GST (p<0.05,
Figure 2), and there was no significantly difference
between FTT1 and FTT2 (p>0.05, Figure 2).

RESULTS AND DISCUSSIONS
Repeated-measures ANOVA showed that the
interaction effects of treatment, soil layer and cycle
on NH4+-N and NO3--N concentration in wetland
soil solution were significant (Table 1). For each
treatment cycle and at each soil layer, there was no
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FIGURE 1
Interactions of treatment, soil layer and cycle on NH 4+-N concentrations in wetland soil solutions. FTT
and GST represent freeze-thaw treatments and grow-season treatment, respectively. The temperature of
FTT2 is 2 °C higher than that of FTT1. The length of time for each treatment cycle is 24 h. The number of
treatment cycle and the soil layer are identified on the x-axis, and the NH4+-N concentration is identified
on the y-axis. The error bars represent means ± 1 standard error.

FIGURE 2
Interactions of treatment, soil layer and cycle on NO 3--N concentrations in wetland soil solutions. FTT and
GST represent freeze-thaw treatments and grow-season treatment, respectively. The temperature of FTT2
is 2 °C higher than that of FTT1. The length of time for each treatment cycle is 24 h. The number of
treatment cycle and the soil layer are identified on the x-axis, and the NO3--N concentration is identified
on the y-axis. The error bars represent means ± 1 standard error.

physical fragmentation and subsequently could
decrease the NH4+-N and NO3--N concentrations.
We also speculated that the increased NH4+-N and
NO3--N concentrations caused by the elevated
thawing temperature might compensate the
decreased concentrations resulting from the
elevated freezing temperature. However, another
possibility is that only elevating 2 °C was not
enough to cause significant impact, which has not
been proved.
Except for the first treatment cycle and 5-10
cm soil layer, NH4+-N and NO3--N concentrations
of GST were not significantly different from that of
FTT1 and FTT2, while several studies have shown
that freeze-thaw could increase soil NH4+-N and
NO3--N [8, 13, 14]. It suggested that compared
with growing season, NH4+-N and NO3--N

Generally, there was no significant differences
of NH4+-N and NO3--N concentrations between
FTT1 and FTT2, indicating that the elevated
temperature could not significantly influence
NH4+-N and NO3--N concentrations in wetland
soil solutions under freeze-thaw conditions without
snowpacks and with waterlying. On one hand,
elevated temperature under thawing condition could
increase nitrogen mineralization because of the
increased microbial activities [9, 10]. One the other
hand, it has been reported that freeze-thaw could
increase NH4+-N and NO3--N concentrations [11]
resulting from that the low temperature under
freezing condition could lead to microbial cell lysis,
physical fragmentation of soil aggregates [12]. We
speculated the elevated freezing temperature might
weaken its effects on microbial cell lysis and
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concentrations might not significantly increase in
freeze-thaw season, although freeze-thaw had
significant effects on NH4+-N and NO3--N
concentrations in soil solutions. The condition of
GST in our experiment was thoroughly different
from the unfrozen control conditions in other
freeze-thaw experiments. In those experiments, the
temperature of the unfrozen control was slightly
higher than 0 °C [1, 7], which is very different from
the 20 °C and 25 °C temperatures in our GST
treatment. Microbial activities and nitrogen
biogeochemistry process would be significantly
higher at 20 °C and 25 °C than that under the
temperature of slightly higher than 0 °C. Moreover,
plants were growing normally under the GST
condition in our experiment, while there was no
plant growing under unfrozen control conditions in
those experiments.
We conclude that elevating 2 °C under freezethaw condition without snowpacks and with
waterlying did not have significant influence on
NH4+-N and NO3--N concentrations in wetland
soil solutions. NH4+-N and NO3--N concentrations
under freeze-thaw conditions were not significant
different from that under growing-season
conditions.
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CONCLUSION
The study demonstrated that the elevated
temperature (2 °C) had significant effects on
NH4+-N and NO3--N concentrations in wetland
soil solutions under freeze-thaw conditions. There
were significant differences of NH4+-N and NO3-N concentrations in wetland soil solutions between
the simulated freeze-thaw conditions and growseason condition. The results suggested that the
elevated temperature (2 °C) weakened the wetland
soil nitrogen mineralization and denitrification
under freeze-thaw conditions. Wetland soil nitrogen
mineralization was stronger under grow-season
condition than that under freeze-thaw conditions.
Our study might have important implications
related to wetland soil nitrogen in the cold-winter
zone under the circumstance of climate warming.
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2

ern deserts to over 600 mm per year in the mountains northeast of the Jordan Valley; therefore Jordan is ranked second poorest country with regard to
water resources worldwide [2].
Recycling of wastewater is a necessary component of water resources management in Jordan
where the resources of water are very limited and
fixed comparing to the rapid increasing of demands
on the water. The government of Jordan quickly
recognized the potential resource of wastewater
reuse to expand the existing resources of water.
Over than 64% of the Jordanian populations are
connected to sewerage system. The government of
Jordan is currently operating 17 wastewater treatment plants. Today nearly all the wastewater generated within the Kingdom is reused in irrigation [1].
Wastewater contains sewage and all the water
used in the home like water from baths, showers,
sinks, dishwashers, and toilets. Therefore in addition of water as a major component, wastewater
contains suspended and dissolved organic and inorganic solids. Organic substances are carbohydrates,
fats, soaps, synthetic detergents, proteins and their
decomposition products [3].
Conventional wastewater treatment consists of
a combination of physical, chemical, and biological
processes and operations to remove solids, organic
matter and, sometimes, nutrients from wastewater.
General terms used to describe different degrees of
treatment, in order of increasing treatment level, are
preliminary, primary, secondary, and tertiary
wastewater treatment. The objective of secondary
treatment is the further treatment of the effluent
from primary treatment to remove the residual
organics and suspended solids. Aerobic biological
treatment is performed in the presence of oxygen by
aerobic microorganisms (principally bacteria) that
metabolize the organic matter in the wastewater,
thereby producing more microorganisms and inorganic end-products (principally CO2, NH3, and
H2O). The microorganisms must be separated from
the treated wastewater by sedimentation to produce
clarified secondary effluent. Tertiary and/or advanced wastewater treatment is employed when
specific wastewater constituents which cannot be

ABSTRACT
The Hashemite Kingdom of Jordan is considered as one of the most water scarce countries in the
world. Recycling of wastewater is a necessary
component of water resources management in Jordan where the resources of water are very limited.
In the present study samples from secondary and
tertiary treated water from the Wastewater Treatment Plant in Aqaba south of Jordan were collected
to test the use of the treated water for irrigation.
Chemical analysis for water parameters namely pH,
DO, TSS, NO3- , T-N, BOD, turbidity and E.Coli
were analyzed. The suitability of the treated water
for irrigation purposes is then evaluated according
to the existing national irrigation water quality and
WHO standards. The analysis results indicate that
the tertiary treated water can be used for irrigation
of all types of plants, but secondary treated water
can be used for field crops, industrial crops and
forest trees.

KEYWORDS:
Irrigation, Dissolved oxygen, Wastewater, pH, BOD, DO.

INTRODUCTION
The Hashemite Kingdom of Jordan is considered as one of the most water scarce countries in the
world, with a land area of approximately 90,000
km2. The population is more than 6 million with a
recent average growth rate of about 2.2% due to
natural and non-voluntary migration, the average
growth is recently increases due to the Syrian immigration to Jordan especially to then areas [1].
Water resources in Jordan depend mainly on
rainfall which varies in quantities, intensity and
distribution from year to year, with most falls between October and May, and also on the critical
Natural Resources. Jordan receives an average of
about 75 mm of rainfall per year with regional
variations from about 50 mm per year in the south-
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40% of the wastewater produced by the city. In this
station wastewater is purified by oxidizing the organic matter naturally. Treated water used in Aqaba
for irrigation, about 45 million cubic meters
(MCM) are used directly for irrigation of landscaping, such as sides of roads within city limits and
palm trees. Secondary treated water is used for
irrigating of the palm trees. In addition treated water is used for industrial purposes, where it is
pumped an average of 5,000 m3 / day from the
station to the Industrial Complex at the southern
part of the city.
This study focuses on the use of treated water
from the Wastewater Treatment Plant of Aqaba for
agriculture purpose. The quality of the treated water
will be evaluated according to reclaimed
wastewater standard in Jordan.

removed by secondary treatment must be removed.
Individual treatment processes are necessary to
remove nitrogen, phosphorus, additional suspended
solids, refractory organics, heavy metals and dissolved solids.
Treated wastewater can be used as an alternative to fresh water, there are many techniques to
treat and purify wastewater to produce water with
any desired quality, and the quality of treated
wastewater limits the reuse options.
In Jordan wastewater is used in agriculture
since many years back. 62% of the total treated
water is being used for irrigation despite of the
increasing demand on water by the domestic sector
and industry [4].
Treated wastewater can be either used directly
in restricted agriculture or indirectly in unrestricted
agriculture after mixing it with other water sources.
For indirect use, treated wastewater is usually
stored in natural valleys or in reservoirs, where it is
mixed with other fresh water resources such as
rainfall and spring water and then used in irrigation
[4]. Tertiary treatment is any practice beyond secondary treatment and is designed to remove nonbiodegradable organic pollutants and mineral nutrients such as nitrogen or phosphorus salts [5].
Aqaba is a Jordanian city, located in the south
of Jordan, 330 kilometers south west of Amman.
Wastewater treatment plant in Aqaba was established in 1986 according to a designed with capacity of 9000 cubic meters per day, and receives nearly

MATERIAL AND METHODS
Sampling site. Samples were collected from
wastewater treatment plant (Fig.1) with a capacity
of 12,000 cubic meters per day. Samples for analysis were collected using 1 L polyethelen bottle from
two different sources, three samples were collected
from the effluent of the secondary treatment and
other three were

FIGURE 1
Wastewater Treatment Plant - Aqaba, Jordan
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average values for BOD5 concentrations of the
secondary and tertiary treated water were 5.29 mg/l
and 1.08 mg/l respectively. Dissolved oxygen (DO)
was 6.21 for the secondary treated water, while it
was 6.15 mg/l for the tertiary treated water. The
average pH values for the secondary treated water
and tertiary treated water were 8.15 and 7.35 respectively.
The TSS was far higher (206.7 mg/l) in secondary treated water comparing with the tertiary
treated water (3.6 mg/l). Moreover, the average
turbidity for the secondary treated water was averaged 93.27 NTU much higher than the turbidity of
the tertiary treated water averaged 4.21 NTU.
As for nitrate, the average values for NO3concentrations for the secondary treated water was
0.71 mg/l comparable with this of the tertiary treated water (1.04 mg/l). However, the average value
for total nitrogen for the secondary treated water
(5.34 mg/l) was higher than the total nitrogen for
the tertiary treated water (1.35 mg/l). E.Coli were
nil in the secondary and tertiary treated water.
In general the quality of the water for the tertiary treatment is much better than this of the secondary treatment. In order to test the possibility of
using the treated water for agriculture, the results of
the secondary and tertiary treatment are compared
with the reclaimed domestic wastewater standard
for Jordan number 893/2006 and WHO (1989)
water reuse Guidelines [8] (Table 2).
BOD measures the amount of sample that bacteria can oxidize in five days which measure the
availability of organic matter in the samples. Obviously the concentrations of BOD in both secondary
and tertiary treated waters were lower than the
standard limits for all categories in table 2 (Fig. 2).

collected from the effluent of the tertiary treatment.
Samples were kept in an ice box upon return to the
lab and then kept at freezer upon analysis.
Sample Analysis. BOD5 is determined by
oxygen measurement at the sampling time and after
5 days of the sampling. Dissolved Oxygen (DO)
has been determined by Winkler titration according
to the method described by Grasshoff et al. [6].
Total suspended solids (TSS) were analyzed
by filtering 500 ml sample using 0.45um pore size.
The filter was then dried by oven with 105°C for 3
hours to be totally dried, and cooled. The difference
in weight before and after drying was used for TSS
calculation. Turbidity in the water sample was
measured using ID Turbidity Meter (HACH). pH in
the water sample was measured using pH Meter
(WTW)
Nitrate was measured by spectrophotometer
using cadmium reduction column according to
Grasshoff et al. [6]. Total organic nitrogen (TON)
was determined using Kjeldahl digestion method.
Organic nitrogen was converted to inorganic nitrogen by concentrated H2SO4 (12 M), which was then
measured as ammonium following the standard
method of Grasshoff et al. [6]. Methods for nitrate
and TON were used after calibration with distilled
water because dilution with distilled water was
performed to overcome the high concentrations of
both nitrate and TON. E.Coli bacteria analyses
were performed according to the Standard Methods
for the Examination of Water and Wastewater [7].

RESULT AND DISCUSSION
Table 1 shows the results of the analysis for
the secondary and tertiary treated wastewater. The

TABLE 1
Chemical and biological analysis for the secondary and tertiary treated water. SD is the standard deviation for the analysis of three samples.
Parameter
BOD5 (mg/L)
DO (mg/L)
pH
TSS (mg/L)
Turbidity (NTU)
NO3- (mg/L)
T-N (mg/L)
E.Coli (MPN/100ml)

Secondary treated
Average
SD
5.29
0.37
6.21
0.41
8.15
0.1
206.7
71.98
93.27
20.22
0.71
0.2
5.34
0.96
0
0
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Tertiary treated water
Average
SD
1.08
0.46
6.15
0.37
7.35
0.1
3.6
0.12
4.21
1.18
1.04
0.23
1.35
0.22
0
0
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TABLE 2
Water ± BOD5, dissolved oxygen, total suspended solid, pH, turbidity nitrate, total nitrogen, and E.Coli
limits for field crops, fruit trees and cooked vegetables according to the reclaimed domestic wastewater
Jordanian Standard 893/2006 and WHO water reuse Guidelines (WHO, 1989).

Parameter

Cut flowers

C

Fruit trees, sides of
roads outside city
limits, and landscape
B

Cooked vegetables parks,
playgrounds and
sides of roads within city
limits
A

Field crops,
industrial crops
and forest trees

BOD5 (mg/L)

30

300

200

30

DO (mg/L)

>2

-

-

>2

TSS (mg/L)

15

300

200

50

pH
Turbidity (NTU)
NO3- ( mg/L)
T-N (mg/L)
E.Coli
(MPN/100mL)

6-9
5
45
70
<1.1

6-9
70
-

6-9
45
1000

6-9
10
30
45
100

tion is not altered before discharge the wastewater
effluent. Total suspended solid (TSS) is the solids
in water that can be trapped by a filter. The concentration of TSS in tertiary treated water was lower
than the standard limits for all categories in table 2.
While the concentrations of TSS in secondary treated water was only lower than the standard limits for
category C. Therefore, the secondary treated water
can be used for irrigation category C while the
tertiary treated water can be used for irrigation for
all categories.
The turbidity value of tertiary treatment was
lower than the standard values for cut flowers and
category A and can be used subsequently for all
categories. However, secondary treatment water
can be used for categories B and C as the values
were not determined for the both categories. The
more suspended particles the higher the turbidity. A
study of Yiasoumi et al. [12] found that a higher
turbidity causes the temperature to increase since
there are more particles which absorb heat. This in
turn reduces the amount of dissolved oxygen.
Moreover, since a higher turbidity causes less light
to move through the water there is a decrease in
photosynthetic activity, which decreases the amount
of dissolved oxygen even more. On another hand
suspended particles in water provide ideal attachments for heavy metals and other organic compounds as well as microorganisms. Turbidity may
also decrease the infiltration rate in soils and has
the ability to prevent the establishment of certain
crops, like rice [12]. The concentrations of NO3- in
both treated waters were much lower than the
standard limits for cut flowers and category A.

Dissolved oxygen analysis measures the
amount of gaseous oxygen (O2) dissolved in an
aqueous solution. In the comparison shown in figure 2, the concentration of DO in both secondary
and tertiary treated waters were higher than the
standard limits for cut flowers and category A (Table 2). In summer months, DO level is tending to be
more critical because the rate of biochemical reaction that uses oxygen increases with increasing
temperature and the total quantity of oxygen available is lower as stream flows are lower during
summer. In waste water system, DO is desirable
because it can eliminate the formation of noxious
odors [9]. Oxygen is necessary for plant growth and
it should be present at the root zone. However,
anaerobic condition would occur only if irrigation
water contained high organic matter concentrations
and very low DO contents at the same time. When
soils remain 100 % saturated with that water for
long periods of time, it allows the development of
the described negative anaerobic conditions in the
root zone [10]. In regard to DO (Table 2 and Fig 2),
the secondary and tertiary treated water can be used
for irrigation for all categories in table 2.
The average values of pH in both secondary
and tertiary treated were within standard limits for
all categories in table 2. Therefore both treated
waters can be used for irrigation for all agriculture
categories. According to Akinyemi et al. [11], the
pH range outside 4.5-8.5 may cause nutritional
imbalance or may contain toxic ions. An extremely
high concentration of hydrogen-ion in wastewater is
hard to treat by biological methods and finally resulting alteration of natural waters if the concentra-
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[13]. The suitability of treated wastewater from
North Bengal Sugar Mill for irrigation was evaluated by Tabriz et al. [14]. BOD and nitrogen were
í PJ Oí  DQG í PJ Oí) respectively. The BOD and TN of the wastewater exceeded the threshold values for irrigation. The values of
E.Coli in both waters were nil and therefore can be
used for irrigation for all categories.

Hence, they may be used for all agriculture types.
As for total nitrogen the values in both waters were
lower than the standard limits for all categories and
can be used for irrigation all types. Nitrogen in
irrigation water is largely a fertility issue, and nitrate-nitrogen (NO3--N) can be a significant N
source. Waters high in N can cause quality problems in crops such as barley and sugar beets and
excessive vegetative growth in some vegetables
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10
8

300

200
200

DO (mg/L)

BOD5 (mg/L)
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FIGURE 2
Values of BOD5 (mg/l), dissolved oxygen (mg/l), total suspended solids (mg/l), turbidity (NTU), NO 3(mg/l), total nitrogen (mg/l), and E. Coli (mpn/100ml) in the secondary treated water (Sec.) and tertiary
treated water (Ter.) compared with standard limits for different types of agriculture including cut flower
(CT), categories C, B, and A (See table 2).
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tion water quality standards from the data inventory, it was evident that the situation is not promising
especially regarding the bacteriological parameter,
i.e. fecal coliform. The main cause of this problem
is either the lack of disinfection units and/or improper operation of the existing ones [22]. In an
investigation by Abu-Rizaiza [23], in Saudi Arabia
who studied the suitability of the secondary and
tertiary treated water for irrigation, he found that
the two treated waters can be used for all types of
restricted and unrestricted landscape irrigation.
In India physico-chemical parameters (pH,
DO, BOD and turbidity) were analyzed by Kushwah et al. [24] for effluent influent and effluent
waste water from Badwai sewage treatment plant .
They found that treated water can be used for secondary purposes like industrial cooling and agricultural uses.
To conclude our study, the tertiary treated water from Aqaba Plant can be used for all types of
plants according to Jordanian and WHO standards
(Table 3). However, secondary treated water can be
used only for field crops, industrial crops and forest
trees. In addition the use of the secondary treated
sewage waste water for irrigation is not safe and not
allowed for palm trees irrigation. Treated water has
high quality to use in irrigation in Aqaba city and
using this type of water reduce water consumption
particularly in Aqaba which will reflect in the water
consumption in Jordan which is ranked as the
ZRUOG¶VVHFRQGZDWHU-poorest country.

Any pathogen may reach plant surfaces via irrigation water; however the potential for adherence
is both strain and plant specific. For example when
E.Coli and Clostridium perfringens were added to
irrigation water that was supplied in furrows and in
drippers, microorganisms were detected on the
surfaces of cantaloupe and lettuce, but were never
recovered on the bell peppers [15].
No case of foodborne illness has been attributed to wastewater irrigation in the USA to date,
except by unintended cross-contamination (U.S.
FDA and California Food Emergency Response
Team, 2008). Furthermore, risk assessments so far
indicate that human health risks due to tertiary
effluent irrigation is much lower than that deemed
³DFFHSWDEOH´E\SXEOLFKHDOWKVWDQGDUGV>@
Practice of wastewater reuse mainly depends
RQDFRXQWU\¶VHFRQRP\LQIUDVWUXFWXUDOVWDWXVFRY
ering wastewater treatment capacity and capability,
educational level, climate, water supply, balance
between water requirement and demand, intensity
of agricultural activities, population, social habits
like cultural and religious prejudice, and many
other factors [17]. According to several studies [1821] using treated water is better for plants growth
than using drinking water mainly because of their
significant amount of nutrients (e.g. nitrate). This
may also allow reduction in the cost of the irrigation process by decreasing freshwater and fertilizer
use. In Turkey the suitability of the effluent for
irrigation is evaluated according to Turkey irriga-

TABLE 3
Possibility of treated water use in different type of agriculture according to the results of this study compared to Jordanian Standard 893/2006 and WHO water reuse Guidelines (WHO, 1989) (See table 2 for
categories).
Parameter

Secondary Treatment

Tertiary Treatment

BOD
DO
pH
TSS
Turbidity
NO3(T-N)
E.Coli

All categories
All categories
All categories
Category C
Categories C and B
All categories
All categories
All categories

All categories
All categories
All categories
All categories
All categories
All categories
All categories
All categories

Conclusion

Categories C

All categories

and standards in the Kingdom of Jordan, Amman
[2] Saleh, F.S. and Tal., R.F. (1999) The Encyclopedia of Jordan Environmental Legislation,
Jordan
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water for growing cereals and use of urban waste
water (sewage and industrial effluents) for raising
vegetables especially in city conurbation [2]. Such
irrigation practices give very good crop yields as it
contains large amount of organic and inorganic
elements essential for crop growth [3]. But it may
also contain heavy metals which when present in
large amount may be phytotoxic or transferred to
animals and human beings through food chain and
thus harmful for them [4].
God has gifted Pakistan with abundant water
resources, with rivers flowing down the Himalayas
DQG .DUDNRUDP KHLJKWV IURP WKH ZRUOG¶V ODUJHVW
glaciers and free and unique bounty for this land.
Pakistan is an agrarian country of Southeast Asia
and increased industrialization and urbanization
have resulted in discharge of effluents of toxic
nature into waterways, thus polluting and rendering
the water bodies unfit for consumption in
agriculture sector [5]. The use of domestic and
industrial waste water for agriculture is common in
the country. Beneficial characteristics of waste
water to the soils are usually summarized by the
essential plants nutrients. Besides being source of
irrigation, these waste waters contain appreciable
amounts of plant nutrients. This waste water also
carries appreciable amounts of trace toxic metals
[6-10]. Plants can accumulate the toxic pollutants in
their bodies at very high amounts and through food
chain can reach the human beings causing serious
threats to their health. Plants are important
components of ecosystems as they transfer elements
from abiotic into biotic environments. The primary
sources of elements from the environment to plants
are: air, water and the soil.
Rice is a major staple food in Asian countries,
where its production constitutes over 90% of the
global production. Rice holds an important position
among the cash crops of Pakistan. It fulfills the
food requirements of our country but we also earn a
lot of foreign exchange from its export. Besides it is
an important raw material for manufacturing starch,
paper, sandals, hats, mattresses etc. grain as well as
its husk is also used as fodder for cattle. Rice is
known as a plant of water. Its cultivation requires
large amount of moisture. The annual rainfall

ABSTRACT
Rapid economic growth and human activities
have caused serious heavy metal contamination of
soils in many parts of the world. To compare the
accumulation of heavy metals in wastewater and
stream water; irrigated fields, rice plant, grains, soil
(top soil 0-20cm) and water samples were collected
to investigate the contamination of soil and rice
plant uptake. The soluble, extractable and total
concentration of essential elements [Magnesium
(Mg), calcium (Ca) and potassium (K)] was
determined by atomic absorption spectrophotometer.
Results showed significance variation in nutrients
in the wastewater irrigated soil, plants and grains as
compared to the fresh water irrigated site. Mg and
Ca were found highest whereas significantly
decreased in K were observed in both soil types.
Mg was highest in plant and grains as compared to
K and Ca. Wastewater irrigated fields had
significant enrichment of metals as compared to the
fresh water irrigated fields. Higher concentration of
essential elements can adversely affect crop growth
and yield and various metals in soils depends on the
mineralogical composition of soils.

KEYWORDS:
)UHVKZDWHU0HWDO¶VDFFXPXODWLRQ6RLODQGULFHILHOGV
Wastewater canals.

INTRODUCTION
Water is important for the survival and
existence of life. It is being used intensively for
domestic use (6%), industrial (3%) and agriculture
(90%). Fortunately Pakistan has one of the biggest
canal irrigation systems but still there is a shortage
of surfDFH ZDWHU VXSSOLHV 6XUIDFH ZDWHU GRHVQ¶W
meet the crop water requirement as net deliveries of
surface water supplies are 1.80 acre feet per
FURSSHG DUHD ZKLFK GRHVQ¶W PHHW RSWLPXP ZDWHU
requirements estimated to be 4-5 acre feet [1].This
shortage is being met the conjunctive use of ground
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acetate soluble cations (Ca, Mg and K) were
extracted with 1M NH4OAc, adjusted to pH 7.0.
The soil samples weighing 3 g were placed in a 100
mL centrifuge tube. 25 mL NH4OAc solution was
added and was shaken mechanically for 1 h. The
supernatant
was separated from the soil by
centrifugation at 2400 rpm for 30 min. Supernatant
is filtered into a 100 mL volumetric flask. The
extract was made up of volume with deionized
water and used for determination of the ammonium
acetate soluble cations, Ca, Mg, and K. The
contents were determined using a Polarized Zeeman
atomic absorption spectrophotometer (Model Z2300 Hitachi corp. Japan). The soil samples were
extracted for water soluble (WS) using deionized
water. To measure total elemental concentration of
K, Ca, and Mg in the samples were digested in
nitric-perchloric acid mixture (5:1). Total elemental
concentrations of cations (K, Ca, and Mg) were
determined on a polarized Zeeman atomic
absorption spectrophotometer (Model Z-2300,
Hitachi, Japan). Soil texture was determined by the
pipette method. Soil pH and electrical conductivity
(EC) were measured in soil-water (1:5 w: v)
suspensions. Treatments were replicated thrice. The
pH meter (Jenuary 3505) was used. The pH meter
was calibration for the accurate measurement.

should not be in any way less than 40 ".The root of
the rice plant should remain submerged in water for
a long time. For 75 days the rice fields should have
6 " of slow moving water. When the rice crops
mature, less water is required and during ripening
season, the field should be almost dry so that it can
be harvested easily. Rice is a common source of
food for inhabitants of the rural as well as urban
areas and can be grown, harvested and transported
easily. During the whole process rice are exposed to
various
pollutants
through
waste
water,
contaminated soils and atmosphere [11].
The adverse health effects of numerous
chemical elements have been documented
throughout the history. The advances of toxicology
has improved knowledge about human exposure to
toxic elements and their health effects, such as
developmental retardation, several types of cancer,
kidney
damage,
endocrine
disruption,
immunological disorders(autoimmunity) and even
death. The objective of present study was to
compare fresh and waste water in soil and rice and
to ascertain the impact of essential on the
extractability and bioavailability of rice plant.

MATERIALS AND METHODS

Plant analysis. Plants were harvested, rinsed
with distilled water and oven dried at 65oC for 48
hours to determine plant dry matter. Thereafter,
plant samples were ground sieved via 0.5 mm sieve
and digested by a strong acid mixture of HNO3 and
HClO4 to measure the content of K, Ca, Mg, some
heavy metals and nutrients in shoot by atomic
absorption spectrophotometer (AAS). The contents
of K, Ca, Mg, and metals were determined using a
polarized
Zeeman
atomic
absorption
spectrophotometer (Model Z-2300, Hitachi, Japan).
Grain analysis. After harvesting grains were
collected from the sampled plants and oven dried to
determine plant dry matter. Thereafter, Seeds were
ground sieved and digested by a strong acid mixture
of HNO3 and HClO4 to measure the content of K,
Ca, Mg and some heavy metals by atomic
absorption spectrophotometer (AAS). The contents
of K, Ca, Mg, and metals were determined using a
polarized
Zeeman
atomic
absorption
spectrophotometer (Model Z-2300, Hitachi, Japan).
Water Analysis. All the analytical procedures
used were the standard methods for water and
wastewater analysis (APHA 2005). Biological
oxygen demand (BOD5) was measured by using
standard method, Chemical oxygen demand (COD)
was determined by closed reflux colorimetric
method using digester (HACH - LTG 082.99.40001)
followed by sample digestion with digestion
solution and sulphuric acid reagent for two hours at
150oC. After digestion, absorbance was measured at

Study Area and Samples collection. Polluted
soil irrigated with wastewater and soil irrigated
with fresh stream water was used during the
experimentation. Soils of experimental area,
already grown rice plants, grains of plants were
collected from the village Tumbah of (Shinkiyari
city) KPK, Pakistan. Field of rice in this village was
irrigated with fresh water of the canal as well as the
wastewater carrying domestic waste of the village.
The soil samples were randomly collected from
fresh water and effluent irrigated fields when rice
plant was at mature stage from 4 different points.
The tagged plants and grains were collected at their
harvesting stage. Samples of soil, plants parts were
randomly collected from six locations and six
samples of water were also collected from different
sites in the study area.
Soil analysis. Soil were air dried, crushed and
sieved (<0.5mm) to ensure homogeneity and
digested in a mixture of duplicate acids (HNO 3 and
HClO4). Total elements i.e. Potassium (K), Calcium
(Ca), Magnesium (Mg) in the extract of digested
soil, plants and grains samples were determined by
atomic absorption spectrophotometer [12]. Sample
weighing 0.25g was digested with 5ml concentrated
HClO4 by gradual heating it over a hot plate for 1
hour. After drying 20% HNO3 was added to the
sample and it was heated again for 1 hour. The
solution was diluted to 50ml with deionized water
and passed through a 0.22um filter. Ammonium
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wavelength 605 nm in a spectrophotometer
(LOVIBOND
tintometer
GMBH,
44287
DORTMUND). The pH meter (HANNA, HI ±
991003) was used for pH and conductivity
determination.
Statistical Analysis. The data collected during
the studies were statistically analyzed using the Stat
View software. A probability for level of P<0.05
was considered significant and means were
VHSDUDWHG E\ )LVKHU¶V OHDVW VLJQLILFDQW GLIIHUHQFH
(LSD) test.

RESULTS
Water Analysis. Effects on BOD and COD of
the stream.
BOD is the amount of oxygen required to
oxidize the organic matters by the microorganisms
where as in COD pollutants are oxidized by
chemical. Results showed that Upstream BOD and
COD values were within the limits of NEQS (Table
1) but at downstream these values were above the
NEQS except S1 point where BOD and COD were
70 and 109mg L-1 which were just at acceptable
limit (Table 2).

TABLE 1
NEQS quality standards of stream water.

Parameters
BOD (mg L-1)

NEQS*
80

COD (mg L-1)

120

pH

6.5-8.5

Electrical Conductivity (μS)

2000

*National Env. Quality Standards

TABLE 2
Upstream and downstream BOD, COD, pH and EC (μS) values of water samples.

Sampling sites

Upstream
S1
S2
S3
S4
Downstream
S1
S2
S3
S4

BOD5 (mg L-1)

COD (mg L-1)

pH

EC(μS)

26
28
36
21

60
73
54
64

8.79
8.86
8.93
8.72

189.3
188
195.3
198.6

70
90
60
40

109
138
137
191

8.61
7.04
7.66
7.97

230
226
216.6
222

decomposition into H2O, CO2 and minerals like Ca,
Mg and Zn etc. This process was lead to form
higher concentration of minerals in the downstream.
The minerals were also directly released into the
stream from domestic waste.

Higher BOD and COD at downstream could
be due to domestic discharge into the stream.
Domestic discharge was not only responsible for
higher BOD and COD but it also responsible for the
higher microbial load especially E. coli. These
microorganisms were responsible for the
degradation of domestic organic waste as well as
fallen leaves in the stream. After the organic waste

Effects on Ph. Normally water maintains its
pH close to neutral but when solids dissolved in it
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in WWS1 whereas minimum concentration
19.12mg kg-1 was found in FWS3 (Fig. 1a). Heavy
metal pollution is released into the environment by
various anthropogenic activities, such as industrial
manufacturing processes, domestic refuse and
waste materials. Excess concentrations of heavy
metals in soils have caused the disruption of natural
terrestrial ecosystems [10, 18]. Extractable
potassium (K) concentration was noted in the order
of WWS2 > WWS1 > WWS3 > FWS3 > FWS1 >
FWS2. Maximum concentration of extractable K in
WWS2 was 431.865mg kg-1 and minimum
concentration 248.55mg kg-1 was found in FWS2
(Fig. 1a). The body has about as much potassium as
sulfur and chlorine and only the major minerals
calcium and phosphorus are more abundant. Having
high level of potassium can cause a person to suffer
from fatigue. Sometimes this occurs in dialysis
patients who have raised levels of potassium
because of kidney dysfunction. However, it can
also occur in people who suffer from heart
conditions. High levels of potassium can cause
muscle cell malfunction. As a result, you may
experience bouts of tiredness and may feel like
performing daily tasks. Total soil potassium (K)
concentration varied in the order of WWS3 >
WWS2 > WWS1 > FWS2 > FWS1 > FWS3.
Maximum concentration of total soil K was
39.535mg kg-1 in WWS3 and minimum
concentration 15.14g kg-1 was found in FWS3 (Fig.
1b). The bioavailability of metals in soil is a
dynamic process that depends on specific
combinations of chemical, biological, and
environmental
parameters
[19-20].
Soil
management can also change its physical, chemical,
and biological characteristics, and as a result,
different responses by biological activities to heavy
metal toxicity can be observed. Also, the activities
of microorganisms that promote plant growth can
be altered by high concentrations of metals [18].
Total plant potassium (K) concentration were
observed in the order of WWS1 > WWS3 >
WWS2 > FWS1 > FWS2 > FWS3. Maximum
concentration of total plant K in WWS1 was
1.35mg kg-1 whereas minimum concentration
0.465mg kg-1 was found in FWS3 (Fig. 1b). Total
grain potassium (K) concentration were noted in the
order of WWS1 > WWS2 > WWS3 > FWS2 =
FWS3 > FWS1. Maximum concentration of total
grain K was 1.615mg kg-1 in WWS1 and minimum
concentration 0.4mg kg-1 was found in FWS1 (Fig.
1b). Crops raised on the metal-contaminated soils
accumulate metals in quantities excessive enough to
cause clinical problems both to animals and human
beings consuming these metal rich plants [21].
Since food chain contamination is one of the major
routes for entry of metals into the animal system,
monitoring the bioavailable pools of a metal in

then it changes to alkaline or acidic. Decomposition
of organics or plant materials formed carbonic acid
from CO2 which decreases the pH. In freshwater
system pH varies due to waste discharged in the
rivers. Downstream low pH could be due to humic
acid formed during organic decomposition in the
fresh water. Higher upstream pH was found at
different sampling points S18.79, S2 8.86, S3 8.93,
S4 8.72 and at downstream S18.61, S2 7.04, S37.66,
S4 7.97 (Table 2). Upstream most of the samples
were alkaline and pH was greater than > 8.5 at all
sampling points. Application of alkaline or high pH
water for irrigation makes the soils unfit for further
cultivation [13-14].This may be due to calcareous
sediments for the alkaline capacity of river [15].
Hardness as CaCO3 was observed greater than 200
mg L-1 (results not shown) in upstream. Fresh water
has pH ranges 6.5 to 8.5, if not receiving any
industrial or domestic discharge.
Fresh
water
conductivity.
Water
conductivity is an electrical current passed through
water sample which is a reciprocal of electrical
resistance. Mostly stream water has low
conductivity 50 μS which means low concentration
of dissolved ions. Conductivity upstream found
smaller than the downstream (Table 2). In
downstream all sampling point conductivity was S1
230, S2 226, S3 216 and S4 222 μS. This high
conductivity may be due to domestic wastewater
discharge into the river. High EC of water for
irrigation could be slight to moderately hazardous
for most soil texture according to the criteria for
water quality [16]. Thus, the long-term use of
downstream for irrigation purpose should be
discouraged, because their continuous use will be
harmful for soil health [13].
Soil, Plant and Grain Analysis. The amount
of metals and other elements were highly dependent
on their extraction method and types of samples.
Concentration of heavy metals in soils and plants in
the area of study found highly dependent on the
source of irrigation. The source was waste water
Tumbah village which is combination of domestic
waste water of village and surroundings. The source
of irrigation for two fields (two water sources, soil
and plant) was waste water effluent and the fresh
water from canal irrigation. Total five metals were
taken to observe their extent of contamination level
from fresh and waste water irrigated fields. Since
food chain contamination is one of the major routes
for entry of metals into the animal system,
monitoring the bioavailable pools of metals in
contaminated soils has generated a lot of interest
[10, 17]. Water soluble potassium (K) concentration
was observed in the order of WWS1 > WWS2 >
WWS3 > FWS2 > FWS1 > FWS3. Maximum
concentration of water soluble K was 39.07mg kg-1
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contaminated soils has generated a lot of interest

(10, 17].

FIGURE 1a
Water soluble and extractable potassium (mg kg··¹) in soil.

FIGURE 1b
Potassium (mg kg·¹) in soil, rice plant and rice grains.
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metals are nutritionally essential for a healthy life.
Some of these are referred to as the trace elements
(e.g., iron, copper, manganese, and zinc). These
elements, or some form of them, are commonly
found naturally in foodstuffs, in fruits and
vegetables, and in commercially available
multivitamin products. Total soil calcium (Ca)
concentration varied in the order of WWS2 >
WWS1 > WWS3 > FWS3 > FWS2 > FWS1.
Maximum concentration of total soil Ca was
33.55mg kg-1 in WWS2 and minimum
concentration (13.95mg kg-1) was found in FWS1
(Fig. 2b). Heavy metals are also common in
industrial applications such as in the manufacture of
pesticides, batteries, alloys, electroplated metal
parts, textile dyes, steel, and so forth. Many of these
products are in our homes and actually add to our
quality of life when properly used.

Water soluble calcium (Ca) concentration
varied in the order of WWS1 > WWS2 > WWS3 >
FWS3 > FWS2 > FWS1. Greater concentration of
water soluble Ca was observed in WWS1 with
106.05mg kg-1 whereas the lowest concentration
(73.5mg kg-1) was noted from FWS1 (Fig. 2a).
Crop series exercise differently in accumulating
metals in their tissues (Datta et al. 2000) and
efficiency of different crops in absorption of metals
is judged either by plant metal uptake or by transfer
factor of metals from soil to plants [22]. Uptake of
metals by plants is an indicator of efficiency of
metal absorption of different crop species.
Extractable calcium (Ca) concentration varied in
the order of WWS2 > WWS3 > WWS1 > FWS3 >
FWS2 > FWS1. Maximum concentration of
extractable Ca was 6.05mg kg-1 in WWS2 and
minimum concentration (3.55mg kg-1) was found in
FWS1 (Fig. 2a). In small quantities, certain heavy

FIGURE 2a
Water soluble and extractable calcium (mg kg··¹) in soil.
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FWS1 > FWS2 > FWS3. Maximum concentration
of total grain Ca was 1.725mg kg-1 in WWS2
whereas minimum concentration (0.66mg kg-1) was
found in FWS3 (Fig. 2b). Heavy metals become
toxic when they are not metabolized by the body
and accumulate in the soft tissues. Heavy metals
may enter the human body through food, water, air,
or absorption through the skin when they come in
contact with humans in agriculture and in
manufacturing, pharmaceutical, industrial, or
residential settings. Industrial exposure accounts for
a common route of exposure for adults. Ingestion is
the most common route of exposure in children [23].

Total plant calcium (Ca) concentration were
found in the order of WWS2 > WWS1 > WWS3 >
FWS1 > FWS2 > FWS3. Maximum concentration
of total plant Ca was 1.485mg kg-1 in WWS2 and
minimum concentration (0.695mg kg-1)was found
from FWS3 (Fig. 2b). Calcium metal is hazardous
because of its sometimes-violent reactions with
water and acids. Calcium metal is found in some
drain cleaners, where it functions to generate heat.
When swallowed calcium metal has the same effect
on the mouth, esophagus and stomach, and can be
fatal. Total grain calcium (Ca) concentration were
noted in the order of WWS2 > WWS3 > WWS1 >

FIGURE 2b
Calcium (mg kg··¹) in soil, rice plant and rice grains.
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Water soluble magnesium (Mg) concentration
were found in the order of WWS3 > WWS2 >
WWS1 > FWS3 > FWS2 > FWS1. Maximum
concentration of water soluble Mg in WWS3 was
189.325mg kg-1 whereas minimum concentration
116.2mg kg-1 was found in FWS1 with (Fig. 3a).
Studies on the uptake of heavy metals by plants
have shown that heavy metals can be transported
passively from roots to shoots through the xylem
vessels. Moreover, plant organs with low
transpiration rates (e.g. fruits and seeds) did not
accumulate heavy metals because these storage
organs are largely phloem loaded and heavy metals
are generally less mobile in the phloem [24-25].
Extractable magnesium (Mg) concentration were
noted in the order of WWS2 > WWS3 > WWS1 >
FWS1 > FWS2 > FWS3. Maximum concentration
of extractable Mg in WWS2 was 385.1mg kg-1
whereas minimum concentration 359.4mg kg-1 was
found in FWS3 (Fig. 3a). Total soil magnesium
(Mg) concentration were found in the order of
WWS3 > WWS2 > WWS1 > FWS3 > FWS2 =
FWS1. Maximum concentration of total soil Mg in
WWS3 was 127.24mg kg-1 whereas minimum
concentration 117.5mg kg-1 was found in FWS1
(Fig. 3b). The adverse effects of waste water on
soils and crops have been researched intensively

but less attention has been given to the role of
industrial effluents on heavy metals transfer to the
food chain [26]. Total plant magnesium (Mg)
concentration varied in the order of WWS3 >
WWS2 > WWS1 > FWS2 > FWS1 > FWS3.
Maximum concentration of total plant Mg in
WWS3 was 1.815mg kg-1 whereas minimum
concentration 0.295mg kg-1 was found in FWS3
(Fig. 3b). The hazard of heavy metals in waste
water should be rationalized while applying to the
agricultural lands and a comprehensive irrigation
planning with poor quality water is critical to
environmental protection. The undesirable changes
in the physical, chemical and biological
characteristics of air, water and soil affecting
human life and the lives of animals and plants have
been focused [27]. Total grain magnesium (Mg)
concentration varied in the order of WWS1 >
WWS3 > WWS2 > FWS1 > FWS3 > FWS2.
Maximum concentration of total grain Mg in
WWS1 was 1.92mg kg-1 whereas minimum
concentration 0.52mg kg-1 was found in FWS2 (Fig.
3b). Calcium chloride and MgC12 are neutral salts,
but the salt concentration used is much higher and,
the higher the salt concentration the larger the
fraction extracted. Nevertheless, if, as pointed out
by [28].

FIGURE 3a
Water soluble and extractable magnesium (mg kg··¹) in soil.
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FIGURE 3b
Magnesium (mg kg··¹) in soil, rice plant and rice grains.

determined in water soluble, extractable and total
forms. Metal extracted with double solution (HNO 3
and HClO4) were higher in waste and fresh water
irrigated sites. The amount of these metals in
reagents varied in the order HNOΎ > CH3COONH4 >

DISCUSSION AND CONCLUSIONS
The present study was carried out to compare
changes in metals concentration in waste and fresh
water irrigated sites. The metals were stepwise
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HO but the absolute amounts differed between
waste and fresh water irrigated sites. The waste and
fresh water irrigated sites exhibited the lower
concentrations of water soluble and extractable
metal as compared to other fractions, which may
reduce the risk of metal transfer. Zn was observed
minimum while Mg and Ca were found maximum
whereas significantly decreased in K were observed
in both in soil. Mg was highest in plant and grains
as compared to K and Ca. Waste water irrigated
sites has significant enrichment of metals as
compared to the fresh water irrigated site. Presence
of metals not only changes the soil composition but
also only affects the growth and crop yields. The
use of waste water for irrigation purpose might be
cheap but it may contaminate the food chain. The
use of waste water can cause serious illnesses and
has health risk. So it is better to treat wastewater
before using for irrigation purposes.
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fearful health harms associated with their release
into the natural environment [3-4]. There is an ever
growing risk of soil contamination, which threatens
both public health and the environment [5]. Hence,
the remediation of petroleum hydrocarbon
contaminated soils has an urgent need for
cost-effective technologies in the field of
environmental science and engineering [6-7].
Compared to the other remediation methods,
the efficiency of natural removal of contaminants
was found to be very low, which may be limited by
environmental factors such as the concentration and
status of the contaminants, distribution and
bioavailability of nutrients (N and P), temperature,
salinity, pH, microbial competition and so on [8].
The removal rate of contamination could be
enhanced by biostimulation process (e.g., fertilizer).
Fertilizer can directly stimulate the growth of
microorganisms by providing sufficient nutrient
elements (e.g., C, N and P), and can also play the
role of electron acceptors (e.g., nitrate) [9]. However,
the function of fertilizer has been rarely studied in
the phytoremediation of petroleum hydrocarbon
contaminates. The aims of the study were to
investigate the effect of ryegrass using and
non-using fertilizer in the remediation of a
petroleum contaminated soil. The ryegrass is an
annual or perennial herb, belonging to gramineae. It
has been widely cultivated and naturalized
elsewhere as lawns or feed crops in the world [10].
The ryegrass was selected because it has a certain
tolerance for petroleum contaminated soil and can
effectively remove TPHs in the soil [11-12].

ABSTRACT
The removal effectiveness of petroleum
hydrocarbons in contaminated soil (10,000 mg kg-1)
bioaugmented with ryegrass in the absence and
presence of fertilizer (80 kg hm-2 N, 50 kg hm-2 P2O5
and 60 kg hm-2 K2O) was investigated using a
plot-culture
experiment
under
greenhouse
conditions. The removals of total petroleum
hydrocarbons (TPHs), the total n-alkanes (C8-C40)
and the total polycyclic aromatic hydrocarbons
(PAHs of 16 kinds) by ryegrass and fertilizer were
measured, at the same time morphological attributes
and pigments content of ryegrass were also recorded
in this study. After a 3-month culture period, the
average removal rate of TPHs was 38.34%, fertilized
without plants; 54.26%, planted without fertilizer
and 59.28%, planted with fertilizer, respectively.
Whereas the removal rate by natural attenuation
(control) was only 32.10%. The removal rate of the
total n-alkanes, compared with that of the total PAHs
(only 11.3%-34.2%), was higher (up to
44.2%-58.8%), and the content of the total PAHs
was 33-64 times lower than the total n-alkanes in the
corresponding soil. Shoot height, root length, root
dry weight and pigments content were not
significant difference, excepting for shoot dry
weight. Therefore, the results suggested that
fertilizer could promote the phytoremediation of
petroleum hydrocarbons contaminated soil.

KEYWORDS:
polycyclic
aromatic
hydrocarbons,
hydrocarbons, ryegrass, fertilizer

petroleum

MATERIAL AND METHODS
INTRODUCTION

Soil samples and the seeds of ryegrass were
obtained in October 2013, from the uncontaminated
farmland, Xiqing, Tianjin and Suqian, Jiangsu,
China, respectively. The equivalent to crude oil of
10000 mg kg-1 dry soil was evenly sprayed in the
soil, and then petroleum hydrocarbons contaminated
soil was blended and aired for two weeks. The
ryegrass seeds were germinated one week under the
condition of 25 °C. 10 seedlings were planted into
the FRUUHVSRQGLQJ SODVWLF SRWV ĭ  FP î  FP
1500 g of soil contaminated), which was carried out

Crude oil is not only the major world's primary
energy, but also provides raw materials for chemical
industry enterprises [1]. Due to the increasing oil
production and accident probability, petroleum
hydrocarbons have become the most common
pollutants in the soil [2]. Petroleum and its products
are of great concern in pollution studies due to the
complexity of their structure, slow biodegradability,
biological amplification potential and above all the
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70 ml mixture (dichloromethane : n-hexane = 1 : 1).
Saturated and aromatic hydrocarbons were also
completely evaporated to dryness at room
temperature under the condition of ventilation.
The saturated and aromatic hydrocarbons
dissolved in n-hexane were first passed through 0.22
μm nylon membrane filter, and then 1 ml dissolved
liquid was analyzed using an Agilent 5975 GC-MS.
The saturated hydrocarbons were analyzed using a
capillary column DB-5MS (60 m × 0.250 mm ID,
0.25 μm film thickness). The operating conditions
were injection port temperature, 280 °C; column
oven program, 40 °C for 2 min, ramped at 3 °C min-1
to 300 °C for 55 min; helium carrier gas (flow rate of
1.5 ml min-1 at 40 °C); 1.0 μl injection volume; no
split mode. The aromatic hydrocarbons were
analyzed with a capillary column HP-5MS (30 m ×
0.250 mm ID, 0.25 μm film thickness). The
operating conditions were injection port temperature,
300 °C; column oven program, 70 °C for 1 min,
ramped at 10 °C min-1 to 260 °C for 4 min, and then
5 °C min-1 to 300 °C with a 4 min hold; helium
carrier gas (flow rate of 1.0 ml min-1 at 70 °C); 1.0 μl
injection volume; no split mode. Comparing with
Hydrocarbon
Window
Defining
Standard
(AccuStandard Inc. USA) and PAH Solution Mix
(AccuStandard Inc. USA) on external standard
method, the contents of alkanes and aromatics were
determined, respectively.

inside a greenhouse at about 18-25 °C and 60%
moisture content, at the same time fertilizer was also
spread in the soil. The illumination was
approximately 16 h natural sunlight every day.
Treatments. The experiment was divided into
four treatments: control (C-no treatments); fertilized
without plants (F-no plants, only fertilizer); planted
without fertilizer (P-no fertilizer, only plants);
planted with fertilizer (PF-both plants and fertilizer).
The fertilizing amount was 80 kg hm-2 N, 50 kg hm-2
P2O5 and 60 kg hm-2 K2O. The impact of plants and
of fertilizer to the removal of petroleum
hydrocarbons was measured in the 30th and 90th day
after plant and fertilization.
Plant growth, pigments analysis. Plants were
weighed after air-dried in the interior. The fresh
leaves were picked to measure pigments content
from several plants per pot. 10 ml of mixture
(absolute ethyl alcohol : acetone : water = 45 : 45 :
10) covered leaves about a week to adequately
extract chlorophyll a, b and carotenoids, and then
measuring absorbance of extracting solution and
calculating according to Arnon [13] and Zhu [14].
Analysis of petroleum hydrocarbon
component. Air-dried soil samples passed through a
100 mesh sieve and reserved at 4 °C for further
analysis. 20 ml dichloromethane (boiling point:
40 °C) was added to 5 g soil samples and mixed well.
After treatment by ultrasound for 15 min, the
mixture was centrifuged for 10 min at 4000 rpm. The
supernatant was taken for further analysis. During
the process of ultrasound, water temperature in the
bath was maintained at no more than 35 °C by
adding cold water. Again 20 ml dichloromethane
was added, the above process was repeated three
times in the same soil sample and merging the
supernatant in order to completely assure extraction.
All the supernatants were completely evaporated to
dryness at room temperature under the condition of
ventilation. Then the amount of the petroleum
hydrocarbons was measured gravimetrically. The
experiments were carried out in triplicates [6, 15].
The silica gel and neutral alumina column
chromatography were used to separate the petroleum
hydrocarbon components such as saturated
hydrocarbons and aromatic hydrocarbons. A glass
FROXPQ ĭPPîPP IURPGRZQWRXSZDV
filled into 120 mm activated silica gel (pre-baked at
120 °C for 4 h), 60 mm activated neutral alumina
(pre-baked at 500 °C for 4 h) and 10 mm anhydrous
sodium sulfate (pre-baked at 500 °C for 4 h) in turn.
The dry supernatant dissolved in a small amount of
n-hexane was poured into the silica gel and neutral
alumina column. Saturated hydrocarbons were
eluted with about 20 ml of n-hexane at the beginning
and then aromatic hydrocarbons were eluted using a

Statistical analysis. Statistical analysis was
carried out using Microsoft Excel software and
SPSS 18.0. Each indicator consisted of no less than
three replicates for each treatment in order to reduce
the experimental errors and to increase the
experimental reproducibility. Analysis of variance
was carried out by one-way ANOVA to determine
the mean values and standard deviation. The values
were expressed as mean ± standard deviation (S.D.).
Differences were considered significant with the cut
off at p=0.05.

RESULTS AND DISCUSSION
Enhanced removal of TPHs by fertilizer.
The removal efficiency for the petroleum
hydrocarbons contaminated soil may be affected by
the ryegrass and fertilizer. The removal of total
petroleum hydrocarbons presented significant
variations (P < 0.05) between various treatments
(Figure 1). On one hand, as a result of the existence
of ryegrass, the removal of TPHs was accelerated in
the petroleum hydrocarbons contaminated soil. The
removal rate of TPHs under the treatment P (up to
54.26%) and PF (up to 59.28%) was significantly
higher than the correspondingly unplanted C (only
32.10%) and F (only 38.34%), respectively.
Meanwhile, the fertilizer also accelerated the
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contaminated soil.

a
60

TPHs degradation (%)

b

50

c
40
d
30
C

F

P

PF



FIGURE 1
TPHs removal in contaminated soil planted with ryegrass and unplanted soil in the absence and presence of
fertilizer. Values are mean and the vertical bars represent the standard deviation (n=3). The means by the
same letter(s) were not significantly different at P < 0.05.
Based on the previous studies obtained in TPHs,
plant could promote the removal of petroleum
hydrocarbons in soil [6, 16-17]. The removal rate of
TPHs in the plant treatment was significantly higher
(P < 0.01) than that in the unplanted treatment in this
study. Arslan et al. [18] pointed out that fertilizer
could enhance the removal efficiency of biological
methods. Fertilizer could greatly increase the
removal rate of TPHs, which was positive and
significant as the response variables [19-20].

The removal rate of TPHs under the treatment
F and PF was significantly higher than the
corresponding treatment C and P. The removal rate
of TPHs under treatment PF was 1.85, 1.55 and 1.09
times higher than that of treatment C, F and P,
respectively.
The joint actions of physics, chemistry and
biology could affect the removal of petroleum
hydrocarbons in soil. Volatilization, eluviation and
photolysis also play an important role in the removal
of TPHs [16-17]. In control, the part of the
petroleum hydrocarbons in the soil was removed.
60

11
10

Root length (cm)

Shoot height (cm)

55
50
45
40

9
8
7
6
5

PF

1.3
1.2
1.1
1.0
0.9

0.12
-1

-1

Shoot dry weight (g pot )

1.4

P

Root dry weight (g pot )

35

P

P

PF

P

PF

0.11
0.10
0.09
0.08
0.07

PF

FIGURE 2
Growth responses including shoot height, root length, shoot dry weight and root dry weight of ryegrass
under the absence and presence of fertilizer. Data were presented on graphs with means and standard
deviation (S.D.). Error bars represent the standard deviation. Data followed by stand for significant
difference at P < 0.05.
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significant increasing (P > 0.05) compared to that
without fertilizer. Shoot height, root length and root
dry weight in the treatment PF were 3.75%, 14.59%
and 22.72% higher than those in the treatment P,
respectively. Meanwhile shoot dry weight was also
recorded to be 20.08% higher in the treatment PF.
The pigment content reflects the cellular metabolic
state. Chlorophyll, Carotenoids, Chlorophyll
a/Chlorophyll b and Chlorophyll a/Carotenoids
presented no significant changes (P > 0.05) between
fertilizer and unfertilizer (Figure 3).
Fertilizer application could enhance plant
height and biomass production [18, 21-22]. In this
study, fertilizer had also contributed to the increase
of plant height and biomass production. Meanwhile,
the content of Chlorophyll and Carotenoids was
increased by fertilizer. The results are comparable to
a previous study [23]. It was reported that the
content of Chlorophyll and Carotenoids with
fertilizer was higher than that without fertilizer [23].
Therefore, these results suggested that the fertilizer
played an important role in promoting growth of
plant in petroleum hydrocarbons contaminated soil,
although plant growth in this study was not
significant affected by fertilizer with the exception
of shoot dry weight that was higher for fertilized
plant.

The removal rate of TPHs in the treatment with
fertilizer was significantly higher (P < 0.05)
compared to that with no fertilizer.
Meanwhile, the removal of TPHs by
phytoremediation in combination with fertilizer was
investigated in this study. Basumatary et al. [21]
showed that combination of plant and fertilizer was
more effective for removal of petroleum
hydrocarbon. Therefore, these results suggested that
the ryegrass and fertilizer could enhance the removal
of TPHs in petroleum hydrocarbons contaminated
soils. Specifically the acceleration by ryegrass was
higher than that by fertilizer, and the best effect was
achieved under the joint actions of the ryegrass and
fertilizer
Growth and pigments analysis of ryegrass.
Growth and development of plant could be changed
by
fertilizer
in
petroleum
hydrocarbons
contaminated soil. Morphological characteristics
(e.g., shoot height, shoot dry weight, root length and
root dry weight) were measured (Figure 2). The
fertilizer had a positive effect on the growth of
ryegrass in this study. After 90 days, shoot dry
weight with fertilizer was significantly heavier (P <
0.05) than that without fertilizer. Shoot height, root
length and root dry weight with fertilizer did not

P
PF

1.2

-1

Concerntration (mg g FW)



1.0
0.8
0.6
0.4
0.2
Chlorophyll

Carotenoids

Chlo a/b

Chlo a/Car

VSHFLILFYDOXH

5.0
4.5
4.0
3.5
3.0
2.5

FIGURE 3
Photosynthetic pigments including total chlorophyll, total carotenoids, chlorophyll a/b ratio and
chlorophyll a/carotenoids ratio of ryegrass under the absence and presence of fertilizer. Values are mean
and the vertical bars represent the standard deviation (n=3).
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respectively. It was reported that ryegrass had the
ability to absorb alkane component [25, 26]. The
removal of n-alkanes could be enhanced by the
fertilizer [27]. Xu et al. [28] also reported that the
removal rate of total n-alkanes with nutrients
application were 3 times higher than that without
nutrients application. And the content of total
n-alkanes also decreased in no nutrients application.
In this study, fertilizer promoted the removal of total
n-alkanes in comparison to the control. The results
suggested that the greater removal rates of n-alkanes
relative to the control can be attributed to higher
nutrient levels.
It was reported that alkanes were removed
faster than PAHs [29]. During the current
experiments, the removal rate and contents of the
total PAHs were lower than that of the total
n-alkanes. Nevertheless, PAHs also showed a
change among various treatments (Figure 4). The
main components of PAHs included phenanthrene
(PHE), pyrene (PYR), benz(a)anthracene (BaA) and
chrysene (CHR).

Components changes in the process of
phytoremediation. The contents of petroleum
hydrocarbon components decreased with time. The
main contents of n-alkanes (C8±C40) were from
C14 to C40 between the 30th and 90th day in the soil
(Table 1). Wang et al. [9] reported that the main
contents of n-alkanes were from C13 to C37. In
treatment PF, almost all the n-alkanes contents
reduced to the lowest either on the 30th or 90th day.
There was a maximal removal rate (46.1% or 58.8%).
The removal ratio of the total n-alkanes was higher
than 58% on average by Pi et al. [24]. In the 30th day,
the removal rate of total n-alkanes in treatment PF
was significantly higher than that in treatment C
(28.7%), and no significant differences among other
treatment. For treatment F and P, the removal rate
was 11.1% and 10.1% lower than that in treatment
PF, respectively. In the 90th day, the removal rate of
total n-alkanes presented no significant difference
among various treatments. Fertilizer and plant
affected the removal rate of total n-alkanes, with
values of 47.2% (F) and 51.9% (P), which were only
3.0% and 7.7% higher than that in treatment C,

TABLE 1
Contents of n-alkanes (μg kg-1 dry soil) in different soils (30 and 90 means the sampling time). Values are
mean and the vertical bars represent the standard deviation (n=3).
n-Alkanes
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
Sum

C
28±8
9±4
4±1
20±8
13±3
28±2
276±49
716±120
1763±334
2398±281
2708±391
3081±266
5052±548
5844±437
6794±716
7446±435
7868±449
8671±349
9190±502
7961±385
6108±334
6623±453
8086±598
7429±570
5547±600
5855±750
4747±553
5271±565
4068±517
7272±926
4829±402
5105±482
5485±622
146295±8512

30
F
P
26±4
23±3
11±6
14±1
4±1
3±0
20±5
14±3
11±3
8±1
26±1
33±5
451±176
460±184
891±139
919±214
1954±282
1879±226
2447±123
2574±271
2670±354
2754±94
2983±322
3189±129
4785±734
5100±33
5482±891
5897±129
6287±1051
6861±51
6878±1179
7614±199
7182±1276
8131±242
7660±1445
8835±211
8258±1397
9319±345
7015±1191
7887±381
5343±997
5917±404
5677±1110
6067±549
6739±1977
7248±483
6675±1190
6419±462
4880±896
4584±408
5330±1244
4654±623
4298±1002
3545±417
4897±903
3922±413
3635±768
2743±287
6443±1525
4665±504
4396±819
3312±234
4895±670
3450±236
5080±1223
3226±254
133329±22925 131266±5080

PF
23±5
11±5
3±1
22±8
11±4
28±3
402±132
853±112
1766±337
2436±175
2654±258
3066±201
4956±373
5733±395
6636±472
7233±352
7537±293
7902±294
8310±341
6660±340
4672±186
4489±285
5839±360
4941±316
3277±160
3266±300
2351±242
2664±248
1934±158
3251±427
2701±233
3071±83
1906±954
110604±5310
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C
67±16
19±5
9±1
27±3
23±3
33±7
195±81
597±235
1454±558
2251±748
2506±820
3057±1000
5035±1586
5789±1834
6919±2102
7107±2180
7413±2220
7650±2206
8291±2301
6763±1867
4787±1283
4810±1346
5971±1594
5575±1252
4037±1052
4143±675
2984±754
3509±807
2458±547
3798±855
2560±593
2444±553
2122±1087
114403±31201

90
F
P
53±8
67±18
8±3
16±6
6±1
9±2
20±5
31±12
13±1
22±7
29±10
33±9
330±253
175±31
616±346
529±110
1444±714
1245±371
1887±652
2137±683
2163±820
2266±863
2530±683
3004±1061
4061±1089
4824±1751
4758±1116
5679±2003
5570±1331
6678±2285
6040±1355
6976±2378
6414±1400
7175±2357
6967±1523
7308±2293
7488±1486
7649±2229
6244±1162
6092±1752
4672±752
4090±1181
4798±764
3848±1150
6221±871
5387±1405
5485±637
4389±1162
4076±487
2891±704
4161±397
2834±744
3271±420
1892±607
3627±600
2318±673
2634±466
1510±376
4496±877
2353±775
2904±911
1797±551
2962±1005
1845±531
2380±336
1659±459
108328±21751 98728±30070

PF
50±4
8±0
6±0
19±1
14±1
22±2
179±65
417±116
1172±140
1451±147
1818±51
1977±95
3269±115
3763±157
4469±212
4772±147
5045±168
5366±204
5838±197
4889±213
3581±205
3647±209
4927±312
4280±272
3138±256
3149±213
2449±145
2833±180
1957±35
3292±92
2179±59
2150±60
2337±29
84463±3604
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microbiological biomass carbon. Wang et al. [31]
suggested that the joint actions of plant root exudates,
microorganisms and so on might promote
bioavailability of pyrene and subsequently add its
dissipation in rhizosphere soil. This suggests that
plant could promote the removal of aromatic
components in soil. Xu et al. [28] reported that the
removal rate of PAHs with nutrients application
were 3 times more than that without it. And the
content of PAHs also decreased in no nutrients
application. The removal of polycyclic aromatic
hydrocarbons was only barely enhanced in the
presence of the fertilizer [27]. In our study, fertilizer
promoted the removal of PAHs in comparison to the
control. The results demonstrated that PAHs could
be removed by ryegrass and the higher removal rates
of PAHs in treatment PF could be attributed to the
higher nutrient levels

They accounted for 85.5% of the total PAHs in
the original soil. Wang et al. [9] showed that the
main PAHs accounted for 75%, including PHE, PYR
and CHR. In this study, the removal rates of the four
PAHs in the treatment PF were higher than that in
other treatment, with values of 36.6% (PHE), 26.8%
(PYR), 41.4% (BaA) and 29.1% (CHR) compared to
10.2%, 17.3%, 7.3% and 5.7% of the control C,
respectively. The removal rate of the total PAHs in
the treatment PF (34.2%) was higher than that in the
control C (11.3%) and other treatment (ranged from
14.1% to 24.7%). Moreover, the content of the total
PAHs was 33±64 times lower than that of the total
n-alkanes in the soil, showing that the removal rate
of TPHs might be mainly impacted by alkanes.
Wang et al. [9] showed that this ratio was up to 87
times. Liu et al. [30] reported that ryegrass could
increase activities of polyphenol oxidase,
dehydrogenase and enhance the content of

50
40
30
20
10
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FIGURE 4
Contents of PAHs in different treatments. NP: naphthalene; ACY: acenaphthylene; ACE: acenaphthylene;
FLN: fluorene; PHE: phenanthrene; ANT: anthracene; FLU: fluoranthene; PYR: pyrene; BaA:
benzo(a)anthracene; CHR: chrysene; BbF: benzo(b)fluoranthene; BkF: benzo(k)fluoranthene; BaP:
benzo(a)pyrene; IcdP: indeno(1,2,3-cd)pyrene; DBah: dibenzo(a,h)anthracene; BghiP: benzo(ghi)perylene.
Values are mean and the vertical bars represent the standard deviation (n=3).
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of
soil
contaminated
by
petroleum
hydrocarbons. Fresen. Environ. Bull. 19,
3217±3223.
[5] Ndimele, P.E. (2010) A review on the
phytoremediation of petroleum hydrocarbon,
Pakistan J. Biol. Sci. 13(15), 715-722.
[6] Cai, Z. Zhou, Q.X. Peng S.W. and Li, K.N.
(2010)
Promoted
biodegradation
and
microbiological
effects
of
petroleum
hydrocarbons by Impatiens balsamina L. with
strong endurance. J. Hazard. Mater. 183(1),
731-737.
[7] Chuluun, B. Shah, S.H. and Rhee, J.S. (2014)
Bioaugmented Phytoremediation: A Strategy
for Reclamation of Diesel Oil-contaminated
Soils. Int. J. Agric. Biol. 16, 624-628.
[8] Maqbool, F. Wang, Z.Y. Xu, Y. Zhao, J. Gao,
D.M. Zhao, Y.G. Bhatti, Z.A. and Xing, B.S.
(2012) Rhizodegradation of petroleum
hydrocarbons by Sesbania cannabina in
bioaugmented soil with free and immobilized
consortium. J. Hazard. Mater. 38(8), 262-269.
[9] Wang, X. Cai, Z. Zhou, Q.X. Zhang Z.N. and
Chen, C.H. (2012) Bioelectrochemical
stimulation
of
petroleum
hydrocarbon
degradation in saline soil using U-tube
microbial fuel cells. Biotechnol. Bioeng. 109(2),
426-433.
[10] Tahir, H. Jahanzeb Q. and Sultan, M. (2011) An
investigation of environmental impact of aerial
metal deposition around the petrol filling
stations and applying remedial measures to
reduce the elevated level of lead metal. Pak. J.
Chem. 1, 1-5.
[11] Kechavarzi, C. Pettersson, K. Leeds-Harrison, P.
Ritchie, L. and Ledin, S. (2007) Root
establishment of perennial ryegrass (L. perenne)
in diesel contaminated subsurface soil layers.
Environ. Pollut. 145(1), 68-74.
[12] Tang, J.C. Wang, R.G. Niu X.W. and Zhou, Q.X.
(2010) Enhancement of soil petroleum
remediation by using a combination of ryegrass
(Lolium perenne) and different microorganisms.
Soil Till. Res. 110(1), 87-93.
[13] Arnon, D.I. (1949) Copper enzymes in isolated
chloroplasts: polyphenoloxidase in Beta
vulgaris. Plant Physiol. 24, 1-15.
[14] Zhu, G.L. (1990) Plant physiology experiment.
Peking University Press, Beijing, China.
[15] Mishra, S. Jyot, J. Kuhad R.C. and Lal, B. (2001)
In situ bioremediation potential of an oily
sludge-degrading bacterial consortium. Curr.
Microbiol. 43(5), 328-335.
[16] Zhang, Z.N. Zhou, Q.X. Peng S.W. and Z. Cai,
Z. (2010) Remediation of petroleum
contaminated soils by joint action of Pharbitis
nil L. and its microbial community. Sci. Total
Environ 408(22), 5600-5605.

CONCLUSIONS
In the 90-day study, the removal of TPHs could be
accelerated by ryegrass and/or fertilizer. The
removal rate of TPHs in treatment PF, P and F was
59.28%, 54.26% and 38.34%, respectively, while the
removal rate was only 32.10% under the natural
attenuation (treatment C). There was significant
difference (P < 0.05) between the various treatments
for the removal levels of TPHs. The results showed
that ryegrass had strong resistance to the petroleum
hydrocarbon contaminated soils. The total n-alkanes
had an obvious reduction compared to the total
PAHs. Especially in the treatment P and PF, the
removal rate of the total n-alkanes was up to 51.9%
and 58.8%, respectively. Generally speaking,
ryegrass could effectively promote the removal of
TPHs in petroleum hydrocarbons contaminated soil
(1%), and the removal effectiveness was
strengthened after addition of fertilizer. More
in-depth research is still needed to reveal the
removal mechanisms in the future.
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