FEB – Fresenius Environmental Bulletin
founded jointly by F. Korte and F. Coulston
Production by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany
in cooperation with Lehrstuhl für Chemisch-Technische Analyse und Lebensmitteltechnologie,
Technische Universität München, 85350 Freising - Weihenstephan, Germany
Copyright © by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany.
All rights are reserved, especially the right to translate into foreign language. No
part of the journal
may be reproduced in any form- through photocopying, microfilming or other processesor converted to a machine language, especially for data processing equipment- without
the written permission of the publisher. The rights of reproduction by lecture, radio
and television transmission, magnetic sound
recording or similar means are also reserved.
Printed in GERMANY – ISSN 1018-4619

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

Environmental Toxicology:

FEB - EDITORIAL BOARD

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

Chief Editor:
Prof. Dr. H. Parlar
Institut für Lebensmitteltechnologie und Analytische
Chemie
TU München - 85350 Freising-Weihenstephan, Germany
e-mail: parlar@wzw.tum.de

Prof. Dr. A. Kettrup
Institut für Lebensmitteltechnologie und Analytische
Chemie
TU München - 85350 Freising-Weihenstephan, Germany

FEB - ADVISORY BOARD

Co-Editors:
Environmental Analytical Chemistry:

Environmental Analytical Chemistry:

Dr. D. Kotzias

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

Commission of the European Communities,
Joint Research Centre, Ispra Establishment,
21020 Ispra (Varese), Italy

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

Environmental Proteomic and Biology:

Prof. Dr. A. Görg

Environmental Chemistry:

Fachgebiet Proteomik
TU München - 85350 Freising-Weihenstephan, Germany

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

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

Environmental Management:

Prof. Dr. G. Schüürmann

Environmental Toxicology:

O. Hutzinger, A - L.O. Ruzo, U.S.A - U. Schlottmann, D

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

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

Environmental Chemistry:

Prof. Dr. M. Bahadir

Managing Editor:
Dr. G. Leupold

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

Institut für Chemisch-Technische Analyse und Chemische
Lebensmitteltechnologie, TU München
85350 Freising-Weihenstephan, Germany
e-mail: leu@wzw.tum.de

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

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

Editorial Chief-Officer:
Selma Parlar

Environmental Management:

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

Dr. H. Schlesing

Marketing Chief Manager:
Max-Josef Kirchmaier

Secretary General, EARTO,
Rue de Luxembourg,3, 1000 Brussels, Belgium

MASELL-Agency for Marketing & Communication, PublicRelations
Angerstr.12, 85354 Freising, Germany
e-mail: masell@masell.com - www.masell.com

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

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

Abstracted/ indexed in: Biology & Environmental Sciences,
BIOSIS, C.A.B. International, Cambridge Scientific Abstracts,
Chemical Abstracts, Current Awareness, Current Contents/ Agriculture, CSA Civil Engineering Abstracts, CSA Mechanical & Transportation Engineering, IBIDS database, Information Ventures, NISC,

1

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

Research Alert, Science Citation Index (SCI), SciSearch, Selected
Water Resources Abstracts

900

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

CONTENTS

ORIGINAL PAPERS
BIOTURBATION OF TWO CHIRONOMID SPECIES ON NUTRIENT EXCHANGE
AT SEDIMENT-WATER INTERFACE IN A CHINESE SHALLOW EUTROPHIC LAKE

902

Ping-Hong Jiang, Lei Ji, Wen-Juan Xiao, Dai-Zhong Huang, Yun-Bing Liu, Chun-Lei Song, Xiu-Yun Cao and Yi-Yong Zhou

REMOVAL OF PHENOL RED BY ACTIVATED CARBON AND MAGNETIC ACTIVATED CARBONS

911

Mehmet Mahramanlioglu, Mukadder Al, Muhammad Zahoor, Adem Cinarli and Irfan Kizilcikli

THE EFFICIENCY OF ULTRASOUND ON ALGAL CONTROL IN
A CLOSED LOOP WATER TREATMENT SYSTEM FOR CYPRINID FISH FARMS

919

Aleksandra Krivograd Klemenčič and Tjaša Griessler-Bulc

ELECTRO-OSMOTIC DEWATERING BEHAVIOR ANALYSIS FOR ACTIVATED SLUDGE

932

Xiaoyan Yu, Shuting Zhang, Hui Xu, Xuebin Lu and Degang Ma

PMA IN COMBINATION WITH QUANTITATIVE PCR FOR THE
DETECTION OF INACTIVATION EFFICACY BY ULTRASONIC SONICATION

940

Shenghua Zhang and Xin Yu

RESPONSE SURFACE METHODOLOGY TO OPTIMIZE ADSORPTION PARAMETERS
FOR NAPHTHALENE REMOVAL IN AQUEOUS SOLUTIONS BY ACTIVATED CARBON

945

Oltan Canli and Erhan Demirbas

EVALUATION OF THE TOXICITY OF HEAVY METALS AND ORGANIC
COMPOUNDS IN COMPOST BY MEANS OF TWO GERMINATION-ELONGATION TESTS

956

Remigio Paradelo, Antía Villada, Desiree González and María Teresa Barral

CHARACTERIZATION OF DISSOLVED ORGANIC MATTER BY FLUORESCENCE
SPECTROSCOPY IN SALINE SOIL FROM HETAO IRRIGATION DISTRICT, CHINA

963

Jin-yuan Jiang, Hui-bin Yu, Bei-dou Xi, Xu-jing Guo, Yue-xi Zhou and Hong-liang Liu

ELECTROCHEMICAL REMOVAL OF AMMONIA AND TOTAL
NITROGEN IN MICRO-POLLUTED WATER USING TI/RU ELECTRODES

972

Xuwen He, Hao Wang, Chunhui Zhang, Liyuan Liu and Shaopei Hou

EFFECTS OF CHELATORS ON GROWTH,
PHYTOEXTRACTION OF HEAVY METALS IN SOYBEAN (Glycine max L.)

979

Ling Tao, Jun Ren and Chaoxu Wang

MONTHLY VARIATION OF SOME PHYSICO-CHEMICAL AND
MICROBIOLOGICAL PARAMETERS IN SARICAY STREAM (CANAKKALE, TURKEY)
Nurcihan Hacioglu and Basaran Dulger

901

986

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

REMOVAL OF AMMONIA FROM SOURCE-SEPARATED URINE BY
ELECTROLYTIC OXIDIZATION USING RuO2–IrO2–TiO2/Ti ELECTRODES

991

ELECTROCATALYTIC HYDRODECHLORINATION OF
CHLOROFORM ON A PALLADIUM-NICKEL MODIFIED TITANIUM CATHODE

999

Xiang-Yong Zheng, Liang Ji, Hai-Ren Ye, Ye-Jian Zhang, Li Yan, Jun Li, Chong Wang and Hai-Nan Kong

Zhirong Sun, Hui Ge, Xiang Hu and Yongzhen Peng

IMPACT OF POINT AND DIFFUSE POLLUTION SOURCES ON NITRATE AND
AMMONIUM ION CONCENTRATIONS IN THE KARST-INFLUENCED TEMENICA RIVER

1005

Matjaž Glavan and Marina Pintar

FILTRATION RATE, SPECIFIC CAKE RESISTANCE AND
ZETA POTENTIALS OF MINERALS IN THE PRESENCE OF BORAX AND SURFACTANTS

1015

Ozgul Ozcan Taspinar and Ertan Calisan

Alcea pallida WALDST. & KIT. (MALVACEAE) AS A
HEAVY METAL BIOMONITOR IN ISTANBUL (TURKEY)

1024

Sait Hamdi Yener and Celâl Yarcı

USE OF SEMI-PERMEABLE MEMBRANE DEVICES IN ORDER TO INVESTIGATE
THE PARTITIONING OF PAHs IN SEDIMENTS AND THEIR POTENTIAL FUGACITY

1031

Loredana Manfra, Chiara Maggi, Fabio Lorini, Beatrice Cocozziello and Alessandra Accornero

SHORT COMMUNICATION
ASSESSMENT OF GENOTOXICITY OF THE MYCOTOXIN PAXILLINE USING
THE SOMATIC MUTATION AND RECOMBINATION TEST IN Drosophila melanogaster

1038

Mehmet Gürbüzel, Handan Uysal and Halit Kızılet

NOTE
TURKISH NATURE AND BIODIVERSITY LEGISLATION WITHIN
THE CONTEXT OF EU BIRD DIRECTIVE AND HABITAT DIRECTIVE

1042

Aynur Aydın Coşkun and Yusuf Güneş

INDEX

1050

901

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

BIOTURBATION OF TWO CHIRONOMID SPECIES
ON NUTRIENT EXCHANGE AT SEDIMENT-WATER
INTERFACE IN A CHINESE SHALLOW EUTROPHIC LAKE
Ping-Hong Jiang1,2, Lei Ji1,2, Wen-Juan Xiao1,2, Dai-Zhong Huang1,2,
Yun-Bing Liu1,2, Chun-Lei Song1, Xiu-Yun Cao1 and Yi-Yong Zhou1*
1
The State Key Laboratory of Freshwater Ecology and Biotechnology,
Institute of Hydrobiology, the Chinese Academy of Sciences, Wuhan 430072, P.R. China
2

Graduate School of the Chinese Academy of Sciences, Beijing, 100039, P.R. China

ABSTRACT

tinct impacts on the sedimentary metabolism in terms of
SOD and nutrient flux rates by their own ways.

Bioturbation caused by chironomids has a great impact on sediment environment and nutrient cycling, which
is of ecological significance in eutrophic lakes. Greatly
differing in feeding and burrowing activities, the chironomid species may play distinct roles in driving nutrient cycling, Bioturbation effects of chiromomids were studied in Lake Donghu where Chironomus plumosus and Tanypus chinensis were detected to be the dominant species. The
sediment phosphorus was also fractionated. The patterns of
nutrient fluxes across the sediment-water interface bioturbated by these 2 species were studied using laboratory experiments. The burrowing activities of T. chinensis larvae
in the surface sediment had little effect on the sedimentary
oxygen demand (SOD) (28.9±1.5 mmol﹒m-2﹒d-1), consequently, with relatively limited inorganic-N release (94.6±
6.0 mg﹒m-2) from sediment mainly in the form of NO3(accounting for 82%) (p>0.05). Their excretion appears to
be the major source contributing to the increase of P-release
(15.58±0.22 mg﹒m-2, 1.4 times higher than control, p<
0.05). Ch. plumosus brought about a significantly higher
SOD (55.7±4.6 mmol﹒m-2﹒d-1) together with pulse of
NH 4 + (20.86±0.82 mg﹒m -2 ﹒d -1 ) and SRP (3.66±0.12
mg﹒m-2﹒d-1) release from sediment in the early incubation time (p<0.05). Later, the release of NH4+ significantly
decreased from 140.05±3.71 to 79.72±12.66 mg﹒m-2, while
NO3--release markedly increased from 33.31±6.22 to 64.58±
5.99 mg﹒m-2 (p<0.05). Conversions of inorganic N species
stimulated by bioturbation were the dominant processes in
controlling the inorganic-N fluxes. Noticeably, the linear
decrease of SRP from 18.85±1.85 to 8.70±0.15 mg﹒m-2
suggested the dominant role of oxygen bio-irrigation in Pcycling. Especially, it is ecologically important in shallow
eutrophic lakes like Lake Donghu where sediment P is
dominated by iron-bound P. Moreover, these two species of
chironomid larvae induced noticeable particulate nutrient
release from sediment, in addition to fluxes of dissolved
ones. Briefly, these 2 species of chironomids exerted dis-

KEYWORDS: bioturbation, chironomids, sedimentary oxygen
demand (SOD), nutrient exchanges, shallow lake, eutrophication.

INTRODUCTION
Benthic invertebrates usually modify the physical,
chemical and biological properties of sediment through
various activities (feeding, burrowing, locomotion and irrigation), thus inducing significant effects on the biogeochemical processes near the sediment-water interface, which
have been consistently defined as bioturbation [1, 2]. The
bioturbation affects, in particular, fluxes of nutrients, oxygen, contaminants and pollutants, and, more generally,
strongly influences the process of organic matter mineralization near the sediment-water interface [3-6]. According
to the study of Kristensen [7], increased transport due to
ventilation of burrow water usually enhances reaction
rates and solute fluxes by a factor of 2-5. Chironomids, the
typical members of eutrophic lakes [8, 9], played a significant ecological role in sediment metabolism and nutrient
cycling [10-14].
In addition to adapting themselves to the environment,
chironomids influence the sedimentary environment by bioirrigation, bioturbation, sediment resuspension, ingestion,
digestion, defecation, excretion and secretion [15, 16],
among which bio-irrigation (activities of pumping and ventilation), especially O2 irrigation, is considered to be the
major effect on N and P cycling [11-12, 16-18]. For example, the redox-controlled conversion of inorganic N species
has always been influenced by the oxygen irrigation of
chironomid larvae [13, 19-20]. It has been reported that
the larvae of Chironomus usually stimulated NH4+ release
and NO3- uptake by their bioturbation activities [14, 21,
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22]. Stief and Beer [13] found that in the irrigational layer
of Chironomus riparius larvae, both microbial biomass
and community respiration were increased, and a tighter
coupling of nitrification and denitrification was also detected. It has been consistently summarized that the enhanced oxidative mineralization rates due to O2 irrigation
always led to pulse of NH4+ release from sediment. Meanwhile, the continuous deep irrigational activities usually
made a shorter pathway for NO3- to the suboxic sediment,
thus enhancing NO3- uptake. [12-14, 18]. Shortly, the production of NH4+ by chironomid larvae appears to be an
important mechanism contributing to nitrogen regeneration
from lake sediments. Contradicting effects on P-exchange
have always been reported. For example, Chironomus larvae could either stimulate [11, 23] or decrease P-release [10,
16], whereas not any influence was also found [24]. Either
different bioturbation modes or experimental conditions (i.e.
incubation time, temperature, aeration) would account for
that contradicting results. It can be summarized that stimulated oxidative mineralization and P-fixation by oxidized
iron(III) compounds due to oxygen irrigation, convective
pore-water exchange, sediment re-suspension and direct Pexcretion were the key processes in controlling the Pexchange. In detail, chironomids (Ch. plumosus) greatly
irrigated oxygen into the sediment, leading to increased
P-sorption capacity, thus markedly preventing P-release
from sediment. Hence, the effects of the import of oxidizing agents into the sediment were dominant over those of
convective pore-water exchange, increased mineralization,
sediment re-suspension and direct P-excretion [25]. Therefore, the effects of chironomids on P-cycling may be mainly
related to bioturbation modes.
Ch. plumosus and T. chinensis are the dominant chiromomid species in Chinese shallow lakes, especially in
the eutrophic ones [26-28]. These 2 species completely differed in feeding and burrowing activities, e.g. T. chinensis
larvae are just sprawling within 1-2 cm surface sediment,
and these larvae are not tube-builders only with small
holes observed in the upper sediment. As for Ch. plumosus, the larvae are active burrowers with visible Ushaped tubes (5-10 cm) down to the deep sediment [14,
29-31]. However, less attention was paid to compare their
distinct bioturbation effects on nutrient releasing. Moreover, the general information on the bioturbation of T.
chinensis larvae is almost lacking. So, it is desirable to
study the detailed mechanisms of these two kinds of bioturbation in eutrophic shallow lakes.
In this study, the macrozoobenthos composition was
investigated and sediment P was fractionated in a Chinese

shallow eutrophic lake (Lake Donghu). Bioturbation effects of 2 dominant chironomids, i.e. Ch. plumosus and T.
chinensis, on nutrient (N and P) exchanges across sediment-water interface were examined in laboratory experiments. The objective of this study was to test the hypothesis that chironomid bioturbation effects on nutrient cycling
are species-specific, and thereby having a deep insight into
the role of chironomids in the process of lake eutrophication.
MATERIALS AND METHODS
Lake description

Lake Donghu (30◦33′N, 114◦21′E) is located in the east
of Wuhan city, China with a total surface area of 33 km2
and 2.5 m depth in average. It was divided into several
areas by dams in the 1960s [32]. The lake is contaminated
with domestic wastewater (80-90%), non-point sources
and industrial wastewater (10-20%), which contain large
amounts of total nitrogen (TN) and phosphorus (TP) [33].
The pollutants were discharged into Yujia Basin, which
exhibited significantly higher NH4+ concentrations in both
sediments and interstitial water [34]. The sediment and
chironomids used for the experiments were collected from
Yujia basin in November, 2007.
Experiment design

The sediment for experiment was collected by a Peterson sampler (0.06 m2) and sieved (0.5-mm mesh) to remove the macrofauna, and the animals retained in the
screens were gently picked out for culture and later taxa
identification according to Morse (1994) [31]. To acclimatize the larvae to the laboratory environment before experiments, they were cultured in an aquarium and aerated
with tap water. The coarser detritus retained after sediment
sieving were also added as food. In this study, two species
i.e. Ch. plumosus and T. chinensis with different sizes and
life habits were used for the experiment (Table 1).
The experimental mesocosms were established by using aquaria (40x30x20 cm), with 10-cm sieved sediment
layer and 10 cm overlying water (distilled water) in each
aquarium. Three treatments i.e. Ch. plumosus addition, T.
chinensis addition and no addition, with 3 replicates for
each treatment were set up for the experiment. In our study
lake, the larvae densities changed from 100 to 2000 ind/m2
among different seasons, and we chose the highest field
abundance for the experiment to study the maximal effect of
bio-disturbance. So, the addition densities were 1250 ind/m2

TABLE 1 - Characteristics of Ch. plumosus and T. chinensis used in the experiments.

Ch. plumosus

Size (mm)
14-16

Instars
Fourth

Habit*
Burrowers(tube builders)

T. chinensis

6-8

Fourth

Sprawlers

* From Morse (1994) [31]

903

Trophic relationships*
Collectors-gatherers (detritus)
Predators or collectors-gatherers (diatoms, filamentous green
algae, detritus)
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TABLE 2 - Chemical analysis of water and sediment samples.
Parameters (water sample)
Turbidity
Sedimentary oxygen demand
NH4+-N
NO2--N
NO3--N
Soluble reactive phosphorus
Total nitrogen
Total phosphorus

Methods
Determining the absorption value under λ= 680 nm [35]
Winkler titration method [36]
Indophenol-blue method using phenol [37]
Diazotation procedure of Strickland and Parsons (1972) [36]
UV spectrophotometric method [35]
Molybdate method [38]
Alkaline potassium persulfate digestion-UV spectrophotometric method [39]
Ammonium molybdate method [40]

Particulate nitrogen
Particulate phosphorus
Parameters (sediment sample)
Total nitrogen
Total phosphorus
Loss on ignition
P fraction

By determining the difference between total nitrogen and total dissolved nitrogen [35]
By determining the difference between total phosphorus and total dissolved phosphorus [35]
Semi-micro Kjeldahl method [41]
The method of Murphy and Riley (1962) [38]
Loss on ignition in muffle furnace [42]
According to Golterman (1996) [43]

Ch. plumosus and 2000 ind/m2 T. chinensis, respectively.
The sediment-water systems were allowed to stabilize for
48 h before addition of larvae. The experiment was initiated the day after larvae addition, in a dark room with constant temperature (18±1 °C). 50 ml water was sampled in
2-cm depth above the sediment for chemical analysis at 3days intervals during a 22-days experimental period. We
did not restock the removed water as it only accounted for
a small part (0.6-0.7%) of the total overlying water. At the
end of the experiment, turbidity in overlying water was
analyzed, and sediment investigation was performed to detect how many larvae were alive or pupated in the sediment. Pupation recognized as empty pupae left at the water
surface was recorded. After the nutrient flux experiment,
another set of intact sediment cores (50 cm long and 8 cm
inner diameter) were collected to determine sedimentary
oxygen demand (SOD) as affected by chironomids. These
sediment cores were sampled at a location with low chironomid density near Yujia area. Also, 3 treatments i.e.
Ch. plumosus addition, T. chinensis addition and no addition, with 3 replicates for each treatment, were set up for the
experiment. The overlying water for experiment was filtered
through no. 4 Whatman filter paper (20 µm) to remove any
algae present, and bubbled with room air for 24 h to achieve
95-100% O2 saturation. The height of the overlying water
column in the core was adjusted to 15 cm. Once the sediment cores have been established, Ch. plumosus and T.
chinensis larvae were separately added with densities of
1200 ind/m2 and 2000 ind/m2, respectively. The SOD was
attained by determining O2 changes of overlying water
over a sealed incubation for 4 h in the dark. Two O2
measurements, in the beginning and in the end, were
made to calculate the SOD rates.
Chemical analysis

Water samples for the determination of dissolved nutrients were filtered through synthetic fabric resin filters
(pore size = 0.45 µm). Sediment samples were air-dried
for determining loss on ignition (LOI), TN and TP. The
detailed information on the chemical methods is presented
in Table 2.

Nutrient flux rates calculation

Nutrient flux rates were determined by measuring
concentration changes in overlying water over time of the
microcosms. Maximum linear slopes of the plot between
the nutrient concentrations and time were calculated during days 4-10 and 10-22 to indicate the flux rates [44].
Statistical analysis

All the data were described as means ± standard error
(SE) and calculated with Excel. One-way ANOVA and
multiple comparison by Fisher’s least significant difference (LSD) were used to determine significant differences
(p<0.05) in nutrient flux rates, the SOD and turbidity
among treatments (Software: STATISTIC 6.0).
RESULTS
Composition and abundance of zoobenthos in the studied
lake basin

Temporally significant variations in composition and
abundance of the zoobenthos were found. In May, 2007,
2 taxa were found, including L. hoffmeisteri (Oligochaeta)
(528 ind/m 2) and Ch. plumosus (Chironomidae) (826
ind/m 2). In November, 2007, T. chinensis, rather than Ch.
plumosus (96 ind/m2), became dominant in abundance of
1660 ind/m2, and L. hoffmeisteri still occurred in similar
abundance as in May.
Fractionation of sediment phosphorus in the studied lake
basin

The iron-bound P (Fe(OOH)~P) made the largest
contribution to the sediment P pool, accounting for 53%
of the sum of extracted fractions, while calcium-bound P
(CaCO3~P) averaged 36%. Acid-soluble organic P (ASOP)
and hot NaOH-extractable organic P (Palk) were averaged
to be 7 and 4% of the total extracted P, respectively (Table 3).
General observation of the laboratory microcosms

Intensity of bio-disturbance caused by chironomids
was species-specific. In most cases, for Ch. plumosus, the
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TABLE 3 - P fractions in sediment of the study lake (Data represent means ±SE (n=3)).
Fe(OOH)~P
CaCO3~P
ASOP
Palk
(µg g-1)
(µg g-1)
(µg g-1)
(µg g-1)
1124.08±70.3
766.45±77.3
144.16±19.9
71.26±2.5
Fine mud
P fractions: iron-bound P (Fe(OOH)~P), calcium-bound P (CaCO3~P), acid-soluble organic P (ASOP) and hot NaOH-extractable organic P (Palk).
Sediment composition

burrows were visible down to 6-8 cm in sediment, projecting 0.2-1 cm above the surface like small ‘chimneys’,
a few days after the addition of the larvae. These Ushaped burrows made the light-coloured oxidized surface
layer develop in depth into the darker reduced subsurface,
while, T. chinensis larvae usually inhabited in the upper
sediment (1-2 cm) leaving only small holes on the surface
sediment behind. There was an obviously light-coloured
layer covered in the surface sediment. No disturbance was
observed in the control sediment. The waters overlying
the sediment with burrowing were more turbid, the highest turbidity was recorded in the Ch. plumosus treatment
(Fig. 1). At the end of the experiment, 85% of Ch. plumosus larvae were still alive in the sediment, the other
part (about 15%) pupated with empty pupae left at the
water surface, while no pupation was observed for T.
chinensis and all larvae were still alive in the sediment.

absorption value(λ=680nm)

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

a

b
c
T chinensis

Ch. plumosus

Reference

FIGURE 1 - Comparison of turbidity (mean ± SE, n=3) in overlying
water from bioturbated and non-bioturbated microcosms (Different
letters above bars indicate significant differences (p<0.05)).

70

a
-2 -1

SOD(mmol m d )

60
50
40

b

30

c

20
10
0

T. chinensis

Ch. plumosus

Reference

FIGURE 2 - Comparison of sediment oxygen demand (SOD) (means
± SE, n=3) from bioturbated and non-bioturbated microcosms
(Different letters above bars indicate significant differences (p<
0.05)).

Sedimentary oxygen demand (SOD) as affected by chironomids

Added with chironomids, the sediments showed significantly higher oxygen demands, which was also speciesspecific. In this study, much higher SOD was recorded in
the Ch. plumosus treatment than in T. chinensis treatment,
and the oxygen uptake rates were 55.7±4.6 mmol m-2 d-1
and 28.9±1.5 mmol m-2 d-1 (3 and 1.5-fold higher than
control (p<0.05; Fig. 2).
The nutrient fluxes as affected by Ch. plumosus

The flux patterns of inorganic N and P depended on
incubation time that could be divided into 2 phases by the
tenth day (Fig. 3). In the first phase (4-10 days), the NH4+
and SRP showed a similar release trend, increasing their
concentrations in the overlying water almost linearly with
incubation time. The flux rates were 20.86±0.82 mg
NH4+-N m-2day-1 and 3.66±0.12 mg o-P m-2 day-1, 2.7 times
higher than the controls (p<0.05). The NO3- and NO2- also
showed similar release trends, but their concentrations in
the overlying water greatly decreased with incubation time,
the flux rates were 4.25±1.52 mg NO3--N m-2 day-1 and
3.05±0.15 mg NO2--N m-2 day-1 with significantly reduced
release to the overlying water than the controls (p<0.05).
The released dissolved inorganic-N (DIN: NH4+ combined
with NO3- and NO2-) and SRP were 176.75±4.31 mg/m2
and 18.85±1.85 mg/m2, 1.5 and 1.8 times higher than the
controls, respectively (p<0.05). The NH4+-N was a main
form of inorganic nitrogen released, accounting for 79%
(Tables 4 and 5); after the tenth day, the opposite trends
for the nutrient fluxes were found. The concentrations of
NH4+ and SRP in the overlying water sharply decreased
with incubation time, the flux rates were 11.09±1.05 mg
NH4+-N m-2 day-1and 1.39±0.3 mg o-P m-2 day-1, 5.2 and
4 times higher than the controls, respectively (p<0.05).
While, NO3- and NO2- concentrations gradually increased,
the flux rates were 2.61±0.43 mg NO3--N m-2 day-1 and
2.87±0.44 mg NO2--N m-2 day-1 being significantly higher
than the controls (p<0.05). The sums of the released DIN
reached 163.32±10.21 mg/m2, 1.6-fold more than control
(p<0.05). The released SRP greatly declined to 8.7±0.15
mg/m2, significantly lower than control values (p<0.05).
Both NH4+-N and NO3--N were the main forms of the released DIN, accounting for 51 and 42% of the released DIN,
respectively (Tables 4 and 5).
Particle nitrogen (PN) and phosphorus (PP) in the overlying water greatly increased with addition of larvae. In the
end of the incubation, the released PN and PP amounted to
48.27±8.26 mg/m2 and 6.12±0.81mg/m2, 9.9- and 2.4-fold
that of controls (p<0.05; Table 5).
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The nutrient fluxes as affected by T. chinensis

During the incubation time, the nutrients fluctuated in
a similar manner between the treatment with larva addition and control. The fluctuation extents did not significantly differ until the tenth incubation day (Fig. 3). For the
treatment, during days 10-16, NH4+ concentration in overlying water decreased by the rate of 3.75±0.27 mg NH4+N m-2 day-1, 10 times higher than that of the control (p<
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0.05), while the NO3-and SRP significantly increased with
the flux rates being 3.58±0.46 mg NO3--N m-2 day-1 and
0.91±0.07 mg o-P m-2 day-1, 2.6 and 6 times higher than
control, respectively (p<0.05; Table 4). At the end of incubation, the amount of DIN release was similar to that of
control, and NO3-N was the main form (82%). However,
the amount of SRP-release (15.58±0.22 mg/m2) was 1.4fold that of control (p<0.05; Table 5).

22

1

0.1

2

4

7 10 13
Time(day)

T.chinensis

16

19

22

Ch.plumosus

R

0.08
0.06
0.04
0.02
0
0

7

10
13
Time(day)

16

22

FIGURE 3 - Temporal patterns of nutrient concentrations in overlying water of
bioturbated and non-bioturbated microcosms (R: Reference. Data represent means ± SE (n=3)).

TABLE 4 - Comparison of inorganic N and P flux rates (mg m-2 d-1) from bioturbated and non-bioturbated sediment microcosms at different
phases ( Data represent means ± SE (n=3). One-way ANOVA was used to determine the significant differences (p<0.05). Different letters
indicate significant differences at p < 0.05).

NH4+-N
NO3--N
NO2--N
SRP

Ch. plumosus
20.86±0.82 a
-4.25±1.52 a
-3.05±0.15 a
3.66±0.12 a

Days 4-10
Control
7.72±1.82 b
3.66±1.32 b
-1.40±0.29 b
1.34±0.06 b

Ch. plumosus
-11.09±1.05 a
2.61±0.43 a
2.87±0.44 b
-1.39±0.30 a
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Days 10-22
Control
-2.12±0.13 b
-1.26±0.16 b
-3.32±0.56 a
0.32±0.03 b

T. chinensis
-3.75±0.27 a
3.58±0.46 a
-1.36±0.16 b
0.91±0.07 a

Days 10-16
Control
-0.36±0.10 b
1.39±0.36 b
-3.32±0.56 a
0.15±0.03 b
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TABLE 5 - Comparison of N and P release (mg﹒m-2) and ratios from bioturbated and non-bioturbated sediment microcosms at day 10 and
day 22 (Data represent means ±SE (n=3). One-way ANOVA and multiple comparison by Fisher’s least significant difference (LSD) were used
to determine the significant differences (p<0.05). Different letters indicate significant differences at p <0.05).

NH4+-N
NO3--N
NO2--N
Dissolved inorganic N (DIN)
Particulate N
Soluble reactive P
Particulate P
NH4+-N/DIN
NO3--N/DIN

Ch. plumosus
140.05±3.71a
33.31±6.22 b
3.65±1.26 b
177.01±4.31 a
31.82±0.36 a
18.85±1.85 a
7.17±1.03 a
0.79±0.04 a
0.19±0.02 b

Day 10
Control
56.44±12.82 b
55.65±2.20 a
12.22±3.81 a
124.31±10.66 b
4.10±0.06 b
10.19±0.32 b
0.52±0.06 b
0.46±0.03 b
0.45±0.05 a

PN and PP in the overlying water also greatly increased with larvae addition. In the end of incubation, the
release of PN and PP amounted to 13.31±0.59 mg/m2 and
4.7±0.35 mg/m2, 2.7- and 1.9-fold with respect to controls
(p<0.05; Table 5).
DISCUSSION
Ch. plumosus and T. chinensis were the dominant zoobenthos species in the study lake. The larvae of these 2 species sharply differed in the way and strength of bioturbation, e.g. Ch. plumosus are active burrowers with visible
U-shaped tubes (5-10 cm) down to deep sediment. As for
T. chinensis, these larvae are not tube-builders and just
sprawling within 1-2 cm surface sediment leaving only
small holes in the upper sediment behind. In our results,
these distinct burrowing activities resulted in completely
different bioturbation effects on biogeochemical processes
at the interface between sediment and water. The stimulatory effect of T. chinensis larvae on SOD was much weaker
than that of Ch. plumosus, the limited SOD rates influenced by T. chinensis were attributed to their burrowing
activities restricted to the superficial sediment. For Ch. plumosus, the irrigated area extended to the deep anaerobic area
in sediment, recognized as the obviously light-coloured
oxidized sediment surrounding the burrowing tubes. They
actively irrigated the burrows by pumping water through
it [14]. The increased SOD may be mainly due to the stimulated sediment metabolism, because of the respiratory O2
demand by larvae only accounted for ≈18% of total O2 uptake based on an estimated larval respiration of ≈10 mmol O2
m-2 d-1 [45]. The increased SOD would lead to O2 loss in the
water column, thus decreasing the redox potential at the interface between sediment and water. A strong relationship
between redox potential and nutrient fluxes at sedimentwater interface was generally detected in lakes and estuaries [46-49]. Consequently, the significant difference between
the modes of oxygen irrigation caused by the 2 larvae will
result in different patterns of nutrient fluxes at the sediment-water interface. Although the values of NO3- varied
when starting the measurement, the varying is not significant (p>0.05) tested by one-way ANOVA.

Ch. plumosus
79.72±12.66 a
64.58±5.99 ab
8.83±0.63 a
153.13±10.21 a
48.27±8.26 a
8.70±0.15 c
6.12±0.81 a
0.52±0.05 a
0.42±0.05 c

Day 22
T. chinensis
13.73±2.62 c
77.23±2.52 a
3.65±0.64 b
94.61±6.04 b
13.31±0.59 b
15.58±0.22 a
4.70±0.35 b
0.15±0.02 c
0.82±0.05 a

Control
30.98±6.56 b
49.66±5.16 bc
0c
80.64±6.23 bc
4.88±0.48 c
10.79±0.07 b
2.53±0.22 c
0.38±0.04 b
0.62±0.05 b

Chironomids always stimulated the release of inorganic-N from the sediment, mainly in the form of NH4+. It
has been argued that the production of NH4+ by chironomid
larvae appears to be an important mechanism contributing
to nitrogen regeneration from lake sediments [14, 21-22, 50].
Contrastingly, in our results, T. chinensis inhibited NH4+ release but stimulated NO3- accumulation in overlying water.
In fact, the remove and conversion of dissolved N species
were determined by two microbial processes, i.e. nitrification (the microbial production of NO3-) and denitrification
(the microbial consumption of NO3-). Using mass balance
method, it is estimated that denitrification of Lake Donghu
involves about 50% of the retained N [51]. Chironomids
stimulates both nitrification [17] and denitrification [19-20,
52], the stimulatory effect on nitrification was ascribed to
the increased supply of O2 from the water column to the
sediment, and to the excretion of ammonia by animals. For
denitrification, the stimulatory effect was ascribed to the increased sediment/water interface area caused by burrowing and ventilation activities, to the additional NO3- supply
from the water column and a stimulated coupling of nitrification and denitrification. Obviously, among these factors
involved, redox potential has always been considered as an
important factor governing the mobilization and conversion
of dissolved N species across sediment-water interface [12,
13, 17, 18, 25]. T. chinensis burrowed in the surface sediment and only resulted in a slight increase in the sedimentary oxygen consumption (Fig. 2), which only led to limited
effects on the N release from sediment (Table 5). However,
in the irrigated area recognized by the light colour, nitrification may prevail in the conditions of the improved redox
potential and sufficient NH4+ supply, which was further
evidenced by the NO2- production in overlying water. So,
the increased production of NO3- and consumption of NH4+
caused by nitrification would explain that flux pattern influenced by T. chinensis larvae during days 10-16 (Fig. 3).
Shortly, the irrigation by T. chinensis only led to conversion
between the inorganic N species with relatively limited DIN
release (Table 5). Conversely, Ch. plumosus significantly
stimulated higher SOD, simultaneously with pulse of NH4+
release from sediment in the early incubation time (days 410), as always been observed in other studies [12, 14, 45].
The higher SOD with intensely oxidative mineralization
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would inevitably produce pulse of nutrient release from
the sediment. Many authors have confirmed that Ch. plumosus usually stimulated NH4+ release from sediment [14,
21, 22]. Enhanced decomposition of organic matter, animal excretion and ventilation of pore water have always
been argued as important factors contributing to NH4+ release. However, the enhanced NO3- uptake caused by Ch.
plumosus larvae was probably ascribed to the continuously
deep irrigational activities which would make a shorter
pathway for NO3- from overlying water to sediment, and
to the stimulated coupling of nitrification and denitrification, which have been confirmed by other studies [13, 14,
18]. In the latter incubation phase, the opposite trend was
found in the nutrient fluctuation pattern, which can be
partly explained by the changes in bio-turbation strength.
After day 10, about 15% of larvae pupated, a reduced sedimentary metabolism can be inferred for the reduced burrowing activities, which would consequently result in decrease
of nutrient release, especially NH4+ release. In Lake Donghu,
the pupation of the Ch. plumosus larvae mostly occurred in
the end of autumn and beginning of winter, which would
modify the seasonal pattern of NH4+ release in natural
environment [53]. Moreover, in this phase, as a consequence
of the particle re-suspension and nutrient release to the overlying water, the microbial activities must be stimulated in
the water column [13, 54]. To our knowledge, availability
of NH4+ and O2 are believed to create favourable growth
conditions for nitrifiers [55-57]. Furthermore, macrofaunal
tubes and burrows tend to be sites of enhanced nitrification
potentials [17]. It can be inferred that nitrification would be
stimulated in this phase, which can partly explain the decrease of NH4+ (Fig. 3). This mechanism can be further supported by the simultaneous accumulation of NO3- and NO2in overlying water (Fig. 3). Shortly, disturbance of Ch.
plumosus not only enhanced DIN release, but also shaped
the N species composition, thereby accelerating N regeneration in sediment.
The influence of macrozoobenthos on P-release rates
depends on life habits and feeding groups of the macrozoobenthos species involved, as well as on sediment characteristics [16]. In our results, the 2 different chironomid
species exerted distinct influences on P-flux. Compared to
T. chinensis, Ch. plumosus yielded significantly higher
SOD, coupled with the simultaneously enhanced release
of SRP and NH4+ in the early incubation phase. In this
phase, stimulated mineralization and direct P excretion
would probably play the major part in the release. The
subsequent linear SRP decrease was probably caused by the
increased P-sorption capacity due to the great increased
oxidized sediment volume by bio-irrigation. This supposition was confirmed by other studies about P fractionation
influenced by chironomids` bioturbation [16]. Noticeably,
the sediment used in our study contained relatively large
redox-sensitive P-pools (iron-bound P) (Table 2), suggesting the most important influence of redox potential change
on P-cycling by bio-irrigation [11, 25]. However, T. chinensis larvae had little effect on the capacity of P-sorption

due to their limited O2 irrigational activities. The excretion
may be the major source of the gradual increased SRP-release in the earlier incubation stage (Fig. 2).
The burrow activities of chironomids inevitably enhanced re-suspension of surface particles and vertical
transport of reduced compounds from anaerobic to aerobic
zones [58]. For example, particle re-suspension led to increase of turbidity in overlying water. Tarvainen [59] suggested that chironomids may be more important for turbidity than for P or N recycling. Other studies suggested the
important role of particle re-suspension in nutrient release.
They found that the suspended particles attached with
active bacteria tend to provide a better environment for
microbial decomposition [17, 60-61]. Actually, both of
these studied chironomid larvae induced noticeable particle
re-suspension nutrient re-lease from sediment. The disturbance effect was much more remarkable induced by Ch.
plumosus larvae than by T. chinensis larvae, which suggested the most important role of bioturbation modes in
particle re-suspension. Briefly, bio-disturbance caused by
chironomids will accelerate the cycling of particulate
nutrients, in addition to the dissolved ones across the sediment-water interface, which served as an important way for
recycling of internal loading [62, 63].
To conclude, the chironomids dominated in Chinese
shallow eutrophic lakes, and their larvae had speciesspecific influences on nutrient cycling at the sediment-water
interface. The larvae of T. chinensis just burrowed and irrigated the surface sediment, leading to the limited sediment
re-suspension, SOD rates and DIN release. While the conversions of NH4+ to NO3- were noticeable, their excretion
may be responsible for the gradual increase of SRP-release.
Contrastingly, for Ch. plumosus larvae, the bioturbation
effect was time-dependent. In the early stage, their high
irrigational activities greatly enhanced sediment re-suspension and SOD, together with the release of NH4+ and SRP.
Later, the stimulatory effect was reduced due to larvae
pupation, and the conversions of NH4+ to NO3- became
dominant. A sharp decrease of SRP was also found, probably due to O2 irrigation. This process is especially important in the shallow lakes whose sediment P is dominated by iron-bound P.
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REMOVAL OF PHENOL RED BY ACTIVATED
CARBON AND MAGNETIC ACTIVATED CARBONS
Mehmet Mahramanlioglu*, Mukadder Al, Muhammad Zahoor, Adem Cinarli and Irfan Kizilcikli
Istanbul University, Engineering Faculty, Chemistry Department, Avcılar, Istanbul, Turkey

ABSTRACT
In this study, magnetic activated carbons were produced from activated carbon, and the adsorption capacities of both were determined. The adsorption experiments
were carried out as a function of initial concentration, pH
and time. The adsorption kinetic data were well-described
by the Lagergren first-order model. The kinetic studies
showed that the adsorption rates were controlled by both
film and intra-particle diffusion. The adsorption equilibrium data demonstrated that the adsorption of phenol red on
activated and magnetic activated carbons followed the Langmuir isotherm. The adsorption capacities of all the adsorbents decreased significantly with increasing pH values.

KEYWORDS: Phenol red, Adsorption, Activated carbon, Magnetic
activated carbon.

simplest and the most convenient process having the advantages of high efficiency, simple operation, easy recovery and reuse of adsorbents, whereas the other processes
are not effective and economic when the solute concentration is very low [2]. Activated carbon is the most widely
used adsorbent in the treatment systems due to its high
surface area and developed porosity.
On the other hand, magnetic adsorbents have been
used to remove organic and inorganic pollutants from effluents, and they can be separated from the medium by a
simple magnetic process [16].
Magnetic adsorbents have gained increasing attention
by many authors since they can be removed from the medium easily [16-23].
Magnetic activated carbons have been prepared and
characterized, and their adsorption capacities for some pollutants were investigated. In order to understand the capacity of an adsorbent, it is necessary to use this adsorbent for
different substances.
The aim of this study was to produce magnetic activated carbons and to measure their adsorption capacities for the
removal of phenol red as well as to investigate the adsorption behavior of this substance on activated and magnetic
activated carbons.

INTRODUCTION
Dyes are used widely in modern industrial society [1]
and dyestuff contamination is one of the most important
environmental problems today. Color is the first contaminant to be recognized in wastewater [2, 3]. Even very low
concentrations of the dyes in water are visible and undesirable [2-4], and can be highly toxic to the aquatic system [5,
6].
Therefore, it is necessary to remove dyes from waters.
However, it is very difficult to treat wastewaters containing
dyes since the dyes are recalcitrant organic molecules, resistant to aerobic digestion, and stable to light, heat and
oxidizing agents [7, 8].
Many processes including coagulation, flocculation,
oxidation, ozonation, ion exchange, adsorption, or membrane filtration have been used to remove dyestuffs from
effluents [4-15]. Among these methods, adsorption is the

MATERIALS AND METHODS
Chemicals

Phenol red was obtained from Sigma-Aldrich. NaOH
and HCl were obtained from Merck.
Stock solution of phenol red was prepared by dissolving phenol red in distilled water.
Batch experiments

Stock solution was diluted to prepare solutions with
different initial concentrations for adsorption experiments.
Batch experiments were conducted at constant temperature (20±0.5 ºC). Samples of the adsorbents were taken
in glass bottles containing phenol red solutions of required
concentrations, and the mixtures were shaken in a thermo-
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stated water bath until equilibrium was reached. Samples
were withdrawn at different time intervals to establish
equilibrium time and centrifuged (6000rpm). Influence of
pH on the adsorption of phenol red was studied. Then, pH
of phenol red solution was adjusted to desired values by
HCl and NaOH solutions. The concentrations of phenol red
solutions were determined by UV-VIS spectrophotometer
(THERMO).
Preparation of magnetic activated carbon [16]

Adsorbents were prepared according to the method described by Oliveria et al. [16].
In the first step, 400 ml solution of FeCl3 (28 mmol)
and FeSO4 (14 mmol) was prepared and activated carbon
(AC) was added. The suspension was stirred at 70 ° C and
NaOH solution (100 ml, 5 mol L-1) was added dropwise
to precipitate the iron oxides [16].
The amount of activated carbon was adjusted in order
to obtain iron oxide-activated carbon weight ratios of 1:2
MAC12) and 1:1 (MAC11). The final products were washed
to pH 6.5 using distilled water, filtered, and dried in an oven
at 100 °C for 6 h. Finally, the samples were stored in bottles for use. Pure iron oxide was also produced from the
same amounts of FeCl3 (28 mmol) and FeSO4 (14 mmol) at
70 °C by the same reaction in order to understand better
the differences in the structure of activated carbon and magnetic activated carbons. Under the process conditions, four
iron oxides were formed including magnetite, maghemite,
hematite and goethite. Among these iron oxides, only magnetite and maghemite showed magnetic properties.

RESULT AND DISCUSSION
The surface areas of activated carbon, magnetic activated carbons and iron oxide were measured (Table 1). It
is seen from Table 1 that magnetization processes affected
the surface areas and values of micro-pore structure of the
activated carbon. The magnetic activated carbons and iron
oxide were also characterized by XRD. XRD analysis of
iron oxide indicates that the major Fe species were magnetite and maghemite (Fig. 1), and XRD analyses of MAC12
(Fig. 2) and MAC11 (Fig. 3) indicated that major Fe species
were maghemite and goethite.
TABLE 1 -Surface area of activated carbon,
magnetic activated carbons and iron oxide.
Material

Surface area
Vm
m2 g-1
cm3 g-1
AC
1040
0.308
MAC12
868
0.202
MAC11
841
0.190
Iron oxide
64
0.07
AC = activated carbon; MAC12 or MAC11= magnetic activated carbon
with 1:2 or 1:1 weight ratio; Vm = Micropore volume.
Effect of contact time

In order to determine the equilibrium time, kinetic experiments were carried out for each adsorbent. The variations of concentration for each adsorbent are depicted in
Figs. 4, 5 and 6. Adsorption process of each adsorbent
occurred in two stages. The particles of phenol red rapidly
entered the macro- and meso-pores, and finally the micropores. The equilibrium times for AC, MAC12 and MAC11
are seen in Table 2. As can be seen, initial concentrations
do not affect the equilibrium times.

FIGURE 1 - X-Ray patterns of iron oxide sample.
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FIGURE 2 - X-Ray patterns of MAC12 (iron oxide-magnetic activated carbon, 1:2)

FIGURE 3 - X-Ray patterns of MAC11 (iron oxide-magnetic activated carbon, 1:1)
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120

TABLE 2 - Equilibrium time for AC, MAC12 and MAC11.
Material
AC
MAC12
MAC11

100 mg/L
130 mg/L

100 mg/L
300 min
275 min
240 min

130 mg/L
300 min
275 min
240 min

80
C(mg/L)

Adsorption kinetics

The equilibrium time data were evaluated by the Lagergren equation. This equation can be written as follows:
ln (qe-q) = lnqe- ka.t
Where qe is the adsorption capacity at equilibrium, q is
the adsorption at time t, and ka is the rate constant of adsorption. Rate constants for all the adsorbents are given in
Table 3.

40

0
0

100

200

300

400

time(minute)

6.0

500

FIGURE 4 - Equilibrium time plots for AC (activated carbon).

100 mg/L
130 mg/L

120

e

ln(q -q)

4.0

100 mg/L

80

2.0

C(mg/L)

130 mg/L

40

0.0
0

50

100

150

time(minute)

200

250

300

FIGURE 7 - Lagergren plots for AC.
TABLE 3 - Lagergren rate constants for AC, MAC12 and MAC11.

0
0

100

200

300

400

time(minute)

100 mg L-1
ka min-1
0.011
0.015
0.017

Material

500

AC
MAC12
MAC11

FIGURE 5 - Equilibrium time plots for MAC12.

130 mg L-1
ka min-1
0.009
0.014
0.016

5.0

120

4.0

100 mg/L

90

100 mg/L

130 mg/L

130 mg/L

e

ln(q -q)

C(mg/L)

3.0

60

2.0

30

1.0

0.0

0
0
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0
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FIGURE 8 - Lagergren plots for MAC12.

FIGURE 6 - Equilibrium time plots for MAC11.
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5.0
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4.0
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100 mg/L
100 mg/L

130 mg/L
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3.0
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q(mg/g)

ln(q -q)

60

2.0

40

1.0
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FIGURE 9 - Lagergren plots for MAC11.

5

0.510

0.5

time (minute)

15

20

FIGURE 11 - Plots of intra-particle diffusion for MAC12.

Intra-particle diffusion

100

In order to determine the adsorption mechanism, it is
necessary to determine the steps in adsorption process,
which affect the overall removal rate. The three consecutive steps in the adsorption of organic/inorganic substances
by a porous adsorbent are:

100 mg/L

80

60

q (mg/g)

1) Transport of ingoing particles to the external surface
of the adsorbent.
2) Transport of the adsorbate through the pores of adsorbent, except for a small amount which occurs on
the external surface (inter-particle diffusion).

130 mg/L

40

20

3) Adsorption of the ingoing particles (adsorbate) on
the interior surface of the adsorbent.

0

The amount of phenol red sorbed at time t, was plotted
against the square root of time, t (Figs. 10, 11 and 12).

0

4

0.5 8

0.5

time (minute)

12

16

FIGURE 12 - Plots of intra-particle diffusion for MAC11.

120

When the linear parts of the curves do not pass through
the origin, it can be considered that intra-particle diffusion
is not the only rate-controlling process. Figs. 10, 11 and 12
show the initial curves following linear relationship.

100 mg/L
130 mg/L

80
q(mg/g)

The initial curve can be explained by the boundary
layer effect while the linear part corresponds to the interparticle diffusion. The linear portion of the curve does not
pass through the origin, indicating that intra-particle diffusion is not the only rate-controlling step for the adsorption of phenol red in the system.

40

TABLE 4: Rate constants of intraparticle diffusion for AC, MAC12 and MAC11.

0

Material

0

5

10

0.5

0.5

time (minute)

15

20
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MAC12
MAC11

FIGURE 10 - Plots of intra-particle diffusion for AC.
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100 mg L-1
ki (mg g-1 min-0.5 )
3.81
2.69
2.46

130 mg L-1
ki (mg g-1 min-0.5)
5.34
3.83
3.79
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The rate constants of intra-particle diffusion for all
the adsorbents used in the study were calculated from the
slopes of the straight lines of the second portion of the
curves, and are given in Table 4.

be called the formation of a complete monolayer. The plateau of the L2 curve suggests that all possible sites on the
surface of the adsorbent are filled and further adsorption
cannot take place on it

Adsorption Isotherm

160

In order to understand the adsorption capacities of the
adsorbents, the experimental data points were fitted to the
linearized Langmuir equation.
This equation can be written as follows:

120
q (mg/g)

C/q ═ C/Q0 + 1/ Q0b
Where C is the equilibrium concentration, q is the
amount adsorbed at equilibrium, whereas Q0 and b are the
Langmuir isotherm constants.

AC

80

MAC12

Fig. 13 shows the straight lines obtained plotting C/q
vs. C for the adsorption of phenol red on AC, MAC12 and
MAC11.

MAC11

The values of Langmuir constants, Q0 and b, for AC,
MAC12 and MAC11 were determined from the slopes and
intercepts of the linear plots of C/q versus C (Fig. 13) and
found to be 149.2, 120.5 and 111.1 mg/g as well as 0.099,
0.095 and 0.085 L/mg, respectively. These results show that
the decrease in the surface areas of the adsorbents decreased
the adsorption capacities of the adsorbents for phenol red.
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FIGURE 14 - Giles isotherms for AC, MAC12 and MAC11.
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40
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0
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0.0
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FIGURE 15 - Effect of pH on the adsorption
of phenol red at AC, MAC12 and MAC11.

240

FIGURE 13 - Langmuir isotherms for AC, MAC12 and MAC11.

Effect of pH on the adsorption of Phenol Red

Giles isotherms [24]

Fig. 14 shows the Giles isotherms for AC, MAC12
and MAC11. According to Fig. 13, the isotherms for all
the adsorbents may be classified as L2 type ones. L curves
are the most-common and best-known type. L curve occurs
in the majority of cases of adsorption from diluted solutions. In L2 curves, the initial curve suggests that, as more
sites in the substrate are filled; it becomes increasingly
difficult for phenol red particles to find a vacant site available. In L2 curve, isotherm has a plateau. This means that
saturation of surface has been reached. This saturation may

For dyestuff adsorption, pH is one of the most important controlling parameters. Fig. 15 shows the effect of
pH on phenol red adsorption which decreased with increase of pH. Similar results for phenol red were reported
by Dai [25]. The poor removal efficiency of phenol red at
high pH can be attributed to two factors: At first, the solubility of phenol red increases with increasing pH, thus, its
adsorption gradually reduces [25]. The second factor
relates to electrostatic interaction. Phenol red is an anionic negatively charged dyestuff, and solution pH significantly affects the surface of the adsorbents. At low pH, the
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adsorbent surface is positively charged and electrostatic
attractions increase the adsorption. In this region, dispersion forces also affect the adsorption. As the pH of the
system increases, the number of negatively charged sites
increases and the number of positively charged ones declines [25]. Negatively charged surfaces of the adsorbents
pushed away the phenol red.
CONCLUSION
In this study, magnetic activated carbons were produced from activated carbon and iron oxide mixtures, and
then the adsorption capacities of these adsorbents for
phenol red were measured. Our results led to the following conclusions: The adsorption kinetic data for all the
adsorbents used in the study were well-described by the
Lagergren first-order model. Intra-particle diffusion for
all the adsorbents is not the only rate-controlling step for
the adsorption of phenol red in the system. The Langmuir
isotherm described the equilibrium of phenol red adsorption on activated and magnetic activated carbons. Solution
pH of phenol red affected adsorption capacities of adsorbents. Among the used adsorbents, AC was the most
effective one but MAC12 can also compete with AC.
Magnetic activated carbons can be used in treatment systems since they have high adsorption capacities and can
be separated easily by the application of a magnetic field.
Further studies on magnetic activated carbons are in
progress.
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ABSTRACT
The study has been carried out to evaluate the efficiency of ultrasound (US) on algae control in a fish pond
with closed loop water treatment system for cyprinid fish
farms consisting of three water treatment devices: glass
fibre filters (GFF), US and UV-C (UV) as compared with
those of non-treated fish pond. The results showed that
sonication caused efficiently sedimentation of planktonic
algae. The reduced chlorophyll a concentration and number of total algal species (2.4% and 87% of the control,
respectively) was mainly due to the inhibition on the growth
of planktonic algal species. Algal cells were not damaged
by the US treatment in that proportion that chlorophyll a
would be released from the cells. US statistically significantly (p ≤0.05) influenced the algal community structure.
The proportion of green algae was 27% higher in nontreated pond, in treated pond diatoms were the predominant group of algae. Species Dictiosphaerium pulchellum,
Pediastrum boryanum and Scenedesmus obliquus were
“tolerant” to ultrasonic irradiation. The successful control
of algae by US suggests that sonication can be a practical
method to control algal bloom in fish farms, in case that
efficient flushing system for sedimented algae would be
developed.

KEYWORDS:
algae, fish farming, glass fibre filters, ultrasound, UV-C

INTRODUCTION
Land-based fish farms require a large input of energy
in order to sustain cultivated biomass in terms of water
demand, oxygen supply, food, antibiotics and energy. The
potential environmental impacts of aquaculture, e.g. increase of algal population, the dissolved oxygen depletion
at the water-sediment interface, organic enrichment of the
sediments, the effect on bacterial density, biomass, community structure and their possible resistance have been

reported in the literature [1, 2]. Development of algae is
one of the serious problems, which positively affect the fish
during the day by O2 production, while during the night
algae consume oxygen and may even reduce the O2 level
below tolerable limits of 4 mg/L. Another factor is fluctuating pH value due to diurnal cycles of CO2 release, causing additional stress to fish. The food conversion ratio in
recirculation trout farms is high, e.g. about 64% of P and
53% of N supplied by food are lost. A possible solution to
reduce the water pollution by nutrients is diversion of recirculating water into a closed loop treatment system. Treatment of water in which fish are bred is also important due to
limited water sources or water saving. A recirculation of
water in a closed loop treatment system represents sustainable method to reduce the environmental impact of aquaculture, especially for small-scale farmers [3, 4].
The current study has been carried out at the pilot fish
farm at the central wastewater treatment plant Ajdovščina
(Slovenia) to evaluate the efficiency of ultrasound (US) on
algae control in a pond with closed loop water treatment
system for cyprinid fish farms consisting of three water
treatment devices: glass fibre filters (GFF), US and UV-C
(UV) with roughing filter (RF) as a pre-treatment stage as
compared with those of non-treated pond. GFF are used as
a filter material for filtration of different types of less loaded
waters (drinking waters, oligotrophic natural waters etc.) [5,
6], although their applications in aquaculture systems are
not known. UV is commonly used in aquaculture systems to
disinfect water [7]. The major disadvantages of UV disinfection are: (1) UV intensity decreases sharply with its passage in water and its decrease is even more significant with
high water turbidity; (2) microorganisms attached (hidden)
to the suspended particles may escape UV irradiation, reducing the UV treatment efficiency; and (3) microbial DNA,
once damaged by UV, can be repaired via enzyme repair
systems (e.g., photolyase and excision repair), resulting in
survival of the microorganisms [8]. In many cases water
disinfection process using UV in conjunction with US is
applied [8-10]. It is known that sonication improves UV
disinfection kinetics of wastewaters by breaking large suspended particles resulting in increased efficiency of com-
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bined UV US treatment [10]. US is widely used for removal of algae [11-14] and water disinfection [15, 16],
although application of US in aquaculture is not common
[17]. US has been documented to cause harmful effects on
the structure and functional state of algae [12, 13, 18].
Therefore ultrasonic exposure may provide a suitable
method for reducing algae mass in aquaculture systems.
Many papers have been published on ultrasonic removal of bloom-forming blue green algae [12, 18-21], but
only a few papers deal with the effect of ultrasound irradiation on other groups of algae [22-24]. Very little is known
also about the effect of ultrasonic irradiation on algal species
composition [13] and especially rare are data about US
tolerant and US sensitive algal species [18, 23, 24]. It is
known that Cyanobacteria Microcystis aeruginosa is US
sensitive species due to US induced collapse of the gas
vesicles [13, 18, 19], while green algae Scenedesmus acutus
and golden algae Prymnesium parvum are reported as US
tolerant species [23, 24]. Most of the experiments reported
in literature were conducted in vitro using monocultures of
specific algal species [12, 13, 18, 19, 23], less of them were
performed in situ with natural algal communities under
natural environmental conditions [13, 21].
Accordingly, the current study investigated other aspects related to the effect of US on algae that have not been
given sufficient attention until now, for example, effect of
US on species from other groups of algae (not only Cyanobacteria), effect of US on species composition. Direct gradient analysis allowed us to study a part of the variation in
algal community composition that can be explained by a
particular set of environmental variables.
MATERIAL AND METHODS
Description of the system operation

The study was divided into two parts: 1st experiment
(June 2007 – September 2007) and 2nd experiment (October 2007 – November 2007). The major difference between
the experiments was the position of the US unit. Both experiments ran in two fishponds of length 9m, width 5m and
depth 0.8m of which one served as an experimental (A),
and one as a control pond (B). A commercially available
US transducer (LG Sonic® Tank, range 50m, power 12W,
with dual core multi frequency technology, 20-200 kHZ)
was floatingly installed in the corner of the pond A during
the 1st experiment and in the corner of the pond B during
the 2nd experiment. The main objective for changing the
US position from the pond A to the pond B was 1) to observe the effect of US in not treated pond B with well
established algae community and 2) to observe recovery
of algal community in the pond A. The ponds were initially filled with groundwater from the nearby source. In
each pond 34 carps (Cyprinus c. carpio Linaeus 1758)
were stocked. The pond B did not have any treatment (except US in the 2nd experiment). From the pond A water
was pumped by a bypass and was treated first by the RF

of length 1.5m, width 1.5 and height 1.1m filled with
gravel with the grain size of 4/8mm in height of 0.5m,
8/16mm sand in height of 0.3m, and with sand gravel with
the grain size of 6/22mm in ration of 1:1 up to 1.1m. The
RF was followed by submersed GFF of length 175cm, diameter 30cm, weight 5kg, filtration capacity of particles
<0.1mm and max. flow rate 0.5 m3/h, and two UV devices
running in parallel with power of 40 Watt, wavelength
210-400nm and average flow rate 4m3/h. Treated water
flowed back to the pond A. The pond A and B had constant aeration. In the case that water conditions threatened
fish population, groundwater was added in the pond B.
Groundwater was also added in the pond A occasionally to
compensate evaporation losses and losses due to cleaning
of the RF. The RF was cleaned once per week with flushback and UV devices were cleaned when needed. The flow
rate was over the whole period 4m3/h, approximately.
Sampling and sample processing

In the 1st experiment phytoplankton and phytobenthos
were sampled and intracellular (IC) chlorophyll a, extracellular (EC) chlorophyll a, NO3-N, PO4-P, pH, water temperature and saturation were measured every fourteen days (8
times in each pond) and in the 2nd experiment every seven
days (6 times in each pond). In the 1st experiment sampling started the seventh day of the system operation and
in the 2nd experiment the first day of the changed US
position. Higher frequency of sampling in the 2nd experiment was due to a much shorter experimental period (only
2 months) because of the unfavourable environmental conditions (late fall) for algae bloom development. The routine
and frequency of algae sampling was chosen on the fact that
algal communities need longer period of time to adapt to a
new environment conditions (for example US installation)
[25] and that stimulating effect of sonication increases with
duration of time [23]. Phytoplankton was sampled with
plankton net with mesh size 25µm and phytobenthos was
brushed from the plastic walls of the ponds according to
APHA [26]. For identification we followed [27-33]. The
algal taxa were identified directly from living material. The
diatoms were examined after preparation according to
Schaumburg and co-workers [34]. Light microscopes Nikon
Eclipse E400 and Nikon Eclipse TE300 were used to determine the algal taxa. The relative abundances of algal taxa
were estimated by the numbers 1, 3 and 5 (1-single, 3customary, 5-dominant) [35]. The abundances of diatom
taxa were assessed from permanent slides [34] and abundances of taxa from other algal groups from living material.
The samples of chlorophyll a were taken at the same
dates algae samples were collected. Due to the fact that
planktonic algae live primarily near the surface of a stagnant water body [25] chlorophyll a samples were collected
just below the surface. We assume that collecting a sample
at one station near the midpoint of the pond should be
adequate for a simple characterization of a possible trend
in chlorophyll a. Extraction of the chlorophyll a was performed as follows: 10mL suspension was filtered using a
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glass fiber filter (GF/F) Whatmann, diameter 47mm, cat
no 1825-047. The filtration was made using an apparatus
made of a filter holder, a Buchner flask, and a vacuum
pump. 5 replicates were performed for each sample. For IC
chlorophyll a determination the GF/F were ground up in
10ml a 90% acetone solution and incubated for 24 hours,
at 6 degrees in darkness to limit the pigment denaturing.
After 24 hours of incubation, the solution was placed in a
3.5mL glass cuvette and the optical density (OD) of the
supernatant was measured at 3 wavelengths: 663, 645, and
630nm. A solution of acetone at 90% was used as blank.
The IC chlorophyll a concentrations was calculated according to the equation of Scor/Unesco [36]: IC chlorophyll a
concentration (mgm-3) = (11.64 OD663 – 2.16 OD645 – 0.1
OD630) * (volume of acetone (mL)/volume of sample (L)).
For EC chlorophyll a determination the solution (after
filtration of the samples) in the Buchner flask was collected, placed in 3.5mL glass cuvette and subjected to OD
measurements at 663, 645, and 630nm. Distilled water
was used as blank. The EC chlorophyll a concentration was
calculated using the equation: EC chlorophyll a (mgm-3) =
(11.64 OD663 – 2.16 OD645 – 0.1 OD630) * 100.

system, presence of US unit) (Table 3). We did not use
any transformation of the environmental data.

The physical and chemical parameters: NO3-N, PO4-P,
pH, water temperature and saturation were measured according to APHA [26] at same date’s algae and chlorophyll
a was sampled.

Species composition

Data analysis

A cluster analysis (Bray-Curtis coefficient of similarity) was performed on the matrixes of relative abundance
estimations [37] using the programme CLUSTER [38].
The relative abundance estimations and the environmental
data (Table 3) were analyzed by the canonical corresponding analysis (CCA), using the programme CANOCO for
Windows 4.5 [39]. The matrix of environmental variables
included seven variables (water temperature, pH, saturation, PO4-P, NO3-N, presence of a closed loop treatment

RESULTS
Physical and chemical parameters

Table 3 summarizes physical and chemical quality of
the water in the ponds A and B. The results are expressed
as average ± standard deviation. In the 2nd experiment
temperatures were significantly lower in both ponds due
to late fall. The same explanation can be used to explain
higher saturation values in both ponds in the 2nd experiment. Also pH and NO3-N values were higher in the 2nd
experiment in both ponds in contrary PO4-P values were
higher in the 1st experiment. Comparing the ponds we can
see that temperature, pH and saturation didn’t differ much
between the ponds A and B. In the 1st experiment PO4-P
values were higher in the pond B and in the 2nd experiment in the pond A. NO3-N values were in both experiments higher in pond A.

Algal species list with relative abundance estimations
of algal taxa in both ponds is presented in Table 1. All
determined taxa are typical of Slovenian lakes and rivers
[40-42]. In the 1 st experiment we altogether in plankton
and benthos of both ponds determined 49 different algal
species of which 22 (45%) belonged to diatoms, 16 (33%)
to Chlorophyceae, 6 (12%) to Cyanophyceae and 5 (10%)
to Zygnematophyceae. In the pond A we altogether determined 34 algal species of which 17 (50%) belonged to
Bacillariophyceae, 11 (32%) to Chlorophyceae, 3 (9%) to
Cyanophyceae and 3 (9%) to Zygnematophyceae. In the
control pond we altogether determined 39 species of which
15 (38.5%) belonged to Bacillariophyceae, 15 to Chlorophyceae (38.5%), 6 to Cyanophyceae (15%) and 3 (8%) to
Zygnematophyceae.

TABLE 1 - Algal species list in the ponds A and B with acronyms of taxa used in the CCA
analysis and with relative abundance estimations of algal taxa (1-single, 3-customary, 5-dominant)

taxa
CYANOPHYTA
CYANOPHYCEAE
Aphanocapsa sp.
Heteroleibleinia sp.
Leptolyngbya sp.
Mycrocystis aeruginosa (Kützing) Kützing
Phormidium sp.
Pseudoanabaena sp.
DINOPHYTA
DINOPHYCEAE
Peridinium sp.
EUGLENOPHYTA
EUGLENOPHYCEAE

1st experiment
Pond A
Pond B
plankt. bent.
plankt. bent.

Het_sp.
Lep_sp.

921

2nd experiment
Pond A
Pond B
plankt. bent. plankt. bent.

.
.
1
.
.
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1

1
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1
1
1
1

1
1
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1
1
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3
1
.
1
.
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1
1
.
1
.
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1
.
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1

1
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taxa
Euglena sp.
HETEROKONTHOPHYTA
XANTHOPHYCEAE
Vaucheria sp.
BACILLARIOPHYCEAE
Achnanthes lanceolata (Brébisson) Grunow
Achnanthes minutissima Kützing
Achnanthes sp.
Cocconeis placentula Ehrenberg
Cyclotella meneghiniana Kützing
Cymbella sp.
Denticula kuetzingii Grunow
Fragilaria capucina Desmaziéres
Fragilaria construens (Ehrenberg) Grunow
Fragilaria construens f. binodis (Ehrenberg) Hustedt
Fragilaria sp.
Fragilaria ulna (Nitzsch) Lange-Bertalot
Fragilaria ulna var. acus (Kützing) Lange-Bertalot
Gomphonema angustatum (Kützing) Rabenhorst
Gomphonema gracile Ehrenberg
Gomphonema olivaceum (Hornemann) Brébisson
Gomphonema parvulum (Kützing) Kützing
Gomphonema truncatum Ehrenberg
Hantzschia amphioxys (Ehrenberg) Grunow
Navicula atomus (Kützing) Grunow
Navicula cryptocephala Kützing
Navicula halophila (Grunow) Cleve
Navicula minima Grunow
Navicula sp.1
Navicula sp.2
Navicula veneta Kützing
Nitzschia acicularis (Kützing) W.Smith
Nitzschia amphibia Grunow
Nitzschia dissipata (Kützing) Grunow
Nitzschia fonticola Grunow
Nitzschia palea (Kützing) W.Smith
Surirella angusta Kützing
CHLOROPHYTA
CHLOROPHYCEAE
Acanthosphaera zachariasii Lemmermann
Actinastrum sp.
Chlamydomonas sp.
Coelastrum pseudomicoporum Nägeli
Dictiosphaerium pulchellum Wood
Kirchneriella lunaris (Kirchner) Moebius
Koliela sp.
Lagerheimia sp.
Micractinium pusillum Fresenium
Microspora sp.
Monoraphidium contortum (Thuret) KomárkovaLegnerová
Oedogonium sp.
Oocystis sp.
Pandorina morum (O.F.Müller) Bory
Pediastrum boryanum (Turpin) Meneghini
Pediastrum braunii Wartmann
Scenedesmus abundans (Kirchner) Chodat
Scenedesmus aristatus Chodat
Scenedesmus obliquus (Turpin) Kützing
Scenedesmus opoliensis P.Richter
Scenedesmus quadricauda (Turpin) Brébisson)
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1st experiment
Pond A
Pond B
plankt. bent.
plankt. bent.
.
.
.
.

Ach_min
Ach_sp.

Fra_co
Fra_sp.

Gom_par

Nav_min
Nav_sp.2

Nit_amp
Nit_fon
Nit_pal

Aca_zac
Chl_sp.
Dic_pul

Lag_sp.

Oed_sp.

Ped_bor
Ped_bra
Sce_ari
Sce_obl
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2nd experiment
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taxa
Scenedesmus sp.
Stigeoclonium sp.
Ulothrix sp.
ZYGNEMATOPHYCEAE
Closteriopsis acicularis (G. M. Smith) Belch
Closterium sp.
Cosmarium sp.
Mougeotia sp.
Spirogyra sp.
No. of taxa

Fresenius Environmental Bulletin

1st experiment
Pond A
Pond B
plankt. bent.
plankt. bent.
.
1
.
1
.
1
.
1
.
1
.
.
.
.
.
.
.
10

Mou_sp.
Spi_sp.

.
.
1
3
5
34
34

In the 2nd experiment we altogether in plankton and
benthos of both ponds determined 49 different algal species of which 24 (49%) belonged to diatoms, 16 (33%) to
Chlorophyceae, 3 (6%) to Cyanophyceae, 3 (6%) to Zygnematophyceae, 1 (2%) to Dinophyceae, 1 (2%) to Euglenophyceae and 1 (2%) to Xanthophyceae. In the pond
A we altogether determined 33 different species of algae of
which 18 (55%) belonged to Bacillariophyceae, 8 (24%) to
Chlorophyceae, 3 (9%) to Cyanophyceae, 2 (6%) to Zygnematophyceae, 1 (3%) to Dinophyceae and 1 (3%) to
Xanthophyceae. In the pond B we altogether determined
37 different species of algae of which 16 (43%) belonged to
Bacillariophyceae, 15 (41%) to Chlorophyceae, 3 (8%) to
Cyanophyceae, 2 (5%) to Zygnematophyceae and 1 (3%) to
Euglenophyceae.
The number of determined total algal species was in
the pond A in the 1st experiment 87% and in the 2nd experiment 89% of the pond B. The number of determined
phytoplankton algal species in the pond A was in the 1st
experiment 50% of the 2nd experiment. The number of
benthic algal species was almost the same in both ponds in
both experiments, also the number of determined species in
phytoplankton and phytobenthos of the pond B did not
differ much between the experiments. In the 1st experiment

1
.
1
.
.
34
39

.
.
.
1
1
20

.
.
.
3
1
33

.
.
.
.
.
22

33

.
.
1
1
.
34
37

in the sonicated pond A 50% less species from the group
Cyanobacteria were determined compared with the control.
Algal compositions by classis in both ponds are presented in Figures 1, 2. In the pond A in the 1st and 2nd experiment diatoms was the prevailing group of algae (50%
and 55%, respectively). In the pond B in the 1st experiment
diatoms and Chlorophyceae were represented equally
(38.5%) and in the 2nd experiment diatoms prevailed with
43%. In the control pond a lot of planktonic species from
the class Chlorophyceae were determined in both experiments (Acanthosphaera zachariasii, Actinastrum sp., Dictiosphaerium pulchellum, Micractinium pusillum) which
didn’t occur in the pond A. The proportion of green algae
was in the 1st experiment 27% and in the 2nd experiment
47% higher in the control. Euglena sp., representative of
the class Euglenophyceae and Peridinium sp., representative of the class Dinophyceae were determined only once:
Euglena sp. in the control and Peridinium sp. in the pond
A both in the 2nd experiment.
From the Figure 1 we can see that lack of sonication
in the 2nd experiment in the pond A resulted in higher
number of determined algal species in single sampling due
to higher number of determined diatoms and Chlorophyceae. On the contrary in the sonicated pond B (2nd
experi-
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FIGURE 1 - Algal composition by classis in the pond A.
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FIGURE 2 - Algal composition by classis in the pond B.

ment) we determined higher number of species in single
sampling comparing to the data from unsonicated pond B
(Figure 2).
Dominant species in the pond A were Achnanthes sp.
(plankton, benthos 2nd experiment), Chlamydomonas sp.
(benthos 1st experiment), Navicula sp.2 (benthos 1st experiment), Navicula minima (bentos 2nd experiment), Nitzschia
amphibia (benthos 2nd experiment), Oedogonium sp. (benthos 1st experiment, bentos 2nd experiment), Scenedesmus
obliquus (benthos 1st experiment), and Spirogyra sp. (benthos 1st experiment).
Dominant species in the pond B were Achnanthes
minutissima (benthos 2nd experiment), Chlamydomonas
sp. (benthos 1st experiment), Dictiosphaerium pulchellum (plankton, benthos 1st experiment, plankton 2nd experiment), Heteroleibleinia sp. (benthos 2nd experiment), Leptolyngbya sp. (benthos 1st experiment),
Pediastrum
boryanum (benthos 2nd experiment).
IC and EC chlorophyll a

Table 2 present average values and standard deviations of IC and EC chlorophyll a in both ponds.
Measured values of EC chlorophyll a were low in both
ponds in both experiments; especially low values of EC
chlorophyll a were in pond A in the 1st experiment (1.5±2.4
mg EC chlorophyll a/m3). IC chlorophyll a was in the pond
A 2.4% of the pond B in the 1st experiment and 33% of the
pond B in the 2nd experiment. During the 2nd experiment
measured values of IC chlorophyll a in the pond A stayed
low. IC chlorophyll a was in the pond B in the 2nd experiment 16% of the 1st experiment.

Bray-Curtis coefficient of similarity

Four groups of samples could be distinguished from
the dendrogram based on hierarchical cluster of algal data
(Figure 3). Groups I and II represent the samples taken
from the pond B and groups III and IV represent the samples taken from the pond A. Groups I and IV represent the
samples taken during the 1st experiment and groups II and
III represent the samples taken during the 2nd experiment.
Canonical corresponding analysis (CCA)

CCA analysis was performed on seven environmental
variables (Table 3) among which three variables (closed
loop, temperature and US) were chosen by the forward
selection method. These three variables statistically significantly (p ≤0.05) explain 43.19% of the variability of algal
communities. The environmental variable, which was selected first and was the most explanatory one, was the closed
loop (18.45%). The temperature explains 13% of the variance, the US variable 11.74% and the variable PO4-P 5.45%.
The each of other three variables explains less than 5% of
algal data variance. All seven variables together explain
60.8% variation in algal data.
The maximum eigenvalue is the value of the first canonical axis (0.449), which indicates a strong gradient in
this direction (Table 4). The first axis statistically significantly explains 18.8% of the variance of the taxa matrix
(p=0.002). The eigenvalues of the following canonical axes
are lower, which implies a weaker gradient and a smaller
percentage of variance explained by an individual axis. The
first four axes together explain 50.8% of the total variance
of algal data. The correlation coefficients between the first
three axes of the taxa matrix and the environmental matrix

TABLE 2 - Average values and standard deviations of IC and EC chlorophyll a in the ponds A and B in both experiments
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1st experiment
Pond A
Pond B
37.3±29.4
1565.6±1671.1
1.5±2.4
10.6±6.0

IC chlorophyll a (mg/m3)
EC chlorophyll a (mg/m3

2nd experiment
Pond A
Pond B
84.5±116.4
251.8±125.5
10.2±9.8
10.5±10.3

FIGURE 3 - Dendrogram on the basis of the relative abundance estimations of algal taxa in the ponds A and B

TABLE 3 - Average values and standard deviations of environmental variables measured in the ponds A and B in both experiments
1st experiment
variable
Closed loop
Temperature (°C)
US
PO4-P (mg/L)
Saturation (%)
NO3-N (mg/L)
pH

Pond A
1
22.6±3.4
1
0.97±0.49
106±52
0.68±0.73
7.8±0.2

2nd experiment
Pond B
0
21.9±4.0
0
2.08±0.69
107±77
0.46±0.82
7.8±0.5

Pond A
1
11.0±3.6
0
0.21±0.05
116±9
1.66±1.47
8.5±0.2

Pond B
0
9.7±3.7
1
0.05±0.03
126±40
0.87±1.19
9.4±0.6

TABLE 4 - Summary statistics of the canonical coresponding analysis (CCA)
Axes
Eigenvalues
Species-environment correlations
Cumulative percentage variance
of species data
of species-environment relation
Sum of all canonical eigenvalues

Total inertia

1
0.449
0.994

2
0.391
0.976

3
0.263
0.958

4
0.109
0.808

18.8

35.5

46.2

50.8

31.0

57.9

76.0

83.6

2.385

1.449

are larger than 0.9; the correlation coefficient of the first
axis amounts even to 0.994, while the value of the correlation coefficient of the fourth axis is slightly lower (0.808)

(Table 4). This means that the distribution of taxa in the
direction of the first three axes was explained very well, but
somewhat worse in the direction of the fourth axis.
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and NO3-N (r = -0.29). Only the correlation of the first
axis with variable closed loop is stronger (r = 0.96), while
the correlations of other environmental variables with the
first axis are weaker. The second axis explains less vari-

1.0

The first CCA axis is in positive correlation with variables PO4-P (r = 0.39), pH (r = 0.20), US (r = 0.15),
temperature (r = 0.09) and saturation (r = 0.02) and in
negative correlation with variables closed loop (r = -0.96)
Spi_sp.

Fra_sp.

T
PO4-P
Nav_sp.2

US
Lep_sp.

Closed loop

Chl_sp.

Ped_bor

Nit_amp

Dic_pul

Sce_obl

Oed_sp.
Gom_par
Nit_pal

Mou_sp.

Ach_min

Het_sp.

NO3-N
Nit_fon

satu

Ach_sp.

Ped_bra
Sce_ari

Aca_zac
Lag_sp.

Fra_co

Nav_min

-1.0

pH

-1.0

1.0

FIGURE 4 - Results of the Canonical Corresponding Analysis (CCA) carried out in CANOCO shown as a biplot environmental variables
and algal taxa. Taxa acronyms are listed in Table 1. Satu-saturation, PO4-P-ortho phosphate, US–ultrasound, T-temperature. The full lines
represent the environmental variables that statistically significantly (p ≤0.05) explain variability of algal data, the dotted lines represent the
environmental variables which are not statistically significant. Only taxa which had at least once relative abundance estimation 3 or 5 are
shown.

ance that the first one and it is in weaker correlation with
the selected variables. The strongest negative correlation
of the second axis is with variable pH (r = -0.61). The
second axis is in negative correlation also with variables
NO3-N (r = -0.21) and saturation (r = -0.25) and in positive correlation with variables PO4-P (r = 0.61), temperature (r = 0.77) and closed loop (r = 0.11).
On Figure 4 only taxa, which had at least once relative
abundance estimation 3 or 5 are shown. The CCA ordination positioned algal taxa typical of higher temperatures,
higher PO4-P values, and “tolerant” on US device (Dic-

tiosphaerium pulchellum, Leptolyngbya sp., Scenedesmus
obliquus, Chlamydomonas sp.) in the upper right quadrant,
whereas taxa more common present at lower pH values,
lower saturation and common present in the pond A are
located in the upper left quadrant (Spirogyra sp., Fragilaria sp., Navicula sp.2, Pediastrum boryanum). Taxa more
common at higher pH values, higher saturation and common in the pond B are located in the lower right quadrant
(e.g. Lagerheimia sp., Acanthosphaera zachariasii, Pediastrum braunii, Scenedesmus aristatus, Heteroleibleinia sp.,
Achnanthes minutissima), and taxa typical of higher NO3N values, lower PO4-P values and sensitive on US are
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positioned in the lower left quadrant (e.g. Navicula minima, Nitzchia fonticola, Mougeotia sp., Oedogonium sp.).
DISCUSSION
The development of efficient treatment technologies
without process chemicals is of predominant interest for
better water quality and is also of high importance for the
implementation of these technologies in environments where
low maintenance and operation needs are essential. The
current study was conducted to evaluate the efficiency of
US on algae control in a fish pond with closed loop water
treatment system for cyprinid fish farms consisting of three
water treatment devices: GFF, US and UV with RF as a
pre-treatment stage. The main purpose of RF and GFF
was to treat water in the closed loop system so that water
quality will allow the crop to thrive and will be adequate to
allow the growing conditions and the products produced to
meet all health and safety standards [43]. The main purpose of UV-C was to disinfect water. Existing water disinfection processes, such as chlorination, have frequently
failed to comply with the Safe Drinking Water Standards
because of the formation of disinfectant by-products [8,
17]. US was installed to counteract algae growth. It is believed that US waves cause acoustic cavitation in water,
which damages the gas vacuoles inside the algal cells [20,
44]. Table 3 summarizes water quality of both ponds during the experiment. Higher NO3-N concentrations in pond
A in the 1st experiment could be attributed to efficient algae
removal by US which is well demonstrated with lower
chlorophyll a values in pond A (2.4% of the control), less
algae in pond A could mean less NO 3-N uptake. High
NO3-N concentrations in pond A and higher concentrations of NO3-N in the effluent from the filters compared
to pond A (data not shown) might be the consequence of
nitrification occurring in the RF and GFF. The most important process in nitrate removal is biological nitrification and denitrification [45]. In RF the majority of microbial activity is carried out in the top layer of the filter [46]
which was in the experiment removed weekly during flushback of the filter in order to prevent clogging. Nutrients can
also be removed by adsorption but they are usually loosely
bound and can release easily due to changed physical and
chemical conditions like decreased nutrient concentration
in water, changes in pH, oxygen content etc. [47]. The fact
that NO3-N concentrations in the effluent from the filters
were higher than in pond A (0.95±1.12, 0.79±1.01 mg

NO3-N/L, respectively) suggests also that denitrification
activities in the filters were negligible due to an aerobic
operation. In the present study nitrate levels were below
the values reported to affect early-life stages of fish [48].
However, the primary source of NO3-N in both ponds was
the groundwater used to replenish the ponds, which are
situated in an agricultural region where chemical fertilizers were used to boost crop yields. The average values of
NO3-N in groundwater (1.78±0.70 mg NO3-N/L) were
higher than the average values of NO3-N in both ponds,
revealing efficient NO3-N uptake by algae in the ponds.
Higher values of NO3-N, in both ponds in late fall (2nd
experiment) could be attributed to fertilization effect. PO4P levels also differed significantly between the ponds (Table 3). Toor and the co-workers [49] showed that levels
higher than 0.12 mg PO4-P/L resulted in decreased hatching and increased incidence of larval deformities in carp.
No decrease in PO4-P concentrations was observed through
the filters and UV (data not shown). A possible reason for
lower PO4-P concentrations in the pond A in the 1st experiment and in the pond B in the 2nd experiment might be
that PO4-P was bound in the algal biomass at the bottom
of the pond and was not released due to aerobic conditions. Phosphorous is removed through adsorption on filter
media and is limited by the amount of sorption sites. P
removal capacity depends also on a chemical composition
of filter material, especially calcium content [50, 51]. In the
experiment P sorption could appear only in RF but according to Arias & Brix [52] even if materials are capable to
remove P their capacity is usually too small. In the 2 nd
experiment temperatures were significantly lower in both
ponds due to late fall. The same explanation can be used
to explain higher saturation values in both ponds in the 2nd
experiment. Comparing the ponds we can see that temperature, pH and saturation didn’t differ much between
the ponds A and B.
The main effect of sonication is constantly sedimentation of planktonic algae [21, 53] which was confirmed
with our results. In the pond A, operating with US, determined number of total algal species was 87% of the control and determined number of phytoplankton species was
29% of the control. From the Table 2 it can be seen that
the average value of IC chlorophyll a in the pond A was
only 2.4% of the control. Visual observations of this effect show clear water with almost no algae present in the
water column (Figure 5). Laboratory studies [12] using
cultured algae solution of Spirulina platensis demonstrated
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pond A

control

FIGURE 5 - Visual observations of the sonication: clear water in the pond A treated with US and green water in the control.

that ultrasonic irradiation improved algae settleability.
Walsby [53] and Nakano and co-workers [21] reported that
US is causing sedimentation of algae which have lost their
buoyancy ability by ultrasonic irradiation. Green algae
Dictiosphaerium pulchellum was predominant in the plankton and benthos of the control in both experiments, it did
not occur in the pond A. In the benthos of the pond A in
the 1st experiment intensive development of filamentous
green algae (Spirogyra sp., Mougeotia sp., Oedogonium
sp.) was present (Table 1) indicating that US device was
efficient in removal of planktonic species from the water
column but not efficient in removal of benthic algal species. At the other hand, in the 2nd experiment when sonication treatment was stopped in the pond A, major
blooms of Oedogonium occurred. This seems to indicates
that a certain repression of filamentous algal growth (in our
case Oedogonium) by the presence of sonication. Walsby
[53] and Nakano and co-workers [21] reported that sedimented Cyanobacteria were unable to photosynthesise, as
the light did not reach down to the sediment. We believe
this was not the case in our experiment where both ponds
were shallow. Algae were just transferred from planktonic
to benthos phase – where they were accumulated. Nakano
and co-workers [21] found out that ultrasound treated algae
can re-grow if some light is available. Constantly sedimentation of planktonic algae [21, 53] can cause lack of
light to the benthic and prior sedimented algae, consequently algae on the bottom of pond died releasing additional nutrients into the water (high NO3-N values in the
pond A). In the control potentially toxic Cyanobacteria
Microcystis aeruginosa was determined, which did not
occur in the pond A. The growth of M. aeruginosa can be
successfully repressed by ultrasonic radiation [13, 18, 54],
sonication effectively reduces M. aeruginosa cell concentration and inhibit the cell growth [19]. Higher ultrasound
power and higher frequency accelerate M. aeruginosa
removal [18].
The results of the 2nd experiment showed that lack of
sonication in the pond A caused major bloom of filamentous green algae Oedogonium sp. growing from the bottom to the surface of the pond, but the water stayed till the
end of the experiment more or less visually clear with
almost no planktonic algae development (Table 1). Filamentous green algae Oedogonium sp. was dominant in the

pond A also in the 1st experiment, but the filaments were
short and firm attached to the bottom and the walls of the
pond. The most algae determined in the plankton of the
pond A were common benthic species (Heteroleibleinia sp.,
Gomphonema parvulum, G. truncatum, Nitzschia amphibia,
N fonticola, N. palea), which were attached to the filaments of Oeodogonium or chains of Fragilaria and
Achnanthes. The lack of planktonic algae bloom development in the pond A can be explained by the unfavourable environmental conditions (low temperatures) for intensive algal growth.
In the control, operating with US, water stayed till the
end of the experiment visually light green with present
planktonic species of algae, of which many did not occur
in the pond A (Acanthosphaera zachariasii, Dictiosphaerium
pulchellum, Lagerheimia sp.). Average value of IC chlorophyll a was 16% of the 1st experiment, but still 3 or even
6 times higher than in the pond A. From the Figure 1 we
can see that lack of sonication in the 2nd experiment in the
pond A resulted in higher number of determined algal
species in single sampling due to higher number of determined diatoms and Chlorophyceae. The main reason that
the results of the 2nd experiment was not as we expected
(development of planktonic algae bloom in the pond A
resulting in higher values of IC chlorophyll a and decrease
of the number of planktonic species in the pond B resulting in lower values of chlorophyll a) is probably too short
time of the 2nd experiment operation (2 months) and too
low temperatures (Table 3) for development of algal bloom.
Damaging doses of US result in various degrees of
algal cell destruction, releasing of cell matter in the water.
Under conditions of intensive cultivation such cells grow
very poorly or die [23]. The results of EC chlorophyll a
(Table 2) clearly showed that almost no release of chlorophyll a from the sonicated cells appeared, indicating insufficient degree of algal cells damage for releasing of IC
chlorophyll a into the medium. Values of EC chlorophyll
a were low in both ponds in both experiments (Table 2).
Especially low values of EC chlorophyll a (1.5±2.4 mg
EC chlorophyll a/m3) were measured in the pond A (1st
experiment, operating with US) due to the efficient sedimentation of algae by sonication. The water was visually
clear with almost no algae in the water column. On the
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19th of November the measured value of EC chlorophyll a
in the pond A was higher than measured value of IC chlorophyll a. We assumed this could be the effect of the seasonal changes on algal community, the temperature dropped
to 4.9 °C, and algae (especially green algae) started to decay
consequently chlorophyll a was released from the cells into
the water.
From Table 1 and Figure 4 can be seen that species
Dictiosphaerium pulchellum (dominant in the pond B in
both experiments), Pediastrum boryanum (common in the
pond A in the 1st experiment, common in both ponds in
the 2nd experiment) and Scenedesmus obliquus (dominant
in the pond A in the 1st experiment, common in the pond B
in both experiments) were not effected by ultrasonic irradiation, indicating that they are US “tolerant” species. We
did not find any data in the literature about the influence
of sonication on these three particularly species, although
it is reported that sonication positive influenced on Scenedesmus acutus productivity [23], treatment of S. acutus
cells with suitable ultrasound parameters increased yield
of biomass with 9-11%. In the cited work [23] stronger
ultrasound power (100–320 W) and other types of ultrasound forces (such as transient and/or stable cavitations)
were most probably used to irradiate Scenedesmus acutus.
Furthermore, the volume of water exposed by this high
US power (100–320W, [23]) is much lower than the volume exposed by a much lower US power (12 W) used in
presented experiment. There is also a big difference between the exposure times of US in both experiments. The
longer exposure of Scenedesmus spp. to US in the experiment described can also be the cause why the concentration of Scenedesmus spp. did not significantly increased in comparison with the findings described by
Bozhkova et al. [23]. It is also reported that sonication
appeared to be ineffective in reducing golden algae Primnesium parvum [24].
In the 1st experiment algal communities stabilized after 1.5 month of the system operation. It has been documented that sonication effects the species composition of
treated algal population [13] favouring green algae and
un-favouring Cyanobacteria. Our results regarding green
algae showed the contrary, in the control the proportion of
green algae (among which most common were planktonic
species) was in the 1st experiment 27% higher comparing
to the pond A. Many authors reported that sonication is
efficient in Cyanobacteria removal [12, 13, 19, 21], that
was true also in our case in the 1st experiment where in the
sonicated pond A 50% less species from the group Cyanobacteria were determined compared with the control. In the
pond A diatoms were the predominant group of algae in
both experiments. Although both multivariate statistical
analyses performed: hierarchical cluster analysis and CCA
indicated that US had important influence on algal community structure there are many other factors which can caused
differences in algal communities of both ponds, one of the
most important is different water quality due to closed loop
water treatment system.

From the dendrogram based on hierarchical cluster
analysis of algal data (Figure 3) could be seen that samples
are combined in clusters regarding presence or absence of
sonication. With CCA we explained 60.8% of the variability of algal data. CCA was performed on seven environmental variables (Table 3) among which three variables
statistically significantly (p ≤0.05) explained 43.19% of the
variability of algal communities. Variable which had a decisive influence on the distribution of algae was the closed
loop treatment system, the second variable was the temperature and third one the US. From the Figure 4 it can be
distinguished that taxa Dictiosphaerium pulchellum, Leptolyngbya sp., Scenedesmus obliquus and Chlamydomonas sp. were typical of higher temperatures, higher PO4-P
values, and “tolerant” on sonication. Spirogyra sp., Fragilaria sp., Navicula sp.2, Pediastrum boryanum were more
common at lowers pH values, lower saturation and they
were commonly present in the pond A. Lagerheimia sp.,
Acanthosphaera
zachariasii,
Pediastrum
braunii,
Scenedesmus aristatus, Heteroleibleinia sp. were taxa more
com-mon at higher pH values, higher saturation and commonly present in the pond B. Navicula minima, Nitzchia
fonticola, Mougeotia sp., Oedogonium sp. were typical
of higher NO3-N values, lower PO4-P values and sensitive
on sonication.
CONCLUSIONS
The fact that algae were not removed by the US
treatment but were accumulated at the bottom of the fish
pond could become a serious problem especially in the
late fall when temperatures drop and algae start to decompose. For successful treatment of water in which fish
are breed with the closed loop treatment system containing among others also US unit efficiently flushing system
for sedimented algae should be developed.
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ELECTRO-OSMOTIC DEWATERING
BEHAVIOR ANALYSIS FOR ACTIVATED SLUDGE
Xiaoyan Yu, Shuting Zhang*, Hui Xu, Xuebin Lu and Degang Ma
School of Environmental Science and Technology, Tianjin University, Tianjin 300072, China

ABSTRACT
In this article, in order to improve the electro-osmotic
dewatering efficiency, this dewatering process was analyzed precisely, from the viewpoint of water content and
voltage drops distribution in sludge cake under constant
voltage. The results show that the water content decreased
accounting for about 40% of the whole sludge cake. Due
to the influence of local water content on electric resistance near the anode, this resulted in higher water content near the cathode than initially, in later dewatering
period. So, a new method was proposed to decrease the
water content near the cathode. Application of absorbent
water materials underneath the cathode provided more
promising results than those of electro-osmotic dewatering only.

KEYWORDS:
activated sludge; electro-osmotic dewatering; water content distribution; voltage drops distribution; absorbent water materials

INTRODUCTION
As the by-product of municipal sewage treatment,
sludge production in China and many parts of the world,
has steadily been increasing during the last decades. Sludge
dewatering is a paramount process in wastewater treatment
systems as it reduces the volume of sludge and, consequently, the costs for transporting the sludge to its ultimate
disposal site. Moreover, it facilitates the later disposal for
sludge, such as removal of water content from sludge can
increase the energy content for incineration, reduce the requirement for supplemental bulking agents during composting, and decrease the amount of leachate production in
landfills [1, 2].
All existing dewatering methods have their own limitations. The limitations may be due to different physical
states of water associated with the sludge, and the manner
with which they are bound to the sludge flocs. According
to the interaction with sludge particles, water in sludge can
be divided into the following physical states: (1) free water
without association to solid particles, (2) capillary water

that trapped in the flocs, (3) vicinal water that held tightly
to the particle surface by hydrogen bonding, and (4) chemically bound water that forms the biomass [3, 4]. The mechanical dewatering techniques, such as filtration and
centrifugation, can remove the free water [5], but removal
of capillary water through mechanical means is extremely
limited. Vicinal and chemically bound waters are not removed at all by mechanical means. Generally, the water
content of a mechanically dewatered sludge cake is 80%
w/w or higher, whereas water content of a dewatered sludge
cake should be less than 60% for disposak [6]. Therefore,
further dewatering is necessary. Currently, the thermal drying method is often considered to be sufficient to remove
capillary and vicinal waters, however, problems to this
method are high capital and operating costs [7]. Electroosmosis technique offers one potential cost-effective solution. It can be applied to remove the vicinal and capillary
waters. In addition, the process does not involve phase
change which makes it more favorable because of its lower
energy expenditure than thermal drying [8].
Electro-osmotic dewatering is based on the surface
charge of the sludge and an applied electric field. The sludge
particles with a negative surface are surrounded by a layer of
positive charges, forming electric double layers. When an
electric field is applied to the sludge cake, the particles
stay trapped in the cake matrix, but the positive counterions are attracted by the cathode. As they move towards
the cathode, they drag and push the water molecules in
the pores, resulting in a net transport of water towards the
cathode [9, 10].
Although electro-osmotic dewatering has remarkable
advantages, high efficiency, low energy consumption, and
is free from the blocking of the filter medium by sludge
particles [11, 12], there are some problems associated with
this technique, particularly, the difficulty in the dissipation
of gases produced at the electrodes and, soon after, the
formation of a dry cake at the anode. Therefore, the water
content of the bulk material is still being high. This layer
of a cake shows high electrical resistance, and thus consumes most of the electric power supplied [11]. Application of an AC electric field was attempted to solve this problem, but the results were not satisfactory [13]. Then, a horizontal electric field was considered to be useful for reduc-
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ing the local electrical resistance at the anode, but power
consumption would be very high when carrying out this
process on the high liquid content of the sludge suspension [14]. Moreover, combination with vacuum was assumed to decrease effectively the voltage drops near the
anode [15], but it cannot provide a sufficient pressure with
the variational voidage of sludge near the anode. For safety
reasons, it is suitable to keep the anode immobile, and this
will also simplify the apparatus construction as well as the
operation [16].
Reviewing of literature shows that there is a difficulty
in reducing the electrical resistance of the dry layer near
the anode, but it may be helpful in increasing the electroosmotic dewatering efficiency if the water near the cathode
can remove continuously. Hence, the objectives of this work
become (1) analyzing elctro-osmotic dewatering precisely,
especially, water content and voltage drops distribution,
as well as (2) investigating the electro-osmotic dewatering
behavior using a piece of absorbent water material underneath the cathode from the viewpoint of the above-mentioned distributions.
MATERIALS AND METHODS
Apparatus

An experimental apparatus made of plexiglas is shown
schematically in Fig. 1. Titanium net was used as anode.
It had 390 diamond pattern holes of 1.5 mm diameter, and

the holes could release the gases produced in the electroosmotic dewatering process. A stainless steel net (400 mesh),
through which the removed water could flow down into
the beaker, was employed as cathode. The anode was set to
contact the top surface of the sludge cake, and a pressure
(100 Pa) was applied at the same time in order to ensure a
close electrical contact between the anode and the sludge.
The cross area of the loading compartment was 70x58 mm,
and loading compartment wall was provided with holes for
the purpose of measuring voltage drops distribution in the
direction of the height of sludge cake.
Sludge

The sludge sample used in this research was obtained
from Tianjin Dongjiao wastewater treatment plant in China.
This plant treats municipal sewage and has a capacity of
400,000 m3 of sewage production per day. Sludge from
this sewage treatment plant is activated and has undergone
thickening and anaerobic digestion processes. After anaerobic digestion, a certain amount of cationic polyelectrolyte
is added to the sludge for coagulation and flocculation. The
collected sludge samples were stored in a refrigerator at 4 °C.
First, the sludge sample was dewatered by vacuum filtration. In each dewatering test, 200 ml of sludge was poured
into the funnel with a filter paper and operated for 5 min.
A vacuum of 80 kPa was applied. The dewatered sludge
cake was then collected and mixed uniformly for subsequent electro-osmotic dewatering. The sludge characteris-
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FIGURE 1 - Schematic sketch of the electro-osmotic dewatering apparatus.
TABLE 1 - Characteristics of sewage sludgea
Parameters
pH
Conductivity (mS/cm)
ORP (mV)
Zeta potential (mV)
Chemical oxygen demand (ppm)
Suspended solids (ppm)
Volatile solids (%w/w)

50.8 ± 0.2

Total nitrogen (ppm)

1197 ± 18

Total phosphate (ppm)
a

Sewage sludge
6.71 ± 0.02
4.6 ± 0.2
-261 ~ -280
-13.2 ~ -18.4
24731 ± 270
25300 ±1000

Water content of dewatered sludge cake (% w/w)
Note: All data are done in triplicate.

Methods used
pH-meter
Conductivity meter
ORP meter
Zeta potential-meter
Potassium dichromate method
Applying vacuum filtration and drying in oven at 103-105 °C for 24 h
Drying in oven at 103-105 °C for 24 h and burning in furnace at 500±50
°C for 1 h
Alkaline potassium persulphate oxidative spectrophotometry
Potassium persulphate digestion and ammonium molybdate spectrophotometry
Drying in oven at 103-105°C for 24 h

583 ± 6
76.9 ± 0.2

Methods
Measurement of water content and voltage drops distribution

The sludge cake was packed into the compartment,
and the initial height of sludge cake was 15 mm. Perforated nets (8 mesh) were vertically arranged at 3 mm
intervals within the sludge cake, which means the whole
sludge cake was divided into 5 parts in vertical direction
by the nets. These nets avoided disturbance of the overall
water transport, providing a good conductor for electrical
current, easy sampling for the measurement of water
content at each part, and were convenient to be connected
with the multi-meter electrodes.

multi-meter were attached to the upper and lower nets
corresponding to each part, respectively. Considering the
influence of the voltage drop of working electrodes, the
above-mentioned perforated nets (8 mesh) were placed at
the top and bottom surface of sludge cake, respectively,
and contacted closely the two electrodes (schematic diagram shown in Fig. 2).

The voltage drop of each part was measured directly
using the digital multi-meter during the experimental
period for each run. The two needle electrodes of the
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RESULTS AND DISCUSSION
Water content distribution in sludge cake

FIGURE 2 - Schematic sketch of
voltage drops distribution determination.

The water content of each part was measured by wet
and dry weight of sample sludge at the end of each run. A
new run was started for each dewatering time. The overview of performed experiments is shown in Table 2. At
the last run, about 120 min, the water outflow from the
sludge was negligible, and the dewatering was stopped.
TABLE 2 - The overview of performed experiments.
Sludge bed

Height (mm)

Top

15

Content of measurement

12
9

Water content and voltage

6

drops at different time points

3
Bottom

0

Electro-osmotic dewatering only

A DC electric field was used and the test was performed under constant voltage. The weight of water flowing into the beaker was measured at different time points
by electronic balance. In the meantime, the electric current passing through sludge cake was recorded during the
electro-osmotic dewatering.

Fig. 3 shows the variations of water content distribution with time during electro-osmotic dewatering under
constant voltage. The dimensionless term h/H0 expresses
an arbitrary height in a sludge cake. The h/H0 value of 1.0
denotes the top sludge next to the anode, and the h/H0 of
0.0 denotes the bottom sludge next to the cathode. At the
beginning of dewatering, the water content is uniform
throughout the sludge cake. And then, the water content
of sludge near the anode decreases quickly with the increasing time, and there is about 12% reduction in water
content near the anode in the first 10 min, and maximum
water content reduction of 43% was observed at 100 min.
While water content of sludge near the cathode almost keeps
unchangeable at initial value (w0) in the early dewatering
period, it has a little increase after a long time. This trend
is consistent with Yoshida’s experimental result [15]. According to the characteristics of water transport, the whole
sludge cake can be divided into three parts: one part is that
water content decreased sharply -called “A region”, one
part is that water content kept unchanged or increased called “C region”, and the last part is the transition region
which is between “A region” and “C region” - called “B
region”. This finding reveals a fact that the height of water content effectively decreased accounting for about
40% of the whole sludge cake, and the fastest decrease of
water content mainly occurs in the A region. It can also be
seen that the decrease of water content becomes slower
and slower with increasing time.
From Fig. 3, it can be observed that there is a turning
point determined by the graphical means in the B region.
As example, the decreasing curve of water content at 10 min
is used to elaborate the process of this turning point determination, and the result is shown in Fig. 4. Two tangents
were obtained from the two fractions of the decreasing
curve of water content, which has one intersection point.
All turning points are obtained from the method above.
As shown in Fig. 3, this point is moving towards the cathode along the broken line (o a) with increasing time, which
indicates that the interface between A region and C region
is gradually moving towards the cathode with time. It is
also found that in the later dewatering period, the sludge
near the anode is hardly dewatered in the last 20 min (t =
120 min), and water content decreases to a stable value (w
= 44%).

Electro-osmotic dewatering with absorbent water materials

The absorbent water materials were used to absorb the
water flowing out from the cathode, which was placed
underneath the cathode contacting it closely. The weight of
removal water at different times was determined by the
variation of the weight of absorbent water materials.
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FIGURE 3 -Variation of water content distribution with time under
constant voltage.

FIGURE 4 - The method of the turning point determination.

FIGURE 5 - Variation of voltage drop distribution with time under
constant voltage.

FIGURE 6 - The current-voltage curve for determining the decomposing voltage of aqueous solution in sludge cake.

Voltage drop distribution in sludge cake

Fig. 5 shows the variation of voltage drop distribution
with time under constant voltage. Initially, the voltage
drop is distributed uniformly throughout the sludge cake.
With the increasing time, the voltage drop of sludge in the
A region increases rapidly, and in the B region it changes
slightly, while it decreases significantly in the C region.
In the later dewatering period, the major part of the applied voltage is lost over the A region (about 1 mm thick),
but little voltage drop is left in the C region resulting in
larger water content than the initial value.
In Fig. 5, at the last 120 min, the voltage drop produced in the A and B region is 24.8 and 4.5 V, respectively, while that produced in the C region is only 0.7 V. So,
the electromotive force for water transport is significantly
low over the sludge in the C region. By determining the
minimal decomposition voltage of the aqueous solution in
the sludge cake [18] in Fig. 6, it is known that the voltage
drop produced in the C region is less than the minimal
decomposition voltage and the sludge cake did not lead
electricity longer, and then electro-osmotic dewatering
stopped.

Relation between water content and voltage drop in the A
region

Due to the complexity of gases produced and cracks
in the vicinity of the anode, herein we only considered the
influence of the water content parameter on voltage drops.
Based on the rapid decrease of water content and the loss
of the most voltage drops in the A region, it can be concluded that there may be a direct relationship between
water content of sludge and voltage drop in the A region.
Fig. 7 shows the relationship between voltage drop and
water content in the A region. V/V0 expresses fraction of
voltage drop of an arbitrary height sludge cake in total
applied voltage. The voltage drop increases exponentially
with the decrease of water content.
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these phenomena result in the rapid increase of electric
resistance of sludge in the A region.

FIGURE 7 - Change of voltage drop with water content of sludge in
the A region.
Influence of electric resistance of sludge cake in the A region
on electro-osmotic dewatering behavior

The decrease of water content contributed to the loss
of most of the applied voltages over the sludge near the
anode, and this is probably related to the variation of local
electric resistance. During electro-osmotic dewatering when
the electric current passes through the sludge cake, different height sludge cakes can be considered as different length
electric resistances. Thus, the equivalent circuit of the whole
sludge cake during electro-osmotic dewatering can be considered to connect in series by innumerable infinitesimal
electric resistances. According to Ohm’s law, the difference of electric resistance for different height sludges is
responsible for non-uniform distribution of voltage drops
when the electric current has been continuously passing
through the sludge cake. And the voltage drops fraction
near the anode changes greatly with water content in situ,
and, therefore, electric resistance is related to sludge internal water content.
Fig. 8 shows the relationship between electric resistance and water content in the A region. It clearly can be
seen that the electric resistance increases with the decrease
of the water content. Initially, the electric resistance increases slightly, and then goes up sharply when the water
content reduces to a certain extent. Therefore, there is a
turning point that means when water content is below 58%,
the electric resistance of sludge in the A region increases
rapidly. This maybe related to the amount of ionic species
which are present in the pore water. Initially, the ionic concentration is high, which resulted in low electrical resistance. The ionic concentration decreases at later stages
as a result of physicochemical changes, electro-migration
and electro-osmotic flow [19]. Then, in the later dewatering period, the sludge layers in the vicinity of the
anode gradually start to crust and crack. On the other hand,
gas produced by electrolysis of electrolytes in sludge also
accelerates the formation of crusting and cracking. All

FIGURE 8 - Variation of electric resistance with water content of
sludge in the A region.

Fig. 9 shows the influence of electric resistance of
sludge cake in the A region on total water removal velocity. It can be seen that the increase of electric resistance of
the A region gives rise to the decrease of total water removal velocity. When electric resistance of the A region
increases to some extent, the water removal velocity reduces to zero.

FIGURE 9 - Influence of electric resistance of sludge in the A region
on the total water removal velocity.
Effect of initially applied voltage on water content distribution

Fig. 10 shows the water content distribution at 60 min
under different initial applied voltage. In this figure, the
moving trends of water content in sludge cake are similar
under three applied voltages. The water content near the
anode decreases considerably with increasing initial applied voltage, but 60% of the whole sludge cake from the
cathode shows little change with increasing initial applied
voltage.
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FIGURE 10 - Effects of initial applied voltage on water content
distribution.
Electro-osmotic dewatering combined with absorbent water
materials

From the above results, due to the influence of electric
resistance of sludge cake by its water content, most of the
applied voltage was consumed over the sludge near the
anode, and little driving force was left for water transport in
the un-dewatered sludge cake near the cathode. This caused
a lower and lower electro-osmotic dewatering efficiency.
Aiming at the situation that there is larger water content
than the initial value of sludge cake near the cathode, it is
proposed that a piece of absorbent water materials was
used to assist the water removal near the cathode.
Under constant voltage, for electro-osmotic dewatering combined with absorbent water materials, the relation
between mass of water removed (Q) and dewatering time
(t) is shown in Fig. 11. It can be seen that absorbent water
materials can enhance drastically the electro-osmotic dewatering efficiency. Both dQ/dt and terminal Q with absorbent water materials are greater than in the case of electro-osmotic dewatering only.

FIGURE 12 - Final water content distribution combined with absorbent water materials under constant voltage.

The final distribution of water content in sludge cake
is shown in Fig. 12. It displays that in the case with absorbent water materials, water content near the cathode decreases significantly, and water content near the anode decreases only slightly, with regard to the case without absorbent water materials. The absorbent water materials remarkably decrease the water content throughout the sludge
cake. Therefore, it is very effective for improving the electro-osmotic dewatering behavior and can be used as an
available application of electro-osmotic dewatering.
The final distribution of voltage drop in sludge cake
is shown in Fig. 13. It can be seen that under the conditions with absorbent water materials, the voltage drop near
the anode is lower than that of the case without absorbent
water materials.

FIGURE 13 - Final voltage drops distribution combined with absorbent water materials under constant voltage.
FIGURE 11 - Amount of water removed from sludge cake with time
combined with absorbent water materials under constant voltage.
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CONCLUSIONS

treatment plant—Sludge quality for co-landfilling. Beijing:
Standards Press of China.

Based on the results of experiments, the following conclusions can be drawn:
1. With the dewatering progression, the voltage drops
loss over the sludge near the anode is increasing gradually, and the decrease of water content becomes slower and
slower. Moreover, the local electric resistance is influenced
by local water content. The electric resistance of the sludge
increases sharply when water content decreases to some
extent, which means the electro-osmotic dewatering is more
difficult below that water content.
2. The higher the initial applied voltage is, the faster
the water content of sludge cake near the anode decreases.
But the water content of sludge cake near the cathode does
not change with the increasing initially applied voltage.
3. The absorbent water materials, assisting the electroosmotic dewatering, can decrease the water content throughout the sludge cake, especially that near the cathode, compared with electro-osmotic dewatering only. Therefore,
electro-osmotic dewatering with absorbent water materials is very effective for improving the electro-osmotic dewatering behavior.
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PMA IN COMBINATION WITH QUANTITATIVE
PCR FOR THE DETECTION OF INACTIVATION
EFFICACY BY ULTRASONIC SONICATION
Shenghua Zhang* and Xin Yu
Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361012, People’s Republic of China

ABSTRACT
Power ultrasonics has already been extensively applied
in water treatment, which can alter the physical, chemical
and biological features of matters by mechanical, cavitation and thermal effects. Power ultrasonics can destroy the
bacterial membrane and structure by shear forces and hydroxyl radicals. Traditionally, the detection of US inactivation efficacy is achieved using plate counting method, which
is time-consuming and with microbial risk. We developed a
method for the rapid, sensitive, and quantitative detection
of inactivation efficacy by ultrasonic treatment. The method
is based on propidium monoazide (PMA), in combination
with DNA through a foreworn membrane. In this article,
PMA was combined with real time fluorescence quantitative PCR to detect the inactivation rate of E. coli and B.
subtilis by ultrasonic treatment. Through microscopic examination, it could be observed that PMA combined with
DNA emitted red fluorescence. There was liner relationship
between survival amounts detected by quantitative PCR
combined with PMA and plate counting method, and the
correlation coefficients were 0.9444 and 0.9429, which
could confirm that it was objective and exact to detect inactivation efficacy under US by qPCR combined with PMA.
Due to cost-effectiveness and high throughput, this system
could be successfully employed as a new tool for the detection of bacteria inactivation efficacy by ultrasonic power.

KEYWORDS: Propidium monoazide; Ultrasonic; Inactivation
efficacy; Viability; Quantitative PCR

INTRODUCTION
Disinfection has become a challenging aspect of water
treatment because of the rapid elevation of health standards
and the growing concern for pollution-free water resources.
The most commonly used disinfection methods utilize cheap
and effective chemicals, such as chlorine and its products,
which unfortunately have a number of serious drawbacks.

They produce chlorinated organic products, which are dangerous for mankind as well as the environment, since they
are toxic, carcinogenic, and mutagenic [1]. Additionally,
they cannot totally inactivate all the pathogenic microorganisms that can be present in wastewaters or drinking water
due to their low oxidant action [2]. Due to these problems,
alternative methods for water disinfection are being investigated, and amongst these is the application of ultrasound.
Ultrasound is able to inactivate bacteria and deagglomerate bacterial clusters through a number of physical, mechanical, and chemical effects arising from acoustic cavitation. On collapse, cavitation bubbles produce enough energy to mechanically weaken or disrupt bacteria or biological
cells via a number of processes [3].
In water monitoring, the reliable detection of viable
bacterial pathogens is a great challenge. For a response to
environmental conditions, bacteria may not be culturable,
which makes microbial risk evaluation difficult.
A novel chemical propidium monoazide (PMA) treatment, in combination with quantitative PCR (qPCR), has
been successfully used in monitoring the germicidal action
of disinfection directly affecting membrane permeability
[4]. This rapid and simple technology helped to make DNAbased molecular diagnostics more meaningful by primarily
detecting cells with intact cell membranes instead of indiscriminately amplifying DNA from all cells including those
that are permeabilized.
PMA is identical to PI, except that the additional presence of an azide group allows cross-linkage to DNA upon
light exposure [5] (Fig. 1). The higher charge of the PMA
molecule (with two positive charges), and the fact that
selective straining of nonviable cells with propidium iodide
has been successfully performed on a wide variety of cell
types made us believe that the use of PMA was competitive.
Ultrasonic treatment has already been used for disinfection widely. Thus, there is a need to evaluate effect of
US disinfection accurately and rapidly. In this study, we
examined the suitability of PMA to selectively remove
genomic DNA of dead cells, to make a first step in evaluating the applicability of the PMA in combination with
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qPCR method to monitor killing efficacy of E. coli and B.
subtilis under US by comparing the results with platecounting as an alternative viability indicator.

quots to final concentrations of 50 µM in 1.5-ml microcentrifuge tubes. Following an incubation period of 5 min
in the dark with occasional mixing, samples were lightexposed for 2 min using a 650-W halogen light source
(120 V, 3200K, Philips, Holland). The sample tubes were
laid horizontally on ice to avoid excessive heating and
placed about 20 cm from the light source. After photoinduced cross-linking, the cells were pelleted at 5000 g for 5
min prior to DNA isolation.
DNA quantification

Genomic DNA was extracted using the Qbiogene soil
kit (Qbiogene, Carlsbad, CA, USA). DNA was eluted with
a volume of 120 µl DES buffer and visualized on ethidium
bromide stained 1% agarose gels. About 10% of the total
corresponding eluted volumes were loaded on agarose gels.
Quantitative PCR (QPCR)

QPCR was performed in a total volume of 25 µl containing 1 µl extracted genomic DNA and final concentrations
of 1×PCR buffer, 2.0 mmol·L-1 MgCl2, 0.1 mmol·L–1 of
primer forward (5’-gag agt ttg atc ctg gct cag-3 ’),
0.1mmol·L–1 of primer reverse (5 ’-gaa agg agg tga tcc
agc cgc-3’), 1.0 U of polymerase, 0.2 mmol·L-1 of dNTP,
2 µL of DNA template, and 1×SYBR solution. The cycling
parameters were 5min at 94 °C, followed by 35 cycles of
30 s at 94 °C, 30 s at 55 °C, 30 s at 72 °C and 3 min at 85 °C.
Fluorescence values were read at 72 °C.

FIGURE 1 - The cross-linking process of PMA and DNA.

QPCR and data analysis were performed with a
SmartCyclerII. Cycle threshold (Ct) values were automatically calculated by the SmartCycler software.

MATERIALS AND METHODS
Bacterial strains and culture conditions

Stock solutions of E. coli and Bacillus subtilis (Department of Environment, Jiangsu University) were prepared by removing a loop of bacteria from a mother dish.
The loop of bacteria was used to inoculate 50 cm3 of nutrient broth (Oxoid, 28g/L). They were placed in shaking incubators at 37 °C for 12 h. After 12 h, 50 ml of the resultant bacterial solution was placed in the shaking incubator
at 37 °C for another 12 h. The bacterial suspensions were
now ready for use in the experiments.
US disinfection

The ultrasonic device used was a “Branson Sonifier
W-450”, a horn sonotrode equipped with a horn tip of
0.6 cm in diameter which is operated at 20 kHz. Operation
time ranged from 20 s to 100 s. Ultrasound was transmitted
into a 200-ml solution in a beaker. To avoid any airborne
contamination, the experiments were run inside of a waterproof sound abating enclosure. Plate counting method was
applied after US disinfection.
PMA cross-linking

PMA (phenanthridium, 3-amino-8-azido-[5-3-(diethylmethyl-ammonio)propyl]-6-phenyl dichloride; Biotium Inc.,
Hayward, California) was dissolved in 20% DMSO to
create a stock concentration of 20 mM and stored at -20 °C
in the dark. 1.25 µl PMA were added to 500 µl culture ali-

RESULTS
Fluorescence microscope assays

After US treatment and PMA cross-linking, E coli and
B. subtilis were labeled under fluorescence microscope
(Figs. 2 and 3). The bacteria without cross-linking with
PMA, no matter dead or alive bacteria, all could be observed under visible light. Under fluorescence, only part of
the bacteria cross-linking with PMA emitting red fluorescence could be observed, which demonstrated that membrane was destroyed by US, and PMA entered into cell interior through destroyed membrane, combined with DNA,
emitting red fluorescence.
Agarose gel electrophoresis assays

Genomic DNA from non-PMA-treated and PMAtreated mixtures were visualized on agarose gel (Figs. 4
and 5).
With the increase of ultrasound action time, the DNA
electrophoresis stripes fluorescence intensity of E. coli
and B. subtilis non-PMA-treated was invariant, while that
of PMA-treated was decreased. When the bacteria were
cross-linked with PMA, PMA entered into dead cells via
the broken cell membrane and combined with DNA, which
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FIGURE 2 - E. coli examined microscopically before and aftercrosslinking with PMA ((a) pre-crosslinking with PMA, (b) aftercrosslinking with PMA)

0

FIGURE 3 - B. subtili eExamined microscopically before and aftercrosslinking with PMA (a) pre-crosslinking with PMA, (b) aftercrosslinking with PMA

1

2

3

FIGURE 4 - Genomic DNA of E. coli from non-PMA treated (top) or PMA treated (bottom) cells as visualized on an agarose gel.
(0 marker 1 Ultrasonic for 20s 2 Ultrasonic for 40s 3 Ultrasonic for 60s)

0

1

2

3

FIGURE 5 - Genomic DNA of B. subtilis from non-PMA treated (top) or PMA treated (bottom) cells as visualized on an agarose gel.
(0 marker 1 Ultrasonic for 20s 2 Ultrasonic for 40s 3 Ultrasonic for 60s)
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could result in fluorescence quenching. The DNA electrophoresis stripes fluorescence intensity of B. subtilis was
dimmer than that of E. coli, which demonstrated that under
the same ultrasound intensity, the inactivation effect on E.
coli was better than B. subtilis. The structures of bacteria
were different, and the cell wall of B. subtilis was quite
compact and has the strongest resistant ability to bad
factors, such as temperature, shear stress and pH, etc.

As seen in Table 1 and 2, the quantity of viable cells
detected by quantitative PCR was identical basically with
that by plate counting method. Analysis software of SPSS
was utilized to analyze the correlation between the quantities of viable cells detected by two different methods. For
E. coli and B. subtilis treated by ultrasound, the plate
counting values were plotted against the qPCR detection
results (Figs. 6 and 7), and all showed good linear correlation between the quantity of viable cells detected by quantitative PCR and by plate counting method, and the resulting linear correlations showed R values of 0.9444 for E.
coli and 0.9429 for B. subtilis, which demonstrated that it
was feasible to utilize quantitative PCR to evaluate the
ultrasound sterilization effect. At the same time, we observed that the main elimination pattern of ultrasound to
bacteria is the injury to cell membrane.

Quantitative PCR assays

The bacterial liquids of 2 ml under ultrasound treatment for different action times were cross-linked with
PMA, then genomic DNA was extracted, and amplified
by quantitative PCR system. When comparing amplification curve and standard curve, viable cells in the bacterial
liquid could be calculated. The viable cells in the bacterial
liquid treated by ultrasound were detected by plate counting method (Tables 1 and 2).

TABLE 1 - Detection result comparison between PCR and plate counting method of E. coli (initial concentration:3.2×106 CFU·ml-1).
CT
viable cell concentration corresponding
to qPCR standard curve (CFU·ml-1)
viable cell concentration corresponding
to plate counting method (CFU·ml-1)

US20s
12.07

US40s
11.97

US60s
11.65

US80s
11.23

US100s
11.01

3.98×106

2.4×106

4.79×105

5.8×104

1.9×104

2.12×106

1.43×106

9.89×105

5.82×104

4.6×104

TABLE 2 - Detection result comparison between PCR and plate counting method of B. subtilis (Initial concentration:4.7×105 CFU·ml-1).

Bacterial concentration(cfumL-1)
(PCR)

CT
viable cell concentration corresponding
to qPCR standard curve (CFU·ml-1)
viable cell concentration corresponding
to plate counting method (CFU·ml-1)

US20s
6.94

US40s
6.91

US60s
6.86

US80s
6.79

US100s
6.64

5.15×105

4.09×105

2.97×105

1.79×105

6.63×104

5.25×105

2.96×105

2.51×105

2.16×105

7.05×104

2500000
2000000
1500000
2

R = 0.8918

1000000
500000
0
0

1000000

2000000

3000000

4000000

Bacterial concentration(CFU•mL-1)
(plate counting)
FIGURE 6 - Correlation between qPCR and plate counting method (E. coli).
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600000
500000
400000
300000

2

R = 0.8899
200000
100000
0
0

100000

200000

300000

400000

500000

600000

Bacterial concentration(CFU•mL-1)
(plate counting)
FIGURE 7 - Correlation between qPCR and plate counting method (B. subtilis).

CONCLUSION
In this research, ultrasound treatment influenced the
permeability of cell membrane directly, and the sterilization
effect of ultrasound was successfully detected by quantitative PCR combined with PMA. The membrane damage
could weaken the signal intensity of quantitative PCR. Compared with plate counting method, the decrease of quantitative PCR signal resulted from different disinfectants, and
there were linear correlations between the quantity of viable cells detected by plate counting method and the weakness of signal intensity of quantitative PCR [6].
This method was rapid and simple, which could substitute the detection method of DNA amplified (including
cells with permeability), and make the molecular diagnosis based on DNA more meaningful.
In addition to the disinfection methods described here,
PMA uptake and monitoring of killing efficacy by quantitative PCR has also been successfully applied to cells exposed
to isopropanol. PMA could also be utilized to detect the
effects of other disinfectants, such as H2O2, phenol, acetaldehyde, surfactants, pressure and heavy metals [4].
Summarizing the above, we present here a novel chemical assay allowing the removal of genomic DNA from cells
with membranes. Regardless, PMA treatment shows promise as a rapid, reproducible method for assessing cell integrity after exposure to several disinfectants, and, therefore, is
valuable to those who wish to employ it as an alternative
to plate counting method.
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ABSTRACT

INTRODUCTION

The adsorption characteristics of naphthalene from
aqueous solutions on coconut husk-activated carbon (AC)
were evaluated. Batch adsorption studies were conducted
to study the effects of various parameters, such as initial
concentration, agitation time and adsorbent dosage, on naphthalene adsorption. The kinetic data were analyzed using
pseudo first-order, pseudo second-order and intra-particle
diffusion equations. The experimental data fitted very well
the pseudo second-order kinetic model. The equilibrium data
were analyzed by the Langmuir and Freundlich adsorption isotherm models. The adsorption isotherm data fitted
well to Langmuir isotherm, and the monolayer adsorption
capacity was found to be 15.60 mg/g at 20 °C. In this study,
the central composite face-centered experimental design
matrix and response surface methodology (RSM) were applied to design the experiments and evaluate the interactive effects of the 3 most important operating variables, adsorbent dosage (1.0-3.0 g/L), agitation time (10.0-25.0 min)
and initial naphthalene concentration (10.0-30.0 mg/L),
on adsorption of naphthalene with AC. A total of 20 experimental runs were set, and the experimental data fitted
to the empirical second-order polynomial model of a suitable degree for the maximum adsorption of naphthalene
from aqueous solutions by AC. An initial concentration of
10 mg/L, adsorption time of 25 min and carbon dosage of
3 g/L were found to be optimal for the maximum removal
of naphthalene (97.8%) from aqueous solutions. Analysis
of variance of the quadratic model showed that the model
was highly significant (R2= 0.970, predicted R2 = 0.766
for qt as well as R2 = 0.989, predicted R2= 0.917 for Re
%).
KEYWORDS: activated carbon, naphthalene adsorption; optimization; response surface methodology

Polycyclic aromatic hydrocarbons (PAHs) are a class of
hydrophobic organic compounds which are important environmental pollutants due to their notable amounts in the
environment and their toxicological risks in soils and sediments. They usually occur as complex mixtures consisting of
components with 2 or more condensed benzene rings, and
the major routes of occupational and environmental exposure to PAHs are inhalation, dermal contact and ingestion
of contaminated foods and drinks [1-4]. PAHs are an important environmental issue where the demand for water is
very high in densely populated cities. PAHs can be introduced to the environment by incomplete combustion of
coal, oil or wood, improper storage or disposal of fuels
and oils, and wood treatment processes [1, 2].
One of the sources of PAHs is the coking process. The
coking process can generate typically between 0.4-4 m3 of
wastewater per ton of coke, containing a wide variety of
pollutants in extremely high concentrations (i.e. phenols,
cyanides, thiocyanates and hydrocarbons). However,
wastewater of the coking process also contains PAHs at
significant concentrations (up to 30 mg/L), which produce
an effluent with a high chemical oxygen demand (COD)
but a low biological oxygen demand (BOD). These compounds are considered as priority because they are longterm persistent and highly mobile throughout the environment (semi- volatiles). Most of them also present carcinogenic properties [5].
Among the PAHs, naphthalene has been chosen as a
representative model compound since it is the simplest one,
has less toxicity, and is easily found in the environment.
Naphthalene is a natural constituent of coal tar and commonly used as a wood preservative, moth repellent and raw
material to produce methylanthranilate, phthalate esters and
chloronaphthalene, etc.
A number of methods have been used to treat PAHs,
such as oxidation, biological degradation, adsorption, etc.
[6-10]. Among these methods, adsorption process has been
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found to remove PAHs better from aqueous solutions since
it is a well-established powerful technique with high efficiency results and economically feasible. PAH compounds
are also not easily destroyed by biological treatment due
to low biodegradability by inhibiting the biological process,
and treatment is cost effective. Many reports have appeared
on AC for adsorption, less expensive and readily available
materials for the removal of PAHs from wastewater [5, 11,
12]. Zeolite [13], bentonite [14], non-polar polymeric adsorbents [15, 16], organo sepiolite [17], used tires [18], and
organoclay composite [19] have also been used for this
purpose.
Conventional and classical methods of studying a process by maintaining other factors involved at an unspecified
constant level do not depict combined effects of all the
factors involved. This method is also time-consuming and
requires a number of experiments to determine optimum
levels, which are unreliable. These limitations of a classical method can be eliminated by optimizing all the affecting parameters collectively with a statistical experimental
design, such as response surface methodology (RSM). RSM
consists of a group of mathematical and statistical methods
that can be used to define the relationships between the
response and the independent variables. RSM defines the
effect of the independent variables, alone or in combination
[20-22]. Therefore, the present study is designed to investigate the potentialities of adsorbent amount, adsorption time
and naphthalene concentration, and the influences of individual parameters as well as interactions between them are
explained using RSM.
The main objective of the present work is to investigate the feasibility of adsorption using coconut husk-AC
for the removal of naphthalene from aqueous solutions, and
to estimate the maximum adsorption capacity and kinetic
parameters of the adsorbent. The important parameters affecting adsorption, such as agitation time, initial naphthalene concentration and adsorbent dosage, have also been
explored using the RSM approach. The central composite
design (CCD) was used to obtain the experimental design
matrix for process optimization. This approach has a limited number of actual experiments performed while allowing probing into possible interaction between these parameters studied and their effects on adsorption capacity of naphthalene onto AC. The experimental and predicted results are
compared with respect to percentage removal efficiency of
naphthalene.

formance of composite systems [20, 21]. RSM usually
contains 3 steps: (i) designing a series of experiments that
will result in adequate and reliable measurement of the response and doing those; (ii) obtaining a model that best
fits the data obtained in experiments, and (iii) determining
the levels of the experimental factors that optimize (maximize or minimize) the predicted response. The main objective of RSM is to determine the optimum operational conditions of the process, or to determine a region that satisfies the operating specifications. The application of statistical experimental design techniques in adsorption process
development can result in improved product yields, reduced process variability, closer confirmation of the output
response to nominal and target requirements, and reduced
development time and overall costs [21, 22].
In this work, the mutual effect of adsorbent dosage
amount, retention time and initial adsorbate concentration
on adsorption capacity of AC and removal efficiency of
naphthalene from solution have been studied using CCD in
RSM. RSM makes it possible to represent independent
process parameters in quantitative form as follows:

Y = f ( X 1 , X 2 , X 3 ,..., X n ) ± ε

(1)

where Y is the response (yield), f is the response function, ε is a term that represents other sources of variability
not accounted for in f, and X1, X2, X3, . . ., Xn are independent parameters. Generally, ε includes effects, such as
measurement error on the response, background noise, the
effect of other variables, etc. Usually, the function f is a
first-order or second-order polynomial one. This empirical model is called a RSM.
By plotting the predictable response of Y, a surface
known as the response surface is obtained. The form of f
is unidentified and may be very complicated. Thus, RSM
aims at approximating f by a suitable lower-ordered polynomial one in some regions of the self-governing process
variables. If the response can be well modeled by a linear
function of the independent variables, the function in Eq.
1 can be written as:

Y = C0 + C1 X 1 + C2 X 2 + ... + Cn X n ± ε

(2)

A second-order polynomial model, where interaction
terms have been fitted to the experimental data obtained
from the CCD model experiment, can be stated in the form
of the following equation:
n

2

Y = C0 + ∑ Ci X n + ∑ d i X i ± ε

RESPONSE SURFACE METHOD (RSM)

(3)

i =1

RSM is a combination of statistical and mathematical
techniques useful for developing, improving and optimizing
a process. Process optimization could be done by empirical
or statistical methods. The empirical method is time-consuming and does not necessarily enable an effective optimization. A statistics-based procedure, called the RSM, is a
powerful experimental design tool to recognize the per-

The objective of using RSM is not only to investigate
the response over the entire factor space, but also to locate
the region of interest where the response reaches its optimum or near-optimal value. Optimization of the process
can be done by carefully studying the response surface
model through different combinations of factors for the
best response [23, 24].
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MATERIALS AND METHODS
Analytical-grade reagents were used in all the experiments, and water was purified by means of a Milli-Q system (Millipore). Activated carbon (AC) obtained from by
Jacobi Carbon was used for this study. The adsorbent samples were air-dried, ground and sieved before adsorption
experiments, and AC with particle sizes of 0.20-0.50 mm
was used in this study. Characteristics are shown in Table 1.

where Co is initial naphthalene concentration and Ct is
naphthalene concentration (mg/L) at any time, V is the volume of solution (L), and W is the mass of the adsorbent (g).
In the adsorption isotherm experiments, initial naphthalene solutions (2-40 mg/L) were added into flasks at temperatures in the range 293-323 K, and placed on a shaker
for 120 min. Each experiment was repeated 3 times, and
results were reported as average values.
TABLE 2 - Conditions for purge & trap and GC-FID techniques.

TABLE 1 - Characteristics of the activated carbon (AC) used.
Parameter
Surface area
Bulk density
Real density
Average pore diameter
Total pore volume
Micro pore volume
Total ash content
Ignition temperature
Specific heat

Unit
m2/g
g/cm
g/cm
Å
cm3 /g
cm3 /g
%
o
C
J/g K

Purge & Trap (O.I. Analytical Eclipse Model 4660)
Sample amount (mL)
10
Purge flow rate (mL/min)
40
Purge temperature (o C)
50
Desorb Temperature (o C)
180
Desorb time (min)
1
Bake temperature (o C)
200
Bake time (min)
7
Valve temperature (o C)
110
o
Transfer line temperature ( C)
110
GC-FID conditions (Agilent 6890 N)
Injector mode
Split
Split ratio
50:1
Total flow
142 mL/min
GC inlet temperature
220 oC
Column
ZB5, 30mx0.32mmx0.25µm
Column linear velocity
41 cm/sec (2.7 mL/min)

Value
1050
0.48
2.24
21.88
0.57
0.34
8.0
425
0.95

Naphthalene, purchased from Merck and used as representative PAH, was dissolved in methanol (chromatography grade), and subsequently diluted with deionized
distilled water to final concentration for adsorption experiments. Naphthalene with a relatively high vapor pressure
at normal temperature is a volatile compound. Therefore,
all of adsorption experiments and analyses of samples were
studied in closed vials. The volume fraction of methanol in
solution was controlled to be less than 0.002 to avoid cosolvent effect.
In kinetic and optimization experiments, a known quantity of adsorbent contacted with a naphthalene solution
(50 mL) in a 150 mL flask at constant pH 6.8 and was
shaken for a contact time in the range 0-35 min at a
speed of 200 rpm at 20 °C. At various time intervals, the
flasks were successively removed, the liquid was separated from the solid by an HPLC filter (0.45 µm) and
analysis of the remaining concentration of naphthalene in
solution was carried out with Purge&Trap/GC-FID techniques (details see Table 2). The concentration retained in
the adsorbent phase (qt, mg/g) and removal efficiency
(Re%) is calculated by using the following equations

qt =

(C o − Ct )V

Re % =

(4)

W

(C o − C t )
Co

x100

(5)

GC oven ramp
Detector
Heater
H2 flow
Air flow
Makeup flow - He

Hold 3 min. 35 oC
35-120oC. 7oC/min Hold 2 min
120-300oC. 50oC/min Hold 3
min
FID
250oC
35.0 (mL/min)
350 (mL/min)
30.0 (mL/min)

Experimental design

The design of experiments was intended to reduce the
number of experiments and to arrange them with various
combinations of independent variables. The independent
variables were coded to the (-1, 0, 1) interval where the low
and high levels were coded as -1 and +1, respectively (Table 3). In the model, adsorbent dosage (1.0-3.0 g/L), agitation time (10.0-25.0 min) and initial naphthalene concentration (10.0-30.0 mg/L) were taken as input variables. The
amount adsorbed (R1) and percentage of naphthalene removed (R2) were taken as the responses. Twenty experiments and six replicates were conducted with respect to
CCD model. The regression analyses, graphical analyses
and analyses of variance (ANOVA) were carried out using
the design expert software (Stat Ease Inc, USA, trial version 7.1.6).

TABLE 3 - Experimental range and levels of independent variables.
Independent variables
Adsorbent amount (g/L)
Time (min)
Naphthalene concentration (mg/L)

Codes
X1
X2
X3

-1.68
0.32
4.89
3.18
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Range and levels (coded)
-1
0
1
2
10.0	
  
17.5	
  
10.0	
  
20.0	
  

+1
3
25.0	
  
30.0	
  

+1.68
3.68
30.11
36.82
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RESULTS AND DISCUSSION
Adsorption kinetics

The adsorption kinetics describes the solute uptake rate
which determines the residence time required for completing adsorbate adsorption at the solid–liquid interface. In
this study, kinetic models (6) – (9) (pseudo first-order,
pseudo second-order and intra-particle diffusion models)
were used to investigate the adsorption process of naphthalene on AC [25-27]. The kinetic model equations are
expressed in a linear form as follows:

log(qe - qt ) = log(qe ) - k1t / 2.303

(6)

t / qt = 1 / k 2 q e2 + t / qe

(7)

qt = 1/β ln(αβ ) + 1/β ln(t )
qt = kid t1/2 +I

(Elovich)

(8)

(Intraparticle diffusion)

(9)

where qe and qt are the amount of naphthalene adsorbed
(mg/g) on AC at equilibrium and at time t; k1 (L/min), k2

(g/mmol min) and kid (mg/g min1/2) are the rate constants
for pseudo first-order, pseudo second-order, Elovich and
intra-particle diffusion kinetics, respectively. The kinetic
parameters calculated from the kinetic models are listed in
Table 4. The best-fit kinetic model was selected based on
both qe,calc equal to qe,exp values as well as the linear regression correlation coefficient, r2. It was found that the pseudo
second-order rate model provided the best fit of experimental data, r2>0.99 (Table 4a). The values of the rate
constants (k2) were found to decrease from 0.194 to 0,015
g/mg min as the initial concentration increased from 2 to
40 mg/L, showing the process to be highly concentrationdependent, which is consistent with studies reported earlier
[28]. The values of the initial adsorption rates, h, determined from the straight line plots for each adsorbent system, increased with an increase in initial naphthalene concentration (Table 4a), which can be attributed to the increase in the driving force for mass transfer, allowing more
naphthalene molecules to reach the surface of the adsorbents in a shorter period of time.

TABLE 4(a) - Adsorption rate constants for adsorption of naphthalene on AC.
Parameter

Pseudo first-order model
k1x102
qe,calc
(L / min)
(mg / g)

ms (g /L)
1.0
1.5
2.0
2.5
5.0
10.0
Co (mg/L)
2
4
8
12
16
32
40

r2
(-)

k2x103
(g /mg min)

5.72
6.92
6.58
5.44
5.81
4.94

23.26
14,37
6.76
4,07
2.06
0.80

0.98
0.99
0.93
0.88
0.94
0.97

4.70
10.42
25.68
38.28
89.33
217.39

2.52
2.84
3.82
4.55
5.38
6.58
7.06

0.46
0.91
1.77
2.39
3.72
6.76
10.96

0.95
0.95
0.96
0.96
0.94
0.93
0.96

193.96
104.58
67.36
65.68
39.97
25.68
15.25

Pseudo second-orde modelr
qe, exp qe, calc
h
(mg / g)
(mg /g min)
32.58
21.15
15.81
10.46
6.27
3.13

33.11
21.84
16.13
10.62
6.34
3.16

0.83 0.91
1.83 1.92
3.81 3.96
5.80 5.96
7.83 8.02
15.81 16.13
19.55 20.08

5.15
4.97
6.68
4.32
3.59
2.16

0.99
0.99
0.99
0.99
0.99
0.99

0.16
0.38
1.05
2.34
2.57
6.68
6.15

0.99
0.99
0.99
0.99
0.99
0.99
0.99

TABLE 4(b) - Adsorption rate constants for adsorption of naphthalene on AC.
Parameter
ms (g/L)
1.0
1.5
2.0
2.5
5.0
10.0
Co (mg/L)
2
4
8
12
16
32
40

Elovich model
α
β
(g /mg min)
(g / mg)

r2
(-)

Intra-particle diffusion model
kid x102
I
(mg / g min1/2)
(-)

r2
(-)

7.69
8.24
8.86
6.94
8.47
9.91

0.11
0.20
0.24
0.39
0.77
2.91

0.99
0.93
0.99
0.99
0.95
0.96

19.61
7.82
3.40
2.91
1.91
1.04

28.54
19.94
15.34
9.99
5.98
2.97

0.69
0.55
0.76
0.90
0.64
0.66

1.35
1.81
3.13
4.91
4.24
8.86
8.40

8.33
3.07
1.28
0.77
0.50
0.24
0.18

0.97
0.98
0.95
0.91
0.98
0.99
0.97

2.01
3.90
4.40
5.87
6.23
3.40
11.0

0.63
1.38
3.32
5.14
7.09
15.34
18.24

0.94
0.93
0.94
0.85
0.85
0.76
0.61

950

r2
(-)
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According to Eq. (9), a plot of q versus t1/2 should be
a straight line with a slope kid, and if the plot passes through
the origin, then the rate-limiting process is only due to the
intra-particle diffusion (Fig. 1). The different stages of rates
of adsorption observed in Fig. 1 showed that adsorption
rate was initially faster but then slowed down when the
time increased. The linear line of the second stage did not
pass through the origin, and this deviation from the origin
might be due to the difference in the mass transfer rate in
the initial and final stages of adsorption [20, 29]. Extrapolation of the linear portions of the plots back to the y-axis
gives the intercepts which provide the measure of the
boundary layer thickness, i.e., the larger the intercept the
greater is the boundary layer effect (Table 4b). The adsorption of naphthalene on carbon was not an intra-particular
diffusion in control, and values of r2>0.61 in Table 4b infer
that the mechanism was not predominantly intra-particle
diffusion for naphthalene adsorption onto AC. The overall
of naphthalene adsorption process followed the pseudo
second-order reaction mechanism.

The Langmuir adsorption isotherm describes the surface as homogeneous assuming that all the adsorption sites
have equal adsorbate affinity and that adsorption at one site
does not affect adsorption at an adjacent site. The
Langmuir equation is given in the following equation:

Ce
C
1
=
+ e
qe Q0 b Q0

where qe is the amount of metal ions adsorbed at equilibrium (mg/g), Ce is the equilibrium concentration (mg/L), Qo
is the monolayer adsorption capacity (mg/g), and b is the
constant related to the free adsorption energy (Langmuir
constant, l/mg). A plot of C e/qe versus C e gives a
straight line of slope 1/Qo which corresponds to complete
monolayer coverage (mg/g), and the intercept is 1/Qob.
The Freundlich isotherm describes the equilibrium on
heterogeneous surfaces and does not assume monolayer
capacity. The Freundlich equation is described by the following equations:

qe = k F C

25

Amount adsorbed (mg/g)

1

n

(11)

The logarithmic form of the equation:

stage II

20

(10)

log qe = log k F + 1 / n log Ce

stage I

where kF is a constant indicative of the relative adsorption
capacity of the adsorbent (mg/g), and the constant 1/n indicates the intensity of the adsorption. These constants were
calculated from the slope and intercept of the Freundlich
plots.

15

Co (mg/L)
2
4
8
12
16
32
40

10

5

0
3

6

9

12

(12)

15

1/2

t (time)
FIGURE 1 - Intra-particle diffusion plot for the removal of naphthalene by AC at different initial concentrations (conditions: pH 7,
T=293 K, t =120 min, 2 g/L, 0.35 mm, 200 rpm).
Adsorption isotherms

Equilibrium relationships between adsorbent and adsorbate are described by adsorption isotherms. Two adsorption isotherm models were used in the present study, namely,
Langmuir and Freundlich.

The isotherm constants along with the regression coefficients are listed in Table 5. The value of r2 for the
Langmuir isotherm was found to be higher than that of the
Freundlich isotherm which means the Langmuir equation
represents the adsorption process very well. This may be
due to the homogeneous distribution of active sites on AC
surface.
Statistical analysis

In order to determine the optimum conditions for removal of naphthalene, the parameters that have greatest
influence on the response need to be identified. In the present study, the relationship between the 3 independent variables and responses, which were adsorption capacity of AC
and removal efficiency of adsorption, established well

TABLE 5 - Langmuir and Freundlich isotherm parameters for adsorption of naphthalene on AC.T (K)
293
303
313
323

qm
(mg/g)
15.60
16.86
19.24
19.92

Langmuir Isotherm
b
(l/mg)
0.74
0.76
0.99
1.18

r2
(-)
0.99
0.99
0.96
0.99

951

kF
(mg/g)
31.99
36.07
37.30
58.06

Freundlich Isotherm
n
(-)
0.60
0.57
0.72
0.51

r2
(-)
0.94
0.94
0.96
0.93
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with the quadratic model. The quadratic regression model
for adsorption capacity of AC and removal efficiency obtained from CCD design in terms of coded factors was
presented as follows:
qt= (8.68750) + (-4.47058A) + (1.23973B) +
(4.85957C) + (-108375AB) + (-2.45875AC) +
(0.80875BC) + (1.85994A2) + (-0.55836B2) + (0.13587C2)

(13)

Re% = (86.58346) + (14.7133A) + (8.894743B) +
(0.221381C) + (-3.86375AB) + (-5.67625AC) +
(1.11125BC) + (-8.14237A2) + (-3.77952B2) +
(1.552065C2)

(14)

where A, B and C are the coded values of tested variables
(amount of carbon, agitation time and initial naphthalene
concentration). A positive and negative signs in front of the
terms refer to a synergistic effect and antagonistic effect,
respectively. Table 6 presents the variations in the corresponding coded values of the 3 parameters and responses (qt and Re%), based on experimental runs and predicted values proposed by CCD design. The quality of the
model was evaluated with comparison of experimental and
predicted data. The relationship between experimental values and predicted responses confirmed the model equation.
The figures indicated that there was an interesting analogy
between the predicted responses and experimental values
(r2=0.9654). Moreover, as seen in Table 6, the lowest removal efficiency was about 38.2% with 0.32 g/L adsorbent
and 20 mg/L naphthalene concentration at 17.5 min, and
the highest removal efficiency was 97.8% with 3 g/L adsorbent and 10 mg/L naphthalene concentration at 25 min.
The adequacy of the RSM was justified through analysis of variance (ANOVA). The ANOVA for adsorption

capacity and percentage of naphthalene removal is shown
in Tables 7a and 7b. F-values from the ANOVA for RSM
model in Tables 7a and 7b are 35.6 and 97.5 indicating
that the model is significant. The large value of F indicates that most of the variation in the response could be
explained by regression equation. The associated P-value
lesser than 0.0001 (99% confidence) indicated that the
model was considered to be statistically significant. Values
of Prob>F less than 0.5 showed that the model terms were
significant. The independent variables and the interaction
terms were significant to the response. The determination
coefficients obtained at 95 % confidence level in Eqs. 1
and 2 were 0.97 and 0.99, while the residues were 3.0%
and 1.2%, respectively. The lack of fit obtained for this
model was <0.0001. The non-significance lack of fit explained that the quadratic model was valid for the present
work when it was higher than 0.05, indicating for both
responses insignificant lack of fit for the model. The coefficient of variance (CV) is the ratio of the standard error of
estimate to the mean value of observed response (as percentage) and considered to be reproducible when it is not
greater than 10 %. In this work, the CVs for qt and Re%
obtained were 16% and 3.2%, respectively. The adequate
precision value was the “signal to noise ratio”. A ratio
greater than 4 was desirable. The ratios of 22.97 and 34.75
for qt and Re% obtained indicated an adequate signal. Therefore, this model could be used to navigate the design
space [30, 31].
Effect of adsorbent dosage and time

The adsorption capacity and removal percentage of
naphthalene at different values of adsorbent dosage and time
are shown in the form of 3D and contour plots (Figs. 2a-d).
The plots indicate the mutual interaction of all components
with respect to their variables. The removal efficiency de-

TABLE 6 - Face-centered composite design and experimental and predicted values.
A
Run
order
g/L
1
-1
3
1.68
4
1
5
-1
8
0
9
0
10
1
12
1
13
1
14
0
15
-1
16
0
19
-1
20
-1.68
Repeated runs
2
0
6
0
7
0
11
0
17
0
18
0
Mean*

B
min
1
0
-1
-1
-1.68
0
-1
1
1
1.68
1
0
-1
0

C
Ct
-1
0
-1
1
0
-1.68
1
-1
1
0
1
1.68
-1
0

0
0
0
0
0
0

0
0
0
0
0
0

Response 1 (qt )
Residual
Response 2 (Re%)
Experimental value Predicted value
Experimental value Predicted value
6.62
8.52
-1.90
66.23
67.25
4.79
6.43
-1.64
88.27
88.30
3.06
3.63
-0.57
91.80
92.46
16.94
18.51
-1.57
56.48
53.53
5.99
5.02
0.97
59.90
60.93
1.49
0.13
1.36
94.29
90.60
8.08
6.82
1.26
80.80
79.33
3.26
2.33
0.93
97.80
100.3
9.37
8.75
0.62
93.72
91.61
9.13
9.19
-0.06
91.25
90.85
24.71
24.77
-0.06
82.38
81.27
16.02
16.48
-0.46
87.02
91.35
4.23
5.49
-1.26
42.3
43.96
24.01
21.47
2.54
38.20
38.81
8.70
8.67
8.64
8.62
8.75
8.59
8.66*

8.68
8.68
8.68
8.68
8.68
8.68
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0.02
-0.01
-0.04
-0.06
0.07
-0.09

86.95
86.72
86.36
86.18
87.51
85.89
86.60*

86.78
86.78
86.78
86.78
86.78
86.78

Residual
-1.02
-0.03
-0.66
2.95
-1.03
3.69
1.47
-2.50
2.11
0.4
1.11
-4.33
-1.66
-0.61
0.17
-0.06
-0.42
-0.60
0.73
-0.89
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TABLE 7a - Analysis of variance (ANOVA) for the regression model of adsorption capacity (qt ).
Source
Sum of Squares
df
Mean Square
Model
738.27
9
82.03
A-ms
272.94
1
272.94
B-t
20.98
1
20.98
C-Co
322.51
1
322.51
AB
9.39
1
9.39
AC
48.36
1
48.36
BC
5.23
1
5.23
A2
49.85
1
49.85
B2
4.49
1
4.49
C2
0.266
1
0.266
Residual
23.01
10
2.30
Lack of Fit
22.99
5
4.59
Pure Error
0.0166
5
0.0033
R2= 0.9698, Predicted R2 = 0.7658; aSignificant under 95% level of confidence.

F Value
35.64
118.59
9.11
140.13
4.08
21.01
2.27
21.66
1.95
0.115

p-value Prob> F
< 0.0001a
< 0.0001
0.0129
< 0.0001
0.0709
0.0010
0.1625
0.0009
0.1926
0.7409

1378.52

< 0.0001a

TABLE 7b - Analysis of variance (ANOVA) for the regression model of removalefficiency (Re%).
Source
Sum of Squares
df
Mean Square
Model
5610
9
623.33
A-ms
2956.45
1
2956.45
B-t
1080.48
1
1080.48
C-Co
0.669
1
0.669
AB
119.43
1
119.43
AC
257.76
1
257.76
BC
9.88
1
9.88
A2
955.44
1
955.44
2
B
205.86
1
205.86
C2
34.72
1
34.72
Residual
62.65
10
6.26
Lack of Fit
60.94
5
12.19
Pure Error
1.703
5
0.341
R2= 0.9890, Predicted R2= 0.9171; aSignificant under 95% level of confidence.

F Value
99.50
471.93
172.47
0.107
19.06
41.15
1.58
152.51
32.86
5.54

p-value Prob> F
< 0.0001a
< 0.0001
< 0.0001
0.7505
0.0014
< 0.0001
0.2377
< 0.0001
0.0002
0.0404

35.78

0.0006a

FIGURE 2. (a) 3D plot for effect of time (min) and adsorbent dosage (g/L) on adsorption capacity (mg/g), (b) contour plot for effect of time
and adsorbent dosage on adsorption capacity, (c) 3D plot for effect of time and adsorbent dosage on percentage adsorption of naphthalene
(%), and (d) contour plot for effect of time and adsorbent dosage on percentage adsorption of naphthalene.
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creased from 97.8 to 66.2%, and adsorption capacity increased from 3.3 to 6.6 mg/g as the adsorbent dosage was
decreased from 3 to 1 g/L at 25 min and 10 mg/L (Table 6).
Various reasons were suggested to explain the decreased adsorption capacity at increasing adsorbent concentration including availability of solute, electrostatic interactions and
interference between binding sites and reduced mixing at
higher AC concentration [32]. Overall data indicated that a
good time and lower adsorbent dosage were necessary for
obtaining higher adsorption capacity. The same trends for
the time effect were reported for naphthalene removal onto
DTMA-sepiolite and immature coal, respectively [17, 33].
Effect of adsorbent dosage and naphthalene concentration

The combined effects of adsorbent dosage and naphthalene concentration on adsorption capacity and removal
efficiency under the conditions set by the RSM are shown
in Figs. 3a-d. The interaction showed that for an adsorbent dosage of 3 g/L, naphthalene removal was more than
90% with initial naphthalene levels in the range of 1015 mg/L. The adsorption capacity increased from 4.8 to
24.0 mg/g and from 1.5 to 16.0 mg/g when adsorbent dos-

age and naphthalene concentration were changed from 0.3
to 3.7 g/L and from 3.18 to 36.8 mg/L, respectively. There
was a pro-rata basis between adsorbent dosage and naphthalene concentration according to Fig. 3b. The removal of
naphthalene increased with increment of adsorbent dosage
which improved binding sites onto AC, and electrostatic
interactions between AC and naphthalene.
Effect of naphthalene concentration and time

The different combinations of contact time and initial
concentration of naphthalene for the total response are
shown in Fig. 4 as 3D plots and contours. Fig. 4 shows
that the adsorption capacity was increased with increase in
both time and naphthalene concentration. Naphthalene uptake capacity increased with time and reached equilibrium
value after a very rapid adsorption. No further increase in
the level of bound lead occurred after this time. For instance, in Fig. 4 (4.9 min and 20 mg/L), the removal efficiency was 60% which increased to 87.0% with 17.5 min
and 37 mg/L. 17.5 min was not the time for equilibrium,
and optimum values of the factors time and initial concentration could be analyzed by the X and Y coordinates.

FIGURE 3 - (a) 3D plot for effect of initial naphthalene concentration (mg/L) and adsorbent dosage (g/L) on adsorption capacity (mg/g), (b)
contour plot for effect of initial naphthalene concentration and adsorbent dosage on adsorption capacity, (c) 3D plot for effect of initial naphthalene concentration and adsorbent dosage on percentage adsorption of naphthalene (%), and (d) contour plot for effect of initial naphthalene concentration and adsorbent dosage on percentage adsorption of naphthalene.
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FIGURE 4 - (a) 3D plot for effect of initial naphthalene concentration (mg/L) and time (min.) on adsorption capacity, (b) contour plot for
effect of initial naphthalene concentration and time on adsorption capacity (mg/g), (c) 3D plot for effect of initial naphthalene concentration
and time on percentage adsorption of naphthalene (%), and (d) contour plot for effect of initial naphthalene concentration and time on
percentage adsorption of naphthalene.

TABLE 8 - The optimum conditions by the CCD design on naphthalene removal (%).
Run

A

B

C

1
2
3
4
5
6

3
3
3
3
3
3

25
25
25
25
25
25

10
10
10
10
10
10

Naphthalene removal (Re%)
Observed
Predicted
98.12
100.3
97.53
100.3
98.48
100.3
98.83
100.3
97.13
100.3
97.91
100.3

Error (%)
-2.22
-2.84
-1.85
-1.49
-3.26
-2.44

CONCLUSIONS

Error analysis of RSM model

Six sets of experiments were performed randomly at
optimum conditions to obtain a maximum naphthalene adsorption experimentally, in order to approve validity of the
model. Table 8 listed the experimental results under the
optimum conditions compared with the predicted values
from the proposed RSM models (Eqs .6 and 7). The percentage error difference between the experimental and predicted value was in the range -1.49 - 3.26%. The experimental error (<5%) showed that the model was quite satisfactory to obtain optimum values for naphthalene adsorption.

The adsorption behavior of naphthalene on AC from
aqueous solutions was investigated in a batch study. The
adsorption of naphthalene on AC was found to be dependent on time, concentration and dosage. The kinetic data
were analyzed using pseudo first-order, pseudo secondorder, Elovich and intra-particle diffusion equations. The adsorption process followed a pseudo-first-order kinetics. The
experimental data were analyzed by the Langmuir and
Freundlich adsorption isotherm models. The adsorption isotherm data fitted well to Langmuir and the monolayer ad-
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sorption capacity was found to be 15.60 mg/g at 20 °C.
Optimization of a naphthalene adsorption process was performed by varying 3 independent parameters (initial pH,
initial naphthalene ion concentration, adsorbent dosage)
using a CCD under RSM. For the maximum adsorption of
naphthalene ions in an aqueous solution, a total of 20 experimental runs were set and the experimental data fitted to
the empirical second-order polynomial model of a suitable
degree. The optimum conditions for naphthalene adsorption
were adsorbent dosage of 3.0 g/L, agitation time of 25 min
and initial adsorbate concentration of 10 mg/L at pH 6.8
and 20 °C. Therefore, it is apparent that the RSM not only
gives valuable information on interactions between the
factors but also leads to identification of feasible optimum
values of the studied factors.
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EVALUATION OF THE TOXICITY OF HEAVY METALS
AND ORGANIC COMPOUNDS IN COMPOST BY MEANS
OF TWO GERMINATION-ELONGATION TESTS
Remigio Paradelo*, Antía Villada, Desiree González and María Teresa Barral
Departamento de Edafoloxía e Química Agrícola, Facultade de Farmacia, Campus Sur s/n, 15782 Santiago de Compostela, Spain

ABSTRACT

dom done, so the role played by the potential toxicants is
not well understood.

The phytotoxic effects of heavy metals and organic
substances which can be often found in compost have
been tested in the conditions commonly used for compost
phytotoxicity assessment. A germination-elongation phytotoxicity test was carried out with aqueous solutions of
Cu (5-50 mg L-1), Pb (5-100 mg L-1), Zn (5-100 mg L-1),
acetic acid (50-300 mg L-1), propanoic acid (50-300 mg L-1),
butyric acid (5-50 mg L-1), and ethanol (1-10 g L-1), and
the results were compared to those of a second test in
which a previous step of soaking of the seeds in the tested
solutions was introduced. Three species were used:
Hordeum vulgare L. (spring barley), Lolium multiflorum
Lam. (Italian ryegrass) and Lepidium sativum L. (garden
cress). Cress was the most sensitive species to all the
substances used. The phytotoxic concentrations were found
to be about 5 mg L-1 for Cu and Pb, 25 mg L-1 for Zn, 50100 mg L-1 for the 3 organic acids, and 2 g L-1 for ethanol.
The results also showed that the previous imbibition made
the test more reproducible, and more sensitive since it
rendered phytotoxic results at lower doses of heavy metals.
Comparing the results to the usual concentrations of these
substances in compost of various origins shows that organic compounds are more prone to be the cause of compost phytotoxicity in germination tests, rather than heavy
metals.
KEYWORDS:
Cu, Zn, Pb, acetic acid, propionic acid, butyric acid.

INTRODUCTION
One of the main concerns for the agronomic utilization
of compost is that phytotoxic effects have been observed
after application of compost to soil [1]. The negative effects
of compost on plant germination are commonly attributed
to potentially phytotoxic substances, such as soluble salts,
heavy metals, or low-weight organic compounds [2]. However, when phytotoxicity is detected in a compost, the
precise identification of the compounds provoking it is sel-

Phytotoxicity tests based on the germination of seeds
have been widely used during the last decades for evaluating the phytotoxicity of compost extracts [3-5], with diverse
modifications of the species used and the way of preparing the extracts. These tests, based on the determination
of a germination index from the measure of seed germination and root elongation, have as main advantages costeffectiveness and combined measuring of the effects of the
compost ´s chemical and biochemical properties, as well as
synergistic and antagonistic effects of the toxic compounds.
Nevertheless, they present some deficiencies, mainly their
lack of repeatability, to be considered as powerful tests [5],
and different results are commonly obtained when seeds of
different species are employed to run the test. Besides, the
results are difficult to be attributed to a specific property, so
if phytotoxicity is observed in a certain material, further investigations should be carried out to identify the specific
cause. Also, to our knowledge, toxic thresholds of these
compounds in the experimental conditions of the phytotoxicity tests are not known.
In this work, the phytotoxicity of three commonly problematic heavy metals in municipal solid waste compost (Cu,
Pb and Zn), organic acids (acetic, propionic and butyric,
present in immature compost due to the decomposition of
organic residues), and ethanol (present in some agro-industrial wastes which are often processed to obtain compost), was determined under the conditions of two germination-elongation tests, in order to elucidate the potential
role played by these individual substances in compost phytotoxicity.
MATERIALS AND METHODS
Cu, Zn and Pb solutions were prepared in distilled water using the corresponding nitrates (Panreac Química S.A,
Barcelona, Spain) with the following concentrations: 5,
10, 25, 50 and 100 mg L-1, except for Cu, for which the
highest concentrations was not tested. Organic acids and
ethanol solutions were prepared using the corresponding
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commercial products (Panreac Química S.A, Barcelona,
Spain). Acetic and propionic acid solutions were prepared
with the following concentrations: 50, 100, 200 and 300
mg L-1; butyric acid solutions were prepared with the following concentrations: 5, 10, 25 and 50 mg L-1; and ethanol
solutions of 1, 2, 5 and 10 g L-1 were prepared. The concentrations of the solutions were roughly selected taking
into account the concentrations commonly found in compost [6, 7].
As explained, two different biological tests were conducted. The first method is a widely used germinationelongation test in which a germination index (GI) measuring
both seed germination and root elongation is determined
[3]. The test was run with three species commonly used for
compost phytotoxicity determination: Hordeum vulgare L.
(spring barley), Lolium multiflorum Lam. (Italian ryegrass)
and Lepidum sativum L. (garden cress). Twenty seeds of
each species were placed on filter paper in 9 cm Petri dishes
(triplicates for each of the 3 test plants), and received 3 ml
aliquots of the corresponding solution, whereas the controls
received the same quantity of distilled water. In the second
procedure, a previous imbibition step was introduced as
suggested by Wierzbicka and Obidzinska [8]: the seeds were
submerged in 50 ml of the test solution or control for 24 h,
the rest of the procedure being the same as described for
the first one.
In both procedures, Petri dishes were sealed to prevent
evaporation and incubated in the dark at 25 ºC for 120 h.
The presence of a 1-mm primary root was used as the operational definition of germination. The number of germinated seeds and root lengths were measured, in order to calculate the germination index (GI) as follows:
GI = 100 · (G · L) / (GC · LC)

acidic, with pH values between 5.3-6.1 for heavy metal
solutions, between 3.8-5.0 for organic acids solutions, and
between 6.0-6.3 for the ethanol solutions. The possibility
of a phytotoxic effect due to acidity was discarded after
germinating seeds of the three species in distilled water
adjusted to pH 4 with HCl, obtaining results which were
not significantly different to those obtained with distilled
water (data not shown). The electrical conductivity (EC) of
all the solutions was very low (under 381 µS cm-1), so phytotoxicity due to salinity can also be discarded, as the germination of most species is not affected by EC values under 1000
µS cm-1 [9].
TABLE 1 - Electrical conductivity (EC)
and pH of the heavy metal solutions.
EC (µS cm-1)

pH

-1

Cu (mg L )
5
10
25
50
Pb (mg L-1)
5
10
25
50
100
Zn (mg L-1)
5
10
25
50
100

17
28
65
125

5,8
5,6
5,5
5,3

9,4
17
41
79
134

6,0
5,7
5,5
5,3
5,3

20
38
92
174
381

6,0
6,1
6,0
5,9
5,7

TABLE 2 - Electrical conductivity (EC)
and pH of the organic compound solutions.
EC (µS cm-1)

where G and L are the germination and radicle growth
of the seeds germinated in the tested solution, respectively,
and GC and LC the germination and radicle growth of the
seeds in the control (distilled water), respectively. From
now on, the ratios 100·(G/GC) and 100·(L/LC) will be referred to as G and RG, respectively, for simplicity. According to Zucconi et al. [3], GI values below 50% are considered to be indicative of a high toxicity, values between 5080% represent a slight toxicity, and when the GI is higher
than 80%, no phytotoxicity is considered.
Statistical analysis was conducted using SPSS 14.1
software package. Significant differences between
treatments were assessed by ANOVA and the Duncan’s
multiple range test at P<0.05.

Acetic acid (mg L-1)
50
100
200
300
Propionic acid (mg L-1)
50
100
200
300
Butyric acid (mg L-1)
5
10
25
50
Ethanol (mg L-1)
1000
2000
5000
10000

pH

45
65
94
117

4,2
4,1
4,0
3,8

31
49
72
89

4,4
4,1
4,0
4,0

8,9
14
23
35

5,0
4,8
4,5
4,3

6,6
5,8
4,2
5,5

6,2
6,2
6,0
6,3

RESULTS AND DISCUSSION
Heavy metals phytotoxicity
Properties of the solutions tested

Tables 1 and 2 show the EC and pH values of the
heavy metals, organic acids and ethanol solutions tested
in this study. As seen, all the solutions used were slightly

Composts are often contaminated with heavy metals
which can limit their use as soil amendments or components
of growing media [10], and their contents are regulated in
most legislations, as it has been long established that heavy
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metals are relatively toxic to plants [11, 12]. Tables 3 and 4
show the results of the germination-elongation tests for the

solutions of heavy metals. As expected, GI decreased with

TABLE 3 - Heavy metal effects on the germination parameters (test without imbibition).
Different letters in each column mean statistically significant differences at P<0.05.
Barley
Cress
Italian ryegrass
mg L-1
G
RG
GI
G
RG
GI
G
RG
Cu
5
115a
82a
95a
105a
84a
87a
118a
97a
10
112a
68b
75b
103a
56b
59b
124a
97a
25
109a
43c
47c
105a
34c
36c
93b
95a
50
115a
21d
25d
100a
17c
16c
81b
55b
Pb
5
98a
105a
102a
96a
102a
98a
97a
114a
10
85b
110a
94ab
94a
85ab
80ab
110a
126a
25
83b
102a
85bc
96a
71b
68bc
97a
77b
50
90b
87b
79c
104a
45c
47c
110a
94b
100
97a
76c
73c
91a
32c
30c
103a
64d
Zn
5
100a
99a
99a
97a
112a
109a
116a
115a
10
106a
94a
100a
97a
110a
109a
116a
111a
25
97a
94a
92a
102a
111a
113a
95a
79c
50
106a
100a
106a
92a
74b
68b
108a
95b
100
105a
65b
69b
88a
44c
40b
82b
64c
G: germination percentage with respect to control; RG: root growth percentage with respect to control; GI: germination index.

GI
116a
121a
88ab
47b
108b
144a
75c
104b
66d
134a
129a
75c
101b
52c

TABLE 4 - Heavy metal effects on the germination parameters (test with imbibition).
Different letters in each column mean statistically significant differences at P<0.05.
Barley
Cress
Italian ryegrass
mg L-1
G
RG
GI
G
RG
GI
G
RG
GI
Cu
5
92a
88a
80a
100a
157a
158a
94a
62a
58a
10
100a
48b
49b
93a
31b
29b
79b
5b
4b
25
100a
28c
28c
66a
4b
4b
46c
0b
0b
50
86a
10d
9d
0b
0b
0b
15d
0b
0b
Pb
5
92a
66b
60b
109a
64ab
70a
100a
92a
92a
10
100a
81a
81a
100ab
70a
69a
85b
94a
80a
25
94a
55b
52b
92bc
73a
68a
98ab
58b
57b
50
94a
40c
38c
87bc
53b
46b
98ab
46bc
45bc
100
96a
40c
38c
85c
14c
12c
91ab
37c
34c
Zn
5
113a
93a
105a
102ab
88a
89a
105a
96a
100a
10
93b
84ab
78b
105a
76a
80a
126a
86a
107a
25
115a
90a
103a
104a
52b
54b
123a
67b
83a
50
109a
80ab
87ab
93b
11c
10c
109a
46c
51b
100
113a
62b
70b
93b
2c
2c
112a
7d
8c
G: germination percentage with respect to control; RG: root growth percentage with respect to control; GI: germination index.

increasing concentrations of the three metals in both tests.
In the method without imbibition (Table 3), Cu was the
most phytotoxic element for the three species. Its toxic
effects were found at 10 mg L-1 in cress and barley (59 and
75% GI values), and at 50 mg L-1 for ryegrass. It was
followed by Pb, and its phytotoxic effects were produced
at concentrations of 25 mg L-1 in cress (67%), 50 mg L-1
in ryegrass (79%) and 100 mg L-1 for barley (66%). For Zn,
the most sensitive species was again cress, which showed
a GI of 68% at a concentration of 50 mg L-1, followed by
ryegrass (GI of 52% at 100 mg L-1) and barley (GI of 69%
at 100 mg L-1).
In the method with imbibition (Table 4), the toxic
threshold concentrations were lower than those obtained
in the test without imbibition. A rapid decline in GI was
noted for Cu, reaching zero at concentrations above 25 mg
L-1 for ryegrass, and 50 mg Cu L-1 for cress. The toxic
threshold (GI<80%) for this element was observed for every

species at concentrations above 5-10 mg L-1, with ryegrass
as the most sensitive one (GI of 58% at a concentration of
5 mg L-1), followed by cress and barley (GI of 29 and 49%
at 10 mg L-1, respectively). For Pb, the most sensitive species was cress (GI of 70% at 5 mg L-1), while the toxic
effects were similar for ryegrass and barley (GI of 57 and
52% to 25 mg L-1, respectively). Zn was the metal that produced the least adverse GI outcomes, especially for ryegrass
(51% to 50 mg L-1) and barley (70% to 100 mg L-1).
In summary, the toxicity trend (Cu>Pb>Zn) found for
the heavy metals in both methods is in concordance with
results described by other researchers [11, 13]. The increase
of the metal dose corresponded to a decrease of GI, and a
higher inhibition of this parameter was found for the method
with imbibition. This has already been observed by
Wierzbicka and Obidzinska [8], who proposed this modified ger-mination test. As these authors stated, when a
germination test was carried out in Petri dishes using a
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limited quantity of Pb solution, the pattern of Pb penetration into the seeds had a lack of uniformity. This fact could
have a significant influence on the results of the heavy
metals risk assessment, reducing the reliability of the bioassays, so they proposed germinating the seeds in a higher
volume of the tested solution prior to the germination test.
The phytotoxic concentrations found herein differed sometimes from those found by other authors in germination
tests. Munzuroglu and Geckil [13] studied the phytotoxicity of heavy metals to Triticum aestivum and Cucumis
sativum in a germination test with imbibition, and they
reported phytotoxic concentrations of 0.5 mM for Cu (ca.
32 mg L-1), similar with our results, but the toxic concentrations found for Zn and Pb (ca. 460 mg L-1 and 1035 mg L-1,
respectively) were much higher than our results. Ozdener
and Kutbay [14] also found Cu to be more toxic than Pb
and Zn for the germination of Eruca sativa, but its phytotoxic effect appeared at concentrations higher than 25 mg
L-1, whereas in our study, the toxic effect was evident at 5
mg L-1. However, they only found toxicity of Zn at concentrations as high as 1000 mg L-1. So it seems that Pb
and Zn were more toxic in our study than reported in the
literature, although it is evident that the different species
employed for the evaluation of toxicity may be the cause of
the variations observed.
The behaviour of the three plant species showed differences between the two methods, but cress, which has
been widely used in bioassays due to its wellknown toxinsensitiveness [15], can be considered to be the most sensitive species in both tests. On the other hand, the germination percentage was less sensitive to the phytotoxic effect
of the heavy metals than the root growth which, in most
cases, determined alone the results of the test, a fact that
has already been observed by Emino and Warman [16] and
Paradelo et al. [17]. More recently, Ozdener and Kutbay
[14] confirmed that solutions of heavy metals had a stronger
inhibitory effect on root growth than on seed germination.
This may be due to the fact that germination is mainly driven
by the presence of water, and toxicants have little effect at
this stage.

Organic compounds phytotoxicity

Low-weight organic acids are produced during the decomposition of organic matter, and have been found in
compost from different origins [6, 18]. It was demonstrated
that those acids of lower molecular weight (formic, butyric,
acetic or propanoic acids) inhibit root growth and influence plant nutrition, reducing the uptake of P, K, Si, Mg,
Ca and NH4-N. It has been demonstrated that they damage roots by inducing an abnormal lignification of the cell
wall, among other effects, impeding nutrient uptake and
obstructing the diffusion of O2 [19].
Tables 5 and 6 show the results of the germinationelongation tests with organic acids and ethanol solutions.
In the test without imbibition (Table 5), the germination percentage was only reduced with the highest concentrations
of acetic acid (for cress), or propionic acid and ethanol (for
ryegrass), while the root length was again the most sensitive parameter for the evaluation of phytotoxicity. Butyric
acid was the most toxic for cress, as toxic effects were
found at 25 mg L-1 (GI of 74%), but phytotoxic concentrations were not reached for barley or ryegrass. Acetic acid
was the following compound in terms of phytotoxic effects,
which were shown at concentrations of 100 mg L-1 for
cress and ryegrass (GI of 66 and 76%, respectively), and
200 mg L-1 for barley (GI of 74%). For propionic acid, the
phytotoxicity was evident at 200 mg L-1 for the three
species (GI of 65% for barley and ryegrass, and 60% for
cress). Finally, ethanol was less toxic than the organic acids,
showing phytotoxic effects only at concentrations over
1000 mg L-1 for cress (GI of 78%) or 2000 mg L-1 for barley and ryegrass (GI of 75 and 58%, respectively).
In the method with imbibition (Table 6, the phytotoxic concentrations were in most cases lower than those
obtained in the test without imbibition, as happened with

TABLE 5 - Organic compound effects on the germination parameters (test without
imbibition). Different letters in each column mean statistically significant differences at P<0.05.

mg L-1
Acetic acid
50
100
200
300
Propionic acid 50
100
200
300
Butyric acid
5
10
25
50

Barley
G
97a
97a
96a
100a
114a
100a
100a
111a
103a
100a
103a
105a

RG
102a
90b
77c
79c
73ab
80a
64b
37c
107a
94b
84c
79c

GI
100a
87ab
74b
79b
83a
81a
65a
41b
110a
94b
86b
84b

Cress
G
107a
96ab
103ab
89b
93a
97a
90a
93a
87b
103a
97ab
97ab
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RG
87a
68a
60a
66a
108a
85ab
67b
27c
75ab
91a
76ab
41b

GI
94a
66a
62a
59a
101a
83ab
60b
24c
64ab
93a
74ab
39b

Italian ryegrass
G
RG
107a
84a
107a
71ab
114a
64b
114a
54b
114a
100a
104ab
85ab
93ab
70bc
79b
53c
91ab
116a
76a
125a
103b
133a
85ab
102a

GI
90a
76ab
73ab
61b
113a
87b
65c
8d
106ab
95b
134a
86b
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Ethanol

1000
89a
90a
80a
95a
83a
78a
97a
125a
2000
100a
74ab
75a
95a
51b
48b
80a
64b
5000
100a
69b
69a
89a
38bc
34bc
77a
61b
10000
92a
31c
29b
73a
17c
12c
30b
23c
G: germination percentage with respect to control; RG: root growth percentage with respect to control; GI: germination index.
TABLE 6 - Organic compound effects on the germination parameters (test with
imbibition). Different letters in each column mean statistically significant differences at P<0.05.
Barley
Cress
Italian ryegrass
mg L-1
G
RG
GI
G
RG
GI
G
RG
Acetic acid
50
122a
73a
90a
102a
64a
65a
96ab
76b
100
122a
84a
102a
93b
39b
36b
86a
76b
200
117a
70a
82a
43c
3c
1c
106b
119c
300
61b
21b
7b
3d
1c
0c
84a
18a
Propionic acid 50
131a
58a
74a
102a
97a
98a
94a
90a
100
142a
63a
90a
100a
54b
54b
102a
74a
200
114a
51a
58a
86b
11c
10c
82a
17b
300
33b
28a
10b
5c
11c
0c
24b
4b
Butyric acid
5
125a
104a
128a
94ab
94a
89a
103a
112ab
10
103a
103a
105a
86a
84a
72a
110a
91a
25
119a
93a
111a
102b
80a
81a
102a
122b
50
64b
89a
58b
91ab
77a
70a
100a
102ab
Ethanol
1000
100a
85a
85a
88a
129a
114a
108a
77a
2000
89a
88a
78a
88a
108a
96a
95a
63a
5000
84a
47b
39b
85a
29b
26b
83ab
32b
10000
58b
22c
13c
78a
28b
22b
58b
6b
G: germination percentage with respect to control; RG: root growth percentage with respect to control; GI: germination index.

120a
58b
46b
12b

GI
74b
66b
126c
19a
87a
76a
14b
1b
115ab
100a
123b
101ab
83a
60ab
27bc
3c

TABLE 7 - Phytotoxic concentrations (GI<80) for water-soluble heavy metals and organic
substances in water extracts, and range of concentrations expressed on a compost dry weight basis.

Cu
Pb
Zn
Acetic acid
Propionic acid
Butyric acid
Ethanol

Cress
10
5
25
50
100
50
5000

Extract (mg L-1)
Barley
10
5
100
300
50
50
2000

heavy metals. Butyric acid was phytotoxic to barley at
50 mg L-1 (GI of 58%), and cress at 10 mg L-1 (GI of 70%).
Acetic acid showed toxic effects at concentrations of 50 mg
L-1 to cress and ryegrass (GI of 65 and 74%, respectively),
and at 200 mg L-1 for barley (GI of 7%), while propionic
acid was phytotoxic at 100 mg L-1 to cress and ryegrass (GI
of 54 and 76%, respectively), and at 200 mg L-1 for barley
(GI of 58%). Although publications related to the phytotoxicity thresholds of organic acids are scarce, Armstrong
and Armstrong [19] indicated that the phytotoxic concentrations of propionic and butyric acids are around 1-1.5 mM
(concentrations about 100 mg L-1) what is in good agreement with our results. For ethanol, however, the imbibition
step did not increase the sensitivity of the germination test,
and phytotoxicity was observed at concentrations over
5000 mg L-1 for cress (GI of 26%) and 2000 mg L-1 for
barley and ryegrass (GI of 78 and 60%, respectively).
Application of the results to compost phytotoxicity evaluation

Ryegrass
5
25
50
50
100
2000

Compost (mg kg-1)
50-100
50-250
250-1000
500-3000
500-1000
500
20000-50000

We have finally used the data obtained in these experiments to assess the concentrations of heavy metals which
should be present in a compost in order to produce a probable phytotoxic effect in the germination-elongation test.
Table 7 shows the phytotoxic threshold concentrations calculated for all the substances evaluated; based on a precautionary principle, this concentration was defined as that
producing a value of GI under 80%, and the results of the
imbibition test were used. The concentrations in the water
extracts were transformed to a dry compost basis, assuming a compost:water ratio of 1:10 (m/v). Taking into account
the phytotoxic concentrations determined for the different
substances evaluated, it can be calculated that compost concentrations of 50 mg kg-1 for water-soluble Cu and watersoluble Pb, 250 mg kg-1 for water-soluble Zn, 500 mg kg-1
for acetic acid, 1000 mg kg-1 for propionic acid, 500 mg
kg-1 for butyric acid, and 10 g kg-1 for ethanol, would be
the minimum needed to produce a phytotoxic response
when using individual contaminants in this germination
test (Table 7).
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Although the concentrations of heavy metals in compost depend, to a great extent, on the raw material, it is
unlikely that water-soluble forms are present in such high
concentrations as those calculated herein as phytotoxic.
While composts from vegetal sources are usually free of
heavy metals in water-soluble forms, sewage sludge or
municipal solid waste (MSW) composts commonly present
water-soluble con-centrations of Cu, Zn and Pb which are
usually under 10-15 mg kg-1 [7, 20]. These values are significantly lower than the phytotoxic values presented in
Table 7 (50 mg kg-1 for Cu and Pb, and 250 mg kg-1 for
Zn), and so it seems that heavy metals are not the main
cause of phytotoxicity in compost (although synergistic
effects must be considered in some cases). In addition, it
has to be noted that the composts studied by Barral et al.
[7] presented high concentrations of total Cu, Pb and Zn,
and, in some cases (specially in MSW composts), those
concentrations were so high that their marketing was forbidden by the Spanish laws. However, these high total concentrations do not pose an immediate risk for plant growth,
given their low solubility in those composts [7]. This is
confirming that the legal limits for heavy metal concentrations in compost which, at this moment, are mostly regulated on the basis of the total content, should rather be
assessed on the basis of their availability. Also, the synergistic interactions between contaminants should be taken
into account.
Organic acids, unlike heavy metals, could in some cases
be present in phytotoxic concentrations in compost, although
the existing data are scarce. It has to be noted that the
analysis of these substances in compost is very uncommon
in the literature, although their presence is considered to be
an evidence of lack of maturity and a common cause of
toxicity. For example, Himanen et al. [6] reported the following concentrations in immature compost: 5 mg kg-1 for
butyric acid, 15 mg kg-1 for propionic acid, and 1000 mg
kg-1 for acetic acid. Water extracts 1:10 of these composts
should present concentrations of 0.5 mg L-1 for butyric
acid, 1.5 mg L-1 for propionic acid, and 100 mg L-1 for
acetic acid. According to our results, therefore, acetic acid
would be present in phytotoxic concentrations. Concentrations for these compounds in the range 150-200 mg kg-1 for
acetic and butyric acids, and 50 mg kg-1 for propionic acid,
which could not, therefore, cause phytotoxicity, were reported by Pascual et al. [18] for immature MSW compost.
They also reported lower concentrations in mature compost
(< 10 mg kg-1). Notwithstanding, we must take into account
that, even if these organic acid concentrations are not phytotoxic under the conditions of the germination-elongation
tests, their synergistic and additive effects also need to be
evaluated.

to this compound, although we have not found evidences in
the literature that mature compost may also show this problem, probably because ethanol should be lost during composting, mainly due to volatilization.
CONCLUSION
After evaluating the effects of aqueous solutions of Cu,
Zn, Pb, organic acids and ethanol on seed germination and
root elongation of cress, barley, and ryegrass, it can be concluded that all of these substances can produce a phytotoxic response in the conditions of the tests usually employed to determine compost phytotoxicity. Among the
species evaluated, cress was the most sensitive, while among
the parameters that are considered for the calculation of
the germination index, root elongation was more sensitive
to phytotoxic substances than seed germination. The introduction of a previous imbibition of the seeds into the
toxic solution improved the evaluation of metal toxicity in
compost, since the phytotoxic concentrations of Cu, Zn
and Pb were reduced in that case. The same was not observed, however, for organic substances, for which the imbibition step did not always improve the performance of the
test. The comparison of the phytotoxic concentrations obtained in the different tests with those of the substances
reported in compost allowed us to highlight the role of organic acids as potential contributors to phytotoxicity, especially in immature compost, in comparison to heavy metals.

As for ethanol, phytotoxicity due to this substance can
be found in fresh agro-industrial wastes, such as winery
wastes, which can show concentrations of ethanol up to
80 g L-1 [21], thus exceeding the phytotoxicity thresholds
found in this study. Therefore, immature composts produced from organic wastes could present phytotoxicity due
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ABSTRACT
This study was conducted to analyze the fluorescence
properties of dissolved organic matter (DOM) in Hetao
Irrigation District soil. Along a salinity gradient, composite soil samples of different depths (0-20, 20-40 and 4060 cm) were collected from five native halophyte communities and two conventional tillage farmlands in the midwest of Inner Mongolia Autonomous Region. A humification index (HIX) obtained from emission fluorescence spectra showed a negative correlation with soil salinity (R2=0.56
and P=0.0002). In synchronous fluorescence spectra, intensities of fulvic acid peaks increased with rise in salinity,
while the intensity of protein peaks increased with the
decrease of in salinity. Humification indices showed a close
negative correlation with the salinity (R2≥0.51 and P≤
0.0002). Except the community of Phragmites australis
(CPA), the protein peaks were observed in lower salinity
soil samples in excitation emission fluorescence matrix
(EEFM), and there was a good positive correlation between r(A,C) and the salinity (R2=0.43 and P=0.01). The
results indicate that the salinity is an important factor of
the process of soil humification. The humificaton indices
closely related to ESP (exchangeable sodium percentage),
indicating that ESP can be used as an indicator to evaluate
the level of salinization.

KEYWORDS:
saline soil; dissolved organic matter (DOM); fluorescence spectroscopy; humification index; Hetao Irrigation District

INTRODUCTION
Salinization is a common problem in irrigated agriculture,
especially in the areas of low rainfall and high evaporative
demand [1], which is increasing in importance throughout
the world [2, 3]. Poor irrigation and drainage management
are generally the main reasons leading to salinization. With

the rise of water table, the dissolved salts in the groundwater reach and accumulate at the soil surface through capillary movement. Formation of salt-affected soils is considered as the main factor leading to soil degradation and decline in the yield of the irrigated crops.
Although soil organic matter (SOM) is the lowest-level
component of soil, it imposes numerous environmental impacts, such as fertility, permeability and structural stability of
the soil [4, 5]. SOM and soil microbial activity are typically concentrated in the top layer of the soil [6]; changes
in chemical characteristics near the surface (such as increased salinity) could greatly affect soil microbial activity
and organic matter. Since microbial mediated processes in
soils are essential to their ecological function, any reduction in microbial activity is of particular concern [7]. SOM
is considered to be one of the most important indicators for
evaluating the level of soil salinisaton...
Dissolved organic matter (DOM) is defined as the watersoluble organic material that can pass through a 0.45-µm
membrane filter. As a dominant component of SOM, DOM
consists of a complex mixture of molecules with a relatively
low molecular weight. The major components of DOM are
fulvic and humic acids [8, 9]. DOM, the most active organic
carbon pool, can play a significant role in the soil system by
affecting the microbial activity as well as the transport of
metals and colloids [10]. Cilenti et al. [5] studied the
emission, excitation and synchronous-scan fluorescence
spectra of hydrophilic (HI) and hydrophobic (HO) fractions
(50 mg L-1) of the DOM extracted from soils at different
degrees of salinization. They found that the fluorescence
intensity significantly decreased with the increase of soil
salinity. This resulted from the higher concentrations of soil
solution, which induced the emission radiation of same
fluorophores to be reabsorbed by very close molecules or
newly-formed absorption moieties [11]. Although the results can be used to gather immediate information on the
salinity level of different soils, extractions of HI and HO
are troublesome and inconvenient. Besides, the results are
not involved in influences of soil salinity on processes of
soil organic matter humification.
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The objective of this study was to identify a correlation
between soil salinity and humification degree through
analyzing the properties of fluorescence spectra of a low
concentration DOM (10 mg L-1), and eventually develop a
simple and facile fluorescence spectra-based method as an
indictor of soil salinity. The study also aims to establish a
theory basis for salinization prevention and soil amendment.
MATERIALS AND METHODS
Sample collection

Hetao irrigation district, which is the largest irrigation
area from the mainstream of the Yellow River, is located
in the southern part of Bayyannur City in Inner Mongolia
Autonomous Region of China. It is both an arid region with
low annual rainfall of 168.5 mm and a middle temperate
zone, where agricultural activities would be impossible
without irrigation. The total area of the agricultural
district is about 1.4 million ha, the design irrigation
area is about 740,000 ha, and the actual area under irrigation amounts is approximately 400,000 ha. The major
crops planted are grains, sugarbeet, rape seed for vegetable oil, and vegetables. It has an entire irrigation system
(Fig. 1), through which water of the Yellow River is drawn
from Dengkou County to irrigate farmlands. In the end, the
return water of farmland irrigation is discharged through
the general main irrigation drain and then lifted into
Wuliangsuhai Lake, flowing through Wuliangsuhai
Lake before being discharged to the Yellow River. Due
to the unfavorable local soil conditions and the high salinity of the farmland, the district has heavily suffered from
salinity problems.

Along a saline-impact gradient, five native halophyte
communities, i.e. Comm. Phragmites australis (CPA),
Comm. Salicornia europaea (CSE), Comm. Suaeda glauca
(CSG), Comm. Kalidium foliatum (CKF), Comm. Sophora
alopecuroides (CSA), and two conventional tillage farmlands, i.e. corn farmland (CFD) and wheat farmland (WFD),
in Hetao irrigation district were selected for study on June
27, 2009. The geographic coordinates of the selected halophyte communities and conventional tillage farmlands are
shown in Table 1. The halophytes were in a growth middle
period, and the cereals came into ears. In a plot (3×2 m)
pegged out at each sample area, 15 soil samples from three
soil layers (0-20, 20-40 and 40-60 cm) at each site were
taken randomly in an area of 2 m radius from the marked
plots in a tube sampler. After carefully removing the organic
materials and roots, each soil sample was mixed, homogenized and sieved (<2 mm). The soil samples were then
immediately collected into freshness protection-packages
and transferred to the laboratory on ice.
Soil chemical analyses

A portion of each soil sample was air-dried, and the reminder was stored frozen or directly analyzed. The typical
chemical characteristics of the soil samples collected are
presented in Table 1. Soil pH was measured in a 1:2.5 soil
to water solution using a pH-meter (Sartorius), while EC
was determined in a 1:1 soil to water solution using an
electronic conductivity-meter (FE30, Mettler Toledo). Before the measurement of organic carbon using a Shimadzu
TOC-VCPH analyzer, air-dried sub-samples were crushed
with a steel-carbide mill and sieved through a 0.25 mm
mesh screen.

FIGURE 1 - The distribution of irrigation canals and drains in Hetao region, Inner Mongolia.
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TABLE 1 - Chemical characteristics of the selected soils in native halophytes and conventional tillage farmlands.
Sample

Geographic coordinates

CPA

40°53′37″N
108°43′57.2″E

CSE

40°53′40″N
108°43′49E

CSG

40°51′18″N
108°39′15″E

CKF

40°53′47″N
108°42′47″E

CSA

40°53′45″N
108°43′29″E

CFD

40°51′19″N
108°39′15″E

WFD

40°47′37″N
107°26′53″E

Depth
cm
0-20
20-40
40-60
0-20
20-40
40-60
0-20
20-40
40-60
0-20
20-40
40-60
0-20
20-40
40-60
0-20
20-40
40-60
0-20
20-40
40-60

pH
8.76
8.51
8.51
8.77
8.80
8.58
8.19
8.29
8.36
8.74
8.57
8.44
8.85
8.15
8.17
8.12
8.10
8.08
7.94
7.94
7.96

EC
mS cm-1
10.90
4.48
3.31
13.11
5.92
3.77
3.90
2.81
3.46
21.10
6.26
3.80
7.97
3.02
2.47
2.29
2.25
2.26
2.27
2.32
2.30

Exchangeable cations were extracted with 1 M ammonium acetate (1:4 soil/extractant ratio for 2 h) and Ca2+,
Mg2+, K+ and Na+ ions in extracts were determined by AAS
analysis (AA-6300, Shimadzu). Exchangeable cation concentrations were calculated as ammonium acetate- extractable cations less soluble (saturation extract) cations. Since
pH of all the soil solutions was above 8.0, exchange acidity was not measured. Exchangeable sodium percentage
(ESP) was calculated according to [7]:
⎡⎣ Na + ⎤⎦
ESP =
⋅⋅⋅⋅⋅⋅⋅ (1)
⎡⎣ Na + +K + +Ca 2+ +Mg 2+ ⎤⎦

The chemical characteristics of the selected soil in the 5
native halophytes and 2 conventional tillage farmlands are
shown in Table 1.
Extraction of dissolve organic matter

Each 50 g moist soil sample was diluted in a 250-ml Erlenmeyer flask, using approx. 100 ml distilled water. The
flasks, on a rotary shaking table, were set in motion with a
speed of approximately 144 rpm. After 24 h, the extracts
were centrifuged (Sigma centrifuge) at 9,000 rpm for
10 min. The supernatants were then filtrated through 0.45µm, and organic matter fractions in the filtrates were DOM.
After organic carbon was measured using the Shimadzu
TOC-VCPH analyzer, the filtrate was stored frozen.
Fluorescent measurements

Fluorescence determination was made using a Hitachi
fluorescence spectrophotometer (F-7000) equipped with the

TOC
g kg-1
6.13
4.66
6.66
4.52
3.38
6.44
4.54
4.24
4.04
9.27
9.70
2.64
7.01
3.14
1.86
8.61
7.34
7.98
11.59
10.57
7.48

Ca2+
130.13
117.77
119.36
104.61
103.18
108.36
107.19
101.48
99.54
137.58
113.28
100.17
122.13
117.33
119.05
117.88
118.99
118.44
123.31
122.70
123.93

Mg2+
Na+
mmol kg-1
10.25
117.14
9.32
89.06
9.27
93.12
10.08
98.77
9.65
65.79
9.70
80.13
9.07
86.79
9.07
66.17
8.85
55.01
10.41
102.94
9.94
104.41
8.38
51.79
9.83
70.33
8.64
24.22
8.45
28.86
9.42
44.36
9.57
50.61
9.53
50.08
9.00
20.61
8.95
23.09
9.04
26.59

K+
3.92
1.92
2.42
8.20
4.70
3.72
4.98
4.61
1.08
11.51
11.13
3.11
4.50
1.99
1.53
9.09
6.34
1.91
2.86
2.94
2.76

ESP
%
44.81
40.84
41.54
44.56
35.89
39.69
41.72
36.49
33.44
39.22
43.73
31.69
34.01
15.91
18.28
24.54
27.28
27.83
13.23
14.64
16.38

FL solutions 1.00.000 (Hitachi High-Technologies Corporation 1998, 2008) for data processing. All spectra were recorded with a 5 nm slit width for the emission and excitation
monochromator at 700 V of PMT and 0.5 s response. A
scan speed of 240 nm min-1 was selected for emission and
synchronous fluorescence spectra, while 1200 nm min-1 was
selected for EEFM. A quartz cell contains 3 ml of liquid sample.
The filtrated DOM samples of a fixed DOC concentration of 10 mg C L-1 pre-prepared by dilution in 0.01mol L-1
CaCl2 solution were prepared in 40 ml amber vials containing pH-adjusted aqueous solutions (pH 8.0±0.1).
Emission fluorescence spectra of liquid samples were
acquired under excitation at 240 nm and excitation wavelengths ranging from 350 to 650 nm. Synchronous excitation spectra of DOM were recorded from 260-550 nm and
at rλ = 30 and 55 nm [12, 13]. The values of excitation
and emission wavelengths used in the present investigation are those frequently employed in humic substance
fluorescence research [14, 15]. Excitation–emission fluorescence matrices (EEFM) of DOM were created by measuring fluorescence intensity across excitation wavelengths
ranging from 240–450 nm, which increased sequentially by
5 nm steps and emission wavelengths ranging from 260–
550 nm.
Fluorescence measurements of DOM were made at a
regulated temperature (25 °C) due to the fact that fluorescence is temperature-dependent.
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RESULTS AND DISCUSSION
Chemical analysis

Soils collected in Hetao irrigation district exhibited substantially different physico-chemical properties, not only
among the 5 halophyte communities and 2 cereal farmlands, but also within each soil profile (Table 1). As compared with the conventional tillage soils, higher pH was
generally found on the native halophyte soils. Soil electric
conductivity (EC) was different among the 7 sites (maximum of 13.11 mS m−1 in CSE soil to minimum of 2.25 mS
m−1 in CFD soil). The EC of the top soil profile in the native halophyte soils was significantly higher than that of
the other 3 profiles, but it showed a relative stability (around
2.30 mS m−1) in the conventional tillage soils. Among the
7 sites, TOC was higher in the conventional tillage than in
the halophytes. TOC varied slightly within soil profiles,
and there was no correlation with the depth; these variations could be attributed to different interactions between
vegetation and litter deposition during the development of
these halophyte communities. There were little variations
of exchangeable Ca2+ and Mg2+ among the 7 sites, but the
values of the former were more than that of the latter.
Exchangeable Ca2+ varied apparently within soil profiles,
and there was no correlation with depth. Though exchangeable K+ varied distinctly within soil profiles, its
values were much smaller than the others. ESP was
mainly determined by the exchangeable Na+; therefore,
its variations were similar to the latter.

FIGURE 2 - Emission fluorescence spectra
of DOM extracted from the 21 soil samples

Emission fluorescence spectra

Zsolnay et al. [8] observed that the fluorescence signal on the emission spectra of DOM shifted toward longer
wavelengths when exciting the sample with ultraviolet
radiation of 240 nm, showing progress in the humification
process. Based on the ratio between the area of the last
quarter (A4: 570–641 nm) and the area of the first quarter
(A1: 356–432 nm) of the emission spectrum, the authors
proposed a humification index (HIX). This index was called
A4/A1, and level of soil organic matter humification increased with rise in the A4/A1. Emission spectra of DOM
from soils are shown in Fig. 2a, where the spectra shapes
were similar. The Rayleigh scattering peaks were at
around 480 nm, and the areas (A1 and A4) spanned from
356 to 432 nm as well as 570 to 641 nm, respectively
(Fig. 2b).
The HIX of A4/A1 was calculated and correlatively analyzed with ESP (Fig. 3). There was a good negative correlation between the ESP and the A 4/A 1 ratio (R 2=0.56, P=
0.0002), indicating that increase ESP of soil samples led
to a lower degree of soil organic matter. The results suggested that soil salinity might be a limiting factor to the
process of soil organic matter humification. Compared with
the studies of Kalbitz et al. [13] and Milori et al. [16], the
humification degree of the soils organic matter in Hetao
irrigation district was lower, and its ecological environment was relatively frail.

FIGURE 3 - Correlation between ESP and
he humification indices of DOM extracted from
the soils of the 4 different halophyte communities
Synchronous fluorescence spectra

In general, synchronous fluorescence spectra can provide a more distinctive spectrum as well as information of
structure and functional group than emission fluorescence
and excitation fluorescence spectra. However, it could easily
affect Raman scattering [17]. Synchronous fluorescence
spectra of DOM from soils are shown in Fig. 4, where the
spectra shapes were similar with two peaks observed. The
first peak was observed at around 280 nm, which was
associated with the presence of protein and/or amino acids
bound, and relative soil microbial activity [18-21]. The
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FIGURE 4 - Synchronous fluorescence spectra of DOM with rλ=
30 nm (a) and 55 nm (b) (1: 0-20 cm, 2: 20-40 cm, 3: 40-60 cm soil
layers).

second peak appeared at around 350 nm, known to be predominant for fulvic acids [13, 17, 22, 23].
The intensity of protein peak decreased with the increase of ESP in the corresponding soil sample (Figs. 5a,
5b). However, the intensity of fulvic peaks increased with
the increase of ESP (Figs. 5c, 5d). In addition, the intensity of protein peak at rλ = 30 nm was more affected by the
ESP than at rλ = 55 nm. However, the condition of the
fulvic peak was reverse. Microbial biomass was deeply
influenced by ESP with a strong negative linear correlation
between them [7, 24, 25]. Besides, microbe level is also an
important factor of humus formation. The ESP could influence SOM. With deepened soil humification degree, substituents (hydroxyl, amino groups, etc.), with increasing
fluorescence intensity in fulvic acid molecules, are replaced
by substituents (carboxyl, ketonic groups, etc.) of decreasing fluorescence intensity. This indicates a decrease of lowmolecular weight carbohydrates (amylose, etc.) and an increase of aromatic condensation in fulvic acids [26]. Hence,
the ESP can repress a process of soil organic matter humification.

FIGURE 5 - Correlation between the ESP and the intensities of the
protein and fulvic acid peaks at synchronous fluorescence spectra of
DOM (The intensities of the protein and fulvic acid peaks in a and c
were obtained from the spectra with rλ =30 nm, and the intensities
in b and d were obtained from the spectra with rλ = 55 nm).
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results also indicated that soil salinity is a limiting factor
to the process of soil humification, and the HIX can be
considered as an indicator of soil salinization. The HIXs
of all soil samples were lower than 0.59. Compared with
the studies of Kalbitz et al. [13] and Milori et al. [16], the
humification degree of the soils in Hetao irrigation district
was lower. Furthermore, fulvic acid, with lower molecular
weight, more rigid structure and less aromatization, was the
dominant component, and significantly affected transport
and transformation of organic and inorganic pollutants in
soils. Therefore, its ecological environment was relatively
frail.
Common to the synchronous fluorescence spectra of the
soil DOM are the 3 peaks at around 360, 400 and 470 nm.
The shift in the maximum fluorescence intensity from
shorter to longer wavelengths is associated with an increased
number of highly substituted aromatic nuclei and/or with
conjugated unsaturated systems that are capable of a high
degree of resonance [12, 13, 27]. Based on the quotient of
fluorescence intensity at 400 and 360 nm (I400/I360), and
470 and 360 nm (I470/I360). Kalbiza et al[13] working with
fulvic acids in solution samples, proposed two humification indices (HIX). Increased quotients of fluorescence
intensity indicate a higher degree of polycondensation and
humification. Millori et al. [16] studied dissolved humic
acids of three Oxisols, and proposed a HIX at the fluorescence intensity of 454 and 399 nm (I454/I399). Therefore,
I470/I360, I470/I400 and I454/I399 were selected as the HIXs in
the study. The three HIXs were calculated and correlation
analysis carried out with the ESP (Fig. 6).
Excitation-emission fluorescence matrix

The fluorescence intensity maxima were situated in
the λexcitation UV region at 240-260 nm (peak A), and in the
visible region at 320-340 nm (peak C). It was shown that
both have an emission maximum between 420 and 440 nm
(Fig. 7). The two peaks were in the same domains as those
(commercial humic substances, solids, fresh water, seawater or coastal DOM) described in the previous studies
[28-32]. The peaks were known to be UV fulvic acids and
visible fulvic acids, respectively. In addition, a peak T,
which was defined as protein [29, 33], appeared at 270280 nm of the λexcitation and 340-350 nm of the λemission in
some soil samples (Fig. 7). Except the CPA2 and CPA3,
the peak T was observed in lower salinity soil samples
(ESP <30%). The CPA was deeply affected by lake water as
it was in the lake bank. These results were in accordance
with the analysis of synchronous fluorescence spectra.

FIGURE 6 - Correlation between the ESP and humification indices of
DOM extracted from the soils of 7 sites in Hetao irrigation district.

There was a good negative correlation between the
ESP and the HIXs of I400/I360, I470/I360, I454/I399 (R2≥0.51,
P≤ 0.0002), indicating that increasing ESP of soil samples
was indicative of a lower degree of soil humification. The

Patel-Sorentino et al. [32] proposed a ratio between
the intensity of peak A (IA) and peak C (IC), i.e. r(A,C) =
IA/IC, as a good indicator of organic matter maturing for
samples` comparison at the same pH conditions. The
degree of organic matter maturing is higher with lower
r(A,C). DOM concentration of each soil sample was 10 mg
L-1 and pH 8±0.01, so a correlation could be made between the r(A, C) and the ESP.
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FIGURE 7 - EEFM of DOM extracted from soils of the native halophyte communities
and conventional tillage farmlands (1: 0-20 cm, 2: 20-40 cm, 3: 40-60 cm soil layers).
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ELECTROCHEMICAL REMOVAL OF
AMMONIA AND TOTAL NITROGEN IN MICROPOLLUTED WATER USING TI/RU ELECTRODES
Xuwen He*, Hao Wang, Chunhui Zhang, Liyuan Liu and Shaopei Hou
School of Chemical and Environmental Engineering, China University of Mining & Technology, Beijing, 100083, P.R. China

ABSTRACT

stitute the so called “nutrients” due to their environmental
effect on eutrophication of waters.

The micro-polluted water (MPW) from Wenyu River
in Beijing area was used for this study. Tests of electrolysis were carried out using an electrolytic device which
consisted of a ruthenium-coated titanium anode plate and
a steel cathode plate. Plate distance, current density and
retention time were the parameters for analyzing the removal efficiency of pollutants from MPW. Surface and
electrochemical characteristics of the anode plate were also
studied. The results reveal that by increasing the plate distance, current density and retention time, nitrogenous compounds removal efficiency could be improved to a limited
extent. For plate distance of 1.5 cm, retention time of 20 min
and current density of 260 A/m2, the highest removal efficiency of nitrogenous compounds was achieved: ammonia
and total nitrogen removals were about 95 and 80%, respectively. In addition, studies show that surface and electrochemical characteristics of anode plate were conducive
to generate a strong oxidizing environment around the plate
for a more effective destruction of the pollutants.

KEYWORDS: Titanium substrate coating anode plate; Nitrogenous compounds; Surface characteristics of anode plate; Electrochemical characters of anode plate

After decades of pollution control and ecological restoration of rivers, river pollution has been basically brought
under control, and the polluted river water belongs to MPW
[1]. In these processes, many of experimental and control
technologies for a number of rivers have been utilized for
research, and a wealth of experience accumulated [2-4].
Technologies of MPW profundity treatment mainly include
ozonation pretreatment, active carbon adsorption, membrane
separation, photochemical oxidation, etc. Generally, these
technologies are complicated and difficult to stabilize and
optimize, or they are easy to fail when there is severe toxicity in the influent. There are many critical parameters of
the system that affect the capability of responding dynamically to any influent disturbance, or there are many undesired by-products in some treatment methods [5–8].
Electrochemical oxidation treatment of water is a relatively new type of water treatment technology, which gradually develops into a very promising technology. It has been
successfully applied in the purification of wastewater from
dye production [9], from alcohol production [10], from olive
oil production [11], from tanneries [12–16], from textiles
[17, 18], wastewater containing cyanides [19], phenols [2022], EDTA [23], landfill leachates [24] and domestic sewage [25].
This study focuses on using a physicochemical approach for treating MPW based on oxidation degradation of
all nitrogenous compounds in an electrolysis system.

INTRODUCTION
When water contains many types of pollutants and has
a complex nature, concentration of pollutants is generally
low at the same time; this type of water is known as micropolluted water (MPW). The strength and quality of MPW
effluent is described mainly in terms of its biochemical
oxygen demand (BOD), chemical oxygen demand (COD),
the contents of total phosphorus (TP), total nitrogen (TN)
and ammonia nitrogen (N–NH4). Ammonia is the main
product of either reducing (anaerobic) or moderating oxidative (aerobic) biological decompositions of nitrogenous organic compounds. The TP and TN contents of MPW con-

MATERIALS AND METHODS
Apparatus

The electrochemical device consisted of the electrolytic cell, electrode plates and DC power supply. The electrolytic cell was made of synthetic glass, with a dimension of
140 x 90 x 130 mm, and an effective volume of 1.3 L.
Tests of electrolysis were carried out using an electrolytic
device consisting of stainless steel cathode plates and titanium anode plates coated with noble metals which include
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Ru, Ir, etc. There are 4 pairs of the anodes and cathodes
with the specification of each plate being 130 × 65 ×1 mm.
Each anode plate was coated with ruthenium alloy foil, approximately 0.2 mm in thickness. In addition, the plate distance was 1 cm, and the surface area ratio of cathode to
anode was 1. The electrolytic tests were operated at 36 V
dc and 30 A. The schematic diagram of main apparatus is
shown in Fig. 1.

FIGURE 1 - Schematic diagram of the experimental apparatus (1.
electrode plates, 2. electrolytic cell, 3. electric power source, 4. experiment table).

nitrogen increase generally with the current density and
the retention time. At a current density of 150 A/m2 and
retention time of 5 min, the ammonia nitrogen and total
nitrogen removals are about 20 and 5%, respectively. As
the current density increases to 280 A/m2 and at the same
retention time of 5 min, the ammonia nitrogen and total
nitrogen removals rise to 45 and 37%, respectively. When
the current density increases to a certain degree, the removals increase relatively slowly, suggesting that the ability of generating active substances of the plate reaches a
plateau. In addition, when the current density is kept constant, the removal of ammonia nitrogen increases with the
retention time. For current density of 280 A/m2 and retention time of 5 min, the ammonia nitrogen and total nitrogen removal rates are 45% and 37%, respectively. When
the retention time increases to 20 min, the ammonia nitrogen and total nitrogen removal rates can achieve 95
and 75%, respectively. All of these indicate that when the
retention time increases to a certain degree, ammonia nitrogen and total nitrogen removal rates gradually and steadily
increase. Therefore, the retention time has a great influence on the removal rates of nitrogenous compounds.

Materials

The water used for this study was taken from Wenyu
River in Beijing area, and the water quality might fluctuate significantly during the time of the year. The composition of the MPW used in all experiments is shown in
Table 1.
TABLE 1 - Composition of the micropolluted water (MPW) used in all experiments.
Characteristics
pH
COD
Ammonium nitrogen
Total nitrogen

Concentration, mg/L
(except for pH)
8.0
80.5
21.8
32.6
(a)

Methodology

The efficiency of the electrolysis was studied with current density, retention time of MPW in the electrolytic
cell and the plate distance. A scanning electron microscope and electrochemical workstation were used to analyze the surface and electrochemical properties of anode
plate, and assessing the treatment effects on micro-polluted
water.
RESULTS AND DISCUSSION
Influence of current density and retention time for the removal
effect of nitrogenous compounds with the plate distance of
1 cm

Fig. 2 shows the removals of ammonia nitrogen and
total nitrogen versus retention time at various current
densities with the plate distance of 1 cm. The removals of
the electrolytic oxidation of ammonia nitrogen and total
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(b)
FIGURE 2 - Removal efficiency of ammonia
nitrogen and total nitrogen at various current densities.
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Influence of current density and electrolysis time for the
removal effect of nitrogenous compounds with the plate distance of 1.5 cm

Fig. 3 shows the removal rates of ammonia nitrogen
and total nitrogen versus retention time at various current
densities with the plate distance of 1.5 cm. At the same
retention time, ammonia nitrogen and total nitrogen removals increase with the current density. At a current density of
230 A/m2 and retention time of 5 min, the ammonia nitrogen and total nitrogen removals are about 50 and 30%,
respectively. When current density increases to 260 A/m2,
ammonia nitrogen removal increases to 64%, the total
nitrogen removal still maintains at about 30%. At the same
constant current density, ammonia nitrogen and total nitrogen removals increase remarkably with retention time.
Compared with 1 cm plate distance, when plate distance
is 1.5 cm, and at the same current density and a retention
time of about 10 min, ammonia nitrogen and total nitrogen removals can reach 90 and 60%, respectively. When
the retention time increases to 20 min, the ammonia nitrogen and total nitrogen removals can reach 95 and 80%,
respectively. All of this shows that under the circumstances

of the same retention time, the ammonia nitrogen and
total nitrogen removals are significantly improved with
the plate distance increasing.
Influence of current density and electrolysis time for the removal effect of nitrogenous compounds with the plate distance of 2 cm

Fig. 4 shows the removals of ammonia nitrogen and
total nitrogen versus retention time at various current densities with the plate distance of 2 cm. At the same current
density, the removal rates of ammonia nitrogen and total
nitrogen increase with the retention time. But the increase of
removal efficiency is not obvious, in contrast to the plate
distances of 1 and 1.5 cm. For current density of 125 A/m2
and retention time of 5 min, ammonia nitrogen and total
nitrogen removals are about 20 and 16%, respectively. As
the retention time increases to 20 min, ammonia nitrogen
and total nitrogen removals are about 60.8 and 43.6%,
respectively. But for plate distances of 1 and 1.5 cm and a
current density of 230 A/m2, ammonia nitrogen and total

(a)
(a)

(b)
FIGURE 4 - Removal efficiency of ammonia
nitrogen and total nitrogen at various current densities.
(b)
FIGURE 3 - Removal efficiency of ammonia
nitrogen and total nitrogen at various current densities.

nitrogen removals are about 90 and 80%, respectively. At a
plate distance of 2 cm, the ohmic resistance between the
plates becomes large, and a high voltage is needed to

976

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

maintain a moderate current density. The current density
125 A/m 2 is the highest that can be obtained safely in this
study.
The results reveal that the removals of nitrogenous
compounds increase with the plate distance, current density and retention time, but to a limited extent. That is to
say, in acertain range of plate distance, current density
and retention time, removal efficiency of nitrogenous
compounds is high and remains stable. At a plate distance
of 1.5 cm, retention time of 20 min and current density of
260 A/m2, the highest nitrogenous compounds removal
efficiency is achieved: ammonia and total nitrogen removals were about 95 and 80%, respectively.
Electrochemical mechanisms
Surface characteristics of titanium substrate coating anode
plate

In order to test the surface coating effect of the titanium substrate coating anode plate, scanning electron microscopy was applied to analyze it. The result is shown in
Fig. 5.

(a)

(b)
FIGURE 5 - Electrons picture of
positive plate with Ti as substrate material.

As shown in Fig.5, the coating of the titanium anode
plate surface is very compact and homogeneous which indicates that the plates have favorable catalytic activity and
reaction stability. The cracks on the surface of the coating
are lesser and shorter which can significantly reduce the
penetration and dissolution of the coating by electrolytes,
prevent the penetration of active oxygen during the electrolytic process, partially or totally inactivate activating
oxides, and greatly prolong the useful life of anode plates.
Electrochemical characteristics of titanium substrate coating
anode plate.

Both chlorine and oxygen evolution potentials are important indicators in evaluation of electro-catalytic activity
of an electrode.
As depicted in Fig. 6, the current does not increase
remarkably when the voltage changes from 0.2 to 0.8 V,
with respect to standard hydrogen electrode, indicating
that the electrochemical reaction is very slow. When the
voltage rises to 0.945 V (arrow 1), the current increases
drastically with voltage, indicating an electrochemical reaction starts on the surface of the anode. By controlling the
standard electrode potential of electrode reaction, it can be
observed that the standard electric potential of Cl- reacting
to form ClO- in water is 0.890V; the difference between
them, 0.055V is the over-potential. The low value of the
over-potential shows that the selected anode is suitable for
oxidizing Cl- to ClO-, and this is very favorable for application of electrochemical oxidation removing ammonia
nitrogen and total nitrogen in MPW. When voltage increases
to 1.41 V (arrow 2), the current remains stable in the solution, accordingly, it can broadly be judged that chlorine
evolution reaction takes place in aqueous solution. Standard potential for Cl- reacting to form Cl2 is 1.36 V. The
data is similar, and the difference is the over-potential value
for the chlorine evolution. The lower the chlorine evolution
potential is, the higher the electro-catalytic activity for
chlorine evolution is, and the more likely chlorine precipitates.
As depicted in Fig. 7, when voltage increases from
0.2 to 0.6V with respect to standard hydrogen electrode,
the current fluctuates and shows no obvious increase. By
controlling the standard electrode potential of electrode
reaction, it can be derived that the main reaction in this
stage is the O2 and H2O reaction of OH-, and the standard
electrode potential is 0.41 V. When the voltage rises to
0.72 V (arrow 3), the current increases drastically with the
voltage, indicating the electrochemical reaction starts immediately on the surface of the anode. By controlling the
standard electrode potential of electrode reaction, it can be
seen that standard electric potential of O2 reacted to form
H2O2 is 0.695V; the difference between them, 0.025 V is
the over-potential. The low value of the over-potential
shows that the selected anode is suitable for oxidizing O2
to H2O2, and this is very favorable for application of electrochemical oxidation removing ammonia nitrogen and total
nitrogen in MPW. When voltage rises to 1.49 V (arrow 4),
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Chlorine evolution curve

FIGURE 6 - Chlorine evolution curve of anode plate with Ti as substrate material.

Oxygen evolution curve

FIGURE 7 - Oxygen evolution curve of anode plate with Ti as substrate material.

the current remains stable in the solution, accordingly, it
can broadly be judged that oxygen evolution reaction takes
place in aqueous solution. Standard potential of H2O reacting to form O2 is 1.229 V. The data is similar, and the difference of them is the over-potential value for the oxygen
evolution.
The potential of chlorine evolution is lower than the
oxygen evolution. Catalytic activity of electrodes makes a
good choice, which is conducive to the generation of
strong oxidizing substances (chlorine compounds), and it
plays a great role in improving water pollutants degradation. Moreover, the value of chlorine evolution overpotential and oxygen over-potential is low, which creates
good conditions for the next generation of high activity
and high oxidation in the low potential.
Course of chemical reaction

During electrolytic reaction, O2 was generated by the
anode and DO in wastewater generated H2O2 at the cathode
[26, 27].

O2+e−→O2−

(1)

O2−+H+→H2O·

(2)

2H2O·→H2O2 + O2

(3)

Another course of chemical reaction may possibly
happen,
O2−+ H2O·→O2+ H2O−
−

+

H2O +H →H2O2

(4)
(5)

and HO·, hydroxyl free radical was generated further
by H2O2.
H2O2+e−→HO−+ HO·

(6)

HO· could oxidize organic and nitrogenous compounds and the overall reaction occurring in the anodic
solution between hypochlorite and ammonia can be expressed as follows:
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2NH4+ +3ClO− → N2 +3H2O + 2H+ +3Cl−

(7)
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As hypochlorite ions will be formed in the presence
of chloride ions during electrolysis [28, 29], the by-products
of ammonia and nitrite would be oxidized to form nitrogen gas and nitrate [30]:
2Cl−→ Cl2 +2e−

(8)

Cl2 +H2O → HClO + H+ +Cl−
−

HClO → ClO +H
+

(10)
+

NH4 +ClO → N2 +H2O + H +Cl
NO2− +HClO → NO3− +H2O + Cl−

Hafez A., Khedr M. and Gadallah H. (2007) Wastewater
treatment and water reuse of food processing industries. Part
II: Techno-economic study of a membrane separation technique. Desalination. 214, 261–272

[8]

Arslan-Alaton I. and Erdinc E. (2006) Effect of photochemical treatment on the biocompatibility of a commercial
nonionic surfactant used in the textile industry. Wat. Res. 40,
3409 – 3418

[9]

Shen Z.M., Wu D. and Yang J. (2006) Methods to improve
electrochemical treatment effect of dye wastewater. J. Hazard. Mater. B131, 90–97

(9)

+

−

[7]

−

(11)
(12)

[10] Vlyssides A.G., Israilides C.J. and Loizidou M. (1996) in:
Proceedings of the Second Specialized Conference on Pretreatment of Industrial Wastewaters, IAWQ, Athens, Greece.
p. 522.

CONCLUSIONS
For a plate distance of 1.5 cm, retention time of 20 min
and current density of 260 A/m2, the highest removal efficiency of nitrogenous compounds was achieved: ammonia
and total nitrogen removals were about 95% and 80%,
respectively; the titanium substrate coating anode plate has
nice surface characteristics which could make it to become
a good electrode material; the chlorine evolution overpotential and oxygen over-potential values are low, creating good conditions for the generation of high active materials in the low potential.

[11] Israilides C.J., Vlyssides A.G. and Loizidou M. (1997) in:
Proceedings of the Second Specialized Conference on Pretreatment of Industrial Wastewaters, IAWQ, Athens, Greece,
p. 840.
[12] Jochimsen J.C., Jekel M.R. and Hegemann W. (1996) in:
Proceedings of the Second Specialized Conference on Pretreatment of Industrial Wastewaters, IAWQ, Athens, Greece,
p. 404.
[13] Kaul S.N. and Szpryokowicz L. (1996) in: Proceedings of the
Second Specialized Conference on Pretreatment of Industrial
Wastewaters, IAWQ, Athens, Greece, p. 386.
[14] Vlyssides A.G. and Israilides J.C. (1997) Detoxification of
tannery waste liquors with an electrolysis system. Environ.
Pollut. 97(1-2), 147-152.
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ABSTRACT
The effects of ethylene diamine tetraacetic acid (EDTA),
triethanolamine (TEA) and citric acid application on metal
extractability from a multiply metal-contaminated soil,
as well as on their uptake and accumulation by soybean
(Glycine max L.) were investigated. Plants were grown in
soil collected from a contaminated field site and polluted by
Cu, Zn, Pb, Cd. After 21 days of plant growth, pots were
amended with EDTA, TEA or citric acid at 1 or 5 mmol kg-1
soil. Control pots were not treated with any chelator. Harvest
of plants was carried out 1 week after chelator addition.
The results showed that EDTA was more effective than
other two chelators at increasing the concentration of Cu in
soybeans. The application of 5 mmol kg-1 soil EDTA to
soil significantly increased concentrations of Cu in shoots
and roots, with maximum levels of 115.2 and 754.0 mg
kg-1 dry weight (DW), respectively. Concentrations of Zn,
Pb and Cd in shoots or roots were also higher in the soybeans treated with EDTA than in those treated with TEA or
citric acid. Desorption of metals from the soil increased
with chelator concentration. EDTA was more effective
than TEA and citric acid in solubilizing the metals. It was
concluded that chelators were most effective on Zn extraction followed by Pb, whereas Cu and Cd extracction
were very poorly affected by chelators.

KEYWORDS: Chelator, EDTA, TEA, Citric acid, Glycine max L.,
Metals, Phytoextraction

INTRODUCTION
The contamination of soils with metals is a major environmental problem throughout the world [1]. Soils polluted
with metals may threaten ecosystems and human health [2].
The remediation of soils contaminated with toxic metals is
a challenging task because metals could not be degraded
naturally and the danger they pose is aggravated by their

almost indefinite persistence in the environment. Conventional cleanup technologies are generally too costly to be
used to restore contaminated sites, and are often harmful to
the normal properties of the soil (i.e., texture and organic
matter) [3, 4]. The emerging phytoremediation techniques, with their lower cost and environmental friendly
nature, have attracted increasing attention in the last decades [5-7].
The success of the phytoremediation process, whereby
metals are effectively removed from soil, is dependent on
an adequate yield of plants and on the efficient transfer of
metals from the roots of the plants into their shoots. Very
few plant species can meet the practical application [8-10].
Most hyperaccumulators, such as Chenopodium album,
Polygonum sachalase and Alyssim bertolonii are characterized by slow growth and low-biomass production, which
make these plants impractical for use in phytoextraction
in the field [11-13]. For this reason, more recent research
projects on phytoextraction have focused on high biomass
crop species, such as maize (Zea mays), peas (Pisum sativum), oats (Avena sativa), wheat (Triticum aestivum),
barley (Hordeum vulgare) and Indian mustard (Brassica
juncea), and on relevant plant husbandry and soil management practices to enhance the metal uptake of these
high biomass species [14-19]. Although several conditions
must be met in order for phytoremediation to be effective,
the bio-availability of metals to plant roots is considered to
be a critical requirement for plant uptake to occur [20]. Soil
factors such as pH, cation exchange capacity, and organic
matter content play an important role in successful soil remediation processes [21, 22].
To increase metal availability, a number of chelators
such as EDTA, NTA (nitrilotriacetic acid), EDDS (ethylenediamine disuccinic acid), CDTA (cyclohexane diamine tetraacetic acid), EGTA (ethylene glycol bis(βaminoethyl ether) tetraacetic acid), and EDDHA (ethylene
diamine di(o- hydroxyphenylacetic acid)) have been used to
desorb metals from the soil matrix into soil solution to
facilitate the transport of metals into xylem, and increase
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the translocation of metals from the roots to shoots of
some fast-growing, high-biomass-producing plants [14, 15,
17, 23-27].
EDTA has been the most widely used chelating agent
in studies of phytoremediation because of its accelerated
cleanup of metal-polluted soils [28]. Although EDTA is
very effective in mobilizing metals in soils, EDTA and
EDTA-heavy metal complexes can be toxic to plants and
soil microorganisms and they can be also persistent in the
environment due to their low biodegradability [26, 29-32].
This nature may increase the potential off-site migration of
metals, either in surface runoff or by the leaching of metals into groundwater [33]. Since the use of EDTA for enhancing phytoextraction is not environment risk free,
other biodegradable alternatives should be looked into
[34-36].
Low molecular weight (MW) organic acids are natural
products in root exudates and influence ion solubility and
uptake by their metal chelating/complexing properties as
well as by their indirect effects on microbial activity and
rhizosphere physical properties [37]. In durum wheat cultivars it was found that Cd accumulation was proportional
to the concentrations of low MW organic acids present in
the rhizosphere [38]. In addition, citric acid reduced the
toxicity of Cd to radish, and stimulated its translocation
from roots to shoots converting the metal into more
easily transported forms [39]. Compared to the control, at
10 mmol kg-1 citric acid did not change Cd concentration
in shoots, whereas NTA-treated plants showed an about
2-fold increase [40, 41]. Citric acid addition also had no
effect on Cu, Zn or Pb solubility [37, 41], and Cr+ uptake
and accumulation in plant roots and shoots [42]. At the
same molar concentrations added to the soil, the metal mobilizing effect of EDTA was higher than that of low MW
organic acids (citric acid, oxalic acid and malic acid) [37].
TEA is a complexing agent for metal ions and has the
ability of forming a metal-TEA complex [43, 44]. Usually,
TEA was used as buffer to adjust the PH of solution and
soil added chelators in phytoextraction experiments [27, 41].
In this study, the experiments were conducted to test the
effectiveness of TEA as a chelator for metal extraction
from soils.
In the present pot experiment the potential role of
EDTA, TEA and citric acid in the availability, accumulation and uptake of metals by soybean (Glycine max (L.)
merrill) was evaluated in order to test whether these chelators may represent a realistic and effective tool for the
removal of metals from a polluted site soil containing
toxic levels of Cu, Zn, Pb and Cd.
MATERIALS AND METHODS
Soil characterization

The contaminated acidic soil used in the present study
was collected from a polluted farming area near Anning

district (Lanzhou, China). The samples (surface soil of 020 cm) were air-dried, gently ground to pass through a
2-mm sieve, homogenized and stored dry. The total metal
concentrations (Cu 43.1 mg kg-1, Zn 854.9 mg kg-1, Pb
168.3 mg kg-1, Cd 4.16 mg kg-1) were determined by
inductively coupled plasma atomic emission spectrometry
(ICP-AES) (Perkin-Elmer Optima 3300 DV) after strong
acid digestion (1:4 concentrated HNO3 and HClO4 (v/v))
[45]. The pH value of the acidic soil was 6.0, measured in
deionized water at a soil to solution ratio of 1:1 (w:v) by
pH meter. Basal fertilizers (150, 75 and 95 mg kg-1 N, P
and K, supplied as NH4NO3 and KH2PO4) were also applied. The soils were then allowed to equilibrate for a period
of two weeks undergoing three cycles of saturation with deionized water (DIW) and air-drying before being remixed
and finally planted.
Plant material

Seeds of soybean (Glycine max (L.) merrill) cultivar
were offered by Gansu Academy of Agricultural Sciences
(Lanzhou, China).
Effects of different chelator treatments on plant growth and
metal uptake

The air-dried soil was then used to fill 22 cm diameter plastic pots (1000 g soil per pot) and moistened with
DIW to approximately 80% field capacity. Eight seeds of
soybean (Glycine max L.) were sown in each pot. After
germination, the seedlings were thinned to four plants per
pot and grown for two weeks. The subsets of pots were
treated with EDTA (as Na2EDTA salt), TEA (triethanolamine) and citric acid in a single application to the surface
of the soil at 1.0 and 5.0 mmol kg-1 soil, whereas one set of
plants was not amended with any chelator, and kept as a
control. The design of the experiment employed six replicates of each treatment. Chelators were applied to the soil
surface as solutions. Following chelator application, soils
were irrigated on a daily basis. Collection trays were placed
under all pots to retain any leachate, which was re-applied
immediately to the soil in the pot. All of the experiments
were conducted in the greenhouse under natural light. Air
temperatures ranged from 18 to 23 °C. Plants (24 plants
for each treatment) were harvested after 1 week from chelator application by cutting stems 1 cm above the soil surface. The shoots and roots were washed carefully with tap
water and rinsed with DIW, and dried at 70 °C in a drying
oven to a constant weight for dry weight measurements.
The dried plant materials were ground using agate mill.
Desorption of metals from soil by chelators

The ability of chelates to desorb metals from the contaminated soils was examined using a consecutive solubilisation approach with four extraction steps [23]. Chelateextracting solutions (1, 5 and 10 mmol kg-1 soil) were prepared by dissolving TEA and citric acid in water and the
free acid form of EDTA in NaOH at pH 7.0 in a background matrix of 10 mM CaCl2. For each treatment metal
desorption was measured by placing 3 g soil in a centrifuge
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tube and adding 30 ml extractant. Tubes were then capped,
shaken for 16 h, and centrifuged at 17400g for 10 min.
The supernatant was collected and the residue soil samples
were re-suspended in 30 ml extractant. The above steps
were repeated three times for a total of four consecutive
extractions. Analysis of Cu, Zn, Pb, Cd in the combined
supernatants was performed by ICP-AES.

5 mmol citric acid per kilogram soil significantly inhibited
biomass accumulation compared with the control treatment.
There were no significant effects on root dry matter production except for the treatments with 5 mmol TEA per kilogram soil and 1 mmol citric acid per kilogram soil (Fig. 1).
The plants were strongly chlorotic and necrotic at the end
of the experiment, and the root growth was severely impaired. On the 7th day after the application of EDTA-1,
TEA-1, TEA-5 and citric acid-5, shoot dry matter yields
decreased to 80%, 82%, 77% and 78% of the control
plants, respectively.

Chemical analysis

Subsamples of ground shoot samples and root samples were ashed at 550 °C for 4 h, dissolved in 10 ml 1:1
(v/v) HNO3. The major and trace elements in the solutions
were determined with ICP-AES. A certified standard reference material (SRM 1515, apple leaves) of the National
Institute of Standards and Technology, USA, was used in
the digestion and analysis as part of the QA/QC protocol.
Reagent blank and analytical duplicates were also used to
ensure the accuracy and precision in the analysis. The
recovery rates were around 90 ± 6% for all of the metals
in the plant reference material.

Effects of EDTA, TEA and citric acid on shoot and root metal
concentrations and phytoextraction

The application of EDTA-5 to the soil significantly
increased the concentrations of Cu, Zn, Pb and Cd in both
shoots and roots of soybean. EDTA-1 had the same effect on Cu, Zn and Pb accumulation except Cd. EDTA-5
and TEA-5 are more effective at increasing the concentrations of heavy metals in soybean than EDTA-1 and TEA-1.
On day 7 after the application of EDTA-5 and EDTA-1,
the concentrations of Cu in the shoots reached 115.2 and
108.1 mg kg-1 DW, respectively, which were 18- and 16.9fold that of the controls without the application of chelators, and the concentrations of Cu in roots reached 754.0
mg kg-1 DW for the application of EDTA-5 and 707.6 mg
kg-1 DW for EDTA-1. The concentrations of Zn both in
shoots and in roots treated with EDTA-5 are higher than
any other treatment. For Pb and Cd, TEA was significantly
less effective than EDTA, although enhanced uptake was
also observed. Concentrations of Pb and Cd in shoots
treated with EDTA-5 increased 50.1- and 2.4-fold, and
treated with EDTA-1 in-creased 30- and 1.2-fold, respectively, in comparison with those in the control group
(Tab. 1).

Data analysis

One-way ANOVA and Duncan multiple comparison
tests at the significance level P<0.05 were carried out using
STATISTICA software [46].
RESULTS
Effects of EDTA, TEA and citric acid on soybean growth

When no chelators were added to the soil, all of the
plants showed normal development without visual symptoms of metal toxicity. The treatments with 1 mmol EDTA
per kilogram soil, 1 and 5 mmol TEA per kilogram soil and
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FIGURE 1 - Effects of the application of chelators at 1 and 5 mmol kg-1 soil 1 week before harvest on shoot and root dry weight of soybean.
Mean values (n=6). Different letters above the columns of shoot or root indicate a significant difference at P 0.05 according to the Duncan’s
multiple range tests
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TABLE 1 - Influence of EDTA, TEA and citric acid applied to the soil at 1 and 5 mmol kg-1 soil 1 week before harvest on metal concentration
in the shoots and roots of soybean (mg kg-1). Results are means ± SD (n=6). a-f: For each metal the mean values with the same superscript
letters among different treatments are not significantly different at 5% level of probability (Duncan’s multiple comparison tests)
trait

metal
Control
Cu
6.4 ± 1.7a
Zn
60.0 ± 13.6ae
shoot
Pb
19.0 ± 5.9a
Cd
5.3 ± 1.6ac
Cu
41.9 ± 6.5a
Zn
4773 ± 691a
root
Pb 171.3 ± 38.4a
Cd
4.7 ± 1.3ae

EDTA-1
EDTA-5
108.1 ± 1.4b
115.2 ± 2.7c
108.0 ± 10.6b
128.8 ± 6.5c
570.2 ± 2.2b
952.7 ± 1.2c
6.3 ± 0.52a
12.6 ± 0.98b
707.6 ± 7.6b
754.0 ± 3.8c
8591.5 ± 619b 10252.0 ± 751c
5140.4 ± 9.7b 8588.2 ± 49.5c
5.6 ± 0.2a
11.1 ± 9.8b

TEA-1
TEA-5
Citric acid-1 Citric acid-5
F
5.2 ± 1.7a
3.3 ± 1.5d
8.7 ± 1.0e
9.6 ± 2.1e
7166.21***
41.1 ± 9.9d 46.7 ± 12.0ad 60.6 ± 5.2e
69.0 ± 18.8e
52.42***
45.4 ± 8.5d
46.0 ± 4.6d
20.9 ± 3.5a
65.8 ± 0.49e 22623.11***
4.5 ± 0.87c
10.7 ± 1.6d
3.2 ± 0.27ce
4.6 ± 1.1c
44.25***
37.8 ± 2.2a
29.4 ± 2.7d
56.8 ± 14.3e
62.8 ± 6.1f
43179.78***
4245 ± 496a 2380 ± 388d 4820.8 ± 494a 5490.8 ± 910e 175.41***
206.6 ± 88.1a 53.9 ± 8.8d
188.5 ± 6.1a
593.4 ± 4.1e 25849.88***
8.7 ± 3.5bc 0.59 ± 0.029d 2.8 ± 0.035de 4.1 ± 0.019ae
19.16***

d
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FIGURE 2 - Effect of H2O, CaCl2 (10 mmol l-1), EDTA, TEA and citric acid applied to the soil before sowing on the solubilization of metals.
Chelators were added at 1, 5 and 10 mmol kg-1 soil. Values are means ± SD (n=4). Different letters in the same group indicate a significant
difference at P 0.05 according to the Duncan’s multiple range tests

Total metal phytoextraction by the shoots of soybean
is shown in Fig. 2. As expected, the maximum phytoextraction of Cu, Zn, Pb and Cd was found in the EDTA-5
treatment, which increased 16.5-, 2.0-, 46.3- and 2.2-fold
in shoots, respectively, relative to the control. Although
EDTA-1 treatment was less effective than EDTA-5, enhanced uptake of heavy metals was also observed, which
increased 13.8-, 1.5-, 24.8- and 1.0-fold in shoots, respectively, relative to the control. For Cu, there was no significant difference among the treatments of control, TEA-1
and TEA-5. Compared with the control group, TEA and
citric acid were found to have no stimulating effect on Pb
and Zn phytoextraction and what’s worse, TEA treatment
even significantly decreased the concentration of Cu in
both shoots and roots, and dramatically increased the
concentration of Pb in shoots of soybean. The application
of TEA-5 significantly decreased the concentration of all
4 metals in roots of soybean, TEA-1 treatment significantly stimulated the uptake of roots for Cd. Chelators were
found to have a less significant stimulating effect on the Cd
phytoextraction (Tab. 1).

Effects of EDTA, TEA and citric acid on the solubility of metals in soil

The ability of EDTA, TEA and citric acid to desorb
Cu, Zn, Pb and Cd from the multiply metal-contaminated
soil is illustrated in Fig. 2. In general, the amount of metals extracted increased with chelator concentration, independently of the extractant used, and the differences were
significant (P＜0.05). EDTA was more effective than TEA
and citric acid in desorbing the metals. As compared with
the treatment of EDTA-10, the concentration of extractable Zn and Pb was not significantly different (P＜ 0.05) at
the treatment of TEA-10 (Fig. 2). The extraction of Cu
and Cd from the polluted soil by EDTA-10 was 3.0-fold
and 1.3-fold higher than TEA-10, respectively. EDTA
added at 10 mmol kg-1 soil caused a 5.0, 6.6, 1.6 and 2.8fold increase in Cu, Zn, Pb and Cd extractable metal concentration, respectively, as compared to citric acid added
at 10 mmol kg-1 soil (Fig. 2). Zn resulted the more effective metal extracted by chelators followed by Pb, whereas
Cu and Cd were very poorly effective metals which extracted by chelators.
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DISCUSSION
Chemically enhanced phytoextraction has been proposed as an effective approach for removing heavy metals
from soils using plants [14, 15, 47]. Several chelating
agents, such as citric acid, EDTA, CDTA, DTPA, EGTA,
EDDHA, EDDS, HEDTA and NTA have been tested for
their ability to mobilize and increase the accumulation of
heavy metals, particularly Pb. In most cases, the EDTA
treatment was superior in terms of solubilizing soil Pb for
root uptake and translocation into aboveground biomass
due to its strong chemical affinity for Pb (log Ks = 17.88).
The results of this study demonstrated that EDTA was
most effective in increasing shoot Pb concentrations in
soybean (Tab. 1). In the EDTA-5 treatments, the concentrations of Pb in the shoots of soybean reached up to
952.7 mg kg-1 DW, which was 14.5 times higher than the
level achieved with the citric acid-5 treatment. Citric acid
has a low chemical affinity for Pb (log Ks = 6.5) and is
easily biodegradable in soil [48], leading to lower effectiveness in increasing concentrations of Pb in shoots.
The addition of some chelating agents to the soil dramatically increased the solubility of Cu. These chelating
agents included EDTA [37, 49], EDDS (log Ks = 18.4,
[50]), EGTA [48], and NTA [20, 51]. However, the chelateenhanced Cu uptake by plant shoots was generally minimal
[20, 48, 49, 50] except for the result reported by Blaylock et
al. [14]. In that study, a 2.5 mmol kg-1 EDTA treatment to
the soil increased the concentration of Cu to 1000 mg kg-1
DW in B. juncea shoots. In the present study, the highest
concentration of Cu reached 115.2 mg kg-1 DW in shoots
on the 7th day after the application of 5 mmol kg-1 of EDTA
to soil.

performed negative effects on the phytoextraction of Cu.
TEA treatments always stimulated the uptake of Pb for
soybean. In this study, TEA performed dramatically difference in phytoextraction of different metals. So in chelatorenhanced phytoextraction experiments, there is potential
risk to correctly assess the efficiency of chelators when
TEA is used as nothing more than buffer to adjust PH of
solution or soil.
CONCLUSIONS
This study demonstrated that EDTA could be regarded
as an effective chelator for phytoextraction of Cu, Pb, Zn
and Cd in contaminated soils. EDTA rapidly and dramatically increased metal concentrations in the shoots and roots
of soybean. For shoot Cu, Zn, Pb and Cd concentrations,
the plants treated with EDTA-5 reached maximum phytoextraction levels, approximately 16.5-fold, 2.0-fold, 46.3fold and 2.2-fold higher than that in the corresponding
control plants, respectively. The effectiveness of chelateenhanced metal accumulation in soybean was consistent
with the ability of EDTA, TEA or citric acid to solubilize
metals in soils.
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The effectiveness of EDTA to stimulating the accumulation of Zn in soybean was greater than that of TEA
and citric acid. Some changes in soil conditions such as
pH, total ligand or superior ion concentrations may affect
the chelation power of chelates [52]. It was reported that
the addition of free EDTA or the existence of other metalEDTA complexes could result in the partial remobilization
of adsorbed metals from metal oxides and in the simultaneous dissolution of minerals (iron and aluminum oxides)
and remobilization of adsorbed metals [53].
Tandy et al. [50] suggested that EDDS is a better extractant for Cu and Zn than EDTA at pH values of above
6 with low chelator-metal ratios because it forms only a
weak Ca complex. The comparatively low extraction efficiency of EDTA for Cu resulted from competition between
the heavy metals and co-extracted Ca. The extraction of Pb
at a low chelator-metal ratio seems to depend mainly on
the stability constants of the Pb complexes, apart from the
competition of Ca in the case of EDTA at high pH.
EDTA and citric acid have more positive effect than
TEA on the mobility of zinc in soil, a larger amount of zinc
is extracted by the roots and translocated to the shoots by
the carrier of Zn-EDTA complex. High-concentration TEA
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MONTHLY VARIATION OF SOME
PHYSICO-CHEMICAL AND MICROBIOLOGICAL
PARAMETERS IN SARICAY STREAM (CANAKKALE, TURKEY)
Nurcihan Hacioglu* and Basaran Dulger
Department of Biology, Faculty of Arts and Sciences, Canakkale Onsekiz Mart University, 17100 Canakkale, Turkey

ABSTRACT
Water samples were collected from three different sites
of the Saricay Stream (Canakkale, Turkey) in the months
of October 2007 – September 2008 for the analyzing of
some physico-chemical and microbiological parameters of
the stream. In the present investigation, the mean average
value (mean ± SD) of the stream temperature, dissolved
oxygen (DO), biochemical oxygen demand (BOD5), pH,
electrical conductivity (EC), total coliform (TC) and faecal
coliform (FC) were noted as 17.737 ± 0.199 oC, 7.117 ±
0.650 mg/L, 170.4 ± 50.3 mg/L, 7.7018 ± 0.0325, 18.50 ±
2.33 µS/cm, 46461 ± 10311 MPN/100 mL and 33103 ±
5863 MPN/100 mL, respectively. Based on results of comparison of data with WPCR, it is seen that waters of Saricay
Stream at the sites 1, 2 and 3 belonged to Class 4, for parameter BOD5 and faecal coliform and belonged to Class 3
for parameter total coliform. We conclude that there is a
great potential risk of infection of waters from the Saricay
Stream.

KEYWORDS: Saricay Stream, water quality, physico-chemical
and microbiological parameters

INTRODUCTION
Lakes, rivers and streams have important multi – usage components, such as sources of drinking water, irrigation, fishery and energy production [1]. Water is a scarce
and fading resource, and its management can have an impact on the flow and the biological quality of rivers and
streams [2]. Additionally water quality performs important
role in health of human, animals and plants. The quality of
surface water within a region is governed by both natural
processes (such as precipitation rate, weathering processes
and soil erosion) and anthropogenic effects (such as urban
industrial and agricultural activities and the human exploitation of water resources) [3, 4].

The quality of water is typically determined by monitoring microbial presence, especially faecal coliform bacteria and physico-chemical parameters [5]. Physico-chemical
parameters such as temperature, pH and dissolved oxygen
of the water have major influences on biochemical reactions that occur within the water. Sudden changes of these
parameters may be indicative of changing conditions in
the water [6].
Furthermore the higher level of indicator bacteria and
faecal contamination and the greater will be the risks of
water borne diseases [7, 8]. The microbial quality of water
currently is monitored by enumerating the levels of faecal indicator bacteria: coliform and faecal coliform bacteria [9].
The microbiological and physico-chemical parameters
of different fresh water systems (river, stream, ocean etc.)
have been studied by various researchers [6, 10, 11]. In
addition, several investigators have worked on variations of
nutrients, phytoplanktons, heavy metal pollutions and microbiological parameters of Saricay Stream [12-14]. However, there is no report pertaining to exploration of monthly
variation physico-chemical and microbiological parameters
in the Saricay Stream system.
The primary aim of this study was to determine the
microbial quality (total and faecal coliform counts) and
some physico-chemical parameters of the water in the
Saricay Stream. The secondary aim of the study was to
determine monthly changes in the bacterial population.
These findings will reveal the effects of the rural population and industries situated along the river on the microbial population changes.
MATERIALS AND METHODS
Study area

The Saricay Stream is located in the southwest region
of Marmara, latitude 39o 40’ – 40o 45’ N and longitude
25o 37’ – 27o 45’ E, in Canakkale, Turkey (Figure 1a). The
study area is the most important lowland in the Marmara
region. Its mean depth is 2 m and flow speed is between 15
and 300 m3/s. This water resource is used for agriculture as
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on irrigation water and drinking water for animals [15].
Atikhisar dam which was building on Saricay Stream, was
used as drinking water. Description of sampling sites is
written below.
Site 1: Bursa way station: was polluted by domestic
and industrial waste.
Site 2: Greenfield Site; was polluted densely by industrial waste. There are irregular construction and slum
around this area.
Site 3: D.S.I.; is the nearest station to the sea which
was polluted by domestic and industrial waste.

parameters [biochemical oxygen demand (BOD5), total (TC)
and faecal coliform (FC)] were determined in the laboratory
within three hours of collection. All samples were collected
in 2 litres sterile bottles, kept at 4 oC and analyzed within
3 h for microbiological and BOD5 analysis. Microbiological quality (total coliform and faecal coliform) was determined by the standard Most Probable Number (MPN)
method [17-19]. For BOD 5 (mgL-1) analysis, the samples were immediately brought into the laboratory to determine for BOD5 by using Winkler method [16].
Statistical procedures

Mean and SE mean of microbiological and physicochemical analysis data were used to present monthly values
for these parameters. Statistical parameters of physicochemical and microbiological analyses data were used to
present the values of these water quality characteristics.
Pearson’s correlation coefficient (r) was used to show correlation between the all parameters data using the
MINITAB Statistical Software 13.20. The Student’s t-test
was used to determine the statistical significance. Probability was set at p < 0.05.
RESULTS AND DISCUSSION
Table 1 is a summary of arithmetic mean of all parameters and Table 2, a summary of correlation coefficients
between various parameters are indicated in Saricay Stream.
Table 3 was given some water quality parameters which
were taken from Official Gazette [20] to compare acquired
data with inland standards. According to Turkish legislation [Water Pollution Control Regulation (WPCR)] Official
Gazette [20], water quality of inland waters is classified
into four groups as: high quality waters (Class 1), moderate
quality waters (Class 2), polluted waters (Class 3), and
highly polluted waters (Class 4).

FIGURE 1a - Location of Saricay Stream in Turkey [22]

FIGURE 1b - Map of Saricay
Stream indicating the Sampling Site [12]
Water quality analysis

Sampling for water quality parameters were carried
out in the three study sites at monthly intervals between
October 2007 and September 2008, covering dry and rainy
seasons (Figure 1b). Standard methods [16] were used
during collection, preservation and estimation of different
parameters. Water temperature, pH, electrical conductivity
(EC) and dissolved oxygen (DO) were estimated at the spot
with Hatch - Lange trademark ecological kit. Rest of the

In Saricay stream, mean temperature is 18.09 ± 2.30 oC,
17.40±2.16 oC, 17.72±2.03 oC, in sites 1, 2, 3, respectively.
Temperature of water may not be as important because of
the wide range of temperature tolerance in aquatic life, but
in polluted water, temperature can have profound effects on
DO and BOD5 [8]. In three sites of Saricay Stream temperature average was seen in limit inland water quality
parameters (belonged to Class 1). Similar explanation is
given by other researchers to explain temperature values
[13, 21]. Correlatively based on results of comparison of
data with WPCR, it is seen that waters of Saricay Stream
at the sites 1, 2, 3 belonged to Class 1, for parameter of pH
and EC.
The mean DO is 8.387±0.924 mg/L, 6.243±0.489 mg/L,
6.721 ± 0.588 mg/L in sites 1, 2, 3, respectively. DO content is one of the most important factors in stream health.
Its deficiency directly affects the ecosystem of a river due
to bioaccumulation and biomagnifications. The oxygen
content in water samples depends on a number of physical,
chemical, biological and microbiological processes. DO
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TABLE 1 - Values of physicochemical and microbiological parameters (Mean ± SD) of Saricay Stream.

Parameter
Temperature (oC)
Dissolved oxygen (mg/L)
BOD5 (mg/L)
pH
Electrical conductivity (µS/cm)
Total coliform (MPN/100 mL)
Faecal coliform (MPN/100 mL)

Site
2
17.40 ± 2.16
6.243 ± 0.489
103.5 ± 26.6
7.6450 ± 0.0772
17.68 ± 2.46
66408 ± 13670
42950 ±14480

1
18.09 ± 2.30
8.387 ± 0.924
138.8 ± 27.2
7.7575 ± 0.0768
14.94 ± 2.57
41017 ± 10760
33692 ± 13475

3
17.72 ± 2.03
6.721 ± 0.588
269 ± 127
7.703 ± 0.111
22.87 ± 1.81
31958 ± 11166
22667 ± 8429

Average
17.737 ± 0.199
7.117 ± 0.650
170.4 ± 50.3
7.7018 ± 0.0325
18.50 ± 2.33
46461 ± 10311
33103 ± 5863

TABLE 2 - Correlation coefficients between the parameters in the stream of Saricay.
Parameter
Temperature
DO
Temperature
1
- 0.341
DO
1
BOD5
pH
EC
TC
FC
*Correlation is significant at the 0.05 level

BOD5
- 0.250
0.285
1

pH
0.529*
0.133
- 0.423
1

EC
0.647*
0.006
0.077
0.564
1

TC
- 0.433
0.036
- 0.098
- 0.261
- 0.430
1

FC
- 0.161
- 0.039
0.163
- 0.169
- 0.178
0.179
1

TABLE 3 - Limit values of some parameters according to inland water quality classification [20]

Parameter
Temperature (oC)
DO (mg/L)
BOD5 (mg/L)
pH
EC (µS/cm)
TC (MPN/100 mL)
FC (MPN/100 mL)

Water quality categories
2: Moderate
3: Polluted
quality waters
waters
25
30
6-8
3-6
4-8
8-20
6.5-8.5
6.0-9.0
250-750
750-2250
100-20000
20000-100000
10-200
200-2000

1: High quality
waters
25
8
4
6.5-8.5
0-250
100
10

values also show lateral spatial and seasonal changes
depending on industrial, human and thermal activity [16].
Low DO concentrations (< 3 mg/L) in fresh water aquatics systems indicate high pollution level of the waters and
cause negative effects on life in this system [22]. In our
study DO concentrations were high, so that can be by high
flow rate of stream. Based on results of comparison of data
with WPCR, it is seen that waters of Saricay Stream at the
site 1 belonged to Class 1 at the site 2 and 3 belonged to
Class 2, for parameter of dissolved oxygen.
BOD5 is the most important parameters used to assess
the quality of water regarding organic matter present in
both suspended and dissolved form. The mean BOD5 is
138.8 ± 27.2, 103.5 ± 26.6 and 269 ± 127 in sites 1, 2, 3,
respectively. This values are very high for water quality
so comparison of data of BOD 5. It seen that waters of
Saricay Stream at the sites 1, 2, 3 belonged to Class 4.
Freshwaters polluted by faecal discharges from human
and animals may transport a variety of human pathogenic
micro-organisms (viruses, bacteria, protozoa). Because the
detection of all waterborne faecal pathogens is very difficult, various indicators of faecal contamination are usually used to detect faecal pollution in natural waters. The

4: Highly
polluted waters
> 30
<3
> 20
6.0-9.0 except
2250-5000
> 100000
> 2000

abundance of these indicators is supposed to be correlated
to the density of pathogenic micro – organisms from faecal
origin and is thus an indication of the sanitary risk associated with the various water utilizations (bathing, shellfish
harvesting and production of drinking water) [9]. In the
present study the mean TC is 41017 ± 10760, 66408 ±
13670, 31958 ± 11166 and the mean FC is 33692 ± 13475,
42950 ± 14480, 22667 ± 842922667 ± 8429 in sites 1, 2, 3,
respectively. Based on results of comparison of data with
WPCR, it is seen that waters of Saricay stream for TC and
FC at the sites 1, 2, 3 belonged to class 3 and class 4, respectively. Results which were found in the present investigation had shown similarity with previous study [12, 2124]. The bacteriological quality of the Saricay Stream posed
an increased risk of infectious disease transmission to the
communities that were dependent on the stream.
Yearly averages indicate a slight increasing trend at all
the sites. But temperature showed significant positive correlation with pH and EC which is indicated by asterisk in
Table 2.
Water resources are sources of water that are useful or
potentially useful to humans. Uses of water include agricultural, industrial, household, recreational and environmental
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activities. Virtually all of these human uses require fresh
water. 97.5% of water on the earth is salt water, leaving
only 2.5% as fresh water of which over two thirds is frozen in glaciers and polar ice caps. The remaining unfrozen
fresh water is mainly found as groundwater, with only a
small fraction present above ground or in the air. Fresh
water is a renewable resource, yet the world’s supply of
clean, fresh water is steadily decreasing. Water demand
already exceeds supply in many parts of the world, and as
world population continues to rise at an unprecedented rate,
many more areas are expected to experience this imbalance
in the near future.
In present study, most of the physico-chemical and microbiological parameters were below the permissible limits
for Official Gazette (Water Pollution Control Regulation)
(1988) [20] standards for fresh water (Table 3). This can be
attributed to the fact there are physical, chemical and biological processes which self - purify and restore streams,
lakes, creeks, estuaries, rivers and oceans to their pristine
conditions [9], although, they are never restored back to
their natural condition. Thus, some level of pollution can be
observed around this point. This study demonstrated that in
the stream activities of people, farming irrigations, tannery
waste and livestock significantly affected the microbial and
physico-chemical water quality of the stream immediately
of activities. So, pollution sources must be taken under
control and cleaned waste waters by purification plants.
Thus, water quality of stream can be improved in the future.

This investigation is part of a PhD thesis. One of the
authors (Nurcihan Hacioglu) is thankful to TUBITAK/
BIDEB for postgraduate fellowship.
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ABSTRACT
This study investigated the effects of current density
and dilution rates on the removal of ammonia from artificial
urine by electrolytic oxidization using titanium electrodes
coated with ruthenium and iridium (RuO2–IrO2–TiO2/Ti).
With a total electrode area of 160 cm2 dipped into 1.0 L
urine, a current density of 50 mA cm-2, and an electrolysis
time of 180 min, 22.19% of ammonia was removed, and the
energy consumption per unit of removed ammonia was
found to be 56.90 kWh kg-1. When urine was 10-fold diluted
with tap water, removal efficiency and energy consumption
were increased to 71.80 % and 500.75 kWh kg-1, respectively. With increase of current density or dilution multiples,
ammonia removal efficiency, energy consumption and removal rate increased while the current efficiency decreased.
The reported ammonia removal followed pseudo-first-order
kinetics. Hence, it can be concluded that electrolytic oxidization exhibited a potential to remove ammonia from
source-separated urine through a de-central manner and
a completely automated technique.

KEYWORDS: ammonia; removal; source separated urine; electrolytic oxidation; RuO2–IrO2–TiO2/Ti electrode

INTRODUCTION
Recently, many municipal wastewater treatment works
in China are under stress to improve effluent quality while
handling slowly increasing waste loads and more serious
eutrophication. Requirements for better performance almost
invariably lead to incorporating biological nutrient removal
from plants which are not originally designed for this purpose. This often proves to be both disruptive and expensive. Since about 80% of the nitrogen (N) and 50% of the
phosphate (P) from domestic wastewater reside in urine,
its separate collection and treatment has attracted consid-

erable attention in recent years. Urine volume comes from
only 1–1.5 L per person per day, and it comprises less than
1% of the total domestic wastewater volume [1]. Its separate treatment is regarded as a viable option for enhancing
the flexibility of wastewater treatment systems [2].
Although a wide range of technical options, such as ion
exchange, isobutylaldehyde-diurea (IBDU) precipitation,
ammonia stripping, struvite crystallization and biological
treatment processes, have been studied for the recovery or
the removal of nitrogen from source-separated urine [3],
none of these processes have yet advanced beyond the laboratory stage. Thus, considerable development is needed
in order to enhance urine treatment techniques.
Using electrolytic oxidization for ammonia removal
from wastewater has a lot of advantages: efficiency, safety,
non-involvement of chemicals or micro-organisms, wellcontrolled and quick reactions, possibility of complete automation, as well as facility and environmental compatibility
[4, 5]. Electrolytic oxidization has been applied in the treatment of anaerobic digestion effluent, tannery wastewater,
and other similar processes [6-9]. Studies on the removal of
ammonia from source-separated urine by electrochemical
oxidization have already been reported by Ikematsu [10].
However, the effects of operation parameters on the removal of ammonia from human urine by electrolytic oxidization have not yet been investigated in detail.
The challenges for using urine separation technology
on a larger scale are the storage, transport, and spread of
large amounts of urine [11, 12]. However, phosphate can
also be effectively removed by electro-coagulation [13,
14], and, together with the advantages of electrochemical
oxidization of N mentioned above, it is viable to remove
P and N from source-separated urine in a de-central manner using the electrochemical method. In that way, the
electrolyzed liquid could be discharged via existing sewers, and modifications or upgrades in municipal
wastewater treatment facilities could be avoided. It is also
possible to remove ammonia from source-separated urine
in a de-central manner by electrochemical oxidization,
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which allows 80% of N to be removed from domestic
wastewater [10], and for the treated liquid to be discharged into sewers. Electrolytic oxidization of urine can
also be used as a pre-treatment method for de-central
wastewater treatment systems, including constructed wetlands and on-site wastewater treatment systems.
This study aims to investigate the possibility of removing ammonia from source-separated urine in a de-central
manner through the application of completely automated
electrochemical instruments using titanium electrodes. The
effects of current density and dilution rates were also studied. However, to achieve convenience and the save on costs
in the actual application, the effects of initial pH adjustment,
chloride addition, and other operating conditions were not
investigated.

ples were then filtered through a cellulose acetate membrane filter having a pore diameter of 0.45 µm. For each
collected sample, the ammonia concentration was analyzed
to study the removal efficiency. Throughout the entire experiment, 1.0 L solution was added into the reactor for each
test, the area dipped into the urine was 160 cm2, the gap
between the electrodes was set at 5 mm, the stirring speed
was set at 150 rpm, and the temperature was maintained
within room temperature, i.e., 22-25 °C.

MATERIALS AND METHODS
Materials

There is no difference in terms of thermodynamics and
precipitation kinetics between synthetic and real urine. Artificial urine was prepared using the ingredients shown in
Table 1, according to Ronteltap [15], and used in all experiments. The initial pH of the artificial urine was 9.669.70.

Species
Na2SO4
NaCl
KCl
NH4HCO3
NH4Cl
NH3(25%)
NaH2PO4

gL
2.3
3.0
3.4
21.0
3.9
17.0
2.0

mol L
0.016
0.051
0.046
0.266
0.073
0.228
0.017

Experimental procedure
Effect of current density

TABLE 1 - Composition of artificial
urine solution in deionised water.
-1

FIGURE 1 - Schematic diagram of the experimental setup: (1)
digital pH-meter; (2) digital conductivity-meter; (3) digital magnetic
stirrer; (4) electrodes; (5) electrolytic oxidization reactor; (6) D.C.
power supply with a digital amperometer and a digital voltmeter.

The current densities were changed in a series (10, 20,
30, 40, and 50 mA cm-2), while the total electrode area
dipped into the urine was maintained at 160 cm2. The corresponding current series was comprised of 0.8, 1.6, 2.4,
3.2, and 4.0 A. Liquid samples (10 ml) were then taken for
analysis at 15, 30, 45, 60, 90, 120, and 180 min for each
experiment.

-1

Effect of the dilution multiple
Experimental setup

The experimental setup is schematically shown in Fig. 1.
The electrolytic oxidization unit consisted of a pair of titanium electrodes with a total area of 240 cm2 coated with
ruthenium and iridium (RuO2–IrO2–TiO2/Ti). The electrodes were purchased from Taflon Industry Co. Ltd. (Wenzhou, China) and fabricated as follows: (1) a thin film of
oxide from selected metals was applied to a titanium substrate, and (2) the coated titanium body was heated in an
oxygen-containing atmosphere at an elevated temperature,
which is preferably below 800 °C, in order to sinter the
coating to the titanium substrate.
The electrodes were connected to a digital D.C. power
supply with a digital amperometer and a digital voltmeter.
A pH probe and two conductivity probes were placed directly in the liquid inside the reactor, to monitor pH as well
as conductivity online. Urine was magnetically stirred during the entire operation. The reactor was a 1.0 L glass
beaker. Treated urine was collected over a desired period of
time from the reactor. Before analysis, the collected sam-

Different urine dilutions, with ratios of 1:0 (undiluted),
1:1, 1:3, 1:5 and 1:10 urine volume to tap water volume,
were prepared. The current density was controlled at 50 mA
cm-2. Liquid samples (10 ml) were taken for analysis at 15,
30, 45, 60, 90, 120, and 180 min for every experiment.
Methodology

Ammonia (NH 4+-N) concentrations were measured
spectrophotometrically (Unico, model UV-2102PCS) according to the standard methods of the American Public
Health Association [16]. It is assumed that the elimination
of ammonia can be described by pseudo first-order kinetics [17]. Hence, its removal rate can be expressed as:
d ( NH 4 + − N )
(1)
= −k ( NH 4 + − N )
dt
After integration, the above equation becomes:
( NH 4 + − N ) 0
(2)
ln[
] = kt
( NH 4 + − N ) t
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where (NH4+-N)0 and (NH4+-N)t correspond to the initial ammonia concentration and that after a period of time
t, respectively.
The NH4+-N method was used to determine the current
efficiency. The average current efficiency (ACE) and the
instantaneous current efficiency (ICE) were calculated
using the following equations [17]:

3FV [( NH 4 + − N ) 0 − ( NH 4 + − N ) t ]
ACE=
14 It

(3)

3FV [( NH 4 + − N ) t − ( NH 4 + − N ) t +Δt ]
14 IΔt

ICE =

+

+

(4)

The unit D.C. power consumption (Zi, kWh kg-1) was
calculated using the following equation [18]:

E z It
3600000Σmi

(5)

where E z is the average voltage drop (V), I is the
current (A), t is the time (s), and Σmi is the weight (kg) of
ammonia decomposed at time t.
RESULTS AND DISCUSSION
Effects of current density

Variations of ammonia removal efficiencies at different current densities with time are shown in Fig. 2. As can
be seen, ammonia removal efficiencies increased with an
increase in current density and time. For 10, 20, 30, 40
and 50 mA cm-2, the ammonia removal efficiencies were
6.90, 13.29, 15.99, 20.12 and 22.19%, respectively.
30

Ammonia removal efficiency (%)

-2

50 mA cm
-2
40 mA cm
-2
30 mA cm
-2
20 mA cm
-2
10 mA cm

20

10

0

0

50

NH3+3OH-→1/2N2+3H2O+3e-

100

150

Time (min)

FIGURE 2 - Variation of ammonia removal
efficiencies with time at different current densities.

200

(6)

The other approach is indirect oxidization, in which
chloride ions are oxidized into chlorine on the anode, dissolved in the solution, and allowed to react with ammonia to
generate nitrogen. This reaction can be described by the
following equations:
2Cl-→Cl2+2e-

(7)
+

+

where (NH4 -N)0, (NH4 -N)t, and (NH4 -N)t+Δt are the
concentrations of NH4+-N (g L-1) at times zero, t, and t
+Δt (s), respectively. I is the current (A), F is the Faraday
number (96,485 C mol-1), t is the time (s), V is the volume
of the electrolyte (L), 3 is the number of exchanged electrons for the electrochemical oxidization of ammonia, and
14 is the molecular mass of NH4+-N (g mol-1).

Zi =

The removal of ammonia from wastewater by electrolytic oxidization can be achieved using two approaches [69]. One approach is direct oxidization, wherein ammonia is
oxidized on the anode and separated into nitrogen and water. This reaction can be described as follows:

Cl2+H2O→HOCl+H +Cl

-

(8)

+

+

2NH4 +3HOCl→N2+3H2O+5H +3Cl
-

-

2NH3+2OCl →N2+2H2O+2Cl + 2H

+

-

(9)
(10)

Changes in pH strongly affect the ammonia oxidization
rate because chlorides are reduced with the production of
free chlorine at low pH, while chlorides are oxidized, and
chlorates are produced at high pH, consequently causing
the loss of chloride ions. Therefore, the initial concentration
of chloride ions remains stable, during the continuous production of free hydroxyl radicals, only under neutral to
moderately alkaline conditions. This ensures a high electrochemical oxidization rate [17]. The initial pH of the artificial urine was 9.66-9.70, and pH of the treated solution
decreased consistently during the electrolysis. For the
10, 20, 30, 40, and 50 mA cm-2 current densities, pH values
decreased to 9.54, 9.45, 9.35, 9.26, and 9.14 after electrolysis for 180 min. While the pH in the solution was >9 during all the electrolysis process, reaction mechanism in Eq.
10 predominated indirect oxidization. To save operation
costs, adjustment of pH was neglected.
In this study, the theoretical molar concentration ratio
of ammonium to chloride ions in the artificial urine was
about 3.34 to 1 (Table 1). Though the ratio was larger than
the suitable ratio of ammonium to chloride concentration,
within which range higher ammonia removal efficiencies
could be reached [9, 17], 22.19% of ammonia was still removed from the artificial urine, having a very high initial
ammonia level (5037.26 mg L-1), in just 3 h. The current
density was maintained at 50 mA cm-2. Because the aim of
this paper was only to investigate the possibility of using
completely automated electrochemical instruments to remove ammonia from source-separated urine on-site, inclusion of the effects of chloride addition and the relative cost
analysis would exceed the range of this paper. Hence, these
two aspects were reserved for further investigation in the
future.
When the current density was increased in the electrolytic oxidization reactor, the movement of the ions was also
improved and the generation of chlorine became faster. As
a result, the removal efficiency of ammonia was also improved (Fig. 2).

996

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

Although the initial ammonia concentration range of
artificial urine monitored in our experiment was 50375309 mg L-1, the theoretical ammonia concentration should
be 7938 mg L-1 according to the composition listed in Table 1. This discrepancy might be due to the evaporation or
discharge of ammonia from the artificial urine. During the
preparation of artificial urine and the operation of electrolytic treatment, the presence of ammonia could be detected
through its odour, which indicated that some of it had dissipated into the air prior to and during actual experimentation.
Application of Eq. (2) to the ammonia elimination data
produced straight line plots (Fig. 3). These data could be
represented by pseudo first-order kinetics. The kinetic rate
coefficients (k) were determined from the slopes of the
straight lines under each set of current density. Using a
standard statistical software package provided by SPSS
(SPSS Version 15), the coefficient k was calculated. The
results are shown in Table 2.

-2

50 mA cm
-2
40 mA cm
-2
30 mA cm
-2
20 mA cm
-2
10 mA cm

0.25

0.20

side reactions, however, the elimination of ammonia was
still well-fitted to the pseudo first-order reaction kinetics.
This might have been brought about by the fact that the
process of ammonia stripping from urine by gas generated
from the electrode plates also fitted the pseudo first-order
reaction [19].
The impacts of current density on both the instantaneous current efficiency (ICE) and the average current efficiency (ACE) during electrolysis are shown in Figs. 4 and
5. Though increasing the current density is always an easy
approach to speed up an oxidization reaction (Fig. 3 and
Table 2), it typically results in a decrease in both current
efficiency and selectivity. For the current study, this technique resulted in an increase in oxygen evolution and chlorate formation [17]. As confirmed in Figs. 4 and 5, some of
the electrical energy was consumed by oxygen evolution
and chlorate formation as the duration of electrolysis increased, thus resulting in a decrease of current efficiency.
It can also be observed from Figs. 4 and 5 that some of
the initial ACE and ICE were even higher than 1.0, which
may be explained by the stripping of ammonia during the
experiment. Gas bubbles produced during electrolysis could
be described by Eq. 7 along with the following equations
[20]:
2H2O→O2+4H++4e-

ln(C0/Ct)

0.15

-

2H2O+2e →H2+2OH
0.10

(12)

Under ideal conditions, it could be hypothesized that
only Cl2 was generated on the anode. The amount of gas
generated during the electrolysis could be calculated according to Faraday’s law [21]:

0.05

0.00
-20

0

20

40

60

80

100

120

140

160

180

n=

200

Time (min)

FIGURE 3 - Pseudo first-order kinetics model of the electrochemical treatment data at different current densities.
TABLE 2 - Kinetic rate constants for different current densities
(**P< 0.01).
Current
density
(mAcm-2)
k (min-1)
r2

(11)
-

10

20

30

40

50

0.0004
0.8981**

0.0008
0.9733**

0.0009
0.9758**

0.0011
0.9606**

0.0013
0.9403**

As seen in Fig. 3 and Table 2, the ammonia removal
efficiency or the removal rate increased as the current density increased. The high values of the correlation coefficients (>0.9 when current density = 10 mA cm-2) confirmed
the hypothesis of the pseudo first-order reaction of ammonia oxidization. However, though the fit was good based on
the results, the ammonia odour could be smelled during
electrolysis, indicating that the removal of ammonia from
the artificial urine did not occur only through the oxidization process. This phenomenon was described by Eqs. 6-9.
It is possible that ammonia was also lost through its inevitable stripping from urine as well. Despite the presence of

It
× 3600
zF

(13)

where n is the theoretical amount of generated gas (Cl2
or H2) in mole units; z is the valence (z Cl2 = 2, z H2 = 2); I
is the current (A); t is the running time (h); and F is Faraday’s constant (96485 C mol-1). The same amount of gas as
under the ideal conditions could be generated by the electrolysis process, as described by Eqs. 11-12. When the chlorides in artificial urine (Table 1) were replaced by fluorides
and the current density was maintained at 1.33 times of that
used in the solution with chlorides (calculated by Eq. 13,
with ZO2 = 4), the concentration of ammonia in the solution was measured to identify the effect of stripping. For
example, during the electrolysis of the solution with chlorides under a current density of 50 mA cm-2, the ammonia
removal rates were 0.99, 4.93, 9.37, 10.36, 11.83, 12.82,
and 22.19% at 15, 30, 45, 60, 90, 120, and 180 min, respectively. The ammonia removal caused by stripping was
then found to be 0.72, 2.05, 2.87, 3.59, 5.03, 5.74, and
6.46% at 15, 30, 45, 60, 90, 120, and 180 min for the solution with fluorides, and with the current density held at
66.67 mA cm-2. Though it can be concluded that stripping
does happen during electrolysis, the results of ammonia
stripping caused by the generation of O2 and H2 cannot be
used as a blank test to correct the removal of ammonia by
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electrolysis. This is because, in the actual electrolysis with
chlorides in the solution, the generation of both Cl2 and
O2 can occur simultaneously [20], and the generated Cl2
might not only strip ammonia but also be dissolved in the
solution and react with ammonia, as described by Eqs. 6-10.
3.2

-2

50 mA cm
-2
40 mA cm
-2
30 mA cm
-2
20 mA cm
-2
10 mA cm

2.8
2.4

ICE

2.0
1.6
1.2

0.4
0.0
40

80

120

Time (min)

FIGURE 4 - Influence of current density on ICE.

2.0

Since the aim of this study was to investigate the effects of different current densities, dilution multiples, and
the electrolysis time on the removal of ammonia from
source-separated urine by electrolytic oxidization, the ICE
and ACE were simply used as references to decide the
reasonable operation parameters. Due to the limitations in
the experimental conditions, the collection and analysis of
the escaped gas from the electrolysed solution could not
be done, and the ICE and ACE were not corrected. Hopefully, this can be done in future studies once the conditions are already well-delineated and improved.
The power consumption of per unit of removed ammonia was calculated by applying Eq. 5. The results are
shown in Fig. 6. With increasing current density and electrolysis time, the energy consumption was improved. For
10 mA cm-2, the energy consumption was 20.79 kWh kg-1
when the electrolysis time was 180 min. However, for
50 mA cm-2, the energy consumption was 56.90 kWh kg-1
under the same conditions. This may be due to a decrease
of current efficiency with an increase in current density or
electrolysis time.

0.8

0

air-stripping of ammonia in solution with such a high concentration of ions.

30 min
60 min
90 min
120 min
180 min

1.5

120
-2

50 mA cm
-2
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-2
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-2
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-2
10 mA cm

100

-1

Zi (kWh kg )
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80

1.0
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0.0
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0

-2

Current density (mA cm )

0

50

100

150

200

Time (min)

FIGURE 5 - Influence of current density on ACE.

One way to identify the accurate amount of stripped
ammonia in the total removed ammonia is to analyse the
amounts of N2, NOx, and NH3 in the gas that escaped from
the solution [22-23]. N2 and NOx stand for the gas generated by the electrolytic oxidization of ammonia, and NH3
stands for the gas generated from the stripping of ammonia in the solution.
It is generally known that ammonia exists in the form of
ammonium ions in a solution with pH <7 but as an ammonia molecule in a solution with pH >9 [22-23]. Hence, the
air stripping of ammonia from the solution could have
happened during the electrolysis since the pH of the solution during that process was >9. Because there were regular ions in the artificial urine (see Table 1), it could be
inferred that the main chemical reactions related to the
removal of ammonia were described exactly by Eqs. 1-12
[20], and the high current efficiencies were caused by the

FIGURE 6 - Variation of unit energy consumption with time at different current densities.

Though it could be concluded from the experiment that
a lower current density is beneficial to improve current
efficiency and lower energy consumption, the removal rate
is subsequently reduced at the same time. This means that
the water retention time should be prolonged to meet the
removal standard when this technique is applied in a pilot
project.
Effects of dilution multiple

In some urine separation systems, tap water is used to
flush urine. Hence, it is necessary to investigate the effects
of multiple dilution on the removal of ammonia. The results
are shown in Fig .7.
As can be seen in Fig. 7, the ammonia removal efficiency increased with an increase of the dilution multiple.
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For the undiluted urine and the different urine dilutions
with 1:1, 1:3, 1:5, and 1:10 urine volume to water volume
ratios, the removal efficiency values were 22.19, 31.65,
52.39, 58.69, and 71.80%, respectively, after electrolysis
for 180 min.

1.4

1.0
0.8

ln(C0/Ct)

80

Ammonia removal efficiency (%)

1:0
1:1
1:3
1:5
1:10

1.2

1:0
1:1
1:3
1:5
1:10

60

0.6
0.4
0.2

40

0.0
-20

0

20

40

60

80

100

120
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180

200

Time (min)
20

FIGURE 8 - Pseudo first-order kinetics model of the
electrochemical treatment data at different dilution multiples.
0
0

50

100

150

TABLE 3 - Kinetic rate constants for
different dilution multiples (**P<0.01).

200

Time (min)

The artificial urine also served as a kind of buffer solution since there were high concentrations of NH3•H2O,
NH4HCO3, NH4Cl, and NaH2PO4 in the solution (see Table 1), and there were no obvious changes in initial pH for
the 1:0 to 1:10 dilutions. Rather, the pH was maintained at
about 9.59-9.66, and to reduce costs, solution pH was not
adjusted but was allowed to decrease with increasing electrolysis time. For the 1:0, 1:1, 1:3, 1:5, and 1:10 dilutions,
the pH decreased to 9.14, 9.07, 8.93, 8.83, 8.43, and 8.31
after electrolysis for 180 min. Hence, it can be concluded
that the moderately alkaline pH tended towards a neutral
state with increase in dilution multiples and electrolysis.
This might have caused the ammonia removal efficiency
to increase with dilution.
Though both the chlorine concentration and the ammonia concentration were reduced while the dilution multiple
increased, the current density was maintained on a consistent level and the process of depriving electrons from
ammonia or from the chlorine ions was similar for all the
dilutions. This is shown in Eqs. 6-9. Therefore, higher ammonia removal efficiency could be achieved in dilutions
utilizing a lower initial ammonia concentration.

Dilution
multiple
k (min-1)
r2

1:0

1:1

1:3

1:5

1:10

0.0013
0.9403**

0.0017
0.8146**

0.0042
0.9974**

0.0048
0.9926**

0.0067
0.9882**

The impacts of the dilution multiple on both the ICE
and the ACE during electrolysis are shown in Figs. 9 and
10. With an increase of dilution multiple, the ionic strength
was reduced and the resistance was improved. These phenomena led to an increase in heat production and other side
reactions, and to a decline of both the ACE and the ICE.
For the 1:0 and 1:1 diluted solutions, the ammonia concentrations and the pH values were rather high (5037.26
mg L-1 and 9.61 for the 1:0 dilution multiple, 2354.69
mg L-1 and 9.66 for the 1:1 dilution multiple). As a result,
the ammonia was easier to strip, but the stripping process
became more difficult when the initial pH was decreased
and the dilution multiple was increased.

The regression of the ammonia removal rate by pseudo
first-order kinetics and the kinetic rate coefficients (k) under
each dilution multiple were calculated. The results are shown
in Fig. 8 and Table 3. The ammonia removal rate increased
as the dilution multiples increased. For the dilution multiple of 1:10, the kinetic rate coefficient was 0.0067 min-1,
which was almost 5-fold that of the undiluted urine coefficient (0.0013 min-1). For all the dilution multiples, except the 1:1 dilution, the removal rates of ammonia were
all good fits to the pseudo first-order reaction kinetics for
ammonia oxidization.
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FIGURE 7 - Effects of dilution
multiples on the removal of ammonia.
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FIGURE 9 - Influence of dilution multiple on ICE.
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using the electrolytic oxidization method, which includes
the separation and treatment of undiluted urine.

1.5

30 min
60 min
90 min
120 min
180 min

1.0

CONCLUSIONS

ACE

This paper investigated the effects of current density
and dilution multiples on the removal of ammonia from
urine by electrolytic oxidization using RuO2–IrO2–TiO2/Ti
electrodes. The experimental parameters involved a 160 cm2
total electrode area dipped into 1.0 L urine, a stirring speed
of 150 rpm, and a 5 mm gap between the electrodes. The
following results/conclusions can be reached/drawn:
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FIGURE 10 - Influence of dilution multiple on ACE.

Stripping was also slowed down by the lengthening of the
electrolysis time, which contributed to decrease in pH and
ammonia concentration in the solution. This might be the
reason why only ICE was extremely high initially for
dilutions 1:0 and 1:1 (Fig. 9), and why there was a rapid
decrease of ICE and ACE with time (Figs. 9 and 10).
The energy consumption per unit of removed ammonia at different dilutions is shown in Fig. 11. The energy
consumption increased rapidly with increasing dilution
multiples. For undiluted urine, the energy consumption
was 56.90 kWh kg-1 with an electrolysis time of 180 min,
but the energy consumption increased to 500.75 kWh kg-1
for 1:10 diluted urine under the same conditions. This
behaviour possibly shares a similar explanation with that
of the decline of ACE and ICE since the water proportion
in the dilution was improved.
600

1:0
1:1
1:3
1:5
1:10

550
500
450

-1

Zi (kWh kg )

400

(1) The ammonia removal efficiency increased with increasing current density and dilution multiples. Nearly
22.19% of ammonia could be removed from pure urine
after being electrolysed for 180 min when the current density was maintained at 50mA cm-2. The ammonia removal
efficiency was increased to 71.80% under the same conditions when the urine was 10-fold diluted by tap water.
(2) Kinetic investigations using pseudo first-order kinetics provided a reasonable fit to the experimental data. In
addition, it was found that the removal rate increased with
increasing current density or dilution multiples.
(3) The current efficiency (ICE and ACE) decreased
with increasing current density or dilution rates. However,
current efficiencies higher than 1.0 were calculated from
the experimental data, which may be explained by the stripping of ammonia in the solution. Additional studies need to
be conducted to find the mechanism of ammonia removal
from urine during electrolytic oxidization.
(4) The energy consumption per unit of removed ammonia increased with increasing current density or dilution
multiples. For undiluted urine, it was 56.90 kWh kg-1 when
the current density was maintained at 50 mA cm-2 and
the electrolysis time was set at 180 min. It increased to
500.75 kWh kg-1 for 1:10 diluted urine under the same
conditions.
(5) Although the energy demand was high, electrolytic
oxidization is a potential method for removal of ammonia
from source-separated urine. It possesses advantageous characteristics, such as efficiency, safety, non-involvement of
chemicals and micro-organisms, well-controlled and quick
reactions, possibility of complete automation, as well as
facility and environmental compatibility.
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FIGURE 10 - Variation of energy consumption vs. time at different
dilution multiples.

Based on these results, more energy was needed to remove the same amount of ammonia from a mixture of urine
and other domestic wastewater (mainly grey water). Thus,
from the view point of energy saving, it is much better to
remove ammonia from domestic wastewater at its source
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ABSTRACT
Electrochemical dechlorination of chloroform in aqueous solution was investigated on a self-prepared palladiumnickel/titanium electrode (Pd-Ni/Ti) at ambient temperature.
Cyclic voltammetry (CV) results showed that a hydrogen adsorption peak current value of -64.96 mA on Pd-Ni/Ti electrode was obtained at about -500 mV (vs Hg/Hg2SO4). Scanning electron microscope (SEM) images revealed that Pd-Ni
micro-particles dispersed polygonally and uniformly on
Ti supporting electrode. The composition and phase structures of the bi-metallic film were studied by X-ray energy
dispersive spectroscopy (EDS) and X-ray diffraction (XRD).
Dechlorination experimental results indicate that, in aqueous
solution, with the high current efficiency of 35%, the removal efficiency of chloroform on Pd-Ni/Ti electrode
was 39% under the conditions of a dechlorination current
of 0.1 mA and dechlorination time of 180 min.

KEYWORDS: Pd-Ni/Ti electrode, chloroform, electrocatalytic,
hydrodechlorination, modified electrode

INTRODUCTION
Most of halogenated organic compounds are non-biodegradable and difficult to be treated with conventional microbiological technologies. Recently, the electrochemically
reductive dechlorination attracts more attention than oxidative methods [1]. Electrochemical oxidation processes can
result in the cleavage of the aromatic nucleus of chlorinated
compounds but can produce chlorinated aliphatic intermediates [2-4]. However, electrochemically reductive dechlorination can selectively remove chlorine atoms from various chlorinated aromatics.
The role of the electrode, where the redox process takes
place, is that of an electron source or sink but, in several
cases, some electrode materials can also play the role of a
catalyst by activating molecules or ions participating in
the electrochemical processes. Therefore, a suitable catalyst
material is of high importance in technological applications.
Usually, noble metals (Ag, Pt, Pd) were used as working

electrodes, or as modified electrode materials [5-8]. In addition, electrode-supporting materials play an important role
in electrocatalytic hydrogenation (ECH). ECH is a process
in which chemisorbed hydrogen atoms are generated at the
electrode surface by electrolysis of water, and then exchange
with chlorine atoms. Because of their penetrability and advantage for the mass transfer in dechlorination, some metallic mesh materials were used as cathode substrates, such
as meshed Ti and foam-Ni [9-12].
In order to increase the solubility of chlorinated organic
compounds which, in turn, improve the removal efficiencies,
most research was carried out in the presence of organic
solvents, such as methanol and acetonitrile [13-16]. However, the addition of organic solvents was disadvantageous
to the subsequent treatment after dechlorination whereas,
without organic solvents, the solubility of chlorinated organic compounds was low, and high removal efficiencies
could only be obtained with low current efficiencies [17].
In the present work, a Pd-Ni bimetal-modified meshed
Ti electrode (Pd-Ni/Ti) was prepared and applied to dechlorination of chloroform. Because of its strong ability to
intercalate hydrogen in its lattice, Pd was selected as catalyst material. Ni was introduced to improve the catalytic
activity and reduce cost of electrode. Electrochemically
reductive dechlorination on Pd-Ni/Ti electrode was investigated in aqueous solution (without organic solvents)
with low initial chloroform concentration, and high current
with high removal efficiency was expected.
MATERIALS AND METHODS
Chemicals

All experimental chemicals, including chloroform, acetone, alumina powder, palladium chloride powder, nickel
sulfate heptahydrate and sulfuric acid (98%), were of analytical standard and supplied by Beijing Reagent Co. Meshed
titanium, with aperture density and line diameter of 60 pores
per inch (PPI) and 0.12 mm, respectively, was provided by
Anping Wire Screen Mesh Plant, Hebei Province, China.
Cation-exchange membrane Nafion-327 (DuPont) was from
Sigma-Aldrich Chemical Co. Solutions were prepared with
Millipore-Q water.
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Experimental Methods

Pd-Ni bimetal-modified meshed Ti electrode (Pd-Ni/Ti
electrode, 2 cm width and 2 cm length) was prepared by
electro-deposition under the conditions obtained in our previous study [18]. Preparation conditions were obtained by
orthogonal experiments, which were pH of 6.5, Ni2+ concentration of 10 mmol·L-1, Pd2+ concentration of 8.5 mmol·L-1,
electrodepositing current of 60 mA, and electrodepositing
time of 40 min.
A 200-ml two-compartment electrochemical cell containing 0.05 mol·L-1 sulfuric acid solution was used for electro-catalytic reductive dechlorination of chloroform. Cationexchange membrane was employed as separator between the
cell compartments. It was used to prevent the transport of
cathode-generated chloride ions (Cl-) during dechlorination
to the anode surface forming Cl2, and to avoid further rechlorination of dechlorination products. Chloroform concentration in aqueous solution was 2.0 mg·L-1. Pd-Ni/Ti
electrode was used as cathode, and a platinum foil as anode.
In the cathode chamber, the ECH process was companied
with electromagnetic stirring. Electrochemically reductive
dechlorination current and time ranged between 0.1-20 mA
and 30-180 min, respectively.

trodepositing current 60 mA, and electrodepositing time
of 40 min. Pd-Ni/Ti electrode got maximal hydrogen adsorption peak current of -64.96 mA, and Ni/Ti and Pd/Ti
electrodes had no distinct hydrogen adsorption peak under
the conditions of the same original concentration of each
single metal ion as well as the total metal ions. According to
the theory of electrocatalytic hydrogenolysis [19-21], the
quantity of hydrogen atoms adsorbed on the electrode is the
key step of dechlorination reaction. A higher adsorption peak
current in CV indicates more effective adsorption transition for hydrogen on the electrode. So, it is expected that
Pd-Ni/Ti electrode will show a stronger catalytic ability
than Ni/Ti and Pd/Ti electrodes.

Analysis

Electrochemical characterization of prepared Pd-Ni/Ti
electrode was performed in sulfuric acid solution by cyclic
voltammetry (CV) using a Model 273A Potentiostat/ Galvanostat controlled by M270 software. CV measurement
was performed in a single compartment cell containing 0.5
mol·L-1 sulfuric acid solution. Pd-Ni/Ti electrode was used
as working electrode. A platinum foil was used as the
counter electrode, and an Hg/Hg2SO4-saturated K2SO4 electrode as the reference electrode. The modified electrode
(Pd-Ni/Ti) surface was SEM-analyzed (JEOL JSM 6500F,
Japan). The composition and phase structures of the bimetallic film were determined by X-ray – EDS (EDAX/TSL
Genesis 7000, Japan) and X-ray diffraction (XRD, D/MAX3C, Cu Kα radiation, Japan), respectively. The concentration of chloroform in electrolyte was GC-detected (Model
GC7890 II Tianmei Apparatus CO. Ltd, Shanghai, China)
with FID, and equipped with a capillary column (SE-54,
30m x 0.25mm x 0.25µm, Thames Restek U.K. Ltd., UK).
The injection, column and detector temperatures were 150,
80 and 150 °C, respectively. N2 was used as carrier gas, and
pressures of N2, H2 and air were 0.3 MPa each, respectively.

FIGURE 1 - CV curves of Ni/Ti, Pd/Ti and Pd-Ni/Ti electrodes
(electrolyte: 0.5 mol·L-1 H2SO4 solution; initial potential of the scan:
-700 mV; voltage range: -700 mV-700 mV; scan rate: 50 mV·s -1;. (a)
with same original concentration of each single metal ion; (b) with
same original concentration of the total metal ions).

RESULTS AND DISCUSSION
Performance Tests of Pd-Ni/Ti Electrode

Fig. 1 shows the CV comparison of Ni/Ti, Pd/Ti and
Pd-Ni/Ti electrodes under the same original concentration
of each single metal ion (Fig.1 (a)), and the same original
concentration of the total metal ions (Fig.1 (b)). The other
electrodepositing conditions were identical: pH 6.5, elec-

SEM micrograph of Pd-Ni/Ti electrode is presented
in Fig. 2 (a). In order to compare the surface morphology,
SEM micrographs of Pd/Ti and Ni/Ti electrodes were also
given (Figs. 2 (b) and 2 (c)). Obviously, Pd-Ni microparticles dispersed polygonally and uniformly on Ti supporting electrode. The size of these particles was about 0.5 µm,
and that of Pd and Ni on Pd/Ti and Ni/Ti electrodes were
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would provide much more electrocatalytic active sites and
enhance electrocatalytic performance for dehalogenation
reaction.
Based on the dechlorination mechanism proposed by
Cheng et al. [22] and Tsyganok et al. [23], a statement can
be made that both Ti surface and the dispersed catalyst are
required for dechlorination. The reaction area of dechlorination should be the interface between Pd-Ni particles
and Ti substrate. The highly reactive hydrogen atom
stored in a Pd-Ni particle can be in contact with the chloroform molecule adsorbed on the meshed Ti surface in the
vicinity of the Pd-Ni particle, and then achieve the
dechlorination of chloroform.
The quantity ratio of Pd and Ni on the electrode surface was analyzed by EDS. The quantity ratios of Pd, Ni,
C and O were 41.44, 45.99, 8.24 and 4.33%, respectively,
being different from the concentrations of Pd and Ni precursor solutions.
The crystallographic information of Pd-Ni was investigated using XRD (shown in Fig. 3), which displays four
peaks of the Pd-Ni bimetal. The crystal lattice indexed of
these diffraction peaks corresponds to the interplanar spacing (d) of 2.17613, 1.88458, 1.33260, and 1.13645 for four
sides (<111>, <200>, <220>, and <311>). Diffraction data
of single palladium and single nickel crystals are: the interplanar spacing (d) of Pd 2.2458, 1.94511, 1.37537, and
1.0624; the interplanar spacing (d) of Ni 2.034, 1.762,
1.246, and 1.1659 (from 1999 JCPDS file 5-0681 (Pd) and
4-0850 (Ni)). The diffraction peaks of Pd <111> and Ni
<111> correspond to interplanar spacing (d) of 2.2458 and
2.034, respectively. It is apparent that the peak of deposited Pd-Ni (2.17613) is located between Pd <111> and Ni
<111>, and was the same for other three conditions (<200>,
<220>, and <311>). The results strongly indicate that the
deposits are the alloy of Pd and Ni.

FIGURE 3 - XRD diffraction of Pd-Ni/Ti electrode.
FIGURE 2 - SEM images of Pd-Ni/Ti (a), Pd/Ti (b) and Ni/Ti (c)
electrodes.

about 2 µm, being quite larger than that of Pd-Ni microparticles on Ti supporting electrode. The surface of Ni/Ti electrode presented a conglomeration phenomenon, and Ni particles dispersed non-uniformly. So, the Pd-Ni/Ti electrode

Electrochemically Reductive Dechlorination of Chloroform in
Aqueous Solution

The prepared Pd-Ni/Ti electrode was used as cathode
in the process of electrochemically reductive dechlorination
of chloroform in aqueous solution. Constant current (0.1,
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0.5, 1.0, 2.0, 10.0 and 20.0 mA) electrolysis of 2.0 mg·L-1
chloroform was conducted on Pd-Ni/Ti electrode.
Fig. 4 shows the removal efficiencies of chloroform
on Pd-Ni/Ti electrode at different dechlorination currents.
With the initial chloroform concentration of 2.0 mg·L-1,
the maximal removal efficiency reached 56% at dechlorination current of 20 mA and dechlorination time of 180 min.
At a certain dechlorination time, the removal efficiencies of
chloroform on Pd-Ni/Ti electrode increased with higher
dechlorination current. Similarly, the removal efficiencies
of chloroform improved with the increase of dechlorination time at a certain dechlorination current. According to
these tendencies, it is reasonably deduced that removal
efficiency of chloroform will increase further if dechlorination time is extended.

Fig. 5 shows the current efficiencies of chloroform dechlorination in aqueous solution at different dechlorination
currents and dechlorination times. With the initial chloroform concentration of 2.0 mg·L-1, the maximal current efficiency reached 77% at 30 min and 0.1 mA. With the increase of dechlorination current at a certain dechlorination
time (0~90 min), the current efficiencies on Pd-Ni/Ti electrode decreased. This result confirmed the conclusion that
the current efficiencies decreased with the increase of currents which was proposed by Bunce [26] in the experiment
of electrochemically reductive dechlorination of atrazine.
The explanation of this result is that ECH is in competition
with hydrogen evolution. With high currents, the generation rate of the electrochemically adsorbed hydrogen (Hads)
on electrode surface becomes faster than the transfer rate
of chloroform to the electrode surface reacting with Hads.
Consequently, a greater proportion of Hads is lost to the unproductive reaction of H2 evolution, and then the current
efficiency is low.

FIGURE 4 - The removal efficiencies of chloroform on Pd-Ni/Ti
electrode at different dechlorination currents and times.

According to the electrocatalytic hydrogenolysis
mechanism [24, 25], the electron transfer speed increases
at higher dechlorination current, and increased electron
transfer speed will result in high electrode-reaction speed
of active hydrogen production. This is favorable to the
degradation of chloroform. However, the high electrode
reaction speed will also promote the secondary reaction at
the same time - generation of hydrogen evolution. In the
dechlorination reaction, the transfer of chloroform from
solution to the surface of electrode and the adsorption of
hydrogen atoms onto the electrode are the controlling steps.
Therefore, the reaction of dechlorination can be promoted
by prolonged dechlorination time. With the prolonged dechlorination time, the chloroform molecules have enough
time to be transferred, and the amount of chemisorbed hydrogen atoms on the electrode will relatively increase, and
then, the active sites of the catalyst can be utilized effectively. The current efficiency shows a clear decreasing
trend; the decrease is more pronounced in the initial stages,
while it becomes very slight at prolonged electrolysis time.
Comprehensive consideration of removal efficiency and
energy consumption, an appropriate dechlorination current
and time are critical to dechlorination reaction.

FIGURE 5 - The current efficiencies of dechlorination on Pd-Ni/Ti
electrode at different dechlorination currents and times.

With the integrated analysis of removal efficiency and
current efficiency, the dechlorination current of 0.1 mA and
dechlorination time of 180 min are the optimum dechlorination conditions under the investigated range of experimental research. Under these conditions, with the high
current efficiency of 35%, the removal efficiency of chloroform on Pd-Ni/Ti electrode was 39%.
CONCLUSION
Cyclic voltammetry test indicates that the hydrogen adsorption peak current value of -64.96 mA was obtained on
Pd-Ni/Ti composite electrode. It was higher than that of
Ni/Ti and Pd/Ti electrodes under the conditions of the same
original concentration of each single metal ion and the same
original concentration of the total metal ions. SEM images
show the uniform dispersion of the Pd-Ni particles on
meshed Ti. XRD indicates that alloy film of Pd-Ni was deposited. With the integrated analysis of removal efficiency
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and current efficiency, the current of 0.1 mA and the time
of 180 min are optimal dechlorination conditions under the
investigated range of experimental research. Under these
conditions, in aqueous solution, with the high current efficiency of 35%, the removal efficiency of chloroform on
Pd-Ni/Ti electrode was 39%.
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IMPACT OF POINT AND DIFFUSE POLLUTION SOURCES
ON NITRATE AND AMMONIUM ION CONCENTRATIONS
IN THE KARST-INFLUENCED TEMENICA RIVER
Matjaž Glavan* and Marina Pintar
University of Ljubljana, Biotechnical Faculty, Chair for Agrometeorology, Agricultural Land
Management, Economics and Rural Development, Jamnikarjeva 101, 1000 Ljubljana, Slovenia

ABSTRACT
The purpose of this study was to investigate the human influence on nitrate and ammonium ions concentrations in the karst-influenced Temenica river without existing chemical and biological monitoring in the perspective
of the EU Water Framework Directive. Influence of point
and diffuse sources on nitrate and ammonium ions concentrations was observed through seasonal trends and downstream longitudinal dynamic in the river from its spring to
the first sinkhole using monthly sampling. Diffuse pollution predominantly originating from agriculture is in this
catchment overtaken by point sources as surface flow from
manure and slurry storage, uncontrolled and untreated
direct release of faecal effluent from private and industrial
septic tanks in to the river. The nitrate ion concentration
increased as the river flowed downstream, mainly due to the
effects of the populated and agriculturally used surroundings. Higher nitrate ion concentrations were observed before the beginning and towards the end of the vegetation
growth period, while they were lower during the vegetation growth period. Despite the dense population and high
agricultural activity in the river Temenica catchment, the
concentrations of the nitrate ion never exceeded the limit
values for good quality status for surface waters in Slovenia (25 mg NO3- l-1) which is set for the aquatic life and for
drinking water. In most cases, the ammonium ion concentration was below the detection level (0.2 mg NH4+ l-1).

KEYWORDS: Nitrate; ammonium; karst; water quality; point
pollution; diffuse pollution

INTRODUCTION
Throughout the history there was a tendency towards
exploitation of rivers and destruction of their ecological
balance with numerous point and diffuse sources of pollution. In recent decades ecological consciousnesses has increased and greater awareness has been translated to politi-

cians. European Union (EU) member states enclosed firstly
the Nitrate Directive [1] and 10 years later the Water
Framework Directive (WFD) [2].
Many small surface waters are not under state agency
monitoring programmes due to budget shortcuts. Monitoring is generally performed on main rivers, which have, because of the accumulation of pollution, a greater effect on
the ecosystem. However, point or diffuse sources of pollution have an important effect on small streams as well, due
to their possible lower self-purification and dilution capability. Researchers often stress the importance of the diffuse sources for the nitrogen supply in rural rivers. Neal et
al. [3] found a strong dominance of diffuse sources for
nitrate in rural and chalk streams, whereas it varied with
flow rates for other streams. However, point sources of
pollution can represent serious risk in densely populated
areas without sewer systems. Obeidat et al. [4] ascertains
the problem of nitrate pollution in karst springs in areas
with no major industries or intensive agricultural activities
where untreated domestic wastewater is most probably the
major source of pollution. Cotman et al. [5] states for the
case of the river Ljubljanica that point sources of pollution
dominate at the critical ecological low flow periods of high
biological activity. They also found that water quality parameters as organic pollution, ammonia, chromium, sulphate, and chloride are majorly linked to point sources,
whereas nitrate shows a mixed response of point and diffuse inputs possibly mediated with in-stream loss during
the growing season. From this perspective monitoring is
essential in order to quantify human impacts and evaluate
the effectiveness of management actions on ecological balance [6]. The WFD requires from member states a good
ecological and chemical state of surface waters by 2015;
this target will be difficult to reach without any kind of
monitoring in the rivers’ background areas on the subcatchment level, from where the majority of pollution
originates. According to the report of the Institute for Water
of the Republic of Slovenia (IWRS) on WFD performance in Slovenia [7] more than 50% of surface waters
in-cluded in the report are not monitored for chemical or
biological elements. That is worrisome, as only monitor-
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ing can help us to understand the ecological state of certain river sections and how to improve the state of the
rivers.
Nitrogen compounds can easily dissolve and are very
mobile [8, 9] and especially dangerous for infants [10, 11].
WFD defines a nitrate limit concentration for drinking
water as non life-threatening at 50 mg l-1. Parallel to that
Slovenian target values for good quality state of surface
waters for nitrate ion are defined at 25 mg NO3- l-1 and for
ammonium ion at 0.5 mg NH4+ l-1 [12-14] which is set for
the aquatic life and for drinking water.
The purpose of this study was to investigate the human
influence on nitrate and ammonium ion concentrations in
the river’s sections without existing chemical and biological
monitoring sites in the perspective of the EU Water Framework Directive and other directives. The research concentrated on observation of the seasonal trend and longitudinal downstream dynamic of the nitrate and ammonium ion
concentration (monthly sampling) in the river Temenica
from its spring to the first sinkhole in Ponikve at Trebnje.
MATERIALS AND METHODS
Study area

The river Temenica is typical karst river with underground drainage which flows on the eastern edge of the
Slovenian karst (Fig. 1). Karst is formed from the dissolution of soluble rocks as limestone and dolomite. As rainwater becomes acidic in contact with carbon dioxide in the
limestone it starts to drain and dissolve the rock creating
charateristic formations as sinkholes, caves, sinking streams

and underground drainage systems. Limestone and dolomite are the predominant geological bedrock in the river
Temenica catchment. Its source is in Posavsko Hribovje at
550 m above sea level, at the village Javorje in the municipality of Šmartno pri Litiji. The river proceeds to flow
along Dolenjsko Podolje through the municipality of
Trebnje were it sinks for the first time after 28 km at 264
m above sea level. Larger active surface tributaries (continuous flow throughout the year) are located between sampling points 1 and 2, 3 and 5, 6 and 7, and 9 and 12. Intermittent karst tributaries (flow only observed for short
periods of few days during the year, mainly in spring or
autumn) are joining the main reach between points 7 and 9.
The total catchment of the Temenica spreads over more
than 300 km2 [15]. The study area covers about one third
of the total (111 km2).
Broadleaf and mixed forests (54%) cover the steep
slopes of the hills surrounding the valley. Grassland (24%)
is situated on the south side of the hills and in the flood
plain area and is mainly managed to be used as grass silage
or hay. Grassland is mainly fertilised with cow slurry as
dairy cow farming is the main agricultural activity in the
catchment. Arable land represents 9% of the area and is
mostly sown with silage maize, winter wheat, winter barley
and clover-rye grass mixtures. Catchment average standing
stock numbers in 2008 were 4,240 for cattle, 918 for sheep
and goats and 272 for pigs. Built-up areas represent 6% of
the total, mainly due to the city of Trebnje (3,000 inhabitants) and highway constructed in the recent years. Swamp
vegetation of trees (willows), bushes and reeds can be
found on less developed riverside soils all along the river.
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FIGURE 1 - The river Temenica catchment with marked sampling points.

Sewage treatment works (STW) for the city of Trebnje
was built in 1982 and enlarged in 2004 to process 8000
population units. It is positioned beyond the town less
than 2 km upstream of the river’s sinkholes. STW receives
the waste water from a wide area of the city Trebnje and
from industry. As none of the STWs are situated in the
upper part of the catchment a lot of the effluents and
leachates end up directly in the Temenica and its tributaries.
Weather and water discharge

The catchment experiences temperate continental humid climate [16] whit main frontal rainfall events in the
autumn and spring. Meteorological data for air temperatures (station Trebnje) and precipitation (station Grm) were
used for the research period from 1st December 2003 to 30th
November 2004. The total research period precipitation was
1384 mm. The lowest amount of precipitation was recorded
in November 2004 (54 mm) and the highest in October
2004 (264 mm). The average air temperature for the research period was 9.8°C. The lowest monthly average air
temperature was recorded in January 2004 (-1.7°C) and
the highest in July 2004 (20°C).
For each water sampling, the stage (water level) of the
river Temenica at the river flow gauging station (Rožni
Vrh) was checked and recorded. With the help of the Q-H
curve we established a connection between flow (Q - discharge) and stage (H - river water height) at the gauging
station and calculated the flow for the day of sampling.
The average annual discharge measured by Environmental
Agency of Republic of Slovenia between 1961 and 1990
for the Rožni Vrh at Trebnje gauging station was 0.9 m3 s-1.
River discharge over 2 m3 s-1 can cause floods at any time
of the year. The biggest measured discharge was 14 m3 s-1
(Enciklopedija Slovenije 1999).
Water sampling

For research purposes, 14 sampling points were established, from the spring at Javorje to the sinkhole at
Dolenje Ponikve (Fig. 1). Sampling locations were defined

by on-site observations and placed before and after (approximately 50 meters) the points or areas where possible
point (villages, farms, STW) or diffuse (field, pastures)
pollution was expected.
Sampling was performed once a month (monthly sampling), from December 2003 to November 2004. Five samples were collected from the middle of the river flow for
each sampling point. Each of the monthly sampling was
done in one day. We preserved samples in a freezer. The
nitrate and ammonium ion concentrations were analysed
spectrophotometrically according to the SIST ISO 14255
standard [17]. Measurements were carried out at the Soil
and Environmental Science Centre, Biotechnical Faculty
with a Perkin Elmer UV/VIS Spectrophotometer Lambda
2 machine and the FIAS sampling system.
RESULTS AND DISCUSSION
Nitrate concentration

During the study period the concentration of the nitrate
ion (Table 1) never exceeded the limit value of 25 mg
NO 3- l-1 [12, 14] for good quality status of surface waters
or 50 mg NO3- l-1 for drinking waters [2].
Explanation of natural background levels of nitrate and
ammonium in the river is crucial. Sampling point 1 was set
at the source of the river Temenica with the intention of observing concentrations originating in natural broad-leaved
forested background. Table 1 show that concentration never
exceeded 2 mg NO3- l-1.
Average nitrate ion concentration kept increasing downstream (Fig. 2). Higher concentrations were measured between those sampling points (1-2, 3-5, 6-7 and 10-12) where
active tributaries flow into the main river channel. This is
due to high agricultural activity in the sub-catchments and
low discharge rates of the tributaries. Between points 12
and 13 the sewage treatment works (STW) is located, which
has a great influence on nitrate concentration in the river

TABLE 1 - Nitrate ion concentration (mg NO3- l-1) in the river Temenica
water samples for the period from December 2003 to November 2004

December 2003
January 2004
February 2004
March 2004
April 2004
May 2004
June 2004
July 2004
August 2004
September 2004
October 2004
November 2004

1
1.1
0.7
1.2
0.4
0.7
0.6
0.5
0.3
0.5
1.9
2.0
1.4

2
2.0
2.9
3.0
2.8
3.1
2.8
3.1
3.4
2.9
3.3
3.5
3.2

3
2.6
3.2
3.2
3.4
3.2
2.7
3.0
3.3
2.6
3.5
3.9
3.4

4
3.5
3.7
5.5
5.0
3.9
4.0
3.3
4.1
4.0
4.6
5.3
4.1

5
3.3
4.1
6.0
8.2
5.1
3.8
3.5
4.1
3.8
4.3
5.1
4.2

Nitrate ion concentration (mg NO3- l-1)
Sampling Point
6
7
8
9
3.4
3.6
3.3
3.3
4.4
4.4
4.3
4.1
6.1
6.8
6.3
6.2
7.2
10.5
9.7
9.3
5.3
5.1
4.7
5.0
3.8
4.0
4.1
3.9
3.6
3.5
3.6
3.4
4.0
4.2
4.2
3.1
3.3
3.7
4.0
2.9
4.2
3.6
2.7
2.4
5.3
5.5
5.1
5.5
4.5
4.2
4.3
4.2
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10
3.4
5.0
8.4
10.1
5.1
4.1
3.2
3.6
3.6
3.3
5.7
4.8

11
4.7
6.5
8.5
11.9
4.6
4.7
3.3
3.4
4.0
4.2
6.8
5.7

12
5.8
7.0
13.1
12.6
5.8
5.4
3.6
4.0
4.1
4.3
7.1
7.0

13
8.4
10.5
15.1
13.7
8.9
9.9
3.8
7.2
8.1
5.8
12.2
7.2

14
7.4
7.4
12.4
12.1
6.7
5.8
3.4
4.3
4.5
3.9
7.3
7.2
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2.99

3.16

4.25

4.62

4.58

4.93

4.68

4.44

5.02

5.69

6.65

9.24

6.86

FIGURE 2 - Average, minimum, maximum and linear trend of nitrate ion concentration (mg NO3- l-1) in the river
Temenica for each sampling point. Error bars represent minimum and maximum value measured at the sampling point.

TABLE 2 - Nitrate ion concentration (mg NO3- l-1) in the river Temenica
between sampling points 9 and 10 for the period from February 2004 to July 2004
Nitrate ion concentration (mg NO3- l-1)
Sampling point
(9) Velika Loka
(9-10) Kamni Potok
Kodeljevec stream
(10) Kamni Potok

February
(10.02.04)
6.2
6.7
8.4

March
(18.03.04)
9.3
9.2
10.1

April (22.04.04)

May (20.05.04)

June (18.6.04)

July (19.07.04)

5.0
4.7
5.1

3.9
3.8
4.1

3.4
3.3
3.2

3.1
3.2
5.6
3.6

(Table 1). To confirm the tributaries influence on the main
river channel nitrate concentration we performed additional
sampling on the Kodeljevec tributary. Results confirmed
our assumption with the exception of June; nitrate concentrations were always higher after confluence (Table 2). Results for July sampling in the Kodeljevec tributary showed
a nitrate concentration of 5.6 mg l-1, which is 2 mg l-1 more
than in the main channel after the confluence (3.6 mg l-1).
This clearly shows the river’s capability (higher flow rates)
to dilute the tributary’s higher nitrate concentration in a short
distance (50 m) after confluence with the Temenica.
A process similar to self-purification capability was
observed over a much longer distance of 1.9 km between
sampling points 13 and 14, as nitrate concentration at the
sinkhole was reduced back to the same range as it was
measured before the STW (Table 1). To scientifically confirm self-purification capability discharge of the river should

be measured and nitrate loading calculated. However, this
is reasonable explanation due to the slow meandering flow
and to the fact that in this part of the catchment river flow
is decreasing due to numerous sinking holes. Factors contributing to the reduction of the nitrate are influenced by
chemical and biological processes such as denitrification
[18] and biological uptake [19] which can be linked with
slow meandering flow and with trees and bushes overgrown
the river banks. These findings are in correlation with [20];
they observed that the most rapid uptake and transformation of inorganic nitrogen occurred in the smallest
streams. Ammonium entering these streams was removed
from the water within a few tens to hundreds of meters.
Nitrate was also removed from stream water but travelled a
distance 5 to 10 times as long, on average, as ammonium
[21] analysis indicates that in Walker Branch Watershed
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in-stream processes retain about 20% of the nitrate over
a stream length of approximately 300 m.
Point sources of pollution play an important role in this
catchment. They originate in agriculture (surface flow from
manure storage or releases of slurry) and in uncontrolled
release of faecal effluent from private and industrial septic
tanks with direct surface release all along the river course.
This type of pollution was observed between sampling
points 1-3, 4-5, 6-7 and 9-12. We observed noticeably
higher concentrations at sampling point 2 than at sampling
point 1 (forested natural background). This is interesting
as in this part of the river the agricultural land is on steep
slopes, which does not allow intensive farming. However,
many of the farms are located in the surroundings of small
springs which flow into the river Temenica.
In the middle part of the study area (point 8 to 9), the
river crosses karst geology with many intermittent karst
tributaries, which are active only for short periods of time
(few days) during the year, mainly in spring or autumn. All
of the sub-catchments are moderately populated with agriculturally active backgrounds. This kind of flow frequency
can lead to hydrologically induced flushing of pollutants
accumulated on the surface of agricultural areas into the
dry and often cultivated river bed, causing locally higher
concentrations. However, the frequency of these events is
low and only related to the highly concentrated precipitation rates and corresponding floods. Floods flush effect on
intermittent rivers and streams was also observed and its
importance stressed by other researchers [22, 23].
Reduction in nitrate concentration between sampling
points 5-6, 7-9 was. These areas are mainly classified as
floodplain meadows with wetland vegetation and cut at
least once every year. The main reasons for the reduction
of nitrate ion concentrations are the absence of tributaries,
the slow velocity of the flow, biochemical processes and
wetland vegetation extracting nutrients from the water [24,

25]. However, reduction between points 5 and 6 was very
low in comparison to others two parts; only 4 out of 12
samples had concentrations lower at point 6. This can be
correlated with possibility of sewage discharge from small
farms located in this segment of the river. One important
element which could explain this situation is also groundwater inflow which can impact nitrate concentration greatly.
Seasonal trend

Fig. 3 represents seasonal movement of nitrate ion in
the Temenica for four sampling points and average of all
points. When analysing seasonal movement of the nitrate
ion in the river we have to take into consideration the length
of the vegetation period, which is greatly influenced by
temperature and precipitation (Fig. 4, Fig. 5).
The main reasons for increasing nitrate concentrations
during the winter period (December – February) are in vegetation dormancy, so that plants are unable to retain water and
dissolved nutrients; and in microbial dormancy within the
river [26]. The combination of snowmelt and precipitation
during warmer winter periods can accelerate surface runoff and subsurface flow, flushing nitrate that has accumulated in soils due to the decomposition of organic matter
[27].
In the spring period a turnover happened in nitrate concentration. When river flow reached its spring peak nitrate
concentration in the river decreased (Fig. 4). The first reason for this could be found in the weather, as it was raining
one day before water samples were taken, causing dilution
of nitrate concentration in the river after the peak river
discharge. Poor and McDonnell [28] observed that nitrate

1012

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

FIGURE 3 - Seasonal dynamic of nitrate ion concentration (mg NO3- l-1) for sampling points (1) Javorje. (3) Sobrače 2. (8)Vrhovo
pri Šentlovrencu and (13) Trebnje – after STW in the river Temenica for the study period (December 2003 – November 2004).

FIGURE 4 - Average nitrate ion concentration (mg NO3- l-1) between all sampling points in
the river Temenica in dependence from average monthly air temperature (°C) and river flow (m3 s-1).
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FIGURE 5 - Average nitrate ion concentration (mg NO3- l-1) between all sampling
points in the river Temenica in dependence from precipitation (mm) between two samplings.

concentration in the agricultural catchment decreased with
increasing flow rates during storms 1 and 2, and increased
with increasing flow rates during storm 3. A dilution pattern was observed during storms 1 and 2, and a concentration pattern was observed during storm 3. In the forested
catchment, nitrate increased with increasing flow rates during storms 1, 2, and 3. A concentration pattern was observed during all storm events. Rusjan et al. [29] observed
for the case of forested catchment that during all the hydrological events the nitrate concentration peaks were
reached with a certain delay (3 to almost 12 hours) after the
occurrence of hydrograph peaks. The second possible reason is in vegetation which starts with expansive growth in
April and May; for proper growth of vegetation high
amount of nutrients are needed (nitrogen) which are removed from the soil-water system.
The decrease in nitrate ion concentrations continued in
May, June and July. For this part of the vegetation period
higher temperatures which stimulate vegetation growth are
characteristic, and high fertilisation rates deposit mineral
fertilisers, especially those with nitrogen. However, this is
also a fast growth period for crops, forests and wetland
plants and microorganisms with a high need for nitrogen
nutrients. It is also important to consider the diminished
movement of water through the soil profile due to lower
precipitation and higher biological activity within the stream
[26]. When these processes coincide high fertilisation rates
are buffered, which results in the river having lower nitrate concentrations. A similar movement of nitrate ion in
spring and early summer was measured by Majer et al.

[30]. They report that nitrate ion concentration in soil water
samples from the middle of June till the middle of July decreased despite added fertiliser during this period. This
clearly shows that plant uptake exceeded the available
amount of mineral nitrogen in soils.
In the summer period concentrations did not vary noticeably with the rising temperatures as vegetation reached
its maximum in June. However, nitrate concentration in
July was, in comparison with June 2004, higher at almost
all points with the exception of point 1 (Javorje – source)
with natural forested background and point 9 (Velika
Loka), where only flood plain extensive meadows can be
found. This could be the result of a custom farmers’ practice of harvesting cereals (winter barley) at the end of June,
followed by fertilisation (organic) for further growth of
newly seeded plants (rye grass or maize). Pintar [31] observed higher nitrate concentration in summer months
(June, July) for the river Mura and its tributary Plitvica
and for the groundwater’s of agriculturally highly active
area of Apaško polje in Slovenia. Higher values were connected with wet year and higher amounts of precipitation in
that period causing higher runoff and infiltration of water
and nitrate.
At the beginning of autumn the temperatures dropped,
causing the end of the vegetation period, which during our
research resulted in the river’s autumn maximum nitrate
concentration (Fig. 4). October 2004 stands out as it was
the wettest month during the study period. A high amount
of precipitation (Fig. 5) caused floods downstream. Water
samples were collected half a day after the flooding, when
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the river had already receded between its banks. At the
same time stronger surface runoff was observed due to the
absence of active vegetation and precipitation exceeding
the capability of the soil to retain water, causing the karst
tributaries to flow. At this time the majority of the crops
had already been harvested, leaving bare soil exposed to unfavourable weather conditions, resulting in nitrogen, accumulated during the summer months, being flushed. Flush
effect was also observed by many scientists [29, 32, 33]. The
extent and symmetry of peak nitrate concentrations can be
influenced by land use, management practices, amount and
pattern of rainfall, and quantity of unutilized nitrogen left in
the soil [32, 34].
Point sources outflow effluents originating from private homes, industry, STW and manure storage facilities
play important role in the surface waters quality. The nitrate concentration results from point 13 (after the STW)
were 0.2 to 5.12 mg l-1 higher than at sampling point 12

(before the STW). The influence of the STW was expressed with partly changed seasonal dynamics of nitrate
in the river at sampling point 13. Point source pollution
from commercial facilities was also observed in the Kodeljevec tributary (Tabel 2), which has low discharge rates
and consequentially high nitrate concentration; it is likely
enough that we could observe the same situation in other
tributaries, as measurements in the river showed higher
concentrations after confluence.
Ammonium concentration

In the majority of samples ammonium ion concentrations were under the level of detection (0.2 mg NH4+ l-1)
(Table 3). However, in three samplings (January, August
and September) ammonium concentrations exceeded the
national target value for drinking water (0.5 mg NH4+ l-1)
[13] but never exceeded that for fish farming waters (1 mg
NH4+ l-1) [12]. In September ammonium was detected at

TABLE 3 - Ammonium ion concentration (mg NO3- l-1) in the river
Temenica samples for the months (January, August, September) when detected.

Sampling date 1
2
January
< 0.2
< 0.2
(14.1.2004)
August
< 0.2
< 0.2
(17.8.2004)
September
0.72
0.62
(17.9.2004)
Limit of detection: > 0.2 mg l-1

Sampling point
7
8

3

4

5

6

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

0.53

< 0.2

0.57

< 0.2

< 0.2

0.40

0.48

0.58

nine sampling points. The reason could be the low monthly
precipitation (67 mm – average for the study period was
115 mm), resulting in low levels of the Temenica’s discharge. We assume that ammonium ion was always present in the river; however we only detected it at low flows
when it was not diluted. We also have to take into consideration low flow rates and (still) high temperatures in September, which could have had an influence on the higher
oxygen demand of organisms in the river, thus on nitrification and denitrification processes due to low content of
oxygen in the river water [6].
Ammonium ion is usually measured in rivers with
point sources of pollution and is in normal conditions taken
up by plants or quickly transformed to nitrate; thus it can be
detected only in the water samples taken near the source
of pollution. Peterson and others (2001) observed rapid (in
few tens to hundreds of meters) uptake and transformation
of ammonium entering streams. Marti and others [35] observed in 40% of all cases the decline in ammonium ion
concentration to be correlated with an increase in nitrate
concentration. Ammonium at sampling point 13 (Trebnje
– after the STW) was detected only in September. Results
were further confirmed by obligatory monitoring of effluent waters from the STW in Trebnje gathered by the
Komunala Trebnje water company. Obligatory monitoring results for the year 2004 showed that average sampling ammonium ion concentration in outflow did not

9

10

11

12

13

14

0.51

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

0.33

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

0.43

0.30

< 0.2

< 0.2

0.59

0.25

< 0.2

exceed 1 mg l-1 [36], which is below the limit value (10 mg
l-1) for STW in Slovenia [37]. Nitrification of ammonium
concentrations was also observed in the Sebilo et al. [38]
experiment where ammonium concentrations from inflow
to out-flow from STW decreased from 32.3 to 0 mg N–
NH4+ l-1, whereas nitrate concentrations increased from 0.2
to 32.5 mg N–NO3- l-1, with the total amount of nitrogen
remaining constant.
CONCLUSIONS
Regarding the nitrate pollution, the sections after the
river’s confluences with its tributaries and sections with
identified point sources have proven to be the most critical
due to populated and agriculturally active background of
the tributaries which have, contrary to the Temenica, low
discharge rates and consequently higher nitrate concentrations.
On average nitrate ion concentration was rising from
the source at Javorje to the sinkhole at Dolenje Ponikve,
with the exception of a few parts with wetland vegetation
where concentrations dropped slightly on average. However, the inflow of pollutants is higher than the dilution or
self-purification capability of the river.
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We assume that ammonium ion was always present in
the river; however we only detected it at lower river flow
rates when it was more concentrated.
In order to lower the concentrations of the nitrate ion
in the critical areas a comprehensive approach is required.
Results showed the high importance of multisite and tributary monitoring [39]. Pollution in this catchment originates
from various diffuse and point sources. The presence of
diffuse pollution - i.e., the pollution from agricultural surfaces - depends on several (foremost being the weather)
factors that cannot be controlled by human beings. Compton et al. [40] found a significant amount of nitrate coming from red alder, which has a symbiosis with nitrogen
fixing microbes. However, in the field of organic and
mineral fertilisers for agriculture purposes that used to be
completely unregulated several new laws and orders have
been passed (WFD). To be able to put the responsibility for
the nitrate concentration in the river only on the agriculture
numerous uncontrolled releases of waste water effluents
from private and trade sources will have to be addressed
[41] through the Urban Waste Water Treatment Directive
91/271/EEC. The contribution of all types of pollution has
to be addressed in the Temenica catchment. That means implementation and regular checking of the Urban Waste
Water Treatment, Nitrate and Water Directives measures
and standards. Constructions of smaller purification plants
all over the catchment and the connection of villages closer
to extant waste water network system are necessary.
This research shows that in small rural rivers emphasis from diffuse source pollution should partly shift and
concentrate on point source pollution too. Thus, detailed
monitoring is needed also in small tributary rivers, where
pollution starts and finally concentrates in main rivers.
To evaluate the results of this study and to better understand the pollutants cycle in the river the study should
be repeated with a higher sampling frequency and also in a
dry year when the river flow can reduce drastically. Further, water quality assessment studies need more hydrochemical parameters such as electrical conductivity, pH,
water temperature, which should be included in the future.
Additional research has to be done on benthic micro/macro
algae and streamside flora assimilation capacity and on
nitrification and denitrification as important processes in the
river as well in the hyporheic zone.
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FILTRATION RATE, SPECIFIC CAKE RESISTANCE
AND ZETA POTENTIALS OF MINERALS IN THE
PRESENCE OF BORAX AND SURFACTANTS
Ozgul Ozcan Taspinar* and Ertan Calisan
Istanbul Technical University, Chemical Engineering Department, Maslak-Istanbul, Turkey

ABSTRACT
This study covers the experimental results of the pressure filtration of fine suspensions of quartz, calcite, dolomite, and kaolin minerals carried out in the presence of
borax and surfactants in the slurry. Anionic, cationic, nonionic and amphoteric surfactants were used in the experiments, and very drastic increases were obtained in the
filtration rates of all the mineral slurries. When 3 % w/w
borax and 50 g/t surfactant were present in the mineral
suspension, the filtration rate increased for about 15-17
times, especially for the use of dolomite filter cakes. Even
with kaolin, the filtration rate increased for 2-2.5 times when
these reagents were used simultaneously. It was determined
that the minerals gained high negative zeta potential values, about -34 to -36 mV, in the presence of 3 % borax. The
filter cakes containing particles with higher surface charges
and adsorbed surfactants on their surfaces showed relatively
small specific cake resistances. These cakes became incompressible and provided very high filtration rates.

KEYWORDS: Filtration rate, Specific cake resistance, Minerals,
Zeta potentials, Borax, Surfactants

flow. This resistance is called the specific cake resistance
and is a function of the void fraction (porosity), and specific surface area of the particles. Researchers have been
trying to solve the problems related to the dewatering of
fine slurries and the characterization of the filter cakes
since many years [4-6]. The efficiency of the dewatering by
filtration process is dependent mostly on the specific cake
resistance, filtration pressure, filter area, viscosity of the
slurry etc. The basic filtration equation is given in Eq. 1
[3, 7-9]:
(dV/A dt) = Δp / [µ ((α c V/A) + Rm)]

(1)

Specific cake resistance α is a function of particle size,
i.e. specific surface area S0 and the porosity ε of the cake
and is defined as follows:
α = [k1 (1-ε) S02)] / (ρp ε3)

(2)

where, k1 is a constant with a value of 4.17 (see Ref 3)
for random particles of definite size and shape.
For constant pressure filtration in batch processes (as in
the present study), Eq. 1 is inverted, rearranged and integrated to give:
t/V = (Kc/2) V + B

(3)

This equation expresses a linear relationship between
t/V and V, with the slope 1/2 Kc and intercept B. Kc is related to the specific cake resistance, α, and B is related to
the medium resistance, Rm, with the following relations:

INTRODUCTION
The filtration of finely ground mineral slurries is always difficult, and necessitates heavy filtration and flocculation equipment in the processes. The filter cakes of
these slurries exhibit very high specific cake resistances and
their filtration rates are very low if centrifugal force or flocculation is not used in the operations. Filtration basically
involves laminar flow passing through a porous medium.
It is very well-known since 1856 by Darcy’s [1-3] studies
that the flow through porous media is dependent on the permeability of the medium and other process parameters. In
the filtration process, the porous media are the filter cake
and the filtering medium, and they show resistance to the

Kc = (µ α c)/ (A2 Δp)

(4)

B = (µ Rm)/ (A Δp)

(5)

It is shown by recent studies that the amount of water
removed from the filter cake may be enhanced by the pretreatment of the cake with suitable reagents [10-16]. These
reagents are flocculants and surfactants, and are also used
in the industry. The mechanism is different for both types
of reagents. The surfactants decrease the surface tension.
The mechanism with flocculants is different and is not
within the scope of this study.
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The aim of the present study is to determine the filtration rate and specific cake resistances of different mineral
slurries in the presence and absence of surfactants and
borax, and to establish their effects.
MATERIALS AND METHODS
Materials

Finely ground samples of dolomite, calcite, quartz,
and kaolin as well as 4 different types of surfactants were
used in the experiments. The origin and the average particle size of the minerals are given in Table 1, while the type,
name and origin of the surfactants are given in Table 2.
Borax decahydrate was used as 3 % w/w in the suspension,
and was a twice re-crystallized product of Etibank-Turkey
Corp.
TABLE 1 - Origin and average particle
size of the minerals used in the experiments.
Mineral
Calcite
Dolomite
Quartz
Kaolin

Particle size, µ
31
34
21
4

Source
Kale Maden-Turkey
“
“
“

pension was continued until the dewatering stage just started.
As soon as the drying of the cake surface started (i.e. the
last liquid drop on the cake surface began to drain although
this was not always simultaneous), the valve of the pressurized air feed was closed and the filtration stopped. This
point was strictly controlled not to allow the experiment to
enter the dewatering stage. This control was done by continuously observing the filtration cell through the watching window at the top of the apparatus.
The Filtratest program in the computer evaluated the
original data, and the 1/Kc values were obtained as the indicator of the filtration rate from the slopes of the curves
plotted as t/V versus V in Excel as given in Eq. 3. The
curves of V-t and t/V-V of pure medium calcite slurry
are given in Figs. 1 and 2. According to Eq. 4, as Kc increased, the specific cake resistance α increased, and the
filtration rate decreased. Therefore, 1/Kc was taken as the
measure of the filtration rate because V/t was inversely proportional to Kc. All of the 1/Kc values in the following experiments for all the other minerals and conditions were
obtained from the evaluation of the filtration data in the
same way.

TABLE 2 - The origin and trade names
of surfactants used in the experiments.
Type
Nonionic
Anionic
Cationic
Amphoteric

Name and composition
Plurofac LF431
Sodium lauryl ether sulfate, 70 %
Alkyldimethylbenzyl ammonium, 50 %
Cocoamidopropyl butane, 30 %

Source
BASF
Oron Kimya
Henkel
“

Methods

Mineral suspensions containing 10 % solids (v/v) were
prepared in the jar-test apparatus, which had the capacity
to treat four samples in parallel, by rigorous mixing for
about 20 min. Mixing speed and duration were kept constant during the preparation of all suspensions in order to
obtain homogenous suspensions before filtration in each experiment. 50 ml of suspension was prepared and filtered in
each experiment. The suspensions prepared for filtration
were in 4 different conditions:

FIGURE 1 - The change of the filtrate volume with time for pure
medium calcite slurry filtered at 1 bar pressure.

1) Pure medium (only distilled water and solids in the
slurry, 10 % v/v solids)
2) Presence of 3 % w/w borax in the suspension
3) 50 g/t surfactant in the suspension
4) 3 % borax together with 50 g/t surfactant in the suspension.
The filtration of the prepared samples was performed
at different pressures in the Filtratest apparatus [17] purchased from the Bokela Co./Germany. The apparatus had
a filtration cell with 19.63 cm2 filtration area. The filtrate
was collected and weighed periodically on an electronic
balance connected to the computer. The filtration of the sus-

FIGURE 2 - The t/V versus V curve for finding Kc value of pure
medium calcite slurry.

The filter medium was polyester (5 µm), and a discshaped filter cake having about 50 mm diameter and 7-8
mm height was obtained in each experiment. The polyester filter medium was replaced by a new one at the end of
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each experiment to avoid plugging and causing errors.
Therefore, the effect of filter medium (i.e. the medium
resistance, Rm in Eq. 3) on the filtration rate in each experiment was neglected in the calculations.
Zeta potentials of the minerals were measured using a
Zetasizer 3000 HAS (Malvern Instruments, UK) in 0.3
g/L suspension concentrations. Each result was taken as
the average of the 15 measurements in the experiments.
RESULTS AND DISCUSSION
Filtration Rate of Minerals at Different Pressures in Pure
Medium and in the Presence of 3 % Borax

The slurries of 10 % v/v of dolomite, calcite, quartz,
and kaolin were filtered at 1, 2, 4, and 6 bar pressures in
the pure medium, and in the presence of 3% borax, and
their 1/Kc values were obtained from the evaluation of the
filtration data as explained in the “methods” section. The
results of these experiments are given in Fig. 3.
As seen in Fig. 3, the filtration rate, 1/Kc, increased as
the applied pressure was enhanced for all the minerals
investigated. This is a well-known relationship that may
be deduced from Eq. 1. Kaolin, which had the smallest
particle size (4 µm), i.e. the highest surface area and the
highest specific cake resistance, exhibited the lowest filtra-

450
400

tion rate at 6 bars with a 1/Kc value around 2, it was just
above abscissa. As shown in Eqs. 2 and 4, specific cake
resistance α increased with increasing particle specific surface area (with the decreasing particle size), and rather
low 1/Kc values were obtained as an indication of lower
filtration rates. Due to the relatively higher particle sizes,
1/Kc values of quartz, calcite, and dolomite were much
higher at 6 bars with values around 150, 100 and 75,
respectively.
Besides clay minerals, especially dolomite and calcite
are also present as gang minerals in the Turkish boron ores,
and they create many difficulties during the mineral processing and separation operations [18-21].
As seen from Fig. 3, the difference between the 1/Kc
values obtained in the pure medium and in the presence of
borax was very distinctive for all minerals, except kaolin.
The 1/Kc values of dolomite, quartz and calcite at 6 bar
increased from 75-150 to about 350-420, which corresponded to at least 3-fold enhancement of the filtration rate
of each mineral. For kaolin, on the other hand, the effect of
adding borax to the suspension became observable at higher
pressures, i.e. at 6 bar. At the lower pressures, there was no
change in filtration rate of this mineral, possibly due to its
very small particle size (4 µm) and the sheet structure of its
crystal lattice.

Dolomite with 3% borax:
2

y = 29,74x - 46,358x + 64,2

2

R = 0.98

1/Kc

350
300

Dolomite pure

250

y = 21,206x - 6,9276

2

R = 0.96

200
150
100
50
0
1

2

4

6

Filtration pressure, bar
Dolomite (pure)

Dolomite (%3 Borax)

Quartz (pure)

Quartz (%3 Borax)

Calcite (pure)

Calcite (%3 Borax)

Kaolin (pure)

Kaolin (%3 Borax)

FIGURE 3 - The variation of the filtration rate of minerals with pressure in the presence and absence of 3 % borax in the slurry.
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In the presence of borax, the relationship between
pressure, Δp, and filtration rate, 1/K c,, was of second
order (with an R2 linear regression constant value around
0.98) for the dolomite sample, as expressed in the following equation:
1/Kc ≈ 30 (Δp) 2 – 46 (Δp) + 64

Since the Kc values were already known from Fig. 3 for
each pressure; specific cake resistance, α, values were
calculated by using the following relation:
α = (Kc A2 Δp)/(µ c)

When A /(µ c) is replaced by C according to the following equation:

(6)

The relationship in pure medium, however, was a linear one (with an R2 value around 0.96) as given in Eq. 7.
1/Kc ≈ 21 (Δp) – 7

C = A2/(µ c) = constant
α = C (Kc Δp)

The same tendency was also valid for calcite and
quartz samples. The variation of the filtration rate, 1/Kc,
with pressure was of second order in the presence of borax in the slurry.

It is clearly seen in Figs. 4 and 5 that the relationships
between the specific cake resistance and the filtration pressure for dolomite and calcite cakes in the pure medium
were power functions as follows:

(8)

where s is an empirical constant with values in the
range 0.1-0.8 for compressible cakes.

For dolomite:

For incompressible cakes, s was equal to zero and α
equal to α0 indicating that the specific cake resistance did
not depend on the filtration pressure. This situation might
also be observed clearly from Fig. 4, which was obtained
from the filtration data of dolomite in pure system and the
presence of 3 % borax in the slurry. Specific cake resistances, α, in this figure, were calculated from Eq. 4
taking the filter area (A), particle concentration in the
slurry (c), and viscosity of the filtrate (µ) as constant.

Specific cake resistance, alpha

(11)

The α values of the cakes in the pure medium and in
the presence of borax were then calculated by using Eq. 11.
The results of the calculations for dolomite and calcite cakes
at different pressures are shown in Figs. 4 and 5, respectively. Because C is constant, α/C values are taken instead of
α in these figures.

When compared to Tiller's power-type empirical relations between specific cake resistance and filtration pressure [21-24], Eqs. 6 and 7 were in good agreement with
the very well-known relation given in Eq. 8 below:
α = α0 (Δp)

(10)

then Eq. 9 becomes:

(7)

s

(9)

2

For calcite:

α/C = 0.05 (Δp)0.26
α/C = 0.017 (Δp)

0,08
0,07

y = 0,05x 0,2561
R2 = 0,996

0,06
0,05
0,04
0,03
0,02
0,01
0
1

2

(12)
(13)

These equations were in good agreement with the
Tiller’s relation in Eq. 8, indicating that for compressible
cakes, the relation between the specific cake resistance and
filtration pressure is a power function. The compressibility
coefficient values, s, were obtained as 0.26 and 0.61 for
dolomite and calcite cakes, respectively.

0,09

0

0.61

3

4

5

6

Filtration pressure, bar
Pure medium
Pow er (Pure medium)

3 % Borax present

FIGURE 4 - The variation of the specific cake resistance of dolomite filter cakes with
the filtration pressure in pure medium and in the presence of 3 % borax in the slurry.
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FIGURE 5 - The variation of the specific cake resistance of calcite with
pressure in pure medium and in the presence of 3 % borax in the slurry.

The addition of 3 % borax into the medium, however,
changed the compressibility characteristics of these cakes.
The cakes became incompressible and the specific cake
resistance did not vary with pressure for both of the minerals (the compressibility coefficient s was equal to zero).
The α/C values obtained for dolomite and calcite were
constant and had values of 0.022 and 0.016, respectively.
Similar behavior was obtained for quartz and kaolin
slurries in pure system and in the presence of 3 % borax
conditions. The results obtained for these minerals are
also given in Table 3. The relationships between the specific cake resistance and pressure were also power functions for quartz in the pure medium, and for kaolin in both
the pure medium and in the presence of 3 % borax, as
expressed in Eqs. 14-16.
When the data in Table 3 was plotted, as done in
Figs. 4 and 5, the following relations were obtained for
quartz and kaolin filter cakes:
For quartz in the pure medium:
α/C = 0.024 (Δp) 0.328

(14)

For kaolin in the pure medium:
α/C = 0.97 (Δp)0.60

For kaolin in the presence of 3 % borax:
α/C = 1.1 (Δp)0.41

(16)

It was interesting to note that, contrary to the other
minerals investigated, the presence of borax was not sufficient for kaolin to make its cake incompressible. As it is
seen in Eq. 16, the relation between the specific cake resistance and the pressure was a power function despite the
presence of 3 % borax in the slurry. This was, of course,
attributed to the very fine particle size and also the sheet
structure of the kaolin mineral. But even with this mineral, there was a decrease in the value of “s”, i.e. from 0.60
in the pure medium down to 0.41 in the presence of borax.
Similar to calcite and dolomite, α/C was also constant
for quartz in the case of 3 % borax, and had the value of
0.015. The “s” value was close to “zero”, and quartz cakes
were also incompressible under these conditions.
From all these findings, it is possible to say that the
presence of borax in the slurries of minerals (except kaolin)
made the filter cakes incompressible and, hence, improved
the filtration process.

(15)

TABLE 3 - Specific cake resistance, α values, calculated from the Eq. 11 taking C as constant
at different pressures for quartz and kaolin slurries in the pure medium and in the presence of 3 % borax.

Filtration
pressure, bar
1
2
4
6

Quartz
α/C, in pure medium
0.025
0.030
0.040
0.044

α/C, in the presence
of 3 % borax
0.015
0.015
0.015
0.015
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Kaolin
α/C, in pure medium
1.00
1.43
2.10
3.00

α/C, in the presence
of 3 % borax
1.11
1.42
2.10
2.22
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TABLE 4 - Filtration rate of dolomite, calcite, quartz and kaolin in the presence of 50 g/t surfactant at 6 bar
(The results obtained for the pure medium and the presence of 3 % borax alone are also given in the table for comparison).
1/Kc

Surfactant type and
other conditions
Pure medium
3% Borax alone
Non-ionic alone
Anionic alone
Cationic alone
Amphoteric alone

Dolomite
78
357
800
556
225
534

Quartz
151
385
224
221
356
361

Filtration Rate of Minerals in the Presence of Surfactants Alone

Four types of surfactants, anionic, cationic, non-ionic
and amphoteric ones, were used in concentrations of 50 g/t
in the suspensions of quartz, calcite, dolomite and kaolin.
The experiments were carried out only at a pressure of 6 bar.
Borax was not added into the slurry in these experiments.
The results of these experiments are given in Table 4.
As it is clearly seen in Table 4, the addition of any
type of surfactant increased the filtration rate of all minerals very drastically, with the exception of kaolin. For dolomite, for example, the filtration rate, 1/Kc,, was 78 in the
pure medium. This value increased to 357 with the addition
of 3 % borax. The presence of 50 g/t non-ionic surfactant
alone in the slurry increased the 1/Kc value up to 800,
which was at least 10 times higher than the value in the
pure medium. With anionic and amphoteric reagents, this
value was around 550. For cationic reagents, however, the
1/Kc value was only around 200. The reason of this big
variation with the type of the reagent used can be attributed to the zeta potential (surface charge) of the minerals.
The zeta potentials of the minerals in the pure medium
and in the presence of 3 % borax were also measured. The
results are given in Table 5.

Calcite
116
417
476
357
322
335

Kaolin
2.0
2.7
3.0
3.2
3.7
3.6

hence, gave a smaller filtration rate. Similar results were obtained for cationic reagent with the calcite sample which
had a -5 mV zeta potential in the pure medium.
The quartz sample had the highest negative zeta potential, -24 mV, and gave the lowest filtration rate, 1/Kc,
with a value around 221 in the case of using the anionic
surfactant. This situation can again be explained with the
same mechanism above, i.e. the negatively charged quartz
surface not adsorbing the non-ionic and anionic reagents.
However, the negatively charged surface adsorbed the amphoteric and cationic reagents and exhibited higher filtration
rates, with 1/Kc values around 350.

As seen in Table 5, dolomite had a relatively small
negative surface charge, -8 mV, in pure medium. The surface was almost neutral and the non-ionic surfactant was
probably attracted to this almost hydrophobic surface rendering it more hydrophobic. This hydrophobic surface was
very convenient for water draining and, hence, exhibited a
high filtration rate.

The filtration rate of kaolin also increased with the addition of cationic and amphoteric surfactants, by at least
1.5-2 times compared to the pure medium. The surface
charge of kaolin was also relatively high with a value of 16 mV. Therefore, the cationic and amphoteric surfactants
might be adsorbed on its surface (although it is difficult because of the layered structure of kaolin) giving higher filtration rates as a result. The mechanisms of adsorption of
surfactants on clay type minerals, which have layered structure, were investigated in the literature. It was reported that
natural clay minerals, particularly 2:1 phyllosilicates and
their structurally complementary synthetic analogues, layered double hydroxides (LDHs), were used to remove surfactants and pesticides from water, and it was shown that
the anionic surfactants were adsorbed on the mineral surfaces by reconstruction layered structure as well [25, 26].
Bektas and Soysal [27] stated in their recent study that the
sorption of a cationic surfactant onto negatively charged
surface involves both cation exchange and hydrophobic
bonding. Large surfactant molecules, such as HDTMA (Nhexadecyltrimethylammonium bromide), sorb to the negatively charged surface of clinoptilolite forming a monolayer. They also state that, as the concentration of surfactant increases, surfactant molecules with large tail groups
may sorb via hydrophobic (tail–tail) interactions, forming
a bilayer or admicelles. The anionic and non-ionic surfactants, on the other hand, did not affect kaolin’s surface
much, resulting in smaller filtration rates.

On the other hand, the smallest 1/Kc value for dolomite was obtained for the use of the cationic surfactant
with a value of 225, again due to the small surface charge
being very close to neutrality. The cationic reagent was
not attracted to this almost neutral dolomite surface and,

It is also interesting to see from Table 5 that surface
charges of all the minerals were negative and high, around
-34-36 mV (except calcite, its value was -26 mV), in the
presence of 3 % borax alone in the suspension. Borax made
the medium alkaline (pH: 9.2) and increased the OH- con-

TABLE 5 - Zeta potentials of minerals measured in the
pure medium and in the presence of 3 % borax in the slurry.
Zeta Potential, mV
Mineral
Dolomite
Quartz
Calcite
Kaolin

Pure medium

3% Borax alone

-8
-24
-5
-16

-36
-34
-26
-36
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centration. The OH- ions, which should be the surface potential determining ions, led to more negative surfaces for
all minerals. These negatively charged particles then repelled each other and, thus, could prevent from sticking together. Finally, the medium conditions became much better
for draining water through particles.
Filtration Rate of Minerals in the Presence of 3 % Borax Together with 50 g/t Surfactant in the Suspension

To combine the positive effects of borax and surfactant
on the filtration rate of minerals, these two different types
of reagents were used together in the last set of experiments. The filtration rate measurements were performed
using 3 % w/w borax together with 50 g/t surfactant in the
suspension. The experiments were carried out at 6 bar pressure. The results of these experiments are given in Fig. 6.
The results obtained for the pure medium, 3 % borax presence alone and non-ionic surfactant presence alone at 6 bar,
as reported in Table 4, were also plotted in the same bar
type graph for comparison.
As seen in Fig. 6, the filtration rate for all the minerals increased very sharply when the surfactant was used
together with borax in the suspension. The highest filtration rate, 1/Kc, conditions were determined for the case
using non-ionic surfactant together with borax for all minerals. The 1/Kc values obtained in pure medium were very
small and almost incomparable with the results obtained
using surfactants together with borax.
Among all the minerals, dolomite had the highest 1/Kc
value around 1350, as obtained for the case using non-ionic
surfactant together with 3 % borax. With the other surfac-

tants, the 1/Kc value was also high, around 900-1000, which
is about 12 times compared to the pure conditions for this
mineral. The filtration rate of dolomite increased four
times when the non-ionic surfactant was used together
with borax, when compared to the experiment in which
borax was used alone, i.e. the 1/Kc values were equal to
1350 and 357, respectively. The filtration rate of dolomite
increased by about 17 times, when compared to the pure
water conditions in which the 1/Kc value was equal to only
78 (see Table 4). This drastic increase of the filtration rate
is very important for industrial applications in which the
presence of surfactants is not harmful.
Even for kaolin, the 1/Kc value increased by about 22.5 times when all types of surfactants were used together
with 3 % borax in the medium. Since the 1/Kc values of
kaolin were around 2-4.7, and were very small compared
to the high values obtained for other minerals, the bar
column for kaolin is not clearly seen in the figure. Actually, it is just above the abscissa as a very thin line.
The mechanism of these abrupt changes in the filtration rates could also be explained by the electrostatic interactions. It is stated in the literature that surface charges
(zeta potentials) of the investigated four minerals vary with
the pH and are negative in high pH regions [28-30]. In
these studies, the iso-electric points of quartz, dolomite,
and calcite were found at pHs around 2, 8, and 10, respectively. Similar to these findings, the zeta potentials of all
the four minerals were determined to be negative in the
present study. In the suspensions which had a pH higher
than 9, when 3 % borax was added, all of the minerals
gained net negative charges on their surfaces, with zeta
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TABLE 6 - Zeta potentials of minerals in the presence of %3 borax and 10 g/t surfactant in the suspension (pH 9.2).

Mineral
Dolomite
Quartz
Calcite
Kaolin

Non-ionic Surfactant
-28
-29
-17
-35

Zeta Potential, mV
With 3 % borax in the suspension
Anionic surfactant
Cationic surfactant
-21
-30
-30
-33
-21
-18
-35
-36

potentials of -34-36 mV for dolomite, quartz and kaolin,
and -26 mV for calcite (see Table 5).
The zeta potentials of minerals were also measured in
the suspensions having 3 % borax and 10 g/t surfactant
together in the slurry. The results of the experiments are
given in Table 6.
It is clearly seen from Table 6 that the zeta potential
of kaolin did not vary with any type of surfactant used,
and had a value of -35-36 mV, the same as in the presence
of 3 % borax alone in the medium (see Table 5). Calcite,
dolomite and quartz had relatively high negative zeta
potentials between -17 and -33 mV under these conditions, as well. These negatively charged and surfactantadsorbed surfaces might be the reason of the repulsion between particles by electrostatic forces and provided an
easier drainage of water through filter cakes.

5.

non-ionic and anionic surfactants, when compared to
the use of pure medium.
When borax and surfactants were used at the same
time, electrostatic repulsion forces occurring due to
the high negative surface charges on the particles and
the hydrophobic effects rendered the filter cakes incompressible, resulting in relatively small specific
cake resistances, and higher filtration rates.
NOMENCLATURE

(dV/A dt) = v:
A:
V:
Δp:
µ:

CONCLUSIONS
The results of this study can be summarized as follows:
1. The influence of pressure on the filtration rate of
fine mineral slurries was stronger in the presence of
borax when compared to the utilization of pure medium, and gave a second order relation.
2. The results were in good agreement with the Tiller's
power-type empirical relationships between specific
cake resistance and filtration pressure, obtained for
both the pure medium and 3 % borax addition:

3.

4.

Amphoteric surfactant
-23
-32
-18
-36

α = α0 (Δp)s
In this relationship, the compressibility factor “s” was
determined to be around 0.26-0.61 for all types of
minerals in the pure medium, and also for the case
where borax was added when kaolin was used. These
4 mineral filter cakes were compressible in the pure
medium.
The presence of only 3 % borax in the slurry rendered the cakes incompressible giving “s” values of
“zero” in the above relation. Hence, the filtration rates
increased dramatically, especially for dolomite,
calcite and quartz. Even with kaolin, the filtration rate
increased 2-2.5-fold.
The use of 3 % borax together with surfactants in the
filtration of dolomite increased the filtration rate
drastically, and was about 17 and 12 times higher for
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c:

α:
R m:
k 1:
α:
S 0:
ε:

The linear velocity of the filtrate based
on the empty cross-sectional area, m/s
Filter area, m2
Total volume of filtrate collected in
time t, m3
Pressure drop, N/m2
Viscosity of the filtrate, kg/m.s or
(Pa.s)
Mass of the particles deposited in the
filter per unit volume of filtrate, kg
solids/m3 (it is related to the particle
concentration in the slurry)
Specific cake resistance, m/kg
Resistance of filter medium, m-1
Dimensionless constant equals to 4.17
Specific cake resistance, m/kg
Specific surface area of the particle per
unit volume, m2/m3
Porosity
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Alcea pallida WALDST. & KIT. (MALVACEAE) AS
A HEAVY METAL BIOMONITOR IN ISTANBUL (TURKEY)
Sait Hamdi Yener* and Celâl Yarcı
Marmara University, Faculty of Science and Letters, Department of Biology, Kadıköy-Istanbul, Turkey

ABSTRACT
In this study, the biomonitoring features of 4 organs
(flower, leaf, stem and root) of Alcea pallida Waldst. & Kit.
(eastern hollyhock malvaceae) for the heavy metals Pb, Cd,
Cu and Zn were investigated. A. pallida plant samples from
5 sites of 3 administorial districts of Istanbul were collected
in summer period 2005. The heavy metal contents in the
organs of A. pallida were measured by means of wet digestion procedure and atomic absorption spectrophotometry.
The highest mean Pb level was found in the leaves,
the lowest in the stems, as well as for Cd, in roots and
flowers, and for Cu, in leaves and stems, and, finally, for
Zn, in leaves and flowers, respectively.

3 environmental compartments (soil, water and air), trace
metals may cause adverse effects on the ecological functioning and human health depending on their bioavailability and toxicity [4].
The pollution of the atmosphere caused by heavy metals has considerably increased since 1900s [5]. The pollution of the 3 above-mentioned environmental compartments
is mainly due to anthropogenic activities [6].
In this study, Alcea pallida Waldst. & Kit. (malvaceae) samples were used for biomonitoring purposes of
Pb, Cd, Cu and Zn in Istanbul.

The concentrations of the corresponding soils for Pb,
Cd, Cu and Zn remained within accepted normal concentration limits, whereas some Cu concentrations reached
toxic values.

Exposure to lead was identified as a serious public
health problem, especially for children [7]. Pb in the metabolism of humans causes illnesses like kidney insufficiency that begins when concentration of Pb in blood is
about 2.89 µmol L-1 [8], but also intellectual deficits in
children [9].

Considering the results of the correlation analysis of
the study, especially the roots of A. pallida were found to
be a reliable biomarker for Cd, Cu and Zn-polluted areas.

The toxic influence of Pb for plants affecting their
metabolic activities, especially by damaging that of various
enzymes, begins at 30-300 µg g-1dw [10].

KEYWORDS:
Eastern hollyhock, heavy metals, biomonitoring, Istanbul.

INTRODUCTION
Some metals are essential in trace amounts for humans,
animals and plants. In context of plant nutrition, these metals are called ‘micronutrients' and composed of iron (Fe),
copper (Cu), zinc (Zn), manganese (Mn) and molybdenum
(Mo) [1]. It is also reported that the growth of marine macroalgae is stimulated by selenium (Se) [2].
‘Heavy metals’ are defined as the group of metals with
densities more than 5 g cm-3[1]. The term 'heavy metal' is
frequently used by biologists for a great number of metals
or metalloids, also with densities below 5 g cm-3 [3]. As the
toxicity threshold values of the heavy metals are usually
in trace amounts, these are also called 'trace metals'. In the

Cd has also toxic influence on humans and plants [11].
Because of its mobility and, thus, bioavailability [12], it
is suggested to penetrate and accumulate through food
chains [13]. The first damaging influences of Cd both on
ecological functioning and human health were published in
1970s. Humans eating rice from the rice fields in Japan
with a high Cd content developed a kidney and bone illness, called ‘itai-itai’ [14]. Itai-itai illness showed that Cd
was transferred into the food cycle threatening human
health. The direct contaminations of the agricultural lands
have been mainly caused through fertilizers containing
phosphates [15], and by sewage sludge [16, 17]. In areas
with less anthropogenic pollution, the Cd concentration of
the soil is considered to be 0.1-2.0 µg g-1 [18].
Copper is needed for the metabolic activities of organisms. Cu ions have a function as the cofactor of various
enzymes, but are also essential for plant growth and the
continuum of metal homeostasis. Cu is toxic for organisms
above a threshold level, because of its high redox potential,
thus causing oxidative damage [3]. The Haber-Weiss reaction is the main principle of Cu toxicity which occurs from
superoxide and hydrogen peroxide through metal-catalysis
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producing hydroxyl radicals [19]. The hydroxyl radicals are
supposed to be the most important factors for oxidative
damage of cells [20, 21].
Zinc is also required for metabolic processes of the
biological organisms like Cu. It is not considered to be
highly phytotoxic with its toxicity limits of 100-400 µg g-1
[10]. Zinc plays a significant role for various enzymes, in
their catalytic, co-catalytic and structural functions and, at
the same time, is the stabilizer of proteins that belong to
the cell membrane and DNA [22]. Zinc is needed for the
activity of about 300 enzymes [23, 24]. It is considered as
a very important part of the antioxidation system [25]. Zn
is bound especially to the -SH groups of the membrane
proteins and protects the proteins from thiol oxidation and
disulfide formation. This results in the stabilization of the
enzymes, the membrane proteins and, at the same time, the
lipid structures. Thus, zinc as an antagonist of Cd, providing
protection against Cd-formed sulfhydryl oxidation and
structural damages [26, 27].
As mentioned above, in this study, we used A. pallida
plants for the biomonitoring purpose of Pb, Cd, Cu and Zn.
Especially in Istanbul, a highly industrialized city with a
dense traffic circulation, an investigation of the quantity of
these four heavy metals in the organs of plants and their
corresponding soils, particularly for certain areas with high
degrees of environmental pollution, has been considered to
be of great importance.
The basic criteria for selecting a plant species for biomonitoring purposes are that it should be represented abundantly in the monitoring area, have a wide geographical
distribution, should be able to differentiate between airborne and soil-borne heavy metals, should not cause problems in collecting the samples and their identification
[28]. A. pallida fulfils these criteria to a great extent.
In this work, the flowers of A. pallida were also tested
for their biomonitoring capacity, and the long flowering
period of A. pallida from June to October [29] may be
favourable for biomonitoring purposes. According to
literature, there is no previous biomonitoring study on this
plant species.
MATERIALS AND METHODS
Sample collection

The samples from leaves, flowers, stems and roots of
A. pallida plants, and samples from soil surface down to
10 cm of soil, were collected from 5 sites of the 3 administrational districts of the city of Istanbul in summer period 2005. A total of 5 x 4 = 20 plant samples and additionally 5 soil samples were prepared in triplicate, thus 75
specimens were prepared for the measurement of their Pb,
Cd, Cu and Zn contents by AAS analysis. The samples
were collected mostly from Istanbul sites with relatively
dense traffic circulation.

FIGURE 1 - The map of the main
part of Istanbul and the sampling sites.
TABLE 1 – Location of sampling sites.
Sample
number
1
2
3
4
5

Sampling sites

Administrative
district
Vicinity of the Söğütlüçeşme train station Kadıköy
Firuzköy, Esenyurt road, road edge
Avcılar
Parseller, side road, road edge
Avcılar
Vicinity of the Yeşilyurt station
Bakırköy
Vicinity of the Yenimahalle train station Bakırköy

Analytical methods

Plant samples were dried for 24 h at 80 ºC and pulverized with a blender. The blades of the blender were washed
after each preparation with tap water, 96 % ethanol and,
finally, with bi-distilled water. Dry plant material (300 mg)
was put in an Erlenmeyer flask and digested with a mixture
of 10 ml nitric acid (HNO3, 65 %, Merck) and perchloric
acid (HClO4, 70 %, Merck) in a proportion of 4:1 in a
waterbath of 52 °C for two h. Then, a wet-digestion step
on a hot plate followed, until there remained almost no
acid mixture (procedure modified) [30]. Bi-distilled water
was added to the ob-tained suspension up to 10 ml and,
finally, each sample was filtered through an ash-less filter
paper (Schleicher & Schuell 589/2). The soil samples were
dried in the laboratory (air drying), then sieved through
a 2-mm mesh to get rid of large particles and to obtain a
more homogenous mixture. They were weighted (300 mg)
and put into a furnace at 460 °C for 24 h. Then, the specimens were digested with 10 ml nitric and perchloric acid
mixture in a waterbath of 72°C for 4 h, and finally wet-
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digested on a hot plate, although more slowly than the plant
material to prevent the overflow of soil-material. For the
digestion of the soil samples, the above procedure for the
plant material was modified. The samples were filled up to
10 ml with bi-distilled water and finally filtered.

analysis) and above the tables on the right side (analysis
of variance).

Pb, Cd, Cu and Zn determinations.

Pb concentrations

The final plant and soil solutions were analysed for
their Pb, Cd, Cu and Zn content using flame-AAS (airC2H2, with background correction mode, Shimadzu, AA6701 F). Analytical wavelengths were 283.3 nm for Pb,
228.8 nm for Cd, 324.8 nm for Cu, and 213.8 nm for Zn.
The instrumental detection limits were as follows: Pb 0.01,
Cd 0.001, Cu 0.005, and Zn 0.001 (µg g-1). The measured
concentration values obtained from AAS were in µg g-1.
Final values were calculated as follows: concentration value
× 10 ml/0.3 g (conc. value × volume of sample material/
dry material content).

The distribution of Pb in various organs of A. pallida
plants was as follows: The highest average of Pb was
found in leaves as 5.2132 ± 0.92, the lowest in stems as
1.5487 ± 0.30, whilst the average Pb concentration in the
corresponding soil was 35.2155 ± 1.89. Thus, the soil Pb
values were considerably higher than those in the plant
organs. There was a significant difference between the
plant organs with regard to Pb holding capacity per volume (P***<0.001).

Statistical Methods

Statistical calculations were carried out for the correlation analyses of the investigated heavy metals between
soil and plant organs, and for the analyses of variance
(one-way ANOVA) test of the investigated heavy metal
contents in the organs (leaf, flower, stem and root) of A.
pallida using NCSS statistical analysis software. Differences were at P* <0.05 level of significance. Differences
at P* <0.05 and above (P** <0.01, P***< 0.001) were put
below the corresponding columns of the tables (correlation

RESULTS

Cd concentrations

The highest average Cd value was measured in roots
(0.4879 ± 0.07), the lowest in flowers (0.4154 ± 0.04),
and the average Cd level in corresponding soil was 0.6774
± 0.08. The soil Cd concentrations were higher than that
in the plant organs, although differences between them
were not as much as Pb values.
The distribution of Cd in the various organs of A. pallida did not show any significant difference between the
organs, with regard to Pb holding capacity per volume,
but significant results were obtained with respect to correlation analyses between soil and flowers (P***<0.001) as
well as soil and roots (P**<0.01).

TABLE 2 - Pb concentrations for the various organs of Alcea pallida and soil (µg g-1 dw; P***<0.001).
Mean
Min.
Max.

Leaves
5.2132 ± 0.92
2.7527 ± 1.31
7.6233 ± 1.15

Flowers
1.8197 ± 0.37
1.3489 ± 0.49
2.2711 ± 0.51

Stems
1.5487 ± 0.30
0.5244 ± 0.38
2.3033 ± 0.46

Roots
2.3022 ± 0.63
1.7178 ± 0.26
4.2522 ± 0.51

40
35
30
25
20
15
10
5
0
L eaves

F lowers

S tems

R oots

S oil

FIGURE 2 - Pb concentrations for the various organs of Alcea pallida and of soil (µg g-1 dw).
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Soil
35.2155 ± 1.89
11.5344 ± 1.27
61.9521 ± 3.45
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TABLE 3 - Cd concentrations for the various organs of Alcea pallida and soil (µgg-1 dw).
Leaves
0.4710 ± 0.06
0.2032 ± 0.05
1.0810 ± 0.08

Mean
Min.
Max.

Flowers
0.4154 ± 0.04
0.2566 ± 0.01
0.7655 ± 0.05
P***<0.001

Stems
0.4833 ± 0.05
0.2255 ± 0.05
0.6618 ± 0.07

Roots
0.4879 ± 0.07
0.1716 ± 0.13
0.8999 ± 0.12
P**<0.01

Soil
0.6774 ± 0.08
0.1166 ± 0.03
1.3732 ± 0.13
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FIGURE 3 - Cd concentrations for the various organs of Alcea pallida and soil (µg g-1 dw).

TABLE 4 - Cu concentrations for the various organs of Alcea pallida and soil (µgg-1 dw; P***<0.001).
Mean
Min.
Max.

Leaves
19.3790 ± 0.73
17.0266 ± 1.38
23.3666 ± 0.55

Flowers
14.9039 ± 0.70
14.3132 ± 0.27
16.7010 ± 1.23

Stems
6.3974 ± 0.42
2.9543 ± 0.47
9.6410 ± 0.72
P**<0.01

Roots
16.6281 ± 0.88
9.0410 ± 0.91
30.1821 ± 1.59
P*<0.05

Soil
77.9214 ± 3.73
22.6110 ± 2.64
207.3075 ± 7.77
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FIGURE 4 - Cu concentrations for the various organs of Alcea pallida and of soil (µg g-1 dw).

Cu concentrations

The highest average Cu value was measured in leaves
(19.3790 ± 0.73), the lowest in stems (6.3974 ± 0.42),
whilst average soil Cu value in the corresponding soil was
77.9214 ± 3.73.

A significant difference between the plant organs with
regard to Cu holding capacity per volume (P***<0.001)
was obtained. There were also significant results with regard
to correlation analyses between soil and stems (P**<0.01)
as well as soil and roots (P*<0.05).
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Zn concentrations

The highest average Zn level was measured in leaves
(36.5997 ± 3.33), the lowest in flowers (22.3319 ± 2.20),
and Zn average for corresponding soil was 79.9093 ± 8.24.
The soil Zn concentrations were considerably higher than
those in the plant organs.

There was not a significant difference between the plant
organs with regard to Zn holding capacity per volume. Significant results were found with respect to the correlation
analyses between soil and roots (P*<0.05).

TABLE 5 - Zn concentrations for the various organs of Alcea pallida and soil (µg g-1 dw).
Mean
Min.
Max.

Leaves
36.5977 ± 3.33
21.4667 ± 1.69
56.3000 ± 2.20

Flowers
22.3319 ± 2.20
3.3517 ± 1.05
52.7455 ± 5.10

Stems
24.4367 ± 4.00
11.5667 ± 4.41
47.7667 ± 6.97

Roots
36.2562 ± 4.81
15.0101 ± 2.11
53.3833 ± 13.07
P*<0.05

Soil
79.9093 ± 8.24
34.8689 ± 7.90
118.8210 ± 11.43

100
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FIGURE 5 - Zn concentrations for the various organs of Alcea pallida and soil (µg g-1 dw).

DISCUSSION AND CONCLUSION
Concentrations (all given as µg g-1) of Pb for 7 plant
genera examined in Istanbul [31] varied in average from
8.34 (Populus) to 17.06 (Aesculus) - the data from autumn
leaves and 2 plants with lowest and highest concentration
values. Pb in the leaves of Lactuca sativa in Baltimore
(U.S.A.) was obtained as 6.63 [32], in leaves of Pinus sylvestris in Torun (Poland) as 8.73 [33], in leaves of Taraxacum officinale in Southern Podlasie Lowland (Poland) as
4.55 [34].
In the present study, we found the mean Pb value to
be 5.21 in leaves of A. pallida being similar to Pb values
found by Chaney et al. [32], Buszewski [33] and Królak
[34], but considerably less than those obtained by Bayçu
et al. [31]. The introduction of Pb-free gasoline in Istanbul
since 2000, its gradually extended usage and final prohibition of leaded gasoline could be very important reasons for
these results.
The mean root Pb concentration obtained by Królak
[34] was 2.63, and similar to that in the present study (2.30).

The mean Pb soil values, found by Buszewski [33],
Królak [34] and in this study, were 16.43, 23.1, and 35.21.
The toxic Pb levels 30-300 for plant material and 100-400
for soil [10] were not measured during our study.
Concentrations of Cd for 7 plant taxa examined by
Bayçu et al. [31] in Istanbul varied on average from 0.08
for Aesculus to 0.66 for Populus (autumn leaves, 2 plants
with lowest and highest level are indicated here). Cd concentration in leaves of L. sativa was 0.80 (Chaney et al.
[32]), and in leaves of T. officinale was 0.37 (Królak [34]).
In this study, we found a mean of 0.47 µg g-1 Cd in A.
pallida leaves, similar to Cd values of some taxa examined by Bayçu et al. [31] and Królak [34], but less than the
Cd level found by Chaney et al. [32].
Root mean Cd value found by Królak [34] was 0.3 µg
g-1, and that in this study 0.48 µg g-1. Cd value by Chaney
et al. [32] was 2.50, Królak [34] 0.3, and in this study
0.67, similar to that of Królak [34], but low with regard to
that of Chaney et al. [32]. We consider that this difference
is strictly due to the heavy metal emission requirements in
industrialized countries in the last decades. Herein, toxic
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Cd levels (5-30 for plant materials and 3-8 for soil;
Kabata-Pendias and Pendias [10]) were not measured.

[5]

Nriagu, J.O. (1979) Global inventory of natural anthropogenic emissions of trace metals to the atmosphere. Nature 279,
409-411.

[6]

Nriagu, J.O. and Pacyna, J.M. (1988) Quantitative assessment of worldwide contamination of air, water and soils by
trace metals. Nature 333, 134-139.

Mean soil Cu values were 78 [32], 9.69 [33], 4.9 [34],
and in the present study 77.92µg g-1, similar to [32]. Considering the toxic concentration levels for Cu given as 20100 for plant material and 60-125 µg g-1 for soil [10],
plant and soil Cu levels of the present study showed
almost toxic values.

[7]

Xintaras, C. (1992) Analysis Paper: Impact of leadcontaminated soil on public health. ATSDR Science Corner, 1-24.

[8]

Loghman-Adham, M. (1997) Renal effects of environmental
and occupational lead exposure. Environ. Health Perspect.
105, 928-939.

Average levels of Zn for 7 plant taxa examined in Istanbul varied from 20.47 to 163.57 µg g-1 for Ailanthus
and Populus (autumn leaves, 2 plants with the lowest and
highest Zn values indicated here [31]). Mean Zn amounts
in leaves of P. sylvestris were measured to be 63.26 µg g-1
[33], and 64.6 µg g-1 in leaves of T. officinale [34].

[9]

Lanphear, B.P., Hornung, R., Khoury, J., Yolton, K.,
Baghurst, P., Bellinger, D.C., Canfield, R.L. and Dietrich,
K.N. et. al. (2005) Low-level environmental lead exposure
and children’s intellectual function: An international pooled
analysis. Environ. Health Perspect. 113 (7), 894-899.

The mean Cu concentrations for L. sativa leaves were
7.2 [32], in P. sylvestris needles 7.33 [33], in T. officinale
leaves 10.6 [34], and, in this study, in leaves of A. pallida
19.37 µg g-1.

In this study, the mean Zn concentration in A. pallida
leaves was 36.59 µg g-1.
The mean root Zn concentration in T. officinale and
A. pallida were 34.8 [34] and 36.25 µg g-1. The mean soil
Zn levels were 19.88 [33], 57 [34] and 79.90 µg g-1, in
this study.
The increasing tendency of heavy metal accumulation
in industrialized urban areas, especially in metropolitans
with a very high population density and, thus, with resulting traffic density, are risk factors for humans, animals
and plants existing in those areas. In order to minimize
these risk factors, a reliable control system could be the
measurement of heavy metal concentrations in various
organs of bioindicator plants and their corresponding soil.
In this context, considering the results of the correlation analyses of this study, especially the roots of Alcea
pallida were found to be a reliable biomarker for Cd, Cu
and Zn in heavy metal-polluted areas. The high heavy
metal-collecting capacity of the roots was also pointed out
by other authors [34-36].
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ABSTRACT

to contaminants causes severe stress to the organisms used
in the experiments [1-5].

Semi-permeable devices (SPMDs) are membranes
widely used in monitoring studies for their capability to
sample passively hydrophobic compounds. SPMDs were
used in a Mediterranean lagoon in order to investigate the
partitioning of PAHs in sediments and their potential fugacity.
A SPMD was placed for 30 days at 4-m depth in the
south-eastern part of the Berre lagoon (Marseille, France),
and it supplied a short time-integrated measure of 15 PAH
concentrations.
PAHs were partitioned between SPMD and sediment
according to their molecular weight: low molecular weight
PAHs were quantified in higher concentration in SPMD,
while those of high molecular weight were more abundant
in superficial sediments.
Fugacity was higher than 1 for most PAHs, with the exception of those with higher molecular weight. Therefore,
the flux of these organic contaminants was from sediment to
water.

KEY WORDS:
SPMD and sediment analysis; water PAH concentrations

INTRODUCTION
The use of SPMDs in environmental applications

Traditional methods (e.g., liquid–liquid extraction, solidphase extraction, etc.) for direct measurements of water
contaminant concentrations show problems associated with
sampling and processing of the large (~50 L) water volumes required for analysis of ultra-trace pollutant levels.
These limitations have encouraged the use of organismbased approaches, such as biomonitoring; this latter, however, may be biased by the biotransformation of contaminants, and cannot be used in situations where the exposure

SPMDs are innovative passive samplers of dissolved
chemicals with low molecular weight (i.e., with log KOW
values ≥ 3). These membranes consist of a thin film of triolein, hemmed by in a low-density polyethylene tube. They
simulate bioconcentration very well because the molecular
size-exclusion limit of the polyethylene membrane is similar to that of biological membranes, and triolein used in
SPMDs constitutes a significant fraction of the lipid pool
of most aquatic organisms [6].
SPMDs can be advantageously used in different environmental applications: (1) determination of pollution point
sources and definition of water quality; (2) estimation of
time-weighted average dissolved or vapor phase chemical
concentrations; (3) in situ mimetic concentration of bioavailable chemicals for bioindicator or immunoassay tests;
(4) contaminant sequestration in toxicity identification and
evaluation (TIE) procedures; and (5) estimation of organisms’ exposure and bioconcentration potential [7]. Examples of environmental contaminants that have been effectively sampled by SPMD include polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and
organochlorine pesticides (OCPs).
Several studies have been based on the use of SPMDs
to estimate PAH concentrations in the water column of
different aquatic systems, such as river waters [6, 8-10]
and seawaters [11, 12]. Pett et al. [5] determined the quality of water in a broad range of aquatic systems using
SPMDs and bioindicator tests. Verweij et al. [13] investigated partitioning of chemicals among different environmental compartments (water, sediment, fish) and SPMDs.
Prest et al. [2] tested abilities of SPMD and mussels to
monitor pesticides. Vrana et al [14] assessed the contamination levels of PAHs in the surface waters, and their fugacity using SPMDs and sediment analysis. 	
 
Observing previous studies, we decided to utilize
SPMDs in order to investigate the partitioning of PAHs in
sediments and their potential fugacity. These compounds
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reach the surface waters mainly via atmospheric fallout,
urban run-off, municipal effluents and oil spillage or leakage. Once in the water, PAHs undergo a series of physicochemical and biological transformations including volatilization, dissolution, adsorption, sedimentation, degradation, accumulation and uptake by aquatic organisms [14,
15].
Our study has been carried out in one of the most important industrial sites of France, called Berre lagoon. This
work has been carried out in the framework of a Monitoring Plan managed from Groupement d'Intérêt Public pour
la Réhabilitation de l'étang de Berre (GIPREB).
Geographic area of SPMD application

The Berre basin is a typical Mediterranean lagoon, seriously affected by human activities since the 1930s. It is a
large basin of brackish water, which occupies an area of
155 km2 and is located northwest of Marseille. It is formed
of two basins, named the ‘grand étang’ on the west, and the
‘petit étang’ or ‘Vaïne pond’ in the south-eastern sector.
The Vaïne pond represents about 20% of the surface of the
whole lagoon, and is separated from it by a shallow bottom
crossing from Berre-l’Étang to Marignane. On the southern side, the ‘grand étang’ is connected to the adjacent sea
through the Caronte inlet, but separated from the Bolmon
pond by a sand bar (Fig. 1). The most important freshwater
input (about 3.3 billion m3y-1 over the period 1966-1993,
corresponding to almost four times the volume of the lagoon water) comes from the EDF hydroelectric power station of St. Chamas, which diverts the Durance river waters
carrying them into the northern part of the lagoon [16].
The presence of one of the most important and extended European petrochemical poles has led to the severe
exploitation of the system. Besides, the 75-km-long shore-

line is largely covered by industries and towns. The Vaïne
area is the site of most industrial installations of the Berre
pole, receiving the inputs of 5 plants, an incinerator
(Solamat), and 3 factories on its northeastern side (the
Shell oil refinery, the Shell petrochemical and Cabot
chemical plants), and 1 on the southern side (Eurocopter),
near the airport (Fig. 1). Hence, the most affected area is
restricted to a radius of a few km from point sources,
because the environmental conditions of the outfall zone
(fine sediments, low hydrodynamic regime, and confinement) favor the in situ accumulation of the pollutants
[17]. The anthropic activities occurring in the area have
aroused eutrophication processes, chemical pollution of
water and sediments and, ultimately, a decrease in biodiversity of lagoon environment [16].
Several studies have determined trace metal concentrations in the superficial sediments and assessed, on this
basis, contamination and ecological quality of the lagoon
sediments [17]. However, no information is available on
the degree of contamination by PAHs, their partitioning in
sediments, and their potential fugacity.
MATERIALS AND METHODS
Chemicals, sample collection and handling

The 15 PAHs analyzed in the SPMD and superficial
sediments are listed in Table 1. Acetone, dichloromethane,
n-hexane, cyclohexane and deuterated perylene were obtained from Merck (Darmstadt, Germany). A standard solution of a PAH mixture in methanol was purchased from
Supelco (Deisenhofen, Germany). SPMDs (layflat polyethylene tubings containing a thin film of triolein, area ca.

SOLAMAT
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FIGURE 1 - The Berre lagoon: sampling station (indicated by arrow) and major environmental impact sources.

100 cm2, pore diameter 10 Å) were provided by Ecotox
(Milan, Italy). SPMD was deployed in a station located in
the southeastern part of the lagoon in July 2004 (Fig. 1).
The temperature of the lagoon waters at the depth of SPMD
deployment for the sampling period was about 27 °C. SPMD
was placed at 4-m depth for 30 days, then it was retrieved,
immediately transported to the laboratory by a cooler, and
stored at -20 °C until analysis. A control SPMD was kept
in a thermostatic chamber, at the same temperature, during
the whole time of SPMD in situ exposure, and processed
at the end of exposure time to identify possible contamination of SPMD.
Before the SPMD deployment and after the membrane
recovery, a sediment sample was taken at the same site
by an Eckmann Grab Sampler. Aliquots of the recovered
sediments were stored at 4 °C in clean glass jars.
SPMD and sediment analysis

Before analysis, SPMD was cleaned with paper tissues
to remove bio-fouling (a thin layer of algae) that appeared
very limited. Then, it was weighted and treated with 200 ml
of an n-hexane and acetone mixture (1:1 v/v) for 8 h in
order to extract PAHs. PAHs were then analyzed, according to EPA methods 3540C [18] and 8100 [19]. Sediment
analysis was conducted using the procedure reported
by Ausili [20]. PAH concentrations were measured by
a GC6890N gas-chromatograph (Agilent Technologies)
coupled with a MS5973 mass-spectrometer (Agilent Technologies) operating in SIM modality. The quantification
limit was 0.5 µg/Kg. Grain size and organic carbons were
measured, respectively, according to Romano and Gabellini [21] and Giani [22].

ments of the lagoon are summarized in Table 1. PAH levels
in the SPMD are also reported as µg/Kg of SPMD, to permit comparison between the two matrices. Concentrations
in sediments were measured at two times: before the membrane deployment (sediment 1) and after the membrane
recovery (sediment 2). The total concentration of PAHs
in the SPMD was slightly lower than in sediments, although
the order of magnitude was the same. Concentration values were quite low, varying from 0.02 µg per SPMD
(2.86 µg/Kg) (indeno(1,2,3-c,d)pyrene) to 0.12 µg per
SPMD (19.58 µg/Kg) (phenanthrene). However, low- molecular weight PAHs (e.g., naphthalene, acenaphthene, fluorene, phenanthrene, anthracene) were higher in the SPMD,
whereas high-molecular weight PAHs were higher in superficial sediments. PAH levels in the sediment sampled
before SPMD deployment (sediment 1) were generally
higher than those recorded when the SPMD was removed
(sediment 2), especially for compounds with low molecular weights. Amounts ranged from 4.78 (naphthalene) to
18.46 (pyrene) µg/Kg for sediment 1, but from < 1 µg/Kg
(naphthalene) to 16.39 (pyrene) µg/Kg for sediment 2. The
PAH concentrations in the control SPMD were below the
detection limit (≤ 0.0002 µg per SPMD) for most PAHs,
with the exception of naphthalene, phenanthrene and pyrene.
PAH concentrations in water

PAH concentrations in water, as calculated from SPMD
(Cwm) and sediment 2 (Cws) by using the model of Di
Toro et al. [23], are shown in Table 2. PAH concentrations
in the water (Cwm) can be calculated from the SPMD, as a
function of a) the concentrations of the analytes in SPMD
(Cm), b) the exposure time (t = 30 days), c) the SPMD
volume (Vm = 6.67 ml) and d) the rate of accumulation of
analytes in SPMD (Rs):
Cwm = (Cm*Vm)/(Rs*t)

RESULTS
PAH concentrations in SPMD and sediments

The concentrations of the 15 PAHs analyzed in the
SPMD (time-integrated over 30 days) and surficial sedi-

(1)

PAH concentrations in the water (Cws) can be estimated from the sediment on the basis of the following parameters: a) the concentrations of analytes in the sediments (Cs),
b) the sediment content of organic carbon 0.02%),

TABLE 1 - PAH concentrations in sediments Cs1 and Cs2 (µg /Kg dry weight), in SPMD
Cm (µg/Kg dry weight and µg per SPMD; mass of SPMD = 6.16 g), and in SPMD control Cmc (µg per SPMD).

Naphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)Anthracene
Crysene
Benzo(b)Fluoranthene
Benzo(k)Fluoranthene
Benzo(a)Pyrene
Indeno(1,2,3-c,d)Pyrene
Dibenzo(a,h)Anthracene
Benzo(g,h,i)Perylene

Molecular
weight
128.17
154.21
166.22
178.23
178.23
202.55
202.55
228.29
228.29
252.31
252.31
252.31
276.34
278.35
276.34

Cs1
ug/Kg d.w.
4.78
9.33
11.18
15.64
12.82
17.74
18.46
17.52
15.93
16.53
13.90
16.32
10.28
9.85
13.68

Cs2
ug/Kg d.w.
<1
2.64
2.48
11.87
10.29
15.71
16.39
15.91
15.35
15.69
14.14
15.26
8.86
11.54
12.85

1038

Cm
ug/Kg d.w.
11.13
17.80
18.41
19.58
15.38
15.57
15.52
8.92
9.93
6.46
5.64
6.08
2.86
4.85
4.32

Cm
ug/SPMD
0.07
0.11
0.11
0.12
0.09
0.10
0.10
0.05
0.06
0.04
0.03
0.04
0.02
0.03
0.03

Cmc
ug/SPMD
0.03
≤ 0.0002
≤ 0.0002
0.006
≤ 0.0002
≤ 0.0002
0.001
≤ 0.0002
≤ 0.0002
≤ 0.0002
≤ 0.0002
≤ 0.0002
≤ 0.0002
≤ 0.0002
≤ 0.0002
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202.34

170.60

c) the sediment bulk density (ρ1 = 0.10 g/cm3 and ρ2 =
0.35 g/cm3) and d) the organic carbon sediment-water
partition coefficient (Koc = 0.41Kow), as calculated by the
octanol-water partition coefficient (Kow).
Cws = Cs/(Foc*ρ*Koc)

(2)

The water concentrations calculated from the SPMD
were 1-2 order(s) of magnitude lower than those estimated from the sediments. In all cases, the water PAH concentrations estimated from both SPMD and sediments
were higher for low molecular weight compounds.
Sediment/water fugacity

To evaluate the flux of PAHs between water and sediments, we calculated the quotient of fugacity as the ratio
between Cws and Cwm. Fugacity gives information about
the sediment-water equilibrium: for values ≤ 1, the

162.45

1.00

0.04

transport of pollutants is essentially directed from water to
sediments, while for values ≥ 1, the net flux of PAHs is
from sediments to water [14]. The quotient of fugacity is
represented in Fig. 2: it was higher than 1 for most PAHs,
with the exception of those with higher molecular weight.
PAH patterns

A principal factor analysis of PAH concentrations in
the SPMD, sediments and water showed a pattern depending on PAH molecular weight. The first, second and third
groups were represented, respectively, by di-, tri- and tetraaromatics, while the last group included the most hydrophobic PAHs (Fig. 3). All compounds with log Kow≤ 4.6
(low hydrophobicity) showed highly positive scores (≥ 0.8)
on the factor 2, while those with log Kow> 5.1 (high hydrophobic compounds) had high positive values along factor 1.

TABLE 2 - Water PAH concentrations (µg/L) estimated from SPMD (Cwm) and sediment (Cws); Rs = rate of accumulation of analyte in
SPMD; Kow = octanol-water partition coefficient.
Chemicals
Naphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)Anthracene
Crysene
Benzo(b)Fluoranthene
Benzo(k)Fluoranthene
Benzo(a)Pyrene
Indeno(1,2,3-c,d)Pyrene
Dibenzo(a,h)Anthracene
Benzo(g,h,i)Perylene
n.c. no calculable

Rs at 18 °C
(L/day)
1.3
2.7
1.7
3.6
3.6
4.5
5.2
3.2
4.8
3.0
3.9
3.7
1.9
3.8
3.0

Log Kow
3.3
4.0
4.2
4.5
4.6
5.1
5.1
5.9
5.7
5.8
6.0
6.2
6.8
6.8
6.9

Cwm (ug/L)

Cws (ug/L)

0.012
0.009
0.015
0.007
0.006
0.005
0.004
0.004
0.003
0.003
0.002
0.002
0.002
0.002
0.002

n.c.
0.090
0.053
0.111
0.106
0.046
0.293
0.008
0.010
0.003
0.003
0.004
0.001
0.001
0.001

72
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FIGURE 2 - Fugacity quotient of PAHs.

I Pesi Fattoriali,Fattore 1 vs. Fattore2
Rotazione:
Estrazione: Compon. principali

1,1

II
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Fluorene

1,0
0,9
0,8

Fattore2

0,7

Fluoranthene
Pyrene

Fenantrene
Antracene

Naphthalene
Acenaphthene
Fluorene

Phenanthrene
Anthracene

III
Fluorantene
Pirene

0,6
0,5

IV

Benzo(a)Antracene
Crysene
Benzo(b)Fluoranthene
Benzo(k)Fluoranthene
Benzo(a)Pyrene
Indeno(1,2,3-c,d)Pyrene
Dibenzo(a,h)Antracene
Benzo(g,h,i)Perylene

0,4
0,3
0,2
0,1
0,0
-0,2

0,0

0,2

0,4

Crisene
Benzo(a)Antracene
Benzo(b)Fluorantene
Dibenzo(a,h)Antracene
Benzo(a)Pirene
Benzo(k)Fluorantene
Benzo(g,h,i)Perilene
Indeno(1,2,3-c,d)Pirene

0,6

0,8

1,0

1,2

Fattore1
FIGURE 3 – Principal component plot (factor 1 vs. factor 2): Scores for the PAHs.
Pesi Fattoriali,Fattore 1 vs. Fattore2
Rotazione:
Estrazione: Compon. principali
1,0

Cm
Cws2

0,8

Fattore2

0,6

Cwm

0,4
Cs1

0,2

0,0
Cs2

-0,2

-0,4
-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

Fattore1

FIGURE 4 – Principal component plot (factor 1 vs. factor 2): Scores of the samples.

Along factor 2, SPMD and water samples (Cm, Cwm
and Cws) showed positive scores while along factor 1
only sediment samples had positive scores (Fig. 4).

DISCUSSION AND CONCLUSION
The use of SPMD and sediment analyses in the Berre
lagoon gave complementary information on PAH contamination. Concerning the total PAH concentration, SPMD and
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sediment showed similar values but individual PAHs
showed different patterns: low molecular weight compounds
were higher in the SPMD but high molecular weight ones
in the superficial sediments. PAHs of low molecular weight
have major affinity to the aqueous phase and can be more
easily trapped by SPMDs than by sediments. Nevertheless,
the PAH amounts found in the SPMD might also result
from sediment re-suspension, with repartition of the contaminants between the dissolved phase and particulates. As
a matter of fact, in the Berre lagoon, the presence of sediments in the water column is a major aspect of the ecosystem functioning, resulting from the inputs of the EDF hydroelectric power station in St. Chamas, and from the resuspension of bottom sediments provoked by strong winds
(Mistral) [16].
The lower PAH values observed in the sediment collected after the SPMD recovery (as compared to the sediment collected before the SPMD deployment) might result
from processes of mobilization and dispersion of contaminants that passed from sediments to the aqueous phase. The
sediment grain size cannot be evoked to explain the difference between concentrations in sediments 1 and 2 because
the percentage of fine fraction was not significantly different in both samples (1 and 6%, in sediments 1 and 2,
respectively).
The water concentrations calculated from the SPMD
were lower than those estimated from the sediments, probably due to the shorter time of exposure of the membrane to
the PAHs present in the lagoon water. Sediments are sinks
for hydrophobic contaminants and give information not only
on existing contamination but also on previous situation,
while SPMD integrate water concentrations of dissolved
compounds only during the exposure period [14].
It is possible to account for the partitioning of PAHs between the dissolved phase and particles, when using SPMD
and sediments as complementary matrices to estimate PAH
values in the Berre lagoon. Fugacity was higher than 1 for
most PAHs, with the exception of those with higher molecular weight. Therefore, the flux was from sediment to
water. This also confirms that PAHs with low molecular
weight, which are characterized by a greater affinity to the
aqueous phase, can be relatively easily remobilized from
sediments.
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ABSTRACT
In this study, we have evaluated the possible genotoxicity of paxilline using the somatic mutation and recombination test (SMART) in Drosophila melanogaster. Thirdinstar larvae were used, being trans-heterozygous for the
two recessive markers located on the left arm of chromosome 3, multiple wing hairs (mwh) in map position 0.0 and
flare-3 (flr3) at 39.0, while the centromere is located in
position 47.7. These larvae were fed chronically with different concentrations of paxilline, and positive as well as negative controls were used to accomplish this purpose. SMART
is based on the loss of heterozygosity which may occur
through various mechanisms, such as mitotic recombination,
mutation, deletion, half-translocation, chromosome loss and
non-disjunction. Genetic changes occurring in somatic cells
of the wing’s imaginal discs cause the formation of mutant
clones on the wing blade. Deletion, point mutation and nondisjunction induce single spots (small and large ones). Mitotic recombination induces both single spots and twin
spots. According to the results obtained from this study,
paxilline has a genotoxic effect in concentrations of ≥2 µM.

KEYWORDS: Drosophila melanogaster; wing spot test; SMART;
mycotoxin; paxilline; genetic toxicology

include aflatrem, penitrem A, paspalinine, verruculogen and
paspalicine. It induces neurological disorders in vertebrate
animals [3-5]. Tremorgenic alkaloids, such as paxilline, are
the most potent and selective nonpeptidyl inhibitors of highconductance calcium-activated potassium channels [6].
In the present study, we have examined the possible
genotoxicity of paxilline by using the wing spot test of Drosophila melanogaster with the standard (ST) cross. Drosophila melanogaster provides a powerful system for
using genetic and molecular approaches to investigate
human genetic diseases [7]. Indeed, in the “Drosophila
Genome Project”, Drosophila genome sequencing has
revealed that half of the identified protein sequences are
similar to those of mammalian proteins [8]. The fruit fly
Drosophila melanogaster also offers great advantages as a
model organism because it is known to have several features, such as ecological adaptation to the environment,
transport of giant chromosomes, simple food requirements
and considerable genetic variation.
The somatic mutation and recombination test (SMART)
is based on the loss of heterozygosity induction that may
occur through various mechanisms, such as point mutation and certain types of chromosome mutations, as well as
mitotic recombination. This versatile short-term in vivo
assay simultaneously detects mutational and mitotic recombination events, and is able to quantify the recombinagenic activity of a compound in genotoxicity screening [9].

INTRODUCTION
Mycotoxins are secondary metabolites of moulds and
their compounds have toxic effects. These effects may cause
a range of toxic responses from acute toxicity to long-term
or chronic health problems, including immunosuppression
and even carcinogenesis in many organisms. Many mycotoxins can be produced by one mould. In particular, Aspergillus and Penicillium species can produce several mycotoxins simultaneously, depending on environmental and
substrate conditions [1, 2].
Paxilline, the fungal mycotoxin from Penicillium paxilli, belongs to a family of tremorgenic indole alkaloids that

MATERIALS AND METHODS
Chemicals

Paxilline (C27H33NO4) (≥98% purity; CAS 57186-25-1)
and ethyl methanesulfonate (EMS) (100% purity; CAS No.
62-50-0) were purchased from Sigma–Aldrich (St. Louis,
MO, USA). Paxilline was dissolved in 1% dimethyl sulfoxide (DMSO) [5], while EMS was dissolved in distilled
water. DMSO served as a negative control and 1 mM EMS
was used as a positive control. Drosophila Instant Medium
(Formula 4–24) was purchased from Carolina Biological
Supply (Burlington, North Carolina).
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105 cells was calculated based on the number of clones
showing the mwh phenotype (i.e. mwh single spots, and
the mwh part of twin spots). This frequency was obtained
as the number of mwh clones divided by the number of
wings analyzed divided by 24,400 (which is the number in
the area of the wings inspected for the presence of spots)
[13, 14].
RESULTS AND DISCUSSION
FIGURE 1 - The chemical structure of paxilline.
Strains

To investigate the possible genotoxic effects of paxilline, 2 Drosophila strains were used, the multiple wing
hairs strain (mwh/mwh) and the flare-3 strain (flr3/In (3LR),
TM3 BdS). Both strains were obtained from Prof. F. E.
Würgler (University of Zurich, Switzerland). Information
required for the genetic markers was provided by
Lindsley and Zimm [10].
Treatments

In order to generate trans-heterozygous larvae, flr3 virgin females were crossed with mwh males. These individuals were obtained from stock cultures. Eggs were collected
optimally at 8-h periods and stored in bottles containing
Standard medium. When the larvae were 72 ± 4 h, they
were placed into a glass tube containing 4.5 g Drosophila
instant medium with 7 ml of the respective test solutions
(paxilline, distilled water, 1% DMSO for negative control,
and 1 mM EMS for positive control). The larvae were fed
on this medium with different concentrations of the test
compounds for their development. Stocks and all experimental groups were maintained constantly at 25 ± 1 °C
and approximately 60% relative humidity. The surviving
flies were stored in 70% ethanol. For observation of mutant clones, wings were removed and mounted on slides in
Faure’s solution (gum arabic 50 mg, chloral hydrate 30 g,
glycerol 30 ml, water 50 ml). Both dorsal and ventral surfaces of the wings were scanned at 400-fold magnification.
The mutant clones were classified into 3 types: small single
spots (1 or 2 cells), large single spots (3 or more cells) or
twin spots (adjacent mwh and flr3 cells).
Statistical analysis

The wing spot data were evaluated according to the
multiple-decision procedure of Frei and Würgler [11]. This
procedure is based on two alternative hypotheses: (1) mutation frequency of the treated group is not higher than the
mutation frequency of the control group, and (2), the mutation frequency of the treated group is not less than m times
(m: multiplication factor) as high as the observed spontaneous mutation frequency in control group. Statistical differences between the frequencies of each type of spots in
treated and concurrent negative control flies were calculated
using the conditional binomial test described by Kastenbaum and Bowman [12]. Frequency of clone formation per

The SMART assay in Drosophila melanogaster has
been designed to detect genotoxic damage in one generation, in a rapid and inexpensive way [15]. The SMART
assay is a sensitive in vivo system that allows identification of metabolic mechanisms of Drosophila cells that are
similar to those of mammalian cells [16]. More than 60%
of genes implicated in human disease have Drosophila
orthologues [17].
In this study, we have investigated the potential genotoxicity of paxilline at concentrations of 1, 2, 5 and 10 µM
using SMART in D. melanogaster. Concentrations of paxilline were determined according to the rate of larvae reaching adulthood. The results obtained with paxilline in the
Drosophila wing spot test are given in Table 1. Four different concentrations of paxilline and the positive control
(1 mM EMS) were compared with data from the concurrent negative controls. EMS showed positive results in all
types of spots. In light of the foregoing, these results clearly
indicate that EMS have mutagenic and recombinogenic
effects [18]. Data obtained from distilled water and 1%
DMSO do not indicate a serious difference in any of the
spot types. This shows the reliability of 1% DMSO as a
solvent.
Table 1 shows the positive results observed for the frequency of small single spots, total mwh spots and total
spots at 5 and 10 µM concentrations in the cross mwh/flr3.
In addition to this, the total mwh spots and total spots were
positive. Similarly, a noteworthy increase in small single
spots, total mwh spots and total spots has been detected in
the cross mwh/TM3 at the concentrations of 2, 5 and 10 µM.
According to the data, we can say that paxilline has a genotoxic effect on concentrations of ≥ 2 µM.
If the frequency of clone formation per 105 cells is
higher than 2.0, this is indicative of genotoxic activity as a
result of a particular treatment [19]. In the cross mwh/flr3,
the frequencies of 5 and 10 µM levels of paxilline are 2.61
and 2.10, respectively, and in the cross mwh/TM3, the
frequencies of 2 and 10 µM of paxilline are 2.05 and 2.41,
respectively. These results are supported by our thesis.
Tremorgenic mycotoxins are a group of fungal metabolites known to act on the central nervous system, causing
sustained tremors, convulsions, and death in animals [20].
Bramlett et al. [21] reported that paxilline induces the expression of LXR (liver X receptor) target genes, ABCA1
(ATP-binding cassette transporter A1) and SREBP (sterol
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TABLE 1 - Wing spot test data obtained with paxilline.
Test compounds
and conc. (mM)

Number of
wings (N)

Small single
spots (1–2 cells)
(m = 2)

No
Marker heterozygous wings (mwh/flr3)
Distilled water 120
18
DMSO
80
14
1 mM EMS
120
173
1 mM pax
80
23
2 mM pax
80
20
5 mM pax
80
36
10 mM pax
80
34

Fr.
(0,15)
(0,18)
(1,44)
(0,29)
(0,25)
(0,45)
(0,43)

Balancer heterozygous wings (mwh/TM3)
Distilled water 120
20
(0,17)
DMSO
80
12
(0,15)
1 mM EMS
120
150 (1,25)
1 mM pax
80
20
(0,25)
2 mM pax
80
29
(0,36)
5 mM pax
80
24
(0,3)
10 mM pax
80
33
(0,41)

D

Large single
spots (>2 cells)
(m = 5)
No

Fr.

+
İ
İ
+
+

1
4
93
9
8
15
7

(0,01)
(0,05)
(0,78)
(0,11)
(0,1)
(0,19)
(0,09)

+
İ
+
+
+

5
6
54
6
11
11
14

(0,04)
(0,08)
(0,45)
(0,08)
(0,14)
(0,14)
(0,18)

D

+
İ
İ
+
İ

Twin spots
(m = 5)
No

Fr.

1
2
27
1
0
0
0

(0,01)
(0,03)
(0,23)
(0,01)
(0,00)
(0,00)
(0,00)

+
İ
İ
İ

Total mwh spots
(m = 2)
D

+
İ
-

No

Fr.

19
18
257
31
28
51
41

(0,16)
(0,23)
(2,14)
(0,39)
(0,35)
(0,64)
(0,51)

25
18
204
26
40
35
47

(0,21)
(0,23)
(1,7)
(0,33)
(0,5)
(0,44)
(0,59)

D

Total spots
(m = 2)
No

Fr.

+
+
İ
+
+

20
20
293
33
28
51
41

(0,17)
(0,25)
(2,44)
(0,41)
(0,28)
(0,64)
(0,51)

+
İ
+
+
+

25
18
204
26
40
35
47

(0,21)
(0,23)
(1,7)
(0,33)
(0,5)
(0,44)
(0,59)

Frequency
of clone
formation
per 105 cells
D

+
+
İ
+
+

+
İ
+
+
+

0.65
0.92
8.78
1.59
1.43
2.61
2.10
0.85
0.92
6.97
1.33
2.05
1.79
2.41

No: number, Fr: frequency, D: statistical diagnosis according to Frei and Wurgler [11], +: positive, -: negative, i: inconclusive, m: multiplication
factor, probability levels a = b = 0.05.

regulatory element binding protein). Furthermore, paxilline has been shown to affect neuronal signaling [3], to
inhibit both the InsP3R and the maxi-K channel [5, 22],
and to affect the sarco/endoplasmic reticulum Ca+2
ATPase [23].
The results of the present study are in line with those
previously reported by other researchers. For example,
Sabater-Vilar et al. [20] claimed that paxilline caused DNA
damage in human lymphocytes. Furthermore, it has been
seen that paxilline inhibits the ATP-dependent acceleration of Ca+2 release from the phosphoenzyme, and/or phosphoenzyme decay at concentrations of the 5-10 µM. At
higher concentrations, paxilline inhibits phosphoenzyme
formation [23].
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BIRD DIRECTIVE AND HABITAT DIRECTIVE
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ABSTRACT
The purpose of this article is to make a legal analysis
of current nature and biodiversity legislation as well as the
necessities of updating it within the context of EU affiliation process by taking into consideration the Draft Nature
and Biodiversity Legislation, the Bird Directive and the
Habitat Directive. In the first chapter, a general overview
of current legislation is given. In the second chapter, the
reason for updating current nature and biodiversity legislation is introduced. In the third chapter, essential principles of the new law is analyzed and compared with EU
Bird Directive and Habitat Directive. Then, several issues
relevant to the aforementioned amendments are discussed.
This study concludes that the draft legislation addresses
all nature and biodiversity issues within the context of EU
Affiliation process, and a planned economic development
and nature and biodiversity protection is obvious.

plans, programs1 and projects2. Although all the efforts,
plans and programs have their legal basis, not any single
legislation addresses directly all issues of nature and biodiversity protection. This has caused scattered, overlapping
and contradictory issues in legislation. Besides, institutional
conflicts arising from these issues raised overlapping authorities and unborn responsibilities.
Beyond that, Turkey has participated in several international initiatives by signing and being a part of several
international conventions, directives and treaties relevant
to nature and biodiversity protection3 [5]. In the Turkish
legal system, international agreements are a part of national
law. Art. 90 of the Constitution4 of the Turkish Republic
states: International agreements, which have duly entered
into force, shall have the force of law [6]. However, not all
of these have been oriented into domestic legislation at a
statutory basis.
1

KEYWORDS: Bird Directive, Habitat Directive, Nature and Biodiversity Legislation

INTRODUCTION
Turkey, at the junction of three continents and two
seas, has a rich biological diversity [1], having about
120,000 invertebrate, 472 fish, 426 bird, 8 turtle, 49 lizard, 36 snake, 20 frog and 120 mammal [2] species. Turkey is also one of the richest flora centers of the world,
with approximately 10,000 different types of plant species
with an endemic ratio of 30% [3]. However, although the
country is rich in biodiversity, it is not possible to say the
same for the quantity of each species due to threat and
pressure on the nature [4].
Being very rich in biodiversity, over the years, Turkey has been spending several efforts conserving country’s nature and biodiversity. The means and methods of
conserving those values vary including national strategies,

National Environmental Action Plan (1998), National Plan for In-Situ Conservation of Plant Genetic Diversity (1998), National Biological diversity Strategy and
Action Plan (2001), National Agenda 21 Programme (2001), National Wetland
Strategy (2003), Turkish National Forestry Programme (2004), National Science
and Technology Policies 2003-2023 Strategy Document (2004), Turkish National
Action Programme Against Desertifi cation (2005), National Environmental Strategy
(2006), National Rural Development Strategy (2006), National Biological Diversity Strategy and Action Plan (2007)
2
Many projects are being carried out. The most important are: Project for In-Situ
Conservation of Turkey’s Plant Genetic Diversity (GEF 1 Project) was conducted
between 1993 and 1998 jointly by the Ministry of the Environment, the Ministry of
Agriculture and Rural Affairs and the Ministry of Forestry with GEF/World Bank
grant support. Biological diversity and Natural Resource Management Project
supported by the World Bank-Global Environmental Fund, which became effective
in 2000,completed in December 2007. It is the most comprehensive Biological
diversity Project to be conducted by Turkey so far with a large-scale GEF contribution. Anatolia Water Basins Rehabilitation Project. was signed on 4 October
2004 and it is planned that the project will be completed in 2011. The aims of the
project are to achieve sustainable resource management and participatory planning
in the Central Anatolia and Black Sea regions, to reduce pressure on natural
resources.
3 International Convention For The Protection Of Birds (1966); Convention For
The Protection Of The World Cultural And Natural Heritage (1983); Convention
On The Conservation Of European Wildlife And Natural Habitats (1984); Barcelona Convention For Protection Against Pollution in The Mediterranean Sea
(1988); The Convention On Wetlands Of International Importance, Especially As
Waterfowl Habitat (1994); The Convention On The Protection Of The Black Sea
Against Pollution (1994); The Convention On International Trade in Endangered
Species Of Wild Fauna And Flora (CITES) (1996); The Convention On Biological
Diversity (1997); United Nations Convention To Combat Desertification(1998);
The European Landscape Convention (2000)
4
The Constitution of the Turkish Republic of Turkey 1982, Official Gazette, Vol.
17863, No 2709.
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Turkey has intended to become the member of European Union since 1959, and has spent several efforts to
orient its official structures and institutions to European
Union [7]. Likewise, the Country has attempted to orient
also its nature and biodiversity legislation5 into EU legislation [8]. Regarding the scope of the nature and diversity,
Bird Directive6 of 1979 and Habitat Directive7 of 1992 are
the most important ones, and without orienting and implementing those 2 Directives, becoming EU member is
impossible [9].
Accordingly, Turkey has launched a program to enact
a new law on nature and biodiversity legislation, aiming to
have a domestic law inline with EU legislation, also taking into consideration the other international developments.
Today, the new draft law for nature and biodiversity has
been prepared and was put into national agenda for enactment in General Assembly. However, it could not have
been put into force in the foreseen period of 2007-2009
[10]. The aim of this article is to analyze the Draft Law
with respect to EU Bird Directive and Habitat Directive.
OVERVIEW OF TURKISH
INSTITUTIONAL AND LEGAL FRAME
The concept of “nature conservation” is defined as
actions taken in pursuance of the objective of protecting
and enhancing the abundance and full diversity of the nation's heritage of wild fauna, flora and their habitats, and
geological and physiographical features, for present and
future generations [11]. Likewise, the concept “biological
diversity” in general means the variability among living
organisms from all sources including inter alia, terrestrial,
marine and other aquatic ecosystems, and the ecological
complexes of which they are part; this includes diversity
within species, between species and of ecosystems [12].
Any legislation aiming to protect those natural assets
can be called nature and biodiversity legislation [11]. The
legal status of biological diversity in Turkey is reflected
in the legal documents, such as the Constitution, Laws,
International Conventions, Protocols and Related Regulations. There are 35 laws, 3 decrees of law status, 23 regulations, and 10 circulars related to environmental issues,
including the Law for Environment, Law on the Conservation of the Cultural and Natural Heritage and National
Parks Law's passed in 1983 [13]. Several statutes and
regulations have been enacted so far, which have some
provisions indirectly dealing with nature and biodiversity
conservation as summarized below:
Article 63 of the 1982 Constitution provides that the
State shall protect historical, cultural and natural assets
5

	
  The data about the Turkish Biodiversity Legislation are provided from the Project
“The Performance Analysis of Turkish Biodiversity Legislation with the International Criteria 08/15122006”. This Project was supported by Istanbul University. 	
  
6
Council Directive 79/409/EEC of 2 April 1979 on the conservation of wild birds
7
Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural
habitats and of wild fauna and flora

and take supporting measures for this purpose. This Article also provides for the conservation of species in their
natural environments. In addition, even if they are not
directly intended for the conservation of biological diversity, there are the provisions for environmental protection
in Article 56, the limitation introduced by Article 35 on
the exercise of private ownership in view of public benefit, and the provisions in Article 44 concerning the efficient use of land, in Article 45 concerning the prevention
of the use of agricultural land, meadows and pastures for
other purposes, and in Article 169 concerning the conservation and development of forests, thereby securing the
conservation of biological diversity through legal sanctions [14].
The Environmental Law8, aiming at the protection of
the environment, the common asset of all living things, in
accordance with the principles of sustainable environment
and sustainable development, determines and provides for
the basic principles related to protecting and improving the
environment and preventing its pollution. The Law states
the importance of protecting biological diversity in Article
6, and introduces penal sanctions against damage to the environment, including the destruction of biological diversity, when detected through inspection and audits.
The first Forest Code was enacted in 1937 intending to
protect forest resources. Since this Law has aimed to protect all forest resources, it has also secured a substantial
amount of habitats for flora and fauna in all those areas.
In 1956, the new Forest Code, updating the first one was
enacted and states principles concerning forest management. Protection forests, gene protection forests and seed
stands are designated under this Law.
The Law of Aquatic Product of 1971, No. 1380 was
enacted aiming to conserve all aquatic products and fish
species in both fresh water and seas.
The first Terrestrial Hunting Law of 1937, No. 3167
was enacted for regulating all terrestrial hunting issues and
the Law was updated in 2003 by the Law No. 4915. The
new law has several provisions relevant to species protection, hunting means and methods, hunting tourism, etc. This
means that the new amendment deals not only with terrestrial hunting but also species protection.
During the early 1980’s, a codification about natural assets has been initiated by starting Law of Tourism Encouragement of 1982, No. 2634. This Law is important with
respect to allowing tourism investments in natural habitats.
Law of Protecting Cultural and Natural Assets aims to
conserve all natural assets countrywide. According to this
law, about 900 natural sites have been declared and put
under legal protection.
Law of National Parks of 1983 is another important
one, which was entered into force in the same year, targeting protection of natural areas for both plant and animal
8
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species. Of course, the scope and contents of that law is
under discussion and, in general, it is considered that the
Law of National Parks does not cover all issues commonly
approved in international agenda like in-situ protection,
invasive species, ex-situ protection, species protection,
species action plans, etc.
In 1988, Turkey has enacted a special Decree on Specially Protected Areas in Mediterranean Sea aiming to orient
Barcelona Convention into domestic legislation. According
to the referred Decree, Specially Protected Areas throughout the Mediterranean Coast have been declared so far [15].
The Law on Coastal Areas is another law dealing with
how to protect all shorelines of the country. Having been
enacted in 1990, this law prohibits private usage in a distance of 50 m in length starting from shoreline, and put
under protection all natural assets throughout the coastal
areas.
Pasture Law is another important step toward conserving nature and biodiversity countrywide, in all steppes,
grasslands and meadows ecosystems.
Terrestrial Hunting Law was enacted in 2005 aiming to
protect animal species in general and game animals in particular, as well as to regulate terrestrial hunting issues in Turkey. This Law includes provisions concerning the conservation and development of game and wild animals together
with their natural habitats for sustainable hunting and wildlife management, the control of their hunting, the regulation of hunting, the utilization of hunting resources in such
a way as to benefit the national economy, and cooperation
with relevant public and private legal entities. Wildlife protection and generation areas are established in accordance
with this Law.
The Law for the Protection of Animals aims to ensure
animal welfare and proper treatment of animals, to protect
them in the best manner from pain, suffering and cruelty,
and to prevent all kinds of ill-treatment against them.
The Soil Protection and Land Use Law sets forth procedures and principles to ensure the conservation and development of soil by preventing its loss and degradation

through natural or artificial ways, and the planned use of
land in accordance with the principle of sustainable development with priority for the environment.
The issue of the conservation and sustainable use of
biological diversity, because of its scope, comprises actions, which involve several institutions and organizations
(Table 1). The Ministry of Environment and Forestry is
authorized to deal with nature and biodiversity conservation issues within all forestlands in Turkey. Likewise, the
Ministry of Agriculture and Village Affairs is authorized
to carry out all works within their territories countrywide.
On the other hand, several areas in nature and biodiversity
conservation, such as migratory species, in-situ protection, ex-situ protection, or invasive species are not delegated to any public institution.
THE HABITAT AND BIRD DIRECTIVES
Due to the danger of extinction of some habitats and
the pressure of implementing a series of international
conventions on wetlands (1975 Ramsar Convention) and
habitats (1979 Bern Convention), European Union had
taken a series of measures against the loss of natural heritage by announcing Birds Directive in 1979, followed by
Habitats Directive announced in 1992 which are known to
be the most efficient instruments utilized by EU in natural
resource conservation. In addition to other measures, the
EU has constituted 'Natura 2000 Protected Areas Ecological Network' inline with these Directives, in order to be
able to sustain the biological sources of the natural inheritance [16].
With its widely known name, the Birds Directive,
Council Directive 79/409/EEC on the conservation of
wild birds, is the oldest and one of the most important EU
pieces of nature legislation. It creates a comprehensive
scheme of protection for all wild bird species naturally
occurring in the Union as a response to increasing concern about the declines in Europe's wild bird populations.
It was also underlined that wild birds, many of which are
migratory, are a shared heritage of the Member States,

TABLE 1 - The Institutions related to Biological Diversity [14].
Implementing Institutions
Ministry of Environment and Forestry
Ministry of Agriculture and Rural Affairs

Institutions developing macro level plans and programs
Ministry of Foreign Affairs
Ministry of National Defense

Institutions relevant due to their activities
Ministry of Energy and Natural Resources
Ministry of Transport

Ministry of Culture and Tourism
Ministry of Interior
(Turkish Coast Guard Command and Gendarme General Command)
Ministry of National Education
Undersecretariat of Maritime Affairs
Undersecretariat of Custom
Turkish Patent Institute
Universities

Ministry of Finance
Prime Ministry State Personnel Directorate

Ministry of Public Works and Housing
Ministry of Industry and Trade

Undersecretariat of State Planning Organization
Undersecretariat of Treasury
Undersecretariat of Foreign Trade
The Higher Education Committee

1049

© by PSP Volume 19 – No 5a. 2010

Fresenius Environmental Bulletin

and that international co-operation was needed for their
effective conservation. [17].
The Directive places great emphasis on the protection
of habitats for endangered as well as migratory species,
especially through the establishment of a coherent network
of Special Protection Areas (SPAs) comprising all the most
suitable territories for these species. Since 1994, all SPAs
form an integral part of the NATURA 2000 ecological network. The Directive requires Member States to maintain
populations of wild birds, to protect their habitats, to regulate hunting and trading, and to prohibit certain methods of
killing. The establishment of SPAs is a central component
of the philosophy of the Directive. However, implementation of the Directive had been extremely poor [18]. At one
time or another since 1979, the Commission has initiated
infringement proceeding against almost every Member
State; these have resulted in important rulings by the European Court [19]. Many of the problems stem from the wide
discretion and which states are granted in identifying SPAs
in their territory.
The Habitats Directive was intended to remedy some
of the deficiencies of the Birds Directive and extend the
level of protection to a wider range of species and habitat
types. The Directive aims to achieve a “favorable conservation status” for a long list of habitat types and species
included in two extensive lists of habitat types and species. The ecological term “favorable conservation status”
is defined with reference to such factors as the amount
of habitat remaining, population dynamics and trends in
the natural range of species. To these ends, Member States
are required to identify and protect Special Areas of Conservation (SACs) in which the necessary steps are taken to
ensure that the priority habitats and species therein are
maintained at, or restored to, a favorable conservation
status. Together with SPAs, the sites selected for special
protection are the component parts of NATURA 2000. The
Member States are required to take all appropriate steps to
avoid the deterioration of those habitats and species for
which protection is required [20].
THE NEW LAW AND ESSENTIAL PRINCIPLES
The contradictory and overlapping issues of the present legislation has been as well as accepted in the National Development Plans. The fact that the natural resources protection of Turkey requires a legislative change
and reorganization had been stated in many different platforms [21]. Turkey has been spending a special effort for
several years to enact a new law about nature and biodiversity protection. A particular law making effort has been
spent by the General Directorate of National Parks, Hunting
and Wildlife (GDNPHW), and a draft law about nature and
biodiversity protection has been prepared by the contributions of several hundred participants.
As a law-making method, for the first time, a draft law
has been prepared by pursuing down to top strategy, which

means that more feedbacks have been taken from local
implementation officers of the GDNPHW, rather than
preparing a draft law in the Ministry by consulting a couple
of experts which resulted in a law that is more original,
sophisticated and useful.
The primary goal of the law is identification of biodiversity and ecological values occurring in terrestrial wetlands and marine ecosystems of Turkey, and conservation
by means of protected areas, restriction of certain activities which have negative impacts on biodiversity and the
nature, protection of flora and wildlife species together with
their habitats [22]. The draft law also aims to meet the requirements of key international legal arrangements, international agreements and the main EU directives. The Bird
Directive and the Habitat Directive of the EU have been two
of the leading guides during the preparation of the draft. In
addition, a series of recently emerging principles and objectives that global environmental institutions, NGO’s, and
lobbies agree upon, are taken into consideration.
Besides being in conformity to EU directives, international agreements, and worldwide emerging principles and
objectives, the new draft law also aims to eliminate the
current weakness of implementation due to overlapping and
contradicting authorities by uniting and coordinating the
command under specific institutes.
The law that is constructed in 10 sections, 25 chapters
and 87 articles will be applicable to all terrestrial, aquatic
and marine ecosystems, and animal and plant species as
well as their habitats and genetic diversity under both public
and private ownership within the jurisdiction of the Republic of Turkey. The law consists of protected areas, provisions banning all hazardous activities countrywide addressing both species and habitat protection, protecting wild
plant and animal species, protecting biotopes, habitats and
ecosystems other than habitats put under protection and
protected areas.
Section 1 covers general provisions about the purpose,
objectives and the scope of the law (Table 2). This section
also includes the main approaches followed when preparing the said draft law, and the principles of biodiversity
and nature protection.
TABLE 2 - Contents of Section 1
Sec.Chp.Art.

General Provisions

1.1.0
1.1.1
1.1.2
1.2.0
1.2.3
1.3.0
1.3.4
1.3.5
1.3.6
1.3.7
1.3.8

Objectives and the Scope of the Law
The Objectives of the law
The scope of the law
Definitions
Definitions
Main Approach and Principles
Aims of Nature and Biodiversity and Nature Conservation
The Principles of Nature and Biodiversity Conservation
The Superiority of the Law
Network of Protecting Biodiversity
The responsibility of the public when conserving nature
and biodiversity and landscape
The power and responsibilities of public authorities
Agriculture, Forestry and Fishing Activities

1.3.9
1.3.10
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Section 2 forms the core of this law, which covers
protected area categories, their definitions and management objectives, the permitted and prohibited activities,
area designation and announcement procedures, how to
make management planning, public participation, updating and modifying the plans, and physical security of the
said areas (Table 3). Beyond that this section includes investment activities in the protected areas, mining and petroleum search, environmental impact assessment of the projects, and compensating the income loss of the local people
and confiscation of private property and allocating public
lands to protection efforts. Another important concept covered herein is the “Natura 2000 Network” to meet the criteria set up by EU Habitat and Bird Directives. Having covered 3 articles, Chapter 2 deals with natura-2000 areas in
particular. Designation procedure, management of the said
areas and prohibited activities and exceptions of them
have been provisioned in this chapter as well.
TABLE 3 - Contents of Section 2.
Sec.Chpt.Art.
2.1.0
2.1.11
2.1.12
2.1.13
2.1.14
2.2.0
2.2.15
2.2.16
2.2.17
2.3.0
2.3.18
2.3.19
2.3.20
2.3.21
2.4.0
2.4.22
2.4.23
2.4.24
2.4.25
2.4.26
2.5.0
2.5.27
2.5.28
2.5.29
2.5.30
2.5.31
2.5.32
2.5.33
2.5.34

Protected areas
Protected Area Categories
Protected Area Categories and Definitions
The Management Objectives of Protected Areas
The Prohibited and Permitted Usages in Protected Areas
Specially Protected Areas of Mediterranean Importance
EU Natura- 2000 Protected Areas Network
EU Natura- 2000 Protected Areas Network
Designation Procedure
Exceptional Provisions
The Designation and Announcement of the Protected
Areas
The Proposal of the Protected Areas
Participating for Area Designation Procedure
Asking for Opinions of Relevant Ministries And Submitting the Proposal to The Cabinet
Announcement and Proclamation in Official Gazette
Management and Planning of Protected Areas
Management Planning
The Contents of Management Plans
Participation in Planning Process
Updating and Modification of Management Plans
The Relationship Between Protected Areas and Country
Development Plans
and Investments in Protected Areas
Investments
Licenses in Protectred Areas
Petroleum and Mining Search and Investment Licenses
Conveying Usage Rights
Developing of the Resources
Compensating Income Lost Arises From Usage Rights
Restrictions
Confiscation and Bartering
Allocating Real Property
Physical Security of the Protected Areas

Section 3 talks about the provisions of natural habitats outside of the protected areas, ecosystem rehabilitation and legally protected biotopes (Table 4). Herein, intervention in nature and landscape is given as a new concept in nature and biodiversity protection. Ecosystem rehabilitation aims to ameliorate degraded ecosystems to some
extent. This section also covers legally protected biotopes,

which aims to put some biotopes having special conservation values under protection by law.
TABLE 4 - Contents of Section 3.
Sec.Chap. Art The Provisions about Protecting Biodiversity in Habitats
Outside of the Protected Areas
3.1.0
General provisions
3.1.35
The Areas of Conservation Outside of Protected Areas
3.1.36
Interventions in Nature and Biodiversity
3.1.37
Obligations of the Intervening Party
3.1.38
Intervention Procedures
3.2.0
Ecosystem Rehabilitation
3.2.39
Ecosystem Rehabilitation

Section 4 includes protecting wild plant and animal
species and their habitats (Table 5). This section particularly covers the tasks of species conservation, general provisions about protecting all wild flora and fauna and their
habitats, specially protected habitats regarding Biodiversity Convention, Bird and Habitat Directive, Bern Convention and Ramsar Convention. Furthermore, specially
protected plant and animal species, prohibited activities
against wild plant and animal species, prohibited methods
when hunting the said species, and action plans to protect
those species and their habitats, are covered by this section as well. Trade in endangered species of wild flora and
fauna is another important issue to be dealt with in this
section. The detailed provisions about this issue are put into
a particular Regulation currently in use. In-situ conservaTABLE 5 - Contents of Section 4.
Sec. Chpt. Art. Protecting Wild Plant and Animal Species and Their
Habitats
4.1.0
General Provisions
4.1.40
Tasks of Species Conservation
4.1.41
General Provisions on the Conservation of Species and
of Their Habitats
4.1.42
Provisions about Wild Animals Used for Experiments or
Other Scientific Purposes
4.2.0
Specially Protected Plant and Animal Species
4.2.43
Specially Protected Plant and Animal Species
4.2.44
Prohibited Activities Against Animal Species
4.2.45
Prohibited Activities Against Plant Species
4.2.46
Prohibited Methods, Devices, and Equipments for Killing and Capturing Wild Species
4.2.47
Exceptional Provisions
4.2.48
Action Plans for Specially Protected Wild Plant and
Animal Species
4.2.49
The Scope of Action Plans
4.2.50
The Authority of Making Action Planning
4.2.51
Provisions About Migratory Species
4.3.0
Trade in Endangered Species of Wild Species
4.3.52
Trade in Endangered Species
4.4.0
In Situ Conservation, Ex – Situ Conservation and Reintroduced Species
4.4.53
Necessary Measures for In - Situ Conservation
4.4.54
The Conditions of Reintroduction
4.4.55
Ex-Situ Conservation
4.4.56
Establishing Ex-Situ Conservation Units
4.4.57
Necessary Measures for Ex - Situ Conservation
4.4.58
Zoos
4.5.0
Provisions about the Determinations, Recording and
Protection of Monumental Trees
4.5.59
Monumental Trees
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tion, reintroduced and alien species, ex–situ conservation
and its scope, establishing national zoo, nature protection
museum, aquarium and gene banks and the tasks of the
Ministry of Environment and Forestry within this context
are some other issues that are mentioned in this section.
Monumental trees, their recording procedure and designation of a buffer zone around each of those trees are other
interesting points to be mentioned herein.
Section 5 explains monitoring and financial measures,
data recording, establishing a national database about biodiversity (Table 6). In particular, this section includes the
purpose and the scope of the monitoring issue in nature and
biodiversity protection, the rules to be paid attention when
performing monitoring tasks, controlling monitoring activity as well. Economic incentives and financial measures,
budget formulation and raising revenues, and the sources
of budget are also covered by this section.
TABLE 6 - Contents of Section 5.
Sec.Chap.Art.
5.1.0
5.1.60
5.1.61
5.1.62
5.1.63
5.2.0
5.2.64
5.2.65
5.2.66

Monitoring and Financial Measures
Monitoring and Reporting
Authorized Agency
Monitoring
The Concepts to be Monitored and Monitoring Methods
and Devices
Recording the Data
Economic Incentives, Exemptions and Financial
Measures
Incentives and Exeptions
Budget
The Sources of Budget and Payments

TABLE 7 - Contents of Section 6.
Sec.Chap. Art. Benefit Sharing, Local Knowledge, Participation, Consciousness and Environmental Impact Assessment
6.1.0
Benefit Sharing and Innovations
6.1.67
The Rights of Local People and Innovations
6.1.68
Benefit Sharing
6.2.0
Participation and Access to Information
6.2.69
The obligation of public participation
6.2.70
Using the Right of Access to Information and Its Restrictions
6.3.0
Training, Consciousness, Research and Environmental
Impact Assessment
6.3.71
Trainng and Consciousness
6.3.72
Provisions on Conducting Research
6.3.73
Environmental Impact Assessment, Unacceptable Projects and Exceptions

Section 7 explains sanctions and penalties (Table 8).
In particular, this section includes administrative fines and
penal provisions, objecting to administrative fines, crimes
and penal provisions.
TABLE 8 - Contents of Section 7.
Sec. Chap. Art
7.1.0
7.1.74
7.1.75
7.2.0
7.2.76
7.2.77
7.2.78

Section 6 deals with benefit sharing, local knowledge,
participation, innovations, the rights of local people, determining and recording the rights of local people, access
to information, right of justice, training, education and research, public awareness and environmental impact assessment (Table 7).

7.2.79
7.2.80

Sanctions, Penal Provisions and Criminal Procedures
Administrative Violations and Sanctions
Administrative Fines
The Authority to Sentencing Administrative Fines and
Objecting the Fines
Crimes and Penal Provisions
Crimes Committed Against Protected Species and Penal
Provisions About Them
Crimes Committed Against Protected Areas Designated
From Forests and Penal Provisions About Them
Crimes Committed Against Protected Areas and Penal
Provisions About Them
Special Provisions About Crimes and Penalty
Some Provisions About Criminal Procedures

Section 8 deals with institutional structure of the law,
and how to implement this law. In particular, institutional
structure is thought to be covered by another law that has
been prepared by the ministry parallel to this one.

TABLE 9 - Comparison among Bird and Habitat Directive and Draft Law of Nature and Biodiversity Conservation.
Concepts of
Habitat and Bird Directives
Definitions (Protection, SPA, SAC, natural
habitat type, site....)
Aim of directives
Natura 2000 Areas Network,
species lists,
migratory species,
acknowledgement to Commission,
Pollution and deterioration of habitats

Proposing SPA and SAC
Conservation measures and planning

Financial measures

Draft Law of Nature and Biodiversity Protection

Current Legislation

Art. 3

No legal provision (except wetland )

Art. 1
Art. 15 for selection
Art. 16 and 17 for allowed and prohibited investments and
activities
Art. 39 for ecosystem rehabilitation
Art. 51 for migratory species
Art. 43 for specially protected animal and plant species,
Art. 16 for reporting,
Art.s 22-26 for planning and taking protection measures
Art. 6 for declaration and submitting to Commission
Art.s 22-26 for planning,
Art. 39 for ecosystem rehabilitation,
Art.s 74-80 forSanctions and penalties,
Art. 73 for EIA
Art.s 64-66 for financing, incentives and expenses

No legal Provision
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No legal Provision

The Law of National Parks
No legal Provision
No legal Provision
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TABLE 9 – continued.
Declassification of Natura 2000 Network Areas

No measure taken for this issue due to strict opposition of
the participants and deleted from draft law
Rehabilitation and improvement of Natura 2000 Art. 39 for ecosystem rehabilitation
Network
Art. 22-26 for planning
Monitoring and Surveillance
Art.s 60-63 for monitoring, inventory and data recording
Protection of plant and animal species,
Monitoring species
Taking wild specimens of species of wild fauna
and flora
Prohibited methods for killing and capturing
Exceptions for prohibited methods
Report for derogations
Research
In-situ protection
Ex-situ protection
Reintroduction of species

Art.s 40-47 for species protection
Art.s 48-50 for action of species
Art.s 44-45 for prohibited activities and capturing,
Law of Terrestrial Hunting and the Law of Aquatic Products has some provisions relevant to this issue
Art. 46 for killing methods and devices
Art. 47 for exceptions
Should be the draft law of institutional structure
Art. 72 for conducting research
Art. 53 for in-situ conservation,
Art. 54 for Reintroducing species,
Art. 55 for Ex-situ protection

No legal Provision
No legal Provision
The Law of National Parks
Terrestrial Hunting Law
Terrestrial Hunting Law
Cites Regulation
Terrestrial Hunting Law
(fauna species)
Terrestrial Hunting Law
No legal Provision
No legal Provision
No legal Provision
No legal Provision

Section 9 covers repealed and transitional provisions,
modified and transitional provisions.

the protection of the nature and the biodiversity would contribute to overcome all above issues.

Section 10 covers the articles dealing with implementation provisions, enacting relevant regulations and provisions about entering into force of this law.

There is no doubt that just legal protection would not
be sufficient to protect the nature and the biodiversity.
Topics, such as going public on the matter, participation to
decision making process, education, instigation, planning,
project making, application and supervision are as important as legal protection. However, having a frame law
gathering all these topics and being in conformity with
international agreements is compulsory for an effective
protection. Due to this necessity, Ministry of Environment
Forest pre-pared a draft law on nature and biodiversity
protection to have conformity with EU directives and international agreements, and to overcome present problems in
the application of the current law. The draft law reflects
almost all issues relevant to nature and biodiversity protection besides being in conformity with the EU Bird Directive and Habitat Directive. Many essential concepts and
principles, important for nature and biodiversity protection,
such as in-situ protection, ex-situ protection, invasive species, reintroduced species, or species action plan, were put
into legislation for the first time. With Draft Law comes
into effect, scattered statutes on nature and biodiversity
protection would be gathered under a single topic, and
conformity to EU legislation would be established. Thus,
having this draft law put in force for Turkey, being criticized every year in EU progress, reports which claim in
Turkey does not have enough effort and progress on nature
and biodiversity protection.

Table 9 compares the concepts of the directives and the
corresponding existing legislation statutes, and the statutes
of the draft law. As it can be clearly seen from the table,
existing biodiversity legislation statutes are not confirming to the concepts of the directives; hence, this table shows
the necessity of the new draft law which gathers all the
essentials of nature and biodiversity protection whereas this
issue is mentioned every year in the EU progress reports.
Therefore, this draft law which is not yet put into force is
very important for the EU affiliation process of Turkey.
CONCLUSION
The nature and biodiversity legislation plays an important role in protecting both flora and fauna of countries. Especially, in some countries like Turkey, one of the
most biologically diverse countries in the temperate zone
and more than one third of species found in Turkey are
endemic, native to the region [23]. Therefore, legal protection is even more important.
Since 1980’s, Turkey has entered into a fast economic
development period. Industrial zones, housing settlements,
airports, high ways, and several other infrastructures have
occupied great majority of the countryside, of which many
places were used to be habitats of several plant and animal
species. Moreover, such destructive activities have still been
continued but at a slower rate. To stop those irregularities
and even revert back their negative impacts, the country
has stepped up some initiatives by considering EU Affiliation process as an opportunity to change the destiny of
Turkey’s natural beauty. Therefore, having a new law on

Finally, this draft law, introducing new concepts to Turkish legislation, empowering protection status and establishing necessary supervision and audit mechanisms, has enough
statutes to have the ability to protect the nature and biodiversity of Turkey and should be urgently put into force.
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