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INFLUENCE OF CITRIC ACID ON
ALUMINUM-INDUCED NEUROTOXICITY IN CA3
AND DENTATE GYRUS REGIONS OF MICE HIPPOCAMPUS
Yumei Liu*, Ziqiang Zhang, Chenyu Yang, Meng Li,
Zhanchao Yu, Xiaoguang Chen and Juquan Yang
College of Animal Science and Technology, Henan University of Science and Technology, Luoyang, Henan 471003, China

ABSTRACT

1 INTRODUCTION

The objective of this paper was to evaluate the influence
of citric acid on the potential neurotoxicity of aluminum.
Male Kunming mice were randomly divided into 6 groups
(12 mice per group): control group (vehicle), citric acid
group (62 mg/kg body weight of citric acid), Al3+groups
(100, 400 mg/kg body weight of AlCl3·6H2O), and Al3+
together with citric acid groups (100, 400 mg/kg body
weight of AlCl3·6H2O + 62 mg/kg body weight of citric
acid), and the mice were, respectively, exposed to drinking
water containing the above solutions for 70 days. At the
end of the exposure period, mice were sacrificed and brain
samples were collected to determine the relative brain
weight, AchE levels, and morphological changes in the
CA3 and dentate gyrus (DG) regions of hippocampus.
No significant effects could be detected on relative
brain weight in the mice treated with citric acid and aluminum when compared to control group, except 400 mg/kg
body weight AlCl3·6H2O together with citric acid. The
AchE level of the mice in Al3+ together with citric acid
groups was decreased significantly when compared to only
aluminum-exposed groups and control group. Microscopical examination of the mice hippocampus showed apparent histopathological changes in aluminum and citric acid
co-exposed groups including tissue degeneration, pyramidal cell disorganization, nucleus hyperchromasia, decreasing number of normal neurons, and so on. Neurotoxicity
in the mice is more apparent with combined exposure to
aluminum and citric acid.

KEYWORDS:
Aluminum; citric acid; hippocampus; neurotoxicity

,

* Corresponding author

A number of environmental factors have been implicated in Alzheimer's disease (AD) and other neurodegenerative disorders, including metals, especially aluminum
[1]. As the most common metal of the earth's crust, aluminum has long been recognized as a neurotoxic agent to
humans and animals. The toxicity of aluminum under
physiological conditions relies heavily on the chemical
reactivity of aluminum species presented to the cells, with
properties such as structural composition, aluminum complex nuclearity and size, charge, ligand properties and
hydrolytic chemistry all affecting the solubility, bioavailability and neurotoxic potential of the metal [2]. Although these
points might be debatable, there is little doubt that accumulation of aluminum leads to tissue damage [3]. Due to the
complex nature of its synthesis and limited entry into
brain, the mechanisms of this drug enters are now being
investigated.
Aluminum enters into the brain by various mechanisms: two of them are well-known, transferrin and citrate.
Citric acid is a naturally occurring carboxylic acid that has
been considered as a potential therapeutic agent for reducing blood and brain aluminum burden effectively [4]. Citrate
may also act as an adjuvant that might help in removing the
aluminum from the deposit site, and redistribute it to the
plasma. This is possibly due to the tendency of aluminum
to form an aluminum-citrate complex, a low molecular
weight complex [5]. Aluminum-citrate is the predominant
small molecular weight aluminum species in plasma, representing 10%-20% of total aluminum [6]. In recent
years, there has been reported that aluminum-citrate can
easily cross the blood brain-barrier (BBB) and enter the
brain via a carrier, in a Na+ independent, pH independent,
but energy dependent way [7, 8]. Therefore, there is
more evidence suggesting that an increased neurotoxicity
of aluminum may result from the chelation with citric acid
[9, 10]. However, it was also reported that citrate might
have prevented aluminum uptake and rather than being a
candidate for cellular aluminum uptake, may be a major
aluminum chelator both in extra- and intracellular fluids in
order to detoxify them [11]. Thus, further investigation is
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necessary to better understand the role of citric acid in
neurotoxicity of aluminum.
Aluminum has been reported to alter BBB [12], and
to accumulate in the sensitive areas of the brain, such as
the hippocampus [13, 14]. Xu et al. [15] suggested that
the hippocampus and neocortex are specifically affected
by aluminum accumulation in the aging humans. CA1 and
CA3 sub-regions of hippocampus are reported to be involved in both short-term and long-term memory consolidation [16]. For short-term memory formation, hippocampal CA3 neuronal network modifies the incoming information and transfers the modified message to the CA1 subregion via CA3-CA1 projections [17]. But Sethi et al. [18]
observed a significant interaction showing that the CA3
sub-region is more affected with aging and aluminumneurotoxicity compared to the CA1. Interestingly, selective
degeneration of granule cells in the dentate gyrus (DG) has
been found to occur in animal models reproducing human
diseases, such as hypoglycemia-induced brain damage as
well as bacterial and viral brain infections [19]. Thus, the
present study was planned to determine if citric acid has
influence on aluminum-induced neurotoxicity in the mice
brains, especially CA3 and DG sub-regions of hippocampus.

organ weight. The relative brain weight was the ratio of
brain weight to body weight.
2.3 Determination of acetylcholine esterase activities

After weighting, the mouse brain was homogenated
in ice-cold phosphate buffer. The homogenate (10%) was
centrifuged at 4000 g for 10 min at 4 °C, and the supernatant was used for assay. Protein concentration in the supernatant was determined by commercial kits supplied by
Jiancheng Institute of Biotechnology (Nanjing, China).
All procedures complied completely with the manufacturer's instructions. Acetylcholine esterase (AchE) activities
were estimated according to the method described by
Ellman et al. (1961) [20], with minor modifications. The
assay mixture contained in 1 ml and final concentration:
84 mM sodium phosphate buffer (pH 8.0), 0.32 mM dithiobisnitrobenzoate (DNTB) prepared in 0.01 mM phosphate buffer (pH 7.0), 0.48 mM acetylthiocholine iodide
as substrate, and 150 µg of enzyme protein per assay. The
change in OD was measured by a UV-VIS spectrophotometer (SPECORD 50, Analytik Jena, Germany) at 412 nm. The
specific enzyme activity of AchE was calculated as µmol
of thiochline produced per min per g of tissue at room
temperature.
2.4 Histological examination

2 MATERIALS AND METHODS
2.1 Animals grouping and treatment

The Kunming mice (♂, 20 ± 2 g) were obtained from
Animal Laboratory Center of Zhengzhou University, Medical Science, in China. Mice were group-housed (6 mice per
cage) with free access to food and water, kept in a regulated
environment (22±2 °C, 50±2 humidity), with 12-h light/
dark cycle (light from 8:00 am to 8:00 pm). After acclimatization for 1 week, the mice were randomly divided
into 6 groups (12 mice per group): control group, citric acid
group (62 mg/kg body weight citric acid), Al3+groups (100,
400 mg/kg body weight AlCl3·6H2O), and Al3+ together
with citric acid groups (100, 400 mg/kg body weight
AlCl3·6H2O + 62 mg/kg body weight citric acid). Both
citric acid and AlCl3·6H2O were administered in doubledistilled water as drinking water. Control group received
equal volume of vehicle solution only. Body weight and
water intakes were measured weekly to adjust the dose
and to achieve a constant intake of aluminum.
All mice were administered according to the above
method for 70 days. All animal experiments were conducted
according to institutional and ethical guidelines involving
use of animals (The Committee of Science and Technology of the People’s Republic of China).
2.2 Organ weight

After weighting, the mice (n=7) were anaesthetized
with 3% napental and perfused by artery with 0.9% physiologic saline at a rate of 120 ml/min for 1 h. The whole
brain was removed, washed with ice-cold phosphate buffer
(0.1 M, pH 7.4), dried, and then weighed for determining

The Mice (n=5) were anesthetized with 3% napental
and perfused by artery with physiologic saline firstly, and
then with fixative solution containing 4% paraformaldehyde in 0.1 M phosphate buffer. The whole brain was removed, and fixed in 10% formalin solution for 72 h. After
fixation, the mouse brain tissue was embedded in paraffin,
and continuous coronal 7-µm thickness paraffin sections
were prepared from beginning until to the end. The slices
were chosen from 310 to 320th in different groups. Finally,
each slice was stained with hematoxylin and eosin (HE)
dye. To observe the influence of citric acid on aluminuminduced neurotoxicity, the same area of the same location
in different groups was examined using light microscopy
(BX51, Olympus, Japan).
2.5 Analysis

All data were expressed as means ± SD. The data was
analyzed using SPSS13.0 software. The differences between each group were analyzed using one-way ANOVA
analysis followed by Duncan test, and the level of statistical significance for differences between mean values was
set at P .05.
3 RESULTS
The effect of citric acid and aluminum on the relative
brain weight in mice is shown in Table 1. After administering 70 days, the relative brain weight in mice ingested
with aluminum or citric acid alone was not changed significantly compared with control group, but there was a
significant decrease in mice co-exposure to 400 mg/kg body
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weight AlCl3·6H2O and 62 mg/kg body weight citric acid
for 70 days. The effect of citric acid and aluminum on the
AchE activities is also shown in Table 1. AchE levels in
control group were found to be 182.99± 11.26 U/mg pro-

tein, and no significant differences were observed in mice
after exposure to citric acid or 100 mg/kg body weight
AlCl3·6H2O. However, the AchE activities were found to
be significantly increased in mice administrated alone with

TABLE 1 - The effect of aluminum and citric acid administration for 70 days on relative brain weight and AchE acitivities (U/mg protein) in
mice.
Treatments
Number of animals
The relative brain weight
Cholinesterase activities
Control group-housed mice
7
1.268±0.019a
182.99±11.26a
100 mg/kg AlCl3·6H2O
7
1.251±0.019a
184.80±12.38a
400 mg/kg AlCl3·6H2O
7
1.203±0.011a
240.99±16.32b
100 mg/kg AlCl3·6H2O
a
7
1.222±0.0591
92.26±1.44c
+62 mg/kg citric acid
400 mg/kg AlCl3·6H2O
7
1.128±0.024b
85.79±8.99c
+62 mg/kg citric acid
a
62 mg/kg citric acid
7
1.245±0.061
190.52±8.913a
Values are expressed as means ± SD for 7 mice in each group. Different letters represent significant variations calculated by one-way ANOVA analysis and Duncan test (P .05).
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FIGURE 1 - HE staining sections of hippocampal DG region in the mice. A, C, E, G: Lower magnification image (×100). B, D, F, H: Higher
magnification image (×400). A and B: Neurons of hippocampal DG region in control group mouse exhibited normal morphology. C and D:
After exposure to 400 mg/kg body weight AlCl3·6H2O for 70 days, some neurons in hippocampal DG region appeared to be injured. E and F:
After co-exposure to 100 mg/kg body weight AlCl3·6H2O and 62 mg/kg body weight citric acid for 70 days, some neurons in hippocampal DG
region appeared also to be injured. G and H: After co-exposure to 400 mg/kg body weight AlCl3·6H2O and 62 mg/kg body weight citric acid
for 70 days, the majority of neurons in DG region of the mouse were hyperchromatic, or absent. Arrows indicate injured cells.
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FIGURE 2 - HE staining sections of hippocampal CA3 region in the mouse. A, C, E, G: Lower magnification image (×100). B, D, F, H: Higher magnification image (×400). A and B: Neurons of hippocampal CA3 region in the control group mouse exhibited normal morphology. C
and D: After exposure to 400 mg/kg body weight AlCl3·6H2O for 70 days, some neurons in hippocampal CA3 region appeared to be injured.
E and F: After co-exposure to 100 mg/kg body weight AlCl3·6H2O and 62 mg/kg body weight citric acid for 70 days, some neurons in hippocampal CA3 region appeared also to be injured. G and H: After co-exposure to 400 mg/kg body weight AlCl3·6H2O and 62 mg/kg body
weight citric acid for 70 days, the majority of neurons in CA3 region were injured, or absent. Arrows indicate injured cells.

400 mg/kg body weight AlCl3·6H2O when compared to control group. Interestingly, there were significant decreases in
mice ingested with 100, 400 mg/kg body weight AlCl3·6H2O
along with 62 mg/kg body weight citric acid for 70 days.
Figures 1 and 2 show, respectively, morphological
changes in the DG and CA3 regions of the mouse hippocampus after HE staining. The neurons in DG region of
control group mouse were well organized, stained evenly,
clear and dense cells borderline. Cells in CA3 region of
control group mouse showed regular and close striation,
uniform stain, and a sharp edge. In the 100 mg/kg Al3+ and
62 mg/kg citric acid-treated mice, most of the neurons
survived in the same brain region, cytoplasms and nuclei of
neurons were almost normal (pictures not shown), while
morphological changes in DG and CA3 regions of coexposed mice were apparent compared with the control

group. Such changes included shrunken cytoplasm and
degeneration of the nuclei, especially in the 400 mg/kg
body weight aluminum along with citric acid co-exposed
mice, eosinophilic condensation of the cytoplasm, retraction of the cell body, and hyperchromasia of the nuclei
could be clearly seen in DG and CA3 regions. Besides, in
the high dose Al3+ group (400 mg/Kg body weight), many
neurons did not survive from cell death and swelling, and
hyperchromasia of nuclei in the same region compared
with control group, but the number of the intact neurons was
much more than that in the co-exposed mice (400 mg/kg
body weight Al3+ +62 mg/kg body weight citric acid). In
addition, the pyramidal cell layer appeared disorganized
both at CA3 and DG regions in co-exposed mice, and was
accompanied by an apparent decrease in the total number
of cells in the CA3 region when compared with control
group and Al3+ groups.
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4 DISCUSSION AND CONCLUSION
The aluminum in drinking water may exist as more
readily absorbed species than those from other sources of
aluminum. Because of high concentration of potential ligands relative to the concentration of the mental, aluminum
is expected to be entirely soluble in blood. The brain appears to be one of the most important target sites for aluminum. There is evidence from clinic and animal studies
suggesting that Al3+ is slowly or not cleared from the
brain, and is retained for some time. So uptake of aluminum into brain leads easily to toxicity.
Citric acid is a common component of human diets [21].
However, citrate has been shown in a number of experimental investigations to increase markedly the gastrointestinal absorption of aluminum, and citrate increased intestinal permeability to aluminum citrate. But some reports
note a decrease in aluminum absorption when combined
with citric acid. Citrate may also act as an adjuvant that
might help in removing the aluminum deposit, and redistribute it to the plasma. Therefore, citrate was able to enhance
aluminum excretion. Thus, influence of citric acid on
aluminum-induced neurotoxicity will be explored in this
study.
In the present study, 200 mg/kg body weight
AlCl3·6H2O with 62 mg/kg body weight citric acid did
not affect relative brain weight of mice; however, 400
mg/kg body weight AlCl3·6H2O with 62 mg/kg body
weight citric acid decreased significantly relative brain
weight when compared to control group. These results
imply that influence of citric acid on aluminum is variable
with dose of additional aluminum. Acetylcholine (Ach)
normally has a strong temporal association with the detection of novel or behaviorally significant stimuli, and thus
excessive Ach release might impair tasks that require
learning novel stimuli [22, 23]. AchE exists modified into
salt- and detergent-soluble AchE, and it has been suggested that hippocampal detergent-soluble AchE has the most
determining effect on cognitive performance [24]. Among
membrane-associated proteins, AchE activity was observed to be elevated in Al3+-intoxicated young and old
rats [12, 25]. Sethi et al. [18] observed also that long-term
oral aluminum intake results in a significant increase in
AchE activity. Higher AchE level doses not necessarily
mean better cognitive performance, and the findings denote that there is an optimal balance between cholinergic
neurotransmission and cognitive performance. Our findings
are in conformity to the above reports demonstrating that
AchE activities were improved after Al3+ administration for 70 days. The elevated activities of AchE could be
due to a direct effect of Al3+, as Zatta et al. [25] proposed
that Al3+ can interact with the peripheral sites of AchE to
modify the secondary structure, and eventually its activity.
Interestingly, the AchE levels were decreased significantly in mice exposed to 100, 400 mg/kg body weight

AlCl3·6H2O together with 62 mg/kg body weight citric
acid for 70 days, compared to the control. Another saying
is that citric acid enhanced the aluminum absorption, while
the luxuriant aluminum may act as an inhibitor altering
the G1 and G2 molecular isoforms, which mainly formed
soluble AchE, and then, causing a decrease in total AchE
[26, 27]. It has been reported that aluminum-induced
toxicity in rat brain is resulting in significantly decreased
AchE activities, and decrease in AchE may cause differential cholinergic and no-cholinergic toxicity. Thus, we
concluded that citric acid enhanced the toxicity of aluminum by abnormally decreasing the AchE level.
Hippocampus was chosen for two main reasons.
Firstly, aluminum affects more severely the hippocampus
and neocortex regions than other regions of the central
nervous system [28, 29]. Secondly, this brain region is
known to be particularly susceptible in Alzheimer’s disease, and has a important role in learning and memory
functions. The examination by light microscopy revealed
pathological changes of hippocampus CA3 and DG regions
in mice exposed to 400 mg/kg body weight aluminum,
such as hyperchromasia of nuclei, cell death, and swelling. These changes became apparent in mice combined exposed to aluminum and citric acid. For examples, the pyramidal cell layer and granule cell layer appeared less dense, and
shrunken cytoplasm and degeneration of the nuclei occurred. These findings indicated that function of DG and
CA3 would be possibly disordered, and then, long-term
memory
(entorhinal-dentate-hippocampal
system)
would be in a state of chaos, and these changes in nervous
system may also contribute to different memory disease.
The observed elevated neurotoxicity could be due to the
effect of citric acid on increasing aluminum absorption.
The most important result of over-accumulation of aluminum is that it will affect the entorhinal-hippocampal system, a major network involved in long-term memory. Another possible saying is that over-accumulated aluminum
limited the function of astrocytes and could affect the
physiological activity of neurons. Once the cells of CA3
and DG are damaged, the signal processing of the trisynaptic circuit (perforant path-to-dentate gyrus-to-CA3-toCA1) will be damaged, which may lead to different
memory diseases.
In conclusion, the data obtained in this study have
shown that neurotoxicity in mice was caused after longterm exposure to aluminum, while the toxicity became
more apparent when combined exposure to aluminum and
citric acid was used. Consequently, in order to predict more
accurately the damage of human exposure to aluminum, it
would be reasonable to consider the level of citric acid.
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ABSTRACT
In response to recent regulations for the phase-out of
1,1,1,2-tetrafluoroethane (HFC-134a) from the refrigeration
industry, two hydrofluoro-olefins (HFOs), 2,3,3,3-tetrafluoropropene (HFO-1234yf) and trans-1,3,3,3-tetrafluoropropene (HFO-1234ze), have been currently developed as
the environmentally friendly refrigerants due to the low
global warming potential. However, the lack of environmental information on the partition property and decomposition products may pose several environmental implications for their applications. In the work, the octanolwater partition coefficients of HFO-1234yf and HFO1234ze were evaluated using the “fragment constant“ approach. Furthermore, the predicted values were validated in
comparison with the reported or measured data for common halogenated olefins, which are chemically similar to
these HFOs. From the computational findings, HFOs
should tend to sink into the tropospheric atmosphere because of their low potential bioaccumulations in the environment. On the other hand, the environmental hazard implications of HFOs possibly caused by their thermal decomposition products (including C2F6, HF, COF2, and
CO) were also discussed in the paper.

KEYWORDS: Hydrofluoro-olefins, Decomposition product, Partition property, Health hazard, Environmental fate

1 INTRODUCTION
With the recognition that the uses of hydrochlorofluorocarbons (HCFCs) will be totally banned, hydrofluorocarbons (HFCs) have been currently used as acceptable
refrigerant alternatives to HCFCs [1]. However, there
are some environmental hazards and health risks to be still
pointed out while using HFCs [2]. A significant consideration in using HFCs is that they have been targeted as important greenhouse gases (GHGs) in the Kyoto Protocol of
1997. The most important application of these fluorocarbons
(i.e., HCFCs and HFCs) is used as refrigerants in air-con-

* Corresponding author

ditioning equipments for buildings and vehicles [3]. In response to the concern about global warming, refrigerant
manufacturers and policy makers around the world are
taking action to reduce the emissions of non-CO2 GHGs
from air-conditioning system, especially in automobile. The
European Commission issued the F-Gas Directive on
14 June 2006, requiring that new cars sold in the European
Union have a refrigerant with a global warming potential
(GWP) of 150 or less. It is expected that the most widely
used refrigerant 1,1,1,2-tetrafluoroethane (HFC-134a)
will be excluded from new vehicle types starting in 2011
and all new automobiles starting in 2017 [4, 5]. On the
basis of GWP, available toxicity, chemical stability, flammability, and engineering performance, the most promising
replacement may be the hydrofluoro-olefins (HFOs) [6],
including 2,3,3,3-tetrafluoropropene (HFO-1234yf, CH2 =
CFCF3) and trans-1,3,3,3-tetrafluoropropene (HFO-1234ze,
CHF = CHCF3). These unsaturated fluorocarbon compounds
have significantly shorter atmospheric lifetimes (about
4 days) than HFC-134a (about 14 years), resulting in
extremely lower GWP values (about 4) [7, 8]. Although
HFOs have been currently used in the existing HFC-134a
automobile air conditioning (MAC) systems with minimal
modification, some of them (e.g., HFO-1234yf) are mildly
flammable in air at room temperature. Therefore, the suitability of HFOs in a vehicle fleet needed to be concerned
about the safe use [9].
Although HFOs (e.g., HFO-1234yf) have been considered as new-generation alternatives to replace existing
HCFCs (e.g., HCFC-22) and HFCs (e.g., HFC-134a) refrigerants for mobile air conditioning (MAC) applications
on the basis of excellent properties like zero ozone depletion potential (ODP), low GWP, low toxicity, high chemical stability, mild flammability, and good engineering performance [10, 11], there is no published information which
refers to the contribution of HFOs decomposition to the
formation of toxic products under thermal conditions. In
order to strengthen our understanding of such unsaturated
perfluorinated compounds in the refrigeration applications,
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it is also vital to investigate their partition properties in the
environment. However, the measured properties regarding
the distribution among phases are very scarce in the literature. This paper aimed at estimating the partition coefficients for these commercial HFOs (i.e., HFO-1234yf and
HFO-1234ze). Furthermore, the environmental hazard implications of HFOs possibly caused by its decomposition
products were also discussed in the paper.

attachment) groups. By comparison, the latter has similar
groups with one C (no hydrogens), one = CH–, one = C ,
and four –F. To validate the accuracy of the method in the
estimation of partition coefficients for HFOs, four common propenes (i.e., propene 2-chloro-1-propene, and cis1,2-dichloropropene) and ethenes (i.e., 1,1-dichloroethene
and 1,1,-difluoroethene) that are similar in chemical structure to these HFOs were also estimated to obtain their
partition coefficients, which were then compared to those
that reported or measured in the literatures [13-16].

2 MATERIALS AND METHODS
Regarding the partition coefficient of an organic compound, the octanol-water partition coefficient (Kow) was
commonly used to characterize partitioning between aqueous and organic (lipid-like) phases because it can be further
correlated with natural organic substances and aquatic
organisms [12]. Generally, organic compounds with high
values of Kow tend to be hydrophobic and hence partition
to organic matter, lipids (fat) and soil, indicating that they
are less mobile in the environment. Several methods are
available for the estimation of octanol/water partition coefficient for organic chemicals in the literature [13]. However, the most common methods are classified as “fragment constant“ approach in which the target compound was
divided into fragments and values of each group are estimated together. In the present work, the values of partition
coefficient for HFOs were preliminarily estimated using
the approach [14], which was given below:
log Kow = 0.229 + Σmi fi

(1)

where log Kow is the base 10 logarithm of the ratio the
chemical’s concentration in octanol to the chemical’s
concentration in water, mi is the number of groups of type
i in the molecule, fi is the contribution of each group to
the partition coefficient, and the summation is taken over
all groups. Referring to the contribution groups in the
method, HFOs discussed in the paper include HFO1234yf and HFO-1234ze. The former has one C (no hydrogens), one = CH2, one = C , and four –F (aliphatic

3 RESULTS AND DISCUSSION
3.1 Comparison between HFOs and common halocarbon
refrigerants

In the past, the most efficient and used halocarbon
compounds developed for the refrigeration market were
dichlorodifluoromethane (CFC-12) and chlorodifluoromethane (HCFC-22). Currently, HFC-134a is the most
widely used “high-temperature” refrigerant in domestic
refrigeration and automobile air conditioning because it
is more efficient at higher temperatures. In view of HFOs,
HFO-1234yf and HFO-1234ze are expected to be used as
alternative refrigerants for HFC-134a. As a result, the experimental information on their physical, environmental
and other properties of the new generation refrigerants
were modeled and/or measured in recent years. The physicochemical and environmental properties of CFC-12,
HCFC-22, HFC-134a, HFO-1234yf and HFO-1234ze are
compiled and given in Table 1. From the data in Table 1,
it was suggested that the most promising replacement for
HFC-134a refrigerant is HFO-1234yf due to the following
features [17]:
● The order of vapor pressure at the same temperature
(> 330 K) is as follows: HFC-134a = HFO-1234yf >
HFO-1234ze, but the vapor pressure values of HFC-134a
and HFO-1234yf are almost the same at temperatures below 330 K. For example, the difference of the vapor pres-

TABLE 1 - Physicochemical and environmental properties of common fluorinated refrigerants and HFOs.
Property
Molecular weight
Boiling point at 1atm (K)
Critical temperature (K)
Critical pressure (bar)
Critical volume (cm3/mol)
Pitzer acentric factor
Vapor pressure at 25 (kPa)
Latent heat of vaporization at boiling point ( kJ/kg)
Atmospheric lifetime (yr)
Radiative efficiency (W m-2 ppb-1)
GWP a
ODP b
POCP c

CFC-12
120.9
243.45
385.10
41.3
217.00
0.179
651
166.95
100
0.32
10,900
1
0

HCFC-22
86.5
232.14
369.28
49.86
166.00
0.221
1,044
233.95
12
0.20
1,810
0.055
0

HFC-134a
102.0
247.04
374.26
40.59
200.80
0.326
665
215.9
14
0.16
1,430
0
1.0

Flammability limits (vol%)

None

None

None

Ignition temperature (K)

Not Applicable ~ 905

481

~ 1,043

HFO-1234yf
114.0
245.15
367.85
33.82
239
0.280
677
~ 180
~ 0.03
0.24
4
0
7.0
6.8-12.0
(6.2-12.3)
~ 678

HFO-1234ze
114.0
254.15
382.51
36.32
235
0.296
490
~ 160
~ 0.03
0.26
6
0
6.4
None
~ 563
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Exposure level/limit (ppm)
1,000
1,000
Ozone depletion potential (relative to the ODP of CFC-11 = 0).
b
Global warming potential with 100-year time horizon (relative to GWP of CO2 = 1).
c
Photochemical ozone creation potential (relative to POCP of ethene = 100).

1,000

Not Available

Not Available

a

sure between HFC-134a and HFO-1234yf is about 150 kPa
at 360 K. Also, the values of vapor pressure for HFO-1234ze
are relatively lower than other halocarbon refrigerants.
● Other thermodynamic properties (i.e., latent heat of
vaporization, saturated liquid density and the surface tension) of HFO-1234yf are relatively lower in comparison with
HFC-134a. Interestingly, the difference between HFO1234yf and HFC-134a is about 30 kJ/kg at temperatures
below 365 K. Furthermore, the difference in the saturated
liquid density between HFO-1234yf and HFC-134a at the
identical temperature is almost constant between 110 and
120 kg/m3 regardless of the temperature. On the other hand,
the difference in the surface tension between HFO-1234yf
and HFC-134a is about 2 mN/m at 280 K and becomes
smaller with increasing temperature.
Furthermore, flammability of the refrigerant should be
considered from the viewpoint of safe use. CFC alternatives such as HFCs and HCFCs contain hydrogen atoms in
their molecules, suggesting that their vapors may be flammable in air. As the ratio of fluorine to carbon increases,
the fluorocarbon compound tends to be non-flammable
[18]. For example, HFC-125 (CF3CHF2) and HFC-134a
(CF3CH2F) are not flammable, whereas HFC-143a (CH3CF3)
and HFC-152a (CH 3CHF2) are flammable. Due to the
presence of double bond, HFO-1234yf should be weakly
flammable relative to the strong flammability of propene
HFO-1234yf
(CH2CFCF3)
HFO-1234ze
(CFHCHCF3)
Propene
(CH3CHCH2)
2-Chloro-1-propene
(CH2CClCH3)
1,1-Dichloroethene
(CCl2CH2)
1,1-Difluoroethene
(CF2CH2)

(CH2=CHCH3). Its flammability is different from the nonflammability of HFC-134a, although they have the same
fluorine-to-hydrogen ratio (i.e., F/H = 4/2 = 2). As measured using the experimental method proposed by the American Society of Heating, Refrigeration and Air-Conditioning
Engineers (ASHRAE) [19], it was found that the flammability limits (in dry air) of HFO-1234yf range from 6.8 to
12.0 vol%. The value of lower flammability limit (LFL) is
slightly higher than 6.2 vol%, which was obtained using
the American Society for Testing and Materials (ASTM)
method [9]. However, the value of LFL for HFO-1234yf is
significantly higher than those (about 2.0 vol%) for propene
and propane, suggesting that HFO-1234yf is a mildly flammable refrigerant. Due to its high minimum ignition energy and low burning velocity, HFO-1234yf has been concluded to be a safe refrigerant while using in vehicles [9].
3.2 Partition estimation

To validate the accuracy of the method in the estimation of partition coefficients for HFOs, four common propenes (i.e., propene 2-chloro-1-propene, and cis-1,2-dichloropropene) and ethenes (i.e., 1,1-dichloroethene and 1,1,difluoroethene) that are similar in chemical structure to
these HFOs were also estimated to obtain their partition
coefficients. According to their molecular structures, the
predicted values of log Kow are given by:

log Kow = 0.229 + 0.5184 + 0.3836 + 0.9723 + (-0.0031) × 4
log Kow = 0.229 + 0. 3836 + 0.3836 + 0. 9723 + (-0.00316) × 4
log Kow = 0.229 + 0.5184 + 0.3836 + 0.5473

log Kow = 0.229 + 0.5184 + 0.3836 + 0.4923 × 2
log Kow = 0.229 + 0.5184 + 0.3836 + (-0.0031) × 2

3.3 Environmental hazard implications
3.3.1 Inhalation toxicity

1.96

1.68

log Kow = 0.229 + 0.5184 + 0.3836 + 0.5473 + 0.3102

As illustrated with the experimental or observed values (i.e., 1.77, 2.00, 2.13, and 1.25) for propene, 2-chloro1-propene, 1,1-dichloroethene, and 1,1-difluoroethene1,1difluoroethene, respectively, it showed that the Meylan &
Howard method should be a practically useful approach
for predicating the octanol-water partition coefficient of
HFOs. The predicted values of log Kow for these HFOs are
significantly below 3.5, showing that they have low potential bioaccumulation in the environment [20]. Of course,
it would be helpful in measuring Kow in the laboratory to
validate the accuracy of the method in the estimation of
partition coefficients for HFOs.

2.09

1.99

2.12
1.13

Regarding the inhalation toxicities of HFO-1234yf
and HFO-1234ze, there is only a low potential for human
toxicity from the results of mammalian (i.e., rat) tests and
no significant health risk is expected due to their physiochemical properties [21, 22]. Briefly, the biotransformation of HFOs under the inhalation exposure to 5.0 vol%
air atmosphere of HFOs for 6 hours in the metabolism
studies has been shown to undergo cytochrome P450catalyzed oxidation to give an epoxide in urine, followed
by glutathione or hydrolytic ring opening. The intermediate
formation of 1,1,1,3-tetrafluoroepoxypropane may indicate
a potential of HFOs for liver toxicity because of the formation of a reactive epoxide in this organ. The formed
intermediates should be further hydrolyzed to give ex-
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cretable organic fluorinated acid such as trifluoroacetic
acid, trifluorolactic acid and trifluoropropionic acid. The
preliminary results are very similar to most of HFCs,
which are not highly toxic to human at air exposure levels
up to few percent or even over 10% [23]. The most significant response under the overexposure circumstances will
be central nervous system (CNS) depression and/or cardiac sensitization related to the anesthetic properties of
fluorocarbons. In general, the toxicity of a refrigerant expressed as the acceptable concentration or permissible
exposure limit (PEL) has been set at 400 ppm by
ASHRAE, because human exposure to fluorocarbon refrigerants may occur via inhalation from accidental leaks and/or
spills from the refrigeration system.
FIGURE 1 - A simplified diagram for the probable degradation of
new-generation refrigerant HFO-1234yf (CH2 CFCF3).

3.3.2 Hazards of decomposition products

HFO-1234yf or HFO-1234ze has received as the most
promising alternative refrigerant. However, it is mildly
flammable due to the presence of double bond. From the
viewpoints of safety and health hazards, it should be noted
that its decomposition products, pyrolyzed by electrical and
thermal decomposition under thermal conditions, are
probably toxic and even corrosive. Being analogous to
initial breakdown of perfluorocarbons occurred at the susceptible bond (C-C) [24], pyrolysis of HFO-1234yf and
HFO-1234ze (CH2 CFCF3) will be proceeded to generate
the radicals, CF3 and C2H2F [Fig. 1].
CH2 = CFCF3/ CHF = CHCF3 → CF3 + CH2 = CF (or
CHF = CH)
The main product hexafluoroethane (C2F6) is probably formed by the recombination of CF3 radicals.
CF3 + CF3 → C2F6
On the other hand, considerable fluorinated products
such as HF and COF2 are generated in the combustion of
mostly fluorinated compounds [19]. In this respect, the
combustion reaction of HFO-1234yf in the air (or oxygen)
can be expressed as follows:
CH2 = CFCF3 + 3 O2 → 2 HF + F2 + 3 CO2
CH2 = CFCF3 + 2.5 O2 → 2 HF + COF2 + 2 CO2
CH2 = CFCF3 + 2 O2 → 2HF + COF2 + CO2 + CO
In summary, the major decomposition products may
include C2F6, HF, COF2, CO2, and CO. This situation is
different from those where highly toxic products (i.e., tetrafluoroethylene C2F4, hexafluoropropylene C3F6, and perfluoroisobutylene C4F8) can be evolved from perfluorocarbon pyrolysis processes at high temperature [24].

Based on the previous description, the probable pyrolysis and/or combustion products from HFOs could include COF2, F2, HF, C2F6, CO, and CO2. The toxicity of
these reaction products varies extensively. The most concerned of these gases is hydrogen fluoride (HF) or fluoride (as F-) because it is an extreme irritant to any part of
the human body that they contact, causing ulcers in affected area of the upper respiratory tract as well as pulmonary edema. Fluorophosgene (COF2), like its analogue
phosgene, is a highly toxic gas, which can cause acute
lung injury (pulmonary edema) due to its rapid hydrolysis
in contact with water or humid air, producing various
reactive compounds (e.g., HF). Thus, COF2 is irritating to
the eyes, the skin and the respiratory tract. The inhalation
of relatively low concentration of these gases and vapors
will cause an unpleasantness, and pungent sensation, followed by a feeling of suffocation, cough, and a sensation
of constriction in the chest. Obviously, inhalation should
be the most potential way of exposure to these decomposition gases from HFOs. It can be expected that they are
likely to remain in water bodies and atmospheric air as
fluorides, which may be present in the forms of hydrogen
fluoride, fluoride ion, and hydrofluoric acid. As a consequence, mounting is concern about fluorosis (or chronic
fluorine intoxication) which has been correlated with fluoride deposition in skeletal tissues (i.e., teeth and bone) of
both animals and humans on the basis of clinical and
epidemic studies [25]. Although atmospheric air was
considered as only a small part of total fluoride exposure
sources, the fluoride concentration in the workplace environment could be elevated in the workplace air due to the
combustion and spark sources, leading to the possible
exposure by the inhalation route.
4 CONCLUSIONS
Low global warming refrigerants HFOs (i.e., HFO1234yf and HFO-1234ze) have been regarded as environmentally friendly alternatives for the most popular refrigerant (i.e., HFC-134a) although the photochemical ozone
creation potentials for HFOs are much larger than those
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for analogous HFCs. Using the “fragment constant“ approach, the octanol-water partition coefficients (log Kow)
of HFO-1234yf and HFO-1234ze have been predicted to
be about 2.0 at 298.15 K. Although the Henry’s Law constants of HFOs were not estimated in the study, they could
sink into the tropospheric atmosphere because of their estimated partition coefficients.
Though HFOs addressed in this paper have relatively
low global warming potentials, the unsaturated fluorinated
compounds may pose some environmental and health hazards on the basis of their thermal/tropospheric decomposition products. Under the extreme conditions such as photolysis, pyrolysis, electrical discharge, hydrolysis, and combustion, the toxic decomposition/reaction products from
HFOs may include trifluoroacetic acid (CF3COOH), hexafluoroethane (C2F6), carbonyl fluoride COF2), carbon
monoxide (CO), fluorine (F2) and hydrogen fluoride (HF).
For the protection of the environmental quality and human
health, the emissions containing HFOs and their toxic decomposition products in the environment still need to be
mitigated and even prevented to reduce the exposure risk.
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ABSTRACT

1 INTRODUCTION

An ionic liquid aqueous two-phase solvent sublation (IL-ATSS) of 1-hexyl-3-methylimidazolium Bromide
([C6min]Br)/Tri-potassium Citrate (K3C6H5O7) coupled with
high performance liquid chromatography (HPLC) method
was developed for the separation and determination of
sulfamethoxazole (SMX) in water samples. The optimal
conditions were investigated and discussed. The real water
samples containing SMX were analyzed, and the results
were satisfying. The limit of detection (LOD) was 0.8 ng
mL-1, and the limit of quantification (LOQ) was 2.7 ng mL−1.
In addition, the enrichment factor (22.7) of IL-ATSS is
higher than ionic liquids aqueous two-phase extraction (9.6).
This novel process is suited to separation and enrichment a
massive dose and low content of substances in the environment.
KEYWORDS: High-performance liquid chromatography; ionic
liquid aqueous two-phase solvent sublation; sulfamethoxazole;
environmental water samples

Sulfonamides (SAs) are used in medicine and veterinary practice due to their broad spectrum of activity and low
costs [1]. But long-term use of the SAs can result in serious
side effects. SAs is suspected to be carcinogenic and produce thyroid tumors in rodent [2] and others are known to
cause allergic reactions in human. SAs and its metabolites
can be excreted through urine and feces after normal applications [3]. Due to their persistence in the environment and
their relatively high mobility, they can enter groundwater [4].
* Corresponding authors

Up to now, there are numerous articles describing the
determination of sulfonamides in water samples [5-7]. However, the relatively low concentrations of most SAs and the
inherent complexity in environmental water samples, the
preconcentration and clean-up steps usually become necessary for the reliable determination of these compounds,
prior to their analysis. Therefore, it is very important to
develop an effective method to extract and enrich the SAs
in the environment.
A liquid-liquid extraction (LLE) is one of the efficient techniques to separate and concentrate various substrates. However, traditional LLE usually requires some
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poisonous volatile organic solvents. At the same time,
aqueous two-phase systems (ATPSs) which usually formed
as a result of mutual incompatibility of two polymers or one
polymer and one salt above a certain concentration with advantages as short processing time and a biocompatible environment set foot into the research field of vision. Recently
years, a new type of ATPS based on ionic liquids (ILs)
has been investigated since Gutowski and co-workers [8]
for the first time reported ionic liquid + salt aqueous twophase systems (IL-ATPS). These new ATPSs have many
advantages shared by ILs and ATPSs, such as little emulsion formation, no need of using volatile organic solvent,

quick phase separation, high extraction efficiency, and
gentle biocompatible environment [9]. At present, saltingout of IL has been mainly accomplished by use of inorganic salts in IL-ATPSs. However, high concentrations of
these inorganic salts are not desirable in the effluent streams
due to environmental problems. Recently, several authors
have used a citrate or tartrate salt as a substitute for inorganic salt in polymer + salt ATPSs [10, 11] and IL + salt
ATPSs [12] due to its biodegradability and no toxicity.
Such pollution problems are known to be caused by
organic salts.

FIGURE 1 - The basic principle of IL-Aqueous two phase flotation.

Solvent sublation (SS), is an adsorptive bubble separation process that the hydrophobic compounds in water
are adsorbed on the bubble surfaces of an ascending gas
stream and then collected in an immiscible liquid layer
placed on the top of bulk aqueous phase of the column
[13], was originally introduced by Sebba [14]. Ionic liquid Aqueous two-phase solvent sublation (IL-ATSS)
integrates the SS and IL-ATPS (Fig. 1). Compared to ILATPS and SS, IL-ATPF gives a higher concentration coefficient and reduced consumption of ILs, furthermore, does
not use traditional volatile solvents in the whole process. At
present, IL-ATSS have been successfully used in the separation, concentration, and purification of antibiotics [15, 16].
But there is no report on separation and extraction of antibiotics with ionic liquid + organic salt IL-ATSS.
In this article, we set the sulfamethoxazole (SMX,
Fig.2) as an objective molecule and report for the first
time the direct separation of SMX from the water samples with the aid of an IL-ATSS based on 1-hexyl-3methylimidazolium bromide/tri-potassium citrate coupled
with HPLC. The influence factors on sublation efficiency
of SMX were discussed types of IL, K3C6H5O7 Concentration, mass fraction of [C6mim]Br, gas flow rate and
sublation time. Under the optimal conditions, this novel
method has been successfully applied to the analysis of
SMX in water samples coupled with HPLC method.

O
H2 N

S

NH
N

O

O
H3 C
FIGURE 2 - The structure of SMX.

2 MATERIALS AND METHODS
2.1 Reagents and samples

The purity about mass fraction of [C 4mim]Br,
[C 6mim]Br, and [C8mim]Br was greater than 0.99 and
was obtained from Chengjie Chemical Co., Ltd. (Shanghai,China). Sulfamethoxazole (SMX) was obtained from
China Pharmaceutical Biological Products Analysis Institute (Shanghai,China). K3C6H5O7, K2C4H4O6, K2C2O4,
KC2H3O2, (NH4)3C6H5O7, (NH4)2C4H4O6 were obtained
from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). The IL and salt were used without further purification. All chemicals were of analytical grade, and all solutions were prepared from deionized water. The stock solution of SMX were prepared by dissolving in methanol at
the concentration of 100 µg mL−1 and stored at 4 . This
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stock solution should be replaced every two months in
order to prevent the decomposition of SMX. The working
standard solution of SMX was prepared by appropriate
dilation of stock solution using deionized water. All of
samples were collected in 2.5×103 mL amber glass bottles
and stored at 4 °C in a refrigerator until they were analyzed.
2.2 Preparation of real samples

Yangzi River, fish farm water, tap water were collected from Jiangsu University and mineral water was
bought in a supermarket which is located in Zhenjiang
(China). All samples were centrifuged at 4000 rpm for
30 min and the supernatant was collected in amber glass
bottles. The SMX working solution was added and finally
filtered through 0.45 µm filter and stored at 4 °C in a
refrigerator until use.
2.3 Preparation of phase diagrams

The binodal curves were determined by titration method
at T = 298.15 K. A few grams of pure IL were weighed into
a vessel, and a known mass of water was added and then
mixed. The mixture was clear at first. Then a salt solution
of known mass fraction was added to the vessel until the
mixture become turbid or cloudy. Adding a few drops of
water made the mixture clear again, and then the above
procedure was repeated to obtain sufficient data for the
construction of a phase diagram. The vessel was immersed
in a Solar-type heating temperature magnetic stirrer (Gongyi
Yuhua Instrument Co., Ltd. China) with an uncertainty of
±0.05 K. The composition of the mixture was determined
by mass using an analytical balance (BS124S, Beijing
Saiduolisi Instrument Co., Ltd. China) with an uncertainty
of ±1.0 · 10-7 kg.

FIGURE 3 - Solvent sublation apparatus: 1. nitrogen cylinder; 2.
buffer; 3. pin-type flowmeter; 4. flotation cell.
2.5 HPLC-UV Analysis

The determination of SMX was carried out by an Agilent 1200 HPLC system including a quaternary pump and
a variable wavelength UV detector (Agilent, USA). The
instrument control and data processing were carried out
by an Agilent ChemStation software. An Eclipse XDBC18 (250 mm × 4.6 mm, 5 µm, serial no. G1314B) at
column temperature of 25 °C reversed-phase column was
employed for chromatographic separation. The mobile
phase was a mixture of methanol and water (the pH was
adjusted to 3.0 with glacial acetic acid) with a ratio of
30:70 with a total flow of 1mL min-1. The injected volume was 20 µL, and the column effluent was monitored at
a wavelength of 265 nm.
2.6 Quantification

Sublation efficiency of SMX can be calculated by using the following equation:

cIL × vIL
(1)
ms
where the cIL is mass equilibrium concentration of the
SMX in the ionic liquid (IL) phase after sublation, vIL
represents the volume of the IL phase after sublation, ms
F=

is the initial quality of SMX in the aqueous phase.
The enrichment factor (F) was calculated by

cIL
(2)
cw
where cIL and cw stand for the concentration of SMX

2.4 Separation procedure

A special amount of K3C6H5O7 solution and the standard working solutions of SMX were added into a 50.0 mL
colorimetric tube. The solution was shook for 20 min, and
then the solution was transferred to the flotation cell (Fig. 3)
(calibration A). A 3-mL of [C6mim]Br (80%, wt) solution
was added on the top of the sublation cell. The SMX was
floated by bubbling nitrogen gas at a flow rate of 40 mL
min−1 from the bottom of the cell for 45 min, and extracted
into the [C6mim] Br phase on the surface of sample solution.
All separation processes were performed at room temperature.

β=

in the IL phase after sublation and the initial concentration
of SMX in the aqueous phase, respectively.
3 RESULT AND DISCUSSION
3.1 Preparation of Phase Diagram for IL-Salt ATPS

Liquid-liquid equilibrium data are required for the design of aqueous two-phase extraction process, and for the
understanding of general factors that determine partition of
solutes and particles. In order to investigate the phaseforming ability of ILs, we discussed the phase separation
ability of [C4mim]Cl/[C4mim]Br/[C6mim]Br/ [C8mim]Br/
[C10mim]Br + K3PO4 ATPSs [14], and the phase diagrams
are showed in Fig. 4. We can see that the phase-forming
ability of ILs with the same cations followed the order:
[C4mim]Br > [C4mim]Cl. This can be explained by the
different Gibbs energies of hydration of Cl- and Br- anions.
The values of Ghyd for Cl- and Br- are (-340 and -315) kJ
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mol−1, respectively [18]. Therefore, the ILs with the Clanion hydrate more water molecules than those with the
Br- anion, resulting in difficulty in phase formation as salt
was added. When the ILs contain different cations, the
phase-forming ability follows the order: [C 6mim]Br >
[C8mim]Br ≈ [C10mim]Br > [C4mim]Br. In traditional PEG
+ salt aqueous biphasic systems, the binodal curves became
2
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FIGURE 5 - Effect of the type of salt on the binodal curves for
the[C6mim]Br + salt + H2O ATPS at T = 298.15 K: ■, K3C6H5O7; ●,
K2 C4 H4 O6 .
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3.2 Effect of the types of IL
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FIGURE 4 - Effect of the type of IL on binodal curves of the ILs +
K3PO4 + H2O ATPSs at T = 298.15 K; ●, [C4mim]Cl; □, [C4mim]Br;
○, [C6mim]Br; ▲, [C8mim]Br; ▼, [C10mim]Br[14].

closer to the origin with larger molecular weight of PEG
[19-21]. However, the phase-forming ability of the ILs
with different alkyl chain length was not in accordance with
the order of their hydrophobicity. The reason for this was
not fully understood. In summary, [C6mim]Br has the best
phase-forming ability.
In our experiment, a series of organic salts (K3C6H5O7,
K 2 C 4 H 4 O 6 , K 2 C 2 O 4 , KC 2 H 3 O 2 , (NH 4 ) 3 C 6 H 5 O 7 and
(NH4)2C4H4O6) were used to form ATPSs with [C6mim]Br
solution. However, only K3C 6H 5O 7, K 2C 4H 4O 6 formed
ATPS with [C 6mim]Br solution and so these salts were
used as salting-out agents. The phase diagram of [C6mim]
Br-K3C6H5O7/K2C4H4O6 are shown in Fig. 5. As shown in
Fig. 5, the phase-forming ability followed the order:
K3C6H5O7 > K2C4H4O6. The structure-making anions,
C6H5O73 , C4H4O62 which exhibit stronger interaction with
water molecules, were beneficial to the formation of aqueous
two phases. This implies that anions with a higher valence
are better salting-out agents because they hydrate more water
molecules, thus decreasing the amount of water available to
hydrate ILs. In this article, [C6mim]BrK3C6H5O7 ATPS was
chosen for further study in this work because it had a strong
phase-forming ability.
−

0.05

−

The ILs of [Bmim]BF4, [C4mim]Br, [C6mim]Br and
[C8mim]Br were investigated in IL-salt ILATPF systems.
[Bmim]BF4 is not a good choice for solvent because the
density and viscosity was higher than in the traditional
solvent. It is difficult for bubbles to traverse the water-IL
interface and return to aqueous phase. There were so
many bubbles in the top phase under the floatation, and
these bubbles were difficult to disrupt when [C8mim]Br
was selected to the solvent. With increasing the carbon
chain of IL, the hydrophobicity of the nonpolar end of IL
increased, this may improve the stability of bubbles in the
top phase. After the bubbles traversed the water–IL interface, the bubbles were difficult to disrupt and more and
more bubbles were in the top phase, which led to the
experiment being out of continue. Sublation efficiency of
SMX was 84% after the [C4mim]Br-K3C6H5O7 IL-ATSS
below [C6mim]Br-K3C6H5O7 IL-ATSS.
3.3 Effect of the K3C6H5O7 Concentration

The influence of the amount of K3C6H5O7 on the sublation efficiency of SMX was investigated and the results
are also illustrated in Fig. 6. It was clear that about 98% of
average sublation efficiency of SMX was observed when
the volume mass of K3C6H5O7was over 0.84 g mL−1,
indicating that almost all the SMX was enriched in the IL
phase. And the sublation efficiency almost unchanged
when the volume mass of K3C6H5O7 over 0.84 g mL−1.
This because that the amount of K3C6H5O7 reached enough
amount to induce SMX precipitation and no decomposition
of SMX was observed during the separation process. In
order to obtain high recovery and reduce the cost, an appropriate concentration of K3C6H5O7 with 0.84 g mL−1 was
adopted.
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the probability of targets adhering to the surface of bubbles increased. However, long sublation times are not economical for practical processes. In this experiment, 45 min
was enough for sublation, so it was taken as the optimum
sublation time.
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FIGURE 7 - Effects of the mass fraction of [C6mim]Br on the sublation efficiency of SMX.
3.4 Effect of mass fraction of [C6mim]Br

Mass fraction of [C6mim]Br is an important factor in
SMX partitioning. The effect of mass fraction of [C6mim]Br
was investigated from 55% to 90% and illustrated in
Fig. 7. However, at low mass fraction of [C6mim]Br, the
[C 6mim]Br-K 3C 6H 5O 7 was miscible and coexisted in a
single phase. The sublation efficiency of SMX changed inconspicuously when the mass fraction was over 80%. With
the increase of mass fraction of [C6mim]Br, the sublation
efficiency of SMX in one-step sublation increased slowly,
while the enrichment factor decreased greatly. Generally,
both high sublation efficiency and suitable enrichment
factor were crucial for the concentration of trace component. Considering these two aspects, 80% (mass fraction)
[C6mim]Br was really appropriate with a concentration coefficient of 22.7 and sublation efficiency of 97% for SMX.

The effect of gas flow rate on the sublation efficiency
of SMX was shown in Fig. 9. As can be seen from Fig. 9,
the increase of gas flow rate resulted in the improvement
of the sublation efficiency of SMX. The sublation efficiency was increased slightly in gas flow rate varied in the
range of 10-40 mL min−1 and decreased gently in the
range of 40-60 mL min−1. Gas flow rate directly affects
the area of air-water interface per unit volume of aqueous
bulk in unit time, so it is a very important operation parameter in sublation. Mass transfer of solute to the airwater interface of the rising bubble in the aqueous phase
is the dominant transport process strongly affecting the
sublation efficiency. With the same mean radius of bubbles and sublation time, air-water interface area at high
gas flux is larger than that at a low one. As a result, more
solute would be adsorbed or attached to the interface and
entrained to the IL phase with high gas flow rate, resulting in better sublation efficiency. However, when a high
gas flow rate to a certain extent, makes SMX adsorbed on
the surface of the bubble directly from the edge of the
merged layer return to the aqueous phase. Therefore, the
gas flow rate was fixed at 40 mL min−1 in all subsequent
experiments.

3.5 Effect of sublation time

Fig. 8 shows the effect of sublation time on sublation
efficiency. When the sublation time was up to 45 min, the
sublation efficiency reached the highest value due to the
achievement of thermodynamic equilibrium. With sufficient sublation time, there would be enough time for the
adsorption and collision between bubbles and SMX, and
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below the maximum residue limit (MRL) (100 µg kg-1)
established by European Union [22]. To check the repeatability of the chromatographic procedure, analysis of
standard SMX at concentration of 5 ng mL−1 was performed (n = 7) and the relative standard deviation (RSD)
were 3.6%.
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FIGURE 9 - Effects of gas flow rate on the sublation yild of SMX.
3.7 Standard curve

Under the optimum conditions, the calibrations were
performed by adding SMX at seven different concentrations to [C6mim]Br-K3C6H5O7 ILATSS. The peak areas
were linear with R2 = 0.9996 over a concentration range of
2-300 ng mL−1. After separation, SMX in the top phase was
measured by HPLC method as described in "HPLC/UV
analysis". The standard curve is Area =3.015 × c -1.5362.
In this equation the “c” represents the concentration of
SMX with the unit of nanogram per milliliter. The limit of
detection (LOD) was 0.8 ng mL-1, and the limit of quantification (LOQ) was 2.7 ng mL−1. The LOD was well

The water samples (river water, fish farm water, tap
water and mineral water) were examined by this newly
developed method. No residue sulfonamide was detected
in the samples. Fig. 10 shows the chromatogram of SMX
in the blank sample and the samples added with 20 ng mL−1
after ATPS extraction. Table 1 shows the results of recovery studies on water samples. Recovery rates of SMX between 97.3% and 102.5% were obtained with an RSD of 0.44.8%. The recoveries and RSD meet the Codex criteria for
residue analysis (recovery 70–110% and RSD < 20%) [23].
3.9 Comparison of ionic liquids aqueous two-phase extraction

In this paper, we compared this new method with
ionic liquids aqueous two-phase extraction. In the case of
using the same system, ionic liquids aqueous two-phase
extraction efficiency of 93%, but the enrichment factor of
only 9.6, below the aqueous two-phase flotation enrichment factor (22.7).

TABLE 1 - Analysis results (n = 3) for SMX in real water samples.
sample
Yangzi River

Fish farm water

Tap water

Mineral water
a

Added
(ng·mL-1)
0
5
10
20
0
5
10
20
0
5
10
20
0
5
10
20

Determined
(ng·mL-1)
NDa
4.92 ± 0.09
9.98 ± 0.15
20.08 ± 0.26
ND
4.87 ± 0.02
9.73 ± 0.43
19.50 ± 0.18
ND
5.02 ± 0.06
10.02 ± 0.27
19.86 ± 0.26
ND
4.96 ± 0.07
9.85 ± 0.48
20.5 ± 0.44

not found.

490

Recovery
(%)
98.4 ± 1.8
99.8 ± 1.5
100.4 ± 1.3
97.4 ± 0.4
97.3 ± 4.3
97.5 ± 0.9
100.4 ± 1.2
100.2 ± 2.7
99.3 ± 1.3
99.2 ± 1.4
98.5 ± 4.8
102.5 ± 2.2
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FIGURE 10 - HPLC chromatograms with UV detection after IL-ATPF of (a) the blank Yangzi River sample; (b) Yangzi River sample added
with 20 ng·mL-1SMX; (c) Fish farm water sample added with 20 ng·mL-1 SMX; (d) Tap water sample added with 20 ng·mL-1 SMX.

4 CONCLUSION
In this paper, an ionic liquid Aqueous two-phase solvent sublation(IL-ATSS) coupled with HPLC method
using [C6mim]Br/K3C6H5O7 was developed for analyzing
trace s SMX present in water samples. The influence
factors on sublation efficiency of SMX were discussed
types of IL, K3C6H5O7 Concentration, mass fraction of
[C6mim]Br, gas flow rate and sublation time. As a viable
pretreatment and clean-up technique, this novel extraction
method, combined with HPLC, has been successfully
used to determine trace levels of SMX in water samples.
In addition, the enrichment factor (22.7) of IL-ATSS is
higher than ionic liquids aqueous two-phase extraction
(9.6).

Province (No. BK2010349 and BK2011529), China Postdoctoral Science Foundation funded project (No.
20110491352), Jiangsu Postdoctoral Science Foundation
funded project (No. 1101036C and 1202039C) and and
the Programs of Senior Talent Foundation of Jiangsu
University (No.12JDG079).

REFERENCES
[1]

García-Galán, M.J., Silvia Díaz-Cruz, M. and Barceló, D.
(2008). Identification and determination of metabolites and
degradation products of sulfonamide antibiotics. Trends
Anal. Chem. 27, 1008-1022.

[2]

Littlefield, N.A., Sheldon, W.G., Allen, R. and Gaylor, D.W.
(1990). Chronic toxicity/carcinogenicity studies of sulphamethazine in Fischer 344/N rats: Two-generation exposure.
Food Chem. Toxicol. 28, 157-167.

[3]

Díaz-Cruz, M.S., López de Alda, M.J. and Barceló, D.
(2003). Environmental behavior and analysis of veterinary
and human drugs in soils, sediments and sludge. Trends
Anal. Chem. 22, 340-351.

ACKNOWLEDGEMENT
This work was supported by the National Natural
Science Foundation of China (Nos. 21076098 and
21206059), the Natural Science Foundation of Jiangsu

491

© by PSP Volume 22 – No 2a. 2013

[4]

[5]

[6]

[7]

[8]

[9]

Fresenius Environmental Bulletin

Lin, A.Y.C., Yu, T.H. and Lin, C.F. (2008). Pharmaceutical
contamination in residential, industrial, and agricultural
waste streams: Risk to aqueous environments in Taiwan.
Chemosphere 74, 131-141.
Ye, Z. and Weinberg, H.S. (2007). Trace analysis of trimethoprim and sulfonamide, macrolide, quinolone, and tetracycline antibiotics in chlorinated drinking water using liquid
chromatography electrospray tandem mass spectrometry.
Anal. Chem. 79, 1135-1144.
Hoa, P.T.P., Nonaka, L., Viet, P.H. and Suzuki, S. (2008).
Detection of the sul1, sul2 and sul3 genes in sulfonamideresistant bacteria from wastewater and shrimp ponds of north
Vietnam. Sci. Total Environ. 405, 377-384.
Sun, L., Chen, L., Sun, X., Du, X., Yue, Y., He, D., Xu, H.,
Zeng, Q., Wang, H. and Ding, L. (2009). Analysis of sulfonamides in environmental water samples based on magnetic
mixed hemimicelles solid-phase extraction coupled with
HPLC-UV detection. Chemosphere 77, 1306-1312.
Gutowski, K.E., Broker, G.A., Willauer, H.D., Huddleston,
J.G., Swatloski, R.P, Holbrey, J.D. and Rogers, R.D. (2003).
Controlling the aqueous miscibility of ionic liquids: aqueous
biphasic systems of water-miscible ionic liquids and waterstructuring salts for recycle, metathesis, and separations. J.
Am. Chem. Soc. 125, 6632-6633.

Part 5.-Gibbs free energy of hydration at 298.15 K. J. Chem.
Soc., Faraday Trans. 87, 2995-2999.
[19] Malpiedi, L.P., Fernández, C. and Picó, G. (2008). Liquidliquid equilibrium phase diagrams of polyethyleneglycol +
sodium tartrate + water two-phase systems. J. Chem. Eng.
Data 53, 1175-1178.
[20] Silva, L.H.M. and Meirelles, A.J.A. (2001). PEG + potassium
phosphate + urea aqueous two-phase systems: phase equilibrium and protein partitioning. J. Chem. Eng. Data 46, 251255.
[21] Tubío, G., Pellegrini, L. and Nerli, B.B. (2006). Liquidliquid equilibria of aqueous two-phase systems containing
poly(ethylene glycols) of different molecular weight and sodium citrate. J. Chem. Eng. Data 51, 209-212.
[22] Hartig, C., Storm, T. and Jekel, M. (1999). Detection and
identification of sulphonamide drugs in municipal waste water by liquid chromatography coupled with electrospray ionisation tandem mass spectrometry. J. Chromatogr. A 854,
163-173.
[23] Codex Alimentarius Commission, Joint FAO/WHO Food
Standards Program (1993) Residues of veterinary drugs in
food, vol 3, 2nd ed. FAO/WHO, Rome

Deng, Y.F., Long, T., Zhang, D.L., Chen, J. and Gan, S.C.
(2009). Phase diagram of [Amim]Cl + salt aqueous biphasic
systems and its application for [Amim]Cl recovery. J. Chem.
Eng. Data 54, 2470-2473.

[10] Zafarani-Moattar, M.T., Tolouei, S. (2008). Liquid-liquid
equilibria of aqueous two-phase systems containing polyethylene glycol 4000 and di-potassium tartrate, potassium sodium tartrate, or di-potassium oxalate: Experiment and correlation. Calphad 32, 655-660.
[11] Malpiedi, L.P., Fernández C., Picó G., Nerli, B. (2008). Liquid-liquid equilibrium phase diagrams of polyethyleneglycol
+ sodium tartrate + water two-phase systems. J. Chem. Eng.
Data 53, 1175-1178.
[12] Zafarani-Moattar M.T., Hamzehzadeh, S. (2008). Phase diagrams for the aqueous two-phase ternary system containing
the ionic liquid 1-butyl-3-methylimidazolium bromide and
tri-potassium citrate at T = (278.15, 298.15, and 318.15 ) K.
J. Chem. Eng. Data 54, 833-841.
[13] Bi, P.Y., Dong, H.R. and Dong, J. (2010). The recent progress
of solvent sublation. J. Chromatogr. A 1217, 2716-2725.
[14] Sebba F (1962) Ion Floation. Elsevier, New York, pp. 112.
[15] Han, J., Wang, Y., Yu, C.L., Li, C.X., Yan, Y.S., Liu, Y. and
Wang, L. (2011). Separation, concentration and determination of chloramphenicol in environment and food using an
ionic liquid/salt aqueous two-phase ﬂotation system coupled
with high-performance liquid chromatography. Anal. Chim.
Acta 685, 138-145.
[16] Wang, Y., Xu, X.H., Han, J. and Yan, Y.S. (2011). Separation/enrichment of trace tetracycline antibiotics in water by
[Bmim]BF4-(NH4)2SO4 aqueous two-phase solvent sublation.
Desalination 266, 114-118.
[17] Pei, Y.C., Wang, J.J., Liu, L., Wu, K. and Zhao, Y. (2007).
Liquid-liquid equilibria of aqueous biphasic systems containing selected imidazolium ionic liquids and salts. J. Chem.
Eng. Data 52, 2026-2031.
[18] Marcus, Y. (1991). Thermodynamics of solvation of ions.

492

Received: May 30, 2012
Revised: August 21, 2012
Accepted: August 22, 2012

CORRESPONDING AUTHORS
Dayu Jiang
Jiangsu University
School of Chemistry and Chemical Engineering
212013 Zhengjiang
P.R. CHINA
and
Jilin Normal University
College of Chemistry

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

136000 Siping
P.R. CHINA
Fax: +86-0511-88791800
E-mail: wangliang7469@yahoo.com.cn
Yongshang Yan
Jiangsu University
School of Chemistry and Chemical Engineering
212013 Zhengjiang
P.R. CHINA
Fax: +86-0511-88791800
E-mail: yys@ujs.edu.cn
FEB/ Vol 22/ No 2a/ 2013 – pages 485 - 492

493

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

ANTIOXIDANT AND ANTIMICROBIAL EFFECTS OF
HYPERICUM RETUSUM AUCHER PLANT EXTRACTS
PREPARED IN VARIOUS SOLVENTS
Yasemin Akgöz1 and Zuhal Toker1,*
1

University of Dicle, Faculty of Science, Biology Department, 21280 Diyarbakır, Turkey

ABSTRACT
In this study, the antioxidant and antimicrobial effects
of petroleum ether, hexane, ethyl acetate and methanol
extracts of Hypericum retusum Aucher are investigated. The
antioxidative potential of H. retusum extracts was examined
using different antioxidant tests, including the total amount
of phenolic components (Folin & Ciocalteu reagent method),
total amount of flavonoids, 1,1-diphenyl-2-picryl hydrazyl
(DPPH)) radical scavenging, metal chelating, reducing
power, and hydroxyl radical activities. At the same time,
antimicrobial effects were examined in 6 types of bacteria
(Escherichia coli ATCC 25922, Staphylococcus aureus
ATCC 25923, Staphylococcus pyogenes ATCC 19615,
Bacillus subtilis ATCC 11774, Bacillus cereus, Pseudomonas aeruginosa ATCC 27853).
It has been observed from the experiments that extracts
of H. retusum have high antioxidant effects and in addition, antimicrobial activity on bacteria.

KEYWORDS: Hypericum retusum Aucher, antioxidant activity,
antimicrobial effect

1 INTRODUCTION
The belief of the healing effects of plants originated
from very old times. Therefore, people have used plants
as a support of their diet and as a medicine to cure the
diseases. Today, plants are used in treatments via some
methods, or active substances taken from them are used as
additives in the production of drugs. The products, namely,
herbal medicines, food supplements or photochemicals,
have a big market in the world bazaar [1]. Hypericum retusum Aucher, is a herbaceous plant belonging to the Hypericaceae family. Hypericum, represented by up to 350400 species in the world, has 89 species in our country (43
are endemic ones). Hypericum species are spread in Marmara, Black Sea, Aegean, Central and Eastern Anatolia,
* Corresponding authors

Mediterranean and Southeast Anatolia regions of Turkey
[2, 3]. This group of plants, which is used very often in
traditional treatments, is mainly used for treating cold, worming, antiseptics, wound healing, especially treatments
of burn wounds [4].
The most prominent member of this group is Hypericum
perforatum L. (St. John's Wort) which has several different names, such as “kuzu kıran, binbirdelik otu, sarı kantaron, and kılıç otu”. Various publications have been made
for the wide usage of St. John's Wort extracts in the treatment of depression, and antidepressant effects of this plant
have been observed [5]. A lot of academic work has been
made on the other types of Hypericum, and nearly every
day, new effects and compounds have been discovered. For
example, some species of Hypericum extracts have effects
on lung infections, wounds and depressions, and have been
used as analgesics as well as proven to be effective against
endoparasites [6]. Again, powerful antimicrobial effects
of essential oils obtained from the species of Hypericum
hyssopifolium var. microcalycinum and Hypericum lysimachioides var. lysimachioides [7] and Hypericum scabrum,
Hypericum scabroides, Hypericum triquetrifolium [8], and
of the various extracts of Hypericum mysorense and Hypericum patulum against Gram-positive and -negative
bacteria and fungi have been observed [9]. The four derivatives of filicinic acid (drummondin D, isodrummondin D,
drummondin M, drummondin F), known for their strong
antimicrobial effect again gram-positive bacteria, were
isolated from Hypericum drummondii [10]. Parallel to these
studies, antimicrobial effects of Hypericum hircinum in
five different solvents have been examined, and the highest activity has been found in methanol extract; conversely,
antifungal effects have not been found [11].
It has been observed that both ethanol extracts of H.
triquetrifolium and H. scabroides have high antioxidant
activity [12]. It has been also identified that water and
ethanol extracts of Hypericum venustum flowers collected
from Turkey have antioxidant activity and phenolic compounds [13].
Antioxidant and antimicrobial effects of ethanol extract of H. retusum have also been studied [14, 15]. In this
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work; it is also aimed to create a natural resource alternative to synthetic antioxidants by measuring the antioxidant effects, and to investigate and prove the properties of
the antimicrobial effects of H. retusum extracts in four
different solvents on 6 different bacterial species.

(Sigma Aldrich) as standard. The flavonoid contents in
petroleum ether, hexane, ethyl acetate and methanol extract
of H. retusum were expressed in mg of quercetin equivalents per g fresh weight of plant material.
Dried Plant Material

2 MATERIALS AND METHODS

Extraction with Petroleum ether
(thrice) 24 h at room temperature

2.1 Plant material

Plant collection process was made by Zuhal TOKER
at around Çermik province, Diyarbakir, Southeastern Anatolia Region, in June and July, and these plants were identified by Prof. Dr. Selçuk ERTEKIN, Biology Department,
Faculty of Science, Dicle University. The plant samples
were pre-served at Dicle University herbarium.

Residue
Extraction with Hexane (thrice)
24 h at room temperature

Petroleum ether extract

2.2 Preparation of extracts

Collected H. retusum plant samples were dried at room
temperature in a dark environment. Ground and dried plant
material (196 g) was extracted by changing the solvents
(200 ml of petroleum ether, hexane, ethyl acetate and methanol), respectively, with 3-day intervals (Fig. 1). By waiting for the coming effects, we obtained yellowish petroleum ether, greenish-yellow hexane, dark green ethyl acetate
and dark brown methanol extracts of H. retusum. Extracts
were kept frozen at -20 °C until using them in the test.
2.3 Determination of Total Phenolic Compounds

The contents of total phenolic compounds in petroleum ether, hexane, ethyl acetate and methanol extracts of
H. retusum were determined using Folin–Ciocalteu`s reagent according to the method of Singleton et al. [16].
Forty µl of H. retusum extracts (1 mg/ml) were mixed
with 200 µl Folin-Ciocalteus reagent (Merck) and1160 µl
of distilled water, followed by 600 µl 20% sodium carbonate (Na2CO3) (Sigma Aldrich) 3 min later. The mixture was shaken for 2 h at room temperature and absorbance was measured at 765 nm (Chebios T80+UV/VIS spectrometer). All tests were performed in triplicate. Gallic acid
(Sigma Aldrich) was used as standard. The concentrations
of total phenolic compounds in extracts were determined
as µg gallic acid equivalents per 1 mg of extract using the
following equation obtained from a standard gallic acid
graph (R2 = 0.9826):
absorbance = 0.0027 × gallic acid (µg)
2.4 Determination of Total Flavonoid Content

Flavonoid measurement in the extracts was based on
the method described by Park et al. [17], with a slight modification. An aliquot of 1 ml of the solution (containing 1 mg
of extract in methanol) was added to a test tube containing
0.1 ml of 10% aluminum nitrate, 0.1 ml of 1M potassium
acetate (Sigma Aldrich), and 3.8 ml of methanol. After
40 min at room temperature, the absorbance was determined at 415 nm (Chebios T80+UV/VIS spectrometer).
Spectrophotometric analyses were performed by using a
5-point calibration curve generated with pure quercetin

Residue
Extraction with Ethyl acetate
(thrice) 24 h at room temperature

Residue
Extraction with Methanol (thrice)
24 h at room temperature

Hexane extract

Ethyl acetate extract

Residue

Methanol extract

FIGURE 1 - Flow chart: extraction of dried material of H. retusum
by increasing order of solvent polarity.
2.5 Determination of Reducing Power

The reducing power of petroleum ether, hexane, ethyl
acetate and methanol extracts of H.retusum was determined
according to the method of Oyaizu [18]. The different concentrations of each extract (50–250 µg) in 1 ml of distilled
water were mixed with phosphate buffer (2.5 ml, 0.2 M,
pH 6.6) and potassium ferricyanide [K3Fe(CN)6] (2.5 ml,
1%)( Sigma Aldrich). The mixture was incubated at 50 °C
for 20 min. Then, 2.5 ml of trichloroacetic (TCA 10%)
was added to the mixture, which was then centrifuged at
3000 rpm for 10 min (Centruin 8000 Series). The upper
layer of the solution (2.5 ml) was mixed with distilled
water (2.5 ml and FeCl3 (0.5 ml, 0.1%); then, the absorbance was measured at 700 nm in a spectrophotometer
(Chebios T80+UV/VIS spectrometer). A higher absorbance indicated a higher reducing power.
2.6 Scavenging Activity of DPPH Radical
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Free radical scavenging activity of petroleum ether,
hexane, ethyl acetate and methanol extract of H. retusum
was measured by DPPH (Sigma Aldrich) using the method
of Shimada et al. [19]. Briefly, 0.1 mM solution of DPPH
in ethanol was prepared. Then, 1 ml of this solution was
added to 3 ml of each extract solution at different concentrations (25–350 µg/ml). The mixture was shaken vigorously and allowed to stand at room temperature for 30 min.
Then, the absorbance was measured at 517 nm in a spectrophotometer (Chebios T80+UV/VIS spectrometer). Lower
absorbance of the reaction mixture indicated higher free
radical scavenging activity.
2.7 Metal Chelating Activity

The chelating of ferrous ions by petroleum ether,
hexane, ethyl acetate and methanol extract of H. retusum
and standards was estimated by the method of Dinis [20].
Briefly, extracts (25–350 µg) were added to a solution of
2 mM FeCl2 (0.05 ml). The reaction was initiated by the
addition of 5 mM ferrozine (0.2 ml) (Sigma Aldrich), and
the mixture was shaken vigorously and left standing at
room temperature for 10 min. After the mixture had reached
equilibrium, the absorbance of the solution was measured
spectrophotometrically at 562 nm (Chebios T80+UV/VIS
spectrometer). The percentage of inhibition of ferrozineFe2+complex formation was calculated as follows:
% inhibition = [(A0-A1) / A0] x100
where, A0 is the absorbance of the control, and A1 is
the absorbance in the presence of samples of extracts or
standards.
2.8 Hydroxyl Radical Assay

Hydroxyl radicals were generated by the Fenton reaction [21]. Thirty µl of sample, 37.5 µl of 0.2 mM FeSO4,
37.5 µl of 0.1 mM DTPA, 75 µl of H2O2, and 20 µl of
DMSO (Sigma Aldrich) were mixed in a 96-well plate,
and the mixture was transferred to a flat quartz cell. After
1 min, ESR spectra of the DMPO-OH adducts were recorded. The hydroxyl radical-scavenging activity was shown
as DMSO equivalents per ml of a 1-mM sample (mg/ml).
2.9 Microorganisms

The microorganisms employed in this study were four
gram-positive ones: Staphylococcus aureus ATCC 25923,
Staphylococcus pyogenes ATCC 19615, Bacillus subtilis
ATCC 11774 and Bacillus cereus, and also 2 gram-negative
ones: Escherichia coli ATCC 25922 and Pseudomonas
aeruginosa ATCC 27853; all were obtained from the stock
cultures of Microbiology Laboratory, Department of Microbiology, Medical Faculty, Dicle University, Diyarbakır.
2.10 Antimicrobial Activity

In vitro antimicrobial studies were carried out by the
disc diffusion method, against 6 microorganisms. The disc
diffusion test was performed on Mueller Hinton Agar
(Merck) plates. Plates were cultured with appropriate test
organisms overnight. The following day, 3-5 freshly grown

colonies of bacterial strains were inoculated into 20 ml of
Mueller Hinton Broth medium (Oxoid, England) in a shaking water-bath for 4–6 h until a turbidity of 0.5 McFarland;
1 × 108 colony forming units (cfu/ml) were reached. Final
inocula were adjusted to 5 × 105 cfu/ml. The inoculum
(200 µl) from the final inocula was seeded onto the agar
plate and uniformly spread with a sterilized cotton spreader
over the surface. Sterile paper discs with a diameter of 5 mm
were impregnated with 3 mg/ml solution materials for 5 min,
and deposited on Mueller Hinton Agar plates. The plates
were then incubated at 37 °C, and the zones of inhibition
were measured after 24 h for bacteria. Imipenem
(Amoksisilin; 10/10 µg/disc) antibiotic disc (Oxoid, England) was used as positive control. For each plate, ethanol
was applied to the paper disc as a negative control. The
whole experiment was performed twice.
2.11 Statistical Analysis

All analyses were performed in triplicate, and the results expressed as means ±standard deviation. Significant
differences among the groups were determined by oneway ANOVA using the SPSS 12.0 software package. The
results were considered to be significant at p<0.05.
3 RESULTS AND DıSCUSSıON
Synthetic antioxidant and antimicrobial substances are
used in foods to prevent spoilage. For a long time, many
researchers have been drawing attention on some synthetic antioxidants, such as BHA and BHT, used in food
processing and their carcinogenic effects in living organisms. Generally, consumers preferred natural antioxidants
instead of synthetic ones [22] because they are considered
to be safe and better [23]. Phenolic substances which can
be seen in all parts of the plants, constitute the most important groups of natural antioxidants [24, 25]. The most
common herbal phenolic antioxidants are flavonoids, cinnamic acid derivatives, coumarins, tocopherols and phenolic acids. It is known that these antioxidants can prevent
oxidation of easily oxidizable substances in foods [24].
Therefore, spices and aromatic plants, which are used to
enhance food properties such as smell and taste, are becoming more important. It was investigated and found that
antimicrobial and antioxidant substances taken from natural
sources, such as plants, maintain high levels of protection
in foods [26]. Hypericaceae family members, including
H. retusum (our study), are being a subject to many studies in recent years with their antioxidant and antimicrobial
properties.
Antioxidant effects of methanolic extracts of Hypericum
species, H. triquetrifolium and Hypericum lydium, Hypericum hirsutum, Hypericum linarioides, Hypericum
maculatum, Hypericum olympicum, H. triquetrifolium, Hypericum richeri, Hypericum rumeliacum, and Hypericum
tetrapterum [27-29], of ethanol extract of H. lysimachioides
[30], of water extracts of Hypericum androsaemum, Hypericum undulatum and H. perforatum [31], of ethanol
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extracts of H. scabrum and H. retusum [12, 14], and again,
H. triquetrifolium and Hypericum patulum [9, 11, 32] were
investigated. In this study, petroleum ether, hexane, ethyl
acetate and methanol extracts of H. retusum plant species
were prepared, and their antioxidant and antimicrobial
effects investigated. Fig. 2 shows that total phenolic
compounds (gallic acid equivalents) in methanol extract of H. retusum were determined to be 198.52 ±
4.64 µg/ml, and the least level was found in petroleum
ether (57.53 ± 2.83 µg/ml) (Fig. 2).

Absorbance (765 nm )

1,4
1,2

y = 0,0027x

1,0

R = 0,9826

2

0,8

The most powerful antimicrobial effect of 9 Hypericum
species collected in Balkans (Hypericum barbatum, H. hirsutum, H. linarioides, H. maculatum, H. olympicum, H. perforatum, H. richer, H. rumeliacum and H. tetrapterum)
was shown by Radulovic et al. [27]. Antimicrobial activities of chloroform and methanol extracts of H. canariense,
H. glandulosum and H. grandifolium against 12 species

Gallic acid

0,6
0,4
0,2
0,0
0

200

400

by all extracts of H. retusum; respectively, methanol,
ethyl acetate, hexane and petroleum ether, in contrast to
the maximum suppressor activity in ethyl acetate extract
determined by Cakir et al. [34]. It has been determined in
this work that methanol extract has a remarkable activity,
at least as high as that of synthetic BHT and BHA. Furthermore, suppressor effect of DPPH radical was observed,
respectively, in petroleum ether, and ethyl acetate, but
being least in hexane extracts (Fig. 4). The metal chelating activity of various concentrations of the different plant
extracts was in the following order: petroleum ether, hexane, ethyl acetate and methanol (Fig. 5). During our test,
again petroleum ether extract showed the highest activity
for OH radical activity, followed by hexane, methanol and
ethyl acetate (Fig. 6).

600

Concentration ( µg/mL)

FIGURE 2 - The absorbance values corresponding to increasing
concentrations of gallic acid.

The results we have found from metabolic filtrate are
similar to those of Baris et al. [14] from ethanol extracts
of H. retusum. Parallel to the total phenolic compounds,
the highest amount of flavonoid equivalence to quercetin
was observed again in methanol extract of H. retusum
(168.83 ± 1.06 mg/ml), and the least in petroleum ether
(4.06 ± 0.75 mg/ml) (Fig. 3). Determined quercetin amount
was close to the results obtained from H. triquetrifolium
by Conforti et al. [29], and Toker [33]. In our observations, the highest absorbance for reducing power was shown

Absorbance (415 nm )
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FIGURE 3 - The absorbance values corresponding to increasing
concentrations of quercetin.
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FIGURE 4 - Reducing power of petroleum ether, hexane, ethyl acetate and methanol extracts of H. retusum (Each value is expressed as mean
of 3 replicates ± standard deviation).

497

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

100
90
80
Scavening Activity ( %)

70

BHA

60

BHT

50

Petroleum ether

40

Hexane

30

Ethyl acetate

20

Methanol

10
0
25

50

100

150

250

350

Concentration ( µg/mL)

Chelating effect (%)

FIGURE 5 - Scavenging effect of petroleum ether, hexane, ethyl acetate and methanol extracts of H. retusum on
1,1-diphenyl-2-picryl hydrazyl radicals (Each value is expressed as mean of 3 replicates ± standard deviation).
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FIGURE 6 - Chelating effect of petroleum ether, hexane, ethyl acetate and methanol
extracts of H. retusum (Each value is expressed as mean of 3 replicates ± standard deviation).
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FIGURE 7 - Inhibitory effect of petroleum ether, hexane, ethyl acetate and methanol
extracts of H. retusum (Each value is expressed as mean of 3 replicates ± standard deviation).
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TABLE 1 - Antimicrobial activitiy of petroleum ether, hexane, ethyl acetate and methanol extracts of H. retusum and standard antibiotics
(IPM: imipenem, AMC: amoksisilin, P: petroleum ether, H: hexane, E: ethyl acetate, M: methanol, - No effect).

Test Microorganisms
Gram+
Staphylococcus aureus
Staphylococcus pyogenes
Bacillus subtilis
Bacillus cereus
GramEscherichia coli
Pseudomonas aeruginosa

Inhibition Zones (mm)
IPM
AMC
P

H

30
30
30
25

30
29
24
28

26
38
28
14

18
24
20
12

14
10
14
-

12
14
-

30
22

22
-

-

18
-

-

-

were examined, and their antimicrobial effect against a
couple of gram-positive and gram-negative bacteria has been
observed by Rabanal et al. [35].
Antimicrobial effects of essential oils of H. hyssopifolium, H. lysimachioides, H. scabrum and H. scabroides
were investigated by Toker et al. [7] and Kizil et al. [8].
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In our study, it was found that one of the petroleum
ether extracts of H. retusum plant was more effective than
the antibiotics applied on Staphylococcus pyogenes, and it
had similar effects with antibiotics applied on Staphylococcus aureus and Bacillus subtilis. It has been observed
that petroleum ether extract had more effect against S.
pyogenes (inhibition zones) than found by ethanol extract
of H. retusum (Baris et al. [14, and it had approximately
similar zone diameters against S. aureus (Table 1).
It was also observed that hexane extract had similar effect with antibiotics on Staphylococcus pyogenes and Bacillus subtilis. These study results are similar to those of a
previous study [14]. Partial effect on gram-negative bacteria was determined, and a partial antimicrobial activity of
ethyl acetate and methanol extracts has been identified.
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ABSTRACT
Dam seepage often involves a large number of loads
under complex nonlinear constraints. The motivation of
this paper is to present an approach for predicting the dam
seepage and establishing the early warning model. The
factors affecting the dam seepage is studied comprehensively. Principal component analysis (PCA) is proposed to
avoid the mutual influence of the affecting factors and reduce the computation cost. To describe the local and jumping signals in the dam seepage monitoring data precisely,
least squares wavelet support vector machine (LSWSVM),
which combines the advantages of wavelet analysis and least
squares support vector machine, is adopted. The early warning model of the dam seepage is finally established based
on PCA and LSWSVM. The applicability of this algorithm is illustrated using a typical dam in China. Compared with traditional methods, this algorithm has a lower
computation time and superior prediction accuracy; thus,
the proposed approach has great potential in practical
engineering applications.

KEYWORDS: Dam seepage, Early warning, Principal component
analysis, Least squares wavelet support vector machine

1 INTRODUCTION
Water resources and hydropower projects play an important role in flood prevention, power generation, water
supply, irrigation, tourist resource exploitation and so on.
However, dam failure can cause severe damage to the downstream areas; for example, the dam failure during August
1975 in China killed an estimated 171,000 people and destroyed the homes of 11million people [1]. Early warning
of the dam operation state can provide important information for decision makers to take the appropriate
actions,

* Corresponding author

which may reduce or prevent the loss resulting from dam
failure. Seepage is an important part of dam safety monitoring. The dam seepage system is a complicated nonlinear system that is affected by many factors. To provide an
early warning model of dam seepage, the functions of the
nonlinear system must be determined from the seepage
monitoring series to simulate and predict the dam seepage
state. The seepage monitoring series is typically analyzed
by establishing the statistics model using least squares
regression or stepwise regression [2]. It should be noted
that the prediction accuracy of the statistics model is not
satisfactory due to the mutual influence of the affecting
factors and the poor extrapolation of the model itself.
With the development of artificial intelligence research,
network method is successfully used in prediction [3]. At
the same time, the time-series method and neural network
approach have also been introduced to dam safety monitoring [4, 5]. However, the time-series method requires
high stability of the monitoring series and often ignores the
apparent affecting factors. The neural network approach
often reaches a partial minimum due to excessive or inadequate training despite the high accuracy of its nonlinear
approximation. Support Vector Machine (SVM), which
overcomes the aforementioned drawbacks due to strong
robustness to noise and generalization to unseen data,
is widely used in environment and engineering [6,7]. The
LSSVM is an improved SVM based on regularization theory, which greatly simplifies solutions by solving linear
simultaneous equations instead of a quadratic programming
problem [8]. In this paper, we try to establish the early
warning model for dam seepage using LSSVM. However,
the dam seepage system is a complicated nonlinear system
affected by a large number of factors. The affecting factors
are comprehensively studied firstly. PCA is proposed to
avoid the mutual influence of the affecting factors and
reduce the computation cost. In order to describe the local
and jumping signals in the seepage date series accurately,
this paper uses a wavelet function as the kernel function,
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thus least squares wavelet support vector machine
(LSWSVM). The seepage early warning model is established with cooperation between PCA and LSWSVM. In
the seepage early warning model, the principal affecting
components are extracted by PCA firstly, and these components are used as the inputs of LSWSVM. By comparing the outputs of LSWSVM and the monitoring values of
the seepage, an early warning is sent out by the computeraided model. The proposed approach is implemented on a
typical dam in China, and its performance is compared with
those of the traditional methods.

the upstream water level on the monitoring day,
1 day, 2 days, 3~4 days, 5~15 days, and 16~30 days before
the monitoring day, respectively; downstream water level
factor H hd - downstream water level on the monitoring
day; temperature factors sin 2π kt , cos 2π kt ( k = 1 ~ 2 ) ,
365
365
where t is the number of days from the initial monitoring day to the monitoring day; rainfall factors

2 EARLY WARNING MODEL OF DAM
SEEPAGE BASED ON PCA AND LSWSVM
2.1 Seepage monitoring theory

10

The failure of Malpasset dam in France in 1959 and
Vajont dam in Italy in 1963 has caused great repercussion
in the world. For the past decades the prototype monitoring has been playing an important part in ensuring the
safety of dams. Seepage monitoring, which includes the
monitoring of the uplift pressure, leakage, and so on, is
critical to the dam safety. Dam seepage is affected by
y =f ( H ui ,H hd ,sin

many factors. For example, in a concrete dam [2], the
uplift pressure of the dam foundation is mainly related to
the first power of the upstream and downstream water
levels; the seepage lag effect is considered simultaneously, as well as temperature, rainfall and time effects. Specifically, the factors affecting dam seepage are as follows:
upstream water level factors H ui (i = 1 ~ 6) - mean values of

∑p

j

( j = 1, 2,5,10 )- mean rainfall values 1 day, 2 days,

j =1

5 days, and 10 days before the monitoring day, respectively; time effect factors θ and ln θ , where θ = 0.01t .The
function between the affecting factors and uplift pressure
of the dam foundation y can be written as

2π kt
2π kt 10
,cos
, ∑ p j , θ ,ln θ ) （i = 1 ~ 6，k = 1 ~ 2, j = 1, 2,5,10）
365
365 j =1

Eq. 1 indicates that the uplift pressure of dam foundation y is influenced by 17 factors. Solving this function
is the key step of establishing the early warning model.
2.2 Principal component analysis

Study shows that the mutual influence of these factors
negatively affects the LSSVM model [9]. To avoid this
mutual influence, the principal affecting components are
extracted using PCA, which is a mathematical procedure
that uses an orthogonal transformation to convert a set of
observations of possibly correlated variables into a set of
values of uncorrelated variables called principal components [10-12]. The number of principal components is less
than or equal to the number of original variables. Thus,
extracting the principal affecting components by PCA can
avoid the mutual influence and reduce the computation
cost. This process can be divided into the following phases:
1) Exclude outliers in the data sequence and standardize
the remaining data
Measurement errors exist, in some degree, regardless
of which measurement approach is adopted. The outliers
negatively affect the data processing and analysis. In this
paper, an outlier removal method based on a vague forecasting system is used to exclude the outliers in the data
sequence [13]. Standardization is performed to eliminate
the impact of magnitude and dimension. Here the standardized variant is denoted as

(1)

2π kt
2π kt 10
,cos
, ∑ p j ,θ ,ln θ ] .
365
365 j =1
2) Create the correlation matrix and calculate the eigenvalue and eigenvector
Once the correlation matrix R of the standardized variables is obtained, its eigenvalues λ j ( j = 1, 2, L , P ) can be
X = [ H ui ,H hd ,sin

calculated. Assuming

λ1 ≥ λ2 ≥ L ≥ λP

the corre-

sponding eigenvectors (u1 j , u2 j ,L , uPj )ʹ′( j = 1, 2,L , P) can
be obtained. Because the eigenvalues represent the distribution of the energy of the source data, the contribution
rate of the k th principal component to the source data
can be expressed as
(2)
λk
ek =
×100%
P

∑λ

j

j =1

and the cumulative contribution rate of the first k
principal components can be expressed as
k

∑e

j

(3)

j =1

3) Find the principal affecting components
The number of principal affecting components can be
determined by Eq.3. If the cumulative contribution rate of
the first k principal components is greater than 85%, then
the first k principal components are deemed to contain
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nearly all of the information from the source data. Thus,
the principal affecting components are expressed as
(4)
PC = XU
where U is matrix of the first k eigenvectors and
U = {U1 ,U 2 L U k }

l
⎧ ∂L
⎪ ∂w = 0 → w = ∑ aiϕ ( PCi )
i =1
⎪
l
⎪∂L
⎪ ∂b = 0 → ∑ ai = 0
⎪
i =1
⎨
∂
L
⎪
= 0 → ai = γξi
⎪ ∂ξi
⎪
⎪ ∂L = 0 → wT ϕ ( PC ) + b + ξ − y = 0
i
i
i
⎪⎩ ∂ai

2.3 Least squares wavelet vector support machine

Wavelet was developed by Haar in the early 20th century. Now it is a powerful mathematical tool for signal
processing [14]. By means of the advantage that the wavelet function can describe the local and jumping signals in
the seepage data series precisely, LSWSVM is presented
by adopting a wavelet function as the kernel function of
LSSVM. LSWSVM is introduces as follow.
To solve the function between the uplift pressure y
and the principal affecting components PC, the LSWSVM
method maps the samples to high-dimensional (and possibly infinite) space from the original space using a nonlinear map and then constructs a hyperplane or set of
hyperplanes in the high-dimensional space for regression.
The regression function is defined as

yˆ = [ w, ϕ ( PC )] + b

(5)

where PC is the vector of the principal affecting
components and the LSWSVM inputs, ϕ ( PC ) is the
nonlinear map, w is the normal vector to the hyperplane,
b is the offset of the hyperplane from the origin along
the normal vector, and ŷ is the LSWSVM output. This is
an optimization problem; by combining the functional
complexity and fitting error, the mathematical formulation of this optimization problem is
l

min J ( w, b, ξ ) = 1 wT w + γ 1 ∑ ξi 2
2

2

The elimination of
linear system:

T
T
T
y = [ y1 , y2 ,L yl ] , 1 = [1,1,L ,1] , a = [a1 , a2 ,L al ] and

Mercer’s condition is applied within the
below.

(7)

γ

is the regularization

where the hyper-parameter

parameter to avoid overfitting and

ξi

(11)

Here I is an l × l identity matrix, and Ω is the
kernel matrix.
Previous studies have confirmed that the wavelet kernel function of a given mother wavelet is an acceptable
support vector kernel [15]. If the commonly used Mexican hat wavelet, which is expressed as

h( x) = (1 − PC 2 ) exp(− PC

2

2

)

(12)

is used as the mother wavelet, then the Mexican hat
wavelet kernel function will be
d

K ( PC , PC ʹ′) = ∏ (1 −

|| PC j − PC jʹ′ ||2
∂j

2

) exp(−

|| PC j − PC jʹ′ ||2 (13)
)
2∂ j 2

Thus, the regression function of the LSWSVM can be
expressed as
l

d

i =1

j =1

yˆ = ∑ ai ∏ (1 −

is the training error

of the i th sample.

Ω matrix shown

Ωij = yi y jϕ ( PCi )T ϕ ( PCi ) = yi y j K ( PCi , PC j )

j =1

yi = w ϕ ( PCi ) + b + ξi , i = 1, 2,3,K l

(10)

where

i =1

T

w and ξ will yield the following

⎡0
1T ⎤ ⎡b ⎤ ⎡ 0 ⎤
= ⎢ ⎥
⎢
−1 ⎥ ⎢ ⎥
⎣1 Ω + γ I ⎦ ⎣ a ⎦ ⎣ y ⎦

(6)

subject to the equality constraints

(9)

(14)
|| PCi j − PCi jʹ′ ||2
|| PCi j − PCi jʹ′ ||2
) ⋅ exp(−
)+b
j 2
(∂i )
2(∂i j )2

where ∂ i j is the

j th component of the i th training

j 2

To solve this problem, we construct the following
Lagrangian equation:
l

L( w, b, ξ , a) = J ( w, b, ξ ) − ∑ ai {wT ϕ ( PCi ) + b − yi + ξi }

(8)

i =1

where ai ∈ R are the Langrange multipliers. The conditions for optimality are

sample. (∂ i ) is the support vector kernel function’s hyperparameter and the factor of the extension scale. However,
obtaining the parameters ∂ i j , where i = 1,L , l; j = 1,L , d ,
is difficult. For simplicity, this study assumes that ∂ i j = ∂ ;
in this case, the parameter of the wavelet kernel function
is only ∂ . Thus, the parameters of the improved
LSWSVM are the regularization parameter γ and the wavelet kernel parameter ∂ . In other words, the robustness and
generalization ability of the LSWSVM depends heavily on
γ and ∂ . This study adopts a genetic algorithm (GA) [16] to
optimize these two parameters. In the computer science
field of artificial intelligence, genetic algorithm generates
solutions to optimization problems using techniques in-
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spired by natural evolution, such as inheritance, mutation,
selection and crossover.
2.4 Early warning model based on PCA and LSWSVM

After the regression function ŷ is established, the uplift
pressure of the dam foundation corresponding to the principal affecting components at a future time t can be predicted
by ŷ . To compare the predicted value yˆt with the monitor-

ing value yt , we calculate the absolute difference between
the two values | yˆt − yt | . Because the dam monitoring data
are considered to be normally distributed, according to the
theory of probability and statistics, P(| yˆt − yt |< 2S ) ≈ 95.5%
and P(| yˆt − yt |< 3S ) ≈ 99.7% , where S is the standard
deviation. Therefore, the early warning criterion can be
expressed as

1）	
   | yˆt − yt |≤ 2S : normal;
⎫
2）	
   2S <| yˆt − yt |≤ 3S , and tendency to change doesn't exist: basically normal;⎪⎪
⎬
3）	
   2S <| yˆt − yt |≤ 3S , and tendency to change persists: abnormal;
⎪
⎪⎭
4）	
   | yˆt − yt |> 3S : dangerous. measures should be taken if necessary.	
  

In this study, the exact method is implemented using
MATLAB with a code written for this particular purpose.
Fig. 1 shows the algorithm flow.
H ui

sin

cos

10

∑p

2π kt
365

j

j =1

θ

3 CASE STUDY
3.1 Project overview

The Fengman Hydropower Station, which is located
in Jilin Province in the northeast of China, was built in
1937 and was the first large hydropower project built before the founding of New China (see Fig. 2). The comprehensive project is mainly used for power generation, flood
prevention, water supply and irrigation, and the main water-retaining structure is the Fengman dam.

H hd

2π kt
365

(15)

ln θ

Exclusion
outliers
Exclusion ofofoutliers
Standardization
Standardization

PCA
PCA

Extraction of
Extraction
ofprincipal
principal
affecting factors
affecting
factors
Standardization

PC1



PC2

PCk

Inputs
Inputs

LSMSVM
LSWSVM

GA
GA
Optimization
of (γ ,∂)
Optimization of

ŷ

FIGURE 2 - Location of Fengman dam in China

Outputs
Outputs

| yˆt − yt |
Early
Early warning
warning
FIGURE 1 - Flow chart of the early warning model for dam seepage
based on PCA and LSWSVM.

In dam site area, there is a F67 fault across the foundation of block #34~#36. F67 fault is about 45m wide,
which is combined by F67-1, F67-2, F67-3 and F67-4.
The midline of this fault is almost perpendicular to the
dam axis (see Fig. 3). The foundation of other blocks is
composed of hard rock, which is suitable for building
dams.
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an important variable of seepage for Fengman dam.
H u1 , H u 2 , H u 3 , H u 4 , H u 5 , H u 6 is the mean value of
the upstream water level on the monitoring day, 1 day, 2
days, 3~4 days, 5~15 days, and 16~30 days before the
monitoring day, respectively. H ud is the downstream

Fault gouge

water level on the monitoring day. sin 2π t , cos 2π t ,
365
365
4π t and
4π t are two groups of harmonics, which
sin
cos
365
365
reflect the influence of temperature on WT. t is the number of days from the initial monitoring day to the monitoring day. θ and ln θ are time effect factors, where
θ = 0.01t .

Strongly compressive
rupture zone
compressive
rupture zone

FIGURE 3 - Main geological fault in the dam site area

Due to the construction conditions when the dam was
built, the construction quality is poor. The result of core
boring in the dam body shows that the concrete strength
of block #35 is weaker than that of other blocks. Therefore, block #35 is critical to the dam safety due to its poor
geological condition and concrete strength. The upstream
water level during July 2010-August 2010 is relatively
high, with a peak water level on August 26, 2010; these
high water levels have caused concern in all of the society’s circles, including Premier Wen. The uplift pressure of
the dam foundation significantly influences the stability of
the dam. The Fengman power plant has attached much
significance to the calculation and analysis of WT. WT is
the uplift pressure on the unit width of the dam. In other
words, WT is the sum of the flotage and osmotic pressure
on the unit width of the dam.
In this paper, block #35 was taken as an example,
since the uplift pressure monitoring instruments of Fengman dam were updated in 2001, to guarantee the homogeneity of the samples the date of WT and water levels used
are from 2001 to 2010. All the data are from the Fengman
power plant.

3.3 The data processing procedure
3.3.1 Extraction of the principal affecting components

Firstly, we use an outlier removal method based on a
vague forecasting system to exclude the outliers. After the
outliers are excluded from the WT and affecting factors
data sequence from June 27, 2001 to September 20, 2010,
168 samples remain, including 124 samples from June 27,
2001 to December 23, 2009 for training the model and 44
samples from January 11, 2010 to September 20, 2010 for
implementing early warning of WT during high water
levels. Then the variables of WT and the affecting factors
are standardized to eliminate the impact of magnitude and
dimension.
The correlation matrix R of the standardized variables
is constructed, and by calculating the eigenvalues, contribution rate and the cumulative contribution rate, the cumulative contribution rate of the first 5 principal compo-

3.2 The data sequence of WT and the affecting factors

As mentioned in Section 2.1, the dam seepage is affected by water level, temperature, rainfall and time effect, totally 17 factors. As to Fengman dam, the rainfall
data is deficient and the study shows that rainfall has very
little effect on WT [17]. Therefore, there are 13 affecting factors of WT. We list some of the values of WT
and affecting factors for briefness and page space (see
Table 1). In Table 1, WT is the sum of the flotage and
osmotic pressure on the unit width of the dam, which is
TABLE 1 - Values of WT and the affecting factors

Date
WT
(yyyy/m/d) (kN/m)
2001/6/27
2001/7/25
2001/8/8

8338.1
9473.6
9946

H u1

Hu2

Hu3

Hu4

Hu5

Hu6

H ud

(m)

(m)

(m)

(m)

(m)

(m)

(m)

sin

247.07 247.07 247.07 247.06 247.13 247.55 191.65 0.02
253.18 253.18 253.14 253.15 252.49 248.46 191.39 0.48
258.02 257.19 256.14 255.23 253.54 252.55 195.03 0.67
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2π t
365

cos
1.00
0.88
0.74

2π t
365

sin
0.03
0.84
1.00

4π t
365

cos
1.00
0.54
0.09

4π t
365

θ

ln θ

0.01
0.29
0.43

-4.61
-1.24
-0.84
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2001/8/13
2001/9/17
2001/10/23
2001/11/12
2001/12/11
2002/1/14
2002/2/4

M

2010/8/17
2010/8/24
2010/8/25
2010/8/26
2010/8/27
2010/8/28
2010/8/29
2010/8/30
2010/9/6
2010/9/13
2010/9/20

10027.9
10116.7
10329.6
10127.2
10061.5
10081.4
9895.1

M

10454.14
10507.59
10515.59
10530.94
10551.66
10535.38
10538.5
10532.42
10606.14
10668.4
10722.92

258.85
259.32
258.80
257.80
256.26
254.25
252.90
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258.88
259.35
258.83
257.85
256.31
254.32
252.95

M

M

262.92
263.43
263.77
263.94
263.92
263.78
263.44
263.31
263.43
263.32
263.41

263.07
263.14
263.43
263.77
263.94
263.92
263.78
263.44
263.50
263.32
263.37

258.84
259.36
258.87
257.93
256.37
254.37
253.00

M

263.18
262.57
263.14
263.43
263.77
263.94
263.92
263.78
263.57
263.35
263.36

258.65
259.38
258.93
258.01
256.43
254.49
253.09

M

263.34
262.54
262.57
262.86
263.29
263.60
263.86
263.93
263.59
263.35
263.36

254.98
259.38
259.03
258.34
256.73
254.90
253.50

M

262.71
263.00
262.99
262.96
262.93
262.90
262.91
262.95
263.47
263.45
263.37

253.02
259.24
259.10
258.89
257.41
255.64
254.38

194.64
190.5
191.89
191.82
191.44
190.84
191.21

M

M

257.68
260.83
261.22
261.61
261.98
262.33
262.55
262.69
262.86
263.16
263.43

195.06
195.07
195.06
195.07
195.05
195.97
195.7
195.21
194.92
193.62
193.08

nents is determined to be 91.7%, which is greater than
85%. Thus, there are 5 principal affecting components in
this study. The main details of the correlation matrix R
are presented in Table 2.

λi

Contribution
rate

Serial no.
1
2
3
4
5

7.0815
1.8265
1.2732
0.9524
0.7837

0.5447
0.1405
0.0979
0.07326
0.0603

Cumulative
contribution
rate
0.5447
0.6852
0.7831
0.8564
0.9167

13

0.0001

0.000097

1

L

L

L

M

0.80
0.87
0.88
0.88
0.89
0.90
0.91
0.91
0.96
0.98
0.99

0.68
0.14
-0.46
-0.73
-0.97
-0.94
-0.77

1.00
0.28
-0.82
-1.00
-0.48
0.62
0.98

-0.08
-0.96
-0.58
0.07
0.88
0.78
0.18

M

M

M

0.48
0.83
1.19
1.39
1.68
2.02
2.23

0.60
0.96
-0.28
0.50
0.86
-0.50
0.48
0.85
-0.53
0.47
0.83
-0.56
0.45
0.81
-0.59
0.44
0.79
-0.62
0.42
0.76
-0.65
0.41
0.74
-0.67
0.29
0.56
-0.83
0.18
0.35
-0.94
0.06
0.11
-0.99
TABLE 3 - Parameters of LSWSVM

Parameter

M

33.39
33.46
33.47
33.48
33.49
33.50
33.51
33.52
33.59
33.66
33.73

-0.73
-0.19
0.17
0.33
0.52
0.70
0.80

M

3.51
3.51
3.51
3.51
3.51
3.51
3.51
3.51
3.51
3.52
3.52

#35
7.368

γ
∂
S (kN/m)

TABLE 2 - Main details of the correlation matrix R.
Parameter

0.74
0.99
0.89
0.68
0.25
-0.33
-0.64

0.86
65.8

3.4 Analysis of the early warning model

The prediction values of WT for 44 samples from
January 11, 2010 to September 20, 2010 are first obtained
by LSWSVM, which has been trained in Section 3.3.2.
The prediction values of WT, the monitoring values of
WT and the absolute differences between the prediction
values and the monitoring values for 44 samples are listed
in Table 4.

L

3.3.2 Solution of LSWSVM

The five principal affecting components of the 124
samples from June 27, 2001 to December 23, 2009 are
used to train LSWSVM. The regularization parameter γ
and wavelet kernel parameter ∂ are determined using a
genetic algorithm (GA). The species individual, maximum evolutional generation, crossover rate and mutation
rate of GA is 100, 200, 0.95 and 0.01 respectively. This is
implemented using MATLAB. Finally the best parameter
combination (γ , ∂ ) is shown in Table 3. The standard
deviation S of the training samples is calculated for use in
next step, which is also shown in Table 3.

From Table 4, it's shown that most of the absolute
difference | yˆt − yt | values lie in the interval [0, 2S ] and
7 absolute difference values in bold lie in the interval
[2S ,3S ] with a growth trend. According to Eq.15, the
seepage of block #35 is abnormal from August 27, 2010
to September 20, 2010. The affecting factors are also
analyzed, especially the water levels, which is often considered to be the main factors. The analysis results show
that the upstream water level from July 29, 2010 to September 20, 2010 is relatively high, and the highest water
level occurs on August 26, 2010. These results demonstrate that the seepage state corresponds well with the

TABLE 4 - Monitoring values, prediction values of WT and absolute differences
Date
(yyyy/m/d)

Monitoring
value of WT
(kN/m)

Prediction
value of WT
(kN/m)

Absolute
difference
(kN/m)

2010/1/11
2010/1/27
2010/2/7
2010/2/20
2010/3/9
2010/3/22
2010/4/7

9981.94
9954.59
9912.39
9824.18
9754.09
9489.92
9811.90

10012.78
9950.26
9937.58
9887.11
9805.86
9605.89
9848.37

30.84
4.33
25.19
62.93
51.77
115.97
36.47

Date
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(yyyy/m/d)

Monitoring
value of WT
(kN/m)

Prediction
value of WT
(kN/m)

Absolute
difference
(kN/m)

2010/8/5
2010/8/6
2010/8/7
2010/8/8
2010/8/9
2010/8/10
2010/8/11

10404.13
10390.04
10381.63
10395.80
10416.25
10422.36
10439.74

10311.58
10306.44
10302.99
10316.81
10332.36
10338.14
10350.80

92.55
83.60
78.64
78.99
83.89
84.22
88.94
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2010/4/21
2010/5/11
2010/5/26
2010/6/7
2010/6/22
2010/7/6
2010/7/25
2010/7/28
2010/7/29
2010/7/30
2010/7/31
2010/8/1
2010/8/2
2010/8/3
2010/8/4

9970.47
10378.35
10409.20
10046.77
9755.50
9918.78
10017.52
10067.61
10200.37
10259.50
10333.27
10386.07
10402.70
10417.34
10426.94
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9960.76
10279.42
10291.89
10022.32
9792.14
9926.98
10057.34
10102.48
10168.99
10212.27
10258.08
10301.37
10311.21
10322.25
10328.52

9.71
98.93
117.31
24.45
36.64
8.20
39.82
34.87
31.38
47.23
75.19
84.70
91.49
95.09
98.42

2010/8/12
2010/8/13
2010/8/15
2010/8/16
2010/8/17
2010/8/24
2010/8/25
2010/8/26
2010/8/27
2010/8/28
2010/8/29
2010/8/30
2010/9/6
2010/9/13
2010/9/20

water level change with a lag effect, which follows seepage theory. So the seepage state of the other blocks can be
predicted in the same manner to achieve a comprehensive
seepage state, and then the early warning can be sent out
for the decision makers to take measures correspondingly.
4 DISCUSSION
The objective of the case study is to examine the effectiveness of the early warning model for dam seepage
based on PCA and LSWSVM. The aforementioned process for establishing the early warning model shows that
the accuracy of the prediction value yˆt significantly affects the model. An inaccurate prediction value yields an
inaccurate early warning model. To evaluate the precision
of the proposed method, the seepage model is established
using the traditional statistics method, time series method,
PCA, LSSVM and LSWSVM respectively with the same
samples. Fig.4 shows the curves of the monitoring and
prediction values of WT obtained by the six methods.
We also introduce the mean absolute percentage error
(MAPE), mean squared error (MSE) and mean absolute
error (MAE) to quantify the prediction effectiveness of
six models, where a smaller parameter indicates a more
effective model. The parameters are expressed as

10458.49
10462.21
10445.81
10443.53
10454.14
10507.59
10515.59
10530.94
10551.66
10535.38
10538.50
10532.42
10606.14
10668.40
10722.92

10363.89
10366.91
10351.39
10349.17
10357.99
10392.96
10396.16
10405.19
10418.94
10398.16
10402.52
10403.08
10466.49
10532.91
10574.25
n

1 n A − Fi
MAPE = ∑ | i
| , MSE =
n i =1
Ai

∑(A − F )
i

i =1

n

94.60
95.30
94.42
94.36
96.15
114.63
119.43
125.75
132.72
137.22
135.98
134.34
139.65
135.49
148.67

2

i

, MAE =

1 n
∑ | Ai − Fi |
n i =1

(16)

where n is the number of samples, Ai is the monitoring value, and Fi is the prediction value. The calculated
parameters are presented in Table 5.
When an algorithm is applied to engineering problems, the computation time should also be taken into account. Thus, the computation time of these models is also
presented in Table 5.
Fig. 4 shows that the prediction values of WT by
PCA-LSWSVM most closely fit the monitoring data of
WT. Table 5 shows that both the prediction accuracy and
computation time of the statistics method are the poorest.
By extracting the principal components, PCA improves
the precision and enhances the computation. LSWSVM
greatly improves the precision because it can describe the
local and jumping signals precisely. Both the prediction
accuracy and the computation time of PCA-LSWSVM are
best because PCA-LSWSVM combines the advantages of
PCA and LSWSVM. Thus, the PCA-LSWSVM method is
more efficient and accurate than the traditional methods
used for providing early warnings for dam seepage.
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Curves of the monitoring and prediction values for block #35
WT(kN/m)
12000
11200

Monitoring value

10400

Statistics
Time series
PCA

9600

LSSVM
LSWSVM

8800

PCA-LSWSVM

8000
10/1/11 10/2/11

10/3/14 10/4/14

10/5/15 10/6/15

10/7/16 10/8/16

10/9/16

Date(yy/m/d)
FIGURE 4 - Curves of the monitoring and prediction values of WT by six models for block #35

TABLE 5 - Evaluation parameters of the six models
Evaluation parameter

MAPE
MSE
MAE

Computation time (s)

Statistics
0.040
459.52
407.06
50

Time series
0.030
322.99
302.62
38

PCA
0.036
417.01
362.28
36

LSSVM
0.024
275.82
240.48
32

5 CONCLUSION

LSWSVM
0.015
173.63
150.64
32

PCA-LSWSVM
0.008
91.10
81.90
24
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THE DISTRIBUTION AND OUTPUT OF DISSOLVED
CARBON IN TYPICAL RIVERS OF SANJIANG PLAIN, CHINA
Lixia Wang, Baixing Yan*, Xiaofeng Pan, Hui Zhu and Yingying Xu
Key Laboratory of Wetland Ecology and Environment, Northeast Institute of
Geography and Agroecology, Chinese Academy of Sciences, Changchun 130012, China

ABSTRACT
Dissolved organic carbon (DOC) in rivers plays an
important link from terrestrial to marine environments in
the global carbon cycle. The Sanjiang Plain, a floodplain
encompassing many freshwater wetlands, had been suffering from extensive buildings of drainage ditches and
addition of chemical fertilizers in the past 60 years. The
distribution of DOC in typical rivers (divided into main and
marshy rivers) of Sanjiang Plain from 2006 to 2008 was
studied. Marshy rivers including Bielahong River, Naoli
River, and Yalv River (mean concentration, 9.03 mg/L)
showed higher DOC levels than main rivers (mean concentration, 6.63 mg/L) including Amur River, Ussuri River,
and Songhua River. It was estimated that about 1.54 million tons of DOC from Amur River were brought into
Okhotsk Sea annually. The geographical or seasonal variation between main and marshy rivers has also proven
that the farming activity could increase DOC output, and
the risk that increasing DOC concentration in growing
season potentially increase the pollutant mobility and
toxicity should be paid more attention.

from soils [6]. The increased concentrations of DOC in
surface water are observed in many sub-boreal settings, and
the fact that increased DOC concentration in surface waters
may lead to ecological impacts on aquatic systems, drinking water quality, coastal marine ecosystems, and upland
carbon balances had been reported many times [7-10].
Rapid expansion of agriculture changed land-use in recent
years, which would increase leaching of chemicals to
surface waters and lead to change of aquatic chemicals
[11]. However, the impact of land-use change on dynamics
of DOC in rivers is still largely unknown [12].
The dynamics of dissolved carbon in rivers across Sanjiang Plain can affect the carbon pools of Okhotsk Sea in
the northwest of North Pacific. The current study provided
an investigation of dissolved carbon under human disturbance in the rivers of Sanjiang Plain. The main objectives of
this study were 1) to investigate the seasonal and spatial
variations of geochemical characteristics of riverine dissolved organic carbon in typical rivers of Sanjiang Plain; 2)
to estimate DOC flux based on the sampling and available
records of water discharge, and discuss the accompanying
environmental impact with changing DOC concentration.

KEYWORDS:
dissolved carbon; flux; land-use change, risk, river

2 MATERIALS AND METHODS
2.1 Study area

1 INTRODUCTION
DOC, defined operationally as any organic carbon passing through a 0.45-µm filter, comprises a continuum of organic substances ranging from defined small molecules to
highly polymeric humic substances [1, 2]. DOC interacts
extensively with other dissolved substances (including
heavy metals and organic pollutants) and affects transport
and transformation of contaminants in rivers [3, 4].
The flux of terrestrial organic carbon from the continents to the ocean by river runoff and wetland discharge is
an important component of the global organic carbon cycle
[5]. The concentration of DOC in rivers reflects largely
processes in the terrestrial part of the catchments ecosystems because the predominant origin of DOC is leaching
* Corresponding author

The studied rivers were located at Sanjiang Plain
(43°49′ - 48°27′ N, 129°11′ - 135°05′ E) in the eastern part
of Heilongjiang province, Northeast China and is bordered
by Russia (Fig. 1). As the largest concentrated area of
freshwater wetland in China, the Sanjiang Plain is formed
by the Amur, Ussuri and Songhua rivers. There are large
area marsh wetlands (0.96×106 hm2 in 2005) and paddy
(1.52 ×106 hm2 in 2001) distributed in Sanjiang Plain [13].
The mean annual precipitation is around 600 mm, while the
mean annual temperature is 1.91 °C. Water and soil in
wetland are completely frozen from late October to the
following April, and begin to melt in late April.
2.2 Sampling and analysis

In this study, 6 typical rivers in the Sanjiang plain
were chosen. Both Yalv River and Bielahong River are
sourced from the natural marsh wetland, Naoli River is
also sourced from Wanda Mountain and flowing across
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marsh wetland in its middle-low branch; thus, 3 smaller
rivers are typically representing marshy rivers. The Songhua
River is the first-level branch of the Amur River far from
the marshland. Ussuri River, a boundary river and the firstlevel branch of the Amur River, flows across the marshland
and forestland. These 3 larger rivers disturbed mostly by
human activity are typical main rivers. 6 representing
sampling sites including Amur, Songhua, Ussuri, Yalv,
Naoli and Bielahong rivers are displayed in Fig. 1.

Statistical analyses

Statistical analyses were performed using SPSS 17.0
and all graphics were using Origin 8.0. When statistical
differences were observed, differences among means were
determined using nonparametric test. In analyses where p
<0.05, the factor tested and comparison were considered to
be statistically significant. The Pearson correlation coefficient between dissolved iron and DC, DOC, DIC was analyzed by two-tailed test.
3 RESULTS
3.1 The chemical characteristics of rivers water

Both dissolved organic and inorganic carbon data, as
well as pH, total dissolved Fe, total dissolved Mn, K, Ca,
Na, and Mg data, are presented in Tab.1. DOC concentration in marshy rivers was significantly higher compared
to that in the main rivers (p < 0.05). DIC concentration
varied in a wide range from 2.02 to 20.29 mg/L, and the
mean DIC concentration in main rivers was also higher
than those in marshy rivers. The mean pH in the main rivers was 1 unit higher than that in marshy rivers. For all sites,
pH was in the range 5.12-7.89, indicating that DIC will
primarily be in the form of HCO3-. Total dissolved Fe and
total dissolved Mn showed obviously higher concentration
in marshy rivers than those in main rivers (p < 0.05).
TABLE 1 - Chemical characteristics of the water samples in main
and marshy rivers.

FIGURE 1 - Location of sampling points in the Sanjiang Plain.

47 samples were collected from 6 rivers with the same
acid-cleaned polyethylene bottles, at 50 cm below the water
surface, during crop growing season from 2006 to 2008.
Water samples were collected from wetland (n=24), groundwater (n=40) and drainage ditch (n=32), respectively (Fig.
1). After collection, 100 ml water samples were immediately
stored in a portable refrigerator (0-4 °C) until further treatment (filtration and measurement). The first 50 ml of each
sample was used to rinse the filter and was discarded.
The remaining samples were filtered into separate vials and directly analyzed for DOC, dissolved total carbon
(DTC) and dissolved inorganic carbon (DIC) using a nondispersive infrared detector to quantitatively measure CO2
levels (TOC-VCPH, Shimadzu, Japan). DOC concentrations were determined by DTC minus DIC. Each
sample was injected at least 3 times to obtain a standard
deviation of ≤2%.
Major cations (Na, K, Ca and Mg) were measured by
ICP-OES (ICPS-7500 ICP-OES, Shimadzu, Japan). Total
alkalinity as HCO3− was determined in stored samples,
usually within several days. 10 ml of sample were titrated
with 0.05 mol/L sulfuric acid to the bicarbonate end-point.
The analytical error in the determined alkalinity concentrations is roughly ±10%. Dissolved NO3-, PO43- and NH4+
were determined with auto-analysis (SMARTCHEM.
Westco Inc, Italian) .

Items/parameters
Main river (n=24)
Marshy river (n=23)
DOC (mg/L)
6.63(±2.74)b
9.03(±3.59)a
DIC (mg/L)
8.07(±4.02)b
11.74(±5.70)a
pH
7.08(±0.31)a
6.03(±0.82)b
Total dissolved Fe
0.41(±0.28)b
1.15(±0.71)a
(mg/L)
Total dissolved Mn
0.048(±0.03)b
0.12(±0.08)a
(mg/L)
K (mg/L)
2.81(±0.98)a
3.59(±0.60)a
Na (mg/L)
5.56(±0.91)a
6.06(±0.61)a
Ca (mg/L)
11.26(±1.07)a
11.67(±1.21)a
Mg (mg/L)
5.86(±0.70)b
8.64(±1.17)a
HCO3- (mg/L)
78.68(±9.42)a
74.68(±10.16)a
Means bearing different letter were statistically different at the p = 0.05
level.
3.2 Seasonal variation of dissolved carbon in rivers

The profiles of DOC, DTC and DIC concentration
from 2006 to 2008 varied among the 6 rivers because of
different geographical and climatic factors (Fig. 2). The
fluctuation of DTC concentration was similar to DIC but
different from DOC. DOC concentration in main rivers
remained higher during the growing reason (i.e. from May
to June) when farming activities, such as fertilization, irrigation and drainage, were frequent. DOC concentration
declined in the high flow season (July and August) because
of high rainfall, and then, another peak occurred in October when DOC was brought by paddy drainage into rivers. In marshy rivers, less disturbed by agricultural activity, the DOC concentration was higher in July and August
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because of litter decomposition and blooming microorganism activity. For rivers, allochthonous sources played a substantial role in supplying DOC. DOC leached from nearby
upland soil and alluvial wetlands was carried to the river
channel by surface runoff, especially after storms. In May
or October, the river was in low water periods and showed
lower DOC concentrations because the base-flow was
sustained largely by deeper groundwater with lower DOC
concentration.
The annual averaged DOC concentration in marshy
rivers was much higher compared to that in main rivers
from 2006 to 2008. There was no marked difference between 2006 and 2007 in both marshy and main rivers,

24

18

3.3 Estimation of DOC flux in main rivers

Liu [14] collected and calculated the hydrological data
of different rivers including Chinese and Russian ones in
the region. Based on the flow data and mean concentration, the annual flux of DOC from 2006 to 2008 in main
rivers was estimated (Tab.3). Different rivers showed varying DOC flux fluctuation, which is not similar with the
change of rainfall. The Amur River and Songhua River had
highest DOC flux in 2007 while Ussuri River had lowest
DOC flux in 2006. For Amur River with highest DOC con-

Ussuri River

16

24

DOC
DTC
DIC

18
16

12

15

14

10

12

9

6

3

12
10

8

6
4

2
0

date(year-month)
Yalu River

DOC
DTC
DIC

33

-10 7-7 7-8 -10 8-8 -10
6-5 6-7
200 200 2006 200 200 2007 200 2008

6
4
2

date(year-month)

30

Nao li River

27

24

15

12

6
3
0

12

9
6
3
0

-10 7-7 7-8 -10 8-8 -10
6-5 6-7
200 200 2006 200 200 2007 200 2008

--

Bielahong River

16

12

9

date(year-month)

20

18

15

32

-10 7-7 7-8 -10
6-5 6-7
8-8 -10
200 200 2006 200 200 2007 200 2008

24

21

18

DOC
DTC
DIC

36

28

24

21

--

The concentration of dissolve organic(mg/L)

27

8

0

-10 7-7 7-8 -10 8-8 -10
6-5 6-7
200 200 2006 200 200 2007 200 2008

B
The concentration of dissolve organic(mg/L)

The concentration of dissolve organic(mg/L)

30

DOC
DTC
DIC

20

14

18

songhua River

22

The concentration of dissolve organic(mg/L)

21

DOC
DTC
DIC

The concentration of dissolve organic(mg/L)

The concentration of dissolve organic(mg/L)

Amur River

while the averages of DOC in 2008 were notably higher
than those in 2006 and 2007.

8
4
0

6-5 006-7 06-10 007-7 007-8 07-10 008-6
200
2
2
2
2
20
20

date(year-month)

date(year-month)

-10 7-7 7-8 -10
6-5 6-7
8-8 -10
200 200 2006 200 200 2007 200 2008

date(year-month)

FIGURE 2 - The change of DTC, DOC and DIC in main rivers and marshy rivers (2006-2008).

TABLE 2 - DOC concentration in rivers across Sanjiang plain from 2006 to 2008 (mg/L).

Main Rivers
Marshy Rivers

22006
Mean (95% Confi-fidence Interval)
5.88 (4.07-7.69)b
7.61 (5.54-9.68)b

2007
Mean (95% Confidence Interval)
6.25 (3.96-8.56)b
7.19 (5.25-9.14)b
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2008
Mean(95% Confidence Interval)
8.63 (6.83-10.44)a
13.33 (8.77-17.88)a

--

DOC
DTC
DIC
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TABLE 3 - The annual flux in main rivers from 2006 to 2008.
DOC concentration/flux
Amur River

Ussuri River

Songhua River

Mean concentration (mg/ L)
Flux /105 (t/a)
Rainfall(mm)
Mean concentration (mg/ L)
Flux /105 (t/a)
Rainfall (mm)
Mean concentration (mg/ L)
Flux /105 (t/a)
Rainfall (mm)

centration, the DOC flux was almost 10 times that of the
other two main rivers. The change of DOC flux was not
consistent with the rainfall, so the rainfall was not the controlling factor of DOC flux in rivers.
4 DISSCUSSION
4.1 Transfer and transformation of dissolved carbon

In Sanjiang plain, 76.20% of paddy field irrigate
through extraction of groundwater [15]. DIC, the predominant carbon species in groundwater, accounted for 93.30%
of DTC. When groundwater cycled in paddy field, the
DOC concentration in artificial drainage canal of paddy
field increased to 10.33 mg/L from 2.31 mg/L, even higher
than that in the marshy rivers (Tab.4). So, intensive agricultural/irrigation activities in paddy field, which cycle the
leaching water back to the river many times over, have
significantly increased DOC output. However, Chinese
farmers prefer chemical fertilizers to organic fertilizers, and
the rate of vegetation gradually decreases with the expansion of the cities in this area, which decrease the amount of
DOC in surface soil through humification [16]. The difference of DOC concentration between main and marshy
rivers also accounts for the conclusion that natural wetland reclaimed to rice paddy field reduced the potential
DOC runoff, which corroborates well with the findings
demonstrating that wetland degradation caused by installation of artificial drainage ditches resulted in significant
increased loss of DOC in catchment waters [13]. Increasing pH also contributes to explain lower DOC concentration in main rivers, as bacterial DOC decomposition was
sensitive to the change in pH [17]. Riverine DIC comes
from geological (e.g. bicarbonate originated from chemi-

DOC
2007
10.23
19.51
470
6.09
0.87
260
6.52
0.60
812

2006
7.65
14.44
580
4.46
0.78
281
5.54
0.61
1062

2008
8.31
14.96
560
5.64
0.96
280
4.82
0.55
928

cal weathering of carbonates and silicates in the drainage
basin) or biological (e.g. CO2 from biological respiration)
sources in non-urbanized catchments [18]. DIC content (e.g.
dissolved CO2, bicarbonate and carbonate ions) was
decreased almost by 43% flowing from groundwater to
drainage ditch, and 48% to main rivers. The conversion of
natural wetland to rice paddies increases DIC concentration,
with increasing CO2 saturation in water, and the potential of
gas-exchange between atmosphere and water at higher pH
[19].
4.2 Comparison of dissolved organic carbon flux with other
rivers

DOC concentration in rivers of Sanjiang plain are also
higher when compared with other rivers in China (Tab. 5),
because soil was the predominant carbon source for rivers
among potential sources of riverine DOC include atmospheric deposition, decaying litter and humus on the soil
surface, soil organic matter, wetland peat deposits, aquatic
detritus, aquatic sediment sand, and aquatic organisms [6,
20]. Though natural wetlands in Sanjiang plain showed
the apparent decrease from about 3.53×106 hm2 in 1954 to
0.96×106 hm2 in 2005 through 50 years exploitation [13],
the wetlands still provide a lot of DOC to rivers of Sanjiang plain. It was estimated that a total of 720 million
tons carbon [21] and about 250 million tons of DOC were
discharged to the ocean by the world`s rivers each year
[22] while the Amur River played an important role in
transferring organic carbon (Tab. 5).
The difference among the 3 main rivers can be explained by different supplying sources because the variability of DOC in rivers was largely due to the variability
in river discharge and primary production [23].

TABLE 4 - The concentration of dissolved carbon in different water-bodies (2007).

Groundwater (n=40)
Drainage ditch (n=32)
Main rivers (n=24)
Wetlands (n=24)
Marshy rivers (n=23)

DOC
(mg/L)
2.31 (±1.21)
10.33 (±1.32)
7.47 (±2.47)
38.76 (±2.85)
8.63 (±2.34)

DIC
(mg/L)
32.17 (±4.37)
18.18 (±1.67)
16.66 (±3.58)
10.23 (±1.87)
14.80 (±3.17)
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DOC/ DTC(%)

pH

6.70
36.23
30.96
77.54
36.83

7.01 (±0.21)
7.53 (±0.17)
7.16 (±0.53)
6.32 (±0.23)
6.76 (±0.56)
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TABLE 5 - The flux of DOC in main rivers of China.
River
Songhua River
Amur River
Ussuri River
Yichun River
Xijiang River
Changjiang River
Yellow River
Luodingjiang Bay
Pearl River Delta

DOC
(mg/L)
5.73 (2.93-7.92)
8.78 (5.92-13.12)
5.37 (3.64-7.64)
2.9-16.7
1.27 (0.57-3.70) [33]
1.27 (0.36-2.52) [35]
1.01-3.78 [31]
1.67 (1.38-2.13)

Natural organic supply was the predominant source with
large areas of wetlands and forests in Amur catchments
while DOC was mostly from anthropogenic source in
Songhua catchments [24].
The variation of DOC also integrated many environmental factors including hydrological parameters, land-use
and climate, and even different plant species contribute to
the various DOC contents in soil [25]. In Russian part of
Amur River, there is still many pristine wetland, and the
concentration of DOC ranged from 3.8 to 7.5 mg/L [26].
Many reports had even proven that plant root growth and
root exudates are known to be key processes governing
DOC concentration in soil [27], and may be a main source
of the DOC released to leaching waters [28]. Increasing
concentrations of DOC in surface water are now a widely
reported phenomenon in sub-boreal settings [29]. Many
ecological engineering of reclaimed wetland from cultivation in Sanjiang plain has been carried out during recent
years. Otherwise, some agricultural activities including decomposition of crop residues and fertilization [30], especially long-term nitrogen additions increase DOC export
from soil [31]. The trends of increasing concentration of
DOC in rivers of Sanjiang plain may be inevitable.
4.3 The environment effect of raising DOC concentration

The Okhotsk Sea, which is not a low-chlorophyll
(HNLC) region, utilizes dissolved macronutrients probably because of the sufficient dissolved iron that is mainly
transported by rivers flowing across Sanjiang Plain [39].
Organic matter was believed to be the critical factor controlling iron transport [31]. DIC concentration showed correlation with dissolved iron concentration in Amur River
and Yalv River. Relationship between DOC and dissolved
iron concentration was rather weak, especially for marshy
rivers, because iron has high selectivity for some functional groups [40]. Compared with other rivers, DOC in
water of Songhua River was mostly affected by anthropogenic activity and preferred to complex with iron, thus
increasing iron solubility [24]. Iron concentrations in rivers
could limit primary productivity [41], or control rates of
nitrogen fixation in other regions [42], so maintaining DOC
concentration is critical to dissolved iron output into the
ocean.
The risk that DOC could increase the solubility of
pollutants and the mobility of organic contaminants thus

Area
(103 km2)
546
1843
72.2
2.5
353
1800
823
3.2
443

Flux of DOC
(105 t/ a)
0.74
15.42
0.80
0.071 [32]
6.63 [34]
21 [36]
3.96 [16]
1.95 [37]
9.2 [38]

TABLE 6 - The correlation between organic matter and dissolved
iron (Pearson correlation).

Amur River
(n=8)
Ussuri River
(n=8)
Songhua River
(n=8)
Yalv River (n=8)
Naoli River
(n=7)
Bielahong River
(n=8)
* p<0.05

DOC
0.445

DTC
-0.163

DIC
-0.606*

0.237

-0.226

-0.315

0.526

-0.394

-0.512

0.349
0.079

-0.566
-0.189

-0.706*
-0.261

0.108

0.111

0.086

enhancing toxicity [43, 34] should be paid more attention.
Rivers in Sanjiang plain experience the most intense anthropogenic pressure and concentration of many trace elements in aquatic systems can become enriched due to anthropogenic as well as natural processes. Increased contents
of pollutants including organic toxicants [44] and heavy
metals [45] have been seen in rivers of Sanjiang plain. By
GC/MS analyses, 138 organic compounds were detected in
Songhua River. Of these compounds, polycyclic aromatic
hydrocarbons (PAHs) were the most prevalent, followed by
nitrobenzene and phenylamine, phenols, phenolic acids, and
esters. Fourty-four of these 138 (31.9%) organic compounds
were the priority pollutants of US Environmental Protection Agency (EPA) [46]. Zhang [47] examined the cyclic
and linear siloxanes in sediment from Songhua River, and
found that total concentrations (sum of all cyclic and linear
siloxanes) were as high as 2050 ng/g dry weight (dw).
You [48] had reported that the concentrations of PCBs
in 14 water samples from Songhua River ranged from 1.114.0 ng/L whereas the levels of acetochlor ranged from
0.47 to 11.76 µg/kg in sediments as well as 0.03 to 709.37
µg/kg in riparian soils [49].
The mechanisms of DOC affected contaminants are
very complex. Natural organic acids may compete with
metal ions, oxyanions and other organic ligands for reactive surfaces sites, which may inhibit or enhance dissolution depending on the type of surface complex formed
and the strength of the bond [50]. High concentration of
DOC could favor the formation of a third phase (microemulsion) in solution between the hydrophobic compounds
in the water phase, influencing their mobility [51]. Higher
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content of orgnic carbon promotes the sorption capacity
of pesticides through various chemical interactions [52].
Thevenota [53] also proved that higher DOC content and
hydro-soluble fraction had a great impact on diuron dissipation through various chemical interactions. So the raising contaminant toxicity brought by increasing DOC output should be paid more attention.

[5]

Wallage, Z.E., Holden, J. and McDonald, A.T. (2006) Drain
blocking: An effective treatment for reducing dissolved organic
carbon loss and water discolouration in a drained peatland. Science of the Total Environment 367, 811-821.

[6]

Hejzlar, J., Dubrovsky, M., Buchtele, J. and Ruzicka, M. (
2003) The apparent and potential effects of climate change on
the inferred concentration of dissolved organic matter in a temperate stream (the Malse River, South Bohemia). Science of the
Total Environment 310, 143-152.

[7]

Worrall, F., Burt, T. and Adamson, J. (2004) Can climate
change explain increases in DOC flux from upland peat catchments? Science of the Total Environment 326, 95-112

[8]

Thoms, M.C., Southwell, M. and McGinness, H.M. (2005)
Floodplain-river ecosystems: Fragmentation and water resources development. Geomorphology 71, 126-138.

[9]

Worrall, F., Burt, T.P. and Adamson, J.(2006) The rate of and
controls upon DOC loss in a peat catchment. Journal of Hydrology 321, 311-325.

5 CONCLUSION
Some difference in terms of DOC and DIC concentrations was observed between main and marshy rivers, indicating that DOC dominated in dissolved carbon concentration in wetlands, while DIC dominated in both drainage
ditches and rivers. The rivers showed increasing DOC
levels when the water transfer was across wetlands or paddy
fields.
It was estimated that the mean DOC flux of Amur
River (15.42×105 t/a) was highest, followed by Ussuri
River (0.80×105 t/a) and Songhua River (0.74×105 t/a),
from 2006 to 2008. The rivers in Sanjiang plain played an
important role in transferring carbon from terrestrial to
aquatic and, ultimately, Okhotsk ecosystems. In Sanjiang
plain, the trends of increasing DOC was inevitable and,
thereby, negative environmental effects with pollutants
carried by increasing DOC output should attract more attention.
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ABSTRACT

1 INTRODUCTION

Glutathione S-transferases (GST, E.C. 2.5.1.18) are
generally dimeric and multifunctional enzyme family which
catalyse the nucleophilic attack of the glutathione on lipophilic compounds with electrophilic centres. Since the 70’s
GSTs in plant species have been intensively studied, as their
role discovered in herbicide detoxification. However, there
is only a limited number of studies considering the GST
enzyme composition from forest trees, especially not in
Pinus brutia, Ten. The trees that exhibited healthy appearance were selected and all belong to the same altitude
profile which is located in METU / Yalıncak area (Ankara,
Turkey). GST activities in the supernatant fractions prepared from needles of P.brutia were determined spectrophotometrically by using 1-chloro-2,4-dinitrobenzene, 2,3dichloro-4-(2-methylene butyryl)-phenoxy acetic acid (ethacrynic acid), 1,2-dichloro-4-nitrobenzene, 1,2-epoxy-3-(pnitrophenoxy) propane and p-nitrobenzyl chloride as substrates. Only 1-chloro-2,4-dinitrobenzene (160 ± 10
nmoles min-1 mg-1) and 1,2-dichloro-4-nitrobenzene (2.30
± 0.38 nmoles min-1 mg-1) activities were detected and the
rest were found as negligible. Accordingly, during purification of GSTs from needles of P.brutia, 1-chloro-2,4-dinitrobenzene was used as the substrate. Purification of GSTs
was performed by sequential application of supernatant to
gel filtration column chromatography on Sephadex G-25,
anion exchange diethylaminoethyl cellulose column chromatography and S-hexylglutathione agarose affinity chromatography. After the final step of purification procedure,
1-chloro-2,4-dinitrobenzene conjugating activity of P. brutia
cytosolic GSTs was purified about 15.45 fold with 1.95%
yield. Sodium dodecyl sulfate polyacrylamide gel electophoresis results showed that the purified GST isozyme had
an Mr of 24 kDa. With this study, we report for the first time
the GST isozymes in a gymnosperm, P. brutia.

KEYWORDS:
Glutathione S-transferases, isozymes, Pinus brutia, 1-chloro-2,4dinitrobenzene, characterization, chromatography.
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Glutathione S-transferases (GST, E.C: 2.5.1.18) comprise a highly versatile, ancient and widespread superfamily
which catalyze the nucleophilic addition of the thiol of reduced glutathione (GSH) to diverse electrophilic centers
in both endogenous and exogenous compounds [1] (Figure 1). The S-glutathionylated conjugates formed are rendered less reactive, more water-soluble and non-toxic peptide derivatives, thus expediting their ultimate elimination
into vacuoles via ABC transporters (ATP-binding casette)
[2]. In plants, the pioneer studies were mostly carried on the
crop species after the roles of GSTs discovered in herbicide
detoxification [3] and currently, large numbers of GST genes
have been identified or annotated from at least 17 plant species [4-6]. (For a more detailed discussion for plant GSTs
readers are referred to a recent review of Oztetik [7]). GSTs
can compose up to 2% of soluble proteins in plants [8] and
Soranzo et al. [9] have isolated 59 putative genes and two
pseudogenes in the model monocot species rice. In gymnosperms, a novel GST protein sequences were defined very
recently and deposited into GenBank by Zeng et al. [10] and
Zeng and Wang [11]. Today seven distinct classes of GSTs
are presently recognized in plants, those are namely; Phi,
Tau, Lambda, De-hydroascorbate reductases (DHARs),
Theta, Zeta, and TCHQD (tetrachlorohydroquinone dehalogenase), with the exception of functional characterization
reports on TCHQD. The first four of those classes are specific to plants [12].
The existence of a variety of different GST isoenzymes
suggests a wide range of substrate specificity [13]. In a
recent study of Lan et al. [14], the substrate specificity
of the purified Populus GSTs was investigated with seven
different substrates (CDNB, 7-chloro-4-nitrobenzo-2-oxa1,3-diazole (NBD-Cl), 1,2-dichloro-4-nitrobenzene (DCNB),
4-nitrobenzyl chloride (NBC), ethacrynic acid (EC), 4-nitrophenyl acetate (4-NPA) and dehydroascorbate (DHA)) to
identify catalytic activities that may be related to their biological function. The results indicated that, of the 30 purified tau GSTs, some showed specific activities toward to
CDNB, NBD-Cl, DCNB, NBC and to 4-NPA. On the other
hand, of the seven purified phi GSTs, all had activity toward CDNB and NBD-Cl, three toward both NBC and EC
and none toward either DCNB or 4-NPA.
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FIGURE 1 - Glutathione S-Transferase catalyzed conjugation reaction of endogenous and exogenous compounds

It is also concluded that, the DHAR GSTs showed
distinct diversification in enzyme specificity from the
other GST classes, as they showed high activity toward
DHA, but no activity toward any of the other six substrates. Finally, they have found the lambda and theta
GSTs were almost inactive toward all the substrates used.
These results proof the overlapping substrate specifities of
different GST iso-enzymes in plant species. However, there
is little information about GSTs and their substrate
specifities in gymnosperms, and especially not in Pinus
brutia Ten.
In 1996, Schröder and Wolf [15] have reported the
GST activity toward CDNB (1-chloro-2,4-dinitrobenzene)
in crude protein extracts of healthy and damaged Norway
spruce (Picea abies L. Karst.) needles. GST was present
in all of the investigated trees, and the results are in the
range of GST activity for healthy Norway spruce trees previously given by Schröder and Berkau [16]. However, they
found a large difference in GST activity between healthy
trees and damaged trees. They were also shown that an
altitude-dependent pattern of GST activity as needles of
healthy trees in the valley generally had higher GST activity than needles of healthy trees in the summit region of
the mountain. While, damaged trees from at an 750 m and
middle-elevation stands exhibited generally lower GST
activities than healthy trees (53% and 93%, respectively),
the GST activity of damaged trees was significantly higher
(177%) than in healthy trees in the summit region. According to these results, they proposed that there are differences
in the metabolism of these trees that could be associated
with certain isoforms of the enzyme. In an earlier study of
Schröder and Berkau [16], GSTs from the needles of
healthy Norway spruce trees have been purified and
two distinct GST isozymes with activity for CDNB (1chloro-2,4-dinitrobenzene) and DCNB (1,2-dichloro-4nitrobenzene) were separated. However, when cytosolic
GST from needles of healthy and damaged trees was
purified by using GSH-bromosulphophthalein agarose affinity chromatography followed by anion exchange chromatography on a Mono-Q column, trees of healthy appear-

ance exhibited three distinct GST isozymes with activities
for the conjugation of CDNB and DCNB, whereas severely damaged trees exhibited four GSTs with additional
activity for the conjugation of ethacrynic acid.
Plants have to develop a broad range of ‘defence’ or
‘stress’ responses to cope with several stress factors. These
factors are originating from biotic (like pathogen attack),
abiotic (such as drought, chilling, heat shock, heavy metals,
salt stress, UV radiation, air pollutants, nutrient depriviation, high light and mechanical stress) or anthropogenic
stresses. All these unfavorable conditions play an important role for shaping and limiting the adaptations of
plants in their living environment. On the other hand,
exposure of plants to these negative environmental conditions can increase the production of reactive oxygen intermediates (ROI), like singlet oxygen (O21), superoxide
radical (O2-), hydrogen peroxide (H2O2) and hydroxyl
radical (HO-), which are an unavoidable consequences of
aerobic metabolism [17]. However, while ROI are actively produced by cells (e.g. by NADPH oxidase) during
stress, they can also act as signals for the induction of
stress-response and defense pathway [18]. Because of the
dual role played by ROIs, being as toxic but also acting as
second messengers, plant cells require different mechanisms to regulate their intracellular ROI concentrations by
scavenging of ROIs. GSTs are one of the enzyme families
in that ROI-scavenging mechanisms of plants [19-24].
In 2004, the existence of GST enzyme activity in Pinus
brutia has been shown by our group for the first time and it
was characterized by using CDNB as a substrate [25]. That
study was also included the effects of cold stress on GST
activity in cold sensitive and resistant seedlings. However,
when P.brutia cytosol was applied on DEAE-Sepharose
fast flow column, almost no purification was achieved with
respect to GST activity in the same study. In a separate
study, effects of drought stress on GST activities of P.
brutia were investigated against CDNB [26].
In the literature, there is only a limited number of studies
considering the isolation, characterization and purification
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of GSTs from forest trees, especially not in P .brutia (Turkish Red Pine, Kızılçam). As Pinus brutia is one of the
most important forest trees of the Mediterranean Region
in Turkey and considering the role of GST’s under stress
conditions, it was decided to examine the GST isozyme
composition of this economically important tree. In this
study, we report for the first time the GST isozymes in a
gymnosperm, P.brutia.
2 MATERIALS AND METHODS
2.1 Sample site and plant material

Needles from Pinus brutia Ten. trees (mature trees,
more than 10 years old) of healthy appearance were harvested from Yalıncak area within the METU Campus in
Ankara / TURKEY. Needles were either stored at - 80 °C
immediately after collection or were crushed in liquid nitrogen and the powder was stored as aliquots at - 80 °C.

CDNB (ε340nm = 9.6 mM-1 cm-1) and 1 mM GSH [28]. The
formation of a glutathione conjugate was followed spectrophotometrically at 340 nm in a UV160A Schimadzu
double beam spectrophotometer. The conjugations of DCNB
(ε345 nm = 8.5 mM-1 cm-1), Ethacrynic acid (ε270 nm =
5.0 mM -1 cm-1), EPNP (ε360 nm = 0.5 mM-1 cm-1) and pNBC (ε310 nm = 1.9 mM-1 cm-1) [28] were assayed by
the same procedure except that the potassium phosphate
buffer at pH 7.6 was used.
The reactions were started by the addition of cytosol.
Incubation mixtures without the enzyme source were used
as blanks (nonenzymatic reactions), and concentrations of
the formed conjugation products were determined from the
slopes of initial reaction rates. The GSTs activities were
expressed as nmole min-1 mg-1 protein. One unit of enzyme
is equal to one nmole of substrate consumed or product
formed per minute. Protein content of the samples was
measured by the method of Lowry et al. [30], with crystalline bovine serum albumin (BSA) as a standard.

2.2 Chemicals

1-chloro-2,4-dinitrobenzene (CDNB), 1,2-epoxy-3-(pnitrophenoxy)propane (EPNP), p-nitrobenzyl chloride (pNBC), ethacrynic acid ([2,3-dichloro-4-(2-methylene butyryl)-phenoxy]acetic acid), reduced glutathione (GSH),
ethylenediaminetetraacetic acid (EDTA), nonidet P-40, diethylaminoethyl cellulose (DE-52), S-hexylglutathione agarose and cellulose membrane dialysis tubing were purchased from Sigma Chemical Company, St. Louis, MO,
U.S.A. 1,2-dichloro-4-nitrobenzene (DCNB) was from Aldrich Chemical Company, St. Louis, MO, U.S.A. PVP-K30
and pepstatin A were obtained from Fluka Chemical Company, Neu-Ulm, FRG. 2-mercaptoethanol, dimethyl sulfoxide (DMSO) and Ciocalteu’s folin phenol reagent were
from Merck, Darmstadt, Germany. All other chemicals
were of analytical grade and were obtained from commercial sources at the highest grade of purity available.
2.3 Preparation of homogenates from Pinus brutia needles

Homogenates were prepared of the procedure described
by Schröder and Wolf [15]. After homogenization for 90 sec.
with an UltraTurrax, the crude extract was centrifuged at
24000 x g for 30 min., at 4 °C. The pellet was discarded
and supernatant fraction was passed through a layer of filter
paper. The filtrate thus obtained was referred as crude cytosol. Most frequently, the protein determination, enzyme
activity measurement and purification process were started
immediately after the preparation of the cytosol without
any further storage. Otherwise, the cytosol in small aliquots
of 0.5 ml was stored at - 80 °C.
2.4 Enzyme assays and protein determination

All enzyme activity assays were conducted at 25 °C.
GST activities against the substrates CDNB, DCNB, EPNP,
p-NBC and EA were determined spectrophotometrically by
monitoring the formation of the conjugation product [2729]. Briefly, aliquots of the enzyme extracts were added
to 100 mM phosphate buffer (pH 8.0) containing 1 mM

2.5 Enzyme purification and SDS-PAGE analysis

Proteins in the supernatant fraction were desalted on a
gel filtration (Sephadex G-25) column (2.5 cm x 45 cm)
equilibrated in the cold room with 10mM potassium phosphate buffer (pH 7.8) containing 2 mM EDTA, 20 mM
2-mercaptoethanol and 10% (v/v) glycerol. The freshly
prepared supernatant samples were applied to the column.
Afterwards, the column was washed with the equilibration
buffer until no absorption of effluent at 280 nm was detected. The samples were then subjected to DEAE cellulose
anion exchange column (4.0 cm x 30 cm) equilibrated in
the cold room with 25 mM potassium phosphate buffer (pH
7.8), containing 2mM EDTA, 20mM 2-mercaptoethanol
and 10% (v/v) glycerol. After sample application, the column was washed with the equilibration buffer until no absorption of effluent at 280 nm was detected. The bound
proteins were eluted from the column with a linear NaCl
gradient (0 - 1.0 M) consisting of 100ml of the equilibration buffer and 100 ml of the same buffer containing 1.0 M
NaCl. The elution fractions containing GST activity were
pooled collected and applied to S-hexylglutathione affinity column (1.0 cm x 5.0 cm). The column was equilibrated
in the cold room with 10 mM potassium phosphate buffer
(pH 7.8), containing 2 mM EDTA, 20 mM 2-mercaptoethanol and 10% (v/v) glycerol. After the application of
combined fraction from the previous step, the column was
washed with one bed volume of the equilibration buffer.
The column was further washed with the same buffer containing 0.2 M NaCl until no absorption of effluent at
280 nm was detected. Afterwards, the bound proteins
were eluted with equilibration buffer containing 0.2 M
NaCl and 15 mM GSH [15]. The elution fractions with the
highest activity against CDNB were pooled collected in
small aliquots of 0.5 ml were stored at -80 °C to be used
later in SDS-PAGE analysis [31] after protein determination. Gels were stained with silver [32] for visualization
of proteins.
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3 RESULTS

method included the sequential gel filtration column chromatography on Sephadex G-25, Anion exchange DEAE
cellulose column, and S-hexylglutathione agarose affinity.

3.1 Enzyme assays

The GST catalyzed conversion of several known isozyme specific substrates to their glutathione conjugates were
examined in order to decipher the GST isozyme composition of Pinus brutia. The average value of GST enzyme
activity towards CDNB of cytosols prepared from P.brutia
needles was calculated as 160 ± 10 nmoles min-1 mg-1 (n =
10) for ten-years-old of healthy trees at 25 °C (Table 1). The
activities of needles were found to be as 2.30 ± 0.38 nmoles
min-1 mg-1 (n= 10) against DCNB. However, there were
not any activity detectable with the substrates EA, EPNP
and p-NBC (Table 1). According to these results, it was
decided to purify GST activity against CDNB, since it
was the highest activity detectable.
3.2 Enzyme purification

To obtain an information about the isozyme composition of GSTs, the enzyme was purified from needles collected from the healthy P.brutia. The purification of the
GST class enzymes from Pinus brutia needles were carried
out basically according to the purification protocols used by
Schröder and Wolf [15] with some modifications. This

TABLE 1 - P. brutia cytosolic GST enzyme activities with different
substrates
GST Specific Activity
(nmoles min-1mg-1), Mean±SE, n=10
160 ± 10
2.30 ± 0.38
ND*
ND*
ND*

Substrates
CDNB
DCNB
EA
EPNP
p-NBC

3.3 Gel filtration chromatography on Sephadex G-25

The cytosol prepared from needles collected from a
single tree was subjected to gel filtration chromatography
on Sephadex G-25. The elution profile of Sephadex G-25
is shown (Figure 2). The flowthrough fractions from the
column having high CDNB activity were combined. The
results (Table 2) showed that almost 46% of cytosolic
proteins were lost. Sephadex G-25 column provided about
1.4 purification fold with about 76% recovery of the total
enzyme activity.

FIGURE 2 - Purification profile for Pinus brutia needles cytosolic GSTs on the gel filtration chromatography column of Sephadex G-25. The
freshly prepared supernatant fraction from the needles having 130.84 unit mg-1 of GST activity against CDNB was applied to the column. The GST
containing fractions were identified by their activity towards CDNB and pooled for further purification.

TABLE 2 - Purification table for GSTs from Pinus brutia needles
FRACTIONS
Pinus brutia
supernatant
Sephadex
G-25
DE52
Column
Affinity Column

Vol
(ml)

Protein
(mg ml-1)

Total
Protein
(mg)

Protein
Recovery
(%)

Activity Against CDNB
(nmoles min-1mg-1)

Total Activity
(nmoles min-1)

Activity
Recovery
(%)

65.75

4.53

297.85

100

592.72

38971.34

100

130.84

‘1’

66.50

2.41

160.27

53.8

445.67

29637.10

76

184.93

1.4

42.75

0.92

39.33

13.2

502.26

21471.62

55.1

545.94

4.17

3.75

0.10

0.375

0.13

202.20

758.25

1.95

2022.00

15.45
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3.4 Anion exchange DEAE cellulose column chromatography

The combined desalted fraction, from the previous step,
was applied to the DEAE column. Then, the bound proteins
were eluted from the column with a linear NaCl (0 - 1.0 M)
gradient consisting of 100 ml of the equilibration buffer
and 100 ml of the same buffer containing 1.0 M NaCl.
The elution profile of the column is given (Figure 3). The
results (Figure 3) showed great amount of protein flowed
through the column without binding. The amount of GSTs

lost in the flowthrough and washing fractions were only
30% of the total GST activity applied. All of the GSTs
which were bound to the column were eluted at about 0.3 M
NaCl concentration. The eluted fractions with the highest
activity against CDNB were combined in one fraction
(Figure 3). According to these results (Table 2), the ion
exchange column provided about 4.17 fold purification
with about 55% recovery of GSTs activity against CDNB.

FIGURE 3 - Purification profile for Pinus brutia needles GSTs on DEAE cellulose anion exchange chromatography column. The combined
fraction from previous step having 184.93 unit mg-1 of GST activity against CDNB were applied to the column. The fractions with activity towards
CDNB that were bound by the column were eluted by a linear NaCl gradient. A: Sample Application, B: Washing with equilibration buffer, C: Gradient with 100ml equilibration buffer and 100 ml equilibration buffer containing 1M NaCl. The elution fractions with the highest activity against CDNB
were pooled for application to the next column.

FIGURE 4 - Purification profile for Pinus brutia needles GSTs on S-hexylglutathione affinity chromatography column. The pooled fraction
from the previous step having 545.94 unit mg-1 of GSTs activity towards CDNB were applied to the column. The bound proteins with activity towards
CDNB were eluted with 20 ml of equilibration buffer containing 0.2 M NaCl and 15 mM GSH. A: Sample application and washing, B: Washing with
equilibration buffer containing 0.2 M NaCl, C: Elution of the bound GSTs with equilibration buffer containing 0.2 M NaCl, 15mM GSH.
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3.5 S-hexylglutathione agarose affinity column chromatography

The combined fraction, from the previous step, was
applied to the S-hexylglutathione agarose affinity column.
Nonspecifically bound proteins were further washed away
with the same buffer containing 0.2 M NaCl until no absorption of effluent at 280 nm was detected. Afterwards,
the bound proteins were eluted with 20 ml of equilibration
buffer containing 0.2 M NaCl and 15 mM GSH, and the
highest GST activity against CDNB bearing fractions were
combined and named as purified GST fraction (Figure 4).
After the S-hexylglutathione agarose affinity column
chromatography, the enzyme was purified 15.45 fold with
yield of 1.95%.
3.6 SDS-PAGE analysis

The fractions obtained during purification steps and
the purified GST fraction were subjected to SDS-PAGE in
order to examine the purity and the subunit molecular
weight of the purified fraction. The molecular weight was
calculated from the standard curve for molecular weight
markers.

FIGURE 5 - SDS-PAGE stained with silver (12%), of the purification fractions and molecular weight markers
[Bovine Albumin (Mr 66,000), Egg Albumin (Mr 45,000), Carbonic
Anhydrase (Mr 29,000), Trypsinogen (Mr 24,000), Trypsin Inhibitor (Mr
20,100), alpha-Lactalbumin, (Mr 14,000)]. Each well contains 20 µg of
protein except for affinity bound fraction which has 8 µg of protein.
Lane 1
SDS-PAGE Standards
Lane 2
Cytosolic Fraction
Lane 3
G-25 Column Pooled Fraction
Lane 4
DE52 Column Pooled Fraction
Lane 5
S-Hexylglutathione Affinity Bound Fraction
Lane 6
Tripsinogen Weight Marker

The photograph of one typical gel from SDS-PAGE
after silver staining is given (Figure 5). The lanes contained
molecular weight markers and fractions from the different
purification steps. The SDS-PAGE revealed that the GST
is a homodimer (Figure 5, lane 5) with a subunit molecular weight of about 24 kDa. As shown in lane 4 by arrows,
besides 24 kD band, DEAE eluate contained one more
band having molecular weight of 24.6 kDa, which was
lost during affinity chromatography.
4 DISCUSSION
The GST composition of Pinus brutia Ten. needles
were investigated by measuring GST activities using different substrates such as CDNB, DCNB, EA, EPNP and pNBC. Only CDNB and DCNB substrates were achieved
the formation of a glutathione conjugates in homogenates
prepared from the needles of each of the investigated
trees. The average value of GST enzyme activity of cytosols prepared from P. brutia needles was calculated as
160 ± 10 nmoles min-1 mg-1 (n = 10) for ten-years-old
healthy trees, towards CDNB at 25 °C. In another study
from our group, the average specific activity of P.brutia
seedlings GST against CDNB was found to be as 200 ±
50 nmoles min-1 mg-1 (n=18) [25]. As indicated by Schröder and Wolf [15], the high variability of the GST activity
was associated with the age of the needles and the GST
activity appeared to decrease with increasing needle age
in Norway spruce (Picea abies L. Karst.) trees. In this
regard, our results are also in good agreement with the findings of Schröder and Wolf [15]. In the same study, Schröder
and Wolf [15] reported three distinct GST isozymes with
activities for the conjugation of CDNB and DCNB in the
cytosols from the needles of Norway spruce and we could
also able to detect GST activity against DCNB for the
P.brutia needles as 2.30 ± 0.38 nmoles min-1 mg-1 (n=10).
In 1997, EA was shown to be one of the substrates of
human GSTZ1-1 isozyme during the initial discovery of
Zeta class GSTs by the work of Board and his co-workers
[33]. By the following years, Thom et al. [34] have relieved the structure of a Zeta class GST from A.thaliana.
However, our attempts of using EA as the substrate to
determine GST-Zeta activity of P. brutia were unsuccessful. In fact, in the literature, it was also reported that the
EA was a GST inhibitor, in vitro [35-37]. Eventually, in our
study, the GST isozyme(s) showing activity against CDNB
were purified from P.brutia needles by applying the cytosol sequentially to the Sephadex G-25, the anion exchange,
and S-hexylglutathione affinity chromatography columns.
The cytosol prepared as described under ‘Materials
and Methods’ was subjected to dialysis prior to ion exchange chromatography on DEAE. However, it was noted
that almost 50 % of GST activity towards CDNB was lost
during overnight dialysis at 4 °C (data not shown). Therefore, the cytosol was immediately applied to Sephadex G25 in order to get rid off PVP-K30 and Nonidet P-40.
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Schröder and Wolf [15] were used PD-10 columns for the
same purpose. The chromatography on Sephadex G-25
provided not only the removal of additives of homogenisation buffer, but also the exchange of buffer prior to next
chromatographic step. Relevant literature suggested to
homogenize needles in a 0.1 M Tris-HCl buffer (pH 7.8),
containing 20 mM 2-mercaptoethanol, 5% (w/v) PVP K
30, 2 mM EDTA, 0.5% (w/v), Nonidet P 40, 5 mM GSH
and 3 µg ml-1 pepstatin A, since a 0.1 M potassium phosphate buffer (pH 7.8), containing 1% (w/v) PVP K30, 5 mM
EDTA, and 0.25% (w/v) nonidet K40 [16, 38, 39] yielded
20 ± 2% lower GST activity for the conjugation of CDNB
than the Tris buffer system during homogenization.
In the affinity column (Figure 4), the bound fractions
with the highest activity against CDNB were eluted in one
major peak with reinforced GSH concentration, but the
protein content of the sample containing GSTs that was
eluted from the affinity column was very low. Only 1.95%
of total GST activity towards CDNB could be recovered
during purification. Most of the activity was lost during
affinity column chromatography. The yield of affinity
column chromatography was hardly 5%. During the sample
application and washing, the eluted fractions exhibited
some activity towards CDNB (Figure 4). This could be
due to the leakage from the column, because of the loss of
its affinity towards GSTs or fast flow rate of the column.
The lower flow rate during sample application and washing may overcome the leakage, however, elongation of
the chromatography period would result in the loss of
enzyme activity. The low chromatographic efficiency of
the affinity column may also be explained by the presence
of more than one isozyme having CDNB conjugation
activity, one of which has very low binding ability for
column material. Infact, lane 4 (Figure 5) showing the
electrophoretic separation profile of DEAE ion exchange
column eluate exhibited two protein bands (molecular
weights of 24 kDa and 24.6 kDa), the latter was lost during affinity column chromatography (Figure 5, lane 5).

SDS-PAGE with the estimated subunit Mr of around 24 kDa
using molecular marker proteins on the same gel which was
similar to the calculated values 23.2 kDa and 24.9 kDa were
obtained by Pascal et al. [41] for two GST subunits from
wheat (Triticum aestivum L.). Our result was also consistent
with that of Schröder and Berkau [16], who found two GST
isozymes from Norway spruce trees (Picea abies L. Karst.)
with molecular weight of 24 and 26 kDa.
5 CONCLUSIONS
In conclusion, this study has shown the presence of
CDNB and DCNB conjugating GST isozymes in P.brutia.
At least one GST isozyme exhibiting CDNB conjugation
activity was purified to homogeneity. Since the identification of GST isozymes are hindered by the availability of
isozyme specific true substrates, our ongoing project focused on mRNA based identification of GST isozymes will
shed light on GST isozyme composition of P.brutia.
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The existence of GST isozymes in several plant organisms were reported by different study groups. In 1989,
Timmermann has shown the existence of three GST
isozymes in corn, with two of them had an inducible activity against CDNB [40]. Schröder and Berkau [16] separated two distinct GST isozymes in Norway spruce with
activity for CDNB and DCNB. Schröder and Wolf [15]
found that Norway spruce needles contained different GST
isozymes depending on the severity of damage sustained by
the tree and were able to separate three GST isozymes by
using GSH-bromosulphophthalein agarose affinity chromatography followed by anion exchange chromatography
on a Mono-Q column. In the present study, we were able
to separate at least one GST isozyme against CDNB, by
using DEAE celluose anion exchange column chromatography followed by an affinity chromatography on a Shexylglutathione agarose column.
The purified isoenzyme(s) from the fraction of Shexylglutathione agarose was migrated as a single band in
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ABSTRACT

conditions for growth of most ornamental and economically important plants.

An important activity in environmental protection is
the possibility to grow woody plants in soils contaminated
by toxic metals for phytoremediation, or biomass production in order to obtain energy.
The aim of this paper was to find out the effects of
the heavy metals cadmium (Cd) and lead (Pb) on germination and early seedlings growth of tree species Ailanthus altissima (Mill.) Swingle and Acer negundo L. Seeds
were germinated in 0, 20, 50 and 90 µM concentrations,
in the form of lead nitrate and cadmium nitrate.
Results show that seeds of both species can germinate
in the presence of both heavy metals. Germination capacity of seeds treated with highest concentrations of Cd
and Pb nitrate was higher for A. altissima (88.66 and
94.67%, respectively).
Seedlings development of both species was possible
in terms of stronger concentrations of both heavy metals,
so these species can be considered to be tolerant to presence of Cd and Pb, and need further investigation. A. altissima seedlings had 4-7 fold higher biomass production and
higher tolerance to Cd and Pb treatment.
Results can be a contributing step in investigating and
defining the tolerance limit of these woody species at
different levels of Cd and Pb.
KEYWORDS: Ailanthus altissima, Acer negundo, seed germination, seedling growth, cadmium, lead, toxicity

Because they are very adaptive to adverse environmental conditions and resistant to different types of pollution, they are often present near roads and industrial areas
being largely exposed to the harmful effects of lead and
cadmium that can accumulate in soil and water, originating from motor vehicle exhaust and other pollutants [1-4]
Car motor oil and tires are sources of Cd, Pb and other
metals pollution of soil and plants grown near roadsides
[5, 6]. In addition to being retained on the leaves, these
heavy metals penetrate into soil, contaminate it, and thus
affect plant root function and seed germination, and at
higher concentrations, can be very toxic [7]. Lead and cadmium concentrations appear to be in correlation to both distance from the motorway and traffic levels. A comparison
with data from a remote and unpolluted site shows that
foliar lead concentrations can be up to 40 times higher, and
foliar cadmium concentrations up to 3 times higher [8].
The aim of this study was to clarify physiological
characteristics of seed germination and early seedling development of A. altissima and A. negundo in conditions of
different concentrations of cadmium and lead, and help to
find out the possibility to grow these woody plants in contaminated soils for phytoremediation, or biomass production for energy.
These findings also may help understanding the rapid
spread of these invasive species by generative reproduction.
2 MATERIALS AND METHODS

1 INTRODUCTION
Appropriate woody species selection for bioremediation of polluted soils by toxic metals is an important activity in environmental protection.
Ailanthus altissima (tree of haven) and Acer negundo
(box elder, Negundo maple) are invasive tree species which
spread quickly and suppress local vegetation. These features allow using them in habitats that have extremely bad
* Corresponding author

Seeds (samaras) of A. altissimma and A. negundo
were collected in the Belgrade city forest park Kosutnjak,
early October 2011, from the trees with good physiological conditions.
Fruits were firstly placed for 12 h in distilled water
without wings. Fruit pericarp was slightly mechanically
scarified to increase germination speed. In total, 600 grains
of each variant, was treated with 3 concentrations of
Cd(NO 3)2 and Pb(NO3)2 as follows: 20, 50 and 90 µM in
the 3 repetitions, while control groups were placed in dis-
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tilled water. Seeds were imbibed in solutions for 72 h
with continuous aeration. After imbibition, seeds were set
to germinate on filter paper coated with fungicide PREVIKUR (fosetyl-aluminum, 310 g/L). Seeds were germinated in dark at a constant temperature of 20 °C and relative air humidity of about 90%. After germination, young
seedlings were transferred into a growing chamber and
grown for 14 days in perlite under a photosynthetic photon
flux density of 200 µmol m–2s–1, photoperiod of 16/8 h,
temperature regime of 25/20 °C, and relative humidity of
about 70%. Seed germination and seedling development
were followed every day during 14 days. Seed germination was determined with following parameters: Germinative capacity (GC): percentage of seeds that germinate
during a period of test. It is equal to a/b·100 (%), a = number of germinated seeds during a period of testing, b= complete number of tested seeds. Germinative energy (GE):
percent of seeds in a given sample that have germinated
up to the time of peak germination, GE = a1/b·100 (%), a1
is number of germinated seeds until the peak rate of germination; b is complete number of tested seeds. Germination intensity (GI): ∑(Z·N), where Z = number of days of
germination from the point of observation (the last day is
day 0) and N = the number of seeds germinated in day Z.
GI is expressed by seeds/day. GE is determined based on
the results obtained during the first five days of examination. Mean time to complete germination (MTCG): Equal
to ∑(T·N)/∑N, where T is time in days, starting from day
0 = test beginning. N = the number of seeds completing
germination in day T.
Elongation of hypocotyls and radicules of both species seedlings was also measured.
Tolerance indices (T.I.) were determined as mentioned
by Iqbal and Rahmati [9]. Each value is a mean of 3 replicates with 50 seeds each. The data were obtained by the
program for interpretation of results of seed germination
test [10], and then, the program STATGRAPHICS ver. 2.1.
It was used for statistical tests: analysis of variance and
multiple range analysis with significance level of 95%.

Quantitative parameters do not reflect the flow of germination, but only quantitatively present the results of a
particular treatment. For this reason, it introduces a new
element in the calculation - time. The certificate of quality
of seed germination, of all the indicators, most commonly
encountered germinative capacity (technical germination)
and germinative energy. They are the best to express the
ability of seeds to develop into a plant.
Seedlings hypocotyl and radicule lengths of both species as well as root/shoot ratio are shown in Tables 2 and
4. Tolerance indices (T.I.) are presented in Figs. 1 and 2.
3.1 Influence of Cd on seed germination and early seedlings
growth

The multiple range analysis (Table 1) shows that A.
negundo seeds treated with 50 and 90 µM concentration
had a statistically significant reduction in GC and GE but
no significant impact to qualitative parameters compared
to the control.
A. altissima seeds treated with the strongest concentration had no significant reduction in GC but reduction was
obtained at GE, and differences were also observed at qualitative parameters with the longest MTCG compared to
control. The lowest concentration had no negative impact
on seed germination in both species (Tables 1 and 3).
In the analysis of A. negundo seedlings (Table 2), it
can be observed that with increasing concentration of cadmium nitrate, there was inhibition of hypocotyls and radicule growth, while the lowest concentration (20 µM) has
stimulating effect on hypocotyls elongation.
In the analysis of A. altissima seedlings (Table 2), it
can be concluded that Cd-nitrate stimulated hypocotyls elongation, but only the concentration of 50 µM had statistically
significant effects. Radicule length was stimulated by lower
concentrations and the highest one had no significant inhibitory effect. Increasing concentrations of cadmium in A.
negundo seedlings had no significant effect on the root/
shoot ratio while in A. altissima seedlings, this ratio was
significantly lower at 50 µM treatment (Table 2).
Cotyledons` chlorosis and undeveloped lateral roots
in seedlings exposed to Cd were also observed

3 RESULTS AND DISCUSSION
Further plant growth depends on successful germination of seeds. Germination is the initial phase of plant
development and, therefore, it is very important to determine the conditions under which certain seeds can germinate optimally. The very process of germination involves
4 stages: the uptake of water, enzyme synthesis (activating), beginning of growth, and further growth and development of seedling [11].
Seed germination results, quantitative indicators: germinative capacity (GC), germinative energy (GE), and
qualitative indicators: germination intensity (GI), mean time
to complete germination (MTCG), are presented in Tables 1
and 3. Germination intensity (GI) as a parameter combines
germinative capacity (GC) and germination energy (GE).

According to tolerance indices (Fig. 1), it can be concluded that A. altissima seedlings are about twice more
tolerant to Cd-nitrate treatment than A. negundo seedlings,
whereas with increasing concentration, tolerance decreases.
The presented experimental results of seed germination analysis of the data confirm that Cd-nitrate treatment
of seeds for both species A. negundo and A. altissima did
not significantly inhibit germination but causes a reduction in GC, GE and GI, in comparison with control.
It can be concluded that A. altissima far better tolerates
the presence of cadmium. There was no significant inhibition on seed germination and seedlings growth was much
higher than is in the case of A. negundo. Kovács [12] rec-
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ommended Ailanthus sp. as well as some other woody
species (Tilia tomentosa Moench, Sambucus nigra L.,
Quercus robur L. etc.) as bioaccumulative indicators.
However, some previous research of the impact of heavy
metals on the growth of several woody species in urban
environment has shown that the most tolerant species was

Acer negundo [13]. Lower concentration of Cd stimulates
the growth of seedling hypocotyls of both species, while
the strongest doses inhibit their growth probably because
of cotyledon chlorosis and undeveloped lateral roots.
Sensitivity to Cd toxicity and reduction in lateral root size
was also observed in maize, rye and wheat seedlings [14].

TABLE 1 - Effects of cadmium (Cd) on Acer negundo and Ailanthus altissima seed germination parameters - mean values (Different letters
indicate significant difference between means at 95% level).
TREE SPECIES

Acer negundo

Ailanthus altissima

TREATMENT
Cd(NO3)2 µM
0 (control)
20
50
90
0 (control)
20
50
90

GC
%
52.00c
54.66c
34.66d
15.33e
97.33a
93.33a
88.66ab
76.00b

GE
%
43.33bc
39.33bcd
28.00d
10.66e
59.33a
47.33ab
34.00bcd
31.33cd

GI
seeds/day
251.66c
253.66c
167.00d
71.33e
423.66a
400.00a
311.33bc
350.66ab

MTCG
days
9.67a
9.28a
9.61a
9.31a
8.69b
8.15cd
8.56bc
7.88d

TABLE 2 - Effect of cadmium (Cd) on seedlings growth - mean values of morphometric parameters (Different letters indicate significant
difference between means at 95% level).
TREE SPECIES

Acer negundo

Ailanthus altissima

TREATMENT
Cd(NO3)2
µM
0 (control)
20
50
90
0 (control)
20
50
90

HYPOCOTYL LENGTH
mm

RADICULE LENGTH
mm

ROOT/SHOOT RATIO

2.08ab
2.42a
1.60bc
1.05c
22.53b
26.53b
32.26a
25.93b

1.91a
1.22a
1.06a
0.65b
30.93ab
34.93a
33.46a
25.46b

0.85a
0.50a
0.71a
0.57a
1.38a
1.42a
1.03b
1.11ab

Tolerance	
  indices	
  to	
  Cd
120
100
T.I

80
60
40
20
0
A.negundo
20	
  µM

A.negundo
50	
  µM

A.negundo
90	
  µM

A.altissima
20µM

A.altissima

A.altissima

50µM

90µM

Cd	
  treatments
FIGURE 1 - Tolerance indices of Acer negundo and Ailanthus altissima seedlings treated with different concentrations of Cd(NO3)2 as compared to control (T.I. = Mean root length in Cd solution/Mean root length in distilled water × 100).
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TABLE 3 - Effects of lead (Pb) on Acer negundo and Ailanthus altissima seed germination parameters - mean values (Different letters indicate significant difference between means at 95%).

TREE SPECIES

Acer negundo

Ailanthus altissima

TREATMENT
Pb(NO3)2
µM
0 (control)
20
50
90
0 (control)
20
50
90

GC
%

GE
%

GI
seeds/day

MTCG days

12.67c
20.67ab
22.67a
15.33bc
92.00a
96.67a
91.33a
94.67a

9.33b
16.67ab
17.33a
12.67ab
32.67b
34.00b
21.33b
59.33a

55.33c
96.00ab
107.00a
71.67bc
361.67b
379.33ab
324.00c
411.67a

5.77a
4.66a
4.54a
4.65a
6.13b
6.15b
6.89a
5.31c

TABLE 4 - Effect of lead (Pb) on seedlings growth - mean values of morphometric parameters (Different letters indicate significant difference between means at 95%).

TREE SPECIES

Acer negundo

Ailanthus altissima

TREATMENT
Pb(NO3)2
µM
0 (control)
20
50
90
0 (control)
20
50
90

HYPOCOTYL LENGTH
mm

RADICULE LENGTH
mm

ROOT/SHOOT RATIO

6.00a
6.00a
5.40a
4.60a
25.87a
27.53a
20.60b
21.00b

3.20a
3.40a
3.00a
2.60a
22.20bc
30.26a
20.20c
26.80ab

0.53a
0.68a
0.58a
1.16a
0.88b
1.03b
1.17a
1.28a

This is because of reductions in both new cell formation
and cell elongation in the extension region of the root [15].
The reduction of biomass by Cd toxicity could be the
direct consequence of the inhibition of chlorophyll synthesis and photosynthesis [16]. Excessive amount of Cd
may cause decreased uptake of nutrient elements, inhibition of various enzyme activities, induction of oxidative
stress including enzymes alterations of the antioxidant
defense system [17].
It was noticed that Cd affects the appearance of cotyledons` chlorosis and inhibition of lateral root development of seedlings of both investigated species.
It was reported that toxic effects of Cd accumulation
on Quercus robur L. and Acer negundo were due to decrease in chlorophyll content and fluctuations in peroxidase activity [18].
3.2 Influence of Pb on seed germination and early seedlings
growth

With A. negundo seeds in all Pb treatments, there was
a significantly stimulating effect on GC, GE and GI but
the greatest influence was recorded in the treatment with
50 µM. It was found that the parameter MTCG had no
significant difference at all treatments (Table 3). Seeds of
A. altissima show a very high GC (>90%), and there was
no significant difference between treatments and control
which means that even high concentrations of Pb did not
decrease germination. However, there was a significant

influence on GE and qualitative parameters (GI, MTCG),
(Table 3).
The submitted indicators show that the hypocotyl and
ridicule length of A. negundo seedlings had no significant
differences, as well as the ratio of root and shoot parts
(Table 4).
However, in the A. altissima seedlings, there was variability in effects on growth; 50 and 90 µM concentrations
of Pb nitrate had an inhibitory effect on hypocotyls growth
and, therefore, root/shoot ratio was higher than in control
seedlings, while 20 µM concentration stimulated radicule
length.
Tolerance indices (Fig. 2) show that A. altissima seedlings were more tolerant to Pb-nitrate treatments than A.
negundo seedlings where, with increasing concentration,
tolerance decreases. In A. altissima seedlings, T.I. was
higher at 90 µM treatment than at 50 µM.
In the present study, lower concentrations of Pbnitrate had stimulating effect on GC, GE and GI of A.
negundo seeds. As the qualitative germination parameter
MTCG had no significant differences for this species, this
means that seeds in all treatments and control needed
nearly the same time to start germination, and thus were
germinating for approximately the same number of days.
The highest GE and GI values, as well as the shortest
MTCG had seeds of A. altissima treated with the highest
concentration of Pb-nitrate; it can be assumed that these
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160
140
120
T.I 100
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A.	
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90	
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Pb	
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FIGURE 2 - Tolerance indices of Acer negundo and Ailanthus altissima seedlings treated with different concentrations of Pb(NO3)2 as compared to control (T.I. = Mean root length in Pb solution/Mean root length in distilled water × 100).

seeds could germinate when exposed to much stronger
concentrations of Pb, which should be investigated.
It had been also reported that lead inhibits plant
growth, sprout growth, elongation of cells [19], synthesis
of chloroplast pigments and photosynthesis [20].
Seeds of A. altissima treated with the highest concentration of Pb(NO3)2 have the highest germination energy
and high germination intensity; so it could be concluded
that this seeds are much more tolerant than A. negundo
seeds. It can be assumed that seed germination and development of A. altissima seedlings, and a possible later
development of adult individuals, may be successful under
conditions with increased concentrations of heavy metals
Cd and Pb in soil. It should be noted that, in addition to
these parameters, there are also other conditions that affect germination and seed viability including the time of
the seed collection, the conditions in which the parent tree
grows, environmental conditions during seed maturation
and others.
Many plant species and genotypes have a great tolerance to different heavy metals and also a great selectivity
in absorbing them from the soils. Some plant species may
accumulate extremely large amounts of these pollutants in
their tissues without showing any symptoms of toxicity
[21].
Lately, Cd and Pb toxic impact increased in the environment. These heavy metals have no evident physiological activity [22]. However, numerous studies indicate the
toxic effect of these metals on plants. Seed germination
and seedling vigor index of Albizia lebbeck (L.) Benth.
gradually decreased with the increase of Pb and Cd levels.

According to the tolerance test, tolerance to cadmium and
lead treatments in A. lebbeck was lower as compared to
control. Cadmium was found to be highly toxic to seedling growth of A. lebbeck as compared to lead. [23]. It was
also reported that seed germination, seedling growth, dry
weight and seedling vigor index of Thespesia populnea L.,
were reduced in all treatments (10, 30, 50 and 70 µmol/L)
of lead and cadmium, with regard to control. [24].
According to our investigation, seeds of Ailanthus are
not characterized by difficulties in germination, whereas
A. negundo seeds have a poor permeability pericarp, which
may cause reduced germination. It is, therefore, recommended scarification before stratification.
Further research need to determine levels of metals in
the environment and in various parts of these woody species, and also the interaction between Cd and Pb. It was
reported on important but limited knowledge about metalmetal interactions and mechanisms of action which usually are not well understood [25]. For example, it was found
that the strongest antagonistic effect showed Cd to Pb,
reducing Pb accumulation in the roots to 31%, in comparison to Pb alone in young Sinapis alba L. plants grown
under various heavy metal combinations and metals
alone. It was also confirmed that a reciprocal synergistic
effect exists between Cd + Cu and Pb + Fe, but not between Cd + Zn, where an additive effect was observed. In
pure state, Pb and Cd were the metals accumulated in
roots in the highest amount [26].
Results of such researches can be useful indicators of
metal tolerance of investigated woody species, and help in
phytoremediation of metal-contaminated areas.
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Тhеse invasive species should be used cautiously in
landscape regulation and creation of urban green spaces,
because they threaten indigenous vegetation and may reduce biodiversity.
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4 CONCLUSION
Seed germination analysis of Ailanthus altissima seeds
shows that there is no significant difference in quantitative
parameters between treatments which means that even high
concentrations of lead do not inhibit germination. It can be
assumed that these seeds could germinate when exposed to
much stronger concentrations of lead.
Research has shown that seed germination and seedlings development of the fast-growing species A. negundo
and A. altissima is possible in terms of stronger concentrations of heavy metals cadmium and lead; therefore,
these species can be considered to be tolerant to the presence of these metals.
As A. altissima seedlings had 4-7 fold higher biomass
production and higher tolerance to Cd and Pb treatment,
there is a great possibility to be more successful in phytoremediation, especially heavy metals Cd and Pb, or biomass production in order to obtain energy.
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ABSTRACT

1 INTRODUCTION

The purpose of this study is to identify the critical areas of Dongliao River watershed and evaluate the reduction effect of non-point source pollution by applying the
best management practices (BMPs) using a physical process-based watershed scale model-SWAT (Soil and Water
Assessment Tool). At first, the SWAT model’s performance was tested for the watershed with observed data.
Data from 2005 to 2007 was used for calibration while
data from 2008 to 2009 was used for validation. The calibration and validation results indicated that the SWAT
model was able to simulate well the stream-flow and nonpoint source pollutant loads, with coefficient of determination and Nash-Sutcliffe efficiency both about 0.7 for calibration and validation, respectively. Then, the model was
used to identify the critical sub-basins and to assess the
impacts of seven BMP scenarios including contour farming, conversation tillage, parallel terraces, filter strips,
grassed waterways, grade stabilization structures, and
residue management on river loads at the outlet. The results showed that among the seven BMPs simulated, filter
strip had the best effects on the reduction of sediment. The
reduction rate could reach 63.24%. The conversation tillage, parallel terrace, contour farming, filter strip and residue management all showed significant TN and TP load
reduction, and the reduction rate could reach about 30%
both for TN and TP loading. The grassed waterway had
minimal benefit on TP and TN loads but had significant
effect on sediment reduction. So, BMPs have significant
effects on the reduction of non-point source pollutant
loads and the improvement of water quality, and the results will provide a scientific basis for the protection and
improvement of water quality in Dongliao River.
KEYWORDS: Best management practices (BMP), non-point
source (NPS) pollution, Soil and Water Assessment Tool (SWAT)
model, Dongliao River

* Corresponding author

With effective point source controls, non-point sources
are now the primary cause of surface water impairments.
Better understanding of source contributions and control
selection will be critically important to the development of
effective water quality improvement strategies.
A number of studies have been conducted to reduce the
amount of sediments and nutrients entering water-bodies.
Best Management Practices (BMPs) are one of the most
effective and economical ways of controlling such problems without disturbing environmental quality [1]. During
the past several decades, BMPs have been recognized and
widely accepted as a solution to reduce or prevent runoff,
sediments, and nutrients from fields into water [2-5].
BMPs mainly include two forms [6]: (i) structural,
meaning that controls are instituted to reduce pollutant loads
after they have already been mobilized within the watershed
through the use of hardware to alter flow paths, residence
times, or infiltration capacity, or (ii) non-structural, which
seek to prevent or reduce pollutant loads at the source without the use of any hardware [7]. Examples of structural
BMPs include wet or dry detention ponds, stormwater wetlands, buffer strips, grassed swales, and bioretention, while
non-structural BMPs include redirected runoff, street sweeping, wildlife exclusion and educational programs [8].
Watershed hydrological model is a useful tool to evaluate BMP performance in reducing non-point source pollution. The models that have been used to study BMPs include
the Soil and Water Assessment Tool (SWAT) [9], the Annualized Agricultural Non Point Source model (AnnAGNPS), the Areal Non-point Source Watershed Environment Response Simulation model (ANSWERS) [10],
the Chemical Runoff and Erosion from Agricultural Management System (CREAMS) [11], and so on. The SWAT
model was selected for this study. The ability of SWAT to
define the management scenarios in detail, including fertilization levels, irrigation methods, and cultivation techniques, makes it a powerful tool to evaluate watershed
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response to management changes [12]. It has also been
used to identify critical sub-basins within watersheds where
management practices may have the greatest impact [13].
The ‘‘critical’’ areas in the watershed may potentially
contribute disproportionately large amounts of pollutant
loads in the watershed. BMPs when selected for implementation in these critical regions would achieve maximum pollution reduction.
The objective of this study is to develop a SWAT
model that can accurately simulate hydrology and nonpoint source pollution in Dongliao River watershed. Then,
the calibrated and validated model was used to identify
critical source areas of pollutants and evaluate the effects
of the application of 7 BMP scenarios including contour
farming, conversation tillage, parallel terraces, filter strips,
grassed waterways, grade stabilization structures, residue management. Finally, the reduction rates in simulated
pollutant loading before and after each BMP implemented
were used to identify the appropriate BMPs for Dongliao
River watershed protection. The results of this study can
provide a scientific basis for the protection of water quality and remediation of non-point source pollution in
Dongliao River.

In recent years, the water quality of Dongliao River
has been worsen because of non-point source pollutants
from non-point source pollution in upstream, such as
pesticides, fertilizers, livestock and poultry raising, rural
domestic sewage and garbage. The deterioration of water
quality poses a serious threat to the safety of drinking water
for residents in Siping City, and to the water quality of
Liao River. The location of Dongliao River is shown in
Fig. 1.

2 MATERIALS AND METHODS
2.1 Study area

The Dongliao River is a large branch on the left side
of the upper reaches of Liao River. It is originating in Sahaling Mountain in Liaoyuan City, Jilin Province, China. It
flows through Liaoyuan City, Dongliao County, Lishu
County, Gongzhuling City, and Shuangliao City, with a
total length of 321 km and watershed area of 10136 km2.
The climate change of Dongliao River watershed is
controlled by Pacific low-pressure and Siberia high-pressure.
The average yearly precipitation decreases from 700 mm in
upstream to 450 mm in downstream. And the temporal distribution of precipitation is not uniform, the amount from
June to September accounts for 75% of annual precipitation
but 50% from July to August. The annual change of precipitation in the east is more significant than that in the
west. The precipitation in wet period is about two to four
times more than that in dry period. The runoff depth decreases from 150 mm in the upstream to 25 mm in the
downstream.
The distribution of surface runoff in the Dongliao River
watershed is corresponsive to the precipitation. The average
temperature goes below zero in November, and the runoff
disappears since the rain becomes snow. The river is recharged by groundwater besides the slow flow, while there
is even no flow recharge in the dry period. The ice-frozen
period in a year reaches five months. And the stream-flow
in flood season (from June to September) accounts for 80%
of annual stream-flow. The average sediment concentration
of the Dongliao River is about 5.00 kg/m3.

FIGURE 1 - Location of the study area.
2.2 SWAT model

SWAT is a basin-scale, continuous-time model that
operates on a daily time step, and is designed to predict the
impact of management on water, sediment, and agricultural
chemical yields in ungauged watersheds. The model is
physically based, computationally efficient, and capable of
continuous simulation over long time periods. Major model
components include weather, hydrology, soil temperature
and properties, plant growth, nutrients, pesticides, bacteria
and pathogens, and land management [9, 14].
The AvSWAT2005 was used in this study, which is
provided with an ArcView Geographic Information System
(GIS) interface [15]. The model divides the simulation area
into multiple sub-watersheds which are then divided into
units of unique soil/land-use characteristics called hydrological response units (HRUs). The classification of the
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Dongliao River watershed resulted in 35 sub-basins and
357 HRUs.
In SWAT model, surface runoff volume is estimated
by using a modified version of the Soil Conservation
Service (SCS) Curve Number (CN) method. For evapotranspiration estimation, three options are available in
SWAT, e.g., Penman-Monteith, Priestley-Taylor, and
Hargreaves methods. A kinematic storage model is used
to predict lateral flow, whereas return flow is simulated by
creating a shallow aquifer. The Variable Storage and Muskingum methods are employed for channel flood routing.
Sediment yield is calculated with the Modified Universal
Soil Loss Equation (MUSLE) [9].
There are numerous SWAT applications in literature
for hydrological and water resources assessment, under
water quantity aspects (water discharge, groundwater dynamics, soil water, snow dynamics and water management),
water quality assessment (land-use and land-management
change, best management practices in agriculture) and climate change impact. And several authors have also written
reviews about the application of SWAT model [16-18].

to December 2009, without changing any parameter values that may have been adjusted during calibration.
2.4 Best management practice scenarios

SWAT was run on an annual basis from 2008 to 2009.
Average annual loadings were calculated for stream-flow,
TN and TP loads. These values were used as the baseline
loading conditions to which the simulated TN and TP loads
from BMP scenarios were compared.
The BMP scenarios were only performed in the critical source areas that are the sub-watersheds with the highest baseline loading. The reduction rate of non-point source
pollutants loading at the outlet of the Dongliao River watershed was used to evaluate effectiveness of BMPs.
Seven BMP scenarios [23, 24] were modeled in SWAT,
and listed in Table1.
TABLE 1 - BMP implementation scenarios simulated in SWAT.
BMP
Contour farming

Variable
CN2

USLE_P
FILTER
STRIP
Conversation tillage CH_N1
EFFMIX
DEPTIL
CN2

Values with BMP
Reduced by 3 of the calibration
values
0.5
5, 10, 15 m

2.3 Calibration and validation

Filter strip

The application of the model firstly involved the
analysis of parameter sensitivity, which was then used for
model calibration [19]. The calibration was carried out with
combined auto and manual calibration using flow and water quality data from January 2005 to December 2007.

0.08
0.25
100
Reduced by 2 of the calibration
values
Grassed waterway
CH_N2
0.24
CH_COV 0
CH_EROD 0
Parallel terrace
CN2
Reduced by 5 of the calibration
values
USLE_P
0.2
SLSUBBSN [a]
Grade stabilization CH_EROD 0
structure
CH_S2
0.001
Residue management CN2
Reduced by 2 from the calibration
values
USLE_P
0.55
OV_N
0.2
[a] Estimated for each parallel terrace based on its features and SWATassigned overland slope of the HRU where it is installed; SLSUBBSN =
(AS+B) 100/S, where S is average slope of the HRU, A=0.21, B=0.9.

The goodness-of-fit measures used were the coefficient of determination (R2; Eq.(1)), and the Nash–Sutcliffe
efficiency (ENS, (Eq.(2)) [20]. The R2 and ENS values are
explained in Eqs. (1) and (2):
−
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where, Pi are the model-predicted values, Oi are the
observed values, and ō is the mean of observed values.
2

The optimal statistical value occurs when the R and
ENS values are closest to 1.
Surface runoff was calibrated until average measured
and simulated values were within 15 % of each other,
monthly R2 >0.6, and ENS >0.5. Organic and mineral nitrogen and phosphorus were calibrated to within 25 %
after flow calibration was completed [21]. A value greater
than 0.75 for monthly ENS can be considered to be very
good; between 0.65 and 0.75 good while its value between 0.5 and 0.65 is considered as satisfactory [22].
After model calibration was finished, model validation followed. Model validation is the process of performing the simulation using data collected from January 2008

3 RESULTS AND DISCUSSION
3.1 SWAT model calibration and validation

Parameter sensitivity analysis was performed before
the calibration and validation of the SWAT model. And
then, calibration was carried out by trial and error method,
manually adjusting the relevant parameters from the observed stream-flow data. The data from January 2005 to
December 2007 was used for calibration, and that of January 2008 to December 2009 for validation.
Subsequent to flow calibration, the nutrient calibration was obtained. The calibration and validation results
are shown in Table 2.
Fig. 2 shows the comparisons of the monthly measured and simulated stream-flow during both the calibra-
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tion and validation periods. Most of the periods showed a
very good agreement between the simulated and observed
stream-flows, The statistical evaluations for stream-flow
showed that ENS and R2 values were 0.781 and 0.803 in
calibration but 0.715 and 0.776 in validation. The relative
error for observed and simulated stream-flow was within
the evaluation criteria. The values of the statistical parameters indicated that the SWAT model was successful in
assessing stream-flow for the study area.
70

observed

2 kg/ha were selected as the critical areas. The sub-basins
14, 24, 30, 31, 32, 33, 34, and 35 also had higher TN and
TP loading compared with other sub-basins, which contributed disproportionately large amounts of pollutant loads
in the watershed. Therefore, these sub-basins were selected
as critical sub-basins, and the BMP scenarios were then
implemented and simulated in these areas.

simulated

60

Q\m 3 ·s-1

50
40
30
20
10
0
2005/1 2005/7 2006/1 2006/7 2007/1 2007/7 2008/1 2008/7 2009/1 2009/7
validation
calibration

FIGURE 2 - Comparison between the observed and simulated
monthly stream-flow during calibration and validation periods.
TABLE 2 - Goodness of fit criteria in Wangben station for flows,
TN, and TP.
calibration
parameter
Re
R2
ENS

streamflow
5.43%
0.803
0.781

validation

TN

TP

8.02%
0.78
0.76

8.76%
0.75
0.70

streamflow
7.85%
0.776
0.715

TN

TP

9.35% 10.06%
0.73
0.71
0.69
0.68

FIGURE 3 - Total nitrogen loading (kg/ha/yr) per sub-basin.

From Table 2, the values of Re, R2 and ENS for the observed and simulated TN and TP in calibration and validation were all about 0.7, being within the evaluation
criteria. The values of the statistical parameters indicated that the SWAT model could well assess stream-flow,
TN and TP loads for the Dongliao River watershed.
3.2 Identification of critical source areas

The TN and TP loads at 35 sub-basins in Figs. 3 and
4 showed the major contributing areas in the watershed
that could be targeted to reduce TN and TP loadings.
The spatial distribution characteristics of TN and TP
loads in Dongliao River watershed were similar (Figs. 3
and 4). The sub-basins in the upstream of Dongliao River
watershed and some other areas, such as sub-basins 7, 13,
and 14, had evidently higher TN and TP loads than other
areas. The reason might be attributed to the high contribution of non-point source pollution from Shuangliao City,
Gongzhuling City, and Liaoyuan City. The urban construction and economic development in the areas not only
brought the prosperity, but also led to the vegetation deterioration and decline of conservation capacity to the water
and soil, causing serious water and soil loss in these areas.
High population density, large areas of dry land, and sloping
farming also have a great contribution to the non-point
source pollution. Gitau [25] suggested the TP threshold
is 2 kg/ha. Thus, the areas where TP loads were more than

FIGURE 4 - Total phosphorus loading (kg/ha/yr) per sub-basin.
3.3 Evaluation of BMPs effectiveness

Seven BMP scenarios were run for the same 2-year
period. The average annual loads for sediment, TP and
TN at the outlet of Dongliao River watershed were calculated under each scenario and compared with values obtained from the baseline condition. The percent change
values between model outputs simulated from the base-
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line and from BMP scenarios were defined as the effectiveness of BMP implementation within the watershed.
The reduction rate in average annual load between a BMP
scenario and the baseline were listed in Table 3.

further study. The results will provide a scientific basis for
the protection and improvement of the water quality of
Dongliao River.
ACKNOWLEDGMENT

TABLE 3 - The reduction rate of pollution loads by different scenarios.
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Parallel terrace
Contour farming
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Filter strip (15 m)
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Residue management

Runoff
volume
(%)
-1.31
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Sediment
(%)

TN
(%)
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(%)
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30.11
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36.63
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ABSTRACT
More and more attention has been paid towards the
deep-buried groundwater in China with the increasing
demand for water shortage. Major ion levels of groundwater samples from a limestone aquifer in Taoyuan coal
mine, northern Anhui Province – China, with up to 700-m
depth, have been studied for evaluating their quality and
the operating mechanisms. The results suggest that they
are medium to slightly alkaline but cannot be used for
drinking directly because of their high concentration of
total dissolved solids as well as ion concentrations (e.g.
Na, Ca, Cl and SO4) relative to the water standards of
World Health Organization, and most of them are classified as Ca-Mg-Na-SO4-Cl type. The correlation between
ion concentrations (e.g. Na-Cl, Ca-Mg), as well as some
indices (e.g. chloro-alkaline) imply that chemical composition of the groundwater in the aquifer is controlled by
multiple processes, including silicate weathering (e.g.
feldspar), mineral dissolution (e.g. calcite and gypsum),
and ion exchange (e.g. Na-Ca).

KEYWORDS: Major ion chemistry; groundwater; geochemical
processes; limestone aquifer; northern Anhui Province

City, northern Jiangsu Province [3], whereas government
in Suzhou City, northern Anhui Province tends to exploit
the groundwater from Ordovician limestone aquifer with
up to 900-m depth.
The area is also important for coal producing, with
more than 100 million tons of coals per year. Water disaster in correspondence to the high production of coals is
serious: in 1997, 70 million yuan had been lost in Taoyuan
coal mine and 5 people died; in 2001, more than 100 million yuan had been lost in Qidong coal mine; and in 2005,
10 million yuan had been lost and 5 people died in Haizi
coal mine. Therefore, a series of studies have been carried
out for understanding the hydrological conditions, as well
as water source discrimination in the deep aquifers [4-8].
However, the environmental issues related to them have
not been well understood.
In this paper, major ion concentrations of groundwater from the limestone aquifer in Taoyuan coal mine, northern Anhui Province, China have been measured for understanding the operation mechanism of geochemical processes that regulate the water quality. It will be useful for
improving the understanding of hydro-chemical systems,
and promoting sustainable development of water resources
and effective management of groundwater resources in the
area.

1 INTRODUCTION
2 MATERIALS AND METHODS
With the development of economy, groundwater has
become an important strategic resource as most of the regions in the world use groundwater for drinking and irrigation, and therefore, a large number of studies related to the
groundwater environment have been carried out [1]. Groundwater in northern Jiangsu and Anhui Province of China is the
main source for drinking and irrigation, especially under
the conditions of surface water shortage related to pollution [2]. Therefore, more and more attention has been paid
towards the deep-buried groundwater. For instance, deep
karst water has long been used for water supply in Xuzhou
* Corresponding author

2.1 Study area

Taoyuan coal mine is located 11 km south of Suzhou
City, northern Anhui Province, China (Fig. 1) between
latitude 33°28′22″ - 33°36′12″ and longitude 116°59′22″ 117°02′33″. The length of the coal mine is 15 km from
south to north, and the width is 1.5–3.5 km from east to
west; the total area is 29.5 km2. The mine is located in
Huaibei plain with elevation between 21.2 and 27.1 m.
There is no major river in the region, but most of the water
supplies for drinking and industry are taken from underground. The climate of the area is mild and belongs to marine - continental climate with an annual average temperature
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of 14.6 °C. The average annual rainfall is 766 mm, and
most of them concentrated in July and August.

FIGURE 1 - Location of the study area.
2.2 Geology and hydrology

There is no outcrop of bedrocks in the coal mine but it
is covered by thick layers. The strata in the area revealed by
drilling core include Ordovician, Carboniferous, Permian,
Neogene and Quaternary from bottom to up. There are
four main aquifers which have been subdivided by previous studies [4], including the Quaternary aquifer, the Coal
bearing aquifer, the Taiyuan formation aquifer, and the Ordovician limestone aquifer. Characteristics of each aquifer
synthesized according to previous work [4] are as follows:
The Quaternary aquifer is characterized by orangedeep yellow mudstone, sandstone and conglomerate with
a depth between 280 and 300 m, the Coal bearing aquifer
is characterized by mudstone, siltstone and sandstone with
a small amount of limestone and a depth between 300 and
700 m, the Taiyuan formation and Ordovician limestone
aquifers are mainly composed of limestone with limited
amount of clastic rocks, and are deeper than 700 m. The
maximum amount of water is stored in the limestone
aquifer, which is the greatest threat to coal mining.

2.3 Sampling and analysis

A total of 17 groundwater samples from the Taiyuan
formation limestone aquifer have been collected from the
alley in Taoyuan coal mine, northern Anhui Province, China.
Water pH and total dissolved solids (TDS) were measured
in the field with a portable pH- and TDS-meter. Water
samples were filtered through 0.45-um pore size membranes and collected into 2-L polyethylene bottles that had
been cleaned in the laboratory. Then, the samples were sent
to the laboratory for analysis of major ions. Analytical
processes took place at the Engineering and Technology
Research Center of Coal Exploration in Anhui Province
following the methods below: Na was analyzed by atomic
absorption spectrometry, SO4 and Cl were analyzed by ion
chromatography, Ca and Mg were analyzed by EDTA
titration, and alkaline (including HCO3 and CO3) was analyzed by acid-base titration.
3 RESULTS
3.1 Major ion concentrations and water quality

Analytical results of the groundwater samples are
given in Table 1, along with the drinking water standards
from World Health Organization (WHO) [9]. As can be
seen from the table, pH value of groundwater in the study
area ranges from 6.8 to 7.9, with an average of 7.4 (four
of them are below 7), indicating a medium to slightly
alkaline nature. The pH values of all the collected samples
are well within the safe limit as prescribed by WHO [9].
According to WHO [9], the maximum acceptable concentration of TDS in groundwater for a domestic purpose is
500 mg/L, and excessive permissible limit is 1500 mg/L. In
comparison, all groundwater samples have TDS values
higher than the permissible limit of WHO [9] as the TDS

TABLE 1 - Major ion concentrations (mg/L) of groundwater in this study.
ID
Na
LM-1
208
LM-2
226
LM-3
210
LM-4
204
LM-5
206
LM-6
292
LM-7
172
LM-8
349
LM-9
406
LM-10
338
LM-11
299
LM-12
266
LM-13
273
LM-14
263
LM-15
271
LM-16
246
LM-17
330
WHO DL
WHO PL
200
Note: DL- desirable limit; PL- permissible limit.

Ca
201
169
200
203
201
357
368
363
376
360
305
385
374
350
359
335
402
75
200

Mg
99.1
95.2
101
97.0
102
122
104
65.1
42.1
73.7
106
119
109
119
117
114
83.7
50
150

Cl
253
251
249
244
249
357
341
334
339
328
308
339
327
324
331
312
353
200
600

541

SO4
645
590
663
659
663
1119
886
1134
1163
1124
1006
1180
1123
1129
1144
1013
1222
200
400

HCO3
406
411
401
390
399
440
391
350
374
375
452
396
423
369
378
425
363
-

CO3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
-

pH
7.3
7.6
7.1
7.1
7.4
7.4
6.9
7.7
7.7
7.8
7.4
6.8
6.9
7.8
7.9
6.9
7.6
6.5
8.5

TDS
1641
1577
1665
1640
1655
2508
2109
2488
2579
2422
2310
2565
2469
2421
2463
2281
2629
500
1500
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FIGURE 2 - Piper and Durov diagrams.

TABLE 2 - Correlation coefficients between ions.
Ca
Mg
Cl
SO4
Na
0.62
-0.63
0.62
0.74
Ca
-0.09
0.98
0.96
Mg
-0.06
-0.10
Cl
0.94
SO4
HCO3
Note: Data underlined means correlation coefficients higher than 0.48 with n= 17 and P level= 0.05.

HCO3
-0.32
-0.26
0.53
-0.19
-0.26

TDS
0.75
0.96
-0.11
0.95
1.00
-0.21

values of the groundwater samples range from 1577 to
2629 mg/L (mean= 2191 mg/L). A previous study [10]
classified groundwater on the basis of TDS into 3 kinds:
<500 mg/L means desirable for drinking, 500–1000 mg/L
means permissible for drinking, and >3000 mg/L can only
be used for agricultural purposes. Based on this classification, it is observed that all of the 17 samples are not suitable for drinking but can be used for agricultural purposes,
or they must be treated before drinking.
As to the cations, Na concentrations in groundwater
range from 172 to 406 mg/L, with an average of 270 mg/L,
and only one sample has Na concentration below the permissible limit suggested by WHO [9] (Table 1). Ca and Mg
levels vary in the range of 169 to 402 and 42 to 122 mg/L,
respectively. Ca concentrations of two samples and Mg
concentrations of all samples can meet the demand of
WHO [9] (Table 1).
In the groundwater samples, SO4 is the dominant anion, followed by HCO3 and Cl, and their mean concentrations are 962, 397 and 307 mg/L, respectively. In comparison with the standards of WHO [9], all of the samples
have Cl lower than the permissible limit of WHO, but
their SO4 concentrations are much higher than the limit.

Classification of groundwater is based on the concentration of various predominant cations and anions, or on
the interrelationships of ions. The Piper and Durov diagrams are very useful in determining chemical relationships
in groundwater. On the basis of this diagram (Fig. 2),
groundwater samples of this study are classified into 4 types
including Ca-Mg-Na-SO4-Cl, Ca-Mg-Na-SO4-Cl-HCO3,
Ca-Na-SO4-Cl and Na-Ca-Mg-SO4-Cl-HCO3 but Ca-MgNa-SO4-Cl is the most prevalent type (7 samples are classified into it).

3.2 Geochemical classification and relationships

Previous studies revealed that chemistry of groundwater is controlled by silicate weathering, mineral dissolution, leaching, ion exchange, evaporation and other
processes, such as anthropogenic activities [10]. To verify
these operating mechanisms, the results from the chemical
analysis were used to identify geochemical processes and
mechanisms in this study.

Hydro-chemical types are generally within distinct
zones and cation and anion concentrations are described
within defined composition categories, and the dominant anion species of water changes systematically from
HCO3, SO4 to Cl as groundwater flows from the recharge
zone to the discharge zone [11].

Correlation coefficients between major ions were calculated by using SPSS (version 11), and the results are shown
in Table 2. High positive correlations (>0.48, n= 17 and P
level= 0.05) have been identified between Na-Ca, Na-Cl,
Na-SO4, Ca-Cl, Ca-SO4, Mg-HCO3, and Cl-SO4. TDS depends mainly on the concentrations of major ions, such as
Na, Ca, Cl and SO4. They are probably reflecting the water
rock interactions in the groundwater system that TDS concentrations are probably related to the dissolution of calcite
and gypsum, as well as ion exchange between Na and Ca.
4 DISCUSSIONS
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4.1 Mechanism controlling groundwater chemistry

To assess the functional sources of dissolved chemical constituents, such as precipitation dominance, rockdominance and evaporation dominance, Gibbs diagrams
are widely employed [12]. They represent the ratios of
Na/(Na + Ca) and Cl/(Cl + HCO3) as a function of TDS.
The distribution of sample points in Gibb’s diagram
(Fig. 3) shows that the ratios of Na/(Na + Ca) and Cl/(Cl
+ HCO3) are spread from the rock domain towards the
zone of evaporation. This suggests that chemical weathering of rock-forming minerals is the main causative factor
in the evolution of chemical composition of groundwater
in the study area.
4.2 Silicate weathering

Rock weathering is one of the major processes responsible for high concentration of Na in groundwater

[13], and Na-Cl relationship has often been used to identify the mechanism for acquiring salinity [14, 15]. Because
dissolution of halite in water releases equal concentrations
of Na and Cl in the solution (ratios between Na and Cl
would be 1:1), if these two ions came from halite dissolution only. However, as can be seen from Fig. 4a, deviations from the expected 1:1 relation are observed for all
samples, except for one.
Additional Na can be obtained from anthropogenic
sources such as domestic waste for shallow groundwater
[16, 17]. However, the groundwater samples in this study
were collected from a depth >700 m, and thus, it is not
considered to be a right way. Another consideration is that
cation exchange between Ca and Na may be responsible
[18], which can be constrained by either chloro-alkaline
indices (Fig. 5) or the correlation between (Na-Cl) and
(Ca+Mg-HCO3-SO4) (Fig. 6) (see part 4.4).

FIGURE 3 - Mechanism controlling groundwater chemistry.

FIGURE 4 - Scatter diagrams of cations and anions.
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Meyback [19] suggested that additional Na in groundwater originated from dissolution of silicate minerals such
as feldspar, which is always found in the sandstones in the
strata. And, if it is so, the groundwater would have increased HCO3 concentrations. For constraining this probability, the data is plotted in the (Ca+Mg) versus (HCO3+SO4)
diagram (Fig. 4b), and shows that all samples, except for
one, are plotted above the equiline, which suggests additional HCO3 and demonstrates the dissolution of silicate
minerals.
The molar ratios of Na/Ca of the groundwater in this
study range from 0.81 to 2.33 (only 1 sample has >2)
(Fig.4c), indicating that degree of silicate mineral dissolution is limited, which is further supported by Fig. 4a and b
that almost all of the samples are plotted near the equiline.
4.3 Mineral dissolution and precipitation

Saturation indices (SI) of minerals including calcite,
dolomite and gypsum were calculated by using
PHREEQC integrated in Aquachem (version 3.7). The
calculated values of SI for calcite and dolomite ranged
from 0.17 to 1.20 and 0.16 to 2.25,with average= 0.66 and
1.16, respectively, suggesting that the groundwater samples
are all saturated to oversaturated with respect to calcite
and dolomite. Plot of Ca and SO4 (r= 0.96, Table 2 and
Fig. f) shows that most of the groundwater samples are
close to the 1:1 line with slight increasing SO4 relative to
Ca, indicating that the groundwater samples are undersaturated with respect to gypsum.
The study of Ca/Mg ratios of groundwater samples
herein suggests dissolution of calcite and dolomite (Fig. 4d).
If the ratio of Ca/Mg = 1, dissolution of dolomite should
occur and, the ratio higher than 1 is indicative of contribution from calcite [21]. Much higher ratio (>2) indicates
dissolution of silicate minerals. A total of 7 samples have
Ca/Mg ratios >2, and 10 samples have Ca/Mg ratios between 1 and 2, suggesting that calcite and silicate minerals dissolution played a more important role in controlling
the groundwater chemistry therein.
4.4 Ion exchange

Such a result further confirms that the host rocks are
the primary sources of dissolved ions in the groundwater,
in which the ion exchange is one of the major contributors
for higher concentration of Na in the groundwater. In addition, the sample 7 in Fig. 5 has positive CA-I and CA-II
values confirming base-exchange reaction (chloro-alkaline
equilibrium), where exchange occurs between Na in the
groundwater and Ca and/or Mg in the aquifer material.
Groundwater with a base-exchange reaction in which the
alkaline earths have been exchanged for Na ions (HCO3 >
Ca+Mg) may be referred to as base-exchange softened
water, and those in which the Na ions have been exchanged
for the alkaline earths (Ca+Mg > HCO3) may be referred to
as base-exchange-hardened water. In this study, groundwater samples have base-exchange reaction and concentration
of HCO3 higher than alkaline earths indicate base exchangesoftened water (sample 7 and Fig. 4e).
Additionally, in this study, Ca and Mg were mainly
provided by calcite, dolomite and gypsum, but could be
replaced by Na from a source other than halite. Because Cl,
SO4 and HCO3 record dissolution of halite, gypsum and
carbonate minerals (calcite and/or dolomite), the (Na-Cl)
represented the Na gained or lost relative to that provided
by halite dissolution, whereas the (Ca+Mg-SO4-HCO3) represented the Ca and Mg gained or lost relative to that provided by calcite, dolomite and gypsum dissolution. Based

FIGURE 5 - Variation of index of base exchange against sample
numbers.

It is hard to understand the controlling over dissolution
of constituents in groundwater systems, but it is essential to
know the changes by water chemistry during their trend.
According to Schoeller [22], ion exchange between groundwater and its host rocks can be understood by chloro-alkaline
indices including CA-I = (Cl-Na)/Cl and CA-II = (Cl-Na)/
(SO4+HCO3). Na in water is exchanged with Mg and/or
Ca if the index values are positive and indicate baseexchange reaction. In contrast, negative values indicate disequilibrium and the reaction is considered to be a cationanion exchange reaction. During this process, the host
rocks are the primary sources of dissolved solids in the
water. Values of Schoeller indices of the groundwater samples in Fig. 5 reveal that all groundwater samples, except 1
of them, show negative values indicating cation-anion exchange (chloro-alkaline disequilibrium).
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FIGURE 6 - Correlation between (Na-Cl) and (Ca+Mg-SO4-HCO3).
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on this consideration, cation exchange between Na and Ca
and/or Mg was constrained by the good correlation between (Na-Cl) and (Ca+Mg-SO4-HCO3) in Fig. 6.
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5 CONCLUSIONS
Major ion concentrations of groundwater from the
limestone aquifer in Taoyuan coal mine, northern Anhui
Province, China have been measured for understanding the
operation mechanism of geochemical processes that regulate the water quality. The following conclusions have been
made:
(1) The pH values of groundwater in the study area
are medium to slightly alkaline, and the TDS values are
1577 and 2629 mg/L (mean= 2191 mg/L). In comparison
with the drinking water standards of WHO, most of the
groundwater samples cannot be used for drinking directly;
(2) Groundwater samples of this study are classified into
4 types including Ca-Mg-Na-SO4-Cl, Ca-Mg-Na-SO4-ClHCO3, Ca-Na-SO4-Cl and Na-Ca-Mg-SO4-Cl-HCO3, with
Ca-Mg-Na-SO4-Cl being dominant;
(3) Gibbs diagram suggests that chemical weathering
of rock-forming minerals is the main causative factor in
the evolution of chemical composition of groundwater in
the study area;
(4) Correlations between Na and Cl, (Ca+Mg) and
(HCO3+SO4) suggest that silicate weathering plays an
important role in controlling the Na enrichment of the
groundwater, whereas saturation indices of calcite, dolomite and gypsum, as well as Ca/Mg ratios, indicate the
oversaturation of calcite and dolomite, and the undersaturation of gypsum;
(4) All of the samples, except for 1 of them, have
negative chloro-alkaline indices and imply the cationanion exchange, which is further supported by the correlation between (Na-Cl) and (Ca+Mg-SO4-HCO3).
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ORGANS OF INSECTS WITH DIFFERENT FEEDING HABITS
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ABSTRACT
Grasshopper (Acrida cinerea) and mantis (Paraten
odera sinensis) samples were collected from Huludao City
of Liaoning Province. Mercury concentrations and distribution patterns in the organs of the insects were studied. Results showed that mercury concentrations in A. cinerea and
P. odera sinensis were high, and were within the range of
5.08 ng • g-1 to 119.64 ng • g-1 (mean 30.89 ng • g-1) and
20.58 ng • g-1 to 305.00 ng • g-1 (mean 84.97 ng • g-1), respectively. The level of mercury concentrations in the
different organs of A. cinerea was ranked as wings > head
> chest > foot > belly. In P. odera sinensis, the concentration level was ranked as head > wings > chest > neck >
foot > belly > pincers. Body length and body mass of A.
cinerea were significantly and positively related. Total
mercury in the body and weight showed an insignificant
negative correlation. Similarly, mercury level was negatively related to body length. Mercury mainly accumulated
in the wings and head of A. cinerea and P. odera sinensis.
Growth dilution and mercury accumulation in the wings
might be important defense mechanisms against mercury
contamination for both A. cinerea and P. odera sinensis.

KEYWORDS: mercury; Acrida cinerea; Paraten odera sinensis;
organ; distribution; growth dilution

1 INTRODUCTION
Mercury (Hg) is the focus of global concern as a potential environmental contaminant because of its toxicity,
transboundary movement, and ability to bioaccumulate and
biomagnify [1]. In urban industrial districts, the nonferrous
smelting industry is one of the main sources of ambient
Hg [2–4]. Hg has clear toxic effects on humans and animals [5, 6]. It is a common accompanying element of zinc
ores. Hg is often generated as waste during Zn production
processes. In the past, these waste materials were usually
discharged without undergoing any treatment. Heavy metals
* Corresponding author

enter the environment through industrial slag, exhaust gas,
and wastewater, and cause serious pollution problems [7].
Hg pollution may affect biological communities [8]. Soil,
water, plants, and other organisms near industrial areas
and zinc smelteries are often found to possess high metal
concentrations [9, 10]. Some plants and animals, such as
spiders, dragonflies, and ant lion larvae, are sensitive to
Hg. They are used as indicators to monitor heavy metal
pollution in the environment [11].
Insect is the largest class in kingdom Animalia. The
number of species and individuals belonging to this class
are more than the number of all other animals. Insect
species are found in almost all types of ecosystems. Locusts (Locusta migratoria manilensis) and grasshopper
(Acrida chinensis) are familiar insect species. Their biomass accounts for 20% to 30% of the total arthropods in
summer grassland ecosystems. As the primary consumers
in grassland ecosystems, grasshoppers are phytophagous,
mainly feeding on grass. Meanwhile, they are an important
food source for birds and carnivorous insects. The mantis is
carnivorous. It feeds on locusts, grasshoppers, other insects,
and small animals. It also plays an important role in the
accumulation and transfer of toxic substances.
Grasshoppers, mantis, and other arthropods can absorb Hg from their food, and the metal can accumulate in
their body. The enrichment factor of Hg for locusts is 0.78
[12], whereas that for grasshoppers is 0.62 to 2.04 [13].
Generally, males absorb more Hg than females [14]. Age
also affects Hg bioaccumulation in locusts [15]. However,
there is less research about Hg contents and distribution
characteristics in the organs of grasshoppers and mantis.
Huludao City is an important chemical and nonferrous smelting base in Northeast China. The Cishan River
is the main river that runs through the city. In the past
decades, water contaminated by heavy metals from the
Huludao Zinc Smelter was discharged into the river. The
factory was founded in 1937 and is now the largest zinc
smelter in Asia, with an annual zinc production of about
3.3×105 tons. The soil and rivers in the area had been
contaminated by waste materials and effluents from the
metallurgical industry for many years, resulting in very
serious environmental pollution. Cishan Mountain, the South
Bridge of Cishan River, and individual zinc plant areas have
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suffered from the smelters’ impact. The mean Hg concentration in the surface soil of Huludao City is 1.435 mg • kg-1,
which is 38 times higher than the regional background value
[16]. The mean mercury concentrations in local woody
plants, stems, and leaves are 0.182, 0.2, and 0.786 mg • kg-1,
respectively [17]. In this study, grasshopper and mantis
samples were collected to study mercury distribution characteristics in the organs of the insects. The findings will
reveal potential mechanisms for resisting and excreting
mercury to correctly evaluate its ecological risks.

2 MATERIALS AND METHODS
2.1 Sample Collection

Insect samples were collected in late August 2011 from
eight sites (denoted S1 to S8) along a gradient of distances
far from the smeltery. At least 15 samples were collected
from each site. Grasshopper (A. cinerea) and mantis (P.
odera sinensis) samples were manually collected and
immediately placed in polythene bottles with a few drops
of ether to euthanize the insects. The bottles were preserved in a car refrigerator at −4 °C to protect the samples
from decomposing in the field. Most of the A. cinerea
collected were in the 2 to 4 instar stage. In the laboratory,
the samples were identified, and then thoroughly rinsed
with deionized water to remove pollutants on the surface
of the bodies. This process would help avoid potential
negative effects of the high Hg content of the soil on the
results. After moisture was sucked from the exterior of the
insects with filter paper, the insects were placed and
sealed in polyethylene bags and frozen at −4 °C.
SPSS10.0 for windows and Excel 2003 were used for
data analysis and Arcgis9.0 was used to draw the sample
map.

2.2 Sample Analysis

Grasshoppers were divided into five parts: head,
chest, abdomen, feet, and wings. Mantises were divided
into seven parts: head, chest, abdomen, feet, wings, neck,
and pincers. Biological samples were digested using the
method of H2SO4-HNO3-V2O5 [18]. Mercury was determined using a Tekran Model 2600 with a detection limit
of 0.005 ng/L.
During determination, blanks were performed, and
20% of the samples were randomly selected for parallel
test. Total Hg levels in A. cinerea and P. odera sinensis
were estimated in different organs using concentrations
by weight, expressed on a wet basis. All vessels were
dipped in 3.0 mol·L-1 HNO3 for 24 h, and then washed by
plenty of deionized water before used. The reagents used
were all in excellent grades.
2.3 Quality Control

Precision and accuracy of the analytical methods were
evaluated by comparing Hg concentrations in the measured
values with certified reference materials. The expected
and measured concentrations in the hair reference (GBW07601) were 0.36±0.05 mg·kg-1 and 0.40±0.01 mg·kg1
, respectively.
3 RESULTS AND DISCUSSION
3.1 Mercury Spatial Distribution Characteristics

Figure 2 shows the Hg concentrations in A. cinerea and
P. odera sinensis found in different sites. Mercury concentrations in A. cinerea were in the range of 5.08 ng·g-1 to
119.64 ng·g-1. The mean was 30.89 ng·g-1. Mercury concentrations in the P. odera sinensis were in the range of
0.58 ng·g-1 to 102.50 ng·g-1. The mean was 62.47 ng·g-1.

FIGURE 1 - Map of sampling sites. S1 Freeway entrance; S2 Laohetai ;S3Cishan Mountain ;S4 South Bridge of Cishan River ; S5 Nanshan
Park;S6Daochi village; S7Railway bridge of Zinc smelter; S8 privately owned Zinc smeltery
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3.3 Relationships between Mercury Concentrations, Body
Mass, and Body Length in A. cinerea and P. odera sinensis

140

Acrida cinerea

Hg content/ng•g -1

120

Results of the correlation analysis between Hg concentrations, body length, and body mass are shown in
Table 1. The body length of grasshoppers was significantly and positively related to their body mass. Total Hg
concentration and body mass in A. cinerea showed negative but insignificant relationship. Total Hg concentrations in A. cinerea were significantly and negatively related to body length.

Paraten odera sinensis
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Mercury accumulation in A. cinerea body was believed to increase after the environment was polluted by
mercury. Mercury concentration greatly differed among
the sites investigated. In the site near the smelter (S8), Hg
concentrations in A. cinerea were significantly higher than
those in samples collected from the other sites. The highest
Hg concentration in P. odera sinensis was found in samples collected from S3, followed by S8. Zinc-smelting
plants greatly contributed to Hg pollution in these areas,
leading to Hg accumulation in grasshoppers and mantises.
3.2 Mercury Distribution Characteristics in Organs of Insects

Mercury concentrations in the different organs of A.
cinerea were ranked as wings > head > chest > foot >
belly. In P. odera sinensis, Hg concentrations were ranked
as head > wings > chest > neck > foot > belly > pincers
(Figure 3). Mercury concentrations in the organs of locusts
were ranked as head > wings > chest > belly ≈ foot [19].
Mercury concentrations in the organs of crickets were
ranked as head > wings > chest > belly > foot [8]. Mercury
concentrations in the organs of spiders were ordered as
cephalothorax > legs > abdomen [20]. The results indicated that Hg concentrations in the wings of grasshoppers
and locusts, which are herbivorous, were the highest.
Meanwhile, Hg concentrations in the head of carnivorous
mantises were the highest. The omnivorous crickets and
the carnivorous mantises and spiders showed high mercury levels in the head.

Hg content/ng•g-1

250

FIGURE 2 - Hg concentrations in different sites of A. cinerea and P.
odera sinensis
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150
100
50
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different tissues

FIGURE 3 - Hg concentrations in different tissues of A. cinerea and
P. odera sinensis

The results suggested that Hg absorption became
weaker as A. cinerea grew. Mercury was excreted more
effectively by different metabolic pathways and metabolic
rate as the insect grew. The secondary reason may be
growth dilution.
No significant correlation was found between Hg
concentration, body length, and body mass in P. odera
sinensis. Mercury concentrations in the head, chest, and
wings were significantly related to each other (Table 2).
Similar to Acrida, mHg concentrations in the head were
significantly related to those in the wings.
4 DISCUSSION
Mercury is a systemic toxin. It is hard to degrade once
it enters a body. Generally, Hg accumulates in some target
organs, like muscles of fish [21, 22], kidneys and livers of

TABLE 1 - Relationship of Hg concentrations, body length, body mass and mercury concentrations in different tissues of A. cinerea

head
chest
belly
foot
wings
mercury
body mass
body length
*p<0.05;** p<0.01

head
1.000
0.520
0.760**
0.749*
0.899**
0.791**
-0.115
-0.250

chest

belly

foot

wings

mercury

body mass

body length

1.000
0.733*
0.891**
0.224
0.803**
-0.612*
-0.658*

1.000
0.931**
0.601
0.945**
-0.391
-0.527

1.000
0.514
0.989**
-0.464
-0.515

1.000
0.589
0.224
0.071

1.000
-0.372
-0.503*

1.000
0.533*

1.000
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TABLE 2 - Relationship of Hg concentrations,body lenvgth,body mass and mercury concentrations in different tissues of P. odera sinensis
head
head
1.000
chest
0.913**
belly
-0.521
foot
0.112
wings
0.861*
neck
-0.368
pincers
-0.420
mercury
0.804*
body mass
0.163
body length
-0.615
*p<0.05;** p<0.01

chest

belly

foot

wings

neck

pincers

mercury

body mass

body length

1.000
0.007
-0.143
0.988**
-0.575
-0.514
0.681
0.521
-0.345

1.000
-0.444
0.056
-0.616
0.086
-0.590
0.723
0.839*

1.000
-0.220
-0.197
0.916*
-0.287
-0.790*
0.063

1.000
-0.628
-0.556
0.719
0.574
-0.421

1.000
-0.191
0.181
-0.471
-0.538

1.000
-0.806
-0.746
0.571

1.000
-0.079
0.012

1.000
0.118

1.000

birds [23], viscus of Rana chensinensis [24], and liver of
mammals [25–27]. Mercury poisons organisms by damaging the central nervous system, as reflected by the higher Hg concentrations in the head of A. cinerea and P.
odera sinensis found in the present work.
The three reported mechanisms might protect animals
from Hg poisoning. These mechanisms are excretion by
feces, food choice, and excretion by ecdysis. Another route
is transferring Hg to some organs like body walls, nails,
feathers, and membranous wings, where metabolism is
weak [28]. Insect wings are derivations of the exoskeleton,
originating from an outward expansion of the middle or
backside body walls of insects. Mercury concentrations in
the wings of A. cinerea and P. odera sinensis were relatively high. Similarly, high levels of Hg were found in the
feathers of birds and in the fur of mammals [29–32]. Although membranous wings are the main flying organs of
grasshoppers, they do not participate in metabolic activities, thereby protecting A. cinerea from Hg toxicity.

Mercury emissions from human activities (such as industries) have resulted in soil and water contamination, and
further affected ecosystems. The effects of Hg emissions
have even extended to the biosphere, and would eventually
be a threat to human health. A. cinerea and P. odera sinensis are representative arthropods in grassland ecosystems.
This research found that Hg could accumulate in their
body, especially in their wings and head. Further study is
needed to reveal Hg distribution characteristics and its
implications.
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Toxicity from Hg accumulation in the head could not
be neglected. Studies have shown that Hg poisoning is
mainly due to high levels of Hg in the brain. For example,
Hg could cause changes in the c-fos protein expression in
the hippocampus of rats, abnormal gene expression in the
brain, and c-junm RNA in rat brains [33–35]. High Hg
levels in the head of A. cinerea and P. odera sinensis would
unavoidably harm their nervous systems. Mercury accumulation in insect head may happen because of the open tubular blood circulation of insects. However, the specific reasons still need to be studied further.
Mercury concentrations in the chest and neck of P.
odera sinensis were relatively high. Mercury levels in the
chest were approximately twice those in the neck, probably due to the digestive tissue concentrations in the two
body parts. Although digestive organs are mostly found in
the abdomen, Hg level was low due to effective biomass
dilutions because most of the mass of P. odera sinensis
was concentrated on its abdomen.
Comparatively low Hg levels were found in the feet
of A. cinerea and P. odera sinensis, probably due to weak
intramuscular affinity for heavy metal, resulting in the
weakest effects of Hg in the feet.
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ABSTRACT
Metal complex perchlorinated iron-phthalocyanine
(FePcCl16) was prepared and used as a photocatalyst. The
heterogeneous photocatalytic degradation of rhodamine B
(RhB) and salicylic acid (SA) by FePcCl16 activated by
molecular oxygen (O2) under ultraviolet light (λ≤ 387
nm) and by hydrogen peroxide (H2O2) under visible light
irradiation (λ≥ 420 nm) were studied. The experimental
results indicated that organic pollutants can be effectively
degraded under both ultraviolet and visible light. Under
ultraviolet and visible light illumination, the removal rates
of total organic carbon (TOC) for RhB reached 86.24%
after 180 min and 64.73% after 300 min, respectively.
The degradation process was predominated by the hydroxyl radical (•OH), according to the results from benzoic acid ﬂuorescence method. The hydrophobic photocatalyst FePcCl16 was stable in aqueous solution. The
photocatalytic degradation system had wide pH adaptability (3-11). The heterogeneous photocatalyst can be reused
to degrade toxic organic pollutants both under ultraviolet
and visible light.

KEYWORDS: FePcCl16;
pollutants; mechanism

heterophotocatalysis;

degradation;

1 INTRODUCTION
Advance oxidation process (AOP), activating O2 or
H2O2 under visible light or sunlight to degrade toxic organic
pollutants at a wide pH range, has become a hot research
topic recently [1-2]. For over a decade, Fenton and PhotoFenton oxidation technology are the most attractive and
promising in the field of AOP. Highly reactive hydroxyl
radical (•OH), generated from Fenton reagents, can react
with organic compounds in the forms of electrophilic addition, substitution reaction and electron transfer reaction, to

* Corresponding author

decompose organic matters and remove toxicity [3]. Although Fenton oxidation process has a good effect on treating refractory matters in water, the reaction is limited under
acid condition (pH<3) to avoid iron precipitation [4]. Studies have shown that some metal complexes (metal porphyrins, metal phthalocyanines, etc.), consisting of metal
ions and organic ligands, can mimic peroxidase and activate O2 or H2O2 to degrade toxic organic contaminants
under visible light illumination [5]. However, metal complex is unstable and easily degraded by highly reactive
species (•OH, etc.). Moreover, it is easy for metal complex
to aggregate in water due to excitation by visible light which
greatly reduces photocatalytic activity because the excited
energy states of the aggregated metal complex is offset by
non-excited states, and overall the photocatalytic activity
is greatly reduced [6]. Enhancing the stability and the dispersion of the metal complex is a prerequisite to full exploitation of its photocatalytic activity. Some researchers
found that immobilization was an effective approach [7].
However, there are some drawbacks, including loose combinations between catalysts and supports for immobilized
catalysts, etc., should be overcome. Catalysts that are hydrophobic and heterogeneous can be used directly to display photocatalytic activity in aqueous solution.
Metal phthalocyanine compounds can strongly absorb
visible light or sunlight, and consequently have attracted
interest for visible light photocatalytic degradation of toxic
organic pollutants [8-9]. In the research of using metal
phthalocyanine compounds as catalysts, water soluble and
immobilized metal phthalocyanine compounds are widely
studied [10-13], while hydrophobic metal phthalocyanine
compounds are scarcely used. In this research, hydrophobic
perchlorinated iron-phthalocyanine (FePcCl16) is used as
the photocatalyst to degrade toxic organic contaminants in
aqueous solution, activating O2 under ultraviolet light and
H2O2 under visible light irradiation.
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2 MATERIALS AND METHODS

during the photodegradation was determined by the N, Ndiethyl-p-phenylenediamine (DPD) method [16].

2.1. Materials

2.2. Synthesis of FePcCl16 and photocatalytic procedures and
analyses

FePcCl16 was prepared according to a reported procedure [14].
A 500-W mercury lamp and 500-W halogen lamp,
purchased from Xujiang Electromechanical Plant, Nanjing, China, were used as the UV light source and visible
light source, respectively. This was positioned inside the
XPA photochemical reaction instrument (Xujiang Electromechanical Plant, Nanjing, China). To ensure that the
system was irradiated only by UV light (λ≤ 387 nm) (or
visible light (λ≥ 420 nm)), any light with λ≥ 387 nm (or
light with λ≤ 420 nm) was completely removed by a cutoff
filter (Φ=3 cm).
All the RhB and SA photocatalytic degradation experiments were carried out in a Pyrex vessel (70 mL) with
1.5 mL of RhB (5.0×10 -4 mol/L) or 1.0 mL of SA
(5.0×10-3 mol/L) and FePcCl16. The pH of the solution was
adjusted to a particular value, and the volume was constant
at 50 mL. Prior to irradiation, the suspension was stirred in
the dark for 30 min to ensure the establishment of adsorption/desorption equilibrium on the surface of FePcCl16. At
given irradiation time intervals, 3 mL of sample was collected, centrifuged, and then filtered through a millipore
filter (0.45 µm). The filtrates were analyzed using a UVVis spectrophotometer (Perkin Elmer, USA) to examine
the decomposition of RhB (λ=554 nm). The concentration
of SA was measured by high performance liquid chromatography analysis with a Waters 2998 photodiode array
(PDA) detector and a C18 reverse-phase colume (4.6 mm
i.d. × 250 mm, kromasil). The mobile phase was methanol
and phosphate, and the ratio was 45:55. The inject volume of
the sample was 20 µL and the flow rate was 0.70 mL/min.
The detection wavelength was 278 nm.
Infrared analysis was carried out with a FTIR spectrophotometer (Thermo Electron, USA). The samples for IR
were prepared as follows: the reaction solution was filtered,
and the filtrate was evaporated (temperature below 333 K)
under reduced pressure until water was removed. Then
the samples for IR were supported on anhydrous KBr.
The ﬂuorescence method [15] was used for the direct
detection of •OH produced to measure indirectly the concentration of •OH. The concentration variation of H2O2

The total organic carbon (TOC) value of the supernatant fluid was analyzed on an N/C2100 total organic carbon (TOC) (Jena, Germany).
3 RESULTS AND DISCUSSION
3.1. IR spectra of FePcCl16

Figure 1 represented the IR spectrum of FePcCl16.
There was no obvious band above 3000 cm-1 because of
the coordination of N and Fe. The band at 1611 cm-1 was
for the νC=C absorption peak of benzene ring. The bands at
1366 cm-1 and 1319 cm-1 were the stretching vibration of
C-N, and the band at 924 cm-1 was the stretching vibration of C-C. The band at 747 cm-1 was attributed the outof-plane deformation vibration of -CH2-.
60

45

T%

Stock aqueous solutions of rhodamine B (RhB)
(5.0×10-4 mol/L), salicylic acid (SA) (5.0×10-3 mol/L) and
H2O2 (7.5×10-2 mol/L) were prepared. All reagents were
of analytical reagent grade and were used without further
purification. The pH of the solution was adjusted with
either NaOH or HClO4. Double distilled water was used in
all experiments.
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FIGURE 1 - IR spectrum of FePcCl16
3.2. Photodegradation of RhB by FePcCl16 under ultraviolet
light illumination

Photodegradation of RhB by FePcCl16 activating O2
under ultraviolet light illumination was shown in Figure 2.
In the presence of FePcCl16 in the dark, no obvious degradation was observed (curve a in Figure 2 A), which indicates that FePcCl16 cannot degrade RhB in the absence
of ultraviolet light. Minimally catalytic degradation of
RhB (30.38%) occurred in the absence of catalyst under
ultraviolet light (curve b in Figure 2 A). Evidently, ultraviolet light irradiation markedly accelerates the degradation of RhB in the presence of FePcCl16 (curve c in Figure
2 A). Complete decolorization of RhB occurred and the
characteristic absorption band of RhB at approximately
554 nm decreased in size rapidly and disappeared after
irradiation for 180 min (Figure 2 B).
The oxide species and mineralization rate were determined during the degradation of RhB (Figure 3). In the
presence of FePcCl16 and ultraviolet light irradiation, the
concentration of •OH increased initially and then decreased with illumination time (curve a). Control experiments that tracked •OH change with time were also run in
the dark (curve b). Without the complete photocatalytic
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system the concentration of •OH was negligible, consistent with the results of slow degradation of RhB under
identical conditions (curve a in Figure 2 A). TOC reduced
simultaneously with the generation of •OH during the
degradation process (curve c), which indicated that RhB
was mineralized to CO2 and H2O gradually. While in the
dark, the TOC removal rate of RhB was slight (curve d).
Evidently, under ultraviolet light illumination, RhB was
mineralized by •OH, generated from activating O2, and
the mineralization rate reached 86.24% after 180 min of
ultraviolet light irradiation.
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FIGURE 3 - Change of •OH concentration and TOC during the photodegradation process. a and b: [RhB]=1.5×10-5 mol/L; [FePcCl16]
= 0.4 g/L; pH=7.0; c and d: [RhB]= 3.0×10-5 mol/L; [FePcCl16] = 0.8
g/L; pH=7.0
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3.3. Photodegradation of RhB by FePcCl16 under visible light
illumination
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FIGURE 2 - Photodegradation of RhB by FePcCl16 under ultraviolet
light irradiation. [RhB]=1.5×10-5 mol/L; [FePcCl16]=0.4 g/L; pH=7.0

Photodegradation of RhB by FePcCl16 activating
H2O2 under visible light illumination was shown in Figure
4. After visible illumination for 300 min, complete decolorization (curve a) occurred and the characteristic absorption band of RhB at approximately 554 nm decreased in
size rapidly and disappeared (Figure 3 B). Under similar
conditions, the degradation rate of RhB by activating O2
was 14.90% (curve b). No catalytic degradation of RhB
occurred in the dark in the presence of FePcCl16 and H2O2
(curve c). The photolysis of RhB was only 8.90% under
visible light irradiation (curve d). 11.06% of RhB was
degraded by the same amount of Fe3+ under identical conditions (curve e). The degradation reaction of RhB under
visible light irradiation followed pseudo-first order kinetics.
In the photocatalytic systems, the degradation kinetic constants (k) were 0.0141 min-1 (curve a), 0.0005 min-1 (curve
b), 0 (curve c), 0.0003 min-1 (curve d) and 0.0004 min-1
(curve e), respectively. The increase of base line with time
was observed in the range of 300-700 nm under visible
light (Figure 4 B), while no increase of base line occurred
in the systems of FePcCl16/O2/RhB/UV (Figure 2 B) and
FePcCl16/O2/RhB/Vis (curve b), indicating the increase of
base line may be the self degradation of FePcCl16 by H2O2.
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FIGURE 4 - Photodegradation of RhB by FePcCl16 under visible
light irradiation. [RhB]=1.5×10-5 mol/L; [FePcCl16]=0.4 g/L; [H2O2]=
3.0×10-3 mol/L; pH=7.0
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TABLE 1 - Degradation rates of RhB at different pHs and H2O2 concentrations

Degradation rates of RhB (%)
Degradation kinetic constants
k (min-1)

H2O2 concentration (×10-3 mol/L)
1.5
3.0
4.5
88.73
99.25
98.63

3.0
96.99

5.0
90.61

pH
7.0
99.25

9.0
94.87

11.0
98.62

0
12.52

0.0112

0.0074

0.0141

0.0090

0.0138

0.0004

The solution pH significantly affects the photocatalytic process by changing the surface charge of the photocatalyst [17]. The effect of pH on the catalytic activity of
FePcCl16 under visible light was explored and the results
were shown in Table 1, which demonstrate that FePcCl16
can effectively degrade RhB by activating H2O2 in a wide
range of pH (3-11) under visible light illumination. Moreover, the degradation of RhB showed that, without either
H2O2 or catalyst, the degradation rate was much less than
that of the system with both catalyst and H2O2 under visible light. H2O2 enhances the degradation of toxic organic
pollutants. For this reason, the effect of H2O2 concentration on the degradation of RhB was also investigated in
the system of FePcCl16/H2O2/Vis and the results were also
shown in Table 1, which demonstrate that the optimal H2O2
concentration is 3.0×10-3 mol/L as higher concentration of
H2O2 (4.5×10-3 mol/L) do not increase the degradation
extent of RhB.

0.0063

0.0141

0.0122

The change of •OH concentration and TOC for the
system of FePcCl16/H2O2/RhB/Vis during the photodegradation process were determined (Figure 5). The variation trend of •OH was the same as that in the system of
FePcCl16/O2/RhB/UV (curves a and b in Figure 3). The results show that RhB can be degraded by FePcCl16, activating H2O2 under visible light illumination and the mineralization rate reached 64.73% after 300 min of irradiation.
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FIGURE 5 - Change of •OH concentration and TOC during the
photodegradation process. a and b: [RhB]=1.5×10-5 mol/L;
[FePcCl16]=0.4 g/L; [H2O2]=3.0×10-3 mol/L; pH=7.0 c and d:
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The stability of the immobilized catalyst is very important for its application in environmental technology [18].
Therefore, the recycling of FePcCl16 was examined for the
degradation of RhB over four consecutive cycles under
both ultraviolet light and visible light irradiation. After
each experiment, the solution residue from the photocatalytic degradation was filtered, and the solid catalyst rinsed
and dried. The dried catalyst samples were used again for
the degradation of RhB with identical experimental conditions. In the system of FePcCl16/O2/RhB/UV (Figure 6 A),
over the four consecutive cycles, the catalyst showed good
stability and its activity was not attenuated. The degradation kinetic constants, k, for cycles one, two, three and four
were 0.0226, 0.0198, 0.0186 and 0.0178 min-1, respectively. While in the system of FePcCl16/H2O2/RhB/Vis (Figure 6 B), the activity of the photocatalyst was reduced. The
degradation rates (k) for cycles one, two, three and four
were 98.44% (0.0135 min-1), 88.18% (0.0074 min-1), 81.99%
(0.0060 min-1) and 77.57% (0.0053 min-1), respectively.
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FIGURE 6 - Catalyst recycling during consecutive degradation of
RhB. [RhB]=1.5×10-5 mol/L; [FePcCl16]=0.4 g/L; [H2O2]=3.0×10-3
mol/L; pH=7.0

In addition, at the end of each cycle, the concentration
of iron ion in the solution was detected by atomic absorption spectrophotometer (Varian, USA) and the results were
3.21, 40.95, 203.46 and 716.57 µg/L, respectively, demonstrating convincibly that FePcCl16 was self degraded with
time (Figure 3 B).
3.5. IR analysis during the degradation of RhB

The IR spectroscopy was employed to identify the
degradation products of RhB (Figure 7) in the presence of
FePcCl16 and H2O2 under visible irradiation. The bands at
1590, 1340 and 1180 cm-1 are due to the stretching vibrations of the molecular frame of RhB, the C-CH3 bond and
the Ar-N bond, respectively. And the peaks at 1440 and
1079 cm-1 are attributed to the stretching vibrations of the
phenyl ring (-C=C-) and the ether bond (-C-O-C-). Compared with the IR spectroscopy of RhB before degradation
(curve a) and intermediates at the end of 8 h (curve b) and
16 h (curve c), the bands at 1590, 1440, 1340, 1180 and
1079 cm-1 decreased with irradiation time and eventually
disappeared during the photooxidation process. Meanwhile,
the bands at 1630, 1380 and 1120 cm-1 attributed to the
flexural vibration of -NH2, the stretching vibrations of the
carbonyl group and the C-N bond, respectively, appeared.
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The results indicate convincingly that the large conjugated
chromophore structure of RhB molecule is completely destroyed in the presence of FePcCl16 and H2O2 under visible
irradiation. Primary amines and carboxylic acids are the
main mineralized products. These observations are consistent with the conclusions in other systems in our works
[19, 20].
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FIGURE 7 - IR spectra of the intermediates during the degradation of
RhB. [RhB]=1.5×10-5 mol/L; [FePcCl16]=0.4 g/L; [H2O2]=3.0×10-3 mol/
L; pH=7.0
3.6. Degradation of SA by FePcCl16 under visible light irradiation

In order to further examine the role of FePcCl16 in the
photocatalytic reaction, the degradation of SA, a stable organic substance that does not absorb light in the visible
region, was investigated. Degradation curves were displayed
in Figure 8, which were similar to those obtained for
RhB. As the degradation proceeded, 69.63% (k=0.1163
min-1) of SA was degraded after 10 h of visible irradiation
containing FePcCl16 and H2O2 (curve a). The results indicate that the photocatalytic system under investigation is
efficient at degrading small stable organic molecules.
Control experiments showed that, under otherwise identical conditions, there was very little degradation of SA
observed (14.57%, k=0.0148 min-1) in the presence of
H2O2 alone (curve c). In the dark, almost no degradation occurred (4.40%) in the presence of both FePcCl16
and H 2O 2 (curve b).

On the basis of all experimental results, possible mechanisms for the photocatalytic system of FePcCl16/O2/RhB/UV
and FePcCl16/H 2O 2/RhB/Vis are proposed, represented
schematically in Figure 9. On the surface of hydrophobic
FePcCl16, H2O easily approaches the iron center of FePcCl16
at the axial direction to give axial ligand HOFe PcCl16 [21].
Under ultraviolet light irradiation, HOFe PcCl16 is activated
to produce excited state HOFe PcCl16*. HOFe PcCl16* is
unstable, therefore electron transfer from the ligand to the
iron center of FePcCl16 occurs and •OH and Fe PcCl16
generate. Then O2 combines with ferrous iron to from •O-OFe PcCl16, which is easy to translate to H-O-O-Fe PcCl16.
On the one hand, H-O-O-Fe PcCl16 undergoes intramolecular cleavage to generate high-valence iron complex
O=Fe PcCl16. On the other hand, the O-O band of H-O-OFe PcCl16 easily undergoes rapid cleavage to generate
HOFe PcCl 16 . A redox cycle is complete and the net
result is to generate •OH and high valence iron-oxo
species (O=Fe PcCl 16 ). Under visible light illumination, HOFe PcCl16 cannot be activated to produce excited
state for the energy is not enough. H 2O 2 is necessary to
generate HOOFe PcCl16, which is easy to convert to
excited state HOOFe PcCl16*. Electron transfer from the
iron center of FePcCl16 to the ligand occurs and •OH
and transient species •OH…OFe PcCl16 generate.
However, •OH…OFe PcCl16 is unstable and easily
undergoes rapid cleavage to generate •OH and iron-oxo
species O=Fe PcCl16. It is easy for O=Fe PcCl16 to convert to HOFe PcCl16. Because the oxidative activity of
•OH, redox potential 2.72 ev [1], is much higher than
that of high valence iron-oxo species (O=Fe PcCl16 and
O=Fe PcCl16), the photooxidative reaction with •OH should
be predominant in the present systems. In the presence of
substrate, the •OH generated reacts immediately with organic substrates and degrade them effectively.
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FIGURE 9 - Possible mechanisms for the degradation of pollutants
illuminated by ultraviolet and visible light

4 CONCLUSIONS
The nonbiodegradable dye RhB and the organic pollutant SA have been shown to undergo photodecomposition in aqueous solution under both ultraviolet and visible
light by hydrophobic photocatalyst FePcCl16, activated by
O2 and H2O2, respectively. After ultraviolet light irradiation for 180 min, 86.24% of RhB was mineralized, and
64.73% TOC removal of RhB occurred after 300 min of
visible light illumination. FePcCl16 is hydrophobic and
can be easily collected from the reaction solution by simple filtration and reused for photocatalysis with little loss
of activity. This photocatalytic system provides an additional approach, with great potential, for the oxidative removal of persistent organic pollutants.
ACKNOWLEDGEMENTS
We would like to thank Rachel Taupier of Ferrum
College (Ferrum, VA) for her assistance in revising the
draft manuscript. This work was supported by the National Nature Science Foundation of China (Nos.
21177072, 21207079), the Outstanding Young Innovative
Team Plan Project of Hubei Province (No. T200703) and
the Innovation Group Project of Hubei Province Natural
Science Foundation (No. 2009CDA020). The authors
thank the anonymous reviews for their comments.

REFERENCES
[1]

Tachikawa, T., Fujitsuka, M. and Majima, T. (2007). Mechanistic Insight into the TiO2 Photocatalytic Reactions: Design
of New Photocatalysts. J. Phys. Chem. C. 111, 5259-5275

[2]

Zhu, J.Y., Lu, G.F., Li, S.F., Zhu, F.T. and Deng, L. (2010).
Oxidation of melamine in aqueous solutions by UV illumination. Fresenius Environ. Bull. 19, 271-274

[3]

Yamazaki, I. and Piette, L.H. (1991). EPR spin-trapping
study on the oxidazing species formed in the reaction of the
ferrous ion with hydrogen peroxide. J. Am. Chem. Soc. 113,
7588-7593

558

[4]

Ma, W.H., Huang, Y.P., Li, J., Cheng, M.M., Song, W.J. and
Zhao, J.C. (2003). An efficient approach for the photodegradation of organic pollutants by immobilized iron ions at neutral pHs. Chem. Commun. 1582-1583.

[5]

Cheng, M.M., Ma, W.H., Chen, C.C., Yao, J.N. and Zhao, J.C.
(2006). Photocatalytic degradation of organic pollutants catalyzed by layered iron (II) bipyridine complex-clay hybrid under
visible irradiation. Appl. Catal. B: Environ. 65, 217-226

[6]

Sesalan, B.S., Koca, A. and Gul, A. (2008). Water soluble
novel phthalocyanines containing dodeca-amino groups.
Dyes and pigments, 79, 259-264

[7]

Kathiravan, A. and Renganathan, R. (2009). Effect of anchoring group on the photosensitization of colloidal TiO2 nanoparticles with prophyrins. J. Colloid Interface Sci. 331, 401407

[8]

Maretti, L., Carbonell, E., Alvaro, M., Scaiano, J.C. and Garcia, H. (2009). Laser flash photolysis of dioxo iron phthalocyanine intercalated in hydrotalcite and its use as a photocatalyst. J. Photochem. Photobiol. A: Chem. 205, 19-22

[9]

Sun, Q. and Xu, Y.M. (2009). Sensitization of TiO2 with
aluminum phthalocyanine: factors influencing the efficiency
for chlorophenol degradation in water under visible light. J.
Phys. Chem. C. 113, 12387-12394

[10] Tao, X., Ma, W.H., Zhao, J.C. and Zhang, T.Y. (2002). A
novel approach for the oxidative degradation of organic pollutants in aqueous solutions mediated by iron tetrasulfophthalocyanine under visible light radiation. Chem. Eur. J. 8,
1321-1326
[11] Xu, Y.M., Hu, M.Q., Chen, Z.X. and Zeng, D.Y. (2003).
Mineralization of 4-chlorophenol under visible light irradiation in the presence of aluminum and zinc phthalocyaninesulfonates. Chin. J. Chem. 21, 1092-1097
[12] Chen, W.X., Chen, S.L., Lü, S.S., Yao, Y.Y. and Xu, M.H.
(2007). Photocatalytic oxidation of phenol in aqueous solutions with oxygen catalyzed by supported metallophthalocyanine catalyst. Sci China Ser B: Chem. 50, 379-384
[13] Sun, A.H., Xiong, Z.G. and Xu, Y.M. (2008). Removal of
malodorous organic sulﬁdes with molecular oxygen and visible light over metalphthalocyanine. J. Hazard. Mater. 152,
191-195
[14] Shen, Y.F., Peng, Z.H. and Zhou Y.H. (2006). Preparation
and photocatalytic activity of perchlorinated metallophthalocyanines MPcCl16 (M=Fe , Co , Cu , Zn ). Wuhan University J. Natural Sci. 52, 663-666
[15] Ishibashi, K., Fujishima, A., Watanabe, T. and Hashimoto, K.
(2000). Detection of active oxidative species in TiO2 photocatalysis using the fluorescence technique. Electrochem.
Commun. 2, 207-210
[16] Bader, H., Sturzenegger, V. and Hoigne, J. (1988). Photometric method for the determination of low concentrations of hydrogen peroxide by the peroxidase catalyzed oxidation of N,
N-diethyl-p-phenylenediamine (DPD). Water Res. 22, 11091115
[17] Wang, S.L., Gu, Y., Cao, T.T., Wang, P., Zhang, A.Q.,
Huang, Y.P. and Ma, W.H. (2011). Photodegradation of toxic
organic pollutants catalyzed by MnPcTc immobilized on
WO3. Fresenius Environ. Bull. 20, 2071-2077
[18] Wang, S.L., Fang, Y.F., Yang, Y., Liu, J.Z., Deng, A.P.,
Zhao, X.R. and Huang, Y.P. (2011). Catalysis of organic pollutant photodegradation by metal phthalocyanines immobi-

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

lized on TiO2@SiO2. Chin. Sci. Bull. 56, 969-976
[19] Huang, Y.P., Ma, W.H., Li, J., Cheng, M.M., Zhao, J.C.,
Wan, L.J. and Yu, J.C. (2003). A novel β-CD-hemin complex
photocatalyst for efficient degradation of organic pollutants
at neutral pHs under visible irradiation. J. Phys. Chem. B.
107, 9409-9414
[20] Cao, T.T., Zou, C.Q., Luo, G.F., Chen, D.X., Zhao, X.R., Li,
R.P. and Huang. Y.P. (2011). Heterogenous degradation of
toxic organic pollutants by hydrophobic iron ( ) Schiff base
complex under visible irradiation. Chem. J. Chin. Universities. 32, 105-112
[21] Hadasch, A., Sorokin, A., Rabion, A. and Meunier, B. (1998).
Sequential addition of H2O2, pH and solvent effects as key factors in the oxidation of 2, 4, 6-trichlorophenol catalyzed by iron
tetrasulfophthalocyanine. New J. Chem. 22, 45-41

Received: June 29, 2012
Revised: August 16, 2012
Accepted: August 20, 2012

CORRESPONDING AUTHOR
Yingping Huang
China Three Gorges University
Engineering Research Center of Eco-environment in
Three Gorges Reservoir Region
Ministry of Education
Yichang 443002
P.R. CHINA
E-mail: huangyp@ctgu.edu.cn
FEB/ Vol 22/ No 2a/ 2013 – pages 549 - 555

559

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

PHENOL REMOVAL CHARACTERISTIC OF
NEWLY SYNTHESIZED MICROPOROUS GEL BEADS
WITH CATIONIC SURFACE CHARGE
Hülya Yavuz Ersan*
Hacettepe University, Faculty of Engineering, Chemical Engineering Department, Ankara, 06800, Turkey

ABSTRACT
In this study a new sorbent for phenol removal was developed. As a starting material for sorbent synthesis, hydrophilic, spherical and reactive gel beads were first produced
in the form of poly(3-chloro-2-hydroxylpropyl methacrylateco-ethylene glycol dimethacrylate), poly(HPMA-Cl-coEDM) copolymer via suspension polymerization. Quaternary ammonium functionalized gel beads were obtained by
treating the plain gel beads with triethylamine (TEA). The
developed material was then first tried as an anion exchanger type sorbent for phenol removal. The sorption
properties of TEA attached poly(HPMA-Cl-co-EDM) beads
were investigated in batch mode. It was observed that the
equilibrium adsorption capacity of gel beads decreased
from 17 to 12 mg g-1 beads while changing pH from 2 to
10. According to isotherm studies it was observed that the
equilibrium adsorption capacity of gel beads particles remained between 20-25 mg g-1 beads. The results showed
that the adsorption isotherm could be adequately described
by Freundlich model. Elution studies indicated that desorption is possible at pH 10 using NaCl. The maximum desorption yield obtained following adsorption with an initial
phenol concentration of 2000 mg L-1 is 74 % w/w. The
results indicated that the newly proposed material, TEA
attached poly(HPMA-Cl-co-EDM) gel beads is a promising sorbent for phenol removal in aqueous media.

KEYWORDS:
Phenol, adsorption, polymer gels, environmental pollution

1 INTRODUCTION
Phenols are present in wastewaters of various industries such as refineries, coal processing, pharmaceuticals,
pesticides, paint, pulp and paper, textile manufacture, and
mining. Presence of phenol and phenolic compounds in
aquatic environments is of big concern due to their toxicty
* Corresponding author

even at low concentrations. Due to the water purification
standards the phenol containing wastewaters should be
treated before to being discharged into a receiving water
body. There are various separation and destruction technologies to remove phenol from wastewaters each having
particular disadvantages and adsorption seems to be the
one of the best technologies [1]. Among various adsorbants
activated carbon is the most widespreadly used one. Although high adsorption capacities were reported for phenol
removal by activated carbon, the regeneration of activated
carbon is time consuming and expensive due to the irreversible adsorption of phenol [1,2]. Therefore, other
adsorbants for phenol removal such as clays, zeolites,
silicates [1,3-6] and polymeric resins [1,3,7-11] are being
studied recently. Among numerous studies polymer
sorbents are now the most promising alternative due to
their excellent mechanical strengths, feasible regeneration
under mild conditions [12], flexibility in processing and
possibility to produce granular solids, powders, thin films
and smart membranes.
In order to improve the adsorption capacity of polymeric adsorbents such as Amberlite XAD-4 for some polar
organic compounds like phenol, chemical modification by
polar functional groups like amino, hydroxyl, acetyl and
amide groups are reported in literature [11-14]. In this
study, HPMA-Cl based beads were selected as a new
starting material for the preparation of sorbent carrying
quaternary ammonium functionality. For the synthesis of
the sorbent, triethylamine (TEA) was covalently attached
onto the beads via the direct reaction between tertiary
amine groups of TEA and chloropropyl group of HPMACl units. The phenol sorption properties of TEA attached
poly(HPMA-Cl-co-EDM) beads were investigated in batch
mode studies.
2 MATERIALS AND METHODS
2.1 Reagents and Equipment

Phenol concentrations were determined spectrophotometrically. pH measurements were performed by CyberScan 1000 pH meter. Electron micrographs of crosslinked
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poly(HPMA-Cl) gel beads were obtained by SEM (Phillips, XL-30S FEG, Germany). FTIR spectra of beads were
obtained by using FTIR spectrophotometer (Varian FTS
7000, USA).
2.2 Preparation of phenol selective sorbent

Poly(HPMA-Cl) gel beads were prepared via the suspension polymerization as follows. The stabilizer poly(vinyl
alcohol) (0.4 g) was dissolved in deionised water (40 mL)
for the preparation of a continuous phase. The dispersed
phase was prepared by mixing ethylbenzene (3.5 mL),
HPMA-Cl (2.25 mL) and EGDMA (2.25 mL). Then, benzoyl peroxide (0.1 g) as an initiator was dissolved in the
organic phase. The dispersed phase and the continuous
medium were mixed within a glass-sealed polymerization
reactor placed in a water bath equipped with a thermoregulator. The polymerization was performed at 90 °C for 4
h. Poly(HPMA-Cl-co-EGDMA) beads were washed two
times with ethanol and then two times with water before
being dried. The poly(HPMA-Cl-co-EDM) beads were
functionalized with TEA (triethyl amine). For this purpose,
dried poly(HPMA-Cl-co-EDM) beads (2 g) were reacted
with TEA (6 mL) in tetrahydrofuran (THF, 20 mL) at 40oC
by magnetic stirring at 250 rpm for 24 h. TEA attached
poly(HPMA-Cl-co-EDM) beads were then extensively
washed with ethanol and DDI water and finally dried in
vacuum at 50oC for 48 h.
2.3 Batch mode sorption studies

The adsorption capacity, Q (mg phenol g-1 resin) was
calculated by following equation;

Q=

Co − Ce
×V
W

(1)

where, Co is the initial phenol concentration in solution, Ce is the equilibrium phenol concentration in solution (mg L-1), V is the volume of the solution (L), and W
is the weight of the adsorbent (g).
To investigate the effect of solution pH on phenol uptake the equilibrium adsorption amounts were determined
at different pH values (2-10). In all run 0.1 g resin was
added to 10 mL of 100 mg phenol L-1 solution prior to pH
adjustment and phenol concentrations were measured
after continuous shaking for 1 h. All experiments were
performed at room temperature.
For adsorption isotherm study, 0.1 g of resin was contacted with 10 mL of phenol solution at initial concentrations of 50, 100, 300, 600, 1000, 1500, 2000 mg phenol L1
for 24 h with continuous shaking. The experimental data
were interpreted with different isotherm models.
The widely applied Langmuir isotherm for the adsorption of liquid pollutants is expressed as:

Ce
1
C
=
+ e
Qe Qo K L Qo

(2)

where Ce is the equilibrium concentration (mg L-1),
Qe is the equilibrium adsorption capacity (mg g-1), Qo and
KL are Langmuir constants representing adsorption capacity (mg g-1) and energy of adsorption (L mg-1) respectively.
While the Langmuir theory is based on the homogeneous surfaces and monolayer adsorption, the emprical
Freundlich isotherm is based on the heterogegeous surfaces and multi-layer adsorption. The Freundlich equation
describing the non-ideal and reversible adsorption is illustrated as:

1
log Qe = log K F + log Ce
n

(3)

where KF and n are Freundlich constants representing
adsorption capacity (mg g-1)(L mg-1)n-1 and adsorption
intensity respectively, Qe is the equilibrium adsorption
capacity (mg g-1), and Ce is the equilibrium concentration
of phenol (mg L-1).
The desorption of phenol from the resin was performed with NaCl solution at pH 10.
3 RESULTS AND DISCUSSION
In the present study, a new type of anion exchanger
resin in the hydrophilic form was fisrt synthesized. For
this purpose, a new monomer, 3-chloro-2-hydroxylpropyl
methacrylate (HPMA-Cl) and a methacrylate based crosslinking agent, ethylene glycol dimethacrylate (EDM)
were selected as the components of ion-exchanger type
sorbent. The base matrix for the sorbent, spherical, hydrophilic poly(HPMA-Cl-co-EDM) microspheres were
obtained by a newly developed suspension polymerization
protocol [15]. The molecular structure of poly(HPMA-Clco-EDM) beads is given in Figure 1. The copolymer microspheres synthesized are hydrophilic in nature due to
the hydroxyl functionality in the selected main monomer
(i.e. HPMA-Cl).
On the other hand, poly(HPMA-Cl-co-EDM) microspheres are highly reactive due to their chloropropyl functionality. This group allows the covalent attachment of
various ion exchanger ligands onto the polymeric matrix
via simple and single stage reactions. All types of ion
exchanger groups like sulfonic acid, carboxyl, dietilamino
and quaternary ammonium can be easily attached onto the
microspheres via reactions with sodium bisulphide, amino
acid, diethylamine and tertiary amine, respectively.
Cationically charged weak or strong anion exchanger
ligands can be easily generated on the poly(HPMA-Cl-coEDM) microspheres via direct reactions between chloropropyl group and primary, secondary or tertiary amines.
Then poly(HPMA-Cl-co-EDM) particles have an important tailoring flexibility to introduce various funtional
groups onto the polymeric matrix. In our case, a tertiary
amine, triethylamine (TEA) was selected as a ligand to
have quaternary amine functionality on the polymeric
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matrix. The chemical route used for formation of quaternary amine functionality on the poly(HPMA-Cl-co-EDM)
beads is given in Figure 1. Quaternary ammonium functionalized hydrophilic poly(HPMA-Cl-co-EDM) beads
were first used as a sorbent for phenol removal in bacth
fashion.

FIGURE 2 - An optical micrograph of nonporous polydisperse gel
beads.

FIGURE 3 - Effect of pH on phenol removal by TEA attached
poly(HPMA-Cl-co-EDM) beads.
3.2 Effect of solution pH on adsorption

FIGURE 1 - The chemical structure of poly(HPMA-Cl-co-EDM)
beads and the chemical route used for generation of quaternary
ammonium functionality on the poly(HPMA-Cl-co-EDM) beads.
3.1 Characterization of TEA attached poly(HPMA-Cl-co-EDM)
beads

A representative electron micrograph of the poly(HPMA-Cl-co-EDM) gel beads is given in Figure 2. As
seen here, poly(HPMA-Cl-co-EDM) beads were obtained
in spherical form with reasonably narrow size distribution. Based on the electron micrograph given here, the
average size of poly(HPMA-Cl-co-EDM) beads and the
coefficient of variation for size distribution were determined as 370 um and 12 %, respectively. The specific
surface area of the plain beads was measured by BET as
28.1 m2 g-1 as described elsewhere [15]. The TEA content
of the final beads was determined by potentiometric titration and found as 15.3 mg TEA g-1 dry beads [15].

The effect of pH on adsorption behavior of TEA attached poly(HPMA-Cl-co-EDM) particles was studied between pH 2-10. There is a slight decrease in the adsorption
capacity of particles from 17 to 12 mg g-1 with increasing
pH (Figure 3). The phenol is a weak acid that exits in
aqueous solutions as both neutral and deprotonated forms.
The acidity of phenol prevents its adsorption over the
acidic sites [3]. Uptake of phenol into the resin beads can
take place by ion exchance of PO- and/or molecular adsorption of POH [16]. At pH values greater than 9 (pKa
value is 9.89 (1)) the phenol starts dissociation into negative phenolate ions which prevent adsorption. It can be
postulated that the adsorption of phenol onto TEA attached
poly(HPMA-Cl-co-EDM) particles is dominated by the
molecular adsorption but not by the ion exchange. Therefore the adsorption mechanism includes the hydrophobic
interaction, hydrogen bonding and π-π interaction (Van
der Waals forces). The formation of hydrogen bonds was
possible between the amino groups on the resin and the
phenolic hydroxyl groups of phenol. Hydroxyl groups
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present onto the TEA attached poly(HPMA-Cl-co-EDM)
particles may cause the formation of water cluster on the
surface by hydrogen bonding, which can interface the adsorption of phenol [17-19]. One can conclude that the
behavior given in Figure 1 is consistent with those reported
elsewhere for similar sorbents [12, 20]. As reported in the
literature, the phenol adsorbed in equilibrium decreased
with increasing pH due to the reasons explained above.
3.3 Phenol adsorption-desorption behavior

The variation of extent of phenol adsorbed with the initial phenol concentration in the aqueous medium is given in
Figure 4. As seen here, the amount of phenol adsorbed
markedly increased with increasing phenol concentration
up to the phenol concentration of 1500 mg L-1. Then the
equilibrium adsorption capacities of TEA attached poly(HPMA-Cl-co-EDM) particles leveled off between 2025 mg g-1 beads (Figure 4). The adsorption capacity of adsorbent from aqueous solution could be affected by several
factors, such as specific surface area, micropore structure,
adsorbent polarity and also the adsorbate-adsorbent interaction which includes the van der Waals force and hydrogen
bonding [17]. Phenol adsorption mechanism of TEA attached poly(HPMA-Cl-co-EDM) particles can completely
be different from that of activated carbon [19]. High adsorption capacities obtained by activated carbon and some
other polymeric resins can be attributed to their high surface area [19].

FIGURE 4 - Adsorption capacity of phenol onto TEA attached
poly(HPMA-Cl-co-EDM) beads.

The results showed that the adsorption isotherm could
almost be fitted by not the Langmuir but the Freundlich
model with a coefficient of determination of (R2) 0.799.
This implies that there is a multilayer adsorption onto
heterogeneous surface of TEA attached poly(HPMA-Clco-EDM) particles. This theory states that stronger binding sites are occupied first, until adsorption energy is exponentially decreased upon the completion of adsorption
process [21]. The small R2 value may be interpreted as the
adsorption mechanism is not physisorption. Meanwhile, it
was stated by using the adsorption energy (EDR) values of
Dubinin-Radushkevich isotherm that the adsorption pro-

cess of phenol onto poly(methyl methacrylate) is physiosorption with an R2 of 0.857 (22).
The desorption yield was defined as the percent-ratio
of desorbed amount of phenol from the gel beads to the
adsorbed amount of phenol onto the beads. The elution studies indicated that the desorption is possible at pH 10 with
NaCl (Figure 5). Desorption yield increased from 54 % to
73 % with the increase in phenol concentration from 100 mg
L-1 to 1000 mg L-1 and the plateau was obtained at the
concentrations higher than 1000 mg L-1. The maximum
desorption yield obtained for 2000 mg L-1 phenol solution
is 74 % w/w.

FIGURE 5 - Desorption values of phenol from TEA attached
poly(HPMA-Cl-co-EDM) beads at pH 10.

4 CONCLUSION
Novel gel beads with functional groups were developed as a sorbent for phenol adsorption from aqueous environment. Poly(HPMA-Cl-co-EDM) gel beads were prepared via the suspension polymerization and then functionalized with TEA. It was observed that the equilibrium
adsorption capacity of poly(HPMA-Cl-co-EDM) beads decreased slightly from 17 to 12 mg g-1 while changing the
pH from 2 to 10. It was also observed that the equilibrium
adsorption capacities of poly(HPMA-Cl-co-EDM) particles exhibited a plateau between 20-25 mg g-1 beads. The
tried sorbent also exhibited satisfactory desorption ratios.
Elution studies indicated that high desorption yield was
possible at pH 10 in the existence of salt (i.e. NaCl). Therefore the results can open a new approach for removal of
phenol from water and wastewater with the TEA attached
poly(HPMA-Cl-co-EDM) particles. Further study on the
synthesis of porous TEA attached poly(HPMA-Cl-coEDM) particles are still going on.
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ABSTRACT

1 INTRODUCTION

The deterioration of urban water has inspired wide
monitoring and assessment of water quality in urban rivers.
In present study, different statistical techniques were used
to analyze water quality datasets including 19 water parameters monitored twice a month along an urban river at
10 sites in 2009 and 2010, except the frozen period in
Beijing. Composite water quality of upstream and midstream samples fell into II or III class of national surface
water standards, but the downstream samples were beyond
the worst class (V). The 10 months were assigned to three
groups (wet, mean, and dry periods). TEMP, Cl-, COD,
and DO were discriminant variables of the temporal variation, with 86% correct assignments. All the discriminant
parameters (except for Cl-) showed a statistical difference
(p<0.05) among the three periods. COD concentration
was highest in the dry period, while DO was lowest and
TEMP was highest during the wet period. The monitoring
sites were classified into upstream, midstream, and downstream. TEMP, pH, DO, BOD5, TOC, NH4+-N, Cl-, SiO44,
Ca2+, Mg2+, K+, and Na+ were discriminant variables of the
spatial variation with 92% correct assignment. All discriminant variables of spatial variation (except pH and DO) were
highest in downstream, and DO was lowest in downstream
and pH was highest in midstream. Principal component
analysis/factor analysis identified four latent pollutants, explaining 76% of the total variance in river water quality: inorganic ions, nutrients and organic pollutants, physical contamination, and biological pollution. Source apportionment
through absolute principle component score-multiple linear
regression revealed that most water variables were primarily influenced by mineral weathering, urban runoff, domestic sewage, and unidentified sources.

KEYWORDS: temporal variation, spatial variation, water quality,
trans-urban river, Beijing, statistical analysis

* Corresponding authors

Urban rivers are an essential component of the urban
environment and a matter of serious concern today. They
are an important water source for human and other organisms, and provide transportation and considerable ecological services. Unfortunately, with the growth of human populations and rapid urbanization, urban rivers receive large
amounts of pollution from a variety of sources such as
municipal sewage, industrial wastewater, and stormwater
runoff [1]. The fast deterioration of water quality in urban
rivers in many regions has resulted in serious environmental problems [1,2]. To help improve urban river water
quality, field monitoring of water quality has been conducted in some cities and regions [3-5]. Sources that pollute urban rivers differ widely. Mbuligwe et al. [3] found
that urban rivers were heavily polluted by industrial
wastewater, municipal wastewater, and stormwater runoff in
Dar es Salaam, Tanzania. Kannel et al. [4] found that the
Bagmati River and its tributaries in the Kathmandu valley
of Nepal were mainly polluted by untreated municipal
sewage other than industrial activities. However, Lewis et
al. [5] suggested that atmospheric dry deposition was the
most important pollution source in the urban headwaters
in the Big Brushy Creek watershed, South Carolina. Different pollutants in cities might be due to local, diverse and
combined natural processes and anthropogenic activities.
Beijing, the capital of China, is located between the
rivers of Yongding and Chaobai, with relatively flat terrain
and rich riverine networks, including many rivers, canals,
and lakes, that provide drinking water, recreation, and
drainage. Since the “open-door” policy of 1978, the economy in Beijing has developed rapidly and living standards
have improved markedly. However, as the economy developed rapidly, water quality in Beijing has been seriously degraded by increasing pollution from both point and
non-point sources. Based on the water resources bulletin
of the Beijing municipal environmental monitoring center, 83 rivers with 2006.6 km in the Beijing area were
monitored in 2010, and 43.2% of the total length exceeded the worst class (V) of national surface water standards.
Several studies of surface water quality were conducted in
the Beijing area. For example, Li et al. [6] and Cui et al
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[7] found that water quality in the area was mostly polluted by nitrogen and phosphorus. Che et al. [8] estimated
the total pollution load of urban runoff in Beijing and
considered that urban waters were mainly polluted by
stormwater runoff. Fan et al. [9] investigated the influence
of urbanization on water chemistry in rivers near Beijing
and found that river water chemistry was mostly influenced
by rock weathering. These studies, however, do not discuss or fully explore the temporal and spatial patterns of
surface water quality in the Beijing area, especially the
trans-urban river, nor identify pollution sources and their
quantitative contributions to water variables.
In view of the complex spatial and temporal variations in water quality, the usual technique is to measure
multiple parameters at different sites and times, but these
monitoring programs will produce large data sets that are
difficult to interpret and draw meaningful conclusions [10].
The application of different statistical techniques, such as
grey relationship analysis (GRA), cluster analysis (CA),
principal component analysis (PCA), factor analysis (FA),
discriminant analysis (DA), and absolute principle component score-multiple linear regression (APCS-MLR), helps
to interpret complex and large data sets and offers better
understanding of water quality [11,12]. In recent years,
these statistical techniques have been effectively employed
to characterize and evaluate surface water, ground water,
and coastal water quality, and are useful to identify pollution sources and temple/spatial variations caused by natural processes and anthropogenic impacts [13-16].

Given these considerations, this study will apply statistical analysis methods (GRA, CA, PCA, FA, DA and
APCS-MLR) to evaluate and interpret Beijing urban river
water sampled in 2009 and 2010, and aims to: (1) classify
the status of composite water quality; (2) extract information about temporal and spatial similarity and variation
of trans-urban river quality; (3) identify the possible pollution factors/sources that influence urban river water;
and (4) analyze the contributions of each pollution source
to each water quality variable.
2 MATERIALS AND METHODS
2.1. Study area and sampling sites

Beijing city (39°28′–41°25′ N, 115°25′–117°130′ E)
is located on the piedmont of the Yan and Taihang Mountains in the northern part of the North China Plains. The
average elevation of the urban area is less than 50 m above
sea level, and the elevation decreases from northwest to
southeast. The climate of Beijing is classified as Asian monsoon. The annual mean temperature is 13oC, with the highest monthly mean temperature of 26oC in July and the
lowest monthly mean temperature of -2oC in January. The
mean annual rainfall is 603 mm, of which approximately
72.5% of occurs in the June–August period.
Although there are complex river network systems in
the urban area of Beijing, the rivers of Chang and Zhuan;
lakes of West, Back, Front, North, Central, and South;

FIGURE 1 - Study area and its water quality monitoring site
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and rivers of Changpu and Tonghui were connected to run
across downtown Beijing from northwest to southeast.
The water in the rivers is supplied by a canal transferring
water from the Miyun Reservior and is discharged into
the Hai River, which runs into the Pacific Ocean.
To investigate the temporal and spatial changes in urban water quality, water was sampled at 10 sites (Fig. 1)
twice a month in 2009 and 2010, except January and February when the river was frozen. Sites 1 and 2 are located
on the Jingmi canal, which was an important water source
for the Beijing urban river and lake. Sites 3–8 are on the
Chang River, Zhuan River, Beihucheng River and water
system within Second Ring Road, which are used as a

recreation watercourse. Sites 9 and 10 are located on the
Tonghui River, which was one of the four main drainages
for wastewater and stormwater.
2.2. Sampling and analytical methods

At each site water was sampled from a bridge over
the river using a stainless steel bucket and a plastic bottle.
Buckets and bottles were rinsed three times with river
water before samples were collected. The water temperature (TEMP) was measured by a portable thermometer in
situ. Samples were immediately brought to a laboratory of
Research Center for Eco-Environmental Sciences to analyze water quality parameters (Table 1).

TABLE 1 - Water quality parameters and analytical method and equipment
Parameter
pH
Electrical conductivity (EC)
Total dissolved solid (TDS)
Dissolved oxygen (DO)
Chemical oxygen demand (COD)
Biochemical oxygen demand after
5 days (BOD5)
Total phosphorus (TP)
Total nitrogen (TN)
Ammonia nitrogen (NH4+-N)
Nitrate (NO3-)
Total organic carbon (TOC)
Total inorganic carbon (TIC)
Potassium (K+)
Sodium (Na+)
Calcium (Ca2+)
Magnesium (Mg2+)
Silicate(SiO44-)
Fluoride (F-)
Chloride (Cl-)
Sulphate (SO42-)

Analytical method and equipment
pH meter (Mettler Toledo, Switzerland, DELTA 320)
Electrometric method (Mettler Toledo, Switzerland, DELTA 326)
Gravimetric method
Electrochemical probe method (Thermo Scientific Orion, USA, 850A+)
Rapid digestion and spectrophotometric method (Hach, USA, DRB200; Shimadzum, Japan, UV-1700)
Dilution and seeding method (Thermo Scientific Orion, USA, 850A+)
Persulfate digestion spectrophotometric method (Shimadzum, Japan, UV-1700)
Alkaline potassium persulfate digestion–UV spectrophotometric method (Shimadzum, Japan, UV-1700)
Spectrophotometric method with Nessler’s reagent (Shimadzum, Japan, UV-1700)
Ion chromatograph (Dionex, USA, ICS-1000)
Total carbon analyzer (Elementar, German, Liquic TOC )
Total carbon analyzer (Elementar, German, Liquic TOC )
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Leemans, USA, Prodigy)
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Leemans, USA, Prodigy)
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Leemans, USA, Prodigy)
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Leemans, USA, Prodigy)
Ion chromatograph (Dionex, USA, ICS-1000)
Ion chromatograph (Dionex, USA, ICS-1000)
Ion chromatograph (Dionex, USA, ICS-1000)
Ion chromatograph (Dionex, USA, ICS-1000)

TABLE 2 - Statistical descriptions of water quality parameters
Parameters
TEMP
pH
EC
TDS
DO
BOD5
COD
TOC
TIC
TP
TN
NH4+-N
NO3ClFSiO44SO42Ca2+
Mg2+
K+
Na+

Units
°C
pH units
µs/cm
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l

Mean
17.66
7.86
617.07
354.46
9.44
3.38
42.63
4.51
30.85
0.187
5.81
1.16
14.78
35.00
0.377
5.24
84.61
54.40
21.77
5.07
27.18
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S.D.
8.59
0.38
201.60
120.09
2.65
2.55
62.34
3.55
10.53
0.523
5.95
2.54
16.18
26.05
0.157
3.52
31.64
15.05
5.89
4.13
18.96

Min
1.30
7.24
226.00
34.00
0.65
0.26
0.16
0.81
8.38
0.000
0.80
0.00
0.29
9.03
0.036
0.40
7.78
18.90
7.15
0.70
7.41

Max
34.00
9.51
1402.00
764.00
17.10
15.82
660.00
34.10
78.30
6.560
44.60
22.60
116.00
162.00
1.900
18.10
217.00
95.30
43.40
23.00
123.00
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2.3. Data processing

2.3.3. Discriminant analysis

During 2009 and 2010, 356 samples were analyzed
(Table 2). Most multivariate statistical methods, such as
CA and PCA/FA, required the normality of the distribution of each variable to be tested by analyzing kurtosis and
skewness before multivariate statistical analyses [17]. The
values of kurtosis and skewness beyond the range of −2 to
+2 suggested significant departures from normality [1].
The statistical analysis showed that all variables in the
original data set, except TEMP, pH, DO, TDS, Ca2+, SiO44-,
and Mg2+, were not normally distributed and were skewed
(standardized kurtosis and skewness values ranged from
2.594 to 84.5 and 1.3 to 8.084, respectively). After logtransformation of these parameters, the kurtosis and skewness values were -0.138 to 1.622 and -0.581 to 0.887, respectively. Since the log-transformed SO24- and F- data
were still not normally distributed, they were not included
in the following analysis. For CA and PCA/FA, all variables that had normal distributions were further z-scale
standardized (mean = 0; variance = 1) to avoid misclassification due to wide differences in data dimensionality. Grey
relationship analysis (GRA) and discriminant analysis
(DA) were applied to raw data. All statistical analysis was
performed by SPSS 16.0 (SPSS Inc., USA) and Excel
(2003).

Discriminant analysis (DA) is a statistical method
that obtains discriminant variables between two or more
naturally occurring clusters [22]. It operates on raw data
and the technique constructs a discriminant function for
each cluster. In this study, three clusters for temporal and
two clusters for spatial (derived from CA) evaluations
were selected. DA was performed using Fisher’s method
to construct discriminant functions to evaluate the temporal and spatial variations in river water quality. In addition, nonparametric tests were used to detect possible
differences of discriminant parameters in temporal/spatial
variation (derived from CA and DA).

2.3.1. Grey relationship analysis

Grey relationship analysis (GRA) can improve the
understanding of the diverse processes and complex
phenomena involved in environmental studies, and can
complement data uncertainty that mainly arises from
inexact data, small samples, and incomplete information
[14]. The basic concept of GRA is to determine whether
the relationship among data series sets is close according
to the similar degree of geometric shape of the data series
curve [18]. Closer curves indicate a greater correlation
among the relative data series.
In this study, GRA was used to classify the status of
composite water quality of each sampling site. According
to GB3838-2002 and GB 18918-2002 [19,20], seven
assessment parameters (DO, COD, BOD5, NH4+-N, TP,
TN, and F-) were selected and nine assessment criteria of
water quality classes were divided (Table 3). The mathematical description and detailed discussion of GRA can
be found in the referenced literature [12-14].
2.3.2. Cluster analysis

Cluster analysis (CA) is an unsupervised pattern
recognition method that classifies objects into smaller
clusters of relatively similar cases that are dissimilar to
other clusters [21]. CA by hierarchical agglomeration is
the most common approach, typically illustrated by a
dendrogram that provides a visual summary of the clustering processes [11]. In this study, CA by hierarchical agglomeration with Ward’s method and squared Euclidean
distance was used to determine the spatio-temporal patterns in urban river water quality.

2.3.4. Principle component analysis/factor analysis

Principle component analysis (PCA) is a technique
widely used to reduce the dimensions of multivariate
problems without losing much information. PCA transforms the original variables into a smaller set of independent variables, called the principal components (PCs),
which are linear combinations of the original variables
[23]. Following PCA, factor analysis (FA) further reduces
the contribution of less significant variables through the
varimax rotation matrix obtained from PCA. Then, the
new group of variables known as varifactors (VFs) can be
extracted by the rotation matrix defined by PCA. VFs can
be unobservable, hypothetical, and latent variables, and
usually group the observable water quality variables based
on the common features [24].
2.3.5. Absolute principle component score-multiple linear
regression

Absolute principle component score-multiple linear
regression (APCS-MLR) is a popular method that is used
to estimate source distributions for each pollution variable
[25]. It assumes that pollutant concentration can be viewed
as the linear sum of the elemental contributions from pollution sources. Pollution source contributions to each pollutant were estimated by multiple linear regression with the
de-normalized APCS values produced by PCA and the
measured concentrations of the particular pollutant [23].
The equation is:
π
Μ i = δ0 +

∑

ζ j ⋅ ΑPCS ji

j=1

where Mi is the observed mass concentration in the
sample, APCSjk is the absolute factor score for the jth
factor with the ith measurement ζj is the linear regression
coefficients and δ0 is the contribution of unidentified
sources. Details of APCS-MLR can be found in Singh et
al. [26] and Liu et al. [27].
3 RESULTS AND DISCUSSIONS
3.1. Assessment of composite water quality

The grey relationship degree and classification of the
composite water quality for each monitoring site are shown
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in Table 3. Based on the maximum membership degrees
of GRA, the composite water quality of monitoring sites
of 1–5, and 7 were in class of surface water, the composite water quality of sites 6 and 8 were in III class of surface water, and sites 9 and 10 were in I(B) class of
wastewater. Overall, the composite water quality of the
trans-urban river was worsening from upstream to downstream, which indicates that the water was seriously polluted by urban activities that contribute multiple pollutants.
3.2. Temporal/spatial similarity and grouping

As an exploratory method, temporal CA generated a
dendrogram grouping the 10 months into three clusters
(Fig. 2a). Cluster I was formed by June–August, cluster II
by April, May, September, and October, and cluster III by
March, November and December. These three clusters
approximately correspond to the local hydrological conditions of wet, mean, and dry periods. These clusters differ
from the seasons: spring (March to May), summer (June
to August), autumn (September to November), and winter
(December to February)). Varol and Sen [15] found similar results for the Behrimaz Stream (Turkey), but they
grouped 12 months into two periods of wet and dry.
Spatial CA was applied to detect spatial similarity
and grouping among the monitoring sites and produced a

dendrogram (Fig. 2b). All monitoring sites were grouped
into three main clusters: A (sites 1-6, upstream), B (sites 7
and 8, midstream), and C (sites 9 and 10, downstream).
The classifications varied significantly because the three
clusters had different features and natural features, and
were influenced by different pollution sources. The water
quality of the upstream and midstream river was less polluted, and the composite water quality belonged to II or III
class of the national surface water standard (Table 3). The
upstream river was the water source for Beijing urban
river and lake, and the midstream river was an important
recreation watercourse. There were abundant water sources
and no major point pollution sources along the upstream
and midstream rivers. Meanwhile, considerable manpower
and material resources annually protected the upstream and
midstream rivers, thus water quality was less polluted. For
the downstream river, the water was highly polluted, and
the composite water quality was beyond the worst class (V)
of national surface water standards, and even beyond the
I(B) class of municipal wastewater treatment standard
(Table 3). The downstream river was one of the four main
drainages for wastewater and stormwater. For lack of a
fresh water source, the main water source for the downstream river was the potable reclaimed water from sewage
treatment plants and the stormwater runoff from urban

TABLE 3 - Grey relationship degree and assessment results
Grey relationship degree
Assessment
results
SW I
SW II
SW III
SW IV
SW V
WW I(A)
WW I(B)
WW II
WW III
1
0.974
0.976
0.969
0.957
0.945
0.930
0.818
0.752
0.649
SW II
2
0.965
0.969
0.964
0.953
0.941
0.938
0.837
0.771
0.668
SW II
3
0.960
0.965
0.961
0.948
0.934
0.937
0.839
0.772
0.669
SW II
4
0.955
0.965
0.964
0.953
0.939
0.941
0.842
0.774
0.6693
SW II
5
0.960
0.968
0.966
0.955
0.941
0.940
0.838
0.772
0.668
SW II
6
0.951
0.964
0.972
0.964
0.95
0.948
0.844
0.775
0.668
SW III
7
0.966
0.972
0.969
0.958
0.945
0.939
0.837
0.771
0.668
SW II
8
0.956
0.967
0.969
0.958
0.946
0.944
0.842
0.776
0.671
SW III
9
0.767
0.774
0.786
0.800
0.812
0.918
0.985
0.900
0.729
WW I(B)
10
0.769
0.776
0.788
0.802
0.814
0.920
0.987
0.900
0.725
WW I(B)
Note: SW I, II, III, IV and V is I, II, III, IV and V class of national standard for surface water quality in China (GB3838-2002) [19], respectively;
WW I (A), I (B), II and III is I (A), I (B), II and III class of discharge standard of pollutants for municipal wastewater treatment plant (GB 189182002) [20].
Sampling sites
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FIGURE 2a - Dendrogram showing clustering of monitoring periods

FIGURE 2b - Dendrogram showing clustering of monitoring sites

areas [28]. In addition, both the accumulating pollutants
from upstream and midstream rivers and the discharge of
domestic sewage along the downstream river further aggravated the water quality of the downstream river. Thus,
water quality of the downstream rivers was highly polluted.
The water quality of the downstream river was worse than
the upstream and midstream rivers, suggesting that it is
essential to strengthen the monitoring accuracy and protection of the downstream river.
3.3. Temporal/spatial variation

To further evaluate the clusters determined by CA
and identify the most significant parameters associated
with the differences among temporal/spatial clusters, DA
was further performed with raw data sets based on CA.
The values of Wilks’ lambda and the chi-square for each
discriminant function of temporal and spatial variation
varied from 0.064 to 0.955 and 16.295 to 954.929, respectively, and the p level was below 0.01, which suggests
that the results of temporal and spatial DA in this study
were valid and effective.
The temporal discriminant functions and classification matrix obtained from the Fisher’s model of DA are
presented in Tables 4 and 5, respectively. The temporal
DA gave the classification matrix with 86% correct assig-

nations using only four discriminant variables. Thus, the
temporal DA results suggest that TEMP, Cl-, COD, and
DO were the discriminant parameters in temporal variation. Nonparametric tests showed that all discriminant
parameters of temporal variation except Cl- were statistically significant (p<0.05) (Fig. 3). The variation of water
TEMP and DO showed a clear-cut temporal effect. Water
TEMP was highest in the wet period and lowest in the dry
period, which was consonant with the trend of air TEMP.
However, DO concentration was lowest in the wet period
and highest in the dry period. The lowest DO concentration during the wet period might be due to turbid stormwater that affects light penetration into the water and
subsequent decreased photosynthetic activity, and higher
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FIGURE 3 - Temporal variations of discriminant variables

TABLE 4 - Classification functions and their coefficients for temporal DA
Type

Parameters

Wet period

Mean period

Dry period

TEMP

1.822

1.186

0.301

DO

1.776

2.272

2.636

COD

0.009

0.000

0.000

Cl-

0.039

0.085

0.142

-32.907

-24.263

-19.388

Constant
Fisher’s linear discriminant functions

TABLE 5 - Classification matrix for DA of temporal variation
Sampling periods

Number of sampling sites
Mean period
5
103
1
109

Wet period
111
23
0
134

Wet period
Mean period
Dry period
Total

Dry period
0
20
93
113

Percent correct
95.7%
70.5%
98.9%
86.2%

TABLE 6 - Classification functions and their coefficients for spatial DA

Upstream

Type
Midstream

TEMP

-0.755

-0.837

-0.579

pH

121.516

126.385

117.540
-7.114

Parameters

Downstream

DO

-8.270

-8.683

BOD5

-0.454

-0.328

0.536

TOC

-3.337

-3.236

-2.401

NH4+-N

3.500

3.565

4.786

Cl-

-0.395

-0.302

-0.032

SiO44-

1.052

0.719

0.762

Ca2+

0.462

0.383

0.372

Mg2+

3.169

3.409

2.581

K+

-0.227

0.283

3.508

Na

+

(Constant)
Fisher’s linear discriminant functions

-0.901

-1.029

-1.036

-454.132

-489.786

-474.991

TABLE 7 - Classification matrix for DA of spatial variation
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Upstream
Midstream
Downstream
Total
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Upstream
210
9
0
219

Number of sampling sites
Midstream
15
66
3
84

rates of bacterial decomposition of organic matter that demand more oxygen for metabolism [29]. In addition, the
higher TEMP during the wet period caused a decrease in
oxygen solubility, which further reduced the DO concentration [4]. COD concentration was highest during the dry
period and lowest during the mean period. The highest
COD concentration during the dry period might be caused
by insufficient freshwater resources and continuous domestic sewage. The higher level of COD during the wet
period than during the mean period might be influenced
by urban stormwater runoff pollution [8,30].
Spatial DA showed that water TEMP, pH, DO, BOD5,
TOC, NH4+-N, Cl-, SiO44-, Ca2+, Mg2+, K+, and Na+ were
the discriminant parameters in spatial variation, with correct assignations of 92% for the two cluster sites (Tables 6
and 7). Furthermore, nonparametric tests showed that all
discriminant parameters in spatial variation were statistically significant (p<0.05) (Fig. 4). All the discriminant
parameters of water quality (except for pH and DO)
were highest in the downstream river, and DO was lowest
in the downstream river and pH was highest in the midstream river, which further supported the results of spatial
CA. The high concentration of pollutants in downstream
river was related to the accumulating wastewater from
upstream and midstream river and the discharge of domestic sewage.
3.4. Identification of potential pollution sources

To identify the main pollution factors and potential
pollution sources, PCA/FA was performed on the meas-

Downstream
0
0
53
53

Percent correct
93.3%
88.0%
94.6%
92.4%

ured data set. The results of Kaiser-Meyer-Olkin (KMO)
and Bartlett’s sphericity test in PCA were 0.874 and 6239
(df = 171, p<0.001), respectively, indicating that PCA
was useful in providing significant reductions in dimensionality.
On the basis of eigenvalues >1, four varifactors (VFs)
were obtained, explaining 76% of the total variance in the
water-quality data set (Table 8). According to Liu et al. [31],
absolute factor loadings > 0.75, 0.75–0.5, and 0.5–0.3,
were considered to be strong, moderate, and weak, respectively. The first varifactor (VF1), which explained 36% of
the total variance, had strong positive loadings on EC,
Mg2+, TDS, Cl-, and Na+, and moderate loadings on Ca2+,
TN, TIC, K+, NO3-, and SiO44-. VF1 could be regarded as
inorganic ion pollution from mineral weathering and soluble substance runoff. The pedosphere of the Beijing plain is
mainly quaternary deposits, and the soil in urban areas had
abundant carbonate minerals such as calcite (CaCO3) and
dolomite (CaMg(CO3)2). Ca2+ and Mg2+ that could be
released into rivers due to the dissolution of soils and
mineral weathering [32]. In addition, thelarge proportion
of impermeable underlying surface in urban areas often
received a mass of atmospheric dry deposits from remote
sources and local human activities such as industries,
waste incineration, domestic heating, car traffic, snow melt
agent, building construction, etc. [33]. In wet weather, soluble substances in the deposits could be dissolved and carried
into rivers by runoff. Ren et al. [34] found that the Beijing
urban area had high loads of solute content such as K+,
Ca2+, Na+, Mg2+, Cl-, NO3-, etc.
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FIGURE 4 - Spatial variations of discriminant variables
TABLE 8 - Varimax rotation factor loadings on various variables
Parameters
TEMP
pH
EC
TDS
DO
BOD5
COD
TOC
TIC
TP
TN
NH4+-N
NO3-

PC
VF1
-0.130
-0.064
0.925
0.851
-0.075
0.202
-0.010
0.300
0.708
0.421
0.739
0.278
0.599

VF2
-0.179
0.019
0.131
0.124
-0.116
0.592
0.850
0.552
0.103
0.520
0.341
0.614
-0.425

574

VF3
0.793
-0.074
0.145
0.134
-0.810
-0.094
-0.080
0.497
-0.037
0.493
0.117
0.543
-0.210

VF4
0.168
0.859
-0.086
-0.035
0.415
0.500
-0.052
0.449
-0.376
0.091
-0.280
-0.090
-0.110
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ClSiO44Ca2+
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K+
Na+
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% of Variance
Cumulative%

Fresenius Environmental Bulletin

0.837
0.558
0.739
0.881
0.614
0.803
6.757
35.56
35.56

0.358
0.046
-0.122
0.036
0.492
0.306
2.725
14.34
49.90

The second varifactor (VF2) explained 14% of the total variance with strong positive loadings of COD, and
moderate loadings of NH4+-N, BOD5, TOC, and TP. VF2
represented organic and nutrient contamination. This factor
could be interpreted as representing the pollution source of
domestic wastewater (sanitary, washing, and kitchen) and
runoff from solid substances. Earlier research found that
domestic wastewater from families usually discharged high
concentrations of NH4+-N, P, and organic matter [35]. In
addition, stormwater runoff could also carry solid substances that usually had high concentrations of N, P, and
organic pollution. This study found that concentrations of
COD, NH4+-N, TOC, and TP were higher during wet periods than mean periods (p<0.05), indicating the polluting
effect of urban stormwater on river water quality during the
rainy season.
The third varifactor (VF3) accounted for 13% of the
total variance, and had strong negative correlation with
DO, strong positive correlation with TEMP, and moderate
correlation with NH 4+-N. VF3 represented the physical
characteristic of the water. This factor could be caused by
seasonal changes. DO concentration in the river was temperature dependent due to its easy saturation in warmer
water [36]. Zhou et al. [37] also found the inverse relationship between TEMP and DO and considered that it was
caused by natural processes.
The fourth varifactor (VF4) explained 13% of the total variance, and had strong positive loadings on pH and
moderate loadings on BOD5. VF4 could be interpreted as
a biological factor. This factor can be attributed to internal
activities in the rivers. pH was highly affected by the
metabolism of the fluvial community in the water because
carbonate species were removed from the water during
photosynthesis, thereby increasing pH [38].
Pollution factors can be identified for each monitoring site from factor scores [39]. The high factor scores
corresponded to high influence of the factor on the monitoring sites [40]. As shown in Fig. 5, the increasing trend
of factor scores along the trans-urban river indicated the
degradation of water quality. The water quality of the downstream river (sites 9 and 10) was more severely polluted by

0.211
0.006
-0.087
-0.084
0.401
0.204
2.559
13.47
63.37

0.184
-0.481
-0.397
0.162
-0.005
0.233
2.417
12.72
76.09

inorganic ions, nutrients and organic pollutants, and physical contamination, which may be related to accumulating
pollutants from the upstream river and the effluents from
sewage treatment plants and domestic sewage. Monitoring sites 7 and 8 in the midstream river were affected by
biological pollution. When the upstream river arrived at
sites 7 and 8, the river was wider and the flow velocity
diminished, which increased the fluvial community [41].
During photosynthesis and metabolism of the fluvial community, carbonate species are removed from the water,
then increasing pH [38].
3.5. Source contributions

After determining the possible sources by PCA, the
contributions of each source to each water quality variable
were calculated using APCS-MLR (Fig. 6). Correlation
coefficients (0.62<R2<0.91) reflected that APCS-MLR
was relatively accurate. The result of APCS-MLR showed
that two identified pollution sources could be explained
for most water variables — (1) mineral weathering and
soluble substance runoff (TDS, 77%; EC, 63%; K+, 53%;
Ca2+, 52%; Mg2+, 52%; SiO44-, 52%; NO3-, 52%; TN,
49% and Na+, 47%); (2)domestic sewage and solid substance runoff (BOD5, 43%; COD, 41%; NO3-, 39%; TOC,
39%; NH4+-N, 38%; TP, 37% and TN, 33% ). Further, the
unidentified sources also contributed significantly to the
river water quality variations (COD, 53%; SiO44-, 32%;
Ca2+, 29%; TIC, 29%; Ca2+, 27%; NH4+-N, 27% and
BOD5, 27%). Singh et al. [42] and Su et al. [16] also
found that an unidentified source was another major
source of pollution in addition to those identified sources.
Therefore, field surveys were needed to further identify
these unknown sources. The contribution rate of pollution
sources to the concentration of water parameters was different than those of other studies. Huang et al. [43] and
Singh et al. [42] discovered that water parameters in the
Qiantang River (China) and Gomti River (India) had
unique physical or chemical pollution sources. However,
in this study, most water parameters had two or more
pollution sources, indicating that the factors affecting
water quality were complex in this trans-urban river.
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FIGURE 6 - Source contribution for each variable. S1 = mineral weathering and soluble substance runoff, S2 = domestic wastewater and
solid substance runoff, S3 = seasonal changes, S4 = internal cause in river, US = unidentified pollution sources.

4 CONCLUSIONS
In this study, different statistical techniques were
used to determine temporal and spatial variations and
apportion the pollution sources in a trans-urban river
(Beijing, China). The main conclusions include:
1. The sampling period (10 months) was grouped into
three temporal groups corresponding to the wet, mean,

and dry periods. The 10 monitoring sites were classified
into three spatial groups (upstream, midstream, and
downstream). Composite water quality of the downstream
river was worse than the upstream and midstream river.
Four parameters (TEMP, Cl-, COD, and DO) could discriminate among the three temporal groups with 86%
correct assignations (79% reduction), and 12 parameters
(TEMP, pH, DO, BOD5, TOC, NH4+-N, Cl-, SiO44-, Ca2+,
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Mg2+, K+, and Na+) could discriminate among the three
spatial groups with 92% correct assignations (37% reduction). These results could be useful in a further monitoring
strategy by reducing sampling frequencies, sampling sites,
water parameters, and associated costs without losing
important information about water quality.
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ABSTRACT
Waste-building materials, namely zeolite, tonsil and
quarry stone, were chemically activated and used for chromium removal from tannery wastewater by a combined
effect of filtration and adsorption. The parameters in the
study were the support, the pH of the solution (8-11) and
the particle size, described as mesh sieve (8-14). Maximum
chromium recovery (93.7 %) was obtained when using
activated quarry stone with a particle size of 1410 µm
(mesh sieve 14) and pH solution of 10.4. Fat and oil content from wastewater was decreased by 97.9%. Moreover,
both the chromium recovered and the water treated were
reused in the tanning process. Chromium sulfate solution
was prepared with the chromium recovered and successfully tested for tanning purposes, and the water filtered
was reused in the pickling stage as it contains the concentration of salt necessary for this process. Quality test for
the tanned leather demonstrated the suitability of using the
chromium recovered as tanning agent. This study presents,
for the first time, the efficiency of quarry stone from waste
building on chromium removal.

KEYWORDS: tannery wastewater, chromium recovery, quarry
stone, response surface methodology

1 INTRODUCTION
Tanning industry has always been considered as a nonenvironmental friendly activity, mainly due to the discharge
of effluents, non-tanned waste and solid leather waste containing chromium. These effluents are considered to be toxic
due to the presence of inorganic, organic and toxic nature
chemicals [1]. Among the most important are chromium,
sulfur salts, ammoniac, sodium chloride, suspended solids, proteins and fat. The treatment of the wastewater has
to be assumed as essential part of the process not only from
the environmental but also from the economical point of
view. Tanning by means of chromium compounds is very
* Corresponding author

well-known. Approximately 90 % of global leather production is performed employing chromium sulfate [2], mainly
because this mineral imparts unique properties to the leather
in comparison with vegetable-tanned leather, such as dyeing
suitability and hydrothermal resistance [3]. Figure 1 presents the mass balance of chromium in the tannery process.
As can be seen, the processing of 1000 kg of raw hide generates approximately 50,000 kg of wastewater containing
5 kg of Cr2O3 [4], and 550 kg of solid waste containing 8 kg
of chromium, Therefore, the development of technologies
for tannery wastewater treatment has to be considered as a
priority to ensure the valorization of resources, mainly
chromium and water, which can be isolated from the effluent in order to be reused in the process. Moreover, the separation of chromium from tannery wastewater is critical to
avoid toxicity risks, and harmful effects on the ecosystem
[5]. The toxicity of chromium strongly depends on its physicochemical form [6], while chromium(VI) is strongly toxic,
chromium(III) is essential for life over a narrow range of
concentration. However, simple disposal of wastewater containing Cr(III) to sewage has the potential risk of oxidation
to Cr(VI), especially if it interacts with other metals, organic
matter or manganese dioxide [7].
Due to this problematic situation, several attempts
have been realized to overcome this. Talidi et al. [8] studied the separation of chromium from aqueous solutions
and reported a 98 % chromium removal using natural pyrophyllite with aluminium. Research on the adsorption
process of Cr(III) as dithizonate chelate using Chromosorb
108 resin demonstrated an adsorption capacity of the
sorbent of 4 mg/g [9]. Fahim et al. [10] proposed the utilization of activated carbon from sugar industrial waste for
the treatment of tannery wastewater. In their research, it
was demonstrated that activated carbon of the highest
surface area containing calcium presented the highest
adsorption of Cr(III). In adsorption studies, the pH of the
solution is one of the most common parameters. Malkoc and
Acar [11] reported that on Fagus orientalis L, the adsorption of Cr(VI) resulted to be optimal at pH 1. However,
the adsorption of Cr(III) on pyrophyllite was reported to
be favored while increasing pH (up to 5) [8]. The adsorption of Cr(VI) by microorganism at higher pH (7-9), with
and without NaCl has also been studied by Kılıç and
Dönmez [12]. They
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FIGURE 1 - Global balance of chromium oxide in the tannery process.

found that in media without NaCl the optimum pH for
chromium removal was 9 but 8 in the presence of 2-8 %
NaCl. Other methods that have been used for chromium
removal from wastewater include chemical precipitation,
ion exchange, solvent extraction, reverse osmosis and
membrane process [12-15].
Minerals from natural origin, such as quarry stone,
contain high concentrations of CaCO3, SiO2, Al2O3, and
MgO. As these compounds are able to assist in the filtration and sorption of toxic metals, these minerals have the
potential to be used in the removal of chromium. Natural
quarry stone is widely used in construction and building
industry. However, no application for heavy metal adsorption has been reported. In search of technologies for
industrial purpose, the use of low-cost and efficient adsorbents is one of the key elements for successful applicability. The purpose of this study was to evaluate the feasibility
of the combinatory effect of filtration and adsorption of
chromium from tannery wastewater using different lowcost filters and waste building material, namely, zeolite,
and tonsil and quarry stones, by experimental design and
optimization through response surface modeling.
2 MATERIALS AND METHODS

The concentration of chromium from wastewater was
estimated as chromium oxide (Cr2O3) and measured as g
Cr2O3 L-1. Chromium oxide content was measured from
Cr(III) oxidation to Cr(VI) with perchloric and sulfuric acid;
pH and conductivity were measured using a digital pH
meter Orion 420A and CRISON micro CM2202, respectively. Fatty and oil content was calculated by Soxhlet
extraction according to the Mexican Official Norm NMXAA-005-SCFI-2000 based on non-volatile hydrocarbon
extraction with grade reactive hexane. COD was determined
using colorimetric method (DR100 colorimeter in HACH
cuvettes, digestion solution was prepared in the presence of
potassium bicarbonate and sulfuric acid) according to the
Mexican Official Norm NMX-AA-030-SCFI-2001.
2.1 Activation of adsorbents

For activation purposes, 30 g of each material was
sequentially immersed in 100 ml of three different types
of solutions (5 % NaOH, 5 % HCl and distilled H2O) and
stirred for 2 h at 250 rpm for deproteination, demineralization and neutralization purposes. The washing step with
each solution was repeated three times. The washed material was dried at 115 °C for 3 h to obtain the activated
material.
2.2 Chromium removal experiments

Wastewater derived from tanning stage was collected
from a leather industry in León, Mexico. The water was
filtered to remove solid waste and characterized by testing
Cr2O3 concentration, fatty and oil content, pH, chemical
oxygen demand (COD), and conductivity. Laboratory experiments were carried out using reagent-grade chemicals
from Fermont and Merck. Natural minerals, such as zeolite and quarry and tonsil stones, were obtained from
building waste. The samples were triturated, automatically
crushed, and the particles were passed through three different mesh sieves (8, 12, 14), which are in a range of
1410-2380 µm particle size.

In order to analyze the separation of chromium from
tannery effluent, the influence of pH, support, and particle
size of zeolite, quarry and tonsil stones was analyzed.
Aliquots (6 g of each natural mineral) were collocated in a
glass column of 10 x 100 mm. Sample solutions (20 ml)
were adjusted to different pH values by adding 5 %
NaOH to the effluent to reach a pH of 8-11. After 20 ml
of sample were added to each support, the water recovered was analyzed to account for the separation efficiency.
Considering the results from the first set of experiments, a
second experimental design using the adsorbent material
which presented the best results was proposed. Conditions
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of pH and mesh sieve closer to the relative maximum
obtained were tested for optimization purposes.
2.3 Preparation of tanning solution and re-tanning test

Once the water was filtrated, chromium was separated from the support by adding a 10 % H2SO4 solution to
the column. The pH was controlled to 2.5 and the solution
was evaporated to obtain a tanning salt from which a
liquor solution at specific concentration can be prepared.
Basicity of the solution was measured using the Leigh
method, which is based on the titration of H2SO4 formed
in excess with a chromium oxalate complex [16]. The
chromium sulfate solution prepared was tested for tanning
purposes in a tanning industrial facility located in León,
Mexico.
3 RESULTS AND DISCUSSION
The characterization of the effluent recollected is presented in Table 1. Results are similar to those found in
literature. Fahim et al. [10] reported values of 3.54 for
pH, 2625.5 mg O2 L-1 for COD, and 5500mg L-1 for
chromium. Munz et al. [17] found values of 3690 mg L-1
for COD, pH in a range between 5.8-7.5 and conductivity
between 6.3-12.1 µS/cm. Differences can be attributed to
the tanning raw material and concentration of chemicals
in the process. Moreover, higher values of conductivity
are also related to the concentration of NaCl in the effluent. Normally, this salt is added to the animal skin in the
conservation and pickling stages.
The results of chromium retention using tonsil are presented in Fig. 2. The chromium recovery was in the range
of 65-72 %. The adsorption of chromium was higher using
a mesh sieve of 12. When using lower mesh sieve, the
chromium precipitate starts to form a monolayer which

caused an obstruction problem, and the solution required
nearly double time to pass through the column in comparison to higher mesh sieve. Similarly, Fig. 3 presents the
combined effect of mesh sieve and pH on zeolite adsorption of chromium. In this case, the higher percentage of
chromium adsorption was found to be 89.67 % at pH 9 and
using particles that passed through a mesh sieve of 12.
TABLE 1 - Characterization of wastewater recollected.
Parameter

Value

pH
Cr2O3 (mg L-1)
Conductivity (µS/cm)
COD (mg O2 L-1)
Fatty and oil (mg L-1)

3.9
7566
12.5
3032
2979.2

The removal of chromium using quarry stone is presented in Fig. 4. Reduction in the particle size increased
the separation; 92.68 % of Cr2O3 were retained at pH 10
when using a 1410 µm particle size (mesh 14). Similarly
to the results obtained using zeolite and tonsil stone, a
slight decrease was presented towards the end of pH 11.
This decrease might be related to the amphoteric behavior
of chromium, which starts to re-dissolve at pH 12. This
increases the chromium concentration in the aqueous
phase. Due to the higher adsorption capacity of quarry
stone, a second experimental design was proposed using
12, 13 and 14 mesh sieves, and pH solutions in a range
between 9.2-10.8. When the pH is raised, the chromium
starts to precipitate and the support acts as a filter to these
particles but, at the same time, the chromium molecules
that remain in solution can be adsorbed on the support
surface. The results from the change in set pH and mesh
sieve are presented in Fig. 5. Maximum recovery was
attained when using a mesh sieve of 14 and pH solution
of 10.4. This resulted in 93.7% chromium removal.

FIGURE 2 - Response surface model for the adsorption of chromium in tonsil (mesh sieve: 8-14, pH of solution: 8-11)

581

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

FIGURE 3 - Response surface model for the adsorption of chromium in zeolite (mesh sieve: 8-14, pH of solution: 8-11)

FIGURE 4 - Response surface model for the adsorption of chromium in quarry stone (mesh sieve: 8-14, pH of solution: 8-11).

FIGURE 5 - Response surface methodology of the second experimental design. Adsorption of chromium in activated quarry stone (mesh
sieve: 12-14, pH of solution: 9.2-10.8).
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Higher mesh sieve caused obstruction in the column
and was considered to be the limiting particle size for
practical separation (1410 µm). The results were analyzed
using Statgraphics Centurion XVI version 16.1.11. A model

that described the interaction between mesh sieve (A) and
pH (B), was used to obtain the variables and is expressed as
follows:
(1)

The analysis of variance (ANOVA) for this second
experimental design is presented in Table 2. The ANOVA
table partitions the variability in chromium retained into
separate pieces for each of the effects. It tests the statistical
significance of each effect by comparing the mean square
against an estimate of the experimental error. In this case,

3 effects have P-values less than 0.05, indicating that they
are significantly different from zero at the 95.0% confidence level. A correlation coefficient (R2) of 0.8836 was
obtained for the model, which is an indication of a desirable quadratic model fit.

TABLE 2 - Analysis of variance for the percentage of chromium oxide.
Source
Sum of Squares
A:mesh sieve
14.7072
B:pH
26.2052
AA
0.5808
AB
0.07203
BB
25.0434
Total error
8.77026
Total (corr.)
75.379
R2 = 0.8836, R2adj = 0.8513, Standard Error = 0.6980

Df
1
1
1
1
1
18
23

Mean Square
14.7072
26.2052
0.5808
0.07203
25.0434
0.487237

F-Ratio
30.18
53.78
1.19
0.15
51.40

P-Value
0.0000
0.0000
0.2893
0.7051
0.0000

Table 3 presents the results of the characterization of
the water treated under optimized conditions. Content of
chromium and fatty and oil content decreased to 476.658
and 62.01 mg L-1 respectively. Moreover, a conductivity
value of 12.31 µS/cm was obtained, which is nearly equivalent to 7 % NaCl concentration. This value was confirmed
by the density of the solution (7 °Be). It is worth-mentioning
that this allows the solution to be reused in the pickling
process, where salt is incorporated to avoid acidic hide
swelling [18]. Addition of 10 % H2SO4 to lower the pH
solution to 2.5 is required to transform the chromium
oxide into chromium sulfate salt.

TABLE 4 - Quality test for the tanned leather using the chromium
salt recovered.

TABLE 3 - Analysis of treated water

This study describes the recovery of chromium from
wastewater using three different low-cost supports (zeolite, tonsil and quarry stones). Quarry stone is a low-cost
material since it was obtained from building waste. Activation process is necessary for impurities elimination and
neutralization. Response surface methodology was employed
for the analysis of chromium removal from wastewater.
Maximum conditions for chromium adsorption (93.7%)
were achieved using mesh sieve of 14 and pH solution of
10.4.

Parameter
pH
Cr2O3 (mg L-1)
Conductivity (µS/cm)
COD (mg O2 L-1)
Fatty and oil (mg L-1)

Value
9.8
476.658
12.31
1895
62.01

3.1 Preparation of tanning solution and tanning test

The chromium liquor that was separated from the activated quarry stone using 10 % H2SO4 was centrifuged at
100 rpm for 5 min due to the presence of insoluble solids,
and had a concentration of 15.8 % Cr2O3. After water
evaporation, the concentration of chromium in the liquor
was 18.3 % with a basicity of 37.7%. This solution was
used for tanning purposes, and the results were compared
with commercial tanning liquor and are presented in Table 4. The measured parameters were similar which
demonstrates the suitability for industrial application.

Parameter
Tensile strength (N/mm2)
Elongation at break (%)
Split tear force (N/mm)
Water adsorption (%)
Cr2O3 content (%)
Fatty substances (%)

Control
21
42
45
20
3.15
8

Sample
20
40
45
18
2.9
6

4 CONCLUSIONS

The addition of H2SO4 to the column enables the separation of chromium and formation of basic chromium sulfate solution, the salt of chromium used in tanning process.
The liquor prepared was successfully tested for tanning
purposes. The control of pH to 2.5 is a key element for
efficient tanning test. The water obtained from the process
had the concentration of salt necessary to be used in pickling. Therefore, it can be reused at this stage.
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ABSTRACT
Heavy metals are among the most persistent of pollutants in aquatic systems due to their resistance to decomposition in nature. Four assessment methods (two pollution
indexes and two fuzzy mathematical models - single-factor
deciding and weighted average models) were used to check
the level and characteristics of heavy metal pollution in the
Karasu stream water. Several heavy metals such as Copper (Cu), Zinc (Zn), Manganese (Mn), Lead (Pb), Nickel
(Ni), Cadmium (Cd) and Iron (Fe) were tested with these
methods. A data set (12 months, total 180 measurements)
was collected from 5 sampling points (A-E) of the River.
The used criteria were classes, I-IV represents from clear to
polluted one. Water quality was assessed as class IV from
all water samples collected from the each station with single-factor index method. It was identified to be class IV
from the samples of A, B, C and D stations, and class III
from the sample of E station with the comprehensive index
model. By using the fuzzy mathematical methods, the water quality were determined as classes of IV, IV, IV, II and
II from the water samples of A, B, C, D and E stations
respectively. Introduction of membership degree and weight
of each factor to fuzzy mathematical models made the
methods more reasonable in the field of water quality assessment. Therefore, these fuzzy mathematical methods
might be quite convenient in evaluation of water pollution
and classification considering the results of the present study.

KEYWORDS:
Water quality, fuzzy logic, heavy metal, Karasu stream

1 INTRODUCTION
Environmental pollution and its related risks are serious problem due to the rapid increases of industrialization,
urbanization, population growth and agricultural activities.
* Corresponding author

In Turkey, considerable amounts of heavy metals in
rivers have become an increasing issue for several years
[1]. Toxicity mainly comes from heavy metals when its
concentrations are above the toxic level. These potentially
toxic elements accumulating in waters induce a potential
contamination of food chain and endanger the ecosystem
safety and human health [2].
Assessment of water quality for heavy metal in rivers
not only discloses the effects of human activities on the
aquatic environment, but also provides theoretical information for the sustainable development of the limited water
resource [1]. Many pollution index methods are used in
evaluating water quality. Traditional water quality evaluation methods that involve upper and lower limits have two
uncertainties. They use a discontinuous form. This classification technique could cause an approach that is rough and
has no certainty about the data since evaluation of concentration is equally important when the parameter is near to
or far away from the limits in case this approach is used.
Moreover, each quality parameter might belong to one of
the four categories in these methods. In other words, all of
the parameters cannot be in a single category. The presence of various quality classes created from a single sampling area might lead to uncertainty in the quality definition of the aforementioned sampling area [3]. Working on
fuzzy- based advanced evaluation methods in aquatic environments is getting much more important due to this uncertainty.
Fuzzy methods evaluate comprehensively the contributions of various pollutants according to predetermined
weights, and decrease the fuzziness using membership functions [4-6]. Moreover, fuzzy comprehensive assessment has
been proved to be effective in solving problems of fuzzy
boundaries and controlling the effect of monitoring errors
on assessment results [7-9].
Karasu River, an important branch of the Euphrates
River, is one of the most important running water sources
in the Eastern Anatolia Region of Turkey. After a certain
section - 10 km after its source, it is heavily polluted by
urban sewages, waste waters of slaughterhouses, oil,
sugar and cement factories.
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In the present study, water samples were collected
from 5 different points of Karasu River in order to determine the levels of heavy metals such as Copper (Cu), Zinc
(Zn), Manganese (Mn), Lead (Pb), Nickel (Ni), Cadmium
(Cd) and Iron (Fe) for 12 months in 2011. The water quality
was also assessed with the index methods of Single Factor
Pollution and Nemero Comprehensive Pollution, and with
the fuzzy mathematical methods of Single Factor Deciding Model and Weighted Average Model. The advantages
and disadvantages of these methods were also compared
and evaluated.

2.2 Assessment Methods

The concentrations of the heavy metals, Cu, Zn, Mn,
Pb, Ni, Cd and Fe from the running waters according to
water quality classification criteria are presented in Table 1
[11]. In the table, water quality is classified as four groups
of the evaluation criteria: Class I: very clean, Class II:
clean, Class III: slightly polluted, Class IV: polluted [11].
In the present study, Single Factor pollution and
Nemero comprehensive pollution index methods were
used [12].
The calculation of the single factor pollution index
method can be expressed as:

2 MATERIALS AND METHODS

Pi = Ci / Si

2.1 Collection and analysis of samples

Five water sampling stations called A, B, C, D and E
were chosen according to Water Pollution and Control Regulation from Karasu River. Stations covered a total area
of 70 km starting from the region that is close to the water
resource to the point where the river leaves Erzurum Plain
(Figure 1).
Monthly water samples were collected as two replicates from all of the stations by using Nansen bottles for
one year (January- December 2010). The water samples
were put into polyethylene bottles after filtrating through
0.45 µm membrane filters. Both Nansen bottle and polyethylene bottles were washed out three times with ambient water [10]. Determination of heavy metal accumulation from the water samples was done by Fast Sequential
Flame Atomic Absorption Spectrometry Atomic apparatus.

and the mathematical formula for determining
Nemero comprehensive pollution index is as follows:

P=
Pi; pollution index of heavy metal, Ci; Observed real
values of heavy metal, Si;value of the river that is measured in the past. (This value is based on heavy metal
amount of Class II water in Table 1.) P; Nemero multi
factor pollution index.
While water pollution degree in Single factor pollution
index method was accepted as the worst pollution class
determined, that was calculated through the mathematical
formula in Nemero comprehensive pollution index and
then determined by the appropriate method [12].

FIGURE 1 - Sampling sites in the studied area

TABLE 1 - Allowable upper limit values of some heavy metals according to water quality classes.
Hevay Metal
Cu
Zn
Mn
Pb
Ni
Cd
Fe
Nemero Comprehensive index (P)

Class I
20
200
100
10
20
3
300
P≤0.50

Class II
50
500
500
20
50
5
1000
0.50<P≤1.00
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Class III
200
2000
3000
50
200
10
5000
1<P≤5

Class IV
>200
>2000
>3000
>50
>200
>10
>5000
P>5
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Fuzzy mathematical methods of Single Factor Deciding and Weighted Average Model:
Fuzzy evaluation method transfers the measured values to the quality values by membership functions which
represent the degrees to which the specified concentration
belongs to the fuzzy set. For this purpose, a membership
matrix can be established by the relations of the measured
data and each grade in national water quality standards.
Degree of membership of heavy metals at all levels
might be expressed qualitatively by a formula series of
membership functions as follows:
Ui,m =

1 - U m-1 (Ci)
(em+1 - Ci) / (em+1 - em)
0

0

0

0

1

0

0.45

0.55

0

0
0
0
0
1

0.80
0
0.42
0.34
0

0.20
0
0.58
0.66
0

0
1
0
0
0

In this station, it was determined that pollution level
was 100% with class IV for Cu and 45% with class II and
55.3% with class III for Zn.
The contribution to integrated environmental quality
varies greatly among different heavy metals. Therefore, it
was important to choose the appropriate weight for each
factor. The weight of each heavy metal at each station was
allocated according to:
Ci,k / Ai

Σ

n
i=1

bm =

Σ Wi

•

ui,m

i=1

bm is the membership degree of the last evaluation
result at class m, Wi indicates the weight of heavy metal i
at the assessed water, ui,m is the membership degree of the
heavy metal i at class m
3 RESULTS AND DISCUSSION

After the monitored data of each heavy metal at each
water station and the assessment criteria were substituted
into the membership function, the fuzzy matrix was obtained for each assessed water station. For example, the
fuzzy matrix of station A was expressed as:

Wi,k =

n

em-1 < Ci < em
em < Ci < e m+1
Ci > e m+1

Ui,m is the membership degree of heavy metal i at
class m, Ci is the measured value of heavy metal i in mg
kg-1 and ℮m is the criteria value at class m in mg kg-1

Station A=

n
bm = max Wi • ui,m
i=1

Ci,k / Ai

Wi,k indicates the weight of heavy metal i at station k,
Ci,k is the monitoring concentration of heavy metal i at
station z in mg kg−1 and Ai is the average assessment criteria of heavy metal i in mg kg−1
Water qualities of five stations were evaluated by two
different fuzzy logic mathematical methods namely Single
factor deciding model and weighed average model [12].
In order to get the evaluation set which showed the
membership grade of water quality, one can multiply the
weight factor by membership matrix. Calculations of single
factor deciding and weighted average model were formulated as follows:

The heavy metal data determined from five stations
and the assessment results utilizing the index methods of
pollution are shown in Table 2.
In Table 2, it can be seen that Cu, Zn and Ni were the
main pollutants, followed by Cd, Pb, Mn and Fe. Single
factor water quality identification index (Pi) for Cu was
ranged from 15.9 to 5.3 and the average value was 11.18.
The Pi for Zn and Ni was from 2.6 to 0.7.
All the stations were evaluated as class IV according
to single factor index method. It can be seen that the results of this method were excessive protection because
only the maximum contributing factors were introduced
into the single factor index method, and other factors were
neglected in the assessment. Thereby, in practical assessment work, it is usually found that the factors with high
concentration (heavily polluted) have a fateful influence on
the final assessment results obtained by the single-factor
method [13].
Nemero comprehensive index method showed that
the only last station’s water quality was slightly polluted,
and the other stations’ water quality was poor. Although, the
dominant parameter and the average contribution of all factors were both taken into account for the comprehensive
index method used in the present research, a better environmental quality was not achieved as the assessment result.
In this study, the weights of the seven heavy metals in
the five assessed waters from the stations A-E were achieved
according to both water quality evaluation criteria and measured actual values, and presented in Table 3.
Prior to the application of the results to assess the water quality for the five water stations, the assessment vectors of single factor deciding model were normalized. The
latest evaluation results of the two fuzzy logic mathematical methods are presented in Table 4.
The two fuzzy mathematical methods shared a common environmental evaluation result for water heavy metal
pollution, assessed as classes IV, IV, IV, II and II, respectively. However, difference of the membership degree to
each pollution class still existed between the two methods
(Table 4). Since, the dominant factor is given more attention, and the effects of the other factors are weakened in
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TABLE 2 - Water quality evaluation results from the sampling points of A-E using single factor and Nemero comprehensive index methods
in Karasu River of Turkey in 2010
Heavy Metal
Stations

Indexs

Cu

Zn

Mn

Pb

Ni

Cd

Fe

Water quality
Single-Factor
Comprehensive
Index
index

Ci mean
792.8
1320
987.9
97.0
136.5
8.3
251.1
Ci-StD
125.4
142.1
184.6
16.3
17.9
1.4
32.2
Pi
15.9
2.6
2.0
4.8
2.6
1.7
0.2
Class IV
Class
IV
III
III
III
III
III
I
Ci mean
564.4
1031
100.7
10.1
107.1
5.9
43.9
Ci-StD
70.8
138.3
15.3
1.7
17.1
0.7
6.2
B.
Pi
11.3
2.1
0.2
0.5
2.1
1.2
0.1
Class IV
Class
IV
III
I
I
III
III
I
Ci mean
788.0
352
641.2
63.4
37.0
8.3
163.6
Ci-StD
111.6
50.2
169.5
16.2
6.5
1.2
25.2
C.
Pi
15.8
0.7
1.3
3.2
0.7
1.6
0.2
Class IV
Class
IV
II
III
III
II
III
I
Ci mean
381.4
695
110.2
18.0
72.6
4.0
78.1
Ci-StD
64.5
102.8
60.2
2.8
12.8
0.7
11.1
D.
Pi
7.6
1.4
0.2
0.9
1.4
0.8
0.1
Class IV
Class
IV
III
I
II
III
II
I
Ci mean
264.9
587
33.8
43.3
61.2
2.8
204.6
Ci-StD
46.3
80.9
23.2
11.1
10.1
0.5
22.3
E.
Pi
5.3
1.2
0.1
2.2
1.2
0.6
0.2
Class IV
Class
IV
III
I
III
III
II
I
* 12 water samples were analyzed in parallel for stations A, B, C, D and E, respectively.
**Pi is the pollution index of heavy metal i; Ci mean represents the average value of heavy metal i concentration in mg
kg−1; Ci-StD indicates the standard deviation of heavy metal i concentration in mg kg−1
A.

Class IV
(P=11.4)
Class IV
(P=8.0)
Class IV
(P=11.2)
Class IV
(P=5.4)
Class III
(P=3.8)

TABLE 3 - Weights of heavy metals in the assessed waters of Karasu River of Turkey in 2010
Stations
A
B
C
D
E

Cu
0.34
0.42
0.50
0.39
0.30

Zn
0.08
0.10
0.03
0.10
0.09

Mn
0.04
0.01
0.04
0.01
0.00

Pb
0.21
0.04
0.20
0.09
0.24

Ni
0.23
0.32
0.09
0.30
0.27

Cd
0.09
0.11
0.13
0.10
0.08

Fe
0.01
0.00
0.01
0.01
0.02

TABLE 4 - The latest membership degree of fuzzy logic mathematical models from 5 sampling stations.
Class

I
II
III
IV
Water quality

Single-factor deciding model
Stations
A
B
C
0,00
0,02
0,03
0,13
0,38
0,18
0,26
0,14
0,05
0,61
0,46
0,74
IV
IV
IV

D
0,04
0,51
0,03
0,42
II

E
0,03
0,45
0,18
0,34
II

the single factor deciding model. On the other hand, in the
weighted average model, the contribution of each factor
was well taken into account, and the weights were allocated for the factors according to the contribution degree;
therefore, the assessment results of the weighted average
model were dependent on the integrated effects of all
factors to a great extent [14].
According to the results in Tables 2 and 4, it was observed that fuzzy mathematical models were better at
evaluating the results of water quality than the pollution
index methods. This may result from the fact that traditional water quality regulations involve quality categories

Weighted average model
Stations
A
B
C
0,01
0,05
0,06
0,19
0,35
0,15
0,25
0,18
0,09
0,55
0,42
0,70
IV
IV
IV

D
0,09
0,47
0,05
0,39
II

E
0,10
0,40
0,20
0,30
II

defined by sharp clusters and boundaries between different categories have an internal ambiguity [15]. For example, in water station E, the concentration of heavy metal Ni
was 61.2 mg kg−1, and the two closest environmental criteria values were 50 (class II) and 200 mg kg−1 (class III). It
is self-evident that the number 61.2 is closer to 50 than to
200, but using the pollution index method, the environmental quality of water E was determined to be class III
in terms of Ni pollution.
In fuzzy methods, fuzziness logic makes it difficult to
justify the use of criteria’s sharp boundaries. Membership
functions were employed to describe the limit between
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different pollution degrees. The membership degree of
61.2 to 50 is 0.92, and to 200 is 0.08, which demonstrates
that class II, not class III is more reasonable to be assigned
to the level of environmental risk caused by Ni pollution at
water E. From this point of view, more constructive results
were obtained by the use of the mathematical models depending on fuzzy logic in classification of the water quality. Hence, previous studies support the results of this
study [3, 16-18].

[8]

Shen, G. Lu, Y. Wang, M. and Sun, Y. (2005). Status and Fuzzy
Comprehensive Assessment of Combined Heavy Metal and Organo-chlorine Pesticide Pollution in the Taihu Lake Region of
China. Journal of Environmental Management, 76, 355–362.

[9]

Wang, L.J. and Zou, Z.H. (2008). Application of Improved Attributes Recognition Method in Water Quality Assessment. Chinese Journal of Environmental Engineering, 2 (4), 553–556.

[10] Alam, M.G.M. Tanaka, A. Stagnitti, F. Allinson, G. and Maekawa, T.(2001). Observations on The Effects of Caged Carp Culture on Water and Sediment Metal Concentrations in Lake
Kasumigaura, Japan. Ecotoxicology and Environmental Safety,
48, 107-115.
[11] WPCR, (2004). Water Pollution and Control Regulations. Offical
Gazette 31.12.2004, No:25687.

4 CONCLUSION
The pollution index methods define the exact limits
that show the amount and the different degrees of water
pollution. However, there is an uncertainty in quality assessments due to the instability of each pollutant. Presence
of definite boundaries in uncertainty classification diagrams
complicates the use of these diagrams. In the fuzzy mathematical methods, the measured values are transferred to
the quality values by membership functions which describe the limit between different pollution degrees, and
different weights were allocated for the factors according to
their pollution contribution. Therefore, compared with the
present methods, fuzzy mathematical models were more
reasonable for water quality assessment owing to the introduction of membership degree and weight of each factor
to the models.

[12] Wei-Xin, L.I., Z. Xu-Xiang., W.U. Bing., S. Shi-Lei., C. YanSong., P. Wen-Yang., Z. Da-Yong, and Shu-Pei, C. (2008). A
Comparative Analysis of Environmental Quality Assessment
Methods for Heavy Metal-Contaminated Soils. Pedosphere, 18
(3), 344-352.
[13] Chen, T. B. Zheng, Y. M. Lei, M. Huang, Z.C. Wu, H.T. Chen,
H. Fan, K.K. Yu, K. Wu, X. and Tian, Q. Z. (2005). Assessment
of Heavy Metal Pollution in Surface Soils of Urban Parks in Beijing, China. Chemosphere 60(4):542–551.
[14] Geldermann, J. Spengler, T. and Rentz, O. (2000). Fuzzy Outranking for Environmental Assessment. Case Study: Iron and
Steel Making Industry. Fuzzy Sets and Systems, 115, 45–65.
[15] Silvert, W. (2000). Fuzzy Indices of Environmental Conditions.
Ecological Modelling, 130, 111–119.
[16] Duque, W.O. Huguet, N.F. Domindo, J.L. and Schuhmacher, M.
(2006). Assessing Water Quality in Rivers With Fuzzy Inference
Systems: A Case Study. Environmental International, 32, 733742.
[17] Rahana, S. and Mujumdar, P.P. (2009). An Imprecise Fuzzy Risk
Approach for Water Quality Management of a River System.
Journal of Environmental Management, 90, 3653–3664.
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ABSTRACT
In the present study, activated carbon obtained from
cumin herb wastes was used as an adsorbent for the removal
of Reactive Red-120 (RR-120) textile dye from aqueous
solutions. The influence of parameters including concentration of dye (10-200 mg L-1), contact time (5-180 min), adsorbent dosage (0.1-1.4 g L-1) and initial pH (2-12) has been
investigated in order to find the optimum adsorption conditions. Optimum pH for removing of RR-120 dye was
found to be 2, and for this condition maximum adsorption
capacity was obtained to be 47.88 mg g-1. Experimental
results have shown that by increasing the adsorbent dosage, dye removal rate was increased but amount of adsorbed dye per mass unit of adsorbent was decreased. Also,
the equilibrium data were fitted to the Langmuir, Freundlich and BET equilibrium isotherms. It was found that the
data fitted to BET (R2=0.9864) better than Langmuir (R2=
0.9761) and Freundlich (R2=0.9308) models.
KEYWORDS:
Reactive Red-120 dye, adsorption, cumin herb, activated carbon

1 INTRODUCTION
Synthetic dyes are extensively used in textile, food,
paper and cosmetic industries. The effluents of these industries are highly colored, and the disposal of these wastes
into receiving waters causes damage to the environment.
Also, these dyes may be toxic to some aquatic life due to
the presence of metals, chlorides, etc. [1]. Dyes having a
synthetic origin with complex aromatic molecular structure
are classified as follows: anionic-direct, acid and reactive
dyes, cationic-basic dyes, and non-ionic-disperse dyes [2].
Reactive dyes are typically azo-based chromophores
combined with different types of reactive groups, e.g., vinyl
sulfone, chlorotriazine, trichloropyrimidine and difluorochloropyrimidine [3]. They have poor fixation rates and,
* Corresponding author

hence, it may be hard to remove them from wastewaters
because of their low biodegradability and weak absorption
in activated sludge [4]. Furthermore, reactive dyes are,
in general, the most problematic among other dyes, as they
tend to pass through conventional treatment systems unaffected [5]. Furthermore, reactive dyes are resistant to natural biodegradation, due to the aromatic rings in their structure [6]. Among reactive dyes in textile industry, RR-120
is one of the frequently used ones, and is a potential threat
to the aquatic environment due to its poor biodegradability [7].
Unsuitable treatment and disposal of dye-contaminated
wastewaters from textile, dyeing, printing, ink, and related
industries have provoked serious environmental concerns
all over the world [8, 9]. Removal of dye in wastewater has
been made by physical, physico-chemical, biological and/
or chemical processes [10, 11]. Conventional treatment involves a process of coagulation/flocculation. This is a flexible process, which can be used alone or combined with
biological treatments, as a way of removing suspended
solids and organic material, as well as promoting the extensive removal of dyes from textile industry effluents [12, 13].
However, this approach presents the disadvantage of generating a large volume of sludge. This sludge is rich in dyes,
as well as other substances used in the textile process. This
is a problem, as the waste must be discarded properly to
avoid environmental contamination [14]. Furthermore, biological treatment and enzymatic treatment [15-19], chemical oxidation and photocatalytic processes [9, 20], sonochemical processes and nanoparticles [21, 22], and membrane processes [8, 23] were used for elimination of dyes
from textile effluents. However, some of these methods are
limited due to their high operational costs and problems.
Adsorption is the most applied methodology in the removal of organic dyes and pigments from wastewaters, since
it can produce high-quality effluents and also be a process
that is economically feasible [24]. Also, adsorption process
has proven to be a reliable treatment due to its low capital
investment cost, simplicity of design, ease of operation
and insensitivity to toxic substances, but its application is
limited by the high price of some adsorbents and the large
amounts of wastewater normally involved.

590

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

Currently, there is a growing interest in using low-cost,
commercially available materials for the adsorption of dyes.
In the present work, activated carbons obtained from cumin
herb wastes (as an agricultural waste) were chosen as
sorbent for elimination of RR-120 dye. Cumin (Cuminum
cyminum L.) is an annual plant of the Umbelliferae family. This plant, which is one of the important spices in the
world, is native to Iran. The main objective of this work
was to investigate the adsorption of RR-120 dye on activated carbon obtained from cumin herb wastes under
various conditions. Subsequently, the influence of several
operating parameters, such as initial dye concentration,
contact time, adsorbent dosage and initial pH of solution,
was investigated. In addition, equilibrium isotherms were
used to identify the possible mechanism of the adsorption
process. This information will be valuable for designing
and operating dye removal systems based on diverse local
water qualities.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents

The model textile reactive dye (RR-120) was purchased from Merck Company (Germany). The chemical
structure and some of the important physicochemical properties of the investigated dye are given in Table 1 and Fig. 1.
All chemicals and reagents used were of analytical grade.
Stock solution of RR-120 was prepared by dissolving the
dye in 1 L distilled water. For treatment experiments, the dye
solutions with concentrations in the range of 10–200 mg L-1
were prepared by successive dilution of the stock solution
with distilled water.

58°30' E) of Razavi Khorasan province in the northeastern part of Iran. These natural wastes were firstly washed
with distilled water to remove impurities, such as sand,
leaves as well as soluble and colored components, and dried
at 110 °C for 6 h. For activated carbon preparation, cumin
herb wastes were ground and sieved (1.5 mm). These
wastes were used in a calcination process, and the experiment was carried out as follows: a mixture of 250 g of hazelnut shells, 110 g of ZnCl2 and 110 g H2O was kept overnight, and then, the mixture was calcinated at 350 °C. Finally, the chemically prepared activated carbon was washed
with water and dried [26].
2.3 Dye removal experiments

Dye removal experiments with the cumin herb wastes
ash and activated carbon obtained from cumin herb wastes
were carried out as batch tests in 250-ml flasks under magnetic stirring. Each test consisted of preparing a 100-ml dye
solution with a desired initial concentration and pH by diluting the stock dye solutions with distilled water, and
transferring them into the beaker on a magnetic stirrer. The
pH of the solution was adjusted using 0.1N HCl or NaOH
solutions. A known mass of adsorbent powder (adsorbent
dosage) was then added to the solution, and the obtained
suspension was immediately stirred for a predefined time.
After the desired contact time, the samples were withdrawn
from mixture by using a micropipette and centrifuged for
3 min at 5,000 rpm. After centrifugation, supernatants were
analyzed for the final concentration of RR-120 at 515 nm
(UV–VIS spectrophotometer T80, PG Instruments Ltd.).
Then, the amount of RR-120 dye adsorbed, qe (mg g-1),
was obtained as follows:

TABLE 1 - Some characteristics of the investigated dye.
Characteristics
Molecular formula
Color index name
Molecular weight
Water solubility
λmax
Class

qe =

Reactive Red-120 (RR-120)
C44H24Cl2N14Na6O20S6
Reactive Red-120
1469.34 g mol-1
70 (g L-1)
515
Diazo (R=N=N) bond

(C 0 − C e ) V
M

(1)

where, C0 and Ce are the initial and equilibrium liquid
phase concentration of dye (mg L-1), V is the volume of
the solution (L), and M is the amount of adsorbent used
(g). To express the dye removal efficiency, the following
equation was used:

Removal efficiency, (%) =

FIGURE 1 - Chemical structure of the Reactive Red-120 [25].
2.2 Adsorbent preparation

Cumin herb wastes used in the batch experiments
were collected from lands near to Kashmar city (35°12' N,

(C0 − C f )
C0

×100

(2)

where, C0 and Cf represent the initial and final (after
adsorption) dye concentrations, respectively. All tests
were performed in duplicate to insure the reproducibility of the results; the mean of 2 measurements is reported.
Furthermore, all the experiments were carried out within
the temperature range of 22±1 °C. The investigated
ranges of the experimental variables were as follows:
initial dye concentration (10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 120, 140, 160, 180, 200 mg L -1), initial pH of
solution (2-12), activated carbon as adsorbent (0.1-1.4 g
L-1) and mixing time (5, 10, 15, 30, 45, 60, 75, 90, 105,
120, 150, 180 min).
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3 RESULTS AND DISCUSSION
3.1 Effect of initial pH

It is known that the solution pH can affect the surface
charge of the adsorbent, the degree of ionization of the
different pollutants, the dissociation of functional groups
on the active sites of the adsorbent as well as the structure
of the dye molecule [27]. On the other hand, the solution
pH would affect both aqueous chemistry and surface binding sites of the adsorbent. So, the solution pH is an important parameter during the dye adsorption process. Figure 2 shows the effect of initial pH on RR-120 dye adsorption onto activated carbon obtained from cumin herb wastes.
The ad-sorption of RR-120 dye onto activated carbon obtained from cumin herb wastes is intimately dependent on
solution pH. The adsorption capacity of RR-120 dye
decreases with in-creasing solution pH from 2 to 12. The
maximum adsorption capacity of the activated carbon
used herein was 79.8 mg g-1 at pH 2, initial concentration
of 50 mg L-1 and 22±1 °C, when 95.8% of the dye was
removed. Hence, pH 2 was selected for further experiments. Similar findings were reported by other researchers [28-31]. At acidic conditions, binding sites of the adsorbent would be closely associated with the hydrogen ions
which act as bridging li-gands between the adsorbent
surface and the dye molecule [32]. The lower pH values
can be suitable for the ad-sorption of reactive dye [33-36].

that the sorption sites remain unsaturated during the sorption whereas the number of sites available for sorption
site increases by increasing the adsorbent dose.
Highest adsorption rate was obtained in 1.4 g L-1 of
activated carbon that was 98.32%. As it can be seen from
Fig. 3, there was a non-significant increase in the percentage removal of RR-120 when the adsorbent concentration
increases beyond 0.8 g L-1. This suggests that after a certain dose of biosorbent, the maximum adsorption is attained
and, hence, the amount of pollutants remains constant, even
with further addition of adsorbent [37]. When the adsorbent
dosage increased, percentage removal of RR-120 also increased but amount of adsorbed RR-120 per gram adsorbent decreased (Fig. 4), due to the fact that fixed dye
concentration (50 mg L-1) led to unsaturated active site on
adsorbent surface and increase in the adsorbent concentrations caused particle aggregation [38]. Adsorbent dosage
0.8 g L-1 was selected for further experiments. Furthermore,
similar results were reported by other researchers [29].

FIGURE 3 - Effect of adsorbent dosage on RR-120 adsorption onto
activated carbon obtained from cumin herb wastes (C0 = 50 mg L-1,
contact time = 90 min, pH= 2, T = 22±1 °C).

FIGURE 2 - Effect of initial pH on the adsorption of RR-120 onto
activated carbon obtained from cumin herb wastes (C0 = 50 mg L-1,
contact time= 90 min, adsorbent dosage= 0.6 g L-1, T = 22±1 °C).
3.2 Effect of the amount of adsorbent

The adsorbent concentration is an important factor
because it determines the capacity of the adsorbent for a
given initial RR-120 concentration. In order to determine
the effect of adsorbent dosage on adsorption, 0.1 to 1.4 g L-1
adsorbent (activated carbon obtained from cumin herb
wastes) were used for adsorption experiments at fixed
initial pH (pH 2) and initial dye concentration (50 mg L-1),
for 90 min. As it can be seen from Figs. 3 and 4, the percentage of RR-120 removal steeply increases with the
adsorbent loading up to 0.8 g L-1 to its maximum 97.14%
(60.71 mg g-1). This result can be explained by the fact

FIGURE 4 - Effect of adsorbent dosage on RR-120 adsorption onto
activated carbon obtained from cumin herb wastes (C0 = 50 mg L-1,
contact time = 90 min, pH= 2, T = 22±1 °C).
3.3 Effect of contact time on RR-120 adsorption onto adsorbent

The contact time between adsorbate and adsorbent is
one of the most important design parameters that affect
the performance of adsorption processes. Figure 5 shows
the effect of contact time (5-180 min) on the adsorption
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capacity and percent removal of RR-120 dye onto the
cumin herb waste activated carbon at constant initial dye
concentration (50 mg L-1) and 0.8 g L-1 adsorbent dosage.
The adsorption capacity and percent removal of RR-120
dye onto the activated carbon considerably increase during
the initial adsorption stages, and then continue to increase
at a relatively slow speed with contact time until a state of
equilibrium is attained after 90 min. On the other hand,
according to Fig. 5, the RR-120 dye was rapidly adsorbed
in the first 5 min (50.72%) and then, the adsorption rate
decreased gradually from 5 to 90 min (97.9 % removal
efficiency). Further increase of contact time does not significantly affect dye removal efficiency and after 180 min,
98.04% removal efficiency was reached.
Generally, the removal rate of sorbate is rapid initially, but it gradually decreases with time until it reaches
equilibrium. This phenomenon is attributed to the fact that
a large number of vacant surface sites are available for
adsorption at the initial stage, and after a lapse of time,
the remaining vacant surface sites are difficult to be occupied due to repulsive forces between the solute molecules
on the solid and bulk phases. Similar findings were reported by other researchers [29, 39, 40].

FIGURE 5 - Effect of contact time on RR-120 adsorption onto
activated carbon obtained from cumin herb wastes (C0 = 50 mg L-1,
adsorbent dosage =0.8 g L-1, pH= 2, T = 22±1 °C).
3.4 Effect of initial RR-120 dye concentration

The initial concentration provides an important driving force to overcome all mass transfer resistance of the
dye between the aqueous and solid phases [33, 41]. To
study the influence of initial dye concentration on the efficiency of decolorization, the experiments were performed
at different initial RR-120 levels by maintaining the other
parameters constant.
Figure 6 shows the effect of initial dye concentration
on adsorption capacity and percent removal of RR-120
dye onto our activated carbon at different initial concentrations. It can be seen that efficiency of decolorization decreases with increase of the initial dye concentration. Remarkably, the adsorption capacity of RR-120 dye increases
(Fig. 6) but the percent removal of RR-120 dye decreases
with the increase in initial concentration, suggesting that
the adsorption of RR-120 dye onto activated carbon herein
is highly dependent on initial dye concentration. For ex-

ample, increase in dye from 10 to 200 mg/L decreases the
decolorization from 98.5 to 72.1% at 90 min. In contrast,
the adsorption capacity of activated carbon increases when
initial dye concentration increases from 100 to 200 mg L-1
(12.3 to 180.5 mg g-1). As previously mentioned, the
initial dye concentration provides an important driving force
to overcome all mass transfer resistance of the dye between
the aqueous and solid phases, so increasing initial concentrations would enhance the adsorption capacity of dye. On
the other hand, the dye adsorption process involves the first
transport of dye molecules from bulk solution through
liquid film to the exterior surface of adsorbent, and then
from the exterior surface to the pores of the adsorbent,
which reflects the adsorption of dye onto the adsorbent is
relevant to the initial concentration. Generally, the total
number of available adsorption sites is fixed for a given
adsorbent dose. It is reasonable to particulates that the larger
ratio of active adsorption sites of the adsorbent is available
at lower initial concentration. Therefore, the percentage
removal of dye is greater at lower initial concentration but
smaller at higher initial concentration [33, 42].

FIGURE 6 - Effect of initial dye concentrations on RR-120 adsorption onto activated carbon obtained from cumin herb wastes (adsorbent dosage = 0.8 g L-1, contact time = 90 min, pH= 2, temperature = 22±1 °C).
3.5 Adsorption isotherms

In order to optimize the use of activated carbon obtained from cumin herb wastes, it is important to establish
the most appropriate adsorption isotherm. Also, the isotherm
provides a relationship between the concentration of dye in
solution and the amount of dye adsorbed on the solid phase
when both phases are in equilibrium. Therefore, equilibrium adsorption data were analyzed by using the Langmuir,
Freundlich and BET isotherm models (Figs. 7-9). Also,
analysis of isotherms was used to describe the experimental
adsorption data, and then, best results can be obtained
when correlation coefficients (R2) come close to 1. High
values of R2 (close or equal to 1) indicate the conformity
among experimental data with model isotherm [39]. The
adsorption isotherm models of Langmuir, Freundlich and
BET can be represented in the linear form as follows:
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where, qe is the amount of dye adsorbed per specific
amount of adsorbent (mg g-1), Ce is equilibrium concentration of RR-120 dye (mg L-1), KL is Langmuir constant,
and qm is the maximum amount of RR-120 dye required
to form a monolayer (mg g-1). Kf and 1/n are the Freundlich constants related to adsorption capacity and adsorption intensity, respectively. Ci is the initial concentration
of dye in solution (mg L-1), A is a constant to describe the
energy of interaction between the solute and the adsorbent
surface and Xm is the amount of solute adsorbed in forming a complete monolayer (mg g-1).
FIGURE 7 - Langmuir isotherm for sorption of RR-120 onto activated carbon obtained from cumin herb wastes (R2=0.9761).

FIGURE 8 - Freundlich isotherm for sorption of RR-120 onto activated carbon obtained from cumin herb wastes (R2=0.9308).

The R2 values of Langmuir, Freundlich and BET models (Table 2 and Figs. 7-9) are 0.9761, 0.9308 and 0.9864,
respectively, indicating that the BET model is more suitable for describing the adsorption equilibrium of RR-120
dye onto activated carbon obtained from cumin herb wastes.
In the Langmuir model, it is assumed that the site energy
for adsorption is the same for all surface sites and does not
depend on degree of coverage, and that the largest capacity
corresponds to only one monolayer. These assumptions are
not valid for most adsorbents because, for example, activated carbon has a wide range of pore size that continues
to adsorb organics when the concentration increases. The
BET isotherm does allow for multiple layers, it is assumed
in the BET equation that site energy is the same for the first
layer and equal to the free energy of precipitation for
subsequent layers. In reality, the site energy of adsorption
varies widely for most adsorbents (i.e. activated carbon)
because they are very heterogeneous and the site energy
varies considerably with surface coverage. The Freundlich
equation is used to describe isotherm data for heterogeneous adsorbents (varying site energies) much better than the
Langmuir or BET equations [43].
4 CONCLUSION

FIGURE 9 - BET isotherm for sorption of RR-120 onto activated
carbon obtained from cumin herb wastes (R2=0.9864).

1
log qe = log K f + log C e
n

(4)

Ce
1
A −1
=
+
(Ci − C e )q e AX m AX m

(5)

Adsorption ability of activated carbon obtained from
cumin herb wastes is evaluated by choosing the RR-120
dye as an adsorbate. Batch adsorption tests demonstrate
that the adsorption is affected by various conditions, such
as initial pH, adsorbent dosage, contact time and initial
dye concentration. From the present study, it can be seen
that the activated carbon obtained from cumin herb wastes
can be used effectively for the removal of the RR-120 dye
from aqueous solutions. This adsorbent was able to remove up to 98% of RR-120 dye from solutions whose
initial concentration varied between 10-200 mg/L. In
addition, equilibrium data are fitted by Langmuir, Freundlich and BET isotherms, and equilibrium data are better
described by BET isotherm model.

TABLE 2 - Isotherm parameters for adsorption of RR-120 onto activated carbon obtained from cumin herb wastes at 22±1 ºC.
Langmuir isotherm
qm (mg g-1)
kL (L mg-1)
120.48
0.72

R2
0.9761

Freundlich isotherm
kf
n
40.78
2.49
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R2
0.9308

BET isotherm
A
182.2

Xm (mg g-1)
0.0058

R2
0.9864
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ABSTRACT

1 INTRODUCTION

Effects of the co-pollutants thiosulfate/S 2O 32- and
NH 4+/NH 3 (ammonium/ammonia) onto photocatalytic removal of aqueous phase thiocyanate (SCN-) species were
investigated employing titanium dioxide (TiO2)-mediated
photocatalytic degradation (PCD) process. Generally, presence of thiosulfate caused reduced thiocyanate PCD as compared to thiocyanate-only systems. Nevertheless, significant
thiocyanate degradation was still observed for the respective mixed systems at lower thiosulfate amounts and 6-h
reaction time. The thiocyanate/thiosulfate studies at pH 4-10
showed increasing thiocyanate degradation with pH. Furthermore, any notable thiocyanate degradation happened
only after thiosulfate removal. Also a significant portion of
sulfur originally introduced in the thiocyanate and thiosulfate forms was converted to sulfate. However, the accumulation of cyanide species during pH 4-10 studies, and its
insignificant conversion to cyanate, posed a concern. Nevertheless, thiocyanate/thiosulfate systems at pH 12 showed
not only significant thiocyanate removal but also cyanate
and sulfate as the major reaction byproducts. This trend
was noted, even after doubling the concentrations of thiocyanate and thiosulfate. For the thiocyanate/ammonia mixed
studies at pH 4-10, significant thiocyanate degradation was
observed, but ammonia removal was minimal. However,
at pH 12, both thiocyanate and ammonia degradation
transpired though ammonia showed a slower and gradual
removal trend. Also, cyanate and sulfate were noted to be
the dominant intermediates. In summary, when comparing
results from both mixed systems, the optimum pH was
noted to be 12, which resulted in degradation of thiocyanate, along with conversion of the toxic reaction intermediate cyanide to cyanate.

KEYWORDS: Advanced oxidation, photocatalysis, thiocyanate,
thiosulfate, ammonia, UV light

The presence of thiocyanate/SCN- in wastewaters from
sources such as petroleum refineries, coal gasification, steel
making, mining, photo-processing, agrochemistry, farm
processing plants, remains an issue because of respective
toxicity concerns [1]. Additionally, the SCN- species is
often noted to be present along with other co-pollutants,
such as thiosulfate/S2O32-, cyanide/CN-, and NH4+/NH3 (ammonium/ ammonia or ammonia) in several industrial effluents [2-5]. For example, the petroleum refineries generating huge volumes of wastewater do contain the abovementioned contaminants in a mixed state [2]. Because of
related toxicity concerns, these wastewater streams often
require an appropriate treatment before their safe return to
the nature [1, 6]. The other environmental concerns include
exertion of a high biochemical oxygen demand and, thus,
reduction in dissolved oxygen levels in the receiving water
streams causing serious ecological and aesthetics concerns
[7]. To avoid such conditions, strict environmental regulations are now enforced in many countries around the globe.
This, in turn, requires an appropriate industrial
wastewater treatment strategy. Nevertheless, the removal
of SCN- from respective wastewater streams that also
contain the respective co-pollutants often poses a challenge because of a variety of reasons including pH &
synergistic effects and competitive reactions [2, 4]. Advanced oxidation processes (AOPs) that have been extensively tested and used for the treatment of several industrial effluents could provide an alternative for the treatment of
SCN- in the presence of the above co-pollutants. The titanium dioxide (TiO2)-assisted photocatalytic degradation
(PCD) process which is an AOP technology has also been
widely studied for the removal of both organic and inorganic pollutants from contaminated water bodies [8, 9]. In
brief, upon exposure to a near UV radiation (~352 nm),
the photocatalyst TiO2 absorbs the light energy and produces an e-/h+ pair (electron/hole; Equation 1.1):
(1.1)

* Corresponding authors

The h+ species that is electron-deficient reacts with an
adsorbed hydroxyl OH- on the TiO2 surface and produces
•OH radical:
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(1.2)
The •OH radicals are powerful and non-selective oxidants that can typically simultaneously remove both
organic and inorganic pollutants from the concerned
wastewaters [10-12].
As mentioned earlier, thiocyanate along with copollutants including thiosulfate and ammonia is noted
in industrial effluents (including those from petroleum
refineries & coal processing), and treatment of such streams
is typically required as per the local regulations. SCN- under
pure basic research photocatalysis subjects, such as pulse
radiolysis study [13] and femto-second study [14], is noted
in the literature. Recently, Vohra [15] also reported on the
PCD of SCN-only systems at different pH values along with
the reaction intermediates formed. Furthermore, Vohra
et al. [16] reported on the PCD-initiated removal of
S2O32- (200 mg/L), and noted its reduced removal in presence of SCN- (10 mg/L), whereas at reduced S2O32- (40 mg/L)
a competitive degradation trend was noted at pH 12, i.e.,
S2O32- degraded firstly, followed by SCN- removal. Nevertheless, a detailed study on the PCD of SCN- in the presence of S2O32- and NH4+ has not been reported, to the best
of our knowledge. Therefore, the present study investigates
the efficiency of PCD process for the removal of thiocyanate
in presence of thiosulfate and ammonia at varying pH
values, pollutant amounts, and also explores some of the
possible reactions intermediates.
2 MATERIALS AND METHODS

ferred to the PCD reactor and again subjected to continuous stirring using a magnetic stirrer setup (Fig. 1). A 15W near UV light lamp (F15T8-BLB 15 W, SANKYO
DENKI, Japan) which emitted rays at wavelengths between 315-400 nm with a peak maximum at ~352 nm, was
used in the present work. This lamp was positioned at the
centre of the reactor while being separated from the synthetic wastewater batch using a glass sleeve. The UV
lamp was then turned on and, during the course of photocatalysis, several samples were collected through the sampling port (Fig. 1).

FIGURE 1 - The reactor setup used for the photocatalysis experiments.

2.1 Chemicals

All chemicals used for the present study were of high
purity reagent grade quality. The major chemicals that were
used included TiO 2 (P25, DEGUSSA), KSCN (BDH),
Na2S2O3.5H2O (BDH), NH4Cl (BDH), NaCN (FISHER),
KOCN (FLUKA), K2SO4 (FISHER), Na2CO3 (BDH), NaHCO3 (BDH), HClO4 (BAKER), NaOH (FISHER), and pH
calibration standards (FISHER).
2.2 Photocatalysis - Experimental Details

The PCD experiments were conducted using a batch
type (Pyrex glass) reactor holding 1 L of the respective
synthetic wastewater sample. Fig. 1 provides the reactor
details. Synthetic wastewater for the PCD experiments was
prepared using high purity water (CORNING Mega PureTM
System) and stock solutions of respective chemicals. For
all PCD experiments, 1 g TiO2 was suspended in 1 L synthetic wastewater batch using a magnetic stirrer setup. The
initial suspension pH was then measured and adjusted to
the desired value using HClO4 or NaOH solutions. Also, two
blank samples were always collected from each
wastewater batch, i.e., the first one before the addition of
TiO2, and the second one after the addition of TiO2 and
initial pH adjustment. These steps accounted for any initial substrate adsorption onto TiO2 at the given initial pH.
The synthetic wastewater batch with TiO2 was then trans-

2.3 Analytical Methods

At first, each collected sample was filtered through a
0.2 µm cellulose nitrate membrane filter (WHATMAN,
Germany), and then analyzed for the target pollutants. The
SCN-, S2O32-, SO42-, OCN-, NO3-, and NO2- species were
analyzed using an Ion Chromatograph setup (IC 761,
METROHM, Switzerland) that was equipped with a conductivity detector. A Metrosep Anion Dual 2 IC column
4.6 mm x 75 mm (6.1006.100, METROHM, Switzerland)
was used for the respective analyses. The eluent composition was 3.5 mM Na2CO3/1 mM NaHCO3 and eluent flowrate was 1 ml/min. The IC system was regularly calibrated
using appropriate calibration standards prepared using the
respective reagent-grade chemicals. Aqueous phase ammonia was analyzed using an ammonia electrode (ORION 9512, USA) and an ISE-meter setup (ORION, USA). Each
respective sample was first transferred into a mini-size
beaker to which an appropriate amount of NaOH solution
was added. The sample solution was stirred (using a small
magnetic stirrer setup) with the ammonia electrode dipped
into it, and the respective mV reading was noted after the
meter showed a stable value. The ammonia testing setup
was regularly calibrated to ensure quality control. Cyanide
(CN-) species was analyzed using a cyanide electrode (9606 Cyanide Electrode, ORION, USA) and an ISE-meter
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setup (ORION, USA). The pH analyses were completed
using a standard pH-meter setup (ORION, USA.). Both
the CN - and pH measurement setups were also regularly
calibrated using appropriate calibration standards.

FIGURE 3 - The reaction intermediates results for the binary SCN/S2O32- photocatalysis studies at pH 4 (SCN- 10 mg/L, S2O32- 40 mg/L,
15 W UV lamp); ● SCN, □ CN-N, ▲SO4-S, ∆ S2O3.

based on TiO2 speciation that can be represented as follows:
(1.3)
(1.4)

3 RESULTS AND DISCUSSION
Thiocyanate removal results for the binary SCN-/ S2O32photocatalysis study at pH 4 (SCN- 10 mg/L, S2O32- 40 mg/
L) are shown in Fig. 2. For a comparison purpose, the respective thiocyanate-only PCD results [15] were also included. Though thiocyanate removal is reduced in presence
of thiosulfate, still significant thiocyanate PCD does transpire at a time of 6 h. Vicente and Díaz [17], who stu-died
SCN- removal in the presence of phenol using the wet
oxidation process, also noted notable SCN- removal from
the mixed system. However, the respective thiosulfate degradation shows quick and nearly complete removal within
a short reaction time (Fig. 3). These results can be explained

Thiocyanate only

SCN – Remaining (%)

Thiocyanate/ Thiosulfate

Time (min)

FIGURE 2 - Thiocyanate removal results for the binary SCN-/S2O32photocatalysis studies at pH 4 (SCN- 10 mg/L, S2O32- 40 mg/L, 15 W
UV lamp); ○ Thiocyanate only, ● Thiocyanate/Thiosulfate.

□ CN-N

▲SO4-S

∆ S2 O3

Relative TiO2 Surface Charge (arb. unit)

Species amount (%)

● SCN

The surface acidity constant (Log Ksint) values of
-3.9 and -8.7 have been reported for reaction 1.3 and
reaction 1.4, respectively (for Degussa P25 TiO2) along
with a surface site density of 2.74x10-4 mol/g [18]. Employing the above TiO2 surface properties along with SSABET value of 54 m2/g and the MINTEQA2/PRODEFA2
software [19], the Degussa P25 TiO2 surface speciation
results were cal-culated as given in Fig. 4. The respective
findings indicate that TiO2 surface would be positively
charged at pH 4, neutral at pH 7, but negatively charged
at pH 10 and above. Though both thiocyanate and thiosulfate species are an-ionic, with thiosulfate having a higher
anionic charge compared to thiocyanate possibly causing
its better accumulation in the near-surface region of TiO2
because of dominant positive surface charge at pH 4 (Fig. 4),
thus resulting in earlier removal of thiosulfate as noted in
Fig. 3. Furthermore, Fig. 3 shows sulfate and cyanide as
the dominant reaction intermediates formed during the
course of PCD process (results are presented as percentage of either total-N or total-S amount). The present work
was expanded by conducting another PCD experiment at pH
7 (Fig. 5). As for pH-4 findings, presence of thiosulfate
results in reduced thiocyanate removal at pH 7 as well. Further comparing the two mixed systems, comparatively higher
thiocyanate removal was evident at pH 7 compared to pH
4. Furthermore, Fig. 6 also shows that at pH 7 nearly complete removal of thiosulfate requires more than 60 min,
which is higher than at pH 4. This trend indicates that
though thiocyanate removal at 6 h increases with an increase in pH from 4 to 7, the thiosulfate species shows an
opposite trend which is somewhat difficult to explain and
conflicting considering the fact that both species are anionic; and if the interaction with TiO2 surface is important,
then, the pH-dependent behavior should be the same for
both. Nevertheless, both species do show removal with
time. It should also be noted that significant thiocyanate
removal begins only after significant thiosulfate removal.

Time (min)

pH
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FIGURE 4 - Calculated relative TiO2 surface charge [Using
MINTEQA2/PRODEFA2 software and considering Ti-OH2+, Ti-OH
and Ti-O- surface species].

FIGURE 7 - Thiocyanate removal results for the binary SCN-/S2O32photocatalysis studies at pH 10 (SCN- 10 mg/L, S2O32- 40 mg/L, 15 W
UV lamp); ○ Thiocyanate only, ● Thiocyanate/Thiosulfate.
● SCN

Thiocyanate only

□ CN-N

▲SO4-S

∆ S2 O3

Species amount (%)

SCN – Remaining (%)

Thiocyanate/Thiosulfate

Time (min)
-

2-

FIGURE 5 - Thiocyanate removal results for the binary SCN /S2O3
photocatalysis studies at pH 7 (SCN- 10 mg/L, S2O32- 40 mg/L, 15 W
UV lamp); ○ Thiocyanate only, ● Thiocyanate/Thiosulfate.

□ CN-N

▲SO4-S

This indicates a competitive type reaction mechanism, with
thiosulfate PCD having a preference. Further to this discussion at pH 7, the reaction intermediate findings (Fig. 6)
indicate higher sul-fate formation compared to pH 4 (Fig. 3).

∆ S2 O3

Species amount (%)

● SCN

Time (min)

FIGURE 6 - The reaction intermediates results for the binary SCN/S2O32- photocatalysis studies at pH 7 (SCN- 10 mg/L, S2O32- 40 mg/L,
15 W UV lamp); ● SCN, □ CN-N, ▲SO4-S, ∆ S2O3.

Thiocyanate only

SCN – Remaining (%)

Thiocyanate/ Thiosulfate

Time (min)

FIGURE 8 - The reaction intermediates results for the binary SCN/S2O32- photocatalysis studies at pH 10 (SCN- 10 mg/L, S2O32- 40 mg/L,
15 W UV lamp); ● SCN, □ CN-N, ▲SO4-S, ∆ S2O3.

This could happen because of increased thiocyanate
removal at pH 7. The other dominant intermediate is cyanide species. Therefore, the present work explored thiocyanate PCD at pH 10 (Fig. 7). Identical to pH 4 and 7
results, presence of thio-sulfate does reduce thiocyanate
PCD. Furthermore, Fig. 8 also shows complete thiosulfate
removal at 120 min, and (the same as pH 7) any notable
thiocyanate degradation transpires only afterwards.
Vohra et al. [16] briefly reported a similar trend at pH 12.
Fig. 8 which also provides the respective reaction intermediate formation shows that a significant portion of
sulfur originally introduced in the thiocyanate and thiosulfate forms is converted to sulfate. However, according to
pH 4 and 7 findings, the accumulation of cyanide species
is not desirable. In summary, the aforementioned thiocyanate removal findings for the binary SCN-/S2O32- photocatalysis systems show that thiocyanate PCD-initiated removal increases with an increase in pH from 4 to 7/10.
Though (based on existing literature) the effect of pH on
PCD efficiency has been noted to be very variable, two
reasons that can possibly explain the noted enhanced
SCN- degradation at elevated pH, include higher concentration of OH- ions that are precursors to •OH radicals (the
dominant oxidant species in the PCD systems), and a negative shift in the TiO2 bands-potential position which should
also initiate a higher CB e- species transfer to O2, causing
reduced e-/h+ recombination and, consequently, higher
h+ species availability for the formation of •OH radicals
[20, 21]. These suggested 'enhanced •OH ra-dical formation' mechanisms can possibly explain the noted increased SCN- removal with respect to pH.
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Considering the above-mentioned pH and thiosulfate effects, thiocyanate PCD was further studied at pH
12 at varying thiocyanate and thiosulfate amounts (Figs. 9
and 10). At high S2O32- amount of 200 mg/L, thiocyanate
PCD is significantly hindered (Figs. 9 and 10). However,
at SCN- 10 mg/L and reduced S2O32- amount of 20 mg/L,
the respective results show significant removal of both
thiocyanate and thiosulfate species (Fig. 9). Similar to
previous observations, thiocyanate removal starts only
after nearly complete thiosulfate removal (Fig. 11). Also
important to note is significant oxidation of thiocyanate to
cyanate species (Fig. 11) whereas, for the other aforementioned results (Figs. 3, 6, 8), only cyanide buildup was
noted with insignificant conversion to cyanate species. This
is important as cyanide is toxic and requires treatment before discharge. To further our understanding on this subject,
an additional experiment was conducted at 2-fold amount,
i.e., SCN- 20 mg/L, S2O32- 40 mg/L, and pH 12; the findings
are reported in Figs. 10 and 12. This was to investigate
how such a doubling in concentration of two pollutants
will affect thiocyanate removal. Though respective increase
0 mg/L Thiosulfate

20 mg/L Thiosulfate

FIGURE 10 - Effect of varying thiosulfate concentration onto thiocyanate removal for the binary SCN-/S2O32- photocatalysis studies at
pH 12 (SCN - 20 mg/L, S 2 O 3 2- 0, 40, & 200 mg/L, 15 W UV lamp);
○ 0 mg/L Thiosulfate, □ 40 mg/L Thiosulfate, Χ 200 mg/L Thiosulfate.
● SCN ■ OCN-N Χ NO3-N ▲SO4-S ∆ S2O3

Species amount (%)
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Time (min)

FIGURE 11 - The reaction intermediates results for the binary SCN/S2O32- photocatalysis studies at pH 12 (SCN- 10 mg/L, S2O32- 20 mg/L,
15 W UV lamp); ● SCN, ■ OCN-N, Χ NO3-N, ▲SO4-S, ∆ S2O3.

200 mg/L Thiosulfate

Species amount (%)

SCN – Remaining (%)

● SCN ■ OCN-N Χ NO3-N ▲SO4-S ∆ S2O3

Time (min)

FIGURE 9 - Effect of varying thiosulfate concentration onto thiocyanate removal for the binary SCN-/S2O32- photocatalysis studies at
pH 12 (SCN- 10 mg/L, S2O32- 0, 20, & 200 mg/L, 15 W UV lamp); ○
0 mg/L Thiosulfate, ◊ 20 mg/L Thiosulfate, Χ 200 mg/L Thiosulfate.

40 mg/L Thiosulfate

SCN – Remaining (%)

0 mg/L Thiosulfate

Time (min)

200 mg/L Thiosulfate

Time (min)

FIGURE 12 - The reaction intermediates results for the binary SCN/S2O32- photocatalysis studies at pH 12 (SCN- 20 mg/L, S2O32- 40 mg/L,
15 W UV lamp); ● SCN, ■ OCN-N, Χ NO3-N, ▲SO4-S, ∆ S2O3.

causes some delay, a significant thiocyanate removal does
transpire at elevated reaction time. Also, similar to previous
trends, any notable decrease in thiocyanate occurs only
after a significant decrease in thiosulfate amount (Fig. 12).
Furthermore, formation of comparatively inert oxidized
reaction products sulfate and cyanate (along with some
nitrate) indicates higher PCD process efficiency.
The effect of ammonia on thiocyanate photocatalysis
was also investigated. Fig. 13 provides results for the
respective mixed systems and shows an increasing thiocyanate removal trend from pH 4 till pH 10. A comparison of these mixed system findings with the respective
thiocyanate-only PCD results showed no significant effect
of ammonia on thiocyanate removal. However, comparing
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the ‘with and without ammonia’ findings at pH 12, a
decrease in thiocyanate removal in the presence of ammonia was observed. It should be noted that for SCN-/
ammonia study at pH 12, ammonia species also shows a
gradual degradation (Fig. 14) which as mentioned above
was not the case for pH 4, 7 and 10 studies. Hence, decreased thiocyanate removal as noted for mixed pH 12
system could well be ascribed to co-pollutant ammonia
degradation. Though ammonia PCD has reported to be high
at elevated pH, however, complete inhibition at lower pH,
as it was noted for the present pH 4-10 thiocyanate/ ammonia mixed studies, was different. For example, Zhu et al.
[22] observed only lower ammonia degradation at pH 9
compared to pH 10. Higher ammonia removal at elevated
pH can be attributed to a comparatively higher amount of
ammonia (at higher pH because of speciation) and its
higher reaction rate with •OH radicals [22, 23]. For the
respective pH-12 thiocyanate/ammonia mixed study, we also
noted significant cyanate and sulfate formation (Fig. 14) indicating conversion of thiocyanate to comparatively inert
species. Hence, findings from the present work indicate
that thiocyanate species can be successfully removed from

● SCN

◊ NO2-N ■ OCN-N Χ NO3-N + NH4-N ▲SO4-S

Species amount (%)

© by PSP Volume 22 – No 2a. 2013

Time (min)

FIGURE 14 - The reaction intermediates results for the binary SCN/Ammonia photocatalysis studies at pH 12 (SCN- 10 mg/L, Ammonia
5 mg/L, 15 W UV lamp); ● SCN, ◊ NO2-N, ■ OCN-N, Χ NO3-N, +
NH4-N, ▲SO4-S.

the respective mixed waste streams at optimum process
conditions (as discussed above), and converted to oxidation end-products cyanate, sulfate and nitrate.
4 CONCLUSIONS

SCN – Remaining (%)

Results from the present study indicate that notable
thiocyanate removal could be achieved from mixed thiocyanate/ thiosulfate and thiocyanate/ammonia aqueous systems using photocatalysis.

Time (min)

FIGURE 13 - Thiocyanate removal results for the binary SCN/Ammonia photocatalysis studies at pH 4-12 (SCN- 10 mg/L, Ammonia 5 mg/L, 15 W UV lamp); ○ pH 4, ◊ pH 7, □ pH 10, Χ pH 12.

Marked thiocyanate degradation was observed for
mixed thiocyanate/thiosulfate systems at lower thiosulfate
amounts and 6-h reaction time. Though the pH 4-10 thiocyanate/thiosulfate studies show increasing thiocyanate
degradation with pH, the overall thiocyanate PCD is lower
as compared to respective thiocyanate-only systems. Accumulation of cyanide during pH 4-10 studies, and its insignificant conversion to cyanate, is also a concern. Nevertheless, the pH 12 thiocyanate/thiosulfate systems show not
only significant thiocyanate removal but also its conversion
to cyanate. The other major intermediate is sulfate. These
pH-12 trends were consistent, even after doubling the concentrations of thiosulfate and thiocyanate. Also, for the thiocyanate/ammonia mixed studies, pH 12 is optimum, yielding both thiocyanate and ammonia degradation, though the
latter species shows gradual and slower removal. Comparing results from both mixed systems, the optimum pH is
noted to be 12 resulting in significant degradation of thiocyanate with minimum buildup of toxic reaction intermediate cyanide but maximum conversion to end-products
cyanate and sulfate. In summary, the respective mixed systems can be successfully treated for thiocyanate removal
under the aforementioned optimum conditions employing
the PCD process.
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[13] Lawless, D., Serpone, N. and Meisel, D. (1991) Role of hydroxyl radicals and trapped holes in photocatalysis. A pulse
radiolysis study, Journal Physical Chemistry, 95, 5166-5170.
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REMOVAL OF PHOSPHATE FROM AQUEOUS SOLUTIONS.
KINETICS, THERMODYNAMICS AND ISOTHERM CALCULATIONS
Eva Chmielewská* and Renata Hodossyová
Faculty of Natural Sciences, Comenius University, Mlynská dolina, 842 15 Bratislava, Slovak Republic

ABSTRACT
Batch adsorption experiments were carried out to study
the kinetics and thermodynamics of phosphate removal
from model solutions on the surface of some selected adsorbents. The data obtained were analysed using two reaction–based kinetic models and a diffusion-based model. In
order to examine the extent to which diffusion participates in
this adsorption process, the data were processed by the
Weber-Morris mass transfer model, respectively. The
Freundlich model represented a slightly better description of
phosphate adsorption onto Slovakite and GEH104 than onto
clinoptilolite-rich tuff, while the Redlich-Peterson model
yields a better fit for phosphate adsorption onto clinoptilolite-rich tuff. Adsorption onto montmorillonite proceeds
best by Sips isotherm model. The calculated ΔG values show
that under the standard conditions the adsorption of phosphate onto all adsorbents examined occurs spontaneously.

KEYWORDS:
Clinoptilolite-rich tuff, montmorillonite, iron oxyhydroxide, Slovakite, phosphate removal, thermodynamics, isotherms.

In this paper, some attention is focused on some adsorption materials, such as zeolite, montmorillonite, Slovakite and granulated iron oxyhydroxide (GEH), which
were chosen for phosphate removal examination due to
their more or less natural occurrence and, therefore, economic feasibility.
2 MATERIALS AND METHODS
2.1 Adsorbents examined

Al-Mg – montmorillonite-rich bentonite originated
from the deposit Stará Kremnička – Jelšový Potok in the
Slovak Republic [6].
Natural zeolite of clinoptilolite-type was from Slovak
deposit at Nižný Hrabovec [7].
Granulated ferric hydroxide (GEH104) was developed
at the Department of Water Quality Control, Technical
University Berlin [8].
Slovakite decodes a commercial adsorbent manufactured by IPRES inžiniering s.r.o., Bratislava from domestic
dolomite, bentonite, diatomic clays, alginite and zeolite,
justified only with clinker, and finally pressurized [9].
2.2 Analytical procedures

1 INTRODUCTION
Human’s industrial, agricultural and mining activities
are the reason, why the most of our water bodies suffer
from superfluous concentrations of phosphorus, and thus
eutrophication and water quality deterioration. Currently,
many physico-chemical techniques like chemical precipitation, membrane processes, filtration and coagulation, for
phosphate removal are available; however they suffer from
many disadvantages, such as high cost, salt content in the
effluent, necessities of chemical sludge disposal, etc. On
the other hand, the biological P removal using actynomycetes luxury uptake mechanism requires adjusted water
composition, appropriate climate conditions and high
investment cost [1-5].
* Corresponding author

Chemicals necessary for the stock solution preparation were purchased mostly from Lachema Brno (made in
Czech Republic) with analytical-grade quality. Aqueous
model solutions of the pollutant examined in adsorption
experiments (as phosphate) were determined by means of
a Villa Labeco ZKI 02 column-coupling isotachophoretic
analyzer. The measured data were processed by ITP PRO
32 program (Kas Comp, Ltd. Bratislava). Atomic Emission Spectrometry (ICP-OES, Jobin Yvon 70 Plus) at the
wavelength 213,618 nm for phosphorus was also used for
experimental results verification.
2.3 Laboratory setup

Batch-mode or discontinuous adsorption experiments
were carried out using 30-ml aliquots of model solution
with variable pollutant concentration and 0.3 g adsorbents
equilibrated for the designated time interval in 100-ml
glass stopper bottles, after which the supernatant solutions
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were separated mostly by centrifugation, and then residual
pollutants were analysed. The samples were agitated in a
horizontal Elpan Water Bath Shaker equipped with variable speed and water bath temperature adjustment, necessary for the thermodynamic (3 various temperatures) measurements. The study of phosphate adsorption dependence
with time onto various adsorption materials was carried out
at 298, 313 and 333 K for solutions with 300 mg/L initial
phosphate concentration and the original pH values of
8.8–9. The grain-size of all the used adsorbents ranged
between 0.2–0.5 mm.
The data at all kinetic tests mean the arithmetic average values of 3 parallel-measured samples, usually for
every time interval till the equilibrium. Experimental kinetic data obtained were computed using the QtiPlot Program
of non-linear Regression Analysis.
3 RESULTS AND DISCUSSION
3.1 Kinetic studies

Various kinetic models have been suggested for adsorption including the Lagergren pseudo-first and pseudosecond order, external diffusion or intra-particle diffusion
(Weber–Morris mass transfer) models, expressed in Eqs.
1-5 below [10-12]:

log(aeq − a ) = log aeq −

k1
t
2.303

(1)

t
1
1
=
+
t
2
a k 2 aeq
aeq

(2)

a = ki

(3)

t +C

D f = 0,23

ro δ aeq

(4)

t

0,03 ro2 aeq

(5)
t
where, k1,k 2 , k i are the pseudo-first order, pseudosecond order rate constants and rate parameter of the
intra-particle diffusion control stage, respectively; aeq the
maximum amount of solute adsorbed at equilibrium in
mg/g, a the amount of solute on the surface of the adsorbent at any time t in mg/g; C is the intercept at the ordinate in Fig. 2, Df and Dp are the film and pore diffusion, rO
is radius of sample grains in cm, δ is the film thickness in
cm, and t is time in min (Table 1).
Firstly, kinetic measurements presented in Figs. 1 and
2 were done to distinguish the phosphate removal performance of the 4 selected adsorbents. As seen from the
curves in Figs. 1 and 2, the adsorption takes place in two
steps. The first step occurs at the beginning stages of adsorption, when phosphate uptake increases rather sharply
from the beginning of the ordinates. Following that is the
second step, which characterizes the entire remaining
adsorption of phosphate, gradually up to the equilibrium
stage.
The data from Fig. 2 were analysed using two reaction–based kinetic models and a diffusion-based model,
listed in Table 1. The first reaction-based model is given
by the Lagergren´s first order rate equation („pseudo-firstorder rate equation“), whose integrated form is given by
Eq. (1). The second reaction-based model applied in this
study, is described by the pseudo-second-order rate equation, yielding in expression (2).
Application of two models on the adsorption of phosphate onto 4 types of adsorbents showed that both give
satisfactory agreements as judged by the values of determination coefficient. However, the analysis of the temperature dependence of the rate constants suggests that the
pseudo-second-order model gives a more realistic description of the phosphate adsorption kinetics than the Lagergren´s first-order model (Table 1).

Dp =

TABLE 1 - The kinetic and thermodynamic values for the adsorption of phosphate ions onto 4 adsorbents in the range of 298–333 K including selected activation energy Ea data.
Lagergren`s
first-order rate
constants

Weber-Morris
mass transfer model
k
C
(mg.g-1.min1/2) (mg.g-1)

adsorbent

T (K)

clinoptilolite
rich tuff

298

0.587

GEH 104

313
333
298
313
333

0.653
1.384
0.522
0.625
1.037

montmorillonite

298

0.128

Slovakite

313
333
298
313
333

0.124
0.073
0.258
0.438
1.668

Pseudo-second
order rate constants

Film and pore diffusion

k1
(min-1)

R2

k2
(g.mg-1.min-1)

amax
(mg.g-1)

R2

2.32

0.9077

1.16

0.9772

0.094

11.0

0.9833

2.36

5.71 . 10-6

2.6 . 10-5

-9.9

55.1

20.8

0.10

2.85
2.36
6.05
9.30
4.33

0.7837
0.8282
0.9555
0.9004
0.8937

1.18
0.14
1.79
2.17
1.07

0.8519
0.8498
0.9638
0.9785
0.9149

0.092
0.001
0.170
0.159
0.052

14.8
19
13.8
19.4
20.2

0.8871
0.8511
0.9835
0.9874
0.9401

–

7.69 . 10-6
9.87. 10-6
7.17 . 10-6
1.00. 10-5
1.04 . 10-5

3.5 . 10-5
4.5 . 10-5
3.27 . 10-5
4.60 . 10-5
4.79 . 10-5

-11.7
-13.9
-10.8
-14.1
-13.5

89.1
153.9
78.2
161.9
179.9

15.1

0.08

12.40

0.7022

5.90

0.9929

1.550

14.9

0.9947

–

7.74 . 10-6

3.53 . 10-5

-11.0

85.6

- 5.3

0.01

-6

2.94 . 10-5
2.96 . 10-5
5.85 . 10-5
7.11 . 10-5
1.49 .10-4

-10.9
-11.6
-10.3
-11.7
-26.1

65.0
66.1
63.4
88.9
12 376

104.9

0.3

10.50
11.20
8.27
7.90
7.34

0.8982
0.8400
0.9463
0.9994
0.9017

4.77
6.80
3.04
2.45
1.13

0.9983
0.9976
0.9925
0.9720
0.9802

1.230
2.780
0.467
0.257
0.032

12.4
12.5
12.1
14.7
30.9

606

0.9995
0.9986
0.9990
0.9897
0.9824

Ea
Df
(kJ.mol-1) (cm2.s-1)

– 53.2

Dp
(cm2.s-1)

Kd
∆S
∆G°
∆H
(dm3.kgKJ/mol.
(KJ/mol)
(KJ/mol)
1
)
K

R2

6.44 . 10
6.49 . 10-6
8.98 . 10-6
1.09 . 10-5
2.29 . 10-5
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FIGURE 1 - Adsorption kinetics for phosphate onto selected adsorbents at ambient temperature and with the initial phosphate concentration of Co ~ 300 mg/L.

In order to examine the extent to which diffusion participates in this sorption process, the data were further
processed by the Weber-Morris mass transfer model [1,
11]. This model was described using the rate equation (3).
Fig. 2 presents plots of a vs. t1/2 for 3 various temperatures
and 4 adsorbents, whereas the result of the corresponding
linear regression analysis is summarized in Table 1. Based
on the plots at Fig. 2, the fictive straight lines obtained
consist usually of two segments: the first segment occurs
in the t1/2 region upto about 5 min1/2, while the second one
corresponds to higher t1/2 values. The first segment, with a
sharper slope, can be attributed to the diffusion of the
phosphate ions through the bulk solution to the external
surface of the adsorbent, i.e. the boundary layer (film)
diffusion. The second segment of the fictive lines at Fig. 2
reflects the further gradual adsorption stage, which was
used to be characteristic for the intraparticle diffusion of
pollutant (currently phosphate) ions into adsorbents channels and vacancies. Thus, there are two processes that affect the rate of phosphate adsorption onto all adsorbents,
but only one of them is rate-limiting step in the entire process. The slope of each linear portion indicates the rate of
the corresponding adsorption, a lower slope describing a
slower adsorption process. Based on the results shown at
Fig. 2, the film diffusion proceeds faster (at the beginning
stage) than the intra-particle diffusion (at later stages)
whereas the second segment of the fictive lines, describing
the intra-particle diffusion, does not pass through the ordinate´s origin (C>0, Table 1). This fact means that the intraparticle diffusion may not be the rate-limiting or dominant
step in this adsorption process, although proceeding over
longer time period, and/or surface reaction adsorption
mechanism takes place as the relevant rate-limiting step.
Film and pore diffusion equations, Eqs. (4) and (5),
respectively, were used furthermore to check whatever film
or pore diffusion step controls the adsorption process in the
above study. According to Michelson et al. [2], Df values
should be in the range of 10-6 to 10-8 cm2.s-1 for film diffusion to be rate-limiting factor. Similarly, Dp values should
be in the range of 10-11 to 10-13 cm2.s-1 for pore diffusion
to be rate-limiting factor. Based upon our results listed in
Table 1, it can be concluded that the film-diffusion is the
rate-limiting step in all of the adsorbents examined, what
simultaneously confirms the results of the applied WeberMorris mass transfer model.
3.2 Standard free and activation energies of the systems
studied

The variation of the rate constant (obtained from the second-order model, Table 1) with temperatures in the 298–
333 K region was used for the calculation of the activation
energy of the adsorption in that region [3]. The activation
energy was calculated using the Arrhenius equation (6):

FIGURE 2 - Intra-particle diffusion kinetic plots for the adsorption
of phosphate onto clinoptilolite-rich tuff, montmorillonite, Slovakite
and GEH104 for three different temperatures (Co ~ 300 mg/L).

k2 = Ae

−

Ea
RT
-1

(6)
-1

where, A (g.mg .min ) is the Arrhenius pre-exponential factor, Ea (kJ.mol-1) is the activation energy
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and R (8.314.10-3 kJ.mol-1 K -1) is the universal gas
constant.
The expression (6) can be rewritten as follows:

lnk2 = ln A −

Ea
RT

(7)

The plot of ln k2 vs. 1/T using the k2 values from Table 1 in the 298–333 K range for only the clinoptiloliterich tuff and Slovakite is presented in Fig. 3. From the
slope of the straight line (Ea/R = 1.545 x 104 K), the values of Ea = 13.89 kJ.mol-1 for clinoptilolite-rich tuff and
of Ea = -53,2 kJ.mol-1 for Slovakite were obtained, for
GEH104 and montmorillonite the values were not published
due to their unacceptable low R2, using the similar calculation methods. The activation energy value offers some
information on whether the adsorption is mainly physical
or chemical. Physisorption process has normally an activation energy of 5-40 kJ.mol-1, while the chemisorption is
in the range of 40-800 kJ.mol-1. Based on our results, energetically lower surface physisorption of phospate onto
clinoptilolite-rich tuff, GEH and montmorillonite, but
chemisorption by Slovakite were confirmed.

the values of ΔSo and ΔHo may be obtained from its intercept and slope, respectively. The calculated thermodynamic
parameters [8-10] for all the tested adsorbents are presented
in Table 1. The ΔG° values listed in Table 1 show that,
under the standard conditions, the adsorption of phosphate
onto all adsorbents examined occurs spontaneously. The
results of standard free energies listed in Table 1 indicate
that the spontaneity slightly decreases with temperature.

FIGURE 4 - The plot of ln Kd vs. 1/T for adsorbents studied at 298 K.
3.3 Isotherm studies

Table 2 and Figs. 5-8 present adsorption results on clinoptilolite-rich tuff, GEH104 product, Slovakite and montmorillonite using the statistical least square method (MW
XP, Microsoft Office Excel 2003, Regression Analysis).
The equilibrium data from Figs. 5-8 have been analysed by
two and three parameters empirical isotherm models according to Langmuir [11], Freundlich [12], Sips – Langmuir/Freundlich [13], and Redlich/Peterson [14, 15], which
gave acceptable fits with the parameters listed in Table 2.

⎞ ⎛ 1 ⎞
1 ⎛
1
⎟ + ⎜
= ⎜
⎟
a ⎜⎝ a(max).b .c(eq) ⎟⎠ ⎜⎝ a(max) ⎟⎠ 	
  	
  

FIGURE 3 - The Arrhenius plot of ln k2 vs. 1/T using the k2 values
from Table 1 in the 298– 333 K range for clinoptilolite-rich tuff and
Slovakite (Co ~ 300 mg/L).

1
1
a = K . c (eq ) n or log a = log K + log c(eq ) (12)
n

The data obtained from the adsorption experiments at
298, 313 and 333 K, and the initial phosphate concentration of about 300 mg/L were used for calculation of other
thermodynamic parameters – standard free energy (Gibbsfree energy) ΔG° and standard entropy from following
equations:

ΔG = − R T ln K d

(8)

ΔG 0 = ΔH 0 − TΔS 0

(9)

0

0

0

⎛ ΔS ⎞ ⎛ ΔH ⎞
(10)
⎟⎟ − ⎜⎜
⎟⎟
ln K d = ⎜⎜
⎝ R ⎠ ⎝ RT ⎠
The equilibrium constant Kd was calculated as the ratio of the equilibrium concentrations of phosphate on the
adsorbents and in the solutions at constant temperature.
The plot of ln Kd vs. 1/T offers a straight line (Fig. 4), and

(11)

a = a max .

KLF . c n (eq )
1 + KLF . c n (eq )

(13)

a = a max .

KRP . c (eq ) a = A C (eq )
1 + BC (eq ) g
1 + KRP . c n (eq )

(14)

⎛ C (eq ) ⎞
ln ⎜ A
− 1⎟ = g ln C (eq ) + ln ( B)
a
⎝
⎠

(15)

where a means the specific adsorption capacity, a(max)
the maximum adsorption capacity in mg/g, c(eq) the equilibrium concentration in solution in mg/L, and b relates to
the affinity of the solute for the binding sites expressed in
L/mg.
K (LF RP,S) means Langmuir/Freundlich or Redlich/ Peterson coefficient, and A, B, C, g are non-linear regression constants.
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TABLE 2 - The isotherm constants and determination coefficients of isotherm models for phosphate adsorption at ambient temperature and
selected adsorbents.

FIGURE 5 - The isotherms for phosphate adsorption onto clinoptilolite-rich tuff at ambient temperature.

FIGURE 7 - The isotherms for phosphate adsorption onto Slovakite
at ambient temperature.

FIGURE 6 - The isotherms for phosphate adsorption onto GEH104
product at ambient temperature.

FIGURE 8 - The isotherms for phosphate adsorption onto montmorillonite at ambient temperature.

As can be seen from R2 (determination coefficient)
values, the Freundlich and Langmuir models provide a
slightly better description of phosphate adsorption onto
Slovakite and GEH104 product than onto clinoptilolite-rich
tuff (Table 2). Adsorption of phosphate onto the clinoptilolite-rich tuff proceeds better according to Redlich-Peterson model using the non-linear regression computation.
Nevertheless, when using the same computation, the adsorption of phosphate onto montmorillonite fits with the

highest determination coefficient to the Sips (Langmuir/
Freundlich) isotherm model.
Phosphate adsorption onto clinoptilolite-rich tuff proceeds by surface-accessible extra-framework cations Ca2+
and Mg2+(Fe3+, Ba2+) undergoing the phosphate precipitation whereas adsorption onto GEH product proceeds probably by linkage of phosphate to cationic Fe3+ of iron
oxyhydroxide. Phosphate adsorption onto Slovakite is as-
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sumed to proceed by linkage of phosphate to plenty of
alkalic earth cations present in its natural dolomite and
clay constituents, and finally, montmorillonite may adsorb
phosphate moreover based on its sufficient inter-lamellar
distance (about 1.2 nm compared to the ionic diameter of
PO43- 1.196 nm), also by intercalation mechanism [6].
4 CONCLUSIONS
Based on the experimental results obtained in this study,
the following statements may be concluded:
Slovakian clinoptilolite-rich tuff can be used effectively in the removal of phosphate ions from waters. Although montmorillonite, Slovakite and GEH104 product
proved slightly higher uptake capacities towards phosphate ions at the ambient temperature with regard to the
clinoptilolite-rich tuff, the increased temperature of systems supported the uptake performance only by clinoptilolite-rich tuff, and not by montmorillonite and GEH104
adsorbents.
The film-diffusion is the rate-limiting step in all of
the adsorbents examined, simultaneously confirming the
results of the applied Weber-Morris mass transfer model.
Energetically lower surface physisorption of phospate
onto clinoptilolite-rich tuff, GEH and montmorillonite, but
chemisorption by Slovakite were confirmed.
Under the standard conditions, the adsorption of phosphate onto all adsorbents examined occurs spontaneously.
The results of standard free energies indicate simultaneously that the spontaneity slightly decreases with temperature.
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CHANGES IN THE HUMIC ACID-METAL
COMPLEX-FORMING CHARACTERISTICS
DEPENDING ON THE HUMIFICATION DEGREE
Diana Dudare1,* and Maris Klavins1
1

Department of Environmental Sciences, University of Latvia, 19 Raina Blvd., 1586 Riga, Latvia

ABSTRACT
The aim of this study was to determine the Cu(II)
complexing capacity and stability constants of Cu(II) complexes of humic acids isolated from two well-characterized
raised bog peat profiles in respect to the basic properties
and humification characteristics of the studied peats and
their humic acids. Found complex stability constants
(logK=4.06-5.73) significantly change within the studied
bog profiles and are well correlated with the age and
decomposition degree of the peat layer from which the
humic acids have been isolated. None of the basic characteristics of humic acids (such as concentration of carboxylic groups and total acidity, hydrophobicity, and others)
alone can fully explain the complex-forming capacity of
humic acids thus indicating complexity of the metal –
natural organic matter interaction. Among factors that influence this complex forming process, molecular mass
and ability to form micellar structures (supramolecules) of
humic substances are of key importance.

KEYWORDS: humic substances, complexing capacity, stability
constant, potentiometry, peat

1 INTRODUCTION
Humic substances (HS) are the most abundant organic substances in the environment [1]. They are present in
the organic matter of soil, water, aquatic sediments, brown
coals, and other natural deposits [2]. HS form a group of
polyfunctional acids, further classified as humic acids (HA)
and fulvic acids (FA), which have yellow to brown color,
high molecular mass (reaching even millions of daltons)
[3], and are a biologically recalcitrant living matter transformation product [4]. Since numerous kinds of biomolecules are the precursors of humic substances [5], and microorganisms also actively participate in their decay and
* Corresponding author

humification process, a HS is a heterogeneous mixture of a
high number of individual compounds, which contains such
groups as -COOH, -OH (phenolic and alcoholic), -CH2-,
-O-, -NH-, and others [6]. There are several hypotheses as
to the dominant structures of humic substances: a) HS are
aggregates of relatively small molecules (500 – 5000 Da),
held together by salt bridges and hydrogen bondings [7];
b) humic substances are large macromolecules (up to several millions of Da) [8]; c) HS in natural environment exist
in the form of molecular associates – supramolecules, or in
the form of aquatic environment – micelles [9]. Considering the high diversity of precursor biological material and
very much differing humification conditions, the properties of HS differ depending on their origin [10]. HS are
found particularly in wetlands, representing the largest
global terrestrial reservoir of refractory organic matter
[11]. Humic substances in peat can be studied in bog
profiles, as peat bogs are unique archives of past environments [12]. Since the organic matter transformation
there takes place in relatively uniform conditions [13], it
is possible to date profile layers and thus study the peat
and the structure and properties HS in their consecutive
development process. Ombrotrophic bogs are unique in
this respect, as they receive water, nutrients and major
and trace elements only by way of atmospheric deposition
[14], and often only a few moss species are dominant there,
for example, Sphagnum varieties [15]. So, the peat profiles
from ombrotrophic bogs can be used for reconstructing
climate [16], human impact intensity [17, 18], and vegetation changes during the last 10,000 years [19, 20].
Complexation reactions involving HS, especially HA,
play a key role in the speciation of major and trace elements in the environment, thus controlling the physicochemical behavior, biological availability, accumulation,
and mobility of these elements [21, 22]. Knowledge of
complexation reactions, properties of formed complexes,
and factors controlling their behavior is very important for
predicting the complexation properties and explaining the
major and trace element transport in the environment. A
major factor influencing the complex-forming capacity
and properties of formed complexes is the presence and
amounts of major functional groups (-COOH, -OH, NH2)
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responsible for the complex formation and stability of
metal-humic (Me-HA) complexes, molecular mass of HS,
and basically for their structure.
Depending on factors such as pH, presence of salts,
and degree of saturation in binding sites, humic substances
can form either soluble, or insoluble complexes with metal
ions [23, 24].
Humic-metal interactions have been studied in several studies, using differing methods [25-27] and comparing
humic substances from different sources. However, the
intrinsic differences among the HS of different origin and
the impact of humification degree on the complex formation between humic substances and metals have not
until now received the necessary attention.
The objective of this work was to determine the Cu (II)
complexing capacity and stability constants of HA’s isolated from two well-characterized raised bog peat profiles
in respect to the basic properties of the studied peats and
their HA. To reach the objective, potentiometric titration
and a single-site model based on a simple 1:1 stoichiometry were used [28].

amount of carboxylic groups and total acidity. 20.0 mg of
HA was filled in a 125-mL ground-stoppered Erlenmeyer
flask. 10 ml 0.1 N Ba(OH)2 solution was added. The air in
the flask was displaced by bubbling N2 gas in the mixture,
closed airtight, and shaken for 24 hours with a wristaction shaker at room temperature. The mixed solution was
titrated potentiometrically with a standardized (0.1 N) HCl
to pH 8.4. A microbiret for dispensing the standard acid
was used.
2.4 Determination of stability constants

General complexing reaction can be described by the
following equation [28]:
mMe + nL → MemLn
(1)
where: Me – complex former - metal ion;
L – ligand - molecule of HS.
Equilibrium of the reaction depends on several factors, such as HA concentration of the added metal compound properties, as well as environmental conditions.
The reaction equilibrium between metal ions and one or
more ligands can be described using complex compoundformation or stability constants - K:

2 MATERIALS AND METHODS

K=

2.1 Materials

Analytical quality reagents (Merk Co., Sigma – Aldrich Co., Fluka Chemie AG RdH Laborchemikalien
GmbH Co.) were used without purification. For preparation of solutions, high purity water Millipore Elix 3 (Millipore Co.) 10 – 15 MΩcm was used throughout.
2.2 Peat sampling and characterization, isolation of humic acids

Peat profiles were obtained from well-characterized
[29] ombrotrophic bogs, i.e., Eipurs and Dzelve. Whereas
both bogs are located in lowlands and are of similar origin
(developed due to ground paludification), they have largely
differing lithology. Both bogs are typical raised bogs, and
they have not been affected by direct pollution sources,
either presently, or historically.
Trace elements in a 1-cm section of peat profile were
determined after nitric acid digestion by GFAAS (graphite
furnace atomic absorption spectrometry) [30]. For isolation
of HA, the obtained peat profiles were separated into 10-cm
layers, and humic acids were isolated using the procedures
recommended by the International Humic Substances Society (IHSS) [31].

[ Mem Ln ]
[ Me]m [ L]n

(2)
where: [Me]m - metal ion (compound concentration);
[L]n - concentration of ligand (humic substances);
[MemLn] - concentration of linkage of the formed
complex.
The stability constant (K) is the characteristic value of
the strength of formation of links; depending on its value,
the complex linkage MemLn is more stable, or vice versa –
unstable.
The copper (Cu2+) ion selective electrode (ISE) was used
in complexing analysis of the studied HA and metal ions.
Complexing stability constants were calculated as follows:
Cu2++ HS → CuHS
(3)
Stability constant of reaction can be calculated as follows:
CuHS
Ko =
[Cu ] ⋅ ( HS − CuHS )
(4)
where [Cu] - concentration of hydrated Cu2+ in the
solution, CuHS - number of moles, which are linked in
complexes [33].

2.3 Characterization of peat humic acids

Elemental analysis (C, H, N, S, O) was carried out using an Elemental Analyzer Model EA – 1108 (Carlo Erba
Instruments). UV/Vis spectra were recorded on a Thermospectronic Helios γ UV (Thermo Electron Co.) spectrophotometer in a 1-cm quartz cuvette. An automatic
titrator titroLine easy (Schott – Gerate GmbH) was used
for measuring carboxylic and total acidity of each HA. Ba
hydroxide method [32] was used for designating the total

3 RESULTS AND DISCUSSION
3.1 Complex forming capacity of HA

Ability of HS to interact with metal ions is one of
their basic properties, determining the accumulation of
metals in organic sediments, fossil fuel, peat, and soil. Thus,
a better understanding of metal-humic interactions is of
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utmost importance for evaluating the mobility of metals in
the environment. Numerous studies have been conducted to
analyse the mechanisms of metal-humic interactions or to
compare the complexation properties of humic substances
of differing origin; however, major differences between the
basic properties of humic substances depending on their
origin have been for the most part neglected and should
therefore be considered. The formation of covalent links
between metal ions and the humic acids of functional
groups, formation of hydrogen bonds, as well as electrostatic interface can promote the interaction between HA
and metal ions.
Relations between peat, peat HA properties and humic acid complex-forming degree were studied by analyzing peat profiles in two heterogeneous ombrotrophic bogs
in Latvia. The results of the investigations of peat properties (botanical composition) indicate both differences and
similarities in the development of the studied bogs and
their peat properties. Dzelve Bog has been formed as a
result of paludification of sandy ground due to groundwater level increase and wet conditions during the small depression after the Ice Age. A raised bog cotton grass peat
layer covers the sandy bottom, overlaid by pine-cotton
grass peat. The upper part of peat section is represented
by a 3.2 m thick Sphagnum fuscum peat layer with a decomposition level of 9 to 17 % (Figure 1). The peat composition of Eipurs Bog is completely different, though it
is of a similar origin (Figure 1). The lowest part of peat
profile in Eipurs is formed by fen wood-grass peat, Hypnum and sedge-Hypnum peat which is covered by transition type wood peat. The upper part of the profile is represented by a 3.45 m thick raised bog peat of different types
and decomposition degrees. For example, well decomposed
(40-48%) pine-cotton grass peat occurs at the depth interval
of 1.18-1.39 m. It can be explained by accumulation, possibly during the Second Climatic Optimum. Although these
bogs are located comparatively close to each other, their
local conditions for peat formation have been different.

A

3.2 Complexing stability constants and their affecting factors

The complex (Cu2+ – humic acid) stability constants
(logK) found in this study were within the range of stability constants (logK=4.06-5.73) of HS isolated from other
sources (soil, coal, water, logK=3.94-5.15) [34, 35], and
they were similar to the complex stability constants of
peat humic acids (logK=5.17-5.29) [36]. Stability constants of Cu(II) complexes of peat HA significantly varied
within the studied bog profiles (Figure 2). The values of
the obtained stability constants ranged from 4.06 to 5.73:
the Cu2+ complexing stability constants with HA of
Dzelve Bog – from 4.06 to 4.44; with HA of Eipurs Bog –
from 4.14 to 5.73. The higher values of complexing stability constants were observed in HA isolated from Eipurs
Bog, from 2.5 m depth.
Analysis of factors influencing the complexing capacity and stability of complexes of peat humic substances
with Cu(II) ions revealed that the stability of metal-humic

B
FIGURE 1 - Peat stratigraphy and peat decomposition degrees in
Eipurs (A) and Dzelve (B) bogs.
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FIGURE 2 - Cupric ion (Cu2+) complexing stability constants of humic acids isolated from peat in Eipurs (A) and Dzelve (B) bogs.

complexes cannot be explained with one, single factor; the
complex-forming properties also depended on the age of
peat HA and correlated with decomposition degrees (Figure 3). The stability of formed Cu(II) – humic acid complexes is well correlated with the age and decomposition
degree of the peat layer from which humic acids are isolated
(Figure 3). Thus, decomposition processes (see Fig. 1) can
be considered as a significant factor affecting the complex-forming ability of HS, notwithstanding, under 15%,
the decomposition is not significant in terms of logK.
From the basic properties of HA, as one could expect
and as stressed in the previous studies [36, 37], the concentration of carboxylic groups and the total acidity of peat HA
have the strongest correlation with logK (Figure 4); yet, it
is also evident that these two parameters are not able to

fully determine the complex-forming phenomena of HA.
The oxygen-containing functional groups partially affect
the complex-forming capacity of HA, thereby also stressing
the poor correlation between logK and elemental ratio O/C
(Figure 4). The group of factors contributing towards the
complex-forming capacity of HA can be related to the
molecular mass of HA (as reflected by the impact of ratio
E4/E6) and their hydrophobicity indicator (humic acid distribution coefficient between the aqueous and hydropholic
polyethylene phases) Kpeg/w (Figure 5). In several studies,
these parameters are associated with the molecular mass
of humic substances (E4/E6) or their ability to form micellar structures – supramolecules (Kpeg/w) [9]. Thus, the
behavior of HS as macromolecules and their ability to
interact with each other, forming aggregates, can contribute towards their interaction with metal ions. In fact, in
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FIGURE 3 - Correlations between the age (A) and decomposition degree (B) of peat in the studied bogs and the cupric ion (Cu2+) complexing
stability constants of humic acids isolated from the studied bog peat.

the studied bog profiles, significant changes are evident in
the macromolecular properties depending on the peat age
and decomposition degree. The properties of HS determine their ability to form micellar aggregates, in which
the hydrophilic part of the molecule, including carboxylgroups and phenolic hydroxylgroups, apprehends the
aromatic structures. Complexes with the hydrophilic part
of HA molecules have been formed as a consequence of
the interaction with metal ions, also increasing the ratio of
aromatic structures. The polyethylene glycol – water
partition coefficient (Kpeg/w) in the HA of the studied bogs
showed a greater coherence with the complexing stability
constant.

A comparison of the complex stability constant and
the actual copper concentration in peat HA from the peat
profiles (Figure 6) shows significant correlation, indicating the importance of tight metal binding (high stability of
formed complexes) for the actual presence of metals in
peat and peat humic acids.
This study indicates that the sources of metals in the
environment differ and the metals present in peat can be
very roughly divided into the metals of predominantly
anthropogenic origin and those of natural origin. These
differences can be seen in analyzing the correlation between logKCu and concentrations of other elements in peat
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FIGURE 7 - Concentrations of trace elements in peat humic acids in respect to cupric ion (Cu2+) complexing stability constants (logK) of
humic acids isolated from the studied bog peat.

humic acids: the metals of predominantly anthropogenic
origin (Ni, Cu, Cr) are positively correlated with Cu(II) –
humic acid stability constants, while the metals of natural
origin (Zn, Ca, Mn, K) are negatively correlated with these
constants (Figure 7).

The distribution of concentrations of copper in peat
HAs and peat along the studied bogs profiles indicates
that the element is conjoined in specific form of complexes with HS in the peat composition (Figure 8).
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4 CONCLUSIONS
The complex (Cu2+ - humic acid isolated from peat
profiles in two heterogeneous ombrotrophic bogs) stability constants (logK) found in this study are within the range
of stability constants of humic substances isolated from
other sources (soil, coal, water, peat). The complex stability constants significantly change within the studied bog
profiles, and they are well-correlated with the age and
decomposition degree of the peat layer from which humic
acids have been isolated, thus stressing the importance of
the humification conditions in the bog and, to a lesser extent, of the humic acid precursor living material in the bog

botanical composition. Neither of the basic properties of
humic acids (such as concentration of carboxylic groups and
total acidity, hydrophobicity, and others) alone can fully
explain the complex-forming phenomena of humic acids.
Among the factors influencing the complex-forming capacity of humic acids, their molecular mass and their
ability to form micellar structures – supramolecules are of
importance. A comparison of the complex stability constant and the actual copper concentration in peat humic
acids from the studied peat profiles shows significant
correlation, indicating the importance of tight metal binding (high stability of formed complexes) for the actual
presence of metal in peat and peat humic acids.
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ABSTRACT
The genotoxicity of single and combined soil pollution by mercury (Hg) and bromoxynil (BX, 3, 5-dibromo4-hydroxybenzonitrile) on earthworm (Eisenia fetida) were
investigated by the single cell microgel electrophoresis
(SCGE) assay. Tail length (TL), Olive tail moment (OTM)
and Tail DNA% (TD) were used to evaluate DNA damage
of the coelomocytes on earthworms after 14-d exposure.
The results showed that a dose-response relationship
was established between the concentration of single
pollutant and DNA damage. There is a negative effect of
pollutant on earthworms. The results of DNA damage coexposure to the mixture was observed to be different compared to the exposure to a single pollutant. DNA damage
increased with the increasing concentration of BX coexposure to Hg (p<0.05, p<0.01). Furthermore, the results revealed that BX was the contribution of main factor of DNA damage in the combined experiments. It can
be proved that Eisenia fetida is a suitable bio-indicator to
measure the acute toxicity of mixed pollutants in soil and
the OTM may be considered as a valuable and sensitive
parameter to diagnose adverse effects caused by Hg or BX
in soil environment.

KEYWORDS: Eisenia fetida; DNA damage; SCGE; co-exposure;
mercury; bromoxynil

1 INTRODUCTION
The combined effects of pollutants mixture have attracted much attention in recent decades. It is possible that
heavy metals (HMs) and pesticides exist in the arable land
frequently. However, few researches focused on co-exposure [1, 2]. Among the heavy metals, mercury (Hg) is of
particular interest because of its high toxicity and its ability for bioaccumulation [3]. High mercury (Hg) concentrations were found in soils, sediments and biota (mussels
* Corresponding authors

and algae) from some industrial complex and agricultural
area [4]. Coal-fired power plants are regarded as major
anthropogenic pollution sources of Hg [5]. The secondary
standard of Hg in soils was 0.3 to1.0 mg kg-1 [6]. Bromoxynil (BX 3, 5- dibromo- 4- hydroxybenzonitrile) is a
widely used herbicide and has been detected in air, surface water, groundwater and soil [7]. Only few toxic data
are available for terrestrial invertebrate exposure to Hg [8,
9]. No ecotoxicity data for BX or its formulated products
joint with Hg is available, especially in the soil ecosystem.
Therefore, eco-toxicity effects of BX combined with Hg
should be evaluated.
Eco-toxicology methods used earthworm as a model
species have been built up. Most researches focused on
mortality, production and biochemical responses [10-12].
However, genotoxicity of Eisenia fetida is very limited
[13-16]. There are currently a number of cell-based assays
for the detection of DNA damage and the assessment of
genetic toxicity, such as single-cell gel electrophoresis
(SCGE), 32P-postla-beling and immunoassay [16]. The
SCGE assay was introduced by Ostling and Johanson and
is regarded as an extremely sensitive technique to identify
the DNA damage in single cell to diagnose the genotoxicity effect of pollutants even at relatively low contamination levels [15].
In this study, the SCGE assay was used to test DNA
damage in the coelomocytes of Eisenia fetida being directly exposed to a single pollutant and especially to a
mixture. The aim was to provide more information about
the potential ecological risk of co-exposure to heavy metals
and pesticides. We also compared three parameters of
SCGE assay in order to test which index was more suitable
for such experiments.
2 MATERIAL AND METHODS
2.1 Reagent

BX (Shanghai NingYin Business Development Co.,
Ltd.,) and Hg chloride (HgCl2) (supplied by Shanghai No.4
Reagent & H.V. Chemical Co., Ltd.,) were over 99.9%
pure. Low-melting-temperature agars (LMA), normal-
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melting-temperature agars (NMA) were supplied by Gibco
Co. Ltd. (Los Angeles, U.S.A.). Cyclophosphamides (CP),
Typan Blue was obtained from Sigma Co., Ltd., (St., Louis,
U.S.A.). Heparin sodium salt, Na2-EDTA, Guaiacol Glycerol Ether (GGE), Triton-X 100, Tris, Dimethyl Sulfoxide
(DMSO) and Ethidium bromide (EB) were supplied by
China National Medicine Group, Shanghai Chemical
Reagent Company (Shanghai, China).
2.2 Artificial soil test

The artificial soil was prepared according to the
OECD guideline 207 [10]. The soil was comprised (by dry
weight) of 10% finely ground sphagnum peat, 20% kaolin
clay, 70% industrial fine sand, with pH adjusted to 6.5 by
addition of calcium carbonate.
Eisenia fetida was collected and propagated by the
Shanghai Academy of Environmental Sciences, China.
The culture was kept in a temperature-controlled incubator (temperature: 20±2 , humidity: 60±5%) in the darkness. After a small adaptive phase, healthy adult earthworms
with similar weight (350 mg) were selected for testing. For
all test worms, control mortality was less than 10% [10].
Mercury chloride was dissolved in deionized water to obtain a range of exposure concentration and BX was added
to the soil by adding acetone stock solutions. The concentrations of exposure to Hg and BX were set to 0, 0.3, 0.75,
1.5, 3.75, 7.5, 37.5, 70 mg kg-1 and 0, 0.5, 0.75, 1.5, 2.25,
4.5, 13.5, 40.5 mg kg-1 respectively. According to the concentration–response relationship of earthworms exposure to
single pollutants, the solution concentrations of the coexposure treatments were set as 0.3, 1.5, 7.5 mg kg-1 of Hg
combined with 0.5, 1.5, 4.5 mg kg-1 of BX. Earthworms
(n=10) from breeding stocks were tested for background
DNA damage levels (time 0). Each treatment was set three
repeats. Three slides of each treatment were analyzed and
50 cells in each slide were counted at random (n=150).
2.3 SCGE assay

Using a noninvasive method, coelomocytes were collected according to Zhu's protocols [17]. The SCGE assay
was performed referring to Singh et al. [18] with some
modifications. The whole assay was performed under alkaline conditions and in dim light at 4 . Fluorescent microscope (Olympus BX60F-3) was used to detect the stained
DNA in slides with an excitation filter of 510-560 nm and
a barrier of 590 nm. Three slides were analyzed for each
treatment and control group. A Nikon digital camera captured 50 DNA images for each slide. An image analysis
system CASP was employed to measure various comet
parameters.
In this paper, Tail length (TL, the product of the distance between the center of gravity of the head and the
center of the gravity of the tail the migration distance,
µm), Olive tail moment (OTM, the product of the distance
between the center of gravity of the head and the center of
the gravity of the tail and percent tail DNA, arbitrary
units) and Tail DNA% (TD, sum of intensities of all points

of the tail) were listed to characterize DNA damage of
earthworms exposure to chemicals because they have
shown to be the most useful parameters for assessing DNA
damage [19, 20].
2.4 Statistical analysis

Statistical differences between controls and treated samples were determined by least significant difference. Differences of TL, OTM and TD between treatments were evaluated by one-way analysis of variance (ANOVA) followed
by a Dunnett’s test for multiple pairwise comparison (p <
0.05). The homogeneity of variance was tested by the Bartlett test. Statistical analyses were conducted with SPSS16.0
software (Standard Version 16.0, SPSS Inc.).
3 RESULTS AND DISCUSSION
3.1 DNA damage of earthworm exposure to Hg

The DNA damage induced by Hg is shown in Fig. 1.
There was no evident DNA damage of earthworms less
than 0.3 mg kg-1. TL, OTM and TD increased with increasing Hg concentrations especially in the concentration range
0.3 to 7.5 mg kg-1 and the regression equations at this
concentration range were expressed as follows:
YTL= - 0.82X2+9.94X+ 44.99 (R2= 0.92, p< 0.01)
2

2

YOTM= - 0.21X +2.62X+ 6.26 (R = 0.96, p< 0.01)
2

2

YTD= - 0.80X +8.42X+13.77 (R =0.82, p< 0.01)

(1)
(2)
(3)

-1

Where X was the concentration (mg kg ) of Hg and Y
were the relative TL, OTM and TD changes of DNA damage. OTM (14.22±1.16) of exposure to 7.5 mg Hg kg-1 was
5.06 times as many as that (2.81±0.54) of exposure to 0 mg
Hg kg-1. There is 3.05 times of TL (74.07±4.54µm) and
2.67 times of TD (32.50±7.67) exposure to 7.5mg Hg kg-1
higher than those indexes exposure to 0 mg Hg kg-1 (p<
0.01). It revealed that OTM is more sensitive than TL and
TD to indicate the DNA damage.
The results showed that Hg has genotoxic properties on
earthworms even at a low dosage range. Lock and Janssen
[21] reported mortality in Eisenia fetida was observed even
with exposure to 100 mg kg-1 of Hg after 3 weeks whereas
the DNA damage of earthworms in this study were detected
at 0.3 mg Hg kg-1 after 2 weeks. It reveals that the DNA
damage as a biomarker is more sensitive than the mortality. Similar sensitivity of immune cells to trace metals was
also demonstrated in fish and other earthworms [22, 23].
DNA damage increased significantly in the dosage range
1.5 to 7.5mg Hg kg-1 in the present study. Zhu et al. [23]
reported that earthworm exposure to Cd (5 to 50 mg kg-1)
presented genotoxic effects. It was shown that the genotoxicity of heavy metals were different. The results are supported by Giller’s research [24] which revealed the metal
cation toxicity was different and Hg was more toxicity
than Cd. The character, metabolic pathways and bioavailability of heavy metals are thought to affect their
toxicity, but the mechanism needs to be explored further.

622

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

100

Number of DNA damage

90
80
70
60

TL

50

OTM

40

TD

30
20
10
0
-5

5

15

25

35

45

55

65

75

-1

Hg concentration (mg kg )
FIGURE 1 - DNA damage (TL, tail length; OTM, Olive tail moment; TD, Tail DNA %) in the coelomocytes of earthworms (Eisenia fetida)
exposure to Hg (n=150, 150 the coelomocytes)
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FIGURE 2 - DNA damage (TL, tail length; OTM, Olive tail moment; TD, Tail DNA %) in the coelomocytes of earthworms (Eisenia fetida)
caused by BX (n=150, 150 the coelomocytes)

3.2 DNA damage of earthworm exposure to BX

Fig. 2 showed the dose-response curve of the DNA
damage in earthworm caused by BX. The DNA damage
of earthworms increased with the increasing BX concentrations especially in the concentration range 0.5 mg kg-1
to 4.5 mg kg-1and the regression equations at this range
were expressed as follows:
YTL= - 2.05X2+20.2X+ 31.8 (R2 = 0.92, p< 0.01)
(4)
YOTM= - 0.37X2+4.07X+ 4.21 (R2= 0.99, p< 0.01)
(5)
2
2
YTD= - 1.76X +13.02X+12.61 (R = 0.97, p< 0.01)
(6)
Where X was the concentration (mg kg-1) of BX and
Y were the relative TL, OTM and TD changes of DNA
damage. OTM (15.09±1.53) of exposure to 4.5mg kg BX

was 4.63 times as many as that (3.26±1.24) of exposure to
0mg BX kg-1. There are 3.16 times of TL (81.63±1.35µm)
and 3.28 times of TD (35.92±1.24) exposure to 4.5mg BX
kg-1 than those exposure to 0mg BX kg-1 (p<0.01).
The result showed that BX has genotoxic effects on
earthworms relating with the spiked concentration. There
was a dose-response relationship between BX dose and the
DNA damage. The dosage range exposure to BX (0.5 to
4.5 mg kg-1) caused a notable DNA damage that was lower
than the exposure to Hg (1.5 to 7.5 mg kg-1). It was found
that BX was more toxic than Hg on earthworm. Although
the effect of BX on energy metabolism has been extensively studied [25, 26], it is not clear whether inhibition of
the energy metabolism is a primary effect to induce cell

623

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

death [7]. There are few researches focusing on the toxicity
of BX not to mention the genotoxicity of BX on earthworms. The toxicity may be related to the natural and biological mechanisms of contaminants.
3.3 DNA damage of earthworm co-exposure to Hg and BX

TL, OTM and TD exposure to the mixture increased
significantly compared with the controls (p<0.05, p<0.01).
When BX was 4.5 mg kg-1 in the mixture, TL and TD increased very significantly compared with that of control
groups (p<0.01). On the other hand, the values of OTM
exposure to 7.5 mg Hg kg-1 or 4.5 mg BX kg-1 in the mixture were observed very significant difference with controls
(p<0.01). Furthermore, there was no statistical difference
between the groups exposed to 0.5 and 1.5 mg BX kg-1
(p>0.05).
Fig. 3 revealed the toxic effects of one mixture component when another pollutant existed. TL, OTM and TD
indicated the DNA damage exposure to Hg when BX
existed (Fig. 3 a) or to BX when Hg existed (Fig. 3 b). It

revealed that there was an interaction between Hg and
BX. TL, OTM and TD increased obviously when treated
with increasing concentrations of Hg and co-exposure to
BX. On the other hand, there was no significant difference between the groups which were exposed to BX when
the same dose of Hg was added. Therefore, an interaction
between Hg and BX was taken into account. Interactions
between Hg and BX were basically performed in accordance with Zhu [23]. The dose-response relationship based
on TL (YTL), OTM (YOTM) and TD (YTD) of earthworm
with the concentrations of Hg (XHg) and BX (XBX) fitted
the regression equation as follows:
YTL = 35.26+ 2.99XHg +6.96XBX
(7)
YOTM= 5.31+ 1.16XHg +1.23XBX
(8)
YTD= 18.68+ 2.42XHg +4.10XBX
(9)
The standardized coefficients of Hg were lower than
BX (TL, 2.99/6.96<1; OTM, 1.16/1.23<1; TD, 2.42/
4.10<1), indicating BX was the main factor contributing
to DNA damage.
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Components of pollutants mixture showed a comprehensive effect on each other. The combined effects were
dependent on the total concentration of the pollutants, the
constituents of the mixture in the soil and the interactive
mechanisms between those pollutants in the earthworms
[27]. Bindesbol et al. [9] suggested that heavy metals
were able to change the lipid composition of membrane by
inducing lipid peroxidation. Mercury blocks aquaporins,
which are integral proteins channeling transmembranous
transport of water and glycerol. It has been proposed that
blocking of aquaporins may increase the risk of intracellular freezing, which is lethal [28]. Organic compounds,
such as PAHs and certain herbicides, may accumulate in
membranes due to their lipophilic characteristics and their
structures, which may affect the fluidity and function of
the cell membranes [9, 16, 29]. This could explain the
mechanism of toxicity of Hg and BX to earthworms: Hg
and BX may act on the membrane of coelomocytes and
then trigger DNA damage. However, the mechanism of the
combined Hg and BX genotoxicity requires further studies.
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Using CASP software, head radius, tail length (TL),
tail DNA % (TD) and Olive tail moment (OTM) were also
calculated. Those indices were divided into three classes:
intensity indices (including head DNA: sum of intensities
of all points of the head; tail DNA: sum of intensities of
all points of the tail); distance indices (TL) and moment
indexes (OTM, TM) [16]. Our research showed that the
values of dispersion of OTM were lower than TL and TD;
in addition, TD was more sensitive than TL to reflect the
extent of the damage cells. These results were well supported by other researches. Zhang et al. [30] found that
OTM was more sensitive than percentage of DNA in the
tail (TD) induced by ﬂuoride [30]. Bocker et al. [31] reported that the tail moment and tail DNA showed more
sensitivity than the tail length on the basis of an Xirradiation dose–response experiment. OTM as a comprehensive parameter can reflect the changes of both TL and
TD; it is more sensitive to indicate the DNA damage than
TL and TD, so it can be used as a suitable to assess the
DNA damage induced by Hg and BX.
4 CONCLUSION
In conclusion, the environmental exposure to Hg and
BX were potentially harmful to Eisenia fetida and the
genotoxicity was observed at sub-lethal doses. It is suggested that the SCGE assay was suitable to evaluate the
genotoxicity caused by heavy metals and herbicides. The
ingredients and concentration combinations of a combined contamination will affect the genotoxicity of pollutants mixture directly. BX was the main factor to contribute to the combined effect of pollutants mixture. Finally,
our research found that OTM was more suitable than TL
and TD to evaluate the DNA damage exposure to Hg and
BX.

625

REFERENCES
[1]

Yang, C., SUN, T., He, W., Zhou, Q., and Chen, S. (2007)
Single and joint effects of pesticides and mercury on soil urease. Journal of Environmental Sciences, 19(2), 210-216.

[2]

Zhou, Q., Wang, M., and Liang, J. (2008) Ecological detoxification of methamidophos by earthworms in phaiozem cocontaminated with acetochlor and copper. Applied Soil Ecology, 40(1), 138-145.

[3]

Agra, A.R., Abreu, S.N., Barata, C., and Soares, A.M.V.M.
(2010) Assessment of mercury in sediments and in the benthic invertebrate micronecta scholtzi downstream an abandoned pyrite mines. Fresenius Environmental Bulletin, 10184619.

[4]

Otero, X.L., and Fernádez-Sanjurjo, M.J. (2000) Mercury in
faeces and feathers of yellow-legged gulls (Larus cachinnans)
and in soils from their breeding sites (Cies Islands-NW
Spain) in the vicinity of a chlor-alkali plant. Fresenius Environmental Bulletin, 9(1/2), 56-63.

[5]

Yuan, C.G., Wang, T.F., Song, Y.F., and Chang, A.L. (2010)
Total mercury and sequentially extracted mercury fractions in
soil near a coal-fired power plant. Fresenius Environmental
Bulletin, 19(12), 2857-2863.

[6]

GB15618.The National Environmental quality standard for
soils.(1995)

[7]

Morimoto, H., and Shimmen, T. (2008) Primary effect of
bromoxynil to induce plant cell death may be cytosol acidification. Journal of Plant Research, 121(2), 227-233.

[8]

Sauvé, S., and Fournier, M. (2005) Age-specific immunocompetence of the earthworm Eisenia andrei: Exposure to
methylmercury chloride. Ecotoxicology and Environmental
Safety, 60(1), 67-72.

[9]

Bindesbøl, A., Bayley, M., Damgaard, C., and Holmstrup, M.
(2009) Impacts of heavy metals, polyaromatic hydrocarbons,
and pesticides on freeze tolerance of the earthworm Dendrobaena Octaedra. Environmental Toxicology and Chemistry, 28(11), 2341-2347.

[10] OECD, Organization for Economic Co-operation and Development, 1984. Guideline for Testing of Chemicals No 207,
Earthworm Acute Toxicity Test.
[11] ISO, Soil Quality – Effects of pollutants on earthworms (Eisenia fetida) – part 2, determination of effects on reproduction. 1998, ISO 11268-2, International Organization for
Standardization, Geneva, Switzerland.
[12] EPPO, European and Mediterranean Plant Protection Organization, Panel on environmental risk assessment, Environmental risk assessment scheme for plant protection products.
2002, Chapter 8, Soil organisms and functions Draft 02/9282
PP 3/8 (2).

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

[13] Song, Y., Zhu, L., Wang, J., Wang, J., Liua, W. and Xie, H.
(2009) DNA damage and effects on antioxidative enzymes in
earthworm (Eisenia foetida) induced by atrazine Soil Biology
and Biochemistry. 41(5), 905–909.
[14] Chen, C., Zhou, Q., Liu, S., and Xiu, Z. (2011) Acute toxicity, biochemical and gene expression responses of the earthworm eisenia fetida exposed to polycyclic musks. Chemosphere, 83(8), 1147-1154.
[15] Bigorgne, E., Cossu-Leguille, C., Bonnard, M., and Nahmani,
J. (2010) Genotoxic effects of nickel, trivalent and hexavalent chromium on the Eisenia fetida earthworm. Chemosphere, 80 (9), 1109–1112.
[16] Wang, L.R., Qu, N., and Guo, L.H. (2008) Electrochemical
displacement method for the investigation of the binding interaction of polycyclic organic compounds with DNA. Analytical Chemistry, 80(10), 3910–3914.

[28] Izumi, Y., Sonoda, S., Yoshida, H., Danks, H.V., and Tsumuki, H. (2006) Role of membrane transport of water and
glycerol in the freeze tolerance of the rice stem borer, chilo
suppressalis walker (lepidoptera: Pyralidae). Journal of Insect
Physiology, 52(2), 215-220.
[29] Belfroid, A.C., Sijm, D.T.H.M., and Van Gestel, C.A.M.
(1996) Bioavailability and toxicokinetics of hydrophobic aromatic compounds in benthic and terrestrial invertebrates.
Environmental Reviews, 4(4), 276-299.
[30] Zhang, M., Wang, A., Xia, T., and He, P. (2008) Effects of
fluoride on DNA damage, S-phase cell-cycle arrest and the
expression of NF-κB in primary cultured rat hippocampal
neurons. Toxicology Letters, 179(1), 1-5.
[31] Bocker, W., Bauch, T., Muller, W.U., and Streffer, C. (1997)
Image analysis of Comet assay measurements. Int. J. Radiat.
Biol. 72, 449–460.

[17] Zhu, J., Yang, D., Li, Z., Wang, Z., and Mao, J. (2011) Comparison Studies on the Methodology of Extracting Coelomcytes in Earthworm Used as a Biomarker for the Evaluation of the Soil Pollution. Journal of Shanghai Jiaotong University (Agricultural Science).29(3), 1-5.
[18] Singh, N.P., McCoy, M.T., Tice, R.R., and Schneider, E.L.
(1988) A simple technique for quantitation of low levels of
DNA damage in individual cells. Experimental Cell Research, 175(1), 184-191.
[19] Końca, K., Lankoff, A., Banasik, A., Lisowska, H.,
Kuszewski, T., Góźdź, S., and Wojcik, A. (2003) A crossplatform public domain PC image-analysis program for the
comet assay. Mutation Research - Genetic Toxicology and
Environmental Mutagenesis, 534(1-2), 15-20.
[20] Kumaravel, T.S., Vilhar, B., Faux, S.P., and Jha, A.N. (2009)
Comet assay measurements: A perspective. Cell Biology and
Toxicology, 25(1), 53-64.
[21] Lock, K., and Janssen, C.R., (2001) Ecotoxicity of mercury
to Eisenia fetida, Enchytraeus albidus and Folsomia candida.
Biology and Fertility of Soils, (34), 219-221.
[22] Rajaguru, P., Suba, S., Palanivel, M., and Kalaiselvi, K.
(2003) Genotoxicity of a polluted river system measured using the alkaline comet assay on fish and earthworm tissues.
Environmental and Molecular Mutagenesis, 41(2), 85-91.
[23] Zhu, J., Zhao, Z.Y., and Lu, Y.T. (2006) Evaluation of genotoxicity of combined soil pollution by cadmium and phenanthrene on earthworm. Journal of Environmental Sciences
(China), 18(6), 1210-1215.
[24] Giller, K.E., Witter, E., and Mcgrath, S.P. (1998) Toxicity of
heavy metals to microorganisms and microbial processes in
agricultural soils: A review. Soil Biology and Biochemistry,
30(10-11), 1389-1414.
[25] Zablotowicz, R.M., Krutz, L.J., Accinelli, C., and Reddya,
K.N. (2009) Bromoxynil degradation in a mississippi silt
loam soil. Pest Management Science, 65(6), 658-664.
[26] Holtze, M.S., Sørensen, S.R., Sørensen, J., and Aamand, J.
(2008) Microbial degradation of the benzonitrile herbicides
dichlobenil, bromoxynil and ioxynil in soil and subsurface
environments - insights into degradation pathways, persistent
metabolites and involved degrader organisms. Environmental
Pollution, 154(2), 155-168.
[27] Wang, M., and Zhou, Q. (2006) Joint stress of chlorimuronethyl and cadmium on wheat triticum aestivum at biochemical levels. Environmental Pollution, 144(2), 572-580.

626

Received: July 09, 2012
Revised: August 24, 2012
Accepted: September 03, 2012

CORRESPONDING AUTHOR
Wenhua Wang
Shanghai Jiao Tong University
School of Environmental Science and Engineering
800 Dong-Chuan Road
Shanghai 200240
P.R. CHINA
Phone: +86 21 54745262
Fax: +86 21 54745262
E-mail: wangwenhua1949@gmail.com
FEB/ Vol 22/ No 2a/ 2013 – pages 614 - 619

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

SUBJECT INDEX
A

H
Acer negundo
Acrida cinerea
activated carbon
adsorption
adsorption
advanced oxidation
Ailanthus altissima
aluminum
ammonia
antimicrobial effect
antioxidant activity

524
544
584
556
584
591
524
474
591
493
493
561
531
614

cadmium
characterization
1-chloro-2,4-dinitrobenzene
chromatography.
chromium recovery
citric acid
clinoptilolite-rich tuff
co-exposure
complexing capacity
cumin herb

524
516
516
516
573
474
598
614
604
584

Dam seepage
decomposition product
degradation
dissolved carbon
distribution
DNA damage
Dongliao River

500
480
549
508
544
614
531

480
579
549
485
474
604
480
493

ionic liquid aqueous
two-phase solvent sublation
iron oxyhydroxide
isotherms.
isozymes

485
598
598
516

Karasu stream

579

land-use change
lead
least squares wavelet support vector machine
limestone aquifer

508
524
500
537

major ion chemistry
mechanism
mercury
mercury
montmorillonite

537
549
544
614
598

neurotoxicity
non-point source (NPS) pollution
northern Anhui Province

474
531
537

organ

544

Paraten odera sinensis
partition property
peat
phenol
phosphate removal
photocatalysis
Pinus brutia
pollutants
polymer gels
potentiometry
Principal component analysis

544
480
604
556
598
591
516
549
556
604
500

quarry stone

573

I

B
Beijing
Best management practices (BMP)
bromoxynil

health hazard
heavy metal
heterophotocatalysis
high-performance liquid chromatography
hippocampus
humic substances
Hydrofluoro-olefins
Hypericum retusum Aucher

K

C
L

M

D
N

O
E
early warning
Eisenia fetida
environmental fate
environmental pollution
environmental water samples

500
614
480
556
485

FePcCl16
flux
fuzzy logic

549
508
579

geochemical processes
glutathione S-transferases
groundwater
growth dilution

537
516
537
544

P

F

G
Q

627

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

AUTHOR INDEX
R

A
Reactive Red-120 dye
response surface methodology
risk
river

584
573
508
508

SCGE
seed germination
seedling growth
Slovakite
Soil and Water Assessment
Tool (SWAT) model
spatial variation
stability constant
statistical analysis
sulfamethoxazole

614
524
524
598

573
561
598
591
591
524
561

UV light

591

water quality
water quality

561
579

U

Bazrafshan, Edris
Beltrán-Prieto, Juan Carlos
Bjedov, Ivana

584
573
524

Chen, Haonan
Chen, Xiaoguang
Chen, Xudong
Chmielewská, Eva

500
474
500
598

Djukić, Matilda
Djunisijević Bojović, Danijela
Dudare, Diana

524
524
604

Gong, Lei
Grbić, Mihailo
Gu, Chongshi
Gui, Herong

531
524
500
537

Han, Juan
Hisar, Olcay
Hodossyová, Renata
Hou, Peiqiang
Huang, Yingping

485
579
598
561
549

İşcan, Mesude

516

Jia, Manke
Jiang, Dayu

549
485

Klavins, Maris
Kolomazník, Karel

604
573

Li, Di
Li, Huiying
Li, Meng
Li, Xinxin
Li, Yanfang
Lin, Manli
Liu, Yumei
Lu, Fei
Lu, Wenxi

531
544
474
544
485
537
474
561
531

C

D

T
tannery wastewater
temporal variation
thermodynamics
thiocyanate
thiosulfate
toxicity
trans-urban river

584
493
531

B

S

531
561
604
561
485

Ahmadabadi, Morteza
Akgöz, Yasemin
An, Yonglei

G

H

W

subject-index

I

J

K

L

628

© by PSP Volume 22 – No 2a. 2013

Fresenius Environmental Bulletin

M

Z
Ma, Wanhong
Mahvi, Amir Hossein

549
584

Obratov-Petković, Dragica
Ouyang, Zhiyun
Öztetik, Elif

524
561
516

Zhang, Ye
Zhang, Ziqiang
Zhang, Zongsheng
Zheng, Dongmei
Zhu, Hui
Zhu, Jiang

O

author-index

P
Pan, Xiaofeng

508

Ren, Yufen

561

Skočajić, Dragana
Sönmez, Adem Yavuz
Sun, Linhua

524
579
537

Toker, Zuhal
Tsai, Wen-Tien

493
480

Veloz-Rodríguez, Rafael
Vohra, Muhammad S.

573
591

Wang, Huafeng
Wang, Liang
Wang, Lixia
Wang, Qichao
Wang, Shulian
Wang, Wenhua
Wang, Xiaoke

561
485
508
544
549
614
561

Xu, Yingying

508

Yan, Baixing
Yan, Yongsheng
Yang, Chenyu
Yang, Daoli
Yang, Juquan
Yanık, Telat
Yao, Hongwei
Yavuz Ersan, Hülya
Yu, Zhanchao

508
485
474
614
474
579
614
556
474

Zhang, Hongxing
Zhang, Lei
Zhang, Qianqian

561
531
561

R

S

T

V

W

X
Y

Z

629

561
474
544
544
508
614

