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EFFECTS OF METHYL PARATHION AND COPPER
OXYCHLORIDE APPLICATION ON EARTHWORMS
(LUMBRICUS TERRESTRIS) IN AN APRICOT ORCHARD
Ertan Yologlu1,* and Murat Ozmen2
2

1
Department of Science Education, Faculty of Education, Adiyaman University, Adiyaman, Turkey
Laboratory of Environmental Toxicology, Department of Biology, Faculty of Arts and Science, Inonu University, Malatya, Turkey

ABSTRACT
In this study, the effects of methyl parathion and copper oxychloride on earthworms were determined using
Lumbricus terrestris due to routine pesticide application
in an apricot orchard. The study area was divided into
three regions. 250 g Folidol M500 (containing methyl
parathion) and 1000 g Oxi-cup 50WG (containing copper
oxychloride) were separately dissolved in 250 L of water.
These solutions were sprayed over apricot trees in the
application areas. In these areas, earthworm samples were
collected before (control) and at selected days after
pesticide application. The collected earthworm samples
were used to determine ethoxyresorufin-O-deethylase
(EROD), glutathion-S-transferase (GST), carboxylesterase
(CaE), and acetylcholinesterase (AChE) activities. The
pesticides used in this study adversely affected non-target
organisms in the ecosystem. Due to these adverse effects,
some enzyme activities were changed in all application
areas on the 1st day after applications. It was also decided
that the selected biomarkers, EROD, AChE and CaE, are
the suitable enzymes to determine the effects of this kind
of pesticide exposure.

KEYWORDS: Pesticide, earthworm, Lumbricus terrestris, toxic
effect, enzyme activity.

body [3]. Thus, earthworms are under the risk of pesticidecontaminated soil. Earthworms are important organisms
in laboratory and field investigations, serving as bioindicators of soil pollution, and they are a key species in the
soil ecosystem [4, 5].
Organophosphorus (OP) compounds are among the
most toxic substances and commonly used as pesticides.
Methyl parathion (O,O-dimethyl-O-4-nitrophenyl phosphorothioate), one of the widely used OP insecticides and
acaricides, is classified as a highly toxic (Class I) insecticide by EPA (United States Environmental Protection
Agency) due to toxicity tests [6, 7]. Copper oxychloride is
also commonly used because of its fungicidal activity, but
not much is known about its toxicity to earthworms [8].
Some enzymes are commonly used as key biomarkers
of environmental pollution in recent years. EROD is induced by some of the most important organic chemicals
used in industry and agriculture [9]. GST activity, involved
in defense against oxidative stress, could reveal effective
biochemical markers of toxic effects [10]. The inhibition
of esterases by OP or carbamate pesticides (CMs) is also
used as exposure-and-effect biomarker for these compounds in environmental monitoring [11-14]. AChE is
widely used for rapid detection, especially to predict early
warning of OP and CM toxicity [15, 16]. CaEs are classified as Phase I enzymes involved in the hydrolysis of many
chemicals, and have a relevant role in detoxification [17].
2. MATERIAL AND METHODS

1. INTRODUCTION
Pesticides are chemical substances used to kill, repel,
or regulate the growth of biological organisms [1]. The
exposure assessment of pesticides is, therefore, essential to
understand the potential effects of contaminants on nontarget organisms [2]. Pesticides are widely sprayed on
agricultural land to control insects and fungi that can become a toxicological risk for invertebrates, such as earthworms, because they ingest large amounts of soil from their
* Corresponding author

2.1 Chemicals and reagents

Methyl parathion (O,O-dimethyl-O-4-nitrophenyl
phosphorothioate) (Folidol M500™, Bayer Türk, Turkey) and copper oxychloride (OXI-CUP 50 WG™, Safa
Agriculture, Turkey) were purchased from local agrochemical stores. The active ingredients of methyl parathion and copper oxychloride in commercial solutions were 500
g/L and 500 g/kg, respectively.
Reagents for enzymatic reactions, 1-chloro-2,4-dinitrobenzene (CDNB), 5,5′-dithio-bis(2-nitrobenzoic acid)
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(DTNB), p-nitrophenyl acetate (PNPA), acetylthiocholine
iodide (ACTI), reduced glutathione (GSH), ethoxyresorufin,
resorufin, bovine serum albumin (BSA), and Bradford reagent were obtained from Sigma (MO, USA). NADPH was
purchased from MP Biomedicals (USA).
2.2 Pesticide applications

In this study, a mixture of methyl parathion (OP insecticide) and copper oxychloride (fungicide) was analyzed
due to their routine use in apricot orchards. These pesticides have been commonly used in apricot plantations in
Malatya, Turkey, which is the largest apricot producer in
the world. The study was conducted in a total 2-decare
apricot orchard, divided into three parts: application areas
of methyl parathion, copper oxychloride, and their mixture. 250 g Folidol M500 (containing methyl parathion)
and 1000 g Oxi-cup 50WG (containing copper oxychloride) were separately dissolved in 250 L water. These
solutions were sprayed over apricot trees in the application areas according to design of the study.
2.3 Earthworm sampling

For the assay of selected enzyme activities, 30 earthworm samples were collected from the application area
before pesticide application as control (Day 0) samples.
Also, after application of pesticides, 10 earthworms (average weight 1.5 g) were collected from each application
area periodically (1st, 3rd, 5th, 7th, and 10th day of application). All earthworm samples were transferred to the laboratory immediately in glass cups, which contained wet
garden soil. After transfer of samples, soil particles on
these samples were cleared with distilled water, and samples were boxed after covering with aluminum shields in
the laboratory. Samples were stored at -80 °C until the
procedure of homogenizing.
2.4 Preparation of enzymatic samples

Samples were thawed at room temperature for 5 min
and transferred into an ice box immediately. Each sample
was homogenized using a polithron homogenizer (Ika Instruments, Germany) at 18,000 rpm for 30 s using ice-cold
homogenization buffer. Four volumes of homogenization
buffer (pH 7.4, 0.1 M K-phosphate buffer contanining;
0.1 M KCl, 0.15 M EDTA, and 1 mM DTT) were used per
gram of earthworm samples and homogenized in an ice box.
One-tenth of the total volume of homogenates was separated into clean microfuge tubes for collection of submitochondrial supernatant fractions. The homogenate was centrifuged at 16,000 xg for 20 min at 4 °C, and supernatants
were transferred into clean microfuge tubes. The remaining homogenates were collected in polycarbonate ultracentrifuge tubes for serial ultracentrifugation (Beckman
L8M, USA), and microsomal pellets were prepared according to the method described by Ozmen et al. [18]. For
this aim, a serial centrifugation procedure was conducted
at 100,000 xg during 1 h two times. After all centrifugation procedures, enzyme activities in submitochondrial

supernatants, or microsomal EROD activities, were determined immediately without freezing the samples.
2.5 Determination of enzyme activities

EROD activity was measured in microsomal samples
using 96-well microplates in a fluorescence microplate
reader (Molecular Devices, Gemini XS, USA) at 25 °C, as
previously described by Flammarion et al. [19]. The enzymatic activity was assayed in a final volume of 270 µl
containing 0.1 M potassium phosphate buffer (pH 7.7),
0.37 mM NADPH, 3.7 µM ethoxyresorufin, and 20 µl microsomal sample. The reaction was started with the addition
of NADPH and was followed for 10 min by reading the
fluorescence every 1 min, with excitation at 530 nm with
a 25 nm bandwidth, and emission at 585 nm with a 35 nm
bandwidth. Resorufin values of the mixture were detected
using a resorufin standard curve, which was prepared from
a stock solution of 20 mM resorufin in Tris–HCl buffer (pH
7.8, 0.1 M).
The submitochondrial activities of GST, CaE, and
AChE were determined using a microplate reader spectrophotometer system (Molecular Devices, Versa Max, USA).
The GST activity was measured in earthworm homogenates according to Habig et al. [20]. Reaction mixtures
contained 0.1 M K-phosphate buffer (pH 6.5), 1 mM GSH,
1 mM CDNB, and 10-µl samples. Change in absorbance was
monitored at 340 nm, and the activity was calculated using
the extinction coefficient for CDNB (ε = 9600 M−1 cm−1).
The CaE activity was assayed using PNPA as substrate.
The procedure of Santhoshkumar et al. [21], modified for a
microplate reader, was used. A reaction solution that contained 5 µl of sample and 250 µl 0.1 mM Trizma buffer
(pH, 7.4) was incubated for 3 min at 25 °C. The reaction
was initiated by the addition of 5 µl of the substrate (final
concentration 0.5 mM) to the reaction solution. The liberated p-nitrophenol was followed at 405 for 2 min in the
microplate reader. The enzyme activities were calculated
from the extinction coefficient of p-nitrophenol (ε =
1830 M−1 cm−1). The AChE activity was measured following the Ellman method modified for the microplate reader
by Ozmen et al. [22, 23]. Ten µl of supernatant was added
to flat-bottom microplate wells. The final concentrations of
ACTI and DTNB, prepared in Trizma buffer (0.1 M, pH
8.0), were 0.7 mM and 0.14 mM, respectively. Enzyme
kinetics were monitored at 412 nm and 25 °C for 3 min.
The total protein concentration in the supernatants were
measured using a microplate reader according to Bradford
method [24].
2.6 Statistical analyses

Statistical analyses were performed using statistical
software (SPSS Inc., USA). Shapiro wilk test (p<0.05)
was applied to determine a normal distribution of data, or
not. Therefore, comparison of enzyme activities between
groups was determined by Kruskal-Wallis analysis of
variance. Bonferroni Mann-Whitney U test was performed if there was any significance detected within the
groups. The significance level was set at p<0.01.
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3. RESULTS AND DISCUSSION
In this study, the effects of exposure to methyl parathion or copper oxychloride and the mixture of these pesticides on earthworms were assessed to test alterations in
some selected biomarker enzyme activities.
As could be seen in Table 1, AChE activities of earthworms, especially on the 7th day after application, were increased in methyl parathion and copper oxychloride application areas, and the increases were statistically important (p<0.01).
All values of microsomal EROD activity of earthworms are summarized in Table 2. Especially, on the 1st,
3rd, 5th and 10th days after application, EROD activities of
earthworms were increased in the mixture of methyl parathion and copper oxychloride application area (mixture
application area). The increases were statistically important when compared to the control group (p<0.01).
After the 5th day of application, EROD activity showed an
approaching tendency to the values of the control group

(Day 0). Similarly, an increase was observed in EROD
activities of earthworms in methyl parathion and copper
oxychloride application areas on the 1st, 3rd, and 5th day
(p<0.01). Although there was a decrease in EROD activity on the 7th day, an increase was observed again later.
When compared to the control group, the GST activities of the earthworms from methyl parathion, copper oxychloride, or their mixture were not significantly different
during the following 10 days after application (p>0.01). All
values of GST activities of earthworms are summarized in
Table 3.
A significant alteration in CaE activity of earthworms
in both application areas (methyl parathion, 1st and 3rd day
after application; copper oxychloride, 1st, 3rd, 5th, and 7th
day after application) was observed, compared to the
control groups (p<0.01). It has been observed that CaE
activities of earthworms reached a similar level after the
5th day of application in all pesticide application areas. All
values of CaE activities of earthworms are summarized in
Table 4.

TABLE 1 - The changes of earthworm AChE activity (nmol/min/mg protein) during 10-days observation.
Day

Methyl parathion application area

0.(Control)
30.0
±
9.1
1.
29.8
±
11.3
3.
24.0
±
2.6
5.
27.4
±
2.3
7.
62.5
±
21.9 *
10.
40.1
±
20.4
*Statistically significant differences indicated as p<0.01.

Copper oxychloride application area
30.0
77.0
76.2
71.8
114.4
36.7

±
±
±
±
±
±

9.1
26.5
29.4
24.4
25.2
10.8

*

Pesticide mixture application area
30.0
19.1
28.8
30.6
33.5
26.0

±
±
±
±
±
±

9.1
1.9
1.5
4.3
2.0
2.2

TABLE 2 - The changes of earthworm EROD activity (pmol/min/mg protein) during 10-days observation.
Day
Methyl parathion application area
0.(Control)
808.85
±
49.053
1.
*
2056.8
±
151.30
3.
*
1672.4
±
107.24
5.
*
1310.7
±
135.65
7.
548.28
±
90.1
10.
758.28
±
71.47
*Statistically significant differences indicated as p<0.01

Copper oxychloride application area
±
808.85
49.053
±
2192.51
263.63
*
±
1552.70
81.37
*
±
1287.81
163.66
*
±
577.24
49.18
±
740.22
66.76

Pesticide mixture application area
808.85
1755.35
1485.81
1874.10
947.65
1445.93

±
±
±
±
±
±

49.053
207.32
251.31
191.11
123.18
120.5

*
*
*
*

TABLE 3 - The changes of earthworm GST activity (nmol/min/mg protein) during 10-days observation.
Day
0.(Control)
1.
3.
5.
7.
10.

Methyl parathion application area

59.7 ± 5.3
69.1 ± 9.8
80.6 ± 14.7
76.8 ± 15.8
81.9 ± 16.6
43.5 ± 4.7
*Statistically significant differences indicated as p<0.01.

Copper oxychloride application area
59.7
46.6
65.1
67.7
70.7
54.5
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±
±
±
±
±
±

5.3
3.7
4.2
12.7
15.4
7.3

Pesticide mixture application area
59.7
68.1
67.3
67.7
69.6
43.1

±
±
±
±
±
±

5.3
6.6
4.6
6.7
4.7
2.5
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TABLE 4 - The changes of earthworm CaE activity (nmol/min/mg protein) during 10-days observation.
Day
0.(Control)
1.
3.
5.
7.
10.

Methyl parathion application area

903.4
±
100.5
*
1564.7
±
72.0
*
1839.0
±
143.2
1208.6
±
92.8
1520.0
±
488.2
1406.0
±
324.0
*Statistically significant differences indicated as p<0.01.

Copper oxychloride application area
903.4
1465.0
1769.7
1985.7
1636.6
981.9

Hundreds of pesticides of different chemical composition are currently used throughout the world to protect
crops against pests. The amount of pesticides coming into
direct contact with or that is consumed by target pests is
typically a small percentage of the amount applied. Since
the use of pesticides in agriculture inevitably leads to
exposure of non-target organisms, undesirable effects
may occur in many beneficial species and their activities.
The exposure assessment of pesticides is, therefore, essential to understand the potential effects of contaminants
on non-target organisms [2]. Studies concerning their effects on soil organisms are needed in order to evaluate their
toxicity and to prevent the potential risk of these environmental pollutants on the terrestrial eco-systems [25].
The earthworms used as bio-indicators throughout this
study are among the organisms affected by pesticides to a
great extent due to their roles in the fertility of both the
earth and food chain. Many studies showed the adverse
effects of OPs, organochlorine, and CM pesticides on the
living, growth, breeding, metabolism, enzyme activities,
and neural system of the earthworms [26-29].
The most preferred pesticides in apricot agriculture at
our region are chemical agents used as insecticides or
fungicides. In this study, methyl parathion was chosen as
insecticide and copper oxychloride as fungicide because
both are commonly used in apricot orchards of the Malatya
city region. The study results showed that methyl parathion
and copper oxychloride lead to some toxic effects on the
selected enzyme activities; GST, AChE, CaE, and EROD
were significantly affected by these pesticide applications
on earthworms.
It has been observed that the individual and combined
application of pesticides in the study areas has some distinct effects on activities of enzymes chosen as biomarkers.
At the beginning of the spring during the study period, a
clear weather condition was chosen for each application of
pesticide. However, rainy weather conditions were observed
after 24-48 h of the pesticide application. According to
these observations, it has been considered that the pesticides reached quickly to the soil from apricot trees, or
leached from the soil because of the rain. Therefore, it is
considered that the observed effects of the employed pesticides are distinctive from the expected outcomes. In addition, especially for OP insecticides, utilized along with fungicides, it has been determined that the expected effects,

±
±
±
±
±
±

100.5
153.1
262.0
271.7
142.8
154.9

*
*
*
*

Pesticide mixture application area
903.4
1160.7
1200.1
1005.3
1095.0
837.1

±
±
±
±
±
±

100.5
105.3
87.8
75.8
85.3
111.7

namely characteristics inhibiting the effects of AChE, did not
appear.
Though GST, as an important detoxification enzyme
in the metabolism of xenobiotics, was expected to be induced in earthworms of the study areas treated with a
mixture of methyl parathion and copper oxychloride, only
some small non-significant increases were observed (Table 3). According to some other studies, GST activities
against the pesticides have been reported to be induced
much less in field studies compared with mesocosm and
laboratory studies [30, 31].
AChE is a commonly preferred biomarker, because it
immediately shows the effects of OP and CM pesticide
toxicity [32]. However, it has been reported that pesticides used under field conditions do not have any effect
on the activity of AChE [30]. In this study, an induction
in AChE activity has been determined as a consequence
of copper oxychloride application. It has been well-known
that copper leads to an increase in AChE activity in organisms. Related to this, the increase in AChE activity
can be assessed, based on this effect of copper, compared
with the control group at the areas in which coppercombined fungicides were applied. These findings are supported by [33], and it should not be assessed as an effect
of decreasing the toxicity.
An increase in the activity of CaE (efficient biomarker)
has been determined as a consequence of both copper oxychloride and methyl parathion application.
Microsomal EROD (Cytochrome P4501A) activity,
categorized within the enzyme system of cytochrome P450
as a Phase I detoxification enzyme, has been induced by
many significant organic chemicals, such as PAHs, PCBs,
dioxins, and pesticides used in industry and agriculture, and
applied as a biomarker for this kind of contaminant. It has
been observed that these pesticides showed an inducing
effect at an important level on EROD activity. These results are also supported by some other researches [9, 34].
It has been estimated that one of the reasons causing
changes in enzyme activities, determined based on various
pesticide applications during the study, may be synthetic
fertilization of the main research area in autumn before the
application term. It has been considered that the fertilizers
used at the area also had some effects on the earthworms,
along with the pesticides.
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4. CONCLUSIONS
Many chemicals used for agricultural purposes in our
environment lead to various adverse effects in the ecosystem. These effects may change based on the structure of
the agents, type of application, dosage, and target species.
These chemicals cause some problems for ecosystem
balance as well as human and environment health by
affecting various species badly. These adverse effects on
earthworms, as one of the important organisms of the land
ecosystem, cause a disadvantageous situation for many
organisms, and this will lead to a huge decrease in agricultural productivity in the course of time, as those organisms will not perform their main functions. It has been
considered that this study can be evaluated as a model in
terms of the effects mentioned.
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THE FATE OF POLLUTION DUE TO A RIVER:
A NUMERICAL STUDY FOR SOUTH-EASTERN
COASTS OF THE GULF OF PATRAS (GREECE)
Nikolaos Th. Fourniotis and Georgios M. Horsch*
Department of Civil Engineering, University of Patras, 26 500 Patras, Greece

ABSTRACT
The interaction of the plume of the Glafkos River,
discharging into the south-eastern zone of the Gulf of
Patras, with the circulation of the receiving waters, has
been studied by three-dimensional numerical simulations.
Under windless conditions, the river’s effect is restricted
to the right of the discharge point only, leaving unaffected
the south-western coasts, where pollution can only be due
to the sewage plume from the outfall of the city of Patras.
Under the prevailing winds’ forcing, the river’s plume was
found to be restricted in a zone parallel to the coast, for
NE winds, and entrained towards the open waters of the
Gulf, for SW winds. Finally, simulations of a real flood
event were found in fair agreement with a satellite image,
showing the shoreline to be affected over a length of 7000 m
from the river’s discharge point.

KEYWORDS: 3-D modelling; Glafkos River; hydrodynamic circulation; MIKE 3 FM (HD, TR); Gulf of Patras (Patraikos Gulf).

1. INTRODUCTION
Pollution in the Gulf of Patras (briefly “the Gulf”,
Fig. 1a), situated in the Northern Peloponnesus, Greece, is
caused by many independent sources, which include continuous municipal and industrial discharges, agricultural
washouts distributed along the coasts, and sporadic oil
spills and shipping accidents. The Glafkos River (more
properly spelled Glaphkos), which discharges at the southeastern coasts of the Gulf, close to the city of Patras, constitutes an additional source of pollution. As can be expected, pollution is unevenly distributed within the Gulf,
and measurements suggest that the region in proximity to
the Glafkos’ discharge displays more signs of pollution
[1]. To make possible an assessment of the contribution
of the pollution introduced into the Gulf by the Glafkos
* Corresponding author

River [e.g. 2], the interaction between its discharge and
the tidal and wind-induced circulation in the Gulf is examined in the present paper. This is important given recent
preoccupation with pollution in the nearby bathing zones.
From an environmental point of view, rivers and
ephemeral streams usually contain high concentrations
of dissolved and particulate inorganic and organic materials e.g. nitrogen, phosphorus and silica (mineral weathering and decomposition of terrestrial plants). Thus, in spite
of the fact that the discharge of the Glafkos River under
normal conditions is small and not important to the overall
hydrodynamic circulation [3], it nevertheless carries various species of pollutants from the hydrologic basin, mainly
after flood events, and is, therefore, a factor of pollution in
the Gulf [4].
The interaction of river plumes with ambient currents
in the receiving waters has been intensively explored in
many studies, using both numerical simulations and field
measurements. During the last decades, remote sensing has
complemented field studies used to validate numerical
results. For example, Mestres et al. [5] studied the spreading of the plume created by the freshwater discharge of the
Ebro River into northwestern Mediterranean coastal waters,
through numerical simulation. The numerical results were
validated using both field measurements and satellite images, and this allowed an analysis of the physical mechanisms
controlling the spreading of the river plume, including the
local hydrodynamics and the wind field characteristics. On
a larger scale, Larson et al. [6] applied a modified version
of the Princeton Ocean Model (POM) to simulate the
Pearl River Estuary’s circulation in China, utilizing satellite images to qualitatively confirm the simulated overall
circulation pattern. Their long-term objective was to use
the validated model for forecasting the circulation and
water quality in the estuary. Similarly, He et al. [7] modeled the Grand River plume transport in the eastern basin
of Lake Erie, using 2D, depth-integrated, barotropic simulations. The study demonstrated that the plume movement
was primarily controlled by the wind-driven coastal current, so that frequent reversals of this current effectively
limited the plume’s alongshore extent, and resulted in a
continuous coastal band of turbid water, extending along-
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shore in either direction in the vicinity of the river mouth.
Below, we focus our study in examining, through numerical simulation, the behavior of the Glafkos’ river plume in
the proximity of its point of discharge into the Gulf of
Patras, in order to create a framework for interpreting the
river’s contribution to the local pollution.
1.1 The Glafkos River

Glafkos (Fig. 1a) is the largest river in the Patras area,
originating from the Panachaiko Mountain. The hydrologic basin of the river covers an overall area of nearly
102 km2 with a mean annual rainfall of approximately
1200 mm [8]. Its discharge ranges from 0.5 to 20 m3 s-1
(during the winter flood events), with a mean annual discharge rate of about 1 m3 s-1, and a maximum discharge of
more than 17 m3 s-1 during the wet season. From December
to March, the river gives the highest amounts of water
attaining the highest discharge values between February
and March almost every year (as given from hydrographs
for the latest 30 years). In contrast, during the summer
months, i.e. from June to September, the discharge rarely
exceeds the value of 1m3 s-1. Based on the assumption
that the aquifer's sustainability demands from the river
have been estimated to be 10 ~ 15 x 106 km3year-1, corresponding to an amount of ~ 0.4 m3 s-1, it has been concluded that, for the summer period, the freshwater discharge to the sea is expected to be less than 0.5 m3 s-1 [9].
Thus, during summer period, no substantial effect of the
river’s plume at the coastline is expected.
Normally, Glafkos carries into the sea large amounts
of water and sludge containing urban, industrial and agricultural wastes increasing the marine pollution levels close
to the discharge point. This has been substantiated in a
preliminary study [4]. Specifically, the activity concentrations values of 238U, 232Th, 226Ra, 40K and 137Cs radionuclides were determined in that study in sediments at the
river’s mouth. The mean activity concentrations of 238U,
232
Th, 226Ra in Glafkos’ estuary were found to be slightly
higher compared to the Greek average for soil and Patras
Harbour [10, 11], while the 40K activity concentration was
determined to be almost 2-fold higher compared to the
Greek average for soil. This can be explained by the fact
that the outflow of the Glafkos River receives many elements in agricultural, domestic and industrial discharges
carried on by the river [4].
However, Glafkos River is not the only point-source
of pollution in the region as, within 1 km of its discharge,
the outfall of the city of Patras discharges treated sewage
into the Gulf (Fig. 1b). In a previous work, Fourniotis and
Horsch [12] examined the spreading of the sewage plume
in the coastal zone, under the forcing of the wind and tidal
circulation in both well mixed and stratified conditions.
The emphasis was on the presence of pollutants within the
bathing zones adjacent to the point of discharge, ignoring
the effects of the nearby discharging Glafkos River. The
justification for this is that, as already mentioned, there
are periods, especially during the summer months but also

during dry spells, when the river’s discharge is negligible.
Nonetheless, the study of the concentration field of pollutants when both sources of pollution are active, which is
undertaken in the present paper, is of special interest, not
only because it will reveal the most adverse environmental conditions that may result, but also because they may
help formulate the proper operation practice of the sewage
plant. Indeed, as discussed in [12], the need arises on
occasion to release into the Gulf partially treated sewage,
under adverse conditions of increased sewage supply in
the treatment plant. These adverse conditions include the
cases of heavy rainfall, since the sewage network in the
city of Patras is a combined sanitary and storm sewer
system, and these are exactly the cases when the pollution
input by the river will be at its peak.
Herein, the interaction of the plume of the Glafkos
River with the circulation of the receiving waters in the
Gulf of Patras, and the resulting concentration field of
pollutants advected into the Gulf by the river, is studied
by means of 3-dimensional numerical simulations based
on the coupled flow and transport equations. The focus is
over a region extending to 10 km from the shore, which
includes the swimming zone, the outfall location and the
Glafkos River discharge area (Fig. 1b). The numerical
solutions have been extracted using the finite volume code
MIKE 3 FM (HD & TR) [13, 14]. To further clarify the
mechanisms which advect and distribute pollution in the
Gulf, the simulations explore the interaction of the Glafkos
plume with the plume created by the treated wastewater
discharged nearby. This interaction becomes important
mainly after flood events, which usually take place in the
winter months, during which the Gulf is well mixed and
the hydrodynamic circulation is driven by the tide and the
wind [3]. Unfortunately, the very nature of these flood
events, make the, necessary for the validation of the
simulation results, field measurements difficult to obtain.
Instead, validation is attempted by comparison of the
simulated river plume with the corresponding satellite
image obtained shortly after a major flood event which
took place on 9 March, 2011.
2. MATERIALS AND METHODS
2.1 Study area

The Gulf of Patras lies in Western Greece between
the Greek mainland and the Peloponnesus (Fig. 1a). It is a
56 m-deep (mean depth) marine embayment that links the
deep Gulf of Corinth (maximum depth 900 m), on the
east, with the Ionian Sea, on the west. The Gulf is bracketed between two sills; one that lies along the line Tourlida (Messolongi lagoon) to Cape Araxos (also called
Cape Pappas), at the border between the Ionian Sea and
the Gulf of Patras, and the other at the Straits of RioAntirio, which connect the Gulf of Patras with the bay of
Nafpaktos, at the entrance of the Gulf of Corinth (Fig. 1a).
The Gulf of Patras is 40-50 km long, 10-20 km wide, and
has an area of 535 km² and a maximum depth of 138 m. It
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FIGURE 1 - (a) The Gulf of Patras between the Peloponnesus and Western Greece, as seen from Google Earth. The locations of open boundaries of the numerical simulations are marked with white lines as OB1 (in the west) and OB2 (in the east). The location of outfall pipe is
marked with a white square. (b) Detail of the southeastern region of the Gulf, where the outfall pipe and the Glafkos’ river mouth are located.

is centered at 38o latitude, which corresponds to a UTM34 zone. On the SE coast of the Gulf lies the Port of the
city of Patras, the only major port of the Gulf, covering
the area where the focus of the present study is centered.
Further details on the Gulf of Patras, pertinent to its overall circulation, can be found in [3, 12].
2.2 The modelling method
2.2.1 The hydrodynamic code

The hydrodynamic circulation in the Gulf has been
simulated using the commercially available CFD code
MIKE 3 Flow Model FM. This finite volume code has
been developed at the Danish Hydraulic Institute (DHI),
based on an unstructured mesh approach [13]. The Hydrodynamic Module (HD) extracts numerical solutions from
the 3-dimensional continuity, momentum, temperature,
salinity, and density equations. The momentum equations
are used in the incompressible, Reynolds-averaged form of
the Navier-Stokes equations (RANS), invoking the Boussinesq assumption and the hypothesis of hydrostatic pressure in the vertical. For the turbulence closure, the Smagorinsky formulation has been used for diffusion in the
horizontal and the standard k-ε model in the vertical direc-

tion. For the Coriolis force, an f-plane has been used, and
for the free surface, a sigma-coordinate transformation.
Further details for the numerical method used for the
present problem can be found in [3].
2.2.2 The advection-diffusion code

The advection and diffusion of the substances carried
by the river inflow and by the sewage plume are calculated using the CFD code MIKE 3 FM Transport Module
(TR) [14], which is coupled with the HD. Both conservative and non-conservative substances have been simulated. The time integration of the transport (advectiondiffusion) equations is performed using a semi-implicit
scheme, where the horizontal terms are treated explicitly,
and the vertical terms are treated implicitly.
2.2.3 Computational domain

The numerical representation of the coastline and the
bathymetry of the Gulf of Patras were based on digital
maps of the Greek Hydrographic Service of the Hellenic
Navy. From these maps, ASCII files, required for the
mesh generation of the hydrodynamic code, were produced using a GIS module, which was also used to con-
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vert the digital data to the appropriate UTM-34 zone projection.
The numerical domain was defined to include parts of
the adjacent seas (Fig. 1a), since the exchange flows between the Gulf of Patras and the Gulf of Corinth at one
end and the Ionian Sea at the other, are among the hydrodynamic quantities of interest. Numerical experiments, to
test the adequacy of the numerical domain, have been
discussed by Fourniotis and Horsch [3], where the windinduced, barotropic circulation of the Gulf was examined
in detail.
The basin’s volume was discretized using an unstructured, gradually changing grid in the horizontal plane and
equidistant σ-layers in the vertical. The resolution of the
horizontal grid was made relatively coarser in the section
of the domain west of the Gulf (Ionian Sea), while at the
east (Gulf of Corinth), it was of middle size (Fig. 2). At
the central part of the domain, i.e. at the Gulf of Patras,
which is the focus of the present study, the resolution was
made finer, especially close to the coast.
In the vicinity of the sources (i.e. the Glafkos River
and the sewage outfall), however, a much finer grid is
required for adequate simulation of the spread of the sewage and freshwater plumes. Thus, a 3-zone, non-uniform
computational mesh was generated for the discretization
of the southeastern side of the Gulf, where the plumes are
released. The resulting grid, which can be seen in Fig. 2,
is the same as used in [12] (where the details of the grid
structure can be found) for the simulation of the sewage
plume spreading alone. It proved to be adequate for the
present study too, because the outfall and Glafkos’ inflow
are approximately 1 km apart, so that they both lie within
the finest, inner grid zone.

boundaries, located at the Oxeia island-Bay of Killini line,
in the west, and the Mornos-Drepanon pass, in the east.
These have been denoted as OB1 and OB2, respectively,
in Fig. 1a.

2.2.4 Boundary and initial conditions

In the present study, the advection-diffusion of three
generic species (Component-1 conservative; Component2 decaying carried with the sewage plume discharged into

The computational boundary consists of the solid
boundary (solid bottom and the coasts) and two open

All solid boundaries are treated as impermeable, no
slip boundaries, where the term no slip should be interpreted, in the context of the k-ε model, in terms of wall
functions. As discussed in section 3 below, the circulation
in the Gulf of Patras is caused by the action of the wind,
and the tide, which is co-oscillating with the tide from the
Ionian Sea (open boundary OB1 in Fig. 1a). Thus, at the
open boundaries, data derived from the analysis of measurements of the sea surface elevation were used as boundary conditions. The harmonic analysis has been performed
by Achilleopoulos [15] on data collected during the campaign of Papailiou [16]. Again, the details on the tidal
boundary conditions can be found in [12].
Concerning the initial conditions, all simulations, unless they constituted a continuation of a previous run,
were initiated from the state of rest, where the free surface
was set equal to the mean sea level. Since the winter circulation is of interest herein, the density of the water was
set equal to a constant value, in accordance with measurements setting the value of the salinity equal to 39 psu
[e.g. 17, 18]. The boundary vertical profiles for the density were set equal to the initial conditions, and were kept
constant during the simulation. Finally, for the turbulence
model to function properly, a weak initial turbulence level
had to be imposed. Parameters of k (turbulence kinetic
energy) and ε (turbulence dissipation rate) were set to
such initial values that the corresponding viscosity coefficient νt would be equal to 10-4 m2 s-1.
2.2.5 Parameter values of the transport module

FIGURE 2 - Topographic scale bathymetric map of the Gulf of Patras, with isobaths shown every 15 m. Superimposed is the unstructured
triangular mesh. Axis annotation in Easting and Northing is displayed in meters; superimposed on the map is the geographical net of longitude (E) and latitude (N). The co-ordinate system refers to UTM-34.
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the Gulf of Patras; Component-3 conservative carried
with the freshwater river plume) is studied. The normalized source concentrations of the three components were
all set to 1 at the source points, where the effluent or
stream mouth sources are considered, while the initial and
boundary conditions in the water body were maintained at
constant values of 0. The initial salinity of the effluent
was set to be 0 psu, in all the cases examined, whereas the
initial temperature of the effluent was assumed to be the
same as that of the receiving waters.
For the stream’s discharge, mean flow-rates of 7 and
1.5 m3 s-1 were used for flood conditions and base flow
conditions, respectively. For the winter regime, Glafkos
was simulated as a source, located within the cell which
corresponds to the rivers’ mouth coordinates. Alternative
representations of the river as a source with initial momentum or as an inflow boundary, proved to have minor
effects on the simulations, while being computationally
heavier, and were, therefore, abandoned.
The salinity of the river plume was set to be 0 psu,
whereas the initial temperature of the discharge was assumed to be the same as that of the receiving waters.
Concerning the other parameters for the effluent dispersion, e.g. the effluent discharge value of Q, the FC
bacterial decay rate i.e. T90, the decay constant, k, and the
values for eddy diffusivity in the horizontal (νh) and vertical directions (νv), respectively, were prescribed in accordance with [12].
3. RESULTS AND DISCUSSION
3.1 Hydrodynamic characteristics of the Gulf of Patras

In this section, we briefly summarize the basic hydrodynamic features of the wind and tide-induced circulation in the Gulf of Patras, during the winter season. The
description is based on the numerical simulations in [19,
20, 3], where further details can be found. These simulations have relied on the field campaigns of Papailiou [16]
for qualitative information, such as the seasonal evolution
of the stratification in the Gulf, as well as for quantitative
measurements, such as tidal records.
According to field measurements ([16]), during the
winter months, the circulation in the Gulf is barotropic.
The simulations show that the wind-induced flow creates
strong currents near the coasts and at the Rio-Antirio
straits. The wind-induced currents do not seem to contribute to the renewal of bottom waters recirculating between
the two sills which exist at either end of the Gulf [3]. The
tide, which is semi-diurnal, enters the Gulf through the
opening with the Ionian Sea, with a range of the order of
20 cm. In contrast to the wind-induced currents, tidal currents are weak near the coasts but strong away from them,
i.e. in the main body of the Gulf, and they become strongest at the straits of Rio-Antirio. Cyclonic and anti-cyclonic
eddies develop near the northern and southern coasts, respectively. When wind is also blowing, the sense of rota-

tion of the near-shore gyres is determined by the wind
direction, while in the central part of the Gulf, the flow
pattern is dictated by the tidal action.
For the mean wind speed, varying over the Gulf between 1 to 6 m s-1 with a principal direction in the line of
NE (45o) to SW (225o) [21, 22], the simulated values for
purely wind-driven currents (i.e. currents developing during the neap tides) range within 5-12.5 cm s-1 in the main
body of the Gulf while, at the Rio-Antirio straits, they
reach values above 20 cms-1, up to 50 cms-1. In contrast,
under the combined action of the tide and the prevailing
winds, the currents at the straits of Rio-Antirio attain
velocities as high as 1-2 ms-1. These simulated values are
supported by available measurements [e.g. 23], which
document the occurrence of strong tidal currents at this
same region.
Focusing now to the coastal region of interest herein,
i.e. near the mouth of the Glafkos River, the tidal currents
are rather weak, attaining values of the order of 1 to 3 cm s-1.
The maximum measured tidal range in the region is about
0.10 m, with an average value of 0.05 m, allowing the
Glafkos outflow region to be classified as a micro-tidal
environment. In contrast to the tidal currents, the currents
induced by the dominant winds of mean speed, reach
values of the order of 5 to 20 cm s-1.
3.2 The interaction of Glafkos River with the nearshore circulation

Simulation of the interaction of the freshwater plume
of Glafkos with the local currents is required for the elucidation of the dynamics of the concentration field of
pollutants in the coastal area where the river discharges.
The emphasis will be on the adjacent SW bathing zones.
The salient features of the interaction, to be examined, are
the effects of the tidal oscillation as well as the the wind
on the river plume [e.g. 24]. In addition, the interaction of
the river’s plume with the plume of treated sewage effluents discharged nearby is to be investigated, since this
will complement the study of the most adverse cases of
the far field of the treated sewage [9], by including the
instances, after flood events, when Glafkos becomes an
important local factor of pollution.
Given the variety of wind conditions that can be examined, it is reasonable to focus on those, among the
locally prevailing, that can be expected to have the most
adverse effect on the swimming zone. Taking into consideration the enhancement of mixing and dilution with
increasing wind-speed, we choose to examine winds of
mean to low speed, e.g. 6 m s-1, blowing along the SW
(225o) and NE (45o) direction, which is the prevailing in
the region direction.
Finally, simulation of an observed flood is included,
not only because of its inherent interest, but also because
the simulated outline of the plume can be compared to the
outline provided by a satellite image, for verification
purposes.
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3.2.1 Calm weather conditions

The study of the behavior of the inflowing river begins naturally with the simplest condition, i.e. the no-wind
condition. Besides its simplicity, this condition has been
identified to be among the most adverse ones during the
wet season for the bathing zones, from the point of view
of pollution emanating from the sewage plume. As has
been already discussed (and is quantified below with the
hydrograph given in section 4.3), Glafkos becomes important after its discharge has been boosted during floods.
Thus, after it discharges into the sea, it is driven by inertia
which, as the simulations confirm, is balanced by the Coriolis force, since the “drag” force exerted by the oscillating
tide proves to be too weak near-shore (see also section:
Hydrodynamic characteristics of the Gulf of Patras). This
hypothesis has been confirmed by numerically “switching” off the Coriolis term, in which case the inflowing
river proceeds straight-wards, balanced by entrainment
and friction, until, off-shore, it is caught in the tidally
oscillating flow. Then, under the influence of the Coriolis
force, the river is, during calm conditions, deflected to the
right, and following a circular-like path, it is finally
squeezed onto the shore (Fig. 3a). The radius of the circular-like path is compatible with the inertia ~ Coriolis
balance, which is u0 / f, u0 being a characteristic river
inflow velocity and f the Coriolis parameter [e.g. 25, p.
21] since, for u 0 = 0.1 m s -1, the characteristic “radius”

is 1 km. As a result of the weakness of near-shore tidal
currents, the riverine plume is not deflected from its rightwards position, even under ebb flow (Fig. 3b). In the simulation presented in Fig. 3, the flood discharge is 7 m3 s-1,
since this can be considered to be a characteristic value for
Glafkos’ floods (see also Fig. 5). Under calm conditions,
therefore, Glafkos’ pollution can be expected to affect the
SE shores from its discharge point.
The behavior of the sewage plume, released from the
outfall at a distance of 1 km from the shore, under windless conditions, has been examined in [12], when the river
inflow can be considered as negligible. But when Glafkos
discharge reaches the flood value, examined in the present
section, the simulations show that the river entrains the
concentration field established by the sewage inflow towards the open waters, and has, thus, a positive influence
on the nearby SE bathing zones. Needless to emphasize
that this concerns pollution due to the sewage plume,
since the effect of the river will be adverse in term of the
pollution spread by its own waters.
3.2.2 Action of north-easterly and south-westerly winds

Winds blowing along the northeastern direction,
which is the prevailing direction for the region, alter the
above-described riverine plume path. Since the freshwater
plume floats on top of the sea water surface, it is exposed
to wind shear, which forces the plume southwards towards

(a)

(b)
FIGURE 3 - Surface plume established under windless conditions during (a) flood tide and (b) ebb tide.
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FIGURE 4 - Formation of river plume under the action of northeasterly wind.

18

3

D ischarge	
   (m /s )

16
14
12
10
8
6
4
2

t	
   (days)

1/
5
16
/5
31
/5
15
/6
30
/6

1/
4
16
/4

2/
3
17
/3

1/
1
16
/1
31
/1
15
/2

0

FIGURE 5 - Hydrograph of the Glafkos River, for the first semester of 2011 (The simulated flood event is marked between the dotted lines).

the shores, as can be seen in Fig. 4. Clearly, then, pollution in the southwestern swimming zones will more likely
be due, during flood events, to Glafkos’ pollution rather
than to the treated sewage plume, the dilution of which has
been shown to be greater than 1000 (see Table 1, [12]).
This is especially true for FC, since it has been shown in
[12] that, in the absence of Glafkos’ discharge, their concentrations are negligible in the southwestern zones.
The case of southwesterly wind is straightforward,
since the wind shear and the wind-induced surface currents created by this wind drag the plume towards the
open waters, leaving unaffected the bathing zones.
3.2.3 Modelling the effect of a real flood event at the shoreline

In the present section, we present a realistic simulation of the Glafkos’ plume spreading into the Gulf under
flood conditions. The dates of the simulation were chosen
to include the largest flood which took place in the Glafkos’
watershed during the winter of 2011. In Fig. 5, the hydrograph of the Glafkos River, measured 2 km upstream
from the river’s mouth, is given (Public Power Corporation, 2011). The time series of the discharge, within the
window denoted by dashed lines in Fig. 5, were used as

inflow boundary conditions in the numerical code. Specifically, the simulation covers the period from 02-03-2011 to
15-03-2011, during which a flood event took place between
7 to 9-03-2011, with the discharge attaining a value of
17 m3 s-1. The time series of the wind velocity during the
corresponding period were obtained from the Patras Port
Station (21.73, 38.26), operated by the National Observatory of Athens, which is the nearest meteorological station
to the river (Fig. 6).
Since field measurements are difficult to be made under flood conditions, an alternative source of data, useful
for the validation of simulations, is provided by satellite
images. An image of the Glafkos river plume taken by satellite on March 9 2011 is depicted in Fig. 7a. These satellite
data were acquired by the GeoEye IKONOS-2 platform.
The blue channel that covers the spectral range between
445 - 516 nm is employed in order to depict the concentration of fine suspended particulate matter in the Glafkos
river plume. The area depicted in the data set refers to the
riverbed of Glafkos River in the south and south-western
region of Achaia. The imagery was acquired on 9th of
March 2011 with zero cloud coverage while the satellite
elevation angle was 70 degrees. The ground resolution is
90 cm.
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(a)

(b)

FIGURE 6 - Wind data from the nearest station to the river i.e. Patras Port Station, covering the simulation period (a) time series where
wind speed and direction are given, and (b) wind direction compass rose, where the prevailing wind direction is shown.

(a)

~ 7000

m
(b)

(b)
FIGURE 7 - (a) Satellite image of the freshwater plume from the Glafkos river on 9 March, 2011; (b) Simulated river plume corresponding
to the climatological regime of Figs. 5 and 6. The white line demarks the plume boundaries, digitized from the satellite image while the thicker black line is the simulated plume outline, corresponding to the outer isohaline contour.

The outline of the Glafkos freshwater plume can be
clearly discerned (Fig. 7a) to extend along the southwestern coasts of the Gulf. The comparison between the
simulation of the river inflow into the Gulf during the
flood incident and the corresponding satellite image is
shown in Fig. 7b, in which the simulated plume is superimposed onto the satellite image. The outline of the plume

from the image is indicated with a white line, whereas the
simulated outline, i.e. the outer isohaline contour, is indicated with a thicker black line. The comparison can be
seen to be fair all along the plume’s boundary, except for
a large lobe near the mouth of the river. Further progress
in simulating this phenomenon would seem to require
measurements of fine sediment in suspension carried by
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the river, which would enhance its entrance momentum by
increasing the effective density of water. Noteworthy is
also the fair approximation by the simulation of the advancing river front, which, at the time depicted, is a 7000 m
long distance from the discharge point.

stant field measurements of concentration of pollutants.
The authors have declared no conflict of interest.
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ABSTRACT
In the past 30 years, wetlands in China have suffered
severe threats from development pressure and are confronted with the dangers of wetland degradation and loss,
especially in cities. Recently, the assessment of wetland
resources has aroused enormous attention, since it can
provide guidance for the policymaking with the purpose
of preserving wetland resources. This research aimed to
develop an integrated assessment system for the sustainability of urban wetland resources adopting Pressure-StateResponse (PSR) model, Analytic Hierarchy Process
(AHP) and Delphi Method, and applied the system to case
studies of Constructed wetland in Beijing Olympic Forest
Park, West Lake in Hangzhou and Moon Lake in Wuhan.
An indicator system of the sustainability assessment
for urban wetland resources was comprised of 3 sub-targets
and 35 indicators. An assessment model was built after
determining the indicators’ weight. Employing the data
collected from field survey, integrated assessment scores
of 0.6297, 1.4432 and 0.4013 were given to Constructed
wetland in Beijing Olympic Forest Park, West Lake in
Hangzhou and Moon Lake in Wuhan, respectively. Finally, a general analysis of assessment results was given and
a few countermeasures on the conservation of urban wetland resources were proposed.

KEYWORDS: urban wetland; sustainability assessment; Pressure-State-Response (PSR) model; Analytic Hierarchy Process
(AHP); Delphi method

interests in methods designed to assess wetland resources,
to provide early warning of ecosystem stress and calculate
the investment benefits of the government and public
from wetland preservation and restoration [6, 7].
To date, more than 40 kinds of methods have been developed to assess wetland condition or function on a variety
of spatial scales, such as hydro-geomorphic, indexes of
biotic integrity and so on [4, 6-10]. Recent years in China,
the assessment approaches for wetland resources have been
evolved from the qualitative evaluation confined to the
description of wetland characteristics to quantitative evaluation adopted mathematical models [2, 11-14]. Meanwhile,
studies of wetland resources assessment on natural nonurban wetlands, such as Taihu Lake [1], Xinkai Lake [11],
Dongting Lake [2, 13], were more than those on urban
wetlands and constructed wetlands. Creation of new wetlands (constructed wetland) together with restoring the
existing ones in urban areas is often set as an attempt to
reduce the degradation and loss of urban wetlands [15].
American researchers discussed the effectiveness of some
approaches to wetland functional assessment in urban
wetlands [16-18].
In this study, the sustainability assessment system for
urban wetland resources was developed, using pressurestate-response (PSR) model, analytic hierarchy process
(AHP) and Delphi method. Three urban wetlands, Constructed wetland in Beijing Olympic Forest Park, West
Lake in Hangzhou and Moon Lake in Wuhan were selected
for case study. The assessment results would provide a theoretical basis for the sustainable development of urban wetlands.
2. MATERIALS AND METHODS

1. INTRODUCTION
Wetland is a major ecosystem characterized by complexity, dynamism and diversity, and provides irreplaceable
ecosystem services for human society [1, 2]. With rapid urbanization and industrialization, wetland degradation and
loss have occurred in many developed and developing countries (especially in China) [1-5]. This has generated research
* Corresponding author

2.1. Study sites

Constructed wetland in Beijing Olympic Forest Park,
West Lake in Hangzhou and Moon Lake in Wuhan were
typically chosen as research objectives from a number of
urban wetlands in China, based on the principles of diversity, typicality and feasibility. These wetlands are located
in different provincial administrative regions in China:
Beijing City, Zhejiang province and Hubei province. The
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first one, as a constructed wetland, is the most influential
in China. The latter two are natural wetlands (natural
lakes), of which West Lake in Hangzhou is Grade 5A
National Scenic Region and the only lake cultural heritage
in China listed in directory of world cultural heritage, and
Moon Lake in Wuhan located in Hubei province regarded
as “the province with thousands of lakes” is basically a
typical representative of urban lakes.
Constructed wetland in Beijing Olympic Forest Park,
located at 40˚01΄03.73΄΄N and 116˚23΄09.81΄΄E, was built
to serve the 29th Olympic game in 2008. Covering an area
of 41, 500 m2, it is a significant part in ecological engineering to improve water quality of Beijing Olympic Forest
Park by treating reclaimed water (tail-water of municipal
sewage treatment plant) of 2, 600 m3/d and circulated lake
water from Aohai of 20, 000 m3/d. The main water quality
index of effluent could meet the class III of environmental
quality standards for surface water (GB3838-2002) [19].
At the same time, the constructed wetland created beautiful, spectacular and wild natural wonders [20]. West Lake
in Hangzhou, located at 30˚10΄19΄΄-30˚16΄28΄΄N and
120˚04΄06΄΄-120˚10΄16΄΄E, is a famous tourist resort known
as “Paradise of Earth”. Its north-south length is about 3.2 km
and east-west width is about 2.8 km. The area and lake
shoreline is approximately 6.39 km2 and 15 km, respectively
[21, 22]. Moon Lake in Wuhan, located at 30˚33΄24΄΄N and
114˚15΄30΄΄E, is famous for beautiful scene and graceful
legend of “lofty mountain and flowing water help to find
bosom friend”. East to Guishan Hill, west to Heshan Hill,
south to Ancient Lute Platform and Meizishan Hill and
north to Hanjiang River, it stretches about 3.15 km in
length from east to west and 0.45 km in width from north
to south, with an area of 1.42 km2 [23].
2.2. Methodology

PSR Model, put forward initially by Canadian statisticians T. Friend and D. Rapport in 1979, developed by
Organization for Economic Co-operation and Development (OECD) and United Nations Environment Programme (UNEP) in 1980's and 1990's, respectively, reflects the interrelation between human and environment,
using the logical thinking mode of “cause-effect-respond”.
AHP is a popular tool for problems of multi-criteria
decision making, proposed by T. L. Satty in the 1970s [2,
13]. It consists of an overall objective, a series of options or
alternatives for reaching the objective and a group of factors
or criteria that relate the alternatives to the objective. The
criteria can be further divided into sub-criteria as many
hierarchy as the problem requires [2]. Judgment matrix is
constructed by employing a pair-wise comparison procedure to arrive at a scale of preference among a set of alternatives. Thus, qualitative analysis of complex problems
could be converted to quantitative results [2, 13].
Delphi method is an anonymous expert letter consultation method. Advices of carefully-selected experts are
consulted on the questions set in advance, and then answers are analyzed and concluded to give feedbacks to the

experts. The above process is terminated after reaching a
pre-defined criterion (e.g. numbers of rounds, achievement of consensus and stability of results) [2, 13].
2.3. Data source

Data in this study could be divided into two types:
background data and survey data. The background data
mainly came from relevant literatures and document of
wetland administration agency, which included the history,
geographical position, topography, climate, soil condition,
ecological system, biological community structure, flora
and animal species of wetlands, as well as the basic information of wetland management organizations, wetland
protection investment, annual visitors number of wetlands,
and so on. Judgment matrix of AHP for wetland resource
assessment was obtained by consulting knowledgeable and
experienced experts on urban wetland resources. Investigation and interview of public and relevant administrative
staff were carried out around the wetlands, to survey the
wetland protection awareness of surrounding citizens and
visitors, as well as the present state of wetland management and protection.

3. RESULTS AND DISCUSSIONS
3.1. Establishment of sustainability assessment indicator
system for urban wetland resources

Selection of assessment indicators for urban wetland resources should take ecological, economic and social factors
into consideration. Assessment indicator system of urban
wetland resources was established based on PSR model and
AHP (Table 1). The system comprises four different layers: target layer, sub-target layer, criterion layer and indicator layer. 35 indicators are listed to assess urban wetland resources under 13 criterions.
Wetland states were divided into 5 aspects, i.e., Wetland health, Biodiversity, Importance of wetland, Environment quality, Cultural and economic indicators. The
pressure influencing wetland state mainly came from
natural threats and human exploitation. Considering both
states and pressures, certain responses should be made by
the government and public to restore a healthy ecosystem,
such as Policy for wetland protection, and Financial investment, etc.
3.2. Determination of indicator weight

AHP and Delphi method were combined to determine
the index weight. Experts were required to order the indicators of each layer, and then judgment matrix was constructed according to experts ordering results. The questionnaires were delivered to 28 experts, of which 23 experts were answered, and 20 questionnaires were valid.
The expert group was constituted of researchers on wetlands, technicians of each studied sites and participants of
urban wetland resource assessment. The final judgment
matrix of pair-wise layer A-B, B-C, C-D was generated on
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TABLE 1 - Indicators system of sustainability assessment for urban wetland resources
Target layer A

Sub-target layer B

Criterion layer C

Indicator layer D

Sustainability assessment for
urban wetland resources A

States B1

Wetland health C1

Complexity of biological community D1
Activity of key species D2
Landscape connectivity D3
Ecosystem diversity D4
Plant diversity D5
Animal diversity D6
endangered species D7
Naturality D8
Rarity D9
Non-fragility D10
Representativeness D11
Water quality D12
Air quality D13
Soil quality D14
Climate condition D15
Cultural heritage D16
Research and education D17
Annual visitor numbers D18
Economic benefits D19
Species invasion D20
Harm of diseases and pests D21
Sewage discharge D22
Population density D23
Average years of education D24
Natural growth rate of population D25
Ratio of wetland degradation area D26
Land use structure D27
Exploitation and utilization level D28
Establishment of wetland regulation D29
Healthiness degree of organization D30
Technician ratio D31
Monitoring infrastructure D32
Implementation of restoration project D33
Invest capital per unit area D34
Public attention on wetland D35

Biodiversity C2

Importance of wetland C3

Environment quality C4

Cultural and economic indicators C5

Pressures B2

Natural threats C6

Population indicators C7

Exploitation and utilization C8

Responses B3

Policy for wetland protection C9
Management organization C10

Protection measures C11
Financial investment C12
Public protection awareness C13

the basis of group decision. Taking the judgment matrix
of sub-target layer B over target layer A for example, the
calculation procedure of index weight was as follows:

(3) Calculate the maximum eigenvalue of matrix:
3 ( AW )
j
.
λmax = ∑
j =1
3W j

TABLE 2 - Judgment matrix A-B
A
B1
B2
B3

B1
1
1/3
1/5

B2
3
1
3/5

(4) Consistency test: CI =

B3
5
5/3
1

λmax − n

n −1
CR < 0.1 , then consistency test pass.

(1) The following formula was used to calculate the nth root of product of each row in judgment matrix A:

3
W ' = 3 ∏ a , of which aij was the value of row i and
1
ij
j =1
column
j
in
judgment
matrix,
and
then:
T
'
W = (2.4662, 0.8221, 0.4932) .
W'
(2) Normalize vector W : W1 = 3 j , and then index
∑ W j'
j =1

weight of sub-target layer over target layer was
T
W = (0.6522, 0.2174, 0.1304) .

, CR =

CI
, if
RI

Table 3 shows the indictor weight of pair-wise layers
and each indicator over target layer A, and the sum of
weight in same layer was 1.
The indicators and their weights in this study were
different from the literatures [2, 11], because the research
subjects were urban wetlands. For example, Economic
benefits from wetland exploitation was considered in this
study, but the Engel coefficient of residents near studied
wetland was set as an indicator by Cheng et al. [11]. The
weights of the same indictors were different, such as
0.0311 and 0.004 for Water quality in this study and Wang
et al. [2], respectively. However, the weight of States was
far higher than Pressures and Responses, which was consistent with Wang et al. [14]. With respect to population
indicators, Population density, Average years of education
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TABLE 3 - Weight of each index in assessment system for urban wetland resource
Target
A

Sub-target
B1

B2

B3

A-B Weight
0.6522

0.2174

0.1304

Criterion
C1

B-C Weight
0.1865

C2

0.5595

C3

0.1119

C4

0.0799

C5

0.0622

C6

0.2174

C7

0.1304

C8

0.6522

C9
C10

0.1865
0.0799

C11
C12
C13

0.5595
0.1119
0.0622

Indicator
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21
D22
D23
D24
D25
D26
D27
D28
D29
D30
D31
D32
D33
D34
D35

C-D Weight
0.6522
0.2174
0.1304
0.1989
0.1193
0.0852
0.5966
0.1989
0.1193
0.5966
0.0852
0.5966
0.1193
0.1989
0.0852
0.5966
0.1193
0.1989
0.0852
0.1304
0.2174
0.6522
0.2174
0.6522
0.1304
0.6522
0.1304
0.2174
1
0.6522
0.1304
0.2174
1
1
1

A-D Weight
0.0793
0.0264
0.0159
0.0726
0.0435
0.0311
0.2177
0.0145
0.0087
0.0435
0.0062
0.0311
0.0062
0.0104
0.0044
0.0242
0.0048
0.0081
0.0035
0.0062
0.0103
0.0308
0.0062
0.0185
0.0037
0.0925
0.0185
0.0308
0.0243
0.0068
0.0014
0.0023
0.0730
0.0146
0.0081

and Natural growth rate of population were listed in index
system, and the order of their importance was the same as
Cheng et al. [11].

R j = I j / S j (for positive index)

3.3. Assessment results and analysis of urban wetland resources

Where, R j was realized degree of indicators, I j was

Assessment model of urban wetland resources was
provided on the basis of linear weighted method.

R = W ×Y
Where, R = (r1 , r2 , , rn ) was the final result
vector;

W = (W1 , W2 , , Wm ) was weight vector of 35
assessment indicators;

Y = (yij )m×n was dimensionless data matrix of 3 urban
wetlands.
When nondimensionalizing indicator value, the indicators were divided into positive and negative index. For
the positive index, the bigger the index value, the more
contribution was made to the result; otherwise, less. For
the negative index, the bigger the index value, the less
contribution was made to the result. Specific calculation
formula was presented as follows:

R j = S j / I j (for negative index)

real value of indicators, S j was standard value of indicators.
For “yes or no” indicators, 1 was taken as standard
value, with 0 or 1 as index value. For indicators without
explicit standard value, 5 was taken as standard value,
with 1, 2, 3, 4 or 5 as index value adopting grade evaluation. For example, Cheng et al. [11] and Wang et al. [2,
14] reported that the standard value of Invest capital per
unit area was 13 yuan/hm2. But it was found that the index value of Constructed wetland in Beijing Olympic
Forest Park and Moon Lake in Wuhan was far higher than
that value. At the same time, this index value of West
Lake in Hangzhou could not be calculated since Hangzhou government invested in restoration and dredging of
West Lake continually. So the indicator of Invest capital
per unit area adopted grade evaluation in order to obtain
dimensionless data. Table 4 shows the dimensionless data
matrix and results vector of assessment for urban wetland
resources.
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TABLE 4 - Indicators data and results of assessment for urban wetland resource
Index

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21
D22
D23
D24
D25
D26
D27
D28
D29
D30
D31
D32
D33
D34
D35
Sum

A-D
weight
0.0793
0.0264
0.0159
0.0726
0.0435
0.0311
0.2177
0.0145
0.0087
0.0435
0.0062
0.0311
0.0062
0.0104
0.0044
0.0242
0.0048
0.0081
0.0035
0.0062
0.0103
0.0308
0.0062
0.0185
0.0037
0.0925
0.0185
0.0308
0.0243
0.0068
0.0014
0.0023
0.0730
0.0146
0.0081
1

Standard Value

5
5
5
5
2761 species
1500 species
1
5
5
5
5
GB3838-2002 [19]
GB3095-1996 [24]
5
5
1
1
1 million persons
1
1
1
1
452.3 persons/km2
9 year
5.89‰
50%
5
5
1
1
1
1
1
5
5

Constructed wetland in Beijing Olympic Forest Park
Index
Realized
Results
Value Degree
3
0.6
0.0476
3
0.6
0.0158
4
0.8
0.0127
3
0.6
0.0436
282
0.1021
0.0044
32
0.0213
0.0007
0
0
0.0000
3
0.6
0.0087
3
0.6
0.0052
2
0.4
0.0174
4
0.8
0.0050
0.2
0.0062
0.6667
0.0041
4
0.8
0.0083
4
0.8
0.0035
0
0
0.0000
1
1
0.0048
2.5
2.5
0.0203
0
0
0.0000
0
0
0.0000
0
0
0.0000
1
1
0.0308
1069
0.4231
0.0026
11.1
1.2333
0.0228
3.5
1.6829
0.0062
0%
2
0.1850
5
1
0.0185
5
1
0.0308
1
1
0.0243
1
1
0.0068
0
0
0.0000
1
1
0.0023
1
1
0.0730
4
0.8
0.0117
4
0.8
0.0065
0.6297

Constructed wetland in Beijing Olympic Forest Park
belongs to urban artificial wetland, while West Lake in
Hangzhou and Moon Lake in Wuhan are both urban lakes,
which were planned and constructed into Beijing Olympic
Forest Park, Hangzhou West Lake scenic spot and Wuhan
Moon Lake culture art district, respectively. All the three
urban wetlands have special management committees. As
shown in Table 4, the final scores of urban wetland resource assessment were 0.6297, 1.4432 and 0.4013 for
Constructed wetland in Beijing Olympic Forest Park,
West Lake in Hangzhou and Moon Lake in Wuhan, respectively. The discrepancy of the final scores mainly
stemmed from the difference of the scores of States, which
were 0.2083, 1.1163 and 0.1518. West Lake with a long
history is abundant in cultural heritage and biodiversity due
to persistent attention and protection by Hangzhou people
of successive dynasties [22]. So the resource of West Lake
was richer than Constructed wetland in Beijing Olympic
Forest Park and Moon Lake in Wuhan. Two state indexes
with the highest score of West Lake in Hangzhou were
Annual visitor numbers and endangered species. According to statistics, annual visitor numbers of West Lake in

West Lake in Hangzhou
Index
Value
5
4
3
5
1907
887
1
4
5
4
5
5
4
1
1
65.8
1
0
0
1
524
8.5
3.83
41%
2
3
1
1
1
1
1
5
4

Realized
Degree
1
0.8
0.6
1
0.6907
0.5913
1
0.8
1
0.8
1
0.8
0.3333
1
0.8
1
1
65.8
1
0
0
1
0.8632
0.9444
1.5379
1.2195
0.4
0.6
1
1
1
1
1
1
0.8

Moon Lake in Wuhan
Results
0.0793
0.0211
0.0095
0.0726
0.0300
0.0184
0.2177
0.0116
0.0087
0.0348
0.0062
0.0249
0.0021
0.0104
0.0035
0.0242
0.0048
0.5330
0.0035
0.0000
0.0000
0.0308
0.0054
0.0175
0.0057
0.1128
0.0074
0.0185
0.0243
0.0068
0.0014
0.0023
0.0730
0.0146
0.0065
1.4432

Index
Value
2
3
4
2
89
0
2
3
2
4
3
4
0
1
0.35
0
0
0
0
947
8.5
2.15
70%
3
4
1
1
0
1
1
2
3

Realized
Degree
0.4
0.6
0.8
0.4
0.0322
0
0
0.4
0.6
0.4
0.8
0.2
0.6667
0.6
0.8
0
1
0.35
0
0
0
0
0.4776
0.9444
2.7395
0.7143
0.6
0.8
1
1
0
1
1
0.4
0.6

Results
0.0317
0.0158
0.0127
0.0290
0.0014
0.0000
0.0000
0.0058
0.0052
0.0174
0.0050
0.0062
0.0041
0.0062
0.0035
0.0000
0.0048
0.0028
0.0000
0.0000
0.0000
0.0000
0.0030
0.0175
0.0101
0.0661
0.0111
0.0246
0.0243
0.0068
0.0000
0.0023
0.0730
0.0058
0.0049
0.4013

Hangzhou was up to 65.8 million people, as Hangzhou is
a famous tourist city and West Lake is a domestic and
foreign well-known scenic spot. At the same time, there
were 17 rare and endangered plants in West Lake.
The scores of Pressures were 0.2968, 0.1980 and
0.1324 for Constructed wetland in Beijing Olympic Forest Park, West Lake in Hangzhou and Moon Lake in Wuhan, respectively, which implied that Constructed wetland
in Beijing Olympic Forest Park faced less pressure than
the other two urban wetlands. In order to improve human
settlement environment and recreation, the wetland was
constructed specially [20]. Wetland area increased, so that
the realized degree of Ratio of wetland degradation area
was assigned up to 2. The very close scores of Responses
suggested that government and public of the three cities
started responding to wetland degradation and loss, paying close attention to wetland protection. In accordance
with “management measures of the national urban wetland park " (try out), Beijing, Hangzhou and Wuhan
brought Constructed wetland in Olympic Forest Park, West
Lake and Moon Lake into urban master planning, urban
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green space system planning and urban regulatory detailed
planning, respectively. Some phenomena were found during the study process, namely, researches on resource assessment of urban wetland were few, collection of index
data was difficult, public awareness of wetlands conservation was relatively weak and technicians in wetland management organizations were comparatively few. Therefore,
in order to solve the problem of urban wetland protection,
firstly, it is still needed to build continuous monitoring,
evaluation and management mechanism of urban wetland,
and also construct urban wetland information system
when conditions permitted, which is convenient for prevention of wetland degradation and loss. Secondly, it is
still needed to combine administrative management, legal
restriction with market incentive. Finally, it is still needed to
improve public protection consciousness, strengthen public
participation and encourage supervision of public opinion.
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ABSTRACT
The aim of the study was to determine the biochemical responses which were not investigated before, the
combined effects of arsenic and salt stress in the leaves of
Cakile maritima (Scop.). Therefore, product of lipit peroxidation (MDA, malondialdehyde), proline content , nonprotein thiol, ascorbate, dehydroascorbate and the activity of
some antioxidant enzymes as ascorbate peroxidase (APX,
EC 1.11.1.11), catalase (CAT, EC 1.11.1.6) were reported. The MDA content was increased at 24 h but it was
more at 96 h under salt stress alone. Otherwise the combined effect of arsenic and salt stress increased the
malondialdehyde content at 24 h more than salt stress alone.
APX activity was not changed under all treatment while
CAT enzyme was decreased at 24 h. The proline content
was increased only at 96 h under salt stress alone while it
did not change under arsenic and salt stress. Nevertheless,
the ascorbate content was not changed under all treatments.
The ratio of ascorbate/dehydroascorbate was decreased at
24 h but not significiantly at 96 h under salinity. Otherwise it was decreased at 24 h and increased at 96 h under
arsenic and salt treatment lead to reduction of the increased
MDA content according to 24 h. From these results, it can
be suggested that salinity with arsenic stress induced oxidative damage more seriously than salt stress alone with unchanged enzymatic and non enzymatic antioxidants in the
leaves of Cakile maritima is a plant succulent halophyte.

KEYWORDS: arsenic, salinity, Cakile maritima, proline, ascorbate, antioxidant enzyme

1. INTRODUCTION
Defensive responses in plants to abiotic stresses like
heavy metals have become a major part of the research in
plant sciences which mainly concentrate on the elucidation
* Corresponding author

of mechanisms playing a role during plant-metal interactions [1]. Arsenic is a toxic element widely found in the
environment and organisms [2]. Both natural (weathering, biological and volcanic activity) and antrophological
activities (burning of coal, application of arsenic-based
pesticides) cause the entering of this metal into terrestrial and aquatic environments [3].
Arsenate (AsO43-) and arsenite (AsO33-) are the primary
chemicals forms occurring in soils. Arsenic can trigger the
formation of phytochelatins (PCs) which are thiol (SH)rich peptides induced by heavy metals [4]. Phytotoxicity
of arsenic to plants can be changed with concentration, soil
properties and phosphorus content [5]. The concentration
tolerated by plants varies from 1 to 50 mg As kg-1 [6].
Arsenate, after being taken up by plants, causes damage
to root membranes and inhibits cellular death [7]. High
arsenic levels affect the normal growth and development
of plants and causes loss in yield [8].
Similar to arsenic, salinity is one of the most important
stress factors which limit the growth and development of a
plant. More than 800 milion hectars of land throughout the
world are salt-affected [9]. Soil salinity affects various
physiological and biochemical processes which results in
reduced biomass production. Firstly, sodium ions are toxic
to most plants, and some plants are also inhibited by high
concentrations of chloride ions. Second, high salt represents a water deficit or osmotic stress because of decreased
osmotic potential in the soil solution [10]. In addition to
ionic and osmotic components, salt stress leads to oxidative
stress through an increase in reactive oxygen species (ROS),
such as superoxide (O2-), hydrogen peroxide (H2O2) and
hydroxyl radicals (OH.) [11].
Plants possess an antioxidant system that protects cells
from the negative effects of ROS. This system includes nonenzymatic antioxidants such as ascorbic acid, glutathione
and carotenoids as well as antioxidative enzymes such as
superoxide dismutase (SOD), catalase (CAT), peroxidase (POX) and enzymes of the so-called ascorbate–
glutathione cycle: ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate re-
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ductase (DHAR) and glutathione reductase (GR) [12, 13].
This system is able to catalyze or participate in the elimination of free oxygen radicals and H2O2 from cells [14-16]
and the various components of this antioxidant defence
system can be found in different subcellular compartments [17]. Otherwise ascorbate (AsA) is an ubiquitous
soluble antioxidant in photosynthetic organisms, and the
most important reducing substrate for H2O2 detoxification
and plays an important role in detoxification of toxic metal
ions in combination with other antioxidants like nonprotein thiols, cysteine and proline [18].
Cakile maritima (Brassicaceae) or sea rocket is an
annual succulent C3 halophtye widely distributed in the
sandy coasts throughout the world and also in Black Sea
of Turkey [19]. This species shows considerable variability, within and between subspecies [20]. Also this plant is
used for industrial use because of its rich oil content [21].
This oilseed halophyte [22] has been eaten traditionally as
an antiscorbutic, diuretic and purgative in folk remedies;
it has been cultivated on a small scale and its leaves are
used for salads, among other culinary uses. In the Black
sea, arsenic contamination is beginning to pollute the
coastal area day by day. Therefore, it is important to clarify the effects of arsenic on plants growing in this area.
In previous studies, there are some reports on plants
under arsenic stress and salt stress alone. But to our
knowledge, there is no report on the synergetic effect of
two stress factors on plants in literature. Therefore, we
have studied the effect of arsenic on the antioxidant systems in the leaves of C. maritima under salt stress. For
this purpose, the symptoms of oxidative damage and
antioxidant power assessed by CAT, APX and the proline,
ascorbate and non-protein thiols were determined within
24 and 96 hours.
2. Materials and Methods
2.1 Plant Material and Experimental Design

Cakile maritima plants were collected from the wild
from Samsun, Turkey. The plants were sown in plastic
trays containing sand which was taken from natural environment. Then the seedlings were incubated in a growth
room at 22oC, (12h day/12h night photoperiod), and watered with Hoagland solution for 7 days [23]. After that
the seedlings were subjected with 100 mM NaCl, 100mM
NaCl + 100 µM (As). They were harvested after 24 and
96 hours. All samples were stored at -80oC for future
analysis.
2.2 Determination of lipid peroxidation

The level of lipid peroxidation was measured in terms
of malondialdehyde (MDA) content by thiobarbituric acid
(TBA) reaction. MDA content in the leaves (0.2 g each) was
measured according to the method of Heath and Packer
[24]. The MDA concentration was calculated by using an
extinction coefficient of 155 mM–1cm–1 at 532 nm.

2.3 Enzyme Activities

The leaves (0.2 g) were placed into liquid nitrogen and
then homogenized in 5 mL 50 mM K-phosphate buffer (pH
7.0) containing 1 mM ethylene diamine tetraaceticacid
(EDTA) and 0.1% (w/v) insoluble polyvinyl polypyrrolidone
(PVPP), using glass powder and a prechilled mortar
and pestle. The homogenate was centrifuged at 15,000 g
for 20 min at +4 oC. The final supernatant was stored at
-20 oC before use for enzyme activity measurements.
Catalase (EC 1.11.1.6) activity was assayed in a reaction mixture (2 mL) composed of 50 mM K-phosphate
buffer (pH 7.0). Then, 12.2 mM H2O2 was added and reaction was started by adding 100 µl supernatant. Activity
was determined by monitoring the degradation of H2O2
at 240 nm over 2 min against a supernatant–free blank.
Enzyme specific activities were expressed as µmol of H2O2
oxidized min-1mg-1 protein [25].
Ascorbate peroxidase (EC 1.11.1.11) was assayed according to Nakano and Asada [26] with minor modifications. Reaction mixture (3 mL) contained 50 mM Kphosphate buffer (pH 7.0) including 0.5 mM ascorbic acid,
0.1 mM EDTA, 20 µM H2O2 and 100 µL enzyme extract.
The decrease in absorbance at 290 nm was recorded for
5 min (extinction coefficient 2.8 mM-1 cm-1). The specific
activity of enzyme was expressed as µmol ascorbate oxidized min-1 mg-1protein.
In all the enzyme preparations, the protein contents were
determined by the method of Lowry et al. [27] using bovine serum albumin (BSA, Sigma) as a standard.
2.4 Determination of non-protein thiols and ascorbic acid

Soluble non-protein thiols and total ascorbic acid were
measured as described by Cakmak and Marschner [28].
500 mg frozen leaf sample was homogenized in 5 ml of
5 % meta-phosphoric acid and centrifuged at 10,000 g for
20 min. The supernatant was used as the source of nonprotein thiols and ascorbic acid. Ascorbic acid assay is
based on the reduction of Fe3+to Fe+2 by ascorbic acid in
an acidic solution. Then, Fe2+ forms complexes with bipyridyl, producing a pink color that exhibit a maximum
absorbance at 525 nm [29]. Total ascorbate (AsA+DAsA)
was measured after the reduction of DAsA to AsA with
dithiothreitol (DTT). The excess DTT was removed with
N-ethylmaleimide, and the total ascorbate was determined.
The concentrations of DAsA were calculated from the
difference of total ascorbate (AsA+ DAsA) and AsA [28].
Soluble non-protein thiols were measured with
Ellman’s reagent [30]. The reaction mixture (1 mL) contained 140 µl aliquot of the plant extract, 0.15 M phosphate buffer (pH 7.4) containing 5 mM EDTA and 6 mM
DTNB (5-5’-dithiobis-(2-nitrobenzoic acid). After incubation at room temperature for 20 min, the absorbance of
the reaction mixture at 412 nm was read and the level of
non-protein SH groups was calculated using ε = 13,600
mM-1cm-1 for the reaction product 2- nitro-5-benzoic acid.
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2.6 Determination of proline content

The proline contents of leaves were determined according to Claussen [31]. For each treatment, 0.5 g leaf
sample was ground in a mortar after addition of a small
amount of glass powder and 5 mL of a 3 % (w/v) aqueous
sulfosalicylic acid solution. The homogenate was filtered
through two layers of glass-fibre. To the filtrate (1 mL),
glacial acetic acid and ninhydrin reagent (1 mL each) were
added. The closed test tubes containing the reaction mixture were kept in a boiling waterbath for 1 h before reaction was terminated at room temperature (22 °C) for 5 min.
The absorbance of the reaction mixture was determined at
546 nm. The proline concentration was determined from a
standard curve and calculated on fresh weight basis (µg
proline g-1 FW).
Statistical analysis was performed using one-way
ANOVA (for P<0.05).
3. RESULTS AND DISCUSSION
In our results, the proline content was not changed
significantly in the leaves of Cakile maritima under 100 mM
NaCl treatment at 24 h whereas it was enhanced by 74.79 %
at 96 h according to control group (Fig. 1). It is well known
that proline is one the most important osmolyte for plants
to adapt to salt stress conditions [32]. Many experiments
showed that compatible solute (proline) accumulation
shows differences by hours in plants [33, 34]. Similarly,
the content of proline accumulation in our plants might
have started at 96 h. In parallel to our results, Megdiche et
al. [35] mentioned that a significant accumulation of
proline in the leaves of Cakile maritima was reported under
salt treatment (400 mM).

Arsenic is a toxic element presents in the atmosphere
as well in the aquatic and terrestrial environment [36].
Although proline plays important roles for the osmotic
adjustment, detoxification of metals is also is one of the
role of this osmolyte. In previous studies, proline accumulation has been reported in plants subjected to abiotic
stress including risk elements [37-39]. Similarly, Pavlik et
al. [40] reported that the increase in the proline content of
Spinacia oleracea was related with arsenic stress. In contrast to these results, in our experiment, both arsenic and
salt treatment did not induce the accumulation of proline.
It can be said both of these stress factors affected the
leaves of Cakile maritima more negatively by increasing
the oxidative damage. While salt stress alone could induce the proline level, synergistic effect of arsenic and
salt could not change its level.
Both salinity and arsenic stress can lead to oxidative
damage by increasing the reactive oxygen species in
plants. They increase under stress condition along with
the induction of ROS scavenging enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC
1.11.1.6) and peroxidase (POX, EC 1.11.1.7). Ascorbate
peroxidase (APX, EC 1.11.1.11) glutathione reductase
(GR, EC 1.8.1.7), dehydroascorbate reductase (DHAR, EC
1.8.5.1), and monodehydroascorbate reductase (MDAR,
EC 1.6.5.4), which are in ascorbate - glutathione cycle.
CAT, plays an important role in plants, removal of hydrogen peroxide generated in peroxisomes by oxidases involved in β-oxidation of fatty acids, photorespiration and
purine catabolism. There are many reports on the changes
of CAT activity under salt stress in plants [41-43]. In our
results, CAT activity decreased by 61.84 % at 24 h under
salt treatment (Fig. 2). In agreement with our results,
salinity reduced the CAT activity in Cakile maritima [44].

FIGURE 1 - Changes in proline content in the leaves of Cakile maritima at 24 h and 96 h. C: Control, S: Salt, As+ S: Arsenic + Salt
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FIGURE 2 - Changes in CAT (catalase ) activity in the leaves of Cakile maritima at 24 h and 96 h. C: Control, S: Salt, As+ S: Arsenic + Salt

Similarly, both arsenic and salt treatment decreased
by 65.78 % at 24 h as compared to the control group
whereas it did not change significantly at 96 h. In contrast
to our results, CAT activity was increased under arsenic
treatment in Brassica juncea and Pteris vittata plants
respectively [36, 45]. Otherwise in accordance to our
results, Singh et al. [46] determined that the CAT activity
decreased the response to arsenic stress (50 µM) in
Phaseolus aureus. It can be said that the CAT enzyme
was not efficient to protect the plants under treatment of
arsenic (100 µM). As salt stress alone, arsenic and salt
treatment reduced the activity of CAT enzyme.

Similar to CAT, APX plays a more crucial role in the
management of ROS in higher plants during stress. In our
results, APX activity did not change under all treatments.
In contrast to our results, Ben Amor et al. [44] reported
that APX activity increased under salt treatment by 20 days
in Cakile maritima. This difference can be related to the
duration of our stress treatment (24 and 96 h) (Fig. 3). In a
previous study (Li et al. [47]), APX activity was decreased
under low concentration of arsenic and decreased under
high concentrations of arsenic in the wheat seedlings.
Also Shri et al. [48] mentioned that arsenic treatment
increased APX activity in rice plants. In our results, the

FIGURE 3 - Changes in APX (ascorbate peroxidase) activity in the leaves of Cakile maritima at 24 h and 96 h. C: Control, S: Salt, As+ S:
Arsenic + Salt
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FIGURE 4 - Changes in MDA content in the leaves of Cakile maritima at 24 h and 96 h. C: Control, S: Salt, As+ S: Arsenic + Salt

high MDA content can be related with the unchanged
activity of APX under all treatments.
It is well known that the level of MDA, produced
during peroxidation of membrane lipids, is an indicator of
oxidative damage. In our study, MDA content increased
under salt stress at 24 h treatment by 87.22 % but it was
more remarkable with 5.25 fold according to the control
group at 96 h (Fig. 4). In accordance with our results, Ben
Amor et al. [49] mentioned that the MDA content was
higher under salt stress in Cakile maritima. In our experiment, arsenic and salt treatment increased the MDA
content by 3,.8 fold at 24 h and 3.27 fold at 96 h. Parallel

to our results, arsenic treatment induced the lipid peroxidation of membrane in rice seedlings [50]. It is clear that
both treatments damaged the membrane by increasing the
MDA content. Otherwise, it was not change under arsenic
and salt treatment according to salt treatment alone at 24
and 96 h.
ROS are scavenged directly by non-enzymatic antioxidant ascorbate [51]. In our results, ascorbate content was
increased but not significantly in all treatments according
to control groups (Fig. 5). Parallel with this result, APX
activity was also not changed under all treatments in our
experiment. In general, it is well known that

FIGURE 5a - Changes in the ascorbate (AsA),total ascorbate (AsA+DAsA) and dehydroascorbate content (DAsA) in the leaves of Cakile
maritima at 24 h. C: Control, S: Salt, As+ S: Arsenic + Salt

3469

© by PSP Volume 22 – No 12. 2013

Fresenius Environmental Bulletin

FIGURE 5b - Changes in the ascorbate (AsA), total ascorbate (AsA+DAsA) and dehydroascorbate content (DAsA) in the leaves of Cakile
maritima at 96 h. C: Control, S: Salt, As+ S: Arsenic + Salt

TABLE 1 - Changes in biochemical parameters in the leaves of Cakile maritima at 24 h

MDA
Protein
Total ascorbate
Ascorbate
DHA
CAT
APX
Non-protein thiols
Proline

Treatment (24 hours)
Control
Salt
3.94±1.57a
10.61±0.70b
0.11±0.02a
0.26±0.03b
1.43±0.21a
2.80±0.20b
0.38±0.07a
0.49±0.10a
1.04 ±0.24a
2.31±0.09b
0.76±0.13a
0.29±0.35b
0.02±0.10a
0.01±0.00a
0.46±0.17a
0.24±0.02a
47.81±2.74a
77.16±20.45a

As+Salt
11.29±0.49b
0.15±0.002a
2.57±0.24b
0.38±0.07a
2.19±0.19b
0.26±0.13b
0.02±0.00a
0.29±0.06a
40.92±0.91a

TABLE 2 - Changes in biochemical parameters in the leaves of Cakile maritima at 96 h

MDA
Protein
Total ascorbate
Ascorbate
DHA
CAT
APX
Non-protein thiols
Proline

Treatment (96 hours)
Salt
12.38±0.86b
0.10±0.02a
2.67±0.16a
0.43±0.10a
2.24±0.26a
0.41±0.14a
0.04±0.00a
0.16±0.03b
37.40±2.73ab

Control
2.39±0.41a
0.15±0.02a
3.40±0.25a
0.41±0.08a
2.30 ±0.22a
0.89±0.34a
0.03±0.01a
0.40±0.05a
21.74±4.45a

the ascorbate content increased more in tolerant than in
sensitive species under salinity [52]. Similar to salinity,
there are many reports where ascorbate levels increased
under element treatments [53, 54]. It is well known that
the change in Asc/DHA ratio, is one of the signs of oxidative stress [55]. In our experiment, the reason of the unchanged level of ascorbate may be related with the concentration and duration of arsenic treatment. Otherwise,

As+Salt
5.94±0.20c
0.13±0.000a
1.23±0.03b
0.25±0.04a
0.98±0.07b
0.84 ±0.52a
0.02±0.00a
0.28±0.02ab
27.47±1.74b

the dehydroascorbate content was increased at 24 and 96 h
but it was not significant at 96 h under salt treatment alone.
The ratio of Asc /DHA decreased at 24 h under salinity.
These results are parallel with the study of [35]. Arsenic
and salt treatment increased the dehydroascorbate content
at 24 h but decreased at 96 h (Fig. 5). Thus, the ratio of
Asc/DHA decreased at 24 h while it increased at 96 h.
This amelioration resulted in the reduction of the increase
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of the MDA content at 96 h according to 24 h. In accordance with our results, Tripathi et al. [56] reported an increase in the ratio of Asc/DHA in O.sativa plants. As a
result, the change in the rate of Asc/DHA at 96 h is not
efficient to ameliorate arsenic stress in the leaves of Cakile
maritima.
The non-protein thiol compounds are composed of
several acid-soluble sulfhydryl components such as cysteine, c-glutamylcysteine, glutathione (GSH), and phytochelatins (PCs) [57]. In our results, the non - protein thiol
content was not changed under treatments except salinity
at 24 h according to control group (Fig. 6). In parallel to
our results, Namdjoyan et al. [58] reported that cadmium
(cd) stress did not affect non - protein thiol in the leaves
of safflower. Otherwise, Vromman et al. [59] reported
that total thiol content increased in Atriplex under arsenite
stress. As a result, the unchanged level of ascorbate, non protein thiol and proline levels under arsenic and salt
treatment shows that the leaves of Cakile maritima plants
are not tolerant to arsenic stress (100 µM) as well as salinity (100 mM).

[3]

Chen, T.B., Wei, C.Y., Huang, Z.C., Huang, Q., Lu Q.G .F.
and Fang, Z.L. (2002) Arsenic hyperaccumulator Pteris vittata
L. and its arsenic accumulation. Chin Sci Bull. 47, 903-905.

[4]

Grill, E., Winnacker, E.L. and Zenk, M.H. (1985) Phytochelatins: the principal heavy-metal complexing peptides of
higher plants. Science. 230, 674-676.

[5]

Creger, T.L. and Peryea, F.J. (1994) Phosphate fertilizer enhances arsenic uptake by apricot liners grown in lead
/arsenateenriched soil. Hort. Sci. 29, 88-92.

[6]

Sachs, R.M. and Michael, J.L. (1971) Comparative phytotoxicity among four arsenical herbicides. Weed Sci. 19, 558–564.

[7]

Gunes, A., Kadioğlu, Y.K., Pilbeam, D.J., Inal, A., Coban,
S. and Aksu, A. (2008) Influence of silicon on sunflower
cultivars under drought stress, II: Essential and nonessential
element uptake determined by polarized energy dispersive
X-ray fluorescence. Comm. in Soil Sci. and Plant Analysis.
39, 13-14.

[8]

Ahsan, N, Lee, D.G., Kim, K.H., Alam, I., Lee, S.H., Lee,
K.W., Lee, H., And Lee, Bh. (2010) Analysis of arsenic
stress-induced differentially expressed proteins in rice leaves
by two-dimensional gel electrophoresis coupled with mass
spectrometry. Chemosphere 78, 224-231.
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4. CONCLUSIONS
In conclusion, salt stress alone induced the oxidative
damage in the leaves of Cakile maritima plants at 24 h but
it was more at 96 h by increasing the MDA content. The
activity of APX was not changed and CAT enzyme was
decreased at 24 h. Moreover, although the proline content
was increased only at 96 h, it was not efficient for protect
the cells under salt stress treatment. Nevertheless the
content of non - protein thiol and ascorbate were not
changed under salt stress alone at 24h. The ratio of
Asc/DHA was decreased at 24 h and was decreased but
not significiantly at 96 h under salinity. Otherwise the
combined effect of arsenic and salt stress induced the
oxidative damage more at 24 h than salt stress alone according to control group. The activity of APX was not
changed and CAT enzyme was decreased at 24 h and
were not changed at 96 h. Moreover the content of proline
and ascorbate were not changed. The ratio of Asc/DHA
decreased at 24 h and increased at 96h under arsenic and
salt treatment lead to reduction of ratio of the increase of
MDA according to 96 h. From these results, it can be
suggested that salinity with arsenic stress induced oxidative damage more than salt stress alone in the leaves of
Cakile maritima is a plant succulent halophyte.
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ABSTRACT
Seasonal changes in morphospecies composition and
colony size of Microcystis were investigated in Lake Taihu
from April 2010 to March 2011. Three main Microcystis
morphospecies (Microcystis ichthyoblabe, Microcystis
aeruginosa and Microcystis wesenbergii) were identified
during the study period. The results showed that the large
colonial M. aeruginosa (D50 was 300-700 µm, D50 defined
as colony size: 50% of the total mass of the particles
smaller than this size) and M. wesenbergii (D50 was 300700 µm) dominated in summer and autumn when heavy
bloom were formed; but small colonial M. ichthyoblabe
(D50 was 100-400 µm) and other/unidentified Microcystis
morphospecies (D50 was 50-200 µm) were more abundant
in winter and spring. Moreover, the results also indicated
that the colony size of each Microcystis morphospecies increased constantly from April and reached its largest size
in October; then, it decreased rapidly after November. The
seasonal succession of Microcystis morphospecies may be
caused by the change of morphological characteristics
along with the age. The massive accumulation of Microcystis at the water surface of Lake Taihu is always accompanied by large Microcystis colonies suggesting that
they favor bloom formation.

KEYWORDS: Microcystis bloom, morphospecies composition,
colony size, seasonal variations, Lake Taihu

1. INTRODUCTION
Microcystis blooms in eutrophic lakes and reservoirs
caused serious environmental and ecological problems [1-3].
During the bloom period, Microcystis forms large irregular
or quasi-spherical colonies and accumulates at the sur* Corresponding author

face of fresh water [4] which would plug water facilities.
Formation of these large colonies is considered to be very
important to domination of bloom-forming Microcystis in
lakes and reservoirs [5] because large colonies have benefits in anti-predator defense [6], and faster floating and
settling velocities [7-9]. Moreover, the microcystin net production rate correlated positively with colony size of Microcystis [10]. It was also well reported that Microcystis morphospecies were closely related to the microcystin contents
[11]. Thus, scientific studies on variation in morphospecies
and colony size of Microcystis are important and informative
not only for limnological and ecological researchers but for
the people who work at water supply services.
Some researchers conducted field studies to investigate the morphospecies composition of Microcystis. For
instance, Reynolds et al. [12] observed the annual cycle
of Microcystis enclosed in Lund tubes in Blelham Tarn,
Cumbria for 3 years and described 9 different morphological Microcystis colonies and their vertical distributions.
Park et al. [13] investigated seasonal changes in morphospecies composition of Microcystis in Lake Suwa
from June to October in 1991. They found that Microcystis aeruginosa dominated in Lake Suwa during June but
started to decrease from July; subsequently, Microcystis
viridis showed a considerable dominance from August to
October. Ozawa et al. [14] investigated the spatial and
temporal variation in Microcystis morphospecies composition in the Northern Basin of Lake Biwa during 1998-2000.
Their results indicated that M. aeruginosa and Microcystis
wesenbergii were the main morphospecies and the relative
abundance of various morphospecies of Microcystis changed
significantly during the study period. It seemed that Microcystis morphospecies which usually form large colonies
appeared frequently during Microcystis blooms in summer.
Some researchers examined the variation of Microcystis colony size under natural conditions. Ishikawa et al. [15]
monitored the colony size of Microcystis in the southern
basin of Lake Biwa from July to September in 1999. Their
results showed that colony sizes of M. aeruginosa and M.
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wesenbergii increased from August to September, and the
maximum colony diameter was about 300 µm. Yamamoto
and Nakahara [16] investigated the seasonal variations in
the cell volume, number of cells in a colony of Microcystis in Hirosawa-no-ike Pond in Japan, and found that the
number of cells per colony of M. aeruginosa and M.
wesenbergii increased from March to August but then
decreased. All of the above studies demonstrated the
dramatic seasonal variations in colony size of Microcystis.
In addition to the above investigations, there are unfortunately not so many available publications on seasonal
variations of morphospecies composition and colony size
of Microcystis in lakes and reservoirs so far, especially
some shallow hypertrophic lakes. Thus, the understanding
of their regular patterns and affecting factors were limited
greatly. Lake Taihu, the third largest freshwater lake in
China (2338 km2), is a shallow eutrophic lake with a mean
depth of 2 m. In recent years, massive Microcystis blooms
occur frequently in Lake Taihu from May to November,
which covered hundreds of square kilometers. Particularly,
a large-scale bloom occurred in 2007 seriously impacting
the drinking water supply system of lakeside Wuxi City,
which forced residents to resort to bottled drinking water
[17, 18]. Thus, further investigations on the seasonal variations of morphospecies composition and colony size of
Microcystis in Lake Taihu could provide extra important
information of bloom-forming Microcystis in shallow
hypertrophic lakes, and are still required. In this study, a
1-year field investigation was carried out in two bays of
Lake Taihu, focused not only on the morphospecies composition but also colony size of Microcystis; afterwards,
the relationship between the colony size and blooms of
Microcystis was also discussed.
2. MATERIALS AND METHODS
2.1 Study site description

In this study, sampling was carried out in Meiliang
Bay and Gonghu Bay in the northern part of Lake Taihu
(Fig. 1). Meiliang Bay is one of the most eutrophic bays
in Lake Taihu where Microcystis bloom occurred frequently in recent years, while Gonghu Bay serves as the
main drinking water source of Wuxi City. The concentration of TN and TP in Gonghu Bay is relatively lower than
that of Meiliang Bay [19]. However, heavy Microcystis
blooms still occurred occasionally. Especially at the end
of May 2007, an outbreak of water blooms in Gonghu
Bay seriously affected the drinking water supply of Wuxi
City [20]. Consequently, 14 sampling sites were selected
covering the pelagic areas and littoral areas of Gonghu
Bay and Meiliang Bay; and in each of the areas, the sites
were distributed uniformly: group 1 (sites 1, 2 and 3) and
group 2 (sites 4, 5 and 6) were located at the pelagic areas
of Gonghu Bay and Meiliang Bay, respectively; group 3
(sites 7, 8, 9, 10 and 11) and group 4 (sites 12, 13 and 14)
were set along the littoral areas of Gonghu Bay and
Meiliang Bay, respectively.

FIGURE 1 - Sampling sites in Meiliang Bay and Gonghu Bay in
Lake Taihu, China.
2.2 Sampling and field measurements

Sampling was carried out twice per month from 1st
April 2010 to 15th October 2010; afterwards, it was conducted monthly until 15th March 2011 due to a smaller
amount and less variations of algal biomass at a lower
water temperature. The sampling sites were positioned by
a mobile GPS. At each site, water temperature was firstly
measured in the field; then, two samples (named sample
W and sample M) at a depth of 30 cm below lake surface
were collected. Sample W (500 ml) was initially collected
into a 500-ml plastic bottle by a sample barrel; then, it was
mixed with 2 ml 2% (v/v) sulfuric acid to adjust the pH to
2 or less; after that, it was kept refrigerated for further
analysis of total nitrogen (TN) and total phosphorus (TP).
Sample M (10 L) was firstly collected into a 500-ml plastic bottle by the phytoplankton net [21] with 64 µm mesh
size. Phytoplankton net was used for sampling herein because Microcystis colonies in the surface water from June
to November are normally large [22], and sedimentation
technique could not be implemented since the degrees of
buoyancy of Microcystis colonies in the surface water are
extremely high. Next, the net was rinsed twice with distilled water to collect the residual Microcystis particles;
finally, sample M was fixed with formalin (2% (v/v)) for
the following analysis of morphospecies composition and
colony size of Microcystis.
2.3 Analytical methods
2.3.1 Chemical analysis

TN and TP of sample W were measured by colorimetry after digestion with K2S2O8+NaOH [23].
2.3.2 Cell counting

Sample M was divided into two groups (named sample M1 and sample M2). Sample M1 was used to determine the Microcystis cell density and the detailed analysis
procedures are as follows: at first, a 3-ml sample was
taken into a 10-ml centrifuge tube, which was placed in a
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100 oC water-bath oscillator and shaken at 120 rpm for
5 min [24]; secondly, the cells were counted three times
in a blood cell counting chamber using an optical microscope (Olympus CX31; Olympus Corporation) at x400
magnification, and the cell density was then calculated. If
the differences of these three calculated results were less
than 10%, the average value of these results was used as
the final cell density; otherwise an extra counting was
carried out.

tively. The pH increased from 8 to 9 from April to October, but it rapidly returned to 8 in November, and since
then until March, the pH stabilized at about 8.

2.3.3 Colony analysis

Sample M2 was used to analyze the morphospecies
composition and colony size of Microcystis. The detailed
analysis procedures are as described below: firstly, 10 ml
sample was shaken thoroughly, and then, the photomicrographs of the sample were taken using an Olympus C5050 digital camera coupled to an Olympus CX31 optical
microscope. The photomicrographs were analyzed using
the UTHSCSA Image Tool v3.00 software (Department
of Dental Diagnostic Science, University of Texas Health
Science Center, San Antonio, TX, USA).
A minimum of 200 colonies per sample were analyzed to determine: 1) the colony sizes of different Microcystis morphospecies; 2) the percentages of various Microcystis morphospecies of total Microcystis biovolume
(M. aeruginosa, M. wesenbergii, Microcystis ichthyoblabe
and other/unidentified Microcystis); and 3) the percentage
of Microcystis in total phytoplankton biovolume. In this
paper, Microcystis morphospecies were identified by morphological monitoring following Yu et al. [25]; and Microcystis flosaquae was regarded as one type of M. ichthyoblabe according to Watanabe [26]. Moreover, the median
colony diameter D50 (50% of the total mass of particles
smaller than this size) and maximum colony diameter D90
(90% of the total mass of particles smaller than this size)
were used to estimate Microcystis colony size due to the
wide size distribution of Microcystis colonies. Both D50
and D90 were obtained from the size accumulation curve
of Microcystis colonies which were drawn based on the
volume percentage of each colony. The bio-volumes of
Microcystis colonies were calculated as sphere volume
calculation formulae.

FIGURE 2 - Seasonal changes of average water temperature and pH
in Lake Taihu.

Figure 3 shows the seasonal changes of concentrations of TN and TP in different regions of Lake Taihu.
Obviously, the concentration of TN decreased from 5
mg·L-1 in April to 2 mg·L-1 in early July. Afterwards, the
concentration of TN increased and varied dramatically;
and the maximum concentration reached up to 10 mg·L-1
in the middle of Meiliang Bay in early October. From
December to the next March, the level of TN increased
slowly from 2 to 5 mg·L-1. The concentrations of TP
remained almost constant throughout the study, except for
fluctuating increases during the period of early July to
early December. The maximum concentration of TP was
approximately 1.4 mg·L-1 on the shore of Meiliang Bay in
early October.

2.4 Statistical analysis

The difference of the TN, TP concentrations and cell
density in different areas were compared using t-tests. All
statistical analyses were carried out with SPSS 10.0.
FIGURE 3 - Seasonal changes of TN and TP concentrations in
different regions of Lake Taihu.

3. RESULTS
3.1 Environmental parameters

Figure 2 shows the seasonal changes in average water
temperature and pH of the 14 sites in Lake Taihu. Water
temperature increased gradually from April to August,
and then decreased to the next March. The maximum and
minimum water temperatures in this study were 31.9 °C
in early August 2010 and 3.4 °C in January 2011, respec-

Figure 3 also shows that the concentrations of TN and
TP in Meiliang Bay were higher than those in Gonghu Bay
during the period of early July to the end of November (ttest: p = 0.005, n = 48 for TN, p = 0.035, n = 48 for TP). The
concentrations of TP in the littoral areas showed great
difference with those in the pelagic areas (t-test: p = 0.065,
n = 48).
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3.2 Cell density of Microcystis

3.3 Morphospecies of Microcystis

The percentage of Microcystis in total phytoplankton
biomass was approximately 40-60% in June, and was more
than 90% from July to the end of November. Figure 4
shows the seasonal variations of Microcystis population.
As can be seen in Fig. 4, throughout this study, the cell
density of Microcystis was maintained in the range of 13×104 cells·ml-1 in most sampling sites with three peaks
(cell density more than 25×104 cells·ml-1) indicating three
massive Microcystis blooms in early July, the middle of
August, and the middle of October. The bloom occurring
in early July was found at site 9 on the shore of Gonghu
Bay, site 4 in the middle of Meiliang Bay, and site 14 on
the shore of Meiliang Bay. The cell densities of Microcystis at these sites were more than 25×104 cells·ml-1 during
that bloom. The second Microcystis blooms mainly appeared at site 9 on the shore of Gonghu Bay and site 14 on
the shore of Meiliang Bay, where the cell densities were
64×104 and 78×104 cells·ml-1, respectively. The maximum
cell density of Microcystis during the third bloom, which
occurred at site 3 in the middle of Gonghu Bay as well as
sites 4 and 5 in the middle of Meiliang Bay, exceeded
32×104 cells·ml-1. In mid-July, the cell density exceeded
35×104 cells·ml-1 at site 5 in the middle of Meiliang Bay.
The cell density near the shore was higher than that in the
middle of the bays. The cell density in Meiliang Bay was
higher than that in Gonghu Bay during the bloom (t-test p
= 0.007, n = 22).

The morphospecies of Microcystis at different sites were
similar; thus, the morphospecies community data at the 14
sites were calculated on an average. The micrographs and
seasonal variations of morphospecies of Microcystis are
shown in Figs. 5 and 6, respectively. As can be seen, the
morphospecies of Microcystis differed greatly at different
times. Microcystis existed as small colonies in June. The
majority of these small colonies (colony diameter 50-200
µm) was identified as M. ichthyoblabe, representing 80%
of the total biovolume of Microcystis, and the other small
colonies (colony diameter <50 µm) were too small to be
distinguished and considered as other/ un-identified Microcystis morphospecies. Large M. ichthyoblabe colonies (the value of 400 µm was defined as the lower size
limit of a large colony because this value is the maximum
of M. ichthyoblabe in D50 data) were mainly present in July
but around 2% of small colonies composed of clusters of
Microcystis cells were also found. In August, the predominant morphospecies of Microcystis was M. wesenbergii,
which constituted around 70% of the Microcystis population. From September to October, Microcystis was composed of a relatively similar abundance of all three morphospecies: M. aeruginosa, M. wesenbergii and M. ichthyoblabe (50, 30 and 20% of total Microcystis population, respectively). In November, M. aeruginosa was
again dominant, constituting more than 70% of the total
Microcystis population.

FIGURE 4 - Seasonal variations in Microcystis population of Lake Taihu.
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FIGURE 5 - Micrographs of Microcystis colonies in Lake Taihu at different times.

FIGURE 6 - Seasonal variations in the Microcystis morphospecies community in Lake Taihu.

During the above period, small colonies were continuously present in the lake. Otherwise, during the bloom
period (the early July, the middle of August and October),
Microcystis was represented at the large colonial level
(mainly >400 µm) by M. aeruginosa and M. wesenbergii
but at sub-large colonial level (mainly 200-400 µm) by M.
ichthyoblabe.
3.4 Colony size of Microcystis

Figures 7 and 8 show the seasonal variation of D50
and D90 of Microcystis colony, respectively. The values of
D50 of Microcystis colonies during the blooms in early
July and the middle of October were higher than during
the rest of the time. D50 in early July at site 9 in the littoral
areas of Gonghu Bay, site 6 in the pelagic areas of
Meiliang Bay, and site 14 in the littoral areas of Meiliang
Bay exceeded 600 µm. The variations in D90 were the
same as that of D50, except for the decrease in early November, which did not occur for D90.

The distinct seasonal variations of D50 and D90 of different Microcystis morphospecies are shown in Fig. 9. D50
and D90 of M. aeruginosa colony increased from 300 and
600 µm in August to 700 and 1300 µm in early November,
respectively. The colony sizes of M. wesenbergii and M.
ichthyoblabe increased firstly and reached their maximum
sizes in August and September, respectively; then, they
decreased. The maximum values of D50 and D90 were 700
and 950 µm for M. wesenbergii, 400 and 1000 µm for M.
aeruginosa, respectively. The value of D50 of other/ unidentified Microcystis morphospecies increased from 50 to
200 µm during the period of June to early October but then
decreased. The value of D90 of other/unidentified Microcystis morphospecies increased throughout the study,
and reached a maximum of around 300 µm in early November.
Figure 9 also shows clearly that colony sizes of M.
aeruginosa and M. wesenbergii were generally larger than
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those of M. ichthyoblabe and the other/unidentified Micro-

cystis morphospecies, which had the smallest colony sizes.

FIGURE 7 - Seasonal variations in the D50 and D90 of Microcystis colony size.
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FIGURE 8 - Seasonal variations in the D50 of the colony sizes of the different Microcystis morphospecies in Lake Taihu.

FIGURE 9 - Seasonal variations in the D90 of the colony sizes of different Microcystis morphospecies in Lake Taihu.

TABLE 1 - The Pearson correlation coefficients of environmental factors and cell density of different Microcystis morphospecies.
M. aeruginosa
M. wesenbergii
M. ichthyoblabe
pH
-0.128
0.316**
0.277**
Temperature
0.134
0.159
-0.094
TN
0.105
0.244**
0.249**
TP
0.088
0.396**
0.104
N:P ratio
-0.387
-0.344
0.814**
* Correlation is significant at 0.05 level (two-tailed); ** Correlation is significant at 0.01 level (two-tailed)
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other Microcystis species
0.354**
-0.226*
0.177*
0.187*
0.006
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4. DISCUSSION
Our investigation showed that the concentrations of
TN and TP in the water body of Meiliang Bay were higher than those in Gonghu Bay, which possibly causing the
higher cell density in Meiliang Bay. However, the morphospecies of Microcystis showed no spatial difference.
The components of the major Microcystis morphospecies
during the blooming period in Lake Taihu were M.
wesenbergii and M. aeruginosa. These two morphospecies of Microcystis also dominated in other lakes and
ponds during the bloom period [13, 14, 16].
The Pearson correlation coefficients of environmental
factors and cell density of different Microcystis morphospecies are shown in Table 1. The cell density of M.
wesenbergii, M. ichthyoblabe and other Microcystis species is positively related to the pH; this might be deduced
to Microcystis growth resulting in pH increase as everyone knows. Higher TN and TP values seemed to induce
the growth of Microcystis as TN and TP show a significant relationship with the cell density of most of the Microcystis morphospecies.

M. ichthyoblabe, M. wesenbergii and M. aeruginosa
have dominated successively in the surface water from
June to October 2010 (Fig. 6). This succession is similar
to that in Blelham Tarn, Cumbria [12] and Lake Chao [30].
A possible universal pattern of seasonal variations of Microcystis morphology based on the situation in Lake Taihu
and other lakes and ponds is summarized in Fig. 10: At the
end of the last winter and the beginning of spring, when
the water temperature was below 15 oC, the cell density of
Microcystis was very low (lower than 1×104cells·ml-1 in
Lake Taihu). Microcystis mainly existed as small colonies
during this period. As the water temperature increased to
more than 25 oC in July, conspicuous blooms caused by
large M. ichthyoblabe colonies occurred in most sites.
From August to October 2010, Microcystis blooms occurred more frequently and the large Microcystis colonies
dominated. From summer to autumn, the cell density of
Microcystis decreased (to 1×104 cells·ml-1) along with the
decreasing water temperature. M. wesenbergii disappeared but M. aeruginosa and M. ichthyoblabe were still
present. After November, the cell density of Microcystis
further decreased and Microcystis colonies mainly occurred as small colonies.

It is reported that the N:P ratio is an important factor
affecting the composition and ratio of Microcystis morphospecies [27, 28]. High N:P ratio is optimal to M. aeruginosa while M. wesenbergii is adapting to low N:P ratios. In
this study, the average of N:P ratio is about 25, and the N:P
ratio in the blooming period is lower than the average
value. However, M. aeruginosa dominated when the N:P
ratio was low in Lake Taihu, which might mean that the
succession of M. wesenbergii and M. aeruginosa in Lake
Taihu was not caused by the N:P ratio. Moreover, N:P
ratio did not show a significant relationship with the cell
density of M. wesenbergii and M. aeruginosa (Table 1).
In this case, it is possible that the low N:P ratio is a result
of the dominance and/or succession of M. aeruginosa and
M. wesenbergii.
Imai et al. [29] reported that water temperature may
be an important factor for the succession of Microcystis
morphospecies. They found temperatures of 24.7-33.9 oC
when M. aeruginosa dominated in Furuike Pond, and 19.6 28.6 oC when M. wesenbergii dominated in Furuike Pond.
In the present study, the temperature when M. wesenbergii
dominated in Lake Taihu was about 30 oC but 20-25 oC
when M. aeruginosa dominated in Lake Taihu. However,
the temperature did not show a significant correlation with
the cell density of M. wesenbergii and M. aeruginosa (Table 1), which suggested that temperature had no effects on
the succession of M. aeruginosa and M. wesenbergii in Lake
Taihu. In addition, temperature failed to alter the succession
of Microcystis morphospecies in the Hirosawa-no-ike Pond
[16]. The relative abundance of M. wesenbergii would reach
50% in Lake Suwa where the maximum water temperature was about 25 oC. Seemingly, the relative abundance
of M. wesenbergii may not be affected by the temperature
as well.

FIGURE 10 - A possible universal pattern of seasonal variations of
Microcystis morphology in Lake Taihu.

The environmental factors in different lakes are different but the regularity of seasonal variations of Microcystis composition was more or less similar: M. wesenbergii and M. aeruginosa would be dominant during the
blooming period, and M. wesenbergii would be replaced
by M. aeruginosa [13, 16]. Therefore, the conclusion or
speculation that environmental factors drove succession
of Microcystis morphospecies may be unconvincing.
Our results showed that i) No M. wesenbergii and M.
aeruginosa colonies were found before June and August,
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respectively (Fig. 6); ii) D50 of M. aeruginosa and M.
wesenbergii was always more than 300 µm, D50 of M.
ichthyoblabe was 100-300 µm and D50 of other/unidentified Microcystis was always below 100 µm (Fig. 9). These
two phenomena led to two questions: i) where were the
colonies of M. aeruginosa and M. wesenbergii in spring and
winter; ii) how can the large colonies (more than 300 µm) of
M. aeruginosa and M. wesenbergii appear so suddenly.
Both questions could scarcely be answered unless the hypothesis that the seasonal succession of Microcystis based
on morphological characteristic classification may be the
colonial morphology of the same Microcystis morphospecies changing gradually over different times [31] was
true. Otsuka et al. [31] suggest that the age is a potential
factor that causes morphological change of Microcystis.
With a long-term culture, they found that M. wesenbergii
showed the morphological characteristics of M. aeruginosa.
During this study, we also found that Microcystis colonies
collected from Lake Taihu could also show a process of
colonial morphology changes after soaking treatments with
deionized water and cationic solutions. Thus, it is possible
that similar succession of Microcystis morphospecies in
different lakes and ponds may be caused by the change of
morphological characteristics along with the age. Water
temperature and N:P ratio would affect the process and
speed of Microcystis colonial morphology changes.
Colony size of Microcystis increased constantly from
spring to autumn but decreased rapidly in November. Many
researchers studied the effects of several factors on the
colony formation of Microcystis, such as zooplankton grazing [32, 33], heterotrophic bacteria [34], and calcium concentrations [35]. However, the characteristics of colonies
induced in laboratory differed greatly from those in lakes
and reservoirs because reproducing natural environmental
conditions is impossible in the laboratory, especially water
dynamic conditions and biological interactions. The factors
affecting colony size of Microcystis is still not clear and
need further studies, especially field studies.
Another interesting phenomenon observed in this
study is that Microcystis colony size was larger while the
cell density of Microcystis morphospecies was higher during Microcystis bloom-frequent-occurrence period (from
July to September). Heavy cell density of Microcystis is a
key performance indicator to Microcystis bloom. The relationship between the cell density and colony size of Microcystis shows the cell density in different colony sizes (Fig.
11). The relationship was similar to the results of Yamamoto et al. [5]. They investigated the distribution of bloomforming cyanobacteria in 84 eutrophic ponds in summer,
and found that a colony of M. aeruginosa normally consisted of several tens of cells but reached several hundreds
when M. aeruginosa exclusively dominated. They also
found that the colony size of Microcystis was significantly
related to the relative abundance of M. aeruginosa and
suggested that the formation of large colonies of M.
aeruginosa is important for bloom formation suggesting
that the massive accumulation of Microcystis at the water

surface of Lake Taihu must be accompanied by large Microcystis colonies.

FIGURE 11 - Relationship between cell density and colony size of
Microcystis.

Reynolds and Walsby [4] considered that bloom formation depends upon three conditions being satisfied: (1)
that a substantial population of bloom-forming morphospecies is already existing; (2) that the algae are gas-vacuolated
to be buoyant; (3) that turbulence is too weak to overcome
the tendency for buoyant algae to float to the surface. It is
obvious that colony size can affect both the population of
Microcystis (condition 1) and the floating velocities to
overcome the turbulence (condition 3). Larger colonies
tend to have a better anti-predator defense; thereby, large
colony size benefits the population growth of bloomforming Microcystis. Furthermore, large colonies are known
to perform more pronounced vertical migration and the cell
density of Microcystis in surface water is directly influenced by the floating and sinking of Microcystis colonies.
Wind-induced waves are one of the most important factors which could affect the vertical position of Microcystis
colonies. Wu and Kong [9] found that colonies larger than
120 µm were mainly concentrated in the upper layer and
suggested that large colonies are not easily affected by the
wind-induced mixing. Their study indicated that the large
colonies are more stable and, subsequently, are beneficial
to bloom formation. Kromkamp and Walsby [7] suggested
that the velocity of migration would increase with the colo-
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ny size. According to Stokes' law, the floating velocity of
a 200-µm colony would be 100 times higher than that of a
20-µm colony. Therefore, it can be concluded that large
colonies float quickly and are beneficial to the Microcystis bloom formation.
Since large colonies are beneficial to float to the water surface, larger colonial M. wesenbergii and M. aeruginosa may have the superiority to float to the water surface and form blooms, under conditions that these colonies had enough buoyancy. Other smaller colonies of Microcystis morphospecies, with slow floating velocity, may
be mixed and distributed uniformly vertically. This may be
the reason why M. wesenbergii and M. aeruginosa are
dominant during the bloom period.
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VOLTAMMETRIC STRIPPING ANALYSIS OF
Ag(I) AND Cu(II) AT A LOW-MOLECULAR WEIGHT
CHITOSAN-MODIFIED PLATINUM ELECTRODE
Mohammed Khair Hourani* and Hibah Al-Amayreh
Department of Chemistry, The University of Jordan, Amman 11942 , Jordan

ABSTRACT
In the present work, low-molecular chitosan adsorption under open-circuit and potentiostatic conditions at
polycrystalline platinum electrodes was investigated. The
results showed that chitosan adsorbs at the platinum electrode from chitosan-saturated solutions, and chitosan coverage at polycrystalline platinum surface under open-circuit
conditions is a function of exposure time. The maximum
adsorption at open-circuit conditions was about 0.582 when
the platinum surface was left to contact a chitosan-saturated
solution for 12 h or longer. Potentiostatic adsorption, on the

other hand, showed a dependence on exposure time and
adsorption potential. The potentiostatic maximum coverage
was achieved at -0.2 V with an exposure time of 60 min.
The potentiostatically prepared chitosan-modified platinum
electrode with a coverage of 0.775 was utilized for stripping voltammetric analysis of Ag(I) and Cu(II) from aqueous solutions. The electrode showed a remarkable sensitivity and selectivity for both ions. The lowest detection limits
were 5.7x10-7 M ( 0.06 ppm) and 6x10-7 M (0.04 ppm) for
Ag(I) and Cu(II), respectively, for a 10 min preconcentration step at -0.2 V in 0.5 M H2SO4 as supporting electrolyte. Applicability of the method to real life samples was
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confirmed by analysis of a synthetic sample made from a
copper-based brazing alloy solution.

KEYWORDS: Chitosan-modified electrodes, stripping voltammetric analysis, Ag(I) and Cu(II) analysis, platinum electrodes

1. INTRODUCTION
Chitosan is a linear 1,4-linked polysaccharide (similar
to cellulose) that is obtained by the partial deacetylation of
chitin [1, 2]. Chitosan possesses distinct chemical and biological properties, because it has reactive amino and hydroxyl groups in its high-molecular linear polyglucosamine
chain which is amenable to chemical modification [3].
* Corresponding author

On the other hand, modification of solid electrodes
opens avenues of applications in electroanalysis, electrocatalysis, storage of energy, passivation, and corrosion
inhibition [4]. Platinum is a very prominent example of a
hyper-reactive metal that inhibits its direct use in electroanalysis [5]. Modification of platinum electrodes received
considerable attention for various applications [6]. Modification of platinum electrodes with chitosan with its functional groups is tempting in terms of its future applications
in potential-assisted uptake of metals [7, 8] from the environment and/or electroanalysis of metals [9, 10].
Pursuing the task of modification of platinum with
chitosan, however, must rely on the investigation of the
adsorption characteristics of chitosan at platinum electrodes. On the premise that chitosan adsorbs at platinum
surface and its potential applications in analysis of Ag(I) and
Cu(II) ions, the present work was undertaken.
2. MATERIALS AND METHODS
2.1 Instrumentation

A conventional three-electrode two-compartment electrochemical cell equipped with a multiple inlet/outlet system was used for admission of the supporting electrolyte,
chitosan-saturated supporting electrolyte, purging, and
blanketing the solution with oxygen-free nitrogen. The
purged supporting electrolyte and supporting electrolyte
saturated with chitosan were dispensed from bubblers by
gravity action to the electrochemical cell. All tubes used
for purging with nitrogen, conveying solutions, and blanketing were made of 1/16''-ID PTFE (Cole Parmer, USA).
The reference electrode was a homemade Ag/AgCl/[Cl-]
= 1.0 M. The auxiliary electrode was a platinum spiral wire
(99.99%, Johnson Matthey, USA). The working electrode
was made of a 1.5-mm disk polycrystalline platinum inserted in a PTFE sleeve (PARC, USA). The reference and
auxiliary electrodes were inserted in one compartment of
the cell, while the working polycrystalline platinum elec-

trode was inserted in the other compartment. All potentials were reported and referenced to the Ag/AgCl/[Cl-] =
1.0 M reference electrode. A 1.0 M KCl reference electrode is preferred over the commercially available electrodes
because of lower probability of contamination of the test
solution with chloride ions from the reference electrode.
All measurements were carried out at ambient conditions.
Cyclic voltammograms were obtained using an EG&G
Mode 362 scanning potentiostat (PARC, USA). The potentiostat was interfaced to a computer using GPIB interface
(IEEE) with modified Lab View software.
®

2.2. Materials

All the reagents used were of analytical grade and used
as received without further purification. G5 (99.999% pure)
nitrogen supplied by International Gas Company (Amman-Jordan) coupled with an Oxisorb cartridge (Supelco,
USA) was used to ensure removal of any traces of oxygen
from the nitrogen stream. Chitosan (99.9% pure) was purchased from Aldrich (USA). All solutions were prepared
from A.R. reagents dissolved in Millipore water (Millipore,
USA) or triply distilled water; the second distillation was
carried out from basic potassium permanganate solution.
2.3. Procedures

Surface treatment for polycrystalline platinum electrode involved mechanical polishing of the surface with
alumina powder; then, the electrode was dipped in freshly
prepared chromic acid solution for 10-15 min. After that,
the electrode was thoroughly rinsed with triply distilled
water. The electrode was placed in the electrochemical cell
and the electrode potential was cycled between -0.3 and
1.3V until the characteristic voltammogram for polycrystalline platinum electrode was reproduced; then, modification was performed using chitosan solution prepared by
dissolving an excess quantity of chitosan in 0.5M H2SO4
solution. For open circuit adsorption experiments, the
working electrode was allowed to contact the saturated
chitosan solution at open circuit conditions for different
times starting from 5 min to 60 min, and overnight. The
electrode was washed several times by purged 0.5 M
H2SO4; then, the voltammogram was recorded on a positive-going potential scan from -0.3 - 0.4 V. Potentiostatic
adsorption experiments were conducted by allowing the
conditioned clean electrode to contact the chitosan-saturated
0.5 M H2SO4 solution under potentiostatic conditions within
the potential range -0.2 - 0.2 V for 10 min starting from
10 min to 60 min. The cyclic voltammograms were recorded for every adsorption experiment.
Silver analysis protocol involved preparation of a set
of standard solutions. The standard solution or the sample
which contains 0.5 M H2SO4 in addition to Ag+ was added to the working electrode compartment. The electrode
potential was held at -0.2 V for 10 min, and at the end of
this period, a linear potential scan was applied to the modified electrode starting from -0.2 V to 0.6 V. After the end
of the scan, the electrode was extensively rinsed with
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Ag+-free supporting electrolyte. Then, the electrode potential was cycled between -0.2 V and 0.6 V to ensure
surface cleanliness. The other standard solutions and the
samples were analyzed by application of the same procedure. The peak current was measured as a signal for silver
ion concentrations in the sample.
Similarly, copper analysis protocol involved preparation of copper standard solutions in 0.5 M H2SO4. The
standard solutions or the samples were added to the working electrode compartment, followed by a preconcentration step at -0.2 V for 10 min and a linear positive-going
scan from -0.2 V to 0.6 V. The peak current was measured as the signal for Cu2+ concentration.
3. RESULTS AND DISCUSSION

ure 1 also shows a set of voltammograms recorded in
chitosan-free 0.5 M H2SO4 solution. The charge underneath hydrogen adsorption or desorption peaks for the
voltammogram of the chitosan-modified platinum electrode is reduced due to occupation of some of them on the
surface by chitosan. Qualitatively, Fig. 1 shows that there
is a decrease in the charge underneath hydrogen adsorption and desorption peaks upon increasing the time of exposure. The charges for hydrogen adsorption and desorption were calculated from the area under hydrogen adsorption or hydrogen desorption peaks, respectively. From the
difference in the area underneath hydrogen adsorption and
desorption peaks, the chitosan surface coverages were calculated (Table 1). Quantitatively, the surface coverage, Θ, is
related to the charge underneath the adsorption and desorption peaks by equation (1).
Θ = 1- (QHa/QHc) ……….

3.1 Adsorption of chitosan at open circuit

Figure 1 shows a representative equilibrium voltammogram for the platinum disk electrode in 0.5 M H2SO4
along with the cyclic voltammograms of the chitosanmodified platinum electrode. For the clean platinum electrode, the voltammetric features for adsorption and desorption of oxygen and the distinct peaks for hydrogen
adsorption and desorption are vital evidences for a clean
platinum electrode. In addition, the narrowness of the double-layer region and lack of slopping are all witnesses to
the cleanliness of the whole electrochemical system. The
true surface area of the platinum electrode was estimated
from the charge underneath hydrogen adsorption and
desorption peaks based on 210 µC/cm2 equivalency. Fig-

(1)

where, QHa is the charge for hydrogen adsorption in
presence of adsorbed chitosan at platinum surface, and
QHc is the charge for hydrogen adsorption on a clean electrode.
This method is based on two assumptions: the first is
that the atomic ratio for adsorbed hydrogen to surface
platinum atoms is 1:1, and the second is that there is no
interaction between adsorbed hydrogen and chitosan at
the surface.
Table 1 shows the effect of exposure time of the platinum electrode to the chitosan-saturated solution. The

FIGURE 1 - Cyclic voltammograms of clean platinum electrode and chitosan-modified electrode. The red color (_______ ) denotes the bare
platinum electrode while other colors indicate the cyclic voltammograms for chitosan-modified electrode. The arrows indicate the direction
of decrease of the peak current. Scan rate = 100 mV/s.

TABLE 1 - Platinum surface coverage with chitosan vs. time of
exposure to a 0.50 M H2SO4 chitosan saturated solution.
Time (Min)
5
10

Surface Coverage, Θ
0.176
0.442

3487

15
30
60
Over night

0.445
0.551
0.575
0.582
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data indicate that the coverage increases with increasing
time of exposure. About 60 min time of exposure is nearly needed to reach maximum coverage with chitosan at
the platinum surface. This result is not unexpected since
the concentration of chitosan is very low, and a finite time
is needed to saturate the surface with chitosan.

TABLE 2 - Chitosan surface coverage at platinum electrode
adsorbed under potentiostatic conditions from chitosan-saturated
0.5 M H2SO4 solution (Exposure time = 60 min).
Adsorption Potential
-0.2
-0.1
0.1
0.2
0.3
0.4

3.2 Potentiostatic adsorption

Potentiostatic adsorption of chitosan from chitosansaturated 0.5 M H2SO4 was carried out potentiostatically
within a -0.2 – 0.4 V potential range for 40 min. The
coverage under potentiostatic conditions was indirectly
quantified by applying equation (1). The results are given
in Table 2. Potentiostatic adsorption data (Table 2) indicate that the maximum adsorption is achieved at -0.2 V.
Apparently, hydrogen adsorption is outweighed by chitosan
adsorption, and chitosan adsorption is favored at negative
potentials. This is attributed to the existence of more reactive groups, -OH and -NH2. These protonated groups in the
highly acidic medium are easily adsorbed at the surface at
higher negative potentials. The existence of these more
reactive groups explains why the surface favors chitosan
over hydrogen.
Variation of the exposure time of the electrode to the
chitosan-saturated electrolyte showed a dependence of the
coverage on exposure time (Table 3). A maximum coverage of 0.775 at -0.2 V compared to 0.575 for open-circuit
adsorption at 60-min exposure attests to the efficiency of
surface modification by potentiostatic adsorption. In our
subsequent experiments, the chitosan-modified platinum
electrode was prepared by potentiostatic adsorption at -0.2 V.

Coverage, Θ
0.589
0.532
0.516
0.513
0.486
0.386

TABLE 3 - Surface coverage of chitosan at polycrystalline platinum
electrode as a function of exposure time (Potentiostatic adsorption
potential = -0.2V).
Time (min)
10
20
30
40
50
60

Coverage, θ
0.339
0.397
0.481
0.589
0.639
0.775

3.3 Stability of adsorbed chitosan at the platinum surface

Stability of chitosan-modified platinum electrode was
examined by reproducing the voltammogram of the chitosan-modified platinum electrode in 0.5 M H2SO4 for
four consecutive days. Figure 2 shows three voltammograms reproduced at 0, 24, 48, and 96 h. The coincidence
of the three voltammograms on each other is a clear indication of the stability of the adsorbed chitosan at the surface.
Moreover, the voltammetric features did not show any
change upon potential cyclization within the allowed
potential

FIGURE 2 - Cyclic voltammograms of polycrystalline platinum electrode (in blue) and four consecutive voltammograms of chitosan-coated
platinum electrode (the dot and dash lines coinciding on each other) denote the i-E traces after 0, 24, 48, and 96 hours.

window. This suggested that functional groups of the
chitosan are not subjected to an irreversible change upon
potential cyclization. Thus, the electrode does not need
regeneration of the functional groups as far as the safe
potential window (-0.2 – 0.8) is not exceeded.

3.4 Application of the chitosan in analysis of Ag(I) and Cu(II)
ions

Chitosan-modified platinum electrode was applied to
analysis of Ag(I) in aqueous solutions. Cyclic voltammetry
as well as anodic stripping analysis were applied for analysis of both, Ag(I) and Cu(II).
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Figure 3 shows a set representing cyclic voltammograms in solutions containing different concentrations of

Ag(I) after a pre-concentration period of 10 min in the
Ag(I)–containing supporting electrolyte. Current peaks
were extracted from the voltammograms and the calibration curve was constructed. The equation for the calibration equation is as follows:
ip(mA) = 4x106 CAg+ - 27.22 ..…..

(2)

The linearity is indicated by a determination coefficient, R2 of 0.999, within a tested concentration range of
1x10-6 M (~0.1 ppm) - 1.0x10-4 M (~10 ppm). The lowest
detection limit, based on S/N = 3, was evaluated to be
5.7x10-7 M (0.06 ppm).
A chitosan-modified platinum electrode was also applied for determination of Cu in aqueous solutions. Figure 4

FIGURE 3 - Voltammetric anodic stripping voltammograms for chitosan-modified platinum electrode after pretreatment for 10 min in 0.5 M
H2SO4 containing Ag+ solutions. Concentrations of Ag+ are indicated by colors shown in the legends. dE/dt = 100 mV/s.

FIGURE 4 - Voltammetric anodic stripping voltammograms for chitosan-modified platinum electrode after pretreatment for 10 min in 0.5
M H2SO4 containing Cu2+. Concentrations of Cu2+ are indicated by colors shown in the legends. dE/dt = 100 mV/s.
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shows a set of voltammograms after potentiostatic preconcentration step for 10 min in a Cu ions-containing 0.5 M
H2SO4 solution. The peak currents were extracted from the
voltammograms and plotted against the concentration of
copper in the solution. The calibration equation is as follows:
ip(mA) = 1701CCu2+ - 0.069 …
(3)
The linearity of the response was confirmed within
the concentration range of 1.0x10-5 M ( 0.6 ppm) – 3x10-4
M (19 ppm), with a determination coefficient, R2 = 0.997.
The lowest detection limit of copper based on S/N = 3
was 6x10-7 M (0.04 ppm). These results are better than
some others reported for analysis of trace metals by differential pulse voltammetry at a chitosan-modified glassy
carbon electrode [9]. Comparable detection limits were obtained for analysis of total iron at a chitosan-modified
glassy carbon electrode [11]. Detection limits are also
comparable with those obtained by Khaled et al. [12] for
analysis of heavy metals at a chitosan-modified screenprinted carbon electrode.
Many ionic and organic potential interferences were investigated at chitosan-modified platinum electrodes: Co2+,
Cd2+, As3+, Pb2+, formic acid, acetone, L-serine and ethanol
were investigated as potential interferences. The chitosanmodified platinum electrode was irresponsive to all of these
species, even at relatively high concentrations (0.1 M).
Only at very high concentrations, 1.0 M of formic acid and
0.7 M of ethanol, the electrode showed a response.
To test the applicability of the electrode to analysis of
real samples, a sample of copper-based brazing alloy was
dissolved in nitric acid, and diluted in solution. The concentration of copper in the solution was determined by
atomic emission spectrometry (AAS) and by stripping
analysis at the chitosan-modified platinum electrode. The
determined value for the concentration by AAS was
5.73x10-5 M while the concentration determined by stripping voltammetric analysis at the chitosan-modified platinum electrode was 5.63x10-5 M. The difference between
the determined values is about 1.74% attesting to the accuracy of the stripping analysis at the chitosan-modified platinum electrode.

potential cyclization between the cathodic and anodic
limits, ca. -0.2 – 1.2 V.
The chitosan modified electrodes were applied to
analysis of Ag(I) and Cu(II).
The electrode was selective to these ions. This selectivity is attributed, in part, to suppression of surface processes of the bare platinum electrode at one hand, and to
the activity of these ions in the allowed potential window at
the other hand. The lowest detection limits were 5.7x10-7 M
(0.06 ppm) and 6x10-7 M (0.04 ppm) for Ag(I) and Cu(II),
respectively. Thus, sub-ppm concentrations of both ions
can be determined with high selectivity and convenience.
An independent analysis for a copper-based brazing
sample solution was carried out by atomic absorption
spectrometry. The results indicated a marginal difference
between both methods attesting to the accuracy at the
chitosan-modified platinum electrodes. In addition, analysis is preferred because of the low-cost instrumentation
and convenience of performing the experiments.

4. CONCLUSIONS
Irreversible adsorption of chitosan at polycrystalline
platinum electrode was proven to occur spontaneously at
ambient conditions under open-circuit and potentiostatic
conditions. Chitosan potentiostatic adsorption was found
to produce higher coverage, 0.773, at -0.2 V compared to
0.556 at open-circuit conditions under identical exposure
times.
Chitosan was stable at the platinum surface. It survived removal from the surface by washing with water or
0.5 M H2SO4 or scanning the potential in the hydrogen or
double-layer regions. Chitosan, however, can be removed
from the surface by mechanical polishing with alumina or
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ABSTRACT
In this study, the adsorption behavior of activated
carbon prepared from local agricultural waste, date stones,
with respect to Ni2+ and Zn2+, in single and multi metal
aqueous solution has been studied in order to consider its
application to purity metal finishing wastewaters. To determine the adsorption process and properties, the effects of
various operating parameters, pH of the solutions (2–7),
initial concentration of metal ions (10–100 mg/L), contact
time (5–360 min) and temperature (283–313 K) were investigated in a batch adsorption technique. Adsorption results revealed that the removal speed of Ni (II) and Zn (II)
by date stones derived activated carbon was rapid. The
pseudo-second-order kinetic model fitted well with kinetic
data, in both the single- and binary system. Mutual interference effects were probed using equilibrium adsorption
capacity ratios, q0’/q0, where the prime indicates the presence of other metal ions. The combined action of the metals
was found to be antagonistic, and the metal sorption
followed the order Ni(II) (24.4 mg/g) < Ni (Ni + Zn)
(22.22 mg/g) < Zn(II) (21.7 mg/g) < Zn (Ni + Zn)
(18.51 mg/g) at 298 K. The thermodynamic parameters
indicate that the adsorption process is endothermic, feasible and thermodynamically favored.

KEYWORDS: Date stones residue, Activated carbon, Chemical
activation, competitive adsorption

1. INTRODUCTION
Toxic heavy metal pollution is one of the most significant environment problems. Combined heavy metals
cations result in wastewaters from many industrial processes, such as electroplating, inorganic pigment manufacturing, wood processing, photographic operations
and petroleum refining. They are also utilized in rubber,
pesti-

* Corresponding author

cides and plastics [1]. The metals are of special concern
because they are non-degradable and therefore persistent.
Hence, immobilization or removal of toxic metals is a
long-term research goal and industrial task.
Recently, environmental friendly methods for removing heavy metals from aqueous solution have been receiving considerable attention. Application for some of the
waste products could help in this regard. Meanwhile, the
reuse of wastes can be an advantage. Adsorption onto the
surface of activated carbons is the most widely used method
[2, 3]. Besides, activated carbon adsorption has been cited by
the United States Environmental Protect Agency (USEPA)
as being one of the best available environmental control
technologies [4]. Despite its prolific use in industries, activated carbon remains an expensive material. Owing to the
growing demand of activated carbons, new, abundant
materials (mainly industrial and agricultural by-products)
are continuously searched as precursors for the sustainable
manufacture of this adsorbent [5-16]. The reuse of these
waste materials not only produces a useful and low cost
adsorbent for the purification of contaminated environments, but also contributes to minimizing solid wastes.
Although lots of research works, including our recent
work [17], have been focused on the application of activated carbon for single metal ion sorption from the aqueous
media and compared sorption behavior of several single
ions [18-23], to our knowledge, relatively less research
attention has focused on the competitive adsorption from
the binary or multiple aqueous solutions. Information on
affinity of sorbents for different components of metal ions
mixture and competitive effects can be more important for
practical applications than knowledge of pure single metal
sorption behavior since sole toxic metal species rarely
exist in natural streams and waste effluents [24-26].
Our recent work demonstrated a successful conversion of date stones to activated carbon [17]. This work
therefore intended to further employ this activated carbon
product in the removal of heavy metal from the binary
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mixture solution. A synthetic mixture solution of nickel
and zinc was arbitrarily selected as a modeled sorption
system. Optimization of some process parameters and
characterization of the optimal activated carbon were first
investigated. Thereafter, the adsorption of nickel and zinc
from aqueous solution (single- and multi-component systems) was undertaken. The adsorption isotherms, kinetic
and thermodynamic aspects of the retention process were
explored.
2. MATERIALS AND METHODS
2.1. Preparation of activated carbons

The palm dates were initially scraped with a knife to
remove all fibers present at surface. The collected date
stones were washed and dried in an air oven at 70°C for
48 h and then crushed and sieved to the desired particle
size (<1.5 mm). The resultant sieve cut was used for the
production of activated carbons via chemical activation.
For this purpose, phosphoric acid (analytical grade) was
retained as a dehydrating agent. Each preparation test was
conducted as follows: 40 g of the crushed (Ø < 1.5mm) and
dried precursor was mixed with H3PO4 solutions having
different concentrations (25–85% H3PO4 in weight). The
impregnation ratio, defined by the weight ratio of impregnant (H3PO4) to precursor, was 1, 1.25, 1.5, 1.75 and 2.
The impregnation was carried out in a stirred pyrex reactor equipped with a reflux condenser. Stirring was used to
ensure the access of the acid to the interior of the date
stones cake particles.
The temperature and the duration of the reaction were
104°C and 2 h, respectively. Agitation and heating were
ensured by a heating magnetic stirrer with connected temperature regulator probe made of Teflon. The pyrolysis of
the impregnated material was conducted in a cylindrical
stainless steel reactor, inserted into a tubular regulated furnace under continuous nitrogen flow (0.5 Lmin−1). Pyrolysis
temperature ranged from 350 to 650°C, while pyrolysis
Time was maintained at 2 h. After cooling down to
room temperature, under the same flow of nitrogen, the
obtained activated carbon was thoroughly washed with
hot distilled water until neutral pH. The sample was then
dried at 105°C overnight, ground (until a granulometry ranging between 100 and 160 µm) and finally kept in hermetic
bottle for subsequent uses.

2.2.2. Characterization of the adsorbent prepared under optimal
conditions

Specific surface area of the activated carbon prepared
under optimal conditions, which will be used later for the
nickel and zinc adsorption, was evaluated through N2
adsorption at 77 K, using an Autosorb1-Quantachrome instrument. The BET (Brunauer–Emmet and Teller) model
was applied to fit nitrogen adsorption isotherm and evaluate the surface area (SBET) of the sorbent. Microstructure
of the raw material and the activated carbon prepared in
the optimal conditions were examined using a scanning
electron microscopy (SEM, Philips XL30).
The pH of zero point of charge (pHzpc) was determined by adding a known amount of adsorbent (0.1 g) to
a series of bottles that contained 50 mL of deionized water. Before adding the adsorbent, the pH of the solutions
was adjusted to be in the range 1.0–9.0 by the addition of
either 0.1M HNO3 or 0.1M NaOH. These bottles were
then rotated for one hour in a shaker, and pH values were
measured at the end of the test. The pH of the suspensions
is represented as a function of the initial pH of the solutions. The curve obtained theoretically crosses the bisector of axes at the point of zero charge [27].
2.3. Adsorption studies

All chemicals used in this work, were of analytical
reagent grade and were used without further purification.
Solutions were prepared by dissolving the corresponding
reagents in bidistilled water.
The activated carbon, prepared under the optimal conditions, was retained for all the following adsorption experiments.
In order to determine the adsorption capability of the
optimal activated carbon toward Ni(II) and Zn(II), sorption
experiments were performed by the batch technique. The
standard stock solutions of Ni(II) and Zn(II) (1000 mg/L),
prepared from NiCl26H2O and ZnSO47H2O salt and distilled water, was diluted as required to obtain standard
solutions of concentration ranging from 10 to 100 mg/L.
After adsorption process the adsorbent separated from
the samples by filtering and the filtrate was analyzed for
Ni(II) or Zn(II) using a flame atomic absorption spectrophotometer (HITACHI Z-6100). Analytical errors were estimated to be of the order of 3%. All the experiments were duplicated to assure the veracity of the experimental results.
2.3.1. Kinetic study

2.2. Characterization
2.2.1. Characterization of the prepared adsorbents

To optimize the preparation method, the effect of the
main process parameters (acid concentration, impregnation ratio, temperature of pyrolysis step) on the performances of the prepared activated carbons was studied. These
performances were expressed in terms of iodine and methylene blue numbers.

Pseudo-first order, pseudo-second order and intraparticle diffusion rate equations have been used for modeling the kinetics of Ni(II) and Zn(II) adsorption. The
batch technique was employed to study the effect of contact time and adsorbate concentration for metal ions adsorption. For this purpose, 0.5 g of activated carbon was
suspended in 200 mL solution containing 100 mg/L of
Ni(II) or Zn(II) ions. The suspensions were stirred for
different time intervals, filtrated, and analyzed to determine the metal ions concentration.
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1.75 seems to be the most suitable values for the development of the best iodine number.

2.3.2. Effect of pH

The effect of pH on the Ni(II) and Zn(II) uptake by
the adsorbent was investigated at 20°C using synthetic
solutions containing 100 mg/L of metal ions. Adsorption
tests were carried out by adding 0.50 g of activated carbon to a series of 500 mL Erlenmeyer flasks filled with
200 mL of the above solution at different pH values. The
initial pH of the solutions was adjusted between 2 and 7
by adding either HCl (1M) or NaOH (1 M). Solution pHs
were measured by a pH meter of laboratory models pH
540 GLP equipped with an electrode of glass combined
SENTIX41. Preliminary calibration was systematically
carried out using suitable buffer solutions.

The effect of temperature and acid concentration on
methylene blue number is showed in Fig. 1b. As it can be
seen, the quantity of methylene blue adsorbed increases
with an increase of the temperature from 350 to 450°C
and an acid concentration from 30% to 85% H3PO4. Thus,
keeping the pyrolysis temperature around 450°C, leads to
a better development of the sorbent macroporosity. Note
that this result is in agreement with those reported in
several papers dealing with activation of other agricultural
materials (woods, coconut shell, grain sorghum) with H3PO4
[28–30].

2.3.3. Sorption isotherms

At binary system, a molar ratio of 1:1 was used to determine the effect of each metal ion on the adsorption of
Ni(II) and Zn(II) on the optimal activated carbon.

a
Iodine number (mg/g)

To determine the adsorption isotherms, the metal initial concentration of the solution was varied between 10
and 100 mg/L and the final equilibrium concentration was
determined. In each experiment, 0.5 g of the optimal
activated carbon were contacted with 200 mL of the Ni(II) or
Zn(II) solutions of known concentration at three different
temperatures (10, 20 and 40°C) to elucidate the effect of
temperature and adsorption thermodynamic parameters.
The experiments were carried out until equilibrium was
reached, as determined from kinetic measurements.

3. RESULTS AND DISCUSSION
(a)

3.1. Preparation of activated carbons: effect of processing
parameters

Fig. 1a depicts the effect of acid concentration and
impregnation ratio on the iodine number of the adsorbent.
As it can be discerned, the iodine number increases rapidly with an increase of acid concentration from 25% to
60% H3PO4 and until an impregnation ratio of 1.75. Beyond this impregnation ratio, the iodine number decreases
while it increases slightly with acid concentration higher
than 60% H3PO4. Taking into account this slight increase
of the iodine number occurring in the acid concentration
range 60–85% H3PO4 and the handling difficulties of the
most concentrated commercial phosphoric acid (85%
H3PO4 in weight) owing especially to its high viscosity, a
concentration of 60% H3PO4 and an impregnation ratio of

b
Methylene Blue (mg/g)

A three dimensional graphical representation of the
effect of the main process parameters (phosphoric acid
concentration, impregnation ratio and temperature of pyrolysis step) and their mutual interactions on the performances of the prepared sorbents expressed in terms of
iodine and methylene blue numbers is given in Fig. 1. This
representation showed the relative effects of any two variables when the remaining variables were kept constant.
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The pseudo-first-order equation:

FIGURE 1 (a) - Effect of acid concentration and impregnation ratio
on iodine number, (b) Effect of acid concentration and temperature
on methylene blue number.

The above results show that the most efficient activated carbon is that obtained under the followings optimal
conditions: an acid concentration equal to 60% in weight,
an impregnation ratio of 1.75 and a pyrolysis temperature
of 450°C. It is to note that results obtained when studying
individually the effect of each parameter (acid concentration, impregnation ratio and pyrolysis temperature) on the
whole considered properties, namely iodine and methylene blue numbers (results not shown), lead to the same
optimal conditions [17].
3.2. Characterization of the optimal activated carbon

The activated carbon has particle sizes ranging between 100 and 160 µm. The surface area (SBET) and the total
pore volume of the prepared adsorbent, determined from the
BET (Brunauer–Emmett and Teller) model, are 826 m2/g
and 0.46 cm3/g respectively. The pH at point of zero
charge (pHpzc) is 3.34.
Scanning electron microscopy (SEM) technique was
used to observe the surface physical morphology of the
samples. SEM micrographs of the raw date stones residue
and the resulting activated carbon prepared under the optimal conditions are given in Fig.2. It is seen that the surface
of the raw material was quite smooth (Fig.2a). The optimal activated carbon has a highly porous structure as shown
in Fig. 2b.
The yield of the activated carbon – which is defined
as the weight ratio, on a dry basis, of the resulting activated carbon to that of the original date stones residue [30] –
is in our case 41.6%. This value is significantly higher
than those observed for other lignocellulosic materials
such as holm-oak sawdust (25.5%), rockrose (20.0%) and
olive-wood sawdust (22.9%) [31].
3.3. Metal ions adsorption study
3.3.1. Adsorption kinetics

log( q e − qt ) = log q e −

k1
t
2.303

(1)

The pseudo-second-order kinetic model:

t
1
1
=
+ t
2
qt K 2 q e
qe

(2)

The intraparticle diffusion model:

q t = K d t 0 .5 + C

(3)

Where qe and qt refer to the amount of solute (mg/g)
adsorbed at equilibrium and at any time t (min), respectively, k1 is the equilibrium rate constant of pseudo-firstorder sorption (1/min), k2 is the equilibrium rate constant
of pseudo-second-order adsorption (g/mgmin), kd is the
intraparticle rate constant (mg/gmin0.5), and C is the intercept.
At first, sorption kinetics was studied to determine
the time necessary to attain equilibrium. Results shows
that the uptake amount of metal ions increases rapidly
with increasing of the contact time due to the presence of
number of available active sites and equilibrium is established within approximately 120 min for both metal ions
(Fig.3).
The kinetic model studies were carried out for the adsorption of Ni (II) and Zn(II) onto the optimal activated
both in single and in binary system. Results show that the
plots for the pseudo-first kinetic model have low correlation coefficient values (less then 0.96) which implies that
it isn’t the rate-limiting step. Pseudo-second order kinetic
model has the highest correlation coefficient for all systems (R2 > 0.99). Therefore the calculated kinetic parameters of the fitted kinetic model are given in Table 1.
In order to understand the adsorption mechanism of
Ni(II) and Zn(II) on the optimal activated carbon, intraparticle diffusion model was also studied.

Three kinetic models, pseudo-first-order [32], pseudosecond-order [33], and intraparticle diffusion [34], were used
to analyze adsorption kinetics of Ni(II) and Zn(II) to predict the mechanism involved in the adsorption process of
heavy metals on the optimal activated carbon.
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a

b

FIGURE 2 - SEM micrographs of (a) the raw date stones residue and (b) the optimal activated carbon.
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FIGURE 3 - The pseudo-second order adsorption kinetics for Ni(II) and Zn(II) adsorption on the optimal activated carbon in single and
multi-systems

TABLE 1 The pseudo-second order kinetic parameters for Ni(II)
and Zn(II) by optimal activated carbon
Adsorption system
Ni only

Zn only
Ni (Ni + Zn)
Zn (Zn + Ni)

Parameter
K2 (g/mg min)
qe(exp) (mg/g)
R2
K2 (g/mg min)
qe(exp) (mg/g)
R2
K2 (g/mg min)
qe(exp) (mg/g)
R2
K2 (g/mg min)
qe(exp) (mg/g)
R2

Value
0.023
14.92
0.99
0.002
12.19
0.99
0.001
14.49
0.99
0.002
11.11
0.98

The intraparticle diffusion plots show multi-linearity
in the process (Fig. 4), indicating that three steps are operational. The first steep stage can be attributed to the
diffusion of adsorbate through the solution to the external
surface of the adsorbent or the boundary surface diffusion
of the sorbate molecules. The second stage describes the
gradual sorption, where intraparticle diffusion is ratelimiting, and the third stage is attributed to the final equilibrium due to extremely low sorbate concentration left in
solution and the reduction of interior active sites.
The linear portion of the curves does not pass the
origin and the latter stage of metal ions adsorption does not
follow Webber–Morris equation. It may be concluded that
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FIGURE 4 - Plots of intraparticle diffusion for adsorption of Ni(II) and Zn(II) in single and multi-system.

Ni(II) and Zn(II) adsorption control with not only the intraparticle diffusion but also the surface adsorption [25,35].
The Values of intercept (Table 2) gave an idea about the
thickness of boundary layer, i.e., the larger the intercept the
greater will be the boundary layer effect [36].

onset of metal hydrolysis and precipitation, estimated as
pH > 7.6 for nickel and pH 7 for zinc [37,38]. After these
pH values, nickel hydroxide or zinc hydroxide would

TABLE 2 - Intraparticle rate parameters for Ni(II) and Zn(II) by
optimal activated carbon
Adsorption
system
Ni only

The first phase
The second phase

Zn only

The first phase
The second phase

Ni (Ni + Zn)

The first phase
The second phase

Zn (Zn + Ni)

The first phase
The second phase

Parameter

Value

Kd1 (mg/g min0.5)
R1 2
C1
Kd2 (mg/g min0.5)
R2 2
C2
Kd1 (mg/g min0.5)
R1 2
C1
Kd2 (mg/g min0.5)
R2 2
C2
Kd1 (mg/g min0.5)
R1 2
C1
Kd2 (mg/g min0.5)
R2 2
C2
Kd1 (mg/g min0.5)
R1 2
C1
Kd2 (mg/g min0.5)
R2 2
C2

0.989
0.962
0.525
0.025
0.999
10.7
0.985
0.945
0.193
0.076
0.915
8.495
0.970
0.967
0.004
0.042
0.995
9.624
0.728
0.98
0.519
0.045
0.99
7.918

All values have positive and increase with increasing
the metal ion concentrations for all condition [25].
3.3.2. Effect of initial pH of solution on metal ions adsorption

The pH of the system is an important variable for the
heavy metal ions sorption processes on activated carbon.
All experiments were conducted at pH values below the
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precipitate according to their concentrations. In the present study, the aim is to investigate the competitive adsorption of nickel and zinc ion forms (single- and multicomponent systems) from solution on activated carbon.
Thus, the pH values were chosen in the range of 2 – 7.
The experimental results (Fig. 5) showed that the adsorption of nickel and zinc ions has a strict pH dependent
character until pH value of 5. At pH 3, the activated carbon surface has positive charge (pHpzc=3,34), so the
smaller adsorption values can be attributed to electrostatic
repulsion that takes place between the same charge of the
cations and the activated carbon. In addition, in high acidic medium, the removal percentages of heavy metals are
low due to competition between positively charged excess
hydrogen ions and metal ions toward the same sites of
carbon surface. At pH values greater than pHpzc, the hydroxyl ion concentration increases and the number of
negatively charged sites on the surface of the carbon increases so that the extent of adsorption of metal ions is
increased. The maximum retentions of Ni(II) and Zn(II)

are obtained at pH values between 5 and 6. Then, it remains nearly constant. This observation is also compatible
with recent publications [39, 40]. Optimal solution pH for
sorption experiments was selected as 6 for the rest of the
adsorption experiments.
3.3.3. Isotherm models

Langmuir [41] and Freundlich [42] isotherm models
are commonly used for wastewater treatment applications
due to their simplicity and applicability. Therefore, these
models were applied to our experimental results. The
isotherm expressions are given below:
The Langmuir isotherm: q = q max bC e
e
(1 + bC e )
The Freundlich isotherm:

qe = K f Ce

(4)
1/ n

(5)

Where Ce is the equilibrium concentration (mg/L), qe
is the metal ions concentration on the adsorbent at equilib-
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FIGURE 5 - Effect of solution pH on adsorption of Ni(II) and Zn(II) on the optimal activated carbon
TABLE 3 - Isotherms parameters for the sorption of metal ions on optimal activated carbon in single- and multi-solution systems.
Adsorption system
Ni only
Ni (Ni+Zn)
Zn only
Zn (Ni+Zn)

q0 (mg/g)
24.4
22.22
21.7
18.51

Langmuir isotherm
b( l/mg)
0.01
0.013
0.013
0.011

3498

R2
0.99
0.98
0.99
0.98

kf (l/g)
0.37
0.37
0.38
0.28

Freundlich isotherm
1/n
0.82
0.81
0.79
0.81

R2
0.96
0.97
0.98
0.96
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FIGURE 6 - The plots of non-linear isotherm Langmuir model for the removal of Ni(II) and Zn(II) in single- and multi-system

rium (mg of metal ion/g of adsorbent), qmax is the maximum
metal uptake per unit mass of adsorbent (mg/g), b is
Langmuir constant (L/mg) related to energy of adsorption
which reflects quantitatively the affinity between the
adsorbent and metal ions. The values of qmax and b are the
characteristics of the Langmuir model and can be calculated from the intercept and slope of the linear plot, with
1/(qe) versus 1/Ce. K f and n are Freundlich constants,
indicating the adsorption capacity and the adsorption intensity respectively. Freundlich constants kF and n can be calculated from the slope and intercept of the linear plot, with log
(qe) versus log Ce. The values of isotherms constants and the
correlation coefficient are summarized in Table 3.
According to R2 values, which are very close with each
other, the adsorption isotherm of Ni(II) and Zn(II) in single- and multi-system can be identified using both models.
In order to decide which one is the most suitable adsorption model for both metal ions in two systems, the
Redlich-Peterson isotherm which contains three parameters and incorporates the features of the Langmuir and the
Freundlich isotherms was used [43]. It can be described as
follows:

qe =

K RP Ce
1 + α RP Ceβ

(6)

where KRP (L/g), αRP (L/mmol) and β are RedlichPeterson constants. The value of β lies between 0 and 1.
(All calculated parameters of Redlich–Peterson model
are not given in the text). The β values were found in the
range of 0.9–1 for Ni(II) and Zn(II) adsorption on the
optimal activated carbon, indicating that the isotherms for
both metal ions are approaching the Langmuir form and
Langmuir and Redlich–Peterson models are coherent.
Therefore, only the plots of non-linear Langmuir isotherms

for both metal ions in single- and multi-systems are depicted in Fig. 6.
In addition, Weber and Chakraborti (1974) [44] expressed the essential characteristics and the feasibility of
the Langmuir isotherm in terms of a dimensionless constant separation factor or equilibrium parameter RL, which
is defined as,

RL =

1
1 + bC 0

(7)

where RL is a dimensionless separation factor, C0 is
the initial metal ion concentration and b is Langmuir
constant.The value of RL indicates the shape of the isotherm to be either unfavorable (RL > 1), linear (RL = 1),
favorable (0 < RL < 1) or irreversible (RL = 0).
The values of RL were found in the range of 0.09–0.5,
confirming the favorable adsorption process for all systems.
Moreover, Table 3 indicates that the adsorption capacities of heavy metals decrease in the order of Ni(II) <
Ni (Ni + Zn) < Zn(II) < Zn (Ni + Zn). It can be seen that
the sorption efficiency of metal ions is influenced in the
presence of another ions in multi-system.
In order to explain the adsorption order of metal ions
onto activated carbon surface, Mohan and Singh [26] used
the standard reduction potentials of them in addition to
electronegativity. The data indicate that the sorption capacity of nickel is better than zinc and the same trend is
shown by their respective electronegativities (1.91 and
1.65 for Ni(II) and Zn(II), respectively). The standard reduction potentials is more for nickel as compared to zinc
(-0.25 and -0.76 for Ni(II) and Zn(II), respectively) and the
observed sorption capacities follow the same order.
In addition, the comparison of the adsorption capacity
(q0) of Ni(II) and Zn(II) in single- and multi-systems in
Table 3 indicates that q0 decreases in multi-system for
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both metal ions. The mutual interference effects of metal
ions on adsorption were probed using q0’/q0 ratios, the q0
and q0’, indicate the adsorption capacity at equilibrium in
single and binary systems. The value of q0’/ q0 will imply
whether the effect of mixing metals in a solution is synergistic (q0’/q0 > 1), no net interaction (q0’/q0 = 1), or antagonistic (q0’/q0 < 1) [26]. In the present study, this ratio
was found smaller than one, demonstrating the competition between the metal ions for the same adsorption sites.
The result is compatible with the literature data [45, 25].
When multi-heavy metal ions are present together, the
sum adsorption capacity of total metal ions may be found
greater, lower or the same as the values obtained in singlesystem [46].
In the present study, the total adsorption capacities of
Ni and Zn on the optimal activated carbon in multi-system
were calculated as 40.73 mg/g at 293 K. Although individual metal ions adsorption decreases in multi-system due to

metal ions competition for adsorption sites, these values
are greater than the adsorption capacities of Ni(II) and
Zn(II) in single-system, showing that more metal ions are
adsorbed in multi-system. The obtained results are in
agreement with the literature data [25,46,47].
3.3.4. Adsorption thermodynamics

Thermodynamic parameters such as free energy
change (ΔG°), enthalpy change (ΔH°), and entropy change
(ΔS°) for the sorption of Ni(II) and Zn(II) in single- and
multi-systems on activated carbon was determined using
the following equations [48,49]:

ΔG o = − RT ln b
ΔG° = ΔH ° − TΔS °

(8)
(9)

where ΔG° is the change in free energy (kJ/mol), ΔH°
the change in enthalpy (kJ/mol), ΔS° the change in entropy (J/molK), T the absolute temperature K, R the gas
constant (8.314×10−3), and b is the equilibrium constant
of sorption. From Eqs. (8) and (9), it can be rewritten as:

ln b =

ΔS ° ΔH °
−
R RT

(10)

(10)

The enthalpy and entropy changes can be respectively
determined from the slope and intercept of the plot ln b
against 1/T.
Van’t Hoff plots of Ni(II) and Zn(II) ions adsorption
onto optimal activated carbon in single- and multi-systems
are depicted in Fig. 7. The calculated thermodynamic parameters are summarized in Table 4. The negative value of
ΔG° indicates the spontaneous nature of sorption of Ni(II)
and Zn(II) by activated carbon. The positive value of ΔH°
showed that the sorption process was endothermic in
nature and positive value of ΔS° shows the increasing

7,4

Ni only

7,2

Ni (Ni + Zn)
Zn

7

Zn (Zn + Ni)

Ln b

6,8
6,6
6,4
6,2
6
0,003

0,0031

0,0032

0,0033

0,0034

0,0035

0,0036

1/T (K -1 )
FIGURE 7 - van’t Hoff plots of Ni(II) and Zn(II) adsorption on the optimal activated carbon in single and multi-system.
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TABLE 4 - Thermodynamic parameters of Ni(II) and Zn(II) in single- and multisolution systems.
System
Ni only
Ni (Ni + Zn)
Zn only
Zn (Zn + Ni)

ΔS° (cal/mol K)

ΔH°(Kcal/mol)

21.66
17.2
25.66
15.85

2.61
1.21
3.69
0.86

randomness at solid/liquid interface during the reaction.
The higher ΔH°and ΔS° values are obtained in single systems showing the competitive effect of metal ions. The
same result was encountered in the literature [50,51].
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ΔG° (Kcal/mol)
293 K
-1.08
-1.09
-1.1
-1.08

313 K
-1.15
-1.17
-1.15
-1.14

[3]

Muhammad, A., Ahmad Z., Yoshimasa A. and Machida M.
(2010) Adsorption of heavy metals onto activated carbons derived from polyacrylonitrile fiber. Journal of Hazardous Materials, 180, 552-560

[4]

Hamdaoui, O. and Naffrechoux, E. (2007) Modeling of adsorption isotherms of phenol and chlorophenols onto granular
activated carbon. Part II. Two-parameter models and equations allowing determination of thermodynamic parameters.
Journal of Hazardous Materials, 147, 381-394.

4. CONCLUSION
Adsorption of Ni(II) and Zn(II) has been studied for
single and binary systems using activated carbon prepared
from Tunisian date stones as adsorbent. Concentration of
metal ions in supernatant was close to equilibrium within
2 h and the optimal pH for the sorption was determined to
be about 6. In the equilibrium study, it was found that the
Langmuir model provided the best fit for Ni(II) and Zn(II)
in single and multi-systems. The adsorption capacities of
heavy metals decrease in the order of Ni(II) (24.4 mg/g) <
Ni (Ni + Zn) (22.22 mg/g) < Zn(II) (21.7 mg/g) < Zn (Ni
+ Zn) (18.51 mg/g) at 298 K. Although individual metal
ions adsorption decreases in multi-system, the more metal
ions are adsorbed in multi-system (40.73 mg/g). Timebased investigations revealed that the adsorption process
followed the pseudo-second order model in both the singleand multi-solute system. The thermodynamic parameters
indicate that the adsorption process is endothermic, feasible
and thermodynamically favored. Based on the obtained
results it appears that the activated carbon prepared from
Tunisian date stones constitutes a good adsorbent for removing heavy metals ions from wastewater.

283 K
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-1.05
-1.06
-1.05
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REMOVAL OF AN ANIONIC DYE FROM AQUEOUS SOLUTION
BY SEPIOLITE USING A FULL FACTORIAL EXPERIMENTAL
DESIGN
Özkan Demirbaş* and Mahir Alkan
University of Balikesir, Faculty of Science and Literature, Department of Chemistry, 10145 Balikesir, Turkey

ABSTRACT
Optimization of parameters by the classical batch adsorption method involves changing one independent variable and keeping the other factors constant in the same
time. Classical method investigating effect of one variable
at a time may be effective in some cases, but it consumes
extra time and material. It requires large number of experimental trials to find out the effects. These limitations of the
classical method can be eliminated by optimizing all the
affecting parameters collectively by statistical experimental
design. The statistical design experiments, designed to reduce the total number of experiments required, indicated
that, within the selected conditions, all the parameters influenced at a significance level of 5%. In this study, batch
adsorption experiments were carried out in order to evaluate the maximum adsorption conditions of the anionic dye
reactive blue 220 (RB220) from aqueous solutions on sepiolite using a 23 full factorial design. The three factors were
temperature, pH, and the ionic strength of the suspension.
The optimization of the factors to obtain maximum adsorption was carried out by incorporating effect plots, normal
probability plots, interaction plots, analysis of variance
(ANOVA), Pareto charts, surface plots, and contour plots.

KEYWORDS: reactive dye, full factorial, statistical design, sepiolite, adsorption

1. INTRODUCTION
Dyes (over 7×105 metric tons of synthetic dyes) are
produced worldwide every year for dyeing and printing
purposes and about 5–10% of this quantity is discharged
with wastewater. The amount of dye loss depends on the
class of dye applied; it varies from 2% loss while using
basic dyes to about 50% loss in certain reactive sulfonated
dyes [1]. Reactive dyes are representing 20–30% of the
total dye market and the most widely used dyes are used
in the textile industry [2]. Reactive dyes are anionic dyes
that depend on a negative ion [3]. Anionic dyes include

* Corresponding author

many compounds from the most varied classes of dyes,
which exhibit characteristic differences in structure (e.g.,
azoic, anthraquinone, triphenylmethan and nitro dyes) but
possess a common feature, water-solubilizing, ionic substituents. The anionic dyes also include direct dyes, and
from the chemical standpoint the group of anionic azo dyes
includes a large proportion of the reactive dyes [4]. Most of
the reactive dyes include a reactive group and interact with
cotton, wool, etc., to form covalent bonds. The release of
reactive dyes into the environment is undesirable, because
many reactive dyes are toxic to some organisms and may
cause direct destruction of creatures in water. Because of
their complex structures and high solubility in water, the
treatment of these pollutants particularly reactive dyes, in
wastewater is troublesome [5].
Many studies have been performed to find alternative
sorbents particularly for the sorption of reactive dyes from
aqueous solution such as clinoptilolite [6], activated carbon [2,7,8], palygorskite [9], cationic polymer-loaded
bentonite [10], peanut hull [11], pillared clays [12], natural untreated clay [13], bone char, peat and bamboo [14].
In addition, many researchers have studied the adsorption
of anionic dyes using different adsorbents: organo-bentonite
for the removal of Acid scarlet, Acid turquoise blue and
Indigo carmine [15], ammonium-functionalized MCM-41
(a member of the mesoporous molecular sieves M41S
family) for Reactive brilliant red, Acid fuchsine, Orange IV
and Methyl orange [16], apatitic tricalcium phosphate and
apatitic octocalcium phosphate for Reactive Yellow 4
(RY4) [17], wood-shaving bottom ash for Red reactive
141 [18], sepiolite for Brilliant yellow [19], pine cone for
Acid black 26, Acid green 25 and Acid blue 7 [20] and
bagasse ash for Acid blue 80 [21]. In the last few years
agricultural solid wastes (mango seed [22], soy meal [23],
bagasse [24] and bamboo [25]) have been used intensely
as low-cost, available adsorbents for the adsorption of
anionic dyes.
Sepiolite is an oxide mineral with a unit cell formula
Si12O30Mg8(OH,F)4(H2O)4.8H2O [26]. In some aspects se-
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piolite is similar to other 2:1 trioctahedral silicates, such
as talc (molecule formula Mg3Si4O10(OH)2) [27, 28].
Sepiolites, which form an important group of clay minerals, are a magnesium silicate and currently used in a number of different applications such as many industrial, catalytic and environmental applications, most of which are
similar to those of the more traditional clays. Because of
their structural morphology, sepiolites have received considerable attention with regard to the adsorption of organics
on the clay surfaces and to their use as support for catalysts
[29]. The abundance and availability of sepiolite mineral
reserves as a raw material source and its relatively low cost
guarantee its continued utilization in the future.
Optimization of parameters by the classical method
involves changing one independent variable and keeping
the other factors constant in the same time. This method
investigating effect of one variable at a time may be effective in some cases, but it consumes extra time and material. It requires large number of experimental trials to find
out the effects. Also, this method is unreliable and fails to
consider the combined effects of all the factors involved.
The limitations of the conventional method can be eliminated by optimizing all the affecting parameters collectively by statistical experimental design. Optimization of
parameters of a process is usually carried out by factorial,
or more commonly fractional factorial, design of experiment (DOE) [30]. When the number of factors for studying is large, the factors are first screened using two level
DOEs, which allow to study the effect of a large number of
factors [31]. When using such methodologies, significant
and more important factors are identified. In addition, some
workers used different methodology and design for the
adsorption processes. For example Khalili and Bonakdarpour [32] showed the statistical analysis of the results of
Plackett–Burman DOE for the anaerobic decolorization of
Reactive Black 5 (RB5) by activated sludge. Khataee et al.
[33] investigated the biological decolorization of a dye
solution containing malachite green (MG) in the presence
of macroalgae Chara sp. using central composite design
(CCD), Das and Das [34] studied the optimization of the
biosorption of Ag(I) by the macrofungus Pleurotus platypus using the three-level Box–Behnken factorial design
[34]. Turan et al. [35] studied the adsorption of copper
and zinc ions on illite and determined optimal conditions
using a full factorial design [35]. Some other workers
have used the response surface methodology (RSM) [3638], Box-Behnken design [39] and central composite
design [33, 40]. In this study, sepiolite was chosen for the
purpose of investigating its adsorption properties for
RB220 dye in aqueous solutions. A 23 full factorial design
was used to evaluate the importance of temperature, pH
and ionic strength of the suspension on the adsorption
with Minitab® 16.0 software for Windows™.

2. MATERIALS AND METHODS
2.1. Materials

Reactive Blue 220 (RB220) was obtained from Setas
and Eksoy Textile Co. (Bursa, Turkey). The molecular
structure of RB220 used is shown in Fig. 1. The sepiolite
used was obtained from Aktaş¸ Lületaşı–Eskişehir regions
of Anatolia (Turkey). Sepiolite sample was treated before
using in the experiments as follows [41]: The aqueous
suspension containing 10 g/L sepiolite was mechanically
stirred for 24 h, after waiting for about 2 min the supernatant suspension was filtered through filter paper. The solid
sample was dried at 1050C for 24 h, ground then sieved.
The chemical composition of this clay obtained by X-ray
florescence (XRF) is given in Table 1. The cation exchange capacity (CEC) of the sepiolite used was determined by ammonium acetate method, the density and the
specific surface area by BET N2 adsorption by Micromeritics Flow Sorb II-2300 and, the isoelectric pH of
3% aqueous suspension by Zeta Meter 3+ equipment and
the other physicochemical parameters, obtained are summarised in Table 2. All chemicals were obtained from
Merck and Aldrich, and were of analytical grade. All
water used was of Milli-Q quality or doubly distilled.
2.2. Experimental procedure

The adsorption of the dye from aqueous solutions was
performed by batch experiments in volume and concentration of the dye in the initial solution and adsorbent
mass were kept constant at 100 mL of 3.0×10−5 M and
0.50 g. All of the dye solution was prepared with ultra
pure water. Agitation was made for 2 h., which is more
than sufficient time to reach equilibrium at a constant

FIGURE 1 - Structure of RB220 dye
TABLE 1 - Chemical composition of sepiolite
Constituent
SiO2
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Percentage present
55.60
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MgO
Al2O3
NiO
CaO
Fe2O3
Na2O
K2 O
LoI

22.33
0.81
0.40
0.22
0.50
0.11
0.17
16.86
TABLE 2 - Some physicochemical properties of sepiolite used in this study

CEC
(meq/100 g)
22.2

Particle diameter
(µm)
-75.0

pH of 3%
aqueous solution
7.7-8.5

Density
(g mL-1)
2.43

agitation speed of 400 rpm. The pH was adjusted using
0.1N NaOH and 0.1N HCl solutions by using an Orion
920A pH-meter with a combined pH electrode. pH-meter
was standardized with NBS buffers before every measurement. After 2 h, the samples were then centrifuged for
15 min at 5000 rpm and the left out concentration in the
supernatant solution were analyzed using UV–Vis. spectrophotometer (Cary 1E UV–Vis. spectrophotometer, Varian) by monitoring the absorbance changes at a wavelength
of maximum absorbance (600 nm). Calibration curves were
plotted between absorbance and concentration of the dye
solution. The adsorbent amounts qm were calculated from
the concentrations differences. The effect of pH was studied between pH 3 and 9. The adsorption studies were also
carried out at 25 and 45 °C. The effect of ionic strength
was studied using 0.0 and 0.1 M NaCl.

Specific surface area
(m2 g-1)
367

Isoelectric pH of 3%
aqueous suspension
6.6

TABLE 3 - The high and low levels of experimental factors.
Factor
Temperature, 0C (A)
pH of the dispersion (B)
Ionic strength of the suspension, mol L-1 (C)

The high and low levels defined for the 23 full factorial design are listed in Table 3. The low and high levels

TABLE 4 - Experimental design matrix and results
Factor
A
-1
-1
-1
-1
+1
+1
+1
+1

B
-1
-1
+1
+1
+1
-1
+1
-1

C
-1
+1
-1
+1
-1
-1
+1
+1

White

for the factors were selected according to some preliminary experiments. The factorial design matrix and qm
measured in each factorial experiment is shown in Table 4,
with the low (−1) and high (+1) levels as specified in
Table 3. qm was determined as average of three parallel
experiments. The order in which the experiments were
made was randomized to avoid systematic errors. Fig. 2
illustrates the mean of the experimental results for the
respective low and high levels of temperature, initial pH,
and ionic strength of suspension.

2.3. The full factorial design

Run no.
1
2
3
4
5
6
7
8

Colour

qm (mg/g)
Trial 1
3.507
4.111
3.890
4.550
5.151
3.752
4.648
4.197
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Trial 2
3.518
4.121
3.951
4.592
5.148
3.719
4.655
4.182

Trial 3
3.508
4.101
3.829
4.508
5.154
3.785
4.641
4.212

Average
3.511
4.111
3.89
4.55
5.151
3.752
4.648
4.197

Low level
(-1)
25
3.0
0

High level
(+1)
45
9.0
0.1
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4.19700

3.86967

3.75200

3.51100

9

pH
pH

5.15100

4.64800
0.1

4.55000
3

25

I
Ionic
strength

4.11100
Temperature
T

45

0

FIGURE 2 - Cube plots for qm

3. RESULTS AND DISCUSSION
Factors that influence the adsorbed quantity of dye adsorbed onto sepiolite were evaluated by using factorial plots:
main effect, interaction effect, the Pareto chart plot, normal
probability plots, the surface plot, and the contour plot.
ANOVA and P-value significant levels were used to check
the significance of the effect on qm. The main effect and
interactions were also observed in the Pareto chart plot.
3.1. ANOVA

The results are displayed in Tables 5 and 6. Main, interaction effect, coefficients of the model, standard deviation of each coefficient, and probability for the full 23 factorial designs are presented in Table 6. The significance of
the regression coefficients was determined by applying a
Student's t-test. With the exception of ABC (P-value =
0.573), all other effects were significant with 95% confidence level. In addition, the model presented an adjusted
square correlation coefficient R2 (adj) of 99.79%, fitting the
statistical model quite well. In this way, the dye uptake by
sepiolite could be expressed using equation (1).
This function describes how the experimental variables and their interactions influence the dye adsorption
[42]. The initial pH of the solution (B) had the greatest

effect on qm, followed by ionic strength (C), temperature (A),
temperature–pH interaction (AB), pH – ionic strength interaction (BC), and temperature–ionic strength interaction
(AC). The positive values of these effects reveal that the
increase of these parameters increased qm. Conversely,
negative values of the effects decreased the response (qm).
According to Eq. (1), the temperature and pH had a negative effect on qm, while ionic strength of the dispersion had
a positive effect. In order to ensure an appropriate model,
the test for the significance of regression was performed by
applying a variance analysis (ANOVA). According to the
ANOVA table, P-value<0.05 for the main factors and their
2-way interactions, and the R2 value for qm was 0.99, which
was a desirable figure. Table 6 shows the sum of squares
being used to estimate the factors' effect and the F-ratios,
which are defined as the ratio of the respective meansquare-effect to the mean-square-error. The significance
of these effects was evaluated using the t-test, and had a
significance level of 5%; i.e., with a confidence level of
95%. The R-squared statistic indicated that the first-order
model explained 99.85% of qm's variability. The results
revealed that the studied factors (A, B and C) and their
2-way interaction (AB, AC, and BC) were statistically
significant to qm. Notably, 3-way interaction (ABC) had
no effect at the 95% confidence level.

(1)

q m = 4.22 − 0.19A − 0.39B + 0.24C + 0.047AB − 0.019AC − 0.042BC

TABLE 5 -.Estimated effects and coefficients for qm (mg/g).
Term
Constant
T
pH
I
T*pH
T*I
pH*I
T*pH*I

Effect
-0.3776
-0.7826
0.4854
0.0934
-0.0376
-0.0836
-0.0056
S = 0.023752

Standard error of
T-value
coefficient
4.2237
0.004848
871.16
-0.1888
0.004848
-38.94
-0.3913
0.004848
-80.71
0.2427
0.004848
50.06
0.0467
0.004848
9.63
-0.0188
0.004848
-3.88
-0.0418
0.004848
-8.62
-0.0028
0.004848
-0.58
R-Sq = 99.85%
R-Sq(pred) = 99.66%
R-Sq(adj) = 99.79%
Coefficient
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P-value
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.573
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TABLE 6 - Analysis of variance for qm (mg/g).
Source
Main Effects
A
B
C
2-Way Interactions
AB
AC
BC
3-Way Interactions
ABC
Residual Error
Pure Error
Total

Degrees of
freedom
3
1
1
1
3
1
1
1
1
1
16
16
23

Adj. Sum of
squares
5.94381
0.85542
3.67462
1.41378
0.10275
0.05236
0.00848
0.04192
0.00019
0.00019
0.00903
0.00903

Sum of squares
5.94381
0.85542
3.67462
1.41378
0.10275
0.05236
0.00848
0.04192
0.00019
0.00019
0.00903
0.00903
6.05578

3.2. The main effects

The main effects of each parameter on the dye adsorption are shown in Fig. 3. The main effect plots were
generated to represent the results of the regression analysis. It shows only the factors that were significant at the
95% confidence interval. The main effects represent deviations of the average between the high and low levels for
each factor. When the effect of a factor is positive, qm
increases as the factor changes from low to high levels. In
contrast, if the effects are negative, a reduction in (qm)
occurs for high level of the same factor. From Fig. 3, it is
inferred that the larger the vertical line, the larger the
change in qm when changing from level −1 to level +1. It
should be pointed out that the statistical significance of a
factor is directly related to the length of the vertical line
[43]. The effects of temperature and pH factors are negative, that is, a decrease of qm is observed when the factor
changes from low to high. Temperature and pH factors
result in a higher mean qm at their low level, compared to
that at the high level. For the ionic strength factor, the
opposite is true. In addition, pH had a greater effect on qm,
as is evident by the longer vertical line. Maximum adsorption occurred at acidic pH. Fig. 3 demonstrates that the
adsorption increases with decreasing pH because of the
electrostatic attraction between the chromophore groups of
dye and the positively charged sepiolite surface. The higher
adsorption of RB220 on sepiolite at low pH may result due
to the neutralization of the positive sites at the surface of
sepiolite. Generally, the adsorption capacity increases with
increasing pH for cationic dyes, while it decreases with
increasing pH for anionic dyes [41]. We had previously
shown that sepiolite had a isoelectrical point at pH 6.6 and
exhibited positive zeta potential values at the lower pH
values from pH 6.6, and negative zeta potential values at

Adj.Mean
squares
1.98127
0.85542
3.67462
1.41378
0.03425
0.05236
0.00848
0.04192
0.00019
0.00019
0.00056
0.00056

F-ratio

P-value

3511.85
1516.25
6513.36
2505.95
60.71
92.81
15.02
74.30
0.33
0.33

0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.573
0.573

the higher pH values from pH 6.6 [44]. As the pH increases
from 3 to 9, the number of ionisable sites on sepiolite
increases. In this case:
OH
+ 2OH

O

-

O

-

-

+ 2H2O

OH

(2)

Surface

Surface

With the gradual increase in the pH of the solution, a
decrease in the positive charge on the oxide or at solution
interface has been observed and the adsorbent surface appears negatively charged due to deprotonation of the adsorbent surface [45]. At pH above isoelectrical point at approximately 6.6, the adsorption of the anionic dye is not
favored due to electrostatic repulsion. At lower pH (pH 3),
the surface of sepiolite particles may become positively
charged, which enhances the negatively charged RB220
anions through electrostatic interactions. In this case, it
can be written as follows:
OH
+ 2H

OH2

+

Surface

Surface
+
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(3)

OH2+

OH

Surface

+

+

-

OH2
+ 2Dye

OH2

OH2+

OH2+ DyeSurface

Dye

(4)
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FIGURE 3 - Main effects plot for qm.

The positively charged sites favour the adsorption of
dye anionss due to electrostatic interactions [45]. A similar effect was previously reported by Alkan et al., [45, 46]
for acid red 57 reactive blue 221 and acid blue 62 adsorption on sepiolite. qm decreases as temperature increases due
to the weakening of adsorptive forces between the active
sites of the adsorbents and adsorbate. qm increased with
increasing ionic strength. The cause is that increasing the
ionic strength increases the positive charge of the surface
below the isoelectrical point, resulting in a higher attraction of anions, and increases the negative charge of the
surface above isoelectrical point, increasing the repulsion
of anions [45, 46].

The relative importance of the main effects and their
interactions was also observed on the Pareto chart (Fig. 5).
For the 95% confidence level, the t-value is 2.12. As shown
in Fig. 5, some values are positioned around a reference
line. According to Fig. 5, the main factors (A, B, and C)
and their interactions (AB, AC, and BC) that extend beyond the reference line were significant at the level of
0.05. The pH represented the most significant effect on
qm. The pH (B), ionic strength interaction (C), and temperature (A) had greater effects on qm while, except for
the interaction effect between temperature, pH, and ionic
strength (ABC) all other factors and their interactions had
smaller effects and were statistically significant at 95%
confidence.

3.3. The interaction effects

An interaction (Fig. 4) is effective when the change in
the response from low to high levels of a factor is dependent on the level of a second factor, i.e. when the lines do
not run parallel [47]. The interaction effect plots showed
that interaction of pH, ionic strength and temperature
played major role in removal. Fig. 5 shows the significant
interactions between the parameters (AB, AC, and BC).
The interaction plots were also generated with ANOVA.
All the interactions of the factors were statistically significant in determining qm. These plots clearly indicated that
interaction between temperature and pH (AB) was stronger
than between pH and ionic strength (BC). The interaction
between temperature and ionic strength (AC) was statistically significant but much smaller. The effect of pH and
ionic strength was more significant at lower temperatures.
The interaction effects between the factors AB, AC, and
BC revealed that the amount adsorbed was higher at lower temperature (A), initial pH (B) and ionic strength of the
suspension (C).

3.5. Normal probability plots

3.4. The Pareto chart

3.6. Response surface and contour plots

The normal probability plot is given in Fig. 6. According to
the normal probability plots, the points which are close to a
line fitted to the middle group of points represent those
estimated factors that do not demonstrate any significant
effect on the response variables. The main factors (A, B,
and C) and their interactions (AB, AC, and BC) are far
away from the straight line. Because A, B, BC, and AC lie
to the left of the line, their contribution had a negative effect,
C and AB on the right had a positive effect. The pH (B) had
largest effect because its point lies farthest from the line.
These results confirm the previous Pareto chart analysis
and the values of Table 5. The normal probability plot of
residuals for qm (Fig. 7) showed how closely the set of
observed values followed the theoretical distribution. Generally, experimental points are reasonably aligned, suggesting a normal distribution. The selected model adequately
described the observed data, explaining approximately 99%
(due to R2=0.99) of the variability of qm.
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The surface plots of the response functions are useful
in understanding both the main and interaction effects of

the factors [48]. The response surface plots are reported in
Fig. 8 for the average qm, Fig. 9 illustrates the response

3
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FIGURE 4 - Interaction plots for qm
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FIGURE 5 - Pareto chart of the standardized effects (Alpha = .05)
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FIGURE 9 - Contour of the estimated response surface for qm

surface counter plots when one parameter for each graph
is at a hold value. This figure also shows the estimated qm
parameter as a function of the normalized independent
variables, the height of the surface represents the value of
qm. From three surface plots, maximum values of qm required lower temperature (A), pH (B), and higher ionic
strength of the suspension (C) in agreement with the interaction graphs.
4. CONCLUSIONS
The following conclusions can be drawn from this investigation:
The statistical design of the experiments combined
with techniques of regression was applied in optimizing
the conditions of maximum adsorption of the dye onto
sepiolite. Using a full factorial and laboratory scale experiment, significant process factors influencing adsorption
were identified and the interactions between factors were
highlighted. Three adsorption parameters (pH, tempera-

ture and ionic strength) were tested by using full factorial
design criterion and all of them showed a significant effect
on adsorption process. This mathematical model was used
to develop contour plots for various factors’ effects. It was
observed that the initial pH of the suspension exerted the
greatest influence on the amounts of dye adsorbed qm.
Ionic strength had positive effect but temperature and pH
had a negative influence on qm, is the validity of this
study was limited to temperatures between 25 and 45 °C,
pH between 3 and 9, and ionic strength of less than 0.1 M
NaCl. The interactions between pH, temperature and ionic
strength showed significant effect on adsorption process.
Technologies for the removal of dyes are generally expensive. Thus, it may be conducted that sepiolite may be
used for remove of RB220 from wastewater since it is a
low-cost, abundant and locally available adsorbent in
Turkey.
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ABSTRACT
Floating and aggregation are critical stages in the
formation of Microcystis blooms, which are significantly
affected by wind and waves. In order to analyze the distribution of Microcystis colonies under wind-driven current, a vertical wave simulator (different amplitudes and
periods) was used. Colony size and distribution pattern of
Microcystis were observed under static and dynamic conditions. Results show that there existed three vertical distribution patterns of Microcystis colonies in the simulator (surface-aggregation, vertical evenly distribution, and the transition stage). The intensity of disturbance and velocity of
vertical flow were critical influential factors. Large colonies (>500 µm) could overcome disturbance easily and float
more quickly. Meanwhile, the smaller ones (100-300 µm)
had the tendency to mix evenly in the vertical direction.
When the intensity of disturbance was reduced, Microcystis colonies floated more quickly. The faster the average vertical flow velocity was, the more well was the
distribution of the Microcystis colonies. This paper analyzed
the relationships between wave elements and the vertical
distribution pattern of Microcystis colonies, which provides valuable information for bloom-forming investigation. The study is crucial for effective management of
lakes.

KEY WORDS: Microcystis bloom; Microcystis colony; vertical
distribution; disturbing intensity; vertical flow velocity

1. INTRODUCTION
Eutrophication continues to be a critical challenge of
global concern. Microcystis bloom is one of the major
environmental problems in most eutrophic lakes and reservoirs worldwide. These blooms seriously constrain eco* Corresponding author

logical functions of the water and threaten ecological balance as well as water security [1-3]. There are many factors
affecting bloom formations, among which hydrodynamics
including wind-induced waves and currents are the most
important ones [4-6].
Field survey and simulation studies have suggested
that hydrodynamics influence the vertical distribution of

cyanobacteria. In a study conducted by George and Edwards [7] on the Lake of Eglwys Nynydd in South Wales,
it was found that surface hybrid mode changed when
wind speed reached the threshold value of 3.0 m/s. The
authors noted that cyanobaterial blooms easily occurred at
wind speeds below the threshold. This may be due to the
fact that hydraulic disturbance at higher wind speeds
(>3.0 m/s) would eliminate the surface bloom. A critical
wind speed of 2-3 m/s was also simulated, below which
wind-induced turbulence was incapable of mixing floating
phytoplankton cells or colonies into the water column
under the surface [8]. In Taihu Lake, Cao et al. [9] conducted a field observation and found that, with wind
speed of 2.0 m/s and wave height of 4.4 cm, approximately 37% of the whole cyanobacterial scums float to the
water surface (0-5 cm), while cyanobacteria tend to be
evenly distributed vertically under wind speed of 3.1 m/s
and wave height of 6.2 cm. A diurnal study on the vertical
distribution of Microcystis in the regulated Nakdong River
also found that the chlorophyll a concentration was highest
near the surface during a calm night (wind speed <2 m/s,
23:00-7:00), but evenly distributed along the vertical profile during a windy day (>4 m/s, 11:00-19:00) [10]. Bai et
al. [11] established a critical wind speed of 3.2 m/s from
their study. Notably, at wind speeds <3.2 m/s, algae drifted
along the surface; otherwise, algae significantly migrated
vertically. It must also be noted that cyanobacteria tend to
accumulate and form blooms on water surface under lowintensity disturbance, while in high-hydrodynamic areas,
they evenly distribute along the vertical water column. Thus,
hydrodynamic disturbance intensity significantly affects
vertical mixing relative to spontaneous wind speed [12].
Recent studies also show that sizes of colonies play
an important role in the formation of Microcystis blooms.
During the observation in Lake Taihu, Microcystis colonies larger than 120 µm were mainly concentrated in the
upper layers of the lake. This may be due to their ability
to overcome disturbance caused by wind-driven current.
Contrarily, colonies <36 µm were easily vertically distributed at different depths [13]. Yamamoto et al. [14] also found
that in 84 ponds of Taiwan, Microcystis colonies became
relatively larger when they dominated on the surface.
Medrano et al. [15] used a coupling model of dynamic
mechanism and light-driven cell buoyancy regulation
mechanism to analyze the vertical distribution patterns
of Microcystis aeruginosa in Vlietland Lake (Netherlands, depth 30 m). The authors discovered that small
colonies (50-200 µm) were highly concentrated in the
middle of the epilimnion (5-8 m), whereas large colonies
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(≥800 µm) were able to migrate upward and stay beneath
the surface in a short time. Moreover, they pointed out
that Microcystis groups have a faster migration rate;
thereby, to a certain extent, they are able to overcome the
influence of wind and waves.
Several theoretical predictions have shown that windinduced waves have a close relationship with the distribution and formation of Microcystis blooms. However,
quantitative researches should be conducted to ascertain
this phenomenon because of the complex interactions
within lakes. The Microcystis blooms are greatly affected
by both internal and external factors. These factors include chemical, biological as well as physical properties
of the lake. Wind speed and direction, lacustrine shape
and depth may exert different effects on Microcystis
blooms.
In this paper, a vertical wave simulator was designed
to study the effects of vertical oscillation intensity (height
and period) on the vertical migration and distribution of
Microcystis colonies with different sizes. Much emphasis
was focused on the effects of vertical movement of water
on upward movement of colonies.
2. MATERIALS AND METHODS
2.1 Sample preparation

Microcystis samples were obtained from the surface
of Yang Bay of Taihu Lake, China (31°30′N, 120°11′E)
on September 28th, 2012. The particle sizes of the samples
were d50 = 500 µm and d10 = 104 µm. The species were
identified as Microcystis flosaquae, Microcystis ichthyoblabe

and Microcystis wesenbergii. Microscopic examination
(Olympus CX31, 400×) verified that samples were dominated by Microcystis (>99% cell counts) in the shapes of circular and oval. Microcystis samples were divided by different plankton screens (100, 300, and 500 µm). Thus, four
groups of Microcystis colonies were obtained: unsieved
original mixed-size Microcystis samples, colony sizes of
100-300, 300-500 and >500 µm.
2.2 Vertical wave-making simulator

Vertical mixing was generated in a laboratory tank by
a vertically oscillating rectangular mega-float. Oscillatory
wave is a wave that travels forward without generating
flow. Vertical wave in this context is considered as the
wave that occurs as a result of the upward and downward
movement of water particles with negligible horizontal
movement. Considering that vertical turbulence affects
upward and downward movement of Microcystis colonies, a simulator (Fig. 1) was made based on the vertical
wave concept. When the device is started, waves are generated in the water column by the movement of the megafloat. This, in turn, sets the Microcystis colonies into
motion. It must be noted that the waves were generated in
the left portion of the tank whilst observations were made
in the right portion.
2.3 Experimental parameters

To obtain different wave conditions, the axis of rotation was regulated to obtain different amplitudes, and also

FIGURE 1 - Vertical oscillation-making device (units: cm).
TABLE 1 - The dynamic parameters.
Amplitude (A/cm)/ period (T/s)
-1

vertical flow velocity (V/(cm·s ))

8/2

6/2

8/3

6/3

8/4

6/4

5/4

4/4

16

12

10.67

8

8

6

5

4

3516

© by PSP Volume 22 – No 12. 2013

Fresenius Environmental Bulletin

the frequency modulator was used to set up specific periods. Based on the wave height in Taihu Lake (usually 4.46.2 cm) [9], the amplitudes were set at 4, 6, and 8 cm with
variable frequency. The dynamic parameters considered
are amplitude (A), period (T), and vertical flow velocity
(V/ (cm·s-1) = 4×A/T). The experimental conditions are
described in Table 1.
2.4 Experimental procedure

The simulator was filled with 180 L filtered tap water
(particles were removed using 0.45-µm membranes), and
then Microcystis colonies were gently added. After 5 min
of mixing, visual inspection indicated that colonies were
homogeneously distributed in the tank. The mixing operation was then stopped and the stratified samples were
taken. It must be noted that the vertical distribution characteristics of the Microcystis colonies were obtained during the mixing stage and the floating process. After the
balance state of vertical distribution was attained, observations were made at varying amplitudes and periods.
This was undertaken to correlate the results to turbulence
intensity. Then, a stratified sample of the colonies was
taken at 0, 1, 5, 10, 30, 60, 120 and 240 min, to ascertain
the effects of the vertical waves on Microcystis colonies
distribution.
The sampling was carried out at different depths (1,
10, 30, 60, 80 and 90 cm). The wall of the tank (Fig. 1)
was calibrated with respect to the depths under consideration. During each sampling, 2 mL of the samples was
taken at the respective depths. A plastic tube (diameter 1
cm) was used to collect the samples. This tube was attached to a syringe.
The amount of Microcystis colonies at each depth,
expressed as chlorophyll a concentration, was measured
by a portable Chlorophyll a fluorescence Spectrometer
(Turner Designs).
3. RESULTS
3.1 Variation of vertical distribution of Microcystis colonies

Three typical vertical distributions of colonies (300500 µm) under static and dynamic processes were plotted
against chlorophyll a (Fig. 2). The respective sampling
times were considered. Distribution under the static condition (Figs. 2(a)-1, (b)-1, (c)-3) depicts that colonies
concentrated highly on the surface, with the concentration
of chlorophyll a reaching 150-300 µg/L at 1 cm depth,
while below 10 cm, reduced concentrations were observed (10 µg/L or less). However, the colonies that were
found on the surface began to move downwards when the
water column was disturbed (Figs. 2(a)-2, (b)-2). After a

while, the chlorophyll a concentration increased within
the middle and deeper portion of the water column
whereas there was a reduction within the upper layers.
After some period of time during the dynamic process, the
colonies were homogeneously distributed in the tank
(Figs. 2(a)-3, (b)-3). Furthermore, the homogeneously
distributed colonies began to float and concentrate on the
surface again when the vertical turbulence stopped.
Therefore, three types of distribution were achieved under
different hydrodynamics. Pattern I: surface-concentration
state; pattern II: transition state; pattern III: homogeneously distributed state. Over the entire duration of observation, the series of the distribution pattern was observed
to be I→II→III→II→I.
From the results, it took only 5 min to finish the process of I→II→III under large amplitude and short period
(Fig. 2a), while under smaller amplitude (Fig. 2b), it took
a longer time (up to 120 min) in turbulence. All these
observations indicated that distribution of Microcystis was
influenced by vertical wave disturbance. Also, the speed
of response made by Microcystis colonies has a clear
relationship with vertical wave amplitude and period.
3.2 Coefficient of variation (Cv) of the chlorophyll a concentrations during the simulating process

On the basis of the variation in the vertical distribution of Microcystis colonies due to different particle sizes
in the hydrodynamic process as well as the characteristics
of the three stages in terms of vertical distribution, the
coefficient of variation, Cv, was introduced (Eq. 1) so as
to quantitatively describe the processes underlining the
attainment of each pattern.
Cv =

[(

2
2
1
1
c1 − c + c2 − c + ⋅ ⋅ ⋅ + cn − c
c n −1

) (

)

(

)]

(1)

where, cn is the concentration of chlorophyll a of Microcystis at different depths over sampling duration, c is
the average value of chlorophyll a at the same sampling
time. The pattern of the vertical distribution of Microcystis entered stage III when Cv was 0. On the contrary, state I
was attained at a relatively high Cv.
The distribution patterns of the three groups of Microcystis colonies (100-300, 300-500, and >500 µm) at an
amplitude of 6 cm and period of 3 s, were estimated (Fig.
3). Fig. 3(a) shows changes of Cv over time during the
static process after the Microcystis were well-distributed
in the water column. Cv gradually increased (from 0) with
time (the distribution changed from state III to state I).
Meanwhile, two distinct observations were made on the
basis of the colony size. Firstly, the larger the colony size,

(a) Amplitude: 6cm, period: 3s
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FIGURE 2 - The variation of vertical distribution patterns of Microcystis colonies in dynamic processes.
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FIGURE 3 - The variation of Cv of the chlorophyll a concentration (amplitude: 6 cm, period: 3 s).

the faster the rate to reach state I. Also, the transition state
was relatively short. Secondly, the larger the colony size,
the higher the respective Cv.

Fig. 3(b) illustrates the process from the initial stage
(state I) to the well-distributed stage (state III) under vertical mixing. It was observed that the distribution patterns
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changed at different colony sizes (smaller colonies were
homogeneously distributed at faster rates).
3.3 Effects of the parameters of vertical waves on vertical
distribution of Microcystis

In the present study, the parameters of the vertical
waves were considered, including amplitude (A), period
(T) and velocity of vertical flow (V). The results obtained
from the observation of colonies (300-500 µm) under
vertical disturbance with respect to the respective parameters are shown in Fig. 4.
amplitude 8cm, period 4s
amplitude 6cm, period 4s
amplitude 4cm, period 4s

Cv of vertical chlorophyll a

150
120
90
60

observed that at constant amplitude, the homogeneous
distribution of the colonies in the smallest T was the fastest.
Homogeneous distribution can be promoted under
large amplitude or short period. In this study, the velocity
of flow coupled with amplitude and period was used to
observe four groups of colonies from state I to III. The
results are shown in Fig. 5. It was observed that the flow
velocity significantly affected the time required to attain
homogeneous distribution. When V reached 16 cm/s, all
groups were distributed evenly within a relatively short
time. Furthermore, colony size also affected the rate of
homogeneous distribution. The colonies with larger sizes
needed a relatively longer time before they were well
distributed. It was also observed that when V = 6 cm/s, the
colonies with larger sizes (diameters > 500 µm) could not
reach homogeneous distribution within 240 min during
the vertical disturbance. This implies that larger colonies can
overcome weak disturbance owing to their strong buoyancy.

30
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FIGURE 5 - Time to reach vertical homogenization (v = 8 cm/s, with
amplitude: 6 cm, and period: 3 s).
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4. DISCUSSION

(b)
FIGURE 4 - The variation of Cv of the chlorophyll a concentration
under different amplitudes (a) and periods (b).

Fig. 4(a) depicts the Cv of chlorophyll a against time.
For this observation, T was held constant (4 s) whilst A
was varied (4, 6 and 8 cm). It was found that all the Microcystis colonies attained state III at different times during the vertical mixing process. It was observed that the
larger the amplitude, the shorter the time to reach homogeneous distribution. It was also observed that when the
period (T) was constant, the respective values of Cv
changed under different amplitudes. This implies that
amplitude plays an important role in homogeneous distribution of Microcystis colonies. When the amplitude was
only 4 cm, Microcystis colonies were still found on the
water surface irrespective of the duration of the disturbance process. It means that colonies are capable of overcoming the weaker disturbance at smaller amplitudes. The
results obtained under the conditions of constant amplitude but variable period are illustrated in Fig. 4(b). It was

Vertical oscillation of water affects viability of cells
and the size of colony to a certain extent. Regel et al. [16]
used an oscillation grid tank to investigate the effect of
turbulence on the metabolic activity and viability of Microcystis colonies. Results showed that under low frequencies of 1 and 2 Hz, there was almost no effect, while
under frequencies of 3 and 4 Hz, Microcystis were damaged. O’Brien et al. [17] used the same grid-stirred tank,
and conducted experiments with varied frequencies (0.9,
1.4, 1.8, 2.3, 2.7 and 3.2 Hz). Colony disaggregation was
observed to increase with turbulent intensity; however,
the whole size distribution was relatively small. In this
article, it was discovered that the maximum vertical mixing frequency was 0.5 Hz and a solid mega-float was used
to produce vertical water movement; thus, the effect on
cell viability and colony size can be ignored.
Microcystis regulate buoyancy by changing biomass
of carbohydrate ballast and the gas vacuole column [1820]. Vertical depth is regulated through buoyancy, in re-
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sponse to different environmental conditions [21]. Vertical migration within a short term is mostly found to be
due to changes in biomass of carbohydrate ballast [22].
Some studies found that at night, there is depletion in
carbohydrates; hence, the density of Microcystis is significantly reduced and, therefore, they float; during the day,
carbohydrates accumulate through photosynthesis and
cells migrate to deeper depths [23-25]. In the present
study, experiment was conducted under constant water
temperature (30 oC) and light (240 µmol/ (m2·s)). Microcystis samples were observed to migrate upwards before
the turbulence, and they were found to float even after the
duration of the experiment. Results show that 2 h after the
experiment, biomass at depth of 1 cm occupied 15% of
the whole water column. Obviously, in this study, change
in cell density was not the key role in Microcystis vertical
movement. However, some researchers observed that
even at night, when wind became stronger, biomass at
deeper depths (about 5 m) increased. As wind became
weaker, Microcystis migrated to the surface again [10].
All these observations indicated that water motion caused
by wind-induced waves affects vertical distribution of
Microcystis cells.
Herein, it was also found that waves, especially the
vertical mixing generated ones, influenced the Microcystis vertical migration and, subsequently, caused them to be
uniformly distributed in the water column. As a result, the
high-density Microcystis that were initially concentrated
on the surface disappeared, and then distributed evenly
within the water column. Particularly, they concentrated
at a specific layer in deep lakes and reservoirs [15, 26].
The distribution of Microcystis cells or colonies depends
on combined action of thermal and density stratification
in water and the buoyancy regulation.
In terms of shallow lakes, in the frequent periods of
Microcystis blooms, like summer and fall, the outbreak
and disappearance of the blooms are mainly due to the
coupling effect of wave-induced mixing and Microcystis
buoyancy regulation. However, even at late fall when the
weather conditions are relatively cold, blooms have been
observed also to occur. For instance, in Lake Biwa, Japan,

blooms were observed at late fall during the days with
strong irradiation, even though the lake was in relatively
poor nutrient conditions [27]. This well explains why it is
complicated to establish a good relationship between the
factors, i.e., water temperature, nutrients like N or P, light
and the blooms. Nonetheless, a relationship between wind
and formation of blooms was established by previous
studies. The critical wind speed was found to be approximately 3 m/s.
In recent studies, researches affirmed the role that
colonies play in the bloom formation [28, 29]. However,
the mechanism underlying the role of colonies is still
unknown. Mathematic models were used to explain how
colony size affects the floating rate during vertical migration of Microcystis. As in Stokes equation, floating rate of
Microcystis (u) in static water is given in equation (2).
u=gD2 (ρ’-ρ)/18η

(2)

where, ρ' is mass density of water, ρ is mass density
of Microcystis, D is diameter of Microcystis colony, and η
is shape coefficient (usually η=1.0). It is evident that u
was proportional to the square of D. It means that when
ρis certain and ρ<ρ', the larger is the colony, the faster is
the floating rate, thus making them easier to migrate upwards and aggregate on the surface to form blooms.
When wave and water mixing become stronger, small
colonies are well distributed in the water, while large ones
settle on the surface at a faster rate. The conditions will
not change until a critical point of mixing emerges, the
so-called threshold value of wind-induced wave. According to a simulation of wind-induced waves in Taihu Lake,
at wind speeds of 0.5, 3 and 5 m/s, the wave heights were
found to be 1.6, 12 and 22 cm, respectively [30]. Also,
when the average wave period was 1.7 s [31], the velocity
of water flow were estimated to be 1.9, 14.1 and 25.9 cm/s,
respectively. From the present study, it can be concluded
that the state of surface aggregation can disappear when
the wind speed is 1.8 m/s or more for a period of 15 min.
This wind speed is less than the field observation, mainly
due to two reasons. Firstly, in this study, vertical mixing
is produced in the whole water column; while in the real

TABLE 2 - Dynamic process- size of colonies-vertical distribution interactions.

Dynamics

Colony size and vertical
distribution

Original sample
d50=500 µm

Sample
>500 µm

(A/cm)/(T/s)
V/cm·s-1
MS
t(min)
8/2
16
III
3
6/2
12
III
5
8/3
10.67
III
8
6/3
8
III
10
8/4
8
III
15
6/4
6
I
5/4
5
I
4/4
4
I
MS: state of distribution; t: duration taken to change from one state to another;
colonies irrespective of the longer duration.
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Sample 300-500 µm

Sample 100-300 µm

MS
t(min)
MS
t(min)
MS
t(min)
3
2
III
III
III
0.67
III
10
III
5
III
1
III
12
III
5
III
2
III
15
III
5
III
2
III
20
III
10
III
5
I
III
60
III
40
I
I
I
I
I
I
“-”: the disturbance could not change the vertical distribution of the
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lakes, wind-induced waves usually happen on the upper
layer. Secondly, this study neglected the influence exerted
by turbulent mixing, even though turbulence also affects
the vertical movement of Microcystis.
The observations made on the interactions among
vertical flow of water, colony size, and their distribution
pattern of Microcystis revealed significant relationships
among these parameters (Table 2). Combining the relationship between field wind and velocity of water flow, it
can be deduced that when V ≤5 cm/s (wind speed in field
<1.2 m/s), the colonies, regardless of their sizes, maintained state I, no matter how long the vertical disturbance
continued. However, at V ≥16 cm/s (at wind speed of 3.2
m/s), all the four groups could reach homogeneous distribution (state III) within a short time (3 min). Furthermore,
at V ≥8 cm/s (wind speed of 1.7 m/s), all groups could
reach state III. It was observed that the time taken to reach
this state had a close relationship with colony size. Specifically, it took a longer time for larger colonies to attain
this state.
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ABSTRACT

(mainly Sn and Cu), metals from pipes in sewage treatment
plants, and mine sites [2-7].

Brittle stars (Ophiocoma scolopendrina) were collected from three different stations distributed along the
northern part of the Gulf of Aqaba during 2012. Concentrations of 6 heavy metals (Cu, Ni, Cd, Co, Cr, and Pb)
were measured in two body compartments (central disc and
arms) using F-AAS analysis. Brittle stars from a station
located in the most northern part of the Gulf of Aqaba
showed the highest concentrations of Cu, Cd, Cr and Pb,
whereas other stations displayed lower levels. For most
elements examined herein, heavy metals were accumulated in the central disc more than in the arms. No simple
correlations could be established between the contaminant
levels measured and the body length of the brittle stars.
KEYWORDS: Brittle stars, Ophiocoma scolopendrina, heavy
metals, Gulf of Aqaba, Red Sea

Sedentary invertebrates such as (Echinodermata,
Ophiuroidea) are useful organisms to be used for testing
metal accumulation because they are key predators in coastal
marine food chains, and appears to be valuable bio-indicators
of spatial and temporal trends of heavy contamination in the
field [8-10]. In addition, these organisms bioccumulate and
biotransfer metals, and may even be instrumental in the
transfer of certain heavy metals to higher tropical levels
through the food chain. For this purpose, echinoids are
frequently used for bio-monitoring of the presence of contaminants in aquatic environments, particularly in relation
to effluent discharges [11-13]. The present paper describes
accumulation levels of heavy metals in arms and discs of
the brittle star Opheroidea (Ophiocoma scolopendrina)
collected at stations in the Gulf of Aqaba, Red Sea, and
they represent a pollution gradient.

1. INTRODUCTION

2. MATERIALS AND METHODS

The term heavy metals is commonly adopted as a group
name for the metals and metalloids which are associated
with pollution and toxicity, but also includes some elements which are essential for living organisms at low concentrations. “Toxic heavy metals” is an alternative term to
heavy metals but it is typically applicable only to nonessential elements, such as Pb, Cd, Hg, As, Ti, and V [1].
Heavy metals constitute one of the most insidious and
dangerous pollutants known to humans. Once in the environment, they are not readily converted into harmless components. They are often accumulated in the tissues of organisms, which cannot excrete them. Heavy metals, in
general, and Pb, Cr, As, Zn, Cd, Cu and Hg, in particular,
can cause significant damage to the environment and human health as a result of their toxicity to organisms, even at
low concentrations. Human activities may increase metal
concentrations to higher than background levels. This may
include industrial and municipal waste products, urban and
agricultural runoff, fine sediment eroded from catchment
areas, atmospheric deposition, antifouling paints from ships
* Corresponding author

2.1 Study Area

The Gulf of Aqaba is a semi-enclosed water body located in the most southern part of Jordan and at the northern end of the Red Sea; a sub-tropical arid area between
longitude 34° 25' to 35° 00' E and latitude 28°00' to
29°33' N (Fig. 1). The Gulf supports a dense population
of more than 100 species of corals, 800 species of fish,
and hundreds of species of crustaceans and mollusks coexisting in a fragile environmental equilibrium. After the
declaration of Aqaba as an economic free zone, the region
became extremely attractive for tourism and a large number
of tourist hotels are located along the coasts of Jordan,
Egypt, Israel and Saudi Arabia; many new hotels and industries are currently constructed, especially along the Jordanian coast. Therefore, the Gulf water quality, in general,
and trace metal pollution, in particular, are environmental
security threats for these countries.
2.2 Sample collection and treatment

Samples were collected from the following three wellknown sites along the Jordanian coast of the Gulf of Aqaba (20 samples from each site). The first site (NS) is lo-
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cated at the most northern corner of the Gulf, at latitude N
29° 30 137` and longitude E 34° 59 200`. It accommodates a port used for the export of crude phosphate and is
characterized by heavy tourist and port activities; therefore, it is considered to be one of the most heavily impacted sites along the Jordanian coast. The second site is
at the Marine Science Station (MSS), which is located at
latitude N29° 27 479` and longitude E 34° 58 507`. It is a
protected area within the Aqaba Marine Park Zone which
extends for about 7 km to the south of this sampling site;
it is considered to be free from any industrial activities.
The third site, the most southern site along the Jordanian
coast (SS) is located at latitude N29° 22 492` and longitude E 34° 58 931`. This area accommodates many heavy
industrial activities.
The collected brittle star (Ophiocoma scolopendrina)
samples were kept in clean plastic bags and transferred to
the laboratory where they were rinsed with distilled water.
Total length was measured with a meter and weight was
measured using an analytical balance. Following the size
measurements, the brittle stars were dissected on cleaned
plastic sheets using scalpels with steel blades and plastic
forceps to remove the central disc and the arms. The removed parts were washed and cleaned with distilled wa-

ter, and dried at 85 °C in an oven for 48 h until constant
weight was achieved; finally, samples were ground to a
powder.
Between 0.5-1 g dry tissue of each sample was ashed
in crucibles at 540 ºC for at least 6 h, using a muffle furnace. Samples were then cooled to room temperature and
5 ml of 2M HCl was added to each crucible which was
then heated on a hot plate to 100 °C for half an hour, and
then, cooled to room temperature. A clear solution was obtained at the end of the procedure and 25 ml of this solution
was filtered through a Whatman No. 2 filter paper; another
25 ml with distilled water was added to each sample.
Heavy metal concentrations (Cu, Ni, Cd, Co, Cr, and
Pb) were measured in the central disc and arms of each
specimen using F-AAS analysis at the Marine Science
Station. The final concentrations were calculated as ppm
(µg/g).
Statistical analysis of the data was carried out using
StatView. A one-way analysis of variance was performed
to test the significant differences between different organs
as well as between different sampling areas.

FIGURE 1 - Study area and sample locations.
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3.2 Differences between body parts (central disc and arms)

3. RESULTS
3.1 Heavy metal concentrations in brittle stars at different
stations

Concentrations Cu, Ni, Cd, Co, Cr, and Pb were
measured in 3 different stations (MSS, NS and SS) along
the coastal zone of the Gulf of Aqaba in Jordan (Fig. 2).
Significant differences in Cu levels were found in the
brittle stars from the different stations (pANOVA =
0.0086). The mean concentration was 13.3 µg/g at the NS
station, 10 µg/g at MSS, and 2 µg/g at SS station. Cd
concentrations were also significantly different between
stations (pANOVA = 0.001) with mean values ranging
between 7.03 µg/g at NS station and 4.7 µg/g at SS station.
Concentrations of Cr and Pb measured at the 3 stations
were also significantly different (pANOVA = 0.0012) and
(pANOVA < 0.0001), respectively, with high Cr and Pb
concentrations of 189.82 and 65.35 µg/g, respectively, at
NS station but the lowest concentrations of 60.14 and
17.24 µg/g at the SS. Concentrations of Ni and Co did not
differ significantly among the stations although the northern station showed slightly higher levels than the other
stations with mean values of 9.6 and 10.45 µg/g for Ni
and Co, respectively.

18

Relatively high positive correlations between the total
length of the brittle star (Ophiocoma scolopendrina) and
metal concentrations were found for Cr (R2=0.5308), Pb
(R2=0.4662) and Cd (R2=0.4459); slightly moderate correlations were found for Cu (R2=0.3735), and very week
correlations were found for Co (R2= 0.0004) and Ni (R2=
0.0233) (Fig. 4).
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Metal concentrations measured in two distinct body
parts of the brittle star (central disc and arms) are presented in Fig. 3. Concentrations of Cu, Cd, Co and Cr were
significantly different between the central disc and arms
(p 0.0001, 0.0461, 0.0013 and 0.016, respectively,) while
concentrations of Ni and Pb were not significantly different. Higher concentrations of Cu, Ni, Cd, Cr and Pb were
measured in the central disc with mean concentrations of
13.86, 21.18, 6.19, 148.05 and 40.48 µg/g, respectively.
The only metal with higher concentrations in the arms
was Co (13.52 µg/g) compared with 7.75 µg/g in the
central disc.

150
100
50

60
50
40
30

20
10

0

0
MSS

North

Location

South

MSS

North

Location

South

0
MSS

North
Location

FIGURE 2 - The mean concentrations ± standard error of heavy metals in different stations.

3525

South

© by PSP Volume 22 – No 12. 2013

18

Fresenius Environmental Bulletin

35

Cu Mean

12
10
8
6

4

25
20
15

10

Arm

5
4
3
2

0

0

C.D.

6

1

5

0

Arm

body part

Arm

C.D.

200

Co Mean

10

8
6

4

160
140
120
100
80
60
40

2

40
35
30
25
20
15
10

20

0

Pb Mean

45
Concentration (µg/g)

12

50

Cr Mean

180
Concentration (µg/g)

14

C.D.

body part

body part

16

5

0

Arm

Cd Mean

7
Concentration (µg/g)

14

2

Concentration (µg/g)

8

Ni Mean

30
Concentration (µg/g)

Concentration (µg/g)

16

C.D.

Arm

body part

0

C.D.

Arm

body part

C.D.

body part

FIGURE 3 - The mean concentrations ± standard error of heavy metals in arms and central disc of brittle stars analyzed.
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4. DISCUSSION AND CONCLUSIONS

on AASP, and the Director of Marine Biology Department for his endless support.

Aquatic organisms, such as Ophoroidea, accumulate
metals to concentrations many times higher than present in
the water or sediment in which they live [9, 10]. They accumulate the metals at different concentrations in their different body organs, such as body wall, central disc and
arms. Studies carried out on Ophoroidea have shown that
heavy metals may have toxic effects on these organisms
altering physiological activities and biochemical parameters
[14, 15]. The consequence of heavy metal pollution can be
hazardous to humans when they consume enriched food.
Our results show that the distributions of Cu, Pb and
Cr metals varied considerably between sites, typically
with decreasing concentrations from north to south. Co
and Ni were an exception to this pattern showing the
highest concentrations at the south and MSS stations. The
Gulf of Aqaba coastline, until the 1960s, was relatively
unaffected by development. Since then, the Gulf has developed considerably with major industrial facilities,
shipping activities, and rapidly expanding tourism. These
developments have already caused severe disturbance and
damage to the Gulf's coastal and marine ecosystems. In
addition to the transboundary movement of pollutants,
phosphate deposition from ship-loading operations, frequent small to moderate oil spills, and thermal pollution
from coastal industries have severely eroded coral life,
particularly in the Gulf's intensively developed northern
reaches [16-20]. This is consistent with the observation
that most of the metals examined had higher concentrations in organisms collected at the NS site.
Most of the elements examined herein accumulated in
the central disc more than in the arms of Ophoroidea. [21]
reported enrichment of Zn and other elements in arms of
field-collected asteroid echinoderms, but enrichment of
Cd and Mn in central disc [22]. The authors found different accumulations of heavy metals in different parts of
Ophiuroids, and related this to differences in time required for various tissues to reach equilibrium with ambient level. Further investigations into the kinetics of uptake
by various tissues and subsequent exchange between
organ systems would help to clarify the factors affecting
body distribution of heavy metals in potential bioindicator species, such as Ophiuroids [23]. Hutchins et al.
[22], who focused on the accumulation of heavy metals in
Ophiothrix fragilis from food, underscored the necessity
of realistic simulations of environmental variables, such
as temperature, in their investigations of contaminant
interactions with marine biota.

The authors have declared no conflict of interest.
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ABSTRACT

1. INTRODUCTION

A number of previous studies have shown that characterization and determination of genetic relationships of
the microorganisms in case of possible outbreak are of vital
importance. In this study, the genetic relations and genetic
diversities, susceptibility to antibiotics and plasmid profiles
of 43 Escherichia coli isolates recovered from well water
samples were investigated. The pulsed-field gel electrophoresis (PFGE) method was used to identify the genetic
relations and diversities of E. coli isolates. PFGE revealed
30 pulsotypes represented by 6 subtypes among the strains
according to evaluation of restriction profiles. Antibiotic
susceptibility tests were conducted against 15 antibiotics
by using a disc diffusion method. The isolates exhibited four
different types of resistance profiles. The strains showed the
greatest resistance to ampicillin (97.67%), followed by ticarcillin-clavulanic acid (9.3%) and cefuroxime and
ceftazidime (6.97%). Plasmid isolation studies of the strains
conducted by the method of alkaline lysis revealed that 19
(44.18%) of 40 E. coli strains contain 19 different plasmid
bands ranging between 78.2 and 2.6 kb.
Based on the results obtained from tests, PFGE analysis revealed very high genetic diversity among the strains.
Antibiotic resistance ratios increased in E. coli isolates
when compared with data obtained from previous studies.
Plasmids of E. coli strains demonstrated random distribution, and any significant correlation between antibiotic resistance patterns and plasmids has not been found. E. coli
strains leaked to the well water sources were not closely
related. Studies and surveillances should be conducted periodically to see resistance of environmental strains.
KEYWORDS: Escherichia coli; antibiotic resistance; plasmid
profile; pulsed field gel electrophoresis (PFGE); well water

* Corresponding author

The availability of drinking water is an indispensable
feature in preventing epidemic diseases and improving
quality of life [1]. Since the issue of water shortage has begun to emerge, people preference to use local water resources, which have not been treated or disinfected, has
been increasing. It is not very feasible to pre-treat water
resources used by people living in rural areas in developing countries in order to provide a reliable water resource.
This situation, generally, causes serious health problems
[2]. The World Health Organization [3] reported that most
of incidences of disease have been caused by unreliable
water, and 1.25 billion people have been affected by this
situation [4]. Therefore, microbiological control of drinking water and utility water has become one of the most
important activity areas in public health and environmental
microbiology.
Many pathogens of various types are introduced into
the water by discharging animal and human feces, and it
is impossible to investigate water samples with specific
tests for each pathogen. Therefore, considerations about
water’s microbial quality are traditionally focused on presence of indicator bacteria [5]. Escherichia coli, which is a
fecal coliform bacterium, is available in nature prevalently,
and it is a natural member of the intestine flora of mammals
and birds, which are generally characterized as warmblooded animals. The presence of E. coli in drinking water or service water indicates that the resource has been
contaminated with feces where E. coli exists [6].
The aim of the study was to investigate genetic relations and genetic diversities, susceptibility to antibiotics
and plasmid profiles of Escherichia coli isolates, which
have been recovered from well water samples brought
from various locations and delivered to the Public Health
Laboratory situated in Konya City (Turkey), in order to
clarify potential bacterial risks related to water resources.
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2. MATERIALS AND METHODS
2.1 Sample collection

Sixty-nine well water samples were collected from
different wells located in Konya City (Turkey) between
March 2009 and July 2010. The water sampling sites were
determined with the help of the Konya Public Health Laboratory commissioner (Fig. 1 and Table 1). Sterile water
sampling bottles contained 50 mg of sodium thiosulfate to
neutralize any residual chlorine in the water.
2.2 Isolation of Escherichia coli from water samples

The membrane filtration method described by Dufour
et al. (1981) [7] was used to isolate E. coli from water
samples. In this procedure, 500 ml of water samples were
filtered through a sterile, white, grid-marked, 47-mm diameter membrane (pore size, 0.45±0.02 µm), which retained
bacteria. After filtration, the membrane containing the
bacteria was placed on a selective differential medium
(Standard Lactose TTC Agar with Tergitol 7) and incubated at 35 °C for 2 h to resuscitate the injured or stressed
bacteria, and then at 44 °C for 22 h. After incubation,
yellow or yellow-brown colonies on TTC agar were chosen to perform oxidase and indole tests. Oxidase (-) and
indole (+) colonies were transferred to Eosin Methylene
Blue Agar, if the presence of E. coli was suspected, and
incubated at 37 °C for 20 h. The API 20E test was used to
identify the isolates in accordance with the manufacturer's
protocol (BioMérieux, Marcy l'Etoile, France).

nies were suspended in cell suspension buffer (10 mM
Tris-HCl, 50 mM EDTA, 20 mM NaCl, pH 7.2) and adjusted to 0.7, 0.8 and 1.0 absorbance (or equal to McFarland
4 turbidity) at 590 nm using a UV/VIS spectrophotometer.
In CSB, 2% (m/v) low-melting point agarose (Gibco BRL,
Paisley, UK) was prepared. After completely melting the
agarose in a microwave oven and cooling the melted agarose to 45-50 °C, sodium dodecyl sulfate (SDS) was added
with a final concentration of 1%. An equal volume of cell
suspension (200 µl) was added to the agarose tubes, and
the agarose-cell suspension mixture was gently mixed by
pipetting 2-3 times. About 100 µl of this mixture was
carefully dispensed into appropriate wells of a reusable plug
mould (Bio-Rad Laboratories, Hercules, CA). After solidi-

2.3 Genetic diversity of Escherichia coli isolates using
pulsed-field gel electrophoresis (PFGE)

PFGE was conducted to assess the genetic diversity
of E. coli isolates in order to analyze genetic similarities
between well water samples as well as among the different sites. Isolates were sub-typed based on PFGE patterns
of XbaI-digested genomic DNA fragments in accordance
with the standard protocol established by the Centers for
Disease Control and Prevention [8] and by Uysal and
Durak (2012) [9]. Bacterial strains were grown overnight
on tryptic soy agar (TSA) plates at 37 °C. Bacterial colo-

FIGURE 1 - Map of the water sampling sites used for the study (10
towns of Konya City selected as sampling sites were determined
according to Drinking and Potable Water Quality Control System of
the Republic of Turkey, Ministry of Health).

TABLE 1 - Sampling locations for the evaluation study of genetic relationship of Escherichia coli.
Selçuklu
Bağrıkurt
Çaldere
Çandır
Güvenç
Kınık
Küçükmuhsine
Selahattin
Sızma
Yazıbelen

Meram
Gökyurt
Bayat
Karaağaç
Çomaklar
Erenkaya
Sağlık

Karatay
Akören kışla
Beşağıl
Büyükburnak
Hayıroğlu
Karakaya
Ovakavağı
Yağlıbayat
Zencirli

Altınekin
Akçasar
Akköy
Dedeler
Oğuzeli
Sarnıç
Yenikuyu

Beyşehir
Ağılönü
Akçabelen
Avdancık
Bayındır
Bektemir
Çiçekler
Çukurağıl
Numanlı
Esence
İsaköy
Karabayat

Akşehir
Bozlağan
Çakıllar
Çamlı
Engilli
Karabulut
Söğütlü
Ulupınar
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Akören
Alanköy
Belkuyu
Orhaniye
Süleymaniye

Kulu
Acıkuyu
Bozan
Burun ağıl
Dipdede
Kırkpınar
Kozanlı
Yaraşlı
Zincirlikuyu

Cihanbeyli
Beyliova
Bulduk
Damlakuyu
İnsuyu
Kayı
Yapalı
Kütük uşağı

Ahırlı
Ahırlı (Center)
Çiftlikköy
Kuruçay

© by PSP Volume 22 – No 12. 2013

Fresenius Environmental Bulletin

fication, the plugs were transferred individually to round
bottom tubes containing 500 µl of cell lysis solution 1
(10 mM Tris-HCl, 50 mM EDTA, 20 mM NaCl, pH
7.2, lysozyme (2.5 mg/ml), proteinase K (1.5 mg/ml)).
Cells were lysed at 55 °C in a shaking water-bath for 1 h.
After lysis, the plugs were transferred into another tube
containing 500 µl of the cell lysis solution 2 (0.5 M EDTA
(pH 8.0), 1% sarcosyl and proteinase K (400 µg/ml)) and
incubated at 55 °C in the shaking water-bath for 2 h. Then,
lysis suspension was carefully removed from the plugs,
which had been rinsed 5 times with TE buffer (10 mM
Tris-HCl - pH 7.2, 1 mM EDTA). Each of these rinsing
steps was performed at 50 °C in a shaking water-bath for
15 min. Plugs were then stored in 2 ml of TE buffer at 4 °C
until they were ready for DNA restriction enzyme (RE)
digestion. The DNA in agarose plugs was digested with
20 U of XbaI for at least 2 h at 37 °C in a water-bath. During the restriction step, 1% (m/v) of pulsed-field certified
agarose (Bio-Rad Laboratories) was prepared in 100 ml of
0.5× TBE buffer (44.5 mM Tris base, 44.5 mM boric acid
and 1 mM EDTA, pH 8.0). The plugs were loaded into the
wells. DNA restriction fragments were separated using a
CHEF-DR II system (Bio-Rad Laboratories, Nazareth,
Belgium) at 14 °C, with 6 V/cm2 for 20 h. The initial and
final switch times were 10 s and 50 s, respectively. The gel
was stained with ethidium bromide (5 µg/ml) for 20 min.,
visualized under UV light and photographed using a Gel
logic 2200 imaging system (Kodak Co., Rochester, N.Y.,
USA).
The DNA band profiles were analyzed by GelCompar II
software (version 6.5; Applied Maths, Sint-Martens-Latem,

Belgium). DNA profiles for each gel were normalized
using the external reference strains (E. coli ATCC 25922).
Fingerprints were clustered by using the Dice coefficient
evaluated by the unweighted-pair group method (UPGMA). A tolerance and optimization of 0.5% was allowed to
account for gel-to-gel differences. Isolates that had ≥80%
pattern similarity were considered to be highly closely related. According to the criteria of Tenover et al. (1997) [10],
the strains were categorized as follows: indistinguishable,
closely related, possibly related, or different.
2.4 Antibiotic susceptibility testing

The standard Kirby-Bauer disk diffusion method was
used to determine the antibiotic sensitivity profiles of the
E. coli isolates [11] for 15 antimicrobial agents (Table 2).
Zone diameters were interpreted by using guidelines from
the Clinical and Laboratory Standards Institute (2008)
[11]. Escherichia coli ATCC 25922 was used for quality
control. In addition, multiple antibiotic resistance (MAR)
indexing of E. coli strains was determined according to
Krumperman (1983) [12].
2.5 Plasmid analysis

Extraction of plasmid DNA was done using the alkaline lysis method of Birnboim and Doly (1979) [13]. The
samples were processed using gel electrophoresis to identify the number of plasmid copies present in different
isolates. For this purpose, an agarose gel of 0.8% (m/v) was
used. Crude DNA extract solutions were subjected to electrophoresis using a horizontal apparatus, the Submerged
Agarose Gel Electrophoresis (AE-6125, Atto; Tokyo, Japan),

TABLE 2 - Concentrations and diffusion zone breakpoints of resistance for antimicrobial agents tested in this study, and sorted by class of
antimicrobial agents [9].

Antimicrobial agent
β-Lactams
Ampicillin
Amoxicillin/clavulanic acid
Ticarcillin/calvulanic acid
Piperacillin/tazobactam
Amino glycosides
Amikacin
Gentamicin
Netilmicin
Cephalosporins
Cephalothin
Cefotaxime
Ceftazidime
Cefuroxime
Phinicols
Chloramphenicol
Quinolones
Ciprofloxacin
Tetracyclines
Tetracycline
Carbapenems
Meropenem

Abbreviations

Disk drug
content (µg)

AM
AMC
TIM
TZP

Diffusion zone breakpoint (mm)
Resistant

Intermediate

Susceptible

10
20/10
75/10
100/10

≤13
≤13
≤14
≤17

14-16
14-17
15-19
18-20

≥17
≥18
≥20
≥21

AK
CN
NET

30
10
30

≤14
≤12
≤12

15-16
13-14
13-14

≥17
≥15
≥15

KF
CTX
CAZ
CXM

30
30
30
30

≤14
≤14
≤14
≤14

15-17
15-22
15-17
15-17

≥18
≥23
≥18
≥18

C

30

≤12

13-17

≥18

CIP

5

≤15

16-20

≥21

TE

30

≤14

15-18

≥19

MEM

10

≤13

14-15

≥16
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and a constant voltage (100 V) power source for approx.
1.5 h, as described by Aladağ et al. (2009) [14]. DNA
bands were visualized using a 366 nm UV transilluminator and photographed with the UVP, GelDoc It™ Imaging
System. Plasmid molecular masses were estimated by
electrophoresis with plasmids of known molecular mass
from E. coli V517.
3. RESULTS
3.1 Escherichia coli recovery from well water samples

In this study, 69 well water samples were examined
with regard to the presence of E. coli, and 43 E. coli
strains in total were isolated and identified. According to
the identification results, which were conducted with API
20E, microorganisms included in Enterobacteriaceae of
different types and species were identified in water samples in addition to E. coli (Table 3). These microorganisms
were identified as Serratia liquifaciens, Kluyvera sp., Enterobacter cloacae, Enterobacter sakazakii, Enterobacter
gergoviae and Citrobacter sp. After identification, TBX
agar medium was used to verify the identified E. coli, and
the 43 verified strains were used in the studies.
TABLE 3 - Total isolate numbers of microorganisms isolated and
identified from well water samples.
Microorganisms
Escherichia coli
Enterobacter cloacae
Enterobacter sakazakii
Enterobacter gergoviae
Kluyvera sp
Citrobacter sp
Serratia liquifaciens
Total

Isolate number (n)
43
4
4
2
5
1
2
61

It was found that the second large group is the group
of Z (Z1−Z5) with 5 subtypes. It was concluded that highest similarity ratio within these subtypes exists between
DSS 17 (Z3) and DSS 19 (Z4) at a ratio of 98.8%; these
2 strains have a similarity with the strain DSS 18 (Z5) at a
ratio of 98.1%, and thus, these 3 strains are closely related
isolates. It was observed that the DSS 15 (Z1) and DSS
16 (Z2) numbered strains are similar at a ratio of 97.6%,
and thus, they are closely related isolates and the ratio of
similarity with the other 3strains is 87.9% (Fig. 2). According to this ratio, it was believed that they are potentially related isolates.
The similarity between DSS9 (F1) and DSS10 (F1)
numbered strains was determined as 100% and it was found
that these 2 strains are the same isolate. Furthermore,
strains DSS13 (J1) and DSS14 (J2) may possibly be related
isolates. The status of a potentially related isolate was observed between the DSS 41 (T1) and DSS42 (T2) numbered strains correspondingly based on the similarity ratio
of 86.5%. It was concluded that the DSS 1 (AD1) and
DSS2 (AD2) numbered strains originate from the same
resource; in other words, they are clonally close-related
strains at a ratio of 98.4%. On the other hand, the DSS 34
(AB1) and DSS 35 (AB2) numbered strains are clonally
similar at a ratio of 92.2% (Fig. 2).
The strains outside the subtypes existing in the aforementioned 6 groups were determined as non-related isolates. The similarity between these strains was distributed
within a range of 1.2-70.7%. According to results of the
PFGE analysis, it was concluded that genetic diversities
among water isolates are very high and, accordingly, clonal
relations are at a low ratio.
3.3 Antibiotic resistance phenotypes of Escherichia coli
isolates

3.2 Determination of genetic diversities and relations of
Escherichia coli isolates

Figure 2 shows PFGE band profiles produced by XbaI
enzyme and dendrogram-generated depending on Dice similarity coefficient through the UPGMA analysis conducted
in the obtained gel images of E. coli strains isolated from
well water samples.
Thirty different pulsotypes, from A group to AE group,
and 6 different subtypes under these groups were identified
among the water isolates. Two groups having the most
subtypes were identified among the groups. The first of
these two large groups is the group of K (K1−K5) having
five subtypes. A 94% similarity was observed between
numbered strains DSS 32 (K1) and DSS 33 (K2) from
members of this group, and, thus, it was believed that
these 2 strains are closely related. On the other hand, strain
DSS 23 indicating the K3 subtype showed similarity to
these 2 strains at a ratio of 89.9%. The DSS 29 (K4) and
DSS 39 (K5) numbered strains are similar to each other
with a ratio of 93.5%. The similarity of these 2 strains
with the other 3 strains in the group was determined to be
80.3% (Fig. 2).

Table 4 shows the antibiotic susceptibility of E. coli
isolates (n=43) to 15 antimicrobial agents. The resistance
patterns of these isolates are shown in Table 5. Among
43 E. coli isolates, one (2.38%) isolate was not resistant
to any of the 15 antimicrobials tested. A greater percentage of isolates were resistant to ampicillin (97.67%), followed by ticarcillin/clavulanic acid (9.31%), cefuroxime and
ceftazidime (6.97%), ampicillin (6.7%), amoxicillin/ clavulanic acid and tetracycline and cephalothin (4.66%). No
resistances to piperacillin/tazobactam, meropenem, chloramphenicol, ciprofloxacin, netilmicin, amikacin, gentamicin
and cefotaxime were observed.
According to the data obtained from the study, five different resistance profiles were determined among the water
isolates (Table 5). It was observed that only one strain
(DSS 8) is susceptible to all of the antibiotics. The number of the strains from the rest that were resistant to only
one antibiotic (ampicillin) is 36, and the distribution of
this profile among resistant water isolates was 85.71%.
The multiple antibiotic resistance indexes of these strains,
which are resistant only to ampicillin, were 0.067. Six strains
were detected as resistant to two or more antibiotics. The
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DSS 11 numbered strain showed a resistance profile to
three antibiotics (ampicillin, amoxicillin/clavulanic acid
and cephalothin). The distribution of the profile among the
strains was found to be 2.38%, while its MAR index was
0.2. It was observed that the DSS 41, 42 and 43 numbered
strains were resistant to four antibiotics (ampicillin, ticarcillin/clavulanic acid, ceftazidime, and cefuroxime) and the
distribution of the profile among the strains was found to

be 7.14% while the MAR index of the strains showing this
profile was 0.267. The profile displaying resistance to five
antibiotics (ampicillin, ticarcillin/clavulanic acid, amoxicillin/clavulanic acid, cephalothin and, tetracycline) was
found only in the case of the DSS 39 numbered strain. The
distribution of the profile among the strains was found to
be 2.38%, while its MAR index was 0.33 (Table 5).

FIGURE 2 - PFGE XbaI digestion patterns and clonal analysis of 43 Escherichia coli isolates obtained from well water samples. The dendogram was constructed with the use of Dice similarity coefficient (0.5% tolerance) and UPGMA clustering method by comparison of XbaI
PFGE patterns. Numbers represent the distance values between the respective isolates.
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strains number 1, 2 and 8 have three plasmids. The highest plasmid size was observed in the DSS 7 numbered
% Susceptible (n) strain as 78.2 kb while the lowest one was found in the
DSS 1 and 2 numbered strains to be 2.6 kb. It was observed that 4 different plasmid profiles are present among
100 (43)
86.04 (37)
the strains (Table 6); these profiles and plasmid sizes are
95.34 (41)
56.4 kb for Profile 1, 3.7 and 2.6 kb for Profile 2, 75.4 kb
0
for Profile 3, and 6.5 kb for Profile 4. In addition, it was
100 (43)
90.69 (39)
determined that certain plasmids did not reveal a profile
95.34 (41)
because they exist in only one strain.

TABLE 4 - Antibiotic susceptibility patterns of Escherichia coli
isolates.
Antibiotic*

% Resistant (n)

%Intermediate (n)

TZP
0
0
TE
4.66 (2)
9.30 (4)
CTX
0
4.66 (2)
AM
97.67 (42)
2.33 (1)
CIP
0
0
TIM
9.31 (4)
0
AMC
4.66 (2)
0
KF
4.66 (2)
6.97 (3)
88.37 (38)
MEM
0
0
100 (43)
C
0
0
100 (43)
NET
0
6.97 (3)
93.03 (40)
AK
0
0
100 (43)
CN
0
4.66 (2)
95.34 (41)
CXM
6.97 (3)
0
93.03 (40)
CAZ
6.97 (3)
0
93.03 (40)
*See Table 2 for explanation of antibiotic abbreviations.

4. DISCUSSION

TABLE 5 - Antibiotic resistance patterns of Escherichia coli isolates.
Resistance profile*
AM

No of
%
isolates
36
85.71

AM, TE
AM, AMC, KF
AM, TIM, CAZ, CXM
AM, TIM, AMC, KF, TE

1
1
3
1

2.38
2.38
7.14
2.38

Strains
DSS 1-7, 9, 10,
12-21, 23-38, 40
DSS 22
DSS 11
DSS 41, 42, 43
DSS 39

MAR
index†
0.067
0.133
0.200
0.267
0.333

†

MAR: Multiple antibiotic resistance; *See Table 2 for explanation of
antibiotic abbreviations.
TABLE 6 - Plasmid sizes and profiles of Escherichia coli isolates.
E. coli
No. of
Size (kb)
isolates
plasmids
DSS1
3
56.4, 3.7, 2.6
DSS2
3
36.2, 3.7, 2.6
DSS5
4
51.2, 9.0, 4.4, 3.2
DSS6
2
47.4, 35.3
DSS7
1
78.2
DSS8
3
56.4, 5.2, 2.9
DSS12
2
8.3, 3.8
DSS13
1
75.4
DSS14
1
75.4
DSS15
1
75.4
DSS16
1
75.4
DSS17
1
75.4
DSS18
1
75.4
DSS19
1
75.4
DSS24
1
5.6
DSS31
1
11.3
DSS34
1
6.5
DSS35
1
6.5
DSS36
1
6.5
*Profile 1: 56.4 kb, Profile 2: 3.7, 2.6 kb, Profile 3:
6.5 kb

Profile no*
1, 2
2

1
3
3
3
3
3
3
3
4
4
4
75.4 kb, Profile 4:

3.4 Plasmid profiles of Escherichia coli isolates

Plasmids were detected in 19 (44.18%) of the strains
isolated from water while no plasmids were detected in
the other 24 strains (55.82%). A total of 19 plasmid bands
were detected and their plasmid sizes were observed within
the range of 78.2 to 2.6 kb (Table 6). It was found that the
DSS 5 numbered strain has four plasmids while the DSS

The growth of coliform bacteria, especially E. coli,
among certain potentially pathogenic microorganisms
present in the environment has been studied by researchers in determining the quality of water and food [9].
Escherichia coli strains had not been considered to be a
significant pathogen until it was detected as the cause of
epidemics that occurred in certain countries in the 1980s
[15]. The frequency of news items related to this pathogen
in various foods and water indicates a need for rapid,
accurate and cost-effective identification systems so as to
reduce the public’s exposure to E. coli infection. The aim
of the present study was to display similarities and differences between E. coli strains with the help of PFGE and,
thus, to achieve detailed information for clonal relations.
According to the results obtained, high-degree genetic
diversity was detected among E. coli strains. Thirty pulsotypes were obtained, and it was observed that they were
represented by six subtypes. It was observed that some of
these strains, which were detected at the level of subtype,
are the same, and some of them are closely related, while
some of them are possibly related. Of 30 pulsotypes, 24
were generated by individual strains and the ratio among
water strains was 55.8% (24/43). This situation promoted
genetic heterogeneity ratio. Similarly, Edberg et al. (1994)
[16] compared the clonal relationships of Enterobacter
cloacae strains identified in spring waters with strains recovered from different systems, and observed high-degree
genetic diversification, according to PFGE results, in different samples taken from the same location. Although the
strains are different, our findings coincide with the high
heterogeneity results obtained by researchers in the past. A
high-degree of genetic diversity in E. coli strains isolated
from the samples was also found by Casarez et al. (2007)
[17] using PFGE method, and by Ibekwe et al. (2011)
[18] and Du Preez et al. (2008) [19] using amplified
fragment length polymorphism (AFLP) method, and the
results of the researchers were supported by our findings.
Also, Ibekwe et al. [18] reported that resistance to antibiotics increased in the isolated strains, and the reason for
this situation was the intervention of urban channels into
the river basin. According to our findings, resistance to
two or more antibiotics is very low in E. coli strains isolated from well waters (14.28%). Resistance to ampicillin
was observed in 42 strains while only two strains were
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resistant to tetracycline. Accordingly, low multiple antibiotic resistance ratios in E. coli strains in well water samples is attributable to little or no urban intervention into
these resources. Various studies have also been conducted
to identify genetic characteristics of E. coli strains isolated from various water resources by using different molecular methods like ribotyping [20], REP-PCR [21], multi
locus sequence typing (MLST), and multi locus enzyme
electrophoresis MLEE [22]. Although there are many studies aiming to find evidence of genetic diversification in E.
coli populations, it was reported that it is difficult to directly compare genetic diversification measurements obtained
by different molecular methods [22]. In our study, strains
isolated from well water samples were not found to be
closely related, except for 6 subtypes. This situation reinforced the idea that bacteria contaminating well water
sources were not originating from one source. Also, PFGE
revealed high genetic diversity and low genetic relations of
the strains, and was verified as being a very useful method
in determining the clonal relationships of environmental
strains.
According to the results generated from our study, a
high-degree of resistance to ampicillin was observed in E.
coli strains isolated from well water samples (97.67%),
followed by resistance to ticarcillin-clavulanic acid at a
ratio of 9.31% and ceftazidime and cefotaxime at 6.97%.
Five different resistance profiles were identified among
water isolates, and it was found that the most prevalent
profile had a distribution of 85.71% (36 strains) within the
resistant strains, and was resistant only to ampicillin. Considering multiple antibiotic resistance (MAR) indexes,
4 strains had an index higher than 0.2. According to
Krumperman (1983) [12], it is claimed that strains having
an index higher than 0.2 have come from a location in
which antibiotics are intensively used. In our study, the
MAR index of DSS 41, 42 and 43 numbered strains was
0.267, and it was found that they have come from a location in which the antibiotics of ampicillin, ticarcillin/
clavulanic acid, ceftazidime, and cefuroxime have been
used intensively. The MAR index of the DSS strain numbered 39 was found to be 0.333, and it was understood
that they were isolated from locations in which the antibiotics ampicillin, ticarcillin/clavulanic acid, amoxicillin/clavulanic acid, cephalothin, and tetracycline have
been used intensively. The existing results were comparable with those found in earlier studies. In a study conducted by Alzahrani and Gherbawy (2011) [23], resistance
rates to antibiotics were detected in E. coli strains isolated
from spring waters as 76.9% to ampicillin, 65.4% to
streptomycin, 53.8% to chloramphenicol, and 50% to
tetracycline. According to our findings, resistance to ampicillin was found to be higher in the strains isolated from
well waters compared to those isolated from spring waters. However, tetracycline resistance was observed to be
lower compared with that found by the researchers. Sayah
et al. (2005) [24] observed high resistance only to cephalothin at a ratio of 80.6% in E. coli strains isolated from
rivers. This ratio is much higher than the ratio of 4.66%

for resistance to cephalothin detected herein, in the isolates from well water samples. The researchers did not see
any resistance to ampicillin in their water samples while,
in our study, this ratio was very high at 97.67%. Wose
Kinge et al. (2010) [25] reported that E. coli strains isolated from water samples collected from dams, water
treatment plants and homes demonstrated resistance in
various ratios like 5-95% to tetracycline, ampicillin at 1080%, chloramphenicol at 5-80%, and erythromycin at 5080%. According to the findings by our study, resistance to
ampicillin is higher than that found by the researchers
while resistance to tetracycline coincides with the lowest
value reported by the authors. On the other hand, all of
the water isolates are susceptible to chloramphenicol.
Comparing our results with those found by Ozgumus et
al. (2007) [26], whose study focused on resistance in E.
coli strains isolated from tap water and springs, it may be
said that resistance to ampicillin in well water isolates is
higher than that of spring water and tap water, and well
water isolates are more susceptible than others to the
antibiotics used by the researchers. Tagoe et al. (2011)
[27] observed the highest resistance to ampicillin, flucloxacillin and penicillin as 100% in E. coli strains isolated from pet-bottled waters. In addition, they detected
susceptibility to gentamicin. Our results obtained from
well water isolates correspond to those of the researchers,
with regard to the ratio of resistance to ampicillin and
susceptibility to gentamicin. In a study conducted by
Oyetayo et al. (2007) [28], it was verified that E. coli
strains found in well waters are resistant to nitrofurantoin
and ampicillin while it was observed that they are susceptible to norfloxacin, ciprofloxacin and gentamicin at a
ratio of 100%, chloramphenicol at 85.7%, augmentin at
28.5%, and cefuroxime at 14.2%. Ratios for resistance
and susceptibility found in our study in well water isolates
have a strong consistency with the results obtained by
researchers in past studies.
Although resistance to ampicillin varies between locations in similar studies in the literature, it is generally
seen at high ratios. High resistance to this antibiotic in our
well water isolates supports findings in the literature. The
resistance developed by bacteria to antibiotics is a result
of evolution and bacterial genetics. The main reason for
the development of resistance to antibiotics is the uncontrolled use of antibiotics [29].
In comparing strain antibiotic resistance to antibiotics
and plasmid profiles, resistance to ampicillin was observed for all 36 strains, which have or do not have plasmids. Although the DSS 22 numbered strain was resistant
to ampicillin and tetracycline, there were no plasmids. This
was observed in the DSS 11 numbered strains resistant to
ampicillin, amoxicillin/clavulanic acid, and cephalothin;
the DSS 41, 42 and 43 numbered strains resistant to ampicillin, ticarcillin/clavulanic acid, ceftazidime, and cefuroxime, and the DSS 39 numbered strain resistant to
ampicillin,
ticarcillin/clavulanic
acid,
amoxicillin/clavulanic acid, cephalothin, and tetracycline. Thus, it
may be concluded that the resistances of the isolates are

3535

© by PSP Volume 22 – No 12. 2013

Fresenius Environmental Bulletin

not mediated by plasmids, and, consequently, this resistance maybe chromosomal. No correlation was observed between resistance in E. coli strains isolated from
water samples to antibiotics and their plasmid or plasmids. Nazir et al. (2005) [30] reported that there is no
significant correlation between resistance in E. coli strains
isolated from water samples from rivers, tap water, dams
and discharge channels to antibiotics and their plasmid
profiles. In our study, 19 different plasmid bands were
identified in water isolates and correlations between
plasmids and resistance profiles were not observed. The
results obtained coincide with that by Nazir et al.
(2005)[30]. In their study, Alam et al. (2010) [31] determined 24 different plasmids from 54 isolated strains and
investigated the resistance of these strains to antibiotics.
The researchers emphasized the conclusion that there is no
relationship between resistance profiles and plasmid size,
number, and profiles, and that plasmids show a random
distribution among the strains. Our results support these
findings. Contrary to the data obtained from our plasmid
study, Ash et al. (2002) [32] reported that resistance to
ampicillin in Gram (-) bacteria isolated from rivers is
quite high; at the same time, they found resistance to
ciprofloxacin, tetracycline, chloramphenicol and kanamycine and they postulated that this resistance was caused by
plasmids. Certain microorganisms inherently resistant to
antibiotics are available in nature. Such microorganisms
may acquire additional genes from microorganisms in soil
and water to get such a resistance. Thus, such bacteria
may become a resource for bacteria that exist in proximity
and have high resistance. The researchers, based on this
view, emphasized that resistance has increased in river
ecosystems and becomes faster through plasmids. Low
multiple antibiotic resistance in strains in well waters
without relationship to plasmids may suggest that a low
amount of resistant bacteria resources have leaked into
well waters in these locations for now.
Human beings have always had a close relationship
with microorganisms existing abundantly in nature. This
relationship may occasionally present itself in the form of
a disease. In recent times, pollution has occurred in certain food and water resources owing to an increasing world
population which has had a direct effect on this situation.
Water resources, which have been contaminated by urban
and fecal wastes, have, in particular, facilitated the environmental spread of pathogenic microorganisms. This
causes many serious problems such as diseases, or even
death, through epidemics. Epidemiological studies have
been conducted to identify primary resources for bacterial
contamination to protect and develop public health. Today, molecular typing methods are frequently used to
detect rapidly such types of harmful bacteria and their
genetic relations. Our study also clearly indicates that
bacteria leaked to the well water sources are not closely
related, and the PFGE method is a very useful method
with high typing capacity and discrimination of E. coli
isolated from well waters.

According to our findings, the presence of E. coli and
certain coliform microorganisms in well waters is an
indicator for contamination in these resources. The increase in resistance to antibiotics in these groups is obviously upon comparison with data in the literature. Although the resistance to antibiotics in bacteria occurs
through certain mechanisms and mutations, one of the
main reasons is the unaware and random use of antibiotics. At this point, susceptibility of each individual to any
antibiotic should be tested before the medical treatment
process is started. Considering the fact that clinical strains
may spread over environment and transfer the resistance,
it is obvious that environmental strains will acquire resistance to many antibiotics in the future. Studies and
surveillances should be conducted periodically to see
resistance of environmental strains. Also, we believe that
municipalities and public health laboratories conduct the
required controls and regulations, especially from the
point of view of water quality and usability.
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ABSTRACT
Bigeye houndsharks (Iago omanensis, deep sea predators) were collected from the Gulf of Aqaba, Red Sea during 2009. Concentrations of eight heavy metals (Cu, Ni,
Pb, Mn, Zn, Co, Fe and Cr) were measured in stomach
food contents, gills, kidney, liver, muscle, ova, ovary and
testes using F-AAS analysis. The results indicated significant differences between different organs of Iago omanensis for Cu, Pb, Zn, Fe, and Mn. However, Ni, Cr and Co did
not show any significant differences. Also, no significant
differences in metal concentrations were recorded between
males and females of Iago omanensis for Cu, Pb, Zn, Fe,
Mn, Cr, and Co but the only significant difference for
heavy metal concentrations was found for Ni. Week correlation was found between the different element concentrations in bigeye houndshark and body length.
KEYWORDS: Trace metals, Iago omanensis, Bigeye houndshark, deep sea shark, Gulf of Aqaba , Jordan

1. INTRODUCTION
Fish is widely consumed by many people of the world
because it has high protein content and low saturated fatty
acids, such as omega fatty acids, which support good
health [1]. Iago omanensis, common name Bigeye houndshark of the family Triakidae was popular among commercial fishes, representing approximately 14.5% of the
marine Jordanian catch [2].
Sharks are top predators which are believed to play a
vital role in aquatic food webs [3]. Cortes [4] found that
the mean trophic levels of sharks are similar to those described for marine mammals by Pauly et al. [5]. Sharks
are susceptible of accumulating significant levels of trace
metals in their tissues and consequently, to humans who
consume them [6]. The recent increase in capturing elasmobranch species for human consumption in the Red Sea
and Gulf of Aden [7] justifies the need for pollutant monitoring [8-10].
* Corresponding author

Few previous studies have assessed element concentrations in sharks [6, 11, 12], and most have focused on 4
or 5 elements of concern due to their toxicity.
Human activities, such as metal-related industries,
have greatly increased the input of trace metals into the
aquatic systems, where these metals are accumulated by
aquatic organisms and may be further transferred up to top
trophic levels [13]. Many plant and animal species have
been suggested as bioindicators for monitoring a variety of
contaminants in the marine ecosystem [14, 15]. Fish are
constantly exposed to pollutants through water and food,
which can result in bioaccumulation and biomagnifications occurring in different fish organs. Fish have been
found to be good indicators for heavy metal contamination in aquatic systems [16, 17]. Several studies on metal
concentrations in fish have been reported from the Jordanian coast of the Gulf of Aqaba [18-24].
Bigeye houndsharks are fished commercially, caught
with floating gillnets and long lines. This species inhabits
the continental shelf and slopes at depths from 100 to at
least 1000 m but probably enters shallow water. It is viviparous, and feeds on small fishes, crustaceans and cephalopods. They are found in the Red Sea and southern
Arabia to southwest India [25, 2].
This study addresses a data gap for heavy metal elements in sharks and provides the first heavy metal element data on the bigeye houndsharks. The main objective
of this work was to provide important information on the
levels of Cu, Ni, Pb, Mn, Zn, Co, Fe and Cr in the stomach food contents, gills, kidney, liver, muscle, ova, ovary,
and testes of these fish collected from deep waters from
the Gulf of Aqaba that can be added to the limited scientific data, and may be useful for environmental managers.

2. MATERIALS AND METHODS
2.1. Study area

The Gulf of Aqaba is a partially enclosed water body
that constitutes the eastern segment of the V-shaped northern extension of the Red Sea (Fig. 1). It is located in a
sub-tropical arid area between longitude 34° 25' to 35° 00'
E and latitude 28°00' to 29°33' N. The Gulf of Aqaba is
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180 km long and has a maximum width of 25 km, which
decreases at the northern tip to about 5 km. It is connected
to the Red Sea through the Straits of Tiran, which has a
depth of about 252 m [26]. The present study area lies
within the Jordanian portion of the Gulf of Aqaba, which
is situated at the northern tip of the Gulf, and extends
south for about 27 km to the Saudi Arabian boarder.

ence Station, Aqaba. One-way analysis of variance using
[27] was performed to test the effects of species, sex and
organs on the final metal concentration.
3. RESULTS
3.1 Metal concentrations between organs

FIGURE 1 - Study area and sampling site along the northern Gulf
of Aqaba.
2.2 Sample collection and sample preparation

The fishes were collected during 2009 in the northern
Gulf of Aqaba. All samples were caught by longline. The
fishing gear was set up with a local fisherman using a
boat of 7 m length provided with a 150-horse-power engine approximately 3000 m in front of the Marine Science
Station at E34o57.8872; N29o27.868. These samples from
50 sharks (46 females ranging in size from 44.3 to 60.6 cm,
and 4 males ranging in size from 39.2 to 44.8 cm) were
immediately after capturing kept in an ice-box and transferred to the laboratory of the Marine Science Station. The
specimens were identified to species level. After measuring
total length, each fish was dissected using a plastic knife.
The sex of each specimen was determined, and samples of
stomach food contents, gills, kidney, liver, muscle, ova,
ovary and testes were taken, rinsed with distilled water,
and oven-dried at 85 ºC to constant weight. Sub-samples
of each organ were homogenized, and 0.5-1.0 g was taken
in a porcelain crucible and ash-dried at 540oC. Samples
were mixed with 5 ml of 2M HCL, heated in the crucible
on a hot plate at 100 oC for half an hour, and cooled to
room temperature; then, the sample solution was filtered
through Whatman No. 43 filter paper into a 25-ml volumetric flask and filled to the mark with deionized distilled
water. Final metal concentrations of Cu, Ni, Pb, Mn, Zn,
Co, Fe and Cr were FAAS-measured at the Marine Sci-

Mean metal concentrations for Cu, Ni, Pb, Mn, Zn, Co,
Fe and Cr in I. omanensis in different fish organs (stomach
food content, gills, kidney, liver, muscle, ova, ovary and
testes) were analyzed and shown in Fig. 2. The results
indicated significant differences between different organs
of Iago omanensis for Cu (p=0.0001), Pb (P=0.0001), Mn
(p= 0.0001), Zn (P=0.0001) and Fe (P=0.0001), and However, Ni, Cr and Co did not show any significant differences.
The present study revealed that the highest Cu concentration was found in the stomach food content (19.80
µg/g), followed by liver (4.70 µg/g), kidney and ovary
(3.70 µg/g, each), and the lowest Cu concentration was
recorded in testes (0.3 µg/g). The highest concentration
for Pb was recorded in stomach food content (10.9 µg/g),
followed by gills (7.10 µg/g), testes (4.7 µg/g), muscle
and ovary (4.10 µg/g, each), the lowest Pb concentration
was found in the liver (1.9 µg/g). For Zn, the highest
concentration was reported in the ovary (133.40 µg/g),
followed by stomach food content (125.70 µg/g), gills
(117.90 µg/g), and the lowest was found in ova (32.80
µg/g). In comparison, Fe showed the highest concentration in liver (491.30 µg/g), followed by stomach food
content (451.80 µg/g), gills (388.10 µg/g), and the lowest
concentration was found in muscle tissue (55.00 µg/g).
The highest Mn level was recorded in stomach food content (26 µg/g), followed by gills (15.80 µg/g), liver (8.40
µg/g), ovary (7.2 µg/g), and the lowest one was found in
testes (4.00 µg/g). The highest concentration for Ni was
found in stomach food content (14.50 µ/g), followed by
gills, ovary (13.20 µg/g, each), muscle (11.60 µg/g), and
kidney (11.50 µg/g), respectively; the lowest Ni concentration was also found in testes (4.00 µg/g). The highest
concentration for Cr was found in stomach food content
(38.00 µg/g) and the lowest concentration was found in
testes (26.00 µg/g). The highest Co concentration was
found in gills (28.80 µg/g) and the lowest concentration in
testes (24.10 µg/g) as shown in Fig. 2.
3.2. Metal concentrations between sexes

The results showed no significant difference in metal
concentrations between males and females of Iago
omanensis for Cu, Pb, Mn, Zn, Co, Fe and Cr. The only
significant difference was found for Ni (p=0.0001) as
shown in Fig. 3.
3.3. Correlation between body length and heavy metal concentration

The linear regression between different element concentrations and shark lengths are shown in Fig. 4. The

3539

© by PSP Volume 22 – No 12. 2013

Fresenius Environmental Bulletin

data showed week correlation between different element
concentrations in bigeye houndshark and length. The highest correlation was found between Mn and body length

(R²=0.131) (Fig. 4). However, week correlations were
found between (Cu, Ni, Zn, Fe, Pb, Cr, and Co) and body
length.
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FIGURE 2 - Levels of Cu, Ni, Pb, Mn, Zn, Co, Fe and Cr in the various organs: gills, kidney, liver, ova, ovary, testes, and stomach food
content in the bigeye houndshark Iago omanensis collected from the northern Gulf of Aqaba.
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4. DISCUSSION AND CONCLUSION
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The stomach food contents, gills, kidney, liver, muscle,
ova, ovary and testes of the shark Iago omanensis collected from the deep waters from the Gulf of Aqaba were
analyzed for 8 heavy metals. The mean concentrations of
heavy metals among the organs were significant for Cu (p =
0.0001), Pb (P = 0.0001), Mn (p= 0.0001), Zn (P =
0.0001), and Fe (P = 0.0001), and but not for Ni, Cr and
Co.
There are no reports of Fe toxicity from food other
than long-term ingestion of home brews made in iron
vessels [28]. According to the “National Research Council” [29], the recommended allowance for Fe is 1000 mg.
Our results indicate much lower values for Fe. The dietary
requirement of 12.5 mg/day is estimated for a balance
study in man [30]. An FAO/WHO expert committee concluded that no deleterious effect can be expected in humans whose copper daily intake is 0.5 mg/kg body weight
per day [31]. The safety intake of Cr (200 µg/g per day)
has been established in long-term supplementation trials
in human subjects to 150 µg/g day in addition to the dietary intake [32]. The toxicity of ingested Mn is low and
signs of a toxic response, generally appearing only after a
concentration higher than 1000 µg/g [33]. The metal
concentrations in the muscle tissues were generally low
and within the ranges expected for metals in muscle of
fish from relatively uncontaminated locations. Moreover,
the values of these metals found in the examined fish
species from the Gulf of Aqaba fall below the accepted
levels for human consumption recommended by FAO
[31] and by WHO [34-36] which means that they do not
pose a significant threat to the health of human consumers.
The diet of Iago omanensis in the Gulf of Aqaba as
revealed by the stomach contents mainly consists of cephalopods, shrimps and small fishes [37] including the
sharks examined in this study (Khalaf, M; personal observation).
This study demonstrates the need to increase
knowledge of elasmobranch physiology and ecology, to
better understand the uptake and elimination paths of
pollutants. The results provide a baseline for future works
on trace metals in deep sea sharks of the Gulf of Aqaba.
There was no significant correlation of trace metal
(Cu, Ni, Pb, Mn, Zn, Co, Fe and Cr) contents with shark
size. Similar findings were obtained by [38, 39] during
their study on trace metal contents in sharks from the
eastern Mediterranean and two sleeper shark species from
arctic waters. The lack of relationship between concentrations of essential elements with both body length and sex
in sharks suggests that the physiological requirements of
elements do not vary with size.
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ABSTRACT
This study was focused on measurement of water
holding capacity (WHC) of four different substrates, and
microbial biomass in times of drought in constructed wetlands (CWs). The WHC of substrates and microbial biomass play a very important role in degradation of environmental pollutants. Results indicate that the moisture
content of substrates is directly related to the evaporation
of water and drying out time. The loss of moisture contents in various substrates after a 40-days drying out period was 10.65% in ceramsite, 18.67% in gravel, 14.37% in
zeolite, and 12.43% in pebble substrate. Result shows that
the WHC of ceramsite substrate was best among other
substrates. The WHC of these substrates in a dry-out period
was as follows: ceramsite > pebble > zeolite > gravel, respectively. The pollutant removal efficiency in association
with microbial biomass between before and after 45 days of
dry out time reveals that it decreased significantly with decrease in microbial biomass. Data show that proper measure
can be taken to maintain the effective treatment efficiency
of CWs, and to avoid dry-out situation by setup of a proper time line.
KEYWORDS: Microbial biomass; water holding capacity (WHC);
substrates; ceramsite; constructed wetlands.

1. INTRODUCTION
In recent years, China is developing very fast and,
along with its rapid development, many environmental
problems are increasingly becoming prominent including water pollution. These problems gained widespread
attention, especially pollution to the sensitive water-bodies
and groundwater affected by rainfall runoff across the
highways. Highway runoff is considered as a major source
of pollution in developed urban areas. Road surfaces accumulate significant quantities of pollutants including nutri* Corresponding author

ents and heavy metals [1, 2] and traffic characteristics (mean
vehicle speed, traffic load, etc.), climate, long dry/wet periods, rainfall event intensity and duration are regarded
as important factors in generating pollutants in highway runoff [3, 4]. The traditional biochemical approaches
are more difficult to apply for early highway runoff where
water quality and quantity is not stable [5, 6], and higher
initial concentration of pollutants [7-9].
CWs play a very important role in treatment of point
and non-point sources pollution including highway runoff. Many researchers had pointed out that the interactions
between substrates, wetland plants and microorganisms in
a wetland system are probably the main mechanisms of
wastewater purification [10]. These wetlands are built up
on the basis of natural wetlands for biological treatment
using wetland plants, soil and filter substrates [11]. However, a long time absence of rainfall can inevitably lead to
drought phenomena in the wetlands. For example, 90%
precipitation in 2011 was the lowest of nearly 50 years in
the Yangtze River region, which led to a 90%-shrink of
Poyang lake area.This drought phenomenon causes nutrient deficiency in wetlands due to shortage of water that
affects plant growth and microbial growth as well as their
survival. Hence, drought phenomenon also affects the
performance of CWs. Therefore, the drying up periods
have great significance to ensure stable operation of CWs.
The filter substrates are the main treatment body in CWs,
and different filter substrates have different WHCs, whereas
degradation of pollutants relies mainly on the attached microbial community in filters [12]. Healthy growth of plant
development also depends, to a large part, on the growing
medium used. If a plant develops a good root system in a
well-balanced substrate, this does not mean that the plant
is pampered and will not adapt to the harsh life outside a
nursery. In fact, the opposite occurs. To survive in the
harsh field environment, often without additional watering and fertilizing, a plant needs a well-developed and
strong root system. The development of a healthy root system depends not only on the genetic properties of the plant
but, to a large extent, on the physical and chemical properties of the substrate used [10, 12].
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Microbial biomass accounts for a significant fraction
of organic matter, and it is also an important component
of the total living biomass [13]. Many observations suggest that the accurate measurement of biomass is a critical
factor for understanding the tropic interactions of bacteria
[14]. Microorganisms in CWs are responsible for the
degradation of environmental pollutants. There are generally two methods used for determination of microbial biomass, one is the establishment of the culture by the traditional microbial technology (mainly plate count method),
and the other is the direct determination of the total biofilm
or cellular components based on the original method (lipidphosphorus method) [4].

removal efficiency, role of microbial biomass, hydraulic
retention time, hydraulic loading effect in CWs, but very
little attention has been paid to find out the wetland dry
out time to improve the treatment efficiency and continuous operation of CWs. Therefore, the main objectives of
present study were to (a) find out the most suitable substrate by measuring WHC of substrates in dry out periods;
(b) measure the microbial biomass in dry out periods; and
(c) study the treatment efficiency of CWs in dry out periods.

The experiment was mainly divided in two parts; the
1st experiment was aimed to measure WHC of the four
different substrates under full water storage conditions,
and 2nd phase of the work was aimed to measure the microbial biomass and the installation of a water quality
phenomenon by simulation in a dry out period to study
the treatment effect of CWs under drought conditions.
Many studies has been carried out to investigate pollutant

2.1 Experimental device

2. MATERIALS AND METHODS

Four similar lab-scale experimental CW units made
by PVC material were installed to investigate the effect of
dry out period on microbial biomass and WHC of 4 different substrates. Each CW unit was divided into 3 sections by
a partition wall as inlet section, main treatment tank and
outlet section where the separation shield has holes (Fig. 1a).
Four different substrates with different porosity were used as

(a)

(b)
FIGURE 1 - Flow diagram of CW units: (a) experimental setup to investigate the water holding capacity of four substrates; (b) experimental
setup to investigate the microbial biomass and remaining water in ceramsite substrate under different operational conditions.
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fill-up material in these wetland units. The porosity of
substrates used in the current study was as follows: 0.533
(ceramsite), 0.412 (pebbles), 0.482 (zeolite) and 0.492
(gravel), respectively. The substrates were filled into the
device up to the height of 45 cm; then, the 15 cm upper
part of device was filled with soil, and rest of 5 cm upper
space was left empty. In both experiments, macrophyte
Phragmites australis plants were planted in wetland devices. The 1st experiment was aimed to choose the best
substrate and study biofilm formation in packing before
dry out time. This experiment was run over 5 months in
stable operational conditions.
In the second experimental work, the CW units used
for the measurement of pollutant removal efficiency in
dry out period was similar as the other devices but it was
slightly different, as a plastic cylinder pipe of 35 cm
height and 10 cm in diameter was set up into the main
treatment tank. This experiment was aimed to choose the
best substrate for WHC and biofilm formation in packing
in dry out time. Figure 1b is the schematic flow diagram
of the dry out experimental device. The indoor temperature ranged between 20 to 26 °C, whereas humidity was
51-58%, throughout the experimental work.
2.2 Experimental methods
a. Measurement of WHC of substrates

Water (80 L) was pumped to four wetland units up to
a certain level in process tank. Water level in main treatment tank was measured similarly as that of processing
tank and sink. The water evaporation was negligible as
the sink was sealed with plastic covers after the water
leveled into the sink. The water level H was measured
every 5 days, and the remaining water volume (V) in
wetland units was calculated using following formula:
V=H·Sε
where, water level in device (m), rea of treatment
tank (0.24 m2), and orosity of substrate.
WHC measurements of four substrates were based on
their remaining moisture contents [15]. This study was
aimed to select the substrate with best WHC for further
studies in the dry out period experiment. WHC was measured as follows:

where, WHC is water holding capacity, wet weight is
weight of water saturated substrate (filter media), dry
weight is weight of drained substrate (filter media), and
total volume is total water volume of device.
b. Measurement of microbial biomass

(1) The four groups of wetland units with a fixed water residence time and fixed concentration of water quality
were run for 5-day duration, and then, water was stopped
to record average removal of various pollutants. The analysis of various pollutants was carried out with the standard
methods described in Chinese EPA manual [16].

(2) Initial biomass of the four groups of CW units, respectively A, B, C, and D, was measured by lipid phosphorus method. The amount of phospholipids was estimated by measuring the amount of lipid phosphate after
extraction and digestion of the lipid material to release
phosphate from the phospholipids [13, 17]. The minimum
biomass was assumed in wetland D, and then, the biomass
was examined every 5n days. Analysis of lipid-bound
phosphate resulted in a simplified and sensitive method for
determining microbial biomass. In addition, key advantages of phospholipid analysis for biomass are its
relative accuracy and precision The lipid phosphorus
exists in all microbial cells and is the main component of
cell membrane (90-98% of membrane lipids), which decompose very soon after the death of cells. According to
Zhu et al. [17], lipid phosphorus method is more reliable
than plate count method to measure the actual biodegradation of biomass for the determination of biological activities.
Microbial biomass during dry out period tended to
decrease in wetlands according to assumed D value. After
refilling of water into CW unit, the changes in initial biomass in dry out time and before dry period were observed
as follows:
-

At n1d, the average treatment effect in 5-days water
running time was observed and biomass ranged from
60-80% D.

-

At n2d, the average treatment effect in 5-days water
running time was observed and biomass was 40-60% D.

-

At n3d, the average treatment effect in 5-days water
running time was observed ande biomass was 20-40%
D.

-

At n4d, the average treatment effect in 5-days water
running time was observed and biomass was <20% D.

The treatment effect, nid, before dry out period was
not much different with the assumed value but treatment
effect njd significantly decreased in dry out period (ni<nj),
and water quality, to a larger extent, does not meet certain
standards, so dry period was between nid - njd. Effluent
from before dry out experiment meets the secondary level
of Chinese treatment plant emission standards GB189182002. The measurement of lipid phosphorus (nmol TP/g)
each time was done in packing; 1 nmol of TP was equivalent to the size of approximately 108 Escherichia coli (E.
coli) cells [17]. Instruments used in experiment were ltrasonic cleaner (KH-100E), UV-VIS spectrophotometer (T6
New Century), Thermostatic Oscillator (DHZ-C), and
Vertical Electric Steam Pressure Sterilizer (LDZX-50B).
3. RESULTS
3.1. Water holding capacity of substrates

Remaining water quantity of four substrates is presented in Fig. 2. All wetland units with different sub-
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strates were filled with 80 L water (initial water volume)
to find out the remaining water quantity. Results show
that there was a noticeable reduction in initial water volume (80 L) in four CWs after 40-d dry out period. Remaining water quantities in ceramsite, gravel, zeolite and pebble
were 71.48, 65.07, 68.50 and 70.06 L after 40-d dry out
period. Water quantity was reduced by 10.65% in ceramsite, 18.67% in gravel, 14.37% in zeolite, and 12.43% in
pebble substrate. It is very clear from the results that CW
unit with gravel substrate has lost the highest water volume compared to the other three substrates.

3.2. Pollutant removal efficiency of CWs in before dry out
period

Results for the simulated highway runoff pollutant removal efficiency of CWs before dry out period are presented in Table 1. Simulated highway runoff influent concentrations to CWs were as follows: COD 200 mg/L, NH3-N 5
mg/L, TN 15 mg/L and TP 0.5 mg/L; whereas effluent
concentrations were COD 88.32 mg/L, NH3-N 2.92 mg/L,
11.22 mg/L, and 0.38 mg/L. Data reveal that the average
removal rates of simulated highway runoff pollutants
(COD, NH3-N, TN and TP) from CWs were 55.84±8.78,
41.53±2.65, 25.91±6.04 and 23.76±2.91%, respectively.

Remaining water (L)

80
75
70

ceramsite
pebble
zeolite
gravel

65
60
0

10
20
30
Dry out time( d)

40

50

FIGURE 2 - Water holding capacity of filter substrates under different dry out conditions.

TABLE 1 - The influent and effluent concentrations and removal rates of COD, NH3-N, TN and TP in simulated highway runoff.

Influent conc. (mg/L)
Effluent conc. (mg/L)
Removal rate (%)
Mean (average) values

COD
200
88.32
55.84±8.78

NH3-N
5
2.92
41.53±2.65

TN
15
11.22
25.91±6.04

TP
0.5
0.38
23.76±2.91

TABLE 2 - Effluent concentrations of COD, NH3-N, TN and TP and removal efficiency of CWs in various dry out conditions.

Before
Effluent conc. (mg/L)
Dry out
Removal efficiency (%)
After
Effluent conc. (mg/L)
15 days
Removal efficiency (%)
After
Effluent conc. (mg/L)
35 days
Removal efficiency (%)
After
Effluent conc. (mg/L)
45 days
Removal efficiency (%)
Mean (average) values with ± SD; d = dry out period (time)

COD
88.32±6.90
55.84±8.78
100.84±12.44
49.58±6.22
113.84±8.20
43.12±4.08
143.28±7.18
28.36±3.59

3548

NH3-N
2.92±0.54
41.53±2.65
2.89±0.38
42.23±7.70
3.24±0.45
32.16±10.02
3.96±.48
20.71±9.62

TN
11.22±2.18
25.91±6.04
11.65±1.26
22.31±8.37
11.92±1.50
20.56±9.99
12.43±1.47
17.12±9.80

TP
0.38±0.08
23.76±2.91
0.38±0.03
24.53±6.42
0.39±0.03
21.75±5.67
0.40±0.03
19.15±5.78
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FIGURE 3 - Microbial biomass (lipid-P nmol TP/g loading) in CW units under different dry out conditions.

3.3. Measurement of microbial biomass and pollutant removal efficiency

Microbial biomass and pollutant removal efficiency of
four CWs before dry out period are presented in Table 2
and Fig. 3. Microbial biomass in CW-1, CW-2, CW-3 and
CW-4 was 82.7 nmol TP/g, 56.37 nmol TP/g, 62.44 nmol
TP/g, and 65.73 nmol TP/g, respectively. The removal
efficiencies after 15-d dry out period were lower than before
dry period, for COD (49.58%) by 11.21%, for NH3-N
(42.23%) by 1.68% and TN (22.31%) by 13.9%, but for
TP (24.53%) by 3.24% higher than before.
The effluent concentration of pollutants after 15-d dry
out period was COD 100.84 mg/L, NH3-N 2.89 mg/L, TN
11.65 mg/L, and TP 0.38 mg/L, respectively. COD removal efficiency (43.12%) was decreased by 22.78% compared with that before dry out period; also NH3-N removal
efficiency (32.16%) was decreased by 15.34%, TN removal efficiency (20.56%) by 20.64%, and TP removal efficiency (21.75%) by 8.4%, compared with that before dry out
period The effluent concentration of pollutants in 30-45 days
of dry out period were as follows: COD 113.84 mg/L, NH3N 3.24 mg/L, TN 11.92 mg/L, and TP 0.38 mg/L, and data
show that removal efficiency for COD, NH3-N, TN and TP
was 28.36, 20.71, 17.12 and 19.40 %, respectively, decreased by 49.21, 50.13, 33.92 and 19.40 %, respectively,
compared with that before dry out period. The average
concentrations for pollutants were COD 143.28 mg/L,
NH3-N 3.96 mg/L, TN 12.43 mg/L and TP 0.40 mg/L
within 35-45 days of dry out period.

4. DISCUSSION
The remaining amount of water in each device with
dry out experiment reveals that the amount of water in the
4 groups of devices has different level of evaporation
rates, and the evaporation time was varying relatively
uniform. Data show that evaporation rates in 40-d dry out
period have larger difference between various substrates,
whereas evaporation rate in ceramsite substrate was the
lowest. The moisture evaporation rate before 15-d dry out
period was almost similar in the gravel, zeolite, and pebble substrates but later, it has increased in pebble substrate, followed by gravel and zeolite. Experimental results
show that WHC values of the various substrates varied, and
their performance was as follows: ceramsite > pebble >
zeolite > gravel, respectively. Hence, ceramsite substrate
was chosen as dry out experiment packing material based
on its better performance for the next phase of experimental work. Results for these substrates are consistent
with other findings where researchers found out similar
higher WHCs of ceramsite substrate material [12, 18-21].
The simulated water distribution method was used in
the present experiment according to the results of previous studies [22]. The early experimental result shows that
3 days of runoff retention time was the most appropriate
retention time period in CWs, where water running time
was 5 days. Pollution removal efficiency in many other
studies [23-25] for COD, TN and TP ranged from 4767.9%, 53.9-68.6%, 33-45% and 60-63.5%, respectively.
The results herein are in accordance with these findings,
particularly with regard to COD removal; the difference
for NH3-N was not big whereas TN and TP removal rates
were lower than these findings.
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The ceramsite substrate was chosen for all wetland
units in the second phase of experimental work as it shows
the highest WHC among all studied substrates. Ding and
Yin [12] found out that biological aerated filters using
ceramsite as filter substrate can remove 85% COD, 90%
BOD and 80% NH3-N. Results showed that, according to
the dry out condition experiment, microbial biomass was
highest in CW-1 and lowest in CW-2. The changes in
microbial biomass over time during drying out period in
four groups of wetland units show a downward trend at
different degrees. Microbial biomass in all CWs in 10-d
dry out time was more than the base value of 80%, and
shows a slow decline rate in microbial biomass. Microbial
biomass dropped to below base value of 80% in CW-4
when the dry time was increased to 15 days, but it was
higher than 60% of the base value, so CW-4 was refilled
with water for a further study of changes in treatment effect.
Pollutant removal rates of CWs after 15, 35 and 45 days of
dry out periods are compared in Fig. 4. The effluent quality meets the secondary standards of treatment plant emission standards of China, but wetland was not fully dried
up within a 15-d time period.
Result showed that the microbial biomass was decreased in 15 days of dry out where it was lower than the
assumed base value (80%), whereas pollutant removal
efficiency was also changed compared to dryness before.
Results from this study meet the secondary level treatment
plant pollutant emission standards of China (GB189182002). There was no significant change in pollutant removal efficiency and effluent quality after a 15-days dry
out period; therefore, we continued the dry out experiment.
Microbial biomass decay rate was increased after 25-d
dry out period compared to 15-d dry out period, and after
35-d dry out period, it decreased to the assumed 60% base

value ranging from 40-60%. The CW-3 was refilled with
water after 35 days of dry out period as its decreasing rate
of microbial biomass was faster than in other two wetlands; then, the pollutant removal efficiency was compared to that before dry out period. Result shows that
pollutant removal efficiency of CW-3 decreased faster in
35-d than 15-d dry out period.
Pollutant removal efficiency decreased very fast in
45-d dry out experiment, and quality of effluent did not
meet the standard norms. In particular, COD was much
higher than the secondary level treatment plant pollutant
emission standards (120 mg/L) of China (GB18918-2002).
It can be concluded that the water quality has changed
greatly compared to the standards, which shows that the
wetland may soon reach a dry stage. There was a sharp
decrease in microbial biomass and pollutant removal efficiency during 35-45 days period, so it can be concluded
that dry out in wetlands happened within this period. In
order to analyze the decline rate of microbial biomass over
time, mathematical modeling was used for the pollutant
removal data from CW-1 and CW-2. Fig. 5 shows the
linear correlation between microbial biomass and dry out
time. The microbial biomass change over time during dry
up period was in accordance with the exponential model
where correlation reached 0.8395. The early decline in the
microbial biomass slows a decreasing tendency but overall it shows a fast decline in later time.
Results suggest that it is necessary to take proper
measures in time to prevent decline in removal efficiency,
or to stop slow down of CWs` operation in dry state. Proper
measures can also be taken early to avoid fast microbial
biomass declining rate in later time, which is unable to
recover in the wetland that the treatment efficiency of CWs
may be ultimately affected. These effluent values meet the

FIGURE 4 - Removal efficiency of CW units under different dry out conditions.
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FIGURE 5 Linear correlation (R2 = 0.8395) between microbial biomass and dry out time in CW units.

secondary level standards for treatment plant emission
standards of China. There were more obvious changes
between 35-d dry out period and that before dry out but
effects of microbial biomass were not huge; thus, the
experiment was continued. In dry time of 45 days, microbial biomass of CW-2 dropped to below 40% of the base
value, ranging between 20-40%; therefore, CW-2 was
refilled with water to further study pollutant removal
efficiency and microbial biomass. Pollutant removal rate
has significantly declined in 45 days of dry out period,
except for TP, and these effluent values were not in accordance with the secondary level standards during 35-45 days
of dry up time.
5. CONCLUSIONS
The analysis of WHC of substrates and microbial biomass under dry conditions, and their impact on pollutant
removal efficiency of CWs is very important, particularly
to maintain stable operation and to prevent drought conditions in CWs. Treatment efficiency of CWs could be
decreased if nutrient consumption gradually declined by
less microbial biomass due to lack of moisture in substrates which is crucial for microbial growth. The following conclusions can made from this study:
(1) The ceramsite substrate showed relatively good
water retention capacity, where the quantity of evaporated
water was 10.65% in 40-d time period, which was the
lowest of the 4 studied substrates. The performance of
these substrates for their WHC in CWs was as follows:
ceramsite > pebble > zeolite > gravel.
(2) Ceramsite was selected as filling material for further studies in dry out period conditions. Microbial bio-

mass has decreased in 35 days of dry out period, but effluent quality was consistent with secondary level of
treatment plant pollutant emission standards of China
(GB18918-2002). Microbial biomass was very low in 45d dry out period, and effluent quality has exceeded the
secondary level of treatment plant pollutant emission
standards of China. Constructed wetlands were dried up
in 35-45 days, because of the loss in moisture contents;
the consumption of nutrients leads to decreased microbial
biomass resulting in the decrease of wetland treatment
efficiency; therefore, it can be concluded that the dry out
period was between the 35-45 days.
(3) According to the results, the declining trend of
microbial biomass in substrates meets the exponential
model, where microbial biomass decreased faster in earlier days but becomes slow in later days.
(4) Dry out experiment shows that proper measures
are necessary to prevent the drying up of wetlands within
35-days out period. The decrease in microbial biomass
occurred due to the lack of water or moisture contents in
wetlands, so early necessary measures can prevent or delay
the drying up of wetlands. Microbial biomass is highly
significant to maintain the stability and efficiency of CWs.
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ABSTRACT

• Since 1700, the volume of goods traded worldwide
has increased about 800 times.

The prevailing approach to the environmental management of industrial activities is industrial symbiosis. It
is defined as a relationship between two or more firms
that exchange their waste (materials - energy - water), as
feedstock for the production process. The companies that
have such a relationship form an Industrial Ecosystem.
Industrial Ecosystems are divided into two categories:
Eco-Industrial Parks and Eco-Industrial Networks. However, research conducted in recent years shows that the
recycling of certain waste products through multilevel
Eco-Industrial Networks has potential physical, spatial,
economic and environmental conditions and limits that
restrict its potential applications. This paper explores
these limits on the environmental level. The paper concludes that industrial symbiosis does indeed have environmental limits that restrict its potential applications.
Specifically, as shown by this case study of an Aluminium Eco-Industrial Network, there may exist a marginal
Network Level (environmental limit) beyond which it is
environmentally preferable to avoid recycling of some
waste types, to simply their use as fuels, or to dispose
them directly to the natural environment as-is, rather than
to attempt to recover useful materials from them.
KEYWORDS: Pollution prevention; industrial symbiosis; ecoindustrial networks; eco-industrial parks; environmental limits,
industrial ecology

1 INTRODUCTION
It is undeniable that development has a number of
positive effects upon humans: increased life spans, improved quality of life, greater travel opportunities, reduced
manual labour, lower rates of illiteracy, and many more. At
the same time, however, development exerts a lot of pressure on the natural environment. It can be mentioned that
according to Graedel and Allen [1]:
* Corresponding author

• In the last 100 years, the global industrial production
has increased by more than 100 times.
Suffice it to say that, since the Industrial Revolution
(ca. 1750), the concentration of carbon dioxide (CO2) into
the atmosphere, which is the main factor of climate change,
has increased from 280 to 350 ppmv (parts per million by
volume). This situation continues to deteriorate at a rapid
pace. According to Bergh and Janssen [2] for the Australian economy, each extra dollar of Gross Domestic Product (GDP) requires extra 10 MJ of primary energy, 37 L
of primary water, and 3 m2 of new land which will be
permanently occupied. This means that, with an average
growth rate of 3% per year, the consumption of the relevant natural resources will double approximately every
25 years or so. All these topics lead us to conclude that
Earth and its population are not currently in a stable state
and follow an unsustainable path.
In order to manage these pressures, different approaches have been developed for the environmental
planning of human activities, including industrial ones.
The currently prevailing scientific approach of the environmental design of industrial activities is the pollution
prevention. According to Graedel and Howard-Grenville
[3]: “the objective of pollution prevention (also termed
cleaner production) is to reduce impacts or risk of impacts
to employees, local communities, and the environment at
large by identifying a problem or potential problem, locating its source within the manufacturing process, and
changing the source so as to reduce or eliminate the problem.” Main components of such practices are the recycling and the reuse of industrial waste and of end-of-lifecycle products in order to reduce both the consumption of
primary raw materials and pollution. These practices include
cooperation between two or more companies which exchange their waste to be used as raw material, a situation
known as Industrial Symbiosis. According to Graedel and
Allen [1] and Manahan [4], Industrial Symbiosis is defined
as a relationship between two or more firms that exchange
their waste (materials - energy - water), as feedstock for
the production process.
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The companies that have such a relationship form an
Industrial Ecosystem. Industrial Ecosystems are divided
into two categories: Eco-Industrial Parks (EIPs) and EcoIndustrial Networks (EINs). The afore-mentioned Industrial Symbiosis is part of a broader framework of research
on the relationship between natural and industrial systems, called Industrial Ecology. In the context of these
practices, simple cases of industrial symbiosis have been
developed between two companies, where one supplies
the other with its waste, to be used as feedstock in the production process, as well as extensive networks of cooperating companies that exchange their waste. Such cases can be
found in Greece, as well. However, research conducted in
recent years shows that the recycling of certain waste products through multilevel EINs has potential physical, spatial,
economic and environmental limits. This paper presents a
case study of the Aluminium EIN, and investigates its
environmental limits.
2 DEFINITION OF THE ENVIRONMENTAL
LIMITS AND BRIEF LITERATURE REVIEW
For the purposes of this study, the environmental limit is defined as the critical point of the economic activity
at which the environmental quality falls below some acceptable level.
Already by the early 1970’s, the idea of the environmental limits to growth had occupied the scientific community. One of the first publications was that of Meadows
et al. [5] entitled "The limits to growth". In this publication, the authors argued that, in a finite world, economic
development could not take place infinitely.
A later publication on the idea of environmental limits, which was widely discussed, was that of Erlich and
Erlich [6]. In this publication, the authors used a metaphor
to describe the endurance limits of the environment to
economic development. According to them, the destruction of the environment is like a rivet removed from an
airplane wing. At the beginning, if you remove some rivets,

a. Limits

nothing happens. But if you remove more than a marginal
number of rivets, the wing will collapse.
Finally, a more contemporary publication is that of
Davidson [7], who emphasized the relationship between
environmental limits and economic growth introducing
besides the model of environmental limits two additional
models, the "tapestry" model and the "optimist" model. In
Fig. 1, the independent variable is the economic scale that
represents the level of resource use and waste generation,
while the dependent variable is the environmental quality
that represents the measure of services offered by the
natural environment to humans.
Section "a" of Fig. 1 shows the model of environmental limits, whose main feature is the sudden change of the
basic natural system characteristics at a level of the economic scale. Section "c" shows the opposite model, namely, the "optimist" model, whereby there is no link between
the increased economic scale and the environmental
quality. The "tapestry" model (section "b") is an intermediate model according to which there is a relationship
between the economic scale and the environmental quality, but the changes of the economic scale affect the environmental quality gradually.
It has to be mentioned that, while the ideas of environmental limits have been widely discussed, they have
been researched to a relatively small extent. Most reports
concern the investigation of the physical (entropic and
energy) limits of recycling [8-11]. There are also some
reports concerning the spatial limits of the development of
EINs [12-14]. Finally, studies have investigated the economic limits of recycling, such as the availability and the
quality of waste [15].
3 METHODS
A typical example of an EIN is that of aluminium reuse. This type of network has been chosen as an object of
research because of its interest in comparison with other
networks for metal waste exchange. In particular, because:

b. Tapestry

y

c. Optimist

y

y

x

x

x

where: y = environmental quality and x = economic scale
FIGURE 1 - The relationship between economic scale and environmental quality for the Davidson’s models (The arrows indicate the direction of time). Adapted from [7].
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• Many technological parameters and environmental
impacts of this network are similar to those of other
networks of metal waste exchange.
• The qualitative and quantitative data for aluminium
are available in the literature.
• Compared to other materials, aluminium in industrial
waste as well as end-of-life-cycle products has a very
high recycling rate. Specifically, in certain countries
and certain categories of products, the recycling rate
reaches 90%.
• Recovery is accomplished by the successive reuse of
aluminium waste up to 4 times (levels).
First, the structure and operation of this network are
analysed. Then, through literature research and data obtained mainly from Greek industries, the rates of 4 environmental impacts corresponding to each level of the network were found. These 4 environmental impacts are related to consumption of primary materials, energy consumption, solid waste emission and emission of polychlorinated
dibenzodioxins (PCDDs). Then, using the Streamlined Life
Cycle Assessment tool [16], an assessment of the research
results was made in order to draw conclusions on the
environmental limits of industrial symbiosis.

FIGURE 2 - New scrap

ü New coated scrap – i.e. the profiles, clippings, and
other semi-finished or finished goods from the warehouse cleanup process. This waste may be painted and
anodised. It can contain packaging materials (paper,
plastic, etc.). The chemical composition of these materials is also constant and known (Fig. 3).

4 DESCRIPTION OF THE
NETWORK-OPERATIONAL PARAMETERS
At an industrial scale, aluminium is recovered not only from scrap, white and black dross (waste from the
production of aluminium from scrap), but also from salt
cake (waste from the production of aluminium from white
and black dross), thus forming a network of enterprises
producing aluminium on four levels. The production of
primary aluminium is defined as the first level of the
network. The industrial waste of primary aluminium production and its end-of-life-cycle products are raw materials for the production of secondary aluminium (second
level). In turn, industrial waste from secondary aluminium
production is a raw material for the production of tertiary
aluminium (third level). Finally, industrial waste from
tertiary aluminium production is a raw material for the
production of quaternary aluminium (fourth level). The
final waste of the network is (practically) a non-metallic
product (NMP).

FIGURE 3 - New coated scrap

ü Old scrap – i.e., the end-of-life-cycle products coming from various panels of old items, such as old doors
and windows, used beverage cans (UBCs), old aluminium tubes, cables, etc., containing paint residues
and organic matter. There is no fixed content of the
organic material present (Fig. 4).

This structure makes aluminium recycling an interesting process for research because it allows the study of
internal loops of the flows of resources and of environmental impact at various levels. The structure of the network is shown in Fig. 5. As is shown, six categories of
aluminium waste are being recycled [12, 17, 18]:
ü New scrap – i.e. clean (free of paint or oil) cuttings,
plates, etc. from processing plants, and particularly
from aluminium rolling mills and extrusion plants. This
scrap contains almost 100% pure aluminium metal. It
has a known and constant composition (Fig. 2).
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Network
External Flows

Network
Components

Network
Network
Internal Flows
Levels

NMP to cement kilns

Facilities of quaternary
aluminium production

D
Granular
aluminium

NMP to Nat. Env.
Salt cake

Facilities of tertiary
aluminium production

Salt cake to Nat. Env.

Black
dross

White
dross

Facilities of secondary
aluminium production

C
Metallurgical
products
Metallurgical
products

B

Old
scrap

The usage of aluminium
products
Old scrap to Nat. Env.
Final
products

Facilities of final aluminium products

New
coated
scrap

Intermediate products
(profiles, sheets etc)
New
scrap

Facilities of intermediate
aluminium products
Metallurgical products
etc)

(ingots, plates
Bauxite from Nat. Env.

Facilities of primary
aluminium production

White
dross

Internal flows of the Network
External flows of the network
FIGURE 5 - Aluminium Eco-Industrial Network (EIN)– Operational limits [12]

3556

A

© by PSP Volume 22 – No 12. 2013

Fresenius Environmental Bulletin

5 THE STRUCTURE OF
THE NETWORK IN GREECE
In Greece, the Aluminium EIN includes companies
up to the third level of the network, and does not include
companies recovering aluminum from salt cake (fourth
level). The salt cake produced by the companies of the
third level is exported for recovery, mainly to Italy.
The companies of the network are scattered throughout the Greek territory, and there are links to foreign
companies not only for salt cake but also for other waste
recovery. The Greek Network includes:
- 1 facility of primary aluminium production
- a large number of facilities importing primary aluminium, scrap and aluminium products
- about 30 facilities of intermediate aluminium products
- about 8000 facilities of final aluminium products
- about 50 scrap yards
- 11 facilities of secondary aluminium production
- 4 facilities of tertiary aluminium production
- 1 facility of aluminium dross refining
- 3 cement kilns
- a number of landfills

FIGURE 7 - Black dross

ü White dross –generated during the transportation and
casting process for primary aluminium recycling and
during the process of melting new scrap in furnaces at
secondary aluminium plants. As the name implies,
white dross is white or light grey in colour (Fig. 6).

FIGURE 8 - Salt cake

6 RESULTS AND DISCUSSION

FIGURE 6 - White dross

ü Black dross –generated during the process of melting
old scrap and new coated scrap, because the secondary
aluminium plants often use salt (NaCl) to reduce the
formation of aluminium oxide (Al2O3), aluminium nitride (AlN) and aluminium carbide (Al4C3) on the surface of the melt. Black dross is dark grey or black in
colour (Fig. 7).
ü Salt cake –generated during the melting process of the
old scrap, of the new coated scrap, and of the white
and black dross in rotary furnaces using large quantities
of salt (NaCl). The salt cake is grey in colour (Fig. 8).

The operation of each of the 4 network levels is associated with a number of environmental impacts. These
impacts can be divided into 2 groups: impacts related to
the extraction of natural resources and impacts related to
the emission of waste into the natural environment. From
these impacts, 2 impacts were chosen related to the extraction of natural resources from the environment, namely,
the total consumption of primary raw materials and the
total consumption of energy, and 2 impacts related to the
emissions of waste into the natural environment were also
chosen, namely, the total emissions of solid waste and the
total emissions of PCDD. The values of the 4 chosen
environmental impacts for each Level of the Network are
shown below (Table 1). It should be noted that Level B
was divided into 2 sublevels due to the significant differences in the values of environmental impacts between
these two sublevels, namely:
• B1 - secondary aluminium from new scrap
• B2 - secondary aluminium from painted new and
old scrap
Data from Greek companies are used in all cases, except Level D of the Network, for which there are no corresponding companies in Greece, and except the data on
PCDD emissions, which were not available for Greek com-
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panies. In the cases where data for Greek companies were
not available, literature data were used. In Figures 9-12,
the aforementioned 4 environmental impacts are shown.
Values of PCDD emissions for Levels B2, C and D were
not found in the international literature and were, therefore, calculated depending on the aluminium content of
the recycled material.
The assessment of environmental impacts revealed that
the value of inputs (consumption of primary raw materials
and energy) and outputs (emissions of solid waste) is significantly lower for the B1 Network Level (secondary aluminium from new scrap), compared to the A Level (primary
aluminium). However, PCDD emissions for the B2 Network Level (secondary aluminium from old scrap) appeared to be almost 1,200 times greater, energy consumption was 2 times higher, and solid waste emission was
9 times greater compared to the B1 Level, while the consumption of primary raw materials remained approximately
constant.
At Level C (secondary aluminium from white or black
dross), while the values of the consumption of primary raw
materials remain almost constant, the values of PCDD
emissions and solid waste emissions were significantly
higher, while energy consumption was reduced by 50%
compared to the B2 Level.
Level D (aluminium from salt cake) showed an additional large increase in energy consumption, solid waste
emissions and PCDD emissions compared to Level C, while

the consumption of primary raw materials was lower. In
particular, the increase of energy consumption was very
large and was close to (or even higher than) the values for
the A Level (depending on the recovery technology used).
It was noted that the value of consumption of other raw
materials for the second, third and fourth levels remained
much lower than for the first level.
The above analysis of results shows that there are environmental limits to closing the loops of internal flows of
materials in an EIN. However, the separate assessment of
all individual impacts for each network level is not simple, and the calculation of an “environmental benefit” for
each level in relation to the use of primary aluminium,
and from an overall environmental aspect, is thus extremely
difficult. There are various possible techniques for calculating such factors, each with its own disadvantages, and no
technique enables the calculation of an objective result,
because multiple dissimilar effects must be simultaneously
evaluated. Such a procedure falls within the scope of ethical-philosophical theories (value theories). The only way to
provide unambiguous answers in these cases is for the
assessor to set priorities. Figure 13 shows a diagram of the
environmental benefit from aluminium recovery, relative to
the use of primary aluminium, as a function of network
level for the 4 levels studied. This is a qualitative presentation, which gives higher priority to energy consumption
and PCDD emission impacts and lower weight to the
impact of primary raw material consumption.

TABLE 1 - Environmental impacts by Network Level [12].
Impact→
Level ↓
Α Level
Β1 Level
Β2 Level
C Level
D Level

Consumption of primary
raw materials (kg/t Al)

Consumption of energy
(MJ/t Al)

Emissions of solid
waste (kg/t Al)

Emissions of PCDD
(µg/t Al)

5,024
764
877
675
675

79,462
4,838
10,740
4,150
66,390

2,983
52
458
1,830
20,830

0.6
0.6
718
1,797
14,374

.

Consumtion of primary raw materials
[kg/t Al]

6000
5000
4000
3000
2000
1000
0
A

B1

B2

C

D

Network Level

FIGURE 9 - Consumption of primary raw materials by Network Level [12].
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FIGURE 10 - Consumption of energy by Network Level [12].
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FIGURE 11 - Emissions of PCDD by Network Level [12].
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FIGURE 12 - Emissions of solid waste by Network Level [12].
where in Figures 10 and 12:

- denotes the case in which only aluminium is recovered from salt cake
- denotes the case in which only salt is recovered from salt cake
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Environmental benefit in
relation to primary Al
(EI/t prim – EI/t)
Environmental limit

+

Α
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-
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Al from old
scrap

C
Al from white
or black dross

D
Al from
salt cake

Level

FIGURE 13 - Environmental benefit from aluminum recovery, depending on Network Level (qualitative presentation) [12] (EI = environmental impacts of aluminum production).

According to this diagram, the environmental limit of
the Network (positive environmental benefit in relation to
the use of primary aluminium per ton) is reached at all but
the B1 Level (aluminium from new scrap). According to
this representation, activities at the B2 Level (aluminium
from old scrap) have a neutral environmental benefit,
while activities at the C and D levels have negative environmental benefits; in other words, they are harmful to the
environment. These last two levels of reuse are, in fact,
clearly economic activities rather than environmental ones.
This means that, in case of the Aluminium EIN, there is a
limit to the environmental efficiency of the Network, and
this limit corresponds to the network’s B2 Level (Fig. 13).
Finally, it is remarkable that when wastes at the C Level
(salt cake) and D Level (non-metallic product) are utilised
as substitutes for primary raw materials to produce cements and bricks (which means that they are not recycled), environmental impacts will be much lower.

ment, there may exist a marginal Network Level (environmental limit) beyond which it is environmentally preferable to avoid recycling of some types of waste, and to
simply use them as fuels, or to dispose them directly to the
natural environment as-is, rather than to attempt to recover
useful materials from them. Specifically, considerable energy
consumption and waste emissions were observed for some
network levels, indicating a significant increase in entropy
and suggesting that such production systems are unlikely to
be environmentally sustainable in the long term. Consequently, the operation of industrial ecosystems outside of the
types of environmental limits described above may lead to
the long-term degradation of the natural environment. As
has been mentioned previously [19], it seems that some of
such industrial systems are based on fundamentally unsustainable practices.

7 CONCLUSIONS

The authors have declared no conflict of interest.
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COMBINED WITH FACTOR CORRELATION ANALYSIS
Guo-Hua Fang1*, Xin Wen1 and Feng-Cun Yu2
1

College of Water Conservancy and Hydropower Engineering, Hohai University, Nanjing 210000, China
2
Anhui and Huaihe River Institute of Hydraulic Research, Anhui Province Key
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ABSTRACT
Gucheng Lake has been suffering from eutrophication
due to increased pollution and nutrient loads discharged
into the watershed. Based on artificial neural networks
(ANNs) and a 4-year record of water quality data (from
2006 to 2009), this study proposes an early-warning model
for eutrophication aiming to predict the concentration of
total nitrogen (TN) and total phosphorus (TP) of Gucheng
Lake with a lead time of one week. To develop such datadriven models efficiently, a comprehensive sampling strategy is adopted to ensure that most relevant predictors for
TN and TP are retained. Factor correlation analysis is then
employed to further eliminate noisy predictors. The preferable selecting ranges of correlation coefficient values are
proven to be [-1, -0.5] and [0.5, 1]. As a result, 6 and
18 input variables are filtered from 75 potential input variables to develop the TN and TP prediction models, respectively. The prediction models can achieve high performance. The validation results of TN (TP) showed that the
correlation coefficient of 0.9915 (0.9945) and the RMSE of
0.0684 (0.0015), which have demonstrated the potential
of ANN models to predict TN and TP conditions at
Gucheng Lake.
KEYWORDS: artificial neural network; eutrophication; factor
correlation analysis; prediction; water quality

1. INTRODUCTION
Eutrophication, the process of increasing organic enrichment of an ecosystem [1] and generally attributed to
the excessive nutrient load of nitrogen and phosphorus [2,
3], has shown adverse impact on the eco-environmental
system and water quality in Gucheng Lake. Located at
Nanjing City, China, Gucheng Lake supports over 80 percent of local domestic, industrial, and agricultural waterdemands. In recent years, accompanied with the great ad* Corresponding author

vancement of economy and explosive growth of local population, pollution and nutrient loads discharged into
Gucheng Lake increased dramatically, resulting in the
aggravated condition of eutrophication in the lake [4]. To
ameliorate the negative impact of eutrophication on the
lake water quality possibly, the development of prediction
models for eutrophication-related variables becomes many
researchers’ interest.
Studies of eutrophication modeling have been active
since 1970s [5-7]. In recent years, advanced computing
and data-mining technologies have spawned several datadriven eutrophication models [8]. For example, Artificial
Neural Network (ANN) is one such model that mimics
the structural and functional aspects of biological neural
networks. ANN has become quite popular in eutrophication predictions [8].
Maier et al. [9] presented ANNs to forecast salinity in
the River Murray at Murray Bridge (South Australia), 14
days in advance. The results showed that the average
absolute percentage errors in four different years varied
from 5.3 to 7.0%. Later, Maier et al. [10] presented a
systematic approach to establish ANN models. Some
major issues in the modeling development were discussed
including data pre-processing, the determination of adequate model inputs and network architecture, the optimization of connection weights, and model validation. Kuo et
al. [11] presented a back-propagation neural network to
capture non-linear relationships among the water quality
variables of Te-Chi Reservoir, such as dissolved oxygen,
total phosphorus, chlorophyll-a, and secchi disk depth. Cho
et al. [12] combined principal component analysis and
ANNs to predict the arsenic contamination of groundwater,
the results showed that the prediction accuracy was superior to multiple linear regression, principal component
regression, and pure ANNs. Kim et al. [13] compared the
Generalized Watershed Loading Function (GWLF) and
the Soil and Water Assessment Tool (SWAT) to multilayer ANNs for monthly watershed nutrient load modeling, and proved the superiority of calibrated feed-forward
ANN models in modeling accuracy compared with
GWLF and the SWAT.
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Among these studies using ANNs in eutrophication
forecasting, most model outputs were chosen to reflect the
consequences of eutrophication, such as the algal bloom
[14-17], chlorophyll-a concentrations [18, 19] and plankton community size [20, 21]. However, the excess of nitrogen and/or phosphorus in the water body, which is the
cause of eutrophication, was often neglected. That is, even
if the algal bloom or chlorophyll-a concentration is detected,
it would be still inefficient or even too late to evaluate the
emergency condition because the basic eutrophication environment may have already been developed. Therefore, a
more effective strategy to manage the degree of eutrophication for Gucheng Lake is to develop a prediction model for
nitrogen and phosphorus concentration of the water body.
The main goal of this study is to predict the concentration of TN and TP of Gucheng Lake one week in advance,
using ANNs combined with factor correlation analysis. The
sampling strategy of the study area is first developed based
on the nutrient sources analysis. Afterwards, the modeling
methods are described including the ANN structure, back
propagation algorithm, parameter selection, and performance measures. In addition, factor correlation analysis
used to filter input variables is also introduced. Then, the
prediction results of the ANN models are presented, followed by the discussions and conclusions in the final section.
2. MATERIALS AND METHODS
2.1 Materials
2.1.1 Study area

Gucheng Lake is a shallow grass-type lake situated in
the lower reach of the Yangtze River at East China (East:

118°41′-119°12′, North: 31°13′-31°26′). At its normal
storage level, the lake covers 26.35km2 with an average
depth of 1.57 m and storage of 7.66×107 m3. The hydrological retention time is about 3 months.
Gucheng Lake emanates from the mountains in the
south of Anhui Province, the surface runoff and rainfalls
are the primary water replenishments [4]. In the basin,
there are three rivers flowing into the lake including Shigu
River, Qiqiao River and Gangkou River while Guanxi
River and Xu River are flowing out. The annual inflow is
7.4×108 m3 in wet years and 1.4×108 m3 in dry years, on
average.
2.1.2 Sample collection

Sampling strategy should be developed to include
most factors related to the target outputs in the data collected. For Gucheng Lake, the TN and TP concentrations
in the future mainly depend on current eutrophication status
and both influx and efflux of nutrient loads. To reflect the
current eutrophication status of Gucheng Lake, Sites GCL
2 and 5 (Fig. 1) are established in the center of the small
lake and the big lake, respectively. In terms of the nutrient
inflow approaches, it mainly includes [4]: (1) the point
pollution of industrial wastewater and domestic sewage
pouring into the northern part of the lake through Shigu
River, Qiqiao River, and other small streams; (2) the nonpoint pollution due to the fertilizer abuse in the agriculture and fishing activity in the southern part of the lake.
To cover all aforementioned pollution sources and important areas of the lake, Sites GCL 3, 6, 7, and 8 (Fig. 1)
are developed. Specifically, Sites GCL 3 and 7 are located
at the river mouth of Qiqiao River and Gangkou River,
respectively. Sites GCL 6 and 8 are located at approxi-
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FIGURE 1 - Water quality monitoring stations at Gucheng Lake basin (modified from Yu et al. [4]).
TABLE 1 - Description of water samples at Site GCL5 (lake center).
Variable
T
pH
C
DO
NH3-N
PPI
BOD
TN
TP

Unit
-----us/cm
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Minimum
3.4
7.26
136
4.4
0.00
3.0
0.54
0.49
0.015

Maximum
32.4
8.77
326
13.0
0.56
5.6
3.58
2.46
0.077

Mean
19.9
8.06
233
7.9
0.13
4.6
1.98
0.97
0.038

SD
8.1
0.32
45
1.8
0.10
0.6
0.69
0.41
0.014

mately 400 m from the southern lakeshores. In addition,
to cover the nutrient outflow approach, Sites GCL 1 and 4
(Fig. 1) are established, located at the river mouth of
Guanxi River and Xu River, respectively.
Also, nine water quality variables were collected as
follows: water temperature (T), pH, conductance (C), dissolved oxygen (DO), ammonium nitrogen (NH3-N), potassium permanganate index (PPI), biochemical oxygen demand (BOD), total phosphorus (TP), and total nitrogen (TN).
Water samples were collected weekly from January 2, 2006
to November 30, 2009. As a representative, Table 1 describes the water samples at Site GCL5 (lake center).

posed of one input layer, introducing the basic information to the model, one or two hidden layers, performing the computation and simulation, and one output layer,
presenting the results. These layers comprise of an interconnected group of neurons that processes information
using a connectionist approach to computation, as shown
in Fig. 2.

2.2 Methods

2.2.1.2 Back propagation algorithm

2.2.1 Artificial neural network

Back propagation algorithm, introduced by Rumelhart et al. [22], is adopted in this study and briefly
introduced as follows. In the training process, after the
information goes through the network in a forward direction and the network predicts an output, the back propagation algorithm redistributes the error associated with this
out-

2.2.1.1 Model structure

Artificial Neural Network is a data-driven model that
tries to simulate the structural and functional aspects of
biological neural networks. Multilayer perceptron (MLP),
one of the most commonly used ANN structures, is com-

Considering the size of sampling data, one-hiddenlayer model is chosen in this research. The number of
nodes in the hidden layer is determined by the modeling
performance while gradually varying the number of nodes
in the training process of each model.
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FIGURE 2 - Structure of a MLP-ANN model.

put back through the model, and weights are adjusted
accordingly [23], referred to an “epoch.” In the training
process, the epoch would iterate repeatedly until the stopping criteria have been met.
In each epoch, the forward output calculation of one
certain node takes the following form [24]:

ωk +1 = ωk −η ⋅ gk ,

(
5)

where, ωk is the vector of connection weights at the
kth iteration, gk is the gradient at the kth iteration, and η is
the learning rate.

( 2.2.1.3 Parameter selection
There are four main parameters in ANN optimization,
1)
i =1
namely, learning rate (η), momentum term (α), weights
( (ω), and biases (θ). The learning rate and momentum term
output j = f j (net j ) ,
2)
are introduced to speed up the training process. Initially,
where, xi is the ith element of the input vector, N is the they start from default values (η = 0.5, range 0 to 1, α =
dimension of the input vector, wji is the connection weight 0.5, range 0 to 1) and would be adjusted according to the
of the ith input node to the jth node, θj refers to the bias corresponding training error. Similarly, the initial weights
term of the jth node, fj is the transfer function of the jth (ω) and biases (θ) are randomly generated within the
node. In this study, a sigmoid transfer function (f1) is range of (-1, 1), they would be automatically optimized
adopted between the input layer and hidden layer, and a repeatedly following back propagation algorithm until the
linear transfer function (f2) is employed between the hid- stopping criteria has been met.
den layer and the output layer, as given in Equations (3)
In terms of stopping criteria, it should be noticed that
and (4):
the overfitting problem would not occur if the ratio of the
N

net j = θ j + ∑ w ji xi ,

1
− 1,
1 + e− x

( number of training samples to the number of connection
weights exceeds 30 [26]. In this case, the training process
would be terminated when the training error reaches a
( pre-set target goal (10-3). Otherwise, cross-validation is
f 2 ( x) = x ,
4)
introduced to overcome the overfit problem in the training
After the forward calculation has been accomplished process.
with a modeling output, the generated result would be in 2.2.1.4 Modeling performance measures
contrast with the target value. The mean square error (MSE)
In this study, three performance measures are used to
function is applied for this error function [25]. Based on the account accuracy and efficiency of models: root mean
result of MSE analysis, the backward weight optimized square error (RMSE, Eq. (6)), Pearson product-moment
regulation would be conducted, which takes the following correlation coefficient (R), and training time.
form:

f1 ( x) =

3)
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(
1
( xi − yi )2 ,
∑
6)
N
where, N is the total number of the test sample, xi and
yi are the observations and predictions, respectively.

RMSE =

2.2.2 Determination of input variables

It is important to choose predicting variables significantly correlated to the target outputs, to improve the
performance of such a data-driven model. At Site GCL5
(lake center), TN and TP are chosen as predicting variables with a lead time of 1 week. As discussed above, the
sampling strategy ensures that most relevant factors about
TN and TP are contained in the field data; however, some
surplus data may be also included. Therefore, factor correlation analysis is introduced to investigate the statistical
relationship between every potential variable and the
target output, and then, to eliminate those noisy data by
setting selecting range of correlation coefficients of each
potential variable.
Specifically, Pearson product-moment correlation coefficient (r) and Spearman’s rank correlation coefficient
(ρ) are introduced to evaluate linear and non-linear relationship, respectively. The results of factor correlation
analysis for two predicting variables TN (5, t+1) and TP
(5, t+1) are shown in Tables 2 and 3, respectively. Those
correlation coefficient values within the range of (-0.500,

-0.300] or [0.300, 0.500), superscripted with ‘*’, suggest
that the corresponding variables are moderately correlated
to the output. Those correlation coefficient values within
the range of [-1.000, -0.500] or [0.500, 1.000], superscripted with ‘**’, indicate a stronger correlation between
them.
To determine the input variables, three ANN models
for each output are developed to test and determine the
appropriate selecting range of correlation coefficient. As
shown in Table 4, model 1 uses the variables whose correlation coefficient values stay within the range of [-1.000, 0.500] or [0.500, 1.000], whereas model 2 employs the
variables within the range of [-1.000, -0.300] or [0.300,
1.000], and model 3 employs all candidate variables.
2.2.3 Data partition and pre-processing

Sampling data are commonly divided into three subsets in ANN studies: (i) a training set for adjusting weights
and biases, (ii) a testing set for performing cross-validation
to avoid overfit problem, and (iii) a validation set for testing the generalization ability of the model. In this research,
all samples are reshuffled and distributed randomly with
the proportion of 60%, 20%, and 20% for training, testing
and validation, respectively. Afterwards, it is important to
check and make some changes (if necessary) to these three

TABLE 2 - Pearson and Spearman’s rank correlation coefficient values between candidate variables and TN (5, t+1).
Station
1

Coefficient
r

ρ
r

2

ρ

3

ρ

4

ρ

5

ρ

6

ρ

7

ρ

8

ρ

r
r
r
r
r
r

T (t)
-0.060
0.064
-0.041
0.158
0.104
0.202
-0.104
0.117
-0.041
0.157
-0.041
0.157
-0.134
0.057
-0.061
0.136

pH (t)
0.399*
0.353*
0.251
0.339*
0.253
0.296
0.416*
0.340*
0.254
0.343*
0.279
0.373*
0.314*
0.332*
0.316*
0.398*

C (t)
0.336*
0.238
0.253
0.109
0.270
0.167
0.012
-0.022
0.304*
0.061
0.262
0.046
-0.249
-0.224
0.320*
0.084

DO (t)
0.459*
0.479*
0.325*
0.349*
0.085
0.189
0.652**
0.558**
0.267
0.101
0.270
0.260
0.061
-0.001
0.046
0.023

NH3-N (t)
-0.431*
-0.561*
-0.183
-0.095
-0.051
0.178
-0.164
-0.174
-0.164
-0.113
-0.229
-0.167
-0.099
0.027
0.083
0.077

PPI (t)
-0.087
0.066
0.141
0.387*
0.232
0.187
-0.322*
-0.445*
-0.135
0.246
-0.038
0.193
0.092
0.243
0.272
0.181

BOD (t)
-0.183
0.043
-0.043
0.124
-0.106
0.118
0.058
0.198
-0.039
0.106
-0.194
0.035
0.080
0.066
0.003
0.016

TN (t)
0.020
0.051
0.831**
0.777**
0.453*
0.614**
-0.383*
-0.487*
0.975**
0.973**
0.808**
0.779**
0.396*
0.019
0.592**
0.564**

TP (t)
-0.254
-0.099
0.113
0.223
0.095
0.295
-0.247
-0.272
0.062
0.152
0.059
0.173
-0.171
-0.064
0.028
0.130

TABLE 3 - Pearson and Spearman’s rank correlation coefficient values between candidate variables and TP (5, t+1).
Station
1

Coefficient
r

ρ
r

2

ρ

3

ρ

4

r

r

T(t)
0.541**
0.565**
0.630**
0.660**
0.636**
0.665**
0.637**

PH(t)
0.018
-0.014
0.449*
0.444*
0.348*
0.351*
0.253

C(t)
-0.428*
-0.442*
-0.399*
-0.381*
-0.427*
-0.434*
-0.543**

DO(t)
-0.078
-0.104
-0.546**
-0.473*
-0.397*
-0.392*
-0.194
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NH3-N(t)
-0.271
-0.322*
0.030
0.107
0.049
-0.003
-0.420*

PPI(t)
-0.327*
-0.251
0.089
0.055
0.233
0.179
-0.257

BOD(t)
0.231
0.235
0.103
-0.008
0.277
0.162
0.012

TN(t)
0.215
0.259
0.177
0.241
0.063
0.051
0.056

TP(t)
-0.247
-0.082
0.634**
0.744**
0.260
0.463*
-0.347*
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ρ
r

5

ρ

6

ρ

7

ρ

8

ρ

r
r
r

0.644**
0.630**
0.660**
0.631**
0.660**
0.646**
0.647**
0.641**
0.668**
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0.151
0.346*
0.421*
0.430*
0.437*
0.101
0.026
0.492*
0.483*

-0.584**
-0.388*
-0.467*
-0.393*
-0.382*
-0.644**
-0.643**
-0.318*
-0.388*

-0.235
-0.512**
-0.532**
-0.425*
-0.431*
-0.562**
-0.582**
-0.471*
-0.522**

-0.400*
-0.224
-0.129
-0.126
0.091
0.239
0.277
-0.132
-0.143

-0.344*
0.194
0.169
-0.013
0.026
-0.392*
-0.377*
-0.135
-0.151

0.016
-0.056
-0.099
0.173
0.031
-0.403*
-0.346*
-0.146
-0.156

0.044
0.165
0.246
0.229
0.278
-0.226
-0.249
0.112
0.104

-0.286
0.952**
0.951**
0.656**
0.735**
0.262
0.341*
0.663**
0.660**

TABLE 4 - Input and output variables for TN and TP model.
Model
TN-1
TN-2
TN-3
TP-1

Time Lag
1 week
1 week
1 week
1 week

Output
TN(5)
TN(5)
TN(5)
TP(5)

Input Variable
TN(2,3,5,6,8), DO(4)
PH(1,2,4,5,6,7,8), TN(2,3,4,5,6,7,8), C(1,5,8), DO(1,2,4), PPI(2,4), NH3-N(1)
All candidate variables
T(1,2,3,4,5,6,7,8), DO(2,5,7,8), TP(2,5,6,8), C(4,7)
T(1,2,3,4,5,6,7,8), C(1,2,3,4,5,6,7,8), DO(2,3,5,6,7,8), TP(2,3,4,5,6,7,8) PH(2,3,5,6,8), TP(2,5,6,8),
TP-2
1 week
TP(5)
PPI(1,4,7), NH3-N(1,4), BOD(7)
TP-3
1 week
TP(5)
All candidate variables
Note: Values in the brackets represent the number of GCL monitoring station.

three subsets to ensure that the extreme events (minimum
and maximum values) of all variables are embraced in the
training set, and that both training and testing set are able
to make a representative of all data collected.
Having data categorization completed, all input variables are normalized linearly to the range [0.1, 1.0] to be
commensurate with the limits of transfer function (sigmoid)
between input and hidden layers, as given in Equation (7):
x −x
(
xi' = 0.1 + 0.9 i min ,
7)
xmax − xmin
where, xi´ is the normalized data value, xi is the original data value, xmin and xmax are the minimum and maximum values of each variable, respectively.
3. RESULTS
3.1 TN prediction models

To evaluate the performance of three TN prediction
models, the scatter plots of predictions versus observations are presented in Fig. 3, and the performance
measures are shown in Table 5. Obviously, all three models are able to capture the relationship between TN and
input variables. In the training dataset, the correlation coefficient values between predictions and observations are
0.991 of TN-1 and 1.000 of both TN-2 and TN-3. Also,
the RMSE values are 0.0541, 0.0054 and 0.0053 of TN-1,
TN-2 and TN-3, respectively. In terms of validation dataset, all three models successfully predict the magnitude
and pattern of TN concentration at the central part of
Gucheng Lake in one week, with their correlation coefficients (R) all above 0.980 and the RMSEs ranging from
0.0684 of

TN-1 to 0.1138 of TN-3. In addition, the extreme value
predictions also perform well in TN-1 and acceptably in
TN-2 and TN-3.
Also, the structure of ANNs have been simplified and
optimized, attributed to the introduction of factor correlation analysis. The number of input nodes decreases from
75 (TN-3) to 6 (TN-1) and 20 (TN-2), while the number
of nodes in hidden layer reduces from 40 (TN-3) to 10
(TN-1) and 25 (TN-2). Correspondingly, the training time
also drops to less than 1 second of TN-1 and TN-2. Meanwhile, the predicting accuracy of TN-1 and TN-2 models is
slightly improved, the RMSEs fall from 0.1138 (TN-3) to
0.0684 (TN-1) and 0.0711 (TN-2), and the correlation coefficient values increase from 0.9813 (TN-3) to 0.9915 (TN-1
and TN-2) for validation data.
Moreover, the comparison of modeling results between
TN-1 and TN-2 also determines the selection range of
correlation coefficient. In contrast with TN-2, TN-1 has a
slight improvement in predicting accuracy, but a significant
improvement in structure optimization. In addition to the
input variable reduction from 20 (TN-2) to 6 (TN-1), the
nodes in hidden layer also decrease from 25 (TN-2) to 10
(TN-1), indicating that TN-1 model possesses the merit of
simplification and efficiency. Therefore, it is preferable to
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FIGURE 3 - Training and validation results of three TN prediction models: (a) training and (b) validation sets.

TABLE 5 - Performance measures of three TN prediction models.
Model

Structure

TN-1
TN-2
TN-3

6-10-1
20-25-1
75-40-1

Training
Time
<1s
<1s
8s

Root Mean Square Error
Training
Validation
0.0541
0.0684
0.0054
0.0711
0.0053
0.1138

Correlation Coefficient
Training
Validation
0.991
0.9915
1.000
0.9915
1.000
0.9813

FIGURE 4 - Training and validation results of three TP prediction models: (a) training and (b) validation sets.
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TABLE 6 - Performance measures of three TP prediction models.
Model

Structure

TP-1
TP-2
TP-3

18-23-1
43-40-1
75-65-1

Root Mean Square Error
Training
Validation
0.0003
0.0015
0.0015
0.0030
0.0001
0.0042

Training
Time
<1s
2s
31s

choose [-1.000, -0.500] and [0.500, 1.000] as the selection
ranges of correlation coefficient values in factor correlation analysis.
3.2 TP prediction models

For three TP prediction models, Fig. 4 shows the scatter plots of predictions versus observations, and Table 6
presents the performance measures. Based on the TP modeling results, discussion similar to that in the previous section
can be made. All three TP models are capable of learning
the relationship between inputs and output, and thus,
generating well predictions. The model with the best performance appears to be TP-1 for its highest correlation coefficient (0.9945) and lowest RMSE (0.0015) between observations and predictions for the validation data. Also,
TP-1 shows the simplest structure (18-23-1) and shortest
training time (less than 1 second). The better performance
of TP-1 has proven that the selection ranges of [-1.000,
-0.500] and [0.500, 1.000] are robust again.
4. DISCUSSION AND CONCLUSIONS
ANNs with back propagation algorithm were presented
to predict the concentration of TN and TP at the central part
of Gucheng Lake in one week. The sampling strategy ensured that input variables mostly relevant to TN and TP
were collected. Factor correlation analysis was then employed to eliminate the noisy variables and to optimize
the modeling structure. In order to determine the ideal
selection range of correlation coefficient values, three BPANN models were developed for either TN or TP predictions. The absolute values of correlation coefficient within
[0.500, 1.000] and [0.300, 1.000] were used in models 1
and 2, respectively, but no factor correlation analysis was
applied to model 3.
As a result, good modeling performances obtained in
this research have confirmed the capacity of ANN models
to perform TN and TP prediction. Specifically, the predictions and observations fit well in all these models, for their
correlation coefficient values all above 0.95 for validation
datasets. The significant improvement can be found in modeling structure optimization, 75 potential variables are filtered to 6 and 18 inputs for TN-1 and TP-1 models, respectively. Correspondingly, the training time also decreased to less than 1 s for both TN-1 and TP-1 models.
Meanwhile, compared to TN-2 (TP-2), the improvement
of structure optimization and predicting accuracy of TN-1
(TP-1) indicates that it is preferable to choose [-1.000,

Correlation Coefficient
Training
Validation
1.000
0.9945
0.994
0.9750
1.000
0.9586

-0.500] and [0.500, 1.000] as the selection range of correlation coefficient value in factor correlation analysis.
In contrast with similar studies, the modeling performance appears to be relatively better in this research. We
consider that there are three main reasons. Initially, the
investigation and analysis of the pollution influx and
efflux approaches, which is often neglected or replaced by
simple empirical judgement in similar research, plays a
critical role in the development of sampling strategy. On
the basis of that, the data collected could cover most governing factors affecting TN and TP concentration at the
center of Gucheng Lake, so the output and input variables
are highly-correlated in this research. Secondly, the eutrophication aggravation and water quality deterioration
process of Gucheng Lake is typical and representative
during the sampling collection period (January 2006 to
November 2009). Therefore, the modeling data in this study
contains vital information about eutrophication developing
mechanisms of the lake. In addition, factor correlation
analysis with selecting range of [-1.000, -0.500] and [0.500,
1.000], determining those variables which have great contribution to the target outputs, could optimize both modeling structure and prediction accuracy by identifying and
eliminating surplus data among potential variables. Therefore, the models possess good generalization capability
and are able to stimulate the relationship between inputs
and outputs, and, finally, produce satisfactory results.
Although the stimulation potential of ANN models
has been confirmed in this research, some uncertainties
still exist: (1) whether the forecasting model could generate good results for other watersheds? (2) If not, where is
the application boundary of the model? (3) For those
applications, this model fails to perform well, are there
any optimizing measures able to improve the modeling
performance? Moreover, only TN and TP are tested in
this study, which is still insufficient for the establishment
of eutrophication early-warning system of Gucheng Lake.
In a future research, one of the possible extensions of this
research is to incorporate other eutrophication-related
variables in the development of an early-warning and
decision-support system for Gucheng Lake.
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ASSESSING INTRA-SPECIFIC VARIATION WITHIN
BACILLUS SPP. STRAINS USING DNA FINGERPRINTING
Ömür Baysal*
Muğla Sıtkı Koçman University, Faculty of Life Sciences, Department of Molecular Biology and Genetic, P.B. 48000 Kötekli Muğla, Turkey

ABSTRACT
Bacillus subtilis strains are known to be prominent
biologics playing different roles both in biological degradation of organic compounds and bio-control of plant diseases. In the present study, a schematic diagram was improved using efficient ISSR markers, selected in previous
screening studies and suggested in view of their cost and
labor-effective roles in discrimination of Bacillus spp.
strains. To assess their efficiency and use in diversification
of Bacillus spp. strains, whole findings were compared
with 16S rDNA analysis. The results by selected InterSimple Sequence Repeats (ISSR) markers showed convenient, highly reproducible results to be a tool for revealing
genetic relationships in Bacillus spp. strains, with regard to
16S rDNA. Even ISSRs have no informative knowledge
based on gene sequence. Quick studies on structure and
dynamics of microbial communities in ecosystems are of
importance. Therefore, ISSR fingerprinting is suggested to
be an efficient tool in intraspecific discrimination of Bacillus
subtilis strains in further studies.

KEYWORDS: Molecular markers, intra-specific variation, 16S rDNA,
ISSR, Bacillus spp.

1. INTRODUCTION
Studies on the structure and dynamics of microbial
communities are relevant in microbial ecology to develop
bioremediation strategies. For identification of a microbial
agent, polymerase chain reaction (PCR) has been successfully used in different microbiological studies. Particularly,
the gene commonly amplified in such cases codes for 16S
rDNA, which is a highly conserved region both within a
species and among species of the same genus, and is essential for the survival of living organisms [1]. Therefore, 16S
rDNA analysis is also considered to be a standard method
for the identification of bacteria at family, genus and species levels [2]. However, further discrimination of individual strains within a given species is needed in order to
understand the speciation and host preference occurrence
* Corresponding author

depending on pathogenic behavior. Consequently, a number of fingerprinting methods have been developed in
recent years to discriminate between strains belonging to
a given species, such as random amplification of polymorphic DNA [3] and amplified fragment length polymorphism (AFLP) analysis [4]. However, these methods are
not cost-effective. Inter-Simple Sequence Repeats (ISSR)
are dominant markers and detect polymorphisms in microsatellite and inter-microsatellite loci, and do not require prior information of DNA sequences [5]. In contrast
to other molecular markers, the target sequences for ISSR
primers help in revealing higher numbers of polymorphic
fragments than RAPD (Random Amplified Polymorphic
DNA) markers.
On the other hand, there is also no strict correlation
between function of Bacillus isolates and their genotypic
and phenotypic variations [6]. A relatively recent study
indicated that the function of a large number of genes in
B. subtilis remains unknown [7]. Most of the available evidence concerning genotypic variation among different Bacillus isolates has been acknowledged with assessment of
phenotypic variation and cell wall chemistry [8] but not
sufficiently informative on genus-based diversification.
In the present study, a schematic list using ISSR markers was developed for easy discrimination of Bacillus
strains to examine the species variability and to differentiate closely related strains at the subspecies level, which
was also evaluated with the results obtained by 16S rDNA
analysis confirmations.
2. MATERIAL AND METHODS
2.1 Isolation, selection and identification of bacteria

In this work, 12 samples were isolated from greenhouse soils collected during the Methyl Bromide Phase
Out Project of the Ministry of Agriculture in Turkey,
within 2003-2010. The bacterial suspensions were stored in
tubes containing King B medium at 4 ºC, and in flasks containing TSB (tryptone soy broth) plus glycerol (20%, v/v) at
-20 ºC until use. Whole isolated bacteria were distinguished
from other B. subtilis colonies according to bacteriology
notes [9], including some tests. Afterwards, identification
of each strain was confirmed with 16S rDNA sequences
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(accession EF101729) after genome extraction as described in a previous study [10].
2.2 DNA amplification, 16S gene sequencing and data analysis

PCR amplification of the full 16S rRNA gene was
accomplished by mixing 4 µl genomic DNA and 46 µl
water with 50 µl MicroSeq 16S PCR Master Mix, containing 200 mM deoxynucleoside triphosphates, PCR buffer
(10 mM Tris–HCl [pH 8.3], 50 mM KCl, 3 mM MgCl2,
0.01% gelatine), 1.0 U of AmpliTaq DNA polymerase,
and 0.4 µM broad-range eubacterial primers. A negative
control (sterile deionized water) and a positive control
(Escherichia coli genomic DNA) were included in the experiment to confirm validity of results. For PCR of 16S
rDNA genes, PCR conditions were as follows: initial
denaturation at 94 ºC for 5 min, followed by 30 cycles of
denaturation (94 ºC for 30 s), annealing (59 ºC for 30 s),
and extension (72 ºC for 1 min 30 s).
Final extension was initiated at 72 ºC for 5 min.
The forward and reverse primers used were 27F (5’AGAGTTTGATC(M)TGGC-TCAG-3’) and 1525R (5’AAGGAGGTG(W)TCCA(R)-CC-3’), respectively. Each
amplified product (10 µl) was electrophoresed in 1%
agarose gels, in TBE buffer (100 mM Tris–HCl, 90 mM
boric acid, 1 mM Na2EDTA), ethidium bromide solution 10 mg/ml, at 100 V for 1 h. The gel was visualized
under UV light and photographed. Sequences were
edited to exclude the PCR primer binding sites, and
manually corrected with Chromas 2 (Chromas Version
2.22; www.technelysium.com.au/chromas.html). Sequence
alignments were carried out using MEGA 3.1 software (http://www.megasoftware.net/). For identification of the closest relatives, newly determined sequences were compared to those available in the
GenBank (www.ncbi.nlm.nih.gov) databases using
the standard nucleotide–nucleotide BLAST program (www.ncbi.nlm.nih.gov), followed by phylogenetic analysis with MEGA 3.1.

Array spectrophotometer and stored at -20 °C until further
use.
ISSR -PCR reactions were performed according to a
previous study [11] in 15 µl volume containing 20 ng
DNA, 1.5 µl buffer, 2 mM MgCl2, 0.1 mM dNTPs, 0.6 U
Taq polymerase (Biorun, Nantes, France), and 3–10 µM
primer. Out of 27 ISSR primers (808- 890), those resulting in clear polymorphism (873, 876, 881, 885) have been
selected besides ENEA 13-14 primers. PCR reaction
conditions for ISSR primers were 94 °C for 2 min 30 s,
35 cycles of 94 °C for 1 min, 48 °C for 45 s, 72 °C for
1 min, and 72 °C for 10 min. PCR products were separated on a 1.5% agarose gel and visualized with ethidium
bromide staining under ultraviolet light, and photographed
with a Kodak Gel Logic 200 system. All experiments were
repeated at least twice.
3. RESULTS
A 1500-bp 16S rDNA fragment was amplified from
each strain. Sequence analysis of PCR products revealed
that there were 0.1% differences with the most closely
matched sequence in the databank for all isolates. Among
the 12 isolates were members of Bacillus genus (1 B. firmus, 2 B. cereus, 1 B. megaterium, 1 B. spizienzii, 1 B. vallismortis, 2 B. mojavensis, 1 B. amyloliquifaciensis, 3 B.
subtilis). A representative phylogenetic tree, constructed
with the Clustal W program, is shown in Fig. 1.
B. cereus
B. cereus
B.megaterium
B. spizizenii
B.vallismortis
B.subtilis

2.3 Genetical discrimination of Bacillus subtilis strains by
ISSR primers

Genomic substraction was performed from 12 strains.
DNA was extracted from bacterial cultures grown in
nutrient broth. After 24 h, 50 ml of culture was removed
and centrifuged at 3000 × g for 5 min, after which the
cells were washed in 0.85% NaCl solution, re-centrifuged
and re-suspended in 2 ml of TE buffer (100 mM EDTA;
150 mM NaCl; 100 mM Tris-HCl, pH = 8.0) containing
4 mg ml-1 lysozyme. The suspension was incubated at
37 °C for 45 min, and 0.5 ml of 8.5% SDS was added,
followed by incubation at 75 °C for 30 min before the
addition of 1.5 ml of potassium acetate (5 M, pH 5.2) and
incubated for 20 min at 4 °C. The DNA was extracted with
chloroform : isoamyl alcohol (24:1), precipitated with icecold isopropanol, washed with 70% ethanol, briefly dried
and re-suspended in 200 µL of TE buffer. The concentration of DNA was measured using a Biowave S2100 Diode

B. mojavensis
B.mojavensis
B.firmus
B.amyloliquefaciens
B.subtilis
B.subtilis

FIGURE 1 - Discrimination of Bacillus strains according to 16S
rDNA analysis

In total screened 27 ISSR primers, the best results
were obtained by 873, 876, 881, 885, ENEA13 and 14 primers. The results showed significant differences among
Bacillus strains. A total of 62 well-resolved band classes
were detected and used for genetic analysis. The analyzed
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amplified fragments ranged from 150 bp to 2.3 Kbp (primers 873-885, ENEA13 and14 primers) in size (Fig. 2).
The number of ISSR bands obtained by amplifications
with each primer varied and the calculations are given in
Table 1. All the screened primers revealed marked polymorphisms in all strains, showing a clear genetic differen-

tiation. Out of 62 bands considered, 26 were polymorphic.
The scoring on gels and calculations were done according
to a previous study [10]. Dice’s similarity was also used
to do a cluster analysis and to generate a dendrogram showing the relationship within the selected strains (Fig. 3).

FIGURE 2 - Genetic comparison within 12 different Bacillus strains by ISSR ENEA 13 (left side) and ENEA 14 (right side) markers. Each
strain has been amplified with the same ISSR markers (M: marker DNA).

Similarity
0,96

0,84

0,72

0,6

0,48

0,36

0,24

0,12

0
0

11
1,6

9
3,2

10
12

4,8

6

6,4

7
8

8

3
4

9,6

5
11,2

1
2

12,8

FIGURE 3 - Dendrogram of genetic relationships within 12 Bacillus spp. isolates obtained from Dice’s coefficient similarity matrix using
ISSR marker data and UPGMA cluster analysis using the SAHN-clustering and TREE program of the PAST (1.B. firmus 2. B. amyloquifaciensis 3. B. mojavensis 4. B. mojavensis 5. B. firmus 6. B. subtilis 7. B. vallismortis 8. B. subtilis 9. B. cereus 10. B. cereus 11. B. megaterium 12.
B. subtilis).
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TABLE 1 - Number of amplified loci (n), percentage of polymorphic loci (Ppl), maximum and minimum band size (Max/Min), average of
observed alleles (na), effective alleles (ne), Nei genetic diversity (h), Shannon index (I), and Gregorius differentiation coefficients (δ), calculated for each primer (Average and standard deviation of all the considered parameters were calculated for ISSR).

ISSR primers
ENA13
ENA14
881
873
876
881
885
ISSR average

n

Ppl

22
23
14
8
20
19
16
17.6 ± 5.1

98
86
94
67
78
93
87
86.1 ± 9.8

Max (bp) Min (bp)
2300
2100
2100
2300
2300
2100
2100
2185 ± 106

250
250
250
310
250
350
450
301 ± 76

4. DISCUSSION
The current study shows a new list of ISSR markers,
which is suggested for easy discrimination of Bacillus
subtilis strains due to cost-effective benefits and time
consumer properties, apart from AFLP and RFLP methods. Even ISSR is not informative on sequence level of
the strains of B. subtilis divided into subspecies by scoring the fragments on the gel. Quite similar ISSR-PCR
patterns were observed with the same partial 16S rDNA
sequence. 16S rDNA partial sequencing assigned all the
isolates to the Bacillus genus, with close genetic relatedness to Bacillus subtilis and other groups. ISSR known
also as microsatellite-primed PCR [11] is cheaper than the
amplified fragment length polymorphisms (AFLP) [12],
and both do not require prior knowledge of DNA sequence. ISSRs are more reproducible and achieve higher
polymorphisms than the restriction fragment length polymorphism (RFLP) [13]. In results, the primer specific
ISSR-PCR fingerprinting and 16S rDNA phylogenetic
analyses gave similar clusters. ISSR-PCR fingerprinting
clustered Bacillus spp. strains in the same way as the 16S
rDNA tree, suggesting a good approach to examining
genetic relationships among unknown Bacillus isolates.
The dendrogram generated from ISSR-PCR fingerprinting
separated the Bacillus isolates as a distinct group from
sub-divided strains. Based on molecular characterization,
most of the isolates were closely related to B. subtilis and
B. cereus groups. High genotypic and phenotypic heterogeneity in the Bacillus isolates was observed, and particularly this case is valid in Bacillus subtilis genus. Furthermore, a previous study on genetic diversity [14] using
ISSR markers for another gram-positive bacterium Clavibacter michiganensis was also confirmed and suggested
in an application note [15] for practice.

na

ne

h

I

δ

1.92 ± 0.28
1.87 ± 0.10
1.90 ± 0.22
1.73 ± 0.41
1.92 ± 0.28
1.86 ± 0.31
1.87 ± 0.22
1.90 ± 0.18

1.33 ± 0.27
1.52 ± 0.25
1.38 ± 0.35
1.32 ± 0.27
1.33 ± 0.27
1.70 ± 0.25
1.48 ± 0.35
1.39 ± 0.07

0.23 ± 0.13
0.32 ±0.12
0.22 ± 0.12
0.22 ± 0.15
0.28 ± 0.13
0.32 ±0.12
0.22 ± 0.12
0.23 ± 0.04

0.37 ± 0.18
0.50 ± 0.15
0.36 ± 0.25
0.36 ± 0.21
0.34 ± 0.18
0.50 ± 0.15
0.36 ± 0.25
0.37 ± 0.07

0.97
0.93
0.94
0.70
0.97
0.93
0.94
0.87 ± 0.06

close relations in the same environment. This case was
clearly observed and detected using selected ISSR markers. The studies will be continued with testing different
ISSR markers on high numbers of Bacillus strains in
further studies. However, ISSR markers are suggested to
be a good and efficient tool, once the right markers have
been selected in a previous screening.
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ABSTRACT
Acetylcholinesterase (AChE) is generally used as an
inhibitive assay for insecticides. A lesser-known property
of AChE is its inhibition by heavy metals. In this work,
we evaluate an AChE from silver catfish brain (Pangasius
sp.), wasted from aquaculture industry, as an inhibitive
assay for heavy metals. We discovered that the AChE was
completely inhibited by Cr6+, Ag2+, Cd2+, Hg2+, Cu2+, Zn2+
and Pb2+ during an initial screening. When testing at various concentrations, the above heavy metals exhibited exponential decay type inhibition curves. The calculated IC50
for Hg2+, Cu2+, Ag2+, Cr6+, Cd2+, Pb2+, and Zn2+ were 0.071,
0.088, 0.088, 0.87, 0.913, 1.1, and 1.572 mg/L, respectively. The Limit of Detection (LOD) and Limit of Quantification (LOQ) values of the heavy metals are within the
range of the Maximum Permissibility Limit (MPL) allowed by the Malaysian Department of Environment
(DOE) for Class-III rivers. The IC50 values for these heavy
metals are comparable, and some are lower than those of the
currently known assays, such as immobilised urease, Daphnia magna, MicrotoxTM, rainbow trout, papain and bromelain assays. Field trial works on an industrial drainage site
had shown that the developed assay is applicable in detecting heavy metals in the water. The assay can be carried out in less than 30 min under ambient temperature.

KEYWORDS: Pangasius sp.,
heavy metals, inhibitive assay

acetylcholinesterase

(AChE),

1. INTRODUCTION
Heavy metal levels in developing countries like Malaysia with an agricultural agenda have become a problem.
* Corresponding author

The health problems caused by chronic effects of heavy
metals has cost millions of Ringgit to the country in
healthcare and monitoring of rivers. There are 180 river
basins in Malaysia, and about between 5 to 10% has been
reported to be polluted with inorganics and organics [1].
Therefore, their monitoring is important. Currently, the
annual levels of heavy metals in these polluted rivers are
not being monitored due to high costs. One way to reduce
the cost of monitoring is to use biomonitoring. The USEPA
has recognized microbial- and ezyme-based methods to
biomonitor toxicants [2]. Microbial-based methods, such
as Microtox and Polytox, are not amenable for field trial
works, as they require bulky incubators. Enzymes, such as
proteases [3-5] and urease [6], could be used but they are
time-consuming as each measurement takes more than 1 h
to complete. Fish have been identified to become specialized in responding to pollutants, and it has been utilized
for assaying varieties of toxicants [7, 8].
Silver catfish (Pangasius sp.), locally known as ‘Patin’,
is reared at a large scale for its flesh as fillet (dori) in Malaysia. Unwanted parts of the fish, such as the skin, visceral
and head portion, are often thrown away [9]. Fish brain
contains AChE, a source of enzymes often used for in vitro
insecticide assays. Current sources of enzymes for pesticide
bioassay and biosensor technology are from the fruit fly
Drosophila melanogaster and the electric eel Electophorus electricus [10]. Currently, these sources are very expensive reaching several hundreds Malaysian Ringgit per
mg.
AChE is generally used for biomonitoring of insecticides, and is also useful to detect the presence of heavy
metals [11-13]. The rapidity and simplicity of the AChE
assay makes it appealing to be used in the field coupled
with a portable spectrophotometer. In this work, we discovered that AChE from Pangasius sp. is sensitive to the
heavy metals such as mercury, copper, silver and chromium, and we used this enzyme to detect heavy metals from
several aquatic bodies in the Juru river basins.
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2. MATERIALS AND METHODS

gression analysis software available on the internet
(www.graphpad.com).

2.1 Chemicals

Heavy metals, such as mercury (Hg2+), molybdenum
(Mo6+), cadmium (Cd2+), lead (Pb2+), copper (Cu2+), zinc
(Zn2+), chromium (Cr6+) and silver (Ag2+), were prepared
from atomic absorption spectrometry standard solutions
of MERCK company (Merck, Darmstadt, Germany).
Working solutions at concentrations of 10, 5, 2.5, 1.0 and
0.5 mg/L were prepared by diluting them in deionized
water, and stored in acid-washed polypropylene containers.
These solutions were prepared fresh daily. Acetylthiocholine
iodide, β-mercapto-ethanol and 5’-dithio-bis (2-nitrobenzoic
acid) (DTNB) were purchased from Sigma-Aldrich.
2.2 Preparation of affinity purified AChE

Pangasius sutchi, with an average weight of 750 g and
about 25 cm in length, were sourced from a local patin
aquaculture farmer in Dengkil, Selangor, in 2012. The
whole brain has been dissected and 10 g of brain was homogenized (Ultra-Turrax T25 homogenizer) in 20% (w/v)
of 100 mM sodium phosphate buffer at pH 8.0. Unbroken
tissues were removed by centrifugation at 15,000×g for
10 min at 4 °C, followed by ultracentrifugation of the
supernatant at 100,000×g (Sorvall) for one h at 4 °C. The
supernatant was subjected to affinity purification. Procainamide affinity chromatography was used to partially
purify the AChE [14]. The matrix, packed in a glass column
(1.6 cm x 20 cm) (Amersham) to a bed height of 10 cm, was
washed with 400 ml of buffer A (20 mM sodium phosphate
buffer, pH 8.0). This procedure was to clean and equilibrate
the column. About 10 mg of crude extract was loaded
onto the affinity matrix and washed with 500 ml of buffer
A with a flow-rate of 1 ml/min. A linear gradient of 1 M
NaCl in buffer A was used to elute AChE using a total
volume of 100 ml. Fractions of 1 ml were then collected
and assayed for activity and protein. Fractions exhibiting
high AChE activity were then pooled and dialyzed in 2 L
of buffer A at 4 °C overnight. The dialyzed fraction was
then concentrated (Viva Spin) and stored at -20 °C until
subsequent use.

2.4 Field trials

Water samples were obtained from Prai river basins
within the Prai industrial estate, pristine area of Sungai
Udang recreational jungle, and treated with tap water in
the university for comparisons. Water samples were immediately assayed for the presence of bioavailable heavy
metals using the inhibitive assay as described above with
a portable spectrophotometer (Axiom, Germany). The determination of heavy metal contents in our samples was
measured using atomic emission spectrometry (ICP-OES,
Optima 3700DV, Perkin-Elmer, USA). All experiments
were performed in triplicate.
2.5 Data and statistical analysis

The percent inhibition was calculated according to
the following formula:
% Inhibition = Activity of control − Activity of sample × 100
Activity of control

The values shown are means ± standard deviation.
Graphpad Prism version 3.0 was used to analyze all data.
Comparison between groups was obtained by one-way
analysis of variance (ANOVA) with post hoc analysis by
Tukey’s test, or by using a student's t-test. P<0.05 was
regarded to be statistically significant.
3. RESULTS AND DISCUSSION
Figure 1 shows that Cr6+, Ag2+, Cd2+, Hg2+, Cu2+, Zn2+
and Pb2+ inhibited almost 100% of fish AChE activity.
The heavy metals were further tested using various concentrations, and exhibited exponential decay type inhibi-

2.3 Determination of AChE Activity

AChE activity has been calculated on the basis of an ex-1
-1
tinction coefficient of 13.6 mM ・cm by the method
of Ellman et al. [15]. One unit of activity is defined as one
µmol ATC hydrolyzed/min. The reaction mixture composed of 150 µl of potassium phosphate buffer (0.1 M, pH
8.0), DTNB (20 µl, 0.067 mM), carbamate (50 µl), and
enzyme (10 µl). The mixture was incubated in the dark
for 10 min at room temperature. Then, 20 µl of Acetylthiocholine iodide (0.5 mM stock) was added. Again, the
mixture was left to stand but for 10 min at room temperature before the absorbance reached 405 nm. The experiment was being conducted in triplicates. IC50 of heavy
metals had been determined using one-phase exponential
decay model on Graphpad PRISM 4 for non-linear re-

FIGURE 1 - The effect of metal ions on the activity of the partially
purified AChE from Pangasius sp. (data represent means ± SEM, n = 3).
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TABLE 1 - IC50 values of the heavy metals for fish AChE activity with fitting coefficient, R. (LOQ and LOD values are also listed together
with their MPLa to evaluate the capability of the developed assay).
Metals

R2

IC50 (mg/L)

LOQ (mg/L)

Hg2+
0.99
0.071 (0.059-0.088)
0.011 (0.009-0.013)
Cu2+
0.99
0.088 (0.065- 0.096)
0.011 (0.004-0.017)
Ag+
0.98
0.088 (0.082-0.095)
0.011 (0.008-0.014)
Cr6+
0.99
0.87 (0.80-0.97)
0.066 (0.096-0.034)
Cd2+
0.99
0.913 (0.85-0.99)
0.159 (0.131-0.185)
Pb2+
0.98
1.1 (1.042-1.164)
0.094 (0.062-0.124)
Zn2+
0.99
1.572 (1.443-1.727)
0.255 (0.192-0.314)
a
Maximum Permissible Limit (Class III-water supply) (DOE, 2011 [1])

LOD (mg/L)

MPLa

0.003 (0.001-0.005)
0.0003 (0.001-0.007)
0.0009 (0.0002-0.0039)
0.023 (0.009-0.031)
0.052 (0.021-0.08
0.031 (0.002-0.058)
0.034 (0.002-0.099)

0.004
0.02
0.0002
1.4
0.01
0.02
0.4

TABLE 2 - Comparison between AChE-inhibition assay with other biomonitoring methods used for heavy metals detection (data shown are
either LC50 or IC50 (mg/L)).
Immobilized
MicrotoxTM b
Daphnia Magnaa
Rainbow trouta
Papainc
Bromelaind
Ureasea
0.071
0.029-0.05
0.0052-0.21
0.033-0.21
0.24-0.62
0.13-0.16
0.33±0.021
Hg2+
0.088
0.076-3.8
0.020-0.093
0.25
0.004
0.163-0.305
0.41±0.14
Cu2+
0.088
n.d.
n.d.
1.93
0.05
0.33-0.49
n.d.
Ag+
0.87
13
0.1-1.8
11
n.d.
n.d.
36.1±2.5
Cr6+
0.913
19-220
0.041-1.9
0.15-2.5
0.1
n.d.
1.59±0.26
Cd2+
2+
1.1
>250
1.7-3.0
3.6
8
2.16±0.53
n.d.
Pb
1.572
14.6±3.2
0.27-29
0.54-5.1
0.55-2.2
2.11±0.56
n.d.
Zn2+
The time used for MicrotoxTM, Daphnia Magna, and Rainbow trout assay were 15 min, 48 h, and 96 h, respectively. a Jung et al., 1995 [6], b Hsieh et
al 2004 [16], c Shukor et al., 2006 [3], d Shukor et al., 2008 [4], and n.d. is not detected.
Metals

This work

tion curves. The calculated IC50 values for the heavy metals are 0.071, 0.088, 0.088, 0.87, 0.913, 1.1, and 1.572
mg/L, in the order of Hg2+ < Cu2+, Ag2+ < Cr6+ < Cd2+ <
Pb2+ < Zn2+, respectively, as shown in Table 1.
We concluded that the lowest concentration of a
heavy metal revealing a distinguished signal before it
becomes saturated is a limit of detection (LOD). LOD of
a system is also typically defined as three times the standard deviation of a reference sample. The limit of quantification (LOQ) is the concentration level, which can determine the detection signal with acceptable precision (robust standard deviation in the range of 10 to 25%) and
accuracy (usually 80 to 120% recovery). It is normally
defined as ten times the standard deviation of a reference
sample [17]. The LOD and LOQ values are given in Table 1. The targeted sensitivity of the developed assay is
the Malaysian Department of Environment standard for
the MPL of heavy metals, especially for water in Class-III
(water supply requiring extensive treatment). The MPL
level exceeding Class-III will be considered as polluted
and unfit for irrigation and livestock drinking [1].
Samples that gave 10% inhibition of AChE activity in
theory would contain these metal ions above the MPL
level as outlined by the Malaysian Department of Environment [1]. Repeated measurements of the assay suggested that the assay was reproducible with a coefficient
of variation (CV) of the replicated data ranging from 6.4
to 8.3%.
Table 1 shows the comparative LC50 (lethal concentration that causes 50% toxicity), LD50 (lethal dose that

causes 50% toxicity), EC50 (effective concentration that
causes 50% response), and IC50 (concentration that causes
50% inhibition) data for the metals; presented with 95%
confidence intervals (CI) for different toxicity investigations. Comparison of fish AChE assay made with immobilized urease, Microtox™, daphnid (Daphnia magna),
fish (rainbow trout), papain, and bromelain toxicity data
are in the same table. Schenker and Gentleman [17]
demonstrated that non-overlap of confidence interval
usually signifies significant difference at p<0.05 level
while an overlapped interval does not necessarily mean
that the differences exist, or non-significant differences at
p<0.05 level. Overlapped intervals provide a general view
that more data and experimentation are needed to assess
non-significance. Based on this, the developed assay for
mercury is significantly more sensitive than the immobilized urease, papain, and bromelain assays whilst it is
comparable with the rest of the other assays. The developed assay for copper is significantly more sensitive than
those of immobilized urease, rainbow trout and bromelain, while it is within the range of detection with the MicrotoxTM, Daphia magna and papain assays. For silver, the
developed assay is significantly more sensitive than all of
the assays examined, with the exception of the rainbow
trout assay, which has comparable capability. The result for
chromium is more than one magnitude better compared to
all the other assays, except that it is equivalent to the
Daphnia magna assay. The developed assay for cadmium
is several magnitudes better than MicrotoxTM, and also
significantly more sensitive than immobilized urease assays
while it is within the range of detection of the Daphia
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magna, rainbow trout and papain assays. For lead, the
developed assay is the most sensitive in comparison with
all of the other assays. The developed assay for zinc is
significantly more sensitive than the immobilized urease
and papain assays while it is within the range of detection
with regard to the rest of the assays. Thus, in general, we
concluded that the developed assay is better than the
available bioassays, especially for multi-elemental early
detection.
Looking at the MPL level reported in the DOE Environmental Quality Report (EQR), several heavy metals,
such as mercury, silver and lead, could only be detected at
LOD level of the developed assay, while copper and zinc
could be detected at LOQ level. Chromium could be detected at IC50 level whilst cadmium is beyond detection at
LOD level which was the lowest detectable concentration
for the developed assay. Generally, an assay is considered
to be good if the IC50 of heavy metals are within the MPL
level for Class-III [3], or acceptable if the MPL values are
within the LOQ level while LOD is considered to be poor.
Although the assay is blind to the type of heavy metals in
the waters, heavy metals are rarely present as a single
elemental contaminant but they exist as a multi-elemental
contamination [3]. Hence, the cumulative toxicity of
heavy metals are more important as they will register an
inhibition to the assay and deemed fit to be sent for instrumental validation [18]. The values of IC50, EC50 or
LC50 are usually used to benchmark bioassays.
The results showed that fish AChE can be used for in
vitro detection of heavy metals. Fish and aquatic organisms due to their aquatic environment are sensitive to toxicants, such as heavy metals [19]. For instance, heavy metals like chromium, copper, cadmium and mercury have been
shown to be very high in toxicity when reacting to Gambusia affinis [20], Mytilus galloprovincialis, Perna perna
[21] and Pomatoschistus microps [22], respectively. Metal
ions inhibit enzymes because they could form ligands with
amino and carbonyl groups, tryptophan (ring nitrogen),
cysteine (thiol), methionine (thioether), serine, threonine,
tyrosine (hydroxyl groups), asparagine and glutamine
groups of proteins [23]. In addition, the metal ion mercury

could disrupt cysteine bridges which lead to protein denaturation [12].
3.1 Field trial

Using the newly developed inhibitive enzyme assay,
we tested several on-field samples. Samples were taken
from the river near Prai industrial estate (PIE), expected
as samples contaminated with heavy metals. For comparison, pristine water samples were taken from the Sungai
Udang Recreational Jungle (SURJ), and the university tap
water. The results show that the developed assay could
detect elevated levels of heavy metals in near real-time as
the assay took only 30 min to be completed. The enzyme
was found to be stable for at least three days when stored
on ice. Water samples from the Prai river basins within
the Prai industrial estate showed contamination with all of
the heavy metals tested, with values exceeding the MPL
allowed by the DOE whereas pristine water samples from
the Sungai Udang Recreational Jungle (SURJ) and treated
tap water showed the absentness of heavy metals (Table 3).
Rivers that contain heavy metals above the MPL for Class
III are classified as polluted. Since the Environmental
Quality Report produced by the DOE does not have heavy
metal data for the 5-10% of rivers currently classified as
polluted, the results obtained in this work will demonstrate the potential applicability of the assay for biomonitoring works. Biomonitoring allows only a positive sample that shows enzyme activity inhibition to be sent for
instrumental validation. Hence, the cost for monitoring
will be dramatically reduced.
4. CONCLUSION
In conclusion, AChE from Pangasius sp. has been
shown to be sensitive to heavy metals with LOD values
that can be used for biomonitoring works. Due to limited
information regarding the use of AChE for biomonitoring
of heavy metals, this work has added new data and information that is useful for future biomonitoring studies
using enzymes.

TABLE 3 - Field trial results of the AChE-inhibition assay. The quantity results obtained using atomic emission spectrometry are also listed.
Location name

Inhibition (%)

Concentrations of heavy metal (mg/L)
Pb

Zn

Ag

Cu

Hg

Cr

PIE 1
100
n.d.
2.098±0.011
n.d.
6.23±0.08
n.d.
n.d.
PIE 2
100
0.012±0.001
0.876±0.003
n.d.
2.427±0.02
0.123±0.001
0.87±0.003
PIE 3
100
n.d.
1.682±0.004
0.027±0.002
1.34±0.06
0.045±0.008
n.d.
PIE 4
100
0.32±0.004
1.281±0.002
n.d.
1.09±0.011
0.246±0.018
n.d.
SURJ 1
4
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
SURJ 2
1
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
UPM
0
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
(tap water)
a
Inhibition of enzyme activity, 20% inhibition is considered as significant toxicity. Data are presented as whole number. n.d. is not detected. Abbreviations used: PIE-Prai Industrial Estate, Penang; SURJ-Sungai Udang Recreational Jungle, Melaka. Coordinates for sample locations are N 5° 20.96’,
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E 100° 24.17’; N 5° 20.96, E 100° 17.25’; N 5° 20.96’, E 100° 17.17’; N 5° 20.95’, E 100° 17.30’; N 2° 18.102’, E 102° 7.837’; N 2° 18.103’, E 102°
07.774’ for PIE 1, PIE 2, PIE 1, PIE 2, SURJ 1, SURJ 2, respectively.
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ABSTRACT
The treatment of wastewater containing UDMH was
investigated using electrolyzed oxidizing water (EOW)
integrated with a membrane bioreactor (MBR). The MBR
was also operated alone as a reference. The effect of combining MBR with EOW was discussed in terms of the
resulting concentrations of UDMH, COD, and the main byproducts. The results showed that EOW-MBR process removed 99.9% of UDMH from water containing 500 mg/L
UDMH. Combining EOW and MBR did not have any significant drawbacks with respect to biological or filtration
processes with COD removal rates in the range 93-95%.
The concentrations of the main by-products (dimethylamine,
formaldehyde dimethylhydrazone, and N-nitrosodimethylamine) were greatly reduced. Compared with MBR, the
benefits of using the EOW-MBR process are evident for
the removal of UDMH and its by-products.
KEYWORDS: unsymmetrical dimethylhydrazine; electrolyzed
oxidizing water; membrane bioreactor; treatment

1. INTRODUCTION

since the research by Kane using microorganisms to degrade UDMH [2], few people used biological methods to
treat UDMH wastewater in the past few decades.
A membrane bioreactor (MBR) has been proposed as
an effective method for the removal of UDMH, because it
has become an increasingly attractive option in the treatment of recalcitrant organic compounds and N-containing
compounds in recent years. In order to resolve the problem of genotoxicity and low biodegradability of UDMH,
electrolyzed oxidizing water (EOW) as a potential candidate for the treatment of UDMH is used to pretreat the
wastewater. EOW is a colorless and transparent liquid
with a high oxidation-reduction potential (ORP, >1000
mv) and low pH (2.3-2.7). The composition of EOW are
hydroxyl radical, hydrogen peroxide, ozone, hypochlorite
ion, and hypochlorous acid, etc., which are formed during
the electrochemical process [4-8], as given in Eq. (1)(10). All the oxidizing composition in EOW can be collectively called total oxidizing substances (TOS). And the
composition mentioned above have been proven to be
effective on the treatment of UDMH and other organic
pollutants in wastewater[9-12]. Thus, in this study, we
evaluate EOW as a pretreatment technology for reducing
the concentration of UDMH in wastewater.

Unsymmetrical dimethylhydrazine (UDMH) is used
extensively as a missile fuel in Kazakhstan, Russia and
China, etc. [1]. It is volatile and is strongly adsorbing and
toxic. In water and soils contaminated by UDMH, the secondary pollutants are readily formed, such as N-nitrosodimethylamine (NDMA), formaldehyde dimethylhydrazone
(FADMH), and dimethylamine (DMA). Thus, it is crucial
that the negative environmental effects of UDMH be minimized.
It has been found experimentally that UDMH cannot
be effectively degraded by microorganisms because of its
genotoxicity and low biodegradability [2, 3]. Therefore,

Anode:
2H2O

O2 + 4H+ + 4e-

2Cl- - 2e-

Cl2 + H2O

HClO
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MOx is oxide anode
Cathode:
Na+ + OH-

(9)

H2 + 2OH-

2H2O + 2e-

(10)

NaOH

2. MATERIALS AND METHODS
2.1 Chemicals and materials

The DMA (37%, in water) and NDMA (4 µg/mL, in
methanol) were purchased from Sigma-Aldrich (St. Louis,
USA); FADMH was synthesized [13]; all other chemical
reagents were of analytical reagent grade and prepared by
Beijing Chemical Factory (Beijing, China). The synthetic
raw water sample contained UDMH and was stored at room
temperature for 15 days. The characteristics of the raw
water sample are shown in Table 1. The main oxidization
products we selected for analysis were DMA, FADMH,
and NDMA. Because DMA and FADMH represent a high
proportion of the degradation products of UDMH in wastewater, and NDMA are much more acutely toxic than UDMH
[14].
The EOW generator and MBR were designed by the
Rocket Propellant Detection and Protection Center of General Equipment Department of China. The brine flow rate of
EOW generator was controlled at 1.5 L/min. The cathode
was titanium and the anode was titanium coated with

Ti/RuO2. The MBR had an operating volume of 0.42 m3 and
was equipped with an aeration system composed of four
bottom-installed oxygen nozzles (K) and a submerged
hollow fiber membrane module (E, operating pressure
0.02 MPa, area 1 m2, pore size 0.22 µm). UDMH reacted
with EOW in the tank (B), and pH was monitored using a
pH probe and was maintained 7.5-8.0 with sodium hydroxide in tank (C). Sensors were installed to determine
the temperature and level of the water in the reactor. An
oxygen gauge was placed in the reactor and an air flowmeter (J) measured the flow rates of air. All of the equipment was controlled by computer (L). The experimental
set-up for the EOW-MBR process is shown in Figure 1.
2.2 Experimental methods
2.2.1 EOW tests

EOW was used in this study to treat UDMH in
wastewater at different concentrations, and the effects of
temperature and TOS on the removal rate of UDMH were
investigated. The effluent quality was measured by gas
chromatography/mass spectrometry (GC–MS). In order to
confirm what substances did oxidize UDMH, the free
chlorine (Cl, ClO- and HClO), TOS and dissolved oxygen
concentrations in EOW with UDMH were investigated.
2.2.2 MBR and EOW-MBR tests

In the initial period of the test, the activated sludge was
acclimated in the MBR. To guarantee the reproduction
of microorganisms, the following nutrients were added:

TABLE 1 - Characteristics of the raw water and effluent from the reaction tank, MBR, and EOW-MBR
Parameter
pH
COD(mg/L)
UDMH(mg/L)
DMA(µg/L)
FADMH(µg/L)
NDMA(µg/L)

Raw water
7.6
950
500
182.65
145.73
15.2

Tank(B)
6.5±0.4
337±5
128±4.5
10.15±1.3
70.6±3.5
10.1±0.3

Effluent
MBR only
7.9±0.3
85±7
47±3
7.5±0.6
18.3±1.5
3.7±0.2

EOW-MBR
7.6±0.3
45±5
<0.5
<1.1
4.9±0.7
<0.5

FIGURE 1 - Experimental set-up for the EOW-MBR. (A) EOW Generator; (B) Reaction Tank; (C) Regulating Tank; (D) MBR; (E) Membrane;
(F)pH Probe; (G) Level Sensor; (H) OD Probe; (I) Thermometer Sensor; (J)Air Flowmeter; (K) Porous Diffuser; (L) Computer
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glucose, KH2PO3•2H2O, Na2HPO3•12H2O, MgSO4, and
CaCl2 (C:N:P = 100:5:1). After that, the MBR was operated alone to regulate the related parameters (hydraulic
retention time (HRT), dissolved oxygen (DO), pH, mixed
liquor suspended solids (MLSS) and mixed liquor volatile
suspended solids (MLVSS)), which may significantly
affect the performance of MBR. When MBR reached a
steady and optimal state, the water sample was treated by
MBR and EOW-MBR process.
2.2.3 Analytical tests

The TOS concentration was determined by the
iodimetry method. The COD was determined using potassium dichromate (K2Cr2O7) method [15]. The UDMH
concentrations were measured by spectrophotometer
(Cary50, VARIAN, USA) [16]. The free chlorine concentration was determined in conformity with standard method
[17]. Dissolved oxygen concentration of the EOW was
measured using an oxygen meter (Oxi 330i, Wissenschaftlich-Technische Werkstatten GmbH & Co., Germany). Analyses of the by-products were conducted by
GC-MS. The compounds were separated on capillary
columns (30 m × 0.25 mm × 0.25 µm) with a HP-5 MS.
The mass spectrometric detection was carried out in electron impact ionization mode (70 eV). The carrier gas was
helium, the temperature of the injector was 150℃. The
temperatures of ion source, quadrupole and MS interface
were 230, 150 and 220℃, respectively. The initial temperature of the column was 50℃ for NDMA and 40℃ for
DMA and FADMH (for 3 min), the temperature ramp was
10°С/min up to 250℃ (for 5 min). The sample volume was
0.2 µL, the flow rate of the carrier gas was 1 mL/min, and
the split ratio was 12:1. Detection was performed in selected-ion monitoring (SIM) mode set to select molecular
ions with m/z = 72, 45, and 74 (dwell time = 100 ms) as
the targets for FADMH, DMA, and NDMA, respectively.
Before injection, the water samples were pretreated by one
of the following methods. (1) Liquid-liquid extraction for
DMA and FADMH: a 10 ml water sample was placed in an
extractor containing 10 ml of methylene chloride and ex-

traction was performed for 5 minutes. Sodium chloride (1.0
g) was added to increase the volatilization. (2) Steam
distillation for NDMA: a 100 ml water sample was placed
in a steam distillation device; 200 ml of distillate was collected in a conical flask with 10 g of sodium chloride; the
distillate was extracted using 80 ml of methylene chloride; the extraction was concentrated to 2 ml with a gentle
nitrogen stream. Prior to use, all of the apparatus were
washed with double-distilled water followed by conditioning for 3 h at 180℃.
3. RESULTS AND DISCUSSION
3.1 Removal of UDMH by EOW

The reaction between UDMH and EOW was fast and
mild. Controlling the initial concentration is an important
factor in maintaining a high removal rate of UDMH.
Figure 2(a) shows the plot of UDMH versus reaction time
at various initial concentrations. The concentration of
residual UDMH decreased exponentially with time, and
the decreasing rate apparently followed first-order kinetics within the experimental concentration range. The
kinetic equations of different initial concentrations were
shown in Table 2, an average first-order rate constant of
k=0.248 min-1 was determined. The dependence of the
UDMH removal ratio on the initial concentration is shown
in Figure 2(b). It was observed that there was a significant
TABLE 2 - The kinetic equations of different initial concentrations
Initial
Concentration (mg/L)

Kinetic Equation

R2

50

C t = 45.41 ⋅ e −0.1734 t

0.8334

C t = 285 .49 ⋅ e

−0.301t

0.9336

C t = 493 .16 ⋅ e

−0.296t

0.9950

C t = 688 .77 ⋅ e

−0.246t

0.9947

C t = 885.93 ⋅ e

−0.225t

0.9884
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FIGURE 2 - (a) UDMH decrease versus reaction time; (b) Effect of initial UDMH concentration on the removal ratio. [TOS: 100 mg/L,
Temperature: 30°С]

correlation between the initial concentration and the removal ratio. In our experiments the removal ratio first
increased with the initial concentration up to a certain
value (about 500 mg/L) and then decreased; this relationship can be described well by Eq. (11). Where Y is the
removal ratio and X is the initial concentration. The
information we can get from the above results that when
UDMH concentration was 500 mg/L, an optimal removal
ratio of UDMH (73.3%) and a better rate constant (0.296)
can be obtained. Therefore, 500 mg/L of UDMH was
used in the following study.

Y = 51.9678 + 0.0796 X - 7.39103E - 5 X 2

(11)

in EOW active ingredients. A similar phenomenon was
reported by Makhotkina for the treatment of UDMH using the Fenton system [18]. In his study, an increased
H2O2 concentration resulted in the O2 formation rate increasing but not the oxidation rate of UDMH. The reason is
thought to be that only a small part of the oxidant is used in
the oxidation reaction owing to competition between the
reactions. In addition, the optimal TOS scope of the EOW
generator is 60~130 mg/L. Exceeding the scope ( >130 mg/L
) more energy will be consumed and the electrode life will
be reduced. In order to remove UDMH and minimize
energy consumption as far as possible with a good performance of EOW generator, 100 mg/L of TOS was an optimal selection.

In order to further examine the factors that influence
the performance of EOW on UDMH, the effects of temperature, TOS and reaction time were investigated.

FIGURE 4 - Effects of TOS on the removal ratio of UDMH. [Temperature: 30 °C, UDMH: 500 mg/L]

FIGURE 3 - Effect of temperature on the removal of UDMH. [TOS:
100 mg/L, UDMH: 500 mg/L]

Figure 3 shows the results for treating water containing UDMH (500 mg/L) with EOW at different temperatures. It is evident that UDMH removal was influenced
strongly by temperature, and the best removal ratio was
obtained at 25-35℃. We can see from these results that at
the temperature of 15℃, 25℃, and 35℃, the differences
in UDMH removal ratio were small, whereas when the
temperature reached 45℃ and 55℃, the removal ratio
decreased rapidly. This means that increasing the temperature accelerates the disappearance of the active ingredients of EOW. Furthermore, Figure 3 demonstrates that
UDMH can be removed within a short time, and the oxidation of TOS is thought to be the main reason for this.
The TOS is a collective name for all the oxidizing
substances in EOW, which can represent the oxidizability
of EOW to a large extent. As can be seen in Figure 4,
UDMH removal ratio increased with TOS, because the
larger the TOS, the stronger the oxidizability of EOW.
While, after TOS had reached 100 mg/L, it was found that
further increasing the TOS concentration did not increase
the removal ratio of UDMH greatly, despite the increase

UDMH removal is not the only aspect of treatment
performance, the effects of EOW on water containing
UDMH can only be obtained by a further investigation of the
effluent quality, in which the levels of COD and the main
by-products were measured. As shown in Table 1, the
contents of DMA, FADMH and NDMA in the sample
decreased to about 10.15, 70.6 and 10.1µg/L from 182.65,
145.73 and 15.2µg/L, respectively. The effects of EOW on
DMA and FADMH were more significant than NDMA.
The reasons may be that (1) NDMA were more toxic and
stable, it was hard to be oxidized by EOW, and (2) one part
of NDMA was oxidized, but a little new part as the byproduct was formed again. This part of NDMA may be the
chlorine, ozone and hydrogen peroxide by-products, because
the oxidation of UDMH by these oxidants are both the
important source of NDMA, and it should be noted that
the chlorine oxidants may accelerate the formation of
NDMA [19]. Excepting that, some other chlorine byproducts such as inorganic chloramines, methoxyacetyl
chloride and 1-(chloromethyl)-4-ethenyl-benzene were
formed during the process of UDMH oxidation. The
inorganic chloramines can be found with the standard
method [17], and methoxyacetyl chloride and 1-(chloromethyl)-4-ethenyl-benzene can be found from the chromatogram (Figure 5 (b)). The contents and toxicity of these prod-
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ucts formed in the solution were very little compared with
DMA, FADMH and NDMA, thus, they were not selected

to be the main study objects. Overall, after being treated by
EOW, the water was detoxified, because the COD

FIGURE 5 - Chromatogram of (a) raw water, (b) effluent of reaction tank B. Peaks: (1) DMA; (2) methylene chloride (co-eluting with
UDMH); (3) FADMH; (4) NDMA.

of the water sample decreased to about 337 mg/L from
950 mg/L, which mean that most organic compounds in
the water were oxidized and the bioavailability increased.
The EOW composition contains hydroxyl radicals,
hydrogen peroxide, ozone, hypochlorite ion, and hypochlorous acid etc. Determining these compositions with
the exact concentrations are very complex and difficult.
At present, no researchers have determined the exact concentrations of EOW composition successfully. However,
the TOS, dissolved oxygen and free chlorine concentrations in EOW can be determined quantitatively. Through
which the oxidizability of EOW can be taken effectively.
Thus, to make sure what composition did oxidize UDMH,
the free chlorine, TOS and dissolved oxygen concentrations in EOW with UDMH were investigated, the results
are shown in Figure 6. The information we can get from
Figure 6 that, after UDMH reacted with EOW, the free
chlorine concentration decreased significantly. Three
minutes later, little free chlorine was left in EOW. Which
mean that the chlorine oxidants such as hypochlorite ion
and hypochlorous acid were consumed by UDMH, and
they indeed participated the oxidization process. This conclusion can also be obtained by the chlorine by-products

formed during the process of UDMH oxidation. In addition, the change regulations of dissolved oxygen and TOS

FIGURE 6 - The change regulations of free chlorine, TOS and
dissolved oxygen concentrations in EOW with UDMH

in EOW were not consistent with free chlorine. The dissolved oxygen decreased gently within the experimental
limit, and the TOS decreased slower than free chlorine. It
was worth noting that after the free chlorine was con-
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sumed completely the dissolved oxygen and TOS concentrations decreased continually, and the removal of UDMH

increased still. This indicated that chlorine oxidants are
not the only contributors of UDMH oxidation. The dis-

FIGURE 7 - UDMH and COD removal using MBR alone and EOW-MBR process

solved oxygen and other oxidants such as hydroxyl radicals, hydrogen peroxide and ozone probably participated
the oxidation of UDMH.
3.2 Removal of UDMH by MBR and EOW-MBR
3.2.1 Operating conditions

The MBR was initially operated alone to acclimate
the activated sludge and regulate the parameters to ensure
favorable conditions for pollutant degradation. After the
steady operation and consistent performance was achieved,
biomass concentrations were maintained at 0.7-1.0 g
MLSS/L with MLVSS/MLSS ≥ 0.7. The other parameters
of the MBR obtained from the batch experiments were as
follows: HRT, 21 h; DO, 2.5 mg/L; pH, 7.5-8.0.
3.2.2 MBR and EOW-MBR performance

The MBR and EOW-MBR processes were used to
treat wastewater with different concentrations of UDMH
under the above conditions. The results are shown in
Figure 7. In the initial period of the test, only the MBR
was operated to treat the water sample. In the first phase (I)
of the experiment, the concentration of UDMH in the influent was about 50 mg/L, and in the effluent, it was less than
0.5 mg/L, thus exhibiting a removal ratio of more than 99%;
this is clearly a good result. However, when the influent
concentration increased to 500 mg/L (second phase, II),
the removal of UDMH was only 88-91%, and the effluent
content increased up to 45-55 mg/L. These results demonstrate that although the MBR can indeed remove UDMH,
if the influent UDMH concentration increases, this positive effect is reduced owing to the acute toxicity and poor

biodegradability of UDMH. In the third phase (III), EOW
was integrated with the MBR. A small amount of sodium
hydroxide was added in tank C, as the microorganisms in
the MBR do not adapt well outside the pH range 7.5-8.0.
In the experiment, the removal ratio of UDMH increased
to more than 99.9%, with the effluent concentration being
below 0.5 mg/L. These results demonstrate that the EOWMBR process was very effective in the treatment of water
containing high concentrations of UDMH. In addition, the
COD in the EOW-MBR effluent (Figure 7(b)) was about
45 mg/L, representing a removal ratio of 95%; thus, it was
better than MBR alone (effluent COD, 90 mg/L; removal
ratio, 88-90%).
In order to further evaluate the performance of MBR
and EOW-MBR, the main by-products present in the
effluent were investigated by GC-MS, and the results are
shown in Table 1, The results explain that, (1) after being
treated by MBR alone, both the concentrations of UDMH
and its by-products in the wastewater dropped greatly, in
particular, the contents of FADMH and NDMA decreased
more great than the treatment of EOW alone, which
demonstrate the good denitrification of MBR; (2) the
secondary contaminants DMA, FADMH, and NDMA
were present in the effluent of EOW-MBR, but in comparison to the MBR alone, their concentrations had been
greatly reduced.
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4. CONCLUSIONS
The reported results show the effectiveness of integrating EOW with MBR. EOW treatment can be used as a
pretreatment stage to remove UDMH before biological
treatment. Combining EOW and MBR for the removal of
UDMH and its oxidation products may represent a significant advancement in the treatment of water contaminated
with high concentrations pollutants. Furthermore, in contrast to many existing methodologies, EOW-MBR is less
harmful to human health and has less adverse effects on
the environment.
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DEVELOPMENT OF A NEW METHOD
FOR THE DETERMINATION OF ARSENIC IN
BABY FORMULAS BY USING EXTRACTION METHOD
Omer Gündogdu and Umit Ay*
Kocaeli University, Faculty of Science, Department of Chemistry, 41380, Kocaeli, Turkey

ABSTRACT
The determination of arsenic in five different extraction
environments (acetic acid, EDTA, NaOH, MeOH/H2O,
acetonitrile) from baby formulas sold in the market was
tested. Total arsenic contents were analyzed with Flow
Injection-Hydride Generation-Atomic Absorption Spectrometry (FI-HG-AAS) and Graphite Furnace-Atomic Absorption Spectrometry (GF-AAS) after digestion of samples
with nitric acid using a microwave sample digestion system. In order to verify accuracy and certainty of the analytical method applied, soy flours known as FAPAS 770
and FAPAS 787 were used as standard reference materials. The most efficient extraction was achieved with 5M
NaOH (recovery rate > 98 %).
KEYWORDS: Baby formulas, GF-AAS, FI-HG-AAS, arsenic,
heavy metal, speciation

1. INTRODUCTION
Chemical speciation studies belong to an extensive research branch of analytical chemistry, and they are important to understand biological effectiveness and toxicity
of an element in an environmental sample. Traditionally, total element concentration is used for evaluating
environmental impact and health risk of an element.
However, speciation studies are conducted in order to
make more detailed comments since different chemical
forms of an element have different toxicities. Several
analytical methods have been and are still being developed to determine the arsenic content available in nature
in different chemical forms as living organisms get toxic
arsenic especially from foods and waters [1-4]. Toxicity
and biologic behavior of arsenic depend on oxidation
stage. The toxicity of arsenic for living beings varies from
highly toxic arsenide, methylated arsenic compounds of
mild toxicity to good arsenic betaine [5]. Hydride generation might be the method used most extensively for the
determination of

* Corresponding author

inorganic arsenic. The method of online hydride generation generally increases the sensitivity of determination
and reduces possible interferences on sample matrix [6].
Several researchers have determined As(III) and total
inorganic arsenic with online reduction by using FI-HGAAS method. Those studies used potassium iodide (KI)ascorbic acid as pre-reductive reactive [7] and L-cysteine
thus reducing interferences and ensuring reduction of
As(V) to As(III) [8]. Another arsenic determination method
that is not based on hydride generation is GF-AAS. However, many of the methods based on GF-AAS arsenic
determination require pre-concentration in order to enhance sensitivity. There are several studies in the literature where GF-AAS is used with pre concentration [9-12].
Surface absorption and interference impacts arising from
the matrix of the element to be determined are the most
common problems of the methods based on GF-AAS and
graphite atomizers.
Herein, we studied the impact of five different extraction environments on arsenic determination by using two
different measurement techniques. Surface absorption and
interference impacts caused by the matrix of the element
to be determined, which are the most common problems of
graphite atomizers, were not observed with this method. It
is known that metal speciation is very important for natural
samples. The metal speciation is effectively conducted in
this study since the samples were homogenized and uniformed. This work is the first report to determine arsenic
in baby formulas using five different extraction techniques.
2. MATERIALS AND METHODS
2.1. Apparatus

Samples and reference materials were subjected to
digestion process with a Mars CEM5 device. A Hettich
Rotofix 32A centrifuge was used for extraction process,
and Varian 280 FS/VGA-77 (HG-AAS) and GTA 120AA280Z (GF-AAS) devices were used for the determina-
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tion of arsenic content. The requirements for determining
arsenic with a FI-HG-AAS system are given in Table 1.
TABLE 1 - Operational conditions of arsenic determination on FIHG-AAS.
Experimental conditions
0.6%(w/v), stabilized with
0.5%(w/v) NaOH
NaBH4 solution flow-rate
1 ml/min
HCl solution concentration
5M
HCl solution flow-rate
1 ml/min
Carrier gas
Argon
Sample flow-rate
5 ml/min
Wavelength, arsenic
193.7 nm
Slit
2 nm
Lamp current (HCL)a
2 mA
Quartz tube atomization temperature 900 °C
(HCL) = hallow cathode lamp
NaBH4 solution concentration

The arsenic operational conditions of Varian GTA
120-AA280Z model GF-AAS device are given in Table 2.
The device also has a Zeeman effect background correction and an automatic sampler.
TABLE 2 - Experimental conditions of GF-AAS.
	
  
Drying temperature	
  
Incineration temperature	
  
Atomizing temperature	
  
Cleaning temperature	
  
Carrier gas (argon): 250 ml/min

(°C)(ramp/hold) (s)	
  
120 (20/15)	
  
1400 (10/15)	
  
2300 (2/5)	
  
2600 (1/3)	
  

2.2. Chemicals and reagents

All chemicals used have high levels of purity. All solutions were prepared with a MilliQ distilled water device
(Millipore, Milford, MA, USA). HNO3 (65%, analytical
grade, Merck) was used as acid for the digestion process.
HCl (37%, analytical grade, Merck) and, as reductive reactive, a NaBH4 solution prepared with powdered NaBH4
(analytical grade, Merck) at appropriate quantities were
used in the flow injection system. KI (Supra-pure, Merck)
of 30 % and ascorbic acid of 5 % (w/v) (analytical grade,
Merck) were used to reduce As(V) to As(III). Calibration
solutions (0.05-0.5 µg/ml) were prepared daily in stock
arsenic solutions of 1000 mg/L (Merck). The solutions,
methanol, acetonitrile, acetic acid, EDTA and NaOH used
for the extraction process are products of Merck company
and have high levels of purity.

In order to dissolve baby formula samples, 1 g of baby formula was weighed into CEM MARS 5 tubes, and
then, 5 ml of HNO3 was added on top of those, and samples were kept in a fume cupboard for a minimum of half
an hour. If there was not any reaction or a gas leak in the
tubes, the tubes were then placed into the equipment
which was switched on after choosing the appropriate
dissolution program (175 min, 180º C, 190 psi). One of
the tubes connected to the device was used for temperature and pressure control.
Dissolved baby formula (1 g) was put in tubes of 20
ml. Arsenic standard of known concentration and 10 ml of
5M NaOH were added. Sample was then subjected to 3-h
centrifugation at 5000 rpm. The same process was repeated for 0.02 M EDTA, 17.5 M CH3COOH, 19.0 M CH3CN
and methanol.
3. RESULTS AND DISCUSSION
There are two major problems in arsenic analysis;.
the first one is the strong matrix impact, and the second
issue is the impact of alkaline. Alkaline causes some
problems during HG-AAS analysis and makes arsenic
determination harder. In this method, we developed some
advantages concerning alkaline and matrix effects. Alkaline was vaporized at 300 ºC, and thus alkaline interference was minimized. The samples were uniformed to
reduce matrix impact. The solutions to be used for extraction process, and the substances used for extraction,
should be selected meticulously. The solutions should not
impair the structure of substance and solutions, substances
that will offer high extraction yield should be chosen.
3.1 Analytical method performance

It was observed that FI-HG-AAS and GF-AAS are
linear within the 50–500 ppb range. Correlation coefficients for both techniques are 0.998 and 0.997, respectively. The detection limits are 0.0245 µg/ml and 0.0495
µg/ml, respectively. Detection limit values are determined
as signals giving 3 times of standard deviation of the
blank solution. For verification of accuracy and certainty
of the analytical method, FAPAS 770 and FAPAS 787
soy flour samples were used as standard reference materials. The results are given in Table 3.

2.3. Standard and sample preparation

Aliquots (1 g) of baby formula were weighed in sample tubes of the CEM MARS 5 device. HNO3 (5 ml) was
added on top of it, and then subjected to solubilization.
The known amounts of As standard were added to the
dissolved baby formula, and then extraction processes
were conducted with five different reactive agents. The
recovery quantities of arsenic in baby formulas were examined with FI-HG-AAS and GF-AAS devices.
2.4. Digestion and extraction

TABLE 3 - Validation of FI-HG-AAS and GF-AAS techniques for
arsenic determination against standard reference material (SRM).
Certified
FI-HG-AASa
GF-AASa (ng/ml)
Values (ng/ml)
(ng/ml)
FAPAS 770b
304
297.2 ± 1.09
292.4 ± 1.06
b
FAPAS 787
410
403.1 ± 1.60
396.2 ± 1.11
a
Average value ± confidence interval (P = 0.05); b (Food Analysis
Performance Assessment Scheme, FAPAS).
SRM

The recovery percentage of total arsenic was calculated with the following equation:
Recovery (%) = [HGAAS or GFAAS] / [SRM] x 100
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The total arsenic recovery percentages obtained
from SRM with FI-HG-AAS and GF-AAS are 98.0 %
TABLE 4 - Arsenic content in baby formulas determined with extraction using FI-HG-AAS and GF-AAS devices.
Solution used for extraction
EDTA 0.02M
NaOH 5M
Acetonitrile 19M
Acetic acid 17.5M
MeOH
a
HG-AAS; b GFAAS; c Standard deviation.

Recoverya
(%, mean ± SDc)
53.5 ± 2.05
99.2 ± 3.20
27.1 ± 0.20
25.5 ± 2.65
42.4 ± 2.05

Spiking level
Arsenic, (ng/ml)
100
100
100
100
100

Recoveryb
(%, mean ± SDc)
56.1 ± 2.30
97.8 ± 2.70
29.1 ± 2.85
27.5 ± 2.75
39.1 ± 1.92

TABLE 5 - As concentrations obtained from SRM with extraction using FI-HG-AAS and GF-AAS devices.
FAPAS 770a
Recovery
(%, mean ± SDc)
EDTA 0.02M
52.4 ± 3.35
NaOH 5M
98.2 ± 3.10
Acetonitrile 19M
26.3 ± 2.90
Acetic acid 17.5M
29.8 ± 2.90
MeOH
42.5 ± 2.40
a
FI-HG-AAS; b GF-AAS; c Standard deviation
Solution used for extraction

FAPAS 778a
Recovery
(%, mean ± SDc)
50.6 ± 2.85
98.9 ± 3.10
25.6 ± 2.80
29.4 ± 2.65
40.9 ± 2.05

and 96.4 %. It is observed that there is not any significant
difference between the values measured with both techniques, and between the values related to standard reference materials. Recovery studies of two different methods
for the determination of arsenic in baby foods and standard
reference materials were investigated (Tables 4 and 5).
4. CONCLUSION
The results were obtained by applying five different
extracting techniques to baby formulas containing arsenic.
Sodium hydroxide (NaOH), acetic acid (CH3COOH),
ethylenediaminetetraacetic acid (EDTA), acetonitrile and
methanol/water (CH3OH) were used for the extractions.
All reagents used in the extraction studies were optimized. The arsenic recovery rate determined with methanol/water mixture for extraction was 40 % but 30 % with
acetic acid or acetonitrile, 55% with EDTA, and >98 %
with sodium hydroxide. It is known that metal speciation
is very important for natural samples, and herein effectively conducted since the samples were homogenized
and uniformed.
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FAPAS 770b
Recovery
(%, mean ± SDc)
56.6 ± 4.50
97.2 ± 1.35
30.2 ± 2.90
33.1 ± 3.40
46.1 ± 1.70

FAPAS 778b
Recovery
(%, mean ± SDc)
53.3 ± 3.85
97.4 ± 1.10
29.3 ± 2.80
31.7 ± 2.45
41.5 ± 1.05
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ABSTRACT
Supercritical water oxidation (SCWO) of the dyeing
wastewater was studied in a continuous flow reactor with a
temperature of 400~600℃ and a fixed pressure of 25 MPa.
Hydrogen peroxide (H2O2) was used as oxidant. The residence times of the reaction were 15~45s. The concentrations of the wastewater are characterized by total organic
carbon (TOC). The TOC conversions of the effluents after
SCWO were between 65.03% and 99.79% under various
reaction conditions. The kinetics of the SCWO reaction of
the wastewater was investigated. The parameters of the kinetic equation were obtained by fitting experimental data to
differential equation obtained using Runge-Kutta algorithm.
The excessive oxygen of the experiment varied from 59.9
to 403.26% to determine the reaction order for O2. The
effects of temperature were investigated at the conditions
with stoichiometric oxygen supply. This proposed model
can predict the influence of oxidant concentration on TOC
conversion.

KEYWORDS: Supercritical water oxidation (SCWO), Total organic carbon (TOC), Oxidant, kinetics

1. INTRODUCTION
Dyeing wastewater is one of the industrial pollutant
headstreams. In China, about 95% of penetrant and dyeing auxiliary and 20% of dyestuff are left in the water
during process of printing and dyeing. These substances
become the major sources of the dyeing wastewater pollutants. Because the dyestuff has a complex and changeable
chemical structure (e.g., azobenzide, naphthalene, anthraquinone and heterocycle with various substituents on
the ring), organic substances and color are removed thoroughly from the wastewater by conventional means are
very difficult. The current main treatment of
dyeingwastewater includes adsorption, flocculation and
biologi-

* Corresponding author

cal degradation [1-3], but the effluents with single treatment technique cannot meet the strict discharge standard.
In 1982, Modell developed a novel wastewater treatment technology[4], SCWO. During the course of
SCWO, organic substances and oxygen are easily dissolved in supercritical water (T＞374℃, P＞22.1 MPa),
leading to the rapid oxidation of organic wastes. At typical operating temperature and pressure (450~600℃,
24~28 MPa), the degradation ratio of organics reaches
over 99.9% in less than one minute. The main degraded
products are water, carbon dioxide and molecular nitrogen. The hetero-atoms chlorine, sulfur, or phosphorus in
the organic molecule are transformed into HCl, H2SO4, or
H3PO4, respectively [5-7]. After treatment, the qualities of
the wastewater can meet the emission standards [8].
The knowledge of the kinetics of the chemical reactions that occur during SCWO is required to design and
analyze SCWO reactors and process [9]. Now, the effects
of reaction conditions on TOC conversion in the SCWO
process of the simulated and industrial dyeing wastewater
have been studied [10-12]. The kinetics equations of SCWO
degradation of these wastewaters were also obtained by
fitting of experimental data to the differential equation. In
their kinetic studies, it is assumed that the oxidant concentration is not changed significantly during the oxidative
reaction because of the excessive oxygen in the experimental system. However, the assumption limits the application of these kinetic parameters because it does not
predict variations of the reaction rate when the oxygen
concentration in the feedstock is stoichiometric or insufficient based on the reaction equation. The Runge-Kutta
algorithm had also been successfully used to determine a
global rate expression for oxygen concentration dependence of SCWO of cutting fluid wastes based on COD
removal [13], and they proposed that the Runge-Kutta
algorithm is suitable for designing and describing the
behavior of a SCWO industrial plant. The experiments
were carried out with at a moderate oxygen excess of
20%. In this work, we study the supercritical water oxidation of the dyeing wastewater and determine the kinetics
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parameters for the SCWO reaction of the dyeing
wastewater based on TOC removal by using Runge-Kutta

algorithm at the condition with stoichiometric oxygen
supply.

FIGURE 1 - Schematic diagram of continuous-flow SCWO reactor system.

2. MATERIALS AND METHODS
2.1 Apparatus and procedure

The SCWO experiments were conducted in a continuous-flow reactor system schematically shown in Fig.1.
The pilot apparatus includes the coiled tubular reactor
(1330 cm length×4mm i.d.), oxidant preheater (400 cm×4
mm i.d.), wastewater preheater (800 cm×4 mm i.d.) and
the salt separator (30 cm×40mm i.d.). All wetted sections
were made of stainless steel (310S). The maximum working temperature in the reactor was 650 ℃. After the reactor temperature reached the set value (±5 ) the textile
wastewater and the hydrogen peroxide solution were fed
to the lines by two high-pressure pumps and was preheated separately. The current velocities of oxidant and
wastewater were ranged from 8 to 40 ml/min and 15 to
75 ml/min at each pump conditions. After preheating, the
wastewater flowed into the salt separator to desalinate.
Two lines were merged at the reactor inlet. When leaving
the reactor, the fluid was cooled rapidly by heat exchanger
and the particulate matters were filtered out by a filter before
the effluent was depressurized by a back-pressure regulator
(BPR). The system pressure was maintained at 25±1 MPa by
the BPR. Maximum working pressure of the back-pressure
regulator was 30MPa. The product stream was then separated into liquid and vapor phases. The gas products were
gathered in an air trap and the liquids were collected in a
flask.
2.2 Materials

The dyeing wastewater was obtained from a printing
and dyeing mill and used without filtering or diluting.
Hydrogen peroxide solution was prepared by diluting a
30% (w/w) solution of H2O2 with deionized water to desired concentrations. The wastewater was obtained from
the sewage tank of the plant with many dyestuff (reactive

dyes, vat dyes, etc), auxiliaries (surfactant, acidifying or
alkalizing agent, electrolyte, etc) and domestic sewages.
The composition and proportion of the wastewater were
unknown. Table 1 showed available physicochemical properties of the wastewater.
TABLE 1 - Properties of the wastewater
Parameter
Total Organic Carbon
(TOC), mg/L
Chemical Oxygen Demand
(CODCr) , mg/L
Total Dissolved Solids TDS , mg/L
NH3-N, mg/L
Colority, Times
Suspended solids(SS), mg/L
Fe, mg/L
Mn, mg/L
Na, mg/L
Hardness(as CaCO3), mg/L
pH (25 °C)
Colour

Value
1350.25
2190
4220
4.136
256
440.0
8.0
0.1
1740
218.78
9.09
blue

2.3 Analytical methods

Because the composition and proportion in the
wastewater are not clear, the concentrations of the
wastewater and reactor effluent are characterized by TOC.
TOC was determined by using a water quality analyzer
(Analytik Jena multi N/C 2100/2100S, Germany). Chemical oxygen demand (COD) was determined by using a
microanalyzer (ET99718, Germany). Total dissolved
solids (TDS) were examined by a conductivity meter
(DDSJ-308A). TOC, COD and TDS were measured at
least twice. The accuracy for the TOC, COD and TDS
measurements was ±2%, ±3.5% and ±1%, respectively.
Physicochemical properties of the waste-water in Table 1
were determined according to the National Standard of
China.
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2.4 Parameter calculation

The reactor residence time is expressed as:

t=

VR ρ s (T , P )
×
FT
ρ0

Where

(1)

VR is the reactor volume, ρ s (T , P )

and ρ 0 are

the fluid densities under reaction conditions and at normal
temperature and pressure conditions in g/ml, respectively
and FT is the additive volumetric flow rate of both the
wastewater and the oxidant streams in ml/s. Since the studies were carried out with wastewater and hydrogen peroxide which was diluted by deionized water, and no density
data of the reaction system were acquirable under reaction
conditions, the fluid density at the reaction conditions was
assumed to be the density of pure water and determined
using the NIST Standard Reference Database [14].
TOC conversion is defined as:

X=

[TOC ]0 − [TOC ]

(2)

[TOC ]0

where [TOC ]0 and

[TOC ] represent the initial and

residual TOC concentrations at beginning and end of the
degradation reaction in mmol/L, respectively .
Excess oxygen based on

[TOC ]0 of

the wastewater

is calculated using the following equation:

ExcessO2 (%) =
Where

[O2 ]a

[O2 ]a
⋅100
[O2 ]s

of excess oxygen. Other experiments were conducted with
99.08% oxygen excess at temperatures ranging from 400 to
550℃ and residence time ranging from 15 to 45s, which
enabled the effect of temperature and residence time to be
studied. The aim of all these experiments is to determine
oxygen concentration dependence of dyeing wastewater
during SCWO reaction.
Table 2 showed the reaction parameters and experimental results from supercritical water oxidation process
of the dyeing wastewater. The 18 data with 311.87%
excessive oxygen (shown in Table 2) had been used to
establish a kinetic equation fitted as an exponential function with multiple nonlinear regressions [15]. TOC conversions of the effluents after SCWO were between
65.03% and 99.79% under the above-mentioned various
reaction conditions. The effect of reaction parameters on
TOC conversion was shown in Figure 2~4.
As shown in Fig. 2, TOC degradation was increased
with the temperature even at the excessive oxygen of
99.08 % and TOC was almost completely destroyed at
temperature of 500℃. When temperature reached 600℃
at excess oxygen of 311.87%, TOC degradation efficiency
was increased to 99.79%. These results indicate that the
degradation of organics in the wastewater during the
SCWO process strongly depends on the reaction temperature and the dyeing wastewater can be easily destructed at
moderate temperature by SCWO. The influence of residence time on the TOC removal was investigated at the

(3)

1.00
0.95

TOC Conversion,X
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represent the actual concentration of

O2 from complete destruction of hydrogen peroxide fed
into the reactor, mmol/L, [O2 ]s represent the stoichiometric requirement concentration of O2 to obtain complete
oxidation of the feed based on [TOC ]0 of the
wastewater, mmol/L.

0.90
0.85
0.80
Experimental, 311.87% excess oxygen
Experimental, 99.08% excess oxygen

0.75

Equation(17)

0.70
350

400

450

500

550

600

650

Reaction Temperature,℃

3. RESULTS AND DISCUSSION

FIGURE 2 - Effect of temperature on TOC degradation efficiency at
20s.

3.1 Oxidation of dyeing wastewater in supercritical water

Oxidation of dyeing wastewater was conducted at a
constant pressure of 25 MPa. The temperature and residence time range of the reaction were 400~600℃ and 15~
45s, respectively, based the maximum working temperature in the reactor and each pump conditions. The initial
TOC and O2 concentrations at the oxidation reaction conditions were 1.64~12.55 mmol/L and 4.77~38.92 mmol/L,
respectively. Several experiments were carried out with the
oxidant concentration varing from insufficient (59.9%
excess oxygen) to excess (403.26% excess oxygen) at a
constant temperature of 450℃ to investigate the influence
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TOC Conversion,X
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Experimental, 99.08% excess oxygen
Equation(17)
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FIGURE 3 - Effect of residence time on TOC degradation efficiency
at 450 °C.
1.0

TOC Conversion,X

0.9
0.8

excessive oxygen of 311.87% and 99.08% (Fig. 3). The
results showed that TOC conversion was increased with
the extension of residence time and the increase trend was
more profound at the excessive oxygen of 99.08%. This
might be due to the fact that high concentration of TOC is
remained in the wastewater at low excessive oxygen and
the extension of residence time facilitates the degradation
of residual chemical substance. It was observed that the
degradation efficiency of pollutants increased with excess
oxygen (Fig. 4). When excess oxygen was 99.08%, TOC
conversion was 92.98%, while the excess oxygen reached
302.45%, TOC degradation efficiency was increased to
98.25%. Obviously, more excess oxygen can facilitate the
destruction of organic pollutants in wastewater, but much
higher excess oxygen can also increase the operational
cost and induce corrosion of reactor materials. Based on
the effect of temperature on TOC degradation efficiency
(Fig.1), we observed that higher temperature could compensate oxidant consumption. Therefore, optimal amount
of oxidizing agent supply should be determined by taking
the influences of temperature into account.

0.7
0.6
0.5
Experimental
Equation(17)

0.4
0.3

0

100

200

300

400

ExceesO2 ,%
FIGURE 4 - Effect of excess oxygen on TOC degradation efficiency
at 450°C and 20s

TABLE 2 - Reaction parameters and results for SCWO of the wastewater (P=25MPa)
Reaction
temperature (℃)

[TOC]R
(mmol /L)

[H2O2]
(mmol /L)

ExceesO2 (%)

Residence
time (s)

[TOC]0
(mmol /L)

[O2]0
(mmol /L)

400
400
400
400
400
450
450
450
450
450
450
450
450
450
450
500
500
550
550
400
400
400
400

112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52
112.52

892.73
892.73
892.73
892.73
892.73
892.73
892.73
1785.46
2727.78
3637.03
892.73
892.73
892.73
892.73
892.73
892.73
892.73
892.73
892.73
1402.8
1402.8
1402.8
1402.8

99.08
99.08
99.08
99.08
99.08
59.9
99.08
197.96
302.45
403.26
99.08
99.08
99.08
99.08
99.08
99.08
99.08
99.08
99.08
311.87
311.87
311.87
311.87

15
20
25
30
45
20
20
20
20
20
15
20
25
30
45
20
45
20
45
15
20
25
30

12.50
12.50
12.50
12.50
12.50
8.18
8.18
8.18
8.18
8.18
8.18
8.18
8.18
8.18
8.18
6.73
6.73
5.89
5.89
12.50
12.50
12.50
12.50

12.48
12.48
12.48
12.48
12.48
4.90
8.10
16.19
24.74
32.98
8.10
8.10
8.10
8.10
8.10
6.67
6.67
5.83
5.83
38.92
38.92
38.92
38.92

3600

TOC
removal
(%)
76.5
79.3
81.1
83.9
91.7
65.03
92.98
96.66
98.25
98.50
90.37
93.43
95.95
96.17
97.01
96.98
98.51
99.15
99.7
85.88
87.87
89.48
91.08
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400
112.52
1402.8
311.87
45
12.50
38.92
94.93
450
112.52
1402.8
311.87
15
8.17
25.48
98.09
450
112.52
1402.8
311.87
20
8.17
25.48
98.28
450
112.52
1402.8
311.87
25
8.17
25.48
98.51
450
112.52
1402.8
311.87
30
8.17
25.48
98.64
450
112.52
1402.8
311.87
45
8.17
25.48
99.63
450
22.50
262.57
311.87
15
1.64
4.77
92.34
450
22.50
262.57
311.87
20
1.64
4.77
95.59
450
22.50
262.57
311.87
25
1.64
4.77
97.07
450
22.50
262.57
311.87
30
1.64
4.77
98.37
450
22.50
262.57
311.87
45
1.64
4.77
99.25
500
112.52
1402.857
311.87
20
6.73
20.99
99.16
550
112.52
1402.857
311.87
20
5.89
18.35
99.46
600
112.52
1402.857
311.87
20
5.30
16.54
99.79
[TOC]R The TOC concentration in the feedstock, mmol/L. [H2O2]: The hydrogen peroxide concentration in the feedstock, mmol/L. [O2]0: The
oxygen concentration at the reactor entrance from complete destruction of hydrogen peroxide, mmol/L.
3.2 Analysis of oxidation reaction kinetics
condition of superior excessive oxygen and just as water

The global-power rate model can be expressed as
equation: − d [C ] = k [C ]α [O ] β [ H O]γ (4) where [C ] ,
2
2
dt
[O2 ] and [ H 2O] represent the concentration of reactant,
oxygen and water respectively, mmol/L, during the reaction. α、β、γ are the reaction orders of C , O 2 and

H 2 O . t is reaction time, s and k are the velocity constants

of the reaction. k can be expressed in the Arrhenius equation: k = k 0exp(-Ea /RT) (5) where k 0 is the pre-

exponential factor, (mmol/L)1-α-βs-1 and Ea is the activation energy, kJ/mol .
Because the water content in reactive species is generally higher than 98% during SCWO reaction, the reaction order γ in equation (4) is considered as zero. Additionally, when oxidant is superior excessive in some experiments, the reaction rate becomes independent on the
concentration of reaction oxidant. Therefore, the oxidant
concentration of equation (4) is taken to be the initial O2
concentrations [O2]0. With the TOC as the reactant concentration parameter, the overall rate equation in supercritical water becomes the following:

−

d [TOC]
β
= k0 exp(− Ea / RT )[TOC]α [O2 ]0
dt

(6)

Our previous results showed that parameter values of
the wastewater SCWO at 311.87% excessive oxygen were
114(±7.5) /s for pre-exponential factor and 39.908 (±1.99)
kJ/mol for activation energy, and the reaction order
0.896±0.01 for TOC and 0.061±0.01 for oxygen in a 95%
confidence level according to the equation (6) [15]. The
resultant equation was regressed again for all data points
of 311.87% excessive oxygen (Table2) with the assumption of a first-order reaction with respect to the TOC concentration but zero order for the oxidant. The results of the
regression showed that pre-exponential factor and activation energy values of the kinetic equation were 125 (±8.75)/s
and 39.893 (±2.82) kJ/mol, respectively. Model and experimental results agreed within a confidence interval of 5%.
These results suggest that the variation of oxidant
concentration have no effect on the reaction rate under the

can be regarded as the reaction medium itself in SCWO
reaction. Obviously, this result is not applicable to the
calculation of the reaction rate when the oxygen concentration is stoichiometric or insufficient. Thus, the effect of
oxidant on reaction rate of the wastewater SCWO need to
be further studied. In order to evaluate the effect of O2
supply on TOC disappearance rate, Runge-Kutta algorithm
was used to determine the kinetics parameters for the SCWO
reaction of the dyeing wastewater. Mateos et al. [16], the
rates determining steps of hydrothermal oxidation reaction of several model compounds (acetic acid, methanol
and phenol) were similar in a temperature range from 250
to 500℃ and at a constant pressure of 25MPa when the
oxygen content varied from 0.4 to 1.4, regarding the stoichiometry. According to the research, we can speculate
that the controlling velocity steps for SCWO reaction of
the wastewater are similar at excessive, stoichiometric or
insufficient oxygen. Because the TOC degradation of the
wastewater by SCWO is pseudo-first-order according to
the calculation when 311.87% excessive oxygen, we can
assume that the reaction order of TOC is one at 99.08%
excessive oxygen in the feedstock.
According to the equation (6), the initial concentrations of oxygen were replaced with the concentrations of
oxidant during reaction, the global equation was calculated with the following equation:

rTOC = −

d [TOC ]
= k[TOC ][O2 ] β
dt

(7)

In the equation (7), the concentrations of oxidant at
any point in the reaction process [O2] can be expressed in
the oxygen concentrations at the reactor entrance [O2]0
and TOC conversion concentrations after treatment. The
expression is as follows:

[O2 ] = [O2 ]0 − ([TOC ]0 − [TOC ])

(8)

In the equation (8), the oxygen concentration consumed by other substances besides total organic carbon
(TOC) is neglected. Combining equation (7) and (8), the
global equation is expressed as follows:
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d [TOC ]
= k[TOC ][O2 ]β = k[TOC ]([O2 ]0 − ([TOC ]0 − [TOC ])) β = f ([TOC ], t )
dt

In order to produce the best fitting of experimental and
calculated data, the Runge-Kutta-fourth order that was used
to determine the kinetic parameters k and β, and k0 and Ea .
The details of the algorithm include the following steps.
Firstly, the reaction order of oxygen β and corresponding
velocity constant

k723

were determined under the tempera-

ture of 450℃ and excessive oxygen of 59.9~403.26%.
Secondly, with β value, the results of experiments carried
in 400℃ 500℃ 550℃ and 99.08% excessive oxygen
were used to determine the corresponding velocity constants k673 , k773 and k823 . Finally, with the estimated k at
different temperatures, pre-exponential factors

k0 and

activation energy Ea were determined by Arrhenius equation with linear regression (Fig.5).
The formulas of the Runge-Kutta-fourth order were
derived by equations (10)-(15):

process is shown below. First, the initial values for kinetic
parameters k and β were presented according to previous
studies [15]. Then, the calculation started with the setting
parameters k and β, and known initial concentrations
[TOC ]0 and [O2 ]0 at t0 = 0, [TOC]1 value at t1 =
1· h was determined by using equation (9) ~ (15). According to the known [TOC]1 , [TOC]2 at t2 = 2· h is
worked out by using equation (9) ~ (15) again, until the
value of [TOC ]i +1 was obtained. Finally, an adjustment
of k (when β value was determined) or both k and β values was performed to obtain the best-fit values for TOC
by minimizing differences between the calculated and
experimental values.
Solver tool in MS Excel was used in determination of
the values for β and k723 , being the minimization of
values of Equation (16).
n

2

k1 = f (ti ,[TOC ]i )

(10)

∑ ([TOC ]i +1, pred − [TOC ]i +1,exp )

h
h
k2 = f (ti + , [TOC ]i + k1 )
2
2
h
h
k3 = f (ti + ,[TOC ]i + k2 )
2
2

(11)

Where

k4 = f (ti + h,[TOC ]i + hk3 )

(13)

h
[TOC ]i +1 = [TOC ]i + (k1 + 2k2 + 2k3 + k4 )
6

(14)

i = 0,..., n − 1

(15)

(12)

where h = tn , h is defined as the step length in s, tn
n
is the global residence time in s, n means tn is divided

n subintervals, tn = nh . k1 , k2 , k3 , k4 are the

into

internal parameters defined in the Runge-Kutta algorithm.
[TOC]i and [TOC ]i +1 are the calculated TOC concentrations at

−

tn −1

and

(9)

[TOC ]i +1, pred is

the values calculated with

the Runge-Kutta algorithm,

[TOC ]i +1, exp is the corre-

sponding experimental TOC concentration value. The
velocity constants k673 , k773 and k823 were decided by
adjusting k value to make minute different between the
calculated and experimental values. The results obtained
for kinetic parameters k and β by the Runge-Kutta-fourth
were presented in Table 3.
Fig. 5 showed the data points for experimental temperature versus Arrhenius rate constant k calculated by
the Runge-Kutta algorithm. The pre-exponential factors
k0 and activation energy Ea obtained by linear regression were also presented in Table 3.
The global rate expression for the SCWO of the
wastewater was expressed as follows:

tn , respectively. The calculation

d[TOC]
41.91 ± 0.59
= (103.81 ± 12.89)exp(−
)[TOC] [O2 ]0.18± 0.01
dt
RT

(17)

TABLE 3 - Kinetic parameters for the removal of TOC in the SCWO of the dyeing wastewater
Temperature (℃)

k (Lβ/(mmolβs)

400
450
500

0.0533±0.0044
0.1040±0.0067
0.1734±0.0206

550

0.1994±0.0276

(16)

0

β

Ea (kJ/mol)

k0 (Lβ/(mmolβs))

0.18±0.01

41.91±0.59

103.81±12.89
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-1
lnk = -5041.1·1/T + 4.6426

lnk

-1.5

R2 = 0.9541

-2
-2.5
-3
-3.5
0.0012

0.00125

0.0013

0.00135

0.0014

0.00145

0.0015

-1

1/T(K )

FIGURE 5 - Arrhenius plot for the wastewater calculated by the Runge-Kutta algorithm.

Experiment Conversion,Xexp

Sánchez-Oneto et al. [13] and Mateos et al. [16] have
successfully used this method to model pollutants (acetic
acid, methanol and phenol) and cutting fluid wastes. Using
Runge-Kutta algorithm, we determined reaction rate expression (Equation (17)) with the reaction orders of oxidant
0.18±0.01, the pre-exponential factor and activation energy
values of the kinetic equation are 103.81±12.89 L0.18/
(mmol0.18s) and 41.91±0.59 kJ/mol, respectively. The model
conversion is calculated by all the reaction parameters in
Table 2, and theoretical results were compared with the
experimental data. The predicted values obtained from
kinetic parameters and the corresponding experimental values were shown in Fig. 2, 3 and 4. The results showed that
there was a good agreement between predicted and experimental TOC conversions. From Fig. 6, we can see that
the model and experimental results agreed within a confidence interval of 7.5 %.

sions of the liquid effluents by SCWO were between
65.03% and 99.79%.
The study using Runge-Kutta algorithm shows that
SCWO reaction of the dyeing wastewater order for oxygen is 0.18±0.01. Because the experimental parameters of
the SCWO reaction are in the larger range of excess oxygen using Runge-Kutta algorithm than multiple nonlinear
regressions and the experimental and model results agree
within a confidence interval of 7.5%, we can conclude
that Runge-Kutta algorithm is more efficient than multiple nonlinear regressions for the study of SCWO reaction
order of the dyeing wastewater for oxygen.
The authors have declared no conflict of interest.
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