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THE EFFECTS OF CHRONIC PHENOL EXPOSURE VIA DIET ON
DEVELOPMENTAL STAGES OF Drosophila melanogaster
(DIPTERA: DROSOPHILIDAE)
Handan Uysal* and Hakan Aşkın
Atatürk University, Department of Biology, Faculty of Science and Arts, 25240 Erzurum, Turkey

SUMMARY
In this study, the effect of phenol, on the developmental biology of D. melanogaster was investigated. For this
purpose, definite concentrations of phenol (0.25, 0.5, 1.0,
1.5, 2.0, 2.5 mg/kg/100 ml medium) were added to the
media of adult induviduals. In Fı generation of phenol exposured parentals the time to metamorphosis was longer
than that of control. In addition, the total number of offsprings was decreased and different phenotypic abnormalities were observed. The offsprings of Fı generation were
transferred to the Standard Drosophila Medium (not containing phenol) and F2 generation was obtained. The times
of metamorphosis of F2 generation of the experimental
groups (II-VI application groups) and the control group
were 9-12 and 9 days, respectively. Furthermore, the number of offsprings was increased and the phenotyphic abnormalities decreased.

KEYWORDS: Drosophila melanogaster, phenol, teratogenic effect,
metamorphosis.

INTRODUCTION
The number of chemical substances which are toxic to
the environment and human health increases rapidly. These
chemicals are chemoterapic drugs, industrial wastes, pesticides, cosmetics and their number is approximately estimated at 70.000 [1]. Furthermore, this situation becomes
more serious when one considers the chemicals found in
foods and drinks as natural or additives.
Phenol, obtained from coal tar, is used commonly in
medical treatments, industrial areas, petroleum refineries,
production of glue, fiber and nylon. Phenol is also used in
the production of benzene and it is emitted to the atmosphere by motor vehicles [1].
There are many investigations about the effects of phenol on both human and other animal groups. Phenol influences organisms via inhalation exposure [2, 3] or dermal

exposure [4]. The National Cancer Institute study of the
carcinogenicity of phenol is the most complete chronic
study using the oral route of exposure [5]. Mice and rats
were exposed for 103 weeks to concentrations of phenol in
their drinking water of 0, 2500, 5000 and 10000 mg/kg. In
the phenol exposed organisms chronic intoxication symptoms have been observed. These symptoms were digestive
disturbances including vomiting, difficulty swallowing,
ptyalism (excess secretion of saliva) diarrhea, and anorexia [2, 6]. Several developmental toxicity studies in rats
and mice conducted via the gavage route are available [7,
8]. The only developmental effect reported in these studies was decreased fetal body weight. Ochronosis, or discoloration of the skin, and other dermatological disorders
may result from dermal phenol exposure [2]. Dalin and Kristofferson [9] examined the effects of phenol on the nervous system in rats exposed continuously for 15 days to a
concentration of 26 mg/kg phenol and found muscle tremors, twitching and disturbances in walking rhythm and posture after 3-5 days exposure. After 15 days exposure, severe neurological impairment as measured by decreased
performance on tilting plane test was found. The Dalin and
Kristofferson study [9] also documented elevated serum
concentrations of LDH, GOT, GPT, and GDH indicative of
liver damage in animals exposed to 26 mg/kg phenol continuously for 15 days. Deichmann et al. [10] exposed rats
and rabbits to various concentrations of phenol between
26 and 52 mg/kg for 28-88 days depending on species. At
necropsy, extensive myocardial necrosis, lobular pneumonia, fatty degeneration of the liver, and centrilobular hepatocellular necrosis were observed in all animals exposed at
52 mg/kg. Guinea pigs sacrificed at 41 days also exhibited
pulmonary inflammation, pneumonia, bronchitis, endothelial hyperplasia, and capillary thrombosis.
Similar effects were also observed in humans. Johnson
et al. [11] examined 78 iron and steel foundry workers with
multiple chemical and aerosol exposures that included phenol and found more respiratory symptoms in the phenol
exposed group. Baj et al. [12] examined twenty-two office
workers exposed for six months via inhalation to a com-
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mercial product containing formaldehyde, phenol and chlorohydrocarbons. At the end of the six month period the indoor air of the workers contained 1,300 µg/m3 of formaldehyde and 800 µg/m3 of phenol. The eight workers with
the highest concentrations of phenol in their urine had decreased erythrocyte and T-helper lymphocyte numbers and
increased numbers of eosinophils and monocytes compared
to controls. In a study of hospital workers Apol and Cone
[13] documented dermal effects in workers exposed to a
number of chemicals including phenols contained in disinfectans. Dosemeci et al. [3] conducted a follow-up study to
evaluate mortality in 14,861 workers in five manufacturing
facilities producing or using phenol and formaldehyde. Arteriosclerotic heart disease, emphysema, disease of the digestive system, and cirrhosis of the liver were inversely related to the extent of phenol exposure. Furthermore, Baker
et al. [6] completed a study of 39 individuals exposed to
drinking water contaminated with phenol for a period of
4-8 weeks. Doses of phenol were estimated to range between 10 mg/day and 240 mg/day. As a result of this investigation it was found that the main effects of phenol were
an increased incidence of diarrhea, mouth sores and irritation of the oral cavity. While the existing studies have focused mainly on the acute effects of phenol on gamete viability and embryo development, the long-term effects of
chronic exposure to phenol leading to reproductive impairment of different animal groups are not well known.
The aim of this study is to investigate the chronic effects of phenol on the developmental biology of D. melanogaster. Findings of this toxicological study can provide a better understanding of the long-term impacts of
phenol on reproductive processes of D. melanogaster.
MATERIALS AND METHODS
The flies used in the experiments were OregonR wild type (w.t.) strain of Drosophila melanogaster Meigen (Diptera; Drosophilidae). This stock had been maintained for many years in the Laboratory at the Department
of Biology of the Atatürk University in Erzurum and was,
therefore, highly inbred with little genetic variation.
Flies:

Laboratory conditions: The flies were kept at a constant
temperature of 25 ± 1oC on standard medium composed of
maize-flour, agar, sucrose, dried yeast and propionic acid
(Standard Drosophila Medium (SDM) (535 ml fresh water,
9 g Agar, 50 g cornflour, 60 g sugar, 19 g yeast and 3-3,5 cc
propionic acid = for 15 media ) [14]. The flies were kept in
darkness, except during transfers on to fresh medium (usually twice weekly). The humidity of the experimental chamber was 40-60%. The females used in this experiment were
virgin.

The application of phenol to adult individuals: In this
study, two sets of experiments were prepared; one was the
control group and the other one was the experimental group.
The experiments were repeated three times for each group.
A phenol solution of different concentrations (0.25, 0.5,
1.0, 1.5, 2.0, 2.5 mg/kg/100 ml medium) was added to the
mediums of the experimental group. Seven pairs of adult
D. melanogaster (7♂ X 7♀) were placed into the culture
bottles prepared this way. Then, the developmental stages
were followed daily. The adult offsprings were examined
according to their sexes and then the malformed individuals were recorded. The Fı generations obtained from the
parents fed on different concentrations of the phenol were
raised on normal feeding medium separately and the F2
generation was obtained. The metamorphosis stages and the
total number of the offsprings of F2 were compared with
those of Fı generations.

Finally, statistical analysis of data was done using
Duncan’s one-way range test [15].
RESULTS
Different concentrations of phenol were added to the
Standard Drosophila Medium (SDM). Medium contents are
shown in Table 1. The metamorphosis phases of the eggs
of the generations Fı and F2 are comparatively shown in
Table 2.
In the control group, the life cycle was completed within 9 days. The life cycle of the experimental groups depended on the concentration of phenol, except in medium I
(0.25mg/kg). The first offspring was seen on the 10th day
in medium II (0.5 mg/kg) and on the 14th day in medium
VI (2.5 mg/kg). In addition, it was established that some of
the individuals failed in getting out of the pupa (Figure 1).
The adults of the F 1 generation were re-crossed on
SDM, not containing phenol (F1XF1) and so the F2 generation was obtained. It was determined that all the metamorphosis phases of the application groups of F2 completed
in a shorter time than F1. However, the first adults were observed on days 10 to 12 in the medium III and VI. Actually, this time period was relatively longer than that of the
control group (Table 2).
The number of offspring obtained from the experiment
groups, which were exposed to different concentrations of
phenol is shown in Table 3. It can be seen that the number

Chemicals: Phenol was purchased from Merck (Darmstadt, Germany). Diethyl ether, ethyl alcohol and Lacto
Bacto Agar were obtained from Sigma Chemical Co. (St.
Louis, Mo, USA).
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TABLE 1 - Contents of the different media applied with phenol.
Content
Medium No
Control
I
II
III
IV
V
VI

SDM (ml)
100ml
100ml
100ml
100ml
100ml
100ml
100ml

Phenol (mg/kg)
——
0.25
0.50
1.00
1.50
2.00
2.50

© by PSP Volume 16 – No 9a. 2007
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TABLE 2 - Comparison of the impacts of phenol on the metamorphosis in Fı and F2 generations of D. melanogaster.
Developmental Stages

Days of stages at control and application groups
II
III
IV
(F1 – F2)
Mating
1-1
1-1
1-1
1-1
1-1
Egg
2-2
2-2
2-2
2-2
2-2
1st instar larvae
3-3
3-3
4-3
4-4
4-4
2nd instar larvae
4-4
4-4
5-4
5-5
6-5
3rd instar larvae
5-5
5-5
6-5
6-6
7-6
Prepupa
6-6
6-6
7-6
7-7
9-8
Pupa
7-7
7-7
8-7
8-8
10-9
Adult
9-9
9-9
10-9
10-10
12-11
Though the first column belong to the application groups show Fı, the second ones, too, belong to F2
Control

I

V

VI

1-1
2-2
4-4
6-6
8-7
9-8
10-9
13-11

1-1
2-2
5-4
7-6
8-7
10-8
11-9
14-12

TABLE 3 - The effects of different concentrations of phenol on the number of offsprings and the morphology of D. melanogaster.
Fı generation
Medium No
Control
I
II
III
IV
V
VI

Σ Offspring
Number
2901a
2771b
2513c
1592d
1144e
800f
476g

♀(%)

♂(%)

1456(0.50)
1400(0.51)
1289(0.51)
780(0.49)
544(0.48)
396(0.50)
248(0.52)

1445(0.50)
1361(0.49)
1224(0.49)
812(0.51)
600(0.52)
404(0.50)
228(0.48)

Abnormal Indivuduals Number (%)
0
24
32
35
41
39
38

0.000
0.866
1.273
2.198
3.585
4.875
7.983

The number of the offspring belong to F2 generation derived from F1XF1 crossing in SDM.
Σ Offspring
Medium No
♀(%)
♂(%)
Abnormal Individuals Number (%)
Number
a
Control
2912
1472(0.51)
1440(0.49)
0
0.000
I
2820b
1448(0.51)
1372(0.49)
11
0.390
II
2584c
1272(0.49)
1312(0.51)
14
0.541
III
1664d
816(0.49)
848(0.51)
16
0.961
IV
1228e
628(0.51)
600(0.49)
19
1.547
V
900f
440(0.49)
460(0.51)
17
1.888
VI
620g
316(0.51)
304(0.49)
15
2.419
The difference between the groups signed by different letters is statistically significant (P< 0.001).

of offspring of F1 generation was reduced in all the application groups, when compared with the control group. While
the number of the offspring in the control group was 2901,
this number decreased to 476 in the medium VI. This result
is statistically significant for all the experimental groups (P<
0.001). The reduction in the number of the offspring was
also seen in F2 generation (Table 3). When the counting results of the control group and experimental groups were
compared, it was seen that the number of the offspring in
medium I (0.25 mg/kg) reduced from 2912 to 2820, whereas this number reduced to 620 in medium VI (2.50 mg/kg)
which was the highest application group. Depending on the
concentration, some significant reductions were observed in
the other application groups, such as media II-V (P<0.001).

FIGURE 1
One of the individuals failed to get out of the pupa. X 31.25.

In all experimental groups various malformations of
wings, thorax and legs were observed during the counting
of offsprings (Figure 2a, b, c). Neither F1 nor F2 presented
any abnormal individuals in the control groups (Table 3).
Parallel to the increase of phenol concentrations, the ratio
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of the individuals with malformation increased. This ratio
changed from 0.866 % to 7.983 % in F1 generation, and
from 0.390 % to 2.419 % in F2 generation.
DISCUSSION

2-a

In the current study, the effects of phenol on the growth
biology of Drosophila melanogaster were analyzed. According to the study results, it was observed that the metamorphosis period of the phenol-applied parents of F1 and
F2 generations was longer than that of the control group,
the total number of the offspring was reduced and various
phenotypic abnormalities occurred. However, there were
found no direct results concerning the effect of phenol on
the growth biology of D. melanogaster in the literature review. Because of this, our findings were evaluated in the
light of the study results derived from different organisms.
Spangenberg [16], for example, observed that a few hydrocarbons (aniline, anthracene, benzene, biphenlyl, cresol,
baphtaline, perylene and pyrene) containing phenol extend
the growth period in Aurelia. 2,4 decadienal, within the
same group as phenol, was injected 1.5 µgml-1 into the larvae of Nereis virens, Arenicola marina, Psammechinus
miliaris and Asterias rubens for 24 hours. It was then seen
that the larvae’s growth period extended [17]. In addition,
being a kind of pesticide and resembling phenol in its
chemical organization α–cypermetrin extends the metamorphosis phase of amphibians [18]. According to Bridges [19],
amphibians spend extra energy in order to decrease the
toxic effects of chemicals and to regain their destroyed physiological balance. Thus, their growth period is completed in
a longer time than normal. Perhaps, the phenol has similar
impacts on Drosophila melanogaster to extend the growth
period.

2-b

2-c
FIGURE 2
a) Male individual with malformed right and left wings.
b) Female individual with unopened wings.
c) The formation of tumor in the right leg. X 31.25

In addition to all the above mentioned points, in the
present study it was observed that the number of the offspring individuals belonging to F1 generation decreased as
the phenol concentration increased. While the number of offspring individuals counted was 2901 in the control group,
this number was between 2771 and 476 in the application
groups (Medium no. I-VI). This decrease in the number of
offspring individuals was statistically significant (P<0.001).
The same situation was observed in the SDM (containing no
phenol) in F2 generation. However, the number of individuals obtained from this generation was higher than that of
F1 (Table 3). Nevertheless, the number of offspring individuals declined at a statistically significant level (P<0.001)
in all the application groups.
There can be several reasons for the decline in the offspring individuals of Drosophila melanogaster: i) Phenol
can decrease the number of sperm in males; ii) Phenol can
also prevent the opening of the eggs in females; iii) besides,
the fact that metamorphosis lasts longer, makes it difficult
for larvae to survive and even causes them to die in great
numbers [20]. The studies in the past also showed that phenol decreased the offspring individual number of sea urchin
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[21]. To different researchers [21], phenol corrupts the cell
membrane permeability of sperms and causes cytoplasmic
material to leak out of the cell. This may be thought of as a
decreasing effect on the number of gametes. Mukherjee et
al. [22] reported that phenol has negative effects on the
growth of ovaries. Buttino [23] applied 0.5 mg(-1) phenol to
Acartia clausi for 8 days and observed that the number of
eggs decreased. Similar negative effects were seen on fishes
[24], gastropods [25] and prawns [26]. A study on Chinese
hamsters showed that phenol decreased the survival ratio
by 50% [27]. These findings are in accordance with our
results.

Morimoto et al. [41] and Yoger et al. [42]. Chen and
Eastmond [43] found that treatment with phenol caused
micronuclei and breaks in euchromatin in male CD-1
mice. Tsutsui et al. [44] also reported that phenol induced a
dose-related increase in mutation frequency in Syrian
hamster embryo cells.
We think that the teratogenic effect of phenol in D.
melanogaster may be caused by similar mechanisms. But,
this mechanism is still obscure and it should be further investigated.

Another finding in the present study was the occurrence of malformations in the offspring individuals. These
abnormalities were seen in such parts of the body as wings,
legs, and thorax (Figure 2a, b, c). Although no malformed
individuals belonging to F1 and F2 generations were seen
in the control group, such individuals appeared in both generations in all of the application groups (Table 3). Moreover,
the percentage of the abnormalities increased, depending
on the increase in the phenol concentration.
Similarly, it was reported that phenol has caused malformations on different animal groups. For example, drinking water with phenol was given to rats and mice for two
generations and the ones who survived appeared to have
such malformations as reduction in their body weight and
shrink in their uterus and prostate [7,28]. 1200 mg/kg 4methyl-N-ethylamino phenol sulfate, which is added into
the drinking water of the Sprague-Dawley rats, leads to a
dramatic decrease in their body weight [29]. Pratt and
Willis [30] stated that phenol inhibits the cell-division by
50%. Inhibition of the cell-division was seen on the Wistarderived rats exposed to 6-dinitrophenole, and the growth
was prevented in the mature individuals [31]. This was reflected on the phenotype as the loss of weight. It is quite
likely that phenol will lead to a similar inhibition in D.
melanogaster. Oglesby et al. [32] added phenol at different concentrations (25, 50, 100 mg/ml) to the medium of
pregnant mice, and as a result defected tails in the offsprings
were observed. Phenol also caused skin lesions in guinea
pigs [33] and New Zealand white rabbits [34]. After the application of phenol, there occurred a reduced rate of pulse,
dysfunction of the gills and damages in the liver, kidney
and gut in Salmo gairdneri [35]. Besides, loss of balance,
paralysis and respiration difficulties were observed. Some
researchers also found ovarian inhibition in this organism,
depending on the phenol application [36].
It was reported that some chromosomal aberrations and
sister chromatic exchanges (=SCE) increased in the mouse
lenfoma cells [37] and in the Chinese hamster ovarian cells
[38, 40] depending on the changes of increased concentration of phenol. After exposing phenol at different concentrations to Salmo gairdneri (Rainbow trout) for 72 hours
(0.3 and 0.6 ml/liter) it was observed that chromosomal
aberration had largely increased in the tissues of gills and
kidney tissues [39]. Statistically significant increases in
SCE in cultered human lymphocytes were reported by
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SUMMARY

portant constituent of nuclear waste and the prediction of
its

Nuclear wastes in water have attracted public concern
since nuclear industry has become an integrated part of our
life. Although much attention has been given to the adsorption of uranium by some materials, there are no data available on the adsorption of uranium by unconventional adsorbents, such as materials produced from coal mining
wastes. The authors assume that coal mining wastes can be
used to produce new adsorbents for the removal of radionuclides. In this context, the adsorbents were prepared by
chemical activation from coal mining wastes, and the adsorption of uranium on the adsorbent produced from coal
mining waste was investigated by a series of experiments.
The adsorption experiments were carried out as a function of time, initial concentration, concentration of adsorbent, temperature and presence of other cations. The results obtained from kinetic studies were evaluated by
Lagergren equation. Adsorption mechanism was investigated using the kinetic values. The Langmuir and Freundlich isotherms were fitted to the obtained adsorption
data. The effect of presence of other cations on the adsorption of uranium was investigated, which was found to be
reduced by them.

KEYWORDS: Uranium, radioisotopes, adsorption, nuclear energy,
coal mining wastes.

INTRODUCTION
According to most nuclear scientists, the nuclear power
represents a safe, clean, sustainable and economic alternative, since uranium is a fuel that releases no carbon dioxide and, thus, is a promising alternative to fossil fuels for
generating electricity and offering a solution to the greenhouse problem.
A large number of people are exposed to the hazards
of waste radionuclides generation. Uranium is an im-

sorption behavior is important from an environmental and
radioactive waste disposal point of view [1]. Therefore, the
adsorption behavior of uranium was investigated in this
study.
In the past few years, the radioactive pollution of water has been alleviated by means of different treatment processes, such as coagulation-filtration, reverse osmosis,
hyperfiltration, electrodialysis, ion-exchange and adsorption. Among these processes, adsorption has an important
place. Uranium removal by adsorption on biotite, muscovite, and phlogopite [2], clay [3], montmorillonite [4,5],
used tire [6], goethite [7], Bacillus subtilis [8], hematite
[9,10], activated charcoal [11,12], molecular sieve [1],
granite rock [13], cork biomass [14], coir pith [15], silica
and alumina [16], hydrous titanium oxide [17], and phyllite [18] has been studied in detail. Among these adsorbents, the best results were obtained for activated charcoal,
and an adsorbent produced from used tires. Activated
carbons have ad-vantages of high surface area and porosity [19-24]. However, they have some disadvantages since
their prices and regeneration costs are high. Therefore,
low-cost alternatives are being continuously investigated
[25-29].
On the other hand, large amounts of coal mining waste
pile up outside coal mines, covering cultivated lands and
contaminating the environment [30]. It tends to combust
spontaneously, releasing poisonous gases into the atmosphere and posing serious fire risks. Coal mining waste contains considerable amounts of carbonaceous material which
may be activated, to yield a cheap adsorbent with porous
structure [31]. Therefore, a good solution from environmental and economic point of view is to produce a new
adsorbent by using suitable methods [30-33].
In our recent studies, the adsorbent produced from
mining wastes was used to remove MCPA, Cr(VI), Cr(III),
thiram and fluoride from aqueous solutions [32-36]. In this
paper, the authors present a study on the adsorption of
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uranium by an adsorbent produced from coal mining waste.
The specific objectives of this study were 1) to evaluate
factors likely to affect the sorption capacity of the adsorbent for uranium, 2) to find suitable isotherms describing
the sorption of uranium onto the adsorbent, and 3) to calculate the adsorption capacity of the adsorbent produced from
coal mining waste for uranium.
MATERIALS AND METHODS
Coal mining waste was obtained from the Agacli field
in the Marmara Region. Samples were crushed and sieved
to a particle size <1 mm. The material used in this study
contained C: 30.2%, SiO2: 37.1%, Al2O3: 17.2%, and other
oxides (Ca, Mg, Fe, Mn, Cr): 15.5%.

obtained in this study (Table 1). It can be explained by the
fact that a higher degree of carbon burning occurred at temperatures higher than the boiling point of ZnCl2 (732 0C).
Then, carbon burn off leads to the formation of some new
pores, and to the partial removal of meso- and macro-pores
and, therefore, surface area increases. But the activation
process at temperatures lower than 732 0C result in a low
degree of carbon loss, and a porous adsorbent with micropores as well as meso-pores. Activation process at ≥732 0C
resulted in a higher degree of carbon loss and a highly
micro-porous adsorbent with only a few meso-pores. It can
be seen from Table 1 that A(900) had the largest surface
area. If the unit per gram of adsorbent produced is converted to per gram of carbon, surface area and pore volumes
increased (Table 1). These findings showed that carbon burn
off resulted in the creation of new pores [31].

Coal mining waste had a very low surface area (8.5
m 2.g 1). In general, activated carbons with both a high surface area and porosity, allowing large amounts of adsorption, are desirable. Therefore, an activation process that increases the surface area of coal mining waste was necessary.

TABLE 1 - Surface areas, pore volumes and carbon contents of coal mining waste and adsorbents produced from it.

−

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Sample
Surface Carbon
Pore
area
content
volume
(m2/g)
(%)
(cm3/g)
Vt
Vm
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Fresh coal
mining waste
10.4
30.2
0.0311
---A(700)
122.4
19.1
0.1115 0.0480
A(800)
119.4
17.8
0.0960 0.0512
A(900)
161.9
16.2
0.0878 0.0752
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

Absorbents were prepared according to a procedure
described in the studies of Hu and Vansant [31] and Mahramanlioglu and Güçlü [32].
Pretreatment process

20 g of the sample was blended with 1% ZnCl2 solution, and this mixture was preheated at 300 0C in a nitrogen stream for 4 hours. After pretreatment, the samples
were cooled to room temperature and washed with hot
and cold water to remove chloride ions. The material obtained was dried at 110 0C for 6 hours and stored for activation process.

Outgassing of the adsorbent

Surface area of the adsorbent was measured by nitrogen adsorption experiments. Prior to surface area and batch
experiments, all the products were outgassed at 300 0C for
three hours. Surface areas produced are given in Table 1.

Activation process

Chemicals and preparation of system

10 g of the pretreated sample was mixed with 5 g of
ZnCl2 and pyrolyzed at 700, 800 and 900 0C for 1 hour.
The adsorbents produced at different temperatures will be
referred hereafter as A(700), A(800) and A(900). After the
activation, the samples were cooled to room temperature
and washed with hot and cold water. The adsorbent obtained was dried at 110 0C for 6 hours and sieved again to
a particle size <1 mm and stored for adsorption experiments. It is seen from Table 1 that the surface area decreased with increasing temperature, but increased again
with further increase of temperature. This result agrees with
those of Hu and Vansant [31] for the preparation of adsorbents from coal mining waste [31]. Carbon content of the
adsorbent produced from coal mining waste also decreased
at higher temperatures. The effect of temperature on the
carbon content is similiar to that reported for the same material. Hu and Vansant [31] also reported that the adsorbents produced from coal mining waste at higher temperatures were found to possess a greater micropore volume
and smaller total pore volume, when higher activation temperatures were employed, which is according to the results

Uranium and other compounds used in the study were
obtained from E. Merck Company. Double-distilled water
was used in the preparation of solutions.
Uranyl nitrate hexahydrate was weighed on a watch
glass. Complete removal of nitrate ions was carried out by
heating the salt, which was moistened with a few drops of
deionized water and also conc. H2SO4 to dryness. This nitrate-free residue was dissolved in 100 ml double distilled
water to give a stock solution. This solution was diluted to
suitable concentrations for experiments.
Uranium concentration was determined according to a
procedure described in detail in the study of Bhatti et al. [37].
Adsorption procedure

Three types of experiments were performed:
First, the influence of time on the adsorption of uranium
was studied. A known amount of adsorbent was shaken
with aqueous solutions of uranium of varying concentrations in different bottles in a shaking bath at constant tem-
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perature (20 0C). At the predetermined time intervals, samples were centrifuged and the concentration of supernatant
was determined. Equilibrium time was recorded and a kinetic model was developed. The rate constant of intraparticle diffusion was calculated using the data obtained in
this part.
In the second part of the experiments, the mixtures at
different concentrations were shaken at constant temperature until equilibrium time. The adsorption isotherm constants were calculated from the values obtained in this part.
The effect of adsorbent concentration was also studied in
this part.
Finally, the adsorption of uranium was studied in the
presence of different cations, such as Cd(II), Ca(II) and
Co(II). The initial concentrations of cations and uranium
ions were fixed at 0.20 mmol.L–1. The distribution coefficients were calculated with the data obtained in this part.
Blank experiments were carried out without the adsorbents, to correct for the sorption of uranium due to
bottles, which was found to be negligible.
In preliminary experiments, the best capacity results
were obtained for the adsorbent A(900). Therefore, the
results of experiments in this study were only given for
A(900).

by some authors [15, 37]. Since the decrease of pH increases the positive characteristics of the surface of the adsorbent, and the competition of UO22 by H+ in the low pH
medium (less than 3), the adsorption is not favoured. As pH
increases, the adsorbent surface becomes more and more
negatively charged and the adsorption of positive species
is more favourable. But the percent decrease of UO22+ in
the aqueous solution together with pH increase within the
chosen range, slightly decrease adsorption. Similar results
were given by Parab et al. [15]. All further experiments
were carried out at pH 3.75.
100

80
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   re m o v a l
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FIGURE 1
The effect of pH on the percent removal of uranium.

The effect of pH on the adsorption of uranium

The pH of the aqueous solution is an important variable which controls the adsorption at the water-adsorbent
interfaces. Therefore, the effect of pH on adsorption of
uranium was studied. Uranium has a high affinity for oxygen resulting in the formation of an uranium’s oxygen containing compound, uranyl ion (UO22+) in the aqueous solution at pH<3. Above this pH, the UO22+ ions start to hydrolyze, resulting in the formation of hydroxy complexes,
such as UO2OH+, UO2(OH)20, or UO2(OH)3 . At higher pH
values, hydroxyl and carbonate complexation of UO22+
complicates the aqueous and surface uranium speciation.
The uranyl ion UO22+ in aerated solutions combines with
anionic ligands, such as CO32- to form complexes without
itself being changed. Under mild pHs of 5.2-6.5, the principal species is UO2CO30. In this context, the pH interval
was chosen greater than 2.5 but less than 5.5, to focus the
study on UO22+ adsorption.

2.0

The effect of contact time and initial concentration

The variation of uranium concentration is shown in Figure 2. It is observed that the concentration of uranium decreases with time, and attains a constant value at 78 min.
The equilibrium time is independent of initial concentrations.

−

-1
0.1 mmol.L
-1
0.4 mmol.L
-1
0.8 mmol.L

0.50

-1

C ( mmol.L )

The experiments were carried out at pH 2.92, 3.75,
4.25, 4.93 and 5.34 to find the maximum adsorption. Figure 1 shows the variation of percent removal for uranium
as a function of pH. It is seen from Fig. 1 that the maximum removal is for pH 3.75, and the percent removal is
slightly less for pH values of 4.25, 4.93 and 5.34. The
minimum removal was obtained for pH 2.92.

0.75

The effect of pH on the adsorption of uranium has been
explained on the basis of an electrostatic interaction model
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FIGURE 2
Variation of concentration of uranium as a function of time.
Adsorption kinetics

The rate constant for the adsorption of uranium, k, was
calculated using the Lagergren equation:
ln (qe − q) = ln qe − k.t
where qe and q refer to the amount of uranium adsorbed
at equilibrium at any time t. The plot of ln (qe−q) versus t
is presented in Figure 3. The straight lines indicate the applicability of Lagergren equation. The values of rate constants (k) were calculated from the slopes, and found to be
0.0390, 0.0460 and 0.0506 min 1 for the concentrations of
0.10, 0.40 and 0.80 mmol.L 1, respectively.
−

−

fusion coefficient. This was studied by plotting the amount
adsorbed (q) vs. the square root of time (t0.5) for different
initial concentrations (Figure 4). It is seen that there is an
initial curve, followed by a straight line, indicating that two
types of mechanism are operating in the removal of uranium. The initial curve can be explained by the boundary
layer effect, while the linear part corresponds to intra-particle diffusion. The rate constants of intra-particle diffusion
(kint) for were obtained from the slopes of the straight lines
of the curves and found to be 0.000397, 0.000880 and
0.00205 mmol.g 1.min 0.5 for the initial concentrations of
0.10, 0.40 and 0.80 mmol.L 1, respectively.
−

−

−

The linear portions of the curves do not pass through
the origin indicating that intra-particle diffusion is not only
the rate controlling step for all the concentrations.
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FIGURE 4
Intra-particle diffusion for the adsorption of uranium.
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FIGURE 3
Lagergren plots for the adsorption of uranium.

Effect of adsorbent concentration

In adsorption studies, it is necessary to determine the
rate-controlling step. Therefore, the results obtained from
the experiments were used to study the rate-controlling step
in the adsorption process.
It is known that there are three consecutive steps in the
adsorption of substances by a porous adsorbent. These
steps can be expressed as (I) film diffusion step (boundary
layer), (II) transport of the adsorbate within the pores of the
adsorbent except for a small amount of adsorption which
occurs on the external surface (particle diffusion), and (III)
adsorption of the ingoing adsorbate on the interior surface
of the adsorbent [39].
It is generally accepted that process (III) is very rapid
and does not represent the rate controlling step.

The effect of adsorbent concentration on the adsorption of uranium is shown in Figure 5. Maximum removal
is seen at a concentration of 0.45 g/10 ml. Percent removal
increases with the increase in the amount of adsorbent as
it can be expected (initial concentration, 0.80 mmol.L 1).
This is due to enhanced active sites with an increase in
amount of adsorbent.
−

100

80

percent removal

Intraparticle diffusion

Besides the adsorption at the outer surface of the adsorbents, the solute molecules can also diffuse into the interior of the porous adsorbent. The values obtained from kinetic studies were used in calculating the intra-particle dif-
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of uranium in aqueous solution, k and n are the Freundlich
constants.
FIGURE 5
Effect of adsorbent concentration on the adsorption of uranium.
Adsorption isotherms
Langmuir isotherm

The data obtained in the experiments were correlated
with the linear form of the Langmuir isotherm

The experimental results were plotted as ln q against
ln C and a straight line was obtained (Figure 7). The best
slope, n, and intercept ln k were obtained using the least
squares method. The values of n and k were found to be
0.320 and 0.047.
-2.0

C/q = C/Q +1/Q.b
where C is the equilibrium concentration, q the amount
adsorbed at equilibrium, and Q and b are the Langmuir
constants. The linear plot of C/q vs C indicates the applicability of this equation (Figure 6). The values of Q
and b were calculated from the slope and intercept of the
plot, and found to be 0.056 mmol.g 1 and 6.28 L.mmol 1.

ln q

−

-3.0

−

The essential features of Langmuir adsorption isotherm
are expressed in terms of a dimensionless constant, which
can be expressed by the following equation:

-4.0

R= 1/(1+b.C0)
where C0 is the initial concentration, and b the Langmuir constant. The R values less than unity indicates that
the adsorption process becomes favourable. By calculating the above equation for the initial concentration of 2.0
mmol.L 1, the R value was found to be 0.0737, indicating
favourable sorption onto the adsorbent produced.

-5.0
-4.0

-2.0

0.0

2.0

ln C

−

FIGURE 7
Freundlich plot for the adsorption of uranium.
The effect of different cations on the adsorption of uranium

30

The presence of other cations may affect the sorption
of uranium. Theoretically, the equilibrium constant is the
distribution ratio of activities between two different phases.
When two substances are mixed and exist in an aqueous
solution, the activities of two substances affect each other.
In this study, for simplicity and practicability, the activity
coefficient was assumed to be unity.

-1

C/q (g.L )

20

The effect of different cations (Ca(II), Cd(II), Co(II))
on the adsorption of uranium was studied using the following equation:

10

K = Cae /Ce
where K is the equilibrium constant, Cae is the amount
of uranium adsorbed on the adsorbent per L solution at
equilibrium, and Ce is the equilibrium concentration of
uranium solutions.

0
0.0

0.5

1.0 -1

1.5

2.0

C (mmolL )
FIGURE 6
Langmuir plot for the adsorption of uranium.
Freundlich isotherm

In order to calculate the Freundlich constants, the following equation was used:
ln q = ln k + n.ln C

The values of K were calculated for each cation and are
given in Table 2. They decreased, since the cations were coadsorbed along with uranium and their larger Z/r values
reduced the K values more. In other words, it can be said
that other cations compete with uranium during sorption
onto the adsorbent produced from coal mining waste. The
results are consistent with that of Quadere et al. [1] and
Mahramanlioglu [6].

where q is the amount of uranium adsorbed per unit
weight of the adsorbent, C is the equilibrium concentration

TABLE 2 - Effect of cations on the adsorption of uranium.
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
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Cations
Z/r (ionic potential)
K
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Pure uranium
-----13.29
Ca2
2.020
4.21
Cd2
2.062
4.12
Co2
2.778
3.21
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

[7]

Duff, M.C. and Amrhein, C. (1996) Uranium(VI) adsorption
on goethite and soil in carbonate solutions. Soil Science Society of America Journal, 60, 1393-1400.

[8]

Fowle, D.A., Fein, J.B. and Martin, A.M. (2000) Experimental study of uranyl adsorption onto bacillus subtilis. Environmental Science & Technology, 34, 3737-3741.

[9]

Ho, C.H. and Doern, D.C. (1984) The sorption of uranyl species on a hematite sol. Canadian Journal of Chemistry, 63,
1100-1104.

+

+

+

CONCLUSION

The adsorbent used in this study was prepared by
chemical activation from coal mining wastes, and its adsorption capacity for uranium was assessed.
A first-order Lagergren kinetic model fitted the data
with fairly good accuracy. The Langmuir and Freundlich
adsorption isotherms well described the adsorption process. Adsorption capacity was strongly dependent on the
pH of the uranium solution, and was increased as pH decreased. Both the boundary layer diffusion and intraparticle diffusion were responsible for the adsorption of
uranium.
The presence of cations reduced the adsorption of uranium on the adsorbent produced from coal mining waste.
Mining wastes can be used to produce new adsorbents
for the removal of radionuclides, since the adsorbents produced produced from mining wastes exhibited promising
sorption characteristics. The production of adsorbents from
coal mining wastes can also reduce the pollution in coal
mining itself. It should be borne in mind that a low-cost
stock is used in the case of mining wastes and their reprocessing into value-added products is associated with
appreciable environmental benefits.
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SUMMARY

INTRODUCTION

The concentrations of trace elements were determined
in various tissues (internal organs, liver, abdominal and
dorsal muscle) of individuals of cultured fishes obtained
from two marine cage farms located on the coasts of Rize,
Turkey. The concentrations of seven trace elements (sulphur
(S), chloride (Cl), potassium (K), calcium (Ca), iron (Fe),
barium (Ba), and tin (Sn) were determined in ten specimens (5 from each farm) using energy dispersive Xray fluorescence method. A radioisotope excited X-ray
fluorescence analysis using the method of multiple standard
additions is applied for the elemental analysis of fish. The
results obtained from these analyses showed similar patterns
of dis-tribution among farms and organs. The averages
of trace elements did not statistically differ among farms,
but did differ among the organs. Regardless of organs, K
(1.64 %) was the highest followed by Cl (1.64 %), Fe
(0.57 %), S (0.48 %), and Ca (0.20 %). The other trace
elements (Sn and Ba) regarded as heavy metals with Fe had
the lowest concentrations in fish. The results also showed
that the liver accumulated the highest concentrations of all
elements com-bined (0.48 %) followed by dorsal and abdominal muscle, and interior organs. Concentrations of K
(2.35 %), Cl (2.27 %), S (1.22 %), and Fe (0.85 %) in liver
were much higher than the concentrations of the other
elements. Accumulations of Sn and Ba as heavy metals,
on the other hand, were the lowest in liver with averages
of 0.03 µgg-1 and 0.00 µgg-1, respectively. Despite the
variability in concentrations of the heavy elements, concentrations of those elements in the tissue samples are not
higher than the toxic level.

KEYWORDS: Freshwater fish, trace elements, aquaculture, rainbow trout, heavy metals.

Environmental pollution in aquatic habitats is one of the
biggest problems. The problem is getting more and more important due to the fact that fish dairy products are consumed
much since they contain almost all kinds of proteins, biological important lipids, and lip soluble vitamins. On the
other hand, fish can also be a source of contamination, because of the amounts of trace elements they may contain.
Thus, fishes can be considered as monitors for environmental contamination with metals and other pollutants in
aquatic ecosystems [1]. Concentrations of trace elements
have been widely studied in many fish species, sediments
and waters all around the world [2-8].
The increase in consumption of fish as food has unfortunately diminished some fish stocks, which has stimulated a new area of industry, aquaculture, in order to meet
the demand. Among the fish species, the trout is the most
widely cultured fish species in both freshwater and saltwater throughout the world. Despite the importance of this
fish species for human consumption, the degree of accumulation of heavy metals in the tissues of this species reared
in cages is known little. Knowing the level of heavy elements concentrations in tissue of fishes is very important in
areas where industry has been developed. There are more
than one hundred tea processing factories (Salarha stream)
and a copper mine (Çayeli stream) in the area where the
farms providing fish specimens for this current study [9].
The waste of these factories is deposited to the sea through
the Salarha Stream. Thus, the determination of the magnitude of heavy elements concentration will allow us to assess the potential danger of accumulation to the human organism. The objective of this study is to determine the concentration of some trace elements including three heavy
elements (Fe, Sn, and Ba) in the tissues of cultured rainbow trout.
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FIGURE 1 - Location of the coast of Rize, Turkey.

MATERIAL AND METHODS

at 45° angles with respect to the direct beam and fluorescent X-rays emitted 90° to the detector.

Fish collection and experimental procedure

The specimens of rainbow trout (Oncorhynchus mykiss)
for analysis were obtained from two marine aquaculture
farms (namely Dortfarm and Ozfarm) located on the coasts
of Rize, a city of Turkey located on the coasts of Black Sea
(Fig.1). These farms have also freshwater fish rearing facilities located near to the Salarha stream. In order to prevent
fish loss due to high temperatures during summer, these
farms transfer their fish to those freshwater facilities.
The obtained samples of specimens were brought to a
laboratory in the Faculty of Fisheries at the University of
Rize. Then the samples were washed with distilled water,
dried in filter paper, homogenized, packed in polyethylene bags and stored below -20 °C prior to analysis.
Quantitative elemental analysis of the fish samples (50 mg
dried weight) was done with an Energy Dispersive X-ray
Fluorescence system. In order to describe the elemental
composition one radioactive source (1.85 GBq 55Fe) was
used for direct excitation. The excitation energy for 55Fe is
5.96 keV. 55Fe radioisotope was used to obtain light and
intermediate elements. The samples were positioned according to the ge-ometry of Fig. 2. The samples were analyzed
in the form of pellets to obtain their characteristic X-ray
spectra and the spectra were recorded with a PGT Si
(Li) detector (FWHM=160eV at 5.9 keV, active area 13
mm2, thickness 3 mm and Be window thickness=30 µm)
used for element K and K lines measurement. The output
from the preamplifier, with pulse pile-up rejection capability, was fed to a multi-channel analyzer interfaced with a
personal computer provided with suitable software for data
acquisition and peak analysis. The live time was selected
to be 5000 s for all elements. The samples were placed
α

β

Quantitative analysis for these elements was carried
out using the method of multiple standard additions [10].
In this method, certain amounts of the element to be analyzed, called analyte, are added to samples. This method
was explained in an earlier paper [10]. In order to minimize the absorption effect, the SK /MnK intensity ratio
was used instead of SK intensity obtained from 55Fe.
α

α

α

FIGURE 2 - The geometry of the experimental setup.
Statistical analysis

A two-way ANOVA was used to test for significant
differences in concentrations of each element among farms
and organs. Prior to analysis, the data were subjected to
normality (Kolmogorov-Smirnov test) [11] and homogeneity of variances tests (Levene’s test) [12]. All the data
except Ca met the assumptions of normality and homogeneity of variances. Concentrations of Ca were normalized
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with log transformations. When a significant difference
(P<0.05) for main effects (farms and organs) was detected, Student Newman-Keul (SNK) multiple comparison
test [13] was used to test for significant mean differences.

RESULTS AND DISCUSSION
Qualitative analysis of spectral peaks showed that the
samples contained sulphur, chlorine, potassium, calcium,
iron, tin and barium (Fig. 3 and 4). A representative example of a spectrum is given in Fig. 3 for elements excited by
the 55Fe radioactive source and Fig. 4 for elements excited
by the 241Am radioactive source.
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FIGURE 3 - The XRF spectrum of one sample recorded with the 55Fe source and Si (Li) detector.
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FIGURE 4 - The XRF spectrum of one sample recorded with the 241Am source and Si (Li) detector.
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Percent concentrations of seven elements which are
known to be essential to life and to be present in all animal tissue, e.g., K, Ca, Fe, S, Cl, Ba, and Sn were determined to be lower than the toxic level. The mean concentrations of elements pooled across farms and organs were
determined as K (1.64%), Cl (1.14%), Fe (0.57%), and S
(0.48%), Ca (0.20%), Sn (0.01%), and Ba (<0.01%). The
differences in mean concentrations of pooled data were
highly significant (P<0.001) (Fig. 5 and 6).
The concentrations of K pooled across farms and tissue were marginally significant than the other elements
(P<0.001). Similarly, the concentrations of Cl were significantly lower than the concentrations of K and higher
than the rest of the elements measured. The concentrations

of Fe and S did not differ significantly (P<0.001). The remaining elements (Ca, Sn, and Ba) did not significantly
higher than each other (P<0.001). The obtained results from
this study agree with the findings of Carvalho et al. (2005)
[14]. They found high concentrations of K in edible parts
of various fish species captured from the natural environment. However, the concentrations of K measured in edible
parts (abdominal and dorsal muscle) were marginally higher
than their results. The higher potassium concentrations measured in this study may be attributed to the high potassium
levels of the fish food. A closer examination of K in various tissues of fishes revealed that edible parts (dorsal and
abdominal muscle) had higher K concentrations (Table 1).
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FIGURE 5 - Mean percent concentration of elements pooled across tissue (bars ± S.E).
(All = Dortfarm+Ozfarm; Dortfarm = Dortmevsim marine fish farm; Ozfarm = Özkafes marine fish farm)
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TABLE 1 - Mean trace element concentrations in Rainbow trout cultured the marine fish farms on the Rize coasts.
Element
(µg/g dw)

Dort Mevsim Marine Fish Farm
(Dortfarm)
Internal
Liver
Abdominal musorgans
cle
S
1.33±1.30
9.07±3.05
4.38±1.87
Cl
8.08±1.64
26.07±5.87
7.00±1.68
K
7.09±0.90
22.49±4.70
11.32±1.75
Ca
3.56±0.67
0.83±0.33
2.64±0.27
Fe
4.00±0.57
3.86±1.89
4.98±0.81
Sn
0.12±0.03
0.12±0.03
0.18±0.03
Ba
ND
ND
0.042±0.034
N.D.: Not detected, d.w.: dry weight

Dorsal
muscle
4.21±2.59
5.75±1.42
21.48±2.36
1.48±0.62
3.56±1.40
0.06±0.02
ND

Internal
organs
ND
11.59±4.27
8.19±2.70
0.52±0.31
3.86±0.55
0.12±0.04
ND

Liver
15.36±1.05
19.24±1.51
23.34±2.94
1.17±0.15
8.13±2.00
0.27±0.05
ND

Özkafes Marine Fish Farm
(Ozfarm)
Abdominal mus- Dorsal muscle
cle
4.13±1.72
ND
7.39±1.53
6.27±1.90
15.55±1.83
20.67±5.02
2.70±0.68
2.78±0.80
6.50±1.13
5.99±1.14
0.15±0.04
0.09±0.03
0.019±0.017
ND

1.4

Mean	
  c onc entration	
  (% )

1.2
1
0.8
0.6
0.4
0.2
0
Interior

L iver

A bdominal

D ors al

T is s ue
FIGURE 7 - Mean percent accumulation of all elements pooled across farms and elements (bars ± S.E).

Although the concentrations elements pooled across
elements and organs were slightly higher in the Ozfarm
(0.59%) than in the Dortfarm (0.57%), the differences were
not statistically significant (Fig. 5 and 6). Moreover, the concentrations of each element in each tissue were not statistically significant among the farms (P>0.05). This was an
expected result because both farms are very close to each
other and feed the fish with similar food containing the
approximately same amount of elements (Fig. 5).
The results of concentrations of trace elements determined in pooled liver, abdominal and dorsal muscles as well
as in internal organs are displayed in Figure 6. Although
some exceptions exist, generally the levels of trace elements
in liver, irrespective of source of sample, were higher than
in the rest of the tissue (i.e. abdominal and dorsal muscle,
and interior organs). The concentrations of K, whose concentration was measured to be the highest among the elements, were significantly higher in liver and dorsal muscle than those in other tissue (P<0.0001). The high level
of K, together with some other elements, in liver could be

attributed to the functions of liver. Liver is the principal
organ responsible for the detoxification, transformation, and
storage of toxic materials and it is an active site of pathological effects induced by contaminants [15].
Concentrations of heavy metals measured in tissues
of rainbow trout were determined to be low (0.016% and
0.002% for Sn and Ba, respectively). The concentrations of
these metals did not change significantly among the farms
(P=0.655 and P=0.131 for Sn and Ba, respectively) (Fig. 5
and 6). The concentrations of Sn, however, significantly
varied among the organs. The concentrations of Sn in liver
(0.03%) were, as expected, much higher than those in other
tissues.
The higher concentration in liver is again due to its
physiological duty. Liver is the principal organ responsible
for the detoxification, transformation, and storage of toxic
materials and it is an active site of pathological effects induced by contaminants. The concentrations measured in
various tissues were below the toxic level. In spite of the
lower levels of these metals in fish tissue, their toxicity,
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persistence, and bioaccumulation nature make these metals important components of pollution threatening life.
Iron, which is one of the essential elements for fish nutrition, did not vary among the farms, but varied among the
tissues. The highest and lowest concentrations of iron in
tissue ranged from 0.085% (liver) to 0.039% (internal organs) (Fig. 6 and 7). The concentration in liver was significantly higher than those in other tissues (P=0.045). The
measured iron concentration in all tissues combined ranged
from 4 to 6 µg g-1. This was well below the values obtained
from other fish species. For example, determining the concentrations of various elements in edible parts of several
marine fishes, Carvalho et al. [14] found that iron ranged
from 6 to 106 µg g-1. They related this discrepancy to the
fact that the Fe content is dependent on species, individuals, and sampling period. They also found out that fish feeding on the bottom leaded to higher concentration of Fe than
in pelagic fish, which suggested that high concentrations
could be a function of individual fish diet. Almost the same
concentrations of iron measured in each farms suggested
that the major Fe pathway was probably via feeding (Table 1).

[17]) and international (United States Food & Drug Agency
[18], European Union Directives [19]) regulations. Therefore, it seems that cultivation of fish in these waters where
many tea processing factories operate is found to be safe
at the moment. However, building new factories and any
other facilities may increase the level of these elements in
fish tissues.

Chloride was the second most abundant ion in tissues
from which concentrations were determined. Chloride concentrations varied significantly among tissue (P>0.001), but
did not vary among farms (P=0.763). The liver, again, had
the highest concentration (2.42%) followed by internal
(0.98%), abdominal muscle (0.72%), and dorsal muscle
(0.60%) (Fig. 5-7). The highest chloride ion concentration
in liver reflects its concentration in blood. Chloride ions
constitute more than half of the ionic composition of the
blood. Therefore, the high concentration of chloride in liver
could be related to chloride ion in the blood. In addition,
chloride ion could have been uptaken from the sea water
through osmoregulation progress.
Ca is one of the major elements widely found in various
habitats including freshwater saltwater as well as terrestrial.
Calcium serves mainly building materials for both plants
and animals in their skeleton, teeth, the egg’s shell. Calcium
is also one of the main elements circulating throughout the
body with blood. The calcium concentration like other elements did not significantly vary among farms (P=0.375),
but significantly changed among tissues (P=0.027) (Fig. 57). Unlike other elements, the calcium concentration in liver
was lower than those in the other tissues. The highest concentrations were measured in abdominal and dorsal muscle. The high concentrations in muscle could be attributed
to the fact that calcium is the primary element in contraction and relaxation of muscles.
CONCLUSIONS
Measured elements concentrations in four different tissues of cage-cultured rainbow trout were under the toxic
level set by both local (Turkish Water Pollution Protection
& Control Regulations [16], Turkish Fisheries Regulations
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SUMMARY
The natural stocks of the dominant ascidians of Thessaloniki Bay (Microcosmus savignyi, Styela plicata and
Phallusia mammillata) were seasonally studied. The results
revealed the good adaptability of these species to organically enriched environments. Two cohorts co-occurred at M.
savignyi population, which showed steady trends. In contrast, S. plicata and P. mammillata populations constituted
by a single cohort and were heavily affected by anthropogenic activities.

KEYWORDS: Stock assessment, population structure, organic
enrichment, Ascidiacea, Thermaikos Gulf, Aegean Sea.

INTRODUCTION
Ascidians are among the prominent biota in sublittoral
benthic communities in the Mediterranean Sea [1-3]. They
have been exploited in many ways, since many species are
of great economic importance, either as a food source, or
as potential source of natural products [4-5]. Examples are
the species Microcosmus sabatieri, M. vulgaris and M.
polymorphus, which are edible and commercially harvested
at many locations in the Mediterranean, Ciona intestinalis
and Styela plicata, which are sold as baits in fisheries or
used in the animal-food processing [4, 6-8], as well as species of the genus Tridemnum, Aplidium, Lissoclinum, which
are currently studied for their bioactivity [5]. On the other
hand, species like Pyura microcosmus, M. vulgaris and
Ciona intestinalis are ecological quality indicators for monitoring specific pollutants in the marine environment [9].
In eutrophic environmental conditions, such as the inner Thermaikos Gulf [10-11], several ascidians show increased population density, for example Microcosmus savignyi, Styela plicata and Phallusia mammillata [4, 6, 12].
These species are unselective filter feeders [13-14] with

enormous filtration abilities (estimated from 50-100 ml/min/
g dry weight for the later two species) [15], playing a decisive role to the energy flow between the benthic and the
pelagic domain [5, 16-17]. Given their ecological importance, there are many references suggesting their utility as biological filters for water purification and eutrophication control [18-21].
The review of the contemporary literature revealed that
very few studies deal with the biodiversity, population structure, growth, dispersion and stock availability of solitary
ascidians [1, 7-8, 22-24], since most of the available data
concerns the physiology of their feeding mode and reproduction [2, 15, 25-32]. Considering this, the purpose of the
present work was to assess the biodiversity of ascidians
natural stocks in sublittoral hard substratum communities of
Thessaloniki Bay, as well as to study the population dynamics of the most dominant species.
MATERIALS AND METHODS
Study area

Thermaikos Gulf is a shallow-water embayment in the
NW Aegean Sea (Figure 1). It is considered among the
most disturbed marine areas in Greece, receiving discharges
from large river systems (Axios, Loudias, Aliakmonas) and
also sewage and industrial effluents from the city of Thessaloniki [10]. This study was conducted at the northern part
of Thermaikos, named Thessaloniki Bay, which is a closed
area as regards water renewal. Water circulation follows a
cyclonic pattern and is driven mainly by the prominent
northward winds of the area [33]. The abiotic factors follow a seasonal pattern. In general, water column is homogenous from fall to spring, whereas at the intermediate period a thermocline with variable depth appears. Salinity
generally decreases in spring, where the inflow of the adjacent rivers shows the maximum rate [33]. These hydrological features result in larger concentrations of organic
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Latitude

St1
St4

St2
St3

Longitude
FIGURE 1 - Map of Greece (left) and detailed chart of Thessaloniki Bay (right),
indicating the position of the four sampling stations (St. 1, St. 2, St. 3, St. 4).

matter and nutrients in Thesaloniki Bay, which is commonly
suffering from algal blooms [11], negatively affecting the
biota.

each ascidia the maximum tunic length (TL) was measured
with an electronic caliper to the nearest mm.
TABLE 1
Main geomorphological features of the sampling stations.

Field sampling – Processing of samples

Preliminary sampling along the coastline of Thessaloniki Bay involved the collection of random qualitative samples with SCUBA diving. All the collected ascidians were
identified down to the species level in the laboratory and
revealed the presence of 10 solitary species, i.e. Clavelina
lepadiformis (Müller, 1776), Ciona intestinalis (Linnaeus,
1767), Phallusia fumigata (Grübe, 1864), Phallusia mammillata (Cuvier, 1815), Ascidia mentula Müller, 1776, Styela
canopus (Savignyi, 1816), Styela plicata (Lesuer, 1823),
Microcosmus savignyi Monniot, 1962, Pyura dura Heller,
1877, Pyura microcosmus (Savignyi, 1816). From these
species P. mammillata, S. plicata and M. savignyi dominated in terms of population density and expansion of their
natural stocks, and therefore selected for the purposes of this
study. Four sampling stations were set, St.1 for the study of
M. savignyi, St.2 and St.3 for S. plicata and St.4 for Phallusia mammillata (Figure 1 and Table 1).
All sampling runs with SCUBA diving, seasonally, in
the time period between November 2004 and August 2005.
At each station sampling involved the estimation of the
population density (i.e. number of individuals per 20 min
dive), as well as the random collection of specimens from
the three species under examination, during a 20-min dive
[7, 8]. All specimens were transferred to the laboratory,
stored at 0oC for 24 hours embedded in seawater with
menthol crystals (MgCl) added for the relaxation of the
muscles to enhance the homogeneity of the biometric
measurements, and then fixed in 9% formaldehyde. For

Sampling
station
St.1
St.2
St.3
St.4

Coordinates
ο

40 35'77''Ν,
22ο56'61''Ε
40ο35'25''Ν,
22ο56'44''Ε
40ο30'49''Ν,
22ο54'25''Ε
40ο33'33''Ν,
22ο50'05''Ε

Depth Type of hard substratum
7m

Natural biogenic

4m

Artificial (concrete)

4m

Artificial (concrete)

6m

Biogenic mixed with
artificial (mussel-culture)

Concurrently, the main abiotic factors, e.g. temperature,
salinity, dissolved O2, pH were measured in the water column with a CTD, while water samples (1l) were collected
for the estimation of suspended particulate organic matter
using Strickland and Parsons method [34].
Data analysis

The null hypothesis of no significant spatial and temporal differences in the mean tunic length of M. savignyi,
S. plicata and P. mammillata stocks was tested with oneor two-way ANOVA, after an initial logarithmic transformation of the data to meet the assumption of the analysis [35].
Length frequency distributions were calculated per
3 mm size classes (2 mm for M. savignyi) at each station
and period of sampling [36]. The modal length of the cohorts was identified applying the Battacharya method [37]
and the NORMSEP analysis using the FISAT II software
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package [38]. Length frequency data were fitted to the von
Bertalanffy growth function [39] using both the Shepherd
and ELEFAN I routine [40-41] included in FISAT II software package, as there are no data on the occurrence of
seasonal oscillations in the growth of ascidians. The von
Bertalanffy growth function is Lt = L∞ (1 - e-k(t-t0)), while
the seasonal von Bertalanffy growth function is Lt =
L∞[1-e(-k(t-t0) - (Ck/2π)sin(2π(t-ts)))], where Lt is the length at
time t, L∞ the asymptotic length, k the growth coefficient,
t0 is the hypothetical time at which length is equal to 0, C
is the seasonality range and ts the summer point.
RESULTS
Abiotic parameters

The physical and chemical parameters measured in the
water column showed a similar spatial pattern throughout
samplings. As regards the temporal pattern, temperature
ranged from 8 to 24 oC, salinity from 35 to 37.5 psu, dissolved oxygen from 6.3 to 9.4 mg/l and pH varied around
8.8. Therefore, the values of the abiotic factors were within
the expected seasonal limits. Particulate organic matter
(POM) was found increased at all stations, ranging from
25.2 mg/l to 108.5 mg/l, with respect to the eutrophic environment of the study area [11].
Microcosmus savignyi stocks

Microcosmus savignyi specimens were exclusively
found on natural biogenic substratum contagiously attached
on boulders and bivalve shells of mainly the species Modiolus barbatus and Venus verrucosa, which are strongly harvesting in the broader study area. On its tunic a large number of epibiotic species were found, such as several sedentary polychaetes (mainly of the families Serpulidae and
Sabellidae), sponges (e.g. Suberites domuncula) and bivalves (e.g. Arca noae), whereas the amphipod Leucothoe
spinicarpa was found inside its branchial sacs.

34.14 mm (TL). Statistics on the distribution of this biometric character are presented in Table 2. Significant
seasonal differences on mean tunic length were observed
(F = 3.88 p<0.05), as the population increased in size (linear growth) from autumn to summer.
Length-frequency distributions analysis was unimodal,
with the exception of autumn 2004 and spring 2005, where
multimodality appeared (Figure 3). In autumn 2004 two
modes were detectable; the first corresponding to the new recruits (second cohort) with a mean tunic length of 24.41 mm
and the second one to the adult individuals (first cohort)
with a mean tunic length of 34.89 mm. At that time of the
year a third mode can be identified, though not clearly, corresponding to a few larger specimens (mean tunic length of
43.3 mm). Then, in winter 2005, one mode was detectable
corresponding to the first and second cohort, as no specimen of larger size was caught. A little later on (April) the
population continued to increase in length and showed two
modes, the first one on 31.98 mm and the second one on
44.56 mm. Thereafter, in July 2005, the population was
mainly constituted by smaller specimens, as one mode with
a mean length of 34.98 mm was observed.
Parameters of the von Bertalanffy growth function
(L∞ = 60.3 mm, k= 0.22, Rn = 1) differed when seasonal
oscillations were examined (L∞ = 60.3 mm, k= 0.31, Rn =
0.39). However, in both methods k values showed that the
species reached the maximum asymptotic length rather
slowly.

600
500
400
300
200
S. plicata

The population density of M. savignyi, which was recorded only at station 1 (Mikro Emvolo), showed small
seasonal variations, as it was ranging from 117-183 indiv./
20-min dive with a mean of 146 indiv./20-min dive (Figure 2).

100

A total of 610 specimens of M. savignyi were collected,
ranging from 16 to 60 mm in size, with a mean around

FIGURE 2 - Seasonal variations in population density of the
dominant ascidians in Thessaloniki Bay (individual / 20' divining).

0
11/2004

M. savignyi
2/2005

P. mammillata
4/2005

7/2005

TABLE 2 - Statistics of the mean tunic length (TL) of Microcosmus savignyi (n=610),
Styela plicata (n=1243) and Phallusia mammillata (n=235), sd = standard deviation.
L ± sd (mm)

Autumn 2004
Winter 2005
Spring 2005
Summer 2005
Total mean

M. savignyi
St.1
32.06 ± 8.41
34.14 ± 6.83
35.34 ± 7.46
35.92 ± 6.36
34.13 ± 7.59

S. plicata
St.2
St.3
39.92 ± 12.72
43.58 ± 11.54
50.59 ± 12.63
54.08 ± 14.85
49.99 ± 13.17
69.54 ± 13.91
58.62 ± 9.93
27.59 ± 9.45
47.41 ± 15.28

1016

P. mammillata
St.4
61.74 ± 10.65
60.74 ± 10.63
61.33 ± 10.63
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Microcosmus savignyi
2.0

n =208

1.0

Phallusia mammillata
2.0

n =140

n =117

1.0

Frequency (10 %)

Frequency (10 %)

2.0

2.0

n =136
1.0

1.0

n =95

1.0

2.0
30.00

n =149

45.00

1.0

60.00

75.00

90.00

Tunic Length (mm)
16.00

26.00

36.00

46.00

56.00

Tunic Length (mm)
Styela plicata
2.0

3.0

Station 2

1.0

Station 3

n =394

1.0

1.0

Frequency (10 %)

2.0

n =195

Styela plicata

2.0

n =119

n =120
1.0

1.0

n =88

1.0

n =58

1.0

n =88

3.0

n =181

2.0
1.0
7.00

22.00

37.00

52.00

67.00

82.00

7.00

Tunic Length (mm)

22.00

37.00

52.00

67.00

Tunic Length (mm)

FIGURE 3 - Modal progression analysis of Microcosmus savignyi, Styela plicata and Phallusia mammillata length-frequency data.
(Black line = NORMSEP method, Dotted line = BATTACHARYA method).
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Styela plicata stocks

Styela plicata specimens were mainly found on artificial hard substratum, forming very dense populations on the
piers and moorings of the fishing marinas of Thessaloniki
Bay. On their tunic only some serpulids were found, while
during winter the specimens were almost completely covered by the offspring of the common Mediterranean mussel Mytilus galloprovincialis.
The population density of S. plicata, which was
recorded at stations 2 and 3 (Marina of Kalamaria and
Peraia, respectively), showed significant seasonal variations, as it was ranging from 146 (spring 2005) to 590
(autumn 2004) indiv./20-min dive, with a mean of 311
indiv./20-min dive (Figure 2).
A total of 1243 specimens of S. plicata were collected
from both stations ranging from 7 to 97 mm with a mean
around 47.4 mm (TL). Statistics on the distribution of the
tunic length are presented in Table 2. Significant seasonal
differences on mean tunic length were observed (F = 107.06
p<0.05) as well as spatial differences (F = 6.23 p<0.05) with
relatively larger specimens caught at station 3. At station 2,
the maximum mean tunic length was recorded in autumn,
was found decreasing till spring and raised again in summer. At station 3 the population showed increased length
in spring and in summer (Table 2).
Length-frequency distributions analysis was unimodal
at both stations, with the exception of spring 2005, where
multimodality appeared at station 3, although not clearly
(Figure 3). Therefore, one cohort constitute the population
of S. plicata at station 2, which is growing through time, as
the mode is shifted rightward from a mean tunic length of
38.38 mm (autumn 2004) to 57.14 mm (summer 2005). At
station 3 the cohort had a mean tunic length of 42.08 mm
in autumn 2004, which subsequently dropped to 38.36 mm,
due to the increased percentage of juveniles caught. Then,
in spring 2005, the population shifted to larger size classes
(mode = 58.68 mm). At that time, however, a second cohort can be detected, whose growth caused a fall to the
mean tunic length in summer 2005 (mode = 49.15 mm).
Parameters of the von Bertalanffy growth function
(L∞ = 86.10 mm, k= 0.25, Rn = 1) differed when seasonal
oscillations were examined (L∞ = 86.10 mm, k= 0.58, Rn =
0.24). However, both methods showed that the species
reached the maximum asymptotic length rather slowly.
Phallusia mammillata stocks

Phallusia mammillata specimens were found on artificial hard substratum, forming very dense populations on
the pillars and lines of mussel-cultures, settled on bunches
as well as on the dead mussel shells accumulated on the
bottom. On their tunic only few serpulids were found.
The population density of P. mammillata, which was
recorded only at station 4 on the west coast of Thessaloniki Bay (Naziki), showed significant variations. Thus, the
population was recorded only at two of the four sampling
efforts, in autumn 2004 (140 indiv./20-min dive) and in

summer 2005 (95 indiv./20-min dive), while it collapsed at
the intermediate period (Figure 2).
A total of 235 specimens of P. mammillata were
collected ranging from 3 to 93 mm with a mean around
61.3 mm (TL). Statistics on the distribution of the tunic
length are presented in Table 2. No significant differences
on mean tunic length were observed between the two samplings (F = 0.15 p>=0.05).
Length-frequency distributions analysis was unimodal (Figure 3). One cohort constitutes the population of P.
mammillata, with a mean tunic length of 60.28 mm in autumn 2004 and 58.150 mm in summer 2005.
Parameters of the von Bertalanffy growth function
(L∞ = 94.5 mm, k= 0.21, Rn = 1) differed when seasonal
oscillations were examined (L∞ = 94.5 mm, k= 0.65, Rn =
0.31). However, both methods showed that the species
reached the maximum asymptotic length rather slowly.
DISCUSSION
Studies on the biodiversity and distribution of Ascidiacea in the Mediterranean revealed the presence of
187 species, among which 67 have a confirmed presence
in the Aegean Sea [42]. From the present survey of Thessaloniki Bay, 10 solitary species have been recorded, which
are all common in the Mediterranean, previously reported
in the Aegean Sea [24]. The species Clavelina lepadiformis,
Phallusia mammillata, Pyura microcosmus and Ascidia
mentula shows an Atlantic-Mediterranean distribution;
Ciona intestinalis, Styela canopus and Styela plicata are
cosmopolitan species, while Microcosmus savignyi, Phallusia fumigata and Pyura dura are considered as Mediterranean endemic [24].
The species Microcosmus savignyi, Styela plicata and
Phallusia mammillata were the most abundant ascidians
in Thessaloniki Bay, for which practically no data exist on
their stock availability in the Aegean [43]. All three species are considered as tolerant to organic pollution, since
they typically develop dense populations in eutrophic areas
[6, 12]. Suspended organic matter is considered as the main
environmental parameter that controls the expansion of their
populations, together with the availability of suitable settlement surfaces (i.e. hard substratum) [5, 20, 31, 44-45].
Our results conform to the above references, since dense
populations were recorded in sheltered areas of Thessaloniki Bay, where the amount of particulate organic matter
was increased and the settlement surfaces were accessible
(i.e. artificial structures or dead shells accumulation). Moreover, no extreme temperature and salinity values were recorded during the study period that could lead to a direct
decline on ascidians populations [22, 46-47].
Insignificant seasonal oscillations were recorded on M.
savignyi stocks. The population seems well fit in the local
environment, since the steady availability of bivalve shells
has provided a “proper habitat”. M. savignyi specimens were
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found all over the study area, however at the northern part
of Thessaloniki Bay a very dense population occurred. At
this area the bivalves Venus verrucosa and Modiolus barbatus dominate sublittoral benthos. As shell fishing is prohibited, the assemblages are not disturbed by human activities and therefore, M. savignyi may have benefit from this
situation to establish consistent stocks. Most of the specimens had a tunic length around 3.5 cm, which is well within
the common size spectra of the species [6]. The growth of
M. savignyi is strongly influenced by the environmental conditions. The estimated maximum asymptotic length was
close to the maximum length reported for M. savignyi [6],
since the organically enriched milieu in the studied area
favors its development. However, k coefficient was low.
These results indicate that M. savignyi grows slowly, with
a longer than annual life span. Population structure analysis revealed the presence of at least two generations. New
recruits were abundant mainly in autumn, which, thereafter, incorporated to the broader population. Specimens of
larger size classes were caught in November, but disappeared till March. In general, a trend to a linear increase in
size (mean tunic length) was detectable in M. savignyi population. These patterns can be linked to the reproductive cycles of the species. As most of the species of the genus
Microcosmus in temperate seas, M. savignyi releases its
gametes in wintertime [4, 8, 30], driven by the cooling of
water masses [30].
Styela plicata was the most abound ascidia all over the
studied area. It is a typical fouling species, occurring in high
numbers in marinas [4, 6]. At both sampling stations, the
population density of S. plicata experienced heavy seasonal
fluctuation, mainly attributed to the fishermen’s activities
that dislodged it from the piers and the moorings of their
boats. Most of the specimens had a tunic length around
4.7 cm, which is beyond the reported mean size [4, 6], probably for the same reasons. The estimated maximum asymptotic length was less from the maximum length reported for
the Mediterranean [4]. S. plicata is a typical opportunistic
species with great reproductive abilities, which quickly occupy any available substratum in eutrophic environments.
Field experiments have showed that it takes less than two
months for the settlement of new recruits (about 2 cm in
size) in Thermaikos gulf (Panagiotou et al., unpublished
data). The growth of S. plicata is generally fast [48], and
the species is believed to live from 6 to 12 months, depending on the latitude of the region [6, 25, 48]. In Thessaloniki Bay k coefficient values were low. This was probably
due to the displacement of the larger individuals, which biases the results. Population structure analysis revealed the
presence of one generation at both sampling stations, with
a trend to increase in size (mean tunic length) over the sampling period. New recruits were present all year round except of summer at station 2. Summer recruits are believed
to grow even 2.5 times faster till they reach the minimum
reproductive size of 4 cm [48]. Mature specimens were
caught all year round [43]. Therefore, S. plicata seems capable to continuously spawn with a peak when water masses
reach a temperature around 22οC [22, 25, 47-48].

Phallusia mammillata showed strong variations in population density, in dependence to the dynamics of the mussel-cultures, in which it was found attached. These species
take advantage of the plethora of suspended particulate organic matter resulting from the feces of the mussels [49].
The accumulation of P. mammillata on the structures of
mussel-cultures creates severe problems of immense economic importance, as they increase the weight of bunches
causing their fall down to the bottom and also increases the
mussels’ mortality, out-competing theme to feeding. Thus,
the managers are obligated to frequently clean up the structures from the ascidians, as well as to change the ropes.
Due to these activities, P. mammillata specimens were only
found at two samplings (in November 2004 and in July
2005) and therefore it is not possible to draw reliable conclusions from these data. Most of the specimens had a tunic
length around 6 cm, which is well below the reported size
spectra of the species [6]. This may be attributed to both the
collapse of the population due to the management of mussel-cultures, and to the small death of samplings (around
7 m) since P. mammillata has a bathymetric expansion nearly to the continental shelf (180 m) [6]. The estimated maximum asymptotic length was much smaller than the maximum length reported for the Mediterranean [6], while the
growth rate was rather slow. Population structure analysis
revealed the presence of one generation in November (2004)
that subsequently collapsed. In July (2005) the population
was re-established with a mode shifted to a smaller size
class. Therefore, these specimens probably correspond to
new recruits that should have settled on the mussel cultures
sometime between April and May, after the third unsuccessful sampling effort. This hypothesis is supported by the
annual life span of P. mammillata reported from a population of the Ionian Sea [50].
In conclusion, all three species seem to have adapted
well to the environmental conditions of Thessaloniki Bay,
despite deploying different life strategies. S. plicata and
P. mammillata thrive to a highly fluctuating environment,
frequently disturbed by human activities, as they are both
highly opportunistic species with great reproductive output [6, 12]. In contrast, M. savignyi maintain a steady population on an undisturbed area, showing more a k-strategy
character. Our results, though preliminary, indicate that the
study of ascidians population dynamics in relation with organic enrichment and anthropogenic interference can provide a suitable framework for biomonitoring.
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BIOLOGICAL DEGRADATION OF OLIVE BLACKWATER
by Aspergillus oryzae IMMOBILIZED on Luffa cylindrica
Çetin Öztepe and Mustafa Özyurt*
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SUMMARY
The biological degradation of olive blackwater, a byproduct of olive oil industry, was investigated using Aspergillus oryzae after immobilization on Luffa cylindrica.Luffa
has a filamentous structure and contains immobilized cells
in liquid medium. Luffa was provided naturally and no pretreatment was applied. In media containing fungi, pH increased by degradation of organics, whereas in those without fungi, pH partly dropped after the substances were dissolved in medium. COD also decreased in fungal media by
degradation of organics. The colour of olive blackwater was
changed into red at excessive acidic conditions, and into
clear yellowish under excessive basic conditions. The colour removal (analysed at 276 nm) was higher in basic medium than under acidic conditions. When 9% CaO was added about 12 % color removal was recorded. After chemical pretreatment, olive blackwater biomass was biologically treated and increased by 72 %. The removal of COD
was 82% (82.6 % in absorbance) and that of phenols 90.4%.
At the end, the olive blackwater could be treated efficiently
with the immobilizied fungus.

logically degradable, and nontoxic. Ogbonna et al. [8] have
found that Luffa provided a high quantity of ethanol when
used as filling bed for experiments. However, various immobilization techniques have also been developed [9].
In this work, olive blackwater containing phenolic compounds was investigated for degradation by Aspergillus
oryzae immobilizied on Luffa cylindrica after chemical pretreatment with CaO and H2O2 [10]. According to previous
works [9, 11], some aromatic compounds cause negative
effects on the microbial growth in treatment units due to
their toxic effects. It is known that the immobilization technique increases the enzyme activity. The oxidation of organic compounds with H2O2 provides biological degradation of products easily. Wastewaters of many industries contain phenolic compounds and show resistance against biological degradation. The treatment of such wastewaters has
been found to be convenient, if chemical and biological
processes are applied together [11, 12].
MATERIALS AND METHODS

KEYWORDS: Olive blackwater, degradation, immobilization, Aspergillus oryzae, Luffa cylindrica.

INTRODUCTION
Olive blackwater is produced during the olive oil obtaining process. About 500 kg of olive blackwater is discarded from 1 t of olives during oil production [1]. Olive
blackwater contains volatile solids, inorganics and a high
concentration of phenolic substances [2]. Phenolic polymers prevent microbial growth and, therefore, they limit
the biological treatment [3]. Discharge of olive blackwater
into waterways causes serious pollution problems [4]. Some
legal regulations have been applied for the controlled discharge of this pollutant [5]. Luffa cylindrica is used in immobilization of microalgae for biosorption of toxic metals
[6]. Luffa has been also used for immobilization of Coffea
arabica type plant cells by Liu et al. [7]. It has a good support matrix, high porosity, stable physical properties, is bio-

Aspergillus oryzae used in this work was provided from
the Environmental Microbiology Laboratory of Mersin
University. It was inoculated on Saboraud Dextrose Agar
(SAD) for 4 weeks and incubated at 30 °C (Memmert). The
stock cultures were preserved at 4 °C in a refrigerator. The
medium used was a modification of the media (Table 1)
used by various researchers [13-16], and pH was adjusted
to 4 with 0.1 N NaOH (Merck, 6462).
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TABLE 1 - Stock basal medium (SBM) used as substrate.
Substances
Ca Cl2.2H2O (Merck, 1.02381)
MgSO4.7H2O (Merck, 5882)
NH4 (H2PO4) (SCP, A4302)
FeSO4.7H2O (C.Erba, RPH 344957)
CuSO4.5H2O (Labosi, C2375)
C6H12O6 (Sigma, G8270)
MnSO4 H2O (Merck, 5959)
Luffa cylindrica
Deionized water

Unit

Quantity

g/L
g/L
g/L
g/L
g/L
g/L
g/L
number
mL

0.50
0.50
0.15
0.05
0.05
0.20
0.06
0.35 g/mL
1000
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Santos et al. [17] have found that glucose caused negative effects on degradation rate of phenols. Therefore, glucose was added to the medium in low quantity.
The olive blackwater used in this work was provided
from the Şendağ Olive Oil Factory, Tarsus. It was used
after filtration through 15-25-µm pore-sized filter paper. A.
oryzae was inoculated in the medium of Luffa cylindrica
and incubated at 30 °C and 150 rpm for 3 days providing
immobilization of fungal mycelium into Luffa. Subsequently, 15 mL of olive blackwater was added into this medium
under sterile conditions, and then biological degradation
was started. Colour analysis was carried out with an UV 160
model spectrophotometer at λ=274 nm. Olive black-water
samples were diluted 50 times and then analyzed. Each
experiment was repeated three times. Santos et al. [17] have
analyzed the intermediary products as a result of phenol
degradation at 270 nm. As immobilizing substance, Luffa
cylindrica was used [13]. Abdel-Naby et al. [18] have used
chitin, chitosan and Dowex 50 W as immobilizing media.
Here, 39 Erlenmeyer flasks of 250 mL were used. The work
was carried out for 12 days, and 7 bottle samples were
analyzed per 3 days. Mycelium suspension was degraded
by a homogenizator. Afterwards, 10 mL of fungal suspension was inoculated into a medium of 35 mL SBM and
0.35 g Luffa, and fungi were provided to be immobilized on
Luffa. Hence, 15 mL of olive blackwater was added and
3 samples were taken off to determine dry mycelium and
pH increase, absorbance and COD decrease. The effect of
medium with and without Luffa on pH and absorbance was
determined according to the variations in time. Zouari [10]
has examined the effect of H2O2 on olive blackwater before
biological treatment prevents toxic effects on mono- and
polyaromatic hydrocarbons in olive blackwater on microorganisms. At the end, he has succeeded to remove color of
olive blackwater by 60-80% at pH 3, 37 °C and 550, 600,
and 700 nm. The biological degradation with immobilized
fungi was followed for 26 days. For this procedure, 50 mL
of microorganism culture was incubated at 30 °C and
150 rpm (orbital shaker LHE). At the 7th day, 0.37 g Luffa
was added into 35 mL SBM growth medium, and then
10 mL of fungi was inoculated. Three samples were taken
off for analysis, each for three days.

RESULTS AND DISCUSSION
During the research period, pH and dry mycelium
weight increased, whereas an absorbance and COD decrease were determined. Each process was investigated for
the possible effects. For H2O2, colour removal was 41.4 %
at pH 11 and 276 nm. For CaO, colour removal was 12 % at
309 nm, when 9% CaO was added. When olive blackwater was biologically treated after pretreatment, 72 % increase in biomass, 82.6 % removal in COD, 81 % removal
in absorbance, and 90.4 % removal in phenols were observed. On the other hand, the effects of free fungi in deionized water and immobilized Aspergillus oryzae on Luffa

cylindrica processed with H2O2 and CaO (chemical pretreatment) were compared (Table 2).
TABLE 2 - The variations caused by immobilized A.oryzae on pH,
absorbance, COD and DMW of olive blackwater depending on time.
Time
(Day)
0
3
6
9
12

Sample

pH

COD

1
2
3
4
5

3.97
4.57
5.67
6.64
6.94

10867
8200
7117
6825
6743

DMW
(g/L)
1.239
1.723
1.848
2.272
3.578

Absorbance
0.515
0.513
0.510
0.508
0.505

As can be seen from Table 2, pH increases in the following days till the 12th day, whereas COD decreases during
this time period. Dry Mycelium Weight (DMW) increases
also till the 12th day, and absorbance shows variations after
a 12-days-period.
In Table 3, the comparison of effects of free, immobilized and immobilized fungi in the medium of chemical
pretreatment on COD, color and phenols of olive blackwater is shown.
TABLE 3 - The comparison of effects of free, immobilized
and immobilized fungi in the medium of chemical pretreatment on COD, color and phenol of olive blackwater
Medium/Fungus
COD
Absorbance
Free fungus
60.9
22.0
Immobilized fungus
38.0
2.0
Ch.Pr.Tr. Medium *
82.6
81.0
* Medium processed for chemical pretreatment

Phenol
31.6
90.4

As can be seen from Table 3, the sample with deionized water could be increased with immobilized fungi in an
efficient way, when chemical pretreatment was carried out.
CONCLUSIONS
The color of olive blackwater was changed into red
when applied under excessive acidic conditions. On the
other hand, at strongly basic conditions, the color removal
was much more, compared with acidic conditions. Dry mycelium weight has increased by degradation of organic substances, and at the end of the 12th day, this increase has
been found to be 65%. Absorbance showed decrease, even
in small amounts, depending on biological degradation. On
the other hand, COD has dropped as a result of degradation
of organics and has been recorded to be 38 % at the end of
the 12th day. The effect of 6% hydrogen peroxide in the
sample of 30/70 olive blackwater/distilled water, was a color
removal of 41.4 % at 276 nm. In addition, 9 % CaO caused
12% color removal. After pretreatment, when the sample of
olive blackwater was biologically treated, 72 % increase in
biomass, 82.6 % removal in COD, 81 % removal in absorbance, and 90.4 total removal of colour have been obtained. Using Luffa cylindrica caused an efficient treatment
for olive blackwater. This result would be used for further
steps of our pilot plant-scaled experiments, and Luffa
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cylindrica will be used as filling bed in our pilot plant
works.
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SUMMARY
This paper presents a new approach for continuous
plant growth year-round without time gaps in a constructed
wetland (CW). Two plant species were chosen for this purpose, Coix lacryma-jobi, belonging to the warm season
functional group, and Lolium perenne, belonging to the
cold season functional group. A vertical/ reverse-vertical
flow CW was built to treat the eutrophic creek water.
Growth traits and the effects of harvesting on biomass and
nutrient removal of the both species were examined. Results showed that (1) concerning the nutrient removal effect, L. perenne should be harvested in mid-May with a harvesting frequency of two events per year, while C. lacrymajobi should be harvested in late August and subsequently
one more times per year in subtropical regions; (2) during
the rapid growth stage of L. perenne, the absorbed N and P
accounted for approximately 21.3% and 9.1%, respectively,
of the entire CW while the absorbed N and P by C. lacrymajobi accounted for approximately 31.8% and 33.2%, respectively, during the growth stage.

KEYWORDS: Biomass, eutrophication, ever-green, nutrient accumulation, nutrient removal, water.

INTRODUCTION
As a type of ecologically engineered treatment system, constructed wetlands (CW) have certain advantages
over the conventional treatment systems [1]. Establishing
CW comprising of small areas utilizing high density management techniques in order to remove nutrient levels at
optimum efficiency is required urgently in China and other
non-industrial countries since land availability is in very
short supply due to the huge population densities. Utilizing plants for nutrient removal in CW is therefore an impor-

tant approach in helping to alleviate China’s current pollution problems.
Plants play significant roles in wetland treatment processes [2-7]. However, plants, especially grass and other
her-baceous species, only grow in warm seasons in most
constructed wetlands, which are typically located in temperate zones. The number of CWs in tropical and subtropical regions has been increasing rapidly in recent years.
Studies have already been carried out concerning plants in
the tropical CW [6, 8]; however, research concerning alternative plant assemblage pattern that focus on continuous
plant growth year-round is the remaining gap in the method
due to a lack of research.
In the present research, Lolium perenne Linn and Coix
lacryma-jobi Linn were introduced in a medium-scale pilot
vertical/reverse-vertical flow CW. L. perenne was primarily grown during winter and spring, belonging to the cold
season functional group; while C. lacryma-jobi grown exclusively in summer and autumn, belonging to the warm
season functional group. L. perenne is an important forage
grass, possessing many innate advantages including cold tolerance, disease resistance, and high productivity. For such
reasons L. perenne has been used widely in CW in China
[9, 10]. C. lacryma-jobi is a perennial herbage species, used
as a papermaking material, that has been mostly recognized for CW utilization until now.
This study was conducted to investigate the life history,
growth and nutrient accumulation of these two plant species, as well as the role of plant uptake on nutrient removal
in a CW located in the humid subtropical zone, where the
climate allows for some herbaceous species growth during
winter months. The objectives were to (1) examine the
growth period overlap of the two plant species during warm
and cold seasons in the subtropical zone; (2) determine
whether the cold season plants in CW can remove nutrients
significantly; (3) test the effects of plant harvesting times
and frequencies on plant nutrient uptake and nutrient removal.
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MATERIALS AND METHODS
Research site

A medium-scale pilot CW utilizing a vertical/reversevertical flow was established in 1998 on the bank of Longhong Creek at the west entrance of West Lake, Hangzhou
city (30º16’ N, 120º12’ E). The CW was built to purify the
eutrophic state of the water from the creek. The study site
was located in the humid subtropical zone, with a monthly ambient temperature ranging from 4°C (January) to
30°C (July), an annual mean temperature of 16.7°C, an
annual precipitation rate from 1,100 to 1,600 mm, and an
annual evaporation rate of 1,150 to 1,400 mm. The annual
non-frost period is 246 days. Winter snow fall ranges
from 0 to 3 snow fall events per winter season. Some coldtolerant plant species have been observed to grow during
the winter season.
The CW has a total area of 162 m2, and consisted of
two chambers, each 9 m × 9 m in length and breadth (Fig.1).
Both chambers share a drainage layer filled with gravel to
a depth of 50 cm. Chamber A was filled with homogenous
sand to a thickness of 55 cm, while Chamber B was filled
similarly to 45 cm. Chamber A was constructed as a vertical down flow system and chamber B as a upflow (reverse-vertical flow). Water was intermittently fed to the
chambers with a hydraulic loading rate of 800~1,000 mm
per day, operating for a one week period and then alternatively resting for a one week period. Water was pumped to
the chambers eight times per day, at an interval of two hours
operation and subsequent one hour rest period. The water
residence time is three days in CW. C. lacryma-jobi and
annual L. perenne were planted in the CW in March and
October, respectively.
Examination on the growth dynamic of the plants

Six clusters of plants were selected to randomly investigate each time at an interval of 15 days between March
and June for L. perenne and between July and November

for C. lacryma-jobi. Their height and tilling numbers were
measured, and then the aboveground biomass was harvested, leaving stubble to 10 cm above the ground. The
samples were dried at 80 ºC for 48 hours, and then weighed.
The total biomass in the CW was then calculated based
upon the cluster plus density of biomass.
Harvesting treatments

According to harvest time and frequency, 15 and 17
harvest treatments were performed for L. perenne and C.
lacryma-jobi, respectively (Table 1). Five to 15 plant clusters were harvested per treatment. In the case where harvesting was performed for a period rather than a event, subsequent harvesting was carried out at the time when the
plant re-grew. L. perenne and C. lacryma-jobi were harvested completely on 18th June and 1st December, respectively, when they had for the most part turned yellow.
Measuring of N and P concentrations

The plant material was ground with muller and digested
with an H2SO4+H2O2 solution. The total nitrogen (N) was
measured by the absorption photometric method after
oxidation with K2S2O8 according to Wu et al. (2000) [11].
Total phosphorus (P) was measured by the vanadomolydate blue method [12]. Two to six replicates were measured. The accumulation of N and P was calculated based
upon the biomass plus concentrations.
RESULTS
The substrate of the CW consisted of gravel and sand
possessing few nutrients. The nutrients the plants required
for growth therefore came mainly from the polluted water
itself running through the CW. When the influent nutrients into the down flow chambers consist of TN and TP
concentrations of 5.84±1.97 mg/L and 0.39±0.26 mg/L, respectively, the plants grew well. However, the influent nu-

TABLE 1 - Harvest treatment of Lolium perenne and Coix lacryma-jobi in the constructed wetland in Hangzhou, subtropical China. The first number represents the first harvest events while the second number represents the harvest times.
First harvesting
Order
Lolium perenne (L)
L1
L2
L3
L4
L5
Coix lacryma-jobi (C)
C1
C2
C3
C4
C5
C6
C7

C8

First harvest

Second harvest

Third harvest

L1-1 (Mar. 18)
L2-1 (Mar. 31)
L3-1 (Apr. 16)
L4-1 (May 4)
L5-1 (May 15)

L1-2 (Apr. 16)
L2-2 (May 4)
L3-2 (May 15)
L4-2 (May 24)
L5-2 (Jun. 18)

L1-3 (Jun. 18)
L2-3 (May 24)
L3-3 (Jun. 18)
L4-3 (Jun. 18)

C1-1 (Jul. 28)
C2-1 (Aug. 5)
C3-1 (Aug. 12)
C4-1 (Aug. 29)
C5-1 (Sept. 7)
C6-1 (Sept. 23)
C7-1 (Oct. 7)
C8-1 (Oct. 27)

C1-2 (Aug. 29)
C2-2 (Oct. 7)
C3-2 (Oct. 7)
C4-2 (Oct. 29)
C5-2 (Dec. 1)
C6-2 (Dec. 1)

C1-3 (Dec. 1)
C2-3 (Dec. 1)
C3-3 (Dec. 1)
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trients into the upflow chambers were reduced greatly, with
TN and TP concentrations approximately 3.32±2.49 mg/L
and 0.14±0.12 mg/L, respectively, and consequently the
plants at this location grew slowly. The maximum biomass
in the down flow chamber was five times higher than in
the up flow chamber (p<0.05). This study mainly discusses
the results of the down flow chamber.

400
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Seasonal growth dynamics and
relay behaviour of two plant species
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Annual L. perenne remained green from October to the
following June in the subtropical zone of China, but the
biomass accumulated slowly due to the low temperatures
during winter months. However the growth habit increased
quickly when temperatures increased after March, reaching a peak from early to mid-May. L. perenne turned yellow in June (Fig.1). Seeds of C. lacryma-jobi germinated in
March, but seedlings grew slowly prior to June. By midJune, however, the plants grew rapidly reaching a maximum
biomass in late August. Leaf growth slowed leading to late
August, when the individual plants ended their reproductive growth period. After the seed maturity in September,
the plants stayed green until November.
L. perenne grew quickly from mid-March to mid-May.
Its maximum biomass was lower than C. lacryma-jobi.
When L. perenne turned yellow and was subsequently harvested, C. lacryma-jobi entered its quick growth stage, and
reached its maximum biomass in late August.
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Dynamics of nutrient absorption of the two plant species

The N and P concentration in L. perenne tissue decreased as it entered into its rapid growth period in March.
The N and P concentration in C. lacryma-jobi tissue fluctuated, but showed a general decreasing trend (Fig 2). The
nutrient accumulation was calculated in the aboveground
part of the plant, based upon the aboveground biomass and
its N and P concentration. The N and P accumulation of L.
perenne increased with growth. P accumulation in tissues
reached a maximum during mid-April to May, after which
a decreasing tendency was observed. In late August, C.
lacryma-jobi reached a rapid growth stage, with a higher biomass, leading to high N and P accumulations. Generally

P concentration in plant
mg/g

50

30
20

6

4

2

10
0
10000 3

4

5

6

7

8

9

10

0
1200 3

11

P accumulation
mg/plant

N accumulation
mg/plant

4

5

6

7

8

9

10

11

4

5

6

7

8

9

10

11

1000

8000
6000
4000
2000

800
600
400
200

0

0
3

4

5

6

7

8

9

10

12

FIGURE 1 - Growth dynamics of Lolium perenne (diamond) and
Coix lacryma-jobi (triagle) in the constructed wetland located in
Hangzhou, subtropical China.
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FIGURE 2 - Dynamics of nutrient absorption of Lolium perenne (diamond) and
Coix lacryma-jobi (triagle) located in the constructed wetland in Hangzhou, subtropical China.
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FIGURE 3 - Effects of harvesting treatment on plant biomass
yield and cumulative nutrient removal of Lolium perenne from
the constructed wetland located in Hangzhou, subtropical China.
L1-L5, first to fifth harvest treatments respectively.

FIGURE 4 - Effects of harvesting treatment on plant biomass
yield and cumulative nutrient removal of Coix lacryma-jobi in
the constructed wetland in Hangzhou, subtropical China. C1-C8,
first to eighth harvest treatments respectively.

speaking, N and P accumulations of C. lacryma-jobi
changed in similar proportions to the biomass.

mass yield after several harvesting events (Fig 3). The greater the harvesting frequency, the lower the total biomass was
obtained. Likewise for C. lacryma-jobi, the biomass yield
was higher when harvested only once before September
than harvested twice (Fig.4).

N and P accumulations in L. perenne reached a maximum in mid-May, the nutrients therefore could be removed
by harvesting. Harvesting C. lacryma-jobi should be carried
out in late August when their N and P accumulations have
reached the maximum levels. By interspecies comparison,
it was found that the N and P accumulations of L. perenne
were lower than those of C. lacryma-jobi. Analysis on the
annual dynamics of N and P accumulations showed that
no accumulation from July to August occurred.
Effect of harvesting frequency and time on biomass yield

Harvesting time also had a significant effect on biomass yield for both L. perenne and C. lacryma-jobi. Harvesting prior to the point in which biomass reached the
maximum resulted in a lower biomass accumulation. The
earlier the first harvesting event occured, the less the biomass yield obtained. In contrast, after the point where biomass reached the maximum, the earlier the first harvesting
event occurred, the higher the yield obtained.

For L. perenne, the biomass yield when harvested one
time during its maximum stage was higher than the bio-

The biomass of L. perenne reached the maximum at
the end of its life history (Fig 1); thus, the accumulated bio-
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mass increased obviously with the delay of the first harvesting event.
The first C. lacryma-jobi harvesting event of treatment four occurred when the plant reached its maximum
growth, so that the accumulated biomass was at its greatest. Delayed harvesting beyond late September, in fact, resulted in no re-growth at all.
Effect of harvesting on nutrient concentrations

As shown in Table 2, N and P concentration found in
L. perenne and C. lacryma-jobi tissue harvested for the
second time was higher than those harvested for the first
time for the same harvesting time period. The shorter the
growth period after harvesting, the greater N concentration obtained (Fig.5).

Effect of harvesting frequency and
time on plants nutrient accumulation

The effect of harvesting on N accumulation of L.
perenne was in accordance with the effect on its total
biomass. The earlier and higher-frequency harvesting
events led to less N accumulation, while mid-frequency
harvesting increased P accumulation in plants. Neither too
early nor too late harvesting events led to high P accumulation. According to the effects of harvesting on biomass
and nu-trient accumulation, the optimum harvesting time
occurs in mid-May, and the optimum harvesting frequency was two times.
For C. lacryma-jobi, the tendency in nutrient accumulation utilizing various treatments is similar to that of biomass. Treatment four was highest in accumulated biomass

TABLE 2 - Effects of harvesting on N and P concentrations (mg g-1) of Lolium perenne
and Coix lacryma-jobi in the constructed wetland in Hangzhou, subtropical China.
Mean±SE (n=2-6); CK, not harvested.
Harvest
Time
Lolium perenne
April 16
May 4
May 16
Coix lacryma-jobi
Aug. 29
Oct. 7

N concentration (mg/g)
Regrowth
CK

P concentration (mg/g)
Regrowth
CK

68.88±0.42
54.99±0.35
51.30±0.94

51.30±0.25
44.25±0.19
32.00±3.2

6.72±1.05
5.79±0.26
4.30±0.04

3.50±0.05
2.99±0.01
1.37±0.04

30.98±0.32
32.60±0.36

26.51±0.16
13.67±1.06

2.39±3.19
2.53±0.05

0.20±0.01
0.80±0.20
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FIGURE 5 - Dynamics of nitrogen and phosphorus concentrations in plant regrowth of Lolium perenne (diamond) and Coix lacryma-jobi (triagle) after harvesting in the constructed wetland in Hangzhou, subtropical China.

1031

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

and in N and P accumulation, in which plants were harvested for the first time in late August and for the second
time in late September - the optimum harvesting frequency
should also be two times.
Role of plants on nutrient removal in constructed wetlands

During the growth stage of L. perenne, the N and P load
within the CW was measured at 451.85 g/m2 and 21.33 g/
m2, respectively. The CW removed approximately 178.62 g/
m2 of N and approximately 16.3 g/m2 of P. N and P absorbed by L. perenne during the entire growth period was
18.37 g/m2 for N and 1.03 g/m2 for P, accounting for approximately 10.3% and 6.3% of the total removal, respectively. Divided into several growth stages, N and P absorption by L. perenne in early growth stage were only withdraw 5.1% and 4.4% of the total removal, respectively. N
and P absorption in the rapid growth stage however withdraw 21.3% and 9.1% of the total removal, respectively.
During the growth stage of C. lacryma-jobi, the N and
P load within the CW was measured at 429.44 g/m2 and
19.06 g/m2, respectively. The CW removed N of 185.99 g/
m2 N, and approximately 13.94 g/m2 P. N and P absorbed
by C. lacryma-jobi was measured at 59.13g/m2 for N and
4.63 g/m2 for P, accounting for approximately 31.8% and
33.2% of the total removal, respectively.
DISCUSSION
N and P absorption in the CW by L. perenne during its
whole growth period accounted for a relatively low proportion of the total CW removal, suggesting that its role
was unimportant. However by dividing time into warm and
cold seasons, it was found that this species could efficiently
remove N and P during spring months when eutrophication processes start to soar [13]. Slow growth during winter
months led to a lesser water purification contribution during the height of the cold season. In winter, therefore, L.
perenne played a greater role in beautifying the environment than it did in purification.
N and P absorption by C. lacryma-jobi accounted for a
higher proportion of the total removal, clearly this plant is
an excellent species to be utilised for purification during
summer and autumn. Dallas et al. (2004) [14] also proved
that C. lacryma-jobi is a resilient and viable emergent macrophyte species in reedbed systems for both greywater and
combined wastewater treatment.
Although the substrate sorption, nitrification and denitrification contribute to N removal [15], plants contribute
more to a long term solution since they can continuously absorb nutrients from a water-substrate system [16]. This was
found to be particularly true in light eutrophic water [17]
in contrast to heavy eutrophic water. For L. perenne, the
optimal harvest events (two events) increased N and P removal from the CW by 118% and 180%, respectively, compared to the one time harvest event at the end of its growth
season. For C. lacryma-jobi, the optimal harvest events

(also two events) increased N and P removal by 408% and
373%, respectively. Therefore, their role in removing nutrients should not be underestimated in CW [8, 18, 19]. Moreover, P can almost totally be removed from CW systems by
plant harvesting. Consequently, harvesting the accumulated
nutrients could enhance N and P concentrations [20].
CW development has provided further functions. In
addition to purification, it offers a beatification effect to a
city or suburb by offering green spaces, as well as its ecological and economic values [1, 21, 22, 23, 24]. It has been
proven that in addition to L. perenne providing excellent
purification capacities for eutrophic water (excluding the
treatment of heavy elements and other poisonous materials),
it also benefits the overall environment by beatification,
adding green spaces and offering forage value. For instance,
when combined with the greenbelt in rural, factory or city
environments, CWs were equally beneficial in beatifying
the environment. CW can also be integrated with aquaculture [25, 26], where wastewater is purified by L. perenne,
and harvested biomass used as fish forage.
CONCLUSION
1. Lolium perenne and Coix lacryma-jobi grow in cold
and warm seasons respectively, provide alternative growth
habits that can keep CW in the subtropical regions.
2. In CW in subtropical China, L. perenne and C. lacryma-jobi accumulated biomass and N and P rapidly during March to May and July to September, respectively.
During the rapid growth stage, N and P absorption by L.
perenne accounted for approximately 21.3% and 9.1% of
the total removal within CW, respectively while C. lacryma-jobi N and P absorption accounted for approximately 31.8% and 33.2%, respectively.
3. N and P concentrations in plants could be improved
upon by earlier and more frequent harvesting. L. perenne
should be first harvested in mid-May with a harvesting frequency of two events; C. lacryma-jobi should be harvested
in late August and late September.
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SUMMARY

INTRODUCTION

The factors affecting the abundance and biodiversity of
the macro-invertebrates in relation to the quality of substrate and vegetation of the estuarine system of Sperchios
River, Central Greece, were examined. The reason why only the two specific seasons of winter and summer were chosen is because extreme weather phenomena take place during both seasons that affect the factors of abundance and
biodiversity. Of the nine identified taxa, the main contributor to macro-invertebrate abundance in August 2001 was
Hediste diversicolor, while Cerastoderma glaucum was the
principal one in January 2002.

Sustainable management of an estuarine system requires holistic studies of its living and non-living resources.
Coastal zones are areas of human works and activities of
great socio-economical importance. Most of the times, human works turn the entire natural system into a fully controlled anthropogenic one [1], being under consistent pressure from pollution and environmental degradation.

As species abundance (A) has been positively correlated (Spearman coefficient = 0.21–0.72) with sediment organic matter, vegetation in the lower inter-tidal zone seems
to have affected A positively. The analyses of the used indices (Α, Α΄, Margalef, Shannon-Wiener, Pielou’s evenness, Sorensen similarity) indicated a negative influence
on the diversity of benthic macroinvertebrates, and a possibly causal relationship between agricultural wastes drained
to the estuarine Sperchios system and its sediment quality.

Concerning on the living resources of macrobenthic
communities, literature review has indicated that very little
is known regarding in estuarine systems. Despite the considerable volume of studies on biomass and productivity of
estuarine species, comprehensive studies pertaining to estuarine trophic levels and estuarine communities are very
few [2, 3]. There is some information on Mediterranean estuarine systems [4-7], which is, however, fragmented and
refers to the qualitative profile of sandy and sandy-silty sediments of the inter-tidal zone. Several studies associated to
the profile of estuarine communities and their interactions
exist, but they refer to continents and ecosystems not related to the Mediterranean ones [8-10]. Relevant specific
information has been supplied by Vatova [11] on small estuaries in the Venice area (Italy), Brun [12] on the debouchments of Rhone (France), Koukouras [13] on the infralittoral zone of Strymonas debouchments and the estuary created by the rivers Axios-Loudias-Aliakmonas
(Greece), and Dounas [14] on the sublittoral zone of Strymonas debouchments (Greece).

KEYWORDS: Ecohydrology, macro-invertebrate abundance, biodiversity, estuarine systems, sediment quality, water quality, coastal
zone management.

Over-exploitation of the coastal aquifer in the Sperchios
debouchments, especially during summer-time and excessive winter flooding episodes, are responsible for the degradation of its water resources [15]. Water quality has dete-

The Spearman coefficient showed a positive correlation of biomass (A΄) with water temperature (0.39) in January, the concentration of nitrates (0.69), the clay (0.66), and
the organic matter of the sediment (0.47-0.53). A positive
correlation (Spearman) has also been shown between biodiversity, the percentage of sand in the sediment, and the
concentrations of ammonia and nitrates.
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riorated as it is influenced not only by lateral intrusion of
sea water and ion-containing warm springs, but also by the
excessive use of agricultural fertilizers, pesticides and the
disposal of urban and industrial waste [16]. However, this
estuarine system is possibly the most significant wetland
in the Eastern part of Central Greece, and is about to be included in the list of protected sites endorsed by the Ramsar convention. The International Council for Bird Protection (ICBP) has already identified the Sperchios estuarine
system as an Important Bird Area (IBA), while it has been
suggested to be incorporated in the ‘Natura 2000’ European
Network of Protected Areas (European Directive 92/43/EU),
assigned an ‘A priority’ degree.

The average length of Sperchios Gulf, in an east-west
direction, is about 11 km, whilst its north-south width is
approximately 9 km. In the Sperchios debouchment’s area,
soils are clayey-silty, rich in calcium and magnesium, moderately enriched in potassium, and pH ranges between 7.57.9 [27].

There is not adequate information on Sperchios wetland. Studies concerning this wetland focus on pollution
and fisheries of the Maliakos gulf [17], on geological surveys [18], on the hydrology of Sperchios river [19, 20], on
sediment deposition in Maliakos gulf [21], on polychaete
larvae [22], on mollusks [23], on structure and abundance
of benthic macro-invertebrates, and on avian fauna [24].
The aim of this study has been to examine the relationships
of the macro-invertebrate communities in relation to the
type and distribution of substrate and vegetation.
STUDY AREA
The estuarine system of Sperchios River is located in
the Eastern part of the Prefecture of Fthiotida, Greece,
(22o 31΄ - 22o 36΄ East; 38o 48΄ - 38o 53΄ North) and covers an area of approximately 100 Km2 (Fig. 1).
The whole hydrological basin of Sperchios River has
an area of 1780 Km2, and it drains the waters from more
than twenty major tributaries. Sperchios has a mean annual discharge of 62 m3/s, varying between 110 m3.s-1 (in
January) and 22 m3.s-1 (in August) [25, 26].
The minimum and maximum air temperatures observed during 1970-2002 were from –7 to +46.5 oC, while
the average monthly air temperatures were from 8-28 oC,
and the mean annual temperature was 16.5 oC. The dry
and warm season is temporally appointed between April
and September [27].
The mean measured rainfall varies between 560 mm/yr
and 1750 mm/yr depending upon the different altitudes.
Flood events take place regularly exceeding the channel
capacity. Such a flood that took place on the 29th of June
1939 was estimated at a discharge of 800 m3/s caused by
sudden snowmelt [28].
The Sperchios debouchments are a meandering, multifarious area and quite shallow (30-40 cm) by the coastline. The total annual sediment load of the Sperchios is estimated to be approximately 1.5*106 t.year-1 [29]. The deltaic plain of this river was extended by approximately 100–
110 km2, between the years 480 BC and 1970 AC [30],
thus having a mean annual growth of 0.04 km2 [31, 25].

FIGURE 1 - The study area of Sperchios River and
its evolvement within a 2.500-yrs period. Sampling
stations (S1, S2, S3, S4, S5) are also indicated.

MATERIALS AND METHODS
Five sampling stations (S.S.) have been selected (Fig. 1;
S1, S2, S3, S4, S5) considering the possible extreme conditions created by pollution sources along the Sperchios estuary, the height of the inter-tidal zone and its seasonal fluctuations. Samples were obtained in August of 2001 and January of 2002. Four samples at the lower ebb point and at
the higher flood point of each S.S were taken.
Sediment samplings were done by a cylindrical core
sampler (21.17 cm diameter x 20.0 cm height) creating a
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sampling area of approximately 400 cm2 and a sampling
volume of approximately 0.007 m3 [13]. Samples were
sieved (1 mm mesh size) and preserved in 10% formalin.
Biomass was based on the wet weight of the specimens
using an electronic balance.

o Margalef Species Abundance (d) [34] and expressed
by the formula

The samples were taken from the water column. The
following in situ physicochemical parameters have been
estimated:

o where s = total number of taxa at each Sampling Station, N = total number of individuals at each Sampling
Station. This index is very similar to the Gleason’s in-

• Conductivity and pH of seawater was measured by
CONSORT C531. The tables provided by the Dryden
Aquaculture Research Laboratory, Edinburgh, were
used for the transformation of conductivity to salinity.
• Dissolved Oxygen in water was measured by the Portable Waterproof Microprocessor HANNA HI 9143 Dissolved Oxygen Meter.

s −1
ln N

d=

dex

D=

it.

s
, however, a more updated version of
LnN

o Shannon-Wiener (H΄) Biodiversity Index, an index
showing the degree of instability of an area due to exogenous factors. This index is expressed by the formula
S

H ' = −∑ pi ⋅ log( pi )

• Both the previously mentioned organs have estimated
water temperature.

i =1

• Sediment Aerobic-Anaerobic layers were estimated during sediment sampling. The thickness of the aerobic
phase was measured using a transparent cylinder and
could easily be distinguished from the underlying anaerobic phase, which had a dark surface colour.

o where, s = the number of taxa recorded at each station,
i = a specific taxa, fi = the number of individuals of taxa
i at a specific sampling station, n = the total number of
individuals of all taxa recorded at a specific sampling
station, pi = fi/n the relative density of taxa i.

• Sediment mechanical analysis was carried out using the
“Vougioukos method” [32], which is based on the particles’ sedimentation speed of a solution with simultaneous measurement of the sand and clay ratio by special densitometers. Sediment granulometry was determined by drying samples at 45 0C for 12 hours until
constant weight. The remaining compact soil mass was
milled and sieved using an ENDICOTT sieve shaker
with a series of mesh sizes: 150 µm, 300 µm, 425 µm,
600 µm, 850 µm.

o Pielou’s evenness (J΄) [35]

• Sediment and water chemical analysis has been performed by methods as described in APHA [33].
• Macroinvertebrate communities have been assessed
based on the following indices:
o Species Abundance (A / number of individuals per unit
surface = N.m-2).
-2

o Biomass (A΄ / g.m ).
o Taxa Average Abundance (mA / the arithmetic average
of Abundance of each taxon or all taxa of all sampling
points at each Sampling Station expressed again as
N.m-2).
o Percentage of Taxa Average Abundance (mD / the percentage of contribution of each mA at each Sampling
Station expressed as %).
o Average Βiomass (m A΄ / the arithmetic average of Biomass for each taxon and each Sampling Station = g.m-2).
o Percentage of Average Biomass (mD΄) as the percentage of contribution of each taxon to the Average Biomass of each Sampling Station expressed as %).

Sorensen similarity index (S) [36]. It compares the
similarity of sampling stations by pairs based on the existence (or not) of common taxa and is expressed by the formula:

S=

2α
2α + b + c

where, α = the number of common taxa at both sampling stations, b = the number of taxa found only in the
one station, c = the number of taxa found only in the other
station.
The application of too many indices is considered to be
necessary, making the results comparable with other similar studies in the broader area [21-24, 30, 36].
Correlation between the various indices as well as between indices and the physicochemical parameters has been
done using the non-parametric Spearman coefficient, as
compared data did not follow a normal distribution [37]. For
statistical analysis, the SPSS package has been used.
Two-dimensional contour maps of sediment quality
parameters were made using SURFER [38]. SURFER uses
various deterministic (Splines, IDW) and stochastic (Kriging) methods [39] to take sparse data points and interpret the
composition of the area between these points. This interpretation leads to space distribution models and permits the
researcher to collect reliable information with fewer samples. Kriging method was used to contour the data because
this method generates the best interpretation of medium to
small data sets and, moreover, can quantify statistical errors. Smoothing was not used in the Kriging results be-
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cause there was not any difference when smoothed. Smoothing was only used with the digitized data of the background
map (blanking map) of the study area, so that the coastline of Sperchios Delta and the whole study area could be
extrapolated to the real coastal geomorphology.
RESULTS
Water column physicochemical
parameters and sediment quality

Water column conductivity has been higher in August
of 2001 (52.2-56.4 mS.cm-1) than in January of 2002 (48.852.0 mS.cm-1), while sediment conductivity has fluctuated
likewise (Fig. 2).

Similarly, the salinity ranged from 35.0 to 40.0 g. L-1
during the sampling period in August 2001, and from 32.0
to 35.0 g.L-1 in January 2002, while temperature ranged between 8.5 0C (26-34.5 0C) and 4.3 0C (11.5-15.8 0C) for
the sampling periods in August 2001 and January 2002, respectively. Water column pH ranged from 7.40 to 8.40 in
August 2001 and from 7.80 to 8.15 in January 2002. Also,
dissolved oxygen values were higher in January (7.7-9.6
mg. L-1) than the ones recorded in August (5.4-6.8 mg. L-1).
Sediment temperatures followed more or less the same
pattern and distribution of those of the surrounding waters. Sediment organic matter ranged between 2.61-9.74%
in August and 0.99% to 5.09% in January (Fig. 3). Sediment mechanical analysis revealed that each granulomet-

4304500

4304500

4304500

4304500

4304000

4304000

4304000

4304000

4303500

4303500

4303500

4303500

4303000

4303000

4303000

4303000

4302500

4302500

4302500

4302500

4302000

4302000

4302000

4302000

4301500

4301500

4301500

4301500

4301000

4301000

4301000

4301000

4300500

4300500

4300500

4300500

4300000

4300000

4300000

4300000

375000 375500 376000 376500

375000 375500 376000 376500

a) 2001 LEL
LEL = Lower Ebb Level

375000 375500 376000 376500

b) 2001 UFL

c) 2002 LEL

130
125
120
115
110
105
100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
375000 375500 376000 376500

d) 2002 UFL
UFL = Upper Flood Level

FIGURE 2 - Sediment conductivity (mS.cm-2).
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FIGURE 3 - Sediment organic matter (0% – 100% of dry matter).
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FIGURE 4 - Sediment clay (0% – 100%).
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FIGURE 5 - Sediment sand (0% – 100%).
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FIGURE 6 - Sediment silt (0% – 100%).
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FIGURE 7 - Sediment phosphorus (ppm).
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FIGURE 8 - Sediment Kjeldahl (0 – 100 g / 100 g).
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FIGURE 9 - Sediment ammonia (mg.g ).
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FIGURE 10 - Sediment nitrates (ppm).

ric class represented similar percentages at each sampling
site: 50% of the sediment is silty loam (SiL), 15% is silty
clay loam (SiCL), 10% is silty clay (SiC), 10% is loam (L),
10% is sandy clay loam (SCL) and 5% is sandy loam (SL)
(Fig. 4, 5, 6).
The aerobic part of the sediment ranged between 0.1
and 1.0 cm. An underlying black layer of hydro-sulfur has
been observed at all S.S. and is attributed to the microorganisms that can survive in anaerobic conditions. Values of
sediment phosphorus (combined with Fe), in this case,
ranged between 1.89-38.88 ppm, with the higher ones in
August 2001 (Fig. 7). Total nitrogen (Kjeldahl) in sediments
ranged between 0.35-16.52 % (g/100 g) with the highest
values in January 2002 (Fig. 8). Sediment ammonia has
been determined as ions showing high concentrations in
August 2001, ranging between 6.87-55.96 mg.g-1 (Fig. 9).
Nitrates ranged between 20.95 ppm in January 2002 and
153.90 ppm in August 2001 (Fig. 10).

The benthic macroinvertebrate community
of Sperchios debouchments and its indices

In the five S.S. of the study area, 117 macroinvertebrate individuals have been found belonging to nine taxa:
Polychaeta: Hediste diversicolor (Muller, 1776), Harmothoe spp., Leiochone spp. Decapoda: Carcinus aestuaris (Nardo, 1847), Upogebia littoralis (Risso, 1816).
Bivalvia : Cerastoderma glaucum (Bruguierre, 1789),
Tellina nitida (Poli, 1795), Solen marginatus (Pulteney,
1799). Gasteropoda: Cyclope neritea (L).
Tables 1 and 2 represent the indices for S.S. 1-5 and for
both months (August 2001 and January 2002). S.S 4 presents the highest (A) and (A΄), while the lowest (A) and (Α΄)
values have been observed at S.S. 2 in August and S.S. 3 in
January, respectively.
Tables 3 and 4 represent the number of specimens for
each taxon (P), its average abundance (mA) and (mΑ΄), and

TABLE 1 - Indices for all sampling stations for both seasons.
S.S

(A) Species
Abundance (N.m-2)
August
131.25
31.25
87.50
162.50
18.75

1
2
3
4
5

(A) Species Abundance (N.m-2)
January
43.75
31.25
18.75
100.00
168.75

(A΄ ) Biomass
(g.m-2)
August
12.13
3.44
7.06
31.13
9.06

(A΄ ) Biomass
(g.m-2)
January
3.81
4.69
3.38
89.88
79.0

Number of
taxa (Ns)
August
2
2
2
2
2

Number of taxa
(Ns)
January
2
2
2
4
5

Shannon – Wiener
Biodiversity index (H΄)
August
0.45
0.72
0.78
0.24
0.92

Shannon – Wiener
Biodiversity index (H΄)
January
0.19
0.72
0.92
1.85
1.60

TABLE 2 - Indices for all sampling stations for both seasons.
S.S.

1
2
3
4
5

Margalef species
Abundance (d)
August
0.21
0.29
0.22
0.20
0.34

Margalef species
Abundance (d)
January
0.26
0.29
0.34
0.65
0.78

Pielou’s evenness
(J΄)
August
0.45
0.72
0.78
0.24
0.92
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Pielou’s evenness
(J΄)
January
0.19
0.72
0.92
0.93
0.69

Taxa average
abundance (mA)
August
6.56
1.56
4.38
8.13
0.94

Taxa average
abundance (mA)
January
2.19
1.56
0.94
2.50
3.38
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TABLE 3 - Number of specimens for each taxa (P), its average abundance (mA) and its percentage of contribution (mD) in August of 2001.
a/a

1
2
3
4

TAXA

Hediste diversicolor
Cyclope neritea
Carcinus aestuary
Cerastoderma glaucum
TOTAL

1
mA
29.69
3.13

P
4
3

7

32.82

mD
90.46
9.54

100

P
4
1

5

2
mA
6.25
1.56

7.81

mD
80.03
19.97

100

SAMPLING STATIONS
3
P
mA
mD
4
18.75
85.69
2
3.13
14.31

6

21.88

100

P
3

4
mA
39.10

mD
96.16

1
4

1.56
40.66

3.84
100

P
2

5
mA
3.06

mD
66.09

1

1.57

33.91

3

4.63

100

P
2

5
mΑ΄
0.39

mD΄
17.18

1

1.88

82.82

3

2.27

100

TABLE 4 - Average biomass (mA΄) and its percentage of contribution (mD΄) in August 2001.
A/a

1
2
3
4

TAXA

Hediste diversicolor
Cyclope neritea
Carcinus aestuary
Cerastoderma glaucum
TOTAL

1
mΑ΄
2.52
0.49

P
4
3

7

3.01

mD΄
83.72
16.28

100

P
4
1

5

2
mΑ΄
0.47
0.39

0.86

mD΄
54.65
45.35

100

SAMPLING STATIONS
3
P
mΑ΄
mD΄
4
1.36
76.84
2
0.41
23.16

6

1.77

100

P
3

4
mΑ΄
23.88

mD΄
92.95

1
4

1.81
25.69

7.05
100

TABLE 5 - Number of specimens for each taxon (P), its average abundance (mA) and its percentage of contribution (mD) in January 2002.
a/a
1
2
3
4
5
6
7
8

TAXA
Hediste diversicolor
Cyclope neritea
Ηarmothoe sp
Leiochone sp
Upogepia littoralis
Cerastoderma glaucum
Tellina nitida
Solen marginatus
TOTAL

P

1
mA

mD

4

9.38

85.74

1

1.56

14.26

5

10.94

100

P

2
mA

mD

4

6.30

79.75

1

1.60

20.25

5

7.90

SAMPLING STATIONS
3
P
mA
mD
P
4
2
1

100

3

3.13
1.57

4.70

66.60
33.40

100

4
mA
6.25

mD
24.98

2

3.13

12.51

4
3

10.94
4.70

43.73
18.78

13

25.02

100.0

P
2
1

5
mA
3.13
1.56

mD
7.42
3.70

4
2
2
11

7.81
3.13
26.56
42.19

18.51
7.42
62.95
100

P
2
1

5
mΑ΄
0.16
0.31

mD΄
0.81
1.57

4
2
2
11

5.60
1.45
12.27
19.79

28.29
7.33
62.00
100

TABLE 6 - Average biomass (mA΄) and its percentage of contribution (mD΄) in January 2002.
a/a
1
2
3
4
5
6
7
8

TAXA
Hediste diversicolor
Cyclope neritea
Ηarmothoe sp
Leiochone sp
Upogepia littoralis
Cerastoderma glaucum
Tellina nitida
Solen marginatus
TOTAL

P

1
mΑ΄

mD΄

4

0.67

70.53

1

0.28

29.47

5

0.95

100

P

2
mΑ΄

mD΄

4

0.72

61.54

1

0.45

38.46

5

1.17

SAMPLING STATIONS
3
P
mΑ΄
mD΄
P
4
2
1

100

3

its percentage contribution of (mD) and (mD΄), respectively,
at each S.S. in August 2001. Similarly, Tables 5 and 6 present all those previous indices (P, mA, mΑ΄, mD, mD΄) at
each S.S. in January 2002. In August, the lowest mD
(3.84%) has been observed for Cerastoderma glaucum at
S.S. 4, and the highest one (96.16%) for Hediste diversicolor at the same S.S. (Table 3). On the contrary, in January, Harmothoe sp had the highest mD value (85.74%) at
S.S. 1, while the lowest one (3.70%) has been recorded for
Cyclope neritea at S.S. 5 (Table 5). In addition, in January
Cerastoderma glaucum had the highest mD΄ value (80.20%)
at S.S. 4, while the lowest (0.71%) has been observed for
Hediste diversicolor at the same S.S. and month (Table 6).

0.56
0.28

0.85

66.67
33.33

100

4
mΑ΄
0.16

mD΄
0.71

2

0.44

1.96

4
3

18.03
3.85

80.20
17.13

13

22.48

100

The Sorensen similarity index (Tables 7 and 8) has revealed that in August, S.S. 1 and 2 present a 100%
Sorensen similarity (they are both on the south side of the
Maliakos gulf and to the east of the Sperchios debouchement; Fig. 1), while S.S. 4 and 5 (both on the north side of
Maliakos gulf and to the west of the Sperchios debouchement) constitute the other group with a lower Sorensen
similarity (66.7%) towards S.S. 1-3 and a 50% Sorensen
similarity in between them. Sampling Station 3 is nearby
the Sper-chios debouchement (Fig. 1) with its faunal similarity closer to S.S. 1 and 2. In January, faunal similarity
between S.S. 1, 2 and 3 amounts to 66.7%, while S.S. 4
and 5 show a similarity of 66.7% in-between them, and
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a lower one towards S.S. 1, 2 and 3 ranging from 0.033.3%. The zero similarity of S.S. 5 towards S.S. 2 and 3 is
worth-mention-ing.
Table 9 shows the results of correlating (Spearman coefficient) Biomass (Α΄), Species abundance (A) and bio-

diversity index (H΄) with all the measured physicochemical
parameters. Most of the calculated Spearman coefficients
are higher than the critical value of 0.649 (with a 95% significance level).

TABLE 7 - Sorensen similarity index among sampling stations in pairs in August of 2001.
Stations

1

2

3

4

5

1
2

1.000

3

1.000

1.000

4

0.667

0.667

0.667

5

0.667

0.667

0.667

0.500

% Similarity
> 70

50-70 %

< 50

TABLE 8 - Sorensen similarity index among sampling stations in pairs in January 2002.
Stations

1

2

3

4

5

1
2

0.667

3

0.667

0.500

4

0.667

0.333

0.333

5

0.286

0.000

0.000

0.667

% Similarity
50 – 70

20 – 50

< 20

TABLE 9 - Spearman coefficients for the correlation of biomass (A΄ ), species abundance (A)
and biodiversity index (H΄) with physicochemical parameters at 10 points of the sampling sites.
A/A

Physicochemical parameters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Temperature
Water pΗ
Sediment pΗ
Conductivity
Sediment conductivity
Salinity
Dissolved Oxygen
Sand
Silt
Clay
Sediment Organic Matter
Total Nitrogen
Nitrates
Ammonia
Phosphorus

Biomass (A΄ )
Aug.-01
Jan.-02
0.32
0.39
0.39
0.58
0.28
0.73
0.30
0.10
0.47
0.33
0.15
0.20
0.81
0.52
0.52
0.52
0.21
0.24
0.66
0.45
0.53
0.47
0.03
0.26
0.69
0.69
0.53
0.36
0.66
0.58

1043

Species Abundance (Α)
Aug.-01
Jan.-02
0.29
0.20
0.60
0.80
0.52
0.71
0.61
0.27
0.60
0.68
0.38
0.24
0.84
0.84
0.49
0.48
0.23
0.64
0.63
0.80
0.21
0.72
0.41
0.53
0.50
0.50
0.49
0.68
0.21
0.15

Shannon-Wiener Biodiversity Index (H΄)
Aug.-01
Jan.-02
0.46
0.67
0.00
0.15
0.38
0.16
0.17
0.87
0.20
0.58
0.25
0.90
0.52
0.30
0.78
0.52
0.06
0.33
0.08
0.57
0.35
0.58
0.03
0.64
0.44
0.50
0.82
0.67
0.47
0.86
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DISCUSSION
According to the McLusky [3] classification system,
the Sperchios debouchment area is classified as eurohaline
(salinity ranging between 30-40 g.L-1). It is possible that
the low salinity values are caused by the Sperchios relief
river-bed, draining freshwater into the sea throughout the
year.
Experimental data have shown that sediment organic
matter (Fig. 3) in August was higher than that observed in
January, at all S.S. This seasonal pattern is most probably
related to the floral annual cycles: in August 2001, marine
plants discarded their upper stem which, in turn, was piled
up on the lower inter-tidal zone. On the contrary, in January 2002, these marine plants experienced considerable vegetative growth, which extended beyond the depth of 2 m. In
contrast to the upper and middle inter-tidal zone of Sperchios’ debouchements which have limited vegetation, the
lower inter-tidal zone maintained considerable quantities
of dried Zostera, Posidonia, Cymodoceae accumulated on
the coast creating alternate layers of silt and plant detritus,
like a ‘nutritional sandwich’. As a result, most of the site
and temporal differences in sediment organic matter can be
attributed to the enrichment (or diminishment) of the organic matter due to the seasonal variation of Zostera, Cymodoceae and Posidonia populations. However, the deposition of detritus in Sperchios debouchments was not solely
attributed to the wave action of the Maliakos gulf, but also
to the long-lasting accumulating action of the riverbed itself,
and its relief riverbed. It has been hypothesized that the
Sperchios estuarine system has expanded to approximately
110 km2 within a 2.500-yrs period (480 B.C. until today).
There was considerable similarity of the granulometric
classes among all S.S. Furthermore, more protected areas
(S.S. 1 and 2) were dominated by silty sediments (Fig. 6),
while the more exposed ones by sandy sediments (Fig. 5).
This was mainly due to the wave action that transferred and
deposited the fine sediments to the exposed areas. The high
nitrate values (Fig. 10) observed in this study were attributed to the residues of agricultural fertilizers used in
the Sperchios drainage basin. The high values of organic
matter (Fig. 3), nitrogen (Fig. 9) and phosphorus (Fig. 7) in
the sediment denoted an agrochemical encumbrance of the
Ma-liakos Gulf. However, it was difficult to draw inferences and conclusions from those values on a national
level, as no respective sediment values have been recorded
for other de-bouchment’s areas all over Greece [13,14].
Sperchios’ de-bouchment’s cannot be characterized as an
over-polluted area, however, some exceptions occurred
for the elements Cu, Pb and Co, attributed to various
anthropogenic effluents discharged all along the river
[40]. The limited presence of Ulva lactuca, a bio-indicator
of organic pollution, in some areas of the Maliakos Gulf
[27], confirmed the above-mentioned statement that Maliakos gulf is not heavily polluted.
Biomass (Α΄) for most S.S. has been higher in January 2002 (Tables 4 and 6) while Species Abundance (A)

has been higher in August 2001 for most of the S.S. (Tables 3 and 5). This was expected as extreme conditions (temperature, salinity, etc) prevailing in August and the decline
in primary productivity have caused a decline in the biomass of macroinvertebrate populations without, however,
affecting negatively the number of individuals at each S.S.
The observed low values (0.19-1.85 – Table 1) of the
Shannon-Wiener biodiversity index (H΄) can be attributed
to: a) the reduced salinity values and their sudden and large
fluctuation which reduced drastically the survival of benthic macrofauna in the debouchment’s areas [41], b) the extended similarity of the debouchment’s substrate (mainly
sandy mud) which restricted the number of varied niches
and, consequently, the number of species [42], c) the short
geological life of most debouchment’s systems which refrained most macrofaunal species from adapting and utilizing all available niches, before these niches transformed or disappeared. Furthermore, H΄ has indicated that
biodiversity of the southern S.S. (on the right of Sperchios
drainage basin – homogenous silty sediments) was lower
than that of the S.S. in the northern part of the debouchment’s area, due to heterogenous silty sediments. It is wellknown that a factor that controls biodiversity is the type
of sediment, with heterogenous sediments favoring biodiversity, as they offer a multitude of niches for the settlement of benthic fauna [43]. Also, this has been confirmed in January 2002 sampling, where a positive relationship has been established between sand percentage and
biodiversity using the Spearman coefficient (Table 9). In
addition, the populations of aquatic avian fauna have
shown a preference for the northern part of the Sperchios
debouchment area, compared to the southern one. It is
possible that there is a correlation between benthic biomass and the increased avian fauna in the northern part
of the Sperchios debouchment area [24].
The prevalence of Hediste diversicolor in August may
be attributed to the extreme ecological conditions that prevail during this season. Previous studies in Maliakos gulf
[44] have revealed a number of species between 11-63,
while the abundance levels were higher than the ones in
this study. It is evident that the number of species and the
biodiversity in the study area have decreased, showing an
environmental deterioration. Higher number of macroinvertebrate taxa (24) has also been reported for the debouchment areas of Strymonas, Axios, Loudias and Aliakmonas
rivers, in Northern Greece [13]. Dounas [14] has also identified 13 macroinvertebrate taxa, in the Strymonas debouchment area, Hediste diversicolor being one of them.
Similar results have been found in the Tees debouchment’s area (England), where Hediste diversicolor has been
the most abundant species, while the total number of taxa
has been very limited [45]. Hediste diversicolor is a prevalent species for quite a few Mediterranean lagoons [46]. It
is very probable that its prevalence is the result of its physiology (a wide niche species, [47]) and its varied nutrition
patterns [48] turning Hediste diversicolor to a characteristic species of mixohaline environments [4].
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The inter-tidal populations usually face space and not
food/ nutrient restrictions [49]. Space restrictions are not
only related to competition with other organisms but also
to the physicochemical parameters of the area, influencing
abundance, positively or negatively. The calculated Spearman coefficients (Table 9) have indicated that there is a
positive correlation between most of the physicochemical
parameters, the abundance, the biomass and the biodiversity (H΄). However, it is noteworthy that this positive correlation is a statistical function with a credibility level subject to the number of samples and the length of the time
series involved.
The Sorensen similarity index (Tables 7 and 8)
showed that the faunal similarity among S.S. created three
dis-tinct debouchment’s niches: one of S.S. 1 and 2, another one of S.S. 3 and 4, and the last one of S.S. 5 with the
low-est similarity index compared to the two previous
ones. On the other hand, as to the Group Average, it has
been shown that the distinct niches were those of S.S. 4
and 5, those of S.S. 2 and 3, while S.S. 1 had the smallest
similarity index compared to the other S.S.

by extreme environmental parameters, macroinvertebrates
of a wide niche prevail.
Macroinvertebrate abundance and biodiversity are positively correlated with sediment granulometry, sediment organic matter and sediment physicochemical parameters. Furthermore, they are also affected by environmental parameters as they are different not only between sampling stations
but also the two sampling periods (August 2001 and January 2002). In August, the most abundant species in the estuaries was the polychaete Hediste diversicolor, and that in
January, bivalve Cerastoderma glaucum. In addition, Hediste diversicolor has been also observed at all S.S. in
August, most probably due to its adaptive physiology (wide
niche species, feeding patterns).

Biodiversity (H΄) diversified between the northern
(S.S. 4 and S.S. 5) and the southern (S.S. 1, S.S. 2 and S.S. 3)
sampling stations. Furthermore, the Spearman coefficient
has shown a positive relationship between the sediment
type and biodiversity (Table 9).
The differentiation in the similarity classification among
the S.S. of Sperchios debouchments can be explained if we
take into account that the Coriolis force of the Sperchios
River in its debouchment’s area creates clockwise water
current at its lower point, where it meets the saltwater sea
masses. This means that at the debouchment’s area, marine organisms penetrate the estuarine system from its lower
right direction. As a result, the modulation of the three different benthic macroinvertebrate niches is in accordance
with the tripartite spatial partition of Sperchios debouchment’s due to the existence of two drainage points, the one
of its normal river-bed and the other of its relief river-bed.
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SUMMARY
The photolysis of Fe (OH) 2+ in aqueous solution under a 250W metal halide lamp (λ ≥ 365 nm) can produce
active ·OH radicals, which can oxidize endocrine disrupter
bisphenol A (BPA). In the presence of β-cyclodextrin (βCD), the photodegradation efficiency of BPA can be enhanced obviously. The effects of initial pH values, concentrations of β-CD, BPA and Fe (III) were investigated. At
pH 3.0 in aqueous solution, Fe (OH) 2+ was the dominant
Fe (III) species, BPA molecules were included by β-CD,
and brought closer to the Fe (OH) 2+. Therefore, ·OH radicals generated from the photolysis of Fe (OH) 2+ can react
more rapidly and easily with BPA, which led to the degradation of BPA rapidly. The inclusion complex was characterized with UV-vis absorption spectrum and fluorescence
spectra, and its inclusion structure was calculated and optimized with quantum chemistry software Gaussian98. The
result showed that BPA entered partly into the cavity of βCD, which formed supramolecular host-guest complexes,
and resulted in the enhancement of photodegradation rate
of BPA under UV-vis irradiation.

KEYWORDS: Bisphenol A, β-cyclodextrin, Fe (III)-hydroxyl complexes, inclusion complex, photodegradation.

INTRODUCTION
Recently, endocrine disrupting chemicals have been
spread over the environment and have deteriorated the generative function of some species of living things on the
earth [1]. Bisphenol A (BPA), a representative endocrine
disrupting chemical, has been widely used as the monomer for the production of epoxy resins and polycarbonate
(PC) plastics [2, 3]. Because of the wide use of BPA in food
packaging, its safety has been received great attentions.
These reports also indicate that BPA has an estrogenic activity [4]. Thus the development of methods to remove BPA
is necessary. In recent years, a variety of treatment techniques for the degradation and treatment of BPA have been

used [5-9]. The photochemical method seems to be one of
the most promising methods for elimination [10-12].
It is known that iron in the earth’s crust has photoreactivity. Many studies have recognized that photochemistry cycling of Fe (III)/Fe (II) plays an important role in
flesh, marine, and atmospheric waters [13-15]. It is also applied to photodegradation of organic pollutants in
wastewater [16-19]. The most photoactive species is Fe
(OH) 2+, which is majority in moderately acidic solution.
Photoexcitation of Fe (OH) 2+ leads to formation of ·OH
radicals via reaction: Fe (OH) 2++hυ→Fe2++·OH, which
can take an ac-tive part in many environmental pollutants
decomposition [20, 21].
On the other hand, molecular recognition by native and
modified cyclodextrins as molecular receptors can selectively bind diverse substrates to form host-guest complexes
or supramolecular species, which provide an excellent model
system mimicking the substrate specific interaction of enzymes [22, 23]. This ability has been widely used in pharmaceutical applications and analytical purposes [24, 25].
Cyclodextrins are natural, nontoxic, organic compounds,
which have been applied to several techniques for environmental remediation, especially are applied to promote
degradation of hazardous pollutants [26-31].
However, photodegradation of BPA induced by Fe (III)
in the presence of β-CD under UV-vis light was investigated for the first time, the formation and characterization
of inclusion complexes between β-CD and BPA were also
conducted. The influence factors of the photodegradation
of BPA, such as pH value, and initial concentrations of βCD, BPA and Fe (III) were studied in detail and its inclusion structure was calculated and optimized using the chemical soft Gaussian98.
MATERIALS AND METHODS
Chemicals

Chemically pure BPA was purchased from Damao
Chemicals Co. (Tianjin, P. R. China) and used without
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purification. Cyclodextrins (α-CD, β-CD) were purchased
from Seebio Biotechnology Inc. (Shanghai, P. R. China); γCD was purchased from Sigma-Aldrich and used without
further purification. Acetonitrile was HPLC grade (Lingfeng
Chem-ical Reagent Co., Shanghai, P. R. China). All of the
other reagents were analytical grade. Pure water used in the
work was treated with an ultrapure water system (Liyuan
Electric Instrument Co. Beijng, P. R. China).

tion: 1/ΔF=0.00544+2.186×10-6/ [H] (R=0.9996), the formation constant Ka =2.48×104 M-1 was calculated. The
linear relationship indicates the formation of BPA/β-CD
inclusion complexes with a stoichiometry of 1:1.

Photochemical experiment

The photoreactor was designed with a cylindrical cell,
and an internal light source surrounded by a quartz jacket
where the solution completely surrounded the light source.
The temperature of the solution was maintained at 20˚C±2˚C
by water circulation. The light source was a 250W metal
halide lamp (λ≥365nm, Chenguang Illumination Instrument,
Jinzhou, P. R. China). The reaction solutions were prepared and put into the reactor. Samples after an interval of
some minute irradiation were collected and then analyzed.
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FIGURE 1 - Absorption spectrum of BPA, [BPA] =
60 µmol l-1 with β-CD from 0~400 µmol l-1, pH=3.0.

Analyses

0.215

Absorbance at 279nm

Absorbance spectroscopy of BPA and iron in the presence of β-cyclodextrin were recorded with spectrophotometer UV-1601 (Shimadzu, Japan). The fluorescence spectra
of mixtures of BPA, iron and cyclodextrins were recorded
with fluorescence spectrophotometer F-4500FL (Hitachi,
Japan). BPA in aqueous solution was determined by HPLC
[Shimadzu LC-6A pump, HP Zorbax SB-C18 column (4.6×
150mm, 5µm)] with a flow rate of 1.0 ml min-1 and UV
absorbance detection (Waters 481 detector) at 280 nm. The
mobile phase was CH3CN/H2O mixture (50/50, v/v). The
injection volume was 20µl. The retention time of BPA was
about 5.0 min. Measurements were made in triplicate for
each experiment with errors less than 5%.

0.210
0.205
0.200
0.195
0.190
0.185

0

The concentrations of Fe2+ and total iron were determined using the modified 1, 10-phenanthroline methods
[32].
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FIGURE 2 - Dependence of absorbance of BPA
in water at 279 nm on concentration of β-CD.

RESULTS AND DISCUSSION
Characterization of β-CD inclusion complex of BPA

120
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100

Intensity

β-CD can form a host-guest inclusion complex with
BPA. In this experiment the complex was characterized by
UV-vis absorption spectrum and fluorescence spectra. The
changes of maximum absorbance peak of BPA with β-CD
are shown in Figure 1.The results show that absorbance
spectrum exhibited several changes including an increasing and a shift to the long wavelength in the presence of
β-CD. Figure 2 shows the variation of λmax as a function
of [β-CD]. The inclusion formation constant (Ka) was a
measure of the molecular recognition interaction. The formation constant can obtain from fluorescence data by the
modified Benesi–Hildebrand equation [35]. Figure 3 shows
that the fluorescence intensity of BPA increases with increasing β-CD concentration. Based on the data of fluorescence spectra and the modified Bensi-Hildebrand equa-

-1

β-CD(µmoll )
100

80

80

60

60
40

40

0

20
0
250

300

350

400

450

500

λ(nm)
FIGURE 3 - Fluorescence spectra of BPA-CD inclusion complex
where λ ex =276nm, λ em =325nm, [BPA] =20µmol l -1 , pH=3.0.
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The control experiment

Control experiments were carried out under different
conditions. The results in Figure 4 show that the concentration of BPA in solutions did not change without iron in
the presence or absence of CDs at pH 3.0 during the photochemical reaction. In the experiment, Fe (III)-hydroxyl
complexes acted as an effective photocatalysis in degradation of BPA, which provided an importance source of
·OH radicals.

BPA; the larger cavity of γ-CD is not so favorable for BPA.
Furthermore, the structure of BPA, β-CD and BPA/β-CD
were optimized used molecular mechanics (MM) and PM3
method in Gaussian98 package. The optimized structure of
BPA/β-CD inclusion complex is showed in Figure 5, which
indicated that BPA molecules could enter partly into the
cavity of β-CD. It will result in sufficient proximity of the
BPA reaction site to the hydroxyl groups surrounding the
β-CD top tours, which can enhance the oxidation of excited
BPA [36]. So the photodegradation efficiency of BPA can
be enhanced obviously in the presence of β-CD.

1.0

C/Co

Effect of initial pH values

BPA
BPA+β-CD
Fe(III)+BPA
Fe(III)+BPA+ γ-CD
Fe(III)+BPA+β-CD
Fe(III)+BPA+α-CD

0.8
0.6

Effect of pH values on the degradation of BPA was
investigated over the pH range of 2.0–5.0. Results are
shown in Figure 6. The photodegradation rate of BPA in
the presence of β-CD is higher than that in the absence of
β-CD. It was increased with increasing pH value up to 3.0
and decreased rapidly at pH above 3.0. Therefore, the photodegradation of BPA is strongly affected by the initial pH
values of the aqueous solution.
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FIGURE 4 - Control experiments under different conditions,
[BPA] 0=60 µmol l-1, [Fe (III)] 0=100µmol l-1, [α-CD] = 60µmol l-1,
[β-CD] =60 µmol l-1, [γ-CD] = 60 µmol l-1, pH=3.0.
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FIGURE 6 - Effect of pH value on the BPA photodegradation,
before and after molecular recognition, [Fe (III)] 0=100µmol l-1,
[BPA] 0=60 µmol l-1 [β-CD] =60µmol l-1

FIGURE 5 - The optimized structure
of BPA/β-CD inclusion complex.

Results show that in the presence of β-CD, the photodegradation efficiency of BPA can be enhanced by about
25% after 3h irradiation and increased by about 7% in the
presence of α-CD. However, γ-CD exerted a small inhibition function on the photodegradation of BPA. These differences could be dependent on the size of the CD cavity.
The inner diameter of the hydrophobic cavity is 0.47–0.53
nm, 0.60–0.65 nm and 0.75–0.83 nm for α-CD, β-CD and
γ-CD respectively [36]. The cavity of β-CD has the best
size-match to BPA so that it can most effectively include

It is well known that the pH has a strong influence on
the form of Fe (III) in aqueous solution. In the pH range
1.0-3.0, the predominant species are Fe (III) and Fe (OH) 2+.
The latter is more photoreactive and its concentration increases with increasing pH value. Fe (III) complex does
not absorb at 300-400nm at pH 2.0 [37]. So at pH 3.0, Fe
(OH) 2+ is the predominant absorbing species in aqueous
solution at the photolysis wavelength λ≥365nm, which is
the main species with the largest light absorption coefficient and quantum yield for ·OH radicals production [37,
38]. The photolysis of Fe (OH) 2+ can generate much more
·OH radicals, which was the main reason for the highest
photodegradation rate got at pH 3.0. However, when pH increased from 3.0 to 5.0, the photodegradation rate of BPA
decreased rapidly. It also resulted from the iron speciation.
Fe (III) will hydrolyze and form precipitate at higher pH
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values. The Fe (OH) 2+concentrations and its activity decreased, which resulted in the decreasing of the photodegradation rate of BPA.
Effect of the concentration of
BPA and β-CD on BPA photodegradation

Figure 7 shows the relation between the initial photodegradation rate of BPA and the concentration of BPA.
The initial photodegradation rate of BPA in the presence
of β-CD was faster than that in the absence of β-CD. In
the presence of β-CD, the initial rate of BPA degradation
increased with increasing the concentration of BPA from
10 to 60µ mol l-1. The highest photodegradation rate was
got at 60µmoll-1β-CD.

1.2

-1

0.8

-1

0.6

Effect of Fe (III) concentration on the photodegradation of BPA

Fe (III)-hydroxyl complexes act as the role of effective
photocatalysis in degradation of pollutants, which provide
an importance source of ·OH radicals. ·OH radicals can
cause the complete mineralization of pollutants [38, 39].
The effect of Fe (III) concentration on the photodegradation
of BPA was investigated and results are shown in Figure 10.
In the presence of β-CD the photodegradation efficiency
of BPA increased from 27.9% to 92.3% with the concentration of Fe (III) ranging from 40µmol l-1 to 200µmol l-1
after 120 min irradiation. But in the absence of β-CD, the
photodegradation efficiency was lower. It can be concluded
that inclusion interaction with β-CD is benefit the photodegradation of BPA.
100

without β-CD
with β-CD
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maximum was at 60µmol l-1 β-CD. The reason was that a
stable inclusion complex formed between BPA and β-CD.
When the concentration of β-CD is high excess in aqueous solution, β-CD should compete with BPA scavenging
hydroxyl radicals, so the degradation rate of BPA decreased [28].
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FIGURE 7 - Initial rate of BPA photodegradation in the
presence and absence of β-CD, [Fe (III)] 0=100 µ mol l-1,
[β-CD] =60 µ mol l-1, pH=3.0
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FIGURE 9 - The photoderadation efficiency of BPA as a function
of [Fe (III)] 0 after 120 min irradiation in the absence and presence
of β-CD, [BPA] =60µ mol l-1, [β-CD] =60 µ mol l-1, pH=3.0
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FIGURE 8 - Effect of the concentration of β-CD on the initial rate of BPA photodegradation, [Fe (III)] 0=100 µ mol l-1,
[BPA] 0=20 µ mol l-1, pH=3.0

2
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Figure 8 shows the effect of β-CD concentration on
the BPA photodegradation. In the presence of β-CD, the
photodegradation rate of BPA increased when the concentration of β-CD increased from 0 to 60µ mol l-1 and the
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FIGURE 10 - Change in Fe (II)/Fe (III) ratio generation in aqueous solution in the presence and absence of β-CD. [BPA] 0=40 µ
mol l-1, [Fe (III)] 0=100 µ mol l-1, [β-CD] =60 µ mol l-1, pH=3.0

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

The concentration of Fe2+ formed during the process
was also detected. As shown in Figure 10, the equilibrium
of Fe (II)/Fe (III) reached after 90 min irradiation [40]. Furthermore, in the presence of β-CD, the concentration of Fe2+
formed in the aqueous solution is higher than that in the
absence of β-CD. A continuous forming of hydroxyl radicals can markedly induce degradation of BPA. Results show
that inclusion interaction with β-CD accelerates the cycling
of Fe (II)/Fe (III) and result in the enhancement of photodegradation and mineralization rates of BPA.
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CONCLUSION
The photodegradation of BPA induced by Fe (III) in the
presence of β-CD in aqueous solution was investigated. Photodegradation rate of BPA in the presence of β-CD could
be enhanced due to forming a β-CD-BPA host-guest complex, which was affected by the pH value, initial concentration of BPA, β-CD and Fe (III) in aqueous solution. At pH
3.0, Fe (OH) 2+ is the dominant Fe (III)-hydroxyl complexes,
BPA molecules were included by β-CD and brought closer
to the Fe (OH) 2+. Therefore, ·OH radicals generation
from the photolysis of Fe (OH) 2+ can react more rapidly
and easily with BPA, which results in the enhancement of
pho-todegradation and mineralization of BPA. The special
molecular structure of CDs allows them to form hostguest inclusion complexes with various guest molecules of
suitable polarity and dimensions. Thus CDs will be applied to promote the photodegradation of hazardous pollutants existing in aqueous environments. This might provide an alternative effective process of photodegradation of
BPA in wa-ter and wastewater.
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SUMMARY
In the present study, paper mill sludge (generated as a
waste material from paper industries) was investigated as
an adsorbent for the removal of orange G dye (an anionic
dye) from aqueous solutions. The adsorption capacity of
paper mill sludge adsorbent for orange G dye was found
to be 62.3 mg/g at 25 oC. The adsorption was studied as a
function of contact time, concentration, and pH, by batch
method. The adsorption data conform best to the Langmuir model. Three simplified kinetic models viz. pseudofirst-order, pseudo-second-order, and intra-particle diffusion models were tested to fit the experimental data. Kinetic parameters, rate constants, equilibrium sorption capacities and related correlation coefficients, for each kinetic model were determined. It was shown that the present
system of orange G dye adsorption on paper mill sludge adsorbent could be well described by pseudo-second-order
kinetic model. Based on the present investigations, it is reasonable to conclude that paper mill sludge can be utilized
as low-cost adsorbent in treating colored dye effluents.

KEYWORDS: Orange G dye, paper mill sludge, low-cost adsorbent, kinetics, modeling.

INTRODUCTION
Dyes are important water pollutants, which are generally present in the effluents of various industries, such as
textile, dying, paper and pulp, tannery and paint industries.
More than 8,000 dyes are being manufactured and consequently used for specific purposes. Dyes are considered as
obnoxious type of pollutants because (i) they impart color
to water which is not acceptable due to aesthetic consideration, and (ii) adversely affect life [1-3] due to toxic effects. Thus, wastewaters containing dyes need to be treated
for their removal.

Some of the important methods for dyes removal include coagulation [4], ozonation [5], ion exchange process [6], solvent extraction [7], photocatalytic degradation
[8], or adsorption [9-11]. These methods have their own
shortcomings and limitations. For example, coagulation [12]
requires pH control, and causes further problem of sludge
disposal, whereas ozonation [5] while removing color effectively does not minimize chemical oxygen demand (COD).
Some workers have used these methods in conjunction with
each other or some other processes. Graham [13] tried to
remove color by filtration with coagulation, while Lin and
Lin [14] used ozonation with coagulation. On the other
hand, Lin and Peng [15] used coagulation in combination
with electrochemical oxidation and activated sludge for
treating textile wastewater. Some of these methods have
been found to be quite efficient for color removal, but cost
factor inhibits their large-scale use for small-scale industries.
Adsorption using activated carbon is one of the most
effective methods and widely used to treat wastewater containing different classes of dyes. However, the high cost of
activated carbon limits its application in developing and
poor countries. In view of the importance of pollution control, efforts have been directed toward developing low-cost
alternative adsorbents. Various low-cost adsorbents, such
as: peat [16], perlite [17], chitin [18], chitosan [19], natural
clay [20], rice husk [21], maize cob [22], banana pith [23],
coir pith [24], bagasse pith [25], orange peel [26], biogas
waste slurry [27], red mud [28], fertilizer and steel plant
wastes [29] have been investigated so far for the removal
of dyes from water and wastewaters. Thorough reviews on
use of low-cost adsorbents for water and wastewater treatment have been published by Pollard et al. [30], Mall et
al. [31], Bailey et al. [32] and Bhatnagar and Minocha [33].
Utilization of waste materials is increasingly becoming of
vital concern [34-36], since the last few years, because these
wastes represent unused resources and, in many cases,
cause serious disposal problems.
Paper mill sludge is one of the major waste products
generated from paper mills on a large scale. The pulp and
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paper industry generates a considerable amount of
wastewater from various processes in the production of
pulp and the manufacture of paper [37, 38]. Before discharge into the receiving waters, mill wastewater usually
undergoes pri-mary (sedimentation) and secondary (biological) treatment, which results in the production of considerable quantities of sludge [39]. Paper mill sludge finds
no proper utilization and creates serious disposal problems. It can be converted into a low-cost adsorbent for the
removal of toxic pollutants from water. Very limited information [40, 41] exists in literature on the utilization of
paper mill sludge as low-cost adsorbent for phenols` removal from water.
Therefore, the aim of the present study was to evaluate
the removal potential of an anionic dye (orange G) on paper
mill sludge adsorbent and the related kinetics. Anionic Orange G belongs to the “azo” class. The rates and mechanisms of the adsorption process during dye adsorption were
investigated. Three simplified kinetic models including
pseudo-first-order, pseudo-second-order and Weber and
Morris intra-particle diffusion models were tested to describe the adsorption process. These fundamental data will
be useful for further applications in wastewater treatment.
MATERIALS AND METHODS
Materials

Orange G dye was procured from s.d. fine-chem Ltd.
(India), and used as adsorbate in the present study. Some
characteristics [42] of orange G dye are listed in Table 1,
and its chemical structure is shown in Fig. 1. Stock solutions of dye were prepared by dissolving it in double-distilled water, and were diluted further to obtain the lower concentration solutions. The dye solutions were kept at 4 oC
and in dark until use.
TABLE 1 - Some characteristics of orange G dye.
C.I.
CAS number
Chemical formula
F.W.
Log P (octanol-water)
pKa
Henry's Law Constant
Atmospheric OH Rate Constant

16230
1936-15-8
C16H10N2Na2O7S2
452.37
- 4.56
11.5
5.86E-023 atm-m3/mole
1.49E-012 cm3/molecule-sec

FIGURE 1 - Chemical structure of orange G dye.
Preparation of low-cost adsorbent using paper mill sludge

Paper mill sludge was firstly washed with double-distilled water several times and dried at 100 °C overnight. It
was then thermally activated at 500 oC in a muffle furnace
for one hour in the presence of air. After activation, the ash
content was removed by washing it with distilled water
and dried. Different mesh-sized particles (BSS = British
Standard Sieve; 100-150 mesh, 150-200 mesh and 200250 mesh) were obtained after sieving and kept in the desiccator for further use. BSS 200-250 mesh fraction was used
in the present study.
Instrumentation

Spectrophotometric determination of the dye was done
with an Aquamate UV-VIS spectrophotometer.
Methods
Adsorption experiments

Adsorption of the dye on the adsorbent was conducted
under batch conditions. For this purpose, a fixed amount of
adsorbent (0.10 g) was added to 10 mL of dye solution of
varying concentrations in 50-mL stoppered glass tubes,
which were then placed in a thermostated shaking assembly. The solutions were stirred continuously for a specified
contact time. After equilibrium, the adsorbate concentrations at equilibrium in the residual solutions were determined spectrophotometrically at 476 nm for orange G. Reproducibility of the measurements was determined in triplicates, and the average values are reported. Relative standard deviations were found to be within ± 3.0%. Furthermore, error bars for the figures were smaller than the symbols used to plot the graphs and hence are not shown.
Solution pHs were adjusted with diluted HCl or NaOH,
and measured before and after equilibration. A slight pH
change was observed. However, after adjustment of adsorbent-adsorbate system pH, no further change happened. The
pH values of the solutions in contact with adsorbent were
found to be in the range 5.5-6.5.
The amount of dye adsorbed (q in mg/g) was determined as follows:
q = (Co - Cf) V/m

(1)

where Co and Cf are the initial and final concentrations
of the dye in solution (in mg/L), ‘V’ is volume of solution
(in L), and ‘m’ is the mass of the adsorbent (in g). Kinetic
studies of adsorption were also carried out at two concentrations of the dye (3.5x10-4 and 5.5x10-4 M), where the
extent of adsorption was investigated as a function of time.
RESULTS AND DISCUSSION
Effects of contact time and dye concentration
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In order to find equilibrium time for maximum uptake
of dye on paper mill sludge adsorbent, the adsorption of dye
at fixed concentration on paper mill sludge was studied as a
function of contact time and the results are shown in Fig. 2.
Rate of dye uptake is rapid in the beginning and 50 % adsorption could be achieved within 2 h. Fig. 2 also indicates
that the time required for equilibrium adsorption is 12 h,
and, therefore, an equilibrium period of 14 h was selected
for further studies. The effect of concentration on equilibrium time was also investigated at 3.5 and 5.5 x 10-4 M
initial dye concentrations, and adsorption capacity at equilibrium increased from 38.5 to 61.7 mg/g. This clearly indicates that initial dye concentration plays an important role
in adsorption capacity on paper mill sludge adsorbent.

The adsorption data were further analyzed and found
to conform best to following Langmuir model:

1
1
1
=
+
qe qm qmbCe

(2)

where ‘qe’ is amount adsorbed at equilibrium concentration ‘Ce’, ‘qm’ is the Langmuir constant representing
maximum monolayer adsorption capacity and ‘b’ the Langmuir constant related to energy of adsorption. The plot of
1/qe as a function of 1/Ce (Fig. 4) was drawn for the adsorption of orange G dye on paper mill sludge adsorbent,
and linearity of the plot with good correlation coefficients
(R2 = 0.9963) conforms the applicability of Langmuir model
in the present study of dye adsorption.

FIGURE 2
Effect of contact time and concentration on uptake of orange G dye
on paper mill sludge adsorbent (●: 3.5 × 10-4 M;▲: 5.5 × 10-4 M).

FIGURE 4 - Langmuir isotherm for the adsorption
of orange G dye on paper mill sludge adsorbent.

Adsorption isotherm

Kinetic modeling

In order to determine the efficacy of paper mill sludge
adsorbent, the equilibrium adsorption studies were carried
out with varying concentrations of adsorbate, and adsorption isotherm is shown in Fig. 3. An adsorption capacity of
62.3 mg/g was observed for orange G dye on paper mill
sludge adsorbent at 25 oC.

Kinetics of adsorption is one of the important characteristics in defining the efficiency of adsorption. Various
kinetic models have been proposed by different researchers. In the present study, we applied three kinetic models
viz. pseudo-first-order, pseudo-second-order, and intra-particle diffusion models in order to investigate the mechanism of adsorption of dye on paper mill sludge adsorbent.
Pseudo-first-order model

Various reports [43, 44] exist where adsorption has
been considered as pseudo- first-order. The Lagergren’s rate
equation [45] is the most widely used one [46-48] for the
sorption of a solute from a liquid solution.

log(qe − q) = log qe −

FIGURE 3 - Adsorption isotherms of orange G dye
(●: activated carbon; ▲ : paper mill sludge adsorbent).

kf
2.303

t

(3)

where ‘qe’ and ‘q’ are the amounts of dye adsorbed
(mg/g) at equilibrium and at time t, respectively, and kf
the pseudo-first-order rate constant, applied to the present
studies of dye adsorption. Fig. 5 shows a plot of linearized
form of pseudo-first-order model at two concentrations
studied. The slopes and intercept of log (qe-q) versus t
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plot were used to determine the first order rate constants
(kf) and qe(cal), compiled in Table-2 along with correlation
coefficients (R2) values. Although correlation coefficients
(R2) for the pseudo-first-order kinetic model were 0.9864
and 0.9949 at both concentrations studied, the theoretical
qe(cal) values found from the pseudo-first-order model did
not give reasonable values with regard to the experimental
uptake ones, qe(exp). This suggests that the present adsorption system is not a pseudo-first-order process.

(ks) and qe(cal), compiled in Table 2 along with correlation
coefficients (R2). As can be seen from Table-2, the theoretical qe(cal) values agree well with the qe(exp) ones in the
case of pseudo-second-order kinetic model. This suggests
that the present adsorption system can be defined more favorably by pseudo-second-order kinetic model.

FIGURE 6
Plot of the pseudo-second-order adsorption kinetics of orange G dye
on paper mill sludge adsorbent (●: 3.5 × 10-4 M; ▲: 5.5 × 10-4 M).
FIGURE 5
Plot of the pseudo-first-order adsorption kinetics of orange G dye
on paper mill sludge adsorbent (●: 3.5 × 10-4 M; ▲: 5.5 × 10-4 M).
Pseudo-second-order model

The adsorption kinetics was also described as pseudosecond-order process [49-51].

t
1
1
=
+ t
2
q t k sqe
qe

(4)

where ks is pseudo-second-order rate constant. The
plots between t/qt versus t were drawn and are shown in
Fig. 6. The slopes and intercept of plot of t/qt versus t were
used to determine the pseudo-second-order rate constants

It is well-known that adsorption kinetics are generally
controlled by three consecutive mass transport steps associated with the adsorption of solutes from the solution by
an adsorbent. These are (i) film diffusion, (ii) intra-particle
or pore diffusion, and (iii) sorption into interior sites. The
third step is very rapid and, hence, film and pore transports
are the major steps controlling the rate of adsorption. In
order to understand the diffusion mechanism, intra-particle
diffusion model was tested to the present dye adsorption
study.

TABLE 2 - Comparison of the pseudo-first-order, pseudo-second-order, and intra-particle diffusion
rate constants, and calculated (qe.cal.) and experimental (qe.exp.) values for different initial dye concentrations.
Pseudo-first-order model
Co × 10-4
(M)
3.5
5.5

qe(exp)
(mg/g)
38.32
62.16

k1 × 10-1
(1/h)
2.46
2.98

qe(cal)
(mg/g)
25.04
33. 78

Pseudo-second-order model
R2

k2 × 10-2
(g/mg.h)
2.52
1.67

0.9949
0.9864

Intra-particle diffusion model

Kinetic data (Fig. 2) were analyzed in the light of intra-particle diffusion model proposed by Weber and Morris [52]:
q = kipt1/2 + C

(5)

qe(cal)
(mg/g)
38.02
63.15

R2
0.9900
0.9993

Intra-particle diffusion model
kip × 10
(mg/g.h1/2)
0.89
1.18

R2
0.9632
0.9837

where, C is the intercept and kip is the intra-particle
diffusion rate constant. According to Eq. (5), a plot of uptake (qt) versus the square root of t, (t1/2) should be linear
when adsorption mechanism follows the intra-particle diffusion process. Fig. 7 shows a plot of linearized form of intra-particle diffusion model. The intercept of the line (Fig. 7)
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does not pass through the origin indicating that the mechanism of dye adsorption onto adsorbent is complex and both,
the surface adsorption as well as intra-particle diffusion,
contribute to the actual adsorption process. The rate parameters, kip, together with correlation coefficients were calculated and listed in Table-2.

The performance of paper mill sludge adsorbent was
further evaluated by comparing the results with those on
standard activated carbon, and the results are compiled in
Fig. 3. Paper mill sludge adsorbent is ≈ 80-85% as efficient
as standard activated carbon in removing orange G dye.
Commercially activated carbons of the cheapest variety (generally used for effluent treatment) cost about US $
2000/ton in India. The industrial waste used in the present
study is generally available at a very cheaper rate (≈ US $
4-5/ton). The finished product would cost approximately
≈ US $ 100–200/ton by adding all expenses (transportation,
chemicals, electrical energy, etc.). Since the cost of final adsorbent prepared from industrial waste is approx. 10 times
less that activated carbon of cheapest variety, it is, therefore, reasonable to conclude that paper mill sludge can be
fruitfully used as low-cost adsorbent for the treatment of
wastewaters.
CONCLUSIONS

FIGURE 7 - Weber and Morris intra-particle diffusion plots
for adsorption of orange G dye on paper mill sludge adsorbent
(●: 3.5 × 10-4 M; ▲: 5.5 × 10-4 M).
Effect of pH

In order to know the effect of pH on orange G dye adsorption on paper mill sludge, experiments were conducted
over a pH range of 2-12, and the results are shown in Fig. 8.
Maximum percent removal (75-80%) of orange G occurred
at pHs 2-4, and then decreased with further increase in pH.
At acidic pHs (2-4), high electrostatic attraction occurs between the positively charged surface of the adsorbent and
the anionic dye, which gives rise to higher adsorption of
dye. By increasing the system pH, the negatively charged
sites of adsorbent dominate over positively charged sites
producing electrostatic repulsion effects, as a result of which
adsorption decreases.

In the present study, the suitability of an industrial
waste (paper mill sludge) after proper treatment was investigated as low-cost adsorbent for the removal of orange G,
an anionic dye. The adsorption potential of paper mill sludge
adsorbent for orange G dye was found to be 62.3 mg/g at
25 oC. The adsorption data conformed best to Langmuir
model. The kinetic data were analyzed in the light of three
simplified kinetic models viz. pseudo-first-order, pseudosecond-order and intra-particle diffusion models. The rate
constants and correlation coefficients of each model have
been determined. It was found that theoretical qe(cal) values
agreed well with the qe(exp) ones in the case of pseudo-second-order kinetics suggesting that orange G dye adsorption on paper mill sludge adsorbent can be defined more favorably by pseudo-second-order kinetic model. The intraparticle diffusion model indicates that the mechanism of
dye adsorption onto the adsorbent is complex and both, the
surface adsorption as well as intra-particle diffusion, contribute to the actual adsorption process. The results of the
present study suggest that paper mill sludge adsorbent can
be fruitfully used as low-cost adsorbent for the removal of
dyes from industrial effluents.
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TREATMENT OF VEGETABLE OIL REFINERY
WASTEWATER BY ELECTROCOAGULATION
Umran Tezcan Un*
Department of Environmental Engineering, Anadolu University, 26470 Eskisehir, Turkey

SUMMARY
The purpose of this work was to perform laboratoryscaled electrocoagulation experiments using iron electrodes
to obtain discharge quality of the effluent from the vegetable oil refinery wastewater (VORW), which meets the
regulation requirements without any pre- or additional
treatment. The influences of initial pH, current density, distance between the electrodes and type of electrode connection (parallel or series) on the removal efficiency of COD,
as well as specific energy consumption were evaluated. It
has been shown that the removal efficiency of COD increased with increasing applied current density and distance between the electrodes, but decreased with increasing initial pH. The initial COD concentration of 25000 mgL-1
was reduced to 167 mgL-1 (corresponding to 99.3% removal), which complied with legal requirements with the running cost of 3.64 €(kg COD)removed-1 after 1-h electrocoagulation at the conditions of 25 mAcm-2 and pH 3.

KEYWORDS:
vegetable oil, refinery, COD, electrocoagulation, wastewater.

INTRODUCTION
Nowadays, vegetable oils are both consumer goods and
raw materials in food processing, pharmaceutical and cosmetic industries. World production of vegetable oil raised
from 18x106 tons per year in 1960 to 84x106 tons per year
in 1999 [1].Vegetable oil industry also develops rapidly in
Turkey with increasing cultivation of sunflower, cotton
and maize. On average, annually 1,000,000 tons of the pip
of sunflower are produced in Turkey resulting in 300,000
tons of raw oil and 110,000 tons of edible oil per year [2].
Crude oils obtained by oilseed processing have to be
refined before the consumption, to remove undesirable accompanying substances. Refining of crude oil includes degumming, which removes about 5–10% gums, neutralization (with caustic soda) to remove fatty acids and generate
soapstock, washing and separation (by centrifuge), drying
and bleaching to remove colour, as well as deodorisation

of the bleached oil by vacuum distillation. Generally, the
first three stages of refining are carried out in the same reactor as a batch process that produces a soap-stock from
which fatty acids are recovered by means of acid splitting.
Acid splitting is carried out by adding sulphuric acid to the
soap-stock, which causes free fatty acids to be separated
from the medium [2]. The refinery units of vegetable oil
generate wastewaters, which are of environmental concern
and need proper treatment prior to their disposal. Characteristics of the specific effluent, which might vary considerably for different refineries, are the high COD, oil and grease,
as well as sulphate and phosphate contents resulting in both
high inorganic and organic load of the relevant wastewater
treatment works.
Electrocoagulation (EC) process has attracted a great
attention in treating industrial wastewaters because of the
versatility and the environmental compatibility. When iron
is used as anode, the dissolution leads to Fe(II), and a trivalent species is formed by subsequent air oxidation, which
produces iron hydroxide. The Fe(OH)3(s) formed remains
in the aqueous stream as a gelatinous suspension, which can
remove the pollutants from wastewater either by surface
complexation or by electrostatic attraction, followed by coagulation. The H2 produced as a result of the redox reaction
may remove dissolved organics or any suspended materials by flotation [3, 4].
The electrocoagulation has successfully been used for
the treatment of wastewaters with high COD and oil-grease
contents, such as olive oil mill wastewater [5-7]. Despite
an intensive amount of scientific research on treatment of
industrial wastewaters by EC, there are no reported publications on the treatment of vegetable oil refinery
wastewater using this technique. Since refinery wastewaters
within the scope of this paper have less COD content than
olive oil mill wastewaters, electrocoagulation can be
considered to be more promising for the treatment of this
type of waste-waters. Hence, the purpose of the present
study is to utilize the EC technique in treating the oil
refinery wastewater to meet legal discharge requirements
and to determine the effects of operating conditions such as
initial pH, current density, distance between the electrodes, and type of electrodes connection.
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FIGURE 1 - Schematic diagram of a bench-scale EC reactor used in this study with the connection (a) in series and (b) in parallel.

MATERIALS AND METHODS
Wastewater characteristics

The vegetable oil refinery wastewater (VORW) was
obtained from a sunflower oil refinery factory located in
Eskisehir (Türkiye). Characteristics of the VORW utilized
are as follows: COD, 25000 mgL-1; pH, 11.2; conductivity,
5.61 mScm-1. The performance of the system was evaluated
by measuring COD concentration and the total dissolved
ions were represented as conductivity of wastewater. No
chloride species were detected in the wastewater.
Analytical Procedures

All chemicals used were of analytical grade, and all
aqueous solutions were prepared by DI waters. The pH adjusted by adding NaOH or H2SO4 (Merck) solutions and
conductivity of samples were measured using a Hanna 301
pH-meter and a Inolab Level 1 conductimeter. COD values
were determined colorimetrically with a Hach DR/2000
spectrophotometer after digestion of the sample by Hach
COD digestion reagent.
Experimental Procedures

The EC unit consists of an electrochemical reactor, a
D.C. power supply and iron electrodes either in parallel or
series connections (Fig. 1). The electrolytic cell having
10 cm diameter was a polymethyl methacrylate (PMMA)
reactor. The iron electrodes consist of six parallel plates
with a dimension of 6 × 4 × 0.3 cm. For most runs, the iron
electrodes separated by a space of 8 mm with parallel connection were used, unless noted otherwise. The electrodes
were immersed in the wastewater to a depth of 4 cm. A
magnetic stirrer (20 rpm) was employed in the reactor to
maintain well mixing of the wastewater during electrocoagulation.
For each run, 300 mL of VORW was put into the reactor and initial pH was adjusted to a desired value. The
magnetic stirrer was turned on and set at sufficient speed
that provides good mixing in the electrolytic cell, but yet
not so strong to cause break of the flocs formed during the
treatment. The DC power supply was turned on providing
a constant current density. Wastewater samples were taken

periodically for water quality measurements, and electrocoagulation lasted about 1 h. The treated VORW was finally centrifuged at 4,000 rpm for 5 min before analysis. Af-ter
each experiment, the electrochemical cell was cleaned
with detergent and then rinsed thoroughly to avoid passivation of the electrode surface.
RESULTS AND DISCUSSION
It has been obtained from the previous study [5] that the
oil-grease was almost completely removed, whereas COD
removal efficiency was 70% for treatment of olive mill
wastewater using electrocoagulation with iron electrodes.
Therefore, COD removal can be considered as the main
performance criterion in this study. Numerous experimental runs have been carried out in order to observe the
performance of the system as a function of the operating
conditions, such as current density, i (mAcm−2); initial pH;
dis-tance between the electrodes and the type of electrode
con-nection; and the response of the system in terms of
removal efficiency, RE (%) and specific energy consumption, SEC (kWh (kg COD removed)−1 was evaluated.
Effect of initial pH

It has been established that pH is an important parameter which influences the performance of the EC process.
Fe3+ ion is stable only in a very oxidizing acidic medium,
whereas the Fe2+ ion is stable over relatively a large EhpH range (based on Pourbaix Eh-pH diagram). The highly
insoluble compound Fe(OH)3 is the predominant iron species over a very wide Eh-pH range. It is, however, generally accepted that iron hydroxyl complexes are formed after
initial oxidation of Fe at the anode [8]. The initial pH was
varied in the range 3–11 to investigate its effect on the treatment of the VORW. Fig. 2-(a) demonstrates the removal
efficiencies of COD as a function of initial pH. Highest
efficiency of COD removal has been obtained when initial
pH was 3, and the efficiency decreased with increasing initial pH. Removal efficiencies of COD by electrocoagulation were 98.1% (corresponding to 473 mgL-1 COD level)
for pH 3, 95.4% for pH 5, 91.2% for pH 7, 86.5% for pH 9,
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and 82.2% for pH 11 after 1 h. Therefore, further experiments were carried out at pH 3. This trend was also observed by Bayramoğlu and coworkers [9] for the electrocoagulation of slaughterhouse wastewater, and İrdemez and
coworkers [10] for the elctrocoagulation of phosphate removal with iron plate.
Fig. 2-(b) shows the final pH of the wastewater after
electrocoagulation. As observed by other investigators [9],
a sharp pH increase occurred in a very short period when
initial pH was low. Consequently, the final pH was 10.4
regardless of the initial one, except for pH 3. For the initial pH 3, the final pH was about 8 and Fe(OH)3 has minimum solubility at this pH [11].
Effects of current density

It is well-known that current not only determines the
coagulant dosage rate but also the bubble production rate,
size and the floc's growth, which can influence the treatment efficiency of electrocoagulation. Therefore, the effect

of current density on the pollutants` removal was investigated. As shown in Fig. 3, an increase in current density
from 5 to 25 mAcm−2 yielded an increase in COD removal
efficiency from 82.5 to 99.3% (corresponding to 4367 and
167 mgL-1 outlet COD concentrations, respectively). An
increase in current density causes an increase in efficiency
of ion production on anode and cathode. Therefore, floc
production in the solution increased and, hence, efficiency
of COD removal was improved. Higher dissolution of electrode material (Faraday's law) with high rate of formation
of monomeric and/or polymeric iron hydroxides result in
significant improvement of COD removal. Similar results
were obtained by Tezcan Un and coworkers [5] for the electrocoagulation of olive mill wastewater. Thus, the higher
the rate of formation of iron hydroxide, the lower the time
required for emulsion abatement. However, it is advisable
to limit the current density in order to avoid excessive oxygen evolution as well as to eliminate other adverse effect,
like heat generation.

(a)

(b)

FIGURE 2 - (a) Variation of COD removal efficiency with time for different initial pH values;
(b) Variation of final pH with initial pH. (i: 15 mAcm-2, electrode gap:8 mm, parallel connection).

Effect of the distance between the electrodes
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FIGURE 3 - Variation of COD removal efficiency
with time for different current densities (Initial
pH:3, electrode gap: 8 mm, parallel connection).

In order to determine the effect of electrode distance
between the electrodes, the reactor was so arranged that
the inter-electrode distance was positioned at either 2 mm
or 8 mm apart, while the number of electrodes remained
the same. Fig. 4 shows the COD removal profile using the
different inter-electrode gaps.
With increasing distance, less interaction of ions with
metal hydroxide is expected. But increasing distance resulted in higher COD removal in this study. This may be
due to the sludge accumulation causing a blockage in the
gap between the electrodes which, in turn, result in removal
efficiency decrease with such a strong wastewater treated
in batch mode with narrow inter-electrode gap. When the
distance of the electrodes was increased from 2 to 8 mm,
the removal efficiency was increased from 90.1 to 98.1%.
Therefore, the experiments have been done with an inter-
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electrode gap of 8 mm. The results would be different with
a wastewater containing less COD, or in a recirculated
mode. It can be a scope of another study.

depend on geographical as well as economical situation
of appliance location.

-1
SEC, kWh (kg COD)
removed

Effects of type of electrodes connection

A two-electrode EC cell is not suitable for wastewater
treatment, since the use of electrodes with large surface
area is required. Improvement in performance has been
achieved by using EC cells with electrodes either in parallel or series connections. The parallel arrangement essentially consists of pairs of conductive metal plates placed
between two parallel electrodes and a DC power source.
In a monopolar arrangement, each pair of ‘sacrificial electrodes’ is internally connected with each other, and has no
interconnections with the outer electrodes. This arrangement of monopolar electrodes with cells in series is electrically similar to a single cell with many electrodes and
interconnections [8].
The effects of different electrode connections on the
efficiency of COD removal are shown in Fig.4. Removal
efficiencies of 98.1, 92.53 and 90.13% were obtained in
parallel connection of electrodes, while those of serial
electrodes were 92.66, 91.73 and 85.33% for the electrode
gap of 8, 6 and 2 mm, respectively. As a result an EC cell
with electrodes in parallel connection was more effective
in COD removal than an EC cell with electrodes in series
connection. The blockage of the inter electrode gap resulted from formation of large flocs was observed both in
the series and in parallel connection mode. But the effect
of blockage was more dominant in series connection than
that in the parallel connection. Because in series connection, which has no connections between outer and inner
electrodes, the large agglomerates causes the decrease the
conduction of charge from the outer electrode to the inner
electrodes.
Energy Consumptions

Electrochemical treatment is undoubtedly an energyintense process and its efficiency is usually assessed in
terms of specific energy consumption (SEC). This is defined
as the amount of energy consumed per unit mass of organic
load removed. Specific energy consumption depends on cell
voltage (equilibrium potential), the over-potentials at cathode and anode and the ohmic voltage losses in the cell [12].
An increase in the current density causes a proportional
increase of the specific energy consumption. As shown in
Fig. 5, the specific energy consumptions based on electricity consumption were 2.07, 5.12, 15.41, 34.11 and 80.57
kWh (kgCOD)removed-1 at 5, 10, 15, 20 and 25 mAcm-2,
respectively. SEC in this study ranged between 0.0933.64 € (kg COD)-1 based on the U.S. industrial average
electricity price of 5.73 cents per kWh of 2005 [13].
As a result of this study, treatment efficiency, in terms
of both conversion and energy consumption, is affected
by the operating conditions employed. The optimal operational parameters can be determined as a function of desired effluent quality besides energy consumption, and

80
70
60
50
40
30
20
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0
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i:10mA/cm2
i:15mA/cm2
i:20mA/cm2
i:25mA/cm2
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Time, min
FIGURE 5 - Variation of SEC with time for different current
densities (Initial pH:3, electrode gap: 8 mm, parallel connection).

CONCLUSION
Based on the results of the experiments, it is concluded
that
1. electrocoagulation of vegetable oil wastewater using
iron electrodes either in parallel or series connection is
found to be an extremely attractive removal method for
such a wastewater containing high concentrations of organic pollutants, without any pre-or post-treatment process,
2. pH is an important parameter which influences the performance of the EC process. High COD removal efficiency was obtained in acidic media, and it decreased
with increasing initial pH,
3. increasing distance between the electrodes resulted in
COD removal increase, and an EC cell with electrodes
in parallel was more effective compared to that in series
connection,
4. the removal rate of COD increased with increasing
current density in the range of 5–25 mAcm-2. An outlet COD level of 167mgL-1 was obtained at 25 mAcm-2
and pH 3.
5. The purification of the wastewater by electrocoagulation is accompanied by reduced sludge generation, when
compared to chemical coagulation. This sludge also includes less iron hydroxide with regard to chemical coagulation. Additionally, floc sizes obtained by EC are
larger or had higher effective density, with respect to
that from chemical coagulation [14].
Consequently, vegetable oil wastewater can be discharged complying with the legal requirements by applying electrocoagulation without any pre- or additional
treatment.
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SUMMARY
The content of organic matter is known to control retention of soil-applied pesticides in organic-rich soils. The
contribution of chemical nature of organic matter in pesticides sorption both in organic and mineral soils is much less
understood. In this study, sorption/desorption isotherms of
the herbicide atrazine were obtained on model humic-clay
complexes with eleven humic and fulvic acids from soil,
peat, coal, and water. The estimated KOC values varied from
121 to 319 L⋅kg-1, which is a factor of two lower than the
partition coefficients determined previously for the same HS
in soluble form. The mineral-bound KOCs closely correlated
with KOC values of the soluble humic materials and with
sorption coefficients (Kd) of overall humic-clay complexes.
This shows that variations in chemical nature of humic
fraction determined sorption affinity of model humic-clay
complexes. Structure-property analysis revealed a leading
role of hydrophobic domains in atrazine affinity of mineralbound HS, whereas hysteresis index correlated with the
content of carboxylic groups indicating the prevailing role
of specific domains in formation of bound residues. Together, the obtained results open a possibility to obtain reasonable predictions of atrazine sorption by organo-clay geosorbents using partition coefficients estimated for soluble
organic fractions.

KEYWORDS: atrazine, humic substances, organo-mineral complexes, sorption, desorption.

INTRODUCTION
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-striazine) is one of the most widely applied and persistent
herbicides [1]. The transport and fate of atrazine in organicrich soils are known to be controlled by the content of organic matter [2-8]. In mineral soils and vadose zone with
organic content not exceeding 0.1 %, the high contents of
mineral fractions provide substantial contributions to pesticide sorption [9]. As a result, no correlation with organic
carbon content was found between atrazine and other pesti-

cides Kd for these geosorbents [10, 11]. To predict pesticide sorption by mineral-rich sorbents, composite models
were proposed [7, 12] with the assumptions that mineral and
organic phases contribute independently to pesticide sorption.
Despite the numerous studies on organic contaminants`
sorption/desorption by humic substances (HS), HS-clay
model sorbents [13-17], the influence of clay and organic
matter on the sorptive properties of each other upon their
association is still not fully understood [13, 18-20]. Another question under debate concerns structural features,
which contribute mostly to affinity and reversibility of
atrazine sorption on mineral-bound HS. In our previous
studies on atrazine binding with soluble HS [21], the dominating role of aromatic fragments was demonstrated for
sorptive affinity of humic materials. However, a number of
recent publications [22-25] claim that HS possess an aliphatic component, which plays a major role in controlling
the sorption of organic contaminants on humic coatings. At
the same time, the systematic comparative studies on sorption affinities of mineral-bound versus soluble HS of different genesis are still missing.
In this publication, we have studied atrazine sorption/
desorption on a large set of model humic-clay complexes
prepared by modification of kaolin clay with humic and
fulvic acids of different genesis. We have used a broad
range of molecular descriptors, including more specific
13
C-NMR descriptors for deriving structure-sorptive properties relationships [26].
Our objectives were to (1) measure the atrazine KOC for
a variety of mineral-bound HS of different genesis, and
(2) derive the correlation relationships between the sorptive
properties and molecular descriptors of mineral-bound HS.

MATERIALS AND METHODS
Atrazine

Atrazine (99.97%) was purchased from Dr. Ehrenstorfer GmbH (Germany). Stock solution of 10 mg L-1 was
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pre-pared in distilled water (pH 5.5) and stored in the
dark at 4 °C.
Kaolin clay

Kaolin clay (Kaolin CF 70) was provided by the
Caminauer Kaolinwerk GmbH (Caminau, Germany). The
kaolin clay sample was dispersed in 0.1 M NaClO4 using
an ultrasonic bath to saturate the clay with sodium ions.
The obtained suspension was then centrifuged, the supernatant removed, and the clay-precipitate was three times
repeatedly treated with new salt solution. Then, the clay was
washed with distilled water, dried, and stored for further
use.
Humic materials isolation and characterization

Eleven samples of humic substances (HS) used in this
study were isolated from different types of soil, peat, brown
coal, and lake water.
Soil humic acids (HA) were isolated from four soils: two
Spodosols sampled nearby Moscow under woods (HBW,
HBW1) and two Mollisols sampled nearby Voronezh (HST
and HSM). HA extraction was performed as described in
[27]. It included alkaline extraction (0.1 M NaOH) and follows up extract acidification to pH 1-2. The Mollisol samples were preliminary treated with 0.1 M H2SO4. The precipitated HA were purified by dialysis during a month at
4 ºC using dialysis membrane with cut-off of 3 kD (Merk,
Germany).
Soil fulvic acids (FA) were extracted from two Spodosols nearby Moscow sampled under woods (FBW1), and
in the garden (FBG1). FA were isolated after precipitation
of HA by passing the acidic supernatant through the Amberlite XAD-2 resin as described elsewhere [28].
Peat HA (T8) were isolated from bog peat Kranichfeldt (western Erzgebirge, Germany). Isolation procedure
was as described elsewhere [29] including preliminary treatment of a peat sample with ethanol-benzene mixture (1:1
v/v) to remove bitumen compounds, followed by an extraction with 0.1 M NaOH. HTO sample was a commercial
preparation of peat HA purchased from Biolar (Olaine,
Latvia).
Coal HA (AGK and Roth HA) were commercial preparations kindly provided by Biotechnology Ltd. (Moscow,
Russia) and Roth (Germany), respectively.
Swamp Water HA (HO13HA) was a standard of the
Deutsche Forschungsgemeinschaft (DFG) program
“ROSIG”, kindly provided by Dr. G. Balke (UFZ, Germany). The sample was extracted from the brown waterlake Hohlohsee (Schwarzwald, Germany) using Amberlite
XAD-8 as described elsewhere [30].
Chemical characteristics of the target humic materials including contents of elements, molecular weight, distribution of carbon among structural units, and content of
acidic groups are summarized in Table 1. Elemental analyses (C, H, and N) were conducted on a Carlo Erba

Strumentazione analyzer (Italy). Ash content was determined manually by the samples` combustion in quartz
tubes at 850 °C for 40 min. Oxygen contents were calculated as a difference. The contents of all the elements were
calculated on ash-free basis. Size exclusion chromatography analyses (SEC) were performed according to
Perminova et al. [31]. Toyopearl HW-50S gel was used
for column packing. Polydextrans were used as markers
for molecular weight calculations. HS solutions were set
at a concentration of 1-2 mg C/L by equilibrating with the
SEC mobile phase (0.028 M phosphate buffer, pH 6.8)
prior to analysis. Quantitative 13C solution-state NMR
spectra were recorded on a Varian VXR-400 spectrometer operating at 100 MHz using 0.1 M NaOD as a solvent. All spectra were recorded at quantitative conditions
using 4-s delay time and inverse gate decoupling [32].
The assignments were as follows (in ppm): 5-50 – aliphatic
H and C-substi-tuted C atoms (CAlk), 50-108 – aliphatic Osubstituted C atoms (CAlk-O), 108-145 – aromatic H and Csubstituted atoms (CAr-H,C), 145-165 – aromatic Osubstituted C-atoms (CAr-O), 165-187 – C atoms of carboxylic and esteric groups (CCOO), 187-220 – C atoms of quinonic and ketonic groups (CC=O). Potentiometric titrations
were conducted under N2 atmosphere using an automatic
titrator (TitroLine Alpha, Schott, England) according to
Frimmel et al. [33]. In brief, a weight of dry HS sample
(10 mg) was dissolved in 0.1 M NaOH, then 0.1 M HCl
was added to precipitate HA, and titrated with
0.1 M NaOH until pH 11.0. The amount of NaOH consumed for a rise in pH from 2.6 to 7.5, and from 7.5 to
11.0 was normalized to HS weight, and treated as carboxylic and phenolic acidity (mmol g–1), respectively.
Organo-mineral complexes

Organo-mineral complexes (OMC) were prepared as
described previously [34]. Each sample was prepared in a
24-mL glass vial with PTFE lid. 1 g of kaolin clay was dispersed in 20 mL of 250 mg L-1 HS in 0.1 M NaCl as a background electrolyte at pH 5.6. This kaolin to HS mass ratio
was chosen as maximum adsorption capacity for HS, and
was demonstrated to be reached under those conditions
[ibid.].
The samples were equilibrated for 12 h in the rotary
shaker and centrifuged (10 min, 4000 rpm). Reversibly adsorbed humic materials were washed out using eight stepdesorption by 0.1 M NaCl. Each time, the suspension was
shaken for 12 h, centrifuged, and concentration of desorbed
HS was determined by UV-absorption at 254 nm. Desorption was repeated until HS content in supernatant reached
a plateau at about 1 mg L-1. The prepared OMC samples
were freeze-dried and used for OC analysis. The OC content was measured using catalytic combustion (900 °C;
5 min; 20–40 mg sample weight; 3 replicates) with subsequent NIR CO2 determination (C-Mat 1100, Stroehlein
Inst., Germany).
Sorption-desorption experiments
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Sorption isotherms were obtained using equilibrium
batch experiments. Kaolin or OMC (500 mg) was dispersed
in 10 mL of atrazine solution (2-20 µM, pH 5.6) in 0.1 M
NaCl. Suspensions were shaken for 12 h, centrifuged
(10 min, 4000 rpm), and supernatant was analyzed for
atrazine content using HPLC. HPLC system used was
Gold™ Model 126 equipped with UV detector. The Ultrasphere Beckman column (USA), 4.6 mm×15 cm, was
used for separation. The mixture of acetonitrile and water
(50:50, v/v) containing 3.18×10-3 M HCl (pH 2.5) was
used as a mobile phase. The absorbance of the eluate was
detected at 220 nm. Desorption isotherms were obtained
on the samples prepared at the highest atrazine concentration used for sorption isotherm. After centrifugation, supernatant was replaced with 10 mL of 0.1 M NaCl. After
shaking for 12 h, the suspension was centrifuged and the
supernatant was analyzed for atrazine content. Desorption
was conducted in three steps. All sorption-desorption experiments were conducted in triplicate.
Data treatment

To quantify the obtained sorption isotherms, distribution coefficients Kd (L kg-1) were determined as a slope of
the following relationship:

C s = K d Ce

(1)

where Cs is atrazine quantity adsorbed on a weight of
OMC at the equilibrium concentration Ce.
To calculate sorption coefficients on organic phase
KOC, the following equation of Karickhoff [7] was used:
Kd = ƒm⋅Km + ƒOC KOC

(2)

where Km is the sorption coefficient on clay phase,
and f is the mineral or organic fraction in the organic–clay
particles. Km was put equal to Kd value obtained for the
unmodified mineral, and ƒm was calculated as 1-ƒOC.

To estimate reversibility of atrazine sorption, sorption
and desorption isotherms were fitted to the following
Freundlich equations:

C s = K f Cenf

(3)

Cs = K fd Cenfd

(4)

where Kf and Kfd are Freundlich sorption and desorption constants, respectively; nf and nfd are indexes of nonlinearity of the sorption and desorption isotherms, respectively. A hysteresis index (H) was calculated following
Celis et al. [35], as a ratio of nf/nfd.
RESULTS AND DISCUSSION
Chemical properties of humic materials
used for preparing model complexes

The bulk chemical properties of humic materials were
analyzed using elemental analysis, potentiometric titration,
13
C-NMR spectroscopy and SEC, to gain a better understanding of the sorption interactions of atrazine with mineral-bound HS. The obtained results are given in Table 1.
As it can be seen, the aquatic humic acid HO13HA
and both soil fulvic acids are characterized with the largest values of total acidity (4.3-4.6 mmol/g). This indicates
hydrophilic character of these materials. At the same time,
humic acids from Mollisol (HSM and HST) and coal (Roth
HA and AGK) are characterized with the highest content of
aromatic fragments ranging from 55 to 66 %. Lipophiliclipophobic balance of humic materials was estimated as a
ratio of hydrophobic aromatic (CAr-C,H) to hydrophilic carbohydratic (CAlkO) moieties, and allowed arrangement of the
target humic materials in the following descending order

TABLE 1 - Chemical properties of humic substances used in this study.

HS sample

Atomic ratiosa

Acidic groupsb, (mmol⋅g–
1
)
COOH
Ar-OH

H/C

O/C

HO13HA

0.80

0.52

2.9

1.4

FBW1
FBG1

0.99
1.15

0.60
0.75

3.4
3.3

1.2
1.1

HBW
HBW1
HSM
HST

0.99
1.02
0.86
0.77

0.58
0.51
0.51
0.52

3.4
2.9
3.3
3.8

0.2
0.3
0.2
0.4

HTO
H8

1.05
1.19

0.57
0.72

1.6
2.4

1.0
0.3

AGK
Roth HA

0.94
0.97

0.46
0.76

3.4
2.9

0.2
1.2

a

b

Carbon distribution among
structural fragmentsc, (%) of total Cc
CC=O
CCOO
CAr-O
CAr-H,C
CAlk-O
Swamp Water HA
4
13
12
27
29
Soil FA
4
20
12
23
19
3
18
12
29
19
Soil HA
1
17
13
32
19
4
20
9
24
14
2
14
12
43
14
3
15
14
42
13
Peat HA
3
13
13
31
24
2
16
18
37
13
Coal HA
1
17
10
48
4
3
18
18
48
3

CAlk-H,C

c

MW d
(kD)

17

12.8

27
19

10.2
11.7

19
26
14
13

15.9
14.5
13.0
12.7

16
13

20.0
11.7

21
11

15.6
16.4

H/C and O/C ratios were calculated on ash- and water-free basis. Content of acidic groups was determined using potentiometric titration. Content of carbon in the
structural fragments was determined by 13C-NMR spectroscopy as the integral intensity (%) of the following regions, ppm: 187-220 – C atoms of quinonic/ketonic groups
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(CC=O); 165-187 – C atoms of carboxylic/esteric groups (CCOO); 145-165 – aromatic O-substituted C-atoms (CAr-O); 108-145 - aromatic H and C-substituted atoms (CAr-H,C);
50-108 – aliphatic O-substituted C atoms (CAlk-O); 5-50 – aliphatic H and C-substituted C atoms (CAlk). dMW values were determined by SEC (calibration by polydextrans)
and listed in kilodaltons (kD).
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according to their hydrophobicity: coal HA > Mollisol HA
>> peat HA ≅ Spodosol HA ≅ swamp water HA >> soil FA.
Sorption-desorption of atrazine
on model humic-clay complexes

Sorption and desorption isotherms of atrazine on model organo-mineral complexes are shown in Figs. 1 and 2. In
the range of atrazine concentrations studied, sorption iso-

therms are mostly linear, with the exception of HO13HA,
HBW, HTO and Roth HA. In all cases, humic modifications
enhanced atrazine sorption to OMCs relative to sorption by
the unmodified kaolin clay, despite of the low content of
organic carbon in all OMCs (Table 2). This is consistent
with the larger KOC for atrazine binding by soluble HS used
in this study versus partition coefficient to kaolin clay
(Table 2).

Kaolin and aquatic HA
C s , mmol kg-1

Mollisol HA

4

C s , mmol kg-1
4

2

2
Kaolin
0

2
HSM

0

0

10
20
C e , µmol L-1

C s , mmol kg-1
4

2

HO13HA

0

0

C s , mmol kg-1
4

10
20
C e , µmol L-1

0

10
20
C e , µmol L-1

C s , mmol kg-1

2

2

C s , mmol kg-1
4

4

HTO

0
10
20
C e , µmol L-1

0

2
HBW1

0
0

10
20
C e , µmol L-1

10
20
C e , µmol L-1

0
0

10
20
C e , µmol L-1

4

2

2

2
AGK

0

C s , mmol kg-1

C s , mmol kg-1
4

C s , mmol kg-1
4

2

HBW

0

Spodosol FA

Coal HA
C s , mmol kg-1
4

10
20
C e , µmol L-1

C s , mmol kg-1
4

2

H8
0

0

Spodosol HA

Peat HA
C s , mmol kg-1
4

0

HST

0

0

Roth HA

0

10
20
C e , µmol L-1

FIGURE 1 - Sorption-desorption isotherms of atrazine on kaolin
clay and its organo-mineral complexes with aquatic, peat, and
coal HS. Sorption isotherms (black points) were obtained using
the following conditions: initial atrazine concentration 2-20 µM in
0.1 M NaCl, pH 5.6, equilibration time 12 h. Desorption isotherms
(white points) were obtained on the samples prepared at the highest atrazine initial concentration used for the adsorption isotherm.

FBG1

0
0

0

10
20
C e , µmol L-1

FBW1
10
20
C e , µmol L-1

0

10
20
C e , µmol L-1

FIGURE 2 - Sorption-desorption isotherms of atrazine on organomineral complexes of kaolin clay with soil HS. Sorption isotherms
(black points) were obtained using the following conditions: initial
atrazine concentration 2-20 µM in 0.1 M NaCl, pH 5.6, equilibration time 12 h. Desorption isotherms (white points) were obtained
on the samples prepared at the highest atrazine initial concentration used for the adsorption isotherm.

TABLE 2 - Atrazine sorption-desorption parameters to OMCs, content of organic carbon in OMCs, and KOC values to soluble HS.
Sorbent
kaolin clay
H013HA
FBW1
FBG1
HBW
HBW1
HSM
HST
HTO
H8
AGK
Roth-HA

OC,
kg OC/kg OMC
–
0.229±0.003
0.165±0.008
0.166±0.009
0.249±0.008
0.264±0.008
0.245±0.009
0.248±0.006
0.274±0.009
0.286±0.009
0.237±0.005
0.240±0.004

Kda),
L/kg OMC
1.72±0.09f)
2.08±0.09
1.93±0.09
1.94±0.09
2.20±0.09
2.09±0.07
2.17±0.08
2.17±0.09
2.20±0.07
2.06±0.06
2.28±0.09
2.48±0.09

Kd-calcb), L/kg
OMC

KOCc),
L/kg OC

KOC(solution)d),
L/kg OC

n.d.
2.03
2.17
2.66
2.46
2.94
2.72
2.54
n.d.
3.08
n.d.

157
128
137
194
143
184
184
178
121
238
319

n.d.
192±12
275±17
380±12
281±17
501±31
404±23
300±10
n.d.
575±35
n.d.

a

He)
1.21
9.24
5.90
8.30
7.17
5.73
5.93
7.76
2.31
3.19
7.18
5.40

Experimentally measured Kd values; bpredicted estimates of Kd values using composite model (eq 2); c KOC values estimated for mineral-bound HS; dKOC values to soluble
HS measured in our previous study [21]; eHysteresis coefficient calculated as a nf/nfd ratio; f± denotes one standard deviation for triplicate measurements.
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Despite higher atrazine affinity for OMCs, there was
no significant correlation (r = 0.48) observed between calculated Kd values and OC content. This is typical for mineral-organic associates with low organic carbon [10], which
is explained by a substantial contribution of mineral fraction into sorption of pesticide. Estimates of the contributions of clay fraction and humic phase to the atrazine sorption were attempted using a simple composite model described previously by eq. 1. The atrazine partition coefficients KOC to 8 out of 11 HS samples in dissolved state
used for preparing OMCs were determined in our previous study [21]. The humic fraction (f oc ) was estimated
by the measured organic C content, the remaining mass
was assumed to be the clay mineral fraction (fm). The clay
sorption coefficient Km was estimated from the sorption
isotherm for unmodified clay (Fig. 1) and accounted for
1.72 L⋅kg-1. The summation of predicted sorption by humic and clay fractions is shown in form of the Kd-calc coefficients in Table 2.
The predicted values are within a factor of 1.1-1.4 of
the measured values for all OMCs. Moreover, a close correlation was observed between the predicted and measured
Kd values (r = 0.91). The obtained results indicate that, in
general, sorption by HS-clay complexes can be reasonably
well estimated by summing up their individual contributions to atrazine sorption.
The composite model used for Kd predictions was further applied to estimation of KOC values to mineral-bound
HS. For this purpose, the measured Kd values were represented as sums of mineral and organic terms. Substituting
the known foc, fm and Km values in eq. 2, the corresponding KOC values were calculated. As it can be seen from
Table 2, the calculated KOC values to mineral-bound soil
HS ranged from 128 to 194 L⋅kg OC-1, which corroborates
well the reported data for soils [8]. Based on the measured
KOC values, the mineral-bound HS can be roughly arranged
in the following order: coal HA > Mollisol HA > Spodosol
HA, peat HA, swamp water HA > Spodosol FA. This sequence follows closely the magnitude of lipophilic-lipophobic balance of soluble humic materials used for modification of kaolin clay indicating the dominating role of hydrophobic aromatic domains in sorption affinities of both soluble and mineral-bound humic materials.
At the same time, the determined atrazine KOCs were
a factor of two less than the corresponding KOC values to
soluble HS. This could be indicative of a decreased availability of binding sites in mineral-bound HS, partially used
for binding with kaolin clay. Of particular importance is
that a close correlation was observed between KOC values
(r = 0.90), as well as between Kd and KOC values both to
mineral-bound and soluble HS (r = 0.94 and 0.79, respectively). This can be explained by the dominant contribution
of variations in sorptive properties of humic-bound HS to
atrazine affinity when both content of clay, and organic fractions do not vary substantially among organo-mineral associates (the case for the obtained OMCs).

Along with sorption affinity, sorption reversibility is
a parameter of crucial importance for prediction of pesticide migration in the soil or aquatic environments. Desorption isotherms are shown in Figs. 1 and 2, together with
sorption isotherms. In almost every case, the desorption
isotherm is located above sorption isotherm. This is indicative of hysteretic sorption of atrazine on OMCs. To characterize sorption hysteresis quantitatively, sorption and desorption isotherms were fitted to the Freundlich equations
(eqs. 3-4). Given the composite character of atrazine sorption onto obtained OMCs with low organic content, the calculated Freundlich parameters were not given other consideration than for using nf parameters for calculation of
hysteresis index H.
The obtained H values are shown in Table 2. The lowest H value of 1.21 was observed for the unmodified kaolin clay. Values close to one represent almost complete desorption. H values for all OMCs were much higher and
ranged from 2.31 to 9.24 with peat and swamp water HA,
respectively, defining the low and upper ranges. The hysteretic behavior of atrazine was evidently different from that
of hydrophobic organic contaminants (e.g. PAHs) which
were reported to display lowest hysteresis for geosorbents
having the least diagenetically-altered organic matter (peat),
and highest hysteresis for geosorbents having the most diagenetically altered organic matter (kerogen) [see 36 for
overview]. In our case, no clear tendency was observed
for dependence of hysteretic behavior of atrazine on genesis of HS used for OMCs preparation. For example, H values for OMCs with HS originated from peat, ranged from
2.31 (HTO) to 3.19 (H8). This might be a consequence of
different mechanisms underlying irreversible sorption of
relatively polar, low hydrophobic atrazine (Kow = 2.5) and
of non-polar, highly hydrophobic PAHs.
Relationship between sorption-desorption parameters
and structural features of mineral-bound HS

For compiling a set of structural parameters for a simple linear regression analysis, an approach was undertaken
as described in detail in our previous publication [26]. In
brief, it implied a numerical description of HS structure
using a combination of molecular descriptors of elemental,
fragmental and molecular weight compositions given in
Table 1. In deriving molecular descriptors, the 13C-NMR
data were given primary importance as most meaningful
descriptors of HS structure. Correlations with sorption parameters were evaluated for both individual descriptors reflecting carbon content in each of the main structural fragment, as well as combined descriptors reflecting sums and
ratios of the individual descriptors. These more complex
expressions may reveal interaction features within the HS
structure, such as relative enrichment or depletion of HS
structure with aliphatic versus aromatic units. The full correlation matrix included six individual and eight combined
13
C-NMR descriptors.
Among the individual descriptors, the closest correlation coefficients r with Kd and KOC values were observed
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for the content of unsubstituted aromatic fragments CAr-H,C
(0.77 and 0.76, respectively). Of interest is similar strong
correlation observed between this molecular descriptor and
KOC values measured for the same humic materials in soluble form (r = 0.95). As to aliphatic fragments, there was no
statistically significant correlation observed with both Osubstituted and unsubstituted aliphatics. Among the combined descriptors, the closest correlations with both Kd and
KOC values were observed for two hydrophobicity indices
of humic molecules represented by a ratio of total aromatics to carbohydrates contents ΣCAr/CAlk-O (0.82 and 0.90,
respectively) and by a ratio of the sum of unsubstituted
aromatic and aliphatic fragments to the content of carbohydratic fragments (CAr-H,C+CAlk)/CAlk-O (0.80 and 0.88, respectively). This might be indicative of aromatic fragments
determining a large fraction of atrazine affinity. A hydrophobic mechanism can be hypothesized as the driving force
of atrazine affinity for mineral-bound HS, as in the case
of soluble HS.
With regard to the structural features mostly contributing into irreversibility of atrazine sorption, a positive correlation (r = 0.76) was observed between hysteresis index
and the content of carboxylic groups (COOH). This could
be indicative of the role of specific sorption domains –
functional groups – in irreversible atrazine sorption, which
is consistent with the mechanisms of H-bonding and chargetransfer discussed in the literature for atrazine binding to
HS [37, 38].

bound and soluble HS. This opens a possibility to obtain
reasonable predictions of atrazine sorption by mineral geosorbents using partition coefficients estimated for soluble
organic fractions. The observed structure-activity relationships indicate that, as in case of soluble HS, the mineralbound humic materials rich in aromatics mainly contribute
to sorption affinity of atrazine. The obtained results support the concept developed by Gamble et al. [42] that the
molecular level mechanisms based on stoichiometry can
be applied both to humic materials and whole soils, and
used for predictive calculations and engineering purposes.
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The obtained results do not support aliphatics` thesis
that HS possess an aliphatic component, which plays a
major role in controlling the sorption of organic contaminants on humic coatings [22-25], and suggest that in the
case of atrazine multiple sorption mechanisms may be operative including atrazine binding both to non-specific (hydrophobic) and specific (functional groups) sorption domains of humic molecules. This concept has been discussed
by several investigators [39-41]. It is predicated on both
thermodynamic assessments and results of structural studies of HS-atrazine complexes. Our results suggest that hydrophobic binding to aromatic fragments of HS controls a
fast and reversible stage of atrazine sorption, which is followed by a slower one of binding to specific sorption domains via formation of charge-transfer complexes or Hbonding.

CONCLUSION
In this study, we have successfully demonstrated that
atrazine sorption by humic-clay model complexes with
content of organic carbon not exceeding 0.3 % was governed by chemical properties of humic coatings. This shows
the important role of organic matter for atrazine migration
not only in organic-rich soils, but for mineral soils and
aquifers as well. Of particular practical value is a finding
on comparable sorption affinity of atrazine both to mineral-
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SUMMARY
This paper presents a general overview of the current
municipal solid waste management in Gümüşhane Province, Turkey. In the study conducted between March 2004
and February 2005, the composting parameters (moisture
content, total organic carbon, total nitrogen and pH), organic matter content and the heavy metal concentrations (Cd,
Cr, Cu, Ni, Pb, Zn, Fe, Mn, Co) of the green wastes sorted
from the mixed municipal solid waste were determined and
evaluated. The analytes were determined with a relative standard deviation lower than 6% in all samples. The organic
fraction of biological origin made up about 30% of the
total amount of the municipal solid waste. Moisture content was 78%, organic matter content was 92.1%, C/N ratio
was 21.6/1 and pH was 4.73. Heavy metal concentrations
of the green wastes mixed with domestic wastes were found
to be higher than the separately collected green wastes.
Heavy metal concentrations of the green wastes from the
open dump were determined to decrease in the following
order: Fe>Mn>Zn>Cr>Cu>Pb>Ni>Cd>Co.

KEYWORDS: Municipal solid waste, green waste, composting,
heavy metals, open dump.

INTRODUCTION
In most parts of the world today, solid wastes are disposed of either in open dumps or sanitary landfills, or by
incineration. As incineration and sanitary landfilling are expensive-both in initial investment and throughout their operation-their use is mostly confined to developed countries,
while open dumping, at low cost, is the method used in economically developing countries. Turkey’s traditional means
of disposing of solid waste has been to dump it at these open
sites or at sea [1].
In Turkey, there are 3215 municipalities, and 16 of
them are metropolitan municipalities. A total of 2984 muni-

cipalities have solid waste management services. There are
12 sanitary landfills, 4 composting plants and 3 incineration plants. In most municipalities, medical wastes are not
collected separately from other wastes. Separate collection
of medical wastes is only practiced in 471 municipalities
[2, 3].
The composting and sorting plants, which were the first
plants in Turkey and have 150 tons/day capacities, constructed at Çiğli and Halkapınar in 1968, İzmir. These plants
were built with Denmark technology, and operated until
1985. Later, a new composting plant, which has 500 tons/
day capacity, was set up in Uzundere in 1985, İzmir. This
plant began to operate in 1988, and the other old plants
were abandoned. The other composting and sorting plant,
which is the biggest plant in Turkey at the moment and has
a closed area with 32,000 m2, in Kemerburgaz/Işıklı village
processes 1000 tons/day of municipal solid waste of İstanbul, and produces 250 tons/day compost.
Organic wastes constitute a major part of municipal
solid waste. They cause some unwanted problems both at
open dumps, sanitary landfills and incineration plants. Some
of the problems at open dumps or sanitary landfills are
leachate, which have polluting potential for groundwater
and superficial water sources, generated as a result of degradation and decomposition of organic materials, uncontrolled release of landfill gases, which may cause serious
health problems when inhaled, such as hydrogen sulfur
(H2S), carbon dioxide (CO2) and methane (CH4). Some of
the problems in incineration are that additional fuel is
needed due to the fact that organic materials have high
moisture content and low calorific value, and air pollution,
which is caused by some unwanted gases generated as a
result of incineration. There are solutions for these problems but increase the cost to a great degree. The studies
were started in order to produce economical and environment-friendly solutions for these problems together with
municipal solid waste management. In the end, the opinion
of utilizing organic waste as a soil conditioner or fertilizer
by composting appeared. Composting was accepted and put
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into practice as a solid waste disposal alternative to open
dumping or sanitary landfilling.
Composting is one element of an integrated solid waste
management strategy that can be applied to mixed municipal solid waste (MSW) or to separately collected leaves,
yard wastes, and food wastes [4]. It is the biological decomposition of the biodegradable organic fraction of MSW
under controlled conditions to a state sufficiently stable for
nuisance-free storage and handling and for safe use in
land applications [5-7].
The application of compost to soil is of great concern
because the frequent supply of compost may lead to the accumulation of heavy metals in the soil. Increased levels of
heavy metals in topsoil due to atmospheric deposition from
industrial activities and input via fertilizers, pesticides and
animal manure have already been observed. The heavy
metal content of composts should be limited in order to
guarantee the safe use of it [8, 9].
The environmental impacts of waste deposition have
been reported in a number of places. At the time of deposition, the waste may contain substances, such as organic
matter and metals, which are not stable in a near surface environment. During the stabilization of these compounds,
biologically mediated substances are often released from
the waste as landfill gas or as dissolved compounds in
leachate. Therefore, the degradation processes inside a landfill are the key factor in understanding and controlling environmental impacts. In landfills receiving organic waste,
the microbial processes will dominate the stabilization of
the waste, and hence govern the generation of landfill gas
and the composition of the leachate [10]. The leaching of
heavy metals from municipal solid waste does not cause a
frequent groundwater pollution problem at landfill sites,
partly because landfill leachate usually contains only modest concentrations of heavy metals and partly because the
heavy metals are subjected to strong attenuation by sorption and precipitation mechanisms in a down stream leachate plume [11]. Several investigations indicate that the migration of heavy metals is very low during the first decades after deposition compared to the accumulated amount
[12]. Most of these metals are emitted mainly in the aquatic
phase except mercury [13]. However, changing environmental conditions at the landfill site can induce non-linear behavior and the sudden release of heavy metals; the so-called
‘chemical time bombs’ (CTB) [14, 15].
The primary aim of this study is to determine whether
the green waste is compostable in terms of moisture content, C/N ratio and pH. The secondary aim is to point out
whether the green waste is contaminated with heavy metals from other wastes or not. For this reason, the heavy metal content (Cd, Cr, Cu, Ni, Pb, Zn, Fe, Mn, and Co) of the
green waste collected from three different places and the
green waste sorted out from the mixed municipal solid
waste are determined. Heavy metal contents of waters
(Seyhan and Ceyhan Rivers), foods (lettuce, cabbage,
spinach and mushroom), soils (Mersin’s agricultural soils)

and sed-iments (Buyak Menderes and Gediz Rivers) except
compostable wastes have been reported for major industrial cities of Turkey [16-20].
Description of Gümüşhane Province

Gümüşhane, located in the Eastern Black Sea Region
of Turkey, lies between the 38° 45′ and 40° 12′ eastern
longitudes and 39° 45′ and 40° 50′ northern latitudes.
Gümüşhane is characterized by a rugged topography. The
area of Gümüşhane is 6437 km2 at an elevation of 1210 m.
The lowest and highest elevations in the zoning plan are
1105 m and 1455 m, respectively. The temperature and
other climatic conditions of Gümüşhane vary drastically:
the mean minimum temperature is found to vary from -15°C
in February months to 9°C in August, and the mean maximum temperature is found to vary from 10°C in January
to 37°C in July. Gümüşhane receives a yearly mean rainfall of 461 mm [21]. The Stream Harşit passing from the
city center and the Stream Kelkit and their branches constitute the most important water sources of the province.
Gümüşhane has the highest spider forest with fir trees and
the highest spruce trees of Turkey.
Current waste management practice in Gümüşhane Province

In Gümüşhane Province and its towns, open dump is
the only option that is presently undertaken for the management of the municipal solid wastes. The solid waste
collection method used in Gümüşhane is the curb-side
collection method. Gümüşhane’s municipal solid waste
generally consists of wastes generated from residential and
commercial areas, parks and streets, and is not sorted at
the source, but stored in the same waste containers, in sizes
of 0.4 and 0.8 m3. The dimensions and numbers of containers vary according to the width of the street and the quantity of the waste generated. The number of containers is 660.
Solid wastes stored in containers are collected and transported to the open dump area by vehicles belonging to the
Municipality of Gümüşhane [22].
There are six open dumps in Gümüşhane Province and
its towns, Torul, Kürtün, Kelkit, Şiran and Köse. Total
70 tons/day municipal solid waste is generated in central
locations, 30 tons/day of which is generated in the centre
of the city. These wastes are collected from the galvanized
iron containers. Disposal type of these wastes is open dumping. These wastes are disposed by dumping in Kurudere
valley in southwest side of Parmaklık hill (1633 m). The
distance from the center of the city is about 4.5 km and
also fairly close to the water resource, the Stream Harşit.
Until 1984, Gümüşhane’s municipal solid wastes were
being dumped into banks of the Stream Harşit. After that,
the disposal of solid wastes in open dumps became a common practice. In spite of the publication of the Solid Waste
Control Regulation, continuously updated, the practice has
been kept on so far. Although the term “waste management”
refers to minimization at source, collection, transformation,
reuse or/and recycling and disposal in accordance with the
regulations, it only refers to collection, transportation and
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dumping at open dumps in Gümüşhane like in many cities
of Turkey [22, 23].
The total population of Gümüşhane Province is 186953,
41.5% of them live in city centers and 58.5% of them live
in villages, according to the last census in the year 2000 [2].
The population of the city center is 30270 and the present
solid waste production per capita is approximately 1 kg/ day.
The physical and chemical properties of the solid wastes of
Gümüşhane are different for every season.
Since any cover material, such as soil, is never placed
on these wastes light materials, such as paper and plastic
bags, are carried to faraway by winds causing aesthetically
unpleasant. The open dump is also near to the forest. The
green wastes in the municipal solid wastes give the possibility for unfettered animals such as cats, dogs and also
rodents and birds in order to feed and reproduce as the
open dumping area is uncontrolled. There are both serious
odor and fly problems due to the slaughterhouse wastes disposed at the area. Especially both the municipality workers deal with solid waste affairs and the people dealing with
the recovery in the area are under the threat with respect
to health. Medical wastes are also dumped into this area
as mixed with other solid wastes in spite of the publication of the Medical Waste Control Regulation in 1993 [22,
24].
In Gümüşhane, uncontrolled disposal activity has
threatened the quality of air and water resources and the
health of people. Air pollutants as a result of fires at the
open dumps have adverse effects on human health. Due to
decomposition of organic wastes, CO2, H2S and CH4 are
generated and released to the atmosphere.

until a constant weight was obtained. The dried samples
being called dry matter (DM) were then placed into desiccators for cooling and ground to obtain a particle size of
less than 0.2 mm and stored in desiccators until needed.
Analysis

The moisture content (MC) of the samples was determined from the decrease in weight. Organic matter (OM)
content of the dried matter was determined by igniting at
550°C in a furnace [25]. The pH of the samples was determined with a mobile pH meter (pH 330i) according to EPA
Method 9045D [26]. Total Organic Carbon (TOC) and
Total Nitrogen (TN) of the samples were determined with
a UV-VIS spectrophotometer (Cadas 200) and its cuvettetests (TOC cuvette test measuring range 2-65 mg/l TOC
and LATON TN cuvette test measuring range 20-100 mg/l
TN). Grinded samples were extracted according to EPA
Method 1310B before the determination of TOC and TN
[27].
Microwave digestion oven (Milestone Ethos D) was
used for preparing clear solutions. For this purpose, 0.5 g
of dried and fine powdered sample was weighed into teflon
beakers and 8 ml of HNO3, 1 ml of H2O2 and 0.5 ml of HF
were added into the beakers. And then, the samples were digested in a microwave oven. Then it was diluted to 10 ml
with water. The heavy metal content of the samples was determined with a flame atomic absorption spectrometer
(FAAS) (Unicam 929). The chemicals used were of analytical grade, and double distilled water was used in all the
experiments. The analyses were carried out in triplicate in
a temperature-controlled room (21 ± 2°C).
RESULTS AND DISCUSSION

MATERIALS AND METHODS

Compostable municipal solid wastes
Sample collection

The solid waste samples were taken from the municipal
solid waste open dumping area for a year between March
2004 and February 2005. One sample was taken in every
week, and total fifty two samples were taken in a year. After
the municipal solid waste was dumped, the solid waste
samples were taken promptly. However, some materials
having big volume, such as car tires, old house belongings
and also medical wastes were excluded. A container of
0.72 m3 volume was used in sampling process. To obtain a
representative sample, 0.288 m3 of municipal solid waste
was collected. Then, the samples were sorted in the laboratory. The green wastes were manually separated from
other municipal solid wastes.
Sample Processing (Drying and Grinding)

The green wastes were reduced in size by pre-breaking
and manually homogenized in a plastic container. A sample of 4-5 kg was used for roughly grinding. Four samples
with 125 g were taken from roughly grinded homogenized
green wastes and dried in a drying oven for 24-48 h at 75°C

The monthly mean distribution of the organic and inorganic matter (IM) content of the dried green wastes is listed in Table 1. Moisture content, TOC, TN, C/N ratio
and pH values of the green wastes are listed in Table 2.
TABLE 1 - The monthly mean distribution of the organic and
*
**
inorganic matter content of the green wastes (N =3, RSD <6%).
Months

Green wastes
(%)
March
19.0
April
23.5
May
30.0
June
46.0
July
40.0
August
38.0
September
32.5
October
48.0
November
25.5
December
21.5
January
20.5
February
14.0
Mean
29.9
* Number of repetition
** Relative Standard Deviation
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Organic matter
(% DM)
91.8
90.0
85.8
91.0
92.8
93.0
94.4
95.5
91.8
92.7
93.8
92.4
92.1

Inorganic matter
(% DM)
8.2
10.0
14.2
9.0
7.2
7.0
5.6
4.5
8.2
7.3
6.2
7.6
7.9
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tion (driven by high temperatures), then oxygen flow is
impeded and anaerobic conditions result [29]. This usually
occurs at a moisture level of about 65% [30]. If the moisture
level drops below about 40 to 45%, the nutrients are no
longer in an aqueous medium and easily available to the
microorganisms. Their microbial activity decreases and composting process slows down. Below 20% moisture, very
little microbial activity occurs [28]. It can be said that the
optimum moisture content is 55%.

TABLE 2 - The monthly mean values of composting
*
**
parameters of the green wastes (N =3, RSD <6%).
Months

Moisture
content (%)
March
78
April
67
May
78
June
84
July
81
August
85
September
80
October
75
November
79
December
78
January
78
February
75
Mean
78
* Number of repetition
** Relative Standard Deviation

TOC
(ppm)
129289
110969
97599
109574
121468
155335
132582
142893
155784
136440
156587
141266
132482

TN
(ppm)
5295
4385
5764
7064
7846
8754
7368
5248
6028
4889
6287
4764
6141

C/N
ratio
24.4
25.3
16.9
15.5
15.5
17.7
18.0
27.2
25.8
27.9
24.9
29.7
21.6

pH
4.96
5.96
5.58
4.43
4.35
3.97
3.87
4.49
5.00
4.45
4.46
5.25
4.73

The organic fraction of biological origin made up about
30% of the total amount of the municipal solid waste on
average (24% in spring, 41% in summer, 35% in autumn
and 19% in winter). In fact, this value was lower than the
expected because the people utilize the organic fraction, especially food remains and grass clippings, as feed for their
animals. The green wastes were composed of organic waste
products from indoors and outdoors. The indoor fraction
was composed of organic matter generated in the kitchen
(e.g. food scraps and tea residues) and indoor plant materials, such as flowers and houseplants. The outdoor fraction
was mostly generated in parks and yards and mainly consists of leaves, grass and branches (especially in October
with 48% of total amount of municipal solid waste is the
green waste), but also of garden topsoil. In this way, soil
components could also contribute to green wastes. It was
found that a large amount of the green wastes was organic
because the mean organic matter content of dried green
wastes was 92.1% (89.2% in spring, 92.3% in summer,
93.9% in autumn and 93.0% in winter).
The mean moisture content of the green wastes was
78% (74% in spring, 83% in summer, 78% in autumn and
77% in winter). The present moisture content of the wastes
was increased by rainfall. In general, climate is fairly dry in
summers with an average of 62 mm rainfall but rainy in winter, spring and autumn with an average of 97 mm, 181 mm
and 121 mm rainfall, respectively, and total average rainfall
for the last 10 years is 461 mm in Gümüşhane Province
[21]. Therefore, the climate affected the moisture content of
the green wastes causing an increase especially in spring,
autumn and winter, respectively. The moisture content value
of 78% for the green wastes was fairly high for composting;
therefore, excess moisture must be removed.
Water is the key ingredient that transports substances
within the composting mass and makes the nutrients physically and chemically accessible to the microbes [28]. Microorganisms require moisture to assimilate nutrients, metabolize new cells, and reproduce. They also produce water as
part of the decomposition process. If water is accumulated
faster than it is eliminated via either aeration or evapora-

The carbon-to-nitrogen ratio (C/N) of the green wastes
changed between 27.5/1 in winter (the highest value) and
16.2/1 in summer (the lowest value), and the mean C/N
ratio is 21.6/1. The C/N ratio was lower than the required
and must be increased a little with the addition of a carbonaceous waste (e.g. hay, dry leaves, paper). In general, an
initial C/N ratio of 30/1 is considered ideal. When the C/N
ratio is greater than 35/1, the composting process slows
down. When the ratio is less than 25/1, there can be odor
problems due to anaerobic conditions, release of ammonia,
and accelerated decomposition. As the composting process
proceeds and carbon is lost to the atmosphere, this ratio
narrows. Finished compost should have ratios of 15 to 20/1
[31].
Carbon is oxidized to produce energy and metabolized
to synthesize cellular constituents. Nitrogen is an important
constituent of protoplasm, proteins, and amino acids. An
organism can neither grow nor multiply in the absence of
nitrogen in a form that is accessible to it. Although microbes
continue to be active without having a nitrogen source, the
activity rapidly dwindles as cells age and die [4].
The yearly mean value of pH of the green wastes was
4.73. This value was fairly lower than the required pH,
which was between 6 and 8 and is considered optimum.
pH affects the amount of nutrients available to the microorganisms, the solubility of heavy metals, and the overall
metabolic activity of the microorganisms [31]. pH may be
increased with the addition of buffering agents, such as
lime [Ca (OH) 2].
The optimum pH range for most bacteria is between
6.0 and 7.5, whereas it is 5.5 to 8.0 for fungi [4]. If the pH
drops below 6.0, microorganisms, especially bacteria, die
off and decomposition slows down [31]. If the pH reaches
9.0, nitrogen is converted to ammonia and becomes unavailable to organisms [30]. This makes the decomposition process much slower.
Heavy metal concentrations

Heavy metal concentrations of the green waste samples
taken from the three different places are listed in Table 3.
One sample was collected from the central collection container of green waste at an apartment building and assumed
to be representative of indoor waste (sample 1). The other
sample was collected at the central collection container of
green waste at a market place and assumed to have the
characteristic of outdoor waste (sample 2). The final green
waste was sorted from the mixed solid wastes at the open
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dump (sample 3). Heavy metal concentrations of the green
wastes taken sorted at the open dump are listed in Table 4.

Heavy metal concentrations in the green wastes decreased in the following order: Fe>Mn>Zn>Cr>Cu>Pb>
Ni>Cd>Co. Chromium, copper, nickel, lead, zinc, iron and
manganese except cadmium concentrations reached to the
highest values in spring. Heavy metal content was not high
as industrial and hazardous solid wastes were not generated a lot in Gümüşhane. In a study performed by Flyhammar [32], it is seen that the heavy metal concentrations (Fe =
12413, Mn = 816, Zn = 2677, Cu = 139, Pb = 216, Ni = 25,
Cd = 6 mg kg-1, respectively) were fairly higher than the
heavy metal concentrations determined in this study except Cr = 16 mg kg-1. But heavy metals accumulate in soil
by time, and constitute a threat for soil and water resources,
such as the Stream Harşit which is a resource of water for
drinking and irrigation passes through the open dump.

TABLE 3 - The heavy metal concentrations, organic matter content and composting parameters of the green wastes sampled
*
**
from the three different sources (N =3, RSD <6%)
Parameter
indoor
Organic matter (% DM)
97
Moisture content (%)
81
TOC (ppm)
130000
TN (ppm)
5429
C/N ratio
24.0
pH
4.90
Cd (mgkg-1DM)
<0.5
-1
Cr (mgkg DM)
2.9
Cu (mgkg-1DM)
7.22
Ni (mgkg-1DM)
<1.0
Pb (mgkg-1DM)
6.0
Zn (mgkg-1DM)
14.8
Fe (mgkg-1DM)
678
Mn (mgkg-1DM)
80.5
-1
Co (mgkg DM)
<0.6
* Number of repetition
** Relative Standard Deviation

outdoor
94
62
151221
3519
43.0
6.00
<0.5
11.1
7.69
<1.0
8.7
20.1
283
66.7
<0.6

this study with respect to Pb and Zn, but are in the same
range with respect to Cd and Cu.

mixed
84
71
124602
5107
24.4
6.18
<0.5
42.6
13.02
10.36
12.6
72.5
3352
119.8
<0.6

Data analysis

There are quite differences among the heavy metal concentrations of the green wastes sampled from the three different sources (Table 3). The green wastes taken from the
open dump had higher heavy metal concentration than the
green wastes of the other sources. Because the municipal
solid wastes were stored and collected as mixed, the green
wastes were contaminated with heavy metals from batteries, used motor oils, paper ink and paints. The wastes with
soil minerals, collected from gardens, could contribute to
the heavy metal content and especially iron content of the
municipal solid wastes. Road sweepings can also contribute to the lead content of the municipal solid wastes. In a
study performed by Veeken and Hamelers [9], it is seen
that the heavy metal concentrations (Cd = 0.24, Cu = 10,
Pb = 30 and Zn = 87 mg kg -1 DM, respectively) were fairly
higher than the heavy metal concentrations determined in

Correlation coefficient is the commonly used measure
to establish the relationship between two variables. Data
were analyzed by using the Computer software, Statistical
Package for Social Sciences (SPSS) version 11.5 for Windows. The statistical analysis showed that Cr had a positive and significant correlation with Cu, Zn, Fe, Mn and inorganic matter (R2 = 0.874, 0.724, 0.904, 0.964 and 0.916,
respectively). Cu was strong positive and significantly correlated with Zn and Mn (R2 = 0.897 and 0.801, respectively), Pb was positively correlated with Fe and Mn (R2 =
0.741 and 0.750, respectively), Fe was positively correlated
with Mn, pH and inorganic matter (R2 = 0.958, 0.816 and
0.917, respectively), Mn was positively correlated with pH
and inorganic matter (R2 = 0.744 and 0.900, respectively),
moisture content was positively correlated with total nitrogen (R2 = 0.826) and negatively correlated with pH (R2
= 0.745), total organic carbon was positively correlated
with organic matter (R2 = 0.715), and total nitrogen was
negatively correlated with pH (R2 = 0.726).

TABLE 4 - The monthly mean heavy metal concentrations of the green wastes
*
**
sorted from the mixed wastes at the open dump (mg kg -1 DM) (N =3, RSD <6%)
Months
Cd
Cr
March
<0.5
17.7
April
<0.5
35.1
May
<0.5
108.3
June
<0.5
22.0
July
<0.5
11.4
August
0.57
11.4
September
1.18
9.5
October
0.87
6.4
November
6.39
16.6
December
0.95
12.5
January
<0.5
9.1
February
<0.5
11.4
Mean
22.6
* Number of repetition
** Relative Standard Deviation

Cu
9.30
10.01
28.63
7.50
4.70
7.97
15.80
9.52
8.33
5.58
6.00
6.92
10.02

Ni
6.45
6.27
5.53
2.92
2.00
2.71
5.78
2.98
4.43
5.54
5.29
4.95
4.57
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Pb
5.3
8.5
14.2
2.3
5.6
2.6
6.3
5.6
6.3
6.9
11.5
5.4
6.7

Zn
37.7
48.1
66.9
33.6
20.0
28.4
57.9
33.3
35.1
35.3
25.9
33.0
38.0

Fe
1925
3058
4593
1555
883
588
886
786
1976
1735
1587
1595
1764

Mn
72.9
126.4
236.2
49.8
38.9
31.6
27.3
43.0
49.2
54.2
55.8
62.9
70.7

Co
<0.6
<0.6
0.93
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
<0.6
-
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TABLE 5 - Correlation matrix for different parameters of the green wastes,
cells show the pearson correlation coefficient and the corresponding P-value.
Cr

Cu

Ni

Pb

Zn

Fe

Mn

MC

TOC

TN

pH

OM

Cr
Cu
Ni
Pb
Zn
Fe
Mn
MC
TOC
TN
pH
OM
IM

0.874
0.000
0.279
0.379
0.679
0.015
0.724
0.008
0.904
0.000
0.964
0.000
-0.142
0.661
-0.687
0.014
-0.176
0.584
0.586
0.045
-0.916
0.000
0.916
0.000

0.344
0.273
0.615
0.033
0.897
0.000
0.706
0.010
0.801
0.002
-0.074
0.819
-0.545
0.067
-0.063
0.845
0.339
0.280
-0.667
0.018
0.667
0.018

0.525
0.079
0.596
0.041
0.545
0.067
0.421
0.173
-0.555
0.061
-0.145
0.653
-0.630
0.028
0.495
0.102
-0.301
0.342
0.301
0.342

0.523
0.081
0.741
0.006
0.750
0.005
-0.419
0.175
-0.266
0.403
-0.370
0.236
0.495
0.102
-0.512
0.089
0.512
0.089

0.682
0.015
0.697
0.012
-0.281
0.377
-0.558
0.059
-0.253
0.427
0.397
0.201
-0.584
0.046
0.584
0.046

0.958
0.000
-0.428
0.165
-0.628
0.029
-0.492
0.104
0.816
0.001
-0.917
0.000
0.917
0.000

-0.373
0.232
-0.668
0.018
-0.385
0.216
0.744
0.006
-0.900
0.000
0.900
0.000

CONCLUSIONS AND RECOMMENDATIONS

0.193
0.549
0.826
0.001
-0.745
0.005
0.144
0.656
-0.144
0.656

0.165
0.609
-0.461
0.131
0.715
0.009
-0.715
0.009

-0.726
0.007
0.210
0.512
-0.210
0.512

-0.698
0.012
0.698
0.012

-1.000
0.000
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The green wastes generated in Gümüşhane Province
are not suitable for composting with respect to the high
moisture content being 78%, relatively low C/N ratio being
21.6/1, and low pH being 4.73. Even if the composting is
made possible by decreasing the moisture content, increasing C/N ratio a little and pH, the quantity of the generated
green wastes is not enough in the city if a composting plant
is planned to be constructed. The mean amount of the green
waste is about 9 tons/day. The total amount reaches up to
50 tons/day in Gümüşhane Province. The green wastes
should be transported from the towns to a central place and
composted instead of open dumping.

1082

REFERENCES
[1]

Kocasoy, G. (2002) Solid waste management in Turkey. Waste
Management World, January-February.

[2]

Republic of Turkey, Prime Ministry Turkish Statistical Institute (TURKSTAT). (2004) Turkey’s Statistical Yearbook.

[3]

Tınmaz, E. and Demir, İ. (2006) Research on solid waste
management system: To improve existing situation in Çorlu
Town of Turkey. Waste Management 26 (3), 307-314.

[4]

Tchobanoglous, G. and Kreith, F. (2002) Handbook of Solid
Waste Management, Second Edition, McGraw-Hill, 12.6 pp.

[5]

Golueke, C.G. and Mc Gauhey, P.H. (1955) Reclamation of
Municipal Refuse by Composting. Technical Bulletin 9, Sanitary Engineering Research Laboratory, University of California, Berkeley.

[6]

Golueke, C.G. (1972) Composting: A study of the Process
and Its Principles. Rodale Pres, Inc., Emmaus, PA.

[7]

Diaz, L.F., Savage, G.M. and Eggerth, L.L. (1993) Composting and Recycling Municipal Solid Waste. Lewis Publishers,
Inc., Ann Arbor, MI.

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

[8]

Kabata-Pendias, A. and Pendias, H. (1985) Trace Elements in
Soils and Plants. Boca Raton: CRC Press Inc.

[9]

Veeken, A. and Hamelers, B. (2002) Sources of Cd, Cu, Pb
and Zn in biowaste. The Science of the Total Environment
300 (1-3), 87-98.

[23] Solid Waste Control Regulation (1991) Turkey.
[24] Medical Waste Control Regulation (1993) Turkey.

[10] Christensen, T.H. and Kjeldsen, P. (1989) Basic biochemical
processes in landfills. In: T. Christensen et al. (eds.), Sanitary
Landfilling: Process, Technology and Environmental Impact.
Proceedings Sardinia 91, Third International landfill Symposium, Cagliari, 29-49.
[11] Christensen, T.H., Kjeldsen, P., Albrechtsen, H.J., Heron, G.,
Nielsen, P.H., Bjerg, P.L. and Holm, P.E. (1994) Attenuation
of landfill leachate pollutants in aquifers. Critical Reviews in
Environmental Science and Technology 24 (2), 119-202.
[12] Finnveden, G. (1996) Solid waste treatment within the
framework of life cycle assessment. Int. J. LCA l (2), 74-78.
[13] Baccini, P., Henseler, G., Figi, R. and Belevi, H. (1987) Water and element balances of municipal solid waste landfills.
Waste Management & Research 5 (4), 483-499.
[14] Stigiliani, W.M. (1991) Chemical time bombs: definition,
concepts, and examples. Executive Report 16, International
Institute for applied system analysis, Laxenburg, 23.
[15] Salomons, W. (1993) Non-linear and delayed responses of
toxic chemicals in the environment. In: F. Arendt, G.J. Annokkee, R. Bosman and W.J. Van den Brink (eds). Contaminated Soil 93. Fourth International KfK/TNO Conference on
Contaminated Soil, Kluwer Academic Publishers, Berlin,
225-238.

[25] APHA (1992) Standard methods for the examination of water
and wastewater. Part 2540 E, 18th edition, American Public
Health Association, Washington, DC.
[26] US EPA (2002a) SW-846 Ch 6 reference methodology:
Method 9045D. Soil and Waste pH, Washington, DC.
[27] US EPA (2002b) SW-846 Ch 8 reference methodology:
Method 1310B. Extraction Procedure (EP) Toxicity Test
Method and Structural Integrity Test, Washington, DC.
[28] Haug, R.T. (1980) Compost engineering principles and practice. Ann Arbor, MI: Ann Arbor Science publishers, Inc.
[29] Gray, K.R., Sherman, K. and Biddlestone, A.J. (1971) Review of composting Part 2- The practical process. Process Biochemistry 6 (10), 22-28.
[30] Rynk, R. (ed.) (1992) On-farm composting handbook. Northeast Regional Agricultural Engineering Service, Cooperative
Extension, Ithaca, NY.
[31] US EPA (1995) Decision-Maker’s Guide to Solid Waste Management, Second Edition, 7-12, 7-13, Washington, DC.
[32] Flyhammar, P. (1997) Estimation of heavy metal transformations in municipal solid waste. The Science of the Total
Environment 198 (2), 123-133.

[16] Yılmaz, H., Erbatur, O. and Erbatur, G. (2003) Monitoring of
pesticide and heavy metal discharge of the major rivers and
drainage canals into the Mediterranean Sea in the north-east
coastal zone, Turkey. Fresenius Environmental Bulletin 12
(11), 1407-1411.
[17] Divrikli, U., Saracoglu, S., Soylak, M. and Elci, L. (2003)
Determination of trace heavy metal contents of green vegetable samples from Kayseri-Turkey by flame atomic absorption
spectrometry. Fresenius Environmental Bulletin 12 (9), 11231125.
[18] Yamaç, M., Yıldız, D., Sarıkürkcü, C., Çelikkollu, M. and
Solak, M.H. (2007) Heavy metals in some edible mushrooms
from the Central Anatolia, Turkey. Food Chemistry 103 (2),
263-267.
[19] Köleli, N. (2004) Determination of heavy metal concentrations in open and protected cropping systems. Fresenius Environmental Bulletin 13 (12b), 1521-1524.
[20] Akcay, H., Oguz, A. and Karapire, C. (2003) Study of heavy
metal pollution and speciation in Buyak Menderes and Gediz
river sediments. Water Research 37 (4), 813-822.
[21] Turkish State Meteorological Service (TSMS) (2006) Temperature and rainfall data containing a 10 years record between
1996 and 2005 for Gümüşhane Province.
[22] Bayram, A. (2004) Determining and feasibility study for disposal methods of Gümüşhane central municipal solid waste
characteristics, M. Sc. Thesis, Karadeniz Technical University, Trabzon, Turkey (in Turkish).

1083

Received: January 04, 2007
Revised: March 26, 2007
Accepted: April 10, 2007

CORRESPONDING AUTHOR
S. Serkan Nas
Karadeniz Technical University
Gümüşhane Faculty of Engineering
Department of Civil Engineering
29000 Gümüşhane
TURKEY
Phone: +90 456 233 74 25
Fax: +90 456 233 74 27
E-mail: serkannas@gmail.com
FEB/ Vol 16/ No 9a/ 2007 – pages 1069 - 1075

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

HEAVY METAL CONTAMINATION IN THE
SEMIARID AREA OF CARTAGENA-LA UNIÓN (SE SPAIN)
AND ITS IMPLICATIONS FOR REVEGETATION
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SUMMARY
In this study a mine tailing located near La Union town
(SE Spain) was investigated in order to establish lines for
further phytostabilization works. A plot sampling design
was carried out in order to characterize the soil properties
and natural occurring vegetation. The tailing is strongly
eroded and vegetation on its surface is scarce. Total heavy
metal concentrations were 1800 mg kg-1 for Pb and Zn,
and 180 mg kg-1 for Cu. The pH was less than 4 and consequently, water extractable metals (14% of the total Zn)
and electrical conductivity (>15 dS m-1) were high. Nutrient properties were poor (<0.4 % organic carbon; <0.030 %
total nitrogen). Natural occurring vegetation (mainly chamaerophyte and terophyte species) was composed by low
number of plant species and their annual cycle was affected
by the scarcity of rains. All these factors make this tailing
a hostile environment for plant establishment. Revegetation
would require the addition of lime and/or organic matter to
facilitate plant growth and increase the diversity of plant
species.

KEYWORDS: heavy metals, mining activities, acidic soil, tailings,
phytostabilization, semiarid climate.

INTRODUCTION
The Cartagena-La Union Mining District (Fig. 1)
constituted an important mining nucleus for more than
2500 years, ceasing activity in 1991. Until 1955, mine waste
was dumped into local streams filling riverbeds and contaminating their surroundings. In order to remedy this situation, the Government in 1955, prohibited mining companies
from dumping wastes on the ground to form tailings [1].
Nowadays tailings cover 160 hectares in this region [2].

Some of them are near to urban and agricultural areas, increasing the risk of metal exposure to humans via
wind-borne dust or affecting plant productivity and food
safety.
Current chemical methods to clean highly metal polluted soils are expensive and environmentally invasive. Another alternative is revegetation, since some plant species
are able to accumulate metals from soils. However, mine
tailings are so polluted that their decontamination by plants
would take an unacceptable long time. In relation to mine
tailings, Ernst [3] considered that phytoextraction (removal
of metals using plants) is less appropriate than phytostabilization. Fitz and Wenzel [4] described phytostabilization
as the use of tolerant plants to mechanically stabilize and
immobilize pollutants including the decrease of the mobility in the rhizosphere by precipitation or immobilization.
Phytostabilization may reduce the bioavailabilty of metals
and prevents wind and rain erosion [5]. Soil conditioners,
such as lime, compost, manure and fertilizer are useful to
improve plant growth. Once established, the vegetation also
may improve nutrient conditions in the soil to an extent
where soil conditioners are no longer needed [6].
The objectives of this work were to characterize a tailing from a mine near La Unión town, by determining the
chemical and physical soil quality indicators and describe
the natural occurring vegetation in order to assess further
phytostabilisation works.
MATERIALS AND METHODS
Sampling was conducted during February 2003 at
“Brunita” tailing, placed in the Mining Disctrict of Cartagena-La Union (Fig. 1). The location is the same as the
headwater of a creek whose riverbed is strongly affected by
the presence of mining wastes. In 1975 part of the tailing

1084

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

collapsed and its materials were spread in the surroundings.
The area is characterised by semiarid Mediterranean climate, with an annual rainfall of 275 mm, concentrated during spring and autumn. The annual average temperature is
17 ºC and the evapotranspiration rate is 856.8 mm per year.
The bioclimate area belongs to the thermomediterranean
termotype with semiarid ombrotype [7].

termine the total nitrogen. Total Cu, Pb and Zn concentrations were analyzed after a HNO3:HClO4 digestion at 210°C
for 1.5 h. The soluble metal fractions were determined from
a 1:5 soil:water mixture [11] that was shaken for 2 h. Solution concentrations were measured using flame atomic absorption spectroscopy (UNICAM 969 AA spectrometer).
The methodology for total metal concentration was referenced with the use of the CRM027-050 Certified Material
(Resource Technology Corporation, USA). We obtained recoveries of 112% for copper, 99% for zinc and 94% for lead.
Spontaneous vegetation is scarce on the top surface of
the tailing and barely visible on the slopes. The sampling
of plant communities cover was done by using three new
plots of 5 x 5 m2 in those parts where vegetation had more
homogeneous and consolidated establishment. The samplings were done at the middle of each season in a complete year (from summer 2002 to summer 2003). In each
season the number of different species was counted and
their relative cover percentage was estimated in each plot
by using a quadrat method with sub-plots of 1 x 1 m2.
Statistical analysis (ANOVA and LSD for comparison
of means) was carried out with Systat 10.2 [12].
RESULTS AND DISCUSSION

FIGURE 1 - Location of the studied area.
Soil parameters

Three representative areas of the whole structure were
selected on the basis of slope and topography. In each one,
a 8 x 8 m2 plot was constructed. Five soil samples from
the first 40 cm (one from the center and four from the vertex) were done in each plot. Two replicates were done at
each point (N= 10 per plot). All the soil samples were air
dried, sieved to <2 mm, homogenized, and stored in plastic bags prior to laboratory analysis.
Soil pH was determined in 1:1 water:soil ratio using a
Crison Basic 20 pH meter. Electrical conductivity of the
saturation extract was measured using a conductivimeter
Crison Micro CM 2200. Equivalent calcium carbonate was
determined handling a Bernard calcimeter. The texture was
determined using the Robinson pipette method combined
with sieving. The cation exchange capacity was determined
by applying the method proposed by Chapman [8]. Organic
carbon was determined by the oxidation of organic matter
using potassium dichromate (Anne [9] modified by
Duchafour [10]). The Kjeldahl method [8] was employed
to de-

All the plots had pH lower than 3.5 (Table 1) and only
significant differences were found for plot 2 (P<0.05). According to USDA [13] these sediments were classified like
ultra-acid. Acidity is common in most of mine wastes and
an important constraint for plant growing [14]. Electrical
Conductivity (EC) values revealed that plots 1 and 2 were
strongly saline and plot 3, moderately saline according to
USDA [13]. The high EC values may be explained by low
pH, because under acidic conditions the matrix of the tailings will dissolve more salts [15]. The calcium carbonate
percentage was <5% due to the acidic nature of the samples. Organic carbon and total nitrogen (Table 1) were considered low and characteristic of a poor nutrient soil according to Alarcón-Vera [16].
In relation to texture (Table 1) the clay fraction was
similar for the three plots (10% and P>0.05) and differences were only found for silt and sand fractions from
plot 1 (P<0.05). The high sand percentage (>50%), especially at plots 2 and 3, may result in a low water retention

TABLE 1 - Soil properties from plot samples: pH; Electrical Conductivity of the saturated extract (E.C.); % equivalent calcium
carbonate (eqCaCO3); Cation Exchange Capacity (C.E.C.); % Organic Carbon (O.C.); % Total Nitrogen (T.N.); % clay, silt and
sand. Numbers in brackets show standard deviation. Different letters mean significant differences among plots (P<0.05). N=10.
plot

pH

1
2

2.7(0.3)a
2.3(0.2)b

E.C.
dS m-1
22(10)a
19(8)a

eqCaCO3
%
<5
<5

C.E.C.
cmol(+) kg-1
13(5)a
12(2)a

O.C.
%
0.3(0.2)a
0.4(0.2)a
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T.N.
%
0.030(0.011)a
0.028(0.010)a

clay
%
11(2.3)a
10(3.0)a

silt
%
59(15)a
33(13)b

sand
%
30(15)a
57(13)b
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2.9(0.4)a

15(7)a
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<5

9(2)b

0.3(0.1)a

1086

0.029(0.009)a

10(3.0)a

25(14)b

65(16)b
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capacity and be another constrain for the establishment of
the vegetation. Moreover, the occurring of surface compaction processes may favor erosion processes through water
run-off during the short intensive rainfalls typical from this
area. Cation Exchange Capacity (CEC) is related to soil texture since silt, and especially, clay, contain most of the
negatively charges in the soil. Soils with high sand percentages tend to have low CEC values. In our samples the differences in CEC were determined by the sand and silt content since the clay percentages were constant for the three
plots. In this way, plot 1 had the highest silt content (60%)
and the highest CEC values (13 cmol(+) kg-1). However at
plot 3, where sand percentage was higher than 50% the
CEC values were lower (9 cmol(+) kg-1). The average value
of the CEC in the three plots reached medium level according to Alarcón-Vera [16].
Heavy metals

Elevated concentrations of Pb and Zn were recorded in
plots 1 and 2 (Fig. 2a). Plot 3 showed less than the half concentrations (P<0.05) of these metals in relation to plots 1
and 2. This disparity of metal concentrations in the same
tailing demonstrates the heterogeneity of these sediments.
This should be taken into account in the revegetation works
because patches of high metal concentration may affect
plant growth, resulting in unvegetated areas, or originate
areas where the species composition differs markedly from
the surroundings.
4000

To evaluate the soil pollution at Brunita tailing we
compared it with reference levels from a variety of guidelines. Thus, the Zn concentrations at plots 1 and 2 surpassed
the values for industrial use (1500 mg kg-1) of the Italian
legislation [17] and were two times higher than the Dutch
intervention levels (720 mg kg-1) [18]. Soils in our plots also
had higher heavy metal burden than those affected by the
Aznalcollar accident, which averaged 748 mg kg-1 Zn [19].
The Pb concentration was two times higher than the maximum admissible in soils by the Italian legislation for industrial use (1000 mg kg-1) and for times the levels proposed by Netherlands (530 mg kg-1). Lead levels also exceeded the intervention levels proposed by the Junta de
Andalucia for soils affected by the toxic spill in Aznalcollar
(500 mg kg-1) [20]. The Pb concentration of 360 mg kg-1
that Simón et al. [19] reported for the soils affected by the
Aznalcollar spill were exceeded in our plots. The Brunita
soil had at least five times and twenty times more Zn and
Pb, respectively, than the background levels of non-contaminated soils in the area [21].
1000
Soluble Zn (mg kg-1)
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FIGURE 3 - Relation between Electrical Conductivity (E.C.)
and soluble Zn in the studied samples. N=30.
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In relation to soluble metals (Fig. 2b), it should be highlighted that 10% of the total Zn was extractable in water.
These levels may be phytotoxic to plants. In addition, the
leaching from the tailing presumably contains high Zn concentrations, since this is associated with the soluble salts,
as shown in Fig. 3 (r=0.694; p<0.01). For Pb and Cu lower
percentages where extracted (<1% and 2-3%, respectively).
Previous studies in this zone found high concentrations of
sulfate in the riverbed of the “Rambla del Miedo”, a creek
whose headwater is in the same location of the Brunita
tailing [22]. Moreover, Jimenez et al. [23] studied the mouth
of this watercourse in the nearby Mar Menor lagoon and
found abnormal concentrations of metal in its riverbed sediments (>2000 mg kg-1 Pb; >2000 mg kg-1 Zn; >200 mg kg-1
Cu).

1

Zn

Pb

Cu

FIGURE 2 - Total heavy metal (a) and water extractable concentrations (b) in each plot. Different letters indicates significant
differences for each metal between plots (P<0.05). N=10. Black
bars on columns show standard deviation.

Vegetation

The plant communities that scarcely grew at the tailing were formed by low number of plant species (Table 2).
The natural colonization of mine sites is slow since the physicochemical characteristics of these sites are not suitable for
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TABLE 2 - List of plant species present in each one of the sampled plots. Cells with “x” mean that this species was found at this plot.
Latin name

Family/common name

Habitat*

Life forms*

Plot
2 3
x
x x x
x x x
x x
x
x
x
x
x
x
x
x x x
x
x
x x
x
1

Anagallis arvensis L.
Atriplex halimus L.
Dittrichia viscosa (L.) Greuter
Helichrysum decumbens (Lag.) Camb
Limonium sp.
Mesembryanthemum nodiflorum L
Moricandia arvensis (L.)DC.
Paronychia suffruticosa (L.) Lam
Phagnalon saxatile (L.) Cass
Pinus halepensis Miller
Piptatherum miliaceum (L.) Cosson
Sedum sediforme (Jacq.) Pau
Senecio vulgaris L.
Sonchus tenerrimus L
Spergularia media (L.) K.Presl

Primulaceae/Common pimpernel
Chenopodiceae/Mediterranean saltburh
Compositae/False yellohead
Composita/Eternal flowered
Plumbaginaceae/Lavender
Aizoaceae/ Slenderleaf iceplant
Cruciferae/Moricandia
Caryophyllaceae
Composita
Pinaceae/ Pine
Gramineae / Smilo grass
Crassulaceae/ Stone crop
Compositae/ Groundsel
Compositae/ Sow thistle
Caryophyllaceae/Sandspurry

Cultivated fields, path and road sides, disturbed zones
Salty soils near the sea. Gardens.
Fields, path and road sides, disturbed zones.
near the sea, path and road sides,
Coast salty soils.
Rocky and sandy coastlines
Cultivated fields, path and road sides, disturbed zones
Therophytics communities
Rocks, walls.
Forests
Cultivated fields, path and road sides, disturbed zones
Rock creviceses. Walls and roofs.
Cultivated fields, path and road sides.
Cultivated fields, path and road sides, disturbed zones
Coastal zones and salt marshes

Therophyte
Nanophanerophyte
Nanophanerophyte..
Chameophyte.
Therophyte
Therophyte
Chameophyte
Chameophyte
Chameophyte
Phanerophyte
Hemicryptophyte.
Chameophyte
Terophyte
Terophyte
Chameophyte

* according to UIB [28]

The highest cover percentage was reached after autumn
(Fig. 4), where take place the most part of the rainfall in
this area. However vegetation seemed to suffer the drought
of the summer (almost no rain and temperatures that may
reach eventually 35-40°C) and then, this cover percentage
decreased. Plant survival in this area may be facilitated by
the humidity of the air due to the proximity of the coast.
This is important for the development of the local vegetation, mitigating the scarcity of rains with the formation of
fogs and cryptoprecipitations [26].
Conesa et al. [27] affirmed that the presence of metal
and acid tolerant plant populations in the surroundings of
tailings may favor their further colonization. This may explain why some acid tolerant species (e.g. L.spartum), found

in similar tailings from this area, do not appear in Brunita
tailing.
Previous studies in the same area [29, 30] have shown
low metal uptake levels in plants which grew in tailings,
minimizing the risk of metals entering the food chain.
%
10
9
percentage of coverage

most plant species. For this reason, metal tolerant plant
species can spread easily in these environments due to the
lack of competitors [24]. Annual species often have stress
resistant properties, and can grow under poor fertilizer and
water scarcity conditions. As a result of long-term natural
selection, annual species have an extensive adaptive capacity [25]. However, from the fifteen plant species sampled (Table 2), only five were terophyte –annual plants(complete their cycle during the favorable seasons and
survive the unfavorable ones in the form of seeds); five
were considered chamaerophyte (low woody or herbaceous plant with perennating tissue within 50 cm); three
were phanerophyte (woody plant persistent for several
years with buds normally above 3 m and, in the case of
nanophanerophyte, below 3 m) and one was hemicryptophyte (herbaceous, often dying back after the growing
season, with shoots at soil level surviving). Metal tolerant
species with perennial buds, in spite of its low spread,
may generate more stable plant communities in long term.
It is interesting to note that the three species with the
highest cover percentages (Fig. 4) (P.miliaceum,
A.halimus and D.viscosa) have life forms associated with
perennial buds, while chamaerophyte species, even in the
more favorable season, did not show percentages higher
than 1%.

8
7

P.miliaceum
D.viscosa
A.halimus
rest

6
5
4
3
2
1
0
summer
2002

autumn
2002

winter
2002

spring
2003

summmer
2003

season

FIGURE 4 - Variation of the coverage percentage of the plant species in the three studied plots through the year of sampling. Data
are the average of the relative covers in the three plots. N=3. The
group called “rest” includes the sum all the plant species whose
relative cover was lower than 0.5%.

CONCLUSIONS
Elevated heavy metal concentrations, especially for Pb
and Zn were found in the Brunita tailing placed in the surroundings of La Unión tailing. The low pH resulted in the
high mobility of metals, especially Zn. These aspects represent an important hazard to the environment of the surroundings, and may pose risk for human health if no remediation
work is implemented.
The presence in this tailing of spontaneous plant communities should be taken into account in order to carry out
works of revegetation and stabilization, since its improving
may suppose a low cost and easy option. However, the
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study of these plant communities revealed that only three
reached high cover values but their spread, due to their
life form characteristics, seems to be slow and only effective at long term. Annual species, with faster capability of
spreading, did not reach high cover percentages.

[9]

Some works, including, effective surface ploughing and
reducing the steep slopes by constructing steps or terracing, may facilitate the spread of plants. In addition, lime
amendments to increase the pH, and organic matter to increase nutrient levels, may facilitate the introduction of a
higher variety of plant species.

[11] Ernst, W.H.O. (1996). Bioavailability of heavy metals and decontamination of soils by plants. Applied Geochemistry 11,
163-167.
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SUMMARY

INTRODUCTION

This study evaluated the effect of hydraulic loading
rate (HLR) on the removal of water pollutants with an integrated vertical flow constructed wetland in subtropical
China. There were three plant species in the constructed
wetland, Coix lacryma–jobi and Canna edulis in warm
seasons and Lolium perenne in cold seasons. The percentage removal of ammonium (NH4-N), total phosphate (TP),
chemical oxygen demand (COD) and five-day biochemical oxygen demand (BOD5) all showed a shallowly negative response to an increase in HLR from 200 to 1200 L m-2
d-1, while the mass removal rate showed a markedly positive response to HLR. The upper limit for mass loading
rates of NH4-N, TP and BOD5 did not occur, even when
HLR was increased to 1200 L m-2 d-1, while the equivalent for COD occurred when HLR reached 1000 L m-2 d-1.
It is concluded that the design of this constructed wetland
was very efficient in removing aqueous pollutants.

KEYWORDS: constructed wetland, integrated vertical flow, nutrient removal, hydraulic loading rate, subtropical region.

ABBREVIATIONS
Aw, total area of the constructed wetland; BOD5, fivedays biochemical oxygen demand; CA, chamber A (water
down-flow); CB, chamber B (water up-flow); Ce, the outflow concentrations; Ci, the inflow concentrations; COD,
chemical oxygen demand; CW, constructed wetland; HLR,
hydraulic loading rate; HRT, hydraulic retention time;
MLR, mass loading rate; NH4-N, ammonium; Q, the flow
of wastewater; Rmass, mass removal rate; RR, the percentage removal rate; and TP, total phosphate.

Several wetland designs have been developed recently
to aid pollution control, such as removal of enteric organisms and treatment of wastewater [1, 2]. Provided the systems are designed well with suitable vegetation and controlled pollutant loading, they will compare favorably with
other approaches, such as conventional secondary and advanced wastewater treatment for highly eutrophic lake water
[3], eutrophic aquaculture wastewater [4], and communal
sewage [5]. Reductions in COD, BOD5 and nutrients are,
in general, higher in constructed wetland (CW) [1, 6]. This
variability with respect to nutrients can be attributed to the
differences in hydraulic loading rates (HLR), the types of
nutrient, and the abiotic environment [7]. Previous reports
on CW have mostly dealt with temperate regions, and there
is relatively little information on their use in treating moderately polluted stream water in subtropical regions.
CW typically requires a low HLR and a long hydraulic
retention time (HRT) to achieve efficient pollutant removal
[8]. Bojcevska et al. [9] demonstrated a positive linear relationship between mass removal rates (Rmass) and mass loading rates (MLR) of NH4-N and TP in a tropical free-water
CW. However, debate about the relationship between HLR
and the removal rates (RR) still continues for conditions
with high HLR, in part because a lack of criteria to define
what is meant by high or low HLR. Values for HLR of
135 L m-2 d-1 [4], 1540 and 1950 L m-2 d-1 [8] were all considered by the authors to be very high, though values up to
5410 L m-2 d-1 have been reported by Schulz et al. [10].
MLR has, therefore, been taken into consideration when
comparing the performance efficacy of CWs under different values for HLR.
The aim of the present study was to examine the effect
of HLR on the removal efficacy in a CW near Hangzhou
in subtropical China. The system, which used integrated
vertical flow with a fluctuating water level, was tested for
the treatment of moderately eutrophic water in a creek with
HLR being increased gradually from 200 to 1200 L m-2 d-1.
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MATERIALS AND METHODS
Constructed wetland system

In 1998, a CW was built at the end of the Longhong
Creek before it discharges into West Lake (120°10΄E,
30°31΄N). The river received agricultural (mainly tea field
and fish pond) as well as domestic wastewater from houses
scattered in the up-creek areas (Fig. 1). The maximum and
minimum temperatures are 39.9 °C and -9.4 °C, annual
mean temperature is 16.7 °C. Annual mean precipitation
and evaporation are 1375 mm and 1352 mm, respectively.
The annual non-frost period is 246 d, and there are up to
three periods of snowfall in winter.
North

Longhong Creek

Cushion chest

Chamber B

Down flow

Up flow

Input

Water samples analysis

FIGURE 1
Location of the integrated vertical flow constructed wetland.

Input

Spread hosepipe
Catchment hosepipe
Sand bed

Seedlings of Coix lacryma–jobi (about 35 cm tall) and
Canna edulis (about 45 cm tall) were transplanted to CA
and CB in May 1998. The system started feeding creek
water at 200 L m-2 d-1 (equals 200 mm d-1) in late May,
and vegetation was established within three weeks. An autocontrolled pump was used to pump water from Longhong
Creek into the CW four times per day, i.e. intermittently.
In late November, the two species withered and the vegetation in both chambers was replaced with a winter species, Lolium perenne.
Tests were conducted with HLR ranging from 200 to
1200 L m-2 d-1 in warm seasons, by setting different running hours of the pump. From May to October in 1999,
200 L m-2 d-1 increased at the beginning per month, and
water samples were taken at the end of the month, when
the duration had over about eight times of the HRT (3 days
for this system), insuring a steady state of the water quality under a given HLR. We sampled the inflow and outflow water at 08:00, 12:00 and 16:00 each day, three days
successively.

Output

Chamber A

50-cm layer in the second chamber (CB, water upflow),
such that the sand surface of CA is 15 cm higher than that
of CB. Perforated irrigation pipes were placed on the sand
surface in CA for wastewater irrigation. A brick wall in the
sand layer divided the two chambers, and a network of horizontal pipes in the gravel layer connected the two chambers. Eutrophic water was pumped from the Longhong
Creek and stored temporarily in a 3-m3 buffer tank before
discharging into CA.

Output

Sand bed

Nesslerization was used for NH4-N, total phosphorus
(TP) was digested by K2S2O8 oxidation and determined by
colorimetry [11], and chemical oxygen demand (CODMn)
was determined by back titration method after potassium
permanganate/sulphuric acid digestion. Biochemical oxygen
demand in five days (BOD5) was measured by OxiTop instrument (Wissenschaftlich-Technische Werkstätten GmbH
& Co. KG, Weilheim, Germany).
RR for the aqueous pollutants by CW was calculated as
follows:

Grave bed

RR(%) =
Chamber A

Chamber B

Ci - Ce
× 100%
Ci

(1)

where Ci and Ce are the inflow and outflow concentrations in mg L-1.

FIGURE 2 - The ichnography of the integrated vertical
flow constructed wetland near Longhong creek, Hangzhou.

HLR (L m-2d-1) was calculated
The CW consists of two chambers, with dimensions of
9 m × 9 m (81 m2 each) and 1.3 m depth. We designed the
system for the project supported by European Union contract ERBIC18CT960059 (Fig. 2). There are two layers of
inert material in both chambers to support plants growth. A
20-cm layer of coarse gravel (40-80 mm diameter) was laid
on the cement bottom. A 65-cm sand layer was then placed
in the first brick-wall chamber (CA, water downflow) and a

HLR =

Q
Aw

(2)

where Q is the flow (L d-1) of wastewater through the
CW, Aw is the total area (m2 ) of the CW.
MLR and Rmass of aqueous pollutants were calculated
in g m-2 d-1.
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Ci × HLR
1000
(Ci − Ce ) × HLR
R
=
mass
1000

(3)

MLR =

(4)

RESULTS

creased as high as 1200 L m-2 d-1, CW could still efficiently
remove NH4-N, RR kept at 82%, and removal efficiencies
for TP and BOD5 were also kept at considerable levels, RR
over 50%. While for COD, RR decreased to 26% at HLR
1200 L m-2 d-1, although it still kept at 40% when HLR was
1000 L m-2 d-1.
Mass removal at different hydraulic loading rates

Removal rates at different hydraulic loading rates

The RR for NH4-N decreased slightly (variation range
only 10%) with the increase of HLR from 200 to 1200 L m-2
d-1, RR for COD and TP showed a larger decrease (16%
and 27%, respectively), while BOD5 showed almost no
change with increasing HLR (Table 1). When HLR was in-

Rmass for the four parameters all showed a positive response to the increase (200 to 1200 L m-2 d-1) of HLR:
NH4-N from 0.17 to 0.90 g m-2 d-1; TP from 0.06 to 0.27 g
m-2 d-1; COD from 0.45 to 1.95 g m-2 d-1; and BOD5 from
0.35 to 2.34 g m-2 d-1. However, the Rmass for COD decreased when HLR exceeded 1000 L m-2 d-1 (Table 2).

TABLE 1 - Performance in removal rate (Mean±SD) at different hydraulic loading rates.
HLR (L m-2 d-1)
200
400
600
800
1000
1200

NH4-N (%)
91.77±1.25
96.19±1.40
88.09±23.81
86.33±9.23
80.57±5.89
81.66±10.31

TP (%)
71.79±27.18
85.24±8.06
68.05±24.28
71.45±18.32
65.11±17.49
58.22±5.39

COD (%)
36.46±9.11
42.88±5.90
37.71±10.08
39.26±9.33
40.66±5.73
26.52±17.02

BOD5 (%)
47.5±54.74
53.85±24.48
51.21±18.55
49.16±7.50
51.11±26.64
52.38±12.40

TABLE 2 - Performance in mass removal rates (Mean±SD) at different hydraulic loading rates.
HLR (L m-2 d-1)
200
400
600
800
1000
1200

NH4-N
(g m-2 d-1)
0.17±0.09
0.35±0.20
0.49±0.27
0.64±0.35
0.74±0.41
0.90±0.50

TP
(g m-2 d-1)
0.06±0.03
0.13±0.08
0.16±0.09
0.22±0.13
0.25±0.14
0.27±0.15

DISCUSSION
HLR is the major operational control factor for improving treatment efficiency of a CW [12-16]. Some studies
have demonstrated that too high HLR (1950 L m-2 d-1 in
Lin et al. [8]; 781 L m-2 d-1 in Wu et al. [16]) caused a reduction in the removal efficiency of aqueous pollutants.
However, in the present study, only slightly decreases were
found when HLR increased to 1200 L m-2 d-1.
The CW present removed most of the ammonium, and
RR remained above 80%, regardless of the high HLR
(1200 L m-2 d-1), with average Ci 0.92 mg L-1. The RR was
similar to Lin et al. [4] (RR=86%, Ci=0.80 mg L-1, HLR=
135 L m-2 d-1), but higher than that found by Lin et al. [8]
(RR=64%, Ci=0.18 mg L-1, HLR=1950 L m-2 d-1) and Wu
et al. [16] (RR=68%, Ci=0.90 mg L-1, HLR=781 L m-2 d-1).
The value of Rmass for NH4-N ranged from 0.17 to 0.90 g
m-2 d-1 in present CW (MLR from 0.18 to 1.10 g m-2 d-1)
and was similar to that reported in other studies [4, 16],

COD
(g m-2 d-1)
0.45±0.11
1.05±0.27
1.39±0.35
1.93±0.49
2.49±0.63
1.95±0.49

BOD5
(g m-2 d-1)
0.35±0.04
0.80±0.08
1.15±0.11
1.47±0.15
1.91±0.19
2.34±0.23

provided MLR are taken into consideration (Fig. 3): CWs
with lower Ci at higher HLR might had the similar treatment efficiency to those with higher Ci at lower HLR.
RR of TP in the present study was 58-85% at HLRs
from 200 to 1200 L m-2 d-1, and average Ci was 0.39 mg L-1.
The RR was similar to Wu et al. [16] (RR=73%, Ci=0.33
mg L-1, HLR=781 L m-2 d-1), but higher than Lin et al. [4]
(RR=32%, Ci=5.19 mg L-1, HLR=135 L m-2 d-1). Rmass for
TP in this study ranged from 0.06 to 0.27 g m-2 d-1 (MLR
from 0.08 to 0.47 g m-2 d-1), influenced slightly by increasing MLR (Fig. 3). Rmass for TP was similar to Wu et al.
[16] (Rmass=0.19 g m-2 d-1, MLR=0.26 g m-2 d-1), and Lin
et al. [4] (Rmass=0.22 g m-2 d-1, MLR=0.70 g m-2 d-1). This
is consistent to the conclusions that higher removals were
generally associated with lower nutrients loading rates [17].
The RR for COD ranged between 26% and 43%, with
Ci 6.13 mg L-1. RR here was a little higher than that of Tao et
al. [15] (RR=25%, Ci=628 mg L-1, HLR=49 L m-2 d-1). The
Rmass for COD increased until HLR reached to 1000 L m-2 d-1,
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FIGURE 3 - Linear regression analysis comparing observed mass removal rates and mass loading rates
(both g m-2 d-1) for NH4-N, TP, COD and BOD5 (Published data on other CWs are showed for comparison).

from 0.45 to 2.49 g m-2 d-1 (MLR from 1.23 to 6.13 g m-2
d-1). Our Rmass was much less than reported by Tao et al.
[15] (Rmass=7.66 g m-2 d-1, MLR=30.84 g m-2 d-1) in a surface-flow constructed wetland, though there was a similar
trend between Rmass and MLR (Fig. 3). A high MLR is
desirable for increasing microbial activity, while severe or
prolonged overloading inhibits activity [15].
The overall RR for BOD5 in the presented CW was
approximately 50%, with Ci 3.73 mg L-1. It was similar to
Lin et al. [8] (RR=54%, Ci=6.2 mg L-1, HLR=1950 L m-2
d-1), and Diemont [14] (RR=48%, Ci=81 mg L-1, HLR=

220 L m-2 d-1), but slightly less than Wu et al. [16] (RR=
77%, Ci=6.75 mg L-1, HLR=781 L m-2 d-1). Rmass for BOD5
in this study was also enormously increased (0.35 to 2.34 g
m−2 d−1) with an increase of MLR from 0.75 to 4.48 g m-2
d-1 (Fig.3), less than that in Taiwan (Rmass=4.1 g m-2 d-1,
MLR= 5.3 g m-2 d-1) [8]. An upper limit of 6-11 g m−2 d−1
BOD loading to surface-flow CWs has been suggested for
aerobic treatment of municipal wastewater [15]. Diemont
[14] stated that BOD removal of tropical free-water surface CW treatment could be similar to or greater than that
found in temperate regions due to the higher microbial activity caused by higher temperatures.
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CONCLUSION

[9]

This study demonstrated positive relationships between
removal efficiency and hydraulic loading rate for NH4-N,
TP, COD and BOD5 in a subtropical integrated vertical flow
constructed wetland system. The only one of the four pollutants to show an upper limit in response to the increase of
HLR was COD, which showed a transition at 1000 L m-2 d-1.
Consequently, it seems likely that the HLR of an integrated
vertical flow constructed wetland could be even higher than
1200 L m-2 d-1 in treating moderately nutrient-rich water.
Studies are needed possibly to establish the optimum HLR
and highest removal efficacy in subtropical constructed
wetlands.

[10] Schulz, C., Gelbrecht, J. and Rennert, B. (2003) Treatment of
rainbow trout farm effluents in constructed wetland with
emergent plants and subsurface horizontal water flow. Aquaculture, 217(1-4), 207-221.
[11] Allen, S.E. (1989) Chemical Analysis of Ecological Materials. 2nd edn, Blackwell Sci. Publ., Oxford.
[12] Bastian, R.K., Shanaghan, P.E. and Thompson, B.P. (1991)
Use of wetlands for municipal wastewater treatment and disposal—regulatory issues and EPA policies. In: Hammer, D.
A. (Ed.), Constructed Wetlands for Wastewater Treatment —
Municipal, Industrial and Agricultural. Lewis Publishers, Inc,
Chelsea, Michigan, 265-278.
[13] Jing, S.R., Lin, Y.F., Wang, T.W. and Lee, D.Y. (2002) Microcosm wetlands for wastewater treatment with different
hydraulic loading rates and macrophytes. Journal of Environment Quality, 31, 690-696.
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ALGAE TRAPPING IN THE MACROPHYTE-COVERED LITTORAL
ZONE AND ITS IMPORTANCE FOR PROTECTING ALONGSHORE
DRINKING WATER SUPPLIES IN TAIHU LAKE, P.R. CHINA
Hongjun Wang1,2, Chengqing Yin1*, Weidong Wang1 and Jinwei Lu1,2
1

State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences, CAS, Beijing 100085, P.R. China
2

Graduate University of the Chinese Academy of Sciences, Beijing 100049, P.R. China

SUMMARY
Alongshore drinking water supplies in eutrophic lakes
are impaired seriously by algal blooms. Large amounts of
terrestrial pollutants are intercepted in the littoral zone. In
this field study, macrophyte-covered littoral zones in Taihu
Lake in China were effective traps for algae coming from
open water and decreased negative effects on water supplies. The algal biomass (65 g L-1 wet weight) in the macrophyte-covered littoral zone was about 2 000-4 500 times
higher than that in open water during gentle onshore wind
and most was not blown out of the bay by offshore winds
during the algal bloom period. However, such effects were
weak in the bare littoral zone. A hurricane mixed the water
completely and left no algae assemblage in the littoral zone.
The results indicated that restoration of littoral zone by intercepting algae was an important method for protecting
the drinking water supplies from Lake Taihu in China where
increased water shortages are an emerging problem.

KEYWORDS: algal bloom, algae trapping, littoral zone, drinking
water supply, water quality, eutrophication.

INTRODUCTION
Lakes are an important drinking water resource, but encounter increasing nutrient inputs resulting in eutrophication in many countries [1]. Increased eutrophication is a
well recognized problem [2, 3] associated with enhanced
growth of algae, particularly harmful algal blooms (HABs).
Algal blooms degrade aquatic ecosystems through various
mechanisms that alter natural function and structure [1, 4].
Some harmful algae produce toxins, causing mass mortalities of wild and farmed fish, human illness and death from
toxic freshwater foods or from toxin exposure through inhalation or water contact [5].

Drift algae accumulate near the downwind shore [6].
The appearance of dense algal blooms in shallow water
bodies has become an increasingly common phenomenon
along the world’s shorelines [4]. The accumulated algae frequently impair water supplies, resulting in tremendous economic loss, because water supply intakes are often constructed along shore, where algal blooms occur. For example, in summer of 1990, an algal bloom in Taihu Lake in
China resulted in 119 factory closings and left the people
of Wuxi City without drinking water. Economic losses of
112 million Chinese Yuan, (i.e. approx. US$ 13.3 million),
were attributed to the 1990 algal bloom in Taihu Lake [7].
At present, most lakes are eutrophic and even hypereutrophic in China and the Chinese government has recognized the importance of controlling eutrophication. In response to this concern, a series of pollution management
and ecological rehabilitation projects in the Three-river and
Three-lake regions are now underway. However, algal
blooms will continue to occur because the restoration of
lake systems is a long-term process. Development of new
methods to control or reduce the vital impairment of algal
bloom to water supplies is needed.
Macrophyte-covered littoral zones can control and reduce waterborne contaminants from terrestrial sources [8,
9]. A routine water quality investigation showed that chlorophyll-a concentration in the macrophyte-covered littoral
zone was about 3 000-4 500 times higher than that in open
water in Taihu Lake [10]. In this study, the hypothesis is
that a macrophyte-covered littoral zone would be more effective in trapping accumulated algae coming from open
water than a bare littoral zone. Because the accumulated
algae would otherwise enter and destroy water supplies,
restoration of littoral zone macrophytes near water supplies
may be an important ecological method for protecting water
supplies. Experiments were conducted to quantify the algae
trapped in the macrophyte-covered littoral zone under different wind speeds.
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MATERIALS AND METHODS
Taihu Lake covers a surface area of 2338 km2 with an
average water depth of 1.9 m. The climate is characterized
by annual precipitation of 1010-1400 mm, evaporation of
800-1000 mm, and temperature of 14.9 ºC - 16.2 ºC. The
study sites are located in Meiliang Bay (31°24´-31°32´N,
120°07´-120°14´E), which is semi-closed and encompassed
by hills in the north of Taihu Lake. Meiliang Bay is an important water source for Wuxi City. However, severe Microcystis blooms, occurring annually from June to September since the 1990s, have caused some of the original water
supplies to be shut down recently. Government officials in
Wuxi City were forced to build new water supplies at farther sites in Taihu Lake at tremendous cost. The water
shortage caused by the serious pollution and algal blooms
in Taihu Lake has become a bottleneck for the further economic development of Wuxi City.
To quantify and compare the trapped algae in different macrophyte-covered littoral zones, two sites with different macrophyte conditions near the drinking water supplies were selected on the edge of Taihu Lake. One site was
the macrophyte-covered littoral zone (MLZ) and the other
one was a bare littoral zone (BLZ) (Figure 1). Along the
MLZ, two little bays (M-a and M-b) were studied, M-a is
a common bay, and has a 20-30 m width of Phragmites
australis belt with an above-ground dry biomass density
(ABD) of 3-4 kg m-2. M-b was a macrophyte-covered (1525 m Phragmites australis belt with an ABD of 3-4 kg m-2)
bay with a “sub-surface ridge” or “prominence” bordering
each side. These protruding prominences or “belts” acted
like gates and prevented most particles from reentering the

open water. Evidence was not available about the history
of these prominences, so we could not confirm if they were
constructed or formed naturally. In the BLZ, only one small
bare bay (B-a) without macrophytes was selected.
Three sampling sections were established in each bay
(Figure 1), and each section contained 3-5 sampling stations. The distances of the stations from the shore to open
water were approximately 5, 25, 50, 100, and 200 m along
the gradient. During the severe algal bloom, we also sampled at 500 m according to the spatial variation of chlorophyll-a concentrations. To quantify the trapped algae, we
set enclosures to measure the amount of algae produced at
the stations (5, 25, 50, 100 m) in Apr. 2004 before algal
bloom. The enclosures (30 cm long × 30 cm wide × 150250 cm high) were made of nylon net (Ø<50 µm). This net
was used to prevent outside macroalgae from entering the
enclosures and to ensure free water exchange. Originally the
same conditions were maintained in the interior and exterior of the enclosure. Phytoplankton and zooplankton in the
interior enclosure had about same growth rate as in the
exterior enclosure during our experiment. The height of
enclosure was adjusted by buoy to keep its top about 30 cm
above water surface and the bottom of enclosure was embeded into sediment by sandbag to maintain similar light
conditions on both sides of enclosure and prevent the exterior particles from entering the interior by wave action.
In this study, chlorophyll-a (chl-a) concentration was
determined by a standard method [11] in the interior and
exterior of the enclosure at each station. Total nitrogen
(TN), total dissolved nitrogen (TDN), total phosphorus (TP)
and total dissolved phosphorus (TDP) were measured by

M-a
M-a
M-a
M-a
M-a
M-a

Meiliang Bay

Taihu Lake

M-b
M-b
M-b
M-b
M-b
M-b

A

Xiao Wanli
Drinking water supply

Reeded zone

Water
Water
Water flow
flow
flow
flow
Water
Water
Water
flow

Drinking water supply

B-a

Hill
Sampling station
A

100 m

Water intake

FIGURE 1 - The location of study area and distribution of sampling stations in Taihu Lake, China.
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peroxodisulfate oxidation method [12]. Total particle nitrogen (TPN) and total particle phosphorus (TPP) were calculated as difference between TN and TDN, TP and TDP,
respectively. The algal biomass was calculated from chl-a
concentrations, assuming that the chl-a content was 0.5 %
of the fresh weight of the algae [13]. The biomass of trapped
algae was calculated as the difference in algae biomass between the exterior and interior of enclosure. Water samples
were taken in triplicate during non-algal- (29 Apr.; 21 May
2004) and algal-bloom periods (2, 5, 7, 15, 17, 19 Jul. and
3 Aug. 2004). A 3-m long sampling tube was used to collect a vertical sample from the entire water column, because
wind speed and direction have significant effects on drift
algae distribution [6,15]. Continuous investigations were
conducted twice, one during 15-19 July 2004 before and
after an onshore wind event (3.5-5.4 m s-1) and a back-toback offshore wind event (5.5-7.5 m s-1), and another during 5-7 July 2004 before and after an “onshore hurricane”
(11.4-15.5 m s-1).
Mann-Whitney U non-parametrical tests were performed to evaluate the significance (α=0.05) of differences
in trapped algae between different macrophyte conditions
in the bays. Analyses were performed using SPSS statistical package (SPSS Inc., release 11.0.0).
RESULTS
The spatial variation of chl-a concentration, representing the quantity of algal production, among the interior en-

40
35

a

In enclosure
Out enclosure

-1

Chl-a (µg L )

30

closures was similar in the different zones and periods (Figure 2). From the shore to the open water, the algal biomass
decreased gradually. More algae (3-5 times) were propagated in the macrophyte-covered littoral zone than in the
bare zone. Chl-a concentration increased slightly from shore
to open water during the period when the algae-bloom did
not occur. However, algal accumulation occurred along
the shore during the algae bloom. In the macrophyte-covered area of M-a bay, the chl-a concentration was up to
240,000 µg L-1, approximately 3000 – 4000 times higher
than that in the open water. In M-b bays, the high abundances created conditions for large amounts of algae to enter
easily but not be flushed out. More algae (chl-a 325,000 µg
L-1) were intercepted, and the spatial distribution of algal
biomass out of the border regions was nearly equal to the
distribution in M-a bay. The accumulated algae resulted in
a sharp increase of nutrients in the water column of the
littoral zone (Table 1). Measured TN and TP were as high
as 44 and 25 mg L-1, respectively, in the macrophyte-covered littoral zone (M-a).
Drift algae are easily moved by wind and lake current.
The gentle onshore wind resulted in substantial amounts of
algae accumulating along the shore during the algal bloom
periods (Table 2). Near the macrophyte-covered littoral
zone (M-b) there was about 40-50 m width algae belt after
gentle wind, where the algae biomass was about 2 0004 500 times higher than that in the open water, and most
algae were remained there (Table 2) after offshore wind. Although there was also an algae trapping phenomenon in the
bare littoral zone, the trapping efficiency was weak in this
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FIGURE 2 - Spatial variation of chlorophyll-a (chl-a) in the interior and exterior of enclosures
in the littoral zones. a: M-a bay, b: B-a bay, c: non-algal bloom period, d: algal bloom period.
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TABLE 1 Spatial variation of nutrients (mg L-1) in algal-bloom period and non-algal-bloom period at
M-a, TP-total phosphorus, TPP-total particle phosphorus, TN-total nitrogen, TPN-total particle nitrogen.
Distance
(m)
200
100
50
35
25
15
5

TP

Algal-bloom period
(23 Jul. 2004)
TPP
TN

1.40
/
1.17
1.19
11.27
24.82
20.37

0.99
/
0.64
0.74
9.82
22.42
18.28

5.75
/
4.13
5.81
16.14
44.15
28.36

TPN

TP

3.83
/
1.17
2.69
10.52
37.87
22.17

0.29
0.25
0.21
0.20
0.20
0.21
0.25

Non-algal-bloom period
(21 May 2004)
TPP
TN

TPN

5.27
5.39
4.91
5.45
4.81
5.23
5.54

0.99
1.49
0.83
1.45
0.30
0.94
0.90

0.28
0.24
0.21
0.20
0.20
0.21
0.14

“/”: not determined.

TABLE 2 - The spatial variation of trapped algal biomass in M-b and B-a bay in one continuous
investigation before and after one onshore wind event, and then one offshore wind event (15-19 Jul. 2004).
Location

M-b

B-a

Distance

5
25
50
100
200e
500e
5
25
50
100e

Trapped algal biomass
(Mean±SD mg L-1)
After onshore wind
(3.4-5.4 m s-1)
64958±1718
45244±1914
27831±2036
110±9
43±1
14±1
37057±496
52±27
15±1
14±2

Before onshore wind
(3.4-5.4 m s-1)
554±96
298±22
267±24
70±34
14±5
10±3
16±1
14±6
13±2
11±1

After offshore wind
(5.5-7.5 m s-1)
44546±196
17819±2432
6884±271
108±11
49±2
34±2
3538±805
66±11
41±5
42±3

“e”: the value at this distance represents the algae biomass in the water column, not the trapped algae biomass.

area. In this zone without macrophytes, a region only 510 m wide could trap algae. Consequently, offshore wind
blew most of the algae out of the bay, which was moved into water supplies by coastal currents. The macrophyte-covered littoral zone also trapped the waterborne algae without wind. The trapped algae biomass was about 50 times
higher in this macrophyte-covered zone than in open water.
The hurricane completely mixed the entire lake and algae
did not accumulate along the shore at any of the sites.
DISCUSSION AND CONCLUSION
Material retention is great in ecotones where a sharp decrease in the kinetic energy of wind or water exists [14]. In
eutrophic lakes, algae naturally accumulate and form floating masses along the shoreline under gentle onshore wind
conditions [6, 15]. Such phenomena are common during algal blooms [4, 16]. The accumulated algae impair ecosystems in littoral zones, e.g. by killing most bottom fauna,
floating-leaved and submerged vegetation [4], thus, only

emerged macrophyte can survive. Drinking water supplies
along the shore are inevitably destroyed by resulting accumulated algal residues.
The gathered algae enter water supplies under the suction of supply pumps along the bare littoral zone. However,
alongshore surviving emerged macrophytes can intercept
the accumulated algae. This phenomenon provides a potential mechanism for protecting drinking water supplies. Eutrophic water systems cannot be restored in a short time period. The accumulated algae were more effectively trapped
in the macrophyte-covered littoral zones, especially those
with the elevated sediment belts or “prominences”, than in
the bare littoral zones in this study. It can be concluded that
increasing macrophyte density near water supply pumps
is an advisable strategy for protecting water supplies. This
study suggest that sequential restoration of macrophyte-covered littoral zones in a meander bend, about 300-500 m
away from the water supplies, could effectively trap algae
coming from the open water and reduce possible noxious
release effects.
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Littoral zones are biogeochemical “hotspots” in the lake
system [17], and have considerable capacity for further water quality treatment once algae are trapped. The accumulated algae, as important carriers of nutrients, could be treated in the littoral zone. In fact, a 1-week residence period in
a reed-covered area was sufficient for the complete elimination of planktonic algae [18]. Harvesting of macroalgae
has become increasingly common, and has been considered
as a short-term tool to improve water quality [19]. Considerable amounts of nutrients can be removed in algae as exemplified by a harvesting experiment in the Åland area
where at one occasion about 0.45 % of the local nutrient
loading on annual basis was harvested [20]. The littoral
zone, especially with prominences, was an ideal trap. The
high biomass of algae could be harvested quite easily to
decrease the negative effects of algae on the littoral zone
ecosystem. This action would be cost effective. Moreover,
interactions with metals and toxins may also occur in this
zone and thus, future research should evaluate their net
treatment or release in macrophyte-covered littoral zones.
In summary, this study provides an initial investigation
of algae trapping in littoral zones. Macrophyte-covered littoral zones, especially with prominences, were found to be
effective traps for algae. The algal biomass (65 g L-1 wet
weight) in the macrophyte-covered littoral zone was about
2000-4500 times higher than that in open water during
gentle onshore wind conditions, with minor amounts of
algae blown out of the bay by offshore winds. Our results
indicated that restoration of littoral zones may be an important method for protecting drinking water supplies by
intercepting algae in eutrophic lakes of countries suffering
from water-shortages.
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SUMMARY

INTRODUCTION

Seasonal and diurnal variations of water temperature
and dissolved oxygen (DO) were investigated in a pilot
Wastewater Stabilization Pond (WSP) system, under temperate climatic conditions, in Thessaloniki, Greece. The system consisted of an anaerobic pond followed by two lines
of stabilization ponds, operating in parallel, one with recirculation (Line B) and the other without recirculation (Line
A). Each line of stabilization ponds contained one facultative (A1, B1) and two maturation ponds (A2, A3, B2, B3),
in series.
Measurements showed that the ponds stratified and
destratified intermittently, depending primarily on weather.
Line A was continuously stratified during several days and
nights, while Line B was stratified during the day and mixed
during the night, due mainly to recirculation. Thus, the resulting temperature gradients were significantly lower in
Line B than in Line A, throughout the experiment.
Thermal stratification reduced vertical mixing, affecting DO variably. Its variations follow the diurnal cycle of
sunlight intensity, reaching a maximum near midday, and
ranging from anoxia to super-saturation, within less than
2.0 m depth.
Information on pond stratification can be used to define the time and depth of sampling, necessary for the WSP
performance evaluation, as well as to plan the effluent discharge program.

KEYWORDS: Stratification, stabilization ponds, wastewater, temperature, dissolved oxygen, temperate climate.

Current methods of design, operation and performance
evaluation of waste stabilization ponds (WSP) usually assume that the ponds are well-mixed reactors [1, 2]. Sufficient mixing ensures a more uniform distribution of organic matter, dissolved oxygen (DO), bacteria and algae in
the entire water column and, hence, a better degree of waste
stabilization. However, the existence of thermal and, consequently, of density stratification has been detected in
ponds by several investigators [3-7].
Alternating mixing and stratification have been investigated in lakes, in northern Greece [8, 9], and the findings
are related to processes in ponds. Ponds, however, differ
from lakes in nutrient loading, oxygen demand, depth, size,
liquid retention time, and flow pattern. Three types of stratification were identified in ponds, based on specific stratification and mixing characteristics; (I) completely mixed
during consecutive day and night, (ΙΙ) stratified during the
day and mixed during the night, and (III) continuously
stratified during several days and nights [7].
Thermal stratification affects important water parameters, including DO. Seasonal and diurnal DO fluctuations
follow the temperature variations. After sunrise, the DO
level gradually rises to a maximum by mid-afternoon, when
algal photosynthesis reaches a climax, after which it falls to
a minimum by night-time. DO super-saturation, between
300% and 400%, was found on the top water layers of algal
ponds on warm sunny afternoons in the tropics [10].
This study investigated the type and the strength of
stratification in a WSP system, under a temperate climate,
as well as the influence of recirculation on water temperature and DO, with the view to obtain a better insight into the
stratification mechanism.
Understanding the stratification process in ponds, promotes better water quality sampling [11] and a more accurate interpretation of results. Furthermore, it is essential for
scheduling effluent discharge [6, 7, 12].
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MATERIALS AND METHODS
The WSP facility was constructed by the National Agricultural Research Foundation (N.AG.RE.F.), and is located 14 km west of the city of Thessaloniki, Greece, near
the Gallikos River. The weather conditions are characterized by a temperate climate with a mean annual rainfall of
480 mm and a mean annual air temperature of 14 oC.

The pond system started its operation in 1996 on a pilot-scale, treating small quantities of urban wastewater from
the nearby conventional Wastewater Treatment Plant of
Thessaloniki (W.T.P.Th.) under various operational conditions. Raw sewage was pumped from W.T.P.Th., after
screening, into a covered anaerobic pond, feeding, at different rates, two independent lines (A and B) of stabilization ponds (Figure 1).

FIGURE 1 - Schematic flow diagram of the pilot-scale WSP system.

Each line consisted of a facultative (A1, B1) and two
maturation ponds (A2, A3, B2, B3). All ponds were lined
with HDPE geo-membranes, 1 mm thick, to control leakage and weed growth at the embankments. Approximately
50 m3/day of the anaerobic pond effluent was transferred
into the first treatment line (Line A), and 107 m3/day into
the second treatment line (Line B). In Line B, part of the
effluent (2:1) was recirculated from the surface layer of
B3 pond (Qrec ≈ 200 m3/day), back to the inlet of B1 pond.
Recirculation achieved by a pump during daylight time
(09:00 to 18:00), when the final pond was supersaturated
with DO due to algal photosynthesis. Recirculation increased the treatment capacity of Line B, which was able
to accept a total load of about 300 m3/d.
The mean surface loading of the pond system of Line B
was equal to 8.3 g/m2 day, which was a good deal higher
than in Line A. It should be emphasized that the surface
loading of the recirculating pond system was calculated with
reference to the total water surface of the treatment line,
since the biology is practically homogenized [13].
The mean water retention time was approximately 65
days in Line A, and 28 days in B. The effluent quality was
further improved with the use of a storage reservoir followed by a slow sand filter, and it was reused for crop irrigation. Dimensions and design parameters of the stabilization ponds are as given in Table 1.

Sample collection was based on the techniques outlined by Pearson et al. [2], and the analyses of organics
(BOD5 and COD), total suspended solids (TSS) and pathogens were conducted according to Standard Methods for
the Examination of Water and Wastewater [14].
TABLE 1
Dimensions and design parameters of stabilization ponds.
Design parameters
Surface (m)

60 x 20

Embankment slope

2:1

Effective depth (m)

1.75 (A1, B1)
1.25 (A2, A3, B2, B3)
1380 (A1, B1)
900 (A2, A3, B2, B3)
28 (A1), 18 (A2), 18 (A3)
12 (B1), 8 (B2), 8 (B3)
5.6 (A1), 3.7 (A2), 2.8 (A3)
8.3 (B1+B2+B3)

Effective volume (m3)
Hydraulic retention time (days)
Surface BOD5 loading
(g/m2.day)
(including recirculation)

The mean composition of the raw urban wastewater and
pond effluent quality, in terms of major pollutants, is given
in Table 2.
The treated effluents fulfill the regulations concerning
discharges from WSP and subject to the EC directive 91/271.
The BOD5 and COD analyses, concerning discharges of this
type of installation, are carried out on filtered samples [15].
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TABLE 2 - Stabilization pond performance.
Parameter

TSS (mg/L)
BOD5 (mg/L)
COD (mg/L)
Total coliforms/100 ml

Raw
wastewater
from
W.T.P.Th.
576

Anaerobic
Pond Effluent

A1
Effluent

A3
Effluent

B1
Effluent

B3
Effluent

Line A
Removal
(%)

Line B
Removal
(%)

195

126

100

95

96

445

154

67 (24)

40 (15)

54 (29)

50 (22)

91

(97)

89

(95)

914

411

250 (116)

196 (129)

197 (122)

181 (113)

79

(86)

80

(88)

1.4x107

2.9x106

8.8x104

2.4x103

4.1x105

4x104

83

99.9%

83

99.7%

Note: Filtered samples in brackets.

Filtration was achieved in the laboratory through glass fiber
filters without organic binder (Millipore AP-40).
In surface water samples, studied by [16], it was found
that there were no significant differences in the mean values of TSS, BOD5 and COD, at the exit of the two lines
and, therefore, the performance of the two lines was considered to be similar. On the other hand, the above workers stated that the total coliforms (TC) were significantly
higher, at the exit of B Line due to the operation of the
recirculation system.
In the stabilization pond studies, the sampling depth
is very crucial because of the water temperature stratification. The thermal stratification, developing primarily by
differential heating of the pond water, through its surface,
affects DO, pH and other water parameters in a variety of
ways through chemical, microbial and planktonic kinetics
[7]. The resulting density stratification reduces the performance of pond systems by increasing short-circuiting,
and disrupting the internal diffusive and advective mass
transfer mechanisms [6].
According to [2], diurnal variations of water temperature and DO with depth should be measured at least once,
during each sampling season, in order to evaluate the WSP
performance.
In this study, air temperature, mid-depth water temperatures and DO were recorded at 08:30 am and 13:30 pm,
in order to examine the diurnal variation in stratification,
over a six-months period (March 2000-September 2000).
The measurements were done at the facultative (A1, B1)
and at the last maturation (A3, B3) pond, in each treatment
line.
A polyparametric device (Horiba Water Checker-U10)
was used to measure DO and water temperatures. A sampling deck was built in the middle, at the exit of each pond,
and the mid-depth measurements were taken from that
point, at 0.0, 0.2, 0.5, 1.0 and 1.5 m below the water surfaces of the facultative, and at the same depths, up to 1.0 m,
of the maturation ponds. Mean values of water tempera-

ture and DO, during March and June of 2000, are presented.
RESULTS AND DISCUSSIONS
Mean air temperature varied in the range of 6.5-15.5 oC
in March and 21.0-29.0 oC in June, the lowest temperatures
being recorded at 08:30 am and the highest at 13:30 pm.
During morning (at 08:30 am), the air temperatures
were lower than that of the water, by an average of 3.04.5 oC in March, and 1.0-3.0 oC in June. During noon (at
13:30 pm), on the other hand, the air temperatures were
higher than the water temperatures, by an average of 1.52.0 oC in March, and 4.0-5.0 oC in June.
Figures 2 and 3 show the profiles of water temperature and DO in Lines A and B, respectively.
In Line A, temperature differences up to 8.9 oC/m during June (Fig. 2c) and 5.5 oC/m during March (Fig. 2a) were
measured in the facultative pond (A1), at 13:30 pm. With
respect to the maturation pond (A3), the corresponding thermal gradients were 7.3 oC/m (Fig. 2d) and 3.9 oC/m (Fig.
2b). During morning (at 08:30 am), the ponds were still
but less stratified, thus allowing a mixing to nearly half of
its liquid depth. Thermal gradients not exceeded 2.5 oC/m.
With respect to Line B, the facultative pond (B1)
showed lower thermal gradients than the maturation (B3),
due probably to water currents set in motion, in the first
pond, as a result of the recirculation system. Thus, temperature differences up to 5.2 oC/m in June (Fig. 3c) and 1.6 oC/
m in March (Fig. 3a) were measured in the facultative (B1),
at 13:30 pm. In maturation pond (B3), the corresponding
thermal gradients were 6.5 oC/m (Fig. 3d) and 2.4 oC/m
(Fig. 3b). During morning (at 08:30 am), the ponds in Line
B destratified, thus permitting a complete mixing in the
water column.
To compare the different strength of the stratification
between the two treatment lines, a t-test was conducted on
the mid-depth water temperatures of the corresponding
ponds (A1, B1 and A3, B3), as presented in Tables 3-6.
According to the statistics, the temperature in Line A was
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significantly lower than in Line B, for depths ≥0.5 m, meaning higher thermal gradients and stronger stratification for
Line A.
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FIGURE 2 - Profiles of water temperature and DO in ponds of Line Α, during March and June.

FIGURE 3 - Profiles of water temperature and DO in ponds of Line B, during March and June.
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TABLE 3 - Morning mid-depth temperatures during March.
Water temperature (oC)
Pond B1
Pond A3
11.5
10.7
11.6
10.6
11.6
10.5
11.6a
8.7b
a
11.6

Mid-depth
(m)
Pond A1
0.0
10.2
0.2
10.1
0.5
10.0
1.0
8.7a
1.5
8.2a
a
significantly different at p<0.01
b
significantly different at p<0.05

Pond B3
10.9
10.9
10.9
10.9b

TABLE 4 - Midday mid-depth temperatures during March.
Water temperature (oC)
Pond B1
Pond A3
14.0
14.2
13.2
13.3
12.6a
11.7
12.4a
9.9b
12.2a

Mid-depth (m)
Pond A1
0.0
14.3
0.2
12.6
0.5
10.7a
1.0
8.9a
1.5
8.5a
a
significantly different at p<0.01
b
significantly different at p<0.05

Pond B3
14.5
13.2
11.8
11.4b

TABLE 5 - Morning mid-depth temperatures during June.
Water temperature (oC)
Pond B1
Pond A3
23.5
23.2
23.5
23.1
23.5
22.9
23.4a
22.0a
23.3a

Mid-depth
(m)
Pond A1
0.0
23.6
0.2
23.6
0.5
23.5
1.0
21.1a
1.5
18.6a
a
significantly different at p<0.01

Pond B3
24.1
24.1
24.0
24.0a

TABLE 6 - Midday mid-depth temperatures during June.
Water temperature (oC)
Pond B1
Pond A3
29.5
29.7
25.5
28.4
24.8
24.0b
a
24.3
22.4a
a
23.8

Mid-depth
(m)
Pond A1
0.0
30.4
0.2
28.6
0.5
24.7
1.0
21.5a
1.5
18.8a
a
significantly different at p<0.01
b
significantly different at p<0.05

Pond B3
30.5
28.5
25.2b
24.1a

TABLE 7 - Number of days with specific stratification and mixing characteristics.
Ponds

March

June

Total

Percentage (%)

Type

A1

2
12
9
3
11
7
3
10
0
1
12
0

0
2
18
1
5
13
0
18
0
0
17
1

2
14
27
4
16
20
3
28
0
1
29
1

4.6
32.5
62.7
10.0
40.0
50.0
9.6
90.3
0.0
3.2
93.5
3.2

I
II
III
I
II
III
I
II
III
I
II
III

A3
B1
B3
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The total number of days for each of the three types of
stratification, according to Gu and Stefan [7] classification, is presented in Table 7.
From Table 7, it can be seen that Line A stratifies mainly according to type III, thus continuously stratifying during several days and nights, while Line B, surely, follows
the stratification of type II, that means stratified during the
day and mixed during the night.
The different type and strength of stratification between
the two lines is mainly attributed to the different, water retention time. Long retention time is the most influential factor enhancing algal growth. High algal concentrations on
the water surface contribute to high light attenuation, resulting in a strong thermal stratification. A gradient of
11.5 oC/m was measured on 22nd of June, when the chlorophyll-a concentration was 2.905 mg/m3.
The recirculation decreased the water retention time
in Line B (28 days, in total). The resulting faster water flow
caused a turbidity, which deteriorated the algal growth and,
hence, the thermal stratification.
The diurnal maximum differences in temperature and
DO were observed in the top water layers of the ponds.
These differences decreased with depth and became very
small at the bottom of the ponds.
In all ponds, DO varied according to temperature fluctuations. This was somewhat expected, because the algal
photosynthetic oxygenation was high when solar insolation
and, consequently, the temperature were high. DO ranged
from anoxia to super-saturation, within a depth of less than
2 m, during the midday measurements.
DO super-saturation was observed in the top water layers, in both lines, during midday. Specifically, during June,
and at 13:30 pm, DO super-saturation varied in the range
of 89-112% (Fig. 2c, 2d) in Line A, and 11-90% (Fig. 3c,
3d) in Line B, the lower percentages being measured in
the facultative ponds (A1, B1). The DO concentration of
19.9 mg O2/L was the highest, observed in ponds, throughout the experiment. This was a 170% super-saturation over
the saturation DO level of 7.2 mg O2/L occurring at the prevailing water temperature, and was observed in pond A3,
on 22nd of June (day with the higher chlorophyll-a). A decline in DO occurred with depth. Thus, at 1.0 m below the
surface, all ponds were almost anaerobic, with a DO value
of around 0.0 mg O2/L.
During March, and at 13:30 pm, DO super-saturation
(up to 4.5%) was observed only in the facultative pond of
Line A (Fig. 2a), while a rapid decline occurred below the
surface.
The algal-bacterial respiration and the photosynthesis
ceasing during the night depleted the water column oxygen to the extent that the morning DO was very low. Practically, during the morning measurements, there is no DO
in Line B, while Line A seems to be in a better situation,
with respect to oxygen, due mainly to the lower surface

loading. Generalizing, Line A was supersaturated for a
longer period than Line B, throughout the experiment, and
that was the same for the maturation ponds compared to the
facultative ones. Moreover, the shallow depth of maturation, 1.25 m instead of 1.75 in facultative ponds, permits
sufficient light penetration, thereby allowing photosynthesis to occur at deeper layers.
The profiles of water temperature and DO demonstrated
the existence of a strong stratification in Line A, under
temperate climatic conditions. On the other hand, the recirculation moderated the type and strength of stratification,
and resulted in significantly lower thermal gradients in
Line B. As well-mixed conditions were not achieved due
to stratification, consideration should be given to defining
the time and depth from which the effluent is withdrawn,
and this should be taken into account when interpreting
the results.
Surface water layer, where photosynthesis is highest,
has the lowest organic load and pathogen concentrations,
but also a high content of algal solids. So, in the usual case
of effluents discharging into a natural water body, a daytime discharge in the midday, from the surface water layer,
is preferable, since algae are rapidly consumed by zooplankton in the receiving watercourse and so have little chance
to exert their BOD5.
However, the effluents with the significant DO deficit,
which lasts for a long period of time, can either be stored
for further improvement of DO, or be released by previously being mixed with better quality effluents, as long as
such a possibility exists.
CONCLUSIONS
The present study demonstrated the existence of stratification in the stabilization pond system, in ThessalonikiGreece, under a temperate climate. Three types of temperature stratification behavior were observed: continuously
well-mixed conditions (I), stratification during day and
complete mixing during night (II), and continuous stratification over several consecutive days and nights (III). Line
A showed a stronger stratification due to the longer retention time, following mainly the third type of classification,
while Line B appeared with a weaker stratification, throughout the experiment, and stratified according to type II. Recirculation, forced to a faster water velocity in Line B, thus
deteriorates the algal growth, which is responsible for stratification. According to the t-test, which was conducted on
the mid-depth water temperatures, thermal stratification
gradients were found to be significantly lower in the recirculation line than in Line A.
Water temperature and DO followed the diurnal cycle
of sunlight intensity, and reached a maximum during midday. The peaks in the diurnal variations were observed in
the top water layers of the ponds. DO ranged from anoxic
conditions, at the bottom of the pond, to super-saturation
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at the surface layer, during the midday measurements. DO
saturation in excess of 170% was observed, in the maturation pond of Line A, near the time of peak photosynthesis.

[13] Shelef, G. and Kanarek, A. (1995). Stabilization ponds with
recirculation effluent. Water Science Technology 31(12):
389-397.

Line A was supersaturated for a longer period of time
than Line B, as well as the maturation ponds, compared to
the facultative ones, due mainly to the lower surface loading.

[14] APHA (1998). Standard Methods for the examination of Water and Wastewater, 20th ed., American Public Health Association, Washington DC, USA.

The conclusion was that variations in pond thermal stratification could be very rapid, and, therefore, for the performance evaluation of a stratified wastewater stabilization pond, time and depth of sampling need to be planned,
according to the measurements.

[15] EU (1991). Council Directive Concerning Urban Wastewater
Treatment, 91/271 EEC May 21st, 1991, OJ NO L135/40
May 30th, 1991.
[16] Papadopoulos, A., Parissopoulos, G., Papadopoulos, F., Papagianopoulou, A. and Karteris, A. (2004). Impact of effluent
recirculation on stabilization pond performance. Water, Air
and Soil Pollution: Focus 4: 157-167.
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VALIDATION OF A MULTI-WELL PLATE TOXICITY
TEST TO ASSESS FEEDING BEHAVIOUR
OF THE CNIDARIAN, Hydra attenuata
Brian Quinn1*, Francois Gagné and Christian Blaise

St-Lawrence Centre, Environment Canada, 105 McGill, Montréal, Québec, Canada, H2Y 2E7

SUMMARY

INTRODUCTION

The freshwater cnidarian Hydra attenuata has been
widely used in small scale bioassays to assess the toxicity
of numerous environmental contaminants. Most of these
tests concentrate on the (sub)lethal effect of toxicants, measured by characteristic changes on the morphology of the
animal. In this study, we validate an experimental protocol using new endpoints based on feeding behaviour in
Hydra exposed to the well-known toxicant cadmium chloride. Hydra were exposed to increasing concentrations (nominal) of CdCl2 employing a small scale multi-well format
and feeding endpoints (prey ingestion and capture) were
compared to those of morphology, reproduction (hydranth
number) and attachment impairment. Lethal (LC50) and sublethal (EC50) endpoint values of 1.16 and 0.18 mg/L (after
24h of exposure), and of 0.167 and 0.045 mg/L (after 96 h
of exposure) were determined, respectively. More sensitive
sublethal endpoints yielded a 96h LOEC of 0.019 mg/L
with corresponding NOEC and toxicity threshold (TT) values lying below this concentration. A significant decrease in
prey ingestion capacity was seen at concentrations as low
as 0.06 mg/L CdCl2, with an 96 h EC50 based on feeding of
0.08 mg/L, while no effect was observed on prey capture at
96 h. Hydra reproduction (increase in hydranth numbers)
was significantly impaired at a cadmium concentration of
0.12 mg/L. The previously unreported endpoint of Hydra
attachment was found to be very sensitive with a significant
reduction occurring at a concentration as low as 0.02 mg/L
CdCl2. The potential use of these sub-lethal endpoints to investigate the more subtle effects of complex environmental
pollutants is discussed.

KEY WORDS: Hydra attenuata, cadmium chloride, toxicity endpoints, feeding, Artemia salina.

The freshwater cnidarian Hydra attenuata plays an important role in structuring the planktonic make up of the
slow moving waters where it is ubiquitously found [1].
Hydra are one of the simplest multi-cellular organisms
known. They have a tubular body and are diploblastic so
that all of their cells are in constant contact with the aqueous environment, making them sensitive environmental indicators. In the presence of toxic substances, Hydra show
intrinsic changes in morphology, with accrued stages of intoxication toward a contaminant characterised by observable levels of sub-lethality or lethality, easily visualized with
a binocular microscope. In particular, sub-lethal effects on
morphology were found to be considerably more sensitive
than lethal effects [2], closely matching the toxicity response of the fathead minnow [3] and are generally more
sensitive than the Microtox test [4]. Hydra are also easily
cultured and maintained in the laboratory, forming large
colonies normally reproducing asexually by budding. For
these reasons, Hydra have been used in several small scale
tests to study the toxicity of various effluents [2-4], heavy
metals [5-7] and estrogenic compounds [8-10].
It has been previously observed that behavioural changes displayed by certain species may actually be more sensitive endpoints to pollutants and more predictive of impact
at the ecosystem level than more conventional acute endpoints [11]. Feeding rates (i.e., the number of ingested prey
per unit time) are particularly important in regulating Hydra
population densities [12]. Feeding in Hydra is a relatively
straight forward process and can be divided into a series of
discrete steps. First, prey are captured by the discharge of
nematocysts from the battery cells of the tentacle ectoderm
[13], attaching it to the tentacles which form a crown around
the hypostome or mouth. Together, the tentacles and the hypostome form the hydranth. Captured prey are moved to the
hypostome where they are ingested, digested in the gastro-vascular cavity, and any remaining exo-skeleton later
egested. The steps between capture and ingestion are termed
feeding reaction or response [14]. Studies in the field show
Hydra population densities closely followed increases in
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zooplankton abundance [15] indicating that a negative impact on Hydra feeding ability could have a similar effect on
other invertebrates in the aquatic environment, potentially
effecting population levels.

served using a binocular microscope (x6 enlargement).
Initially, morphology was observed every 24 h for 96 h and
subsequently only after 96 h.

This paper describes a multi-well based feeding test to
investigate the sub-lethal effects of environmental toxicants
on Hydra’s ability to capture and ingest prey. As with all
new techniques, it is necessary to develop a protocol that
gives reproducible results. For this reason, the bioassay was
validated using the well-known toxicant, cadmium [5-7],
to measure effects and standardise the feeding test. Initial
exposures of Hydra to cadmium chloride (nominal concentration) were first undertaken to determine LC50 and EC50
using previously-described morphological changes as endpoints. Then, in feeding tests, prey capture and ingestion
were examined along with other sub-lethal endpoints including attachment and hydranth number.

Lethal and sub-lethal endpoints.

Lethality and sub-lethal effects on Hydra morphology,
hydranth number and attachment after 96 h were observed.
In Hydra, toxicity is measured by drastic changes in morphology, where five stages of toxicity were observed and
have been previously reported [2,16,19]: N, normal, Hydra
with an extended body and tentacles; B, Bulb, appearance
of bulbs at tips of tentacles, the first sign of intoxication;
S, Short, where tentacles and body are shortened; T: Tulip,
Hydra body and tentacles greatly shortened, irreversibly
leads to the animal’s death and to the final stage; D, Disintegration, where only cellular debris are left. Stages B and
S are reversible and are considered sub-lethal indicators
while T is considered irreversible and used as the endpoint
for lethality [2].

MATERIALS AND METHOD
Feeding behaviour test
Test organism

Hydra attenuata animals used in all experiments came
from the same population donated to the St-Lawrence Centre by Professor E. M. Johnson (Thomas Jefferson University, Philadelphia, U.S.A.). This culture has been in the
Centre since 1995 and has been used extensively for various toxicity tests by this and other laboratories [2, 4, 16,
17]. Detailed information on the establishment, maintenance, feeding and care of Hydra colonies can be found in
the Hydra assay manual [18]. The procedure for the
maintenance of Hydra was adapted from that developed
by Trottier et al. [16].
Test solution and lethality Exposure

For estimating lethality, Hydra were exposed to a series
of dilutions (C, 0.019, 0.039, 0.078, 0.156, 0.312, 0.625,
1.25, 2.5, 5 mg/L) of cadmium chloride (CdCl2, Sigma).
All concentrations were nominal. The relevant concentrations of CdCl2 were made up in Hydra medium and 4 ml
of each dilution was added to 3 wells in a 12 well multiwell plate (Falcon #3043) with the excess added into a small
petri dish. Healthy Hydra of similar size having one bud
(2 hydranths), spotted with a binocular microscope (x6),
were collected using a pipette and were transferred to the
Petri dish containing the relevant concentration of chemical to avoid dilution of exposure concentration, marking
the start of the exposure time (T0). Medium controls were
used in all tests. A pipette was used to transfer 3 Hydra
into each of the 3 wells per exposure concentration (n = 9).
Cross contamination was avoided by working from the
lowest concentration up [16]. Once in the plate, Hydra were
then observed under the microscope to ensure all were
healthy (elongated body and tentacles). The multi-well
plates were covered with parafilm to prevent evaporation
and randomly placed on a work bench at room temperature (20 ±2 oC) for 96 h, after which time they were ob-

Hydra used in feeding tests were not fed for 24 h before exposure. To measure the sub-lethal effects of CdCl2
on feeding, Hydra were exposed to lower concentrations
ranging between 0.02 and 0.18 mg/L. Following a 96 h
exposure as described above, Hydra morphology, hydranth
number and attachment were observed. Hydra were then
transferred individually into a well in a multi-well plate containing medium, where a number of Artemia were added
and the rate of capture and ingestion recorded. Combinations tested included 2 ml of medium with 5, 10 and 20
Artemia in a 24 well plate and 4 ml of medium with 5 and
10 Artemia in a 12 well plate as updated changes to the
protocol were periodically undertaken to optimise the technique. In the final protocol, nine Hydra were placed individually into each well of a 12 well multi-well plate (Falcon #3043) containing 4 ml of medium and their morphology noted (only disintegrated (D) stage in morphology not
used). Artemia were rinsed three times with the incubation
medium before being added to the well. At T0, precisely 5
Artemia were added to each well, taking care not to add
them directly to tentacles of Hydra. Observations of capture/ingestion were performed every 20 min for 120 min.
Statistics

The 24 and 96 h LC50 and EC50 values were calculated
with their 95% confidence limits using the Trimmed Spearman-Karber and Probit analysis program (respectively) in
the ToxTest version 2, US EPA software. The sub-lethal
LOEC (Lowest Observable Effect Concentration) and the
NOEC (No Observable Effect Concentration) were both calculated based on visual observation. A toxicity threshold
(TT) was determined from the LOEC and NOEC using the
following equation: TT = (NOEC x LOEC)1/2 [20]. Variability in feeding between the exposed and control Hydra
was tested by one –way analysis of variance (ANOVA)
using Microsoft Excel. Significance was set at p ≤0.05.
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RESULTS AND DISCUSSION

coe [21] respectively indicating adequate test reproducibility. The lower EC50 values of 0.167 and 0.045 mg/L represent the concentrations where 50% of the Hydra exposed show signs of toxicity (B stage or above) at 24 and
96 h, respectively. The 96 h TT results of <0.019 mg/L correspond well with the results of subsequent sub-lethal exposures were effects can be seen on morphology at exposure levels as low as 0.019 mg/L.

The first set of experiments were undertaken to determine the lethal (LC50) and effective (EC50) concentrations
of cadmium chloride on Hydra attenuata based on morphological changes (Table 1). The 24 and 96 h CdCl2 LC50 concentrations of 1.16 and 0.18 mg/L were midway between
the 0.89 and 0.12 mg/L and 2.7 and 0.31 mg/L previously
reported by Beach and Pascoe [5] and Karntanut and Pas-

TABLE 1 - Hydra (sub)lethality responses following exposure to CdCl2 based on morphology endpoints.
All results are in mg/L. LCL: lower Confidence Limit; UCL: Upper Confidence Limit; TT: Toxicity Threshold.
LC50

LCL

UCL

EC50

LCL

UCL

LOEC

24 h

1.16

0.89

1.52

96 h

0.18

0.15

0.23

NOEC

TT

0.167

0.12

0.235

0.078

0.039

0.055

0.05

0.027

0.069

0.019

<0.019*

<0.019*

* 0.019 mg/L, lowest exposure concentration.

No. Artemia ingested
(average)

2 ml, 20 Artemia
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
-0.5
C.

0.02

0.03

0.04

0.05

0.08

0.1

0.15

CdCl2 (ppm)

(a)
2 and 4 ml, 10 Artemia

No. Artemia ingested
(average)

40
2 ml, 10 Artemia

35

4 ml, 10 Artemia

30
25
20
15
10
5
0
C.

0.02

0.04

0.06

0.08

0.1

CdCl2 (ppm)

(b)
FIGURE 1 - Initial Hydra feeding tests showing the mean results (n = 3) with standard error for the number of Artemia ingested following a
96 h exposure to CdCl2. (a) 2 ml medium in 24 well plate with 20 Artemia and (b) 2 ml (24 well plate) and 4 ml (12 well plate) with 10 Artemia.
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No. Hydra

20

**

*

15

***
**

10

45
40
35
30
25
20
15
10*
5
0

N
B
S
T
D
Ingestion

***

**
**

5

***

0
C

0.02

0.04

0.06

0.08

0.1

0.12

0.13

0.14

0.15

0.16

No. Artemia

Hydra Morphology & Feeding: Test 1
25

0.18

CdCl2 (ppm)

Hydra Morphology & Feeding: Test 2
N
B
S
T
D
Ingestion

No. Hydra

20

**

15

***

**
**

10

**

**

**
***

5

45
40
35
30
25
20
15
10

No. Artemia

25

5
0

0
C

0.02

0.04

0.06

0.08

0.1

0.12

0.13

0.14

0.15

0.16

0.18

CdCl2 (ppm)

N
B
S
T
D
Ingestion

No. Hydra

25

*

20

**

**
***

15

**

**
***

10

**

5

**

0
C

0.02

0.04

0.06

0.08

0.1

0.12

0.13

0.14

0.15

0.16

45
40
35
30
25
20
15
10
5
0

No. Artemia

Hydra Morphology & Feeding: Test 3
30

0.18

CdCl2 (ppm)

FIGURE 2 - Individual graphs showing mean results (n = 9) with standard error of 96 h exposure to CdCl2 on Hydra morphology
and ingestion of Artemia from 3 separate tests using the novel feeding protocol. Significance at: * p≤0.05, ** p≤0.01, *** p≤0.001.

For the initial feeding tests a large number of Artemia
(20) in a small volume of medium (2 ml in each well of a
24 well plate) containing a single Hydra was tested. However, statistical analysis revealed no significant reduction
in feeding between control and 96 h CdCl2 exposed animals (Figure 1a). Also, the addition of exactly 20 Artemia
to each well proved difficult and was very time consuming. Subsequent feeding experiments saw a reduction in the

number of Artemia from 20 to 10 dispensed in 2 ml (24 well
plate) and 4 ml (12 well plate) medium to appraise Hydra
feeding. Despite this modification and the appearance of
morphological changes indicating toxicity, 96 h exposure
to CdCl2 did not have any significant impact on feeding
(Figure 1b). In the final protocol, when each Hydra was
individually placed in 4 ml of medium in a 12 well multiwell plate with 5 Artemia for 120 min, a significant reduc-
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tion in feeding was finally observed with increased CdCl2
exposure after 96 h exposure (Figure 2). Initially, the number of Artemia ingested was counted every 20 min for
120 min, but this was later reduced to every 30 min, with
the final number of Artemia ingested at 120 min used in
all results.
With this final protocol, we then sought to test its reproducibility. Figure 2 illustrates three separate exposures
using this protocol showing a similar toxicological effect
on morphology and a reduction in feeding. In searching for
more sensitive sub-lethal effects, we took the previously calculated 96 h LC50 of 0.18 mg/L CdCl2 as our maximal concentration. A general trend of deterioration in morphology
with increasing concentration can be seen with the appearance of stage B at ~0.02/0.04 mg/L and stage S at 0.12 mg/
L (Figure 2). At 0.12 mg/L CdCl2 there was a steady transition from stage N and B to S, T and D stages, the latter two
indicating Hydra death. As this transition in morphology
occurs, there was a clear reduction in the feeding ability

of the Hydra with a significant (p = ≤0.05) reduction in ingestion occurring at ~ 0.06/0.08 mg/L. From this graph it
is clear that there was an obvious relationship between Hydra morphology and a reduction in feeding even at relatively low concentrations of CdCl2. These results indicate
that sub-lethal effects on morphology can have a significant effect in reducing the ability of Hydra to ingest prey.
Although the effect of heavy metals on Hydra feeding
behaviour had been previously studied [5], no relationship
between morphology and feeding had been examined.
This study also reported a 48 h EC50 based on feeding of
0.17 mg/L considerably higher than the 96 h EC50 based
on feeding of 0.08 mg/L found in the present study using
the US EPA ToxTest programme. A second feeding endpoint measuring the number of Artemia captured on the
tentacles of each Hydra was also investigated and was
found not to be a sensitive or useful indicator as no trend or
significant (compared to control) decrease in capture rates
was seen with increased exposure to CdCl2 (Figure 3).

Capture rates
No. Artemia captured (average)

1.4
1.2
1

20 min

0.8

40 min

0.6

60 min

0.4

80 min
100 min

0.2

120 min

0
-0.2
-0.4
C.

0.02 0.04 0.06 0.08 0.1

0.12 0.13 0.14 0.15 0.16 0.18

CdCl2 (ppm)
FIGURE 3 - Effect of 96 h exposure to CdCl2 on average (n = 3) Hydra capture
rates for Artemia at various time intervals with standard error. No significance found.

Other sub-lethal endpoints measured included hydranth
number and Hydra attachment. We looked at the ability of
Hydra to reproduce asexually by counting the number of
hydranths in each well before and after a 96 h exposure to
CdCl2 (Figure 4). At time 0 h, each well contained 6 hydranths (two on each of the three Hydra). A small increase
in hydranth number can be seen after 96 h in the control and
Hydra exposed up to 0.1 mg/L. However, a significant decrease in hydranth number was seen after exposure to ≥
0.12 mg/L. It is important to note that these results are only
significant when averaged over several exposures, as there
was no significant effect for each individual exposure. To
our knowledge, this endpoint has been previously reported
only once [22] and, although not as sensitive as the feed-

ing test, hydranth numbers potentially offer another endpoint of interest to assess Hydra sub-lethality. The number
of Hydra attached in each well after a 96 h exposure was
also investigated (Figure 5 a,b). Attachment to a substrate
is needed in order to feed, grow and reproduce and is therefore essential to Hydra. A clear relationship between increased toxicity to CdCl2 based on morphology and a decrease in attachment was evident (Figure 5 a). When the
average was taken for several exposures (Figure 5 b), Hydra attachment was significantly reduced by a concentration as low as 0.02 mg/L when compared to the control.
This is the first time this endpoint has been reported and
our results suggest that Hydra attachment may be a sensitive toxicity endpoint that merits further study.
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Hydranth number 96 h

*

10

0h

*

***

8

96 h

***

***

6

***

4
2
0
-2
C.

0.02

0.04

0.06

0.08

0.1

0.12

0.13

0.14

0.15

0.16

0.18

CdCl2 (ppm)
FIGURE 4 - Effect of CdCl2 on average hydranth number (n = 7) with standard
error at 0 and 96 h exposure. Significance at: * p≤0.05, ** p≤0.01, *** p≤0.001.

10
9
8
7
6
5
4
3
2
1
0

7
N
B
S
F
T
attach

6
5
4
3
2

No. Hydra Attached

Hydra No.

Morphology & Attachment

1
0
C

0.02 0.04 0.06

0.08

0.1

0.12

0.13 0.14 0.15

0.16 0.18

CdCl2 (ppm)

(a).
Attachment 96 h
5
No. Hydra attached

Hydranth No. (Average)

12

0h

4

96 h

**
*

3

**
*

2
1

**
*

**
*

**
*

0.08

0.1

0

**
*

**
*

0.12

0.13

**
*

**
*

-1
C.

0.02

0.04

0.06

0.14

0.15

**
*
0.16

**
*
0.18

CdCl2 (ppm)

(b).
FIGURE 5 - (a). Relationship between Hydra attachment and morphology after 120 min following
a 96 h exposure to CdCl2. (b). Average number (n = 7) of Hydra attached per concentration of CdCl2 at
120 min with standard error following a 96 h exposure. Significance at: * p≤0.05, ** p≤0.01, *** p≤0.001.
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CONCLUSION
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SOLVENT USE IN GREECE FOR THE PERIOD 1990-2005
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SUMMARY

INTRODUCTION

The use of solvents has a significant impact on organic
emission loading of most urban atmospheres, and, for this
reason, they are invariably one of the targets of photochemical smog-related emission control strategies.
Existing inventories indicate that solvent use constitutes the second-most important source of anthropogenic
Non-Methane Volatile Organic Compound (NMVOC) emissions in Europe. The aim of this work is to examine the
evolution of NMVOC emissions from solvent use in Greece
for the years 1990-2005, as well as the changes in their
composition. The methodology used involves the collection and elaboration of a large amount of statistical data,
and is a top down approach (the calculations performed are
based on national solvent mass balances). The resulting
emission estimates provide improved knowledge for a
sizeable portion of the NMVOC emissions on national
level.
Emphasis is placed on the NMVOC emissions composition, in order to get a quantitative picture of the contribution of each chemical compound to the total NMVOC
emitted by the use of solvents in Greece. To this end, appropriate usage factors are determined for each solvent.
Time-series of total emissions are presented for the
period 1990-2005. The main results indicate that there is
an increasing trend of total NMVOC emissions in Greece
until 1995, but a decreasing one from 1996 to 2003. High
values in 2004 and 2005 must be attributed to large construction projects of Athens 2004 Olympic Games. Moreover, the composition of solvent NMVOC has changed.
White spirit and creosote contribution has decreased, that
of solvents, such as methanol, styrene, ethylene glycol and
toluene, has increased.

KEYWORDS:
Solvents, NMVOC emissions, Greece.

A solvent is a fluid that dissolves a solid, liquid, or
gaseous solute, resulting in a solution. The most common
solvent in everyday life is water. The term organic solvent
refers to most other solvents that are organic compounds
and contain carbon atoms. Solvents usually have a low
boiling point and evaporate easily or can be removed by
distillation, thereby leaving the dissolved substance behind. Solvents should, therefore, not react chemically with
the dissolved compounds – they have to be inert. They can
also be used to extract soluble compounds from a mixture.
Solvents are usually clear and colourless liquids, and most
of them have a characteristic odour.
Common uses of organic solvents are in dry cleaning
(e.g. tetrachloroethylene), as paint thinners (e.g. toluene, turpentine), as nail polish removers and glue solvents (acetone,
methyl acetate, ethyl acetate), in spot removers (e.g. hexane,
petrol ether), in detergents (citrus terpenes), in perfumes
(ethanol), and in chemical syntheses [1]. Table 1 presents
the categorization of characteristic solvents widely used
in Greece.
TABLE 1 - Categorization of solvents widely used in Greece.
Compound category
Aliphatics
Aromatics
Alcohols
Esters
Glycols & Ethers
Ketones
Halogenated HCs
Rest

Representative solvent
White spirit
Styrene, toluene
Methanol, n-butyl alcohol
Ethyl acetate, vinyl acetate, n-butyl acetate
Ethylene glycol
Acetone, methylisobutylketone
Tetrachloroethylene, methylenechloride
Creosote, turpentine

Emissions from solvents are primarily the result of
solvent evaporation, whereby the lighter hydrocarbon
mole-cules in the solvents escape into the atmosphere. Most
solvents are part of a final product, e.g. paint, and will
sooner or later evaporate. The evaporation process varies,
depending on different solvent uses and solvent types.
NMVOCs are the primary gases emitted from most processes employing organic or petroleum-based solvents.
It is well-established that the use of solvents and other
chemical products can undergo chemical reactions caus-
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ing the formation of ground-level ozone. High concentrations of ground-level ozone can be detrimental to human
health, and also cause damage to building materials, forests,
vegetation and crops. Solvent use is a significant source of
the organic emissions loading of most urban atmospheres,
and, therefore, are invariably one of the targets of photochemical smog-related emission control strategies. Some
NMVOC species are also known to be carcinogens, and
exposure to even small quantities can bring about irreparable damages to human health [2]. That is why IPCC inventory reporting guidelines identify solvent use as one of
the major source categories, for which countries should report emissions [3].
It should be stressed that on European scale, solvent
use contribution is roughly a quarter of total anthropogenic
NMVOC emissions. Per country, this contribution ranges
from 15-30% of total anthropogenic NMVOC [4]. In order
to control VOC emissions from solvents, the council of the
EU has imposed a gradual implementation of measures regarding the limitation of emissions of VOC, due to the use
of organic solvents in certain activities and installations [5].
In this paper, solvent NMVOC emissions in Greece
are estimated for the period 1990-2005. Moreover, composition changes in the total emissions` mixture are examined by providing speciated NMVOC emissions. So far,
there have been quite a few studies in the field of solvent
emissions inventorying on an international level, primarily
in the context of total anthropogenic VOC emission estimations [6-8], but limited published work exists concerning
the situation in Greece [9]. In this work, emphasis is placed
on the determination of (pure) solvent utilization factors
in order to be used in the ‘Solvent Mass Balance’ methodology, and the presentation of speciation profile changes
of NMVOC emissions over the period 1990-2005.
MATERIALS AND METHODS
Emission calculation from solvent use is performed by
estimating the amount of pure solvents consumed. The sum
of all solvent mass balances equals to NMVOC emissions,
due to the use of solvents [4]. This methodology does not
cover solvent-containing products (household or personal
care products, adhesives, automotive care products, etc) in
order to avoid double-counting of emissions. In formula, the
national solvent mass balance is expressed as follows:
Compound(s) Consumption = Production + Import –
Export – Destruction/Disposal – Hold-up
(1)
Destruction and disposal of the compounds used as solvents is a way of lowering emissions coming from solvent
use. The amount of solvents disposed is small, but increasing
in most countries. Hold-up is the difference in the amount
in stock at start and end of the time period of inventory
(year, in our case). For the present study, both destruction/
disposal and hold-up of solvents were considered as hav-

ing zero values, since in Greece destruction/disposal of solvents does not take place and hold-up data are not available.
For each chemical compound (or mixture of compounds) used as solvent, the NMVOC emission is calculated by multiplying the consumption of each chemical
compound by its usage factor (as a solvent), and by its
fraction emitted:
NMVOC Emission = Compound(s) Consumption x
Usage Factor x Fraction Emitted
(2)
TABLE 2 - Usage factors of solvents.
Chemical compound(s)
Usage factor
(or mixture of)
[%]
1
methylenechloride
55
2
tetrachloroethylene
60
3
trichloroethylene
85
4
1,1,1-trichloroethane
65
5
trichlorotrifluoromethane
65
6
trichlorofluoromethane
50
*
7
white spirit
100
**
8
creosote oil
100
9
vinyl acetate
90
10
ethyl acetate
100
11
acetone
99
12
methanol
25
***
13
benzenes+
80
***
14
toluenes++
15
***
15
xylenes+++
5
16
turpentine
100
17
cyclohexane
20
18
butanone
5
19
cyclohexanone
5
20
methylisobutylketone
100
21
hexylene glycone
100
22
ethylene glycol
12.5
23
ethylbenzene
20
24
benzene
5
25
Isomers of xylene
5
26
o-xylene
5
27
styrene
10
28
toluene
15
29
n-butyl alcohol
100
30
diacetone alcohol
100
31
cyclo hexanole
70
32
n-butyl acetate
100
*
Typical composition of white spirit (totals add to >100%, due to rounding errors) [12]:
C- Number
Cycloalkanes
Paraffins
Aromatics
8
2
9
7
15
9
10
16
20
8
11
9
13
12
2
4
No

TOTAL
34
52
19
Approximately 10-20 % of the creosote used for wood preservation is
made up of NMVOC [4].
***
Mixtures of compounds which mainly consist of benzene (+), toluene
(++), xylene (+++) [4].
**

The fundamental statistical activity data for the implementation of the methodology, e.g. domestic production, imports and exports of chemical compounds (or mixtures of
them) used as solvents, were derived from national statistics [10]. Using formula (1), the consumption of each com-
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pound in Greece was calculated and was put into formula
(2). Since not the totally consumed quantity of the abovementioned compounds is used as solvent in Greece, and
many of the substances used as solvents are also used in
other processes (polymerization, production of other chemical products, etc.), solvent usage data were acquired. To
this end, market reports and communication with industry
experts were used to determine the percentage of use as a
solvent (usage factor) for each compound. Industry expert
assessments (that mainly concerned information on the
highly consumed substances, e.g. methanol, styrene, etc.)
were cross-checked with solvent utilization values derived
from American and European technical literature [4, 11].
Table 2 lists all the compounds (or mixtures of compounds)
used in Greece, together with the respective solvent usage
factors.

Flow of solvents
Production + Import – Export – Destruction/Disposal – Hold-up

solvent used is released into the atmosphere. It has been
shown that this assumption leads to an error of less than
10% [13]. In Fig. 1, the flowchart of the solvent mass balance methodology is presented.
RESULTS AND DISCUSSION
Total NMVOC emissions estimated by solvent mass
balance methodology are presented in Fig. 2 for the period 1990-2005. Due to the fact that not all solvent quantities supplied are actually consumed during a calendar year
as statistical data imply, and no hold-up data are available,
three-years average emission values are presented in Fig. 2
as well. In this way, emission trends are more clear and reliable. It is evident that there is an increase of emissions from
1990-1995, and a reduction trend from 1996-2003. High
values in 2004 and 2005 must be attributed to large construction projects of Athens (2004 Olympic Games).
The composition of NMVOC emissions is presented
in Table 3 for three selected years: 1995, 2000 and 2005.
In addition, the contribution of the major NMVOC emitting
compounds is easily recognized in Fig. 3. The share of methanol to total NMVOC is steadily increasing since 1997. On
the other hand, there is a decreasing participation of white
spirit (the main contributor to NMVOC emissions during
the 1990’s), with the exception of 2004 and 2005. Attention
must be paid to the increasing quantities and contribution to
total NMVOCs of the rest solvents (mainly styrene, ethylene glycol, toluene, which are industrial solvents), since
some of them are known to be hazardous air pollutants.

Gross Consumption
Destruction/Disposal
Hold-up

Net Consumption
Usage factor
Fraction emitted

NMVOC Emissions

FIGURE 1 - Flowchart of the solvent mass balance methodology.

NMVOC emissions have to be multiplied by the fraction emitted according to equation (2), but since no relevant
information is available, the fraction emitted for each solvent was set to 1.0, considering that the total amount of

A weak point of the emission estimates presented in this
work is an uncertainty related to the use of the same solvent usage factors during the whole period under study.
They are representative of the recent years of the examined period, since their determination was based on recent
years’ information. Still, they are applied to all the years
due to the lack of information on the early years.

80
1yr
3yr_av

70
60

[kt/yr]

50
40
30
20
10
0
1990

1995

T ime	
  [yr]

2000

2005

FIGURE 2 - Total NMVOC emissions from solvent use in Greece (yearly and three-years average values).
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TABLE 3 - Composition of NMVOC emissions from solvent use in Greece for the years 1995, 2000 and 2005.

No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

NMVOC emissions

Chemical compound(s)
(or mixture of)

[t/yr]
2000
0
1012
987
3
13
18128
5946
7625
5635
3706
10103
0
2
2633
0
51
9
290
18
1637
5
0
251
0
3665
1921
219
45
0
1608
65509

1995
505
1064
833
31
27
132
29476
12784
5234
3781
3966
6656
39
329
3
65
8
654
41
740
191
2872
1615
158
29
0
872
72106

methylenechloride
tetrachloroethylene
trichloroethylene
1,1,1-trichloroethane
trichlorotrifluoromethane
trichlorofluoromethane
white spirit
creosote oil
vinyl acetate
ethyl acetate
acetone
methanol
benzenes
toluenes
xylenes
turpentine
cyclohexane
butanone
cyclohexanone
methylisobutylketone
hexylene glycone
ethylene glycol
ethylbenzene
benzene
Isomers of xylene
o-xylene
styrene
toluene
n-butyl alcohol
diacetone alcohol
cyclo hexanole
n-butyl acetate
TOTAL

2005
415
817
419
131
24486
625
5992
5472
3001
16048
0
0
7
0
3
56
11
123
10
3441
314
5538
1646
190
150
0
2068
70961

1995
0.7
1.5
1.2
0.0
0.0
0.2
40.9
17.7
7.3
5.2
5.5
9.2
0.1
0.5
0.0
0.1
0.0
0.9
0.1
1.0
0.3
4.0
2.2
0.2
0.0
0.0
1.2

[% wt]
2000
0.0
1.5
1.5
0.0
0.0
27.7
9.1
11.6
8.6
5.7
15.4
0.0
0.0
4.0
0.0
0.1
0.0
0.4
0.0
2.5
0.0
0.0
0.4
0.0
5.6
2.9
0.3
0.1
0.0
2.5

2005
0.6
1.2
0.6
0.2
34.5
0.9
8.4
7.7
4.2
22.6
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.2
0.0
4.8
0.4
7.8
2.3
0.3
0.2
0.0
2.9

100%

80%

res t	
  s olvents
halogenated	
  H C
white	
  s pirit

60%

creos ote
vinyl	
  acetate
ethyl	
  acetate

40%

acetone
methanol

20%

0%
1990

1995

2000

2005

T ime	
  [yr]

FIGURE 3 - Contribution of the major compounds to NMVOC emissions from solvent use in Greece.

CONCLUSIONS
In this work, speciated NMVOC emissions from solvent use in Greece were examined on the basis of the ‘Sol-

vent Mass Balance’ methodology. A detailed analysis of the
composition of NMVOC profile from solvent use in Greece
is given as well. The main findings are that there seems to
be a small but steady decreasing trend of NMVOC emis-
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sions from 1996 onwards, with the exception of 2004 and
2005, and that compounds, such as ethylene glycol and
toluene, have an increasing share to total NMVOC emissions, a fact which indicates that appropriate measures for
emissions` reduction from these industrial solvents must
be taken.
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EFFECT OF ELEMENTAL SULPHUR ON HEAVY METALS SOLUBILITY AND REMEDIATION BY PLANTS IN CALCAREOUS SOILS
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SUMMARY

INTRODUCTION

Sewage sludge application may lead to the accumulation of a number of potentially harmful components, such as
heavy metals, in the applied sludge possibly resulting in phytotoxic effects, soil and water contamination, and accumulation of heavy metal in food supplies. A pot experiment was
conducted to compare the relative efficiency of elemental
sulphur application in enhancing Pb and Cd phyto-extraction, and to increase Pb and Cd desorption from heavy
metal-contaminated soil. Two rates of elemental sulphur (S)
applied at 0 (S0) and 300 (S300) mmol kg-1 soil with three
rates of each metal at 0, 200, and 400 mg kg-1 Pb(NO3)2 and
0, 50 and 100 mg kg-1 Cd (CdCl2). Six corn plants were
grown for 42 days in pots of contaminated calcareous soil.
Results indicated that with S application at 300 mmol S
kg-1, soil pH decreased by 0.5 unit, and solubility of both
Pb and Cd was significantly increased. The concentration
of Fe, Mn, Zn, Cu, Pb and Cd in maize shoots and roots
were increased with increasing rates of heavy metals. However, the concentrations of Pb and Cd in shoots and roots
were higher with application of S than without S. Root Fe,
Mn and Zn uptake rates were higher than those of shoot,
whereas Pb and Cd uptake of shoot was greater than that
of roots in corn plants. Plant yield was also significantly
affected by application of S and heavy metals. With heavy
metal addition, the shoot and root biomasses were decreased
with rates of heavy metal increase, either with or without
application of S. The removal of Pb and Cd by maize uptaken from the soil increased by application of S within a
growth period of only 42 days. As a conclusion, it can be
said that sulphur application facilitated Fe, Mn, Zn,Cu, Pb
and Cd phyto-extraction, and this may provide an effective soil decontamination strategy in calcareous soils.

KEYWORDS: corn, calcareous soils, heavy metal availability,
sulphur, phyto-extraction

Soil heavy metal pollution is a serious problem worldwide [1, 2], and can be potentially harmful to human health
via the food chain. In most cases, soil contamination results
from anthropogenic activities such as mining, smelting, fertilizer application and sludge disposal [3].
There is an increasing tendency to favour land application over other means of disposal of industrial or commercial waste material that have characteristics potentially
beneficial for agriculture, despite the fact that these wastes
may have other properties undesirable for agriculture, or
may contain significant concentrations of numerous contaminants. Because wastes, such as sewage sludge, are not
designed for agricultural use, they contain some level of industrial and commercial discharge, and are of variable and
unpredictable composition, it would be fortuitous indeed,
if virtually none of them contained contaminants detrimental to soils or the environment, in the short or long-term
[4].
Lead, a common pollutant, is of concern because it is
not a plant nutrient, but is potentially toxic to animals and
humans. According to USEPA [5], remediation is usually
required when soil total Pb exceeds 300-500 mg kg-1 or
extractable Pb exceeds 5 mg l-1. Cadmium is also one of the
most common heavy metal pollutants in soil. At low concentrations, Cd is not toxic to plants, but at higher levels it
is toxic, and characteristically inhibits root growth and
cell division [6-8].
Contaminated soils can be remediated by physical,
chemical and biological techniques [9]. Traditional treatments for metal contamination in soils are expensive and
cost-prohibitive when large areas of soils are contaminated.
Treatments can be done in situ or ex situ which are both extremely expensive. These include high temperature
treatments, solidifying agents and washing processes [10].
Therefore, the development of cost-effective and in situ
environ-mentally technologies for the remediation of heavy
metal-contaminated soils is much needed.
The solubility of heavy metals in soil is limited due to
complexion with organic matter, sorption on clays and ox-
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ides, and precipitation as carbonates, hydroxides and phosphates [11]. Hence, only a small portion of heavy metals
in soil is bio-available [12, 13].

basal fertilizer. After the incubation period, soils were
treated with powdered sulphur thoroughly at the rates of 0
and 300 mmol kg-1, and left to incubate for 30 days.

In phytoremediation, the bio-availability of heavy metals is an important factor. There are two main approaches
that have been used to increase the bio-availabilty of heavy
metals in soils and their mobility within the plants: lowering soil pH [14-16] and adding synthetic chelates [16], such
as ethtylenediaminetetraacetic acid (EDTA), nitrilotriacetic
acid (NTA) and diethylenetriaminepentaacetic acid (DTPA).
A decrease in soil pH can be achieved by application of
mineral or organic acids, or acid-producing fertilizers, such
as ammonium chloride [17-19]. However, these methods
have some limitations due to negative effects on chemical,
physical and biological properties of the soil, or may lead to
groundwater pollution through leaching. To avoid some of
these constraints, the use of elemental S to decrease soil pH
and increase the solubility of heavy metals in soils has been
suggested [20-22]. However, more investigations are needed
to evaluate the feasibility of this method as a toll for the enhancement of metal solubility and uptake by a metal accumulator, especially in calcareous soils contaminated by
different levels of heavy metals.

TABLE 1 - Some chemical and physical properties of soil.
Parameter
Particle size distribution (%)
Organic C
pH
Available P
CEC
EC
Exchangeable
K
Ca
Mg
Na
Available Heavy Metals
Fe
Zn
Mn
Cu
Cd
Pb
Total Heavy Metals
Fe
Zn
Mn
Cu
Cd
Pb

There is limited information on sulphur application to
enhance Cd, and Pb accumulation in plants. Therefore, this
study is carried out to compare the influence of elemental
sulphur on solubility of soil, Pb and Cd and uptake by
maize, and to identify soil amendments that increase Cd and
Pb desorption from soil.
MATERIALS AND METHODS
The soil was sampled to a depth of 0-20 cm from agricultural fields in Van province of Turkey, dried indoors
until it could be crumbled to pass through 4-mm for pot experiments, and 2-mm sieves for analyses of physicochemical properties. The soil is classified as Entisols according
to soil taxonomy [23]. Some physical and chemical properties of the soil are given in Table 1.
Soil was transferred to 20 cm diameter polyethylene
pots. Each soil was treated with different rates (0, 300 mmol
kg-1) of elemental sulphur and contaminated with heavy
metals (0, 200, and 400 mg kg-1 Pb(NO3)2, and 0, 50 and
100 mg kg-1 Cd (CdNO3)), to test the Cd and Pb uptake
capacity of corn (Zea mays L.) plants under greenhouse
conditions. The soil contamination was performed by appropriate amounts of heavy metals dissolved in deionized
water added to each pot (1000 g soil pot-1). They were saturated, air-dried at room temperature, thoroughly mixed, and
left to incubation for 2 weeks. The wetting-drying mixing
process was repeated to insure soil equilibrium during these
two weeks.
The pollutant-treated soils were fertilized with N, P, and
K using 200 mg N (as (NH4)2SO4), 80 mg P (as KH2PO4)
and 100.6 mg K (as KH2PO4) kg-1 soil, before seedling as a

Sand
Silt
Clay
g kg-1
(1:2.5
soil/water)
P2O5 Olsen
(mg kg1)
cmol(+) kg-1
dS m-1

33.7
36.2
30.1
16.0
8.3

cmol(+) kg-1
cmol(+) kg-1
cmol(+) kg-1
cmol(+) kg-1

2.1
18.1
2.4
0.2

mg kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1

2.6
1.1
1.6
1.0
0.1
0.5

mg kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1
mg kg-1

78.5
54.6
34.6
26.4
10.1
7.2

28.5
24.6
1.2

Plants tolerant to toxicity levels of trace elements respond by exclusion, indication or accumulation of metals
[24]. Plants are selected according to the needs of the application, contaminants of concern and species producing a
high-biomass. In phyto-extraction, one is seeking to concentrate the metals in the above-ground portion of the biomass, and to harvest and recover metals from the biomass
[25]. Corn (Zea mays) plants were selected because of their
hyper-accumulator properties according to the information given by Baker [26], Lasat [27], EPA [28], and,
Turan and Angın [29].
Plants were maintained in a greenhouse under natural
light at a minimum temperature of 10-11 °C and maximum
of 25-30 °C, and a relative humidity of about 30-40%. Day
length was 14 h during the experimental period. Corn seeds
were germinated for five days at 25 °C. Six seedlings were
transplanted to each pot containing 1000 g soil. The number of plants per pot was adjusted to three, 15 days after
germination. The pots were weighed daily and irrigated with
deionized water to replace water loss throughout evapotranspiration. Water content of the soil was adjusted to 70%
of field capacity. There were three replicates of each treatment giving a total of 54 pots in a randomized block design. The plants were harvested 42 days after germination.
Soil Analysis
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same rate of Pb300 without S. The highest concentration of
NH4NO3-extractable Cd was 33.9 mg kg-1 in Cd100 / S treatment, 1.54-fold that with the same rate of Pb without application of S. Heavy metal concentration in the soil increased
with increased levels of sulphur added to corn-planted soils.
The ability of sulphur to release Cd and Pb in soils planted
with corn followed the order of S300>S0 (control) (Fig. 1).

-1

Soil samples were collected in each pot, air-dried and
sieved (2 mm) for soil analyses. Particle size distribution
was determined by the method proposed by Gee & Bauder
[30]. Carbonate, phosphorus, potassium, pH and electric
conductivity were determined by the methods described by
Page et al. [31]. Total Fe, Mn, Zn, Cu, Cd and Pb contents
of soil were determined by digesting 2 g of soil in a mixture of concentrated HNO3/HCl (v:v, 1:3) [32, 33]. Digested
samples were analyzed by atomic absorption spectrophotometry. After plant harvest, in each pot, fresh sub-soil
samples were collected to determine 1M NH4NO3-extractable Fe, Mn, Zn, Cu, Cd and Pb. Samples of Fe, Mn, Zn,
Cu, Cd and Pb extract were analyzed by atomic absorption
spectrophotometry [34].

Pb concentration in soil (mg kg )

© by PSP Volume 16 – No 9a. 2007

Plant Analysis

Plants were harvested by cutting the shoots from the
soil surface, and washed with deionized water. Plant roots
were separated from the soil and washed with water until
being free of soil, and then washed three times with deionized water. Plant shoots and roots were dried for 48 hours at
70 °C, and ground. Sub-samples of ground plant materials
were analyzed. Fe, Mn, Cu, Zn, Cd, and Pb were determined
after wet digestion of dried and ground sub-samples in a
H2SO4-salicylic acid mixture. Fe, Mn, Cu, Zn, Cd, and Pb
analysis was done by atomic absorption spectrometry [34].

60

Pb(0)

Pb (200)

Pb(400)

50
40
30
20
10
0
0

300
-1

-1

Cd concentration in soil (mg kg )

Sulphure application (mmol kg )

Statistical analysis

The experiment was conducted with randomized factorial block design. Each pot was considered to be a replicate, and all of the treatments were repeated three times.
All data were subjected to a two-way analysis of variance
(ANOVA), and separations by Duncan`s test were performed using (SAS) statistical software [35].

45

Cd(0)

Cd (50)

Cd (100)

40
35
30
25
20
15
10
5
0
0

300
-1

Sulphure application (mmol kg )

FIGURE 1 - Effects of different elementel sulphur
application on Pb and Cd concentration in corn-planted soil.

RESULTS AND DISCUSSION
Efficiency of sulphur application in enhancing Cd and Pb
desorption from soil. Effects of sulphur application signifi-

cantly increased heavy metal availability in soils. As shown
in Figs. 1 and 2, soil NH4NO3-extractable Pb and Cd increased with soil pH, but decreased for all the treatments
with Pb and Cd addition by application of S, compared to
control. One important fact is the oxidation of S by certain groups of acidophilic bacteria, notably Thiobacillus
spp. in the soil [21, 22, 36]. Tichy et al. [20] reported that
156 mmol of different types of S per kg soil were added to
a gleyic cambisol with an initial soil pH between 5-5.5, and
soil pH decreased to 3.3 within 80 days. Kayser et al. [22]
reported that adding 36 mol S m2 to soil led to a decrease
in soil pH from 7.2 to 6.9. In the present experiments, adding S also acidified the soil, which caused the soil pH to
decrease from 8.2 to 7.80, about 0.5 units within 42 days.
The highest concentration of NH4NO3-extractable Pb
was 44.9 mg kg-1 at the treatment of Pb300 associated with
application of S, that is 2.37-fold higher than that with the

Recent studies have reported that the complexation of
B, Cd, Mo and Pb by different organic chelates can play an
important role in controlling the heavy metal solubility and
concentration in soil [37, 38]. Ethylene diaminetetraacetic
acid (EDTA) is an effective chelate that has been found to
increase the solubility of heavy metals in soil, and their bioavailability to plants, and the effect can be improved by decreasing soil pH [16]. A decrease in soil pH can be achieved
by application of mineral or organic acids, or acid-producing fertilizers such as ammonium chloride [17-19]. However, these methods have some limitations due to negative
effects on soil fertility or structure, or they may lead to
groundwater pollution. To avoid some of these constraints,
the use of elemental S has been suggested to decrease soil
pH and increase solubility of heavy metals in soils [20,
22]. The mobile fraction of soil heavy metals is greatly
influenced by soil pH, and, generally, increases as soil pH
decreases [22, 39]. Kayser et al. [22] used NaNO3 to extract
metals from soil, and found that NaNO3-extractable Cd
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and Zn increased 35- and 8-fold, respectively, when soil
pH was reduced from 7.2 to 6.9.
Reddy et al. [40] found that at low pHs, dissolved metal
concentration in soil water extracts was dominated by free
ionic forms, followed by ion pairs. The availability and
mobility of metal ions increased with decrease in soil pH,
due to these chemical forms increasing in soil solution.
Dry Matter Yield of Plants. Plant dry matter biomass was
significantly affected by heavy metals with application of
S. With heavy metal addition, the shoot and root biomass
decreased when heavy metals increased, either with and
without S. Application of sulphur to lower heavy metalcontaminated soils significantly increased dry matter yield
of both shoot and root parts of plant, and plants showed
significant increase when sulphur additions were higher than
300 mmol kg-1. According to the addition level of heavy
metals, dry matter yields of corn are given in Table 2.

Application of heavy metals to soils significantly decreased dry matter yield of both parts of plants, and plant
showed significant decrease when Cd addition was higher
than 50 mg kg-1. Kayser et al. [22] reported that shoot
weight in some plants did not change significantly with S
application. However, in the present experiments, application of S increased the weight of plant dry matter. Possibly, the concentration of added Zn did not reach the toxic
level to the plant. However, another reason might be that
different plants have different sensitivity to the toxicity of
metals or the amendment.
Macro-/micro-nutrient concentration in shoots and roots.

The N, P, K, Ca, Mg and S contents of plant shoot and
root were significantly affected by S application to heavy
metal-contaminated soils. Macronutrient contents of plant
shoot were higher than that of root, and those of plant
shoots and roots decreased with increasing Pb and Cd levels
in soil, but increased with increasing S application in plant
root parts (Tables 2 and 3).

TABLE 2 - Effects of different elementel sulphur application on yield and
mineral concentration in shoot and root of corn plants grown in Pb- and Cd-polluted soil.
Fresh Weight

Dry Weight

g pot-1
Shoot
Pb0
Pb200
Pb400
Cd0
Cd50
Cd100
S0
S300
Root
Pb0
Pb200
Pb400
Cd0
Cd50
Cd100
S0
S300

Shoot
PB0
PB200
PB400
Cd0
Cd50
Cd100
S0
S300
Root
Pb0
Pb200
Pb400
Cd0
Cd50
Cd100
S0
S300

N

P

K

Ca

g 100g-1 dw

18.4± 6.6 ns
17.2± 5.6 ns
16.9 ±5.7 ns
18.1 ±6.6 b
20.6 ±5.6 a
13.8 ±3.2 c
14.4 ±3.3 B'
20.6 ±6.3 A'

3.5 ±0.9 ns
3.3 ±0.8 ns
3.3 ±0.9 ns
3.6 ±1.0 a
3.7 ±0.8 a
2.8 ±0.7 b
3.0 ±0.7 B'
3.7 ±0.9 A'

2.9 ±0.1 A
2.2 ±0.4 B
1.8 ±0.5 C
2.5 ±0.5 a
2.3 ±0.5 b
2.0 ±0.6 c
2.5 ±0.4A'
2.0 ±0.6B'

0.30 ±0.02 A
0.25 ±0.03 B
0.21 ±0.03 C
0.27 ±0.04 a
0.25 ±0.04 b
0.23 ±0.04 c
0.27±0.03 A'
0.24±0.04 B'

3.5±0.2 A
3.2±0.2 B
3.0±0.1 C
3.3 ±0.2 a
3.2 ±0.3 b
3.1 ±0.2 c
3.3± 0.2 A'
3.1± 0.2 B'

0.21±0.02 A
0.18±0.03 B
0.15±0.03 C
0.18± 0.03 ns
0.18± 0.04 ns
0.18± 0.03 ns
0.20± 0.02 A'
0.15± 0.03 B'

31.8±11.9 ns
29.8±10.6 ns
30.7± 9.4 ns
30.4±10.7ns
31.7±12.2ns
30.2± 8.9ns
22.5± 4.2B'
39.3± 8.1A'
Mg
g 100g-1 dw

3.3± 0.7 ns
3.0± 0.6 ns
2.9± 0.6 ns
3.1± 0.7 ns
3.2± 0.7 ns
2.8± 0.6 ns
2.7± 0.5B'
3.5± 0.7A'
S

0.93± 0.50 A
0.61± 0.05 B
0.55± 0.06 B
0.84± 0.61 a
0.64± 0.09 b
0.61± 0.06 b
0.63± 0.16 B'
0.76± 0.48 A'
Fe
mg kg-1 dw

0.10± 0.01 A
0.10± 0.01 A
0.08± 0.01 B
0.11± 0.02 a
0.09± 0.02 b
0.07± 0.01 c
0.08± 0.01 B'
0.11± 0.01 A'
Mn

0.43± 0.03A
0.40± 0.05B
0.40± 0.06B
0.44± 0.06a
0.39± 0.04b
0.39± 0.04b
0.38± 0.03B'
0.44± 0.05A'
Zn

0.09± 0.02 A
0.08± 0.02 B
0.07± 0.01 C
0.09± 0.01 a
0.08± 0.02 b
0.07± 0.01 c
0.06± 0.01 B'
0.09± 0.01 A'
Cu

0.17± 0.03 A
0.11± 0.02 B
0.08± 0.02 C
0.14± 0.04 a
0.11± 0.04 b
0.10± 0.04 c
0.12± 0.04 A'
0.11± 0.04 B'

0.46± 0.11A
0.35± 0.12B
0.30± 0.11C
0.41± 0.13a
0.36± 0.13b
0.33± 0.12c
0.26±0.07B'
0.48±0.07A'

116.4±14.5A
98.0±12.5B
92.3± 9.6C
110.8±14.2a
98.4 ±14.3b
97.3±16.3b
96.2± 6.7B'
108.2±19.9A'

36.4± 3.1 A
26.8± 4.5 B
22.1± 3.8 C
31.7± 6.4 a
28.7± 5.9 b
24.8± 7.5 c
29.0± 5.2A'
27.8± 8.6B'

69.1± 4.2 A
63.1± 6.1 B
60.5± 7.4 C
63.9± 7.7 b
65.7 ± 6.7 a
63.1 ± 6.5b
69.1± 3.8A'
59.4± 5.9B'

13.2± 1.3 A
11.5± 2.2 B
9.7± 1.4 C
12.8± 2.1 a
10.3± 1.7 c
11.4± 2.1 b
11.7± 2.2 ns
11.2± 1.8 ns

0.06± 0.02 A
0.06± 0.02 A
0.05± 0.01 B
0.07± 0.01 a
0.06± 0.02 a
0.05± 0.01 b
0.05± 0.01 B'
0.08± 0.01 A'

0.14±0.02 A
0.12±0.03 B
0.11±0.03 C
0.14±0.02 a
0.12±0.03 b
0.11±0.03 c
0.10±0.02 B'
0.15±0.01 A'

167.2±28.8 ns
160.3±23.5 ns
163.1±17.2 ns
169.7±14.8 a
170.0±22.0 a
150.8±27.5 b
150.3±14.2 B'
176.7±23.5 A'

72.8 ±10.8 A
68.5 ± 6.4 B
67.4 ± 9.4 B
73.6 ± 9.5 a
70.5 ± 8.7 b
64.6 ± 7.1 c
62.5 ± 4.2 B'
76.7 ± 7.1 A'

116.3±10.6 A
105.6±10.6 B
106.2±12.8 B
114.5± 9.5 a
111.2±10.9 b
102.4±13.2 c
102.9±11.5 B'
115.8± 9.3 A'

10.0 ±5.6 A
9.5 ±4.1 AB
9.0 ±3.1 B
10.1 ±4.7 a
9.5 ±4.5 b
8.8 ±3.6 c
5.6 ±1.2 B'
13.4 ±2.1 A'
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Capital (A, B, C), small (a, b, c), and upper side capital (A', B') letters indicate Pb, Cd and S application significance at 0.05 level, respectively.
dw: dry weight, ns: not significant
TABLE 3 - Analysis of variance for plant yield and mineral contents.
Pb

Cd

S

Pb x Cd

Pb x S

Cd x S

Cd x Cd x S

Shoot

ns

**

**

ns

ns

**

ns

Root
Shoot

ns
ns

ns
**

**
**

ns
ns

ns
ns

ns
ns

ns
ns

Root
Shoot

ns
**

ns
**

**
**

ns
**

ns
**

ns
ns

ns
ns

Root
Shoot

**
**

**
**

**
**

**
**

**
**

**
**

**
*

Root
Shoot

**
**

**
**

**
**

*
**

ns
**

ns
**

**
**

Root
Shoot

**
**

**

**
**

**
*

**
ns

**
ns

**
ns

Root
Shoot

**
**

**
**

**
**

ns
ns

*
*

**
**

ns
ns

Root
Shoot

**
**

**
**

**
**

ns
ns

**
ns

ns
ns

**
ns

Root
Shoot

**
**

**
**

**
**

*
**

**
**

ns
**

ns
ns

Root
Shoot

ns
**

**
**

**
**

ns
**

ns
**

ns
*

ns
ns

Root
Shoot

**
**

**
*

**
**

**
*

**
**

*
**

ns

Root
Shoot

**
**

**
**

**
ns

**
*

**
**

**
ns

**
*

Root
Shoot

**
**

**
ns

**
**

**
*

**
**

**
ns

**
ns

Root
Shoot

**
ns

**
**

**
**

**
ns

**
ns

**
**

*
ns

Root

ns

**

**

ns

**

**

**

Fresh Weight
Dry Weight
N Content
P Content
K Content
Ca Content
Mg Content
S Content
Fe Content
Mn Content
Zn Content
Cu Content
Pb Content
Cd Content
* Significant at 0.05 probability level, ** significant at 0.01 probability level, ns = no significant difference

The Fe, Mn, Zn and Cu contents of plant shoot and
root were also significantly affected by S application to
heavy metal-contaminated soils. Micronutrient contents of
plant roots were higher than in shoots. Plant shoot micronutrients decreased with increasing Pb and Cd levels in
soil, but increased with increasing S application in plant
root parts (Tables 2 and 3).

by 1.5 and 1.4 times with S, when using soil samples treated
with 400 mg Pb kg-1 (Fig. 2). Concentrations of Cd in maize

Heavy metal concentration in shoots and roots. With sulphur application rates, heavy metal concentrations in shoots
were about 4-6 times higher than in roots. Application of
sulphur at rates of 0 and 300 mmol kg-1 significantly increased heavy metal concentration in plant shoots and roots
(Fig. 2). Comparing treatments without (control) and with
S, concentrations of Pb in maize roots and shoots increased
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roots and shoots increased by 1.4 and 1.3 times with application of S in 100 mg Cd kg-1 treated soil (Fig. 2). There
are a number of reasons for the high plant uptake rates
of these heavy metals. However, the main reason is most
probably that the increase of solubility of Pb and Cd leads
to an improvement in metal bioavailability, with a decrease
of soil pH by application of S. [22, 41]. McLaughlin et al.
[42] reported that increasing SO42- in soil could increase
shoot Cd concentration, in the present experiment, the increasing SO42- in soil may be another cause increasing the
shoot Cd and Pb contents. The aim of phytoremediation is
to remediate the soil, and not to gain any yield for the purposes of human and animal nutrients. So, the plants with
heavy metals should be removed from the field by processes such as burning, storage bin, etc. Plants loaded
with heavy metals as a result of phytoremediation can be reused to gain metals from the plants.
-1
Pb content of corn plant (mg kg
dw)

0

300

11

9

7

5

3

1
Pb (0)

Pb (200)

Pb(400)

SHOOT

Pb (0)

Sulphur application doses (mmol kg-1 )

Pb (200)

0
-1
Cd content of corn plant (mg kg
dw)

Pb(400)

ROOT

300

by plants leads to toxic effects. Sulphur is a relatively lowcost amendment and can be obtained as mineral sources
residue. This helps to develop an S-assisted Cd and Pb phytoextraction and cost-effective soil decontamination strategy for heavy metal-polluted soils. Similar results were
reported by some other authors [17, 43-45].

CONCLUSION
Phytoremediation is widely considered as low-cost and
ecologically responsible alternative to the expensive physical-chemical methods currently practiced, and an emerging
bio-based and low-cost alternative technology in the cleanup of contaminated soils. Future of the technique is still in
development, and there are some questions which need to
be addressed, such as optimization of the process and better
understanding of how plants absorb, translocate and metabolize heavy metals. Sulphur application to soil not only
increased heavy metal availability in soils, but also enhanced heavy metal content of the plant organs. The results of this study demonstrated that soil pH decreased with
S application, and solubility of Pb and Cd was significantly
increased in all treatments with S. S application is also an
efficient soil amendment in enhancing Cd and Pb desorption from soil, and for increasing Cd and Pb accumulation
in plants. Although the application of S can increase uptake
of some metals by plants enhancing metals` mobility, there
is also a potential risk of movement of metals into the
groundwater. An appropriate rate of S must, therefore, be
considered in field applications to avoid or minimize environmental risks for soils, especially those with a coarse
texture.

71
61
51

REFERENCES

41
31

[1]

Wang, Q.R., Cui, Y.S. and Dong, Y.T. (2002) Phytoremediation of polluted waters-potentials and prospects of wetland
plants. Acta Biotechnol, 22, 199-208.

[2]

Wang, Q.R., Liu, X.M., Cui, Y.S., Dong, Y.T. and Cristie, P.
(2002) Response of legume and non-legume crop species to
heavy metals in soils with multiple metal contaminations. J.
Environmental Sci. Helath, Part A, 37, 611-621.

[3]

Lepp, N.W. (1981) Copper. In: Lepp, N.W. (ed.) Effect of
heavy metal pollution on plants. 1. Effects of trace metals on
plant function, Vol 1., Barking, UK: Applied Science Publishers: pp.111-143.

[4]

McBride, M.B. (2003) Toxic metals in sewage sludgeamended soils: has promotion of beneficial use discounted
the risks. Advences in Environmental Research, 8, 5-19.

[5]

USEPA (United States Environmental Protection Agency)
(1996) Soil Screening Guidance: Technical Background
Document. USEPA Report 5401R-95/128. Washington, DC:
US Govt. Printing Office.

21
11
1
Cd (0)

Cd (50)

SHOOT

Cd(100)

Cd (0)

Sulphur application doses (mmol kg-1 )

Cd (50)

Cd(100)

ROOT

FIGURE 2 - Effects of different elemental sulphur applications
on Pb and Cd concentration in shoot and root of corn plant.

The results of this study demonstrated that sulphur application is an efficient soil amendment in enhancing Cd
and Pb desorption from soil and their accumulation in
plants. The plant root macro-micro contents of corn were
increased with increasing S applications, but micronutrients were decreased with increasing S in plant shoot parts.
This can be explained by increasing solubility of heavy
metals at decreased soil pH, and that heavy metal uptake

1130

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

[6]

Liu, D.H., Jiang, W.S. and Hou, W.Q. (2001) Uptake and accumulation of copper by roots and shoots of maize (Zea mays
L.) J. Environ. Sci. 13, 228-232.

[7]

Liu, D. H., Jiang, W.S. and Gao, X.Z. (2004) Effects of cadmium on root growth, cell division and nucleoli in root tip
cells of garlic. Biol. Plant. 47, 79-83.

[8]

Jiang, W.S., Liu, D.H. and Hou, W.Q. (2001) Hyperaccumulation of cadmium by roots, bulbs and shoots of garlic (Allium sativum L.) Biores Tech. 76, 9-13.

[9]

Mceldowney, S., Hardman, D.J. and Waite, S. (1993) Treatment Technologies, In: McEldowney, S., Hardman, D.J. and
Waite, S. (Eds.), Pollution Ecology and Biotreatment, Longman Scientific & Technical, Singapore.

[10] USDA & NRSC (United States Department of Agriculture and
National Resources Conservation Service), (2000) Soil Quality
Institute, Urban Technical Note No: 3, September 2000.
[11] McBride, M.B. (1994) Environmental Chemistry of Soils.
Oxford University Press. New York. p 406.
[12] Chaudhry, T.M., Hayes, W.J., Khan, A.G. and Khoo, C.S.
(1998) Phytoremediation-focusing on accumulator plants that
remediate metal-contaminated soils. Australian Journal of
Ecotoxicology, 4: 37-51.
[13] Khan, A.G., Kuek, C., Chaughry, T.M., Khoo, C.S. and Hayes,
W.J. (2000) Role of plants, mycorhizae and phytochelators in
heavy metal contaminated land remediation. Chemosphere,
41, 197-207.
[14] Salt, D.E., Blaylock, M.J., Kumar, N.P.B.A., Dushenkov, V.,
Ensley, B.D. and Chet, I. (1995) A novel strategy for removal
of toxic metals from the environment using plants. Biotechnology, 13, 468-474.
[15] Chlopecka, A., Bacon, J.R., Wilson, M.J. and Kay, J. (1996)
Forms of cadmium, lead, and zinc in contaminated soils from
southwest Poland. J. Environ Qual. 25, 69-79.
[16] Blaylock, M.J., Salt, D.E., Dushenkov, S., Zakharova, O.,
Gussman, C., Kapulnik, Y., Ensley, B.D. and Raskin, I. (1997)
Enhanced accumulation of Pb in Indian mustard by soil-applied
chelating agents. Environ. Sci. Technol., 31, 860-865.
[17] Salt, D.E., Prince, R.C., Pickering, I.J. and Raskin I. (1995b)
Mechanism of cadmium mobility and accumulation in Indian
mustard. Plant Physiol., 109, 1427-1433.
[18] Huang, J.W., Chen, J., Berti, W.R. and Cunnigham, S.D.
(1997) Phytoremediation of lead-contaminated soils: Role of
synthetic chelates in lead phytoextraction. Environ. Sci.
Technol., 31, 800-805.

aquatic sediments using indigenous sulphur-oxidizing bacteria: a feasibility study. Water Sci. Technol. 37, 387-394.
[22] Kayser, A., Wenger, K., Keller, A., Attinger, W., Fellix, H.R.
and Gupta, S.K. (2000) Enhancement of phytoextraction of
Zn, Cd and Cu from calcareous soil: the use of NTA and sulphur amnedments. Environ Sci. Technol., 34, 1778-1783.
[23] Soil Survey Staff (1999) Soil Taxonomy: A Basic system of
soil classification for making and interpreting soil surveys.
USDA-NRCS, Agriculture Handbook No: 436. U.S. Government Printing Office. P.870.
[24] Baker, A.J.M. (1981) Accumulators and excluders: strategies in
response of plants to trace elements. J. Plant Nutr., 3, 643-654.
[25] Schnoor, J.L. (1997) Phytoremediatian. Ground-Water Remediation Technology Analysis Center, Technology Evaluation
Report, TE-98-01, October 1997.
[26] Baker, A.J.M. (1995) Metal hyperaccumulation by plants:
our present knowledge of the ecophysiological phenomenon.
Will plants have a role in bioremediation? 14th Annual Symposium on Current Topics in Plant Biochemistry, Physiology
and Molecular Biology, Columbia, MO, pp.7-8.
[27] Lasat, M.M. (2000) Phytoextraction of metals from contaminated soil: a review of plant/ soil/ metal interaction and assessment of pertinent agronomic issues. Journal of Hazardous
Substance Research, Vol. 2-5.
[28] EPA (U.S. Environmental Protection Agency), (2000) Introduction to Phytoremediation, National Risk Management Research Laboratory, Office of Research and Development,
EPA/600/R-99/107, February 2000.
[29] Turan, M. and Angın, I. (2004) Organic chelate assisted phytoextraction of B, Cd, Mo and Pb from contaminated soils using two agricultural crop species Acta Agric., Scand., Sect.
B, Soil and Plant Sci. 54, 221-231.
[30] Gee, G.W. and Bauder, J.W. (1986) Particle-Size Analysis.
Methods of Soil Analysis. Part 1. Physical and Mineralogical
Methods. Agronomy, No: 9. 2nd Ed. pp. 383-441.
[31] Page, A.L., Miller, R.H. and Keeney, D.R. (Eds.) (1982) Methods of Soil Analysis Part 2. Chemical and Microbiological
Properties 2nd Ed. Agronomy. No: 9.
[32] Baker, D. and Amacher, M. (1982) Nikel, Copper, Zinc and
Cadmium. Methods of Soil Analysis Part 2. Chemical and
Microbiological Properties 2nd Ed. Agronomy. No: 9, pp.
323-334.
[33] Burau, R.G. (1982) Lead. Methods of Soil Analysis Part 2.
Chemical and Microbiological Properties 2nd Ed. Agronomy.
No: 9, p347-362.

[19] Wasay, S.A., Barrington, S.F. and Tokunaga, S. (1998) Remediation of soils polluted by heavy metals using salts of organic
acids and chelating agents. Environ Technol. 19, 369-379.

[34] AOAC (Association of Official Analytical Chemists- International) (1990). Official Methods of Analysis, 15th ed. AOACInt., Arlington, VA

[20] Tichy, R., Fajtl, J., Kuzel, S. and Kolar, L. (1997) Use of elemental sulphur to enhance a cadmium solubilization and its
vegetative removal from contaminated soil. Nutr Cycl
Agroecosyst. 46, 249-255.

[35] Institute SAS (1982). SAS Users guide. SAS Institute, Cary,
N.C.

[21] Seidel, H., Ondruschka, J., Morgenstern, P. and Stottmeister,
U. (1998) Bioleaching of heavy metals from contaminated

1131

[36] Lee, A., Boswell, C.C. and Watkinson, J.H. (1988) Effect of
particle size on the oxidation of elemental sulphur, thiobacilli
numbers, soil sulphate and its availability to pasture. NZ J
Agric Res. 31, 179-186.

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

[37] Naidu, R. and Harter, R.D. (1998) Effect of different organic
ligands on cadmium sorption by and extractability from soils.
Soil Sci. Soc. Am. J., 62, 644-650.
[38] Irenem M.C.L.O. and Yang X.Y. (1999) EDTA extraction of
heavy metals from different soil fractions and synthetic soils,
Water, Air, and Soil Pollution, 109, 219-236.
[39] Martinez, C.E. and Motto, H.L. (2000) Solubility of lead and
copper added to mineral soils. Environ Pollut. 107, 153-158.

Received: September 08, 2006
Revised: December 22, 2006
Accepted: February 22, 2007

[40] Reddy, K.J., Wang, L. and Gloss, S.P. (1995) Solubility and
mobility of copper, zinc and lead in acidic environments.
Plant Soil. 171, 53-58.

CORRESPONDING AUTHOR

[41] Cui, Y., Dong, Y., Li, H. and Wang, Q. (2004) Effect of elemental sulphur on solubility of soil heavy metals and their
uptake by maize. Environment International. 30, 323-328.
[42] Mclaughlin, M.G., Lambrechts, R.M., Smolders, E. and Smart,
M.K. (1998) Effects of sulphate on cadmium uptake by Swiss
chard: II. Effects due to sulphate addition to soil. Plant Soil.
202, 217-222.
[43] Singh A.K. and Pandeya, S.B. (1998) Sorbtion and relase of
cadmium fulvic acid complex in sludge-treated soils. Bioresourse Technology, 66, 119-127.
[44] Vassil, A.D., Kapulnik, Y., Raskin, I. and Salt, D.E. (1998)
The role of EDTA in Pb transport and accumulation by Indian mustard. Plant Physiol., 117, 447-453.
[45] Zhao, F.J., Lombi, E. and Mcgrath, S.P. (2003) Assessing the
potential for zinc and cadmium phytoremediation with the hyperaccumulator Thlaspi caerulescens. Plant and Soil, 249, 3743.

1132

K. Mesut Çimrin
Yüzüncü Yıl University
Faculty of Agriculture
Department of Soil Science
6500 Van
TURKEY
E-mail: mcimrin@hotmail.com
mcimrin@yyu.edu.tr
FEB/ Vol 16/ No 9a/ 2007 – pages 1113 - 1120

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

SUBJECT INDEX
A

H
acidic soil
adsorption
Aegean Sea
algae trapping
algal bloom
aquaculture
Artemia salina
Ascidiacea
Aspergillus oryzae
atrazine

1076
998
1012
1087
1087
1005
1100
1012
1020
1061

biodiversity
biomass
bisphenol A

1030
1023
1043

cadmium chloride
calcareous soils
coal mining wastes
coastal zone management
COD
composting
constructed wetland
corn
β-cyclodextrin

1100
1113
998
1030
1056
1069
1082
1113
1043

degradation
desorption
dissolved oxygen
drinking water supply
Drosophila melanogaster

1020
1061
1093
1087
991

ecohydrology
electrocoagulation
estuarine systems
eutrophication
eutrophication
ever-green

1030
1056
1030
1023
1087
1023

Fe (III)-hydroxyl complexes
feeding
freshwater fish

1043
1100
1005

Greece
green waste

1108
1069

B

E

1069
1076
1061
1100
1082

immobilization
inclusion complex
integrated vertical flow

1020
1043
1082

kinetics

1049

littoral zone
low-cost adsorbent
Luffa cylindrical

1087
1049
1020

macro-invertebrate abundance
metamorphosis
mining activities
modeling
municipal solid waste

1030
991
1076
1049
1069

NMVOC emissions
nuclear energy
nutrient accumulation
nutrient removal
nutrient removal

1108
998
1023
1023
1082

olive blackwater
open dump
orange G dye
organic enrichment
organo-mineral complexes

1020
1069
1049
1012
1061

paper mill sludge
phenol
photodegradation
phyto-extraction
phytostabilization
population structure

1049
991
1043
1113
1076
1012

radioisotopes
rainbow trout
refinery

998
1005
1056

I

K

L

C

D

heavy metals
heavy metals
humic substances
Hydra attenuate
hydraulic loading rate

M

N

O

P

F

G

R
H
heavy metal availability
heavy metals

1113
1005

1133

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

AUTHOR INDEX
S

A
sediment quality
semiarid climate
solvents
sorption
stabilization ponds
stock assessment
stratification
subtropical region
sulphur

1030
1076
1108
1061
1093
1012
1093
1082
1113

tailings
temperate climate
temperature
teratogenic effect
Thermaikos Gulf
toxicity endpoints
trace elements

1076
1093
1093
991
1012
1100
1005

1069
1049
1100
1069

Çevik, Uğur
Chang, Jie
Chang, Jie
Chintiroglou, Chariton
Çimrin, K. Mesut
Conesa, Héctor M.

1005
1023
1082
1012
1113
1076

Deng, Lin
Deng, Nangsheng

1043
1043

Ertuğral, Birol

1005

Faz, Ángel

1076

Gagné, Francois
García, Gregorio
Ge, Ying
Ge, Ying
Güçlü, Kubilay
Gündoğdu, Ali

1100
1076
1023
1082
998
1069

Jeon, Byong-Hun

1049

Kapur, Burçak
Kızılcıklı, İrfan
Krestenitis, Yannis
Kulikova, Natalia A.

1113
998
1012
1061

Lee, Giehyeon
Li, Shi-Peng
Liu, Yanxiang
Lolas, Petros
Lu, Jinwei

1049
1023
1043
1030
1087

D

V
vegetable oil

Bayram, Adem
Bhatnagar, Amit
Blaise, Christian
Bulut, V. Numan
C

U
998

1005
1012
1005
1076
991

B

T

uranium

Akin, Senol
Antoniadou, Chryssanthi
Apaydin, Gökhan
Arnaldos, Raquel
Aşkın, Hakan

1056
E

W
wastewater
wastewater
water quality
water quality
water

1056
1093
1030
1087
1023

F

G

subject-index

J

K

L

1134

© by PSP Volume 16 – No 9a. 2007

Fresenius Environmental Bulletin

M

X
Mahramanlioglu, Mehmet
Metaxa, Irene
Minocha, A. K.
Mutlu, Cengiz

998
1093
1049
1005

Nas, S. Serkan
Neofitou, Christos
Neofitou, Nikos
Niu, Xiao-Yin
Niu, Xiao-Yin

1069
1030
1030
1023
1082

Xu, Qing-Shan

1082

Yin, Chengqing
Yue, Chun-Lei

1087
1023

Zhang, Xu
Zhang, Xiaohong

1043
1082

Y

N
Z

author-index

O
Öztepe, Çetin
Özyurt, Mustafa

1020
1020

Panagiotou, Magdalini
Pantazis, Panagiotis
Papadopoulos, Aristotelis
Papadopoulos, Frantzis
Papagianopoulou, Areti
Parissopoulos, George
Park, Ju-Myon
Perfler, Reinhard
Perminova, Irina V.
Psilovikos, Aris

1012
1030
1093
1093
1093
1093
1049
1082
1061
1030

Quinn, Brian

1100

Sidiropoulos, Christos
Stasinos, Konstantinos

1108
1030

Tezcan Un, Umran
Tsilingiridis, George
Turan, Metin

1056
1108
1113

P

Q

S

T

U
Uysal, Handan

991

Verep, Bülent

1005

Wang, Hongjun
Wang, Weidong
Wu, Feng

1087
1087
1043

Xu, Qing-Shan

1023

V

W

X

1135

