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THE PROTECTIVE ROLE OF SELENIUM AGAINST
THE GENOTOXICITY INDUCED BY AFLATOXIN B1
IN ROOT CELLS OF CROP PLANTS
Guleray Agar, Lokman Alpsoy and Nalan Yildirim
Department of Biology, Faculty of Science and Arts, Atatürk University, 25240 Erzurum, Turkey

SUMMARY
The protective role of selenium against the genotoxicity induced by aflatoxin B1 (AFB1) was studied in root
cells of crop plants. Experimental evidences showed that
chromosomal aberrations can be induced by all treated
AFB1 doses (0.1, 0.2 and 0.4 ppm). On the other hand, the
frequencies of chromosomal aberration can be effectively
decreased by treatment with sodium selenite (Na2SeO3,
0.08, 8 and 800 ppm) together with AFB1. These results
suggest that selenium could effectively inhibit AFB1 induced chromosomal aberration which may be partially
responsible for its mutagenic effect. Besides, the protective role of selenium against aflatoxin B1 induced chromosomal aberrations is correlated with its concentrations.

KEYWORD:
Aflatoxin B1, selenium, genotoxicity, Zea mays, Vicia faba.

INTRODUCTION

Recently, several studies have demonstrated that selenium provides a protective effect against AFB1 toxicity
in several animal species [18-22]. However, the protective
effect of selenium against AFB1 toxicity in plants has not
been reported up to the present. This study investigated
whether selenium has any protective effect against AFB1
induced genotoxic effects in crop root cells or not.
MATERIALS AND METHODS
Plant materials and chemicals

Zea mays and Vicia faba seeds were obtained from the
Department of Field Crops, Faculty of Agriculture, Atatürk
University (Turkey). AFB1, sodium selenite (NaSeO3) and
dimethyl sulphoxide (DMSO) were purchased from Sigma
Chemical Company (U.S.A) and Merck (Darmstadt, Germany), respectively. DMSO was used to dissolve the crystalline AFB1 for stock solution and then it was diluted
with distilled water to the required concentration. The
controls for each dose contained the appropriate DMSO
concentration.
Treatments

Aflatoxins are secondary metabolites produced by
Aspergillus flavus and Aspergillus paraziticus [1-3]. Different form of aflatoxins such as aflatoxin B1 (AFBı),
aflatoxin B2 (AFB2), aflatoxin Gı (AFGı), aflatoxin G2
(AFG2), aflatoxin M1 (AFM1), aflatoxin M2 (AFM2), aflatoxin P1 (AFP1) aflatoxin Q1 (AFQ1) were determined [47]. AFB1 is the most common form among them and is
also the most toxic. AFB1 has been shown to be a potent
mutagen, carcinogen, teratogen, hepatotoxin in animal
cells [8-12]. Previous papers about the effect of AFB1 on
higher plants indicated that it affects amino acid uptake,
chlorophyll synthesis, germination of seeds, elongation of
some plant roots and stems, protein synthesis, total carbohydrate and lipid content, RNA synthesis and the fidelity
of DNA [13-17].

Equal size of Zea mays and Vicia faba seeds were
chosen and surface sterilized with 2.5% (w/v) NaOCl for
3 min. After sterilization, seeds were washed with sterile
distilled water and dried using sterile filter paper. The
seeds were soaked in sterile distilled water for 1h. Fifteen
seeds were germinated in 15cm diameter Petri dishes on
four layers of sterile Whatman No. 1 filter paper. 20 ml of
24 different mixed solutions which were prepared with
three AFB1 (0.1, 0.2, 0.4 ppm) and three selenium (0.08,
8, 800 ppm) concentrations were added to each plate The
petri dishes were allowed to germinate at 25 0 C in the
dark. When the roots length reaches 1.5-3.0 cm, they were
collected and fixed in acetic alcohol (1:3).
Cytological preparations were carried using the
Feulgen’s squash technique. Different slides for each
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treatment were examined to determine the chemical effects on mitotic index (MI). MI was calculated as the ratio
of the number of dividing cells to the total number of
cells. Chromosomal aberrations (CA) were counted in the
different mitotic stage (abnormal mitoses) and interphase stage. Mutagenic effect was estimated as the percentage of cells with bridges and fragments.

The mitotic index increased significantly after treatment
with AFB1 and 0.08, 8, 800 ppm Se4+ There was a significant difference between the treatments with AFB1 and
Se4+ and the treatments with only AFB 1 (P< 0.01 or P<
0.05). The most effective selenium concentration to increase the mitotic index was 8 ppm Se4+
The protective effects of selenium against AFB1 induced
chromosomal aberrations

Total number of mitotic aberrations
% of aberrant cells = -------------------------------------------- x 100
Total number of dividing cells

The data were analyzed according to Duncan’s new
multiple range test of significance.
RESULTS
The protective effects of selenium against AFB1 induced
inhibition of cell division

Table 1 summarizes the results of different concentration AFB1 on mitotic index in Vicia faba and Zea mays.
At all concentrations of AFB1 cell division was inhibited
with respect to control (Table 1). The used concentration
of AFB1 caused a decrease in the mitotic index of Vicia
faba and Zea mays root meristem. The degree of mitotic
inhibition was clearly dose dependent. Mitotic activity
was reduced by increasing concentrations of AFB1 and this
decrease was statistically significant (P< 0.01 or P< 0.05)

After the treatments, a number of chromosomal aberrations were observed in Vicia faba and Zea mays in
rootcells (Table 2). It is clear that, AFB1 produced chromosome abnormalities in a high percentage of cells. The
frequencies of total chromosomal aberrations increased
with increasing concentrations of AFB1.The percentage of
chromosomal stickiness during prophase and metaphase,
chromosomal bridges and chromosomal lagging in anaphase and telophase, micronucleus, nucleus vaculation,
polyploid cells and chromatin granulation increased in the
presence of high concentrations of AFB1 (0.4 ppm). These
aberrations were statistically significant (P< 0.01 or P<
0.05). Whereas, chromosome aberrations frequencies decreased by treatment with different concentrations of Se4+
together with AFB1. The 8 ppm concentration of Se4+ was
the most effective solution against chromosomal aberrations as mentioned above. Statistical analysis showed that
all concentrations of Se4+ were effective (P< 0. 01 or P<
0.05).

TABLE 1
The effects of different concentrations of Se4+ with AFB1 on the mitotic index in Vicia faba and Zea mays.

AFB1 (A)
Vicia faba
A+0.08ppm Se4+
Control: 9.24
A+8 ppm Se4+
A+800 ppm Se4+
AFB1
Zea mays
A+0.08ppm Se4+
Control:20.64
A+8 ppm Se4+
A+800 ppmSe4+
Duncan’s multiple range test *P<0.05; **P<0.01

0.1 ppm (x±SD
6.48±3.12*
6.60±0.54**
9.20±1.86**
8.60±6.47**
8.27±1.90**
7.30±7.79**
11.40±5.72**
9.73±1.95**

AFB1
0.2 ppm (x±SD)
5.75±0.87*
5.60±1.67**
8.73±0.92**
6.73±0.43**
7.18 ±3.47**
7.03±3.05**
12.87±3.99**
9.80 ±7.25**

0.4 ppm (x±SD)
2.94±1.78*
3.60±2.10**
6.90±1.79**
6.60±1.82**
6.18±3.47**
5.49±0.50**
9.94±5.02**
7.55±1.46**

TABLE 2
The effects of different concentrations of Se4+ with AFB1 on chromosomal aberration in Vicia faba and Zea mays.

AFB1 (A)
Vicia faba
A+0.08ppm Se4+
Control: 13.29
A+8 ppm Se4+
A+800 ppm Se4+
AFB1 (A)
Zea mays
A+0.08ppm Se4+
Control: 5.37
A+8 ppm Se4+
A+800 ppm Se4+
Duncan’s multiple range test *P<0.05; **P<0.01

0.1 ppm (x±SD
56.43±6.92*
56.20±0.84**
22.72±10.01**
31.05±2.28**
47.76±26.35**
40.19±22.07**
24.26±18.25**
29.96±10.70**

851

AFB1
0.2 ppm (x±SD)
61.40±2.07*
59.73±7.87**
30.49±9.33**
40.69±2.11**
53.09±9.98**
49.70±2.00**
28.40±21.98**
33.00±20.53**

0.4 ppm (x±SD)
65.14±9.83*
64.50±12.27**
35.43±8.74**
44.75±17.64**
63.38±18.37**
57.76±24.36**
32.63±14.23**
43.60±13.86**
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DISCUSSION AND CONCLUSION
A significant decrease in the mitotic index (MI) and
an increase in the frequencies of total chromosomal aberrations by the treatment with different concentrations of
AFB1 indicate that AFB1 may immediately inhibit the cell
division. The high toxicity of AFB 1 on chromosomal
aberrations and mitotic activity of root-tip cells of crop
plant is in good accordance with findings of Lilly [23] and
Reiss [24].
The inhibition of cell division by AFB1 may be due to
the effect of this compound on DNA synthesis [25]. Thus
the cells enter the interphase stage they are blocked from
progressing through the “S” phase (S stands for synthesis
of DNA). The inhibition of mitotic activity and the production of several aberrations caused by AFB1 in the root
tip might indicate that AFB1 is acting as an enzymatic
inhibitor. It blocks a crucial enzyme required for the chain
reaction of DNA synthesis [26, 27]. Metabolites produced
by fungal species such as Aspergillus flavus and Aspergillus niger significantly arrest the cells at metaphase. This
could be interpreted by the presence of certain active
group(s) in the fungal metabolites which act on the SHgroup of some amino acids. C-metaphase cells after restitution are known to increase the numbers of polyploid
cells [28]. The production of tetraploid cells results from
the inhibition of spindle formation in the next division
following C- metaphase. The results indicate that AFB1
did not only prevent chromosomal replication, but also
greatly affected both cytokinesis and spindle formation.
Polyploid cells in onion root tips after treatment with
mycotoxins have been previously reported by Abdou et
al. [28]. The appearance of fragment in metaphase or
anaphase and the finding of micronuclei, suggest that the
breakage must occur in the post synthetic period either in
late G2 or (otherwise) in prophase. Finally it could be noticed that, AFB1 induces DNA damage in cells. The damaging effect on cells could be attributed to high levels of
AFB1 and the fast reaction with some DNA components
inside the cells. Previous studies found that AFB1 could
stimulate the release of free radicals, including reactive
oxygen species, which lead to chromosomal damages [29].
In addition, Nakae et al. [30] suggest that reactive oxygen
species might play a role in the cytotoxicity of AFB1. In
animal cells, AFB1 is known preferentially to attack guanine residues in DNA and the major form of adduct is 8,
9-dihydro-9-hydroxy- (n7-guanyl) [30]. As a result of the
AFB1-DNA adduct formation in the target cells transcriptional and translational processes are affected. Previous
studies found that AFB1 is capable of binding to DNA
extracted from germinating seeds of Zea mays as seen in
animal organism. [31, 32] But, this effect of AFB1 on
cells decreased after treatment with different concentrations of Se4+ + AFB1.

greater levels enhanced the observed mortality. A similar
protective effect was confirmed in several later studies with
pigs, turkeys and rats [34-39]. Se4+ has been found to inhibit AFB1 hepatocarcinogenesis in rats. However, protective
role of Se4+ against the genotoxic effect of AFB1 in plant
has not been reported up to the present. A similar effect of
Se4+ has been observed against cadmium induced genotoxic
effects in root cells of Hordeum vulgare and Secale cereale
[40, 41]
In the present study, it has been revealed that Se4+ is
as an active inhibitor of genotoxicity of AFB1. These
protective effects of Se4+ are probably related to its action
on the enzymatic activation system. This effect of Se4+
can be attributed primarily to its antioxidant action. Se4+
is a cofactor for glutathione peroxidase, which is known
to protect DNA and other cellular components from damage by oxygen radicals. This enzyme is involved in the
neutralization or reduction of damage induced by free
radicals [42]. Consequently, when the concentration of Se4+
increased, the activity of glutathione peroxidase increased
and genotoxicity of AFB1 decreased.
In summary, our experimental evidences supported
that Se4+ may play an important role against genotoxicity
of AFB1. The 8-ppm concentration of Se4+ can reduce
chromosomal aberrations and mitotic inhibition effectively. The protective role of Se4+ is significantly correlated
to its concentrations. The literature underlines the observation that selenium in low concentrations may have
anticarcinogen effects, whereas in high concentration, it
can be genotoxic and carcinogenic [43, 44]. Additional
studies are being conducted to test this hypothesis.

Newberne and Conner [33] reported that Se4+ supplementation up to a dietary level of 1.00 ppm progressively reduced the acute toxicity of AFB1 in rat while
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SUMMARY
The comparative effects of some bismuth compounds
on oxidative stress and genotoxicity were assessed in
human blood cells in vitro. Tested doses were 0.75, 1.5, 3
and 5 µg/mL of bismuth trioxide (Bi2O3), triphenyl bismuth (TPB), colloidal bismuth subcitrate (CBS), and bismuth subnitrate (BSN).
The blood was processed to examine the following oxidative stress markers: glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), and glucose-6-phosphate
dehydrogenase (G6PDH). In addition, the frequencies of
sister-chromatid exchanges (SCEs) in human peripheral
lymphocytes were also determined by SCE test. The results show that treatments with bismuth compounds
promote oxidative stress in human blood with an increase
in concentrations. The biochemical changes observed in this
tissue indicate that Bi2O3, TPB, CBS, and BSN (at the
highest dose) act as pro-oxidant agents.
Bismuth compound-induced changes in cellular parameters may be responsible for genotoxicity. On the concentration basis, the order of effectiveness in producing
SCEs was: Bi2O3 > TPB > CBS > BSN.

KEYWORDS: Bismuth compounds, human blood cells, oxidative
stress, sister-chromatid exchanges, in vitro.

INTRODUCTION
The biomedical and industrial uses of bismuth compounds have become widespread, although there is limited information concerning their toxicity [1].
Bi2O3 is the most common and most stable form, and
is also produced as a by-product of lead, zinc and copper
mining [2]. Triphenyl bismuth is used as a radiopaque
agent for orthopedic bone cements and dental acrylic resins
[3]. Colloidal bismuth subcitrate and bismuth subnitrate
are widely used for the eradication of Helicobacter pylori,
especially in developing countries [4]. The prior treatment

with BSN also accelerates the recovery of the number of
leukocytes in the peripheral blood by protecting the bone
marrow against gamma-irradiation [5].
Bismuth trioxide caused an increased frequency of
chromosomal aberrations in bone marrow cells of mice [6].
The cytotoxic actions of TPB on rat thymocytes were reported in a dose-dependent manner [1]. Especially, bismuth
induced serious adverse reactions after acute overdoses of
Bi-containing therapeutic drugs [7].
In mammalian cells, there are several mechanisms by
which an organism defends itself against oxidative stress.
Among them, there are small molecular antioxidants, such
as glutathione, and antioxidant scavenging enzymes, such
as cellular G6PDH, SOD and CAT [8].
G6PDH catalyzes the first step of pentose phosphate
metabolic pathway, which is an exclusive source of
NADPH in red blood cells [9]. The most important role of
NADPH in erythrocytes consists in regeneration of reduced glutathione, which prevents hemoglobin denaturation, preserves the integrity of the red blood cell membrane sulfhydryl groups, and detoxifies peroxides and
oxygen-free radicals in the red blood cell [10]. NADPH
production is decreased in G6PDH deficiency [9].
GSH is a fundamental intracellular reductant involved
in the free radical scavenging system and, thus, contributing to endogenous defence system against oxidative and
nitrosative stress [11].
SOD catalyzes the dismutation of peroxide radicals to
hydrogen peroxide and molecular oxygen. It plays a critical role in the defence of the cells against toxic effects, or
substances and oxygen radicals [12].
CAT is considered primarily to be an antioxidant enzyme, since it is involved in the elimination of reactive
oxygen species (ROS), such as O2 and H2O2 [13].
SCE is a sensitive and rapid cytogenetic endpoint,
similar to chromosome aberrations, for evaluating the
genotoxic potential of a variety of mutagenic and carcinogenic agents [11].
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Blood has been extensively used for the evaluation of
oxidative stress and the investigation of SCEs. However,
the comparative effects of bismuth compounds in blood
have not yet been studied.

gluconate (6PG), spectrophotometrically observable as an
increase in absorbance at 340 nm.

Based on the lack of data concerning the effects of
bismuth compounds on oxidative stress, enzyme activity
and genotoxicity in human blood cells, this study was
designed to give initial information on this topic. It was
intended to concentrate upon increasing concentrations of
Bi2O3, TPB, CBS and BSN, because of the high use of
these compounds.

Superoxide dismutase activity was determined by the
method of Misra and Fridovich [15], which is based on
the ability of superoxide dismutase to inhibit the process
of epinephrine self-oxidation in alkaline medium. In the
reaction of colored adrenochrome formation, the superoxide anion-radical is formed as an intermediate product.

Superoxide dismutase

Superoxide dismutase activity was measured by monitoring the increase in absorbance at 480 nm.
Catalase

MATERIALS AND METHODS
Experimental Design

Human blood was obtained by veinpuncture from six
non-smoking donors. The effects of the following agents
were tested: Bi2O3, TPB, CBS and BSN (0, 0.75, 1.5, 3 and
5 µg/mL concentrations in blood). The compounds were
purchased from Sigma (USA). After supplementation, the
blood was incubated for 1 h at 37 ˚C to adjust body conditions, except for testing SCE (see below). The control samples of each volunteer were incubated and treated equally as
the samples, but without bismuth compounds addition.
Erythrocytes

Erythrocytes were obtained from heparinised blood
samples by centrifugation (3000 rpm, for 20 min) at 4 ˚C.
The red cells were then washed three times with 5 volumes of phosphate buffered saline (PBS; 150 mmol L-1
NaCl, 1.9 mmol L-1 Na2H2PO4, 8.1 mmol L-1 Na2HPO4,
pH 7.4), and with a ratio of 1 : 1 divided in appropriate
aliquots and stored at -80 ˚C until further analysis.
Glutathione

The level of glutathione in erythrocytes was determined by the method of Ellman [14]. Erythrocyte suspension was deproteinized by addition of trichloroacetic acid
(TCA) to a final concentration of 2 %. To the supernatant
(with glutathione) cleared by centrifugation, 5,5-dithio-bis
(2-nitrobenzoic acid) (Sigma) was added to a final concentration of 0.47 mM. The formation of 5-thio-2- nitrobenzoic acid, which is proportional to the concentration of
acid-soluble thiols, mainly glutathione, was monitored at
25 ˚C. The absorbance was measured at 412 nm in a Varian
Cary 50 spectrophotometer (Carl Zeiss, Jena, Germany)
against a reagent blank. The concentrations of reduced
glutathione in samples were calculated from a standard
curve of absorbance versus concentration of glutathione,
and expressed as millimol per milliliter packed cells.
Glucose-6-phosphate dehydrogenase

G6PDH activity was determined according to the protocol of Sigma, No. 345-UV. G6PDH (Sigma) catalyzes
the first step in the pentose phosphate cycle to 6-phospho-

Catalase activity was determined by the method of
Aebi [16]. To 3 ml H2O2 (54 nm H2O2 in 50 mM phosphate buffer, pH 7.0), 5 µL of a catalase solution was added
and the decrease in H2O2 was measured spectrophotometrically at 240 nm, at 25 ˚C for 60 s. In the erythrocyte preparations, haemolysates were centrifuged (12,000 rpm) and
estimation of activity was made with 1 % haemolysates.
One unit of catalase activity was defined as the activity required to degrade 1 µmol hydrogen peroxide in 60 s.
SCE-assay

Human peripheral blood lymphocyte cultures were set
up according to a slight modification of the protocol described by Evans and O’Riordan [17]. Whole heparinized
blood from six healthy non-smoking donors between age
25 and 28 with no history of exposure to any genotoxic
agent were used in our experiments. Ouestionnaires were
obtained for each blood donor to evaluate exposure history,
and, in addition, informed consent forms were signed by
each donor. In the all volunteers involved in this study,
hematological and biochemical parameters were analysed,
and any pathology was not detected.
A 0.5 mL aliquot of heparinized blood was cultured in
6 mL of culture medium (Chromosome Medium B, Biochrom, Leonorenstr. 2-6, D-12247 Berlin) with 5µg/mL of
phytohemagglutinin (Biochrom). Amounts of 0.75, 1.5, 3
and 5 µg/mL of Bi2O3, TPB, CBS and BSN (Sigma) were
added into the culture tubes. In addition, for each individual, lymphocyte cultures without bismuth compounds were
studied as a control group. With the aim of providing successive visualization of SCEs, 5-bromo-2’-deoxyuridine
(Sigma, St. Louis, final concentration 20 µM) was added
after culture initation. The cultures were incubated in
complete darkness for 72 h at 37 °C.
Exactly 70 h and 30 min after beginning incubations,
colcemid (Sigma, St. Louis) was added to the cultures to
achieve a final concentration of 0.5 µg/L. After hypotonic
treatment (0.075 M KCl), followed by three repetitive
cycles of fixation in methanol/acetic acid solution (3:1,
v/v), centrifugation, and resuspension, the cell suspension
was dropped onto chilled, grease-free microscopic slides,
air-dried, aged, and then differentially stained for the in-
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spection of SCE rate according to fluorescence plus Giemsa
(FPG) procedure [18]. For each treatment condition, wellspread second division metaphases containing 42-46 chromosomes in each cell were scored, and the values obtained
were calculated as SCEs per cell.
Statistical Analysis

Experimental data were analyzed using one-way
analysis of variance (ANOVA) to determine whether any
treatment significantly differed from controls and/or each
other. Significant differences between the controls and/or
treated samples were confirmed by Fisher’s least significant difference (LSD) and Student’s t tests.

RESULTS
Table 1 shows the number of SCEs obtained with
various concentrations of TPB, CBS, Bi2O3 and BSN.
The frequencies of SCEs obtained with BSN were
more similar to control values. The frequencies of SCEs
obtained with the highest concentration of BSN (5 µg/ mL)
were lower than those obtained with the lowest Bi2O3
concentration (0.75 µg/mL). Thus, the lowest dose of Bi2O3
effected formation of SCEs. On a concentration basis, the
order of effectiveness in producing SCEs was Bi2O3 >
TPB > CBS > BSN. Concentrations of TPB and CBS higher
than 0.75 µg/mL (1.5 µg/mL) induced SCE formation.

TABLE 1 - Influence of TPB, CBS, Bi2O3 and BSN on SCE percell frequency in cultures of human peripheral blood lymphocytes.
Chemical
TPB

CBS

Bi2O3

BSN

Dose
(µg/mL)
0
0.75
1.5
3
5
0
0.75
1.5
3
5
0
0.75
1.5
3
5
0
0.75
1.5
3
5

Number of
samples
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Range of
SCEs
2-11
3-10
3-20
2-17
4-21
3-11
0-10
4-13
5-18
3-21
2-12
1-16
3-20
2-23
2-25
0-11
2-9
1-12
1-14
2-23

SCEs/cell
6.25 ± 0.18a
6.46 ± 0.37a
8.30 ± 0.81b
9.33 ± 0.44c
10.40 ± 0.53d
6.08 ± 0.36a
6.36 ± 0.46a
7.60 ± 0.42b
7.91 ± 0.60b
8.94 ± 0.77c
6.13 ± 0.25a
7.86 ± 0.55b
9.53 ± 0.80c
12.43 ± 0.60d
13.74 ± 0.62e
6.09 ± 0.28a
6.15 ± 0.42a
6.24 ± 0.45a
6.38 ± 0.32a
7.37 ± 0.63b

Values are means ±SD. Means in each column followed by the same letter are not
significantly different at p<0.05 level.

.
TABLE 2 - The level of glutathione (GSH) in human
erytrocytes incubated with bismuth compounds for 1 h.
Chemical
TPB

Bi2O3

Dose
(µg/mL)
0
0.75
1.5
3
5
0
0.75
1.5
3
5

GSH ( mM/mL
packed cells)
1.32 ± 0.18
1.28 ± 0.25
1.07 ± 0.20*
0.95 ± 0.16*
0.91 ± 0.27*
1.34 ± 0.19
0.94 ± 0.28*
0.87 ± 0.30*
0.82 ± 0.34*
0.77 ± 0.26*

Chemical
CBS

BSN

Dose
(µg/mL)
0
0.75
1.5
3
5
0
0.75
1.5
3
5

GSH ( mM/mL
packed cells)
1.35 ± 0.09
1.31 ± 0.18
1.23 ± 0.15
1.02 ± 0.26*
0.96 ± 0.21*
1.32 ± 0.13
1.29 ± 0.15
1.30 ± 0.32
1.25 ± 0.21
0.97 ± 0.24*

* Significantly different from control (p < 0.05); means ± SD of six experiments
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Bismuth compounds reduced the level of GSH in
erythrocytes in comparison with the controls (Table 2).
The effect was dose-dependent. The treshold dose of TPB
was 1.5 µg/mL. The GSH amount decreased by 19.94 %.
The decrease of GSH was observed at the highest dose of
BSN (5 µg/mL) and two CBS doses (3 and 5 µg/mL) to be
26.51 %, 24.44 % and 28.88 %, respectively. 0.75 µg/mL
Bi2O3 (the lowest dose) decreased the antioxidant activity
of GSH by 29.85 %, compared with the control group.

We have not observed an increase of G6PDH activity
in erythrocytes, but found a significant decrease of the
activity at 3 and 5 µg/mL doses of TPB. CBS reduced the
action of this enzyme by 12.10 % in 5 µg/mL. The decrease of the activity of G6PDH was noted, when effects
of Bi2O3 were investigated at the lowest dose, and enzyme
activity was 80.39 %. The influence of BSN, except for the
highest dose (92.82 %), was similar to controls (Table 3).

TABLE 3 - G6PDH activity (µmol/min/g Hb) in human
erythrocytes incubated with bismuth compounds for 1 h.
Dose
(µg/mL)
0
0.75
1.5
3
5

TPB

CBS

6.34 ± 0.65
6.31 ± 0.85
6.18 ± 0.72
5.47 ± 0.80*
5.08 ± 0.91*

6.28 ± 0.70
6.32 ± 0.74
6.26 ± 1.18
6.08 ± 0.86
5.52 ± 1.12*

Bi2O3

BSN

6.29 ± 0.45
5.12 ± 0.66*
4.96 ± 0.84*
4.92 ± 1.21*
4.69 ± 1.08*

6.32 ± 0.54
6.37 ± 0.68
6.20 ± 0.88
6.26 ± 1.04
5.93 ± 1.16*

* Significantly different from control (p < 0.05); means ± SD of six experiments

Experiments showed that SOD activity was greatly
impaired after erythrocytes were exposed to TPB, CBS,
Bi2O3 and BSN (Table 4). The rate of SOD activity in cells
exposed to TPB (1.5 µg/mL) and CBS (only 5 µg/mL) was
89.90 % and 88.52 %, with respect to the untreated cells.

Bi2O3 caused a significant decrease of enzyme activity
reaching a maximum of 65.90% at the highest dose,
whereas the effect of BSN was 92.71 at the highest dose
(5µg/mL).

TABLE 4 - Erythrocyte superoxide dismutase (SOD) activity in
human erythrocyte incubated with bismuth compounds for 1 h.
Activity of SOD in erythrocytes (U/g Hb)
Dose
(µg/mL)
0
0.75
1.5
3
5

0
0.75
1.5
3
5

TPB

% of activity

CBS

% of activity

3684 ± 725
3535 ± 872
3312 ± 939*
2911 ± 1089*
2742 ± 765*

100 %

95.95
89.90*
79.01*
74.42*

3608 ± 627
3586 ± 866
3532 ± 981
3505 ± 923
3194 ± 1136*

99.39
97.89
97.14
88.52*

Bi2O3

% of activity

BSN

% of activity

3654 ± 716
3217 ± 1015*
3025 ± 918*
2735 ± 833*
2408 ± 1032*

100 %

88.04*
82.78*
74.84*
65.90*

3694 ± 685
3680 ± 912
3570 ± 670
3610 ± 823
3425 ± 960*

99.62
96.64
97.72
92.71*

100 %

100 %

* Significantly different from control (p < 0.05); means ± SD of six experiments

CAT activity was also determined in the red blood
cells of all groups (Table 5). 3 and 5 µg/mL of TPB and
CBS decreased the activity of CAT. This reduction was
observed at the increasing doses, except that of 0.75 µg/mL

for Bi2O3. In contrast, when cells are exposed to BSN, a
decrease in CAT activity was measured at the highest
dose (5.33 %), because BSN played a minor role in CAT
activity.
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TABLE 5 - CAT activity in human erythrocytes incubated with bismuth compounds for 1h.
Activity of CAT in erythrocytes (U/g Hb)
Dose
(µg/mL)
0
0.75
1.5
3
5

TPB

% of activity

CBS

% of activity

264 ± 34
260 ± 27
258 ± 18
245 ± 29*
238 ± 43*

100 %
98.48
97.72
92.80*
90.15*

262 ± 28
261 ± 32
260 ± 25
247 ± 13*
243 ± 38*

100 %
99.61
99.23
94.27*
92.74*

Bi2O3

% of activity

BSN

% of activity

0
0.75
1.5
3
5

261 ± 24
256 ± 35
241 ± 14*
234 ± 21*
226 ± 32*

100 %
98.08
92.33*
89.65*
86.59*

263 ± 17
261 ± 25
262 ± 23
258 ± 41
249 ± 35*

100 %
99.23
99.62
98.09
94.67*

DISCUSSION
The present study provides evidence for the intrinsic
mutagenic potential of bismuth compounds. The increase
of SCEs, observed at the highest BSN concentration,
could be a consequence of the treatment with highly cytotoxic doses. The different doses tested of each compound
produced genotoxic damage and a change in the cell redox state. This finding corroborates the recently reported
evidence that oxidative stress may be involved in chemical-induced genotoxicity [19].
In order to increase our knowledge about the
genotoxicity of tested Bi2O3, TPB, CBS and BSN compounds, and to gain insight in to their mechanism of action, we also analysed the change of the redox state of the
cell following the treatment with these compounds, by
evaluating G6PDH enzyme activity, because the essential
role in the defense towards oxidative stress is played by
the activity of G6PDH causing the biosynthesis of reduced glutathione [20]. In this study, the changes in enzymes like G6PDH played a major role in Bi2O3 toxicity,
because it was decreased at the lowest dose (0.75 µg/mL).
Moreover, the increasing doses of TPB and CBS also
decreased G6PDH activity. Many chemicals at relatively
low doses affect metabolism by altering normal enzyme
activity, particularly through inhibition of a specific enzyme [21]. The observation that, at the increasing doses
of the chemicals, G6PDH activity decreases could be
explained by G6PDH enzyme instability consequent to an
hyper-oxidative cell condition, as already reported for
other proteins [22].
The second parameter which changed under the influence of bismuth compounds was GSH level. The GSH
content decreased more intensively with Bi2O3 as depending on the dose, compared to the controls. The reduced
glutathione is associated with oxidation processes set by
TPB in rat thymocytes [1, 2]. As a result of this study, the
blood cells were affected more by addition of TPB than

by CBS. It is recorded that CBS forms instable complexes
with GSH [23]. The decrease in cellular glutathione content can affect signaling pathways that participate in various physiological responses from cell proliferation to gene
expression [24]. Our experiments suggest that the oxidative
stress could be interpreted as a lead to SCE, because oxidative stress develops when the levels of antioxidants, such as
glutathione, are lowered and production of ROS exceeds
the capacity of the cell to dispose them [14]. As a result of
ROS activity, several irreversible modifications of biologically fundamental macromolecules have been described,
including oxidation of purine nucleotides of nucleic acids
and that of protein SH group [25].
The observed decreases of the activities of G6PDH,
SOD and CAT, and GSH appear only at very high doses
of BSN. Thus, the adverse effects of BSN are less important, compared with doses of the other bismuth compounds. In conclusion, BSN did not effect the formation
of SCEs, except for the highest dose (5 µg/mL). Under
natural conditions, endogenous antioxidant enzymes, such
as SOD and CAT, eliminate reactive oxygen species,
thereby affording same protection of the cell [12]. Again,
we suggest that the inactivations of SOD and CAT observed in human blood in vitro are the effects of actions
of Bi2O3, TPB and CBS at different doses. In conclusion,
the order of effectiveness in SCEs producing was Bi2O3 >
TPB > CBS > BSN. Superoxide dismutase is a very stable
enzyme and only some compounds can inhibit it, e.g.
hydrogen peroxide and cyanides. Endogenous H2O2 may
be converted to H2O either by catalase. Otherwise, it may
generate the highly reactive free hydroxyl radical via a
Fenton reaction, which is strongly believed to be responsible for oxidative damage [14].
According to the obtained results, we can state that
both TPB and CBS at increasing doses cause oxidative
stress. The oxidative stress especially plays an important
role in Bi2O3 toxicity, because it already appears at the
lowest dose (0.75 µg/mL). However, the highest concen-
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trations of BSN may cause the damages. In conclusion,
Bi2O3 exerts genotoxic action on human blood cell. Although the genotoxicity of TPB and CBS were lower than
that of Bi2O3, it is necessary to direct our attention to the
use and disposal of bismuth compounds, because blood
cells suffer from oxidative stress with bismuth drugs,
which then results in an increase of the oxidative damage
to nuclear DNA.

We are grateful to all volunteers for the blood samples.
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INCREASED VITELLOGENIN GENE EXPRESSION IN THE
MUSSEL Elliptio complanata EXPOSED TO ESTRADIOL-17β.
François Gagné, Chantale André and Christian Blaise
Environment Canada, St. Lawrence Centre, 105 McGill Street, Montréal, Québec, Canada H2Y 2E7

SUMMARY
The purpose of this study was to develop a method to
measure vitellogenin gene expression in the freshwater
bivalve Elliptio complanata. Vitellogenin (Vg) mRNA
levels were quantified with fluorescence real-time reverse
transcriptase polymerase chain reaction (FRT-PCR) using
primers from conserved parts in the vitellogenin gene of
oyster. Post-spawning mussels at the undifferentiated or
quiescent stage of reproduction were injected (via the
adductor muscle) with increasing concentrations of estradiol-17β (1 to 25 nmol), using dimethylsulfoxide as the
carrier solvent. After a short exposure period (15 oC for
72 h) under constant aeration, mussels were dissected and
gonad tissues analyzed for relative vitellogenin mRNA
levels, vitellogenin-like proteins on gel electrophoresis,
and the generic alkali-labile phosphate assay. Results
showed that gonad cDNA produced a PCR reaction with
the primers used and yielded a major DNA melting temperature peak at 86.5 oC in mussels. Agarose gel electrophoresis revealed one major band at 625 base pairs, which
is close to the 690 base pairs produced in oyster tissues
and two minor bands at 400 and 725 base pairs. Injection
of E2 increased the levels of Vg mRNA in a dose-dependent manner. Vg-like proteins determined by both gel electrophoresis and alkali-labile phosphates were similarly
increased. This work thus yielded a highly specific and
sensitive assay for Vg gene expression and established the
usefulness of generic assays for measuring Vg in bivalve
tissues. Generic assays for Vg could be used for inexpensive and rapid screening of samples, while Vg mRNA analysis could confirm that gene expression took place concurrently.

KEYWORDS: vitellogenin expression, mRNA, real-time fluorescence polymerase chain reaction, alkali-labile phosphates, bivalves,
estrogens.

INTRODUCTION
Municipal effluents are known to release numerous
endocrine-disrupting compounds (i.e. pesticides, metals,

polyaromatic hydrocarbons) into the aquatic environment.
Estrogenic pollutants like ethynylestradiol, estradiol-17β
(E2), nonylphenol (NP) and bisphenol A, [1-3] can interact with the estrogen receptor pathway in aquatic organisms, leading to increased production of the egg-yolk precursor vitellogenin, in bivalves and fish. Recent evidence
has shown that other endocrine-disrupting effects occur in
municipal effluents. Indeed, endocrine disruption including
serotonergic effects that increase spawning activity in mussels [4], ecdysone-related activity in arthropods [5] and
perhaps opiate-like effects in mussels [6] was also observed. Estrogenic effects of municipal effluents are noteworthy, since they can induce vitellogenesis in both fish
and bivalves and lead to major histological changes, such
as feminization and intersex condition in bivalves and fish,
respectively [7, 8].
Histological analysis suggests that Vg synthesis in
invertebrates (bivalves) starts in the vesicular connective
tissue in female gonads, where it is transported to the
oocytes by pinocytosis. Final post-translation modifications are thought to occur in the oocytes [9]. Thus, Vg
production occurs through heterosynthetic (i.e. vesicular
connective tissues) and autosynthetic (i.e. oocytes) pathways [9, 10]. This biosynthetic process was shown to be
stimulated by E2 in the oyster Crassotrea gigas [11], such
that injection of E2 leads to increased levels of Vg in the
gonad. Exposure to estrogens during the very early stage
of gonad maturation in oysters can significantly increase
the proportion of females in a population [12]. Moreover,
E2 was found to accelerate the sexual maturation of female gonads in oysters [13]. Thus, shellfish appear to produce sexual steroids (i.e. estrogens and androgens), and
these play a major role in the reproductive cycle of these
organisms [14]. Experimental evidence of specific E2
binding in gonad tissues has been observed in the freshwater mussel Elliptio complanata [15]. Because mussels are
sessile creatures, they may be particularly at risk when continuously exposed to urban effluents. Indeed, feral mussels
placed at sites downstream (8 and 11 km) of a primarytreated municipal effluent dispersion plume for one year
had significantly increased Vg-like proteins in both sexes,
with an increased female/male ratio [7].
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It is well-established that induction of the Vg protein
complex or mRNA represents a biomarker for determining the estrogenic effects of chemicals and complex mixtures. However, specific assays for vitellogenin in bivalves
are lacking and most studies rely on indirect assays, such
as alkali-labile phosphates (ALP) and gel electrophoresis
assays. The purpose of this study was, therefore, to develop a more specific and sensitive assay for Vg gene expression (mRNA) for the endemic freshwater mussel Elliptio
complanata. Vg mRNA levels were quantified using a
real-time fluorescence reverse transcriptase polymerase
chain reaction (FRT-PCR) procedure, using primers developed for oyster vitellogenin at highly conserved gene
regions among aquatic organisms [16]. The assay method
was compared with two generic assays for Vg in E. complanata mussels exposed to E2: the alkali-labile phosphate and gel electrophoresis assays.
METHODS
Mussel handling and injection experiments

Mussels were collected (hand-picked) in June 2004 in
an unpolluted site of the Richelieu River, where Elliptio
complanata mussels are plentiful. They were kept on ice
in coolers during transport (4 oC) and, in our laboratories,
maintained in 300-L tanks filled with UV-treated and
charcoal-filtered tap water under constant aeration. They
were fed three times a week with a commercial coral reef
feed solution enriched with Selenastrum capricornutum at
a rate of about 2 million cells/mL. Mussels destined for
the injection experiments were collected after three months
of acclimation. These mussels were at the quiescent stage
of gamete maturation or at the late post-spawning stage,
with no evidence of gametogenesis occurring. Mussels
of similar shell length (6–9 cm) were randomly picked
and injected with 25 µL of the solvent carrier (DMSO),
40 (1 nmol), 200 (5 nmol) and 1000 µM (25 nmol) E2, and
allowed to stand at 15 oC for 72 h under constant aeration.
After the exposure period, the mussels were collected and
dissected on ice for their gonad tissues and about 0.2 g of
gonad tissue was homogenized with diethylpyrocarbonate
(DEPC)-treated lysis buffer for poly(A)mRNA isolation
(MicroPoly (A) PureTM kit, AMBION Inc.). The remainder of the gonad (0.5 g) was conserved for vitellogenin
protein analysis, as described below. Total proteins were
determined by the method of Bradford [17].
Determination of vitellogenin gene expression

Vitellogenin gene expression was determined by fluorescence real-time reverse transcription-polymerase chain
reaction (FRT-PCR) using SYBR Green as the fluorescent probe. cDNA was produced using poly(dT) primer to
yield a library with 0.2 µg starting mRNA with a commercial reverse transcriptase assay mix (iScript cDNA Synthesis Kit, BioRad Laboratories, Mississauga, Ontario,
Canada). Reverse transcription was allowed to proceed
for 60 min at 42 oC. After the incubation period, cDNA

was isolated and its concentration determined by the
Hoechst method [18], using salmon sperm DNA for
calibration. About 0.5–10 ng cDNA was added to the
Taq DNA polymerase mix (iQTM SYBR® Green Supermix, BioRad Laboratories, Mississauga, Ontario, Canada)
containing 10 nM SYBR® green I, and 0.5 µM each of
template and complement primers of vitellogenin from
oysters: 5’-GCA-GAT-GGA- AGG-ATG-TCC-ATC-AG-3’
and 5’-TTC-ACA-GTC-ATG-GAG-CCC-AGC-AT-3’ [16].
The temperature cycles used were 95 o C denaturation
(50 sec), 54 oC annealing (50 sec) and 72 oC (1.5 min) for
elongation using a real-time PCR microplate-based instrument the iCycler iQTM real time detection system (BioRad Laboratories, Mississauga, Ontario, Canada).
Green fluorescence was monitoring continuously for up to
35 cycles during the 72 °C step. Melt curve analysis was
performed immediately following amplification by increasing the temperature in 0.5 °C increments starting at 54 °C
for 82 cycles of 10 seconds. The PCR data are expressed
as (1/threshold cycle)/log starting ng cDNA. At the end of
the PCR, the samples were directly analyzed on 2% agarose gel after mixing with a loading buffer (25 mM EDTA
in 30% glycerol, with 0.5% orange G, and 0.075% xylene
cyanol) and stained with 1X SYBR® green I (Molecular
Probes, Eugene, OR, USA) following the manufacturer
protocol. Bands were scanned under an UV-illuminator for
image analysis.
Analysis of vitellogenin-like proteins

Relative levels of vitellogenin-like proteins were determined in gonad tissue by an organic alkali-labile phosphate (ALP) assay using the acetone fractionation procedure
and SDS-polyacrylamide gel electrophoresis [7]. Briefly,
gonad homogenates were prepared on ice in 10 mM HepesNaoH, pH 7.4, containing 100 mM NaCl, 1 mM EDTA
and 1 mM dithiothreitol using a Teflon pestle tissue grinder.
The homogenates were centrifuged at 15 000 x g for 20 min
at 2 oC. High-molecular-weight proteins in the supernatant
were precipitated by adding 35% acetone (final concentration). The protein pellet was obtained by centrifuging
at 10 000 x g for 5 min at 2 oC and the resulting pellet was
resuspended in 100 µL of NaOH 1M and heated at 60 oC
for 30 min. The released phosphates were determined by
colorimetry as described elsewhere [19]. Calibration was
achieved with rainbow trout vitellogenin and inorganic
phosphates (KH2PO4). The data are expressed as µg of
alkali-labile phosphates/mg proteins of gonad extract. The
levels of vitellogenin-like proteins were also determined by
denaturing polyacrylamide gel electrophoresis using precast 4–12% high-resolution mini-gels (Invitrogen, USA).
The electrode buffer consisted of 50 mM MOPS, pH 7.2,
containing 2 mM EDTA and 0.2% SDS. One volume of
S15 extract was mixed with one volume of loading buffer
(20% glycerol, 0.2% SDS, 10 mM dithiothreitol, 100 mM
NaCl, 0.001% bromophenol blue and 10 mM MOPS, pH
7.2) and 20 µL was loaded into the wells, gels were resolved
at 90 volts for 90–120 min and stained with Coomassie
blue Biosafe staining kit (BioRad Laboratories). Gels were
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scanned with a horizontal scanner and band density determined by the Unscanit software (USA). Molecular weight
markers and rainbow trout Vtg were also used for calibration of the gels. The data are expressed as densitometric
units/ mg protein of gonad extracts.
Data analysis

For the injection experiments, n = 4 mussels were used
per treatment. Differences between groups were appraised
using one-way analyses of variance and differences with
the control (solvent carrier) group were confirmed using
the Student t test. Normality and homogeneity of variances
were determined using Levene’s test, and if deviance from
normality was observed, the data were log-transformed.
Significance was set at p < 0.05.
RESULTS AND DISCUSSION
The FRT-PCR reaction applied to the cDNA from Elliptio complanata gonad tissues using primers derived
from oyster vitellogenin gave a positive signal, with a
distinct melting temperature of 86.5 oC, while blank values showed no peaks at this temperature (Figure 1[A]).
The concentration of this amplicon was linear with the

initial amount of added cDNA in the samples, indicating
that the levels of DNA produced by the FRT-PCR method
are proportional to the initial amount of added cDNA
library (Figure 1[B]). Because DNA is produced in real
time and due to the linear relationship between the initial
amount of added cDNA and the cycle threshold of the
amplified signal, there is no need to normalize data with
housekeeping genes, such as β-actin for quantitative assessments. The area under the curve (Figure 1[A]) offers
another means for quantitative measurement and yielded
similar results. However, agarose gel electrophoresis revealed one major band at 625 base pairs and two other
minor bands at 750 and 400 base pairs where the latter
could correspond to the minor shoulder peak at 81-82 oC.
The primers used in this study produced an amplicon in
the range of 690 base pairs in the oyster Crassostrea gigas
[16], which is close to the major amplicon of 625 base pairs
in Elliptio complanata. Preliminary experiments have
shown that females did not have significantly more VtgmRNA compared to males, because the mussels were at a
gametogenesis resting phase, where very low or no vitellogenesis occurs. Indeed, the levels of ALP were barely
higher (p = 0.051) in female gonad (34±3 µg Pi/mg proteins) than in male gonad (28±2 µg Pi/mg proteins).

d(RFU)/dT

A)

o

Temperature ( C)

B)

FIGURE 1 - Determination of vitellogenin gene expression by realtime fluorescence reverse transcriptase polymerase chain reaction.
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Mussels injected with E2 had significantly (p < 0.05)
more vitellogenin mRNA levels than did the control, as
determined by the present FRT-PCR method (Figure 2[A]).
The threshold concentration was 2.2 nmol E2, when injected intramuscularly into the adductor muscle. Moreover, the levels of vitellogenin-like proteins were also significantly induced, as determined by gel electrophoresis at
a threshold concentration of 2.2 nmole E2 (Figure 2[B]).
The levels of alkali-labile phosphate in acetone-fractionated
proteins were also induced at a similar threshold concentration (Figure 2[C]). This corroborates the findings of
previous studies, where ALP levels in the hemolymph were
readily induced at a threshold E2 dose of 15 nmol [15]. The
higher amount of E2 required is explained by differences
in the reproductive status and the evaluation of ALP in the
hemolymph compartment. Indeed, the susceptibility of
organisms to estrogens may change over the reproductive
cycle. When injected only during the resting phase of
reproduction in oysters, estradiol was effective in increasing the proportion of females and in increasing gamete
size [12, 13]. Gel electrophoresis and the determination of
ALP levels in gonad extracts are considered indirect
means of measuring vitellogenin in bivalves [15]. More
specific bivalve vitellogenin assays are clearly needed and
the real-time FRT-PCR method holds promise in this
regard, since it allows direct measurement of vitellogenin
gene expression in bivalves. It is, however, a more complex technique and less cost-effective, when compared to
generic assays. In a previous study of Elliptio complanata
exposed for one year to a municipal effluent dispersion
plume, mussels were feminized by showing increased
vitellogenin-like proteins in both males and females, as
determined by either gel electrophoresis or ALP methodologies [7]. Moreover, the female/male ratio was significantly increased downstream of the dispersion plume,
indicating that increased vitellogenesis is linked to feminization in mussels chronically exposed to urban
wastewater pollution. In an Irish study, vitellogenin-like
proteins, as determined by the above methods, were also
increased in both female and male zebra mussels (Dreissena polymorpha) exposed to a tertiary-treated municipal
effluent for 112 days [20]. In the present study, injections
of E2 led to the induction of Vtg mRNA gene expression;
this response is highly concordant with both gel electrophoresis and ALP analyses, suggesting that these assays
can be used to advantage in the conduct of ecotoxicological studies. For example, large screening studies requiring
high rates of replication could be first performed by measuring ALP levels in gonad extracts, because this assay is
quick and inexpensive (close to 200 gonad extracts can be

tested in one day). Vg gene expression analysis could then
be performed in a more limited set of samples (e.g. in
males and females at sites exhibiting the highest responses
relative to a reference or lowest response site) to confirm
changes in gene expression levels.
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Melting curve analysis of the amplified DNA strands
by FRT-PCR shows a major species at 86.5 oC (Fig. 1A).
The dark line is the blank with the primers only while the
paler lines are samples with mussel cDNA. Data are expressed as change in relative fluorescence unitis (dRFU)
per temperature unit (dT). There is a linear relationship
between the cycle threshold (increase in fluorescence above
baseline) and the initial amount of mussel cDNA (Fig. 1B).
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FIGURE 2 - Analysis of vitellogenin-like proteins in mussels injected with E2. Mussels were injected with increasing doses of E2 and
allowed to incubate at 15 oC for 72 h. The relative levels of VtgmRNA (A), vitellogenin-like proteins on gel electrophoresis (B) and
alkali-labile phosphates (C) were determined in gonad tissues.

Males seem less sensitive to E2 stimulation during late
gametogenesis (early post-spawning stage), as evidenced
by the reduced response in males exposed to municipal
effluent for 96 h at 15 oC, compared to females [15]. In
another study, increased Vtg-like proteins in males exposed in the field at 8 and 10 km downstream of a municipal effluent dispersion plume were also observed [7].
However, in blue mussels (Mytilus edulis) exposed to a
mixture of North Sea oil and alkylphenols, levels of phos-
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phoproteins (alkali-labile phosphates) were induced in both
sexes [21]. Although the reported levels of lipophosphoproteins were slightly lower in males than in females, the
difference (1.2-fold difference between males and females)
was not statistically significant. Moreover, Mya arenaria
clams injected with 10 nmol of E2 into their adductor muscle had increased levels of a vitellogenin precursor after
48 h at 15 oC, as determined by an immunoassay using an
anti-scallop egg-yolk protein antibody, but failed to elicit
a significant response in sexually mature males [22]. However, exposure of the clam Tapes philippinarum to
nonylphenol in water for seven days increased ALP levels
in digestive gland and hemolymph in both males and females [23]. Interestingly, males exposed to low concentrations of nonylphenol (i.e., 0.1 and 0.2 mg NP/L) had increased Vg-like proteins, as determined by the ALP procedure, in both hemolymph and digestive gland, whereas no
changes were observed in females at these concentrations.
The development of assays for Vg gene expression in bivalves should also help to clarify the relative sensitivity of
gender and state of gonad maturity to environmental estrogens.

The authors thank the St. Lawrence Centre of Environment, Canada for supporting this research. The manuscript was edited by Patricia Potvin.
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SUMMARY
Citrange Troyer, genetically modified by inserting
rolABC genes, was characterized by a change in the growth
habit. Three transgenic clones and four wild type plants
have been grown in pots for two years. Morphological
and physiological modifications were detected, including
dwarfing effect and increase of root system density. Our
objective was to evaluate the bacterial diversity in the
rhizosphere of rolABC citrange Troyer by using phenotypical testing (BIOLOG) and 16S rDNA gene-based molecular analysis (ARDRA; DGGE) to monitor rhizosphere soil.
Autotrophic ammonia oxidising bacteria, studied by ARDRA fingerprints, only showed minimal modifications
between transgenic and wild type clones. BIOLOG data
and DGGE profiles showed that the structure of the bacterial rhizosphere communities of rolABC citrange Troyer
was minimally altered. Moreover, the eubacterial DGGE
profiles reflected strong seasonal population shifts in the
bacterial rhizosphere community.

KEYWORDS:
ARDRA, BIOLOG, citrange troyer, DGGE, rolABC.

INTRODUCTION
In the last decade, genetic transformation techniques have
been developed and improved in various citrus species,
hybrids and Citrus relatives, such as sweet orange, Carrizo citrange, mexican lime and rough lemon [1]. Gentile et
al. [2] introduced rolABC genes from Agrobacterium
rhizogenes into the genome of Troyer citrange [Citrus
sinensis (L.) Osb x Poncirus trifoliata (L.) Raf.] with the
aim of modifying its growth habit. Dwarfing effect was
observed for transgenic clones with strong reduction of
plant height, internodal length and leaf area size.

Transgenic plants (GMP) might change the rhizosphere
bacterial consortia due to the release of transgenic products
or an altered composition of root exudates. Mansouri et
al. [3] demostrated that transgenic Lotus plants producing
opines favoured the opine-degrading soil bacteria. Transgenic plants with potential for nematode control affected
the soil microbial community by reducing the microbial
abundance, as determined by ester-linked phospholipid fatty
acid analysis (PLFA). However, no changes in rates of litter
decomposition were observed [4]. On the other hand, Heuer
et al. [5] reported that the release of T4 Lysozyme from
transgenic potato roots did not influence the bacterial
rhizosphere communities. Three exhaustive reviews on the
effects of GMP on soil microbial communities were recently reported [6-8].
Studies on microbial diversity in soil have been based
essentially on traditional microbiological methods. Recently, molecular techniques were introduced, which involve the extraction of DNA from soil and its successive
purification [9, 10]. The DNA amplification by polymerase chain reaction (PCR) of target DNA is used to
amplify specific DNA sequences in DNA soil extracts.
16S rRNA gene is selected as phylogenetical marker
molecule, because of its universal distribution, structural
and functional conservation [11].
The aim of the paper was to verify changes of potentially beneficial bacterial populations in rolABC citrange
Troyer rhizosphere. To assess the response of rhizosphere
bacterial community to engineered citrange Troyer clones
with respect to the wild type ones, genetic fingerprinting
techniques, such as ARDRA (Amplified Ribosomal DNA
Restriction Analysis) and DGGE (Denaturing Gradient
Gel Electrophoresis), were applied in combination with
metabolic fingerprinting by using BIOLOG technique.
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MATERIALS AND METHODS
Plant material

The plants were provided by Prof. A. Gentile
(DOFATA, University of Catania, Italy). The rolABC
genes from Agrobacterium rhizogenes have been introduced into the genome of citrange Troyer [Citrus sinensis
(L.) Osb x Poncirus trifoliate (L.) Raf.] following a protocol based on internodal stem segments infection with
Agrobacterium proposed by Peña and Navarro [1, 12].
The presence of rolABC in plants was ascertained by
Southern blot and polymerase chain reaction analysis
(Gentile, personal communication). The citrange Troyer
rolABC clones showed a general reduction of growth and
apical dominance, shorter internodes and a more dense
root system than wild-type plants.
Both transgenic (GMP) and wild type (WT) plants
were grown for two years in the same soil and subjected
to the same environmental conditions. The principal soil
characteristics are pH in H2O: 6,4; organic carbon: 34.3%;
clay: 7%. The analyses were performed according to the
standard methods recommended by the Soil Science Society of America [13]. The plants were grown in a conditioned greenhouse at 24±2 °C during the day and 18±2 °C
during the night. Natural light was reduced by 25%, covering the greenhouse with a black net. In September 2002
during the vegetation period, and in March 2003 two plants
for each clone were randomly selected. Rhizosphere samples were obtained collecting the soil remaining after vigorously shaking the roots. Samples were collected in sterile
plastic bags and kept frozen at –20 °C for DNA extraction.
Microbial community metabolic characterization

Metabolic profiles of rhizosphere soil microbial communities were obtained with BIOLOG assessment of multiple carbon sources utilization in the presence of a redox
indicator (tetrazolium violet), which undergoes a colour
change as consequence of microbial activity [14, 15]. Metabolic fingerprinting of microbial communities with BIOLOG
methodology is a widely acknowledged way of studying the
influence induced on the microbial populations of different
environments (soil, rizosphere, sediments) by possible external stress factors, and its results can usefully integrate
those obtained with genetic fingerprinting [16].
BIOLOG 96-well Eco-Microplates (BIOLOG Inc.,
USA) were used, which contain 31 different carbon sources,
three times replicated on each microplate, plus 3 blank wells
without any carbon source [17]. Microbial populations were
extracted from rhizosphere soils of rolABC and wild type
plants, according to Zak et al. [18], but with minor modifications. After preliminary tests to find out the most suitable
dilution of the initial microbial suspensions, they were
diluted at 10-3 in sterile Ringer solution and dispensed in
the wells of the BIOLOG Eco-Microplates (150 µl per
well). The microplates were incubated at 30 °C in the
dark for 5 days, and the colour development in the wells

was measured as absorbance at 590 and 750 nm every 24 h,
using a Microplate E-Max Reader (BIO-RAD). Absorbance
values were normalized by subtracting from the 590 nm
values the values obtained in the blanks and that at 750 nm,
which accounted for inoculum turbidity, and their evolution
during incubation was expressed as Average Well Colour
Development (AWCD). The 72-h absorbance profiles of the
microbial populations were selected to be the most representative of metabolic performance, and submitted to cluster analysis (SPSS software) for their similarity evaluation.
Extraction and purification of DNA from rhizosphere soil

The DNA was extracted from rhizosphere soil of clones
of citrange Troyer using the QIAamp DNA Stool Mini Kit
following the manufacturers’ instructions (QIAGEN). PVP
(polyvinylpyrrolidone), previously washed with distilled
water and then with sulfuric acid, was added directly to
the rhizosphere DNA extract to remove humic substances
and obtain a high-quality DNA required for polymerase
chain reaction (PCR) amplification. After centrifugation
for 3 min at 9000 g in a microfuge, the supernatant containing the DNA appeared to be clear and colourless.
Amplification of eubacterial 16S rDNA

The 16S rDNA fragments were obtained by amplifying
the total DNA, directly extracted from the rhizosphere soil
and purified by PVP, using universal eubacterial primers
p0f (5’-GAG AGT TTG ATC CTG GCT CAG-3’) and p6r
(5’-CTA CGG CTA CCT TGT TAC GA-3’), as reported
by Lane [19], in a PCR Px2 thermocycler (Hybaid) to obtain a product of about 1.5 kb fragments. The PCR conditions were as follows: a hot start of 90 sec at 95 °C; 4 cycles consisting of 95 °C for 30 sec, 57 °C for 30 sec, 72 °C
for 4 min; subsequently the annealing temperature was
lowered by 2 °C until it reached 55 °C for other 4 cycles,
and the final 14 cycles consisted of 92 °C for 30 sec, 50 °C
for 30 sec, 72 °C for 4 min, followed by final 10-min elongations at 72 °C and 60 °C. The reaction mixture contained
40 ng of DNA, 400 µM of each primer, 400 µM of dNTP,
1.5 mM MgCl2, 2.6 Units of Taq DNA Polymerase in a
buffered final volume of 50 µl (Invitrogen). Bovine serum
albumin (BSA) (0.1 µM) was added to avoid inhibition of
amplification by organic compounds co-extracted from
rhizosphere soil. The PCR products, 5 µl subsamples,
were examinated by electrophoresis on 1x TAE agarose
gel (0.8% w/v) stained with ethidium bromide (0.5 µg ml–1),
with appropriate DNA size standards (Mass Ruler, DNA
Ladder Mix, Fermentas) to evaluate the size and approximate quantity of the generated amplicons. The length of
the expected amplified fragment was about 1.5 kb.
Amplification of 16S rDNA of autotrophic ammonia oxidizers

The ammonia oxidizing bacteria are soil microorganisms responsible for the conversion of ammonia to nitrite,
and biological ammonia oxidation is the first step and,
therefore, of central importance to the global nitrogen
cycle [20, 21].
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The DNA was amplified following the nested PCR
strategy using the primer sets amoxf (5’-TGG GGR ATA
ACG CAY CGA AAG-3’) and amoxr (5’-AGA CTC CGA
TCC GGA CTA CG-3’), as described by Smit et al. [22], to
obtain a product of 1173 bp fragments. The “touchdown
PCR” program was 94 °C for 1 min, 64 °C for 1 min, 72 °C
for 3 min, for 2 cycles; subsequently, other 8 cycles were
performed lowering the annealing temperature every 2 cycles by 2 °C until it reached 56 °C, and the final 15 cycles consisted of 94 °C for 1 min, 54 °C for 1 min, 72 °C
for 3 min, followed by a final 10-min elongation at 72 °C.
Each PCR mixture contained 1 µl of the eubacterial amplicons p0f/p6r, 400 µM of each primer, 400 µM of dNTP,
1.5 mM MgCl2, and 2.6 Units of Taq DNA Polymerase in a
buffered final volume of 50 µl (Invitrogen). Amplification
products were analysed as described above.
Amplification of eubacterial 16S rDNA fragments for DGGE
analysis

Eubacterial 16S rDNA was amplified using the primer
sets GC-968f (5’- CGC CCG GGG CGC GCC CCG GGC
GGG GCG GGG GCA CGG GGG GAA CGC GAA GAA
CCT TA-3’) and 1401r (5’-GCG TGT GTA CAA GAC
CC-3’), as described by Felske et al. [23], to obtain products of about 450 bp. DNA template (80 ng) was amplified
with 5 units µl-1 PolyTaq (Polymed), 10 µM of each primer,
10 mM of each dNTP, 10 mM of MgCl2, 500 µg ml-1 of
BSA, and reaction buffer 1x (Polymed, without MgCl2) in
a final reaction volume of 50 µl. The PCR conditions were
94 °C for 90 seconds, followed by 33 cycles at 95 °C for
20 seconds, 56 °C for 30 seconds, 72 °C for 45 seconds,
and a final extension step at 72 °C for 7 min. Amplicons
were analysed as described above.
ARDRA analysis of ammonia oxidizers

The amplified 16S DNA products (400 ng) were digested for 3 hours at 37 °C with 10 U of HaeIII, or at 65 °C
with 20 U of TaqI restriction endonucleases (New England
BioLabs). Restricted DNA was analysed by electrophoresis
on 3.5% agarose gel at 30 V overnight, and stained with
ethidium bromide. Bands were detected from digital images (Polaroid Gel Cam, Elect; Polaroid Type 667 Film ISO
3000) by UV light gel transillumination (λ = 312 nm). The
similarity among the band patterns was calculated by
using the Sørensen’s Index [24], S=2a/2a+b+c, where a is
number of bands common to the two patterns, b is the
number of bands in the first pattern, and c is the number of
bands of the second pattern. The 0.5 value of Sørensen’s
Index indicates 100% of similarity between two patterns.
Denaturing gradient gel electrophoresis (DGGE)

16S rDNA-DGGE was performed by using the DCode
System (Universal Mutation Detection System, BIO-RAD).
An amount of 300 ng of amplicons was loaded in duplicate
(top filling method) on 6% polyacrylamide gel (acrylamide/
isacrylamide, 40%, 37.5:1, BIO-RAD) containing a denaturant gradient of 46-56% parallel to electrophoresis direc-

tion made of urea and formamide (100% denaturant contains 7M urea and 40% formamide). Gels were electrophoresed at constant temperature (60 °C) and voltage (75
V) for 16 hours, followed by a 2-h coloration using SYBR
Green I nucleic acid gel stain 1:1000 diluted in the running
buffer (FMC Bio Products, Rockland, ME USA). Bands
were detected from digital images (Polaroid Gel Cam,
Elect; Polaroid Type 667 Film ISO 3000) by UV light gel
transillumination (λ = 312 nm). Amplicons of the marker
strains, Escherichia coli and Bacillus subtilis, generating
known DGGE-profiles, were loaded on the first and the last
position of the gel to facilitate the interpretation of the
generated banding patterns. The similarity among the band
patterns was calculated as described above.
RESULTS
Metabolic characterization of microbial populations

The cluster analysis of microbial metabolic profiles
(72-h incubation) is shown in Fig. 1, where two main
branches are easily recognizable. In the first, the profiles
corresponding to GMP1, WT2, WT3, WT4 and GMP3,
are linked together at various but relatively low Euclidean
distances, suggesting that no strong metabolic differences
are present between the microbial populations of these
wild-type and engineered plants. The second group is
totally separated from the first one, and is formed by the
profiles of GMP2 and WT1, linked together at a very
short Euclidean distance, indicating great similarity between the populations of such plants and great diversity
from the other microbial communities. The colour evolution rate during the incubation (the intensity of carbon
source attack) allows to recognize the same groupings
seen in the cluster analysis, with WT1 and GMP2 showing the fastest colour development and GMP3 the lowest,
while GMP1 presents an intermediate behaviour, similar
to WT2, WT3 and WT4 (data not shown).

FIGURE 1
Cluster analysis of BIOLOG metabolic profiles corresponding to the
microbial rhizosphere communities of WT and GMProlABC clones.

Such findings suggest that no qualitative metabolic
differences (utilization of different carbon sources) are
present between the rhizosphere microbial communities
of transgenic and wild-type plants. This was confirmed by
checking the positive and negative wells in the plates,
which resulted to be practically the same in all the groups
(data not shown). The quantitative differences observed in
the metabolic behaviour of the communities are likely due
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to differences of viable cells` density in the rhizosphere
and, therefore, in the inocula.
Molecular analysis by ARDRA

Total DNA was extracted from rhizosphere soil GMP
and wild type lines. A fragment of the 16S rDNA was
amplified by nested PCR with autotrophic ammonia oxidizers-specific primers and analysed by ARDRA. The
cases illustrated in Figs. 2 and 3 representative of others
not shown, showed some slight differences between the
genetic fingerprints of DNA extracted from rhizosphere
soil of transgenic citrange Troyer and wild-type clones.

additional bands, indicated by arrows, are evident in the
wild-type profiles, although the patterns of GMP and
control lines showed a high level of similarity (0.43), as
calculated by the Sørensen’s Index. High similarity between the replicates of each clone was detected, so only
one profile for each clone was reported in Figs. 2 and 3.

FIGURE 4 – DGGE patterns of 16S rDNA fragments amplified
from rhizosphere samples of citrange Troyer. M, Escherichia coli
and Bacillus subtilis (from the top to the bottom); WT, wild type
clones; GMP, rolABC clones. Bars evidentiate additional bands.
FIGURE 2 – Fingerprints of 16S rDNA of autotrophic ammonia
oxidizers digested with HaeIII. M, 100 bp Ladder; WT, wild type
clones; GMP, rolABC clones; nd, not digested; d, digested.

FIGURE 3 – Fingerprints of 16S rDNA of autotrophic ammonia
oxidizers digested with TaqI. M, 100 bp Ladder; WT, wild type
clones; GMP, rolABC clones; nd, not digested; d, digested. Arrows
indicate additional bands in the WT profiles.

The restriction patterns of amplified 16S rDNA of autotrophic ammonia oxidizers digested with HaeIII are
shown in Fig. 2, and GMP and control fingerprints were
highly similar. In all patterns, few bands of various intensities were detected per sample, the difference in band
intensity was presumed to indicate numerical differences
between the target molecules. The other restriction patterns obtained with TaqI are shown in Fig. 3, and three

Molecular analysis by DGGE

Figure 4 represents the DGGE results. Only one replicate is shown because no differences were found between the two replicates analysed. Molecular analysis of
the eubacterial rhizosphere communities was done by
PCR amplification of 16S rDNA genes from total DNA of
each sample, and separation on parallel denaturing gradient gel by electrophoresis. DGGE analysis was perfomed
to monitor seasonal shifts of the rhizosphere eubacterial
communities and to assess, whether the rolABC genes
induced shifts in the dominant eubacterial groups of the
rhizosphere soil. Comparisons were made between GMP
and wild-type lines. The DGGE fingerprints showed a
stable pattern for GMP lines as well as the wild-type ones.
In all DGGE-patterns, a total number of 7-9 bands were
detected, representing dominant populations as members
of the eubacterial communities. A large number of bands
(about 6) was shared among the different transgenic and
wild-type profiles, and only a few differences in the
community composition of eubacteria were observed. In
GMP profiles, three additional bands were visible, and
two of them occurred at low denaturant concentrations.
The patterns of GMP and control lines showed a high
level of similarity (0.43), as calculated by the Sørensen’s
index. Seasonal community shifts, between autumn 2002
and spring 2003, are evident, and the cases in Fig. 5 are
representative of all the others (not shown). In both profiles, 8-9 bands were visible, but only one of them was
common to both patterns showing a low level of similari-

871

© by PSP Volume 14 – No 10. 2005

Fresenius Environmental Bulletin

ty (0.11), calculated by the Sørensen’s index, so evidencing the occurrence of seasonal shift.

FIGURE 5 – DGGE fingerprints showing seasonal shifts of rhizosphere bacterial communities. Different sampling times are shown,
WT and GMP collected in September 2002 and March 2003.

mental factors than the presence of GMP on the soil community structure. Our data also suggest that the rhizosphere
communities were influenced by the environmental factors more than by rolABC expression, as shown by the
DGGE profiles of the different samplings. Studies on GMP
influence on the rhizosphere microbial communities showed
that the effects are subjected to the seasonal variation.
Gyamfi et al. [26] found minor differences in the DGGE
patterns of the eubacterial population associated with
transgenic Canola, due to the seasonal variation. Dunfield
and Germida [27] reported variation in the microbial community associated with a transgenic Canola variety in the
plant-growing season, but not after winter. Therefore, they
concluded that the observed changes were temporary and
did not persist into the next field season.
In conclusion, these preliminary results have shown
no distinct effect of rolABC modification on the bacterial
rhizosphere community of citrange Troyer. However,
further research is needed to confirm our findings by
investigating alternative methods for characterization of
rhizosphere soil bacterial communities. DGGE analysis
tends to reveal only the dominant microflora, but minor
organisms altogether may give important biological contributions to an ecosystem [28]. Moreover, sequencing of
DGGE bands would allow to observe specific, possibly
important changes, in the species composition of dominant soil microbial populations.

DISCUSSION AND CONCLUSION
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La Malfa et al. [12] also found that in the rhizosphere
of rolABC citrange Troyer plants the recovered number
of total bacteria was not significantly different from that
in the rhizosphere of wild-type clones. Moreover, they observed no detectable variations in fluorescent Pseudomonas population number.
According to a previous study on rhizosphere bacterial
communities of two transgenic potato lines, which produce
T4 lysozyme for protection against bacterial infections, one
possible explanation for these results is that the rhizosphere
communities were stable enough to resist rolABC effects
[5]. The same authors observed a higher effect of environ-
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INFLUENCE OF WATER HARDNESS ON THE TOXICITY OF
SELECTED PHARMACEUTICALS AND METALS TO THE PROTOZOA Spirostomum ambiguum AND Tetrahymena termophila
Grzegorz Nałęcz-Jawecki and Józef Sawicki
Medical University of Warsaw, Faculty of Pharmacy, Warsaw, Poland

SUMMARY
The goal of the study was the evaluation of the toxicity
of selected metals and pharmaceuticals to ciliated protozoa
in two media with different hardness: very soft and hard
water. Two ciliates were used as test-bionts: Spirostomum
ambiguum in the acute toxicity test (Spirotox) and Tetrahymena termophila in the chronic toxicity test (Protoxkit
F™). Thioridazine and Amitriptyline were the most toxic
drugs to S. ambiguum with an EC50 below 0.5 ppm. Propranolol and Verapamil were 3-6 folds and 6-10 folds less
toxic, respectively. Spirotox was much more sensitive to
tested drugs than Protoxkit F™, from 25-folds for Thioridazine and Verapamil to 100-folds for Amitriptyline. Hardness of water did not influence significantly the toxicity of
the drugs to very sensitive S. ambiguum, whereas it increased
the sensitivity of lower sensible protozoan T. termophila.
In case of metals the sensitivity of the test depended
on the metal, water hardness and the procedure of the test.
Spirotox comparing to Protoxkit F was more sensitive to
zinc, similar sensitive to cadmium in soft water, less sensitive to lead and cadmium in hard water.

These compounds are highly soluble in water, thus they
have been observed not only in wastewaters, but also in
rivers and lakes at concentrations above 1 µg/L [6-9]. The
mechanism of action of some drugs in mammals is associated with cellular pumps. Verapamil is a calcium–channel
blocker [10], Thioridazine is an inhibitor of an efflux system
[11]. The toxicity of Amitriptyline is associated with a
membrane stabilising effect due to specific affinity to ion
membrane channels [12]. Propranolol affects the cell membrane by asymmetric insertion into lipid bilayer, so interacting with the calcium channel gating mechanism [13].
The aim of our study was the evaluation of the toxicity of selected metals and pharmaceuticals to the ciliated
protozoa in two media with different hardness very soft
and hard water. Two ciliates were used as test-bionts:
Spirostomum ambiguum in the acute toxicity test (Spirotox) and Tetrahymena termophila in the chronic toxicity
test (Protoxkit F™).

MATERIALS AND METHODS
KEYWORDS: Spirotox, Protoxkit F™, Amitriptyline, Propranolol,
Thioridazine, Verapamil.

Toxicants

Three metal ions were tested: Zn2+ as ZnSO4 * 7H2O,
Cd as Cd(NO3)2 * 4H2O and Pb2+ as Pb(CH3COO)2 *
3H2O. Four drugs: Amitriptyline HCl, (±)Propranolol HCl,
Thioridazine HCl and Verapamil HCl were a gift from Dr.
Tomasz Pawiński from the Department of Drug Chemistry,
Warsaw University of Medicine. They were of pharmaceutical purity.
2+

INTRODUCTION
Protozoa play an important role in the environment as
primary consumers [1]. With bacteria they are a main
component of the water self-purification system and activated sludge [2]. The toxicity of heavy metals to microorganisms depends mainly upon the metal concentration, its
speciation and competition among metal species to the
site of toxic action [3, 4]. Pharmaceuticals are by nature
biologically active compounds. They are employed in human and veterinary medicine, agriculture and aquaculture
[5]. After application, non-metabolised drugs and their
metabolites are excreted by the patients into wastewater.

Medium

Deionised water (Milli-Q quality) was used as a
standard diluent in the Protoxkit F™. Diluted Tyrod solution (1:64) was used in the Spirotox test. It comprises:
125 mg NaCl, 3.1 mg KCl, 3.1 mg CaCl2, 1.55 mg MgCl2,
15.6 mg NaHCO3 and 0.78 mg NaH2PO4 per litter of deionised water (Milli-Q quality). Total hardness was 2.8 mg
CaCO3/ L and pH 7.4 ±0.2.
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Two kinds of diluents were applied in this study for
each test. Very soft water - the standard diluents with hardness below 3 mg CaCO3 /L and hard water - the diluents
with the addition of calcium chloride solution (222 mg
CaCl2/L). The total hardness was 200 mg CaCO3 /L.

(LC50). Prolongation of the incubation time from 24h to
48h did not essentially affect the susceptibility of the test,
with the exception of Amitriptyline, where the toxicity
increased by 2-folds. Spirotox was much more sensitive to
the tested drugs than Protoxkit F™, from 25-folds for Thioridazine and Verapamil to 100-folds for Amitriptyline.

Toxicity tests

The level of calcium ions has a low influence on the
toxicity of the tested drugs in the Spirotox test. In case of
Verapamil the sensitivity of S. ambiguum was about 40%
higher in soft water comparing to the hard one. On the
other hand, higher concentration of calcium increased the
toxicity of Propranolol. However, a statistically significant
increase by 60% was observed only for sublethal effects
after 48-hours. Much higher changes in toxicity caused by
the change of water hardness were noted in the Protoxkit F
test. Verapamil was 3-folds less toxic whereas Propranolol
was 2-folds less toxic in hard water comparing to the soft
one. Toxicity of Thioridazine and Amitriptyline did not
depend on water hardness for both protozoa.

Spirotox test: Spirostomum ambiguum is one of the
biggest protozoan, 2-3 mm long. The strain used in the
Spirotox test has been cultured in laboratory for more than
25 years as described previously [14]. The Spirotox test was
based on the Spirotox procedure [15]. Briefly: the test was
carried out in disposable, polystyrene multiplates (24 wells).
Two kinds of test responses were observed after 24h and
48h of incubation: (a) different deformations, which mean
morphological changes such as shortening, bending of the
cell, etc., (b) lethal response - spherical deformation and
autolysis. On this base two values: EC50 and LC50 were
calculated.
Protoxkit F™: Protoxkit F™ is a multigeneration protozoan growth inhibition bioassay with the ciliate Tetrahymena termophila. The test is based on the turnover of
the substrate (food suspension) into ciliate biomass. While
normal proliferating cell cultures clear the substrate suspension in 24 hours, inhibited culture growth is reflected by
remaining turbidity [16]. The test is based on optical density measurements. The protozoa and the food were obtained
from Microbiotests (Deinze, Belgium).
Each chemical was assayed for a minimum of 3 replicates. Stock solutions of toxicants were made with MilliQ deionised water.
RESULTS AND DISCUSSION
The toxicities of the pharmaceuticals tested towards
the protozoa are summarised in Table 1. Thioridazine and
Amitriptyline were the most toxic drugs to S. ambiguum
with an EC50 below 0.5 ppm. Cardiovascular drugs, Propranolol and Verapamil, were 3-6 folds and 6-10 folds
less toxic, respectively. Deformation of the cell (EC50) was
only a slightly more sensitive toxicity effect than lethality

Protozoa are the simplest Eucaryota having numerous
enzymes similar or even identical to those of higher organisms. Therefore they were used to study the mechanism of
action of xenobiotics in Eucaryota. Ciliary activity is an
action potential that is similar to that found in the excitable
cells of higher organisms. An action potential is generated
by the activation of Ca2+ channels located in the ciliary
membrane [13]. Verapamil at a concentration of 40 ppm
blocked L-type channels in Paramecium [13]. Propranolol
shortened ciliary reversal in a similar way to that observed using Ca2+ channel blockers [18]. Membrane stabilising activity of Amitriptyline was tested by Darcy and coworkers [12]. The EC50 value was 570 ppm. The toxicity
of the drugs tested in our study was much higher than in
the cited papers [12, 13, 18], especially in the Spirotox
test. S. ambiguum has a very sensible cell membrane;
therefore it was used in studies on mechanisms of contractility [19, 20]. This action is associated with calcium
ions level [19]. In our experiments we found that a modification of water hardness did not influence significantly
the toxicity of Ca2+ channel blockers to very sensitive S.
ambiguum, whereas it increased the sensitivity of the lower
sensible protozoan T. termophila.

TABLE 1 - The toxicity of pharmaceuticals to the protozoan tests: Spirotox and Protoxkit F™ in ppm.

Compound

CAS No

Amitriptyline HCl

549-18-8

(±)Propranolol HCl

318-98-9

Thioridazine HCl

130-61-0

Verapamil HCl

152-11-4

Spirotox 24h
EC50
LC50
[ppm]
[ppm]
0.81
1.62
0.87
1.58
2.92
4.23
2.65
4.10
0.40
0.67
0.39
0.61
5.88
8.93
8.19
12.7

Hardness
[mg CaCO3/L]
< 10
200
< 10
200
< 10
200
< 10
200
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Spirotox 48h
EC50
LC50
[ppm]
[ppm]
0.43
0.85
0.41
0.88
2.63
3.11
1.60
3.20
0.42
0.44
0.36
0.44
5.15
6.48
5.79
9.96

Protoxkit
24h-EC50
[ppm]
43.7
40.0
79.5
43.5
11.4
10.0
252
83.0
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TABLE 2 - The toxicity of metals to the protozoan tests: Spirotox and Protoxkit F™ in ppm.

Compound

ion

ZnSO4 * 7H2O

Zn2+

Cd(NO3)2 * 4H2O

Cd2+

Pb(CH3COO)2 * 3H2O

Pb2+

Spirotox 24h
EC50
LC50
[ppm]
[ppm]
0.37
0.43
4.79
6.56
0.15
0.19
3.50
4.43
3.09
4.88
6.40
16.2

Hardness
[mg CaCO3/L]
< 10
200
< 10
200
< 10
200

The toxicities of metals tested towards the protozoa are
summarised in Table 2. Zinc is an essential metal necessary
for functioning of several enzymes [21]. It reduced growing
of T. termophila at a concentration of 8.73 and 28.3 ppm in
soft and hard water, respectively. Dive [22] using Dexiostoma campyla in 24-hour growth inhibition test obtained
similar results with EC50 values from 2 to 15.7 ppm. Nilsson [21] wrote in his review that the toxicity of zinc greatly
depended on the presence or absence of organic matter and
on the hardness of the water. He reported that 8h-LC50 in
sodium/potassium salt medium was 0.5 ppm, whereas in
hard water 25 ppm – the value close to 24h-EC50 received
in our work. Spirotox was 20 and 6-folds more sensitive
than Protoxkit F to zinc in soft and hard water, respectively.
It is rather not associated with the sensitivity of the testbiont, as in special conditions the LC50 value for Tetrahymena may be also close to 0.5 ppm [21]. Interspecies variation in sensitivity of the protozoa also occurs. Madoni et al.
[23, 24] found LC50 values for different species of ciliated
protozoa from 0.25 to 50 ppm of Zn. It must be emphasized
that Spirostomum teres was the second sensitive protozoan
from 9 species isolated from activated sludge.
Cadmium is a non-essential metal and a major industrial pollutant. It affects both tested protozoa in soft water

Spirotox 48h
EC50
LC50
[ppm]
[ppm]
0.34
0.43
4.34
5.69
0.13
0.16
3.25
3.87
2.60
3.69
6.44
11.1

Protoxkit
24h-EC50
[ppm]
8.73
28.3
0.13
0.26
0.70
1.48

at the some concentration – 0.13 ppm (Table 2). Similar
results for Paramecium caudatum and D. campyla were
received in natural (very soft) Evian water [23, 24]. However, higher water hardness decreased the toxicity to Protoxkit F, but only by 2-folds comparing to 25-folds in the
case of Spirotox. Nilsson [21] wrote that cadmium toxicity to Tetrahymena is reduced by the factor of 30 in the
presence of 500 ppm calcium, contrary to our results in the
Protoxkit F.
Lead is a second not essential metal which toxicity
has been known for ages. It was 4-7 folds more toxic to
Protoxkit F than to Spirotox in the soft water and even 11folds more toxic in the hard water. The presence of calcium decreased the sublethal toxicity of lead by 2-times.
Higher decrease of LC50’s by 3-folds was observed in the
Spirotox test. In literature the toxicity values of lead towards protozoa ranged from 0.01 ppm [25] to 1000 ppm
[21]. Such wide range is caused not only by the different
susceptibility of various species, but rather by the physicochemical properties of lead ions. Lead precipitates very
rapidly as lead carbonate and/or it easily binds to particles
present in the tested medium. Since the protozoa graze on
the precipitate [21], they may be exposed to higher or lower
amounts of the metal. The dose of the metal depends on the

soft water

hard water

% I 100
80
60
40
20
0
0.2

0.4

0.8

1.6

3.2

6.4

12.8
Pb [ppm]

FIGURE 1 - The toxicity of Pb2+ in the Protoxkit F™.
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size of particles and a spectrum of particles ingested by the
test biont. S. ambiguum is a very large protozoan. It does
not ingest particles smaller than 2 µm. S. teres is much
smaller and the toxicity of lead was 3-folds lower [24].
Food particles used in the Protoxkit F test may concentrate lead on their surface causing higher amounts of Pb
than what corresponded to the concentration added to the
medium. This hypothesis was verified by the observation
of the toxicity curve of the Protoxkit F (Figure 1). The
toxic effect reached a plateau of 60-70% of inhibition of
growth, and then in spite of increasing concentrations of
lead, the toxic effect did not increase. It caused a problem
of calculation of EC50, as the standard program provided
by the producer did not worked properly and graphical
interpolation should be applied instead.
CONCLUSIONS
Thioridazine and Amitriptyline were the most toxic
drugs to S. ambiguum with an EC50 below 0.5 ppm. Propranolol and Verapamil were 3-6 folds and 6-10 folds less
toxic than Thioridazine, respectively. Spirotox was much
more sensitive to the tested drugs than Protoxkit F™, from
25-folds for Thioridazine and Verapamil to 100-folds for
Amitriptyline. Hardness of water did not influence significantly the toxicity of Ca2+ channel blockers to very sensitive S. ambiguum, whereas it increased the sensitivity of
lower sensible protozoan T. termophila.
In case of metals the sensitivity of the test depended
on the metal, water hardness and the procedure of the test.
Spirotox comparing to Protoxkit F was more sensitive to
zinc, similar sensitive to cadmium in soft water, less sensitive to lead and cadmium in hard water. The last may be
explained by the concentration of the metal on the food
particles in the Protoxkit F.
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SUMMARY
Aluminum sulphate (Al2(SO4)3) is used as a coagulant
in treatment of water in many areas of the world. However, careful evaluation of the effects of aluminium compounds on health is necessary. With this aim, two doses of
Al2(SO4)3 (10 and 20 µg/mL) were used in human blood
cultures. Apple, kiwi, melon, pear, rose hip, strawberry,
tomato and watermelon juices were used as examples of
foods (1 and 2 mg/mL) and their effectiveness were assessed in vitro following exposure to Al2(SO4)3 for the
first time.
The fruit juice samples were analysed by HPLC. In addition, selenium concentrations in juices were determined
by spectrophotometer. The biochemical characterization of
antioxidant enzymes have been carried out in erythrocytes.
The sister-chromatid exchange (SCE) test was also used to
assess DNA damage in lymphocytes.
The high dose of Al2(SO4)3 significantly reduced activities of antioxidant enzymes and caused SCE formations.
However, the juices of fruits led to an increased resistance
of DNA to oxidative damage induced by Al2(SO4)3 in human lymphocytes, in comparison with control lymphocytes. The juices of tomato, watermelon, kiwi and rose hip
(at 1 mg/ mL) were more effective than strawberry (at only
2 mg/mL) at protecting DNA from damage whereas, at the
high concentration tested, neither pear nor melon and apple
had a protective effect. This study also supported a relationship between lycopene-rich juices and GSH-Px activity.

num compounds have the potential to be neurotoxic in humans and animals, and are present in many manufactured
foods and medicines. They are also added to drinking water
for purification purposes [1]; however, unless the exposure
is overwhelming, we are many times (even unknowingly)
protected by the foods we eat. A judicious choice of food
will counteract noxious agents. Therefore, the diet can be
a major factor in determining who does and who does not
show toxic symptoms following exposure.
It is known that fruits contain protective agents [2].
Despite evidence from epidemiologic studies, however,
little information is available on the action of fruits in
vitro. Moreover, there has been no report, to our
knowledge about the roles of fruits against the toxicity of
aluminum compounds. Firstly, in this study was evaluated
biochemical and genotoxic effects of Al2(SO4)3 on human
blood. Our objective was especially to determine whether
the juices of some fruits conferred the protection against
aluminum sulphate exposure. With this aim in the present
study, (1) antioxidant enzyme activities in erythrocytes
and (2) the SCE frequencies in lymphocytes were assessed. The SCE test is an adequate tool for the sensitive
detection of genotoxicity of several metals [3]. Defective
DNA repair and DNA damage may cause SCEs [4]. It is
reported that oxidative stress can lead to some cancers,
artherosclerosis, and adverse effects of aging [5]. It is also
important to establish DNA damage because it is a useful
biomarker of the oxidative status and the antioxidant defense system of the animal [6].

KEYWORDS: Aluminum sulphate, antioxidants, fruit juices, human blood, in vitro, sister-chromatid exchange.

MATERIALS AND METHODS
Materials

INTRODUCTION
Universally, the general population is exposed to a variety of “toxic” substances. Some of them are from manufactured goods, and some from air and water pollution. Alumi-

Human blood was obtained by veinpuncture from four
non-smoking donors. Al2(SO4)3 was purchased from Sigma
Chemical Co (USA) and several types of food were purchased from supermarkets in the area of Erzurum. The
foods were fresh apple, kiwi, melon, pear, rose hip, strawberry, tomatoes and watermelon with 25g sample weights.
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Standards for β-carotene, lycopene, selenium, vitamins C
and E were purchased from Sigma. All solvents (HPLC
grade) were obtained from Merck (Darmstadt, Germany).
Juice analysis and experimental design

The juices for the study were prepared in our laboratory without heat treatment as previously described [7, 8].
These were analyzed by HPLC using a C-30, 3 µ reversephase YMC column (Wilmington, NC), and typically 1020 µL injections of food juices were made. Injections were
made in duplicate for each sample. The solvent for lycopene was 18% hexane, 52% methanol, 30% methyl tertbutyl ether and 0.1% triethylamine pumped at 1ml/min and
detection was at 440 nm [9]. Levels were determined relative to a standard curve constructed with all trans-lycopene
from Sigma Chemical Co (St Louis, MO). Vitamin E and
β-carotene were extracted twice in the hexane phase and the
collected extract was dried under a stream of liquid nitrogen. The dried extract was solubilized in 0.2 mL methanol
for HPLC. The quantification of vitamin E and β-carotene
was done by the method of Catignani [10] and Miller et
al. [11] utilizing absorption spectra of 296 and 436 nm for
vitamin E and β-carotene, respectively. The vitamin C level
was determined using the method of Tavazzi et al. [12] by
HPLC, utilizing a column (250x3.9 i.d.) packed with a
Tecopak C18 reversed-phase material (10µm particle size)
with a mobile phase (3.7 mM phosphate buffer, pH 4.0) at
a flow rate of 1 mL min-1. Selenium (Sigma) was separated
in the toluene phase and its level was determined fluorometrically using a fluorescence spectrophotometer (PerkinElmer 100) at 570 nm, using a standard addition method
[13, 14]. The apple juice contained ≈ 12 µg/mL β-carotene,
4.10 mg/mL vitamin C, 600 µg/mL vitamin E and 0.14 µg/
mL selenium. Kiwi juice contained ≈ 18 µg/mL β-carotene,
37.25 mg/mL vitamin C, 600 µg/mL vitamin E and 0.14 µg/
mL selenium. The levels in tomato and watermelon were
≈ 70 µg/mL β-carotene, 2.41 mg/mL lycopene, 3.67 mg/
mL vitamin C, 100 µg/mL vitamin E and 1.25 µg/mL selenium; ≈ 74 /mL β-carotene, 1.32 mg/mL lycopene, 2.94 mg/
mL vitamin C, 220 µg/mL vitamin E and 0.16 µg/mL selenium, respectively. There were ≈ 1.84 mg/mL vitamin C
and 0.10 µg/mL selenium in melon juice. The mean vitamin
C amount of pear (0.90 mg/mL) was about 50% less than
the mean amount of vitamin C in melon. In addition, pear
contained ≈ 7 µg/mL β-carotene, 30 µg/mL vitamin E and
1.15 µg/mL selenium. The amounts of β-carotene, lycopene, vitamin C, and selenium in rose hip were ≈ 20.80 µg/
mL, 0.58 mg/mL, 10.50 mg/mL and 0.12 µg/mL, respectively. Strawberries had ≈ 2 µg/mL β-carotene, 13 mg/mL
vitamin C, 65 µg/mL vitamin E and 0.18 µg/mL selenium.
Two different doses of Al2(SO4)3 (10 and 20 µg/mL) and
fruit juices (1 and 2 mg/mL) (concentrations in blood) were
used. After the application of Al2(SO4)3 and fruit juices,
separate and together, the blood was incubated for 1 h at
37 ˚C to adjust body conditions, except for testing SCE (see
below). Besides, the control samples of each volunteer were
incubated, and they were treated equally as the samples, but
without addition of Al2(SO4)3 and juices.

Biochemical analysis
Erythrocytes

Erythrocytes were obtained from heparinised blood
samples by centrifugation (3000 rpm, for 20 min) at 4 ˚C.
The red blood cells were then washed three times with
5 volumes of phosphate buffered saline (PBS; 150 mmol L-1
NaCl, 1.9 mmol L-1 Na2H2PO4, 8.1 mmol L-1 Na2HPO4, pH
7.4) and with a ratio of 1:1 divided into appropriate aliquots
and stored at -80 ˚C until further analysis.
Catalase

Catalase activity was determined according to Aebi
[15]. To 3 ml H2O2 (54 nm H2O2 in 50 mM phosphate
buffer, pH 7.0) 5 µL of a catalase solution was added and
the decrease in H2O2 was measured spectrophotometrically
at 240 nm, at 25 ˚C for 60 s. In the erythrocyte preparations,
haemolysates were centrifuged (12.000 rpm) and activity
estimation was made with 1 % haemolysates. One unit of
catalase activity was defined as the activity required to
degrade 1 µmol hydrogen peroxide in 60 s.
Glutathione peroxidase (GSH-Px)

Glutathione peroxidase activity was measured using
hydrogen peroxide as substrate [16]. Potassium azide was
added to inhibit catalase. Potassium ferricyanide was added
to inhibit the pseudoperoxidase activity of hemoglobin.
Conversion of NADPH was monitored continuously in a
Varian Cary 50 spectrophotometer at 340 nm for 3 min at
25 °C.
Superoxide dismutase

Superoxide dismutase activity was determined by the
method of Misra and Fridovich [17] which is based on the
ability of superoxide dismutase to inhibit the process of
epinephrine self-oxidation in alkaline medium. In the reaction of colored adrenochrome formation, the superoxide
anion- radical is formed as an intermediate product.
Superoxide dismutase activity was measured by monitoring the increase in absorbance at 480 nm.
SCE assay

Human peripheral blood lymphocyte cultures were set
up with a slight modification of the protocol previously
described by Evans and O’Riordan [18]. Whole heparinized
blood from four healthy non-smoking donors between age
25 and 28 with no history of exposure to any genotoxic agent
were used in our experiments. Questionnaires were obtained
for each blood donor to evaluate exposure history, and
in addition, informed consent forms were signed by each
donor. In the all volunteers involved in this study, hematological and biochemical parameters were analysed and
any pathology was not detected.
0.5 ml of heparinized blood was cultured in 5 ml of culture medium (Chromosome Medium B, Biochrom, Leonorenstr. 2-6, Berlin, Germany) with 5µg/ml of phytohemagglutinin (Biochrom). The 10 and 20 µg/mL of Al2(SO4)3
alone and fruit juices (1 and 2 mg/mL) alone, were added
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to the culture tubes. In addition, Al2(SO4)3 and fruit juices
were applied to the cultures, simultaneously. For each individual, lymphocyte culture without chemical was studied as
a control group. With the aim of providing successive visualization of SCEs, 5-bromo-2’-deoxyuridine (Sigma, St.
Louis, final concentration 20µM) was added after culture
initiation. The cultures were incubated in complete darkness for 72h at 37°C.
Exactly 70h and 30 min after beginning of incubations,
colcemid (Sigma, St. Louis) was added to the cultures to
achieve a final concentration of 0.5 µg/L. After hypotonic
treatment (0.075 M KCl) followed by three repetitive cycles of fixation in methanol/acetic acid solution (3:1, v/v),
centrifugation, and resuspension, the cell suspension was
dropped onto chilled, grease-free microscopic slides, airdried, aged, and then differentially stained for the inspection of the SCE rate based on the fluorescence plus Giemsa
(FPG) technique [19]. For each treatment condition, wellspread second division metaphases containing 42 - 46 chromosomes in each cell were scored, and the values obtained
were calculated as SCEs per cell.
Statistical Analysis

The results are expressed as mean ± standard deviation
(SD). Comparison between groups was carried out by oneway analysis of variance (ANOVA) followed by student’s
t-test with the level of significance set at p < 0.05.

The low dose of Al2(SO4)3 had no effect on SCEs. Also, the ratio of SCEs in cultures treated with fruit juices
alone was not significantly different from that in the controls (data not shown). A significant increase in the number
of SCEs was observed at 20 µg/mL compared with controls. Whereas, treatments with the juices of kiwi, rose hip,
tomato and watermelon at two different doses (1 and 2 mg/
mL) significantly decreased the incidence of SCEs induced
by Al2(SO4)3. Moreover, these values were more similar to
control values due to increasing doses. A similar effect was
observed at high doses of strawberry juice. In contrast,
apple, pear and melon juices were virtually ineffective at all
doses.
Figures 1, 2 and 3 illustrate the influences of treatment
with fruit juices and Al2(SO4)3 on the activities of CAT,
GSH-Px and SOD in erythrocytes, respectively.
In biochemical study, there was no evidence of aluminum sulphate toxicity at 10 µg/mL, and of any significant
effect of fruit juices alone (data not shown) in comparison
with the controls. Significant decreases in the activities of
CAT, GSH-Px and SOD were observed at the high concentration of Al2(SO4)3. The negative effects of Al2(SO4)3 were
attenuated when cultures were treated simultaneously with
the juices of watermelon and tomato (at both doses) the
activities of all antioxidants significantly increased. Both
doses of kiwi and rose hip increased the activities of CAT
and SOD but the effects of these fruits were different on

RESULTS

A 2+Wj	
  (2mg/mL )
A 2+S j	
  (2mg/mL )

Table 1 presents the effects of treatment with fruit juices
on the frequency of SCEs induced by Al2(SO4)3 in lymphocytes.

A 2+Pj	
  (2mg/mL )
A 2+K j	
  (2mg/mL )

TABLE 1 - The frequency of SCEs in human lymphocyte
cultures treated with Al2(SO4)3 and various fruit juices.
Groups
Control+
Al2(SO4)3 (10 µg/mL)
Al2(SO4)3 (20 µg/mL)
Al2(SO4)3 (20 µg/mL) + Aj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Kj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Mj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Pj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Rj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Sj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Tj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Wj (1 mg/mL)
Al2(SO4)3 (20 µg/mL) + Aj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Kj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Mj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Pj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Rj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Sj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Tj (2 mg/mL)
Al2(SO4)3 (20 µg/mL) + Wj (2 mg/mL)

SCEs/cell (± SD)
6.28 ± 0.76
6.36 ± 0.84
9.21 ± 1.05**
8.71 ± 0.64**
6.56 ± 0.71
9.18 ± 0.42**
8.63 ± 0.55**
6.54 ± 0.70
8.26 ± 0.77**
6.35 ± 0.42
6.58 ± 0.74
7.22 ± 0.67**
6.33 ± 0.80
8.66 ± 0.59**
8.46 ± 0.60**
6.32 ± 0.92
6.65 ± 0.72
6.14 ± 0.53
6.39 ± 0.88

** Significantly different from control (P<0.05); student’s t-test,
Mean±S.D. of four experiments. A= Apple juice; Kj= Kiwi juice; Mj=
Melon juice; Pj= Pear juice; Rj= Rose hip juice; Sj= Strawberry juice;
Tj= Tomato juice; Wj= Watermelon juice.

**
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**
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**
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**
**
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Activity of CAT
FIGURE 1 - Activity of CAT [µmol H2O2/min/mg Hb] in human
erythrocytes incubated with Al2(SO4)3 and various fruit juices for 1 h.
** Significantly different from control (P<0.05); student’s t-test, Mean±S.D.
of four experiments. A1= Al2(SO4)3 (10 µg/mL); A2= Al2(SO4)3 (20 µg/
mL); Aj= Apple juice; Kj= Kiwi juice; Mj= Melon juice; Pj= Pear juice;
Rj= Rose hip juice; Sj= Strawberry juice; Tj= Tomato juice; Wj= Watermelon juice.
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mental groups at 1 and 2 mg/mL of apple, kiwi, melon, pear
and strawberry. On the other hand, CAT and SOD activities
did not change with the concentrations of apple, pear and
melon juices except for strawberry. Strawberry showed
effect at 2 mg/ mL on these enzymes.
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FIGURE 2 - GSH-Px activity [µmol/min/gHb] in human erythrocyte
hemolysate incubated with Al2(SO4)3 and various fruit juices for 1 h.
Abbreviations are as in Figure 1.
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FIGURE 3 - Activity of SOD [U/mg Hb] in human erythrocytes
incubated with Al2(SO4)3 and various fruit juices for 1 h. Abbreviations are as in Figure 1.

GSH-Px activity. Treatment with rose hip enhanced in a
dose-dependent manner the activity of GSH-Px (at 2 mg/
mL). On the contrary, the level of this enzyme did not show
any significant difference between control and experi-

The cellular antioxidant activities come from enzymes
like catalase, superoxide dismutase and glutathione peroxidase, as well as non-enzymes such as vitamin C, vitamin E,
β-carotene, lycopene and selenium. All these antioxidants
are capable of neutralizing the harmful effects of reactive
oxygen species (ROS) in various efficiacies [20, 21]. In the
present study, after Al2(SO4)3 treatment (at 20 µg/mL) CAT,
GSH-Px and SOD activities decreased and the ratio of SCEs
increased. Oxidative stress develops when the levels of antioxidants are lowered [22]. It has been assumed that SOD
has a central role in the defence against oxidative stress.
SOD catalyses the dismutation of superoxide to hydrogen
peroxide and oxygen [23]. Endogenous H2O2 may be converted to H2O by CAT [24]. Also, the activity of GSH-Px
eliminates reactive oxygen species [25].
It has been reported that the most of antioxidants were
found in the aqueous extracts of the foods [9]. The juices of
tomato, watermelon, kiwi and rose hip used here (at 1 and
2 mg/mL) except for melon, pear and apple effectively resulted in improved antioxidant status and reduced frequencies of SCEs in human blood exposed to aluminum sulphate.
It is conceivable that fruits can exert their protective effects.
The difference in quantity and type of antioxidants in the
fruit juices may be responsible for this finding. Whereas, the
anticarcinogenic and antioxidant properties of β-carotene,
vitamins C, E and the essential element selenium have received much attention recently. Selenium, functioning as part
of GSH-Px, has been recognised as a cellular antioxidant in
addition to its protecting function against metal toxicity [26,
27]. However, this in vitro study data show a relationship
between lycopene-rich juices and GSH-Px activity. Because,
watermelon and tomato juices (at 1 and 2 mg/ mL) contribute to more protection of GSH-Px than rose hip (at 2 mg/
mL). These results support that glutathione peroxidase activity can be induced by lycopene [28]. However, we can
not say that the protective effect was solely due to lycopene,
vitamins or selenium; lycopene may have interacted with βcarotene or other antioxidants such as vitamin C, E and selenium. To our knowledge, this is the first report that fruits
have been used to assess in vitro the effect of the intake of
aluminum sulphate determined to have oxidant properties.
Moreover, the protective effects of tomato, watermelon, kiwi
and rose hip on CAT and SOD activities produced clear
dose-related responses except for strawberry (at 2 mg/ mL).
Thus, it seems that cell resistance to oxidative stress is the
result of a complex antioxidant defense system that could
be helped by foods.
The results of this study clearly show that supplementation with protective agents for controlling the toxicity of
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aluminum compounds contributes on human and animal
health. Again, our results emphasize that the juices of fruits
such as tomato, watermelon, kiwi and rose hip except for
melon, pear and apple have a significant moderating effect
on oxidative damage to lymphocyte DNA inflicted in vitro
by aluminum sulphate. The increasing dose of strawberry
can also be used on DNA damage and consequently can be
proposed against to aluminum toxicity. Thus, the variety of
fruits may prevent SCE formation resulting from oxidative
stress. This can be explained by considering physical reaction with oxidant species of vitamins, carotenoids and lycopen introduced with the fruits and present in high quantities in the cells. Now it is important to begin considering
the effects of fruit juices to recommend to the population.
This is particularly important in light of the result of a in
vitro study.
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INFLUENCE OF RAFT ROPE DEPTH AND BIOLOGICAL PARAMETERS ON POLYCHLORINATED BIPHENYL LEVELS IN CULTURED MUSSELS AT GALICIA COAST (NORTH-WESTERN SPAIN),
AND DISTRIBUTION PATTERNS OF PCBS IN RAFT MUSSEL
Nieves Carro, Isabel Garcia, María Ignacio and Ana Mouteira
Centro Control do Medio Mariño. Consellería de Pesca e Asuntos Marítimos.
Xunta de Galicia. Peirao de Vilaxoán s/n. 36611. Vilagarcía de Arousa. Spain.

SUMMARY
Effects of depth and biological parameters on PCB
levels in cultivated mussels (Mytilus galloprovincialis) on
raft coming from the Galician coast (north-western Spain)
have been studied. For this purpose, samples from 5 harvesting zones (Muros, Portonovo, Bueu, Cangas and Sada)
placed at three different depths (1, 5 and 10 m) on raft rope
were investigated. The analyzed congeners were PCBs
IUPAC nº 31, 28, 52, 101, 118, 153, 105, 138, 156 and
180, and they were isolated by Soxhlet extraction and
analyzed by GC-ECD and GC-MS. Statistical methods
were applied to evaluate the results and to determine the
possible influences of biological parameters (lipid content, condition index and shell length) with levels of individual PCB congeners. Only the concentration of PCB52
in samples coming from Portonovo zone was correlated
with depth (P = 0.003). By means of multivariate techniques of data exploration, such as Principal Components
Analysis (PCA) and Hierarchical Cluster Analysis (HCA),
spatial variability of PCB levels in raft mussels from the
investigated harvesting areas has been studied.

to them by means of the byssus threads. Mussels on raft
rope feed mainly on phytoplankton from the water column.
When the mussels present a length of 4-5 cm, the ropes
are taken up to redistribute the mussels onto a longer rope
whose length is about 10-12 m. When the mussels measure 7-10 cm, they are harvested and sold [2]. The rafts are
placed in several estuarine bays (Rías) along the Galicia
littoral, distributed in polygons where each raft is separated
from the others by a distance of 80-100 m.

KEYWORDS: Polychlorinated biphenyls (PCBs), Raft mussels,
Galician coast, Principal Components Analysis (PCA), Hierarchical Cluster Analysis (HCA).

Polychlorinated biphenyls (PCBs) are a class of micropollutants, which are highly resistant to biodegradation, thermally stable and hydrophobic; and tend to be
accumulated in fatty tissues of some marine organisms to
concentrations above ambient levels, and biological factors and environmental conditions can influence their bioaccumulation [5]. In aquatic environment, micropollutants
are distributed in the water column, and they rapidly become associated with particulate and dissolved organic
matter. This fact contributes to increase of their apparent
solubility, and modifies their retention time and bioavailability to marine organisms [6-7], whose principal uptake
of contaminants is through the food [8-9]. The least soluble fraction of PCBs is deposited on marine sediments,

INTRODUCTION
The raft culture of the edible mussels (Mytilus galloprovincialis) is one of the main resources of shell-fishing production in Galicia, reaching values about 200.000 tons per
year. In this region, mussel-culturing employs 9.000 people directly and 14 000 people indirectly [1]. Mussels are
cultured on ropes hung from rafts remaining attached

The increase of domestic and industrial activities during recent years in Galicia has intensely disturbed the natural marine environment. The progressive deterioration is
mainly caused by contributions of different industrial discharges which reach the coast without a previous treatment
or purification. Due to the great repercussion of mussel
culture in Galicia economy, besides water quality surveillance by means of “Mussel Watch” programs based on the
bioindicator organism concept [3-4], it is necessary to
carry out analytical control in mussels coming from the
harvesting areas to watch and protect the public health
and safety.
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where indigenous microorganisms dechlorinate them by
different processes [10]. Since distribution and bioavailability of micropollutants vary along the water column,
farmed mussels are influenced according to their position
on the raft rope.
The objective of this paper was to determine the mussel rope depth influence on PCB contents, and to know
their spatial distribution in cultured mussels (Mytilus galloprovincialis) coming from polygons in 5 different harvesting areas of Galicia, with mussel samples placed at three
different depths on the rope (1, 5 and 10 m). The analyzed
congeners were PCBs IUPAC nº 31, 28, 52, 101, 118, 153,
105, 138, 156 and 180, all of them recommended by the
International Council for Exploration of the Seas (ICES)
[11]. PCBs were isolated using Soxhlet extraction, and
analyzed by GC-ECD and GC-MS. Statistical methods
were applied to evaluate the results.
MATERIALS AND METHODS
Raft mussels (Mytilus galloprovincialis), placed on the
rope at 1, 5, and 10 m of depth, were collected from Muros
(A and B polygons, Ría de Muros), Portonovo (A, B and
C polygons, Ría de Pontevedra), Bueu (A1, A2 and B
polygons, Ría de Pontevedra), Cangas (A and B polygons,
Ría de Pontevedra), and Sada (A and B polygons, Ría de
Ares-Betanzos) during January 2002 (see Figure 1).

RÍA DE BETANZOS
1

Thirty individual mussels of sizes between 60-90 mm
were used for each analysis. Flesh mussel homogenates
were frozen (-30 ºC), freeze-dried and Soxhlet-extracted
(5 g of sample; 150 mL of dichloromethane-pentane/1-1;
8 hours) by duplicate. The sample extract was vacuumevaporated to dryness, and then redissolved in 1 mL isooctane. An aliquot of the extract was used to determine
gravimetrically its lipid content. Interfering lipids were
removed from a suitable portion of the concentrate by
column chromatography on alumina (6 % deactivated).
The fraction of PCBs was isolated using column chromatography on silica gel (1% deactivated). PCB 155 was
added as internal standard prior to GC analysis [12].
N-pentane, dichloromethane and isooctane for organic trace analysis were supplied from Merck (Darmstadt,
Germany). Aluminium oxide (alumina), silica gel and
anhydrous sodium sulfate were also purchased from
Merck. Analytical reagent grade PCB individual congener
standards were supplied by Dr. Ehrenstorfer (Augsburg,
Germany).
A certified reference material, a mussel tissues` homogenate, supplied by the National Institute of Standards
and Technology (NIST 2977) was used for quality control. The certified levels for the PCB congeners 31, 28,
52, 101, 118, 153, 105, 138, 156, and 180 are 3.92 + 0.24,
5.37 +0.44, 8.37 + 0.54, 11.2 + 1.2, 10.5 + 1.0, 14.1 + 1.0,
3.76 + 0.49, 16.6 + 1.6, 0.96 + 0.09 and 6.79 + 0.67 µg kg-1,
respectively.
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FIGURE 1 - Map with the different sampling points.
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Standard stock solutions were prepared by weighing
an appropriate amount of each standard and diluting it in
5 mL isooctane, and working solutions were made by
dilution of the stock solution. For quantitative GC determinations, calibration was performed at four concentration levels for each congener spanning the range of 1 600 µg/L, and using PCB 155 (700 µg/L) as internal
standard.

The PCB detection limits were calculated to be three
times the standard deviation of the peak height for 30 determinations of the blank, and were varying from 0.07 to
0.2 µg kg-1.
RESULTS AND DISCUSSION
Univariate and bivariate Analysis

The extracts were analyzed by high resolution gas
chromatography using a Perkin-Elmer Autosystem Gas
Chromatograph with an electron capture detector (ECD). A
TRB-5 (Teknokroma, Spain) 5 % diphenyldimethyl siloxane capillary column (60 m x 0.20 mm i.d. x 0.4 µm phase
thickness) was used under the following conditions: column
temperature program: 90 ºC (3 min) to 215 ºC (40 min) at
30 ºC/min, and 275 ºC (30 min) at 5 ºC/min; injector
temperature (splitless mode, 1.8 min.) 270 ºC; ECD temperature 365 ºC; and carrier gas hydrogen was purchased
from Air Liquid (Spain). The confirmation of PCBs was
performed on a Varian Saturn 2000 Gas ChromatographIon Trap Detector Mass Spectrometer (ITD). The experimental conditions and capillary column were identical to
those described above, but the carrier gas used was helium
(Air Liquid, Spain), and MS conditions were trap temperature 170 ºC; scan range 100-450 m/z; the multiplier delay
6 min.; the emission current 10 µA; the multiplier voltage
1600 V; and the maximum ionization time 25 000 µs.
Data numerical analysis was carried out by means of
the SPSS inc.; 1989-1999 V.9.0. statistical package.
Condition indices (CI) were calculated taking into account shell and body weights of each sample (thirty individual mussels; CI = body weight/body + shell weights).
Quality control

The QA/QC procedures included analysis of duplicates,
laboratory blanks and SRMs with batch of 12 samples.
Curves of calibration have been determined at four
concentration levels using suitably diluted standards.
Each concentration level has been injected in triplicate
and peak heights have been fitted by linear regression.
The coefficient of correlation was 0.999 for all the target
compounds.
Experiments of method reproducibility were performed in five replicate samples providing a mean relative
standard deviation of 8.8 % for the studied PCBs, and
mean recoveries of target compounds were from 86.0 to
106.3 %.
Study of method accuracy was performed with a certified reference material (NIST 2977). The organochlorine
compounds content agreed with the certified values for
PCBs 31, 28, 52, 101, 118, 153, 105, 138, 156 and 180,
being 3.80, 5.80, 8.05, 10.05, 10.22, 14.22, 4.03, 13.51,
0.95 and 7.01 µg kg-1, respectively.

The levels of 10 PCB individual congeners (IUPAC
number 31, 28, 52, 101, 118, 153, 105, 138, 156 and 180),
expressed in µg kg-1 dry weight (dw) as the average of
two analytical replicates of mussel samples coming from
the investigated harvesting zones and collected at three
different depths (1, 5, 10 m) on the rope, are presented in
Table 1. ΣPCBs is the sum of all individual congeners.
Table 2 shows the biological parameters (CI, lipid content
and shell length) of the investigated samples.
The content of ΣPCBs in mussel samples ranged from
5.29 to 60.63 µg kg-1 (dw), indicating very low concentrations around the Galician coast, and reflecting the influence of the Atlantic Ocean with uncontaminated waters.
Similar results have been found by other authors in Galicia
littoral [13]. The spatial distribution of ΣPCBs in the studied harvesting areas was very heterogeneous. Samples from
Cangas and some polygons from Bueu had the most homogenous PCB levels; together with Muros. Both zones
(Cangas and Bueu) were the least contaminated areas.
With regard to polygon harvesting, only Muros A, Portonovo A and B, and Bueu B exhibited the most heterogeneous results in relation to the three collection depths.
In the other polygons, PCBs levels were similar for all
studied depths.
Mussels (polygon B) from Portonovo zone, sited in an
estuarine system close to a very populated and highly industrialized city (Pontevedra) with an important paper mill,
and mussels (polygon A) from Sada zone, placed just opposite of a very populated village with tourist and dock
activities, presented the highest levels of PCBs, because
being close to the effluent of the main sewer of Pontevedra
city or the village.
As it happens in other sites from Galicia littoral, PCB
profiles showed high levels of hexachlorinated compounds, PCBs 153 and 138, and both congeners are the
main constituents in Aroclor 1260 and Aroclor 1254,
respectively. These synthetic mixtures are employed in
Galician industrial fluids, and building and mastic sealants [14]. The most-polluted zones (Portonovo and Sada)
presented the highest levels of these higher-chlorinated
contaminants.
In relation to biological data, samples from Bueu and
Cangas presented the highest values in lipid content (an
average of 8.11 and 8.06 %, respectively) and the biggest
shell length (average 79.10 and 80.07 mm, respectively).
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Both sites are placed in the middle and in the southern
part of the Ría de Pontevedra. These results are in agreement with the oceanographic conditions in the Ría de
Pontevedra (the southern one) providing favorable marine
conditions for mussel growth. Higher seawater temperatures are common in this Ría, and our research shows that
elevated temperature results in an increase in filtration
rate of mollusks, and, therefore, food availability. On the

other hand, both samples had the highest lipid contents,
strongly associated to the gametogenic cycle. The presence of gametes may involve a great dependence of total
metabolic rate on temperature change [15]. Besides the
favorable oceanographic conditions, the lack of chemical
pollution (the main source of stress in marine organisms)
characterized the good biological conditions of mussel in
these zones from Ría de Pontevedra.

TABLE 1 - Concentration of PCB individual congeners (expressed in µg/kg dry
weight) in mussels sampled at three depths on the ropes of the investigated zones.
Zones
Muros

Polygon

Depth

ΣPCBs

CB31

CB28

CB52

CB101

CB118

CB153

CB105

CB138

CB156

CB180

1
5
10

12.67
14.15
26.56

0.17
2.24
0.67

0.19
0.01
1.29

0.51
0.43
1.58

1.76
1.52
3.86

1.12
1.48
3.02

5.44
5.08
8.99

0.27
0.32
1.27

2.61
2.45
4.38

0.02
0.07
0.37

0.58
0.56
0.97

1
5
10

7.38
7.88
5.29

0.08
0.09
0.04

0.16
0.2
N.D

0.37
0.4
0.27

1.12
1.26
0.99

0.45
0.65
0.29

3.04
3.12
2.24

0.11
0.13
0.04

1.67
1.77
1.22

0.37
ND
ND

0.38
0.37
0.2

1
5
10

27.6
31.18
16.16

0.51
0.66
0.38

1.25
1.09
0.11

1.72
1.44
0.54

4.19
3.82
2.01

3.13
2.98
1.8

9.39
13.42
6.61

1.43
1.38
0.55

4.49
4.69
3.3

0.39
0.44
0.17

1.1
1.26
0.69

1
5
10

39.53
45.68
60.63

0.68
0.59
0.65

1.58
10.46
1.08

1.79
1.87
0.97

4.56
3.88
3.74

5.46
4.94
4

11.43
11.01
36.61

2.4
1.11
1.21

9.11
9.4
8.1

0.71
0.88
0.38

1.81
1.54
0.89

1
5
10

45.53
40.3
36.9

0.73
0.45
0.41

1.81
1.13
0.57

1.98
1.32
0.74

5.67
4.21
3.56

6.17
5.52
4.7

13.7
14.1
13.19

2.5
1.89
1.79

10.89
10.56
9.67

0.63
ND
0.69

1.45
1.12
1.58

1
5
10

17.67
24.51
22.84

0.28
0.18
0.19

0.64
0.43
0.47

0.75
0.55
0.59

2.54
2.81
2.55

0.11
2.74
2.42

6.51
8.79
8.48

0.89
0.97
0.72

5.17
6.52
6.09

0.11
0.33
0.25

0.67
1.19
1.08

1
5
10

26.38
21.2
22.04

0.31
0.16
0.24

0.78
0.42
0.61

0.83
0.51
0.65

3.18
2.37
2.67

2.89
2.25
2.28

9.1
7.82
8.08

0.91
0.7
0.68

6.79
5.74
5.92

0.34
0.33
0.22

1.25
0.9
0.69

1
5
10

45.77
10.16
19.53

0.8
0.17
0.49

1.65
0.81
0.71

1.38
0.11
0.71

6.07
0.73
2.03

4.03
1.19
1.69

15.34
5.81
6.69

2.08
0.81
0.15

13.24
N.D
5.98

N.D
0.13
0.32

1.18
0.4
0.76

1
5
10

12.37
13.14
12.4

0.26
0.05
0.09

0.05
0.17
0.17

0.28
0.21
0.25

1.44
1.42
1.37

0.99
1.05
1

5.27
5.83
5.64

0.3
0.33
0.28

3.55
3.82
3.44

0.13
0.13
0.11

0.1
0.13
0.05

1
5
10

13.71
14.46
18.32

0.12
0.15
0.38

0.03
0.31
0.38

0.38
0.44
0.43

1.84
1.82
2.11

1.59
0.9
1.13

5.36
6.2
7.97

0.2
0.18
0.31

3.67
3.97
4.94

0.12
0.09
0.13

0.4
0.4
0.54

1
5
10

49.09
55
48.64

0.05
0.1
0.02

N.D
0.22
0.16

0.56
0.58
0.33

4.15
5.22
4.58

2.21
2.93
2.55

20.62
23.76
19.71

0.94
1.05
0.51

16.74
15.67
15.75

1.12
1.61
1.52

2.8
3.86
3.51

1
5
10

34.13
34.09
41.7

0.02
0.04
N.D

0.14
0.29
N.D

0.34
0.24
0.18

3.54
3.24
3.84

1.34
1.89
2.34

13.95
13.6
17.08

0.3
0.3
0.18

11.48
11.34
14.25

0.96
0.98
1.16

2.06
2.17
2.67

A

B

Portonovo
A

B

C

Bueu
A1

A2

B

Cangas
A

B

Sada
A

B
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TABLE 2 - Biological parameters (Condition index (CI), lipid content, shell lenght) of mussels
sampled from the investigated zones at three different depths (1, 5, 10 m) on the rope.
Zones
Muros

Polygon

Depth

IC

Lipids (%)

Length (cm)

1
5
10

0.43
0.44
0.46

7.86
6.85
7.03

82.7
74.4
77.8

1
5
10

0.46
0.5
0.47

8.03
7.9
4.47

67.2
67.7
63.3

1
5
10

0.46
0.46
0.46

6.33
6.42
7.63

75.1
76
73.7

1
5
10

0.55
0.5
0.52

7.62
8.23
5.52

75.2
71.3
69.5

1
5
10

0.49
0.45
0.45

8
7.33
4.24

68.3
65.9
63.5

1
5
10

0.47
0.44
0.47

7.92
7.62
8.1

82.8
84.4
75.3

1
5
10

0.45
0.5
0.48

9.03
7.49
7.82

71.2
77.4
76.9

1
5
10

0.49
0.52
0.52

8.19
7.34
8.68

82.9
83.1
81.3

1
5
10

0.4
0.37
0.39

7.01
8.12
8.09

79.63
78.03
83.73

1
5
10

0.45
0.42
0.41

8.83
9.06
8.09

88.7
73.7
76.8

1
5
10

0.42
0.44
0.44

8.17
7.18
7.93

66
63.5
68.1

1
5
10

0.45
0.45
0.44

7.32
7.42
8.4

78.4
70.8
75.5

A

B

Portonovo
A

B

C

Bueu
A1

A2

B

Cangas
A

B

Sada
A

B

Possible associations between the biological factors
(CI, lipid content and shell length) and levels of PCBs
were investigated using a Pearson correlation matrix (Statistical Package SPSS, Software 1989-1999; see Table 3).
Pearson correlation coefficients indicated that there
was a positively significant association between fat and
shell length, this correlation was previously commented
for the particular case of Bueu and Cangas, but there was
no correlation between CI and lipid content. Also no

correlation appeared between individual PCB congeners
and lipid content, due to low levels of pollutants and lipid
content in raft mussels of analysis, because we are not
able to pick up the relatively small differences among
individuals induced by lipid variation [16].
CI was positively correlated with some of the lowerchlorinated congeners (PCB 28 and 52), and also with
PCB105. These results could indicate that such individual
congeners would be bound to other tissues of not-lipid
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nature, because they are very little lipophilic and no correlation with fat content could be found. Shell length was
negatively correlated with the higher-chlorinated compounds, PCBs 138, 153, 156 and 180. This can be due to
the effect of shell protection in mollusks with regard to
chemical pollution (mainly the higher-chlorinated compounds).
Positive correlation between some individual PCB
congeners is an indication of either the same form of
incorporation into the metabolism of mussel, or the similar origin of compounds [17].
If data analysis was performed taking into account
samples coming from all studied areas, ANOVA (Statistical Package SPSS, Software 1989-1999) revealed that
there were no significant differences between levels of
organochlorines in mussels sited at the different rope
depths. So ANOVA has been separately carried out for

each of the investigated zones (Muros, Portonovo, Bueu,
Cangas and Sada). Kolmogorov Smirnov test has been
used to test homogeneity of variance before performing
the data analysis. Table 4 shows that only Portonovo zone
presented significant differences for PCB 52 at the three
different depths (1, 5, 10 m) (p = 0.003). The lowest levels
corresponded to mussels that were 10 m deep. Portonovo
zone also exhibited the highest PCB52 values in comparison with the other investigated areas (see Table 1). This
behavior can be due to a relatively low boiling point of
PCB 52. The adsorption of hydrophobic organochlorines
into the lipid content of biota is considered to be the predominant partitioning mechanism regulating aqueous
levels and transport in aquatic systems, and this mechanism is generally regulated by Kow and gaseous/aqueous
solubility [18]. The low boiling point of PCB52 displaced
the equilibrium more to the gaseous phase, and atmospheric input is responsible for its major contribution in
mussels sited at low depths (1 and 5 m).

TABLE 3 - Pearson product moment correlation coefficients for the investigated zones.
Lipid
content
1.000

Condition
Index

Shell
length

ΣPCBs

Lipid
content
Condi-0.125
1.000
tion
Index
Shell
0.404*
-0.068
1.000
length
-0.107
0.224
-0.396*
1.000
ΣPCBs
CB31
-0.184
0.240
0.014
0.103
CB28
0.080
0.350*
-0.076
0.322
CB52
-0.086
0.471**
-0.125
0.479**
CB101
-0.035
0.227
-0.284
0.896**
CB118
-0.124
0.136
-0.024
0.231
CB153
-0.211
0.157
-0.369*
0.910**
CB105
-0.217
0.423*
-0.186
0.608**
CB138
0.090
-0.007
-0.364*
0.881**
CB156
-0.006
-0.021
-0.427**
0.705**
CB180
0.013
0.019
-0.426**
0.785**
* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)

CB31

CB28

CB52

CB101

CB118

CB153

CB105

CB138

CB156

CB180

1.000
0.208
0.438**
0.167
0.233
0.029
0.351*
-0.109
-0.215
-0.143

1.000
0.598**
0.290
0.197
0.088
0.328
0.132
0.142
0.073

1.000
0.670**
0.504**
0.238
0.828**
0.207
0.053
0.123

1.000
0.357*
0.698**
0.760**
0.821**
0.584**
0.722**

1.000
0.130
0.389*
0.079
0.079
0.097

1.000
0.405*
0.742**
0.612**
0.670**

1.000
0.392*
0.133
0.269

1.000
0.800**
0.893**

1.000
0.940**

1.000

TABLE 4 - Summaries of F ratios and sum of
squares from analysis of variance (One Way) of
PCBs levels and biological data from Portonovo zone.
ANOVA

Lipid content
Condition Index
Shell length
ΣPCBs
CB31
CB28
CB52
CB101
CB118
CB153
CB105
CB138
CB156
CB180

Sum of squares
(between groups)
4.651
0.001354
23.669
3.706
0.03849
21.354
1.878
4.352
3.170
90.550
1.358
2.726
0.04607
0.246

F

p

1.545
0.490
0.526
0.009
1.238
1.087
19.029
4.234
0.722
0.531
2.285
0.129
0.238
0.945

0.288
0.635
0.616
0.991
0.355
0.395
0.003**
0.071
0.524
0.613
0.183
0.881
0.795
0.440

* Correlation is significant at the 0.05 level (2-tailed)

In order to examine the spatial patterns of variation of
the cultured mussels with a wide geographical distribution
at the Galician coast, another analysis of variance has
been performed. Significant differences in the means of
concentration of some PCBs (52, 101, 153, 105, 138, 156
and 180), CI, lipid content, and shell length between samples from the different investigated zones appeared. Post
Hoc test (Bonferroni) in Multiple Comparison techniques
allows to establish for such factors the significant differences between investigated zones.
Portonovo zone had the highest values of PCBs 52 and
105, extremely differing from the other zones. Table 5a
shows the results for PCB 52, and Portonovo mean differences for 105 are 1.2278, 0.7056, 1.3178, and 1.0378 with
regard to Muros, Bueu, Cangas and Sada, respectively.

** Correlation is significant at the 0.01 level (2-tailed)
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TABLE 5a - Post Hoc test results (Bonferroni) for PCB 52 (1. Muros zone; 2. Portonovo zone; 3. Bueu zone; 4.Cangas zone; 5.Sada zone).
CB 52
Zone
2
3
4
5
1
3
4
5
1
2
4
5
1
2
3
5
1
2
3
4

Mean difference
-0.7811*
-0.08222
0.2617
0.2217
0.7811*
0.6989
1.0428*
1.0028*
0.0822
-0.6989*
0.3439
0.3039
-0.2617
-1.0428*
-0.3439
-0.0400
-0.2217
-1.0028*
-0.3039
0.04000

Std. Error
0.1998
0.1998
0.2189
0.2189
0.1998
0.1787
0.1998
0.1998
0.1998
0.1787
0.1998
0.1998
0.2189
0.1998
0.1998
0.2189
0.2189
0.1998
0.1998
0.2189

Sig.
0.005
1.000
1.000
1.000
0.005
0.005
0.005
0.005
1.000
0.005
0.925
1.000
1.000
0.000
0.952
1.000
1.000
0.000
1.000
1.000

95% Confidence Interval
Lower Bound
Upper Bound
-1.3849
-0.1773
-0.6860
0.5215
-0.3997
0.9231
-0.4397
0.8831
0.1773
1.3849
0.1589
1.2389
0.4390
1.6465
0.3990
1.6065
-0.5215
0.6860
-1.2389
-0.1589
-0.2599
0.9477
-0.2999
0.9077
-0.9231
0.3997
-1.6465
-0.4390
-0.9477
0.2599
-0.7014
0.6214
-0.8831
0.4397
-1.6065
-0.3390
-0.9077
0.2999
-0.6214
0.7014

*. The mean difference is significant at the 0.05 level.

TABLE 5b - Post Hoc test results (Bonferroni) for PCBs 118 and 138 for Portonovo zone (1. Portonovo A; 2. Portonovo B; 3. Portonovo C).
CB 118

95% Confidence Interval

Zone

Zone

1

2
3

2

1
3

3

1
2

Mean difference

Std. Error

Sig.

Lower Bound

Upper Bound

-2.1633*

0.6002

0.034

-4.1363

-0.1903

-2.8267*

0.6002

0.010

-4.7997

-0.8537

2.1633*

0.6002

0.034

0.1903

4.1363

-0.6633

0.6002

0.934

-2.6363

1.3097

2.8267*

0.6002

0.010

0.8537

4.7997

0.6633

0.6002

0.934

-1.3097

2.6363

*. The mean difference is significant at the 0.05 level.

CB 138

95% Confidence Interval

Zone

Zone

1

2
3

2

1
3

3

1
2

Mean difference

Std. Error

Sig.

Lower Bound

Upper Bound

-4.7100*

0.5634

0.000

-6.5623

-2.8577

-6.2133*

0.5634

0.000

-8.0656

-4.3610

4.7100*

0.5634

0.000

2.8577

6.5623

-1.5033

0.5634

0.111

-3.3556

0.3490

6.2133*

0.5634

0.000

4.3610

8.0656

1.5033

0.5634

0.111

-0.3490

3.3556

*. The mean difference is significant at the 0.05 level.

PCBs 153 and 156 (higher-chlorinated biphenyls) also
separated Portonovo and Sada (the most polluted zones)
from the other areas. Portonovo mean differences for 153
are 9.7328 and 8.3394, compared to Muros and Cangas,
respectively. Sada mean differences for 156 are 1.0867,
0.7483, 0.9994, and 1.1067, with regard to Muros, Portonovo, Bueu and Cangas, respectively.
Data analysis has been also separately performed for
each zone. Some of the PCBs and biological factors
showed a significant sub-zone (polygon) term in ANOVA,
i.g. Portonovo zone (PCBs 118 and 138 levels, p = 0.008
and 0.00). Post Hoc test (Bonferroni) in Multiple Compar-

ison techniques allows to separate for both factors, A polygon from B and C polygons, and pollution in A polygon
was more intense due its nearness to the urban collector
(see Table 5b).
For Muros zone, PCB153 allows to establish a significant difference between Muros A and B (p = 0.044).
Muros A samples exhibited the highest PCB 153 levels,
and this polygon is very close to a canning industry.
Bueu zone polygons did not present significant differences in relation to PCBs, because they are distant from
urban areas, and dilution and pollution homogeneity phenomena can occur.
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Samples from Cangas polygons elucidated significant
difference for PCBs 52, 101 and 180 (p = 0.003, 0.006
and 0.002, respectively); Cangas B sited near to a littoral
had the highest levels.

and Muros zones), were mainly associated to the negative
part of the two first components.
TABLE 6 - Component score coefficient matrix
of PCA for the three first principal components.

When analyzing the Sada polygons, ANOVA showed
that PCBs 101, 153, 105, 138 and 180 were significant (p=
0.036, 0.017, 0.028, 0.021 and 0.040, respectively), and
Sada A in front of a village possessed the highest levels of
these compounds.

Compound
CB52
CB101
CB153
CB138
CB156
CB180

Multivariate analysis

3

5

2

R EG R factor sc ore 1

5
3 3
33
3
3
43
2 3
14
1
41
4
3 11

2

2 3
2

2

2

2

ZONE

1

-3
-3

0

If biological (CI, lipid content and shell length) and
chemical parameters (PCB levels) are included in PCA, a
similar behavior is obtained.
If only biological parameters are considered, the association between samples collected in the contaminated,
half and not-contaminated zones was not found to be
important.

5
5 5

0

3
0.143
0.01665
-0.547
-0.00410
0.245
0.189

The relative data dispersion was higher for samples
coming from the most-contaminated zones, Portonovo and
Sada.

4

5.00

Sada

4.00

Cangas

3.00

Bueu

2.00

Portonovo

1.00

Muros

2

0

3

REGR f actor scor e 2

FIGURE 2 - Distribution of samples in
the plane of the first and second components.

For PCA, the factor scores were calculated by regression method. If the most significant chemical variables for
PCBs 52, 101, 153, 105, 138, 156 and 180 (ANOVA
results) were considered, three groups can be observed in
plane of the first principal components (see Figure 2).
Retaining the first three factors, 95% of the initial variance is explained (PC1 68%; PC2 20%; PC3 7%). The
first group (Sada samples) was mainly influenced by the
positive part of the first component, which is constructed
integrating the higher-chlorinated biphenyls (153, 138,
156 and 180), and the negative part of the second component, which was constructed of a high proportion of PCB52
(see Table 6, component score coefficients` matrix for the
first analysis). These results indicate Sada samples to have
low levels of PCB52 in relation to the higher-chlorinated
compounds. The second group (Portonovo samples) was
closely related to the positive side of the two first components, because they had high amounts of all higher and
lower-chlorinated compounds. Most of the last group samples, the half and not-contaminated ones (Bueu, Cangas

2
2
1

3
2
2
2
3
4 2
5 4
5 11
1
5
2
2

REGR factor score 1

5

Component
2
0.905
0.406
-0.00947
-0.123
-0.368
-0.275

Extraction Method Principal Component Analysis

PCA method has been used to extract information from
PCBs levels of raft mussels from the investigated zones.
This technique was applied to chemicals (PCBs) and biological data sets (CI, lipid content and shell length) to show
trends and similarities between these areas. The clearest
differences in organochlorine composition were found
between contaminated, half and not-contaminated zones.

5
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FIGURE 3 - Distribution of samples in the plane of the first
and second components (only lower chlorinated biphenyls).

When the lower-chlorinated compounds are analyzed
(PCBs 31, 28 and 52), only the group of Portonovo samples is significantly different from the rest of the samples
(Figure 3). Portonovo samples were mainly related to the
positive side of the first component, which comprised
PCBs 52 and 28.
PCA results were confirmed using hierarchical cluster
analysis (HCA) of the data (average linkage method of
clustering; SPSS, 1989-1999)). As can be seen in Figure 4,
raft mussels were grouped in two homogenous clusters,
the first including samples from contaminated zones (Portonovo and Sada), and the second from half and notcontaminated areas (Muros, Bueu and Cangas), but, addi-
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tionally, including two samples from Portonovo (Portonovo
A, the least-polluted polygon in this zone). If a higher
similarity is considered, the samples from the contaminated areas could be divided into two groups (a sample from

Portonovo B (the most polluted polygon), and the rest of
the samples).
All statistical tests were carried out using a significance level of α = 0.05.

FIGURE 4 - Dendrogram showing the results of hierarchical cluster analysis on chlorinated
biphenyls` distributions in raft mussels (1. Muros; 2. Portonovo; 3. Bueu; 4. Cangas; 5. Sada).
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CONCLUSION
The results of data analysis suggest that due to the
slight correlation between organochlorine levels and depths
on the raft rope, it is enough to perform a homogenization of
mussel samples coming from three depths (1, 5 and 10 m)
during sample preparation. Involving analytical control of
organochlorine micropollutants is time-consuming, but
needed to watch and protect the public health and safety
in Monitoring Programs, where micropollutant levels are
compared to those guidelines proposed by the Food International Agencies and/or human health.
This work is a good tool for studying the profile and
distribution patterns of PCB pollution in Galician culture
mussels taking into account their position on raft ropes
and their location in the harvesting polygons.
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OXIDATION OF HEXACHLORBENZENE
BY THE DIRECT FENTON AND EF-FEOX METHOD
Qingjie Xie, Na Lu, Linling Wang and Xiaohua Lu
Environmental Science Research Institute, Huazhong University of Science and Technology (HUST), Wuhan, P.R.China

SUMMARY
Hexachlorbenzene (HCB), one of the persistent organic pollutants (POPs), is a refractory semivolatile organic
compound and non-biodegradable. Treatment of HCB contaminated wastewater by traditional biochemical method is
essentially impossible. In this study, the Fenton process
was used to explore the possibility of treating HCB. The
treatment of HCB-containing wastewater by direct Fenton
and anodic electro-Fenton (EF-Feox) method were carried
out in this comparative study. The removal efficiency of
HCB increased with the dosage of H2O2, but too much
dosage would increase the operation costs. The effect of
initial pH values, dosages of H2O2 and reaction time on
the removal efficiency by both the direct Fenton and EFFeox were compared. Both HCB removal methodologies
follow pseudo-first-order decay kinetics. The operating
costs for the studied treatments were evaluated and compared. The Fenton reagent was found to be the cheapest
way to remove HCB. The results showed that HCB was
removed more efficiently in EF-Feox system. HCB was
removed by 96.96% with the EF-Feox method while
55.10% removal was observed by Fenton method.

KEYWORDS:
HCB, POPs, EF-Feox, oxidation, treatment.

INTRODUCTION
In May 2001, representatives from over 100 countries
convened in Stockholm to sign a treaty for the reduction
of persistent organic pollutants (POPs). Hexachlorobenzene (HCB) was included in the initial list of 12 chemicals. It is semi-volatile, mobile in the environment and
bioaccumulates. Its toxicity and propensity for long-range
atmospheric transport (LRAT) has led to international bans/
restrictions on their use/release.

Despite the ban and restriction on the usage of these
pesticides in developed countries during the 1970s and
1980s, some developing countries are still using it for
agricultural and public purposes because of the low cost
and versatility in controlling various insects [1].
HCB has been widely used as a fungicidal dressing of
seed grains and is a waste byproduct in many industrial
processes [2]. Large quantities of HCB have been released
into the environment as a consequence of agricultural and
industrial development. It tends to accumulate and biomagnify in organisms owing to its high lipophilicity and persistence [3]. High levels of HCB have been recently found
in our study in one chemical plant wastewater ditch in
Wuhan City. The HCB concentration was up to 170 –
220µg/L [4]. Because of the bioaccumulation and persistence of HCB as well as its potential toxicity, HCB must
be removed from wastewater. The oxidation of HCB by
ozone has been reported [5]. Specific equipment is needed
for ozonation treatment. Compared with this treatment
technology, the Fenton treatment may be simpler.
The hydroxyl radical (OH) is known as one of the most
active oxidant with a wide variety of organic pollutants in
water. Among all known oxidants, only fluorine has a higher
oxidation potential than the hydroxyl radical [6]. The Fenton reaction has been investigated by many groups as an
effective method to generate hydroxyl radicals. Several
kinds of technologies based on the Fenton reaction have
been applied to the treatment of many toxic or non-biodegradable organics in wastewater and soil. They include
classic Fenton treatment [7-9], photo-assisted Fenton reaction [10], electrochemical Fenton treatment [11], mineralcatalyzed Fenton treatment [12], and advanced electrochemical Fenton oxidation [13]. All of these technologies
show efficient oxidation of organic pollutants.
The use of electro-Fenton method was proposed as an
alternative process. Fenton’s reagent may be produced in
the bulk of the solution. One approach consists of either
adding ferrous iron or reducing ferric iron electrochemically with the simultaneous produce of hydrogen peroxide
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upon the reduction of oxygen on several electrodes [1419]. The other approach, termed anodic Fenton, utilized
sacrificed iron anode to provide ferrous which combined
with the H2O2 added to form Fenton’s reagent [20-29].
Based on the classic and electrochemical Fenton
treatment, the EF-Feox treatment has been recently conceptualized in our laboratory. The most significant advantages of EF-Feox over the other Fenton treatment technologies are that the Fenton reaction occurs in optimal
acidic conditions (pH=2-3) [18, 20]. The other major advantage of EF-Feox is that the ferrous ion is generated into
the reaction system by electrolysis from a sacrificial iron
anode. This overcomes the need to handle a large amount
of hygroscopic ferrous salt, which is very readily oxidized.
There is not much earlier data on the treatment of
HCB by Fenton reagent and EF-Feox. In order to compare
the treatment efficiency and operating costs of the Fenton
reagent, and EF-Feox for HCB removal, the oxidation of
HCB by direct Fenton and EF-Feox was compared in this
study, and a kinetic model was established on the basis of
data obtained.

MATERIALS AND METHODS
Chemicals

All chemicals used in this experiment were A.R.
grade and used as received. HCB (99.9%) was obtained
from the Shanghai General Factory of Reagent, Shanghai,
China; acetone was used for solution of HCB; ammonium
ferrous sulfates were used to obtain ferrous and ferric ion.
Deionized water (18.2 mΩ) obtained from a Millipore
Milli-Q system was used for the preparation of synthetic
wastewater and the other solutions H 2O2 (30%, v/v,
H2SO4 (0.1 M) were purchased from the Kelin Reagent
Company, Wuhan, China. All the solutions were prepared
in de-ionized water. A pair of stainless steel slice (total
effective surface area of electrodes was 42cm2) was used
as electrodes.
Method
Oxidation of HCB by Fenton Reagent: A glass beaker
(Shanghai, Capasity-500 ml) containing 500ml simulated
HCB wastewater (200µgL-1, diluted from the stock solution of 2mgL-1 HCB prepared in acetone aqueous) was
placed on a magnetic stirrer (Model HJ-3, China) for
constant stirring. 1000mgL-1 of Fe(II) and H2O2 were added
in the HCB solution simultaneously. H2SO4 (1.0 M) was
added to adjust the pH to 2.5. The concentration of HCB of
the samples was determined by GC-ECD. 7ml HCB wastewater was removed for the analysis from time to time.
The pH of the wastewater was measured by a pH meter
(Model PHS-25, Shanghai Leici Instrumental Company,
China). All the samples were analyzed immediately to
avoid any further reaction.

Oxidation of HCB by EF-Feox: The EF-Feox experiment was also carried out in a 500mL beaker. Typically,
500mL of 200µgL-1 HCB wastewater with 0.05M Na2SO4
was added into the beaker, which was stirred using a
magnetic stirring bar. H2SO4 (1.0 mol L-1) was added to
acidified the pH to 2.5. A pair of stainless steel slice electrodes was positioned at a distance of approximately 4 cm
from each other in the beaker. The total effective surface
area of electrodes was 42 cm2, a suitable amount of H2O2
was added. The electro-Fenton oxidation lasted usually less
than 120 min. Samples were taken for HCB analysis by gas
chromatography with a flame ionization detector (HP6890).
The electrolysis current was supplied by a laboratory DC
power supply (GPC-3060D) and was controlled at 5V.
Hydrogen peroxide was added to study its effects on HCB
removal except for the optimization experiments. HCB
aqueous solutions were treated under the optimal conditions.
All experiments were performed at room temperature.

The electrolysis was started when turning on the power
supply after the first drop of hydrogen peroxide poured into
the beaker. At different time intervals, 7.00mL of HCB
aqueous solution was removed from the beaker and added
into 10 drops of (1.0M) NaOH (to quench the subsequently
generated hydroxyl radical) and kept in refrigerator (4 ºC)
within 8h for GC-ECD analysis. Treatments were repeated
two times for a total of three replications.
Analysis of samples: Aqueous solution of HCB (7mL)
was extracted with chloroform twice (30ml each), and the
organic layers were collected, dried with sodium sulfate,
and evaporated to 1mL for the determination of the remains of HCB with GC-FID. For the analysis of HCB in
the extracts, a HP 6890 gas chromatograph equipped with
a flame ionization detector and a capillary column (30.3 m ×
250 µm × 0.25 µm nominal). The carrier gas (nitrogen
99.999 %) flow rate in the GC-ECD was 1.5 mL min-1. The
oven temperature was 200 ºC. The injection volume of
extract was 2µL.
Recovery of HCB: Sampled 7mL HCB solution (200 µg
L-1) were pretreated by the above described method, then
detected by GC-FID and calculated the recovery of HCB.
Results showed that the recovery of HCB was stabilized
at the level of 85%-95%.

RESULTS AND DISCUSSION
Effects of H2O2 dosage

The dosage of H2O2 is an important operating factor
of Fenton and EF-Feox oxidation. Fig. 1 shows the effect
of H2O2 dosage for a fixed Fe (II) to Fenton oxidation and
for EF-Feox oxidation on HCB reductions, respectively.
Different H2O2 dosages caused various degradation rates
in both processes. At the initial stage, the rate constant
curve increased abruptly, and then went to a balance when
the dosage reached 500mgL-1. H2O2 and the formation of
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•OH were increased. There maybe two reasons for the
removal of HCB. First, HCB acts as an electron donor and,
secondly, the reduction of H2O2 at the conduction band
could produce hydroxyl radicals.

crease of HCB removal both in Fenton and EF-Feox system. The present result is in line with findings from previous studies [25-33].
Effects of reaction time

It was postulated that a longer treatment time would
increase the percentage of chemical destruction of HCB
[5]. Accordingly, a test was carried out to study the effect
of the treatment time on HCB removal. Under optimal
reaction conditions, the Fenton and EF-Feox was carried
out to treat the HCB-containing wastewater. Fig.2 showed
the effect of reaction time on the HCB removal. As shown
in Fig.2, it is evident that an increase of the treatment time
by 6 h increased HCB removal from 51.65% to 55.10%
by Fenton reagent, and in EF-Feox the overall removal of
HCB increased from 94.56% to 96.96%. After reacted for
some time, the dosed H2O2 were run out, so the increase
of HCB removal was limited.

HCB removal (%)
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80
60
40
20

a

b

0
0

500 1000 1500 2000 2500
120

-1

H2O2 dosage (mgL )
HCB removal (%)

H2O2 dosage (mgL-1)

FIGURE 1 - Effect of H2O2 dosage on the HCB removal,
where (a) Fenton (initial pH=2.5; [Fe (II)]=1000mgL-1; Reaction time=2h); (b) EF-Feox (initial pH=2.5; Cell voltage=5V;
[Na2SO4]=1000mgL-1; Reaction time=2h)
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20

b

0

Effects of initial pH value of the solution

The pH has been observed to be a very important factor for effective Fenton and EF-Feox treatment [21-27]. It
was found that the Fenton reaction and EF-Fenton occurs
in optimal acidic conditions (pH=2-3). So both Fenton and
EF-Feox experiments were carried out with initial pH=2.5.
Table 1 shows the effect of initial pH on the HCB removal.
As the initial pH increases above 2.5, there is a rapid de-

0

2

4

6

Time (h)
FIGURE 2 - Effect of reaction time on the HCB removal, (a) Fenton
(initial pH = 2.5; [Fe (II)] = 1000mgL-1; [H2O2] = 500mgL-1); (b) EFFeox (initial pH = 2.5; Cell voltage = 5V; [H2O2] = 500mgL-1;
[Na2SO4] = 1000mgL-1).

TABLE 1 - Effect of initial pH value of the solution on the HCB removal.
Treatment process
Fenton
EF-Feox

pH
2.5
7.0
2.5
7.0

Reaction
time (h)
4
4
3
3

H2O2 dosage
(mgL-1)
500
500
500
500

Rate constants for direct Fenton
and EF-Feox oxidation of HCB

All of the values for the pseudo-first-order reaction
rate constant (k) were calculated from the linear regression of the pseudo-first-order kinetic model with related
coefficients higher than 0.95. The rate constants for both
Fenton and EF-Feox oxidation of HCB are summarized in

Influent
HCB (µgL-1)
211
196
214
202

Effluent
HCB (µgL-1)
102
142
11.7
42.2

HCB removal
(%)
51.65
27.57
94.56
79.10

Fig. 3 and Fig. 4. In the Fenton and EF-Feox systems, the
rate constants are clearly proportional to the reaction time.
In the figure, Cm is the initial concentration of HCB in
the solution; C is the remained concentration of HCB in
the solution.
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FIGURE 3 - The pseudo-first-order removal of HCB via direct Fenton (initial pH =2 .5; [Fe (II)]=1000mgL-1; [H2O2]= 500mgL-1; Reaction time=4h).

FIGURE 4 – The pseudo-first-order removal of HCB via EF-Feox,
(initial pH=2.5; Cell voltage=5V; [H2O2] = 500mgL-1; [Na2SO4] =
1000mgL-1; Reaction time = 2h).

Comparison of operating costs for studied treatments

The data derived from the experiments on the removal of HCB allowed a rough estimation of operating costs
taking into account the costs of chemicals and energy. In
addition to the electricity cost, the cost of chemical(s) and
material involved must be taken into account in the estimation of operating cost [19, 34]. In these calculations the
cost of energy was $0:10kWh-1; Fe (II) cost $1:00kg-1,
Na2SO4 cost$0:30kg-1, stainless steel electrode cost
$0:90kg-1 and hydrogen peroxide cost $0:9kg-1 calculated

as 100%. Operating costs for direct Fenton, and EF-Feox
treatments for 90% removal of HCB are presented in
Table 2. Operating costs of the Fenton reagent treatment
were calculated for the recommended ratios of chemicals
for HCB removal. Apparently, as can be seen from Table
2, the unit operating cost in EF-Feox system is more than
two times higher than that in Fenton system. However, it
is worth pointing out that the depreciation fee of equipments and maintenance cost are not considered here.

TABLE 2 - Cost comparison of HCB removal using Fenton and EF-Feox processes.
Treatment
process
Fenton
EF-Feox

Fe (Ⅱ)
cost ($m-3)
1.63
0

Na2SO4 cost
($m-3)
0
3.95

Electrode
($m-3)
0
0.71

CONCLUSIONS

Energy cost
($m-3)
0
0.49

Total cost
($m-3)
2.37
5.57

3) At the initial pH=2.5, it showed a much higher
HCB removal efficiency either in Fenton system
or in EF-Feox system than pH=7.0.

In this comparative study, the performance and costeffectiveness of using the direct Fenton process and EFFeox for treating HCB containing wastewater were evaluated. The evaluations of treatment performance were
conducted for different H2O2 dosage, initial pH value and
reaction time. Based on the experimental findings, the
following conclusions are drawn.

4) The pseudo-first-order treatment kinetics of HCB
were observed for both direct Fenton and EF-Feox
process.
5) Results of cost analysis have shown that the EFFeox process is high in operating cost. But, this
process is cost-effective if appropriate operating
conditions are adopted.

1) EF-Feox, in general, has a remarkable higher
treatment performance than that of Fenton
2) Compared of direct Fenton and EF-Feox processes, the results indicate that more than
96.96% of HCB was removed using the electroFenton method, but only 51.65% of HCB was
removed by Fenton’s method when the H2O2
dosage was 500mg/L.

H2O2 cost
($m-3)
0.74
0.42
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SUMMARY
In this study, the effect of mine wastes on nitrogen
mineralization was investigated at two different depths of
soil (0-5 cm and 5-15 cm) in waste sites in the surroundings
of the Etibank Wolfram Mine Work, Bursa, Turkey. Due to
the disorder of the distribution of mining wastes, the pH,
CaCO3% and element content (Fe, Mn, Zn, Mg) in the soils
around the mine were enriched by mining activity. The
investigation was carried out in soils taken from wasteremoval pools (WRPs) and from selected sample sites
which differed in their distances from the mine works.
Waste materials resulted by mining were discharged with
water and, they were fall down on two waste removal pools
which were constructed as primitive terraces around the
mine work. For this reason, elements were most enriched
on sandy ground of abandoned pools. Both N-mineralization
and nitrification were determined by a standard incubation
method under laboratory conditions at 20 ºC and 60 %
WHC. Mineral nitrogen was analyzed at the initial, the 21st
and the 63rd day by micro-distillation method. The net
mineral N production was estimated for 21 and 42 days. It
was calculated as the potential mineralization rate of organic nitrogen. N-mineralization and net production were the
highest at the site furthest from the mine waste site.
Significant negative correlations between nitrification and
element contents (Fe, Zn, Mn, Mg) of soils were also found.
This shows that the mine wastes have a negative effect on
the nitrogen mineralization, especially nitrification.

KEYWORDS: contaminated soil, mine wastes, Fe, Zn, Mn, Mg;
N-mineralization; nitrification.

INTRODUCTION
Nitrogen mineralization is generally regarded as a keyprocess in terrestrial ecosystems. Since nitrogen supply
often limits plant growth in natural environments, nitrogen
availability affects the outcome of species competition and
consequently controls the development, persistence and
decline of plant communities in many areas [1]. Mineralization in soil and nitrogen uptake by plants are important

indicators of the productivity of ecosystems [1-3]. Nitrogen mineralization controlled by the chemical and physical conditions of the soil such as temperature, pH, water
holding capacity (WHC %), total N and organic C content, is one of the main ecosystem processes [1, 4].
Persistent contaminants in the environment affect human health and ecosystems. Heavy metal contamination is
considered to be one of the main sources of pollution in
the environment, since they have a significant effect on its
ecological quality [5]. Air, water and soil are polluted by a
variety of metals due to anthropogenic activities, which
alter the normal biogeochemical cycling [6]. Heavy metals
are quantitatively the most important pollutants over the
past 300 years [7]. They are known to be toxic to most
organisms when present in excessive concentrations, and
can disrupt soil microbial processes, sometimes resulting
in severe ecosystem disturbance [8].
N transformations have become a major indicator in
assessing soil quality and the effect of xenobiotics [8-10].
Heavy metal content of soil is one of the factors effecting
the nitrogen mineralization [10-14]. Generally, industrially contaminated soils show a combined toxicity due to the
presence of several heavy metals and the effect of single
metal contamination is not clear [10]. The effects depend
on the respective element, the concentration and the soil
conditions [15].
Güleryüz et al. [16] previously determined high heavy
metal contents in soils around Etibank Wolfram Mine Work
which is located in the Uludağ National Park, BursaTurkey. They reported that Wolfram mining activities
changed the soil composition locally. Our objective was to
examine the influence of mining waste on nitrogen mineralization rates under laboratory conditions (20 oC and 60 %
water holding capacity).
MATERIALS AND METHODS
Sampling, experiments, and analyses: Soil samples
were collected near the Etibank Wolfram Mine Work
located in Mount Uludağ, Bursa, Turkey. Detailed information is given in our previous work [16].
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Four sample sites (A, B, C, D) were located north of
the mine works. Site A is the nearest (ca. 300 m) and site D
is the furthest from the mine work (ca. 2000 m). The sampling was performed in plots of 400 m2. Samples were
taken from four different places at each sample site; soil
samples were taken from two layers (0-5 and 5-15 cm). In
addition to these sites, another sample site (WRPs) from
waste-removal pool was chosen as a reference to determine whether soil contamination arises from mine work.
Soil samples were taken at a depth of 0-10 cm from WRPs.
The samples were sifted through with a standard 2-mm
stainless steel sieve and then dried in air.
The water holding capacity (WHC %) of the soil samples were analysed by calculating the differences between
the fresh and dry weights of materials, which were saturated and then dried at 80 oC until a constant weight was obtained [17]. Air dried soil samples (100 g) were put into
polyethylen bags, moistened with distilled water until the
WHC was 60 %. These bags prevent escaping of mineral
nitrogen and water (and moisture), but permit the passage
of CO2 and O2 [18]. The moistened samples were incubated in a biotron apparatus (Heraeus Vötsch, HPS 500) at a
temperature of 20 oC for 9 weeks (63 days).
The mineral nitrogen of the soil was determined by Micro-distillation method [19, 20]. Mineral nitrogen (NH4+-N
and NO3--N) was analyzed at three times during 63 days
of incubation: at the beginning of incubation period, at the
21st and at the 63rd day. Incubation period was divided
into two main periods: 21-days (between the initial and
the 21st day) and 42-days (between the 21st day and the
63rd day). Net mineral nitrogen accumulations were calculated for 21 days (mg Nmin/100 g dry soil/ 21 days) and
for 42 days (mg Nmin/100 g dry soil/ 42 days). Differences
between these values were used to calculate the net miner-

al nitrogen production for each period. Net mineral nitrogen
production (mg Nmin/100 g dry soil/ 21 days and mg
Nmin/100 g dry soil/ 42 days) was then expressed as nitrogen mineralization rates.
Total nitrogen in soil was determined by a Kjeldahl
method using salicylic-sulphuric acid and selenium [21].
The CaCO3 (%) and organic carbon (%) soil contents were
determined by the Scheibler method and wet incineration
method (digestion with concentrated sulphuric acid and
titration by K2Cr2O7), respectively [21]. The pH of airdried soil samples was measured with a soil:water ratio of
1:2.5 (in saturated mud) [21]. Ten grams of soil were
mixed with 60 ml of 2N HNO3 for determining the acidsoluble cations (Fe, Mn, Zn, Mg) by flame atomic absorption spectrophotometer [16].
Statistical Analysis: The differences among the sampling sites (A, B, C, D) regarding to the mineral nitrogen
values and the net mineralization were tested by analyses
of variance. Significant differences between groups were
determined using the Tukey HSD (honest significant difference) test. Also, correlation between net mineral nitrogen productivity at the end of 42 days (mg Nmin/100 g dry
soil/42 days) and some soil factors (pH, %C, %N, C/N and
element content) was tested. All of the tests were performed at the significance level of α; 0.05, with the Statistica Version 6.0 (Stat Soft Inc. 1984-1995) packet program.

RESULTS
Studied soil characteristics and enriched element contents of sample sites by mining are outlined in Table 1. Soil
pH, CaCO3, Fe, Mn, Mg and Zn contents were higher in

TABLE 1 - Soil properties and acid-soluble cautions at two soil layers (0-5 cm and 5-15 cm) at
different distances from the Etibank Wolfram Mine Work and waste removal pools (WRP; 0-10 cm).
Soil
Depth
0-5 cm
(n:4)

5-15 cm
(n:4)
0-10 cm
(n:3)

0-5 cm
(n:4)

5-15 cm
(n:4)
0-10 cm
(n:3)

Site
A
B
C
D
A
B
C
D
WRP

pH
6.2 ± 0.1
6.6 ± 0.2
6.3 ± 0.1
5.7 ± 0.5
6.3 ± 0.2
6.6 ± 0.1
6.4 ± 0.1
5.3 ± 0.1
7.9 ± 0.1

A
B
C
D
A
B
C
D
WRP

Fe
41.3 ± 31.3
76.9 ± 2.3
66.7 ± 13.2
28.5 ± 9.7
47.4 ± 32.8
68.6 ± 10.0
74.1 ± 11.0
38.2 ± 5.8
86.9 ± 2.0

Soil characteristics
CaCO3
1.35 ± 2.24
5.19 ± 0.85
2.86 ± 1.73
0.09 ± 0.07
1.64 ± 2.63
3.42 ± 2.37
3.52 ± 2.29
0.10 ± 0.04
6.99 ± 3.03

%C
0.96 ± 0.44
0.93 ± 0.43
0.59 ± 0.20
2.59 ± 0.79
1.16 ± 0.76
1.26 ± 0.84
0.96 ± 0.17
2.84 ± 0.38
0.39 ± 0.21

Elements (mg/g dry weight)
Mn
Mg
4.1 ± 5.1
33.3 ± 54.6
13.0 ± 0.5
197.9 ± 51.4
7.5 ± 4.2
189.8 ± 145.9
1.7 ± 0.6
1.6 ± 0.3
4.9 ± 5.2
54.0 ± 58.3
11.3 ± 3.2
136.5 ± 65.7
6.6 ± 3.3
255.6 ± 161.7
1.6 ± 0.7
1.8 ± 0.8
22.4 ± 2.3
408.3 ± 42.0
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%N
0.08 ± 0.02
0.08 ± 0.03
0.08 ± 0.02
0.06 ± 0.01
0.08 ± 0.03
0.11 ± 0.07
0.14 ± 0.01
0.18 ± 0.04
0.06 ± 0.01
Zn
2.02 ± 3.6
4.02 ± 0.4
2.51 ± 1.7
0.04 ± 0.0
2.26 ± 3.5
2.67 ± 1.6
3.67 ± 2.9
0.02 ± 0.0
7.49 ± 0.8

C/N
12.1 ± 3.5
11.8 ± 2.4
7.5 ± 1.1
47.2 ± 15.3
14.1 ± 9.1
11.3 ± 1.1
7.0 ± 1.1
16.2 ± 2.5
7.4 ± 4.8
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sites A, B, C and WRP than in site D. But the organic C
(%) and C/N ratio were higher in site D. Although the total
N content of soils was similar between the sampling sites,
the high organic content in soils resulted in the high C/N
ratio in site D.
Comparisons of mineral nitrogen (Nmin) contents at
the beginning of the incubation period, after 21 and after
63 days are shown in Figure 1. Initial NO3--N values in
WRPs were higher than at other sites (1.3±0.1 mg/100 g
dry soil). No significant difference among sampling sites
(A, B, C, D) was found for values of NO3--N at the beginning. However, NH4+-N and total Nmin values at both sample layers were highest in site D and a significant difference
for these parameters was found among the sites (Figure 1).
In contrast to NO3--N values at the beginning (Figure 1a), a significant difference among sample sites regarding to NH4+-N, NO3--N and total Nmin values was
found after 21 and 63 days (Figure 1). The concentration

of mineral nitrogen at site D was higher than at other
sites. It was observed that nitrification was increased, but
this tendency was not clear for ammonification in both
layers of sample sites. The mineral N value at sites A, B,
C close to the mine works was similar to that of the
WRPs (Figure 1).
NH4+-N accumulation for periods of 21 and 42 days
at both soil depths was negative and there was no significant difference among sample sites (Figure 2). However,
the difference among sample sites for NO3--N accumulation was found to be significant. Net NO3--N production
was highest at D site. Net NO3--N production at other sites
was similar to that of the WRPs. Negative NH4+-N production affected the total Nmin production. The difference
among sampling sites for total net Nmin production for 21
days was not significant. However, it was significant for
total net Nmin production for 42 days due to increasing
nitrification rates (Figure 2).

TABLE 2 - Simple correlation coefficients between net mineral
nitrogen production at 42 days (NH4+ and NO3-) and soil factors (n=16).
Soil Depth
0-5cm
Parameter
+

r

Pa

Y = a + bx

NH4 and pH
NH4+ and %C
NH4+ and %N
NH4+ and C/N
NH4+ and % CaCO3
NH4+ and Fe
NH4+ and Mg
NH4+ and Mn
NH4+ and Zn

0.290
0.053
0.196
-0.019
0.191
0.168
0.090
0.248
0.251

0.275402
0.846452
0.467681
0.942752
0.478840
0.534061
0.740744
0.353552
0.347533

Y
Y
Y
Y
Y
Y
Y
Y
Y

NO3- and pH
NO3- and %C
NO3- and %N
NO3- and C/N
NO3- and %CaCO3
NO3- and Fe
NO3- and Mg
NO3- and Mn
NO3- and Zn

-0.688
0.720
-0.557
0.778
-0.694
-0.664
-0.525
-0.674
-0.718

0.003243
0.001656
0.024966
0.000389
0.002869
0.005019
0.036734
0.004198
0.001748

Y = 36.332 − 5.174 x
Y = 1.239 + 2.344 x

NH4+ and pH
NH4+ and %C
NH4+ and %N
NH4+ and C/N
NH4+ and %CaCO3
NH4+ and Fe
NH4+ and Mg
NH4+ and Mn
NH4+ and Zn

-0.103
-0.178
-0.329
0.154
0.233
0.084
0.136
0.069
0.189

5-15cm
0.705236
0.510672
0.213669
0.569598
0.385076
0.756875
0.615305
0.802189
0.499869

NO3- and pH
NO3- and %C
NO3- and %N
NO3- and C/N
NO3- and CaCO3NO3- and Fe
NO3- and Mg
NO3- and Mn
NO3- and Zn

-0.525
0.677
0.667
0.103
-0.549
-0.291
-0.416
-0.481
-0.571

0.036700
0.003955
0.004808
0.703061
0.027758
0.273793
0.109109
0.058997
0.026351

a

Significant p values are given in boldface
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Y
Y
Y
Y

= −8.330 + 1.165 x
= −1.214 + 0.091x
= −2.303 + 16.766 x
= −1.064 − 0.002 x
= −1.404 + 0.129 x
= −1.662 + 0.106 x
= −1.227 + 0.001x
= −1.592 + 0.075 x
= −1.469 + 0.173x

= 10.645 − 89.520 x
= 1.659 + 0.130 x
= 6.300 − 0.882 x
= 8.391 − 0.078 x

Y = 5.628 − 0.014 x
Y = 6.723 − 0.384 x
Y = 6.197 − 0.926 x
Y
Y
Y
Y
Y
Y
Y
Y
Y

= 1.974 − 0.694 x
= −1.283 − 0.650 x
= 0.334 − 20.75 x
= −3.448 + 0.097 x
= −3.018 + 0.340 x
= −3.031 + 0.013x
= −2.696 + 0.004 x
= −2.620 + 0.052 x
= −2.832 + 0.220 x

Y = 27.327 − 3.549 x
Y = 1.718 + 2.479 x

Y = 0.231 + 42.042 x
Y = 4.756 + 0.065 x
Y
Y
Y
Y
Y

= 7.265 − 0.799 x
= 8.121 − 0.045 x
= 6.793 − 0.011x
= 7.910 − 0.367 x
= 7.500 − 0.644 x
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FIGURE 1 - The comparison of the sample sites (A, B, C, D) and waste removal pools (WRP) regarding to nitrogen mineralization at the
initial, after 21 and 63 days of soil incubation. [Difference groups among sample sites (A, B, C, D) are shown by normal letters for ammonium, the boldface letters for nitrate and italic letters for total mineral nitrogen on each bar. Different letters represent the difference
groups among the sample sites (P<0.05)].
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FIGURE 2 - Comparison of the sample sites (A, B, C, D) and waste removal pool (WRP) regarding to the net mineral nitrogen production for an incubation period of 21 days and 42 days (α; 0.05, n=16). [Difference groups among sample sites (A, B, C, D) shown by the
normal letters for ammonium, the boldface letters for nitrate and italic letters for total mineral nitrogen on each bar. Different letters
represent the difference groups among the sample sites (P<0.05)].

The correlations between net Nmin production after
42 days and some soil factors (pH, C%, N%, C/N, CaCO3,
and selected elemental concentrations) were also tested
(Table 2). The correlation between NH4+-N and the measured soil parameters was not significant in both soil
depths. The correlation between NO3--N and the soil parameters was different in different soil layers. A significant correlation between NO3--N and all soil parameters

was found in 0 - 5 cm layer. While the correlation between
NO3--N and %C and C/N in this layer was positive, it was
negative for other parameters (pH, %N, %CaCO3, Fe, Mg,
Mn, Zn). In 5-15 cm soil layer, a significant correlation was
found for pH, %C, %N, CaCO3 and Zn. This correlation
was negative for pH, CaCO3 and Zn, and was positive for
%C and %N.
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DISCUSSION AND CONCLUSION
Mineral N values (NH4+-N and NO3--N) and net mineral N production at the end of 21 and 63 days were used
to evaluate the results of this study. While NH4+-N values
decreased, NO3- values increased in all sites. We found
that NH4+-N values highly decreased in the soils of sample sites nearest the mine works (Figure 1.) Decreased
NH4+-N values can be explained by two ways: Nitrification which converts NH4+ to NO3- and inhibition of ammonification by heavy metal contamination. However,
Komulainen and Mikola [22] reported that concentrations
of NH4+-N were increased by heavy metals (Cu and Ni).
On the other hand, increased NO3--N values show that the
activities of nitrifying bacteria increased with time. However, interpretation of N-dynamics is complex, and the
accumulation of mineral N may reflect either decreased
immobilisation or increased mineralization [1, 23]. Nitrogen mineralization is most often referred to as the net sum
of two simultaneously occurring, microorganism-mediated
processes; the release of N by ammonification and the uptake through N-immobilization. Ammonification releases
mineral ammonium (NH4+-N) from soil organic matter,
while nitrification converts NH4+-N to mineral nitrate
(NO3−-N). Immobilization is the processes by which microorganisms take up mineral N from the soil while consuming
the carbon (C)-rich organic matter substrate. Microorganisms both consume mineral-N and release it to the soil (i.e.,
gross immobilization and mineralization, respectively), with
mineralized-N either bring re-used by other microorganisms (i.e., net immobilization) or residing in the soil (i.e.,
net mineralization) if not leached out [1, 24].
NO3--N production was used to define the effect of
mine work wastes on the nitrogen mineralization rates.
Nitrification rate was highest in site farthest from the
mine works (site D). Many site conditions such as soil
pH, C/N ratio affect the nitrogen mineralization. For instance, there is a general rule that increasing acidity results in the predominance of NH4+-N, whereas slight
alkalinity and slight acidity (pH 8.0-6.0) leads to formation of NO3−-N. In addition, one chemical parameter
frequently studied in regard to nitrogen mineralization is
the C/N ratio of the organic substance. When the element
composition was not effected the decomposition processes, the lower C/N ratio, the more nitrogen will be mineralized in the decomposition of a given amount of organic
substance [1]. Soil pH values, %N, %C contents and C/N
ratios at site D (the farthest from mine work) was different from that of other sites (A, B, C, and WRP) (Table 1).
According to Güleryüz et al., [16], the pH variation can
be attributed to the content of CaCO3 and it may be due to
mine wastes, which indicates that ore was processed under alkaline conditions at the Etibank Mine. Present technology used to obtain low-grade scheelite concentrates
under alkaline conditions involves hydrometallurgical
processes [25]. While the pH values and C/N ratio in the
soils of A, B, C sites and WRP were more likely for mineralization than site D, however net Nmin production was

found to be low at these sites (Figure 2). We therefore
conclude that nitrification was inhibited by enriched element contents at these sites. Higher NO3−-N productivity in
both soil layers of site D supported this conclusion.
In addition, the negative correlation between NO3--N
production at 42 days and some element content suggests
the negative effect of the element contents on nitrification. If we assess the correlation between NO3--N production and element contents in the 5-15 cm depth of soil,
significant correlation can be found only with Zn content.
It can be attributed to the different distribution characteristics of these elements in different soil layers. Although
it was shown that heavy metals have an adverse effect on
the nitrogen mineralization, it can not be generalized to
both NH4+-N and NO3--N production. Our results suggest
that NH4+-N production is not affected as NO3--N by
enriched element content. According to some researchers
[8, 10, 26] this result indicates that nitrification is more
sensitive than ammonification.
N-mineralization is influenced by past land use [27],
residue management practices, and environmental factors
that alter microbial activity and N use [28, 29]. In addition, Komulainen and Mikola [22] reported that the decrease in soil activity due to heavy metals might be the
outcome of the impacts on microbes and/or soil fauna.
This study indicates that changes in soil element composition due to the Wolfram mine wastes soil contamination results in different N-mineralization rates. Many studies support these findings, reporting extreme metal contamination in the vicinity of smelters causes clearly visible
effects such as accumulation of deep layers of organic
matter on the soil surface through inhibition of the soil
microorganisms and soil fauna [30-32].
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SUMMARY
The well known hydraulic and water quality network
simulation model, EPANET, is applied to the drinking
water distribution network of Barıs District in Antalya
City, Turkey. Nine measurement and sampling stations
were chosen to represent the study area. The water pressure at the pumping station was recorded during the field
measurements while two different sets of water samples
were analyzed in the field for chlorine residual at all the
stations. Additional water samples were collected at some
stations and analyzed for many physical, chemical and
biological water quality parameters. Moreover, the bottle
chlorine bulk decay coefficient was determined in the lab
as 4.3434 day-1. The two different field measurement sets
are used to calibrate and verify the model. The calibration
process resulted in a wall reaction coefficient equal to
0.025 m day-1. In addition to predicting the chlorine residual levels along the network, the model also predicts
many hydraulic characteristics such as pressure, velocity
and flow rates in the network.

enhancing engineering insight into the dynamics of water
quality variations and the complex process that occur within
the water distribution system environment.
Antalya is one of the most important tourist areas on
the Mediterranean coast of Turkey. Tourism and immigration to this city cause pressure on water and land. This
leads to the lack of water and wastewater infrastructure.
As a result, serious efforts are in progress to supply water
adequate in amount, pressure and quality. However, these
efforts have not come to the stage of utilizing computer
simulation models to manage the hydraulic and water
quality characteristics of the drinking water distribution
network. The aim of this research is to illustrate the use of
models in understanding and managing chlorine concentrations in the water distribution networks. In this study,
the model, EPANET, is applied to Barıs District in Antalya city to predict the chlorine levels along the network.
MATERIALS AND METHODS
Description of the study area

KEYWORDS:
Antalya, chlorine, drinking water, EPANET, modeling, network.

INTRODUCTION
The complex pipe geometry in drinking water distribution systems, the dynamic flow conditions experienced
within them, and varied nature of the reactivity of chemicals in water make it difficult to predict the behavior of
these systems. Computer based mathematical models of
hydraulic and water quality transport and fate within distribution systems offer a promising alternative for predicting
the characteristics of the distribution networks in a costeffective manner. These models offer a powerful tool for

The water distribution system of Barıs District in Antalya City was chosen for the application of the model
because it is an easily isolated sub-network with defined
boundary conditions. The network has mainly polyvinyl
chloride (PVC) pipes with 100 mm in diameter. However,
a few pipes are asbestos-cement pipes (ACP), and castiron pipes (CIP). The water resource is groundwater supplied mainly from Duraliler wells and feeding the system
through pumping station PS4 [1]. Chlorination is applied
at the pumping station (PS4). The water demands are
calculated through employing the unit flow criteria compatible to the design of Antalya network. The average
value is q= 0.005 L/sec/m, regarding the demand of 200 L
day-1 per capita [1, 2]. Figure 1 shows a schematic drawing of the water distribution system of Barıs District.
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FIGURE 1 - Schematic drawing of the water distribution
system of Barıs District (PS: Pumping Station, Re: Reservoir).

Description of the mathematical model

The public domain model EPANET, developed by
the US-EPA [3], is used for the hydraulic and water quality simulations of the study area. EPANET is a computer
program that performs extended period simulation of hydraulic and water quality behavior within pressurized pipe
networks. A network can consist of pipes, nodes (pipe
junctions), pumps, valves and storage tanks or reservoirs.
EPANET tracks the flow of water in each pipe, the pressure at each node, the height of water in each tank, and
the concentration of a substance throughout the network
during a multi-time period simulation. In addition to substance concentrations, water age and source tracing can
also be simulated. EPANET is designed to be a research
tool to improve the understanding of the movement and
fate of drinking water constituents within distribution systems. The water quality module of EPANET is equipped to
model such phenomena as reactions within the bulk flow,
reactions at the pipe wall, and mass transport between the
bulk flow and pipe.
EPANET model tracks the fate of a dissolved substance flowing through the network over time. It uses the
flows from the hydraulic simulation to solve equations
based on principles of conservation of mass coupled with
reaction kinetics [4-7]. There are three coefficients used
by EPANET to describe reactions within a pipe; namely:
(i) the bulk rate constant (kb), (ii) the wall rate constant
(kw), and (iii) the mass transfer coefficient (kf).
The bulk reaction kinetics represent consumption of
chlorine as it reacts with organic and inorganic chemicals
present in water. The first-order reaction is expressed as:
(dC/dt)bulk = - kb C

(1)

Integrating equation 1 gives
C(t) = C0 e- kb t

(2)

In which C(t) is the chlorine concentration at time t.
C0 is the initial chlorine concentration, and (kb) is the bulk
reaction rate constant. Reaction kinetics of chlorine in

bulk liquid can be studied by measuring the disappearance
of chlorine over time in a water sample stored in nonreacting containers, as explained later in this paper under
the title “Laboratory work”.
The pipe wall rate constant (kw) must be determined
empirically and supplied as input to the model. In this
study, (kw) is determined by calibration and verification
processes, as explained later under the title “Model calibration and verification”. The mass transfer coefficient
(kf) is calculated internally by EPANET using the dimensionless Sherwood number. The details of model equations are given elsewhere [3]. In this study, first-order
kinetics are considered for all chlorine reactions. Additionally, the friction head losses in the pipes are calculated
using Hazen-Williams formula [3].
Field work

A total of 9 measurement and sampling stations were
chosen to represent the water distribution network of
Barıs District. Special attention is given to the dead points
of the network. The location of the sampling stations of
the study area is shown in Figure 2. The network is fed
with pumps at Station S-PS4. Two different sets of samples were analyzed for chlorine residual concentrations on
November 17, 1998 between 10:30 A.M. and 16:00 P.M .
A field portable device (Photometer PC 01) was used for
the analyses. The results of analyses are given in Table 1.
Moreover, water samples were collected at some stations
and analyzed in the lab for many water quality parameters
such as color, pH, electrical conductivity, nitrite, nitrate,
orthophosphate, iron, sodium, potassium, manganese,
total and fecal coliforms [2]. It was difficult to measure the
fluctuation of water flows during the measurements. However, the water pressure at the pumping station was recorded between 09:00 A.M. and 17:00 P.M. It was noticed that
the water pressure was rather constant (11-12 bar) which
indicates a rather constant pumping rate and allows for
steady state hydraulic simulations.
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FIGURE 2 - The sampling stations, and numbers of a part of the network nodes.

Laboratory work

TABLE 1
The results of the analyzed chlorine residuals in the study area.
Sampling
Stations

Time

S-PS4
S-1
S-2
S-3
S-4
S-5
S-6
S-7
S-8

10:30
10:45
11:07
11:25
11:45
13:14
13:30
13:54
13:54

Chlorine Residual
(mg/l)
(for calibration)
0.84
0.77
0.65
0.73
0.66
0.69
0.71
0.49
0.60

Chlorine Residual (mg/l).

0,60

Time
14:25
14:40
15:00
15:05
15:20
15:30
15:50
15:50
16:00

Chlorine Residual
(mg/l)
(for verification)
0.75
0.72
0.69
0.6
0.57
0.55
0.62
0.57
0.54

A single water sample was collected on 17.11.1998 in
a non-reacting glass bottle from Station S-PS4 and analyzed in the lab for the disappearance of chlorine residual
with time. The results are plotted as chlorine residual
concentrations (C) versus time (t), as shown in Figure 3.
The first order chlorine bulk decay coefficient (kb) is
determined by finding the nonlinear least square regression as given in Figure 3. The value of this coefficient is
found equal to 4.3434 day-1 from the best-fit equation
C=0.5159 e-4.3434 t with R2= 0.9453. Decay coefficients
ranged from a low of 0.82 day-1 to a high of 17.7 day-1
were reported in other studies [8].

0,52

0,50

0,40

0,40

0,29

0,43

0,30

Measured
Chlorine
Residual

0,40
0,35

0,29

0,20

Regression
Line

0,29

0,10
0,00
0

0,05

0,1

0,15

Time (day)
FIGURE 3 - Determination of chlorine bulk decay coefficient.
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Model calibration and verification

0,90

Meas ured
V alues 	
  (mg/l)

0,84

0,80

0,73

0,77

0,70

0,71

0,66 0,69

Model	
  w ith
K w =0.00

0,60

0,65

0,60
0,50

Model	
  w ith
K w =0.025

0,49

0,40
Model	
  w ith
K w =0.10

S-8

S-7

S-6

S-5

S-4

S-3

S-2

S-1

0,30

S-PS4

Chlorine Residual (mg/l)

Chlorine bulk decay coefficient (kb) is determined as
4.3434 day-1 in the laboratory, as explained previously.
However, wall rate constant (kw) is unknown and need to be
determined by calibration. The two field measurement data
sets given in Table 1 are used for model calibration and
verification. Four kw values between 0.00 and 0.40 m day-1
are tested as shown in Figure 4. Statistical measures of
goodness-of-fit including standard error (Se), regression

coefficient (R2), slope (β), root mean square error (RMSE),
and absolute relative error (ARE) are used to compare
model predictions with the first set of field observations.
The results of statistical measures are given in Table 2.
Accordingly, the most appropriate value of kw is chosen
as 0.025 m day-1. Afterwards, the calibrated model is verified using the second set of field measurements given in
Table 1. The statistical error analyses for verification are
given in Table 2, as well.

Model	
  w ith
K w =0.40

Sampling Stations
FIGURE 4 - Model calibration for Barıs District.

in the study area. Some of the characteristics of the drinking water at some stations are given in Table 3, while
details are given elsewhere [2].

TABLE 2 - Statistical error analyses
for model calibration and verification.
Statistical
Paramekw=0.0
ters
(m day-1)
Se
0.0747
R2
0.4476
0.9514
β
RMSE
0.07867
ARE
0.0522

Calibration
Kw =0.025
Kw =0.1
(m day-1)
(m day-1)
0.0748
0.0904
0.4460
0.1907
0.9738
1.0352
0.07295
0.0884
0.0544
0.0777

Kw =0.4 Verification
(m day-1)
0.1606
0.0673
-1.5496
0.4336
1.1918
0.9812
0.1861
0.0646
0.1455
0.0522

RESULTS AND DISCUSSION
The physical, chemical and biological characteristics
of the network water were determined at various stations

EPANET model predicts the chlorine residual concentrations along the network. The predicted concentrations in some pipes of the distribution network during the
first set of measurement are given in Table 4. It can be
seen that all the predicted chlorine residual concentrations
exceed the maximum allowable limit of 0.5 mg/l stated by
the related Turkish standards [9]. Additionally, the model
predicts the hydraulics of the network. Examples of the
hydraulic model results for some pipes are given in Table 4,
as well. Figure 2 shows the node numbers and location of
the given pipes.

TABLE 3 - Characteristics of the drinking water quality at some stations in the study area.
Station
No.
S-PS4
S-2
S-4
S-5

Fecal
Streptococci
MPN/100 ml
0
0
0

Fecal Coliform

Fe

Mg

Ca

NO3-N

Turbidity

MPN/100 ml
0
0
0

mg/l
0.00
0.00
0.00

mg/l
25.2
24.8
26.2

mg/l
91.2
93.4
94.2

mg/l
1.91
1.37
1.31

7.1
7.1
7.1

NTU
0.9
1.1
0.7

0

0

0.00

25.3

90.6

1.99

7.1

0.7

pH
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TABLE 4 - Some hydraulic properties of selected pipes in the study area.
Pipe
(Node to
Node)

Length
(m)

Roughness
Coefficient and
Pipe Material

Diameter
(mm)

6-7
74
100
150 PVC
6-8
83
100
150 PVC
9-10
83
100
150 PVC
11-9
127
100
150 PVC
15-16
50
100
150 PVC
18-17
230
100
150 PVC
19-18
426
100
150 PVC
19-22
80
100
145 ACP
22-21
127
80
150 PVC
21-18
491
100
150 PVC
22-23
160
100
145 ACP
23-25
72
100
150 PVC
23-24
45
100
135 CIP
26-19
58
100
145 ACP
27-26
67
150
145 ACP
28-27
72
150
145 ACP
29-28
193
150
145 ACP
30-29
370
175
145 ACP
31-30
84
175
145 ACP
32-31
238
175
145 ACP
33-32
93
175
145 ACP
107-106
160
100
150 PVC
107-108
122
100
150 PVC
21-20
107
100
150 PVC
PVC : polyvinyl chloride, ACP : asbestos-cement, CIP : cast-iron

Flow
(L/sec)

Velocity
(m/sec)

Head Loss
(m/Km)

Water Age
(hrs)

0.37
0.41
0.41
2.21
0.25
10.17
13.05
13.53
11.75
0.47
1.38
0.36
0.22
26.58
26.91
27.27
28.23
29.88
30.30
31.49
31.49
0.80
0.61
0.53

0.05
0.05
0.05
0.28
0.03
1.30
1.66
1.72
2.34
0.06
0.18
0.05
0.03
3.39
1.52
1.54
1.60
1.24
1.26
1.31
1.31
0.10
0.08
0.07

0.04
0.04
0.04
0.97
0.02
15.50
24.77
30.93
63.41
0.05
0.41
0.03
0.02
114.11
14.34
14.65
15.16
7.87
8.21
8.75
8.98
0.15
0.09
0.07

1.26
1.26
1.07
0.80
1.31
0.54
0.42
0.40
0.43
1.57
0.53
0.87
0.87
0.37
0.33
0.30
0.27
0.22
0.17
0.13
0.10
0.83
0.83
0.67

All chlorine reaction coefficients can be described as
koverall that is an overall rate constant. In this study, the
first order overall decay coefficient, koverall, is determined
by plotting water age versus the measured chlorine residual for the calibration and verification periods; respectively, as shown in Figure 5. The nonlinear least-square regression equations are found as C= 0.8381e-4.9862 t for the
calibration period, and C= 0.7496e-5.0662 t for the verification period. The above equation implies that koverall =

Chlorine
Residual
Concentration
(mg/L)
0.64
0.64
0.59
0.71
0.63
0.75
0.77
0.77
0.77
0.60
0.75
0.70
0.70
0.78
0.78
0.79
0.80
0.80
0.81
0.82
0.82
0.70
0.70
0.73

4.9862 day-1 for the calibration period and 5.0662 day-1
for the verification period. It can be noticed that the difference between koverall and the measured chlorine bulk
decay coefficient, kb, is very small. This means that the
decay of chlorine in the network is mainly due to the
water bulk reactions and that the other factors have minor
effect. In general, koverall is site specific that varies with
water quality, water temperature, flow velocity, pipe
material, and area of contact with the pipe [8].

Chlorine Residual (mg/l)

0.9
0.8
Calibration
Period

0.7
0.6
0.5
0.4

Verification
Period

0.3
0.2
0.1
0
0.0000

0.0100

0.0200

0.0300

0.0400

0.0500

0.0600

0.0700

Water Age (day)
FIGURE 5 - Chlorine residual versus water age to obtain koverall.
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EPANET model can be used as a management tool
for controlling the hydraulic and water quality parameters
of the water distribution systems. The model is used to
adjust the concentration of the chlorine residues to comply with the Turkish Standards for chlorine residual concentration and to suggest some modifications in the network to improve the hydraulic characteristic of the network. The required chlorine dosage applied at the pumping station of the study area was adjusted to achieve chlorine levels within the allowable limits all over the water
distribution network [2]. Recently, simulation models have
been used as a powerful tool for various water quality management scenarios [10, 11].
CONCLUSION
The hydraulic and water quality simulation model,
EPANET, is applied to a part of the drinking water distribution network of Antalya City; namely Barıs District.
The water pressure at the feeding pumping station was
found to be constant during the measurement and sampling time between 09:00 A.M. and 17:00 P.M. This allows for steady state hydraulic simulations. Field and lab
work were carried out to collect the necessary data sets to
calibrate and verify the water quality module. Good agreement is achieved between the field observations and model
predictions. The first order overall chlorine decay coefficient is found to be equal to a value around 5.0 day-1. This
is very close to the first order chlorine bulk decay coefficient determined as 4.3434 day-1 in the lab. This implies
that chlorine disappearance is mainly due to the reactions
with the organics and in-organics present in the water. The
model can be used as a tool for water quality management.
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EFFECTS OF MERCURY MINING REGIONS FROM
NW DINARIDES ON QUALITY OF STREAM SEDIMENTS
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Institut für Geowissenschaften, Montanuniversität Leoben, Peter Tunner Strasse 5, 8700 Leoben, Austria
2

SUMMARY

INTRODUCTION

Two mercury mining regions from the NW Dinarides
are compared with respect to their impact on related
drainage basins (of Soča and Kupa Rivers). Stream sediments of the rivers Idrijca, Bača and Soča, which drain
the area around world-class mercury ore deposit in Idrija
(Slovenia), as well as those from the Čabranka and Kupa
Rivers, that drain the area around a smaller Hg-only deposit
at Tršće near Čabar (Croatia) have been studied, by detailed mineralogical, chemical and geostatistical studies.
According to the results, the Idrijca River is highly
contaminated with several toxic elements in the town of
Idrija. Concentrations (in ppm = mg/kg) were determined
in fractions <63 µm and 63 – 500 µm respectively: Hg
(9000 and 65000), As (16 and 19.5), Cr (40 and 91), Cu
(380 and 113), Pb (55 and 2940). Contamination with Hg,
As and Pb persists in downstream Idrijca, as well as in
Soča downstream from the confluence with Idrijca. Concentrations of some other trace elements (Zn, Ba, Ni, Cr,
Co and Cu) increase in seaward direction. In Soča River
drainage basin it was found that in the fraction <63 µm
Hg shows significant correlation with S, Zn, As, Cu, Sn,
U, Mo, W and Sb. In the fraction 63 – 500 µm significant
correlation of Hg was found with S, Fe, Zn, Ni, Pb, Cr,
As, Cu, Sn, Zr, Mo, Cd, Sb, Tl and Bi.
On the contrary, in the Kupa drainage basin, the
closed Hg-mine in Tršće had only a minor effect on
stream sediments. The highest measured concentration of
Hg (206 ppb = µg/kg) was determined at the confluence
of Kupa and Čabranka Rivers. Significant correlation of
Hg (in the fraction <63 µm) was found with Zn, Pb, Cu,
Au, Li and Cd. The geochemical baseline for Hg in Kupa
drainage basin was determined for the first time as 86.1 ±
47.3 ppb = µg/kg. With respect to Hg, the basin shows
characteristics of a very clean system.
KEYWORDS: stream sediments, chemical composition, mercury
pollution, mineral composition, geostatistics, NW Dinarides.

In the region of the NW Dinarides there is a worldclass mercury ore deposit in Idrija (Slovenia) and a smaller
Hg-only deposit at Tršće near Čabar (Croatia).
Numerous papers have been published on the geology
and genesis of the Idrija deposits, while the Tršće region
was studied less intensively. From the mineralogical aspect
the ore deposit in Idrija can be classified as a monomineral
deposit. Most of the mercury appears in the form of cinnabar (HgS ~70%) and only to a relatively small extent in
the form of native mercury (Hg0 ~30%). Native mercury
was found in carboniferous schists [1]. Besides from geological aspects, the environmental impact of mercury mining in the Idrija region has been intensively studied [219], because the mercury problem is of local, regional and
of global concern. Past research at Idrija has included Hgstudies of the mine wastes, including downstream sediments and water [6,13], Hg speciation studies of mine
wastes, soils and sediment-methylation/demethylation rate
measurements [8-10,16] and there have also been Hgstudies in the Gulf of Trieste [14,15,17]. Despite the fact
that the mine in Idrija was closed after 500 years of exploitation in the year 1994, the Soča River with its Slovenian tributaries Idrijca and Bača still transports heavy
metal contamination. The roasting process at 600ºC, employed to extract mercury from ores, and the subsequent
weathering resulted in secondary mercury mineralisation
in the waste piles in the area of Idrija. Abandoned roasted
mine wastes or calcines, located below the smelter in
Idrija remain one of the primary sources for persistent
mercury release into the aquatic environment. A significant fraction of the mercury is transported downstream
and has the capacity to bioaccumulate in the food chain.
Mercury pollution due to ore processing is not only a
local problem. A similar problem was described in California by Kim et al. [20] who identified the variety of
mercury phases in the calcines. They concluded that the
relative proportions of soluble mercury phases present
must be known in order to determine the mobility of Hg
from the piles into the environment. In addition, mercury
pollution which originates from mercury mining and ore
processing was studied in Wanshan, province Guizou,
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China [21]. They have concluded that population at risk is
located in the vicinity of smelting facilities, mining activities and waste disposal sites. Hines et al. [16] have concluded that the Idrija mining district continues to emit
high levels of Hg into the Idrijca River with extremely
high concentrations of Hg and MeHg present throughout
the system, which impacted biota for several tens of kilometers downstream from Idrija mine. Biester et al. [2]
have performed analytical separation and quantification of
cinnabar (HgS) and matrix-bound noncinnabar Hg compound in sediments. They concluded that cinnabar predominantly occurs in coarse grained and noncinnabar Hg
in fine-grained material.
Faganeli et al. [17] reported distribution sources and
fate of Hg in the water column of the Gulf of Trieste. They
have concluded that the surface waters in front of the Soča/
Isonzo outflow exhibit rather high total Hg concentrations,
that the majority of Hg and to a lesser extent of Me Hg is
associated with solid particulate matter (SPM). It appears
that the Gulf is an efficient trap for total Hg and a net
source of Me Hg.
Other trace elements have been studied less intensively. Modern anthropogenic influence on Cu, Pb, Cd and Cr
concentrations has been recognized in the Adige River
mouth, in the northern Adriatic, by Boldrin et al. [22].
Covelli et al. [15] determined concentrations of Fe, Cr,
Cu, Mn, Ni and Zn in the central part of the Gulf of Trieste
and have found Hg enrichment up to 25-fold above the
proposed natural regional background of 0.17 ppm =
mg/kg. Enrichment values for other heavy metals were
lower. They assumed that a source similar to Hg exists for
Ni and Zn, while for other trace elements the source is
still unknown. According to Covelli et al. [15] there is no
reason to believe that this marine environment can be
naturally decontaminated in the near future. These are the
only data of trace elements in this region of Adriatic,
which cannot be directly compared with elements in river
sediments presented in this study, but can be useful as
comparative measurements near the Isonzo River mouth.

the Kupa River drainage basin is a site of possible natural
mercury pollution by outcropping of an ore deposit. The
Soča (Isonzo) River collects and transports, both natural
weathering products and those from calcines, towards the
Gulf of Trieste (Adriatic Sea). Kupa River transports
weathering products to the Sava River, a tributary of the
Danube River, which flows into the Black Sea. There are
no systematic studies on the mineral and chemical composition of river sediments of the Soča drainage basin.
Therefore, this paper aims to describe the downstream
variation of the mineral and elemental composition, including also Hg, in two grain size fractions (fractions <63 µm
and fractions 63–500 µm) of the Soča, Idrijca and Bača
stream sediments and find the best possible correlation,
using different statistical methods. According to
Chandraith et al. [26] some elements are important constituents of sand sediment fraction, while anthropogenic
trace elements are important constituents of silt+clay
fraction (<63 µm). Results from the Soča River drainage
basin will be compared with some results from the Kupa
River drainage basin, where Hg-ore processing was not
taking place and an anthropogenic factor for contamination was therefore absent.
STUDY AREA
The Soča River drainage basin is located in the western part of Slovenia. A sketch map showing the region
and the 12 sampling locations is presented in Figure 1.

The Tršće region (in Kupa River drainage basin) was
studied less intensively, although a Hg-deposit was recognized 150 years ago. Šinkovec and Jović [23] have
concluded that Hg-mineralization has no economical
value, because the amount of mercury is relatively small
(<0.02%) and the mineralization decreases with depth.
According to Šinkovec [24] cinnabarite in Tršće can be
found in Permian clastics, sandstones, conglomerates and
shales, and also in Lower Triassic dolostones. Savić and
Dozet [25] reported that cinnabarite is hosted by Permian
conglomerates, Carnian clastics and by Upper Triassic
dolomites.
The aim of the present work

The aim of the work is to demonstrate the differences
in environmental status of two drainage basins. The Idrija
mine within the Soča River drainage basin can be considered as a site of historical mining. The Tršće mine within

915

FIGURE 1 - A sketch map of Soča (S), Idrijca (I) and Bača (BA)
region, with 12 sampling locations: 33I (Podroteja); 37I (under
smelter, town Idrija); 35I (Spodnja Idrija); 36I (Travnik); 28I
(before Bača inflow); 29BA (before confluence with Idrijca);
32S (Vas Soča); 31S (Kamno); 30S (Modrejce); 27S (Avče); 26S
(Morsko); 25S (Plave).
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The upstream part is mountainous (Julian Alps),
whereas the middle part is mostly hilly. It further flows
over low fertile plains to the Gulf of Trieste (Northern
Adriatic Sea). Three hydroelectric power plants at Avče,
Plave and Solkan dam the Soča River. The Idrijca River
with its tributary Bača joins the Soča approximately in its
middle segment. These rivers have a very variable discharge over time. Upstream to Solkan (near the ItalianSlovenian boarder) the catchment area of these rivers is
1533 km2. The mean annual discharge is 94 m3/s, with
monthly variations from 60–70 m3/s in February and August to 110–120 m3/s in May and June and even 140 m3/s
in November [11]. There are typically two annual flow
extremes: the longer spring maximum from March till June
(snowmelt) and the shorter autumn maximum in October
and November. Sampling was performed on August 30 and
31, 2001, between these flow extremes. Because the surrounding mountains prevent air circulation, the annual
precipitation varies locally from 2400 and 5200 mm. More
details about ecological impact and geology of this region
can be found in Palinkaš et al. [5, 27], Rajar et al. [28] and
Pirc [29].
The sketch map showing the Kupa River drainage basin with sampling locations is presented in Figure 2. For
more details we refer to Frančišković-Bilinski et al. [30].
Tršće with the closed Hg-mine is at sampling point 55
(45º33’32”N, 14º37’05”E, 768 m) in the NW region of
the Kupa River drainage basin.

Sampling was performed in two campaigns: Ten samples in the upper flow of Kupa River were first collected in
November 2002 at high water level, while in summer of
2003 (June to August), 61 samples from the whole Kupa
River drainage basin were sampled at low water level. Kupa
River itself is 296 km long, from its source under Risnjak
Mountain in Gorski Kotar, till its inflow to Sava River in
Sisak. Kupa River drainage basin covers 10.052 km2.
EXPERIMENTAL
Stream sediment samples from the Soča River drainage basin (taken in 2001) and the samples from the upper
flow of Kupa River (collected in 2002) were wet sieved
and then dried at 80ºC. This temperature was chosen
according to Loska and Wiechula [31]. There are authors
(Mirlean et al. [32]) who use 60ºC. Sediments sampled in
2003 from Kupa River drainage basin were air-dried in
the shadow and then sieved using standard sieves of diameter 2000, 500 and 63 µm (Fritsch, Germany).
The mineral composition of sediments (fraction <63
µm) from the Soča River drainage basin was determined
by using a Philips PW 1050 X-ray diffractometer. The
mineral composition of sediments from the Kupa River
drainage basin (fraction <63 µm) was determined by
using a Philips 3040/60 X-Pert MPD. The program XPert
High Score, Philips, 2002 was used for the interpretation

FIGURE 2 - A sketch map of Kupa River drainage basin with numbers of sampling locations. The Hg mine in Tršće is at location 55.
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TABLE 1 - Mineralogical composition of sediment fraction <63 µm,
estimated according to Boldrin et al. [33] from X-ray diffraction patterns.
sampling
station
33 I
37 I
35 I
36 I
28 I
29 BA
32 S
31 S
30 S
27 S
26 S
25 S

quartz
(46-1045)
+++
+++
+++
+++
+++
+++
(+)
++
++
+++
+++
+++

dolomite
(36-426)
+++
+++
+++
+++
+++
++
+++
+++
+++
+++
+++
+++

M i n
calcite
(47-1743)
++
++
++
+++
+++
+++
+++
++
+++
+++
+++
+++

e

r a l
muscovite
(7-25)
+
+
+
+
+
+
(+)
(+)
(+)
(+)
(+)

feldspar
(41-1480)
+
(+)
+
+
(+)
(+)
(+)
++

chlorite
(46-1324)
+
(+)
+
+
+
+
(+)
+

(JCPDF #); + + + (>30%); + + (10-30%); + (5-10%); (+) (<5%); - not detected
I – Idrijca; BA – Bača; S – Soča

of XRD patterns. By comparing relative intensities of the
strongest peak for each mineral found, the mineralogical composition of the samples was determined semiquantitatively, as described in Boldrin et al. [33].

The mineral composition of sediments from the whole
Kupa River drainage basin was investigated. But only four
of them, those in vicinity of the mercury mine in Tršće, will
be discussed here, namely samples 55, 54, 56 and 53.

Elemental content was determined by inductive coupled plasma – mass spectrometry (ICP-MS) carried out by
Actlabs laboratory (Ontario, Canada) in aqua regia extracts, using Ultratrace 2 program. Although this digestion
is not total, its use is justified because the international
standard methods for determining action limits are based
on aqua regia leach, not on total natural baselines [34].
Total mercury was determined from the same extracts at
90ºC, using 1G program, atomic absorption spectrometry
and flow injection techniques. Control materials used by
Actlabs were USGS standards GXR-6, GXR-2, GXR-1,
GXR-4 and SO-2. Standards were measured before and
after each series of measurements. Detection limit for Hg
is 5 ppb = µg/kg.

In 55, Sokolica-Tršće: dolomite (36-0426) +++; calcite (05-0586) and silica (33-1161) ++;
In 54, Čabranka-Osilnica: quartz (46-1045) +++; dolomite (36-0426) and muscovite (01-1098) ++; clinochlore
(46-1323) +; sanidine (10-0357) (+);
In 56, Kupa at inflow of Čabranka: quartz, low (050490) +++; dolomite (11-0078), muscovite (07-0032) and
clinochlore, ferroan (07-0078) ++; anorthite (41-1486)
and albite (20-0554) +;
In 53, Kupa-Hrvatsko: quartz (46-1045) +++; calcite
(05-0586) ++; dolomite (05-0622), phlogopite (16-0344)
and anorthite (41-1486) +; olivine (03-0195) and clinochlore,
manganoan (45-1321) (+).
It should be emphasized that it is possible to determine minerals present at amount <5% (+), but due to
limitation of the XRD method they cannot be determined
with certainty.

RESULTS
X-ray diffraction

The semiquantitative mineral composition of sediment fraction <63 µm from the Soča River drainage basin
is presented in Table 1. Quartz, dolomite and some calcite
are identified as major components of the Idrijca River
sediments. The Bača River sediments contain quartz, calcite, and less dolomite. In the Soča River sediments upstream to the confluence with Idrijca dolomite and calcite
are major mineral components. Further downstream in
Soča the amount of quartz increases, so that quartz also
becomes an additional major mineral component. Muscovite, feldspar and chlorite are present as trace components
in most samples. The only exception is feldspar, which is
present as a minor component in the lowermost location
(sample 25). In sample 37I several minerals have been
identified microscopically in the fraction 63 – 500 µm:
carbonates, hematite, pyrite, cinnabar, magnetite, limonite,
wüstite, chalcopyrite and slag particles.

Elemental analysis of sediments from the Soča River drainage basin

Tables 2 and 3 show elemental analysis (50 elements)
of sediments from Idrijca and Bača Rivers in two grain
size fractions (f <63 µm and f 63-500 µm). Ca, Mg, Fe, K
and Al are the most abundant elements in all samples.
Among them Ca and Mg are more abundant in coarse–
grained sediment, while Fe, Al and K are more abundant
in the fine fraction. In all locations most of the trace elements are more abundant in fine fraction. The only exception is location 37I, where concentrations of S, Hg, Pb, Mo,
Sn, Sb, B, Au and Re are significantly higher in the coarse
fraction. Tables 4 and 5 show elemental concentrations in
sediments of the Soča River. Ca and Mg are the most
abundant elements in all samples. Fe, Al and K are more
abundant in fine fraction, but comparatively of smaller
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TABLE 2 - Concentrations (in ppm) of 50 elements in decreasing order in sediments (fraction < 63 µm) of Idrijca River (Slovenia).
Element
Ca
Mg
Fe
Al
K
Mn
S
P
Na
Zn
Sr
V
Ni
Cr
Li
Ba
Cu
Rb
Hg
As
Y
Co
Ce
Pb
La
Nd
Ga
Mo
Zr
Be
Th
Sm
U
Se
Cd
Nb
Cs
Sn
W
Tl
Yb
Sb
Eu
Tb
Bi
Ag
Te
B
Au
Re
- not detected

33 I
65300.0
30100.0
27600.0
18300.0
1900.0
781.0
600.0
440.0
240.0
67.2
57.5
48.0
40.7
31.9
23.2
112.0
17.7
17.4
17.1
15.2
15.0
12.2
54.4
42.1
25.7
25.5
4.67
2.37
1.9
1.9
2.4
5.3
1.4
1.1
1.0
0.6
1.7
1.60
0.5
1.1
0.70
0.8
0.6
0.40
0.08
0.12
-

37 I
112000.0
50200.0
31700.0
9400.0
1300.0
517.0
4090.0
450.0
200.0
112.0
120.0
28.0
31.9
40.0
12.2
97.5
380.0
9.4
9000.0
16.4
9.1
10.4
21.8
55.4
10.4
11.2
2.24
4.27
1.2
1.0
1.8
2.6
2.0
1.4
0.5
0.3
1.0
15.01
4.8
0.32
0.7
2.65
0.5
0.4
0.44
0.78
0.09
4
0.0127
0.001

35 I
121000.0
41300.0
22200.0
9800.0
1200.0
436.0
2440.0
720.0
240.0
124.0
137.0
27.0
28.0
26.9
10.5
77.4
75.1
9.0
322.96
12.8
8.9
9.2
21.6
68.1
10.2
10.5
2.18
2.11
1.0
0.9
0.5
2.6
1.3
1.8
0.6
0.4
0.9
4.91
5.0
0.29
0.7
0.81
0.4
0.4
0.36
2.34
0.10
7
0.0259
0.003

36 I
126000.0
47400.0
26100.0
9100.0
1300.0
510.0
1930.0
430.0
220.0
81.0
250.0
21.0
26.1
22.3
16.7
81.8
44.3
8.5
348.98
14.4
9.1
9.2
20.8
69.0
9.4
10.6
2.17
1.97
1.1
0.9
1.8
2.6
1.6
1.1
0.4
0.3
0.8
13.88
0.9
0.24
0.7
0.59
0.5
0.3
0.30
0.30
0.08
1
0.001

28 I
123000.0
32600.0
18500.0
9100.0
900.0
332.0
1600.0
480.0
220.0
68.6
147.0
24.0
20.1
16.7
12.1
81.3
27.4
5.7
132.38
11.2
8.7
6.9
19.3
47.0
9.2
9.4
2.03
1.19
2.7
0.7
0.4
2.3
1.4
0.9
0.5
0.2
0.6
4.42
0.6
0.17
0.6
0.50
0.4
0.3
0.36
0.21
0.12
2
0.0006
0.001

29BA
122000.0
19800.0
23900.0
10100.0
1200.0
801.0
480.0
300.0
150.0
59.0
198.0
17.0
50.8
27.5
25.9
81.8
30.8
8.7
2.6
9.1
12.5
11.9
18.5
30.4
10.0
11.6
2.73
0.58
1.0
0.8
1.9
3.0
0.4
0.6
0.3
0.1
1.6
1.41
0.4
0.14
0.8
1.41
0.6
0.4
0.30
0.07
0.15
-

TABLE 3 - Concentrations (in ppm) of 50 elements in approximately
decreasing order in sediments (fraction 63 – 500 µm) of Idrijca River (Slovenia).
Element
Ca
Mg
Fe
Al
K
Mn
S

33 I
94700
46500
11400
5500
800
272
560

37 I
142000
62800
33400
2100
400
223
9720

35 I
148000
78400
9000
2100
300
129
510
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36 I
146000
77200
11800
2700
300
200
340

28 I
152000
71700
12400
5200
500
240
360

29 BA
172000
26300
13000
4400
300
719
210
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TABLE 3 – continued.
Element
P
Na
Zn
Sr
V
Ni
Cr
Li
Ba
Cu
Rb
Hg
As
Y
Co
Ce
Pb
La
Nd
Ga
Mo
Zr
Be
Th
Sm
U
Se
Cd
Nb
Cs
Sn
W
Tl
Yb
Sb
Eu
Tb
Bi
Ag
Te
B
Au
Re

33 I
80
230
20.5
59.1
16.0
9.3
12.6
6.0
37.7
4.7
6.8
1.004
6.2
5.5
4.3
35.1
15.0
16.4
16.5
1.44
1.18
1.8
0.4
3.2
3.2
1.3
-(<0.1)
0.3
0.1
1.1
0.51
-(<0.2)
0.13
0.5
0.70
0.5
0.3
0.08
-(<0.05)
-(<0.02)
6
-(<0.0002)
0.001

37 I
80
170
48.1
99.7
17.0
59.4
91.0
1.8
17.0
113.0
2.2
65000
19.5
3.2
4.7
8.82
2940.0
4.4
4.8
1.36
8.38
2.2
0.3
1.6
1.0
2.2
4.1
0.6
0.2
0.3
172.0
0.5
0.37
0.3
30.6
0.2
0.1
0.96
0.72
0.05
2
0.11
0.007

35 I
60
180
23.3
92.1
16.0
9.4
3.9
1.7
17.2
7.8
1.8
172
10.2
3.2
2.1
14.9
9.84
7.6
7.4
0.45
0.78
1.0
0.1
1.3
1.5
1.5
0.2
0.3
0.35
0.05
0.3
0.23
0.2
0.2
0.05
2
-

36 I
100
200
26.6
141.0
15.0
12.1
5.4
2.4
26.4
78.8
2.0
172
10.7
3.4
2.9
13.7
11.1
6.7
7.2
0.63
0.97
1.5
0.2
1.5
1.6
1.5
0.2
0.3
0.31
0.06
0.3
0.31
0.3
0.2
0.07
2
0.002

28 I
130
200
29.8
148.0
14.0
11.9
6.3
6.0
24.3
6.3
2.8
51
6.5
5.0
2.9
12.4
9.82
6.5
6.5
1.19
0.90
1.1
0.2
1.8
1.6
1.7
0.2
0.3
2.25
0.08
0.4
0.16
0.3
0.2
0.08
2
-

29 BA
110
130
30.5
330.0
8.0
29.0
10.2
8.9
43.4
15.2
1.9
0.309
5.4
8.5
5.2
10.3
7.81
7.0
8.1
1.06
0.30
0.7
0.2
1.1
2.1
0.3
0.2
0.2
0.10
0.03
0.6
0.12
0.4
0.3
0.08
0.12
2
0.02

TABLE 4 - Concentrations (in ppm) of 50 elements in approximately
decreasing order in sediments (fraction < 63 µm) of Soča River (Slovenia).
Element
Ca
Mg
Fe
Al
K
Na
S
P
Sr
Mn
Ba
Zn
Ni
Pb

32 S
337000.0
78800.0
5100.0
1700.0
500.0
490.0
270.0
250.0
106.0
72.0
19.7
17.4
22.1
22.9

31 S
282000.0
91200.0
8500.0
4000.0
900.0
220.0
250.0
170.0
142.0
170.0
18.7
52.3
23.5
9.74

30 S
279000.0
60300.0
10500.0
5100.0
800.0
210.0
250.0
230.0
155.0
421.0
32.3
55.3
33.5
13.9
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27 S
248000.0
53800.0
19200.0
7500.0
700.0
190.0
630.0
310.0
173.0
637.0
49.9
74.7
43.6
34.4

26 S
245000.0
55600.0
17800.0
6700.0
700.0
160.0
280.0
290.0
163.0
628.0
42.8
60.3
39.4
31.7

25 S
221000.0
50500.0
14000.0
5500.0
700.0
180.0
600.0
290.0
190.0
402.0
43.8
60.7
30.0
15.3
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TABLE 4 – continued.
Element
Cr
Ce
As
Cu
Nd
V
La
Y
Rb
Co
Li
Sm
Sn
Zr
Hg
Th
U
Mo
Cd
W
Cs
Yb
Ga
Eu
Sb
Tl
Se
Tb
Bi
Te
Nb
B
Be
Ag
Au
Re

32 S
10.5
4.30
7.9
6.9
1.9
5.0
2.3
2.7
2.4
2.3
1.8
0.4
5.76
1.1
0.93
0.2
0.5
0.61
0.5
0.5
0.3
0.2
0.35
0.13
0.07
0.20
0.07
0.05
0.1
0.0019
-

31 S
11.8
11.0
10.1
7.9
5.3
13.0
5.5
5.1
5.2
4.4
5.9
1.2
0.43
1.4
1.47
1.2
1.1
0.82
0.3
0.4
0.5
0.3
1.06
0.2
0.22
0.31
0.30
0.20
0.09
0.07
3
0.2
0.003

30 S
15.7
9.62
10.3
14.7
5.4
16.0
4.9
5.7
4.7
6.5
9.6
1.3
1.22
1.1
7.09
0.8
0.7
0.38
0.4
0.5
0.4
0.4
1.36
0.3
0.25
0.22
0.50
0.20
0.13
0.10
0.1
3
0.3
-

27 S
22.8
11.6
11.0
22.8
6.6
21.0
6.0
7.2
5.0
10.4
14.4
1.7
4.66
2.0
21.09
0.7
1.0
0.87
0.3
0.5
0.5
0.5
2.07
0.4
0.32
0.23
0.60
0.20
0.15
0.14
0.1
0.4
0.08
-

26 S
21.5
11.2
10.1
22.1
6.4
20.0
5.8
6.8
4.7
9.5
13.1
1.6
9.06
1.1
27.60
0.9
1.1
1.03
0.3
0.4
0.5
0.4
1.85
0.4
0.35
0.20
0.60
0.20
0.17
0.13
0.1
0.4
0.05
-

25 S
15.4
11.2
9.5
14.7
6.5
16.0
5.9
6.9
4.7
6.6
9.8
1.6
0.67
1.2
26.04
0.8
0.9
0.44
0.3
0.5
0.5
0.4
1.47
0.3
0.24
0.29
0.50
0.20
0.15
0.12
0.1
0.4
0.05
-

TABLE 5 - Concentrations (in ppm) of 50 elements in approximately
decreasing order in sediment fraction 63 – 500 µm of Soča River (Slovenia).
Element
Ca
Mg
Fe
Al
K
Na
S
P
Sr
Mn
Ba
Zn
Ni
Pb
Cr
Ce
As
Cu
Nd
V

32 S
195000
79300
1600
200
210
140
20
77.4
38
5.8
3.0
8.9
0.46
1.9
1.6
9.4
1.2
0.8
7

31 S
214000
69200
2900
800
200
200
160
50
137
155
7.2
9.3
10.8
1.15
3.4
2.95
7.6
1.9
1.6
8

30 S
245000
53700
3400
800
200
160
210
40
172
220
9.5
14.9
12.8
1.95
3.9
3.24
6.9
4.1
2.0
7

920

27 S
223000
67300
6300
1600
300
170
250
80
184
240
13.2
14.0
11.9
2.91
4.5
5.15
9.7
3.8
3.0
17

26 S
213000
57600
6600
2500
300
160
290
110
209
374
16.6
16.6
14.7
4.15
5.9
7.07
10.7
5.3
3.9
18

25 S
222000
60000
8800
3000
400
170
260
90
193
303
21.8
26.0
19.2
4.53
8.5
7.08
8.0
7.1
4.1
16
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TABLE 5 – continued.
Element
La
Y
Rb
Co
Li
Sm
Sn
Zr
Hg
Th
U
Mo
Cd
W
Cs
Yb
Ga
Eu
Sb
Tl
Se
Tb
Bi
Te
Nb
B
Be
Ag
Au
Re
- not detected

32 S
0.9
1.4
0.3
0.6
0.5
0.2
0.9
0.042
0.1
0.4
0.10
0.40
0.05
0.05
0.03
0.003

31 S
1.7
1.8
0.8
0.9
0.9
0.3
0.7
0.014
0.2
0.7
0.18
0.3
0.1
0.17
0.05
0.04
0.04
1
-

30 S
2.1
2.3
0.8
1.2
1.2
0.4
0.7
0.349
0.2
0.6
0.12
0.3
0.2
0.19
0.03
0.02
0.03
1
0.001

27 S
3.0
3.6
1.1
1.5
2.2
0.7
0.05
0.9
20
0.6
1.0
0.32
0.2
0.1
0.2
0.38
0.2
0.05
0.04
0.1
0.04
0.03
2
0.1
-

26 S
4.1
4.3
1.4
2.0
3.7
1.0
0.17
1.0
20
0.7
1.0
0.25
0.4
0.1
0.3
0.52
0.2
0.08
0.06
0.5
0.1
0.04
0.07
4
0.1
-

FIGURE 3 - Shale-normalized element patterns for coarse (63 – 500 µm) and fine (f <63 µm)
fraction of sediments from Idrijca River. Data, which were normalized, are taken from Tables 3 and 2.
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25 S
4.0
4.4
2.3
2.9
6.6
1.0
0.09
1.1
11
0.8
0.9
0.61
0.2
0.2
0.3
0.88
0.2
0.09
0.08
1.2
0.1
0.04
2
0.2
0.001
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FIGURE 4 - Shale-normalized element patterns for coarse (63 – 500 µm) and fine (f <63 µm)
fraction of sediments from Soča River. Data, which were normalized, are taken from Tables 5 and 4.

FIGURE 5 - Concentrations of 8 elements (Zn, Pb, Cr, As, Cu, Hg, Cd, Ni) vs. flow direction in km for f (63-500 µm) and f <63 µm.
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concentrations than in Idrijca River. Almost all trace
elements are more abundant in fine fraction. Shale normalized [35] element patterns for sediments from Idrijca and
Soča rivers (f 63-500 µm and f <63 µm) are presented in
Figures 3 and 4, respectively. In order to visualize background levels of eight selected elements, location of contamination source and downstream dilution, results are
plotted (Figure 5) in a conventional manner [36], as concentration vs. flow direction in km for the two studied
fractions of sediments from Idrijca and Soča Rivers.
Mercury analysis of sediments (f <63 µm) from the Kupa
River drainage basin

Repeated analysis of total mercury samples collected
in two campaigns has shown that the Kupa River drainage
basin is not contaminated with Hg. It is clearly illustrated
in Figure 6 where the Hg results of all 61 sampling locations are presented. The lowest concentrations (<50 ppb)
were observed in the middle and south part of the drainage basin. The highest concentration (206 ppb) was determined in sample 56, which is close to the Tršće Hgmine. The concentrations of Hg in sediments in all loca-

tions are comparable to those found in clean estuaries of
Öre River (Sweden) and of Krka River (Croatia), by
Kwokal et al. [37] and lower than found in the Dragonja
River at Slovenian-Croatian border by FrančiškovićBilinski et al. [38].
Statistical analysis

Principal component analysis (PCA) tries to explain
the covariance structure of the data by means of a small
number of components, which represent the hidden data
structure. Components are equivalent to the controlling
factors in geochemistry. However, geochemical data almost
never show normal or lognormal distributions [39]. Therefore, robust statistical methods have to be applied if such
data are examined [40]. A requirement for a stable solution
from a PCA is that there are sufficient numbers of samples
for the number of variables. However, in this case study
only twelve samples with 46 analyzed elements are available. Hubert and Vanden Branden [41] introduced an algorithm for a robust PCA (ROBPCA), which can also be
used to detect and classify multivariate outliers. As demonstrated in Hubert and Vanden Branden [41] this approach
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150

FIGURE 6 - Distribution of Hg-concentrations (in ppb) in the Kupa River drainage basin.
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ple 37I results in a bad leverage outlier position. This
value is so high, that location 37I could be identified as
polluted without statistical analysis. All other outliers plot
either in the field of orthogonal outliers or good leverage
outliers. Apart from the pollution related outlier (37I), the
other outliers of the coarse fraction (29BA, 33I) are samples which are unaffected by contamination. Consequently, the “regular observations” can be interpreted as a homogeneous data population. The bad leverage outlier
position of sample 37I shifts to an orthogonal outlier
position in the fine fraction. Sample 35I and 36I plot here
in the same field. Hence, multivariate geochemical signature of those samples is anomalous. The good leverage
outliers 33I and 32S are sampled in an upper stream position. They are therefore indicators of an unpolluted data
population.
Pearson’s correlation coefficients among elements in
the two sediment fractions can be considered only as an
approximate, due to small number of samples. In fraction
<63 µm Hg is significantly correlated with S, Cu, Mo, W
and Sb. In f 63-500 µm Hg is significantly correlated with
Fe, S, Ni, Pb, Cr, As, Cu, Sn, Mo, Sb and Tl.
Expected Normal Distribution
30

Number of observations

25

FIGURE 7 - Application of PCA (ROBPCA) method of Hubert et al.
[41] to detect data outliers in the diagram in which the robust score
distances are plotted against the orthogonal distances for 12 studied
stream sediments from the Soča River drainage basin. 7a (above) –
for fraction 63-500 µm; 7b (below) – for fraction <63 µm.
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gives reliable results in low-dimensional data bases (number of variables > 5 times the number of samples). Therefore, ROBPCA is used here, to illustrate how useful the
method is to detect data outliers. According to the diagnostic plot of Hubert and Vanden Branden [41], which
plots for each observation (sample) the robust score distances against the orthogonal distances, all observations
can be classified in regular observations, good leverage
observations, orthogonal outliers and bad leverage observations. Variables have been transformed to a logarithmic
scale to give a better approximation to the normal distribution. The ln-transformed variables are first standardized
to mean zero and median absolute variance one, in order
to put everything to a common scale (see Filzmoser [42]).
ROBPCA was applied using the MATLAB® toolbox for
robust calibration [43]. Using the concentrations of the
coarse fraction, the diagnostic plot of Hubert et al. [44]
indicates sample 37I, 33I and 29BA as outliers (Figure 7a).
In the fine fraction, the samples 33I, 35I, 36I, 37I and 32S
are identified as outliers (Figure 7b). Extremely high Hg
accumulation (61500 ppm) in the coarse fraction of sam-
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FIGURE 8 - Frequency histogram distribution of Hg in the Kupa
River drainage basin (8a, above); two dimensional scatter/box
diagram for Hg in the Kupa River drainage basin, obtained by
program STATISTICA 6.0 (8b, below).
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FIGURE 9 - Factor loadings of the first three components in the coarse fraction (63 – 500 µm) and factor loadings of the
first three components in the fine fraction (f <63 µm) of 12 studied stream sediments from the Soča River drainage basin.

In the present work the state of total mercury in sediments of the Kupa River drainage basin was investigated in
order to observe possible influence of environment of
closed Hg-mine in Tršće. In order to get basic statistical
parameters for Hg, all analytical data were presented in
Figure 8a, as a frequency histogram distribution. The values (in ppb) are between min. 13.4 and max 206.2, mean
84.9, geomean 69.0, median 86.1 and standard deviation
47.3. Two dimensional scatter/box diagrams in Figure 8b
show that there is no Hg-anomaly caused by the Tršće
mine. The geochemical baseline, determined for the first
time in this region, for Hg is 86.1 ± 47.3 ppb. FrančiškovićBilinski [45] has shown that Hg in fraction <63 µm is significantly correlated with Zn, Pb, Cu, Au, Cr, Li and Cd.
More complex multivariate statistical analysis was performed only on sediments from Soča River drainage basin.
DISCUSSION
ROBPCA identifies the polluted sample 37I, samples,
which are unpolluted and samples, which are affected by
the diluted Hg-contamination. From the “regular observations” a PCA extracts the main elemental associations,
which control the multivariate signature of the data base.
In Figure 9 factor loadings of the first three components

in the two fractions are presented. The data were preprocessed as explained before. In the fraction 63-500 µm,
three PCA components explain 90% of the data variance.
The factor loadings of component 1, which account for
68.5 % of the variance, are explained by the detrital proportion of the sediment. Component 2 explains 16 % of
the variance and is related to the carbonaceous fraction.
Component 3 (5.4% of the variance) assembles some
elements (As, S, V, Hg). In the fine fraction (<63µm)
three components (Component 1 with 57 %, Component 2
with 22%, Component 3 with 11%) explain 91% of the
data variance. The difference was observed with fine
fraction (<63 µm), in which Component 2 assembles As,
S, V, Hg and some other trace elements.
Summarizing these observations, the geochemical data can be interpreted as a result of weathering of a pollution source, in which series of trace elements are dissipated in the downstream direction. The stream sediment
geochemistry can be explained by an antagonistic data
structure, consisting of detrital and carbonaceous derived
elements. This is clearly related to the bedrock lithology
which is eroded by weathering and transport processes.
Regarding possible toxicity of some elements, according to existing criteria issued by the University of Waterlloo, Canada, it is obvious that sample 37I is polluted with
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Hg, As, Cr, Cu, Pb, mostly at concentrations that cause
significant toxic effects. In Soča after confluence of
Idrijca, concentration of Hg which is above significant
toxic levels (>2 ppm) persists down to 25S (the last sampling location before Italian-Slovenian boarder). Concentrations of As remain above the value which causes the
lowest toxic effects (>6 ppm). Pb is gradually decreasing
from concentrations, which cause the lowest toxic effects
(>31 ppm) to unpolluted sediments. Concentrations of Cu
and Cr are below toxic levels (<28 ppm and <26 ppm,
respectively). It should be emphasized that toxicity does
not only depend on the total concentration, but more importantly on the availability of the elements in the aquatic
environment. Therefore bioavailability of Hg and other
toxic elements in the area impacted by past mining activities should be further investigated.

bilateral project Croatia-Slovenia (principal investigators
H. Bilinski and D. Hanžel). Elemental analysis was performed from the rest of the money from project JF-169,
USGS-Croatia. The part of the paper regarding Kupa River
drainage basin is from the corresponding author’s Ph.D
Thesis, accepted on 10th December 2004 and defended on
24th March 2005 at Faculty of Science, University of
Zagreb, Croatia (supervisors L. Palinkaš and E. Prohić).
L. Palinkaš is thanked for his suggestions to study the
Tršće region.

CONCLUSIONS
The geochemical data of sediments from the Soča
River drainage basin presented here can be interpreted as
a result of weathering of a pollution source (mostly from
Hg ore processing and waste disposal), in which trace
elements are dissipated in the downstream direction. In
coarse fraction (63 – 500 µm), trace elements are associated with the detritus. This is the result of physical weathering process. In contrast, trace elements in the fine fraction (<63 µm) form a single elemental association. This
can be explained by chemical weathering process. The
fine fraction is more effective in respect to elemental
transport downstream and finally to the Adriatic Sea.
Regarding toxicity Idrijca is polluted with Hg, As, Cr, Cu,
Pb in the town of Idrija, at concentrations that cause significant toxic effect. Idrijca brings the pollution to the
Soča River, which become polluted particularly with Hg,
after confluence with Idrijca.
On the contrary, in the Kupa River drainage basin,
closed Hg-mine in Tršće shows very small effect on sediments of Čabranka and Kupa Rivers. There was no Hg ore
processing in Tršće and HgS remained buried in a closed
mine. Concentration of Hg in stream sediments was found
to be everywhere far below toxic limit. The highest concentration (206 ppm) was found at the confluence of Čabranka
and Kupa Rivers.
As toxicity does not depend only on total concentration, the bioavailability of a series of toxic elements should
be further investigated.
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SUMMARY
Biosorption is becoming a promising alternative to
replace or supplement the present dye removal processes
from dye wastewaters. Based on the successful results of
metal biosorption by brewer’s yeast, the same dried biomass was used in batch studies for textile dyes biosorption. Out of ten tested azo dyes, Fast Blue (FB) and Direct
Pink (DP) were shown to be highly sequestered by the
non-living yeast biomass where uptake values of about
3400mg/gdwt and 6400mg/gdwt were achieved at initial
dye concentrations of 300 and 400 mg/l, respectively.
These results were confirmed by the Freundlich isotherm.
Aiming to reach a maximal dye biosorption, an optimization of the reaction conditions was applied by using the
steepest ascent experimental design, in which two factors
were changed; dye concentration and cell mass. A maximum dye removal of approximately 450 and 850 mg/g for
FB and DP, respectively, was achieved in the solution of the
trial number 12, which had an initial dye concentration of
1000 mg/l and a mass concentration of 7 g/l. The localization
of the dyes in the yeast cells was detected using Transmission Electron Microscope (TEM). Dyes were found to be
mainly adhered to the cell wall, and some was found in the
shrunken cytoplasm in case of Fast Blue.

KEYWORDS: Biosorption, azo dyes, yeast, Freundlich isotherm,
Steepest ascent design.

Despite the existence of a variety of chemical and
physical treatment processes, bioremediation of textile
effluent is still seen to be an attractive solution due to its
reputation as a low-cost, environmentally friendly, and
publicly acceptable treatment technology [3-5].
Adsorption on microbial cell wall surfaces (biosorption) can be used for removal of textile dyes from wastewater. Each dye can have affinity to various microorganisms (yeast, bacteria, fungi, and algae) and, on the other
side, one microorganism is able to bind more than one type
of dyes [6].
Currently, the biosorption techniques have been used
effectively in the effluent treatment processes of textile
dyes. Bustard et.al. [7] demonstrated the biosorption of
textile dyes by non-living biomass, derived from K. marxianus IBM3, while Safarik et.al. [6] studied the adsorption of dyes on magnetically labeled baker's yeast cells.
Moreover, Fu and Viraraghavan [8] demonstrated a column
study for biosorption of dyes from aqueous solution on
immobilized Aspergillus niger fungal biomass. Recently,
Bhole et al. [9] used dead fungal biomass in the biosorption
of methyl violet, basic fuchsin, and their mixture.
In this current study we demonstrate that non-living
biomass, derived from the yeast Saccharomyces cerevisiae (commercial brewer’s type) remaining after ethanol
production fermentations in local industries, is capable of
textile azo dye biosorption and the degree of biosorption
suggests that this material might find a role in textile
processing effluent treatment facilities.
MATERIALS AND METHODS

INTRODUCTION
In textile processing a significant proportion of synthetic organic dyestuffs are lost annually to wastewater
streams which eventually enter the environment [1]. Of
the dyes currently on the market and used in the textile
industry, approximately 50% are azo/ diazo compounds
[2]. Pollution with this dye-waste, especially water bodies,
from textile industry is becoming increasingly alarming.

Biosorbent preparation

Brewer’s yeast (Saccharomyces cerevisiae) was kindly
supplied by El Ahram Company for Beverages. The biomass was washed twice by distilled water and then recovered by centrifugation. Later, the biomass was dried in
oven at 80 °C for three days and crushed by mortar into
very small pieces.
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Dye preparation

The textile azo dyes, Methanil Yellow, Fast Orange,
Fast Red, Direct Pink, Fast Green, Direct Blue, Acid Fast
Red, Direct Fast Scarlet, Congo Red, and Acid Fast Blue,
were a gift kindly supplied by Asma Dye Company. Dye
solutions were prepared in a concentration of 80 mg/l
water, unless otherwise recommended.
Biosorption isotherm analysis of dye uptake

Contact reactions were prepared in a total volume of
50 ml using 0.5g dry wt. biomass in 250 ml conical flasks
for the recommended time intervals. The reaction was
done at 30 ºC with a shaking rate of 120 rpm, and pH was
adjusted to 7.0. The biomass was removed from suspension by centrifugation, and the concentration of the remaining FB and DP in solution were determined spectrophotometrically at 608 nm and 527 nm, respectively.
Based on the results of the standard curves of both dyes
the following relationship between absorbance and dye
concentration was obtained:
Y=FX
where Y is the dye absorbance reading at the corresponding wave length, F is the slope of a standard curve,
and X is dye concentration in mg/l.
The Freundlich adsorption isotherm model for a single solute system was used to evaluate the experimental
results. Freundlich isotherm obeys the following equation:
q = K Cf 1/n

where q is the dye uptake, Cf is the equilibrium (final)
concentration of dye in solution, n is a constant related to
the energy of adsorption, and K is a constant related to the
adsorption capacity.
Compartmentalization of dyes

Electron micrographs were prepared using a transmission electron JEOL 100CX at an accelerating voltage
of 80 kV using a 40 µm aperture. Dried biomass was
suspended in either FB or DP solution for 48 h, thereafter
the biomass was removed by centrifugation (7000 rpm for
15 min). Cells were subjected to glutaraldehyde fixation
(2.5% v/v solution in 0.1 M phosphorus buffer, pH = 7) and
ethanol washing, and were embedded overnight in Epon
812 at 60 °C. Sections (350 nm thick) were cut with an
ultra-microtome (ULTRACUT, Reicher-Jung) and fixed on
carbon coated 200 mesh copper grid [10, 11].
Manifestation of dye biosorption
using steepest ascent method

In order to approach a maximal dye decolorization percentage, the two independent variables, dye concentration
and cell mass, were simultaneously optimized by applying
a suitable statistical design known as the steepest ascent
method [12]. This method allows simultaneous variation in
the two independent variables, based on predicted directions of increasing or decreasing their levels. The examined
concentrations for the two variables are shown in Table 1.
In this experiment, two different reaction times were allowed (3 h and 24 h).

TABLE 1
Gradual increase in Fast blue and Direct pink concentrations, and cell mass according to the Steepest ascent method.
Trial no.
Dye (mg/l)

1
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2
50
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The brewer’s yeast biomass was screened for its potential to decolorize the solution of ten different textile
dyes used on a wide scale in industry. The results presented in Fig. 1 show that the efficiency of yeast biomass
to biosorb dyes from solution varied according to the type
of dye. The data were recorded in triplicate and standard
errors calculated, being illustrated as bars. Generally, the
two textile dyes, Direct Pink (DP) and Fast Blue (FB),
were the most readily biosorbed. Decolorization percentages of 51 and 72 were achieved for DP, at a contact time
of 24 h and 48 h, respectively, whereas for FB decolorization percentages were 68 and 52 recorded at the same time
intervals previously mentioned. Therefore, Direct Pink and
Fast Blue were chosen as experimental compounds for
further studies.

Decolorization %

Biosorption of textile dyes by brewer’s yeast biomass

Dyes
FIGURE 1
Decolorization of azo dyes by brewer's yeast biomass.
(bars indicate standard errors)
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Effect of dye concentration on the biosorption
capacity of brewer’s yeast biomass

a)
Direct Pink

2
1
0
0,5

1

1,5

2

2,5

log Cf (mg/l)

b)
Fast Blue

a)
24 h.
200

Biosorbed dye (mg/l)

3

0

log q (mg/l)

As shown in Fig. 2, the biosorption of each dye was
concentration-dependent. At very low dye concentration
(50 mg/l), the amount biosorbed from each dye was negligible. However, by increasing the dye concentration, a
remarkable increase was observed till it reached its maximum after a concentration of 300 mg/l with an accompanying uptake value of 170 mg/l corresponding to a specific uptake value of 3400 mg/g dwt. for Fast Blue (Fig. 2a),
and after 48 h at a concentration of 400 mg/l with uptake
of 320 mg/l corresponding to specific uptake of 6400
mg/g dwt. for Direct Pink (Fig. 2b). Beyond this threshold
(optimal) dye concentration, the extent of dye uptake
remained almost unaltered or slightly reduced.

log q (mg/l)

Biomass aliquots of 0.05g dry wt. were exposed to
different concentrations (50-500 mg/l) of each of the two
tested dyes, 24 h and 48 h for Acid Fast Blue and Direct
Pink, respectively.

3
2
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0
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150
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FIGURE 3
Freundlich isotherm of brewere's yeast biomass.
a) Direct Pink; b) Fast Blue
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TABLE 2
Freundlich isotherm constants for dye uptake by brewer’s yeast.

Fast Blue concentration (mg/l)

Parameters
Kf
n
r2

48 h.

b)
Biosorbed dye (mg/l)

350
300

FB
1.31
2.24
0.93

DP
1.33
2.56
0.75

250
200

Textile dyes removal by brewer’s yeast
using Steepest ascent method

150

The obtained results proved that sharp increases in
the amount of dye adsorbed by each biomass unit and,
consequently, in the total amount of FB and DP removed
from each solution were involved with increasing the
concentrations of the two variables (Fig. 4). Maximum
dye removal (approximately 450 and 850 mg for FB and
DP, respectively) was achieved in the solution of the trial
number 12, which had an initial dye concentration of
1000 mg/l and a mass concentration of 7 g/l.

100
50
0

50

100

150 200

250

300

350 400

450

500

Direct pink concentration (mg/l)

FIGURE 2
Removal of dyes from solution by brewer's yeast biomass
as influenced by dye concentration.
a) Biomass exposed to Fast Blue for 24 h.
b) Biomass exposed to Direct Pink for 48h

The experimental data were modeled with Freundlich
isotherm equation (Figs. 3a and b), and it was shown that
brewer’s yeast biosorbed FB more strongly than DP, as
judged by the sorption intercept (K) and slope (1/n) (Table 2).

Fig. 4a shows the results of FB biosorption after 3
and 24 h, where the dye removal seems to be more successful after 24 h for all the trials, but only the trial number 12, which shows almost the same removal capacity
(368 mg/ml) as number 11 when beginning a steady state
phase, while after 3 h it shows a sharp increase (433 mg/
ml) in biosorption efficiency. In the case of DP (Fig. 4b),
the removal values for the two time intervals seem to be
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nearly concreted at each other, despite of the deviation seen
in trial numbers 4, 6 and 10, which favors the 3-h period
as contact reaction time, and not that of 24 h.

(a)

(b)

a)
Removed Fast Blue (mg) after 3 hours

Fast Blue biosorbtion (mg/l)

500

Removed Fast Blue (mg) after 24 hours

400
300
200

(c)

100
0
1

2

3

4

5

6

7

8

9

10 11 12

Trials

b)
Removed Direct Pink after 3 hours

Direct Pink biosorbtion (mg/l)

1000

Removed Direct Pink (mg) after 24 hours

800

FIGURE 5
Transmission Electron Micrograph (15000 X) of Saccharomyces
cerevisiae showing a native cell (a); a Direct pink-stained (b);
and Fast Blue stained one (c).

600
400
200
0
1

2

3

4
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7

8

9

DISCUSSION

10 11 12

Trials

The biosorption process offers the advantage of low
operating costs, minimizing the volume of chemicals and/
or biological sludge to be disposed, and high efficiency in
detoxifying very dilute effluents [13].

FIGURE 4
Biosorbed dye (mg/l) by brewer's yeast biomass
using Steepest ascent method. a) Biomass exposed to
Fast Blue solute. b) Biomass exposed to Direct Pink.

Localization of biosorbed textile dyes observed by electron
microscopy

It was aimed in this part to localize the positions at
which the dyes deposited within the dead yeast cells. Therefore, brewer’s yeast cells were separately exposed to each
dye. Cells were then prepared for E.M. (Electron Microscope) examination as previously described (Materials and
Method section). The electron micrograph (Fig. 5a) of the
control or native cells (not exposed to dyes) shows normal
appearance, and does not exhibit any conspicuous electron dense areas.
The TEM micrograph of Direct Pink-exposed brewer’s
cells (Fig. 5b) reveals that the Direct Pink was not mainly
adhered to the cell-wall as much as it was in the internals
of the cells, which seem to be highly stained with the dye,
and also a clear but large vacuole appeared in the cell.
Fig. 5c shows a typical TEM micrograph of cells exposed to Fast Blue where a very dark cell-wall appeared
due to the dye precipitation, in addition to its presence in
the shrunken cytoplasm, leaving a clear moderate vacuole.

The commercial (local) dried brewer’s yeast biomass
showed high efficiency in sequestering textile dyes. It has
been used before as a heavy metal sequester, where tremendous results were shown [14]. Since non-living forms
of biomass represent a large proportion of the microbial
biomass produced globally as a result of commercial fermentative processes, it was considered that this source
might provide adequate material for the commercial exploitation of biosorptive phenomenon. Non-viable cells
have also the advantage of not depending on a supply of
nutrients for cell growth and not requiring to be resistant to
aggressive environments, and, therefore, pose a reduced
health hazard [13, 15].
The biosorption of ten different textile azo dyes from
solutions was assessed in conjunction with commercial
biomass of local brewer’s yeast. The data revealed that the
two azo dyes, Direct Pink and Acid Fast Blue, were the
best to be successively biosorbed by the biomass, where
about 72% of the original concentration of Direct Pink was
sequestered after 48 h, whereas 68% of the Acid Fast Blue
was removed after only 24 h at 30 °C.
Direct Fast Scarlet, Congo Red and Fast Red were also sequestered by the yeast biomass, but on a much lower
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rate (extent) than that revealed by the other two previous
dyes, where a biosorption percentage of 39, 29 and 24 was
achieved, respectively, after 24 h, and they became nearly
diminished after 48 h.
The biomass of the yeast Kluyveromyces marxianus
IMB3 (ethanol producing strain) was used as textile dyes`
sequester [7]. The biomass biosorption capacity was significant for three dyes, Remazol Black B, Remazol Turquoise Blue and Remazol Red.
The effect of dye concentration showed that the biosorption capacity of the brewer’s biomass increased on
increasing dye concentrations from 50 mg/l, till it reached
its maximum at a concentration of 300 mg/l and 400 mg/l
for Acid Fast Blue and Direct Pink, respectively. These
results suggest some form of cooperation with respect to
interactions between the dye and the biomass. As such,
these results suggest that the initial interaction between
the biomass and the dye results in the formation of a layer
of dye on the biomass surface. This surface may then
become hyper-reactive to other dye molecules, resulting
in a stacking effect nucleated by the initial layer of dye on
the surface of the biomass. This nucleation phenomenon
is not unique and has been suggested for uranium biosorption by certain forms of biomass [16].
Above these equilibrium (optimal) dye concentrations, an observed reduction in dye sequestering efficiency
was noticed. One possible reason for this observation may
be that at concentrations of the dye above 300 mg/l and
400 mg/l for Acid Fast Blue and direct Pink, respectively,
dye-dye interactions become prevalent, and these interactions may result in decreased affinity of the dye for binding sites on the biomass surface. With increased molecular density, dye-dye interactions would be favored, and
one possible way of circumventing this problem would be
to increase the concentration of biomass in biosorptive
reactions [7], or using the Steepest ascent method.
The biosorption relationship was further studied by
examining the closeness of fitness of the Freundlich isotherm model. The affinity of yeast towards Direct Pink was
higher than that towards Fast Blue, but still significant in
both cases.
A statistical experiment known as Steepest ascent was
carried out in order to approach a maximal dye biosorption.
Maximum dye removal was achieved in the solution of the
trial number 12, which had an initial dye concentration of
1000 mg/l and a mass concentration of 7 g/l. In a previous
study, alive biomass of B. subtilis N10 cells was used to
biosorb 89.7 mg of Fast blue dye using the same method,
which is a relatively high biosorption capacity [17, 18].

dye in cytoplasm, vacuoles, or its deposition on the cellwall and the cell surface membrane.
Compared to native cells, Direct Pink was found to be
compartmentalized mainly within the cell, although some
fractions were observed on the cell-wall and cell membrane. The same feature was seen in the case of Fast Blue,
but with a darker cell-wall indicating more dye adsorption
on it. Moreover, electron dense dark plasma was also
observed. This means that the cell-wall was not able to
control or hinder the dyes` accumulation and penetration,
instead, it shares itself in the biosorption or adherence
capacity of the cell. This loss of permeability control of
the cell-wall was logically (formerly) predicted due to
using an already dead biomass. The darker cell-wall seen
in the case of Fast Blue, indicating more dye adsorption,
may be referred to the presence of binding sites that are
more fit to bind to Fast Blue than to Direct Pink, due to
their different chemical composition and configuration, in
spite of the fact that both are azo dyes.
Future application studies should be focused on recovering dyes, and regeneration of biomass from those
dyes adsorbed on the yeast cell-wall only. Dye regeneration from those accumulated inside the yeast cells is very
difficult and tedious to be eluted.
Bhole et al. [9] studied the biosorption and desorption
of two azo dyes and their mixtures using dead fungal
biomass, and they achieved that 0.1 M HCl was more
efficient than 50% ethanol in desorption process. Fu and
Viraraghavan [8] studied dye elution using column technique, and they reported that azo dyes could be regenerated by deionized water from column beads, which can be
reused again and could retain over 90% of the original
adsorption capacity. They concluded that beads of immobilized fungal biomass could be developed as a treatment
system for the removal of some dyes from aqueous solutions.
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A special interest has been devoted to explore the
compartmentalization and cellular distribution of textile
dyes under investigation in brewer’s yeast cells. For this,
TEM has been employed as an effective way of locating
and visualizing metal and dye deposits [19]. Transmission
electron micrographs clearly showed the distribution of
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SUMMARY
The present work describes a sensitive, selective and
rapid method for the determination of cobalt using dithizone in the presence of a water soluble polymer, poly(sulfonylpiperidinylmethylene hydroxide) (PSPMH). The
dithizone modified by PSPMH reacts with cobalt(II) in
the solutions of pH >12.0 to produce a blue complex
which is soluble in water. The composition of the complex is 1:4:2 mol ratio of Co(II):dithizone:PSPMH. The
complex obeys Beer’s law from 0.03 to 1.18 µg mL-1 with
an optimum range. The relative standard deviations have
been calculated as 0.2 % (10 samples, each containing
0.350 µg mL-1 Co(II) ).The molar absorptivity is 5.6 ×
104 L mol-1 cm-1. The interference effects of the foreign
ions have been examined and it has been determined that
only Cu(II) has an interference at the same concentration
level as Co(II), which can easily be masked by I- .

KEYWORDS: Cobalt (II) determination; Spectrophotometry;
Dithizone, Poly(sulfonylpiperidinylmethylene hydroxide).

INTRODUCTION
Water-soluble polymers (WSPs) have been applied in
chemical technology for a long time but in recent years
they have been used in analytical chemistry for modifying
the reagents to obtain the same effect as surfactants, which
are usually used to modify the organic compounds [1]. The
interaction of polymers with various substances of lowmolecular weight causes to form the complexes, the physico-chemical properties of which differ essentially from the
properties of initial components both the polymer and the
substance. When water-soluble polymers interact with
organic reagents, organic compounds which are usually
hydrophobic and insoluble in water can be converted into

water-soluble forms as a result of hydrophobic interaction
with WSP and bonding to the hydrophobic hydrocarbon
moiety of the polymer. The interaction of WSPs (polyelectrolites) with dyes is characterized predominantly as
electrostatic and partly hydrophobic [2].
The water-soluble centers of the polymer are therefore not blocked and hence the WSP-organic compound
complex does not lose its initial properties and can still be
soluble in water. Thus if the organic reagent has a functional group which is responsible for complex formation
with metal ions it will have the same analytical properties
as before forming WSP-organic complex.
It is known that dithizone cannot be used for the spectrophotometric determination of metals in aqueous solutions, since it is insoluble in water if pH<7 and for metal
ions in the solution precipitates as their hydroxides in
base media. So the determination methods of metal ions
usually involve an extraction step by a nonpolar solvent,
such as, chloroform or carbon tetrachloride [3]. It is known
that water-soluble polymers can make the insoluble organic compounds soluble in water and it is possible to use
WSP-Dye complex for the spectrophotometric determination of metal ions in aqueous solutions. A number of spectrophotometric methods for the determination of cobalt
using dithizone[4], 4-(2-pyridylazo)resorcinol (PAR) [5],
benzyltributylammonium tetrathiocyanatocobaltate(II) [6],
benzeneacetaldehyde-4-hydroxy-alpha-oxo-aldoxime [7],
nitroso-R salt and tetradecyldimethylbenzylammonium
chloride [8], alpha-benzilmonoxime [9], pyrolidine and
carbon disulfide [10], isonitroso-5-methyl-2-hexanone [11],
N,N’-bis(2-hydroxy-5-bromo-benzyl)-1,2-diaminopropane
[12] etc. have been proposed. However most methods
necessitate an organic solvent extraction step in which
usually a toxic organic solvent such as chloroform is used.
In addition they usually have low sensitivity and selectivity and also interferences requiring the use of masking
agents.
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Some methods have been suggested for determination
of Co(II) in water directly by using different reagents [1325]. Preconcentration of trace elements by using activated
bentonite has also been investigated [26]. The use of water
soluble polymers in the determination n of metal ions has
recently been taken into account, althought the fact that
the WSPs can not be reused since their recovery does not
allow any advantages. Chmilenko et al. [27] studied the use
of PVP for the determination of uranium(VI) with Chromium Azurol S. Alkan et al. [28] proposed a new method for
the determination of Mo in aqueous media by using Alizarin Red S modified by polysulphonylpiperidnylmethylene
hydroxide(PSPMH).
In present work a new rapid and sensitive method has
been proposed for determination of cobalt by using the
PSPMH-dithizone complex. The method has been applied
to the determination of medicine (Vitamin B12) and
wastewater samples without solvent extraction or separation steps.
EXPERIMENTAL
Reagents

Poly(sulfonylpiperidinylmethylene hydroxide) has
been used as a water-soluble polymer. It was synthesized by Chmilenko et al. [29]. The structure of PSPMH
is shown below.

+
CH3

N

CH2

a:b=100:(40-90); n=10-12

Absorbance measurements were carried out using a
Cary 1-E UV-Vis Spectrophotometer with 1.0 cm quartz
cells. A pH meter (Orion 920A) was also used for pH measurements. An ICP-AES (Perkin Elmer Optima 3100 XL)
was employed for determination of Co(II) in the samples.
Procedures
Procedure for calibration plot: In order to construct a
calibration plot, 3 mL of 8×10-4 M solution of dithizone,
2 mL of PSPMH (25 g L-1), and a variable amount of
cobalt (0-29.5 µg) were placed in 25 mL flasks, respectively. Then 1 mL of KOH (1 M) was added and the mixtures were diluted to the mark with distilled water until
the solution reached a pH ≥ 12. In the solution whose
pH ≥ 12, the selectivity of the PSPMH-modified dithizone
is much more higher than the selectivity in acidic region.
The absorbance of the colored solution was measured at
600 nm in a 1 cm cell against a reagent blank.
Recommended procedure for determination: 3 mL of
8×10-4 M solution of dithizone, 2 mL of PSPMH (25 g L-1)
were placed in 25 mL flasks respectively. Then 1 mL of
KOH (1 M) was added to obtain a solution pH ≥ 12. Then
an aliquot of the solution to be analyzed, containing not
more than 1.18 µg mL-1 and 1 mL of 1 M KI solution was
added. The mixtures diluted to the mark with distilled
water. The absorbance of the colored solution was measured at 600 nm in a 1 cm cell against a reagent blank and
compared with the calibration graph.
Determination of cobalt in wastewater sample: A 100
mL sample of wastewater from a H2SO4 production plant
(Balikesir, Turkey) was digested with 2 mL of concentrated
HCl and 5 mL of concentrated HNO3. The suggested procedure given in the Section Recommended procedure for
determination applied the aliquots of digested wastewater
samples.

SO2 b

. OHCH3

Apparatus

a
n

PSPMH was purified by reprecipitation with NaOH
from a water-acetone solution. A solution of PSPMH (Mr=
2.5×103 g mol-1) was prepared by dissolving 25.0 g of the
compound in 1 L of distilled water; thus its concentration
corresponded to about 1×10-2 M.
A stock solution of dithizone (8×10-4 M) was prepared from an accurately weighed portion of commercially available dithizone and was solved in 0.2 M KOH.
The aqueous solutions were prepared by distilled water.
The stock solution of cobalt was obtained by dissolving
0.5 g of metallic cobalt (99.9%pure) in 10 mL of nitric
acid(1+1) and diluting to 500 mL with distilled water.
The subsequent standard solutions of this salt were prepared by diluting the stock solution.
Adjustment of pH of the aqueous solution was carried
out with 1M KOH. All reagents were of analytical reagent
grade and were used without further purification.

Determination of cobalt in cyanocobalamin samples by
spectrophotometric method: Vitamin B 12 was digested

with 2 mL of concentrated nitric acid and 2 mL of 30%
H2O2 and the digest was evaporated to dryness. The residue
was dissolved and diluted to 50 mL with de-ionised water.
The concentrations of cobalt were determined according to
the procedure given above (section Recommended procedure for determination) for the determination of cobalt(II)
in samples.
RESULTS AND DISCUSSION
Effect of PSPMH on dithizone

Dithizone has weak acid properties therefore it is not
solved at pH < 7. In the base media dithizone is presented
in HD2- and has an orange color. It has been observed that
the adding of PSPMH into the aqueous solutions containing dithizone makes it possible to dissolve dithizone in
both acidic and basic region and to give a green color just

936

© by PSP Volume 14 – No 10. 2005

Fresenius Environmental Bulletin

absorption of the Co-dithizone- PSPMH complex is observed at 600 nm (Figure 2, curves 4, 5). Adding PSPMH
to the Co-dithizone system at pH> 11.0 prevents the formation of the precipitate and results in a significant increase
in the absorbance of the solution at a wavelength of 600 nm,
which indicates that PSPMH take parts to the complexation
(Figure 2, curves 4, 5). The absorbance of the Co-dithizonePSPMH system has been found to be constant at 25± 5oC.

1

1.0

2
0.8
A
3

0.6

0.4

The effect of pH and concentration of PSPMH on the formation of complex of Co(II)-dithizone- PSPMH

0.2

0.0
300

350

400

450

500

550

600

The absorbance of the Co-dithizone-PSPMH solutions
has increased till pH 12, and then remained almost constant,
and it has also been found to remain constant for 2 h. All
subsequent studies were therefore carried out at pH 12.5.

650

λ/nm

The effect of the amount of PSPMH on the procedure
has been investigated by keeping the amount of cobalt(II)
constant at pH 12.5. A 0.2-2.0 mL volume of 25g L-1
PSPMH gave satisfactory results, so a volume of 1.0 mL
was recommended.

FIGURE 1 - Absorbtion spectra of dithizone and dithizonePSPMH complexes. 1: Dithizone at pH 12; 2: Dithizone-PSPMH
complex at pH 12; 3: Dithizone-PSPMH complex at pH 2. CDye=
8.0×10-5 M; CPSPMH=1g L-1; l=1cm.

1.2

Composition of the Co-dithizone-PSPMH complex

5
1

The composition of the ternary complex was determined by the Job’s method and ternary diagram of isomolar series method. Both methods indicated the formation
of a 1:4:2 (metal:dithizone:PSPMH) under either of the
conditions employed for the determination of cobalt.

1.0
3

0.8
0.6

In order to apply ternary diagram of isomolar series
method, the solutions of three components have been prepared at the same molar concentrations, CCo= Cdith=
CPSPMH= 8 ×10-4 M. Then the mixtures have been obtained
in such a way that the total volume of the mixture has
been kept constant of 5 mL, by changing the volumes of
these solutions. The composition of each mixture at which
the maximum absorbance was observed has been used to
construct a ternary diagram shown in Figure 3. This diagram of isomolar series has been obtained for the mixed
complex. As can be seen from the isochomatic curves are
closed inside the triangle, which is indicative of the formation of a ternary compound. The maximum absorbance
value corresponds to a molar ratio [Co2+] : [dithizone] :
[PSPMH] of 1 : 4 : 2.
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FIGURE 2 - Absorbtion spectra of dithizone (1), dithizone –
Co(II) (2), dithizone-PSPMH (3) and Co (II)-dithizone-PSPMH (4,
5) complexes. Conditions: pH 12.5; CCo =0.5 (2,4) and 1.2 (5) µg ml-1,
CDye=8.0×10-5 M; CPSPMH=1g L-1; l=1cm.

like as in organic solvents. It has also been found that dithizone modified by PSPMH interacts with Co(II) in both
basic and acidic media. The absorption spectra of dithizone
in basic medium (Figure 1, curve 1), dithizone-PSPMH
complex in acidic (Figure 1, curve 3) and in basic solutions
(Figure 1, curve 2) have shown that an interaction occurs
between the dye and the polymer. It has been seen that the
formation of the system is instantaneous. Figure 2 shows the
absorption spectra of dithizone and its binary (dithizonePSPMH) and ternary (Co-dithizone-PSPMH) complexes.
Solutions of dithizone and dithizone-PSPMH complexes in
basic region (Figure 2, curves 1 and 3) exhibit an absorption maxima at 470 nm and 479 nm. The most intense
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FIGURE 3 - Ternary diagram of isomolar series of the Codithizone-PSPMH system. Conditions: pH 12.5; λ=600 nm;
l = 1 cm; and CCo=CDye= CPSPMH= 8×10-4 M.
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TABLE 1 - Comparison of reagents for the spectrophotometric determination of cobalt.
Reagent

Molar absorptivity
×10-4 / L mol-1 cm-1

Ref.

0.1-1

1.6

13

-

4.34
2.3
4.2

14
15
16

580

0-2.4

3.4

17

620
555
470

0.3-585.9
0-3.5
2-20
0.005-2
0.037-2.356

18
19
20
21
22
23
24

λmax/nm
420; 500-550
in presence of Fe
645
578
500

Nitroso-R-salt
2-(8-Quinolylazo)-5-N,N’-dimethylaminobenzoic acid
2-(2’-Imidazolylazo)phenol-4-sulfonic acid
2,2’-Dipyridyl 2-pyridylhydrazone
1-(2-pyridylazo)-2-naphthol in sodium dodecyl sulfate/cetyltrimethylammonium bromide microemulsion media
Dithizone (tetrahydrofurane)
5-[o-carboxyphenylazo] 2,4-dihydroxybenzoic acid and Tween 80
N,N '-Bis(2-aminobenzoyl)ethylenediamine
Nitroso-R-salt- water-soluble polymers
2,2’-Dipyridyl-2-benzothiazolylhydrazone
2-diethylamino-5-nitroso-1,4,5,6-tetrahydropyrimidine-4,6-dione
2-(2-thiazolylazo)-4-methyl-5-(sulfomethylamino)benzoic acid
5-(6-methoxy-2-benzothiazoleazo)-8-aminoquinoline
and cetyltrimethylammonium bromide
5-(4-arsonicphenylazo)-8-(4-toluenesulfonamido)quinoline
and cetyltrimethylammonium bromide
4,4’-diazobenzenediazoaminoazobenzene and Triton X-100
Dithizone -PSPMH

0-0.52

1.64
1.1
0.28
2.5
6.3
11.3

655

0-0.40

11.5

25

582

0-0.5

11.8

15

540
600

0-0.28
0.03-1.180

17.2
5.6

5
This work

530
385
655

Determination of Co(II)

The applicability of dithizone modified with PSPMH
as a spectrophotometrical determination method for
Co(II) has been studied in the range of 1x10-7 - 2x10-5 M
Co(II) solutions. The concentrations of dithizone and
PSPMH have been taken as 9.6x10-5 M and 1 g L-1, respectively. The effective molar absorption coefficient at
600 nm has been calculated as 5.6x104 L mol-1 cm-1. The
complex has been found to obey Beer’s law from 0.035 to
1.178 µg mL-1 with an optimum range. The calibration
graph obtained is a straight line passing through the origin
over the range of mentioned above. The correlation coefficient of the line has been calculated as 0.9998. The
relative standard deviations have been calculated as 0.2 %
(10 samples, each containing 0.350 µg mL-1 Co(II) ).
There have been no measurable changes in the absorbance after standing for 2 hours. The molar absorptivity
coefficient found for Co(II)-dithizone-PSPMH complex
seems to be satisfactory among the cobalt chelating reagents which are given for direct determination of Co(II) in
aqueous solutions without any extraction process as seen in
Table 1. As can be seen from the Table 1, the dithizonePSPMH system has a higher molar absorptivity than most
of them. A few methods suggested before seem to have
higher sensitivity [5, 15, 23-25] than the dithizone-PSPMH
system suggested here, however they have disadvantageous
of being interfered by many ions. As a result, the developed
procedure is highly sensitive and easy to apply for determining the concentration of Co(II) in aqueous solutions.
Effect of foreign ions

The effect of potential interfering ions was studied by
the analysis of the samples containing 3 µg of cobalt in
the presence of various amounts of these ions. The limit-

Range,
µg mL-1

ing value of the concentration of foreign ions was indicated as that amount to cause an error of 2% in the absorbance. The results were as follows: ions Na+, K+, CO32-,
NO3-, Cl-, Br-, I-, SO42-, PO43-, CH3COO-, C2O42- have no
interference in any quantities; Ca2+, 4mg; SCN-, BO33-,
NH4+, tartarate, citrate, sulfosalicylate, 3 mg; Ba2+ and
Pb2+, 2 mg; Al3+, 1.35 mg; Sn2+ and In3+, 1.15 mg; Mo6+,
1 mg; Mg2+, 375 µg; Cr6+, 250 µg; Fe3+, 225 µg; Bi3+ and
Cd2+, 100 µg; Mn2+, 25 µg; Zn2+; 6 µg; Ni2+, 3 µg. Only
Cu2+ caused positive interferences at the same concentration level as cobalt (II), however it was found that it can
be masked by I- at the Cu2+ concentration up to three
times of Co2+ concentration. It can therefore be said that
the proposed method has a high selectivity for Co(II).
Analysis of Vitamin B12 and wastewater samples

The spectrophotometric method was applied to the determination of Co(II) in pre-treated cyanocobalamin solutions and wastewater samples obtained from a H2SO4 production plant. The results were 0.0628±0.0008 mg (ICP
0.0625 ± 0.0006mg) for Vitamin B12 and 2.51±0.05 µg
mL-1 (ICP 2.48 ±0.07µg mL-1) for the wastewater sample
when the results from proposed method are compared
with the results from ICP measurements for both of the
samples, it can be concluded that the proposed procedures
provide a very good accuracy and precision.

CONCLUSIONS
A spectrophotometric method has been developed for
the determination of cobalt using poly(sulfonylpiperidinylmethylene hydroxide). The method has been applied to the
determination of cobalt in cyanocobalamin and
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wastewater samples with a good precision and accuracy. In
comparison with the methods given in the literature, the
proposed method obviously seems to have higher selectivity, more simple and rapid to apply and also to have a good
sensitivity.
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COLUMN SOLID PHASE EXTRACTION OF GOLD,
PALLADIUM AND COPPER AT TRACE LEVELS
ON MODIFIED SILICA GEL FOR THEIR ATOMIC
ABSORPTION SPECTROMETRIC DETERMINATION
Mustafa Imamoglu and Ali O. Aydin
Sakarya University, Science and Art Faculty, Chemistry Department, 54100 Sakarya, Turkey

SUMMARY
A method for the preconcentration of Au (III), Pd (II)
and Cu (II) is proposed using a minicolumn filled with
silica gel modified by 3-[2-(2-aminoethylamino)ethylamino]propyl group (AEAEAP-SG). The retained analytes
on the modified silica gel were recovered with a small volume of KCN (potassium cyanide) solution. The metal ions
in the eluent were determined by flame atomic absorption
spectrometry (FAAS). Different factors, such as the pH of
the sample solution, the sample volume, the flow rate of
the sample solution, eluent volume, and matrix effects on
preconcentration were examined. The recoveries for the
analytes under optimum preconcentration conditions were
higher than 99%. The limits of detection (δ) for Au (III),
Pd (II) and Cu (II) ions were found to be 0.037, 0.021 and
0.013 µg ml -1 , respectively. Validation of the preconcentration technique described in this study was carried
out against the certified reference material (SARM 7B) by
determining gold and palladium content. The results showed
good agreement with the certified values. Copper was
determined in river and seawater. Au, Pd and Cu were
determined with relative errors lower than 10%.

KEYWORDS: Preconcentration, silica gel, modification, flame
atomic absorption spectrometry (FAAS).

INTRODUCTION
Determination of trace metals present in various samples like natural and wastewater, biological fluid, mineral,
ore and high purity materials is very important. Flame and
graphite furnace atomic absorption spectrometry (FAAS
and GFAAS), inductively coupled plasma mass spectroscopy (ICP-MS), and inductively coupled plasma atomic

emission spectrometry (ICP-AES) have been used in trace
element analysis. FAAS is widely used in analytical chemistry laboratories, due to its relatively low costs. Because
of the low concentrations of the metals and matrix effects
of the sample solution, the direct determination of metals
by FAAS is difficult. For solving these problems, separation and pre-concentration methods are used prior to analysis, unless more sensitive techniques, such as GFAAS or
ICP, are available. The pre-concentration step not only
increases the concentration of the analyte, but also eliminates a part or all of the interference [1, 2]. The pre-concentration methods are co-precipitation, solvent extraction,
flotation, formation of volatile compounds, sorption, ion
exchange, fire assay, evaporation, membrane methods,
thermo-diffusion etc. [3, 4]. Co-precipitation [5], solvent
extraction [6], ion exchange [7], and solid phase extraction
[8] are widely used pre-concentration methods.
Solid phase extraction is an attractive technique based
on use of a sorbent that retains the analytes. The analytes
are eluted from the sorbent using a suitable solvent (eluent) [8]. Various organics [9], nitric acid [10], hydrochloric acid [11], potassium iodide [12], and potassium cyanide
[12] are commonly used as the eluent. Various sorbents,
such as activated carbon, amberlite XAD resins, naphthalene, chitin, various polymeric resin and silica gel, have
been used in solid phase extraction technique [3, 4, 13].
Among the sorbents, silica gel has excellent properties. These properties are 1) porosity and broad surface, 2)
resistance to heat and acids, 3) no swelling in various solvents, and 4) mechanical strength [13]. Silica gels have
been modified to increase adsorption capacity and selectivity towards metal ions pre-concentrated. Leyden et al.
[14] used an ethylenediamine-bonded silica gel and its
derivates for pre-concentration of heavy metals in water.
Sturgeon et al. [15] modified a silica gel with 8-hydroxy-

941

© by PSP Volume 14 – No 10. 2005

Fresenius Environmental Bulletin

quinoline, and used it for pre-concentration of trace elements from seawater. Amine derivate-bonded silica gels
were synthesized and their adsorption properties were
investigated [16, 17].
Organic functional groups, such as thiourea [9, 18],
2-mercaptobenzothiazole [19], amidinothioureido [20],
immobilized on silica gels were used for preconcentration
of noble metals. Sorbents having –NH2 group, such as αamino pyridine resin [21], α-aminopropyl-bonded silica
gel [22], and monoamine, ethylenediamine, or diethylenetriamine bonded silica gel [23,24] were used for preconcentration or adsorption of gold and PGMs.
In this study, 3-[2-(2-aminoethylamino)ethylamino]
propyl-bonded silica gel was synthesized and characterized, and the use of this modified silica gel was investigated for preconcentration of gold (III), palladium (II)
and copper (II) ions.

EXPERIMENTAL
Apparatus and Chemicals

A Shimadzu AA6701F atomic absorption spectrometer
was used for determination of gold, palladium and copper
metals. A deuterium lamp was used for background correction. The flame type was air-acetylene. Gold, palladium
and copper wavelengths were 242.9, 244.8 and 324.8 nm
with a slit width of 0.5 nm, respectively. IR spectra of modified and unmodified silica gels were obtained from KBr
pellets by using a Mattson 9495 FT-IR spectrometer. The
pH values of the solutions were adjusted by adding HCl or
NaOH, and controlled with a Hanna 213 pH-meter. Silica
gel 60 (Merck), which has a mesh size of 0.063-0.20 mm,
was used. Deionized water was used throughout the experiments. Spectroscopic grade standard solutions of Au, Pd,
and Cu were used and diluted to the desired concentrations
with deionized water. The other chemicals used were of
analytical reagent grade.
Preparation of 3-[2-(2-aminoethylamino)ethylamino]propylbonded silica gel

Silica gel (45 g) was purified with concentrated HCl
for 4 hours under reflux conditions, then filtered off and
washed several times with deionized water until washing
solutions contain no chloride. The silica gel was dried at
150 °C for 12 hours.
For the synthesis of 3-[2-(2-aminoethylamino)ethyl
amino]propyl-bonded silica gel (AEAEAP-SG), 40 g dry
silica gel, 300 ml dry toluene and 40 ml 3-[2-(2-aminoethylamino)ethylamino]propyltrimethoxysilane (DETA)
were mixed in a round-bottomed flask and refluxed 24 hours
under nitrogen atmosphere. Then the reaction mixture was
filtered off and washed with toluene, ethanol and diethyl
ether, and dried at 60 °C for 6 hours. The reaction is shown
in Scheme 1:

MeO
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+

MeO Si

NH

NH

NH
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MeO

O
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SCHEME 1
Procedure of Column Preconcentration

A column (15 cm length, 0.8 mm i.d.) packed with
0.2 g AEAEAP-SG was used for preconcentration. The
column was connected to a peristaltic pump in order to
percolate the solutions through the sorbent at the appropriate flow rate. A definite sample solution at optimum pH
was passed through the column with a certain flow rate.
Then, the sorbed metal ions on the modified silica gel were
eluted with 10 ml of potassium cyanide solution. The eluate
was collected in a 10 ml calibrated flask and metal ions
were determined by FAAS. The recoveries of the metals
were calculated from the ratio of the metal amount in the
eluate to that in sample solution. Blanks and samples were
treated in the same manner.
Sample Preparation

The certified platinum ore SARM 7B from The South
African Bureau of Standards was used to test the accuracy
of the pre-concentration method described in this study. 2 g
of platinum ore was weighed accurately into a beaker. In
order to decompose the sample, 40 ml of reverse aqua
regia was added to the beaker. This mixture was stirred
for 6 hours without heating, and then evaporated to dryness. This process was repeated, and then, 20 ml of 1/1
HCl-HNO3 solution was added into the beaker and stirred
for 2 hours at 60-70 °C. Finally, it was evaporated to
dryness, 30 ml of 10% HCl solution was added, heated
and hot-filtered. The filtrate was collected in a 100 ml calibrated flask, and NaOH solution was used to adjust the
pH of the solution to 1 or 2.0. Gold (III) and palladium
(II) ions in the solution were pre-concentrated on an
AEAEAP-SG loaded column at the optimum conditions.
RESULTS AND DISCUSSION
Characterization of Modified Silica Gel

Characterization of silica gel modified with 3-[2-(2aminoethylamino)ethylamino]propyl group was carried out
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by infrared spectra analysis. The band of silanol groups at
3466 cm-1 in unmodified silica gel was decreased compared
to AEAEAP-SG. The bands observed in the modified silica
gel are C-H stretching at 2934 cm-1, and N-H bendings at
1482 cm-1 and 1570 cm-1. Moreover, the results of elemental analysis are 10.92 % C, 4.71 % N, 2.14 % H. The
quantity of 3-[2-(2-aminoethylamino)ethylamino]propyl
group attached to the silica gel surface was calculated from
the elemental analysis and found to be 1.2 mmol g-1.

tatively (> 97%) at sample pHs between 2 and 2.5, 1 and
3, 5 and 6, respectively, and pH 2.0 for gold (III), pH 1.0
for palladium (II) and pH 5.5 for copper (II) ions were
selected to be optimal for subsequent experiments. In
addition to these values, it was seen that AEAEAP-SG
could be used for separation of gold (III) and palladium (II)
from copper (II) ions, since copper ions were not retained
on the column at pH 2, but at this value gold and palladium ions were retained quantitatively.

Effect of pH

Effect of Eluent

The gold, palladium and copper solutions (100 ml)
were adjusted to various pHs with HCl or NaOH, and
passed through a column filled with the modified silica
gel at a flow rate of 7 ml min-1. Then, the sorbed metal
ions were eluted with 10 ml of potassium cyanide solution
from the column. The recoveries of gold, palladium and
copper were calculated after determining their concentration by AAS. The effect of sample pH on the recoveries
of these elements is shown in Figure 1. Gold (III), palladium (II) and copper (II) ions have been recovered quanti-

The solutions of hydrochloric acid, nitric acid and potassium cyanide at various concentrations were tested for
elution efficacy of metal ions sorbed on the column. The
flow rates of eluents were 3 ml min-1. The recoveries of
metal ions with the various eluents are shown in Table 1.
The gold sorbed on the column could be quantitatively
eluted with 10 or 5 ml of 0.1M KCN solutions. Palladium
could not be eluted from column with 0.1 M KCN, but
with 0.5 M KCN, and copper with 0.1 M KCN, 2 M HCl
or HNO3 solutions.

100

Recovery %

80

Au (III)
Pd (II)
Cu (II)

60
40
20
0
0

1

2

3

4

5

6

pH
FIGURE 1 - The effect of pH on the recoveries of gold (III), palladium (II) and copper (II) (sample volume,
100 ml; amount of each metal, 0.05 mg; eluent, 10 ml of potassium cyanide, 0.1 M for copper and gold, 0.5 M
for palladium; flow rate of sample solution, 7 ml min-1 ; enrichment factors, 10).

TABLE 1 - The effect of eluents on recovery of gold, palladium and copper (sample volume, 100 ml; amount of each metal, 0.05 mg;
flow rate of sample solution, 7 ml min-1; pH of gold (III) solution 2.0; pH of palladium (II) solution 1.0; pH of copper (II) solution 5.5).
Eluent
10 ml 0.1 M KCN
5 ml 0.1 M KCN
10 ml 0.5 M KCN
5 ml 0.5 M KCN
10 ml 2 M HNO3
10 ml 2 M HCI

Recovery, %
Au (III)
99.6
97.6
6.6
40.6

Pd (II)
90.0
99.5
99.2
4.5
11.4
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Enrichment factor
Cu (II)
99.6
98.8
99.4
97.8

10
20
10
20
10
10
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100

Recovery, %

96
92
Au (III)

88

Pd (II)
Cu (II)

84
80
0

10

20

30

40

50

Flow rate (ml/min.)
FIGURE 2 - The effects of flow rate on the recoveries of gold (III), palladium (II) and copper (II) (sample volume, 100 ml; amount of each metal, 0.05 mg; eluent, 10 ml of potassium cyanide, 0.1 M for copper and gold,
0.5 M for palladium; pH of gold (III) solution 2.0; pH of palladium (II) solution 1.0; pH of copper (II) solution
5.5; enrichment factors, 10).

Effect of Sample Flow Rate

The metal ion solutions at optimum pH were percolated through the column at flow rates varying from 7 to
40 ml min-1. The results are shown in Figure 2. Quantitative
recoveries were obtained at flow rates from 7 to 40 ml min-1,
and 7 ml min-1 was used in the subsequent experiments.
Effect of Sample Volume

The effects of sample volume on the recoveries of gold,
palladium and copper were studied to obtain the maximum
applicable one. Volumes of 100, 250, 500, and 1000 ml of

the metal solutions at optimum pH were passed through the
column. The results are shown in Figure 3. Consequently,
by using 10 ml of eluent and 1000 ml of sample solution,
an enrichment factor of 100 was obtained. It could be seen
that the recoveries of metal ions were gradually decreased
with increasing sample volume. The recovery rates of the
metal ions were nearly quantitatively at high sample volume (i.e. 1000 ml). The modified silica gel can adsorb gold,
palladium and copper ions at very low concentration from
large volumes of solution.

100

Recovery %

96
92

Au (III)

88

Pd (II)
Cu (II)

84
80
0

250

500

750

1000

Sample solution volume (ml)
FIGURE 3 - The effect of sample solution volume on the recoveries of gold (III), palladium (II) and copper
(II) (amount of each metal, 0.05 mg; eluent, 10 ml of potassium cyanide, 0.1 M for copper and gold, 0.5 M for
palladium; flow rate of sample solution, 7 ml min-1; pH of gold (III) solution 2.0; pH of palladium (II) solution
1.0; pH of copper (II) solution 5.5; enrichment factors, 10-100).
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Precision of Method and Limit of Detection

Effect of Matrix

Precision of the pre-concentration of gold, palladium
and copper with AEAEAP-SG column was investigated at
the optimum conditions, which are sample volume, 100 ml;
amount of metal, 0.05 mg; eluent, 10 ml 0.1 M potassium
cyanide for gold and copper, 10 ml 0.5 M potassium cyanide for palladium; flow rate, 7 ml min-1; pH of gold (III)
solution 2.0; pH of palladium (II) solution 1.0; pH of copper (II) solution 5.5; enrichment factors, 10. For this purpose, eight solutions of each metal were percolated through
the column and metal ions in the eluates were determined
by AAS. The recovery rates of Au (III), Pd (II) and Cu (II)
were 99.21+0.47, 99.43+0.27, and 99.31+0.53 % at 95%
confidence level, respectively. The recoveries are quantitative, and this method can be reliably used for pre-concentration of the elements.

For application of this method to real samples, such
as ore or water samples, the effects of co-existing ions on
the pre-concentration were studied. The effects of alkali,
alkaline earth and heavy metal ions, such as potassium,
sodium, calcium, magnesium, iron and copper, on recoveries of gold, palladium and copper were investigated. For
this purpose, 100 ml of the metal solutions (0.5 ppm), each
at the optimum pH, were prepared containing different
metal ions at various concentrations. The solutions were
passed through the column at the optimum conditions. The
results are shown in Table 2. The recoveries of gold, palladium and copper are not significantly affected from matrix elements. The recoveries of gold (III) and palladium
(II) ions in the solution, including 500-fold excess of iron
(III) or copper (II) ions, are at least 93 %. The recovery of
Cu(II) ions is not affected significantly from the alkali and
alkaline earth metals. AEAEAP-SG could be used for the
pre-concentration of gold and palladium from samples including matrix ions, such as iron or copper, but also used
for copper pre-concentration from river or seawater samples.

AEAEAP-SG stability is very good and its adsorption
properties were not changed after using it 10 times.
The detection limits (3δ) of Au, Pd and Cu, based on
three times the standard deviation of the blanks (n = 10),
were 0.037, 0.021 and 0.013 µg ml-1, respectively.

TABLE 2 - The effect of matrix ions on recoveries of Au (III), Pd (II) and Cu (II) (sample volume, 100 ml; amount of gold, palladium
and copper 0.05 mg; flow rate of sample solution, 7 ml min-1 ; eluent, 10 ml of potassium cyanide, 0.1 M for copper and gold, 0.5 M
for palladium; pH of gold (III) solution 2.0; pH of palladium (II) solution 1.0; pH of copper (II) solution 5.5; enrichment factors, 10).
Matrix Ions

Concentration (mg l-1)

Na+

100
250
500
1000
2000
100
250
500
1000
100
250
500
100
250
400
500
1000
100
250
100
250

K+

Mg+2

Ca+2

Cu+2
Fe+3

Recoveries, %
Au (III)
99.6
99.2
98.2
98.2
97.4
97.0
94.2
92.1
97.5
92.9
98.4
93.0
98.8
94.0

Analytical Application

The pre-concentration method described in this study
was applied for the determination of gold and palladium
in certified reference material platinum metal ore SARM
7B from the South African Bureau of Standards. It can be
seen from the results in Table 3, that the found values correspond well with the certified ones.
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Pd (II)
99.2
99.0
98.9
98.5
99.2
99.0
98.7
98.8
96.7
99.0
98.7
97.0
97.0
95.5
96.5
95.3

Cu (II)
99.5
99.2
98.8
96.8
95.2
99.4
99.0
98.6
96.7
97.8
97.4
96.3
98.8
98.6
97.5
94.8
-

TABLE 3 - Determination of gold and palladium in certified
platinum ore SARM 7B (* average and standard deviation of
three determinations; enrichment factor of Au, 20; enrichment
factor of Pd, 10).
Metal
Gold
Palladium

Certified Value
(ppm)
0.27+0.015
1.54+0.032

Found Value*
(ppm)
0.25+0.01
1.46+0.04

Relative
Error, %
-7.4
-5.2
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TABLE 4 - Determination of copper in river and sea water
(* average and standard deviation of three determinations; enrichment factor of copper, 10).
Sample
Sea water
River water

Found Value*
(µg)
9.7+0.2
19.5+0.5
29.4+0.2
2.15+0.05
27.0+0.3

Added Copper Amount
(µg)
10
20
30
25

Copper was determined in river and synthetic seawater,
prepared according to the literature [25] and spiked with
Cu. Cu was determined with relative errors lower than
10%. Therefore, AEAEAP-SG can successfully be used
for Cu pre-concentration (Table 4).

Gold and palladium could be separated from copper
and other heavy metals using the modified silica gel.
In addition, 3-[2-(2-aminoethylamino)ethylami-no]propyl-bonded silica gel (AEAEAP-SG) can also be used for
copper pre-concentration from environmental samples, such
as river or seawater and biological samples.
The proposed method provides to be simple, accurate
and efficient for gold, palladium and copper pre-concentration.
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SUMMARY
Pyrophyllite was characterized and used for the removal of trivalent chromium, Cr (III), from aqueous solutions by adsorption. The effects of reaction time, pH of test
solutions, and amount of adsorbent were investigated. Equilibrium adsorption of Cr (III) by pyrophyllite was reached
within 1.5 hours. Adsorption efficiency increased with increasing pH of suspensions and amount of the adsorbent.
For an initial Cr (III) concentration of 6.10-4 mol/l at pH 5,
23 % of the Cr (III) initially in solution was adsorbed. The
intercalation of natural pyrophyllite by aluminium at pH 5.6
and calcination at 773 K to change the intercalated polycation Al7+13 in alumine pillars lead to highest specific
surface and best microporosity of the adsorbent. The pyrophyllite thus treated, referred to henceforth as pyrophyllite-Al, showed remarkable increase in chromium sorption
capacity (93 % of Cr (III) removed) as compared to untreated pyrophyllite. In addition, equilibrium adsorption
was reached within 30 minutes of contact. For both
pyrophyllite and pyrophyllite-Al, the experimental data
were fitted to the Langmuir adsorption isotherm equation.

KEYWORDS: Chromium (III), adsorption, pyrophyllite, intercalation, pyrophyllite-Al, sorption isotherm.

INTRODUCTION
The presence of heavy metals in aqueous waste streams
has become a serious problem due to their harmful effects
on human health and the fauna and flora of receiving water
bodies [1]. It is known that legal standards on environment
control are becoming strictly and, as a result, the discharge
of heavy metals into aquatic bodies and sources of potable
water is being rigorously controlled.

Natural waters can easily be polluted by chromium as
a result of industrial processes, such as plating, dyeing
and manufacturing, petroleum refining [2] and tanning [36]. Besides the traditional treatment for removal of chromium by precipitation [7-10], sorption operations, including adsorption and ion exchange, have been proposed as a
potential alternative removal technique. Activated carbon
is the most and widely used sorptive material in water and
wastewater technology [11]. The high cost of activated
carbon has inspired the investigators to search for suitable
low-cost adsorbents.
For this reason, in recent years, there has been a rapid
growth in the use of natural absorbents such as natural clays
[12-15], which frequently exhibits high removal efficiency
for the most dissolved compounds.
With the object of investigating the economical upgrading of the local natural resources, we previously studied the sorption of trivalent chromium onto Moroccan
expanded perlite and bentonite [13, 14]. In the present
study, we investigated the feasibility of sorption of Cr (III)
onto pyrophyllite. An attempt (treatment with aluminum to
form alumine pillars [16-17]) has been made to improve the
adsorption capacity of natural pyrophyllite.
Pyrophyllite clay, a layered alumino-silicate mineral,
is considered to be one of the most promising candidates
for use in decontamination and disposal of high level
wastes due to its physical and chemical properties, such as
large specific surface area [18,19], and adsorptive affinity
for inorganic ions [19-21]. Several research papers appeared in literature describing the adsorption of nickel
[19, 20], zinc [21] and cyanide [22] ions at the pyrophyllite surface. To our knowledge no study has been reported
on the use of pyrophyllite or pyrophyllite-Al for the removal of Cr (III) from aqueous solutions.
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MATERIALS AND METHODS

RESULTS AND DISCUSSION

Adsorbent

Materials treatment and characterization

Pyrophyllite used in this study originated from Gunfouda, south of Morocco. The powdered sample of pyrophyllite mineral was procured from the Laboratory of Office of Research and Mineral Participation.

Treatment of pyrophyllite. The intercalation of natural
pyrophyllite by aluminum requires the use of aluminum
chloride as precursor for the intercalation solution prepared with a ratio OH/Al = 2, and having a pH of 5.6 in
order to have a high concentration of polycation Al7+13,
necessary for the intercalation. The intercalation was obtained by the use of a ratio Al/clay = 5 mmol/g. The mixture was shaken for 2 hours at 353 K. After separation and
chloride free-washing, this clay was calcinated in order to
change the intercalated polycation in alumine pillars. Calcination was performed in air at a heating rate of 10 K/min
to 773 K, and kept at this temperature for 2 hours, the pyrophyllite obtained is labeled in the text as pyrophyllite-Al.

Chemicals

All chemicals used in this study were of analytical
grade. The stock Cr (III) solution (10-1M) was prepared by
using Cr(NO3)3.9H2O (Merck). Chromium (III) solutions
were standardized against K2CrO4 reference solution, which
were prepared by using K2CrO4 (Merck). HNO3 and NaOH
used to adjust the pH of the suspension were of prolabo
quality. All solutions were prepared with high purity water
(18 MΩ cm) from a milli-Q water purification system.
AlCl3.6H2O used for the treatment of pyrophyllite was
purchased from Merck.
Instrumentation

The pH-meter Metrohm 681, with a combined glass
electrode, Orion pH Ross 8102, filled with 3 M KCl was
used in this study. The X-ray fluorescence analyses were
performed with a dispersion wavelength spectrometer, SRS
200. The particle sizes of the pyrophyllite and pyrophylliteAl were measured using a Mastersizer X (Malvern Instrument). The specific surface areas were determined by BET
Krypton adsorption method. Quantitative analysis of Cr(III)
in solution was carried out by AAS, using an Unicam 929
SOLAR spectrometer.

X-ray fluorescence analysis. The chemical composition
of the natural pyrophyllite and pyrophyllite-Al used in this
study, is summarized in Table 1. The results show that the
major constituents are silica and alumina. Iron, calcium,
potassium and magnesium were present as minor constituents. On the other hand, the SiO2/Al2O3 molar ratio is
1.5 times greater for pyrophyllite than pyrophyllite-Al.
This result confirmed the intercalation of Al in the pyrophyllite structure.
TABLE 1 - Chemical analysis of pyrophyllite and pyrophyllite-Al.
Constituants
(%)
SiO2
Al2O3
Fe2O3
NaO2
CaO
K2 O
MnO

Batch mode studies

The pyrophyllite samples were treated before use in
adsorption experiments as follows: the suspension containing 10 g/l of pyrophyllite was agitated using a shaker
at 200 rpm and room temperature (293 K) for 24 hours to
facilitate proper homogeneity.
The sorption of Cr(III) on natural pyrophyllite and pyrophyllite-Al was studied by separate batch technique. The
general method used for these studies is described below.
Batch sorption experiments were conducted at ambient temperature using 50 ml cap-screwed conical flasks.
The reaction mixture consisted of a total volume of 25 ml
containing 0.25 g of sorbent and a known initial concentration of chromium. The pH of the suspension was adjusted
using either nitric acid or sodium hydroxide to desired
values. The solution and pyrophyllite were maintained in
intimate contact for a fixed time period, during which samples were stirred mechanically. Thereafter, the solid and
liquid were separated by filtration (0.45 µm, Millipore).
The equilibrium concentrations of Cr(III) in the filtrate
were always measured by AAS. The concentration of the
adsorbed chromium was calculated by difference between
the initial and the equilibrium amount in the liquid phase.

natural pyrophyllite (%)
65.4
22.1
3.12
1.75
1.58
6.04
0.01

pyrophyllite-Al
59.1
30.1
2.21
2.12
1.01
5.41
0.05

Specific surface area, particle size and porosity. The results of the analysis of specific surface area, particle size
and porosity are summarized in Table 2. It was shown that
the intercalation of Al allowed an important increase of
both specific surface area and porosity of the clay. However, a small decrease of garanulometry was recorded.
Thus, it is expected that the adsorption of Cr(III) will be
maximum on pyrophyllite-Al compared to pyrophyllite.
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TABLE 2 - Characteristics of pyrophyllite and pyrophyllite-Al.
Particle size
pyrophyllite
pyrophyllite-Al
Surface area
pyrophyllite
pyrophyllite-Al
Porosity
pyrophyllite
Pyrophyllite-Al

Ranged between 4.60 and 83.33µm
50 % were 41.19 µm
Ranged between 2.27 and 81.24 µm
50 % were 37.75 µm
93 m 2/g
197 m2/g
146.5 mm 3/g
175.9 mm3/g
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Stability of pyrophyllite in aqueous solution. Dissolution studies of pure pyrophyllite as function of pH showed
the release of Al and Si at pH lower than pH 4 (Table 3),
indicating a partial dissolution of pyrophyllite surface. This
behaviour agrees with that of a previous research examining Ni adsorption onto pyrophyllite [19].

adsorption subsequently gave way to a very slow approach
to equilibrium, and saturation was reached in 0.5 and 1.5 h
in case of pyrophyllite-Al and pyrophyllite, respectively.
There is evidence of both slow and fast chromium uptake
by our adsorbents. In the majority of studies on the kinetics
of inorganic ions’ sorption onto mineral surfaces, a distinct
two-step behaviour is reported, including a fast initial uptake followed by a much slower gradual uptake that may
continue for a period of days to months [21-23]. Several
mechanisms have been postulated to explain this slow
uptake, including formation of binuclear complexes, particle-particle interaction, diffusion into adsorbents, and surface precipitation [23, 24]. The more rapid kinetic observed
in the case of pyrophyllite-Al compared to pyrophyllite
may be attributed to the intercalation of aluminum which
permitted the inflation of the clay particles making the
uptake of Cr(III) more favorable.

Interaction between pyrophyllite and Cr(III)
Kinetic of adsorption: Kinetic of sorption, describing
the solute uptake, which, in turn, governs the residence
time of sorption, is one of the important characteristics
defining the efficiency of sorption. Hence, kinetic of Cr(III)
removal has been carried out to understand the behaviour of
pyrophyllite and pyrophyllite-Al.

The partitioning of Cr(III) to pyrophyllite and pyrophyllite-Al as function of time is shown in Fig. 1 (a, b).
After an initial rapid Cr(III) uptake within the first 15 min,

TABLE 3 - Contents in Al and Si freed from the pyrophyllite at different pHs.
pH

1

2

3

4

5

6

7

8

9

10

11

12

4.4

3.2

1,69

0

0

0

0

0

0

0

1.71

3.23

1

0.7

0.67

0

0

0

0

0

0

0

0.9

1.12

1.5

0.9

0.35

0

0

0

0

0

0

0

0.12

025

1.7

1

0.47

0

0

0

0

0

0

0

0.19.

0.28

4

6

(b)
5

4

-1

Cr(III) sorbed (10 (mmol/l))

[Al].10 (M)
Natural
[Al].104 (M)
Treated
[Si].106 (M)
Natural
[Si].106 (M)
Treated

3

2

(a)

1

0
0

1

2

3

4

5

6

shaking time (hours)
FIGURE 1 - Effect of shaking time on Cr(III) sorption onto (a) pyrophyllite; (b) pyrophyllite-Al
(pH = 4; pulp density = 1%; [Cr(III)] = 6.10-4M).
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6

(b)

4

-1

Cr(III) sorbed (10 (mmol/l))

5

3

2

1

(a)

0
2

3

4

5

pH
FIGURE 2 - Effect of pH on Cr(III) sorption onto
(a) pyrophyllite; (b) pyrophyllite-Al; [Cr(III)]initial = 6.10-4mol/l ; pulp density = 1%.

The uptake of Cr(III) by pyrophyllite and
pyrophyllite-Al at different pHs from 2 to 5 and an initial
concentration of 6.10-4M is shown in Fig. 2 (a, b). The pH
was limited to values less or equal to 5 because of Cr
precipitation at higher values [25].
Effect of pH.

As predicted, the intercalation of pyrophyllite by aluminum enhanced its adsorption capacity significantly. Thus,
for pyrophyllite-Al the amount adsorbed increased from 0.2
to 0.6 mmol/l, whereas for pyrophyllite the amount adsorbed increased from 0.05 to 0.15 mmol/l, when pH increased from 2 to 5. On the other hand, it can be noted that
Cr(III) is strongly adsorbed at pHs higher than 3, but adsorbance declined very sharply at lower pHs. Cr(III) is
known to exist in acidic solutions in cationic forms, such as

Cr3+,Cr(OH)2+, Cr(OH)2+, and Cr2(OH)42+ [12]. Therefore,
as the pH decreases the large number of H+ ions present at
low pHs and neutralizes the negatively charged adsorbent
surface [22], the adsorption of Cr(III) is restricted. Competition for exchange sites with hydrogen and aluminium
associated with the clay also decreased rapidly at pH 2-5,
thus contributing to the increased adsorption. However, in
the case of pyrophyllite-Al, a much larger removal of Cr(III)
occurred compared to natural pyrophllite. This extremely
high adsorption may be attributed to the pyrophyllite-Al
structure, since intercalled with Al, it could undergo lattice
expansion and, therefore, allows lattice penetration of highly
polymerized Cr species.

100

(b)

Adsorption %

80

(a)

60

40

20

0
5

10

15

20

25

Clay (g)
FIGURE 3 - Effect of sorbent concentration on Cr(III) sorption onto
(a) pyrophyllite; (b) pyrophyllite-Al; [Cr(III)]initial = 6.10-4 mol/l; pH = 4.
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-

2

Amounth adsorbed per g (10 mmol/g)

8
7
6
5

pHt = 3

4
3
2
1
0
0

2

4

6

8

10

Equilibrium concentration (mmol/l)

FIGURE 5a - Cr(III) adsorption isotherms on pyrophyllite-Al at pH 3.

7
6

pHt= 4
5

-

2

Effect of sorbent concentration: The dependence of
Cr(III) (6.10-4 M) sorption on pyrophyllite and pyrophyllite–Al concentration was studied by varying the sorbents
amount from 1 to 30 g/l, while keeping the volume, 1 dm3,
of the metal solution constant at pH 4. The results are
shown in Figure 3 and indicate that the removal of Cr(III)
increased with the increase in dose of adsorbent. For pyrophyllite-Al, there was a substantial increase in adsorption
when the dose of adsorbent was increased from 1 to 10 g/l,
whereas that at 10-30 g/l (Fig. 3a) was not significant.
Similarly, a significant increase in pyrophyllite uptake was
observed with adsorbent amounts from 1 to 24 g/l, but any
additional amount of adsorbent did not further influence
removal rate of Cr ions, attributable to the availability of
exchangeable adsorption sites. The percentage removal of
Cr(III) ions was much higher in the case of pyrophylliteAl. The removal of Cr(III) ions sharply increased from 56 to
90 % with adsorbent doses of 1-10 g/l, and 98 % removal
was reached with a dose of 15 g/l. However, the maximum
removal (98 %) in the case of pyrophyllite was obtained
with an adsorbent amount of 24 g/l.

Amounth adsorbed per g (10 mmol/g)
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Adsorption isotherms at ambient temperature: To confirm the enhancement of sorption capacity of pyrophyllite
for Cr(III), when itercalated with Al, it was of interest to
examine the adsorption isotherms at different pHs.

pH = 3

2
1
0
2

4

6

8

10

-1

Equilibrium concentration (10 mmol/l)

12

FIGURE 5b - Cr(III) adsorption isotherms on pyrophyllite-Al at pH 4.

-

10
8

The adsorption isotherms for trivalent chromium on
both substrates at pHs 3 and 4 are shown in Fig. 4 (a, b)
and Fig. 5 (a, b).

6
4
2
0

2

4

6

8

10

Equilibrium concentration (mmol/l)

FIGURE 4a - Adsorption isotherms of Cr(III) on pyrophyllite at pH 3.

18

pH = 4

14

All the isotherms indicate a positive adsorption trend
and an important removal of chromium by pyrophyllite–Al
compared to natural one. Also, the existence of the plateau
for natural pyrophyllite and pyrophyllite-Al isotherms
(Figs. 4 and 5 (a, b)) indicated saturation of the surface.
Experimental results were analyzed in terms of Langmuir
and Freudlich isotherms.
Data obtained for Cr(III) sorption in the concentration
ranges between 5x 10-5 mol/l <[Cr(III)] <1 x 10-2 mol/l at
pH 3 and between 5 x 10-5 mol/l <[Cr(III)] <1.6 x 10-3 mol/l
at pH 4 (range where Cr(III) do not precipitate), fit well to
the Langmuir model. The following linearized form of the
Langmuir equation was used for this purpose:

16

-

2

Amounth adsorbed per g (10 mmol/g)

3

0

14

3

Amounth adsorbed per g (10 mmol/g)

16

4

12
10
8

Ce/qe = Ce/Qo + 1/bQo

6
4
2

0

2

4

6

8

10

12

14

16

-1

Equilibrium concentration (10 mmol/l)

FIGURE 4b - Adsorption isotherms of Cr(III) on pyrophyllite at pH 4.

where Ce is the measured Cr concentration in solution
at equilibrium, qe is the Cr amount adsorbed per unit of
clay (pyrophyllite and pyrophyllite-Al), Q° is the Cr
amount of chromium adsorbed as monolayer surface
coverage per unit weight of adsorbent, and b is a constant
related to the net enthalpy of adsorption.
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500

400

pH = 3
300

200

100

0
0

2

4

6

8

10

16
14
12

pH = 4

10
8
6
4
2
0
0,0

0,4

0,6

0,8

1,0

TABLE 4 - Isotherm characteristics for Cr(III)
removal using pyrophyllite and pyrophyllite-Al.
Sorbent
Pyrophyllite

100

Pyrophyllite-Al

80

60

0,2

FIGURE 7b - Langmuir plot for
Cr(III) sorption on pyrophyllite-Al at pH 4.

FIGURE 6a - Langmuir plot for
Cr(III) sorption on pyrophyllite at pH 3.

Equilibrium concentration/amounth adsorbed per g (g/l)

18

Equilibrium concentration (mmol/l)

Equilibrium concentration (mmol/l)

pH
3
4
3
4

Q° (mmol/g)
0.019
0.017
0.072
0.064

1/b
0.092
0.063
0.18
0.029

Fig. 6 (a, b) and Fig. 7 (a, b) depict the Langmuir plot.
All the correlation coefficients R2 exceed 0.99, indicating
the adequacy of this model in describing the isotherm data,
contrary to that of Freundlich (data not presented). The
values of the parameters in Langmuir isotherm are summarized in Table 4.

pH = 4

40

20

0
-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

CONCLUSION

1,6

Equilibrium concentration (mmol/l)

Natural pyrophyllite has been characterized, and evaluated for removal of trivalent chromium from aqueous solutions. The following conclusions may be drawn on the basis
of the present study:

FIGURE 6b - Langmuir plot for
Cr(III) sorption on pyrophyllite at pH 4.

Equilibrium concentration/amounth adsorbed per g (g/l)

Equilibrium concentration/amounth adsorbed per g (g/l)
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• The mineral pyrophyllite is found to be suitable for
adsorption of trivalent chromium from aqueous solutions.

140
120
100

• Adsorption of Cr(III) on the mineral surface is pHdependent. The sorption capacity increases with increasing suspension pH.

pH = 3

80
60

• The intercalation of natural pyrophyllite by aluminium significantly enhanced its adsorption capacity for
trivalent chromium.

40
20

• The removal efficiency has been calculated for both
sorbents indicating that pyrophyllite-Al (93% Cr(III)
removed) is more effective than the natural pyrophyllite (23% Cr (III) removed).

0
0

2

4

6

8

10

Equilibrium concentration (mmol/l)

• The percentage of adsorption increases with increasing
amount of adsorbents. The percent adsorption reaches

FIGURE 7a - Langmuir plot for
Cr(III) sorption on pyrophyllite-Al at pH 3.
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98% with 15 g/l pyrophyllite-Al and 28 g/l pyrophyllite.
• The adsorption isotherms for Cr(III) in the concentration range between between 5x 10-5 mol/l <[Cr(III)]
<1 x 10-2 mol/l at pH 3 and between 5 x 10-5 mol/l <
[Cr(III)] <1.6 x 10-3 mol/l at pH 4 for the two
sorbents fitted well to Langmuir model.
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SUMMARY

MATERIALS AND METHODS

In this study, Poly-β-hydroxybutyrate (PHB) accumulation was investigated in Pseudomonas cepacia G13
strain. Determination of the amount of PHB was performed
chemically. The yield of PHB produced by the P. cepacia
G13 strain according to dry cell weight was 67.37% w/w.
P. cepacia G13 was examined for PHB production in different carbon and nitrogen sources. The amount of PHB
produced by this strain in these medium were lower than
the amount of PHB production in nutrient broth medium.

KEYWORDS: Poly-β-hydroxybutyrate, different carbon and nitrogen sources, Pseudomonas cepacia.

Bacterial strain, media and growth conditions

P. cepacia G13 were isolated from waste soil and determined by using API 20 NE (Biomerieux, Marcy I’Étoile,
France).
The strain was grown in nutrient broth culture medium [4] containing (g L-1) peptone, 2.5; NaCL, 2.5; yeast
extract 1.0; beef extract 0.5.
Determination of PHB

Determination of the amount of PHB was performed
chemically. Bacterium was grown on nutrient broth medium
at appropriate temperature for 48 h on a shaker and biomass
was obtained by centrifugation (6000 rpm, 45 min). Cells
were lysed by ultrasonication and PHB was converted to
crotonic acid by using sulfuric acid. The amount of PHB
was determined on a UV/VIS spectrophotometer (HitachiU1800), wavelength 235 nm [2, 5].
Effect of Production of PHB in
Different Carbon and Nitrogen Sources

INTRODUCTION
Poly-β-hydroxybutyrate (PHB) is a biopolyester produced in bacteria under unbalanced nutrient conditions,
such as nitrogen, oxygen, or phosphorus deficiency. PHB
is an intracellular carbon and energy storage polymer with
industrial applications, because it is biodegradable, thermoplastic, and biocompatible [1]. Species from more than
50 genera are known to be capable of synthesizing PHB
[2]. The thermoplastic properties of the polymer and its
biodegradability determine its importance as a substitute
for petrochemical plastics [3].
In this study, we investigated the abilities of P. cepacia
G13 strain to produce PHB in nutrient broth medium and
this strain was tested for further PHB production in different nitrogen and carbon sources.

PHB productions of strain were determined in different carbon and nitrogen sources. Carbon sources (glucose,
mannitol, pyruvate, lactose, arabinose, galactose, fructose,
sucrose and sodium acetate, 1% w/v) were added into
nutrient broth medium. Peptone in nutrient broth medium
was taken out, and nitrogen sources (L-cysteine, L-glycine,
protease peptone and (NH4)2SO4, 1% w/v) were added.
Nitrogen and carbon sources were sterilized by Millipore
filter with a pore size of 0.45 µm.
RESULTS AND DISCUSSION
Poly-β-hydroxybutyrate (PHB) is accumulated by many
microorganisms from the genera Alcaligenes, Bacillus,
Azotobacter and Pseudomonas (6). Table 1 shows the content of PHB (control) in P cepacia G13 strain. P. cepacia is
the most nutritionally versatile of all microorganisms and
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TABLE 1
The production of PHB of the P. cepacia G13 strain in media with different carbon and nitrogen sources
Carbon sources
Glucose
Mannitole
Pyruvate
Lactose
Arabinose
Galactose
Fructose
Sucrose
Nitrogen sources
Glycine
(NH4)2SO4
L-Cysteine
Protease Peptone
CONTROL (NB)*
*Nutrient broth medium
**The highest PHB production

Cell dry weight (gL-1)
1.205 ± 0.325
1.475 ± 0.575
2.645 ± 0.405
1.715 ± 0.495
1.130 ± 0.160
1.360 ± 0.560
0.790 ± 0.030
0.995 ± 0.345

PHB (gL-1)
0.290 ± 0.133
0.163 ± 0.013
0.181 ± 0.004
0.190 ± 0.049
0.244 ± 0.040
0.180 ± 0.003
0.181 ± 0.024
0.277 ± 0.077

PHB (%)
24.07
11.05
6.84
11.08
21.59
13.24
22.91
27.84

0.765 ± 0.245
0.405 ± 0.015
1.580 ± 0.060
1.055 ± 0.095
0.095 ± 0.005

0.110 ± 0.042
0.058 ± 0.023
0.084 ± 0.001
0.182 ± 0.095
0.064 ± 0.002

14.38
7.58
5.32
17.25
67.37**

known to accumulate PHB. P. cepacia accumulated large
amounts of high-molecular-weight PHB, which indicates
that it could serve as a suitable alternative to Ralstonia
eutrophus for commercial PHA production [7].
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The amount of PHB produced by this strain in different carbon and nitrogen sources were lower than the
amount of PHB production in nutrient broth medium
(control) (Table 1). Several factors influence the economics of biodegradable polymer production. Such factors
include substrate cost and the ability to produce biodegradable polymers from inexpensive or renewable substrate
[8]. The carbon source was always provided in excess to
allow maximum PHB accumulation in the biomass. However, under non-optimized conditions, the total accumulation of PHB in P. pseudoflava never exceeded 22% (w/w)
of the biomass dry weight. The cessation of PHB accumulation in R. eutrophus seems to result from physical space
limitation [9]. Some researchers reported that PHB and
exopolysaccharide (EPS) are competing metabolites for the
carbon source utilized by bacteria [2]. Carbon sources used
in this study may be utilized in EPS production by G13
strain and favored EPS production rather than PHB production. Xi et al. [10], determined that PHB synthesis was
highly dependent on the nitrogen source. Also, PHB synthesis by Pseudomonas oleovorans grown was not significantly stimulated by nitrogen limitation, but Pseudomonas
resinovorans responded to nitrogen limitation by greatly
increasing the PHB production rate [11]. These observations corroborate our results.
P. cepacia G13 is an attractive candidate for use production of biodegradable plastics, but further research is
needed to determine that G13 strain has the potential for
commercial production of biodegradable polymers.
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SUMMARY
The antioxidant action of diethyl ether, ethyl acetate
and n-butanole extracts obtained from the Teucrium species were studied in a lipid peroxide system using microsomes from rat liver. The NADPH-induced lipid peroxidation, was inhibited by the addition of the extracts. The
inhibitory effect of the extracts in the experimental system
was greater than that of reference substance, luteolin, and
similar with that of thymol and BHT. The highest inhibitory effect was obtained with the ethyl acetate extract of
T. polium. These findings indicate that Teucrium extract
acts as an antioxidant in lipid peroxidation carried out by
rat liver microsomes.

In our previous paper, we presented different in vitro
experiments, through which the antioxidant activity of
diethyl ether, ethyl acetate and n-butanol extracts obtained
from Teucrium species, were tested. It has been reported
that the examined extracts possess free radical and hydroxyl radical-scavenging activity as well as antioxidant
activity in vitro. In addition, the extracts have been reported to contain certain flavonoids (luteolin, apigenin,
cyrsiliol, cyrsimaritin, etc). Based on these results, the purpose of this study was to determe the effects of various
extracts of the same Teucrium species on induced lipid
peroxidation (LP) in rat liver microsomes [10].
MATERIALS AND METHODS

KEYWORDS: Teucrium species (Lamiaceae), lipid peroxidation,
rat liver microsomes.

Plant material

INTRODUCTION
Reactive oxygen species (ROS) include various forms
of activated oxygen, such as free radicals superoxide ions
.

(O2-), hydroxyl radicals (OH ), as well as non-free-radical
species, hydrogen peroxide (H2O2) [1, 2]. Oxidative stress
is being implicated in many diseases, such as cancer, arteriosclerosis, ageing, diabetics etc. [3]. The potential targets for the ROS in cells are membrane lipids, DNA and
proteins. External supplementation through antioxidants is
recommended to protect cells from the deleterious effects
of such oxidative stress conditions. In the search of novel
antioxidant substances, the herbal extracts used in pharmaceutical preparation received considerable attention due
to their natural origin and lesser side effects [4].
Certain Teucrium species (Lamiaceae), T. montanum L.,
T. polium L. and T. chamaedrys L., have long been recognized in folk medicine in the treatment of many pathophysiological implications, such as gastrointestinal disorders, inflammations, diabetes and rheumatism. Their extracts have been shown to induce hypotensive [5], antiinflammatory [6], hypoglycemic [7], antispasmodic [8],
antibacterial and antipyretic [9] activities.

The aerial parts of Teucrium chamaedrys L., Teucrium
polium L. and Teucrium montanum L. were collected in the
early stages of vegetation from the Lazaropole district and
Belasica Mountain, Macedonia, during the summer of 2001.
The voucher specimens were deposited at the Herbarium
of the Institute of Pharmacognosy, Faculty of Pharmacy,
Skopje.
Reagent and authentic samples

The reagents used were of highest purity (>99.95%)
and purchased from Sigma Chemical Co. The reference
substances of rosmarinic acid, caffeic acid, luteolin, thymol, quercetin, carvacrol sylimarin, butylated hydroxytoluene (BHT), and butyl hydroxyanisole (BHA) were the
products of Extrasynthese, Lyon, France.
Preparation of plant extracts

Dried powdered plant material (10 g) was extracted
by continual mixing in 100 mL ethanol:water (7:3, v/v)
for 24 h at room temperature. After filtration, ethanol was
evaporated until only water remained. Water phase was
subsequently extracted with diethyl ether (E), ethyl acetate (EA) and n-butanol (B). These extracts were dried over
anhydrous sodium sulfate, filtered and concentrated under
vacuum up to 1 g per 1 mL extract. They were further
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diluted with diethyl ether (E), ethyl acetate (EA) and nbutanol (B), respectively, to obtain 0.01 g mL-1 solutions
used in the experiments.

tent of TBA reactive products was determined by measuring the absorbance at 535 nm.
RESULTS AND DISCUSSION

Preparation of rat liver microsomes.

Liver microsomes were isolated from adult Wistar
rats weighing 180-200 g, fed on a standard laboratory diet
and receiving water ad libitum. Briefly, the livers were
homogenized with four volumes of ice-cold 0.1 mol L-1
potassium phosphate buffer, pH 7.5. The liver homogenates were centrifuged at 9,000 x g for 10 min at 4 oC,
and the resulting post mitochondria fractions were centrifuged again at 105,000 x g for 60 min at 4 oC. The microsomal pellets were suspended in 0.1 mol L-1 potassium
phosphate buffer, pH 7.5. The content of microsomal
protein was determined according to the method of Bradford using bovine serum albumin as a standard [11]. After
protein analysis, microsomes were immediately used in
the experiments, or aliquots of them were stored at –70 oC
until use.
Lipid peroxidation of rat liver microsomes.

Microsomes (0.1 mg protein/mL) were incubated
with KCl (150 mmol L-1) with plant extracts (30 µL-1) and
reference substances (30 µL -1) in 0.2 mol L-1 TRISCH3COOH buffer (pH 7.0) at 37 oC. The reaction was
started by adding NADPH (0.1 mmol L-1) in phosphate
buffer. The total volume of incubation mixture was 1 mL.
After 60 min of incubation, lipid peroxidation was terminated by adding 20% trichloroacetic acid (1 mL). Then,
0.67% thiobarbituric acid (TBA) solution (2 mL) was added,
and the reaction mixture was heated at 100 oC for 15 min.
After centrifugation of the precipitated proteins, the con-

Membrane lipids are particularly susceptible to oxidation, not only because of their high polyunsaturated fatty
acid content, but also because of their association in the
cell membrane with enzymic and nonenzymic systems
capable to generate free radical species [1]. Peroxyl and
hydroxyl radicals are important agents that mediated lipid
peroxidation, thereby damaging cell membranes [12]. To
measure the antioxidant activity, we chosed rat liver microsomes as oxidative system, because it is close to the in
vivo situation where both an aqueous phase and a lipid
phase are present. Microsomes, especially smooth-surfaced
endoplasmatic reticulum, easily produce lipid peroxides
and are thought to supply the peroxidation products to
other tissues. NADPH-P-450 reductase and cytochrome
P-450 are involved in NADPH-induced microsomal lipid
peroxidation. Lipid peroxidation, which can be measured
by the TBA method, occurs when rat liver microsomes
are incubated with NADPH [13].
In order to determine the capability of the extracts of
Teucrium species to reduce in vitro oxidative stress, the
extracts were tested using NADPH-initiated lipid peroxidation in rat liver microsomes. The results obtained for
diethyl ether, ethyl acetate and n-butanol extracts of
Teucrium species as well as for reference substances, are
shown in Figure 1. Microsomal lipid peroxidation induced by NADPH was suppressed by the addition of the
extracts from Teucrium species (8-39%). The order of the
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FIGURE 1 - Effect of Teucrium extracts and reference substances on NADPH-induced lipid
peroxidation in rat liver microsomes (The values are means ± SD of three separate determinations).
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inhibitory potencies of the extracts tested seems to be T.
polium (EA), 39% > T. polium (B), 36% > T. montanum (E
and B), 35% > T. polium (E), 28% > T. montanum (EA),
21% > T. chamaedrys (E and B), 20% > T. chamaedrys
(EA), 8%. The activities of luteolin, thymol and BHT were
as potent as that of the extracts, 19, 37 and 36%, respectively. Caffeic and rosmarinic acid, carvacrol, sylimarin
and BHA showed 42, 52, 50, 54 and 49% inhibition,
respectively. Quercetin had the strongest inhibitory effect
on the NADPH lipid peroxidation among all the samples
tested. The mechanism of the inhibition by Teucrium extracts on lipid peroxidation was speculated to involve their
activity as radical scavengers, because of their reducing
activity for 1,1-diphenyl-2-picrylhydrazyl [10]. The applied
in vitro model system for NADPH-induced LP in microsomes used for different potential antioxidants could be
associated with a variety of mechanisms of action. Thus,
Balasbramanian et al. [14] have reported that free fatty
acids suppress microsomal lipid peroxidation induced by
NADPH, and the action may be related to the radical scavenging action as well as the formation of an acid-metal
complex. Leedle and Aust [15] have recently reported that
inhibitory effect of glutathione on microsomal lipid peroxidation in vitro is due to its protective effect on α-tocopherol
from lipid peroxides produced during incubation.
The present results on biological system showed that
Teucrium extracts were effective to protect tissues against
oxidative stresses. Antioxidative effects of these extracts
in vivo are under investigation.

[8]

Salhab, A.S., Elayan, H.H. and Strenstrom, U.N. (1987)
Crystalline isolation and physicochemical characterization of
gualiol as a major constituent of an active spasmolytic fraction of the essential oil of Teucrium polium L. Dirasat XIV,
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SUMMARY
The accumulated iron, zinc, manganese, nickel, copper,
chromium, cadmium and lead in gill, visceral organ and
muscle tissues of Capoeta tinca which was caught from
polluted and unpolluted areas of Yeşilırmak River were
determined by flame and graphite furnace atomic absorption spectrometry. The trace metal levels in the gills from
Capoeta tinca are higher than in visceral organs and muscle tissues. The order of trace metal concentrations found
in Capoeta tinca was: Fe>Zn>Mn> Ni>Cu> Cr>Cd > Pb.
Recoveries were quantitative (≥95%) and the standard deviations were less than 10% for all elements studied.

KEYWORDS: Trace metals, atomic absorption spectrometry, fish
tissues, Capoeta tinca.

INTRODUCTION
Environmental pollution represents a major problem
in both developed and undeveloped countries. Many ecological changes occur in water as a result of human activities, including agricultural, industrial and municipal wastes
[1, 2]. Recent years have witnessed significant attention
being paid to problems of environmental contamination by
a wide variety of chemical pollutants including the heavy
metals [3, 4]. The levels of heavy metals as environmental
pollutant are quite important and the exposure to toxic metals is an increasing global problem because of their persistence.
Non essential metals (e.g. Pb, Cd, Hg) are held to be
the most dangerous metals, since continuous exposure of
marine organisms to their low concentrations can result in
bioaccumulation, and subsequent transfer to humans through
the food chain [5-7]. Nowadays, different fish tissues (muscle tissue, liver, gills, etc.) are commonly used as indicators
of the degree of contamination of marine environment [811]. Some metals such as Cd and Pb may become toxic to

natural biota since they accumulate in the environment. In
recent years, heavy metal contamination has been a serious problem for health and aquatic life. Many plants and
animal species have been used as bioindicators of marine
pollution for years.
Essentially, fish assimilate metals by taking in suspended material in water. Metal ions in food are ingested
across membranes such as gills, muscle tissues and membrane surfaces.
Metal distribution between different tissues depends
on the mode of exposure, i.e., dietary and/or aqueous exposure, and can serve as pollution indicator [12]. The bioaccumulation of metals is therefore, pollution status of the
relevant water body and a useful tool towards studying
the biological role of the metals present at elevated levels
in aquatic organisms, especially fish [13, 14]. Nowadays,
different fish tissues (muscle, liver, gills, etc.) are commonly used as indicators for trace metal contaminations in
marine environment [9].
The Yeşilırmak river partially covers the province of
Gumushane, Turkey. It has a length of 519 km and the
total basin area is 2352.8 km2. There are many industrial
plants (textile, sugar, nutrition, etc.) on the riverbank
discharging their wastes into the river as main sources of
pollution.
In a previous work [15], the trace metal concentrations in various fish species collected from the Black Sea
and the river Yeşilirmak were determined. In this study,
the trace metal levels in fish tissues collected from the
river Yeşilirmak were determined by flame and graphite
furnace AAS after microwave digestion.
MATERIALS AND METHODS
Sampling

A total of 55 fish samples were collected from three
different stations (first station: unpolluted area, second
station: slightly polluted and third station: polluted area)
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in Yeşilırmak River (Fig.1) between 2002 and 2003. The
collected samples were transferred to the laboratory and
washed distilled water. The gills, muscle tissue and vis-

ceral organ of the wet fish were dried in filter paper, homogenized, packed in small polyethylene bags and kept at
-20 oC until analysis.

FIGURE 1
Location map of the study area showing the sampling sites of Capoeta tinca.

Apparatus

A Perkin Elmer A Analyst 700 AAS with deuterium
background corrector was used in this study. Lead and
cadmium were determined by HGA graphite furnace using
argon as inert gas. Pyrolytic-coated graphite tubes with a
platform were used and signals were measured as peak high

for cadmium and peak area for lead. The other metals were
determined using air/acetylene flame atomic absorption
spectrophotometry. Operating conditions and instrumental
parameters were set as recommended by the manufacturer.
A Milestone Ethos D microwave closed system was used
for samples digestion.
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Reagents

All reagents were of analytical reagent grade. Deionized water (Milli-Q Millipore 18.2 MΩcm-1 resistivity)
was used to prepare all aqueous solutions. All mineral acids
and oxidants (HNO3 and H2O2) used were of the highest
quality grade (suprapure grade, Merck, Darmstadt, Germany). The stock solutions of metals (1000µg g-1) were
obtained by dissolving the appropriate salts or the corresponding metals (E. Merck) and further diluting to volume prior to use. Matrix modifiers as NH4H2PO4, Pd and
Mg(NO3)2 used were purchased from Sigma-Aldrich (St.
Louis, MO, USA). High purity argon was used as purge
gas and acetylene gas was used as oxidant.
Microwave Digestion

0.5 g of the sample was dissolved with 6 mL HNO3
(65%) and 2mL H2O2 (30%) in the microwave digestion
system and diluted to 10mL with deionised water. A blank
digestive was carried out in the same way. The digestion
conditions for the microwave system were applied as 2 min
for 250 W, 2 min for 0 W, 6 min for 250 W, 5 min for
400 W, 8 min for 550 W, vent: 8 min, respectively.
RESULT AND DISCUSSION
The concentrations of eight trace metals (µg g-1) in
fish tissues are given in Table 1 and can be ranked as
follows: Fe>Zn>Mn> Ni>Cu> Cr>Cd > Pb. The concentrations of Zn, Mn, Cu, Cr, Cd, Pb were found to follow
the order: gills>visceral organ>muscle tissue while the
iron level follows the sequence: muscle tissue> gills>
visceral organ. The trace metal concentrations (Zn, Mn,
Ni, Cu, Cr, Cd and Pb) in gills were found higher than in
the visceral and muscles tissue. The results are shown in
Figures 2-9. The muscle tissue needs a lot of energy and
oxygen. Oxygen is carried to the muscle tissue by erythrocytes in blood. Erythrocytes deliver oxygen via hemoglobin,
a complex molecule containing heme groups whose iron
molecules temporarily link to oxygen molecules and release them throughout the body. Therefore, the iron con-

centrations were determined higher than gills and visceral
organs. The trace metals in fish tissues were found to be
different for sampling areas and determined higher in
polluted locations than in the unpolluted location (control
area).
The values of iron, zinc, manganese, nickel, copper,
chromium, cadmium, lead in gills are found to be in the
range of 20.2-38.8, 18.4-35.4, 36.6-62.8, 2.7-8.2, 2.3-7.2,
1.1-2.3, 0.87-2.3, 0.28-0.54 (µg g-1). The copper, nickel
and manganese concentrations in gill are in agreement
with those found by Moiseenko and Kudryavtseva [16],
but the cadmium concentration is higher and zinc value is
lower than reported in literature [16]. Means of copper
and cadmium are high, the zinc value is low and the lead
concentration is the same as literature values [17]. Determined concentrations of copper, zinc, cadmium chromium
and nickel are higher than reported earlier [18]. The concentration of iron, zinc, manganese, nickel, copper, chromium, lead in visceral organs are 22.1-31.6, 9.0-29.7,
12.9-42.6, 2.4-7.1, 0.78-4.3, 1.9-2.5, 0.29-0.44 (µg g-1).
Mn and Cr are recognised as essential trace elements for
humans, and several of their metabolic roles have been
determined. These include Mn-containing enzyme systems and Cr involvement in insulin function. However,
for neither of the elements has human requirements or
levels of absorption from the diet have been clearly determined [19, 20].
The cadmium, lead, nickel, manganese and chromium
levels in visceral organs are high, mean of zinc is low and
copper, iron concentrations are the same as reported by
Alam et al. [12] and Küçüksezgin et al. [21].
The determined concentration of iron, zinc, manganese, nickel, copper, chromium, lead in muscle tissue are
28.7-69.7, 8.8-22.1, 6.8-39.4, 1.2-5.4, 0.65-3.1, 0.76-1.2,
-0.38 (µg g-1). Results of found iron, zinc, manganese,
nickel, lead, cadmium concentrations in muscle tissue are
higher than reported earlier [16, 22, 23]. The fact that
toxic metals are present in high concentrations in marine
organisms is of particular importance according to the
FAO/WHO standards [24] for Pb and Cd as toxic metals.

TABLE 1
Concentrations (µg/g) of eight trace metals in fish tissues.

Fish
tissues
Gills

Visceral
organs

Muscle

Areas

Fe

Zn

Mn

Ni

Cu

Cr

Cd

Pb

a
b
c
a

20.2±1.4
35.3±2.8
38.8±3.6
22.1±2.1

18.4±1.8
21.9±1.9
35.4±4.6
9.0±0.84

36.6±2.3
44.6±3.5
62.8±5.9
12.9±1.2

2.7±0.16
5.5±0.44
8.2±0.67
2.4±0.15

2.3±0.14
3.2±0.23
7.2±0.54
0.78±0.04

1.1±0.10
1.9±0.14
2.3±0.27
1.9±0.16

0.87±0.06
1.4±0.12
2.3±0.17
0.52±0.03

BDL
0.28±0.01
0.54±0.03
BDL

b
c
a
b
c

24.3±1.7
31.6±2.8
28.7±2.3
35.7±1.6
69.7±5.3

17.3±1.4
29.7±2.6
8.8±0.76
14.0±1.4
22.1±1.9

34.6±3.4
42.6±2.7
6.8±0.45
31.7±2.8
39.4±2.3

6.4±0.56
7.1±0.68
1.2±0.11
5.1±0.43
5.4±0.47

1.2±0.11
4.3±0.34
0.65±0.04
0.96±0.07
3.1±0.24

2.1±0.14
2.5±0.18
0.76±0.06
1.3±0.12
1.2±0.11

1.1±0.07
2.6±0.24
0.37±0.03
0.79±0.06
1.5±0.14

0.29±0.01
0.44±0.04
BDL
BDL
0.38±0.02

a: unpolluted b: slightly polluted c: polluted
BDL: Blow Detection Limit
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FIGURE 2
Distribution of Fe concentrations (as µg/g) in fish tissues (*).
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The maximum permissible doses for an adult are 3 mg Pb
and 0.5 mg Cd per week, but the recommended doses are
only one-fifth of those quantities [24]. Concentrations of
lead, cadmium and chromium are higher than reported
earlier [6, 11, 12, 22, 25, 26]. Copper concentration is lower
than reported in literature [26]. The concentrations of copper, and zinc in muscle are in agreement with earlier studies [12, 25, 27]. The FAO/WHO has set a limit for heavy
metal intake based on body weight. For an average adult
(60 kg body weight), the provisional tolerable daily intake
(PTDI) for lead, iron, copper and zinc are 214µg, 48 mg,
3mg and 60 mg, respectively [28].
A linear regression correlation test was performed to
investigate correlations between metal concentrations.
The values of correlation coefficients between metal con-

centrations were given in Table 2. There were positive
correlations of zinc-manganese, nickel-zinc, copper-zinc,
zinc-chrome, cadmium-zinc, lead-zinc, manganese-nickel,
copper-manganese, lead-manganese, nickel-copper, chromenickel, cadmium-nickel, lead-nickel, copper-chrome, leadcopper, chrome-cadmium and chrome-lead with corresponding r-values of 0.887, 0.999, 0.950, 0.834, 0.760, 0.975,
0.868, 0.987, 0.968, 0.937, 0.856, 0.785, 0.965, 0.620,
0.996, 0.992 and 0.689, respectively. In contrast negative
correlations were found between iron-lead, manganeseiron, nickel-iron, iron-copper, chrome-iron, cadmium-iron
and lead-iron with corresponding r values of –0.814, -0.454,
-0.416, -0.837, -0.592, -0.999, -0.996 and –0.663, respectively.

TABLE 2
Correlation between metal concentrations.

Fe
Zn
Mn
Ni
Cu
Cr
Cd
Pb

Fe
1.000
-0.814
-0.454
-0.837
-0.592
-0.999
-0.996
-0.663

Zn

Mn

Ni

Cu

Cr

Cd

Pb

1.000
0.887
0.999
0.950
0.834
0.760
0.975

1.000
0.868
0.987
0.485
0.374
0.968

1.000
0.937
0.856
0.785
0.965

1.000
0.620
0.519
0.996

1.000
0.992
0.689

1.000
0.595

1.000
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Press Releases

Fifth International Fresenius Conference:
“Aquatic and Terrestrial Ecotoxicology and
Risk Management”.
December 08-09, 2005, Cologne - Germany
Akademie Fresenius will be hosting the Fifth International Conference on “Aquatic and Terrestrial Ecotoxicology and Risk Management” in Cologne/Germany on December 8 and 9, 2005, an event tailored specifically to the
requirements of the agrochemical industry as well as biocide manufacturers and distributors.
At the invitation of Akademie Fresenius (Dortmund)
and SGS INSTITUT FRESENIUS (Taunusstein), international experts from the field of science, politics and industry will be discussing current issues relating to legislation,
risk assessment and risk management. The conference will
also be focusing on progress made with regard to panEuropean harmonisation of risk assessment as well as the
development and validation of testing methods. A number
of highly respected experts from the field of environmental
chemistry, toxicology and ecology have already confirmed
their participation. The international conference is to be
held in English.
Guest Speakers (excerpt):

Alan Lawrence, Cambridge Environmental Assessments
Theo C.M. Brock, Alterra
Carsten Brühl, Syngenta
Mark Clook, Pesticides Safety Directorate
Peter Dohmen, BASF
Mick Hamer, Syngenta
Andy Hart, Central Science Laboratory (CSL)
Fred Heimbach, Bayer CropScience
Sofie Hofkens, European Food Safety Authority (EFSA)
Katarina Kyriazi, Ministry of Rural Development and Food
Steve Maund, Syngenta
Kathy Monk, US Environmental Protection Agency (EPA)
Matthew T. Moore, US Department of Agriculture (USDA)
Ken Pallett, Bayer CropScience
Jörg Römbke, ECT Oekotoxikologie GmbH
Ralf Schulz, Universität Landau
Jörn Wogram, Environmental Protection Agency (UBA)
Contact

Die Akademie Fresenius GmbH
Monika Stratmann
Alter Hellweg 46
D-44379 Dortmund - Germany
Phone: +49 231 75896-48
Fax: +49 231 75896-53
mstratmann@akademie-fresenius.de
http://www.akademie-fresenius.de
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