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EFFECTS OF RADIOFREQUENCY ELECTROMAGNETIC
FIELDS ON OXIDATIVE STRESS AND PHYSIOLOGICAL PARAMETERS OF WHEAT (TRITICUM AESTIVUM L. CV. GOLIA)
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ABSTRACT
High-frequency-electromagnetic field radiation is widespread in urban and rural environment stemming from increasing use of mobile phones and wireless communication
devices. In this study, the effects of two different radio
frequency-modulated electromagnetic fields (RF-EMFs;
900 MHz, 28 V/m and 1800 MHz, 14 V/m) on wheat seeds
were studied for 15 days. Samples were collected after 2,
4 and 15 days of RF-EMF application, and germination
characteristics, oxidative stress and related parameters were
analyzed. Both RF-EMF exposures (2 days; 8 hours per
day) decreased amylase activity and reduced sugar content of the germinating seeds. Catalase (CAT), superoxide
dismutase (SOD), guaiacol peroxidase (GPOD) and nonprotein SH levels decreased but ascorbate peroxidase
activity (APX), lipid peroxidation and dehydroascorbate
(DAsA) levels increased in 4 and 15 days old leaves of
wheat. Physiological parameters, such as root and leaf
lengths, fresh and dry weight also decreased significantly
in the exposed groups. RF-EMF exposure caused important oxidative stress in different stages of wheat. This
study has shown that RF-EMF exposure in the modernizing
world may be a threat for wheat which is a very important
source of nutrients.

KEYWORDS: Amylase, germination, oxidative stress, radio
frequency electromagnetic field (RF-EMF), wheat

1. INTRODUCTION
Our environment has changed rapidly in the last fifty
years. High-frequency-electromagnetic field radiation is
widespread in urban and rural environment. This lowenergy (non-thermal) radiation (900–1800 MHz) is emit* Corresponding author

ted not only by cell phones themselves, but also by the
base stations whose number has increased dramatically to
attain optimal network coverage [1]. Recently, a large volume of studies was published dealing with electromagnetic
field (EMF) effects on plants. For instance, Muraji et al. [2]
and Fischer et al. [3] suggested that lower frequency
EMFs induced growth but higher frequency EMFs inhibited it. Soja et al. [4] suggested that the yield productivity
of wheat and corn grown close to high voltage lines was
poor. RF-EMFs emitted by mobile phones inhibited germination and the length of the radicle and plumula in
Vigna radiate but increased lipid peroxidation [5]. In addition, it was stated that RF-EMFs caused chromosomes to
break in Vicia faba [6]. It was also determined that RFEMF did not affect germination significantly but caused
mitotic abnormalities in apical meristem cells of Allium
cepa [7]. It was also observed that RF-EMFs decreased
germination rate of mung bean seeds and declined their
growth rate [8].
There is a potential correlation between electromagnetic field and oxidative stress in living organisms [9, 10].
Oxidative stress is prevented by the antioxidant system:
low-molecular mass antioxidants (ascorbic acid, glutathione,
and tocopherols), enzymes regenerating the reduced forms
of antioxidants, and reactive oxygen species (ROS)-interacting enzymes, such as SOD, CAT and peroxidases [11].
Although some studies have been conducted with respect
to EMF effects on plant morphology and physiology, there
is little literature available, particularly about plant biochemistry and antioxidant defense system. Tkalec et al.
[12] used duckweed Lemna minor as a model plant for
investigating the effects of 400, 900, and 1900 MHz RFEMFs on growth and changes in peroxidase activity.
Tkalec et al. [13] reported that exposure to 900 MHz radio
frequency waves increased lipid peroxidation and H2O2
content by diminishing antioxidative enzymes activity in
Lemna minor. On the other hand, Sharma et al. [5] found
out that 900 MHz RF-EMFs inhibited root growth of mung
bean by inducing ROS-generated oxidative stress due to
increased activities of antioxidant enzymes.
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Accumulation of sugars in plants is enhanced in response to a variety of environmental stress factors. In case
of water and drought stresses, adaptation to them has been
attributed to stress-induced increase in carbohydrate levels [14, 15]. During seed germination, an increase in amylolytic activity in the endosperm is observed which is due
to secretion of α-amylases by the aleurone layer [16]. Amylase activity decreased in germinated broad beans exposed
to EMFs which were suggested to affect the turnover of
starch and causing oxidative stress [17].
Plants are continuously exposed to various environmental stresses which can affect their growth and productivity causing significant crop losses. Therefore, most research has focused on agriculturally important plants
(beans, peas, wheat, etc.). Wheat has been a food crop for
mankind since the beginning of agriculture and Triticum
species are very important crops for more than 50 countries [18]. The purpose of the present work was to contribute to a better understanding of the biological effects
of two different RF-EMFs (900 MHz and 1800 MHz) on
wheat seeds and leaves. Therefore, we studied the effects
of RF-EMFs on germination, amylase activity and reduced
sugar content for 2 days as well as the effects on the antioxidative enzyme activities and physiological paramaters of 4
and 15 days old wheat leaves.

Sampling was done on 2nd, 4th and 15th day of RFEMF application. In order to observe RF-EMF effects on
germination characteristics, such as germination percentage, reduced sugar content and total amylase activity, 2nd
day samples were used. Enzymatic (CAT, GPOD, SOD,
APX) and non-enzymatic (ascorbic acid, non-protein thiols)
andioxidant activities and lipid peroxidation levels, root
and leaf length, and percent biomass ratio were determined using seedlings collected on 4th and 15th day of RFEMF application to observe RF-EMF effects on oxidative
stress parameters in early growth stage of wheat seedlings.
For anatomic measurement and dry biomass determination, harvested leaves and roots were measured using a
millimeter ruler. Fresh weights were determined, then
samples were dried in an oven at 80 ºC for 48 h and dry
weights were determined. For biochemical analysis, plant
leaves were frozen in liquid nitrogen and stored at -80 ºC.

2. MATERIALS AND METHODS
2.1. Plant material

Wheat seeds (T. aestivum L. cv. Golia) were surfacesterilized with 1.5% NaOCl for 15 min, and then rinsed
three times with distilled water. Seeds were placed on a
two-layer sterilized filter paper moistened with sterilized
double-distilled water in petri dishes (15 seeds/petri dish).
Streptomycine (0.1%) was applied to petri dishes of seedlings against microbial contaminations. The seedlings were
transferred to sterilized petri dishes (with 0.1% streptomycine) every 2nd day, and seeds were moistened only with
distilled water during the treatment.
Two RF-EMFs (900 MHz, 28 V/m; 1800 MHz, 14 V/
m) were used for exposure in 3 different ways:
(1) Wheat seeds were exposed to these RF-EMFs for
2 days (8 h/day) and the effects of these RF-EMFs on the
germination, reduced sugars and total amylase activity
of wheat seeds were determined.(900 MHz/2 days and
1800 MHz/2 days).
(2) Wheat seeds were exposed to these RF-EMFs for
4 days (8 h/day) and the effects of these RF-EMFs on oxidative stress (enzymatic and non-enzymatic antioxidants;
germination, root and leaf lengths, fresh and dry weight)
of wheat leaves were determined (900 MHz/4 days and
1800MHz/4 days).
(3) Wheat seeds were exposed to these RF-EMFs for
15 days as in experimental set (2); (900 MHz/15 days and
1800 MHz/15 days).

FIGURE 1 - Experimental Composition.
2.2. Electric field exposure system

In this study, we used the same exposure system (Everest GSM Simulator (Model 900CW4, Turkey) employed
by [19-21] in order to produce 900 MHz signals. For 900
MHz, the signal generator with a continuous wave (4 W
maximum power output and a monopole antenna) was
used to generate and produce the radio frequency with
electromagnetic field (EMF) at 850-950 MHz frequency
band range. For 1800 MHz, another exposure system,
Everest GSM Simulator (Model 1800CW2, Turkey) was
employed. 1800 MHz signal generator with a continuous
wave (2W maximum power output and a monopole antenna) was used to generate and produce the radio frequency electromagnetic field (EMF) at 1750-1850 MHz
frequency band range. A PMM 8053 portable field meter
(Costruzioni Elettroniche Centro Misure Radioelettriche
S.r.l., Italy) and an EP-330 electric field probe were used
for EMF measurements. Electric field at 0.3-300 V/m range
at 100 kHz-3 GHz frequency area can be measured with
EP-330. This probe is able to pick and get the vector sum
on the X, Y and Z axis. Before exposure, the effect of other
electric field sources was measured with PMM 8053 in
order to investigate the reflections and background noises
in these media. Electric field and power density in these
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media were zero. Monopole antennas of exposure systems were located as shown in Fig. 1. For 900 and 1800
MHz, powers of GSM simulators were fixed at 2-W output power and 1-W output power during exposure, respectively. The monopole antenna-to-wheat distance was
about 15 cm (Fig. 1). During exposure, electric field of
each Petri dish was measured with PMM 8053. Electric
field values of 5 Petri dishes were 28 V/m and 14 V/M for
900 MHz and 1800MHz, respectively. Wheat seeds were
exposed for 8 h/day, every day at the same time. Control
plants were placed in other growth chambers having the
same temperature (25 ºC ± 1) and light (12-h light/12-h
dark) conditions.
2.3. Lipid peroxidation

The level of lipid peroxidation products was measured by the procedure based on the method of Heath and
Packer [22]. Two-hundred mg leaves were placed into
liquid nitrogen, then homogenized in 2 ml 10% trichloroacetic acid solution containing 0.25% thiobarbituric acid
and centrifuged at 15000 x g for 15 min. The absorbance
of supernatant was analyzed at 532 nm. The concentration
of lipid peroxides was quantified and expressed as total
TBARS (thiobarbituric acid reactive substances) in terms
of nmol g-1 fresh weight, using an extinction coefficient of
155 mM-1 cm-1. TBARS is an index of lipid peroxidation.
2.4. Determination of non-protein thiols and ascorbic acid

Soluble non-protein thiols and total ascorbic acid were
measured as described by Cakmak and Marschner [23].
Five-hundred mg frozen leaf sample was homogenized in
5 ml of 5 % meta-phosphoric acid and centrifuged at
10000 g for 20 min. The supernatant was used as the source
of both soluble non-protein thiols and ascorbic acid. Ascorbic acid assay is based on the reduction of Fe+3 to Fe+2 by
ascorbic acid in an acidic solution. Fe+2 then forms complexes with bipyridine producing a pink color that exhibits a maximum absorbance at 525 nm [24]. Total ascorbate (AsA+DAsA) was measured after reduction of DAsA
to AsA with dithiothreitol (DTT). The excess DTT was removed with N-ethylmaleimide (NEM) and the total ascorbate was determined. The concentrations of DAsA were
calculated from the difference of total ascorbate (AsA+
DAsA) and AsA [23].
Soluble non-protein thiols were measured with
Ellman’s reagent [25]. The reaction mixture contained 140µl aliquots of the supernatant, 710 µl 0.15 M phosphate
buffer (pH 7.4) containing 0.005 M ethylenediaminetetraacetic acid (EDTA) and 140 µl 6 mM DTNB (5,5’-dithiobis-(2-nitrobenzoic acid)). After incubation at room temperature for 20 min, optical density at 412 nm was measured
and the level of non-protein SH groups was calculated
using extinction coefficient 13.600 mM-1 cm-1 for the reaction product 2-nitro-5-benzoic acid.
2.5. Determination of antioxidative enzymes activities

Leaves (0.4 g) were placed into liquid nitrogen and
then homogenized in 4 ml 50 mM K-phosphate buffer

(pH 7.0) containing 1 mM ethylene diamine tetraacetic
acid (EDTA) and 0.1% (w/v) insoluble polyvinylpolypyrrolidone (PVPP), using glass powder and pre-chilled
mortar and pestle. The extract was filtered through muslin
cloth and centrifuged at 10000 x g for 10 min and 4 °C.
Then, the supernatant was centrifuged again at 15000 x g
for 20 min and 4 °C. PVPP was used to remove phenolic
compounds contaminating proteins. The supernatant was
stored at -20 °C and used for the assays of guaiacol peroxidase, ascorbate peroxidase, superoxide dismutase and
catalase activities.
Catalase (EC 1.11.1.6) activity was assayed at 240 nm
in a reaction mixture (2 ml) composed of 50 mM K-phosphate buffer (pH 7.0) including 12.2 mM H2O2. The reaction was started by adding 100 µl supernatant and activity
was determined by monitoring the degradation of H2O2 at
240 nm over 2 min against a supernatant–free blank. Enzyme-specific activities were expressed as µmol of H2O2
oxidized min-1 mg protein-1 [26].
Superoxide dismutase (EC 1.15.1.1) activity was measured according to Madamanchi et al. [27] and expressed
according to Madhava Rao and Srestry [28]. Reaction
mixture (3 ml) contained 50 mM Na-phosphate buffer (pH
7.0) including 0.1 mM EDTA, 13 mM methionine, 2 µM
riboflavine, 75 µM 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazolium bromide (MTT) and 40 µl supernatant.
Mixtures were shaken and placed 20 cm away from light
source (15-W fluorescent lamp). The reaction was allowed
to take place for 30 min and was stopped by switching off
the light. Then, the tubes were covered with a piece of
black cloth. The absorbance of the solution was measured
at 560 nm, and non-irradiated reaction mixture served as a
control. Log A560 was plotted as a function of the volume
of enzyme extract used in the reaction mixture. From the
resultant graph, one unit of SOD activity was defined as
the amount of enzyme required to cause 50%-inhibition of
MTT reduction at 560 nm in the presence of riboflavin in
the light. The results were expressed as U mg protein-1.
Guaiacol peroxidase (EC 1.11.1.7) was measured by
following the change of absorption at 470 nm due to
guaiacol oxidation (extinction coefficent 25.5 mM-1 cm-1).
The activity was assayed for 1 min in a reaction solution
(3 ml) composed of 100 mM K- phosphate buffer (pH 7.0),
20 mM guaiacol, 10 mM H2O2 and 50 µl diluted (1:20)
supernatant. Enzyme-specific activity was expressed as
µmol of H2O2 reduced min-1 mg protein-1 [29].
Ascorbate peroxidase (EC 1.11.1.11) was assayed according to Nakano and Asada [30], with minor modifications. Reaction mixture (3 ml) contained 50 mM K-phosphate buffer (pH 7.0) including 0.2 mM ascorbic acid,
0.2 mM EDTA, 20 µM H 2O 2 and 50 µl enzyme extract.
The decrease in absorbance was recorded at 290 nm (extinction coefficent 2.8 mM-1 cm-1) for 2 min. Measurements
were corrected by subtracting the absorbance for non-enzymatic oxidation of ascorbic acid caused by H2O2. The
specific activity of enzyme was expressed as µmol ascorbate oxidized min-1 mg protein-1.
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In all the enzyme preparations, protein contents were
determined by the method of Lowry et al. [31] using bovine serum albumin (BSA, Sigma) as standard.
2.6. Total amylase activity

Enzyme preparation was done by following the
method of Machaiah and Vakil [32]. The tissues were homogenized in 0·01 Μ sodium acetate buffer (pH 5.6) containing 0.003 Μ CaCl2 and 1% polyvinylpyrrolidone (PVP).
The extracts were centrifuged at 5.000 g for 10 min, and the
supernatant was adjusted to pH 8·0 with 1 Ν NaOH and
used as enzyme source. The enzyme supernatant (0.5 ml)
was incubated with 0.15% starch in 10 mM Na- acetate
buffer (pH 5.6) containing 3 mM CaCI2 for 10 min at 37 °C
[33]. The reaction was stopped by addition of 0.5 ml of
I2/KI reagent. The absorbance was measured at 620 nm.
The total activity was measured against a standard (00.5 mg starch) and expressed as mg substrate degraded
per min per gram fresh tissue.

a Vortex mixer, and then heated in a boiling water-bath
for 15 min. After cooling to room temperature, absorbance values were measured at 505 nm against an appropriate reagent blank. The reduced sugar was measured
against a glucose standard (1-100 µg) and expressed as µg
reduced sugar per min per gram fresh tissue.
A T70 UV/VIS Spectrometer (PC Instruments Ltd.)
was used for all spectrophotometrical analyses.
2.8. Statistics

Five Petri dishes were used for each application, and
each experiment was repeated three times. Statistical analysis of the data was carried out using Tukey`s HSD multiple
comparison tests (ANOVA). These analyses were performed
using the program SPSS 15.01. Asterisks were used to
identify the levels of significance of the difference between groups: *p < 0.05 and ** p < 0.01.
3. RESULTS

2.7. Reduced sugar content

Reduced sugar content was assayed according to Prado
et al. [14], with minor modifications. Two-hundred mg of
tissue was homogenized by liquid nitrogen. After adding
2 ml of 80% ethanol, it was kept in a water-bath for 20 min
at 75 °C. The insoluble material was separated by centrifugation at 5.000 g for 10 min. The supernatants were pooled
and dried under a stream of hot air. Residue was mixed
with 50 µl of 0.1 M potassium ferricyanide and then with
100 µl of the alkaline reagent (prepared by mixing 0.1 M
NaOH and 0.1 N Na2CO3 in equal amounts) and, finally,
water was added to a final volume of 1 ml. After thorough
mixing, the tubes were heated for 10 min in a boiling water-bath and then cooled to room temperature. After adding
1 ml of color reagent (prepared with 0.015 M o-phenanthroline and 0.1 M acetic acid mixed in equal amounts) and
0.5 ml of water, the contents of the tubes were mixed using

3.1. Effects of 900 and 1800 MHz RF-EMFs for 2 days/8 h a
day on the seed germination, total amylase activitiy and
reducing sugar content

Effects of two different RF-EMFs on the seed germination, total amylase activitiy and reducing sugar content
are given in Table 1.
After exposure to 900 MHz and 1800 MHz, the amylase activities of the germinating seeds significantly
decreased In parallel to amylase activity, the content of
reduced sugar was also decreased after 900 MHzexposure but not significantly at 1800 MHz, in comparison with the control. No significant changes were observed in germination of the groups exposed to RF-EMFs
when compared to the control group.

TABLE 1 - Effect of 900 MHz (28.2±2.1 V/m) and 1800 MHz (14±1 V/m) RF-EMFs for 8 h/a day on the amylase activity, reducing sugar
content and germination in 2 days old seeds.
RF-EMFs
(MHz)
C/2
900 MHz/2
1800 MHz/2

Total Amylase
(mg substrate min-1g-1 FW)
9.25±2.78
5.96±1.20*
5.57±2.57*

Reducing Sugar
(µg reduced sugar-1min-1g-1 FW)
4.86±2.45
2.20±1.88*
2.85±1.67

Germination
11.80±0.28
11.60±1.34
11.60±1.51

TABLE 2 - Effect of 900 MHz (28.2 ±2.1 V/m) and 1800 MHz (14±1 V/m) RF-EMFs for 4 and 15 days (8 h/day) on physiological parameters.
RF-EMFs
Root length
Root FW
Root DW
(MHz)
(mm)
(g)
(g)
C/4
32.13±5.7
0.0184±0.00
0.002±0.00
900 MHz/4
31.46±7.7
0.0219±0.00
0.002±0.00
1800 MHz/4
27.60±9.4
0.0140±0.01
0.0017±0.00
C/15
160.40±34.3
0.0675±0.02
0.007±0.00
900 MHz/15 d
151.33±25.9
0.0621±0.01
0.0066±0.00
1800 MHz/15y
114.26±24.1**
0.0501±0.00**
0.0057±0.00**
Values are expressed as mean±S.D. (n = 30); FW = fresh weight; DW = dry weight
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Shoot length
(mm)
31.26±2.84
31.26±6.38
27.20±5.045
105.13±11.66
97.93±14.15
91.26±12.86**

Shoot FW
(g)
0.0226±0.01
0.0273±0.00
0.0251±0.00
0.0711±0.01
0.0622±0.01
0.0555±0.01**

Shoot DW
(g)
0.0184±0.00
0.0219±0.00
0.0140±0.01
0.0675±0.02
0.0621±0.01
0.0501±0.00**
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3.2. Effects of 900 and 1800 RF-EMFs for 4 and 15 days/8 h a
day on the lengths and weights of roots and leaves

Root and leaf lengths as well as fresh and dry weights
significantly decreased at 1800 MHz for 15 days compared
to those parameters of control. However, no significant
changes were observed in other exposed groups when compared to those of the control (Table 2).
3.3. Effects of 900 and 1800 MHz RF-EMFs for 4 and 15 days/
8 h a day on antioxidant enzymes

These effects on the antioxidant enzymes (SOD, CAT,
GPOD and APX) are demonstrated in Figs. 2-5.
On the 15th day, more decrease was seen in SOD activity after exposure to 900 MHz compared to that of
control but change was not significant at 1800 MHz. The
activity decreased on the 4th day compared to that of control after exposure to 900 and 1800 MHz. CAT activity was
decreased approximately by 50% in all exposed groups
with regard to controls. Likewise, the activity of GPOD
was also decreased in all treated groups, and a marked
decrease was seen on the 4th and 15th day after exposure to
1800 MHz. The GPOD activity on the 15th.day at 1800
MHz was about 50% lower than that obtained for control

group. However, APx activity increased in all RF-EMFs
treatments. APx activities were detected to be approximately 2-fold higher than those of controls on the 4th and
15th day after being exposed to 900 MHz.
3.4. Effects of 900 and 1800 MHz RF-EMFs for 4 and 15 days/
8 h a day on lipid peroxidation and non-enzymatic antioxidants

Effects on malondialdehyde (MDA) which is a marker
of lipid peroxidation, non-protein thiols, total ascorbate, ascorbate and dehydroascorbate contents are shown in Figs.
6-8. The amounts of MDA were about 2 times higher than
those of control groups on the 4th day and 15th day due to
effects of both exposures at 900 and 1800 MHz.
However, non-protein thiols decreased significantly
on the 4th and 15th day due to effects of both RF-EMFs. In
general, total ascorbate and ascorbate levels increased in
all exposed groups but these increases were not statistically significant in comparison with control group. However,
statistically significant increase was observed in the dehydroascorbate level after 4-days exposure to 900 MHz
RF-EMF.

FIGURE 2 - Effect of various RF-EMFs on activity of SOD in leaves of T. aestivum. Vertical bars indicate ±SD. Asterisks indicate that mean
values are significantly different between treatments and control (* p<0.05, ** p<0.01).

FIGURE 3 - Effect of various RF-EMFs on activity of CAT in leaves of T. aestivum. Vertical bars indicate ±SD. Asterisks indicate that mean
values are significantly different between treatments and control (* p<0.05, ***p<0.01).
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FIGURE 4 - Effect of various RF-EMFs on activity of GPOD in leaves of T. aestivum. Vertical bars indicate ±SD. Asterisks indicate that
mean values are significantly different between treatments and control (***p<0.01).

FIGURE 5 - Effect of various RF-EMFs on activity of APX in leaves of T. aestivum. Vertical bars indicate ±SD. Asterisks indicate that mean
values are significantly different between treatments and control (* p<0.05, ***p<0.001).

FIGURE 6 - Malondialdehyde content in leaves of Triticum aestivum after exposure to various RF-EMFs. Vertical bars indicate ±SD. Asterisks indicate that mean values are significantly different between treatments and control (* p< 0.05; ** p<0.01, *** p<0.001)

FIGURE 7 - The content of non-protein –SH in leaves of T. aestivum. Vertical bars indicate ±SD. Asterisks indicate that mean values are
significantly different between treatments and control (* p<0.05** p<0.01, *** p<0.001)
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FIGURE 8 - The content of AsA, DAsA and total ascorbate (AsA +DAsA) in leaves of T. aestivum. Vertical bars indicate ±SD. Asterisks
indicate that mean values of total ascorbate are significantly different between treatments and control (* p<0.05).

4. DISCUSSION
Physiological parameters (roots and leaves lengths
and fresh-dry weights) decreased after all RF-EMF exposures. Higher frequency, lower electric field (1800 MHz,
14 V/m) was much more effective on physiological parameters in wheat roots and leaves than lower frequency,
higher electric field (900 MHz (28.2 V/m). Tkalec et al.
[12] reported that lower frequency, higher electric field
(400 MHz, 390 V/m) for 14 days/2 h a day were much
more effective than higher frequency, lower electric field
(900 MHz, 23 V/m) on the decrease of relative growth of
Lemna minor.
The primary site of ROS effects is the cell membrane
resulting in deterioration of membrane lipids (lipid peroxidation). Lipid peroxidation has been identified as a sensitive indicator of heavy metal toxicity. Under abiotic stress,
H2O2 and O2˙, via the Haber–Weiss reaction, are converted into highly reactive OH˙ radicals, and this causes lipid
peroxidation [18].
EMF treatments increased MDA level in wheat leaves,
which is an index of lipid peroxidation. It could be suggested that the change in activities of antioxidant enzymes
and enhanced MDA levels may be regarded as an indicator of increased ROS production occurring during the exposure to EMFs. A large number of studies have reported
that RF-EMFs induce free radical formation in plants [13,
34].
Antioxidant enzymes of wheat leaves were decreased
by both RF-EMF exposures. In a similar way, Tkalec et
al. [13] reported that exposure to RF-EMFs, especially at
900 MHz, increased lipid peroxidation and H2O2 content
but decreased antioxidative enzymes activity in duckweed
Lemna minor. However, Sharma et al. [5] reported that
scavenging enzyme (SOD, APx, GPOD, CAT, and GR)
activities increased after exposure to cell phone RF-EMFs
(900 MHz, 5.7 V/m for 48 h) in mung bean roots. Discrepancies between data concerning the response of plant

antioxidative enzymes to RF-EMF stress may be explained
by differences in plant and tissue species, tolerance to these
EMF effects, varying exposure times as well as various
electro-magnetic frequencies and electric field powers used
in experiments. Different behavior was also observed in the
H2O2 scavenger enzymes in our study; CAT and GPOD
decreased but APX increased by the effects of both EMFs.
These enzymes are found in different sub-cellular locations.
Catalase in peroxisomes effectively eliminates H2O2, thereby regulating the activity of cytoplasm-located peroxidases
[37].
We observed that the decrease in GPOD activity was
higher in 1800 MHz EMF-applied seedlings with regard
to those of 900 MHz EMF-applied ones. However, Tkalec
et al. [12] reported that GPOD activity in Lemna minor did
not change when exposed for 14 h to the 10 V/m electric
fields of different frequencies: 400, 900, and 1900 MHz.
On the other hand, when electric field was taken into consideration, Tkalec et al. [13] observed that peroxidase activity decreased at low electric field (23 V/m) but increased in
high electric field (41 V/m) in plants exposed to 900 MHz
RF-EMFs. These results are in agreement with the data
herein. In many plant species, a majority (up to 95%) of
non-protein SH-groups represent glutathione. Therefore,
level of SH-groups can be ascribed to glutathione (GSH).
Glutathione exerts several important roles in protection of
plants from environmental stress factors [38] as GSH is a
donor of reducing equivalents for the scavenging of ROS
[39]. In our study, both radical scavenging enzyme (SOD,
CAT, and GPOD) activities and non-protein thiol levels of
leaves decreased in response to different RF-EMFs exposures. Ivanov and Kerchev [39] reported that thiols with
low molecular weight decreased in peas when exposed to
heat and salt stress, but increased in the plants exposed to
atrazine. Normally, non-protein thiols are expected to increase under stress conditions; however, in our study, they
decreased. This may indicate that the antioxidative defense
system was inhibited by ROS, and leaves may have quickly
consumed their intrinsic GSH in these exposure periods.
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The obtained data suggest that there might be a potential relevance between the low level of glutathione and
the increase of lipid peroxidation in wheat leaves. Therefore, GSH might have also stabilized the membrane structure by removing acyl peroxides formed by lipid peroxidation reactions [40].

has shown that RF-EMF exposure in the modernizing
world may be a threat for wheat which is a very important
source of nutrients.

Glutathione is very important in keeping the ascorbate in reduced form of the ascorbate/glutathione cycle,
and it participates in the regeneration of ascorbate from
dehydro-ascorbate via dehydroascorbate reductase (E.C.
7.8.5.1) [41]. Under our experimental conditions, the decreases in glutathione content correlated with the increase
in dehydroascorbate level. This is not surprising because
the insufficient glutathione level, by diminishing enzymatic conversion of dehydro-ascorbate to ascorbate, may
have caused the increase in dehydro-ascorbate level. Another cause for increasing dehydroascorbate in leaves
exposed to 900 MHz RF-EMFs for 4 days maybe the result
of ascorbate peroxidase activity increase (significant
increase was seen in APX activity (P<0.01) and dehydroascorbate level (P<0.05) in this group).
In groups exposed to RF-EMFs for 8 h during 2 days,
amylase activity and reduced sugar content of germinating
seeds decreased significantly compared to control group.
In plants exposed to various stress factors, results obtained concerning reduced sugar amount and amylase activities were quite different. Soluble sugar content increased
when exposed to effects of cold which caused oxidative
stress [42]. However, reducing sugar decreased in finger
millet exposed to salt stress [43] in Ctenanthe setos, exposed to drought [15] in Vigna radiata and exposed to
cobalt stress [44] in Solanum melongena L. Sugar content
in different parts of the plants under various stress conditions is differently affected. Furthermore, abiotic stresses
may elicit the production of stress-related hormones, such
as ABA and ethylene, which appear to be involved in
sugar-sensing mechanisms [45]. The decrease in the reduced sugar and amylase activities in wheat exposed to
RF-EMFs may result either from the fact that carbohydrate metabolism is inhibited due to stress, or that gibberellin activities decrease as a result of stimulated ABA and
ethylene hormones under stress conditions [16].
5. CONCLUSION
RF-EMF exposure caused important physiological
parameter and biochemical changes on wheat seeds and
leaves. Higher frequency, lower electric field (1800 MHz,
14 V/m) was much more effective on physiological parameters in wheat roots and leaves than lower frequency,
higher electric field (900 MHz (28.2 V/m). Both RF-EMFs
increased oxidative stress in wheat leaves during short-term
(4 days) and long-term (15 days) exposure but, in general,
long-time exposure was more effective on oxidative stress.
In conclusion, RF-EMF exposure caused important oxidative stress in different stages of wheat growth. This study
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ABSTRACT

an important role in the shift from diatoms to cyanobacteria among the phytoplankton community in the lake.

Like nitrogen (N) and phosphorus (P), silica (Si) is an
important nutrient in primary productivity. Reduction of
dissolved silica (DSi) induced by anthropomorphic activities is a universal phenomenon. Such activities include dam
construction. Obstruction of rivers and lakes can prevent or
reduce the quantity of Si transported into the lakes. At the
same time, the pollutants from human activities add more
N and P into the lakes, so that transmission of Si is reduced. Since Si in the lake water can limit the growth of
phytoplankton, this induces a succession of dominant phytoplankton species towards a non-diatom class. From the past
to the present, it is widely considered that the outbreak of
certain harmful phytoplankton (such as cyanobacteria) in
lake water is strongly related to the high contents of N
and P in the water. The parameters of the aquatic index of
physicochemical [Cond, DO, pH, temperature, transparency, DIN (Dissolved Inorganic Nitrogen), DIP (Dissolved
Inorganic Phosphorus), DSi (Dissolved Silica)] and their
effect on phytoplankton (diatoms, cyanobacteria and Chl-a)
growth are analyzed for the Moon Lake in Wuhan, China.
The results show that there is abundant of DIN and DIP in
the Moon Lake, but the DSi content is low and unevenly
distributed. The primary productivity at a high place in
the lake, and the density of cyanobacteria is much higher
than that of diatoms. Nutrient structure of the lake water
body is irrational. After the death of diatoms, the nutritional combination of the lake water (rich in N and P, but
some low and uneven DSi). The growth of cyanobacteria
can be stimulated by these conditions, leading to further
reduction in the abundance of diatoms. As such, cyanobacteria will become the dominant species in Moon Lake.
While other physicochemical factors in water may contribute, the degree of maximum output of diatoms is primarily controlled by the level of DSi. The level may play
* Corresponding author

KEYWORDS: Moon Lake, Wuhan, lake eutrophication, diatom,
cyanobacteria, DIN (Dissolved Inorganic Nitrogen), DIP (Dissolved Inorganic Phosphorus), DSi (Dissolved Silica in the form of
silicon hydroxide – formerly silicic acid).

1. INTRODUCTION
Worldwide, the loads of N and P discharged into
coastal zones have increased by factors 2.5 and 2.0, respectively [1]. They result from human activities, such as
N-based fertilizer synthesis and use, and the mining of
phosphate rock [2]. Simultaneously, decreasing levels of
dissolved silica (DSi) in lake, river, and ocean waters are
being observed [3, 4]. Si is one of the biospheres most
abundant elements, and - in the form of DSi - serves as a
very important nutrient playing a major role in the functioning of marine, coastal and inland waters [5]. Previous
studies measuring DSi focused on marine and estuarine
areas, the German Bight, the Baltic Sea, and the Black
Sea and estuary [6]. Although it has been suggested as an
important area of research [7], the report of such a study
in freshwater lakes is unusual [8, 9].
Phytoplankton plays a crucial role in aquatic ecosystems representing the base of the food web as primary producers. The availability of nutrients is essential for phytoplankton growth, and the mixture of nutrients can greatly influence phytoplankton species composition. Diatoms are
an important group of phytoplankton in terms of biomass
in the majority of aquatic ecosystems, accounting for 60%
of the world’s primary production [10]. Besides N and P,
DSi is also an essential nutrient to diatoms. Diatoms take
up DSi and deposit it in an amorphous form known as
biogenic silica (BSi) to construct their cell walls (frustules) [11]. If concentrations of DSi are low or depleted,
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there should be fewer diatoms. However, the impact of
reducing DSi on aquatic ecosystems is very unclear [3, 12,
13]. At present, harmful and nuisance phytoplankton blooms
observed worldwide have been attributed mainly to aquatic
eutrophication due to increased N and P inputs [2]. Anthropomorphic activities change the nutrition levels of lake
water-bodies, and have caused water-body eutrophication
to become a global problem [14]. Eutrophication is mainly
caused by increased human emissions of N and P. Examples include the extensive use of fertilizers in agriculture,
wastewater, and P-containing detergents, which promote
the growth of harmful phytoplankton (particularly cyanobacteria) [15]. The increased restriction of N and P emissions is considered to be a highly effective strategy for lake
management based on lake eutrophication [16].
This study aims to analyze the annual changes of three
types of Moon Lake nutrients: dissolved inorganic nitrogen
(DIN), dissolved norganic phosphorus (DIP) and dissolved
silica (DSi). Water samples were analyzed from January
to December of 2007. And then, we discussed these changes
including the keep going eutrophication, nutrient ratios
(except for DSi, also with DIN and DIP), and the response
of diatoms and phytoplankton to other nutrients. Studies
show that the level of DSi content in the lake has been
changed; the potential role of driving force is eutrophication, which increased the settlement, while enhancing the
lake's biological silica (BSi) sedimentation and reducing
biological diversity of phytoplankton in the lake.
2. MATERIALS AND METHODS
2.1. Study site

Moon lake is located in the northwest of Hanyang
District, Wuhan, Hubei Province (114° 15′ E, 30° 33′ N).
The total area of the lake is about 1.42 km2, with an average depth of 1.2 m. The deepest areas are about 2 m (Fig. 1).
Moon Lake is rich in N, P and other nutrients. Hence, it is
considered to be a small eutrophication shallow lake [17].

The surface temperature of the Moon Lake is nearly
6 °C in winter to more than 30 °C in summer. Average
annual rainfall in the area is 1269 mm, precipitation being
mainly concentrated in June to August. Moon Lake is very
shallow (average depth <1.2 m), and the lake bottom is
covered entirely by deep mud. During the measurement,
the column depth often exceeded the wave depth. Hence, the
wind also has a substantial effect on the lake environment.
2.2. Sampling strategy and methods

This study involved the identification and statistical
analysis of Moon Lake’s physicochemical index, nutrient
levels, and phytoplankton (diatoms and cyanobacteria)
index of water during January to December of 2007. Six
sampling sites, in total, were assigned according to the morphological characteristics of the lake (Fig. 2). Sampling
was conducted monthly at each monitoring site. Sampling
time was at 8 AM to 11 AM on each occasion. Sampling
order was Y1, Y2, Y4, Y3, Y5, and Y6.
The physicochemical indicators of the lake water
were measured by an Orion 5 water quality fast analyzer
(Thermo Electron Corporation). The measured parameters
included temperature (T), pH value, electric conductivity
(Cond), dissolved oxygen (DO) and water transparency.
The nutrition indicator DIN mainly existed as nitrate
nitrogen (NO3--N), nitrite nitrogen (NO2--N) and ammonia
nitrogen (NH4+-N), and may also contain a small amount of
organic nitrogen. Our research used the sum of DIN, NO3-N, NO2--N and NH4+-N instead of DIN (mg·L-1). NH4+-N
levels were measured by Nessler′s reagent spectrophotometry (mg·L-1), NO2--N by N-(1-naphthyl) ethylenediamine
dihydrochloride spectrophotometry (mg·L-1), and NO3--N
by UV-spectrophotometry (mg·L-1). P can be bioavailable
in a body of water as DIP. DIP was measured by using
molybdenum-antimony anti-spectrophotometric method
(mg·L-1). The DSi (mg·L-1) was measured by Inductively
Coupled Plasma Atomic Emission Spectrometry (ICPAES). All the aquatic nutrients (DIN, DIP, DSi) were measured in filtered water samples.

FIGURE 1 - Location of sampling stations in the Moon Lake.
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FIGURE 2 - Location of sampling sites in Moon Lake.
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15X (100 times objective lens), cyanobacteria were directly
observed under 15X (40 times) [18-20].

Time
FIGURE 3 - The annual fluctuation of Cond in the Moon Lake.

3. RESULTS
3.1. Index of physics and chemistry

Cond is an important indicator of water quality analysis and is determined by the type and concentration of
dissolved ions and water temperature. Ion composition of
a water sample depends on valley geology and soil characteristics [21]. Cond could certainly reflect the degree of
eutrophication in lakes [21]. Cond throughout the year in
Moon Lake fluctuated between 382.67 µs·cm-1-581.83
µs·cm-1. Average degree of Cond was 487.19 µs·cm-1
(Fig. 3). It was highest in February (382.67 µs·cm-1) and
lowest in August (382.67 µs·cm-1). The main reason for
the higher Cond in February was due to lower rainfall
during this period, influencing the lake capacity and nutrient enrichment, and phytoplankton did not enter the
growing season. In August, the low Cond values may be
due to above normal rainfall and the absorption of nutrients by phytoplankton.

Variation in DO is an important indicator of the level
of primary productivity in water. It was affected by biological activity, weather conditions, topography, seasonal
and other factors [22]. DO levels in Moon Lake and the
annual content changes distribution are shown in Fig. 4.
Overall, DO of the lake was quite high, with an average
of 9.44 mg·L -1. Hence, on the whole, the lake had a
good oxidizing environment. The maximum DO value
appeared in March (14.55 mg·L -1), and the lowest in
January (6.01 mg·L -1).
Water temperature is also an important factor that
can significantly affect aquatic life. Changes in water temperature can influence both the chemical characteristics of
water and the biological characteristics of a lake [21, 22].
The water in Moon Lake is shallow, with little overall
temperature variation. The highest measured water temperature appeared in August, and was 31.1 °C. The mini-
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mum measured water temperature appeared in January and
was 5.7 °C. The average water temperature for the entire
year was 19.4 °C, never dipping below 0 °C. In January –
December of 2007, the water temperatures in the lake were
above 10 °C for a total of 9 months, and above 20 °C for
6 months, temperature above 25 °C about 4 months. Generally, the lake did not freeze in winter, indicating that the
heat resources were beneficial on lake for the growth of
aquatic biology (Fig. 5).

the minimum value (7.77) in January. During the summer,
pH could reach as high as 9.00. This was mainly due to
the strong photosynthesis during phytoplankton blooms
that consumed a large amount of carbon dioxide (especially
cyanobacteria). Lack of CO2 promotes decomposition of
water HCO3 that leads to an increase in pH [23].
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FIGURE 6 - The annual fluctuation of pH value in the Moon Lake.
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FIGURE 5 - The annual fluctuation of temperature in the Moon Lake.

Values of pH are also important in water quality monitoring [21, 22]. Phytoplankton in the water-body absorbs
CO2, which often leads to changes in the water pH from
neutral to alkaline [19-21]. Fig. 6 shows variation of pH
throughout 2007 (obvious seasonal variation, reaching a
high level in summer and autumn, but a low one in winter
and spring). The highest value (9.04) occurred in August;

Transparency is a measurement of light transmission
into the depth of water depending on light conditions, the
amount of suspended solids, plankton, etc [21, 22]. The
transparency of water had obvious seasonal and diurnal
variation. During summer, phytoplankton blooms resulted
in lower transparency. During winter, the cold temperatures
triggered a drop in the quantity of phytoplankton, and
transparency increased. Transparency is also affected by
the amount of daylight and is higher at midday [21, 22].
The transparency fluctuated between 16 and 43 cm over
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FIGURE 8 - The annual fluctuation of DIN, DIP and DSi in the
Moon Lake.

Moon Lake contents of DIN throughout the year were
above 0.30 mg·L-1 (average 2.45 mg·L-1), which indicated
that the lake is rich in DIN. The DIN level between January and May was much higher than that between June and
December. The highest monitoring content (7.50 mg·L-1)
appeared in February 2007. After May, the content of DIN
was reduced to 1 mg·L-1. The lowest value (0.50 mg·L-1)
occurred in June. The major reason for the significant decline of DIN after May was due to absorption of phytoplankton by growth.
Average content of DIP was 0.077 mg·L-1. From
January to October, DIP was greater than 0.02 mg·L-1. In
November and December, the monitoring content was less
than 0.02 mg·L-1. From January to February, there was a
significant decrease of DIP on the lake. From February to
September, the overall content of DIP showed a slow
rise. During summer months, DIP content was at its annual maximum (0.066, 0.110, 0.136 and 0.171 mg·L-1).
A minimum value (0.008 mg·L-1) of DIP during the year
was observed in November. Diatom blooms in spring and
autumn would lead to the decrease of water pH value,
from slightly acidic to acidic. This will promote the release of P into lake sediment. In slightly alkaline to alkaline water conditions, the release of sediment P was much
greater than in weak acid to acidic water conditions [23].
This is potentially indicative of high cyanobacterial
growth.

From the composition of DIN in the water-body, there
was a high NH4+-N content. The average content was 2.23
mg·L-1, the highest value (7.30 mg·L-1) appeared in February, the lowest value (0.06 mg·L-1) in June. NH4+-N had
obviously seasonal variation, the content in February to
May was far higher than that in June to December (Fig. 9).
Overall, NH4+-N levels on the lake water-body were suitable for the growth of phytoplankton and other aquatic
organisms, but the high NH4+-N and its large contribution
to DIN indicated a source of pollution. It seemed likely
that these high levels inhibited the growth of some phytoplankton. This may be indicated by the fact that high levels
inhibited the growth of phytoplankton. The average content
of NO2--N in the lake was 0.06 mg·L-1, with the highest
level appearing in May (0.17 mg·L-1) and the lowest in
August and September (0.02 mg·L-1). The content in
March to July was higher than that in August to December.
NO2--N in the aqueous nitrogen cycle forms very unstable
intermediates, which could easily be oxidized to NO3--N,
and reduced to NH4+-N. Combined NH4+-N and NO3--N
content of the water-body could be used to speculate on
degree of water-body nutrition and self-purification. In
the overall water-body, the content of NO2--N was low.
The average content of NO3--N was 0.17 mg·L-1, the
highest values appeared in February and July (0.26 mg·L-1)
and the lowest occurred in May (0.06 mg·L-1). NO3--N
could be used by the majority of aquatic organisms; thus,
the level of NO3--N in the lake water-body was strongly
influenced by phytoplankton. During phytoplankton
breeding season, the NO3--N content was low.
The ratios of DIN:DIP and DSi:DIP in Moon Lake had
large seasonal variations; the DSi:DIN ratio variation was
smaller (Fig. 10). High DIN levels resulted in very high
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FIGURE 11 - Mean density (±SD) of cyanobacteria and diatoms in
the Moon Lake.
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3.3. Diatoms and cyanobacteria

3.4. Correlation analysis of phytoplankton (diatoms and cyanobacteria) and habitat elements

Through the correlation analysis of physicochemical
indicators on the lake, nutrient levels and phytoplankton
statistical indicators (Table 1), several important observations emerge.
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According to counts of diatoms, cyanobacteria and
Chl-a in Moon Lake, diatoms were distributed throughout
the whole year with a higher density in spring and autumn. The cyanobacterial levels were lower in winter and
spring. A few months (January and April) failed to monitor. In summer months (June-September), the density of
cyanobacteria was the highest. Diatoms and cyanobacteria
also showed different distribution patterns. Diatom growing season was primarily during spring and autumn, while
cyanobacterialo blooms occurred in summer. In addition,
the density of cyanobacteria in summer was higher than
that in spring and autumn (Fig. 11). This could mirror the
distribution of Chl-a (Fig. 12). The concentration of Chl-a
was low with small fluctuations in winter, while it was
high with large fluctuations in other seasons. Water temperature during this spring and summer, nutrient levels
and other ecological factors were the most important reasons why Chl-a levels during this period were higher.

Time

FIGURE 12 - Mean density (±SD) of Chl-a in the Moon Lake.

There was a positive correlation between diatom density and DSi:DIP ratio (r=0.811). The number of diatoms
in the lake water-body was regulated by the DSi and DIP,
with rising concentrations of DSi and DIP significantly
increasing the diatom growth rate.
There was also a positive correlation between cyanobacteria density and DIP (r=0.647). Phytoplankton in the
lake was regulated by DIP, when the concentration of DIP
increased, the growth rate of cyanobacteria was enhanced.
A positive correlation was also observed between cyanobacterial density and water temperature (r=0.699).
This is expected since the growth peak always appeared in
summer months, when more suitable water temperatures
provided ideal habitats for cyanobacterial growth [24].
Cyanobacterial density and pH values displayed a positive correlation (r=0.734). Cyanobacteria (warm-water
phytoplankton), on the peak of their growth, would lead
water-body turn to alkaline, increasing their density and
keeping the water pH value rising [24].
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TABLE 1 - Significant correlations between diatoms, cyanobacteria, chlorophyll a and nutrients, nutrient ratios and habitat factors in the
Moon Lake.
diatoms

cyanoChl-a
bacteria

diatoms
cyanobacteria
Chl-a
NH4+-N
NO2--N
NO3--N
DIN
DIP
0.647*
DSi
DIN/DIP
DSi/DIP
0.811**
DSi/DIN
transparency
temperature
0.699*
pH
0.734** 0.580*
Cond
-0.794**
DO
* p < 0.05; ** p <0.01, n=12

NH4+-N NO2--N NO3--N DIN

DIP

DSi

DIN/
DIP

DSi/
DSi/
DIP
DIN
0.811**

0.647*

transparency

temperature
0.699*

1.000**

1.000**

pH

Cond
-0.794**

0.851**

0.760**

-0.690*

0.734**
0.580*
-0.614*

0.751**

-0.682*

-0.616 *

DO

0.849**

0.735**
0.760**

0.751**

0.752 **
0.593*

-0.682*

0.735**

0.593*

-0.615*
0.630*

-0.614*
0.849**

-0.616*
0.851**

-0.670*
0.752**

There was a negative correlation between cyanobacterial density and Cond values (r=-0.794). Growth and
reproduction of cyanobacteria consumes large amounts of
nutrients in water, including N and P, and is an important
reason for the drop of Cond.
Chl-a and pH values were positively correlated (r=
0.580). The main group of phytoplankton in the lake water-body was that of cyanobacteria, with blooms being the
main contributor to the increased Chl-a and pH values.
NH4+-N and DIN:DIP ratios were positively correlated (r=0.760). Composition of DIN on the lake water-body
was mainly NH4+-N (main nitrogen form absorbed and
utilized by phytoplankton).
NH4+-N and pH values displayed a negative correlation (r=0.-614). NH4+-N was the main nitrogen form of
absorption and utilization of phytoplankton, but on lake`s
water-body were mainly cyanobacteria. The proliferation
of cyanobacteria led to the alkaline pH value.
A negative correlation was seen between DIN and pH
values (r=0.-616). Most of the forms of absorption and
utilization of phytoplankton was DIN but when DIN declined, the density of phytoplankton increased, reflective
of the ecological relationship between phytoplankton and
nutrients.
DIN and Cond (r=0.851) as well as DIN:DIP ratio
and Cond (r-0.752) were positively correlated. The size of
the Cond of a water-body was mainly determined by the
concentration of dissolved ions in the water-body, and
water temperature. The composition of ion species depends on soil characteristics and valley geology [21, 22].
In eutrophic lakes, increased levels of N, P and other nutrients are an important factor leading to the increase of
Cond in the lake.
Also, transparency and DO showed a positive correlation (r=0.630); the higher transparency, the higher DO in
lakes. When the transparency was low, the density of
phytoplankton in water was often higher, which led to the

-0.615*

-0.670*

decrease of water transparency and made the sensory
characteristics of water down.
There was a positive correlation (r = 0.849) between
Cond and NH4+-N. In the composition of lake`s DIN,
NH4+-N played a main role, and its increase became an
important factor of Cond increase.
Cond and DSi:DIN ratio was negatively correlated (r=
-0.615). When the DSi:DIN ratio was higher in the lake, the
phytoplankton (mainly cyanobacteria) was in a growth
peak, electric conductivity kept falling, which not only
reflected the phytoplankton ecological behavior for absorption and utilization, but also implied that the main
phytoplankton on the lake was cyanobacteria.
4. DISCUSSION
Anniversary monitoring tof physicochemical indicators in the Moon Lake showed that average water temperature on the lake was 19.37 °C, average Cond of water on
the lake was 487.19 µs·cm-1, annual average pH value of
the lake was 8.42, average DO in the Moon Lake was
9.44 mg·L-1, and average transparency of water-body in
the lake was 22 cm. Most physicochemical factors of the
water had some seasonal variations. Moon Lake is a shallow lake. Wind effects and water convection were the
major factors affecting uniform and vertical distribution
of chemicals in the water. On the other hand, Moon Lake
is a natural lake disturbed often by humans. Slow motion
affects proliferation, migration and transformation of nutrients which flow into the lake.
Correlation analysis showed a weak correlation between the diatom density and potential environmental factors not strongly affecting diatom growth (physicochemical
indicators: temperature, pH, Cond, DO and transparency).
At the same time, the results also showed that in the lake
environment, the main factor affecting diatom density was
the nutritional status of the water-body (especially Si and
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P), and the above environmental factors (physicochemical
indicators: temperature, pH, Cond, DO, transparency) had
little effect on diatom growth.
Correlation analysis also demonstrated that the correlation was very strong (temperature, pH, Cond) between
cyanobacterial density and potential environmental factors
affecting its growth (physicochemical indicators: temperature, pH, Cond, DO, transparency). Hence, the growth of
cyanobacteria was greatly influenced by environmental
factors. The nutrient status of the lake could also affect the
growth of cyanobacteria significantly (particularly P) [24].
The annual monitoring on lake nutrients indicated that:
average DIN content in lake water was 2.45 mg·L-1; main
form of DIN was NH4+-N (average content 2.23 mg·L-1),
and annual averages of NO3—N, NO2—N, DIP and DSi
were 0.171, 0.061, 0.077 and 3.76 mg·L-1. The lake was
highly eutrophic as indicated by high P and low Secchi
disc transparency (22 cm). The Chl-a value was low for
the lake with high P. Phytoplankton on the lake showed
that the water-body was on a high primary productivity,
and density of cyanobacteria was much greater than that of
diatoms; the phytoplankton and habitat factors in the water-body had a complex ecological network relationship.
Increases in human activities are the main cause of
water-body eutrophication and corresponding to cyanobacterial blooms. Hence, the levels of N and P attract the
most concerns, and their restrictions are important issues
to water ecologists. Only few reports list Si as a limiting
factor [25, 26] but there are some reports that low N/P
ratios or P fertilizers are beneficial to the growth of nitrogen-fixing blue-green algae in experiments [27]. In addition, studies indicate that nitrogen-fixing blue-green algae
are easily seen in lakes with N/P weight ratios less than
10 but do not appear in lakes with a larger N/P ratio [28].
Based on this study, some authors propose that ratio of
DIN/DIP drops while nutrient levels increase; hence, a
low ratio of DIN/DIP in the lake means high nutrient load
(total nitrogen (TN) and total phosphorus (TP)) [29, 30].
According to our monitoring results, Moon Lake undoubtedly had a low N/P ratio and a higher nutrient load
(N, P) suitable for the growth of cyanobacteria.
Opinions about N/P theory are varying. Some believe
that N/P therory does not explain the mechanism of bloom
in eutrophic water-bodies because they have intrinsically
high N and P loads and input of additional N and P might
exceed the absorption capacity of phytoplankton [31]. Both
long-term ecological studies and limnology experimentation in East Lake (Wuhan, China) showed that in eutrophication lakes, the outbreak of cyanobacterial bloom leads to
water pH increase, so selectively inducing massive release
of P from sediment eventually leading to a significant
decrease in water N/P ratio. Low N/P ratio was not the
reason but the result of the outbreak of cyanobacterial
bloom [32]. In addition, some authors point out that the
influence of N/P ratio on the growth of freshwater phytoplankton might not be significantly, and other nutrients
may restrict the functioning of the lake ecosystem [33].

DSi is usually released by the weathering on land and
subsequently transferred to water by river runoff. It is an
essential nutrient for diatom growth and functioning [34].
The duration time of diatom growth peak is shorter, with
the decay process of feeding and the incidence of death;
organic N and P components in diatom cells will quickly
be recycled back to inorganic N and P state. The diatoms
ingested by zooplankton were not absorbed, but directly
discharged, then deposited, and finally left in the aquatic
ecosystem [35]. Due to the longer period of the regeneration of Si [36], after a peak growth of diatoms, water would
form a new combination of nutrients (N and P were higher,
lack of Si) providing the necessary habitat for other phytoplankton [12]. In addition, there were some reports showing that N and P levels were higher in urban sewage emitted into the water body, while the content of Si was very
low, which could not meet water consumption of all diatom N and P needs [13]. Once the DSi in water was consumed, this would rapidly lead to the succession of phytoplankton communities dominated by cyanobacteria. Therefore, the DSi level not only determined the extent of the
maximum diatom biomass but might also restrict the
duration time of dominant species.
5. CONCLUSIONS
Our study showed that among the three kinds of nutrients (N, P and Si), seasonal variations in levels were
closely related to cyanobacterial growth. Some additional
physicochemical factors of lake water also contributed to
the formation of such a situation. N and P levels were high,
but the content of Si was low and distributed very unevenly in the lake, which played a role on eutrophication and
process of cyanobacterial proliferation. The reason was
due to that the Moon Lake is a closed one, and in lack of
DSi. In addition, the emission of high N and P into the lake
accelerated Si sediment. The content of DSi and characteristics of the water ecosystem were totally different from
that of the Great Lakes [35]. Although N and P were
closely related to lake eutrophication, the DSi by diatoms
affected the lake ecosystem, which might play an indirect
regulation effect on cyanobacterial biomass and the role of
duration. Hence, some environmental strategies for remedying the reduction of DSi in the Moon Lake should be
considered.
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ABSTRACT
Heavy metal contents were investigated in different
organ tissues of Mullus barbatus (L., 1758) from Çandarlı
Bay in the northeast Agean Sea in May 2004. Muscle,
liver and gill tissue were analyzed for copper, lead, chromium, zinc and iron by Atomic Absorption Spectrophotometer (AAS). The concentrations of copper in the muscle tissue ranged between 0.11 and 1.25, in liver 0.62 –
2.08, in gill 0.32 – 1.26 ; chromium in muscle 4.21 - 9.02,
in gill 10.49 – 17.49, in liver 15.50 – 26.37 ; lead in muscle
1.20 - 9.74, in gill 3.18 - 11.82, in liver 5.30 - 12.52; zinc
in muscle 0.36 - 0.97, in gill 1.16 - 2.57, in liver 2.08 - 6.19;
iron in muscle 4.16 - 9.32, in gill 8.23 - 25.63, and in liver
5.43-58.45 (µg g-1 wet weight). The order of the metal
concentrations found in M. barbatus was Cu < Zn < Pb <
Cr < Fe. According to statistical analysis, there were no
significant relationship between individual lengths and
weights of Mullus barbatus and bioaccumulation of heavy
metals (ANOVA, p > 0.05). In this study, the mean values
of Pb and Cr in muscle tissues were exceeded the legislation limits of FAO (Food and Agriculture Organization of
the United Nations) and MARA (T.C. Ministry of Agriculture and Rural Affairs). In addition, Pb and Cr values
in excess of permissible limits may be harmful to human
health.
KEYWORDS:
Heavy metals, Fish, Çandarlı Bay, Turkey

1. INTRODUCTION
Metals are introduced into the aquatic ecosystems such
as lakes, rivers and seas in many ways. They may be
accumulated by aquatic organisms such as fish and may be
* Corresponding author

a potential risk to health of ecosystems and organisms. The
risk carried on humans in terms of heavy metal toxicity is
determined by analyzing metal concentrations in the most
consumed and high economic value species [1, 2]. Fish is
widely used as monitoring organisms in the aquatic environment. Metals can be taken up by fish from water, food,
sediment and by suspended particulate material [3]. They
may also be accumulated via the general body surface,
across the gills and through the digestive system, to be then
carried to tissues and organs by the blood circulatory
system to bind on carrier proteins. They can reach high
concentrations as a consequence of being connected to
metal binding proteins [4]. Some heavy metals, especially
cadmium, mercury, lead and chromium, can penetrate a
living organism via the food chain and can accumulate.
Then, due to excessive concentrations in the body structure, they cannot be discharged by natural physiological
mechanisms producing toxic effects [5]. Gill, liver and
muscle were chosen as target organs for assessing metal
accumulation. The concentrations of metals in gills reflect
those in their surrounding waters. The metal content in the
dorsal muscle was analyzed, because of its importance
related to human consumption, and the liver was analyzed
as this organ has a tendency to accumulate metals [6].
Metal concentrations have previously been investigated
for many organisms in the Aegean Sea. [7-16] in selected
marine fishes. In addition, target organs, such as liver,
gonads, kidney and gills, have a tendency to accumulate
heavy metals in high values, as shown in many species of
fish in different areas: in M. barbatus and Sparus aurata
in the İskenderun Gulf [17] in M. barbatus in the Eastern
Adriatic Sea [18], in M. barbatus and Mullus surmuletus
in the Izmir Bay [19], in Thunnus thynnus in Antalya Gulf
[20], in Liza ramada in Mersin Gulf [21], in Sardinella
aurita, L. ramada, Diplodus annularis, Solea lutea and
Umbrina cirrosa in Mersin Gulf [22], in M. barbatus,
Mugil cephalus, Trachurus trachurus, Pagellus acarne,
Dicentrarchus labrax, Sparus auratus, S. aurita, Boops
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boops, Scomber japonicus, Solea solea in Antalya Bay [23],
Mugil capito, Siganus rivulatus, S. auratus and Sardina
pilchardus in Mediterranean Sea [24], in S. auratus,
Atherina hepsetus, M. cephalus, Trigla cuculus, S. pilchardus and Scomberesox saurus in the northeast Mediterranean Sea [25]. It is generally accepted that muscle is not an
organ in which metals accumulate [17, 26-28]. Similar
results have been reported for a number of fish species
showing that muscle is not an active tissue in accumulating heavy metals [17, 29]. Analyzes are also needed for
muscle tissues, as metals are consumed by humans and
carry health risks [30].
Çandarlı Bay is an important area for the trawling in
the Agean Sea where the red mullet fishery is well developed. This bay has been heavily impacted by man-made
modifications and is surrounded by urbanization, industrial
and agricultural zones. In addition, this region contains many
petrochemical industries, as well as 10 factories in metal
production. Seven companies are involved in fertilizers,
paper, mining and chemicals, and 15 businesses are engaged in shipyard repairs [31]. Industry is more developed
in the Aliağa district. The Bakırçay River which flows into
the Çandarlı Bay has no reliable canalization or sewage
treatment in the residential zones of its passageway.
Thus, these untreated waters are distributed to the river
and its branches [32]. The aim of this study was to determine heavy metal (Cu, Pb, Cr, Zn and Fe) concentrations in the muscle, gill and liver of Mullus barbatus
(L.1758) from four trawl areas (T1, T2, T3 and T4) in the
northeast Agean Sea.

TABLE 1 - Coordinates and depths of trawling zones
Trawling
Stations
1
2
3
4

Initial-final coordinates Depths (m)
38º54´71″N 26º53´41″E
38º55´06″N 26º55´02″E
38º54´48″N 27º01´17″E
38º54´09″N 26º59´40″E
38º53´08″N 26º57´90″E
38º52´06″N 26º56´36″E
38º47´63″N 26º52´68″E
38º44´30″N 26º52´08″E

Bottom

61-54

muddy-sandy

36-47

muddy-sandy

56-58

muddy-sandy

94-92

muddy-sandy

FIGURE 1 - The map of sampling locations in Çandarlı Bay, Turkey.
TABLE 2 - Main biometric parameters of Mullus barbatus.

2. MATERIALS AND METHODS

Locations

The red mullet Mullus barbatus (18.00±0.36 cm and
65.02±4.02 g) used in this study were sampled at four
stations (Table 1) in the Çandarlı Bay in the northern part
of the Aegean Sea in May 2004 (Figure 1). Twenty fish
were collected from each station, and then brought to the
laboratory on ice, at the same day. Total size and weight
of the animals were measured and their sex determined.
They were then kept freezing at -20 ºC until analysis. The
numbers of samples and main biometric parameters are represented in Table 2. The gill, liver and muscle tissues of
the animals were dissected using clean stainless steel
equipment. Then all tissues were pooled, mixed and homogenized. The triplicate analysis was conducted for all
tissues and each sampling location. The tissues homogenates were prepared according to international standard
methods. The composite samples of each tissue were
weighed and digested with conc. HNO3: HClO4 (5:1) (extra
pure Merck) under reflux and filtered [33-35]. Metal samples were analyzed by Atomic Absorption Spectrophotometer using a SOLAR-UNICAM 929 (AAS). The detection limits of the AAS were 0.01, 0.001, 0.125, 0.05
and 0.05 µg g-1 wet weight for Cu, Zn, Pb, Cr and Fe, respectively [36].

T1
T2
T3
T4

Total length (cm)
Mean±SD Range
18.85±0.42 17-22
15.01±0.40 12-17
20.08±0.40 17-23
18.13±0.59 16-21

Body weight (g)
Mean±SD Range
71.41±5.27 17-137
36.61±3.43 17-58
88.38±6.57 57-137
65.90±7.83 36-111

Sex
♂ ♀
20
1 19
20
2 18

Analysis of variance (one-way ANOVA, p<0.05) was
performed to evaluate the differences in Mullus barbatus
between stations, total length and total weight for each
heavy metal. In order to find the linear relationship between fish length, fish weight and heavy metal concentration, Pearson's correlation coefficient (r) was conducted. All
statistical analysis was performed according to Zar [37].
3. RESULTS AND DISCUSSION
3.1. Physico-chemical water quality results

The variability in metal concentrations of marine organisms depends on many factors, either environmental (metal
concentrations in seawater, temperature, salinity, dissolved
oxygen, pH, etc.) or purely biological (species, tissues, organs, feeding conditions, etc.) [38]. Average values of some
physico-chemical environmental parameters, which are
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related to trace metal accumulation from four different
locations in the Çandarlı Bay, are presented in Table 3.
3.2. Heavy metal results

The minimum, maximum and mean concentrations of
heavy metals for each organ collected from four different
locations along the Çandarlı Bay are summarized in Table 4.
The order of the metal concentrations found in M. barbatus was Cu < Zn < Pb < Cr < Fe. The minimum and maximum copper concentrations varied from 0.11 to 1.25 µg g-1
wet weight (ww) in the muscle, from 0.32 to 1.26 µg g-1 ww
in the gill, with the highest level at station T3, and from
0.62 to 2.08 µg g-1 ww in the liver, with the highest level
at station T1. Copper concentrations vary significantly
(p<0.05) in the gill and liver tissues, although copper
concentrations did not vary significantly (p>0.05) in the
muscle tissues of the Mullus barbatus in all locations
(Table 4).
Several authors have noted the concentrations of heavy
metals in fish vary with the length of the fish [38, 39]. However, no relationship was observed between individual
lengths and weights of Mullus barbatus and bioaccumulation of heavy metals in this study (p>0.05).
Various researchers have addressed measurements of
Cu, Zn, Pb, Cr and Fe in fish from different regions of the
world, and some of these data are summarized in Table 5.
There were differences between metal concentration in this
study and those of previous studies. Copper concentrations
in muscle tissues found in this study were higher than
those of the Aegean Sea [14] and Izmir Bay [15, 19, 42],

but lower than those of İskenderun Bay [43, 45] (Table 5).
Lead concentrations in muscle tissues were higher than all
other studies but showed similar values in the study reported in Izmir Bay [42] (Table 5). Zinc concentrations
varied depending on the study areas. Zn levels detected in
all previous researches were found to be much lower in all
types of tissues compared with this study, except with the
maximum 2.30 µg g-1 ww of zinc in the Eastern Adriatic
Sea [18]. Cr concentrations have been less studied when
compared to other metals in M. barbatus. Chromium concentrations found in this study were higher than those reported by [19, 43, 46] in liver and muscle tissues (Table 5).
However, Fe concentrations in the liver and gill tissues
were lower than those reported in previous literature, but
those in the muscle tissues showed more or less similar
values to those studies done in the Izmir Bay [15, 19, 42]
(Table 5). Concentrations of heavy metals detected in various tissues were classified as follows: liver > gill > muscle.
The reason for lower heavy metal concentrations in muscle
tissue than those of gill and liver is related to lower metabolic activities of muscle. Higher values found in the liver
are related to its role as a storage organ [48]. According to
the declaration of trace heavy metals in Fisheries and
Microbiological Control, the permissible tolerance limits
of Pb, Zn and Cu in fresh fish are 1, 50 and 20 µg g-1 ww,
respectively [49]. In addition, FAO Legislation limits are
0.5 µg g-1 for Pb, 30 µg g-1for Zn, 30 µg g-1 for Cu and
1 µg g-1 for Cr [24]. In this study, the mean values in
muscle tissues were found to be 5.79 µg g-1 ww for lead
and 0.56 µg g-1 ww for zinc; 0.54 µg g-1 ww for copper
and 6.30 µg g-1 ww for chromium. The mean values of Pb

TABLE 3 - Average values of some physico-chemical environmental parameters from Çandarlı Bay.
Locations
T1
T2
T3
T4

Water temperatures (ºC)
2003
20.1
20.2
19.9
20.0

2004
18.1
18.3
19.7
19.7

Dissolved oxygen
(mg/l)
2003
2004
8.30
7.74
8.30
8.12
8.19
8.13
8.31
8.16

pH
2003
7.45
7.47
7.49
7.48

2004
7.43
7.42
7.41
7.43

Salinity
( ‰)
2003
2004
38.35 36.03
38.13 36.17
37.67 36.32
38.37 36.80

TABLE 4 - Minimum, maximum and mean values of the metal concentrations in different organs of Mullus barbatus (µg g-1 wet weight).
Tissue

Station

Cu
Zn
Pb
Min.-Max. Mean
Min.-Max. Mean
Min.-Max. Mean
T1
0.44-0.64 0.54a*
0.38-0.51 0.44a
5.87-7.98
6.79ab
a
a
T2
0.16-0.35 0.26
0.47-0.97 0.63
5.25-9.74
8.07a
Muscle
T3
0.12-1.25 0.79a
0.38-0.78 0.60a
4.66-7.66
5.98b
T4
0.11-1.11 0.56a
0.36-0.84 0.55a
1.20-2.76
2.30c
b
a
T1
0.65-0.99 0.78
1.16-1.93 1.72
8.41-9.59
9.17c
T2
0.32-0.65 0.46c
1.40-2.57 1.98a
10.43-10.97 10.57b
Gill
T3
1.17-1.26 1.23a
1.96-2.24 2.14a
11.54-11.82 11.66a
T4
1.11-1.12 1.12a
2.01-2.39 2.18a
3.18- 4.86
3.97d
T1
1.03-2.08 1.59a
2.08-6.19 3.72ab
10.33-11.34 10.83a
T2
0.62-0.73 0.67b
3.36-5.64 3.92a
10.79-12.52 11.59ab
Liver
T3
1.28-1.59 1.41a
3.25-6.08 4.27b
12.14-12.52 12.27a
a
c
T4
1.49-1.71 1.59
2.44-6.08 3.72
5.30 - 6.53 5.83c
* Data shown with different letters are statistically significant at the P<0.05
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Cr
Min.-Max.
5.42-6.76
5.73-9.02
4.42-8.74
4.21-7.90
11.22-17.49
14.15-17.28
11.45-16.19
10.49-13.36
21.64-25.53
19.28-24.12
17.42-26.37
15.50-17.93

Mean
6.27a
6.62a
6.82a
5.49a
14.23ab
16.07a
13.38b
11.71b
23.26a
21.66a
21.87a
16.54b

Fe
Min.-Max.
4.16-8.70
6.28-8.94
5.23-9.32
4.71-7.93
11.06-17.37
8.23-12.36
16.06-25.63
12.17-16.95
19.76-27.36
15.41-21.34
26.06-58.45
22.15-46.06

Mean
6.98a
7.88a
7.06a
6.13a
13.90bc
10.63c
19.57a
15.06b
22.46bc
18.52c
36.17ab
36.39a
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TABLE 5 - Levels of heavy metals in Mullus barbatus from the different regions of the world (µg g-1 wet weight).
Tissue

Liver

Gill

Muscle

Area
Agean Sea, 1999
Northeast Mediterranean, 1999
Izmir Bay, 2001
Eastern Adriatic Sea, 2007
Turkish Seas, 2008
Çandarlı Bay
Agean Sea, 1999
Northeast Mediterranean, 1999
Izmir Bay, 2001
Çandarlı Bay
Izmir Bay, 1982
Agean Sea, 1999
Northeast Mediterranean, 1999
Izmir Bay, 2001
Agean Sea, 2001
Izmir Bay, 2002
Izmir Bay, 2004
Iskenderun Bay, 2005
Iberian Peninsula Coast, 2007
Iskenderun Bay, 2008
Turkish Seas, 2008
Black Sea, 2009
Çandarlı Bay

Cu
1.30-6.75
1.10-3.20
0.15-0.68
1.11-26.7
0.62-2.08
0.70-1.90
0.49-1.05
0.32-1.26
0.48
0.03-0.50
0.11-0.48
0.11-0.50
0.24-5.43
0.33-0.44
1.10
0.57-5.06
0.11-1.25

Pb
0.40-1.80
2.40-9.43
0.66-5.20
5.30-12.52
0.70-3.05
3.83-11.44
3.18-11.82
2.17
0.07-0.85
0.80-2.55
0.04-0.20
0.01-0.91
0.80-2.60
0.32-4.83
0.03-0.12
0.13-1.00
0.515-0.081
1.20- 9.74

and Cr in muscle tissues were exceeded the legislation
limits of FAO and MARA. Due to the presence of factories involved in metal production, fertilizers, paper, mining, chemicals and shipyard repairs around the Çandarlı
Bay, chromium detected in the wastes of these activities
could have adverse effects on living organisms. Similarly,
as lead levels were a higher than the maximum permissible value in fresh fish, as well as, the presence of Pb wastes
in fertilizers and pesticides used in agricultural activities,
especially, in oil refineries and the petrochemical industry
located in Aliağa, suggests a negative impact in the region.
Therefore, it is suggested that consumption of these fish as
a food resource which showed higher. Pb and Cr values in
excess of permissible limits may be harmful to human
health. However, in terms of the other metals, they have
not yet shown such a danger like this.
The average heavy metal concentrations in muscle
tissue were examined between the stations, and accordingly, all metals were detected at their highest levels, either in
T2 station along the Bakırçay River, or in T3 station
offshore the Aliağa, compared to others. In particular, lead,
chromium and iron concentrations were found higher in T2
station. This may show that Pb, Cu, Cr and Zn found in
fertilizers and pesticides used in agricultural activities in
the region, could be transported by the Bakırçay River to
the Çandarlı Bay. Specifically, the reason the highest lead
concentrations were found at T2 station compared to other
stations may be related to the high inputs from Soma
thermal power plant. Previous studies have shown high
concentrations of Cu and Pb at the power plant exit point
of the Bakırçay River. The reasons considered for these
were gas flue emissions from the thermal power plant, coal
washing water, and industrial activities in the region [50].

Zn
18.50-62.50
35.3-55.3
42.00-62.25
0.28-2.30
17.4-34.9
2.08-6.19
11.00-99.00
30.5-57.0
19.00-34.89
1.16-2.57
3.02
5.00-17.00
16.1-25.8
6.59-10.99
6.59-11.21
0.72-9.85
3.30-5.06
18.23
5.73-12.9
0.36- 0.97

Cr
0.20-1.79
15.5-26.37
10.49-17.49
1.08
0.69-6.46
0.13-0.27
4.21-9.02

Fe
135.0-258.0
44.00-114.71
0.35-1.68
49.9-328.0
15.41-58.45
263.0-299.0
90.85-170.11
8.23-25.63
12.02
32.2-103.1
2.12-10.83
2.12-13.25
2.45-17.92
42.93
21.9-160.0
4.16-9.32

Reference
[14]
[41]
[42]
[18]
[46]
This study
[14]
[41]
[42]
This study
[19]
[14]
[41]
[42]
[11]
[12]
[15]
[43]
[44]
[45]
[46]
[47]
This study

In another study which examined the accumulation of
heavy metal concentrations in sediment, it reported the
highest levels of Pb and Zn concentrations in the same
location as that where the Bakırçay River flows into the
region [51].
4. CONCLUSION
According to results, organic and inorganic substances
resulting from domestic and industrial activities in the
Bakırçay basin, pesticides and artificial fertilizers used in
agricultural areas, harmful chemical substances spread over
thermal power plant, discharge waters from industrial companies such as oil and dairy products etc. in the region, are
discharged by the Bakırçay River, and this may play a
major part in threatening the Çandarlı Bay.
In the ports of Aliağa especially, the petrochemical industry can be a high source of pollution. In addition, it is
considered that several industrial companies located around
the bay (chemical, paper, metal), ship dismantling and
heavy ship traffic could affect negatively on the
Çandarlı Gulf over time. Therefore, regular measurements of heavy metals in those aquatic species with a high
economic value, consumed as food, are very important for
those people carrying out health risk checks.
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ABSTRACT

lem, especially for immunodeficient individuals, such as
the elderly, newborns, and AIDS or dialysis patients.

Disinfection efficiencies and influencing factors of fine
carbon particles were evaluated under traditional process
conditions. Response surface analysis was used to determine the optimal levels of the main factors. Under optimal
conditions, the disinfection efficiencies increased from 4050% to 89%. The largest disinfection efficiencies were
obtained at mild particle levels (200 CNT/ml) and disinfection efficiencies (0.307 mg·L-1). Using a 2-parameter
dynamic model, the main reaction constants of chlorination were determined. In addition, the chloramine reaction
was of the first order (n =1). The reaction rate constant (k2)
was 2.068. The appropriate disinfection pH range of NH4Cl
was 7.5-8.5 for adsorptive bacteria. Temperature and pH
affected the decay velocity of NH2Cl significantly. The
results showed that under the conditions of conventional
water treatment, chloramine dosing has a limited ability to
control bacteria in water.

KEYWORDS: granular activated carbon (GAC); fine activated
carbon; chloramine disinfection; response surface analysis

1. INTRODUCTION
Granular activated carbon (GAC) [1] is an ideal medium for the water treatment process because it possesses
large adsorptive capabilities and a large surface area. The
adsorption phenomenon coupled with microbial degradation by bacterial populations in the biologically activated
filtration process is responsible for the biological stability
of drinking water [2]. However, various studies have shown
that the biological behavior in GAC beds existed generally,
and particles containing bacteria easily penetrated treatment
filters entering the effluent via hydraulic forces, which is
problematic and poses a threat to drinking water safety [3].
Indeed, multiplication of opportunistic pathogenic bacteria
in potable water represents a potential human health prob-

In the drinking water disinfection process, the formation of chloramine disinfection by-products (DBPs) are
less than that of chlorine, and are used as an alternative
disinfectant for drinking water instead of chlorine. Although chloramines have long been used as an alternative
disinfectant, the factors and mechanisms of influencing
chloramines in the conversion of bacteria attached to
carbon fines in water treatment systems are still not clear.
Duirk [3] and Clark [4] proposed a dynamic model of chloramine disinfection. Their models considered ammonia and
a series of complex reactions of free chlorine. Under certain
reaction conditions, the self-decay of chloramines was
predicted. However, these models have not been validated in an actual treatment process. Vikesland et al. [5],
who established the material balance in the dynamic equation in drinking water systems according to the principle of
chemical kinetics and equilibrium, used a variety of mathematical methods to calculate the concentration of reactants.
They studied the chloramine decay in a carbonate buffer
system designed to treat actual water using the chloramine
disinfection process. Acid catalyzed hydrolysis of carbonate and the temperature were considered in the model
changes. In addition, their model investigated the attenuation of chloramines due to nitrite and other inorganic bromide reactants.
The work presented herein focused on the disinfection of attached bacteria carried by carbon fines. Specifically, biofilms grown in plant reactors operating under
relevant drinking water conditions were subjected to slug
doses of colonized carbon fines. The biofilms, along with
the incorporated fines, were then studied under disinfecting conditions with chloramine.
2. MATERIALS AND METHODS
2.1. Experimental process

The experimental schematic layout of the treatment
process is given in Fig. 1. The apparatus consists of two

* Corresponding author
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parts: the conventional process (before the V-shaped filter)
and an advanced treatment process (after the O3 contact
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FIGURE 1 - The drinking water treatment process in the waterworks

tank). The annual average turbidity of the effluent from the
V-shaped filter remained steady under 0.5 NTU (nephelometric turbidity units) during the experiment.
2.2. Methods

The experimental system consisted of Plexiglass column reactors, in which biofilms were grown. These reactors had four different types of activated carbon that allowed periodic biofilm sampling.
(1) Water sample preparation

Water samples were collected from the drinking water treatment facility after a conventional treatment train
and after treatment with GAC filtration.
The particle calculating instrument was produced by
IBR (New York, USA). The performance index of the
instrument was as follows: a Video VCNT-W (produced
by IBR), the capability to detect particles with diameters
of 2–100 µm, maximum detection range of 18,000 CNT
(carbon nanotubes)/ml, and operating voltage of 220 V.
The most probable number (MPN) [6] of activated
carbon fines was determined by interval counts using a
microscope. For enumeration, a 1.0 L GAC effluent sample was subjected to membrane filtration, after which the
trapped substance was rinsed with distilled water to an
enriched solution of 10 ml. A portion of the enriched
sample was then analyzed microscopically, counting all
those also as carbon fines when the ensured detection
results were not attained.
(2) Disinfection methods

Experiments were conducted using a bacterial strain
isolated from the GAC outlet, which is slightly resistant
to chloramines. We compared disinfection effects on suspended bacteria and bacteria attached to fines. The numbers of attached or aggregated bacteria were evaluated by
culturing of both sonicated and unsonicated subsamples
of chloraminated and control samples.
Chloramine stock solutions with a concentration of
approximately 2.0g/L were prepared weekly from purified
grade sodium hypochlorite. Free chloramine residuals were
then measured according to the standard methods [7].
An appropriate volume of stock chloramine solution
(Cl2:N = 5:1 (molar ratio), pH 7.60) was added to the reactor containing the sample to obtain the desired amount of

residual disinfectant. A portion of the reactor contents was
removed, after which the residual disinfectant was measured. At the desired contact time, the residual disinfectant
was again measured, after which it was quenched by adding a slight surplus of 0.1% sodium thiosulfate to the reactor. The reactor was continuously mixed with a magnetic
stirrer throughout the experiment, and all experiments
were conducted at 20 °C.
(3) Microbial population

A mixed-population biofilm was grown in the reactors under conditions relevant to drinking water distribution
systems. The bacteria were obtained from water prepared in
lab with biologically activated carbon columns, which contained approximately 104 CFU/ml total bacteria. To minimize the introduction of extraneous carbon particles from
columns while allowing for sufficient inoculation, the reactors were initially run for 5 h using settled column effluent,
after which the systems were switched to filtered column
effluent.
3. RESULTS AND DISCUSSION
3.1. Disinfection effect of adsorptive bacteria

The bacteria found in the distribution water may occur
as single, aggregated, or fines-attached bacteria. Such bacteria may originate from treatment plants, biofilm shearing
[8], or resuspension of deposits [9]. To limit the re-growth
of bacteria, transport of drinking water in distribution systems generally requires the addition of disinfectants to the
water. Concerns about the limited efficiency of the disinfection of fines-attached bacteria have resulted from the
observation of colonized particles in treatment plant filter
effluents. The survival of fines-attached bacteria has mainly
been attributed to (i) high disinfectant reactivity of the particle surfaces coupled with (ii) limited mass transfer at the
interface, and these two factors lead to a low concentration
of oxidants being available for inactivation of the bacterial
cells. Thus, it is generally assumed that fines-attached bacteria are more resistant to disinfection than suspended bacteria [10].
In this study, experiments were conducted on a bacterial strain isolated from the GAC outlet of a wastewater
treatment plant that was slightly resistant to chloramines.
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We compared the effects of chloramination on suspended
cells and cells attached to fines. Prior to chloramination,
fines appeared to be colonized with both single cells and
aggregates of cells. This was quantified by measuring the
difference in the bacterial counts of samples that were not
chloraminated, with and without sonication. These experiments were designed to determine the effect of disinfectant
dosage, conditions of contacting time and particle levels on
the disinfection process. Specifically, samples were subjected to a chloramine contact time of 60 min, after which
the total coliforms were enumerated. The chloramine disinfection was conducted in triplicate for each fraction.
Based on the results of a response surface experiment,
the optimum conditions of the reaction were investigated.
Factor levels were selected by considering the operating
limits of the experimental apparatus and the properties of the
reactants. The upper particle level, 2000 CNT/ml, was determined using the IBR. The lower level was 200 CNT/ml,
since the lower level would require a steady system for
the reactor. Disinfectant concentration levels ranged from
1.0 to 3.0 mg·L-1 (Cl2:N = 5:1, pH 7.60) [11].

ant demand that reduces the concentration of oxidants
available for bacterial inactivation.

TABLE 1 - Experimental matrix for the factorial design and centre
points.
Run

A (CNH2Cl)

B (time)

C (Cparticle)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

-1.00
0.00
0.00
0.00
-1.00
0.00
0.00
1.00
1.00
1.00
1.00
0.00
0.00
0.00
-1.00
0.00
1.00
-1.00
0.00
-1.00

-1.00
0.00
-1.00
0.00
0.00
0.00
1.00
1.00
1.00
0.00
-1.00
0.00
0.00
0.00
1.00
0.00
-1.00
-1.00
0.00
1.00

1.00
0.00
0.00
0.00
0.00
1.00
0.00
1.00
-1.00
0.00
1.00
0.00
0.00
0.00
1.00
-1.00
-1.00
-1.00
0.00
-1.00

Efficiencies
0.611111
0.753623
0.654135
0.73262
0.624242
0.700000
0.864130
0.656250
0.913043
0.772727
0.614679
0.750000
0.743243
0.754098
0.721854
0.817143
0.703125
0.617284
0.735294
0.888889

FIGURE 2 - Response surface for the 3D model .

n

Table 1 shows the experimental matrix for the 3 factorial design (n factors, each run at two levels). Six additional runs were conducted at the center point, to estimate
the overall curvature effect. The order in which the runs
were made was randomized to avoid systematic errors.
This surface adequately represents the experimental
data, which are plotted in Fig. 2. Comparison of the results obtained with fines and attached bacteria revealed
similar disinfection efficiencies after exposure to NH2Cl.
All granular activated carbon fines may exert a disinfect-

In such a configuration, protection from disinfection
resulted from limited diffusion coupled with disinfectant
reduction inside bacterial aggregates. A very low disinfectant reduction due to the fines was measured, and mass
transfer was also enhanced by continuous agitation during
experiments. Also, the possibility of resistance due to exopolymers coating aggregated bacterial cells cannot be excluded. The protection of single bacteria gained by attachment to fines was probably negligible as long as this material did not consume chloramine. An apparent chlorine
demand in such fines could result from their becoming
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coated with dissolved organic matter, since organic compounds are easily trapped at the surface of the particles.
The response surface results indicated that disinfection efficiencies increased with increasing disinfectant dosage when there were low levels of particles. However, prolonging the chlorine contact time had almost no effect on
the disinfection efficiencies. As a result, the maximum
inactivation value conversions were obtained for large disinfection efficiencies within the lower particle range. This
was because the most significant factor was the particle
level, and its effect was positive. At low disinfection efficiencies, there is a moderate increase in conversion with
particle level since the effect of the particle level is positive
and smaller than that of the disinfectant concentration. For
higher disinfection efficiencies, the increase in conversion
with particle level becomes smaller and, finally, conversion becomes almost constant with particle levels at high
disinfection efficiencies as a result of the negative interaction.
Due to these characteristics, the operating conditions
at which this side reaction is favorable (e.g. conditions in
which there are large particle levels and large disinfection
efficiencies) should be avoided because high particle levels
(>2000 CNT/ml) and disinfection dosages (<1.0 mg·L-1)
may lead to a sharp decrease in the inactivation effect. In
the present study, the highest disinfection efficiencies (90%)
were obtained at mild particle levels (200 CNT/ml).
3.2. Kinetic inactivation models

According to the chemical dynamics reaction, HOCl
chemical reactivity was greater than that of NH2Cl and
NHCl2 [12]. In addition, it was assumed that a self-decay
of chloramines from chloramine to its own major hydrolysis reaction was caused by NH2Cl. Therefore, in this model,
the decay of chloramine itself was ignored, and only the
impacts of various water quality parameters were considered. For NH2Cl decomposition, second-order reaction kinetics was described as follows:

cNH2Cl (t ) =

cNH2Cl (0)[1 − M ]
1 − Me−ut

M=

a ⋅ cHClO (0)
b ⋅ cNH 2Cl (0)

⎡ b
⎤
u = k ⎢ cNH 2Cl (0) − cHClO (0) ⎥
⎣ a
⎦

(2)

(3)

where, Ct is the residual concentration, C0 is the residual concentration at the starting time, t is the time, k is
the second order reaction rate constant of the water quality, and other factors, a and b, are the corresponding chloramine formation reaction stoichiometric coefficients.
This model considers the ionic strength of the reactant
concentration and employs calculations based on the
Gǖntelberg relationships [13]. In the model, assuming t =
0, cNH2Cl (t) = cNH2Cl (0). From (2), if u> 0, then M <1; if u
<0, then M> 1.
Without taking into account the differences in free
chlorine decay in drinking water disinfection at different
stages and reaction with the coexistence of particulate
matter in water, a kinetic model cannot predict the rapid
initial stage of free chlorine decay and the attenuation of
late reaction.
(1) Reaction order

The initial concentration of attached bacteria was
1,500 CFU/ml, and this remained unchanged throughout
the experiment. The initial concentrations of ClOˉ (denoted as [NH2Cl]0) were 0.1, 0.2 and 0.3 mg/L, respectively
(Cl2:N = 5:1, pH 7.78).
The relationship between the disinfecting time and
the total number of bacteria with different chloramine
concentrations is shown in Fig. 3. The results showed
that, with increasing chloramine concentration, the total
number of bacteria gradually decreased during the same
reaction time, and the total number of bacteria was inversely related to the concentration of NH2Cl.
As shown in Fig. 4, there was a linear correlation between t and lnC0/Ct, where Ct is the concentration of chlor-

(1)
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FIGURE 3 - Disinfection efficacy versus time at three initial [NH2Cl]0 concentrations (T = 20 °C, pH 7.78)
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FIGURE 5 - Effect of temperature on mono-chloramine decay (Cl2:N = 5:1, pH 7.60).

amine at time t, and C0 is the concentration of chloramine
at the initial time. The linear correlation coefficients R2
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were greater than 0.95. According to the characteristics of
the pseudo-first order, the reaction of chloramine fits a
first order kinetic equation (n =1).
(2) Reaction rate constants

The slope of the straight line was the proposed level
of the reaction rate constant k1 in Fig. 3. There was also a
linear correlation between k1 and lnC0/Ct. The linear regression equation describing the data shown in Fig. 4 was y =
2.068x + 0.0235 (R2 ＝ 0.9827). The slope of the straight
line was the reaction rate constant k2 according to k1 =
k2/(ClOˉ)0, where k2 was 2.068. These findings indicate that
reaction with chloramine was a first-order reaction.
(3) Impact of temperature and pH on k2

Temperature had a significant effect on the reaction
velocity and balance. The initial concentration of NH2Cl
(denoted as [NH2Cl]0) was 0.0057±0.0003 mmol/L. The
water temperature value differed during the running cycle,
being 15, 25 and 35 °C in the next experiment. The main
rate limiting step of chloramine decay was the formation of
NHCl2 reaction. The change in temperature is an important factor leading to a change in chloramine formation. As shown in Fig. 5, at 15-35 °C, chloramine reaction was more stable at low temperature. As the temperature increased, the decay of NH2Cl accelerated. Thus, the
use of chloramine as a disinfectant should be avoided at
high temperatures.
The pH value not only affected the existing form of
disinfectants, but also significantly influenced the formation of disinfection by-products. For chloramine, the
distribution coefficient of NH2Cl depended on pH value.
NH2Cl was the main form observed at lower pH. The
results showed that pH values obviously influenced the
decay rate of NH2Cl. In the experimental range of pH conditions, the decay rate of NH 2Cl accelerated as the pH
declined,
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FIGURE 6 - Effect of pH on mono-chloramine decay (Cl2:N = 5:1, T = 20 °C).

especially in the first 4 h. At pH 6.65, NH2Cl showed a
reduction of about 50%, and at pH 8.49, NH2Cl showed a
decrease of 17%. The reason for the increased NH2Cl decay may be that NH2Cl chloramines easily formed NHCl2
at low pH. Studies have shown that for 10 mg/L chloramines at pH 7.0, the amount of free chlorine during NH2Cl
hydrolysis is three times greater than that at pH 8.5.
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Solutions with pH values of 6.65, 7.57 and 8.49 were
selected for disinfection. As shown in Fig. 6, pH had a
greater impact on the rate constant for the reaction than
other factors. As pH increased, the reaction rate constant
decreased, with a change from 0.84 to 0.90 L/(mol•min)
being observed as the pH increased from 7.5 to 8.5 at 20
°C. These findings show that the appropriate pH for disinfection of adsorptive bacteria using HOCl was 7.5-8.5.
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MULTIWALLED CARBON NANOTUBES (MMWCNTS) MODIFED
WITH 4-(4-ISOPROPYLBENZYLIDENEAMINO)THIOPHENOL AS
EFFICIENT ADSORBENT FOR SOLID PHASE EXTRACTION
AND PRECONCENTRATION OF SOME METAL IONS IN
ENVIRONMENTAL AND FOOD SAMPLES
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Chemistry Department, Islamic Azad University, Gachsaran Branch, Gachsaran, Iran

ABSTRACT

1. INTRODUCTION

The present article reports on the application of modified multi-walled carbon nanotubes (MWCNTs) as a
new stable solid sorbent for simultaneous separation and
preconcentration of some metal ions including Cd2+, Ni2+,
Pb2+ and Zn2+ ions from various real samples prior to their
measurements by flame atomic absorption spectrometry
(FAAS). The proposed method is based on utilization of
oxidized multiwalled carbon nanotubes modified with 4-(4isopropylbenzylideneamino)thiophenol (4,4-IPBATP). Following the optimization of variables, such as pH, amount of
ligand and MWCNTs, and condition of eluent, the propoosed method is suitable for simultaneous preconcentration and determination of under study metal ions with
recoveries in the range of 97.6-99.5% and relative standard deviations between 1.0-2.3. At pH 6.0, the maximum
adsorption capacity of Cd2+, Ni2+, Pb2+ and Zn2+ ions onto
the MWCNTs -4,4-IPBATP in batch method was higher than 33.6 mg g−1 after 1-h contact time. The detection
limits (3SDb/m, n=10) of Cd2+, Ni2+, Pb2+ and Zn2+ ions
were 1.6, 2.4, 5.6 and 1.3 ng mL-1. Enrichment of under
study metal ions from 1750 ml to 5 ml allows achieving a
preconcentration factor of 178. The proposed procedure
successfully has been applied for the evaluation of under
study metal ions of various real samples.

KEYWORDS:
4-(4-isopropylbenzylideneamino) thiophenol, solid phase extraction, heavy metal ions, flame atomic absorption spectrometry.

* Corresponding author

Heavy metals (HMs) as serious inorganic metal pollutants are persistent environmental contaminants and have
high enrichment factors, slow removal rates as well as toxic
effects on human health, animals, plants and life in aquatic
system [1-4].
Determination of trace quantities of heavy metals requires the use of sensitive and selective techniques, such as
flame atomic absorption spectrometry (FAAS), as an important instrument due to its simplicity and lower cost
compared with atomic neutron activation analysis or inductively coupled plasma mass spectrometry. Generally,
in trace metal determination, a preconcentration and separation procedure is necessary to improve sensitivity and
selectivity of determination. Therefore, it is required to
utilize very sensitive instrumental either techniques or enrichment/separation methods for the quantification of low
concentrations of metals. Because of the higher costs of the
instrumental techniques like ICP-MS, generally, the separation/preconcentration techniques are preferred. Among them,
solid phase extraction has also emerged as a powerful tool
for separation/enrichment of heavy metal ions [5-10].
The development of chemical and physicochemical
methods for trace analysis is mainly in the search for suitable techniques with special emphasis on simplicity and
precision of the method, lower limit of detection and subsequent elimination of matrix effects, even in multivariate
composition [11].
Solid phase extraction is one of the important techniques for the separation and preconcentration of heavy
metals with various advantages including simplicity, rapidity, short analysis time, low cost and low consumption of
organic solvents, high enrichment factors and easier recovery of analytes and extractants. Various solid phase extraction materials including dithiooxamide-formaldehyde resin
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[12], amberlite XAD-16 [13], chloromethylated polystyrene [14], chelex 100 [15], MWCNT [16], microcrystalline
naphthalene [17], Chelest Fiber [18], activated carbon [19],
SDS-coated alumina [20], polyurethane foam [21], functionalized polyurethane foam [22], modified silica [23, 24],
or Amberute XAD [25] were used for solid phase extraction of metal ions from various media, in the form of online or off-line mode.
Single walled carbon nanotubes (SWCNTs) are constructed of single sheets of graphite (diameter 0.4–10 nm),
while MWCNTs consist of multiple concentric graphite
cylinders of increasing diameter (10– 100 nm) [26-28].
SWCNTs and MWCNTs due to their high tensile strengths
and excellent thermal and chemical stability have been
proven to possess great potential as adsorbents for removing many kinds of environmental pollutants [29].
MWCNTs have shown high adsorption efficiency towards metal ions which can be exploited to develop preconcentration systems for trace analysis [30-35]. MWCNTs
seem be one of the best employed adsorbents for SPE analytes from aqueous solutions because of their excellent
adsorption properties that emerged from high surface and
porous structure although adsorption efficiency depends on
the production of the MWCNTs. MWCNTs also can bind
various compounds via electrostatic interactions, π-π dispersion interaction, hydrogen bonding and electron donoracceptor complex formation. Among them, the π-π dispersion interaction mechanism is the most widely accepted [36-44].

(20 or 30 mg) in 0.005 mol L−1 NaOH to 0.1 g of oxidized MWCNT. After 2-h stirring at 400 rpm, the solutions were paper-filtered, and MWCNT-4,4-IPBATP was
washed with distilled water until filtrate was no longer
alkaline, and the mixtures were dried at 70 °C overnight.
The solid phase columns were initially preconditioned with
pH-adjusted solutions.
2.1. Instruments

A Shimadzu 680 AA atomic absorption spectrometer
(Norwalk, CT, USA) was used as instrumental detection
system in this work. All instrumental settings were recommended in the manufacturer’s manual under air–acetylene
flame. A Metrohm 691 pH/ion-meter with a combined glasscalomel electrode was used for adjustment test solution pH.
2.2. Reagent and materials

All chemicals used in this work were of analytical reagent grade, purchased from Merck, (Darmstadt, Germany)
and used without further purification. Deionized water was
used for all dilutions. Cd2+, Ni2+, Pb2+ and Zn2+ ion standard
solutions were prepared by dissolving appropriate amounts
of their nitrate salts. All pH adjustments were carried out
by addition of KOH and/or HCl solution to prepare samples with desired pH.
2.3. Column preparation

In this work, a new procedure based on the sorption of
analyte metal ions onto MWCNTs -4,4-IPBATP as a new
sensitive, easily prepared and stable solid sorbent is proposed for the simultaneous enrichment of trace amounts
of under study metal ions and their subsequent determination by FAAS.

100 mg of MWCNTs was loaded into a 10 mm×150
mm glass column with a glass frit resin support after
washing procedures with 10 ml of 4 mol L −1 HNO 3 and
50 ml water successively. The thickness of resin bed was
approximately 0.5 cm. Before each use, 10 ml 4 mol L−1
HNO3 and 50 ml water were passed through the column
in order to clean it. Then, the column was conditioned to
the desired pH values and with distilled water during the
passing time for the next experiment.

Advantages of the present method

2.4. Synthesis of 4-(4-isopropylbenzylideneamino) thiophenol

(1) Synthesized organic reagent is distinct in terms of
sensitivity and selectivity towards metal ions.

To 5 mmol (0.626 g) of 4-aminothiophenol in 15 mL
ethanol, 5 mmol (0.875 g) of 4-isopropylbenzaldehyde in
20 mL ethanol was added. The reaction mixture was
severely stirred for 6 h. After completion of reaction, the
yellow product was filtered and characterized by physical
and spectral data. Elemental analysis (% C 16 H 17 NS)
calculated: C, 75.25; H, 6.71; N, 5.48, but found: C, 74.6;
H, 6.3; N, 5.6;. IR (KBr, cm-1): 3431(bs, νOH), 3055(w,
CH-Aromatic), 2920(w, CH-iminic), 1615 (-C=N), 1573
(C=C), 1461 (m, C=C), 1440 (m), 1381 (w), 1372 (m),
1253 (m, νC-N), 1091 (m, C-O), 1010 (m, C-O), 1041 (m),
963 (m), 745 (s, C-S), 555 (m), 460 (m). Schematic diagram of ligand and its proposed complexation with metal
ions are presented in Schemes 1 and 2.

(2) The present method with low consumption of
chemical reagents and without using organic solvents allows design of an extraction strategy presenting robustness, low cost and high recoveries.
(3) The proposed method gives very low detection
limits, reasonable and good standard deviations and high
pre-concentration factors, and can be applied for determination of traces of these ions in various real samples.
2. MATERIALS AND METHODS
A Pyrex glass column (40 cm long, internal diameter
0.75 cm) containing 0.1 g MWCNTs -4,4-IPBATP was used
for pre-concentration step. The bed height in the column
was approximately 0.25 cm. Ligand-loaded MWCNTs was
prepared by dissolving a weighed amount of 4,4-IPBATP
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2.5 Preconcentration procedure

The pH of the solution (25-500 ml) of under study
metal ions (Cd2+, Ni2+, Pb2+ and Zn2+) was adjusted in the
range of 3.0-8.0 with hydrochloric acid or potassium hydroxide and passed through the MWCNTs -4,4-IPBATP at
a flow-rate of 2 ml min−1. The loaded analyte was then
eluted with 10 ml of 4 mol L-1 HNO3, and metal ion content of the eluent was measured by Flame-AAS.
2.6 Application to real samples

For every real sample (banana, watermelon, mushroom, kiwi, organic peppers, almond fruit and green
been), accurately weighed samples were digested as follows: 30 ml of concentrated nitric acid and 2 ml of 30%
(w/w) H2O2 was added to accurately weighted (10 g) of
real samples and the solution was placed in the oven (650
°C) for 2 h. Then, 20 ml of concentrated HCl was added
and put on the heater; then, the solution was filtered and
its pH was adjusted and diluted to 250 ml (volume reduction to 1/10). Then, to 250 ml, various volumes of 10 µg
ml-1 of all under study metal ions (Cd2+, Ni2+, Pb2+ and
Zn2+ ions; 0, 1.0, 1.5, 2.0, 2.5 ml) was added to sample
solutions and the above described procedure has been
carried out.

3. RESULTS AND DISCUSSION
As shown in Scheme 1, due to the presence of SH
group and nitrogen atom in 4,4-IPBATP, it is expected to
bind Cd2+, Ni2+, Pb2+ and Zn2+ ions with high efficiency
and selectivity compared to other metal ions, especially
alkali and alkaline earth cations.
In this regard, using a simple, efficient and selective
SPE for enrichment of Cd2+, Ni2+, Pb2+ and Zn2+ ions has
been carried out. In order to obtain high efficiency for
these under study metal ions, the effect variables including pH, amount of ligand and carbon, type and condition
of eluent, concentration of metal ions and common coex-

isting ions was investigated. In all optimization sections,
250 ml of 0.2 µg ml of Cd2+, Ni2+, Pb2+ and Zn2+ ions
passed through the column.
3.1 Effect of pH

The metal–chelate stability constants and its chemical
stability significantly influence the efficiency and recovery of SPE [45, 46]. Therefore, the influences of pH of the
test solution on the recoveries of the mentioned metal ions
using MWCNTs -4,4-IPBATP were investigated.

FIGURE 1 - Effect of pH on analytes ion recovery.

The acidity of a solution affects the efficiency of proposed SPE via protonation of binding sites of the chelating molecules on formation of metal ions hydroxide in
basic solution. In this view, a set of similar experiments in
the pH range of 3.0-8.0 was conducted according to described procedure in experimental section, and respective
results are illustrated in Fig. 1. It was found that maximum recoveries were achieved at pH 6.0. At lower pH
(less than 6), the donor atoms of 4,4-IPBATP are protonated and hindered complex formation with metal ions,
while by increasing pH to 6.0, the functional group will
be deprotonated and its tendency for complexation of
under study metal ions significantly improved the extraction recovery rates. On the other hand, at pH>6.0, the
signals and recoveries due to precipitation of Cd2+, Ni2+,
Pb2+ and Zn2+ ions in the form of hydroxides significantly
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decreased. Owing to this behavior, pH 6.0 was selected
for the subsequent studies.
3.2 Effect of amounts of 4-(4-isopropylbenzylideneamino) thiophenol and MWCNT-4,4-IPBATP

The amount of ligand is also an important factor for the
quantitative recovery of analytes in solid phase extraction
processes [47–52]. The SPE can be used for the preconcentration of metal ions after the formation of sparingly water-soluble complexes. In this work, 4,4-IPBATP was used
in acetone solution since the solubility and stability of ligand
is relatively high in this water-soluble solvent. The concentration of 4,4-IPBATP was subsequently studied for
its effect on the extraction of metal ions in the range of
10-45 mg, and the results are presented in Fig. 2. It was
observed that increasing 4,4-IPBATP up to 30 mg was
sufficient for quantitative complexation and elution of
under study metal ions. At higher amount of 4,4-IPBATP,
probably due to formation of charged un-extractable species, recoveries significantly decreased.

FIGURE 2 - Effect of amount of ligand on analyte ion recovery.

The effect of the amount of MWCNTs -4,4-IPBATP
on the extraction efficiency of Cd2+, Ni2+, Pb2+ and Zn2+
ions was investigated by conducting a set of similar
experiments at various amounts of sorbent in the range of
0.1 to 0.4 g, and respective results are presented in Fig. 3.
It is observed that maximum recoveries were achieved
using 0.1-0.2 g, and 0.1 g was selected for subsequent
works.

3.3 Effect of the sample volume

To obtain reliable and reproducible analytical results
and achieve a high concentration factor, it is very important to get satisfactory recoveries for all the target analytes and volume of sample solutions as large as possible. To determine the maximum volume, different volumes of purified water at pH 6.0 were spiked with a fixed
amount (50 µg) of the under study metal ions with sample
volumes in the range of 250-2000 ml, and the recoveries
of all analytes at different volumes were obtained. The
results showed that the maximum sample volume could
be up to 1750 ml for all under study metal ions with recovery >95% causing a high preconcentration factor of
175 for under study metal ions using 10.0 ml of 4.0 mol
L−1 HNO3 as eluent in these experiments.
3.4 Choice of eluent type and its concentration

As far as SPE method is concerned, the selection of
organic solvent or acidic solution used as eluent plays the
most important role in the desorption efficiency. There
are many different methods for desorption of analytes on
solid phase. One is simply to wash the modified adsorbent
with a small organic solvent volume that usually dissolves
the metal complexes quickly and completely. Another
possibility is to wash the column with an aqueous solution
that is sufficiently acidic to break up the metal organic complex. A combination of both is possible (solution of strong
mineral acid in an organic solvent) and will simultaneously
break up the complex and elute the under study metal ions
and the bulk of the complexing reagent.
In order to choose the most effective eluent for desorbing traces of these ions from the sorbent surface, different
elution power of acidic solutions according to Table 1
would be shown throughout the whole optimization process.
In this regard, a series of selected eluent solutions, such as
different acids, were used to find efficient eluents for
elution of enriched ions from sorbent surfaces. Aliquots of 250 ml of 0.2 µg mL−1 ion solutions were passed
through a series of solid phases containing 0.1 g of adsorbent. A total of 10 ml of different concentrations under
volume of the above-mentioned eluents (Table 1) were
used for desorbing the adsorbed ions. The amount of ions
back-extracted into the liquid phase by each eluent was
TABLE 1 - Effect of type and concentration of eluting agent on
recovery of analytes.
Eluent conditions

FIGURE 3 - Effect of amount of modified multi-walled carbon
nanotubes on analyte ion recovery.

10 ml of HCl (4.0 mol L-1)
10 ml of H2SO4 (4.0 mol L-1)
10 ml of HClO4 (4.0 mol L-1)
10 ml of H3PO4 (4.0 mol L-1)
10 ml of HNO3 (2.0 mol L-1)
10 ml of HNO3 (3.0 mol L-1)
10 ml of HNO3 (4.0 mol L-1)
10 ml of HNO3 (5.0 mol L-1)
10 ml of HNO3 (6.0 mol L-1)
10 ml of HNO3 (7.0 mol L-1)
10 ml of HNO3 (8.0 mol L-1)
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Cd
85
35
19
43
100
96
99
99
97
82
74

Recovery (%)
Ni
Pb
84
64
42
43
63
26
81
35
98
82
98
63
100
100
99
98
99
99
97
80
82
64

Zn
22
43
22
42
95
96
100
98
98
91
78
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FAAS-analyzed. The results (Table 1) showed that maximum recoveries were achieved using 10.0 ml of 4.0 mol
L-1 of nitric acid solution as eluent
3.5 Effect of flow-rate

In a SPE system, the flow-rate of sample solution not
only affects the recoveries of analytes, but also controls the
analysis time. Therefore, the effect of the flow-rate of sample solution was examined under optimum conditions (pH,
eluent, etc.) by passing 25 ml of sample solution through
the column. The sample and eluent flow-rates were adjusted in a range of 1-4 ml min−1. It was seen that the retention of the studied ions was practically not changed up to
2.0 ml min−1, while for the eluent the optimum value was
3.0 ml min−1. The recoveries of the analytes decreased
slightly when the flow-rate was >2.0 ml min−1.
3.6. Interferences

Preconcentration procedures for heavy metal ions determination in high salt content samples can be strongly
affected by the matrix constituents of the sample. To perform this study, 250 ml of solution containing analyte ions
and interfering ions in different interferent-to-analyte mass
ratios was passed through the column at optimum values of
all variables.
The tolerance limits of the coexisting ions defined as
the largest amount making recovery change of metal ions
<5%. The tolerance limit of the proposed procedure is
presented in Table 2. Recoveries are quantitative and satisfactory in the presence of most foreign cations. It was seen
that major cations in the water and real samples have no
obvious influence on SPE of under study metal ions under
the selected conditions so that some of the metal ions are
tolerable up to 1000-fold excess.
TABLE 2 - Effects of the matrix ions on the recoveries of the examined metal ions (N=3).
Added ions
Na

+

Recovery (%)

-1

Tolerance limit ((µg ml )

Cd

Ni

Pb

Zn

1000

108

100

99

108

Hg 2+

1000

102

101

100

103

Bi+

1000

101

100

98

104

K+

107

100

98

106

Ag+

1000
1000

101

101

99

102

Sr2+

1000

101

102

100

102

Mg2+

1000

101

100

100

102

3.7. Calibration, precision and detection limits

In order to investigate the performance of the proposed method, some important parameters including linear range, correlation coefficients and limits of detection
were determined under optimal conditions. The analytical
characteristic data of the developed SPE in combination
with FFAS for the determination of target mentioned analytes using MWCNTs -4,4-IPBATP and results are summarized in Table 3.

TABLE 3 - Specification of presented method at optimum conditions for each element.
Parameters
Linear Range
(µg ml-1)
Detection limit
(ng ml-1)
Loading Capacity
(mg g-1)
Preconcentration
factor
Enrichment factor
(m/m´)
RSD (repeatability)
(%)
Recovery (repeatability) (%)

Cd

Ni

Pb

Zn

0.01-0.32

0.02-0.41

0.02-0.35

0.01-0.21

1.5

2.2

2.6

1.4

30.6

28.4

33.1

24.9

175
28.3

26.7

20.1

29.7

1.08

2.26

1.26

1.12

98.76

97.62

98.41

99.46

The proposed method is suitable for simultaneous
preconcentration and determination of under study metal
ions with recoveries in the range of 97.6-99.5, relative
standard deviations between 1.0-2.3, and maximum adsorption capacity of Cd2+, Ni2+, Pb2+ and Zn2+ ions onto
the MWCNTs -4,4-IPBATP in batch method was higher than 33.6 mg g−1 after 1-h contact time. The detection
limits (3SDb/m, n=10) of Cd2+, Ni2+, Pb2+ and Zn2+ ions
were 1.5, 2.2, 2.6 and 1.4 ng ml-1. Enrichment of understudy metal ions from 1750 ml sample solution as break
through volume allows achieving a preconcentration
factor of 175.
However, higher preconcentration factors could be obtained by using larger sample volumes. Furthermore, the
need-to-handle volume of the final solution was estimated
to be sufficient for the analysis of Cd2+, Ni2+, Pb2+ and
Zn2+ ions and, therefore, it had to be increased to allow
multiple runs for the same samples.
3.8 Applications of the presented procedure

The validity of the proposed procedure was checked
for evaluation of under study metal ions content in banana, watermelon, mushroom, kiwi, and organic fruit
samples. These results presented in Tables 4 and 5
demonstrate that MWCNTs -4,4-IPBATP system for
Cd2+, Ni2+, Pb2+ and Zn2+ ions determination by FAAS is
not affected by potential interferences from natural
water samples when finally developed at optimum values
of all variables. The preconcentration column packed with
carbon nanotubes was found to be an effective approach
for improving the sensitivity of flame-AAS for under
study metal ions determination in natural waters. The
recovery of spiked samples is satisfactorily reasonable
and was confirmed using standard addition method, which
indicates the capability of the system for the determination of target ions. A good agreement was obtained between the added and measured analyte amounts. The
recovery values calculated for the added standards were
always higher than 95%, thus confirming the accuracy of
the procedure and its independence from the matrix effects.
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10
15

20.08±0.50
24.73±0.86

101.3
98.5

TABLE 4 - Recovery of analytes from spiked real sample by using
the proposed method.

TABLE 5 - Recovery of analytes from spiked samples by using the
proposed method (N=3) .

Ion

Samples (µg/g)
Organic
almond fruit
Organic
green Pepper
Organic
green bean

Cd

Ni

Pb

Zn

Added (µg)
0
5
10
15
0
5
10
15
0
5
10
15
0
5
10
15

Ion
Cd

Ni

Pb

Zn

Added (µg)
0
5
10
15
0
5
10
15
0
5
10
15
0
5
10
15

Ion
Cd

Ni

Pb

Zn

Added (µg)
0
5
10
15
0
5
10
15
0
5
10
15
0
5
10
15

Ion
Cd

Ni

Pb

Zn

Added (µg)
0
5
10
15
0
5
10
15
0
5
10
15
0
5

Found (µg)
Banana
UDL
4.76±0.26
9.82±0.13
14.76±0.18
UDL
5.27±0.18
9.68±0.31
14.95±0.30
0.24±0.05
5.38±0.19
10.41±0.16
15.12±0.17
8.96±0.28
14.01±0.20
18.82±0.41
24.02±0.86
Watermelon
Found (µg)
UDL
4.76±0.26
9.59±0.11
14.40±0.10
UDL
5.15±0.38
9.68±0.53
14.61±0.35
0.58±0.03
5.41±0.23
10.38±0.21
15.80±0.10
7.95±0.22
13.06±0.27
18.15±0.55
23.47±1.05
mushroom
Found (µg)
UDL
5.08±0.15
9.94±0.24
14.89±0.27
UDL
5.18±0.21
10.19±0.32
15.19±0.15
0.09±0.03
5.22±0.14
10.13±0.31
15.16±0.19
9.65±0.42
14.79±0.37
19.78±0.41
24.47±0.76
kiwi
Found (µg)
UDL
4.94±0.18
10.50±0.23
14.91±0.32
UDL
5.09±0.22
9.86±0.34
15.21±0.22
UDL
5.19±0.15
10.21±0.19
14.88±0.52
9.95±0.32
15.12±0.45

% Recovery
--95.2
98.2
98.4
--105.4
96.8
99.7
--102.8
101.7
99.2
--101.0
98.6
100.4
% Recovery
--95.2
95.9
96.0
--103.0
96.8
97.4
--96.6
98.0
101.5
--102.2
102.0
103.5
% Recovery
--101.6
99.4
99.3
---103.6
101.9
101.3
--102.6
100.4
100.5
--102.4
101.3
98.8

Cd

Pb

Ni

Zn

UDL

UDL

1.02±0.12

0.65±0.15

0.25

UDL

0.89±0.08

0.55±0.36

0.39

UDL

0.56±0.09

0.51±0.08

4. CONCLUSION
This work has demonstrated the feasibility of the developed solid phase extraction method based on adsorption of Cd2+, Ni2+, Pb2+ and Zn2+ ions as their 4,4-IPBATP
chelates on MWCNTs prior to their FAAS determination.
The method is simple, easy and rapidly applied for environmental samples including natural water and organic
fruit samples. The validity of the proposed method using
certified reference materials proved its application. The
separation occurred efficiently, resulting in good enrichment
factors and low LOD. In contrast to some other preconcentration techniques, no organic solvent is employed; therefore, the environmental pollution is limited to a small
amount of organic solvent. The presented method can be
successfully applied to the preconcentration and determination of analyte ions in different real samples.
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ACETYLCHOLINESTERASE ACTIVITY IN THE
GILLS OF MUSSELS (MYTILUS GALLOPROVINCIALIS)
FROM THE NORTH-EASTERN ADRIATIC COAST
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ABSTRACT
The objective of the present work was to provide the
data on acetylcholinesterase (AChE) activity in the gills
of marine mussels Mytilus galloprovincialis from northeastern part of Adriatic Sea. In the first part of the study,
range and pattern of AChE activity annual variation was
established by monthly investigation of two populations
of mussels originating from different natural habitats. No
correlation of AChE activity and environmental parameters
(temperature, salinity, oxygen) was found. Seasonal monitoring along the coast at sites with presumably different
level and type of contamination was also performed in
order to study the spatial and temporal trend of AChE activity in mussels, in relation to possible exposure to neurotoxic compounds. Significantly lower enzyme activity in
comparison to reference site was recorded at sites in the
close vicinity to urban and industrial areas (P and R). In
addition, AChE activity decreased at the site within the area
of Lim Bay (L1). AChE reduction in the gills of mussels,
recorded mostly in the polluted harbours, could be related
to the presence of common environmental pollutants. The
results obtained in this study will be useful as background
data for future biomonitoring surveys along the Adriatic
coast using M. galloprovincialis as sentinel organisms.

KEYWORDS: AChE, Biomonitoring, Mytilus galloprovincialis,
north-eastern Adriatic Sea

1. INTRODUCTION
Organophosphorous pesticides (OPs) have been widely
applied in agriculture and mariculture as protection against
insects and parasites, and are recognized as potential threat
for the health of aquatic organisms. Although elevated concentration of OPs can be present in chronically polluted
areas characterised by poor circulation of water mass
* Corresponding author

(estuaries, lagoons) [1, 2], it is generally considered that
OPs are readily degradable in the aquatic environment
and mostly difficult to detect by chemical methods. These
compounds act primarily by inhibiting AChE (E.C.3.1.1.7),
a serine hydrolase essential for transmission of nerve signals [3]. The inhibition of AChE may persist for days to
weeks, and thus, the measurement of AChE activity has
been established as biomarker of exposure to OPs in aquatic
environment [4].
Bivalve molluscs have been widely used as sentinel
organisms in biomonitoring programmes in order to assess the quality of marine environment [5]. AChE activity
is considerably reduced following exposure of bivalves to
OPs [1, 6-8] and other classes of pollutants [9-15].
The north-eastern part of the Adriatic Sea is characterised by close vicinity of highly urbanised and industrialised zones that increase the sensitivity of marine ecosystem and, consequently, affect economically important
activities, such as fishing, aquaculture and tourism. Monitoring of biological effects of contaminants in the tissues of
mussels from north-eastern Adriatic coast enabled the identification of several hot-spots with high anthropogenic impact [16-19]. However, no study related to possible neurotoxic effects of contaminants has been conducted so far.
2. MATERIALS AND METHODS
2.1. Sample collection and preparation

Mussels from natural populations were sampled along
the north-eastern Adriatic coast of Croatia (Fig. 1) within
the frame of the Croatian National Monitoring Programme
of the Adriatic Sea. Nine sites were chosen for the study.
Sites L0 and L1 are located in the Lim Bay, a 10 km long,
30 m deep, and (at its widest part) 600 m wide fjord–like
bay on the western coast of the Istrian peninsula, important for mussels and fish farming. Site M was located
in the south-eastern part of Rovinj harbour, close to the
yacht and boat marina. Mussels were also sampled in
Fažana (F) and Brestova (B), small ports and fishermen
settlements. Site K was located in Kostrena, a beach resort
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not far from industrialized suburbs of Rijeka. Sampling
site Ba was located in the vicinity of Bakar, a small port
within Bakar Bay, known for the production of coke (abandoned 15 years ago). Finally, sites P and R were located in
highly urbanised and industrialised harbours of Pula and
Rijeka, respectively. The codes, geographical coordinates
and brief description of sites are summarised in Table 1.
AChE activity was studied for its natural variability in
the monthly sampled mussels at sites L0 and L1, whereas
sites M, P, F, B, R, K and Ba were monitored seasonally
(March, June, August and November). Site L0 was chosen as reference site far from known sources of agricultural, industrial and urban influence.
Mussels (4.5 to 5 cm shell length), were collected at
low tide, from depth of 0.5-1 m at all sites. Temperature,
salinity and oxygen saturation were measured in situ, at
depth of mussel sampling, using a Multiline P4 universal
pocket meter (WTW) at a depth of 0.5-1 m. After sampling, mussels were transported to the laboratory in humidified plastic tanks within 2 h of collection. Gills were
rapidly excised out on an ice-cold plate, weighted and stored
at –80 °C. Gills tissue was homogenised in cold (4 °C) 0.1 M
Tris HCl buffer, pH 8.0, using a Teflon Potter homogeniser.
Mass of the gills and buffer volume ratio was 1:4. Measurement of enzyme activity in M. galloprovincialis was
performed in the supernatant immediately after centrifugation of the homogenate at 10,000xg, for 30 min.

of hydrolysed acetylthiocholine per min per mg of protein
(nmol/ min/mg P).
2.3. Data analysis

Results are presented as means ± standard error (SE).
Differences between groups were tested by non-parametric
Kruskal-Wallis one-way analysis of variance on ranks.
When significant, it was followed by non – parametric
Mann-Whitney test. A value of p<0.05 was considered to
be significant. Spearman’s correlation coefficient was calculated to identify the relation between AChE activity and
environmental parameters. The analyses were carried out
using the STATISTICA software package (StatSoft, Tulsa,
USA).
3. RESULTS
Temperature values measured monthly at sites L0 and
L1 were in the range of normal oscillations typical for the
north-eastern part of the Adriatic Sea (Fig. 2a). Maximum
values were recorded in summer (July-August, 26 °C) and
minimum values in January (7 °C). The salinity ranged between 33 and 37 psu (Fig. 2b), and oxygen saturation was
above 90 % throughout the whole year (Fig. 2c).

Enzyme activity was determined in duplicate in each
of the 5 individuals per sampling site. Samples were assayed for enzyme activities using a microplate reader (Labsystems, Multiscan Ascent ® and Ascent Software TM,
2.4. version). Tissue protein concentration was determined
in homogenates by Lowry method [20] with bovine serum
albumin (BSA) as protein standard.
2.2. AChE assay

AChE activity was measured by Ellman’s method [21],
adjusted to microtiter plates, as described in [22]. The
reaction mixture (340 µl) contained 0.1 M Tris HCl
buffer pH 8.0, 4 µl of 5.5’-dithiobis-2-dinitrobenzoic acid
(0.008 M) and the appropriate amount of gills’ tissue
homogenate. The absorbance increase at 415 nm was recorded every 30 seconds after starting the enzymatic reaction with 4 µl of substrate acetylthiocholine (0.045 M).
AChE activity was expressed as specific activity in nmoles

FIGURE 1 - Map of Northern Adriatic coast showing the sites of
collection.

TABLE 1 - Sampling sites - codes, geographic positions and description.
Sampling site
Lim bay 0
Lim bay 1
Marina
Fažana
Pula
Brestova
Rijeka
Kostrena
Bakar

Code
L0
L1
M
F
P
B
R
K
Ba

Latitude λ
45º08’ N
45º08’ N
45º04’ N
44º56’ N
44º53’ N
45º09’ N
45º20’ N
45º17’ N
45º18’ N

Longitude φ
13º44’ E
13º41’ E
13º38’ E
13º48’ E
13º51’ E
14º14’ E
14º26’ E
14º31’ E
14º33’ E
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Description
non - urban, mariculture
non - urban
urban, marina
urban, fishermen settlement
urban, harbor, industrial outflow, sewage
non - urban, fishermen settlement
urban, harbor, industrial outflow, sewage
urban, recreational area
urban, sewage
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a)

Environmental parameters at sites sampled seasonally were
in accordance with the above values (not shown).
3.2. Monthly variations of AChE activity at sites L0 and L1

AChE activity detected in monthly sampled mussels at
sites L0 and L1 is shown in Fig. 3. At site L0, the maximal
AChE annual value of 39 nmol/min/mg P was recorded in
April. Following the early spring peak, AChE activity gradually decreased to minimum value in July (12 nmol/min/mg
P). During the rest of the year, AChE activity ranged between 15 and 21 nmol/min/mg P. Likewise, the annual
maximum at site L1 was detected in April (31 nmol/min/
mg P), and it was followed by gradual decrease to the
minimal annual value in August (11 nmol/min/mg P).
From the late summer, AChE activity again increased to
22 nmol/min/mg P in December. No correlations were
found between AChE activity in the gills of mussels neither with temperature (R = 0.06 and 0.04 at sites L0 and
L1, respectively) nor with other environmental parameters
(not shown).

b)

3.3. Seasonal variations of AChE activity

c)

FIGURE 2 - Temperature (a), salinity (b) and oxygen (c) monthly
values at sites L0 and L1.

AChE activity in March at sites L1, P, R and Ba exhibited nearly equal levels (12-14 nmol/min/mg P) (Fig.
4a). Statistically significant difference with respect to reference site L0 was recorded at sites L1 and R. Values
>20 nmol/ min/mg P were observed at the rest of sites.
AChE activity at site R (8 nmol/min/mg P) was significantly reduced in June with respect to reference site (Fig.
4b). Relatively homogenous values (16-17 nmol/min/mg
P) were detected at sites L0, L1, F, P, B and Ba, whereas
slightly higher values were recorded at sites K and M (19
and 21 nmol/min/mg P, respectively). AChE activities recorded in August at sites P and L1 (7 and 11 nmol/min/ mg
P) were significantly lower than at reference site L0 (Fig.
4c). AChE activity at sites M, R and Ba was also markedly
(but not significantly) reduced. At sites L0, F, B and K,
AChE activity exhibited values between 15 and 17 nmol/
min/ mg P. In November, site R was characterised by the
lowest AChE activity (10 nmol/min/mg P) that was significantly reduced with respect to reference site L0 (Fig.
4d). Intermediate values (15 nmol/min/mg P) were recorded
at sites L1, F and Ba. Relatively high activity was observed
at sites K (17 nmol/min/mg P), L0 (19 nmol/min/mg P) and,
in particular, at sites M, P and B (>22 nmol/min/mg P).

FIGURE 3 - Month-to-month variability of AChE activity (nmol/min/mg P) in the gills of M. galloprovincialis from sites L0 and L1 (means ± SE).

2861

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

a)

b)

c)

d)

FIGURE 4 - Seasonal AChE activity (nmol/min/mg P) in the gills of mussels M. galloprovincialis from sites L0, L1, M, P, F, B, R, Ba and K
sampled in March (a), June (b), August (c) and November (d) (mean ± SE). Asterisks indicate significant difference from reference site L0
(p<0.05).

4. DISCUSSION AND CONCLUSION
In the present study, month-to-month oscillation of
AChE activity in the gills of mussels from the northeastern part of Adriatic coast was determined by investigation performed at sites L0 and L1, located within the area
of Lim Bay. Fluctuating nature of AChE activity greatly
enhances the possibility of erroneous interpretation of the
biological response in natural environment. Thus, the choice
of a suitable reference site and appropriate sampling seasons
is necessary to recognize the enzyme activity variations induced by deleterious effects of contaminants.
When using mussels as sentinel organisms for biomarker studies, much importance is given to oscillations of
abiotic variables, particularly temperature and salinity, both
commonly related to AChE variability [1, 23-25]. Although
AChE activity gradually decreased with rising of water
temperature no significant correlation could be revealed,
and our findings seem to be in accordance with the results
reported previously [12]. However, mussels’ AChE activity expressed particularly high amplitudes in spring and
summer, indicating the possible involvement of internal
factors, in particular nutritive stress and changes in the
dynamics of reproductive cycle [23, 26, 27]. In fact, food

availability supported by favourable environmental conditions, such as the rising of water temperature in spring,
determines the gonad maturation cycle in mussels from
Northern Adriatic and triggers the spawning activity [28].
Bearing this in mind, we assume that spring and early
summer may not be appropriate for evaluation of AChE
activity in mussels. However, a relation between dynamics of reproductive cycle and AChE activity oscillations in
the gills of mussels still remains to be clarified with more
detailed studies.
To investigate the exposure of mussels to neurotoxic
compounds in the north-eastern Adriatic, the present study
included sites with presumably different levels of contamination, ranging from those located in recreational and protected areas to urban and industrial sites - hot spots [29].
AChE activity at two sites located in the vicinity of harbours of Rijeka and Pula was probably reduced by the
presence of anti-cholinesterase compounds other than OPs,
since both are located in the half - closed zones characterised by slow water exchange and continuous input of
common environmental contaminants, such as PAHs, petroleum, phenols, detergents and other substances originating from untreated wastewater discharges, runoff, urban
and industrial sources [29, 30] whereas the presence of
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OPs was never registered. Moreover, a recent study [31]
confirmed a long-term trend of elevated concentrations of
chlorinated hydrocarbons and heavy metals in the soft
tissues of mussels sampled at sites P and R. Exposure to
these compounds had deleterious effects on many histological and physiological parameters in mussels [16, 17]
and, furthermore, most of them are able to inhibit AChE
activity in bivalves [9, 11, 12]. Interestingly, the high
level of AChE at site P was recorded in November. This
effect could be associated with transient recovery of enzyme activity, similarly to what was observed following
sub-lethal laboratory and field exposure to pesticides [32].
Reduced AChE activity in bivalve species at sites close to
industrial and urban areas, which were not directly correlated with agricultural activity and OPs input, was also
reported for the region of Venice Lagoon [33], Salento
peninsula [34], Greek coast [24] and northern coast of
Portugal [12]. High load of chlorinated hydrocarbons and
heavy metals was previously found in the tissues of mussels from site Ba, in the vicinity of an abandoned coke –
plant [31]. However, AChE activity in the gills of mussels
sampled at this site was not significantly affected. AChE
activity at L1 located in the area of Lim Bay, sometimes
decreased to the level measured at sites in harbours (P, R,
Ba). Site L1 has been characterised by low toxic load and
high seawater quality [35], and thus the observed disturbance could be explained by occasional input of anti–
cholinesterase compounds possibly related to frequent boat
traffic or other unknown sources. AChE activity at sites M,
F, and K was relatively high, due to more effective exchange of water mass, currents and, consequently, dilution of pollutants.
In conclusion, the data given here helped to establish
the range of AChE activity in native populations of mussels from the north-eastern Adriatic Sea. It was also highlighted that natural variations of AChE activity in the gills
of mussels should be taken into account when using this
biomarker in biomonitoring programmes. This study showed
that evaluation of AChE activity as biomarker of exposure
to anti-cholinesterase compounds contributes to more detailed evaluation of the risk for sensitive marine coastal
areas.
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ABSTRACT

1. INTRODUCTION

Volatile fatty acid (VFA), as a preferred carbon source
for biological nutrient removal, can be produced from
waste activated sludge (WAS) by anaerobic fermentation.
However, VFA accumulation is limited by the rate of WAS
hydrolysis and VFA is always consumed by methanogens
at acidic or neutral pHs. In our previous study, it was found
that ultrasonic pretreatment could accelerate the rate of
WAS hydrolysis, and alkaline adjustment could inhibit the
activities of methanogens. However, the process parameters of ultrasonic treatment, such as ultrasonic time and
frequency, have not been investigated. In this study, the
effect of ultrasonic time on VFA accumulation and WAS
hydrolysis was studied. Experimental results showed that
ultrasonic time influenced not only the concentration of
VFA, but also its composition. The optimal conditions for
maximal VFA accumulation observed in this study were
ultrasonic time of 10 min and fermentation time of 72 h,
with the highest VFA concentration of 2689.5 mg COD/L.
Under such a condition, acetic, iso-valeric and propionic
acids, the three main components in the fermentative VFAs,
all reached maximal production. The solubilization of protein and carbohydrate in WAS was enhanced by ultrasonic
pretreatment when ultrasonic time was less than 10 min,
but the improvement was not apparent by further increasing the ultrasonic time. Ammonium and phosphorus releases were also augmented by ultrasonic pretreatment and
acid-forming enzyme activities reached the highest values
at an ultrasonic time of 10 min, which showed good conformity with the maximal VFA production.

KEYWORDS: ultrasonic time, waste activated sludge, hydrolysis,
volatile fatty acids, alkaline condition.
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With the extensive attention on energy saving and recycle use, many researchers have proposed anaerobic fermentation as an efficient and sustainable technology for
sludge (primary and secondary sludge) treatment. Anaerobic fermentation has many advantages, such as mass reduction, less energy use, and producing volatile fatty acids
(VFAs). However, the low hydrolysis rate usually leads to
high hydraulic retention time in the digester, which is the
primary drawback of the conventional anaerobic fermentation technology. Thus, the pretreatment of sludge is often
needed, which can rupture the cell wall and facilitate the
release of intracellular matter into the aqueous phase to increase biodegradability and to enhance the anaerobic fermentation efficiency with lower retention time [1,2].
In the literatures, there are several efficient efforts used
to improve the rate of sludge hydrolysis, such as thermal
[3-5], thermal-alkaline [6], mechanical [7,8], ultrasonic [9,
10] and microbiological methods [11]. Among these methods, the ultrasonic pretreatment is an emerging and promising disruption technique for sludge disintegration due to
cavitation which can break the cell wall and release the
intracellular matter into supernatant, and produce more
substrate for acidification bacteria, showing tremendous
acceleration of the sludge hydrolysis process [12].
It had been proved in our previous studies that the
VFA production could be significantly improved by the
ultrasonic pretreatment under alkaline condition [13], but
ultrasonic time, as a key controlling parameter of ultrasonic
pretreatment, has not been investigated. Thus, the objective
of this paper was to investigate how ultrasonic pretreatment influenced WAS hydrolysis and VFA accumulation at
various ultrasonic times with alkaline adjustment in order
to explore the optimal condition for the maximal VFA
production. In addition, the releases of ammonium and
phosphorus and acid-forming enzyme activities were studied.
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2. MATERIALS AND METHODS

trogen) concentration and dividing the difference by 0.16
(conversion factor of protein to NH4+-N), then multiplying
the result by 1.5 (COD conversion factor of protein) [17].

2.1. Waste activated sludge

The WAS used in this study was obtained from the
secondary sedimentation tank of a municipal wastewater
treatment plant in Shanghai, China. The sludge was stored
by setting it at 4 °C for 24 h and the main characteristics
are shown in Table 1. As shown in Table 1, protein and
carbohydrate are the first and second dominant organic
compounds in WAS, respectively.
TABLE 1 - Characteristics of the concentrated WAS
Parameter
pH
TSS (total suspended solids) (mg/L)
VSS (volatile suspended solids) (mg/L)
TCOD (total chemical oxygen demand) (mg/L)
SCOD (soluble chemical oxygen demand) (mg/L)
Total carbohydrate (as COD) (mg/L)
Total protein (as COD) (mg/L)

Value
6.8
10872
7501
11197
150
1064
6219

2.2. Batch experiments

The ultrasonic pretreatment of WAS was performed
with an ultrasonicator (US Sonics, VCX 105) at a frequency of 20 kHz and electrical power of 1 kW. Effects
of ultrasonic time on WAS hydrolysis and VFA accumulation were conducted in a series of anaerobic fermentation reactors, which were made of plexiglass and each had
a working volume of 1.0 L with internal diameter of 75
mm. All reactors were stirred at a speed of 100 revolution
per minute (rpm) for mixing the contents.
During the fermentation tests of ultrasonic-pretreated
WAS, the ultrasonic times were respectively controlled at
0.0, 1.0, 5.0, 10.0, 20.0, 30.0, 40.0 and 50.0 min in reactors 1-8, whose pHs were adjusted to 10.0 by adding 2 M
sodium hydroxide (NaOH) or 2 M hydrochloric acid (HCl).
The temperatures in all the fermentation reactors were maintained at 20 ± 1 oC. Both pH and temperature were detected by automatic detectors. After the ultrasonic-pretreated
WAS was added into the reactors, the fermentation time
was recorded.
2.3. Analysis

The sludge samples from the reactors were centrifuged
at 10000 rpm for 10 min and then immediately filtered
through a Whatmann GF/C glass microfiber filter (0.45 µm
pore size). The filtrate was promptly analyzed for VFA,
carbohydrate and protein. For the analysis of VFA, the filtrate was acidified with 3% H3PO4 to adjust pH to approximately 4.0 before analyzed by gas chromatography (GC).
The analyses of total suspended solids (TSS) and volatile suspended solids (VSS) were conducted in accordance
with Standard Methods [14]. Carbohydrate was measured
by the phenol-sulfuric method with glucose as the standard [15]. Soluble protein was determined by the LowryFolin method with BSA as the standard [16]. The total
protein content of sludge was estimated from corresponding TKN concentration by subtracting IN (inorganic ni-

To analyse VFA the filtrate was collected in 1.5 mL GC
vial. An agilent 6890 GC with flame ionization detector and
DBWATRE column (30m×1.0µm×0.53mm) was utilized to
analyse the concentration and composition of VFA. Nitrogen
was the carrier gas and the flux was 25 mL/min. The temperature of the injection detector port and detector were
maintained at 220 and 250 oC, respectively. The initial
oven temperature was programmed at 60 oC and remained
for 1 min, then to increase at a rate of 20 oC/min to 100 oC
and to hold at 100 oC for additional 1 min, and last the
temperature was increased to 180 oC at a rate of 10 oC/min
and held at 180 oC for an additional 1 min. The sample injection volume was 1.0 µm.
The acid-forming enzymes, phosphotransacetylase
(PTA), phosphotransbutyrylase (PTB), acetate kinase
(AK), butyrate kinase (BK), oxaloacetate transcarboxylase (OAATC) and CoA transferase were assayed in
this study. For determining the activities of acid-forming
enzymes, 25 mL of fermentation mixture was taken out of
the anaerobic fermentation reactor and then washed and
resuspended in 10 mL of 100 mmol/L sodium phosphate
buffer (pH 10.0). The suspension was sonicated at 20 kHz
and 4 oC for 30 min to break down the cells of acidogenic
bacteria and then centrifuged at 10000 rpm and 4 oC for
30 min to remove the waste debris. The extracts were kept
cold on ice before they were used for enzyme activity
assays. The assays for PTA and PTB were based on the
method of Andersch et al. [18] with acetyl-CoA and butyryl-CoA as the substrates, respectively. The AK and BK
activities were analyzed using the method of Allen et al. [19]
with potassium acetate and sodium butyrate as the substrates,
respectively. OAATC activity was determined according to
Wood et al. [20] with methylmalonyl-CoA as the substrate.
The CoA transferase activity was assayed with the method
of Schulman and Wood [21] using succinyl CoA as the
substrate. One unit of enzyme activity was defined as the
amount of enzyme that catalyzes the conversion of 1 mmol
of substrate per minute. The specific enzyme activity was
defined as the unit of enzyme activity per milligram of VSS.
3. RESULTS AND DISCUSSION
3.1. VFA accumulation and composition

Fig. 1 shows the effect of ultrasonic time on the total
VFA production at ultrasonic energy of 1.0 kW/L. It can be
seen in Fig. 1 that the maximal VFA production increased
apparently with ultrasonic time between 0 and 10 min and
then decreased in the range of 10-50 min. The maximal
VFA production at the ultrasonic time of 0, 1, 5, 10, 20,
30, 40 and 50 min were, respectively, 1713.3, 1850.4,
2167.4, 2689.5, 2477.5, 2415.1, 2306.9 and 2207.1 mg
COD/L and the corresponding fermentation times were
respectively 144, 96, 96, 72, 72, 72, 48 and 24 h. Further
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VFAs concentration (mg COD/L)

observation indicated that the fermentation time for maximum VFA production was shortened by ultrasonic pretreatment, demonstrating that the ultrasonic pretreatment
could accelerate the hydrolysis of WAS. When the ultrasonic time was more than 10 min, the decrease of VFA
accumulation was due to the fact that a lot of microbial
cells were destroyed and sludge activity decreased drastically, which was also found by Wang et al. [22]. Therefore,
the suitable fermentation conditions for maximal VFA
accumulation were ultrasonic time of 10 min and fermentation time of 72 h. Under such a condition, the VFA production was 2689.5 mg COD/L. It is noted that with consideration of economic benefit, ultrasonic time of 50 min
and fermentation time of 24 h might also be the suitable
fermentation condition because it could provide a VFA
production of 2207.1 mg COD/L (close to 2689.5 mg
COD/L) with fermentation time of just 24 h (only onethird of 72 h), saving considerable capital cost for fermentation design in engineering.

Individual VFA concentration (mg
COD/L)
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FIGURE 2 - Effect of ultrasonic time on the concentration of individual VFA with fermentation time of 72 h

3000

In the literature, Wang et al. [23] studied the accumulation of various VFAs in anaerobic digestion of sludge,
and found that the individual VFA concentration was in
the following order: acetic > propionic > iso-valeric > isobutyric > n-valeric > n-butyric, whatever method of pretreatment (ultrasonic treatment, thermal treatment, freezed
treatment) was used. It can be seen that its conclusion was
the same with this study for acetic acid. However, the
concentration of iso-valeric acid during the fermentation
process of WAS with ultrasonic pretreatment took second
place in this study, being greater than propionic acid which
took third place. The possible reason for this was the difference of sludge properties between the two studies.
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FIGURE 1 - Effect of ultrasonic time on VFA accumulation.

In this study, six VFAs (acetic, propionic, iso-butyric,
n-butyic, iso-valeric and n-valeric acids) were detected in
all experiments. Fig. 2 shows VFA distribution at various
ultrasonic times with the fermentation time of 72 h. As
shown in Fig. 2, no matter whether ultrasonic pretreatment was employed or not, the six VFAs in the fermentative liquid could be detected. And it was also observed
that the maximum concentration of each VFA all occurred
at the ultrasonic time of 10 min. During the whole fermentation process, acetic acid was the most prevalent
product, and iso-valeric and propionic acid were at second
and third place, respectively. The corresponding maximal
concentrations of them were respectively 1304.4, 498.9
and 355.0 mg COD/L. With further increasing fermentation time, the concentration of acetic acid decreased
sharply.

The VFA composition at various ultrasonic times with
the fermentation time of 72 h when the ultrasonic energy
was 1 kW/L was shown in Fig. 3. It can be seen that at any
ultrasonic time, acetic acid was the most prevalent VFA
and its percentage of the total VFA exceeded 40%. The
iso-valeric acid percentage increased with ultrasonic time,
and to a lesser extent so did propionic acid. Butyric and isobutyric acids decreased with ultrasonic time. Therefore,
ultrasonic pretreatment not only enhanced total VFA production, but also affected the composition of the VFAs.
3.2. WAS hydrolysis

As shown in Table 1, protein and carbohydrate were
the predominant compositions of sludge organic matters,
which accounted for, respectively, 55.5% and 9.5% of
sludge TCOD. Their degradation during sludge anaerobic
fermentation had been proved to be associated with the
formation of VFAs [24]. Therefore, in this study the solubilization of organic compounds in WAS was expressed
in terms of soluble protein and carbohydrate concentrations in the fermentation liquid.
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for the total VFA (% ）

100%
n-valeric acid
80%

iso-valeric
acid

60%

n-butyric acid

40%

iso-butyric
acid
propionic acid

20%
acetic acid
0%
0

1

5

10

20

30

40

50

Ultrasonic time (min)
FIGURE 3 - Percentage of individual VFA with fermentation time of 72 h.

Protein concentration (mg/L)

The concentrations of soluble protein and carbohydrate in the fermentation liquid at various ultrasonic times
are illustrated in Fig. 4 and Fig. 5. It can be seen that at
the short ultrasonic time soluble protein and carbohydrate
concentrations both increased with ultrasonic time. For
example, the soluble protein concentrations with fermentation time of 72 h at ultrasonic time of 0, 1.0, 5.0 and
10.0 min were, respectively, 418.2, 486.3, 511.4 and
695.2 mg/L, and the corresponding carbohydrate concentrations were 186.7, 197.3, 235.0 and 290.7 mg/L. However, the improvement of soluble protein and carbohydrate
concentrations was not apparent when ultrasonic time exceeded 10 min.
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FIGURE 5 - Effect of ultrasonic time on the release of carbohydrate
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At a certain ultrasonic time, the concentrations of soluble organic matters were also influenced by the fermentation time. It should be noted that during the initial 24 h the
concentrations of soluble protein and carbohydrate decreased rapidly, which corresponded to the rapid increase
of VFA during this time. The reason for this might be attributed to acidogenic microorganisms producing VFAs
needing to consume a lot of fermentative substrates like
carbohydrate and protein, which were mainly produced by
ultrasonic pretreatment at the early time of fermentation.
In addition, during the initial 24 h, the decreasing rate of
soluble protein and carbohydrate concentrations when ultrasonic time was less than 10 min was apparently higher than
that under other conditions, which might be due to acido-
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FIGURE 4 - Effect of ultrasonic time on the release of protein.
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genic microorganism activities in the fermentation reactors decreasing when ultrasonic time exceeded 10 min,
which resulted in the decrease of conversion ability on
soluble protein and carbohydrate.
After the soluble organic matters released by ultrasonic pretreatment were consumed, the concentrations of
soluble organic matter began to increase as the fermentation time continued. The reason for this might be that the
soluble organic matter produced from particulate organic
matters in WAS were more than that consumed by acidogenic microorganism when fermentation time was extended. In fact, the soluble protein and carbohydrate concentrations were the result of a net balance between competing rates of release and degradation. When the release
rate exceeded the degradation rate, the concentrations
were observed to increase.
It is well known that sludge components are cemented
together by extracellular polymeric substances (EPS),
which are mainly composed of microbiologically produced
polymers, such as carbohydrate and protein [25,26]. Usually, the protein and carbohydrate in sludge are absorbed
onto the sludge surface, but can be solubilized by ultrasonic disintegration and dissolve into aqueous phase because ultrasonic has the feature of cavitation which can
form bubbles, which grow and undergo violent collapse
and all of these result in spiflicating bacterial cell walls
and making available intracellular matter for subsequent
degradation to VFAs in anaerobic digestion. The enhanced
solubilization of sludge EPS by ultrasonic pretreatment
caused the break-up of sludge matrix, which resulted in
more inner protein and carbohydrate being released and
the improved solubilization of sludge protein and carbohydrate by ultrasonic pretreatment has also been observed
in our previous studies [27].

respectively, 120.7, 125.2, 128.6, 129.3, 132.1, 146.8,
147.5 and 149.8 mg/L. As shown in Fig. 7, the concentration of soluble PO43--P also increased with fermentation
time. The concentrations of soluble PO43--P at the fermentation time of 0, 72 and 168 h with ultrasonic time of 10
min were, respectively, 69.1, 108.6 and 129.3 mg/L. The
possible reason was that the WAS used in this study was
obtained from the secondary sedimentation tank of A/O
biological treatment, which was mainly made up of zoogloeae, and the extra and intracellular polyphosphates of
microorganisms successively decomposed, leading to the
release of PO43--P.

Ammonia concentration (mg/L)
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3.3. Ammonium and phosphorus releases

180

The concentrations of soluble phosphorus in the fermentation liquids at various ultrasonic times are illustrated
in Fig. 7. It can be seen that the concentration of soluble
PO43--P increased with ultrasonic time. For example, when
the fermentation time was 168 h, the concentrations of released PO43--P at 0, 1, 5, 10, 20, 30, 40 and 50 min were,

Phosphorus concentration
(mg/L)

During sludge fermentation, both ammonium and phosphorus releases were observed in the literature [28]. Fig. 6
shows the effect of ultrasonic time on the concentration of
ammonia nitrogen in the fermentative liquid of WAS. It
can be seen that the concentration of soluble NH4+-N increased with the ultrasonic time at any fermentation time.
For example, the observed concentrations of soluble NH4+-N
with the fermentation time of 72 h at ultrasonic times of 0,
1, 5, 10, 20, 30, 40 and 50 min were, respectively, 319.7,
337.5, 346.1, 360,3, 379.6, 391.5, 415.7 and 439.6 mg/L.
Therefore, ultrasonic pretreatment enhanced ammonium release. Since the released NH4+-N was produced from the
soluble protein in WAS, it also proved that ultrasonic pretreatment was of benefit to the solubilization and transformation of protein in WAS.
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FIGURE 7 - Effect of ultrasonic time on soluble phosphorus concentration.
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3.4. Acid-forming enzyme activities

Anaerobic fermentation processes usually undergo hydrolysis, acidification and methanogenesis, and the VFA
are the products of acidification. As previously discussed,
the VFA production reached the highest at ultrasonic time
of 10 min. The reason for this may be relevant to the
activities of some acid-forming enzymes. As shown in
Fig. 8 [13], although many enzymes were considered to
participate in the formation of different VFAs, only a few
key enzymes (PTA, PTB, AK, BK, OAATC and CoA
tansferase) were related to the acid-forming. In the meta-

bolic pathway, PTA and PTB are the central enzymes that
catalyze acetyl-CoA and butyryl-CoA to form acetyl and
butyryl phosphate, respectively. AK and BK are the main
enzymes involved in converting acetyl and butyryl phosphate to acetic and butyric acids, respectively. OAATC is
a key enzyme that catalyzes the reactions of pyruvate to
oxaloacetate and methylmalonyl-CoA to propionyl CoA
and supplies the carbon ﬂux from the central carbon
metabolism to propionic acid. Succinic acid and propionyl
CoA are respectively converted to succinyl CoA and propionic acid by CoA transferase (CoAT).

Fermentation substrates

Polysaccharide
Hydrolysis

Protein

Monosaccharide
Hydrolysis

Amino acids

Pyruvic acid
OAATC

Acetyl-CoA
PTA

Oxaloacetic acid

Propionyl-CoA
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Methylmalonyl-CoA
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NAD+

CoA

Acetyl phosphate
AK

Acetic acid

Acetoacetyl-CoA
Succinyl-CoA

ADP

2NADH + H+ CoA transferase

ATP

2NAD+

Succinic acid

Butyryl-CoA
Pi
CoA

PTB

Malic acid
FP

NADH + ADP

FPH2

NAD+ + ATP

FPH2
FP

Propionic acid

Fumaric acid

Butyryl phosphate
ADP
ATP

BK

Butyric acid
FIGURE 8 - Proposed metabolic pathways for organic acids production [13]

TABLE 2 - Effect of ultrasonic time on specific activities of key enzymes involved in VFA production at fermentation time of 72 h.a
Ultrasonic time
PTA
AK
PTB
0
0.17
1.91
0.0011
1
0.18
2.29
0.0013
5
0.2
2.88
0.0021
10
0.32
3.91
0.0036
20
0.29
3.49
0.003
30
0.26
3.16
0.0021
40
0.23
3.07
0.0015
50
0.21
2.93
0.0012
a
The units of ultrasonic time and enzymes activities were min and U/mg VSS, respectively.
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BK
0.03
0.046
0.079
0.137
0.114
0.095
0.041
0.035

OAATC
0.55
0.75
1.25
2.65
2.42
2.51
2.48
2.46

CoAT
0.24
0.41
0.94
1.85
1.68
1.58
1.25
1.04
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According to Table 2, it can be seen that the activities
of key enzymes relating to the formation of acetic, propionic and butyric acids all exhibited the highest values at
ultrasonic time of 10 min with fermentation time of 72 h.
For example at an ultrasonic time of 10 min, the highest
enzyme activities related to the accumulations of acetic
(PTA, AK) and propionic (OAATC, CoA) acids were respectively 0.32, 3.91, 2.65 and 1.85 U/mg VSS, which exhibited good conformity with the maximum acetic and
propionic acids production, accounting for 61.7 % of the
total VFA.

[3]

Hiraoka, M., Takeda, N., Sakai, S. and Yasuda, A. (1985)
Highly efficient anaerobic digestion with thermal pretreatment. Water Sci. Technol. 17(4-5), 529-539.

[4]

Li, Y.Y. and Noike, T. (1992) Upgrading of anaerobic digestion of waste activated sludge by thermal pretreatment. Water
Sci. Technol. 26 (3-4), 857-866.

[5]

Ardic, l. and Taner, F. (2005) Effects of thermal, chemical
and thermochemical pretreativients to increase biogas production yield of chicken manure. Fresen. Environ. Bull. 14
(5), 373-380.

[6]

Vlyssides, A.G. and Karlis, P.K. (2004) Thermal-alkaline
solubilization of waste activated sludge as a pre-treatment
stage for anaerobic digestion. Bioresour. Technol. 91 (2),
201–206.

[7]

Nah, I.W., Kang, Y.W. and Song, W.K. (2000) Mechanical
pretreatment of waste activated sludge for anaerobic digestion process. Water Res. 34 (8), 2362-2368.

[8]

Hwang, K.Y., Shin, E.B. and Choi, H.B. (1997) A mechanical pretreatment of waste activated sludge for improvement
of anaerobic digestion system. Water Sci. Technol. 36 (12),
111-116.

[9]

Chiu, Y.C., Chang, C.N., Lin, J.G. and Huang, S.J. (1997)
Alkaline and ultrasonic pretreatment of sludge before anaerobic digestion. Water Sci. Technol. 36 (11), 155-162.

4- CONCLUSION
The maximal VFA production apparently increased
with ultrasonic time between 0 and 10 min and decreased
in the range of 10-50 min, and the fermentation time for the
maximal VFA production could be shortened by extending
the ultrasonic time. Without consideration of economic cost
for fermentation design, the optimal conditions for VFA
accumulation observed in this study were ultrasonic time
of 10 min and fermentation time of 72 h, with the highest
VFA concentration of 2689.5 mg COD/L. Under this condition, acetic, iso-valeric and propionic acids, the three main
components in the fermentative VFAs, all reached maximal
concentrations, which were 1304.4, 498.9 and 355.0 mg
COD/L, respectively. In addition, the solubilization of protein and carbohydrate in WAS was found to be enhanced by
the ultrasonic pretreatment within ultrasonic time of 10 min.
Also, ammonium and phosphorus releases were augmented
when WAS was pretreated ultrasonically. The activities of
key enzymes related to the VFA accumulation reached the
highest at an ultrasonic time of 10 min, which showed
good conformity with the maximal VFA production.
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ABSTRACT

1. INTRODUCTION

During anaerobic degradation of Microcystis spp.
blooms, the cell walls burst, releasing the toxins into the
water, such as ammonia and microcystin. The released
toxins could then come into contact with a wide range of
aquatic organisms and can be responsible for the toxic effects observed in many organisms. To assess the responses
of oxidative stress to a combination of ammonia and microcystin in larval fish, 11-day-old larvae of grass carp Ctenopharyngodon idella were exposed to solutions with
different concentrations of ammonia (NH3-N) and microcystin-LR (MC-LR). Results showed that NH3-N and MCLR had significant effects on catalase (CAT), superoxide
dismutase (SOD), glutathione (GSH), and malondialdehyde
(MDA), and significant interactions were detected between
NH3-N and MC-LR, suggesting that oxidative stress and
lipid peroxidation occurred in grass carp larvae exposed to a
combination of ammonia and microcystin. Furthermore,
CAT, SOD, GSH, and MDA fluctuated significantly with
time, suggesting that the effects were time-dependent.
Above results indicated that grass carp larvae may encounter toxic effects from ammonia and microcystin during the
degradation of Microcystis spp. blooms. As CAT, SOD,
GSH, and MDA of grass carp larvae are highly sensitive to
ammonia and microcystin, they can be used as biomarkers
for assessing oxidative stress responses of grass carp larvae
to multiple toxins released from senescence and lysis of
cyanobacterial blooms.
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Ammonia, Microcystin, Oxidative stress, Grass carp
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Anthropogenic discharge of nitrogen and phosphorus
in natural waters has led to the occurrence of cyanobacterial blooms, which are harmful to human beings and aquatic
animals too [1-6]. Microcystis aeruginosa is one of the
dominant species of cyanobacteria that form surface water
blooms in eutrophic lakes and has received much attention [7]. During anaerobic degradation of Microcystis spp.
blooms, their cell walls burst, releasing microcystins into
water. The concentration of dissolved microcystin in the
environment varies from traces up to 1800 µg/L or higher,
immediately after the collapse of a highly toxic bloom [8].
The released toxins could then come into contact with a
wide range of aquatic organisms and can be responsible for
the toxic effects observed in many organisms, from microalgae to mammals [9]. Furthermore, during the process of
anaerobic degradation of Microcystis spp. blooms, elevated
concentrations of ammonia occur in the eutrophic lake at
the same time [10]. These two toxins may impact aquatic
organisms in the region of the blooms, as both ammonia
and microcystin can cause oxidative stress in aquatic animals [11-13].
Although there are many studies on oxidative stress
responses in fish to ammonia and microcystin [13, 14],
little is known about the responses of oxidative stress to a
combination of ammonia and microcystin-LR in freshwater fish. Here, we focused on the combined effects of the
two main toxins that arise as end products of Microcystis
blooms, a process that may seriously impact fresh waters:
dissolved ammonia and dissolved microcystin-LR [15]. It
is well known that early life stages are more sensitive to
these toxins than adult fish [16, 17], because of the thinner epithelial layer combined with a relatively larger body
surface to volume ratio, high metabolic rate and limited
mobility [13]. In the experiments, therefore, we used grass
carp Ctenopharyngodon idella larvae as a test organism to
determine oxidative stress responses of grass carp larvae
exposed to purified microcystin under different ammonia
concentrations.
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2. MATERIALS AND METHODS
Artificially fertilized eggs of grass carp Ctenopharyngodon idella were obtained by induced ovulation of cultured broodstock (one male and one female) by injections
of [D-Ala6-Pro9-Net]-luteinising hormone releasing hormone analogue. Fertilized eggs were incubated in an aerated tank with fresh water at 25 °C. Newly-hatched larvae
were collected and cultured in 1-L beakers and fed with
egg yolk. The 11-day-old larvae were collected and used
in the experiments.
Ammonia test solutions were prepared by dissolving
ammonium chloride NH4Cl (Sinopharm, Shanghai, China)
in de-chlorinated tap water. NH3-N concentrations were calculated using the general equation of bases [18]:
NH3=

[ NH 3 + NH 4+ ]
[1 + 10 ( pKa − pH ) ]

The calculation of pKa is based on the equation [10]:
pKa=0.09018+2729.92/T, (T = Kelvin = 273 + T ºC).
Based on the toxin levels in the field during degradation
of Microcystis blooms, un-ionized ammonia nitrogen concentrations (NH3-N) and purified microcystin-LR (MC-LR)
concentrations (Express, Beijing, China) treatments were:
0, 0.06, 0.264 mg L-1 and 0, 10, 100 µg L-1, respectively.
Experiments followed a full-factorial design; i.e. there
were 9 treatment combinations. The 11-day-old larvae were
randomly selected from rearing tanks and directly transferred to 150-mL beakers that contained water with different concentrations of ammonia and microcystin as described
above. These treatments were performed in duplicate, and
each beaker contained 100 fish. The experiment was conducted under a 14 L : 10 D photoperiod, at 25 °C, 20 µmol
photons m-2s-1, pH 7.5, and dissolved oxygen around 5 mg
L-1. To maintain constant ammonia and microcystin concentrations, test solutions were replaced every day.
To determine the responses in antioxidant parameters
of grass carp larvae, samples were taken at 24, 48, and 96 h
after experimental larvae were transferred to test solutions.
Twenty larvae were sampled from each beaker each time.
Oxidative stress parameters were measured as whole-body
homogenates. Samples were kept on ice during the entire
procedure. Whole larvae were rinsed in 0.6% ice-cold
physiological saline (NaCl) solution and then dried using
filtrating paper. Samples were placed in a Dounce homogenizer with 2 mL 0.6% physiological saline solution and
homogenized. Subsequently, whole larvae homogenates
were centrifuged at 3000 rpm for 10 min at 4 ºC to eliminate cellular debris and cartilage fragments. The supernatant
was removed and used for biochemical assays. In the experiments, we measured catalase (CAT), superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde
(MDA). Protein concentrations were estimated using the
Diagnostic Reagent Kit (Coomassie protein assay dye);
CAT (U mg-1 protein), SOD (U mg-1 protein), GSH (mg g-1
protein), and MDA (nmol mg-1 protein) were determined

using the Diagnostic Reagent Kits purchased from Nanjing Jiancheng Bioengineering Institute (China).
All biochemical data are presented as mean ± 1 SE. The
data on biochemical parameters were evaluated by threeway (NH3-N concentration, MC-LR concentration, and
time) analysis of variance (ANOVA) followed by Tukey
test (α = 0.05). All statistical analyses were carried out with
SigmaPlot 11.0.
3. RESULTS AND DISCUSSION
During the experiments, no larvae died. After the fish
larvae were exposed to the test solutions, significant differences (p<0.05) were detected in CAT among different
MC-LR concentrations and among different NH3-N concentrations; furthermore, change in CAT was time-dependent. Three-way ANOVA indicated that there was statistically significant interaction (p<0.05) between NH3-N and
MC-LR on CAT (Table 1, Fig. 1). Also, there was statistically significant interaction (p<0.05) between NH3-N
and time on CAT. Change in SOD was time-dependant and
increased significantly (p<0.05) at 48 h and then reduced
at 96 h (Table 1, Fig. 2). MC-LR had significant effect
(p<0.05) on SOD; three-way ANOVA indicated that significant interactions (p<0.05) were detected among any
two or three factors (Time, NH3-N, MC-LR). Antioxidant
defenses, which are generally ubiquitous in animal species
and different tissue types, are widely detected in aquatic
organisms. Assaying antioxidant enzymes can offer an indication of the antioxidant status of the organisms and can
serve as biomarkers of oxidative stress [19]. In this experiment, we used whole-body homogenates to measure the
oxidative stress enzymes because in early life stages, when
organogenesis occurs, the toxins may affect the whole organism through action on several organs [16]. Many studies
have reported that antioxidant enzymes activities can be
induced by low concentrations of pollutants and damaged
under higher concentrations [20]. In the present experiments, CAT and SOD were significantly induced in
NH3-N and MC-LR exposure. Such changes indicated the
presence of oxidative stress when grass carp larvae were
exposed to water containing pollutants, which were similar to some results of field studies. Field studies on silver
carp (Hypophthalmichthys molitrix) and bighead carp (Aristichthys nobilis) showed sensitive responses in the antioxidant enzymes and higher basal glutathione concentrations to
toxic cyanobacterial blooms in natural waters [21, 22]. These
also showed that the antioxidases cooperate with each other
to protect the organism from oxidative damage. In addition,
the antioxidant enzymes activities mentioned above were
time-dependant, which is similar to the results in other
studies [23, 24].
Significant differences (p<0.05) in GSH were detected among different times, among different NH3-N, and
among different MC-LR concentrations; three-way
ANOVA indicated that significant interactions were de-
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TABLE 1 - Summary of three-way ANOVA on the interactions between time, NH3-N, and MC-LR on oxidative stress of grass carp larvae.
Parameters
CAT

Source of variation
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR
Time
NH3-N
MC-LR
Time x NH3-N
Time x MC-LR
NH3-N x MC-LR
Time x NH3-N x MC-LR

SOD

GSH

MDA

DF
2
2
2
4
4
4
8
2
2
2
4
4
4
8
2
2
2
4
4
4
8
2
2
2
4
4
4
8

SS
1.581
0.942
2.785
2.411
0.0457
1.887
1.220
11159.496
244.185
1294.435
616.677
4549.648
4981.221
2313.275
772.037
383.013
272.724
1008.902
311.203
701.742
748.091
2.094
21.878
2.153
9.915
3.751
3.381
3.798

0

10

MS
0.791
0.471
1.393
0.603
0.0114
0.472
0.153
5579.748
122.093
647.218
154.169
1137.412
1245.305
289.159
386.018
191.507
136.362
252.226
77.801
175.436
93.511
1.047
10.939
1.076
2.479
0.938
0.845
0.475

F
6.074
3.618
10.699
4.631
0.0877
3.625
1.172
111.443
2.439
12.927
3.079
22.717
24.872
5.775
15.579
7.729
5.503
10.179
3.140
7.080
3.774
4.406
46.044
4.530
10.433
3.947
3.558
1.998

P
0.007
0.041
<0.001
0.006
0.986
0.017
0.351
<0.001
0.106
<0.001
0.033
<0.001
<0.001
<0.001
<0.001
0.002
0.010
<0.001
0.030
<0.001
0.004
0.022
<0.001
0.020
<0.001
0.012
0.019
0.086

-1

CAT (U mg protein)

3.5
24 h
48 h
96 h

3
2.5
2
1.5
1
0.5
0
0

10
0

100

100

0

0.06

10

100

0.264
-1

NH3-N concentration (mg L )
FIGURE 1 - Changes in CAT of grass carp larvae exposed to purified microcystin under different ammonia concentrations. Vertical lines
represent one SE.
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24 h
48 h
96 h

120
100
80

-1

SOD (U mg protein)

140
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60
40
20
0
0

10

100

0

0

10

100

0

0.06

10

100

0.264
-1

NH3-N concentration (mg L )
FIGURE 2 - Changes in SOD of grass carp larvae exposed to purified microcystin under different ammonia concentrations. Vertical lines
represent one SE.

-1

GSH (mg g protein)

70
24 h
48 h
96 h

60
50
40
30
20
10
0
0

10
0

100

0

10

100

0

0.06

10

100

0.264
-1

NH3-N concentration (mg L )
FIGURE 3 - Changes in GSH of grass carp larvae exposed to purified microcystin under different ammonia concentrations. Vertical lines
represent one SE.
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-1

MDA (nmol mg protein)

6
24 h
48 h
96 h

5
4
3
2
1
0
0

10

100

0

0

10

100

0

0.06

10

100

0.264
-1

NH3-N concentration (mg L )
FIGURE 4 - Changes in MDA of grass carp larvae exposed to purified microcystin under different ammonia concentrations. Vertical lines
represent one SE.

tected among any two or three factors (Table 1, Fig. 3).
GSH is a water-soluble anti-oxidant found in the cytosol
and mitochondria. In the experiments, GSH in grass carp
larvae fluctuated significantly (p<0.05) with time, NH3-N,
and MC-LR, suggesting that it plays an important role in
scavenging free radicals and active oxygen species [25].
As for MDA, significant differences were detected
among different times, among different NH3-N, and among
different MC-LR concentrations; three-way ANOVA indicated that significant interactions were detected among any
two factors (Table 1, Fig. 4). MDA is the final product of
lipid peroxidation. Lipid peroxides have been considered
the basic cause of cellular damage due to toxicant [26]. In
our experiments, NH3-N and MC-LR exposure resulted in
significant changes of MDA, suggesting that oxidative
stress occurred and changes in MDA content were the direct
evidence of toxic processes caused by free radicals.
4. CONCLUSION

direct evidence of toxic processes caused by free radicals,
whereas sensitive responses in the antioxidant parameters
(CAT, SOD, GSH) might be responsible for their important role in scavenging free radicals and active oxygen
species. As CAT, SOD, GSH, and MDA of grass carp larvae are highly sensitive to ammonia and microcystin, they
can be used as good biomarkers for assessing oxidative
stress responses of grass carp larvae to multiple toxins
released from senescence and lysis of cyanobacterial
blooms.
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In conclusion, the results of this research show that
ammonia and microcystin can cause oxidative stress in
grass carp larvae, indicating that grass carp larvae may
encounter toxic effects from ammonia and microcystin
during the degradation of Microcystis spp. blooms. The
data suggest that ammonia and microcystin have interactive
effects on CAT, SOD, GSH, and MDA in grass carp larvae. Changes in MDA content of grass carp larvae are the

REFERENCES

2877

[1]

Takahashi, S. and Kaya, K. (1993) Quail spleen enlarged by microcystin RR as a blue-green algal heptotoxin. Nat. Toxins. 1, 283-285.

[2]

Ueno, Y., Nagata, S., Tsutsumi, T., Hasegawa, A., Watanabe, M.F.,
Park, H.D., Chen, G.C., Chen, G. and Yu, S.Z. (1996) Detection of
microcystins, a blue-green algal hepatotoxins, in drinking water
sampled in Haimen and Fusui, endemic areas of primary liver cancer in China, by highly sensitive immunoassay. Carcinogenesis 17,

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

1317-1321.
[3]

Carmichael, W.W., Azevedo, S.M.F.O., An, J.S., Molica, R.J.R.,
Jochimsen, E.M., Lau, S., Kenneth, L.R., Glen, R.S. and Geoff,
K.E. (2001) Human fatalities from cyanobacteria: Chemical and
biological evidence for cyanotoxins. Environ. Health Perspect.
109, 663–668.

(1975) Aqueous ammonia equilibrium calculations: effect of pH
and temperature. J. Fish. Res. Board Can. 32, 2379–2383.
[19] Kohen, R. and Nyska, A. (2002) Oxidation of biological systems:
oxidative stress phenomena, antioxidants, redox reactions, and
methods for their quantification. Toxicol. Pathol. 30, 620–650.
[20] Livingstone, D.R., Martinez, P.G., Michel, X., Narbonne, J.F.,
Ohara, S., Ribera, D. and Winston, G.W. (1990) Oxyradical production as a pollution-mediated mechanism of toxicity in the
common mussel, Mytilus edulis (L.), and other mollusks. Funct.
Ecol. 4, 415-424.

[4]

Chen, J., Xie, P., Li, L. and Xu, J. (2009) First identification of
the hepatotoxic microcystins in the serum of a chronically exposed human population together with indication of hepatocellular damage. Toxicol. Sci. 108, 81–89.

[5]

Simeunovic, J., Svircev, Z., Karaman, M., Knezevic, P. and Melar, M. (2010) Cyanobacterial blooms and first observation of microcystin occurrences in freshwater ecosystems in Vojvodina region (Serbia). Fresen. Environ. Bull. 19, 198-207.

[6]

Assennato, G., Blonda, M., Cudillo, B., Gifuni, S., Petruzzelli,
M.R., Pastorelli, A.M. and Ungaro, N. (2010) Cyanobacteria
bloom in the occhito artificial lake (southern Italy): relationship
between Planktothrix rubescens density and microcystin concentration. Fresen. Environ. Bull. 19, 1795-1801.

[7]

Dokulil, M. T. and Teubner, K. (2000) Cyanobacterial dominance
in lakes. Hydrobiologia 438, 1–12.

[8]

Svrcek, C. and Smith, D.W. (2004) Cyanobacteria toxins and the
current state of knowledge on water treatment options: a review.
J. Environ. Eng. Sci. 3, 155–185.

[23] Prieto, A.I., Pichardo, S., Jos, Á., Moreno, I. and Cameán, A.M.
(2007) Time-dependent oxidative stress responses after acute exposure to toxic cyanobacterial cells containing microcystins in tilapia fish (Oreochromis niloticus) under laboratory conditions.
Aquat. Toxicol. 84, 337–345.

[9]

de Figueiredo, D.R., Azeiteiro, U.M., Esteves, S.M., Gonçalves,
F.J.M. and Pereira, M.J. (2004) Microcystin producing blooms —
a serious global public health issue. Ecotoxicol. Environ. Saf. 59,
151–163.

[24] Zhang, X., Xie, P., Li, D., Tang, R., Lei, H. and Zhao, Y. (2009)
Time-dependent oxidative stress responses of crucian carp
(Carassius auratus) to intraperitoneal injection of extracted microcystins. Bull. Environ. Contam. Toxicol. 82, 574–578.

[10] Yang, W., Xiang, F.H., Sun, H.J., Chen, Y.F., Minter, E.J.A. and
Yang, Z. (2010) Changes in the selected hematological parameters and gill Na+/K+ ATPase activity of juvenile crucian carp
Carassius auratus during elevated ammonia exposure and the
post-exposure recovery. Biochem. Syst. Ecol. 38, 557-562.

[25] Ogino, T., Kawabata, T. and Awadi., M. (1989) Stimulation of
glutathione synthesis in iron loaded mice. Biochem. Biophys. Acta. 1006, 131–135.

[11] Moreno, I., Pichardo, S., Jos, Á., Gómez-Amores, L., Mate, A.,
Vázquez, C.M. and Cameán, A.M. (2005) Antioxidant enzyme
activity and lipid peroxidation in liver and kidney of rats exposed
to microcystin-LR administered intraperitoneally. Toxicon 45,
395–402.

[21] Li, L., Xie, P., Guo, L.G., Ke, Z.X., Zhou, Q., Liu, Y.Q. and Qiu,
T. (2008) Field and laboratory studies on pathological and biochemical characterization of microcystin-induced liver and kidney damage in the phytoplanktivorous bighead carp. TheScientificWorldJournal 8, 121-137.
[22] Qiu, T., Xie, P., Guo, L.G. and Zhang, D.W. (2009) Plasma biochemical responses of the planktivorous filter-feeding silver carp
(Hypophthalmichthys molitrix) and bighead carp (Aristichthys
nobilis) to prolonged toxic cyanobacterial blooms in natural waters. Environ. Toxicol. Pharmacol. 27, 350-356.

[26] Doyotte, A., Cossu, C., Jacquin, M.C., Babut, M. and Vasseur, P.
(1997) Antioxidant enzymes, glutathione and lipid peroxidation
as relevant biomarkers of experimental or field exposure in the
gills and the digestive gland of the freshwater bivalve Unio tumidus. Aquat. Toxicol. 39, 93-110.

[12] Prieto, A.I., Jos, Á., Pichardo, S., Moreno, I. and Cameán, A.M.
(2006) Differential oxidative stress responses to microcystins LR
and RR in intraperitoneally exposed tilapia fish (Oreochromis
sp.). Aquat. Toxicol. 77, 314–321.
[13] Amado, L.L. and Monserrat, J.M. (2010) Oxidative stress generation by microcystins in aquatic animals: Why and how. Environ.
Int. 36, 226–235.
[14] Martínez-Álvarez, R.M., Morales, A.E. and Sanz, A. (2005) Antioxidant defenses in fish: biotic and abiotic factors. Rev. Fish.
Biol. Fish. 15, 75–88.
[15] Jones, G.J. and Orr, P.T. (1994) Release and degradation of microcystin following algicide treatment of a Microcystis aeruginosa bloom in a recreational lake, as determined by HPLC and protein phosphatase inhibition assay. Water Res. 28, 871–876.
[16] Wiegand, C., Pflugmacher, S., Oberemm, A., Meems, N., Beattie,
K.A., Steinberg, C.E.W. and Codd, G.A. (1999) Uptake and effects
of microcystin-LR on detoxication enzymes of early life stages of
the zebrafish (Danio rerio). Environ. Toxicol. 14, 89–95.
[17] Zhang, X.Z., Xie, P., Wang, W.M., Li, D.P., Li, L., Tang, R., Lei,
H.H. and Shi, Z.C. (2008) Dose-dependent effects of extracted
microcystins on embryonic development, larval growth and histopathological changes of southern catfish (Silurus meridionalis).
Toxicon 51, 449-456.
[18] Emerson, K.R., Russo, R.C., Lund, R.E. and Thurston, R.V.

2878

Received: April 28, 2011
Revised: June 27, 2011
Accepted: July 14, 2011

CORRESPONDING AUTHOR
Yafen Chen
Chinese Academy of Sciences
Nanjing Institute of Geography and Limnology
State Key Laboratory of Lake Science and
Environment
210008 Nanjing
P. R. CHINA
Phone: +86-25-86882021
Fax: +86-25- 57714759

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

E-mail: chenyf@niglas.ac.cn
FEB/ Vol 20/ No 11/ 2011 – pages 2869 – 2874

2879

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

A STUDY OF RELATIVE PERFORMANCE BETWEEN
DIRECT INJECTION AND THERMAL DESORPTION FOR
SEVERAL VOLATILE ORGANIC ACIDS AND REFERENCE
VOCS BY GAS CHROMATOGRAPHY – MASS SPECTROMETRY
Ki-Hyun Kim1,*, Janice Susaya1, Jong Ryeul Sohn2 and Richard J. C. Brown3
1

Department of Environment & Energy, Sejong University, Seoul, 143-747, Republic of Korea
2
Department of Environmental Health, Korea University, Seoul, 136-703, Republic of Korea
3
Analytical Science Division, National Physical Laboratory, Teddington, TW11 0LW, UK

Abstract

1. INTRODUCTION

In this research, the relative performance of gas chromatography – mass spectrometry (GC-MS) has been examined to compare the recovery rates (RR) obtained for several volatile organic acids in air when using different sample introduction methods. To this end, a comparison was
performed between direct injection (DI) and thermal desorption (TD) for introduction of the samples into the GCMS. The GC-MS system was calibrated initially by using
liquid phase working standards (L-WS) comprising a mixture of 13 volatile organic compounds (VOCs) with a main
emphasis on volatile organic acids and several reference
compounds including aromatics with and without the use of
TD. Assuming that one can acquire the optimum sensitivity
for any given individual compound by direct injection (DI:
i.e., without TD), the response factors (RF) derived by the
DI method are compared against those of TD on a compound-by-compound basis to assess the relative sensitivity attributable to the two methods. To this end, the RF
values are adjusted for each VOC and each of the two
different approaches by considering the different split ratios
for TD and DI. According to this comparison, the RR of
the TD method tends to vary with target compound; however, a RR near unity is attained for most VOCs except
for MEK and organic acids.

KEYWORDS: Gas chromatography (GC), Mass spectrometry
(MS), Volatile organic compounds (VOCs), Calibration, Response
factor (RF), Recovery rate (RR)

* Corresponding author

In the analysis of environmental trace pollutants like
volatile organic compounds (VOCs), the evaluation of the
recovery rate (RR) is often considered to be a key parameter in basic quality assurance (QA) procedures [1, 2]. Under
most circumstances, modification of GC or GC-MS setups
is required to optimize measurement methods in order to
detect the target analytes contained in a complex matrix
like air. Without this optimization the quantitative analysis
of trace-level pollutants in environmental samples would
not be possible. However, such modification often causes
noticeable alteration in the detection characteristics of
the target compounds, especially with respect to sensitivity. For instance, the performance of GC-pulsed flame
photometric detector (PFPD) was evaluated for the analysis of gaseous reduced sulfur compounds (RSC) by comparing loop injection and the thermal desorption (TD)
method; the results indicated that the sensitivity of the latter
is more than an order of magnitude lower than loop injection [3]. However, as the use of TD allows a dramatic increase in the effective sampling volume, the overall results
of such a modification can result in an improvement to observed detection limits in many cases [4-6]. Nonetheless,
many questions remain in such applications, for example,
how accurately can we define and measure the effect of
alterations on the performance of the measurement system,
especially for parameters such as sensitivity?
In the research presented here, we attempted to evaluate the comparative sensitivity for the analysis of 13 VOCs
by GC-MS with and without the use of the thermal desorption unit. The target VOCs investigated in this study included: methyl ethyl ketone (MEK), isobutyl alcohol (iBuAl), methyl isobutyl ketone (MIBK), butyl acetate
(BuAc), styrene (S), propionic acid (PA), n-butyric acid
(BA), iso-valeric acid (IA), n-valeric acid (VA), benzene
(B), toluene (T), p-xylene (p-X), and o-xylene (o-X). These
compounds were selected for this study, as we had the
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additional aim of developing a technique in which VOCs
officially categorized as the offensive odorants [7, 8] could
be quantified simultaneously.
In this work, we investigated to establish a new calibration approach for organic acids using their liquid phase
standards. To this end, the comparative sensitivity obtained
for the analysis of these model components and several reference VOCs was investigated between direct injection
(DI) and thermal desorption. As the first part of our study,
we constructed calibration curves for 13 VOCs by DI of
liquid phase working standards (L-WS) into the GC-MS.
These results were then used as the basic reference to
assess the relative sensitivity of the same VOCs with TD
introduction into the GC-MS, based on the thermal desorption of L-WS with the aid of an initial pre-concentration
step on an adsorption tube sampling system. Hence, if we
assume that the results derived from DI are the main basis
of quantitative analysis, then the RR for a given compound can be defined as the ratio of the response factor
obtained by TD against that obtained by DI. Although experimental results derived from different operational settings may not necessarily be relevant, evaluation of such
data allows us to assess the relative performance of each
setup in a highly meaningful way.

2. MATERIALS AND METHODS
2.1 Preparation of liquid phase working standard (L-WS) of
VOC

The basic physicochemical properties (e.g., acronyms,
molecular formula, molecular weight, etc) of the target
compounds in this study are shown in Table 1. Liquid stock
solutions of the 13 target VOCs were purchased (Sigma
Aldrich: Milwaukee, WI, US) and used as the primary
standard (PS) stock solution. The target VOCs listed in Table
1A can be categorized into 3 groups, namely (1) aromatic
VOCs (B, T, S, p-X, and o-X), (2) organic acids (PA, BA,
IA, and VA), and (3) miscellaneous VOCs (MEK, i-BuAl,
MIBK, and BuAc). The liquid phase VOC working
standards (L-WS) were prepared at various concentrations
by gravimetric dilution of the PS with methanol (Table
1B). The initial GC-MS calibration of the DI method was
conducted by using the L-WS at 5 concentrations (10, 20,
40, 100, and 200 ng µL-1). Calibration of the absorption
tube-based TD analysis using the L-WS was conducted at
10 concentrations between 3 to 5000 ng µL-1 (Table 1B).
Although we did not measure the breakthrough capacity of
our sampling tube, we confirmed that no breakthrough
occurred up to a few tens of microgram for each target
compound. The

TABLE 1 - Detailed information of target VOC and the calibration conditions of their liquid phase
standards: comparison between two different sample loading modes in terms of absolute loaded mass (ng).
[A] Basic information of target compounds
Chemical grouping
VOC (acronym)a
MW (g/mole)
Density (g/cm3)
Structural Formula
CAS number

B
78.11
0.88
C6 H6
71-43-2

T
92.14
0.8669
C7 H8
108-88-3

BTSX
S
104
0.909
C8 H8
100-42-5

Acids
p-X
106.2
0.86
C8H10
106-42-3

o-X
106.2
0.86
C8H10
95-47-6

PA
74.1
0.99
C3 H6 O2
79-09-4

BA
88.1
0.96
C4 H8 O2
107-92-6

IA
VA
102
102
0.925
0.93
C5H10O2 C5H10O2
503-74-2 109-52-4

Other VOCs
MEK i-BuAl
MIBK
BuAc
72.11
74.1
100
116.16
0.805
0.80
0.80
0.88
C4H8O C4H10O C6H12O C6H12O2
78-93-3 78-83-1 108-10-1 123-86-4

[B] Calibration scheme of liquid phase VOC standard by two different sample loading modes
Order

Massb

BTSX

Acids

Other VOCs

(ng)
B
T
S
p-X
o-X
PA
BA
IA
VA
MEK i-BuAl
MIBK
BuAc
1] Direct injection on GC-MS
1
10
10.0
10.0
9.90
10.0
10.0
9.80
9.50
9.16
9.21
9.96
9.92
9.85
10.0
2
20
20.0
20.0
19.8
20.0
20.0
19.6
19.0
18.3
18.4
19.92
19.8
19.7
20.0
3
40
40.0
40.0
39.6
40.0
40.0
39.2
38.0
36.6
36.8
39.84
39.7
39.4
40.1
4
100
100
100
99.0
100
100
98.0
95.0
91.6
92.1
99.6
99.2
98.5
100
5
200
200
200
198
200
200
196
190
183
184
199.2
198
197
200
2] Combination of GC-MS and thermal desorption with tube modec
3
1
3.01
3.00
3.00
2.98
2.98
3.10
3.01
3.05
3.07
3.05
3.04
3.04
3.05
6
2
6.03
5.99
6.00
5.96
5.97
6.21
6.02
6.11
6.14
6.11
6.09
6.08
6.10
35
3
36.2
36.0
36.0
35.7
35.8
37.2
36.1
36.6
36.8
36.7
36.5
36.5
36.6
110
4
106
105
105
104
104
109
105
107
107
107
107
106
107
200
5
196
195
195
194
194
202
196
198
199
199
198
198
198
420
6
422
420
420
417
418
435
421
427
430
428
426
426
427
850
7
844
839
840
834
835
869
843
855
859
855
852
851
854
1700
8
1688
1678
1680
1668
1671
1738
1685
1709
1719
1711
1704
1702
1707
3500
9
3376
3357
3359
3336
3341
3476
3370
3419
3437
3421
3409
3405
3415
5000
10
4823
4795
4799
4765
4773
4965
4815
4884
4910
4888
4869
4864
4878
a
MEK - methyl ethyl ketone; i-BuAl - isobutyl alcohol; MIBK - methyl isobutyl ketone; BuAc - butyl acetate; S - styrene; PA - propionic acid; BA - n-butyric acid; IA isovaleric acid; VA - n-valeric acid; B - benzene; T - toluene; p-X - p-xylene; and o-X - o-xylene
b
For each experiment, 5 and 10 concentration-level standards are prepared to yield each mass quantities at injection of 1 microliter.
c
The liquid standards of 3500 and 5000 ng µL-1 were not included in the calibration due to the occurrences of off-scaled peaks.
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TABLE 2 - Instrumental setting for the analysis of liquid phase VOC standards
using gas chromatography/mass spectrometry (GC-MS) with DI and TD method.
A. Direction injection (DI) by GC-MS
GC
Shimadzu GC-2010 (Japan)
MS
Shimadzu GCMS-QP2010 (Japan)
Column

Oven

Detector

Injector

VOCOL (Supelco)
Diameter:
Length:
Film thickness:
Initial temp:
Hold time:
1st rate:
Final temp:
Hold time:
Total time:
Carrier gas:
MSD
Ionization mode:
Ion source temp.:
Interface temp.:
TIC scan range:
threshold:
(for method 1)
type:
Inj. temp.:
Column flow:
Split ratio:

0.32
60
1.8
35
4
4
200
10
55.25
He
EI (70 eV)
200
200
35~250
100

mm
m
µm
o
C
min
o
C/min
o
C
min
min
100%

o

C
C
m/z
o

split/splitless injector
o
250
C
1.2
mL min-1
10:1

B. TD analysis by GC/MS
TD (UNITY, Markes International, Ltd., UK)
Cold trap:
split ratio:
split flow:
hold time:
trap low:
trap high:
flow path temperature

calibration range for the absorption tube-based TD method
was intended to cover a more extended range of standard
concentrations so as to acquire additionally more data on
the adsorption capacity of sorbent material. This gives an
approximate indication of the maximum volume of air that
can be sampled when using absorption tubes under normal
ambient concentration conditions.
2.2 Calibration of VOC standards by 2 different analysis modes

The analysis of VOCs was performed initially using
GC-MS (Shimadzu GCMS-QP2010, Japan) and DI sample
introduction. Its performance was then investigated again
after being interfaced with a thermal desorber with an air
server (AS) unit (UNITY model, Markes, Ltd., UK) in order
to perform the TD analysis. The relevant instrumental parameters are listed in Table 2.
2.2.1 Calibration of VOC by direct injection (DI)

To evaluate the basic performance of the GC-MS
against the target VOCs, a DI-based calibration was initially carried out at five separate concentrations of 10, 20, 40,

Carbopack B+ Carboxen
17.7:1
5
mL min-1
5
min
o
5
C
o
300
C
o
120
C

100, and 200 ng µL-1 (Table 1B). These experiments
proceeded in a fixed standard volume approach (FSV; [9])
in which 1 µL of each of the 5 L-WS were injected into
the GC-MS system. The calibration relationships for each
compound were derived by using replicate (n=2) analyses of all five calibration points. Peak integration for
each VOC was carried out in total ion chromatogram
(TIC) mode. The basic instrumental settings for the DI
method are listed in Table 2.
2.2.2 Calibration of VOC by absorption-tube TD mode

To derive the comparative calibration data sets for TD
sample introduction into the GC-MS system, calibration
was made by injecting the identical L-WS onto an adsorption tube. This tube was prepared by packing a stainless
steel tube with 300 mg of carbopack X sorbent (40/60 mesh).
The selection of this carbopack sorbent was made based on
our preliminary test to compare 5 different combinations
of sorbent materials [10]. The results of this test showed the
highest sensitivity of carbopack X with high reproducibility, especially in the analysis of organic acids relative to
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other sorbents like Tenax. A Tedlar bag containing ultrapure N2 (a minimum volume of 2 L) and a vacuum pump
(Sibata, Japan) were attached to the airflow inlet and outlet of the sampling tube, respectively. The N2 contained in
the Tedlar bag was then transferred through the sampling
tube at a flow rate of 0.2 L min-1 for 5 min (a total volume
of 1 L). Ten seconds after the supply of N2, 1 µL of the LWS was slowly delivered through a temporary injection
port into the tube. The L-WS was therefore loaded onto the
sorbent tube along by the N2 gas stream. The pump was
then stopped and the tube was detached (after 5 min) and
taken for TD analysis. The calibration relationships for each
compound were calculated by pooling the data derived from
all ten concentrations of the L-WS analyzed by TD (3 to
5000 ng µL-1) for an injection volume of 1 µL (Table 1).
Table 2 lists the instrumental conditions used for the absorption–tube-based TD analysis of the VOC L-WSs. The
extent of evaporation of these L-WS was tested in an ancillary experiment using an evaporizing system. In this
ancillary experiment, L-WS was transferred to the tube after
being heated at 250oC. The results of this test showed that
there was no statistical distinction in the relative recovery
of each target compound between before or after the heat
treatment.
A comparison of the basic quality assurance and method
performance parameters such as detection limit (DL) and
precision (expressed in terms of a relative standard deviation (% RSD) of measurements) was also undertaken to
assess the relative performance of each method. The
method detection limit (MDL) of both methods was estimated by seven analyses of the smallest detectable quantity of L-WS (e.g., ~0.2 ng) introduced either directly into
the GC (giving the DL for the DI method) or first through
an adsorption tube (giving the DL for the TD method).
The MDL value for each compound was then derived by
multiplying the standard deviation (SD) of a low concentration standard by 3.14 (the t-value for 7 samples at the 99%
confidence interval (CI)). Low DLs were attained for both
methods over a relatively small range (quoted as total
mass of analyte injected, with the concentration that this
mass is based on when considering a 1µL injection shown
in brackets): (1) DI: from 0.03 ng (0.007 ppb) for p-X to
0.63 ng (0.21 ppb) for MEK and (2) TD: from 0.05 ng
(0.011 ppb) for xylene (or MIBK) to 0.23 ng (0.08 ppb)
for MEK. The DLs for the 4 organic acids were not measured to avoid system contamination, as described below.
Using the 2 methods applied in this study, the relative
standard deviation (RSD) values obtained for the target
VOCs, derived by replicate injection, was les than 10% at
all calibration mixture concentrations – a performance
that would be fit-for-purpose for almost all air quality
monitoring studies.
3. RESULTS AND DISCUSSION
The relative performance of the two sample introduction techniques was compared by assessing the gradient of

the calibration relationships obtained (i.e., the response
factors (RF)), their intercept (or zero offset), and the squared
correlation coefficient of the linear regression analysis (R2).
As the same liquid standards were tested for GC-MS
analysis using both DI and TD sample injection, the results derived from both methods can be readily compared
to assess their relative performance.
3.1 Calibration patterns of direct injection and tube mode
approach

In this study, the calibration relationships derived by
DI were used as the basic reference data sets for VOC
calibration against which the TD results were compared.
The DI-based calibration experiment, conducted using LWS comprising 13 target VOCs at 5 concentrations,
showed that all of them were detected at all concentrations except for PA and IA. PA was not detected at the 3
lowest concentrations of 10, 20, and 40 ng µL-1, while IA
was not detected at the lowest concentration only. (For the
DI-based calibration of PA, a third point at (0, 0) was
added when calculating the data in Table 3.) Hence, these
calibration curves were plotted using only 2 and 4 data
points, respectively. Many VOCs exhibited excellent linearities (e.g., R2 > 0.99) except for MEK (R2 = 0.559) and
the organic acids (R2 ranging from 0.7951 (PA) to 0.9429
(BA)). The weak linearity of MEK observed from the DI
results is most likely affected by the relatively low analytical sensitivity obtained for this compound from the current setup. Because the optimum separation of organic
acids can be achieved by the use of other types of chromatography column (e.g., Wax column type [11, 12]), the
instrumental setup used in this study (e.g., Vocol column)
is not ideal to cover all the target VOC compounds with
such a diverse range of polarities.
The properties of the GC-MS analysis of these L-WS
were also examined using the TD-GC-MS technique. As
the L-WS for the TD sample introduction method covered
an extensive range of 3 to 5000 ng µL-1, it was possible to
clearly identify the linear range of most compounds. It
was found that the highest 2 loading concentrations (i.e.,
3500 and 5000 ng µL-1) were frequently off-scale for
most target compounds. As a result, they were excluded
from further evaluation of the data. In addition, the TDGC-MS analysis of acid compounds suffered greatly due
to very low sensitivity (i.e. no sample analyte detection
for the lower concentration L-WS for organic acids). For
instance, peak areas of BA were not detected at the first
four concentrations (3, 6, 35, and 110 ng). Furthermore,
PA and IA were not detected at the two lowest concentrations (3 and 6 ng). Hence, the calibration curves for these
acids were established by using only the higher concentration calibration solutions (i.e.., 35 to 1700 ng µL-1: Table 1).
The correlation coefficients (R 2) of the linear regression analysis were excellent for most VOCs ( > 0.99), but
R2 was slightly reduced for MEK (0.9748) and some acid
compounds (e.g., BA (0.9616), IA (0.9602), and VA
(0.9448)). It is noteworthy that the lowest concentrations
of MEK were detected in both test methods of DI and TD
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(Fig 1). The use of a more extended calibration range for
the TD method was helpful to derive the calibration rela-
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TABLE 3 - Comparison of calibration results of two different analytical approaches (with and without considering split ratio).
Group
Acronym

B

T

[A] Calibration results before adjustment
1] Direct injection (DI)
Slope
81,766
89,193
R2
0.9907
0.9969
2] TD-based analysis (8 point calibration)
Slope
52,991
66,773
R2
0.9963
0.9992
3] TD-based analysis (5 point calibration)
Slope
61,708
70,885
R2
0.9969
0.9967

BTSX
S

IA

VA

MEK

Other VOCs
i-BuAl MIBK

BuAc

4,055
0.7951

12,938
0.9429

13,266
0.9127

16,280
0.9377

10,292
0.559

58,134
0.9978

107,529
0.9981

70,595
0.9984

67,276
0.9964

11,312
0.9978

19,619
0.9616

36,491
0.9602

30,771
0.9448

13,409
0.9748

31,545
0.9996

67,930
0.9980

50,318
0.9993

70,960
0.9958

71,894
0.9942

4,247
0.8861

-

9,558
0.9492

1,901
0.9534

19,285
0.9757

31,291
0.9907

61,596
0.9890

49,481
0.9942

114,261
0.9949

119,079
0.9964

20,022
0.9978

34,726
0.9616

64,589
0.9602

54,465
0.9448

23,734
0.9748

55,835
0.9996

120,236
0.9980

89,063
0.9993

125,599
0.9958

127,252
0.9942

7,516
0.8861

-

16,918
0.9492

3,364
0.9534

34,134
0.9757

55,385
0.9907

109,025
0.9890

87,581
0.9942

o-X

100,368
0.9983

103,629
0.9987

99,571
0.9973

63,827
0.9976

64,554
0.9949

66,537
0.9935

[B] Calibration results adjusted by split ratiosa
1] Direct injection (DI)
Same as above
2] TD-based analysis (8 point calibration)a
Slope
93,794
118,188 112,974
R2
0.9963
0.9992
0.9976
3] TD-based analysis (5 point calibration)
Slope 109,223
125,466 117,770
R2
0.9969
0.9967
0.9935
a

BA

p-X

Acids
PA

The split ratios of DI and TD method are 1/10and 1/17.7, respectively. Slope values of the latter are adjusted to match with those of the former.

M1

140000

M2

Adjusted slope

120000
100000
80000
60000
40000
20000
0
B

T

S

p-X

o-X

PA

BA

IA

VA

MEK i-BuAl MIBK BuAc

Compounds
FIGURE 1 - Comparison of response factors of all target VOCs after adjusting the split ratios applied for each method ( M1=DI and M2=TD).

tionships for some organic acids which suffered from low
analytical sensitivity. However, except for the organic acids
mentioned, the TD-based calibration relationships for the
other VOCs are still highly comparable regardless of
whether they are derived using 5-point or 8 point calibration (Table 3).
3.2 Comparison of the relative recovery of the TD method
against DI method

The two analytical approaches used for the comparative calibration of the GC-MS response for the target VOCs
were further evaluated by assessment of their mean
response factors (RF). The results of our analysis con-

firmed that calibration of certain compounds (e.g., organic
acids) was not fully quantitative due to the column or
sorbent type not being entirely appropriate for all the species measured. To allow a proper comparison of the calibration results ob-tained by the two approaches, it should
be noted that each method employs different split ratios
(Table 2). Hence, the RF values can be adjusted by such
ratios in order to perform a correct comparison of their
sensitivities. The split ratio is an important factor for
determining the amount of sample transfer between a GC
column and the vent system. The accuracy of this criterion (e.g., invariability of split ratio between compounds
with different molecular weights or across different flow
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rates) is beyond the scope of the present study. However,
there is evidence that the accurate control of the split ratio
can be used as a suitable approach for the successive
dilution of volatiles in the GC analysis [13]. The computed split ratios of the DI and TD method in this study were
1/10 and 1/17.7, respectively. The RF values for TD were
thus adjusted by multiplying a factor of 1.77 (=17.7/10) to
simulate the same split condition for the DI method (Table 3). The adjusted RF values of the VOC analysis obtained by TD analysis are plotted along with the original
RF values derived by DI, in Fig 1. As expected it is clear
that different compounds exhibit different sensitivities.
This is mainly a function of the different chemical and
physical properties of the VOCs and how they interact
with the analytical instrumentation and the GC-MS detector. However, compounds with chemically similar structures exhibit similar sensitivities, such that the aromatic
VOCs show higher sensitivities than the group of ketones,
alcohols and esters (except MEK) and of the organic acids.
However, it is the comparison of the methods used in this
work that is of concern, and hence it is not the absolute
sensitivities that are important, but the ratio of the TD to
the DI sensitivities. If the corrected RF values for the TD
analysis are used to derive TD/DI ratios, the results indicate that these computed ratios approach unity for many
compounds such as B, T, i-BuAl, MIBK, and BuAc with
the values of 1.15, 1.33, 0.96, 1.12, and 1.26, respectively
(Table 3). Exceptions from such trend are ob-served from
5 (MEK and the 4 organic acids) out of the 13 compounds.
To learn more about the RR patterns of these VOCs,
RF values for each compound derived by both methods
are plotted for comparison. As seen in Fig 2, the RF values for both methods show a fairly good correlation. Furthermore, if the results of 5 outliers (MEK and the 4 organic acids shown by the rectangles) are removed, the RR
values of the VOCs display a much closer overall correlation. When the results of 5 outlying data points are re-

moved, the RR values of the TD method are approximately
18% larger than the DI method as assessed by simple
linear regression analysis of the two data sets (Fig 2). As
such, the overall results of the comparison indicate that the
recovery obtained using the TD method is fairly reliable
and comparable with the DI method, for most VOCs except MEK and the organic acids. Hence, the results of this
comparison suggest that the level of comparability between
the two sample introduction methods may be highly family
specific.
This analysis may be taken a stage further by considering the repeatability of the analysis for each VOC. This
has been done by re-computing the calibration relation

y = 1.1901x - 2812.5
R 2 = 0.8629

140000

120000

100000

Slope (M2")

© by PSP Volume 20 – No 11. 2011

80000

60000

40000

20000

0
0

50000

100000

FIGURE 2 - Correlation analysis of RF values between DI (M1) and
TD (M2) methods: curves are derived after excluding 5 (MEK and 4
organic acids: shown as empty rectangle) out of all 13 compounds
(N=8).
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FIGURE 3 - Correlation analysis of RF values between DI (M1) and TD (M2) methods based on a weighted regression analysis using NPL’s
XLGenline software.
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ships (shown previously in Table 3) using generalized least
squares regression – a technique which allows the uncertainty (here, the precision) in both the x- and y-axes to be
taken into account to produce a weighted extrapolation for
each of the calibration relationships. This has been done
based on the assumption of the GC-MS technique exhibiting a constant relative standard deviation across the concentration range, and employing NPL’s freely available
XLGenline software [14] to produce a calibration sensitivity with associated uncertainty for each compound for
both TD and DI. This data has then been re-input into the
XLGenline software to produce a plot similar to Figure 2,
but this time as a weighted regression, taking into account
the uncertainties in each of the points. The results of this
analysis are shown in Figure 3, which has recalculated all
of the calibration relationships for the DI and TD methods
using a generalized squares weighting approach, and then
reproduced the data shown in Figure 2, with a line of best
fit produced again using generalized least squares fitting.
Figure 3 shows that once the uncertainties in the calibration relationships are taken into account the overall
agreement between DI and TD methods is very good, producing a gradient of 1.04 and an intercept that is very similar to the non-weighted extrapolation. The reasons for this
are two-fold. Firstly, the weighted regression analysis of
the original calibration relationship has changes the absolute values of some of the instrumental sensitivity gradients
calculated. Secondly, the larger relative uncertainty in some
of the data points associated with the organic acids and
MEK (owing to their much poorer precision) has meant
that these have less weight in a generalized least squares
fitting procedure in comparison to some of the other values.
Both effects have acted to reduce the outlying nature of
the organic acid and MEK data points – which would have
caused a poor fit if included (unweighted) in Figure 2. This
analysis provides extra confidence in the general comparability between the two sample introduction methods and
shows the importance of data treatment when interpreting
results.

compares the sensitivity of both methods corrected to take
account of the split ratios for each technique, the relative
recovery rates for most VOCs were highly comparable
across the two methods, especially when weighted regression was considered. Some optimization of the TD unit
(e.g., type and amount of sorbent, internal diameter of the
tube, gas flow, desorption temperature, etc) can have a large
positive effect on the robustness of calibration using TD
sample introduction. However, the results of this study
suggest that the recovery of most VOCs by TD-based
analysis are fit-for-purpose for almost all requirements
of ambient air studies. However, more detailed efforts are
necessary to confirm the reliability of sample introduction
by TD, if one attempts simultaneous analysis of chemicals
with diverse properties using the same instrumental setups.

ACKNOWLEDGEMENT
This study was supported by a National Research
Foundation of Korea (NRF) grant funded by the Ministry
of Education, Science and Technology (MEST) (No.
2009-0093848).

REFERENCES

4. CONCLUSION
In this study, the analysis of VOCs by GC-MS was
compared between two types of sample introduction modes:
DI-GC-MS and TD-GC-MS. The performance of GC-MS
was first assessed by comparing the results of calibration
derived by the DI of liquid phase VOC standards. The
results of the calibration relationships based on DI exhibited excellent sensitivity and linearity (e.g., R2 > 0.99) for
more than half of the target VOCs (i-BuAl, MIBK, BuAc,
B, T, S, p-X, and o-X). In contrast, the organic acid compounds experienced limited detection at low concentrations and poor recovery at high concentrations.
The calibration data derived by DI was used as a reference data set to assess the relative performance of sample introduction by TD (using the identical L-WS). If one

2888

[1]

Begerow, J., Jermann, E., Keles, T. and Dunemann, L. (1999)
Performance of two different types of passive samplers for
the GC/ECD-FID determination of environmental VOC levels in air. Fresenius J. Analytical Chemistry, 363, 399-403.

[2]

Kim, K.-H., Ju, D. W. and Joo, S. W. (2005) The evaluation
of recovery rate associated with the use of thermal desorption
system for the analysis of atmospheric reduced sulfur compounds (RSC) using the GC/PFPD method. Talanta, 67, 955959.

[3]

Kim, K.-H. (2006) A dual-mode GC analysis of reduced sulfur compounds in air over a wide concentration range. Int. J.
of Environ. Analyt. Chem., 86, 805-817.

[4]

Krol, S., Zabiegala, B. and Namiesnik, J. (2010) Monitoring
VOCs in atmospheric air II. Sample collection and preparation. Trends Analyt. Chem., 29, 1101-1112.

[5]

Ramírez, N., Cuadras, A., Rovira, E., Borrull, F. and Marcé,
R. M. (2010) Comparative study of solvent extraction and
thermal desorption methods for determining a wide range of
volatile organic compounds in ambient air, Talanta 82 (2010)
719-727.

[6]

Ergenekon, P., Ozturk, N. K. and Tavsan, S. (2009) Environmental air levels of volatile organic compounds by thermal desorption-gas chromatography in an industrial region.
Fresenius Environ. Bulletin, 18, 1999-2003.

[7]

Korean Ministry of Environment (KMOE) (2005) Annual
Report of Ambient Air Quality in Korea, 2005.

[8]

Korean Ministry of Environment (KMOE) (2008) Annual
Report of Ambient Air Quality in Korea, 2008.

© by PSP Volume 20 – No 11. 2011

[9]

Fresenius Environmental Bulletin

Kim, K.-H. (2006) The properties of calibration errors in the
analysis of reduced sulfur compounds by the combination of
a loop injection system and the GC/PFPD method. Anal.
Chim. Acta, 566, 75-80.

[10] Ahn, J.-W., Kim, K.-H., Ju, D.-W. and Im M.-S. (2011) A
study of analytical method for volatile fatty acids (VFA) by
cryogenic trapping-thermal desorption (CT-Tb) technique.
Analytical Science and Technology, In press.
[11] Hunter, I. R., Ortegren, V. H. and Pence, J. W. (1960) Gas
chromatographic separation of volatile organic acids in presence of water. Analyt. Chem., 32, 682-684.
[12] Horgan, C. J., Coats, E. R. and Loge, F.J. (2010) Assessing
the effects of solids residence time and volatile fatty acid
augmentation on biological phosphorus removal using real
wastewater. Water Environ. Res., 82, 216-226.
[13] Kim, T.-H., Lee, S. M., Kim, Y.-S., Kim, K.-H., Oh, S. and
Lee, J. J. (2003) Aroma dilution method using GC injector
split ratio for volatile compounds extracted by headspace solid phase microextraction. Food Chem., 83, 151-158.
[14] NPL’s XLGenline software
http://resource.npl.co.uk/docs/science_technology/scientific_co
mputing/ssfm/documents/software/xlgenline/xlgenlinev1.zip

Received: May 03, 2011
Revised: June 17, 2011
Accepted: July 14, 2011

CORRESPONDING AUTHOR
Ki-Hyun Kim
Department of Environment & Energy
Sejong University
Seoul, 143-747
REPUBLIC OF KOREA
Phone: +82 2 3408 3233
Fax: +82 2 3408 4320
E-mail: khkim@sejong.ac.kr
FEB/ Vol 20/ No 11/ 2011 – pages 2875 - 2882

2889

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

DETERMINATION OF HEAVY METALS AND MICRONUTRIENTS
IN OLIVES GROWN UNDER DIFFERENT CONDITIONS
Burcu Tuna and Umit Gecgel*
Namık Kemal University, Agricultural Faculty, Food Engineering Department, 59030 Tekirdag, Turkey

ABSTRACT
Heavy metals are extremely persistent in the environment; they are non-biodegradable and non-thermodegradable, and thus readily accumulate to toxic levels.
When released into open areas, there is a risk that some
heavy metals important for the industry will pass into
human and animal bodies. Olive composition is also influenced by various environmental conditions like that of
other foods. Therefore, concentrations of heavy metals (Cd,
Co, Cr, Cu, Fe, Zn, Ni and Pb) and micronutrients (Mn,
Mg, Ca, P and K) in table olive samples grown under different conditions (on a main road, in factory areas and on
irrigated land) were investigated. Heavy metal and micronutrient levels in the samples were found to be 0.60 ±
0.14-3.85 ± 1.76, 14.51 ± 0.42-64.82 ± 4.23, 2.36 ± 0.91–
7.66 ± 2.09, 0.100 ± 0.064–0.415 ± 0.049, 0.245 ± 0.065–
0.876 ± 0.081, 3.20 ± 0.82–8.29 ± 0.41, 365.6 ± 148.6–
789.3 ± 185.3, 780.6 ± 102.8–1245.6 ± 107.8, 901.6 ±
194.0–1617.6 ± 149.8 and 17953.3 ± 3893.4–34430.0 ±
7818.4 mg/kg for Cu, Fe, Zn, Ni, Pb, Mn, Mg, Ca, P and
K, respectively. Cd, Co and Cr were not detected in all
olive samples. The analytical results obtained for Pb and
Cu show that they were below the legal limits established
by the Codex Alimentariıus and Turkish local table olive
standards.

KEYWORDS:
Different conditions, heavy metals, micronutrients, olives

1. INTRODUCTION
In recent years, particular scientific interest has been
focused on the Mediterranean diet [1]. Generally, in this
diet, the consumption of animal products and saturated and
hydrogenated fats is low, while the consumption of olive
oil, fruits, vegetables and whole grains is high [2]. The
olive (Olea europaea) fruit has been consumed as food
and used for oil production since ancient times [3]. It is an
excellent source of many nutrients and secondary metabo* Corresponding author

lites that are important for human health; it has high contents of monounsaturated fatty acids and numerous micronutrients, especially antioxidant molecules, such as phenolic compounds, squalene, carotenes and vitamin E (α-tocopherol) [4]. Recent and more detailed studies from Mediterranean countries have suggested that a diet high in total
fat, where olive oil comprises the majority of the fat intake,
is at least compatible with low rates of coronary heart disease, cancers of the breast as well as colon or all-cause
mortality [2].
The olive is one of the world’s major fruits with a
worldwide production of 18 million tons in 2009 [5], and
the Mediterranean area is where the largest world-wide
olive oil producers are concentrated [6]. Olives and olive
oil are a major part of the diet of Mediterranean countries,
such as Spain, Italy, Greece, Tunisia, Turkey, Syria and
Portugal. In the past few years, olive oil has also become
more popular among consumers in northern Europe, China,
Japan, the United States and Canada [7]. Olives have been
grown in Turkey for over 8000 years according to archeological evidence. It has been reported that one of the olive’s
origin centres is the southeastern part of Turkey, especially
the area surrounded by the Hatay, Mardin and Maras provinces in Southeastern Anatolia region of Turkey [8]. In addition, most of the production occurs in the Aegean, Mediterranean and Marmara regions of the country [9]. In 2009,
1.290.654 tons of olive fruit were produced in Turkey [5].
Turkey is the second largest producer of table olives in the
world. World table olive production is shared among the
following countries: Spain (25%), Turkey (12%), the United
States (10%), Italy and Greece (7%), Syria and Morocco
(8%), and others (23%) [3]. Turkey is also one of the major
olive oil producers [7]. It is the world’s fifth largest producer of olive oil. Turkey, which exports the majority of its
production, accounts for 10% of the total world exports
[10]. The annual per capita consumption of olive oil is 1.0 kg
in Turkey. On the other hand, the annual per capita consumption of olive oil in Greece is 20.18 kg, followed by
12.16 kg in Spain and 11.30 kg in Italy [11].
Metals, especially those called “trace metals”, are
among the most common environmental pollutants [12].
Trace elements are considered to be one of the main sources
of pollution in the environment, because they have a sig-
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nificant effect on its ecological quality [35]. The significance of trace elements and the toxicological effects of
heavy metals on human health and nutrition have been
increasingly studied in recent years [13]. Some essential
trace elements, such as Se, Fe, Cu and Zn, play an important role in human biology because they are not adequately synthesized into the body, can act as nutrients and
are im-portant for health. On the other hand, toxic elements, such as Pb, Ni, As, Cd and Hg, are not required for
the normal functioning of living processes; no beneficial
health effects have been known to be gained by their
presence in the human body, and they may be harmful for
humans if excessive amounts are consumed [13, 14].
Industrial activities, waste accumulation, road traffic
and chemicals used in agriculture (fertilizers and pesticides)
are recognized to be the main sources of metal pollution of
soils [15]. Contamination of the soil by toxic metals is a
serious concern, from an environmental perspective, with
respect to its safe rational utilization in agriculture [16]. For
example, Cd, Pb and Cu are some of the most widespread
heavy metals contaminating agricultural soils, and are known
to have toxic effects on animals and plants at elevated concentrations [17]. Furthermore, sewage sludge has high
contents of metals and soluble salts, which could be toxic
to the soil and plants, and could be a source of contamination due to its potential lixiviation to groundwater [18].
Continuous irrigation of agricultural land with sewage
and industrial wastewater may cause heavy metal accumulation in the soil and vegetables [19]. Heavy metals
cannot be degraded or destroyed in the environment and,
to a small extent; they enter our bodies through inhalation
and ingestion, food, drinking water and air [13, 20]. Due
to their non-biodegradable and persistent nature, heavy
metals accumulate in vital organs of the human body, such
as the kidneys, bones and liver, and are associated with
numerous serious health disorders [19]. Furthermore, the
ingestion of heavy metals (Cd, Cu, Ni, Pb, Zn, etc.) can
seriously cause depletion of some essential nutrients in the
body, which, in turn, causes a decrease in immunological
defenses, intrauterine growth retardation (caused by Al, Cd,
Mn and Pb), psychosocial dysfunctions, disabilities associated with malnutrition, and a high prevalence of upper
gastrointestinal cancer [21].
Olive composition is influenced by environmental and
cultivar differences [22]. The elemental content of table
olives may originate from the variety, location, environment, processing method, packing material and chemical
used [23]. If the agricultural areas are close to residential
and industrial areas and alongside roads, agricultural products are more affected by heavy metals [1]. Although there
are some studies related to the content of elements in
olives, limited information is available on the content of
metals in table olives grown in different locations. Therefore, the purpose of this study is to investigate the concentration of heavy metals and minerals in table olives grown
on the side of main roads, in areas around factories and on
irrigated land.

2. MATERIALS AND METHODS
2.1. Description of the study area

This study was carried out using olive samples from
Sarkoy, Tekirdag and Turkey. Sarkoy is located in the
Marmara sea coastal area (around 37º 17’ N latitude and
31º 51’ E longitude) having suitable microclimate conditions for olives and other agricultural crops, such as grapes,
wheat and sunflowers. The population of the Sarkoy district
is approximately 30,000, and this is distributed between 26 villages, which contain about 1.12 million olive
trees [24, 25].
2.2. Sampling details

The Gemlik variety, which is the most common olive
cultivar in the Marmara Region of Turkey, was chosen in
this study. The Gemlik variety constitutes approximately
80% of olive trees in this region [9]. Gemlik olives have
also been cultivated widely in other olive growing regions
of Turkey for over 20 years [26]. Sufficient amounts of
black olive samples were hand-picked from all sides of
olive trees from the beginning of September through to
October in 2010. Olive samples were collected randomly
from 3 different locations: i) 10 olive trees, which grew up
to 30-50 m from the main roadside, ii) 10 olive trees at
different places between 150-200 m around factories, such
as wine and dairy factories, and iii) 10 olive trees on irrigation land (contaminated with domestic wastewater and
sewage) that has been used for more than three decades
for the irrigation of crops and vegetables. A total of 90
olive samples (30 olive trees, 3 replicates) were collected,
packed in polyethylene plastic bags and stored at 20 °C
until analysis.
2.3. Analysis of heavy metals and mineral matters from the
olive samples

All olive samples were prepared according to the
methods given in a previous study [27] for metal analysis.
Standard solutions of metals (namely, Zn, Mn, Cu, Fe,
Mg, Ca, P, K, Cd, Co, Cr, Ni and Pb) were provided by
Merck. Olive seeds were removed by hand, and the flesh
was cut into small portions with a plastic knife previously
rinsed with 15% HNO 3. The samples were dried in an
oven at 65 °C for 24 h, crushed and homogenized using a
mortar and a pestle. Portions of the dry and crushed samples, approximately 0.5 g in weight, were digested with 8 ml
of 65% supra-pure HNO3 and 2 ml of 30% H2O2 (Merck,
Darmstadt, Germany). After a microwave digestion cycle,
solutions were added with high-purity double-deionized
water to adjust the final volume to 25 ml, and kept at 8 °C
in polyethylene containers until analysis. The operating
conditions and heating program of microwave digestion
system were as follows:
1st stage: pressure 350 psi; time 15 min, 140 °C
2nd stage: pressure 400 psi; time 15 min, 180 °C
At the first stage, temperature was increased to 140 °C
within 15 min, held for 5 min and then cooled down; maximaximum pressure was 350 psi. Second stage was similar
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to stage one. Also, microwave digestion was performed
under hermetic conditions.
TABLE 1 - The performance of analysis methods (detection limits,
quantification limits, recovery rates).
Metals
Zn
Mn
Cu
Fe
Mg
Ca
P
K
Cd
Co
Cr
Ni
Pb

Limit
of quantification
10.0 ppb
0.35 ppm
4.0 ppb
2.0 ppb
0.015 ppm
4 ppb
0.6 ppm
10.0 ppm
0.1 ppb
0.3 ppm
0.15 ppm
9.0 ppb
0.4 ppb

Limit
of detection
3.0 ppb
0.10 ppm
1.2 ppb
0.6 ppb
0.0045 ppm
1.2 ppb
0.18 ppm
3.0 ppm
0.03 ppb
0.09 ppm
0.40 ppm
2.0 ppb
0.1 ppb

Recoveries
(%)
80-110
80-110
80-110
80-110
80-110
80-110
80-110
80-110
80-110
80-110
80-110
80-110
80-110

terfering material present in the samples tested. The performance of the method (detection limit, quantification limit,
recoveries) is shown in Table 1.
The blank reagent and standard reference (NIST SRM
1577c bovine liver) was included in each sample batch to
verify the accuracy and precision of the digestion procedure for subsequent analyses. The analyses were within the
confidence limit of 98%.
2.4. Statistical analysis

The data obtained from three replications were reported as means ± standard deviation and variance was
determined by the LSD test using Statistica for Windows
Operating System [28].

ppm = mg/kg; ppb = ng/kg

3. RESULTS AND DISCUSSION

A Varian 280 Zeeman model atomic absorption spectrometer (AAS) equipped with a GTA-120 graphite furnace atomizer (GFA) and a deuterium background corrector was used in the experiments. In addition, flame atomic
absorption spectrometry (Varian 280 FS) was used for
macro-elements. Measurements were made using the hollow cathode lamps for all metals. The analyses were performed in triplicate under standard optimizing conditions.
For both (AAS and FAAS), a standard addition technique
(spiking) was used to eliminate the influence of possible in-

In this study, 90 table olive samples were analysed for
8 heavy metals (Fe, Cu, Zn, Ni, Pb, Cd, Co, and Cr) and 5
micronutrients (Mn, Mg, Ca, P, and K). The mean (±
standard deviation) and range of concentration values are
given in Tables 1 and 2.
3.1. Heavy metal distribution in table olives

The heavy metal levels (mg/kg) of the olive samples
are summarized in Table 2.

TABLE 2 - Heavy metals concentrations of olives grown under different conditions (mg/kg).
Conditions

Main road

Mean

Factory area

Mean

Irrigated land

Mean

Fe
15.45 ± 1.18
15.66 ± 1.13
18.79 ± 1.79
19.69 ± 0.90
14.51 ± 0.42
16.57 ± 0.70
20.10 ± 0.20
19.16 ± 0.93
18.48 ± 0.73
20.37 ± 1.14
17.87c
24.66 ± 1.51
24.68 ± 1.04
25.14 ± 2.67
26.78 ± 2.33
20.70 ± 1.11
23.52 ± 1.33
25.94 ± 0.50
27.71 ± 0.49
25.24 ± 0.36
26.90 ± 0.42
25.12b
46.65 ± 1.64
45.53 ± 3.25
57.88 ± 7.80
45.75 ± 1.59
44.50 ± 2.97
55.86 ± 5.11
64.82 ± 4.23
53.54 ± 4.19
52.24 ± 5.79
56.99 ± 3.52
52.37a

Heavy metals*
Zn
2.36 ± 0.91
2.57 ± 0.21
3.81 ± 0.18
4.68 ± 0.15
4.31 ± 0.49
2.67 ± 0.08
3.61 ± 0.21
4.53 ± 0.19
3.87 ± 0.09
2.82 ± 0.42
3.52c
5.50 ± 0.90
6.46 ± 1.37
6.77 ± 1.46
7.66 ± 2.09
6.88 ± 0.44
5.48 ± 0.19
6.83 ± 0.60
7.92 ± 0.19
5.49 ± 0.32
6.80 ± 0.13
6.57a
4.69 ± 0.38
3.79 ± 0.65
4.76 ± 0.22
5.00 ± 1.69
4.35 ± 0.62
5.41 ± 0.38
4.64 ± 0.29
6.28 ± 0.11
5.42 ± 0.19
4.55 ± 0.18
4.89b

Cu
1.92 ± 0.35
1.33 ± 0.31
2.30 ± 0.98
1.67 ± 0.26
1.50 ± 0.23
2.23 ± 0.31
1.75 ± 0.10
2.26 ± 0.26
1.29 ± 0.21
1.15 ± 0.11
1.73b
1.49 ± 0.22
3.48 ± 1.36
2.86 ± 0.61
3.46 ± 1.41
3.85 ± 1.76
2.91 ± 0.19
3.53 ± 1.34
2.75 ± 0.43
1.36 ± 0.46
3.28 ± 1.25
2.89a
0.94 ± 0.80
1.72 ± 1.10
1.91 ± 1.23
1.10 ± 0.64
2.20 ± 1.06
1.34 ± 0.65
0.60 ± 0.14
0.97 ± 1.48
0.81 ± 1.19
1.41 ± 0.66
1.30b

Ni
0.243 ± 0.027
0.152 ± 0.022
0.235 ± 0.020
0.152 ± 0.035
0.260 ± 0.027
0.227 ± 0.012
0.180 ± 0.004
0.163 ± 0.006
0.216 ± 0.008
0.244 ± 0.012
0.207b
0.363 ± 0.078
0.237 ± 0.076
0.345 ± 0.048
0.415 ± 0.049
0.219 ± 0.084
0.403 ± 0.028
0.325 ± 0.040
0.256 ± 0.025
0.264 ± 0.010
0.350 ± 0.034
0.317a
0.275 ± 0.036
0.146 ± 0.131
0.186 ± 0.046
0.279 ± 0.074
0.177 ± 0.061
0.158 ± 0.021
0.246 ± 0.048
0.196 ± 0.063
0.214 ± 0.026
0.100 ± 0.064
0.197b

Pb
0.760 ± 0.117
0.685 ± 0.073
0.876 ± 0.081
0.843 ± 0.126
0.748 ± 0.044
0.750 ± 0.052
0.763 ± 0.099
0.605 ± 0.022
0.740 ± 0.030
0.672 ± 0.030
0.744a
0.439 ± 0.032
0.262 ± 0.118
0.544 ± 0.039
0.662 ± 0.103
0.646 ± 0.031
0.446 ± 0.028
0.549 ± 0.024
0.484 ± 0.006
0.245 ± 0.065
0.373 ± 0.018
0.465c
0.688 ± 0.068
0.590 ± 0.062
0.648 ± 0.074
0.459 ± 0.032
0.519 ± 0.051
0.451 ± 0.021
0.467 ± 0.013
0.548 ± 0.029
0.663 ± 0.017
0.572 ± 0.011
0.561b

Determinations carried out in triplicate; mean values ± standard deviation (SD) calculated based on all 30 (10 samples x 3 replicates) data for each
condition; means with different superscript letters were significantly (p<0.001) different; * Cd, Co and Cr were not detected
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Fe levels were found to be higher than those of Zn
and Cu. The amount of Fe in the olive samples in irrigated
land (52.37 mg/kg) was higher than in olive samples grown
in the factory area (25.12 mg/kg) and on the main road
(17.87 mg/kg). Aghabarati et al. [31] reported that the high
nutrient input from irrigation water at these sites could
result in a relatively high uptake of heavy metals. In addition, some studies have demonstrated that the plants grown
on wastewater-irrigated soils are contaminated with heavy
metals and pose a major health concern [31]. According
to Sahan and Basoglu [1], some pollution factors increase
soil acidity, and these conditions enhance the mobility of
iron. Several studies have observed the levels of iron in
olives. Our results are in agreement with [23], but lower
than those reported by Sahan and Basoglu [1] (6.85146.32 mg/kg), Nergiz and Asigoz [3] (9.71-82.5 mg/kg)
and Demirkeser et al. [29] (126.2-165.6 mg/kg).
Zn and Cu are essential elements in all plants and have
important functions in several physiological processes,
such as photosynthesis, respiration and protein metabolism,
and are important constituents of many enzymes [1]. Zn is
also widespread among living organisms due to its biological significance. On the other hand, Cu is known to be
both vital and toxic for many biological systems [13]. Cu
is one of several metals that are of great importance because formulations containing this element are largely used
as fungicides for olive trees [23]. As a result, there are high
doses of both Zn and Cu in food, and they have a negative
effect on human health [1, 30]. Our results reveal that the
highest levels of Zn and Cu were found in olives grown in
the factory area (p<0.001). However, Cu values (0.603.85 mg/kg) were lower than the limits (6 mg/kg) recommended by the Turkish local table olive standards [32].
There is no limit for Zn content in table olives, but maximum Zn level in foods recommended by Codex Alimentarius Commission and Turkish Food Codex is 5.0 mg/kg
[3]. The zinc content of olives from main road and irrigated land conformed to the limits of Codex Alimentarius
Commission and Turkish Food Codex, but those from
factory area were higher than the limits. Nergiz and Asigoz
[3] found Zn and Cu concentrations in various olive samples ranging from 0.77-1.98 mg/kg and 1.61-4.51 mg/kg,
respectively. However, Zn and Cu values higher than herein
have been reported in some research studies. The zinc and
copper concentrations in olives were reported to be 13.923.7 mg/kg and 5.1-7.0 mg/kg, respectively [29]. Similarly, Sahan and Basoglu [1] reported that zinc and copper
amounts in olives were in the range of 2.19-11.53 mg/kg
and 2.85-13.01 mg/kg, respectively.
The nickel values obtained in this study, from the
highest to the lowest ones, were as follows: factory area
(0.317 mg/kg), main road (0.207 mg/kg) and irrigated land
(0.197 mg/kg). The differences among the conditions were
statistically significant (p<0.001). Our results indicate that
the nickel contents of table olives changed according to
different conditions. The nickel results of this study were
lower than those reported by Demirkeser et al. [29] and

Aghabarati et al. [31]. These differences might be explained by differences in the values of air and soil composition [23]. In addition, Du et al. [36] found that biotoxicity was significantly positive-correlated with contents of
Zn, Ni, Sb, Fe, and Mn.
The levels of toxic lead were low, being much less
than 1 mg/kg in all olive samples. The differences between
the conditions were statistically significant (p<0.001), and
the main road with a high traffic load had the highest lead
concentration (0.744 mg/kg). Samples with higher lead
concentrations from the factory area and irrigated land
can be attributed to the location because the Marmara region has a denser traffic level than any other region in
Turkey [3]. Lead values found were usually the lowest
and mostly below the safe limits specified for table olives
by the Codex Alimentariıus and Turkish local table olive
standards [32, 33]. Demirkeser et al. [29], Sahan et al.
[23] and Sahan and Basoglu [1] reported that lead concentrations in table olive were in the range of 0.77-1.22, 0.570.91 and 0.77-3.68 mg/kg, respectively. With regard to our
results; however, different growth conditions for olives
were investigated. According to Massadeh et al. [34], the
heavy metal pollution on biocollectors was influenced
more by traffic and industrialization than by population
size. On the other hand, it has been reported that olives
treated with chemicals contained more lead than naturally
processed ones [23].
Agricultural usage of phosphate fertilizers and sewage sludge as well as industrial use of cadmium have been
identified as a major cause of the widespread dispersion
of this metal at trace levels into the general environment
and human foodstuffs [1]. Cadmium was not detected in
all table olive samples. Sahan and Basoglu [1], Nergiz and
Asigoz [3], and Demirkeser et al. [29] found that Cd
amounts in table olives were in the range of 0.05-0.369,
0.014-0.139, and 0.014-0.032 mg/kg, respectively. This
difference can be attributed to several factors. On the other
hand, there is no limit for allowable cadmium levels in
table olives [3]. The fact that toxic metals are present in
high concentrations in food samples is of particular importance in relation to the FAO/WHO standards for cadmium as a toxic metal. The maximum permissible dose for
an adult is 0.5 mg cadmium per week, but the recommended doses are only one-fifth of this quantity [13]. Cadmium causes serious peroxidation in membrane structures. It
may accumulate in the human body and may induce skeletal
damage and reproductive deficiencies [1]. In addition,
chronic cadmium exposures result in kidney damage, bone
deformities and cardiovascular problems [30].
Cobalt is an important element for human life, mainly
due to the importance of vitamin B12 [13]. Also, cobalt level
was not detected in all table olive samples. Sahan et al. [23]
reported that cobalt concentrations in black and green olives
were in the ranges of 0.05-0.08 and 0.05-0.09 mg/kg,
respectively.
None of the heavy metal concentrations determined
herein was higher than the published means, thereby indi-
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TABLE 3 - Micronutrient concentrations of olives grown under different conditionus (mg/kg).
Conditions
Mn
Mg
Ca
P
K
3.20 ± 0.82
479.6 ± 114.6
780.6 ± 102.8
1015.3 ± 167.0
17953.3±3893.4
4.44 ± 0.41
634.6 ± 191.0
840.0 ± 180.9
1384.3 ± 200.6
22013.3±5172.5
6.62 ± 1.80
712.6 ± 249.0
1000.3 ± 197.2
1212.6 ± 243.7
24710.0±6130.1
6.82 ± 1.82
623.3 ± 190.3
1205.0 ± 104.1
1329.0 ± 329.0
25130.0±7746.6
8.29 ± 0.41
678.0 ± 160.3
1208.0 ± 151.7
1617.6 ± 149.8
18680.0±4165.0
Main road
3.71 ± 0.94
494.6 ± 103.9
901.0 ± 159.1
1106.3 ± 122.6
23991.3±4597.4
6.07 ± 1.34
620.0 ± 167.5
896.0 ± 159.5
1305.6 ± 210.2
18813.6±3088.0
6.37 ± 0.76
702.3 ± 222.0
1144.3 ± 189.3
1193.3 ± 189.6
18641.6±2089.9
5.30 ± 0.90
613.3 ± 183.1
933.6 ± 133.4
1225.6 ± 131.3
19639.3±3195.4
7.96 ± 0.41
670.3 ± 185.2
1124.6 ± 109.4
1522.6 ± 146.3
23463.0±5041.5
Mean
5.87ns
622.90a
1003.36b
1291.26ns
21303.56b
7.44 ± 0.80
741.0 ± 103.1
1219.6 ± 136.1
1476.3 ± 254.7
30963.3±5365.0
6.43 ± 2.89
506.3 ± 148.4
1089.6 ± 235.2
1003.0 ± 217.9
19436.6±5192.8
6.12 ± 1.92
772.0 ± 111.2
1121.3 ± 200.9
1267.3 ± 279.2
24110.0±5909.0
7.35 ± 1.60
849.0 ± 200.5
1166.3 ± 123.7
1425.0 ± 291.3
27433.3±6053.1
Factory area
5.87 ± 2.11
591.6 ± 179.2
1091.3 ± 163.3
1099.0 ± 312.1
20165.0±4682.0
5.34 ± 1.20
789.3 ± 185.3
1145.6 ± 101.5
1426.6 ± 185.5
26379.3±3885.6
6.43 ± 1.59
476.0 ± 123.1
1154.6 ± 177.1
1045.3 ± 198.6
20336.3±4175.0
7.55 ± 0.68
645.0 ± 113.0
1079.6 ± 197.7
1205.3 ± 256.2
27822.3±2417.3
4.17 ± 1.57
451.6 ± 197.6
1103.6 ± 186.7
1408.6 ± 140.8
22977.0±5006.1
5.73 ± 1.71
460.6 ± 167.5
1223.0 ± 158.1
958.6 ± 235.4
24526.6±4240.2
Mean
6.24ns
561.00a
1139.50a
1231.53ns
24406.00a
7.39 ± 1.97
551.0 ± 102.4
976.3 ± 109.7
1221.3 ± 266.5
23763.3±6148.2
5.53 ± 1.50
625.0 ± 146.8
1104.3 ± 128.9
901.6 ± 194.0
18940.0±3976.3
8.00 ± 0.76
419.6 ± 151.7
1159.0 ± 147.0
1594.0 ± 192.4
34430.0±7818.4
5.77 ± 3.15
520.6 ± 182.8
1160.0 ± 103.2
1085.3 ± 422.3
25823.3±6958.1
Irragated land
7.66 ± 1.11
457.0 ± 115.0
1245.6 ± 107.8
1364.3 ± 196.0
33170.0±5496.9
5.03 ± 1.41
405.6 ± 130.1
1056.0 ± 176.8
1182.3 ± 279.7
24652.6±6631.2
5.31 ± 1.65
524.3 ± 187.3
1082.6 ± 136.0
978.3 ± 112.1
22136.6±6408.7
5.02 ± 1.36
365.6 ± 148.6
1006.6 ± 117.2
1341.3 ± 329.9
26516.6±8457.2
6.04 ± 1.86
456.3 ± 194.2
1068.0 ± 188.8
1070.0 ± 261.8
24896.6±6821.3
5.34 ± 1.68
390.3 ± 116.1
1105.0 ± 156.0
1158.3 ± 348.3
20961.6±4303.9
Mean
6.11ns
471.56b
1096.36a
1189.70ns
25529.10a
Determinations carried out in triplicate; mean values ± standard deviation (SD) calculated based on all 30 (10 samples x 3 replicates) data for each condition; means with
different superscript letters were significantly (p<0.001) different;

cating that the overall content of heavy metals appeared to
be within the limits that are safe for the human consumption of the olives currently grown under the different
conditions examined.
3.2. Micronutrient analysis results for the table olives

The concentration levels of the micronutrient elements (Mn, Mg, S, Ca, P and K and) in the table olives
are given in Table 3.
The micronutrient concentrations of olives grown on
the main road, in the factory area and on the irrigated land
were found to be between 3.20 ± 0.82-8.29 ± 0.41, 365.6
± 148.6-789.3 ± 185.3, 780.6 ± 102.8-1245.6 ± 107.8,
901.6 ± 194.0-1617.6 ± 149.8 and 17953.3 ± 3893.434430.0 ± 7818.4 mg/kg for Mn, Mg, Ca, P and K, respectively. The analyses of the micronutrients in table
olives indicate that the overall composition of the minerals varied markedly among the conditions. From an examination of Table 2, it is evident that K was the most plentiful element in the olive fruit, followed by P, Ca, Mg and
Mn.
The calcium and potassium contents of table olives
on the main road were lower than those of table olives in
the factory area and on the irrigated land (Table 3). Magnesium was the most abundant among the elements quantified [23]. Mg levels for the table olives on the main road
and in the factory area were higher than that on the irrigated land. Nergiz and Engez [22] and Sahan et al. [23]

found Mg in table olives in the range of 109-372 and
36.12-125.11 mg/kg, respectively. On the other hand, no
significant differences for manganese and phosphorus levels
were found in table olives grown under different conditions
(p>0.001).
Some results for the heavy metals and micronutrient
elements were shown to be in agreement with those in the
literature; however, some results were higher or lower than
those in the literature. These results change because of
various factors. Some researchers have shown that these
variations can originate from raw olive samples and varieties, the distribution of elements in the soil and the maturation of olives, as well as environmental and weather conditions during the sampling period [3, 22 and 23]. Similarly,
Mendil et al. [13] reported that vegetable oils and fats contain trace levels of various metals depending upon many
factors, such as the species, soil used for the cultivation,
irrigation water, variety and stage of maturity.
4. CONCLUSIONS
We determined heavy metal and micronutrient concentrations in table olives grown under different conditions, and the results obtained for these elements were
acceptable in terms of toxicity level. According to the
Codex Alimentarius and Turkish local table olive standards, the levels of lead and copper were found to be within the safety limits. We found for all the elements, except

2894

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

for Mn and P, significant differences in table olives grown
on the main road, in the factory area and on irrigated land.
Therefore, the present data are important in terms of
providing information about heavy metal and micronutrient contents of table olives grown under different conditions.
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ABSTRACT

1. INTRODUCTION

Nitrogen and phosphorus adsorptive characteristics of
four substrates, namely, lytag, gravel, zeolite and limestone, were studied through basic experiments. Substrate
is an important component of constructed wetlands, playing a main role in the removal of nitrogen and phosphorus. The results revealed that nitrogen and phosphorus
adsorption rates of zeolite were the highest among the
four substrates which were all greatly affected by pH. The
phosphorus adsorbance of zeolite and limestone increased
as pH rose, and the opposite was true for lytag and gravel;
neutral and acidic conditions were conducive to zeolite
absorption of ammonia nitrogen, while for the other three
substrates, the ammonia nitrogen absorbance increased
with the rise of pH. Freundlich and Langmuir models were
used to fit adsorption isotherm equation experimental
results, revealing that in terms of G0 in ammonia nitrogen
adsorption, zeolite > lytag > gravel > limestone; and in
terms of G0 in phosphorus adsorption, lytag > limestone >
zeolite > gravel. The liberation experiments carried out
after substrate adsorption saturation revealed that the ammonia nitrogen adsorbance of zeolite was large, its adsorption efficiency was high and the liberation quantity after
saturation was low; while the phosphorus adsorbance of
lytag was large and percentage of liberation was low. The
results demonstrated that the liberation of nitrogen and
phosphorus, occurring in the four substrates, may lead to
the secondary pollution of water bodies.

In recent years, constructed wetland system (CWS) has
been applied in many countries to the treatment of different
kinds of wastewater, including ground surface polluted
water [1], domestic wastewater [2], farm dairy wastewater
[3], oilfield drainage [4], leachates [5], and eutrophic aquaculture wastewater [6]. CWS is an aquatic ecosystem mainly
composed of plants, microbes and substrate. With the coordination of these components, the CWS can work smoothly
and achieve optimum purification capability [7-11]. Substrate, a key component of CWS, has many important functions [12]. It can serve as growth vectors of plants, provide
plenty of growing space for microorganism, and directly
purify wastewater by physical-chemical actions. It also
possesses the air diffusion and hydraulic conduction abilities. At present, many scholars believe that ammonia nitrogen removal is achieved mainly through microbial nitrification and denitrification in CWS, and plants can also contribute to this process. The phosphorus removal in CWS
is achieved mainly through substrates due to the incompetence of microbial and low absorptive capacity of plants
[13-15]. Therefore, the selection of appropriate substrates
is important to nitrogen and phosphorus removal. So the
properties of the four substrates (gravel, zeolite, limestone
and lytag) were discussed in this paper. Excluding other
factors, the adsorption characteristics to nitrogen and phosphorus of the four substrates were tested under static conditions, which would provide a theoretical basis to the appropriate selection of CWS substrates.
2. MATERIALS AND METHODS

KEYWORDS: constructed wetland; substrate; nitrogen and phosphorus; adsorption

2.1. Experimental materials

* Corresponding author

The adsorption characteristics of gravel, zeolite, limestone and lytag for ammonia nitrogen and phosphorus were
discussed in this paper. Experimental materials were provided from water filter material plant in Henan, China,
and the chemical composition of different substrates is
shown in Table 1.

2897

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

TABLE 1 - Chemical composition of different substrates

(a)

content
Total Al (mg/g)
Total Fe (mg/g)
Total Ca (mg/g)
Total Mg (mg/g)
Total Mn (mg/g)

gravel

zeolite

limestone

lytag

68.3
44.4
0.0
5.1
0.0

82.3
10.1
28.3
4.0
0.0

30.6
8.6
320.6
20.9
0.0

133.4
57.1
68.5
12.7
0.0

Ammonia adsorption/mg·g-1

0.36

substrate

gravel
zeolite
limestone
lytag

0.30

0.24

0.18

0.12

0.06

2.2. Adsorption kinetic experiments of substrates

0.00

These experiments were the same as described above.
But before placing the 250-ml iodine flasks in the oscillator, HCl and NaOH were used to adjust pH values of the
solutions to 6, 7, 8 and 9.
2.4. Sequencing batch experiments of isothermal adsorption

In this series of experiments (description see above),
samples were taken out from the oscillator after 48 h and
not at different times.
2.5. Liberation experiments of saturated substrates

Firstly, 10 g aliquots of substrates were put into 250-ml
iodine flask separately. Secondly, 200 ml deionized water
was added into each iodine flask. Then, after air thermostat oscillation for 24 h (conditions see above), the samples were filtrated with 0.45-µm filter membranes. Finally,
liberation ratios of the four substrates for ammonia nitrogen
and phosphorus were analyzed according to the results.
3. RESULTS AND DISCUSSION
3.1. Adsorption property analysis of substrates at different
times

As shown in Fig. 1, the ranking of the four substrate
adsorption rates for ammonia nitrogen were as follows:
zeolite > lytag > gravel > limestone; and for phosphorus:
zeolite > lytag > gravel > limestone. The adsorption rates
of zeolite and lytag for nitrogen and phosphorus were
much higher than the other two. Moreover, zeolite and
lytag showed better adsorption performance than gravel
and limestone.

50

100

150

200

250

300

(b)
0.06

gravel
zeolite
limestone
lytag

0.05

0.04

0.03

0.02

0.01

0.00

2.3. Adsorption property experiments of substrates under
different pH values

0

time/min

Phosphorus adsorption/mg·g-1

Firstly, each of the above-mentioned substrates was
quantified and 20 g portions were put into 250-ml iodine
flasks separately. Secondly, the prepared 200-ml NH4Cl
and KH2PO4 solutions were added into each of the iodine
flasks. Then, the ammonia nitrogen and phosphorus concentration of miscible liquids were 35.0 and 9.5 mg/L,
respectively. Thirdly, at 25±1 °C and 125±5 rpm, the 250-ml
iodine flasks with solutions were placed into an air thermostat oscillator, and samples were taken out from the oscillator at different times. Afterwards, the samples were filtrated with 0.45-µm filter membranes. Finally, adsorptive
kinetic curves of the four substrates for ammonia nitrogen
and phosphorus were protracted according to the results.

0

50

100

150

200

250

300

time/min

FIGURE 1 - Phosphorus and nitrogen adsorption curve of the
substrates.
3.2. Adsorption properties analysis of substrates under different pH values

Phosphorus adsorption of substrates was affected by
substrates’ composition, specific surface area, redox potential, adsorption space and pH [16, 17]. Nitrogen and phosphorus existed in different forms under different pHs in
solutions, which affected the adsorptive characteristics of
substrates. Adsorption properties of the substrates, which
depended on the precipitation process to remove nitrogen
and phosphorus, were also affected by pH. It is shown in
Fig. 2 that adsorptive capacity of zeolite and limestone for
nitrogen and phosphorus increased with pH, while gravel
and lytag were the opposite. And zeolite’s adsorption for
ammonia nitrogen was significantly reduced under alkaline conditions; on the contrary, adsorptive capacity of the
other three substrates for ammonia nitrogen increased with
pH. Under alkaline conditions, NH4+ could change into
NH3·H2O, then OH- concentration increased. Because the
capacity of HPO 42- and OH - in ionic exchange and the
adsorption competition was weakened, the adsorption performance of zeolite in ammonia nitrogen removal was significantly depressed. Therefore, the adsorptive capacity of
zeolite for ammonia nitrogen decreased significantly when
pH increased to 8, and adsorptive capacity did not change
while pH was less than 8. Meanwhile, phosphorus was
easily removed after generating precipitation with Al3+,
Fe2+, Ca2+, Mg2+, Mn2+ or through chemical absorption [1820]. As pH increased, the binding force between ironaluminum ions and phosphates would be weakened in solution, and then the generated colloidal iron-aluminum would
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precipitate because of instability, or be dissolved. As depicted in Table 1, lytag and gravel contained a lot of aluminum; therefore, P adsorptive capacity of both substrates
was reduced as pH increased. Meanwhile, with pH increase, H2PO4- changed to HPO42- which reacted to precipitation with Ca2+ and Mg2+ easily. It is shown in Table 1 that
limestone contains a lot of calcium, thus P adsorptive capacity of limestone increased with the growth of pH. Because NH4+ changed to NH3·H2O, more adsorption sites of
zeolite would be used to adsorb P, and P adsorptive capacity of zeolite significantly increased with pH.
(a)
(a) lytag

Phosphorus adsorption/mg·g-1

0.32

gravel
zeolite
limestone
lytag

0.24

0.16

0.08

0.00
5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

pH

(b)
Phosphorus adsorption/mg·g-1

0.20

gravel
zeolite
limestone
lytag

0.15

(b) gravel

0.10

0.05

0.00
5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

pH

FIGURE 2 - Effect of different pH values on adsorptive capacity.
3.3. SEM photographs of substrates

As shown in Fig. 3, the surface properties of the substrates were different. The surface of limestone was rough,
and that of lytag was smoother than the other substrates.
There were some small pores on the surface of gravel, and
the pores of zeolite were larger than those of the other
substrates, so zeolite was preferable to the other substrates
in terms of adsorption characteristics.

(c) zeolite

3.4. Analysis of substrates’ isothermal adsorption for nitrogen and phosphorous

For the solid-liquid adsorption phenomenon under
constant temperature，Freundlich adsorption formula was
used to indicate the relations of solid surface adsorptive
capacity and adsorbate equilibrium concentration in liquor; Langmuir adsorption formula could ascertain the
theoretically maximum adsorptive capacity of solid media
and adsorbability.
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(d) limestone
FIGURE 3 - SEM photographs of various substrates.

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

Freundlich adsorption formula: lg G = lg K + 1 lg C
n
G indicates adsorptive capacity of adsorbent per unit
mass under adsorption equilibrium, C indicates adsorbate
concentration under adsorption equilibrium, and K and n
are constants.
Langmuir adsorption formula: 1 = 1 + Α 1
G

G0

G0 C

G0 indicates the theoretically maximum adsorptive
capacity, C indicates adsorbate concentration under adsorption equilibrium, G indicates adsorptive capacity of
adsorbent per unit mass under adsorption equilibrium, and
A is a constant.
In Freundlich formula, K value directly reflects adsorptive capacity, and adsorptive capacity increases with K
value; 1/n could roughly indicate substrate’s adsorption
strength of nitrogen and phosphorus. It is generally believed
that 1/n<0.5 indicates that adsorbate is adsorbed easily, and
1/n>2 indicates that adsorbate is adsorbed difficultly. In
Langmuir formula, G0 indicates adsorptive capacity, and
adsorptive capacity increases with G0; 1/A indicates substrate’s complexing energy of nitrogen and phosphorus;
maximal buffering capacity (MBC = G0/A)	
 could comprehensively reveal substrates’ adsorption strength and capacity of nitrogen and phosphorus. On the basis of experimental results, Freundlich and Langmuir adsorption formulas were used to fit them. The relative parameters of
substrate adsorption isotherm for ammonia nitrogen are
shown in Table 2, and that of substrate adsorption isotherm
for phosphorus in Table 3.
As depicted in Table 2, good correlation was shown
when Freundlich and Langmuir models were used to fit
the four substrates on ammonia nitrogen adsorption. The
ranking of the four substrates’ K values is as follows:
zeolite> lytag>limestone>gravel, and all the 1/n values
were <2, indicating that they had certain adsorptive capacity for ammonia nitrogen; moreover, the 1/n values of

zeolite and lytag were <0.5, which revealed that zeolite
and limestone adsorbed ammonia nitrogen easily. The
ranking of the four substrates’ G 0 values is as follows:
zeolite> lytag>gravel> limestone; and that of MBC values: zeolite> lytag>limestone>gravel. The K, G0 and MBC
values of zeolite were highest among the four substrates,
especially the G0 and MBC values, which were much higher
than for the other substrates. It indicated that zeolite possessed the largest adsorption and buffering capacities,
followed by lytag, and gravel or limestone had the smallest. Therefore, when constructing wetlands of high ammonia loading, gravel and limestone are not suggested to be
applied as single substrate. On the other hand, zeolite should
be used as the substrate or part of the substrate for good removal effects of ammonia nitrogen.
As shown in Table 3, good correlation was shown
when Freundlich and Langmuir models were used to fit
the four substrates on phosphorous adsorption. The ranking of the four substrates’ K values is as follows: lytag>
zeolite>limestone>gravel, and all the 1/n values were <2,
indicating that they had certain adsorptive capacity for
phosphorus; moreover, the ranking of the four substrates’
G0 values is as follows: lytag> limestone >zeolite> gravel;
and that of the MBC values: lytag>zeolite> limestone>
gravel. The K, G0 and MBC values of lytag were highest
among the four substrates, especially the G0 and MBC values, which were much higher than for the other substrates. It
indicated that lytag possessed larger adsorption and buffering capacities than the other three substrates, but the G0
and MBC values were still low. It is generally believed
that substrates’ adsorption is the main mechanism for the
removal of phosphorus in constructed wetland; therefore,
the substrates of large adsorptive capacity for phosphorus
should be selected. None of the four substrates should be
applied to constructed wetlands of high phosphorus removal as single substrate, but rather they should be mixed
with other substrates of high adsorption capacity for
phosphorus.

TABLE 2 - Relative parameters of ammonia nitrogen adsorption isotherm equation about the four substrates (25 °C).
Substrate
Lytag
Gravel
Zeolite
Limestone

Freundlich's adsorption formula
K
1/n
R2
0.0344
0.5588
0.9573
0.0051
0.5008
0.9905
0.7818
0.4069
0.9725
0.0089
0.2757
0.9726

G0(mg/g)
0.1633
0.0257
2.2267
0.0219

Langmuir's adsorption formula
A
R2
4.7133
0.9325
5.5952
0.9452
2.1320
0.9500
2.5699
0.9586

MBC(mg/g)
0.0347
0.0046
1.0444
0.0085

TABLE 3 - Relative parameters of phosphorus adsorption isotherm equation about the four substrates (25 °C).
Substrate
Lytag
Gravel
Zeolite
Limestone

Freundlich's adsorption formula
K
1/n
R2
0.0538
0.5856
0.9087
0.0002
1.0728
0.9600
0.0083
0.4305
0.9583
0.0004
1.1236
0.9960

G0(mg/g)
0.3725
0.0175
0.0473
0.1305
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Langmuir's adsorption formula
A
R2
6.7237
0.9296
64.8406
0.9811
10.2852
0.9908
250.4534
0.9983

MBC(mg/g)
0.0554
0.0003
0.0046
0.0005
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TABLE 4 - Ratio of liberation and adsorption of ammonia and phosphorus in substrates saturated with ammonia and phosphorus.
Substrates
Maximal adsorptive capacity of ammonia nitrogen in theory (mg/g)
Maximal liberation capacity of ammonia nitrogen（mg/g）
Liberation percentage of ammonia nitrogen（%）
Ammonia nitrogen concentration after liberation（mg/l）
Maximal adsorptive capacity of phosphorus in theory (mg/g)
Maximal liberation capacity of phosphorus（mg/g）
Liberation percentage of phosphorus（%）
Phosphorus concentration after liberation（mg/L）

3.5. Liberation characteristics after substrates saturation and
risk assessment of secondary pollution

As shown in Table 4, the liberation capacity of lytag
for ammonia nitrogen was the highest, followed by gravel,
zeolite and limestone; in terms of liberation percentage,
gravel was the highest, followed by lytag, limestone and
zeolite. Liberation capacity and percentage of zeolite for
ammonia nitrogen were low, and liberation percentage was
only 0.2784; moreover, its adsorptive capacity was high. It
revealed that zeolite was a desirable substrate of constructed
wetlands for ammonia nitrogen removal. Secondly, the
liberation capacity of lytag for phosphorus was the highest, followed by gravel, zeolite, and limestone; in terms of
liberation percentage, gravel was the highest, followed by
zeolite, lytag and limestone. The adsorptive capacity of
lytag for phosphorus was the highest among the four substrates, followed by limestone, and liberation percentages
of both substrates were low. Besides, the phosphorus concentration in solution after liberation was low too. During
the actual operation of the intermittent treatment for wastewater in subsurface-flow constructed wetland, every hydraulic retention time was generally longer than the balance time of saturated substrates for liberation. If dividing
liberation capacity by processing volume each time, the
results show the nitrogen and phosphorus concentrations
of clean water after flowing through the saturated adsorption wetland. As is shown in Table 4, the effluent concentration of ammonia nitrogen for lytag exceeded the class II
discharge standard of pollutants for a municipal wastewater
treatment plant, and effluents of the other three substrates
were below the standard; then, for the effluent concentration of phosphorus, all the four substrates significantly
exceeded the national standards; so the risk of secondary
pollution existed. Therefore, careful consideration should
be given to the selection of substrates.

lytag

gravel

zeolite

limestone

0.1633
0.0289
17.6975
35.2439
0.3725
0.0146
3.9195
17.8049

0.0257
0.0071
27.6265
13.8536
0.0175
0.0073
41.7143
14.2439

2.2267
0.0062
0.2784
15.7605
0.0473
0.0069
14.5877
17.5399

0.0219
0.0035
15.9817
9.7674
0.1305
0.0030
2.2989
8.3721

affected by pH remarkably: under alkaline conditions, lytag
and limestone adsorbed nitrogen and phosphorus easily,
while gravel adsorbed ammonia nitrogen easily and adsorbed
phosphorus difficultly. Zeolite adsorbed ammonia nitrogen
more effectively under acidic and neutral conditions, but
adsorbed phosphorus easily under alkaline condition. Moreover, isothermal adsorption model was used to fit the four
substrates, which indicated that adsorptive capacity of
zeolite for ammonia nitrogen was higher than the other
three substrates, while adsorptive capacity of lytag for
phosphorus was the highest among the four substrates.
Through liberation of all substrates, zeolite was found with
high adsorptive capacity for ammonia nitrogen, and it possessed good adsorption performance while its liberation
capacity after saturation was very low. Moreover, adsorptive capacity of lytag for phosphorus was relatively high,
and its liberation percentage was low. During the actual
operation of the intermittent treatment of wastewater in a
subsurface flow constructed wetland, the risk of secondary pollution existed in effluents after phosphorus adsorption through the four substrates, while effluent from lytag
had the risk of ammonia nitrogen exceeding the standards.
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ABSTRACT
The aims of this study were to evaluate the toxic cadmium (Cd), lead (Pb), and essential copper (Cu) and iron
(Fe) concentrations in the muscle tissue and livers of
chicken, originating from Sakarya, Balikesir, Manisa, and
Adana provinces in Turkey, and to compare these metal
levels between industrialized and rural areas. In total, 80
samples of chicken femoral muscles and livers were collected. Metal concentrations were determined by atomic
absorption spectrophotometry (AAS). The results (in µg
kg-1) were as follows: 2-66 for Pb, <0.05-4 for Cd, <10500 for Cu, and 800-4000 for Fe in muscle tissue, and 1193 for Pb, 0.5-18 for Cd, 260-1000 for Cu, and 700014500 for Fe in livers. As expected, this research revealed
that chickens from industrialized areas showed significantly higher metal levels than from rural ones. The metal
levels were found to be below the legal limits of Turkish
and European Union standards.

KEYWORDS: Atomic absorption spectrophotometry (AAS),
chicken, liver, meat, metal, Turkey

1. INTRODUCTION
Food quality, safety and environmental contamination
are primary public health concerns worldwide [1, 2]. Toxic
metals are natural components of the environment, but
human activities, notably industrial and mining processes,
have been responsible for the wider diffusion of these elements. Toxic metals accumulate in soil and plants, and
animals fed with these plants tend to accumulate toxic metals themselves [3, 4]. Food is usually the main source of
human exposure to heavy metals. Meat and meat products
form an important part of the human diet. Although the
toxic metal content of muscle is generally low, offal products (liver) often accumulate higher metal concentrations
than most other foods [2, 5]. After prolonged evaluation
studies on food additives and their toxicity, the World Health
* Corresponding author

Organization (WHO) has concluded that even low levels
of some metals, such as Pb and Cd, can cause disease in
humans [6, 7].
Pb and Cd are environmental contaminants present in
almost all living organisms but are non-essential for plants,
animals, and human beings [8]. Absorption of ingested Pb
and Cd may constitute a serious risk to public health [9].
Many metals are essential for human and animal nutrition
including Fe and Cu, as they constitute a part of the structure of enzymes and vitamins. However, when ingested and
reaching upon a certain level, they may be harmful for
humans [2, 10].
Maximum residue limits (MRLs) have been established
by the European Union (EU), Turkey and other countries
for meat and meat products, and monitoring programmes
have been carried out in many countries with the aim of
avoiding the distribution of foodstuffs that could pose a
risk to human health if consumed [5, 11-13].
The EU [12] and Turkey [13] set MRLs for Cd and
Pb in meat of poultry as 0.05 mg/kg and 0.1 mg/kg wet
weight, respectively. For livers of poultry, MRLs for Cd
and Pb have been set as 0.5 mg/kg for both metals. The
Codex Alimentarius system set the same MRLs for Pb. In
2004, the Codex Committee on Food Additives and Contaminants decided to discontinue work on establishing
MRLs for Cd in livestock and poultry, because the foods
from these production classes were not significant contributors to Cd intake [11].
Due to the lower prices of chicken products as compared with some other animal meat products, chicken meat
is a major source of protein for the population and is
widely consumed in Turkey. However, the data on the
metal contents in chicken muscle and offal meats from
Turkey are very limited [12]. Metals in chicken meat arise
from the contamination of poultry feed, drinking water and
processing [15]. The present study had two aims. The first
was to evaluate the toxic Cd and Pb as well as the essential Cu and Fe concentrations in the muscle tissue and
livers of poultry originating from the Turkish provinces of
Sakarya, Balikesir, Manisa and Adana, which covers 95%
of chicken meat production. The second reason was to
compare metals content of poultry meat from industrial-
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ized and rural areas of Turkey in the light of hygienic
standards. The provinces of Adana and Balikesir are far
from the large industrial and urban centers in Turkey, and
considered to be unpolluted. They are located in the
southern and northwestern regions of the country, respectively. The Manisa and Sakarya provinces are near the
large industrial centers in the western and northern regions of Turkey, respectively.
2. MATERIALS AND METHODS
2.1. Sampling

Materials (livers and muscle tissues) from 20 broilers
were randomly collected between April-May 2007 from
Sakarya, Balikesir, Manisa and Adana surveyed areas. The
femoral muscle and whole liver samples were of at least 50 g
mass, taken from each chicken, packed individually in
plastic bags, immediately transported to the laboratory and
stored at -21 °C until analysis. All plastic containers used
for storing and treating samples were cleaned in 5% nitric
acid for 24 h, followed by three washes with demineralized water to avoid contamination of the samples with traces
of any metal.
2.2. Determination of metal concentrations

Each homogenized sample (5 g) was placed in a
porcelain crucible, and then oven-dried at 60-80 °C for at
least 12 h. The crucibles with the samples were then placed
in the muffle oven and reduced to ash. The temperature in
the muffle oven was increased at a rate of ~50 °C h-1 and
maintained at 450 °C for 18-24 h. The white ash obtained
was dissolved in 5% nitric acid (Merck) to a volume of 50
ml. Metal concentrations in the digest were determined by
AAS using a Varian Spectraa-880 GTA 100 apparatus
with Zeeman background correction (Varian Analytical
Instruments). Cd and Pb were determined by graphite furnace-AAS (Varian Analytical Instruments) but Cu and Fe
by flame-AAS. Table 1 shows the optimal working conditions in the graphite furnace for Pb and Cd determination,
indicating the temperature and times for each phase. In
initial Pb and Cd analyses, mixtures of ammonium phosphate (NH4H2PO4) and magnesium nitrate [Mg(NO3)2]
(Merck) were used as matrix modifiers [6]. Fe and Cu were

determined using single element hollow cathode lamps and
air-acetylene flame at 248.3 and 324.7 nm, respectively.
For the metals determined below 300 nm, a background
correction with a deuterium lamp was done. Blank solutions were prepared and treated in exactly the same manner as the samples (except metal concentration). The absorption signals of the sample solution were evaluated by
subtracting the mean value of signals of the blank solutions from the signals of the sample [16]. The accuracy of
the method was evaluated by means of metal determination in standard reference material (Merck). Method detection limits were as follows: Pb 0.26 µg/kg, Cd 0.05 µg/kg,
Cu 10.0 µg/kg, and Fe 3.0 µg/kg. Statistical analyses were
performed using the method of one-way analysis of variance (SPSS for Windows v.13.00). The average values
were given as geometric means.
3. RESULTS AND DISCUSSION
The numbers of samples, measurements below detection limits and undetectable samples as well as geometric
means, standard errors of means and ranges for all muscle
tissues and livers analyzed from each area are shown in
Table 2. The evaluation by area revealed that chickens
with the highest levels of pollution were grown in Sakarya, followed by Manisa, Balikesir, and Adana. The results
show a great deal of variability in chicken muscle tissue
and liver metal levels. However, this variability in biological samples is considered to be normal, since there are
numerous possible sources of these metals [6].
The concentrations were found to be in range of 2-66
µg/kg for Pb, <0.05-4 for Cd, <10-500 µg/kg for Cu, and
800-4000 µg/kg for Fe in muscle tissue. In livers, they
were in the range of 11-93 µg/kg for Pb, 0.5-18 for Cd,
260-1000 µg/kg for Cu, and 7000-14500 for Fe (Table 3).
According to these data, Fe has the highest concentration
in samples, followed by Cu, Pb, and Cd.
The concentrations of the four metals are higher in
liver than in muscle tissue samples. This difference may
be explained by the fact that offal products (mainly livers)
are often used in meat products and an important source
of metals [6, 16, 18].

TABLE 1 - Thermal program used for the determination of lead and cadmium in the graphite furnace.
Phase
Evaporation of the solvent
Drying
Pyrolysis
Pre-treatment

Temperature (°C)
Rise time (min)
Hold time (min)
Argon flux (ml/min)
100
5
20
250
140
15
15
250
450
15
20
250
800a
5
10c
250
b
d
700
5
5
Atomization
1800
0
5
0
Cleaning
2600
1
3
250
a
Pre-treatment temperature for Pb. b Pre-treatment temperature for Cd. c Time at which temperature for the pre-treatment of Pb is maintained. d Time at
which temperature for the pre-treatment of Cd is maintained. Injection temperature of 20° C. Wavelength of Pb: 283.3 nm. Wavelength of Cd: 228.8
nm Injection volume: 20 µl
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TABLE 2 - Comparison and concentrations of metals in chicken’s meat and liver by areas (µg kg-1 wet weight).

Pb

Cd

Meat
Cu

Fe

Pb

Cd

Liver
Cu

Fe

20(0)
38±4a

20(0)
1±0.2a

20 (1)
269±12a

20(0)
2400±220a

20(0)
53±3a

20(0)
8±1a

20(0)
700±31a

20(0)
12300±300a

Range
Manisa
N (<l.d.)
GM±SEM

18-66

0.5-4

<10 -375

1050-4000

38-93

3-18

400-900

8800-14300

20 (0)
12±1b

20 (1)
0.6±0.2b

20(0)
237±26b

20(0)
1400±91b

20(0)
37±2a

20(0)
3.5±0.3b

20(0)
700±36a

20(0)
11000±350b

Range
Balikesir
N (<l.d.)
GM±SEM

5-19

<0.05-3

100-500

870-2000

19-54

1-6

500-1000

9000-14000

20 (0)
9±1b

20 (1)
0.6±0.1b

20 (1)
200±23bc

20(0)
1350±100b

20(0)
25±2b

20(0)
3±0.2b

20(0)
650±38a

20 (0)
10200±500bc

Range
Adana
N (<l.d.)
GM±SEM

4-16

<0.05-1.6

<10-400

800-2200

14-41

1-4

300-1000

7000-14500

20 (0)
5±0.3c

20 (0)
0.5±0.1b

20 (5)
170±15c

20(0)
1800±91c

20(0)
22±2b

20(0)
1±0.1c

20(0)
500±30b

20(0)
10000±300c

Sakarya
N (<l.d.)1
GM±SEM2

Range
2-7
0.15-2
<10-300
1100-2750
11-37
0.5-1.5
260-700
8000-13300
< l.d.: below the detection limit; 2 GM±SEM: geometric mean ± standard error of mean; significant differences between four areas are indicated by
a, b and c (P<0.01).
1

TABLE 3 - Metal concentrations in chicken’s meat and liver (µg kg-1 wet weight).
Metal
Chicken Meat (n=80)
Chicken liver (n=80)
Pb
16±1.5*
(2-66)
34±2
(11-93)
Cd
0.7±0.1*
(<0.05-4)1
4±0.3
(0.5-18)
Cu
220±20*
(<10-500)2
600±34
(260-1000)
Fe
1700±100* (800-4000)
11000±400 (7000-14500)
Significant differences between chicken meat and liver by asterisks (*P<0.01). 4 of 80 chicken meat samples
did not exceed Cd limit of detection and assessments were excluded. 7 of 80 chicken meat samples did not
exceed Cu limit of detection and assessments were excluded.

Metal levels in livers and muscle tissues of chicken
from industrialized and rural areas are summarized in
Table 4. Chickens from industrialized areas showed significantly higher metal levels than those from rural areas.
Pollution factors (PF), calculated as ratios of metal levels
in the industrialized area to metal levels in the rural area,
were 3.65, 1.63, 1.34, and 1.19 for Pb, Cd, Cu, and Fe in
chicken muscle tissue, but in livers, they were 1.93, 3.01,
1.26, and 1.16 for Pb, Cd, Cu, and Fe, respectively.

Published data on metal levels in chicken muscle tissue and livers in various countries are summarized in
Table 5. Accordingly, Pb levels in chicken muscle tissue
found herein proved to be lower than those in Tokat (Turkey) [14], Slovenia [19], Nigeria [15], and Pakistan [20,
21] but were higher than those in Finland [22], Poland
[23], and Spain [6], and similar to those in Denmark [24].
In this study, Pb levels in chicken livers were found to be
lower than those in other studies, except in Denmark.

TABLE 4 - Metal levels in liver and meat of chicken from industrialized and rural areas (µg kg-1 wet weight).
Metal

Meat
Liver
Industrialized area
Rural area
PF
Industrialized area
Rural area
PF
Pb
25±2*
7±0.5
3.65
45±3*
23±2
1.93
(5-66)
(2-16)
(19-93)
(11-41)
Cd
0.8±0.2**
0.5±0.1
1.63
6±0.6*
2±0.1
3.01
(<0.05-4)1
(<0.05-2)2
(1-18)
(0.5-4)
Cu
250±19**
200±20
1.34
700±33*
600±34
1.26
(<10 -500)3
(<10-400)4
(400-1000)
(250-1000)
Fe
2000±155**
1600±90
1.19
12000±300**
10000±400
1.16
(900-4000)
(800-2750)
(1000-14000)
(7000-14500)
Significant differences between the two areas by asterisks (*P<0.01, **P<0.05). 1. One of 80 samples of chicken meat analyzed on Cd did not exceed
the limit of detection and assessments were excluded. 2. Three of 80 samples of chicken meat analyzed on Cd did not exceed the limit of detection
and assessments were excluded. 3. One of 80 samples of chicken meat analyzed on Cu did not exceed the limit of detection and assessments were
excluded. 4. Six of 80 samples of chicken meat analyzed on Cu did not exceed the limit of detection and assessments were excluded.
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TABLE 5 - Published data on chicken meat and liver metal levels in various countries (µg kg-1 wet weight).
Chicken meat
Pb
Cd
161
0.7
2
(2-66)
(n.d.-3.6)
Tokat (Turkey) 400±30 6.09
(n=3)
Finland
No data No data
Finland
6
Not detected
Canada
No data No data
Origin
Turkey

Poland
Slovenia
Nigeria
Nigeria

(<10-20) <5

Cu
220
(n.d.-500)
1200±100

Fe
1700
(800-4000)
8200±700

490-1900
No data
No data

No data
No data
No data

(520-7300)

<50
(<3-7)
No data
No data No data
1000
804
401
2214
(10-4600) (40-4600
(10-5150)
Slovakia
No data 21
No data
Denmark
<16
<1
No data
(<16-75) (<1-3.0)
Azad Kashmir <3000
No data
11000-13000
(Pakistan)
Lahore
3100
310
12860
(Pakistan)
Brazil
No data No data
700
Tenerife
6.94
1.68
No data
(Spain)
(0.93(0.52-5.21)
13.43)
1
Mean values, 2 Range values are given in brackets.

Pb
34
(11-93)
120

Cd
4
(0.5-18)
2.24

Liver
Cu
600
(260-1000)
12100

Fe
11000
(7000-14500)
155000

Reference
This study
[14]

No data
No data
No data
No data
70
30
(40-390)
(10-790)
(10000-35000) 120000
16000
(60000-180000) (12000-22000)
No data
(<50-340)
(<3-1230)
No data
No data
No data
41435
No data
No data
(22070-97720)
No data
No data
61
No data
<16
24.0
(7.0-52.7)
585000-610000 No data
No data

No data
No data
3970
(970-1890)
3800
(3200-5300)
No data
No data
No data

No data
No data
No data

[32]
[22]
[33]

48000
(31000-64000)
No data
No data
No data

[23]

No data
No data

No data
No data

[27]
[24]

No data

No data

[21]

No data

3150

490

6910

No data

[20]

No data
No data

No data
No data

No data
No data

3500
No data

No data
No data

[35]
[6]

Lead is a common environmental pollutant. Causes of
environmental contamination include industrial use of Pb
(plants that process lead-acid batteries, or produce lead
wire or pipes, metal recycling, foundries) [25]. Pb is also
present at low concentrations in most foods. Contamination of food during processing, or food production in contaminated areas, is the main reason for enhanced Pb intake via foodstuffs. High levels of metals in poultry products are mainly due to contamination of feed and water
sources [11].
Food is one of the principal sources of Cd to humans
[26]. Our data for Cd in chicken muscle tissue were lower
than that in Tokat (Turkey) [14], Poland [23], Slovenia
[19], Nigeria [15], Pakistan [20], Spain [6] and Slovakia
[27] but similar to that in Denmark [24]. In the present
study, Cd levels in chicken livers were found to be lower
than those in other studies, except for Tokat (Turkey).
Samples collected from Sakarya showed higher Cd
levels in comparison to those from other areas. Cd is a
heavy metal and an environmental contaminant. It has
natural as well as industrial and agricultural sources. It is
primarily toxic to the kidney, especially to the proximal
tubular cells, and may cause renal dysfunction. The International Agency for Research on Cancer has classified Cd
as a human carcinogen (Group 1) based on occupational
studies [11].
The fact that toxic metals are present in high concentrations in chicken samples is of particular importance in
relation to the FAO/WHO standards for Pb and Cd as
toxic metals. The maximum permissible doses for an adult

[19]
[34]
[15]

are 3 mg Pb and 0.5 mg Cd per week, but the recommended
doses are only one-fifth of those quantities [28]. The Joint
FAO/WHO Expert Committee on Food Additives (JECFA)
has established a provisional tolerable weekly intake (PTWI)
for Pb and Cd. These were set to 25 µg kg-1 body weight
(bw) for Pb and 7 µg kg-1 bw for Cd. On this basis, and
taking into account food consumption patterns, maximum
limits for these trace contaminants in food have been set,
but many factors contribute to the uncertainty of analytical results and, therefore, characteristics of the analytical
methods used for control and monitoring purposes have
been defined [29].
On the other hand, Cu and Fe values in chicken muscle tissue and livers investigated in this study were found
to be lower than literature values. Copper is an essential
micronutrient required for the activity of several metalloenzymes. Although Cu is an essential element, it is toxic, and
the maximum limit intake was set from 1 to 10 mg/day
[30]. Our data on Cu in chicken muscle tissue and livers
were below the permissible limit. Iron is an important
mineral for life. It is needed to help the red blood cells
deliver oxygen to the rest of the body. Numerous foods
are sources of iron. Good sources of dietary iron include
red meat, fish, poultry, beans, leaf vegetables, chickpeas,
black-eyed peas, fortified bread, and fortified breakfast
cereals. Iron is also part of the process that governs cell
growth and differentiation. A shortage of dietary iron can
lead to anemia, which is characterized by fatigue and a
less effective immune system. Poor bioavailability is considered to be an important factor leading to iron deficien-
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cy in many countries [31]. There is no information about
maximum iron levels in chicken samples in Turkish and
EU standards.
The metal levels may be reduced by more careful
handling practices and processing of raw materials. Primary sources of metals include trash, raw sewage, industrial chemical effluents, and harmful gas emissions from
various sources. These pollutants emerge from rapid population growth, massive urbanization, and extensive industrialization throughout the world [18, 26]. The effect of
environmental pollution on food items has been a matter
of great concern for both developing and industrialized
countries. Generally, contamination of animal meat depends on nature, age, location, the animal’s dietary habits,
slaughtering and transportation conditions, exposure time
to dust, and so on. However, proper covering of meat at
shops can reduce contamination from open air up to 90%.
Furthermore, thorough washing of meat removes deposited contaminants to some extent [21].

The metal levels in chicken muscle tissue and livers
analyzed in this study were well below the legal limits
established by current Turkish and EU legislation. Poultry
from industrialized areas of Turkey showed higher tissue
levels of Pb, Cd, Cu, and Fe than poultry from rural areas.
We can conclude that the heavy metal residues in poultry
meat are not a concern. The levels are also comparable to
recently published results for other countries. In general,
metal concentrations in our poultry samples were lower
than those reported in other countries, in recent years. The
results show that there is a need to evaluate and monitor
lead and cadmium levels in foodstuffs to establish the intake values that are safe for the population.

[6]
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PRELIMINARY STUDY ON THE BIVALVE ASSEMBLAGES
OF THE NORTHERN ADRIATIC SOFT BOTTOMS
Vedrana Nerlović* and Ana Travizi
Ruđer Bošković Institute, Centre for Marine Research, Giordano Paliaga 5, 52210 Rovinj, Croatia

ABSTRACT
The present study is a part of comprehensive investigation on the soft-bottom benthic communities in the northern Adriatic circa littoral zone. It aimed to compare and
characterize the assemblage structure and seasonal dynamics of Bivalvia associated with three different benthic communities, i.e. biocoenoses of coastal detritic (DC), muddy
detritic (DE), and transitional community of detritic bottom
(DL). A total of 1531 individuals, belonging to 46 species
and 22 families, were identified. The structure of the total
bivalve fauna was determined by the distinctive dominance
of Nucula nitidosa, Phaxas pellucidus and Kurtiella bidentata. The nMDS plots of Bivalvia assemblages at
three sampling stations show relatively high faunistic
affinity between investigated communities, especially DE
and DL. The results of ANOSIM (global R=0.641; T=999;
p<0.1%) confirmed that bivalve assemblage at coastal detritic bottoms significantly differed from the two other sites
(RSJ005:SJ107= 0.865; RSJ007:SJ107=0.875). Seasonal patterns
were recorded in DC; in others, the total faunistic composition suggested favourable distribution for warmer seasons. Dominance diversity patterns indicated higher diversity and evenness at the DE, in relation to DL and DC.
The spatial and seasonal distributions of Bivalvia assemblages in the biocoenoses of the northern Adriatic Sea
were also investigated.

KEYWORS: Bivalve assemblages, circalittoral zone, benthic
communities, northern Adriatic Sea

1. INTRODUCTION
Investigations of benthic communities in the Adriatic
Sea fall amongst the earliest biocoenological research in the
Mediterranean [1, 2]. Research into the distribution and
dynamics of macrobenthic communities was carried out in
a range of different biotopes, though primarily in the coastal
area [3-5]. In contrast to the Italian/western coast of the
Adriatic Sea, which is mostly represented by sandy shores,
the eastern/Croatian coast is predominantly rocky. Benthic

* Corresponding author

research along the eastern coast was primarily focused on
hard bottom habitats dominated by photophilic algae [611]. Such areas are strongly influenced by fluctuations in
abiotic factors as well as wastewater impacts derived from
domestic, industrial, agricultural and other anthropogenic
sources, and are thus subjected to environmental perturbations [9-12].
However, almost 88% of Adriatic Sea is covered by
soft bottoms and belongs to the circalittoral zone dominated
by invertebrate fauna. Due to reduced sea water transparency in the northern Adriatic Sea, this zone is already present
at a depth of 15 m [13-17].
In contrast to the upper infralittoral zone, a highly variable and man-impacted environment, the circalittoral zone
is subjected to lower anthropogenic pressures, more stable
abiotic conditions and rather stable benthic communities
[18, 19].
In terms of abundance and diversity, these communities are dominated by Polychaeta, usually followed by
Bivalvia [7, 20, 21]. In comparison with infralittoral, both
macrobenthic communities and Bivalvia assemblages are
rather poorly investigated and, in combination with other
taxa and diversity measures, their potential is currently
underutilized [22].
Although the taxonomic composition of the northern
Adriatic soft-bottom Bivalve assemblages is well explored,
very little is known about their seasonal dynamics, especially with regards to the density and abundance of bivalve
species [13, 23]. The aim of this work is to compare and
characterize the assemblage structure and seasonal dynamics of Bivalvia associated with three different benthic communities, i.e. biocoenoses of coastal detritic (DC), muddy
detritic (DE), and transitional community of detritic bottom (DL).
2. MATERIALS AND METHODS
The northern Adriatic is a shallow semi-enclosed basin with a maximum depth of less than 50 m and a strong
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eutrophic gradient along the longitudinal transect [24]. In
this study, samples were taken at three permanent offshore
sites: muddy detritic bottom related (SJ005: 45°18.4’N;
13°08.0’E), transitional community of detritic bottom
related (SJ007: 45°17.0’N; 13°16.0’E) and coastal detritic
related (SJ107: 45°02.8’N; 13°19.0’E), situated in the part
of the northern Adriatic and mainly characterized by
oligotrophic conditions (Fig. 1).
All sites have similar environmental features (depths
of 30-36 m, silty-sand type sediment) resembling macrobenthic composition [25, 26].

variance (ANOVA) was calculated to determine if there
were significant differences in total bivalve abundances.
If significant differences (p<0.05) were revealed, the data
were subjected to pairwise Scheffe's test to determine which
sites significantly differed with regard to fauna abundance.
All analyses were conducted using the PRIMER v5 package (Plymouth Marine Laboratory), except for the one-way
ANOVA and Sheffe comparison test, which were calculated in Microsoft Excel. The Bray-Curtis similarity measure was used after fourth root transformation of raw data,
both for cluster analysis and non-metric Multidimensional
Scaling (MDS) ordination. Pairwise one-way ANOSIM tests
were conducted to prove if there were significant differences in the assemblage structures between sampling
sites at p=0.001.
The SIMPER [33] procedure was performed in order
to determine which bivalve species were responsible for
spatial differences (90% cut-off) among investigated communities. Bivalve diversity was calculated and expressed as
common univariate indices: number of species (S), Margalef's species richness (d), Shannon-Wiener's diversity (H'),
and Pielou’s evenness (J'). Testing of differences in univariate measures (raw data) among the sampling sites was
conducted by ANOVA.
3. RESULTS
Qualitative and quantitative composition of bivalve
assemblages at three northern Adriatic infralittoral sites is
provided in Table 1.

FIGURE 1 - Map of Northern Adriatic coast showing the investigated sites.

Using a 0.1-m2 Van Veen grab, macrofauna samples
were seasonally collected, from March to December in 2004,
at three sites: SJ005 (DE), SJ007 (DL) and SJ107 (DC). On
each occasion, five replicate samples were collected. On
board, macrobenthic samples were washed out through
1-mm mesh size sieves. Animals retained in the sieves were
fixed with a neutralized 4% sea-water solution of formalin. The remaining material, including coarse sediment and
minute fauna, were also fixed and stored for subsequent
analysis. In the laboratory, the macrofauna was separated,
counted and sorted to higher taxonomic categories, and
then transferred into 70% ethanol. This paper specifically
deals with bivalve assemblages. Bivalves were identified
to species level, whenever possible. Certain specimens were
seriously damaged or smashed, and thus useless for identification. Species were determined according to Tebble
[27], Nordsieck [28] and Parenzan [29, 30].
The results were subjected to univariate, multivariate
and distributional methods recommended for the treatment
and interpretation of marine community data [31]. The
analysis referred both temporal and spatial aspects of
bivalve assemblage structures. The one-way analysis of

At each site, faunistic composition was characterized
by the dominance of 4-7 species with abundance of ≥5%
(Nucula nitidosa, Thyasira flexuosa, Kurtiella bidentata,
Phaxas pellucidus, Tellina distorta, Abra alba, Timoclea
ovata, and Corbula gibba) and lower single participation
of all other species. The most abundant species at SJ005
were K. bidentata (21%) and T. ovata (17%); at SJ007, P.
pellucidus (19%) and N. nitidosa (14%); and at SJ107, N.
nitidosa (40%) and C. gibba (17%). A total of 10 species
were common for all sites and certain number of species
for particular pairs of sites SSJ005:SJ007 =8, SSJ005:SJ107 =3,
SSJ007:SJ107 =4. A fairly low number of species was recorded
at each particular site SSJ005= 10, SSJ007=11, SSJ107= 4. The
spatial-temporal distribution of dominant species is presented in Fig. 2.
Multivariate analysis based on bivalve assemblage
structures clearly separated site SJ107 from the two other
sites, which are more similar to one another (Fig. 3). The
results of ANOSIM (global R=0.641; T=999; p<0.1%)
confirmed that bivalve assemblage at SJ107 significantly
differed from both other sites (RSJ005:SJ107=0,865, RSJ007:SJ107=
0,875), but no differences between SJ005 and SJ007 were
found. In terms of dominance, differences were noted among
all sites; this is also visible from configuration of nMDS
plot (Fig. 4).
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Pattern of seasonal distribution at sites SJ005 and
SJ007: global R attained 0.483 at SJ005, and 0.487 at SJ007
(p=0.001, T=999). At both sites, there were no differences
between autumn and winter samples; however, spring and
summer samples were clearly distinguished from the oth-

ers. At the third site, SJ107, the ANOSIM test (R=0.345;
p=0.001; T=999) revealed clear differences for two pairs
of seasons, winter:summer and winter:autumn.

TABLE 1 - Qualitative and quantitative composition of Bivalve assemblages at investigated sites: SJ005. SJ007 and SJ107.
SJ005 (DE)

SJ007 (DL)

SJ107 (DC)

n0 Species

WI

SP

SU

AU

Av.

WI

SP

SU

AU

Av.

WI

SP SU AU Av. N

Av.

±

sd

D1(%)

K1(%)

1 Nucula hanleyi Winckworth. 1931
2 Nucula nitidosa Winckworth. 1930

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0.08

±

0.29

0.07

8.33

19

9

13

8

12

18

34

20

26

25

47

27

19

11 26

251 20.92 ±

11.29

16.39

100.00

3 Nucula nucleus (Linnaeus. 1758)
4 Nucula sulcata Bronn. 1831

0

0

2

0

1

1

0

0

0

0

0

0

0

0

0

3

0.25

±

0.62

0.20

25.00

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

1

0.08

±

0.29

0.07

8.33

5 Nuculana illirica Carrozza. 1987
6 Nuculana pella (Linnaeus. 1767)

0

0

0

0

0

1

1

0

0

1

0

0

0

0

0

2

0.17

±

0.39

0.13

16.67

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

7 Anadara diluvii (Lamarck. 1805)
8 Modiolarca subpicta (Cantraine. 1835)

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

9 Aequipecten opercularis (Linnaeus. 1758)
10 Pododesmus patelliformis (Linnaeus. 1761)

0

0

0

0

0

0

1

1

2

1

0

0

0

3

1

7

0.58

±

1.00

0.46

33.33

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

11 Lucinoma borealis (Linnaeus. 1758)
12 Myrtea spinifera (Montagu. 1803)

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

2

0

1

0

1

0

0

0

0

0

0

1

0

0

0

4

0.33

±

0.65

0.26

25.00

13 Axinulus croulinensis (Jeffreys. 1847)
14 Thyasira flexuosa (Montagu. 1803)

0

0

0

0

0

0

1

0

0

0

0

0

0

1

0

2

0.17

±

0.39

0.13

16.67

14

5

19

9

12

6

29

17

12

16

12

4

5

4

6

136 11.33 ±

7.58

8.88

100.00

15 Thyasira sp.
16 Diplodonta sp.

0

0

0

1

0

0

0

1

0

0

0

0

0

0

0

2

0.17

±

0.39

0.13

16.67

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

17 Bornia sebetia (Costa O.G.. 1829)
18 Kurtiella bidentata (Montagu. 1803)

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

28

15

29

51

31

5

8

29

13

14

6

2

4

1

3

191 15.92 ±

15.28

12.48

100.00

19 Acanthocardia deshayesii (Payraudeau. 1826)
20 Acanthocardia echinata (Linnaeus. 1758)
Acanthocardia paucicostata (G.B. Sowerby II.
21 1834)
22 Laevicardium oblongum (Gmelin. 1791)

0

0

0

0

0

1

1

0

1

1

0

1

0

0

0

4

0.33

±

0.49

0.26

33.33

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

0

0

0

0

0

0

0

2

0

1

0

0

0

0

0

2

0.17

±

0.58

0.13

8.33

0

0

0

0

0

2

2

0

0

1

0

0

0

0

0

4

0.33

±

0.78

0.26

16.67

23 Parvicardium minimum (Philippi. 1836)
24 Parvicardium sp.

0

0

0

0

0

0

0

0

0

0

0

0

2

0

1

2

0.17

±

0.58

0.13

8.33

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

25 Plagiocardium papillosum (Poli. 1795)
26 Cerastoderma sp.

0

1

0

0

0

0

0

0

0

0

0

1

1

0

1

3

0.25

±

0.45

0.20

25.00

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

27 Ensis ensis (Linnaeus. 1758)

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

28 Phaxas pellucidus (Pennant. 1777)

6

11

50

1

17

3

47

59

19

32

1

0

2

2

1

201 16.75 ±

22.07

13.13

91.67

29 Tellina distorta Poli. 1791

17

8

21

16

16

15

12

21

21

17

0

0

0

0

0

131 10.92 ±

8.90

8.56

66.67

30 Tellina planata Linnaeus. 1758

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

1

0.08

±

0.29

0.07

8.33

31 Tellina serrata Brocchi. 1814

0

3

1

0

1

4

5

3

6

5

3

0

3

1

2

29

2.42

±

2.02

1.89

75.00

32 Tellina sp.

0

4

10

0

4

0

0

0

0

0

0

0

0

0

0

14

1.17

±

3.01

0.91

16.67

33 Gari fervensis (Gmelin. 1791)

2

1

2

3

2

1

4

3

3

3

0

0

0

0

0

19

1.58

±

1.44

1.24

66.67

34 Abra alba (W. Wood. 1802)

9

10

9

4

8

8

18

15

3

11

4

10

10

1

6

101 8.42

±

4.93

6.60

100.00

35 Abra nitida (Müller. 1776)

0

0

1

0

0

0

0

1

0

0

1

0

0

0

0

3

0.25

±

0.45

0.20

25.00

36 Abra prismatica (Montagu. 1808)

2

5

3

2

3

1

0

20

3

6

1

0

2

1

1

40

3.33

±

5.43

2.61

83.33

37 Abra tenuis (Montagu. 1803)

0

0

5

0

1

0

0

1

0

0

0

0

0

0

0

6

0.50

±

1.45

0.39

16.67

38 Abra sp.

0

0

0

0

0

0

0

0

1

0

0

0

0

1

0

2

0.17

±

0.39

0.13

16.67

39 Solecurtus scopula (Turton. 1822)

0

0

1

0

0

1

0

0

0

0

0

0

0

0

0

2

0.17

±

0.39

0.13

16.67

40 Azorinus chamasolen (da Costa. 1778)

1

1

0

0

1

0

0

0

0

0

0

0

0

0

0

2

0.17

±

0.39

0.13

16.67

41 Clausinella fasciata (da Costa. 1778)

0

0

2

0

1

0

0

1

0

0

0

0

0

1

0

4

0.33

±

0.65

0.26

25.00

42 Tapes (Tapes) rhomboides (Pennant. 1777)

0

4

4

1

2

7

12

3

4

7

0

0

0

0

0

35

2.92

±

3.68

2.29

58.33

43 Venerupis sp.

1

0

0

0

0

0

0

1

0

0

0

0

0

0

0

2

0.17

±

0.39

0.13

16.67

44 Pitar rudis (Poli. 1795)

3

1

5

4

3

12

9

8

4

8

0

1

0

0

0

47

3.92

±

3.96

3.07

75.00

45 Timoclea ovata (Pennant. 1777)

16

21

52

9

25

5

7

6

1

5

0

0

0

0

0

117 9.75

±

14.93

7.64

66.67

46 Mysia undata (Pennant. 1777)

1

1

1

1

1

1

0

0

4

1

0

1

2

1

1

13

1.08

±

1.08

0.85

75.00

47 Corbula gibba (Olivi. 1792)

1

1

10

7

5

5

2

34

7

12

0

5

28

13 12

113 9.42

±

10.87

7.38

91.67

48 Gastrochaena dubia (Pennant. 1777)

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

49 Hiatella arctica (Linnaeus. 1767)

0

1

0

0

0

0

0

0

3

1

0

5

0

2

2

11

0.92

±

1.62

0.72

33.33

50 Hiatella rugosa (Linnaeus. 1767)

0

0

0

0

0

0

0

4

0

1

0

0

0

0

0

4

0.33

±

1.15

0.26

8.33

51 Thracia papyracea (Poli. 1791)

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33

52 Thracia pubescens (Pulteney. 1799)

0

1

0

0

0

0

0

0

0

0

0

0

1

0

0

2

0.17

±

0.39

0.13

16.67

53 Thracia sp.

0

1

1

1

1

0

0

0

0

0

0

0

0

0

0

3

0.25

±

0.45

0.20

25.00

54 Lyonsia norwegica (Gmelin. 1791)

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0.08

±

0.29

0.07

8.33
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FIGURE 2 - Spatial-seasonal distribution of dominant species at investigated sites: SJ005, SJ007 and SJ107.
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FIGURE 3 - Hierarchical classification of samples (The affinity level based on Bivalve assemblage structures was expressed as % of faunistic
similarity among sites: SJ005, SJ007 and SJ107).
Stress: 0,23
Stress: 0,23
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FIGURE 4 - nMDS diagram of the biological matrix including all sub-samples (sampling sites: SJ005, SJ007, SJ107; Stress value=0.23).
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FIGURE 5 - k-dominance curves for bivalve assemblages: a) SJ005,
b) SJ007, c) SJ107.
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The dominance diversity pattern at studied sites, depending on particular season, is represented by k-dominance
curves (Figs. 5 and 6). The general shape, position and
elevation of k-dominance curves indicated higher diversity
and evenness at SJ005 in comparison with SJ007 and
SJ107 (Fig. 6). The lowest diversity (the highest curve in
the k-dominance plot) was found for winter (SJ107) and
spring samples (SJ005). The configuration of k-dominance
curves at SJ107 indicated clear seasonal distribution patterns. At this site, diversity and evenness declines from the
autumn throughout summer and spring to winter (Fig. 5c).
At the other two sites, curves related to all other seasons
intersected each other, indicating no differences. However, at SJ007, curves related to summer and autumn were
located very close but they never touched or crossed each
other (Fig. 5b). At SJ005, the highest curve related to autumn did not touch or cross other curves, and its position
indicated highest diversity (Fig. 5a).
The results of the SIMPER analysis indicated moderate similarity of bivalve assemblage structures within studied sites (SSJ005=59%, SSJ007=58%, SSJ107=50%) as well as
dissimilarity between them (δSJ005:SJ007=47%, δSJ005:SJ107=68%,
δSJ007:SJ107=61%). Figure 6 illustrates which species are
common for all sites, as well as those that are unique, and
thus responsible for the differences between the sites.
Investigated sites are characterized by the following indices: SSJ005=35, S SJ007=38, S SJ107=23; NSJ005=593, NSJ007=
681, NSJ107=257; dSJ005=5.32, dSJ007=5.67, dSJ107=3.96; J'SJ005=
0.71, J'SJ007=0.72, J'SJ107=0.64; H'SJ005=3.64, H'SJ007=3.80, and
H'SJ107=2.92. From the univariate aspect, the sites differed
significantly for number of species (S) and ShannonWiener's index (H'). For both sites, SJ005 and SJ007, indices were significantly higher (ANOVA, p>0.05) than at
SJ107. At SJ005, the number of species (S) was signifi-
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cantly higher during summer period in comparison with
autumn, and species abundance was significantly higher
in summer compared to all other seasons. Species abundance at SJ007 was significantly higher in summer to winter and autumn as well in spring to winter (Fig. 8).

2914

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

SJ005

100

80
Cumulative Dominance %

Cumulative Dominance %

100

60

40

20

SJ005

80

60

SJ007
SJ007

40

20

SJ107
0

1

0

1

10

Species rank

10

100

SJ107

100

Species rank

FIGURE 6 - k-dominance curves for bivalve assemblages between investigated sites.

% contribution to
dissimilarity (δ):
>20% - bold
10-20% - square
5-10% - underline
<5% - italic

2 Nucula nitidosa
29 Tellina distorta
36 Abra prismatica
45 Timoclea ovata

14 Thyasira fexuosa 18 Kurtiella bidentata
31 Tellina serrata
32 Tellina sp.
37 Abra tenuis
42 Tapes (Tapes) rhomboides
47 Corbula gibba
49 Hiatella arctica

22 Laevicardium oblongum 28 Phaxas pellucidus
33 Gari fervensis
34 Abra alba
44 Pitar rudis
46 Mysia undata

FIGURE 7 - The results of SIMPER analysis: average contribution (%) of characteristic species at particular sites (SJ005, SJ007 and SJ107)
and characteristic species with average contribution (%) to dissimilarity (δ) between sites: >20, 10-20, 5-10, <5 (the number for each species
corresponds to the species list in TABLE 1).
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a)

versity patterns and clear seasonal distribution patterns
only existed at site SJ107, in the community of costal detritic bottoms (DC). The number of species and four ecological indices did not show similar seasonal trends at all
three sites, but variations that are community-specific and
species-dependent.
Total density was relatively high during summer periods, which was mainly due to the increase of specific
dominant species. Seasonal variation in the abundance of
particular dominant species at the three sites was similar
in the community of muddy detritic bottom (SJ005: DE)
and the transitional community of detritic bottoms (SJ007:
DL) but independent in the community of coastal detritic
ones (SJ107: DC). Sites SJ005 and SJ007 showed a similar moderate range and less variation in ecological indices
(S, d, J’ and H’), while SJ107 was notable for decreases in
all indices for each season, particularly during winter.

b)

In the community of muddy detritic bottoms (SJ005),
three dominant species (Timoclea ovata, Phaxas pellucidus, and Kurtiella bidentata) accounted for >50% of the
total bivalve density during the summer period.
Similar dominant species existed in the transitional
community of detritic bottoms (SJ007): P. pellucidus, K.
bidentata and C. gibba collectively accounted for over 46%
of relative abundance in summer. Although T. ovata was
present in a rather low number at the transitional community of detritic bottoms (SJ007), there were none recorded
at the community of coastal detritic (SJ107) one, in which
the dominant species, such as C. gibba, N. nitidosa and
Abra alba, accounted for over 66% of total summer fauna.
N. nitidosa has been found on soft-bottoms in the North Sea
as the most numerous species of the community [33, 34].
This species makes up only 6% of the bivalve population on
a bottom of coarse sand but 74% when the bottom is fine
sand [27]. The abundance of N. nitidosa in DC was higher
than A. alba, which characterizes this community and once
shared the same name [35, 36]. However, because of the
higher abundance of N. nitidosa, the so-called Abra (Scrobicularia) alba community was renamed as the Nucula
nitidosa community [37].

c)

d)

S
S
S
J107
J007
J005
FIGURE 8 - Seasonal variations of univariate indices of a) number
of species (S), b) Margalef’s richness (d), c) Pielou’s evenness (J’),
and d) Shannon-Wiener diversity (H’).

4 DISCUSSION AND CONCLUSION
Spatial and seasonal responses of bivalve assemblages
from three different communities in the northern Adriatic
Sea have been observed at the species level. At all three
sites, bivalve assemblage structures indicated differences
between the warmer and colder seasons. Dominance di-

Similar taxonomic structure between sites might be explained by comparable environmental features [21, 25, 38].
However, bivalve assemblages at DC bottoms (SJ107) significantly differed from the other two communities. The
similar faunistic composition at the investigated communities was firstly reported by Vatova [21, 25] who classified
all three sites within the same Schizaster chiajei biocoenosis (Sch. ch.). According to the aforementioned benthic
bionomic investigation [21], site SJ107 i.e. the community
of DC bottoms belongs to the Schizaster chiajei biocoenosis. Moreover, the community of muddy detritic bottoms
(DE) and the transitional community of detritic bottoms
(DL) are located on the edge: the first one, Turitella (T.)
biocoenosis; and the second, Tellina distorta (Tl.) biocoenosis. This classification of the biocoenosis was established by Pérès and Picard [1] who distinguished these
three sites into three distinct and separate biocoenoses.
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Compared with the results of previous investigations,
these new results indicate the relatively high stability of
bivalve assemblages concerning the postanoxic period
(1989-1991) [25, 39]. Due to notable abundance and diversity, bivalves represent an important faunistic component
of each of these three communities, singularly and collectively.
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DETRIMENTAL EFFECTS OF INDUSTRIAL EFFLUENTS
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ABSTRACT
Aswan Kima factory in the Upper Egypt discharges a
significant amount of industrial fertilizer effluents into the
river Nile, representing a serious environmental pollutant
source to the ecosystem. Therefore, the aim of the present
study was to investigate the effects of these industrial
effluents on the Nile cyanobacteria. To this end, batch
cultures of unialgal Pseudanabaena limnetica (Lemm.)
Anag. & Komárek Syn. and Anabaena wisconsinense Prescott were treated with the industrial fertilizer effluents, and
their growth rate and metabolic activities were investigated
under controlled laboratory conditions. The treatment resulted in growth and metabolic disorders of these planktonic cyanobacteria. Specifically, the growth rate, pigment
contents, the carbohydrate and lipid contents were substantially reduced in a concentration-dependent fashion. The
responses of Pseudanabaena limnetica to the effects of
the effluents on these investigated parameters, except
for the photosynthetic pigment contents, were more pronounced as compared to those of Anabaena wisconsinense,
indicating that P. limnetica is more sensitive to industrial
effluents than A. wisconsinense. Taken together, these
data indicate that the discharge of industrial effluents
from the Aswan Kima factory in Upper Egypt can disturb
the ecosystem, and thus represents a potential problem that
needs to be attended to.
KEYWORDS:
Anabaena, carbohydrates, carotenoids, chlorophyll a, cyanobacteria, dry weight, lipids, Pseudanabaena, River Nile pollution.

1. INTRODUCTION
Complex industrial effluent discharges lead to severe
deterioration of water quality affecting the flora of phytoplankton, such as cyanobacteria [1]. Earlier studies showed
that the discharge of untreated industrial effluents into the
* Corresponding author

Nile ecosystem in Egypt result in significant toxic effects
on the development of phytoplankton populations and
standing crop [2]. Consequently, bioassays that are based
on the response of living organisms, including planktonic
cyanobacteria, to toxic substances have been developed in
order to assess potential harm of polluted water [3-5].
Although phytoplankton, in general, is sensitive to effects of pollution caused by industrial effluents [6, 7],
various taxa of freshwater cyanobacteria express different
tolerance to the polluted water [8]. For instance, the growth
rate of cyanobacteria has been found to be enhanced and
stimulated at low and high levels of industrial effluents,
respectively [9-13]. The dry weight of freshwater cyanobacteria showed similar growth profile in response to
pollution caused by heavy metals [14-17].
Treatment of cyanobacteria with polluted industrial
effluents has been found to be associated with both increases [18] and decreases in the pigmentation level within the
cells [5]. Pollution stress has also been found to induce
either slight stimulation [19, 20] or severe inhibition [21]
of the carbohydrate accumulations due to the photosynthetic activity of cyanobacteria. The lipid biosynthesis and
accumulation through the metabolic activities of prokaryotic phytoplankton are an important process in providing a
principle source of energy for higher trophic levels in
aquatic ecosystems [22]. The stress of industrial effluents
has also reported to either stimulate [23] or inhibit [19]
the lipid contents of cyanobacteria. These different degrees
of tolerance of cyanobacteria to water pollutants have been
considered as an indication to the magnitude of the intensity of ecological damage caused by pollutants discharged
into freshwater habitats [24]. In addition, the differences
in tolerance would enable the potential use of cyanobacteria for bioremediation of polluted water [25,] and perhaps
as bioindicator test species.
The aim of this study was to determine the direct effect of effluents from the Kima factory (a fertilizer factory
in Upper Egypt) on the Nile cyanobacteria; Pseudanabaena limnetica and Anabaena wisconsinense. To evaluate
how the cyanobacteria of the Nile phytoplankton could be
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influenced by industrial effluents, the growth rate, photosynthetic pigments, carbohydrates and lipids were measured.
2. MATERIALS AND METHODS
2.1. Study area

The Nile water near Aswan city (Egypt) is subjected
to the industrial effluents discharged from the Kima factory, which was established in 1956 at 6 km south of Aswan
city (east bank of the Nile) for production of ammonium
nitrate fertilizers. These effluents are drained into the Nile
through a drainage canal about 4 km long. Based on the
laboratories of Kima factory, the main chemical components of these industrial effluents are nitric acid, nitrous
acid, ammonium nitrate, ammonium hydroxide, free
ammonia, sodium chloride, sodium hydroxide, sodium
carbonate, sodium silicate, calcium hydroxide, calcium carbonate, phosphate, potassium hydroxide, potassium carbonate, potassium sulphate, hydrochloric acid, chlorine, and
mineral oils with pH values ranging between 9.8-10.2.
Water analyses of some chemical characteristics of such
effluents were carried out according to APHA standard
methods [26], prior to the culture treatments performed in
the experiments of the present investigation. The data of
these analyses (Table 1) revealed that the effluents were
mainly characterized by relatively high levels of total soluble salts, calcium, magnesium, chloride, sulphate, carbonate, ammonia, nitrate, and phosphate. In addition, considerable levels of trace metals, such as Cd2+, Pb2+, and
Ni2+, were also recorded.
TABLE 1 - Data of the chemical analyses of Kima factory effluents.
Chemical parameters
Total soluble salts
Calcium
Magnesium
Ammonia
Sulphate
Nitrate
Carbonate
Phosphate
Carbonate
Chloride
Cd2+
Pb2+
Ni2+

Concentration (mg L-1)
2480
118
71
490
41.3
478.8
960
1.25
960
319.5
0.11
0.76
0.049

netica and Anabaena wisconsinense were grown in batch
cultures and treated with Kima factory effluents at final
concentrations of 2, 4, 6, 8 and 10% (v/v) for 8 days. Untreated control cultures were grown under the same laboratory conditions but without addition of effluents. At the
end of the experiments (i.e. after 8 days), dry weight, chlorophyll a, carotenoids as well as carbohydrate and lipid
contents were analyzed as described below.
2.3. Growth measurements
2.3.1. Dry weight determination

An aliquot volume of the cyanobacterial culture suspension was filtered through a weighted Whatman GF/C
(1.2 µm) glass fiber. After precipitation of the trichomes
on the filter, they were washed thoroughly with distilled
water and dried overnight in an oven at 105 C. The dry
weight of the trichomes was estimated as mg ml-1 of the
cyanobacterial suspension [30].
2.4. Photosynthetic pigments

Chlorophyll a and carotenoids were determined according to Marker [31]. Pigment contents were spectrophotometrically estimated as µg ml-1 of the cyanobacterial
suspension after centrifugation of aliquots of the suspensions at 3000 rpm and extraction in hot methanol at 70 ° C.
2.5. Carbohydrate determinations

Carbohydrate contents were determined using the anthrone sulphuric acid method [32]. In brief, the trichomes
of cyanobacteria were hydrolyzed in 4 N HCl to extract
all carbohydrates. The soluble carbohydrates were extracted
in distilled water. Both the total and water-soluble carbohydrates were measured spectrophotometrically after mixing
the extracts with anthrone sulphuric acid reagent. Waterinsoluble carbohydrates were calculated as the difference
between total and water-soluble carbohydrates of the same
sample.
2.6. Total lipid determination

2.2. Organisms and culture conditions

Freshwater cyanobacteria, including Pseudanabaena
limnetica (Lemm.) Anag. & Komárek Syn. and Anabaena
wisconsinense Prescott, were isolated from the Nile water
phytoplankton in unialgal cultures. These two species of
cyanobacteria were identified according to Desikachary
[27] and Prescott [28]. Stock cultures were maintained at
29 ± 1.03 °C and aerated under continuous light (80 µE
m-2 s-1) as previously described by Lorenzen [29]. In order
to investigate the effect of industrial effluents on the isolated cyanobacteria, the trichomes of Pseudanabaena lim-

For determination of the total lipid contents, the
method of Verma and Tiwari [33] was used. Briefly, aliquots of the cyanobacterial culture suspensions were centrifuged and the resulting precipitate was homogenized
thoroughly with chloroform and filtered through 0.45-µm
membrane (cellulose acetate) filters (Sartorius AG-W-3400,
Göttingen, Germany). Samples were left to allow chloroform evaporation and the residue in a known weight container was weighed as the total lipids. The lipid content was
expressed as µg mg-1 dry weight of the cyanobacteria.
3. RESULTS
3.1. Effect of different concentrations of Kima factory effluents on growth of P. limnetica and A. wisconsinense

The two investigated species of cyanobacteria were
cultivated in batch cultures and allowed to grow for 8 days
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under controlled laboratory conditions after treatment with
different concentrations of Kima factory effluents. The
effects of these treatments on the cultures of cyanobacteria
were investigated by measuring the alterations in dry
weight, photosynthetic pigments, as well as the contents
of carbohydrates and lipids as compared to the untreated
cultures. The results showed that treatments of the cyanobacterial cultures with different effluent concentrations re-

sulted in significant dose-dependent reductions in their
growth rate. By analyzing the dry weight, it was found that
those of Pseudanabaena limnetica (Fig. 1) and Anabaena
wisconsinense (Fig. 2) were significantly inhibited by industrial effluent treatment while dry weight of P. limnetica
in the untreated control culture reached 1.47 mg ml-1 after
8 days of incubation, it was reduced by 21.1 % after treatment with the effluents at a concentration of 10%; this con-
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FIGURE 1 - Alterations in the growth of Pseudanabaena limnetica due to the stress exerted by industrial effluents.
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FIGURE 2 - Alterations in the growth of Anabaena wisconsinense due to the stress exerted by industrial effluents.

2921

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

centration showed the highest inhibitory effect. In case of
A. wisconsinense, the dry weight increased regularly from
0.09 to 1.63 mg ml-1 in the control culture during the
period of cultivation. At the end of cultivation, treatment
with 10% effluent exerted a substantial reduction in the dry
weight by about 52.2%, with regard to the control culture.
3.2. Effect of different concentrations of Kima factory effluents on photosynthetic pigments of P. limnetica and A. wisconsinense

The contents of the photosynthetic pigments estimated
as chlorophyll a and carotenoids and, in addition, chlorophyll a/ carotenoid ratios of Pseudanabaena limnetica and
Anabaena wisconsinense cultures are presented in Table 2.
The results showed that the levels of these photosynthetic
pigments were markedly decreased in the treated cultures in
a concentration-dependent manner. The control culture of P.
limnetica showed 9.21 µg ml-1 of chlorophyll a, while the
10% effluent-treated one showed only 4.12 µg ml-1. The
contents of carotenoids decreased from 4.23 µg ml-1 in
untreated control culture to 2.15 µg ml-1 in 8-days treated
culture. Notably, the effect of the effluents on the carote-

noid contents of P. limnetica culture was relatively lower
than that on chlorophyll a.
Treatment of A. wisconsinense with the effluents also
resulted in remarkable inhibition of photosynthetic pigments in a concentration-dependent manner. After 8-days
incubation, the level of chlorophyll a in the untreated culture reached about 16.30 µg ml-1. This value decreased to
1.78 µg ml-1 after 8 days of treatment of these trichomes
with 10% effluent concentrations. The chlorophyll a contents were 46.8, 45.4, 19.2, 17.2 and 10.9% after treatments with 2, 4, 6, 8 and 10% effluent concentrations, respectively. Analysis of the changes in the carotenoid pigment contents showed progressive decreases in response
to treatment with different concentrations of effluents. The
level of carotenoid pigments of untreated trichomes was
6.53 µg ml-1, decreasing to 1.3 µg ml-1 when trichome
cultures were treated with 10% effluent for 8 days. Accordingly, the chlorophyll a/carotenoid ratio of both investigated cyanobacteria varied due to the treatment with
industrial effluents. In treated Pseudanabaena limnetica
and Anabaena wisconsinens cultures, its ratio was 56%
lower than that of control culture.

TABLE 2 - Mean values (±SD) of chlorophyll a and carotenoid contents (µg ml-1) and chlorophyll a/ carotenoids ratio of the Nile
cyanobacteria after eight days of incubation with different concentrations (%) of industrial effluents (each value is the mean of 3 replicates).

% concentrations

Pseudanabaena limnetica
Chl. a
Carotenoids
Chl. a/ Carot
0
9.21±0.008
4.30±0.003
2.14±0.000
2
6.97±0.006
3.47±0.006
2.01±0.002
4
6.84±0.008
2.89±0.006
2.36±0.003
6
5.38±0.008
2.70±0.007
1.99±0.005
8
4.44±0.007
2.22±0.011
2.00±0.006
10
4.12±0.014
2.15±0.004
1.92±0.003
Chl. a = chlorophyll a; Carot. = carotenoids

Chl. a
16.30±0.010
7.62±0.010
7.40±0.003
3.14±0.006
2.81±0.011
1.78±0.011

Anabaena wisconsinense
Carotenoids
Chl. a/ Carot
6.53±0.003
2.50±0.000
3.80±0.003
2.01±0.001
3.24±0.003
2.28±0.00
2.09±0.004
1.50±0.00
1.83±0.003
1.54±0.00
1.30±0.004
1.37±0.00

FIGURE 3 - Effect of different industrial effluent concentrations on total carbohydrate contents of Pseudanabaena limneticad and Anabaena
wisconsinense.
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FIGURE 4 - Variations in percentage compositions of soluble and insoluble carbohydrates of Pseudanabaena limnetica due to the treatment
with different industrial effluent concentrations.
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FIGURE 5 - Variations in percentage compositions of soluble and insoluble carbohydrates of Anabaena wisconsinense due to the treatment
with different industrial effluent concentrations.

3.3. Effect of different concentrations of Kima factory effluents on carbohydrate contents of P. limnetica and A. wisconsinense

Total carbohydrate contents of Pseudanabaena limnetica and Anabaena wisconsinense (Fig. 3) cultures treated
with the effluents showed lower values than control cultures. For instance, control culture of P. limnetica showed a

total carbohydrate accumulation of 2.49 µg ml-1 after 8-days
cultivation. This value was decreased by 58.6, 52.6, 41.8,
39.4 and 34.1% after treatment with 2, 4, 6, 8 and 10%
effluent concentrations, respectively, for 8 days. In the
untreated culture of A. wisconsinense, the accumulation of
total carbohydrates was 1.63 µg ml-1 at day 8 of culturing.
This value decreased to 0.85 µg ml-1 after 8 days of treat-

2923

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

ment with 10% effluent concentration. Overall, the total
carbohydrate contents were reduced by 91.4, 69.3, 63.8,
59.5 and 52.2% upon 8-days treatment of the cultures with
2, 4, 6, 8 and 10% effluent levels, respectively. The accumulations of soluble and insoluble carbohydrates within
the cells of the two investigated cyanobacteria (Figs. 4 and
5) exhibited a similar pattern, regardless treatment of cultures with the effluents. The contents of the insoluble carbohydrate, however, showed relatively higher values than
those of the soluble carbohydrates.
3.4. Effect of different concentrations of Kima factory effluents on lipid contents of P. limnetica and A. wisconsinense

The results of lipid analysis (Fig. 6) revealed that lipid
contents of Pseudanabaena limnetica were higher than
those of Anabaena wisconsinense. Treatments of the cyanobacterial cultures with different effluent concentrations induced considerable reductions in the levels of lipid accumulations. For instance, 8-days control culture of P. limnetica showed 81.2 µg mg-1 dry wt lipid content which
decreased by 86.7, 84.7, 70, 62.3 and 57.9% after 8-days
treatment with 2, 4, 6, 8 and 10% effluent concentrations,
respectively. In the control culture of A. wisconsinense, the
maximum lipid accumulation by day 8 was 79.09 µg mg-1
dry wt, which decreased by 79, 72.5, 52.4, 52.1 and 48.7%
after treating the cultures with 2, 4, 6, 8 and 10% effluent
levels, respectively
4. DISCUSSION

Lipid contents (µg/mg)

The present investigation was performed to evaluate
the influence of industrial effluents discharged from Kima
factory in Upper Egypt on the Nile planktonic cyanobacteria Pseudanabaena limnetica and Anabaena wisconsinense.
The effect of different effluent concentrations on these species indicated that the growth of both cyanobacteria was
markedly influenced. As expected, the maximum

growth yield of P. limnetica and A. wisconsinense was
obtained when they were grown in a synthetic medium
under control conditions. Remarkable decreases in the
growth of these cyanobacteria, however, were induced
after the treatment with the effluents. This effluent-induced decrease in growth rate of the cyanobacteria was
associated with a pronounced reduction in dry weights. In
line with our results, the growth rates of different planktonic freshwater cyanobacteria, including Aphanocapsa sp.
and Phormidium sp. [4] Nostoc muscorum and Anabaena
subcylindrica [5] were significantly inhibited after their
treatment with wastewater. These effects could be attributed to the changes in chemical composition of the
wastewater as compared to the well-balanced media [34].
Similarly, the inhibitory effects of the effluents on the
growth of cyanobacteria observed in our study could be
attributed to the presence of high levels of heavy metals,
which are generally considered to be a source of toxicity in
industrial effluents [35]. Moreover, the relatively high
salinity levels of the effluents from Kima factory could be
another limiting factor for the growth of cyanobacteria. It
has also been suggested that the inhibitory effect of the
industrial effluents on the growth rate is due to the high
salinity levels that is likely to cause plasmolysis and loss
of activity of prokaryotic cells [36]. The high concentration of ammonia in Kima factory effluents could be another potential factor that mediated the growth inhibition
[37]. In contrary to the inhibitory effects of industrial
effluents on the growth of planktonic cyanobacteria, previous studies showed that low pollutant levels can stimulate the growth of different planktonic cyanobacteria [9,
38] and nitrogen-fixing cyanobacteria Nostoc linckia and
N. rivularis [12]. Taken these studies together with the
results of the present investigation, it could be suggested
that the level of pollutant is a critical factor shaping its
impact on the plankton, at least in part, those of cyanobacterial species.
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FIGURE 6 - Lipid contents of Pseudanabaena limnetica and Anabaena wisconsinense (µg/mg dry wt) due to treatment with different industrial effluent concentrations.
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The cell contents of the photosynthetic pigments can
be used as a criterion of the biomass and an indicator for
the growth of the planktonic cyanobacteria. Treatment of A.
wisconsinense and P. limnetica with industrial effluents
induced decreases in chlorophyll a and carotenoid contents;
this effect was more pronounced in the former than the
latter, and could be, in part, attributable to the relatively
high contents of nitrogen and heavy metals in Kima factory
effluents. This seems to be in accordance with the data obtained by Sabnis [39] who related the chlorophyll damage
to the influence of heavy metals. In this respect, the pigment contents of nitrogen-fixing cyanobacteria were found
to be suppressed due to increasing nitrogen contents in
culture media [40]. Such low contents of chlorophyll a
could also be explained as the influence of pollutants on the
photosynthetic system through degradation of pigments
within the cyanobacterial cells [11]. Generally, the inhibitory effects of carotenoid pigment contents of the investigated cyanobacteria were relatively lower than those on
chlorophyll a. In accordance with this, the degradation
rate of carotenoid pigments by polluted industrial effluents has been reported to be slower than that of chlorophyll a [11]. In contrary with the results of the present
investigation, Sharma et al. [18] recorded significant increase in chlorophyll a and β-carotene contents of cyanobacteria cultured in industrial effluents.
The accumulation of carbohydrates within the cyanobacterial cells is considered to be the main organic compound source derived from photosynthetic activity. Carbohydrate contents of both investigated cyanobacteria were
found to be low after treatment with different concentrations of Kima factory effluents. The contents of total soluble and insoluble carbohydrates in the cultures of P. limnetica and A. wisconsinense decreased substantially with
increasing effluent concentrations. The cell content of
carbohydrates in P. limnetica was found to be more
affected by the industrial effluents than that in A. wisconsinense. In accordance with these results, CanizaresVillanueva et al. [41] recorded decreases in the carbohydrate contents of Phormidium sp. in response to pollution exerted by wastewater as compared to control cultures.
The presence of considerable amounts of heavy metals in
the industrial effluents of Kima factory could be considered as a factor inhibiting the carbohydrate accumulation
in the treated cultures of cyanobacteria in this investigation, since heavy metals can express inhibitory effects on
the photosynthetic activity and utilization of carbohydrates
as substrates in nitrogen metabolism. In this respect, Rai et
al. [19] reported that heavy metals severely reduced the
sugar content of Anabaena doliolum. In addition, the relatively high salinity levels in Kima factory effluents could
be considered as another reason for decreasing carbohydrate contents in the treated cyanobacterial cultures herein.
In this context, Galal [42] demonstrated that the inhibition
of carbohydrate accumulation under high salinity levels
could be in part attributed to the effects of salinity on
photosynthetic activity within the cells of freshwater phytoplankton. Moreover, the reduction in soluble carbohydrate

of the investigated cyanobacteria could be related to the
high calcium concentration in Kima factory effluents. In
contrary, Sharma et al. [18] recorded significant enhancement of carbohydrate accumulations by cyanobacteria in
cultures treated with wastewater effluents. This may be due
to different concentrations used, or the type of cyanobacteria and also contents of the wastewater.
The lipid amounts of the two investigated cyanobacterial species were substantially reduced by the treatment
with industrial effluents. This reduction in lipid contents
could be due to the presence of considerable concentrations of heavy metals in Kima factory effluents. In accordance with this, Rai et al. [43] recorded reduction in
lipid contents of Anabaena flos-aquae exposed to high
levels of Cd. Reduction in lipid contents in Anabaena
doliolum under the effect of copper stress was also reported [19]. In contrary, high lipid contents within the cells of
Phormidium sp., Spirulina maxima, and the cyanobacterial
biomass of Spirulina platensis were observed when they
were grown in wastewater [23, 41]. Disposal of huge industrial effluent volumes drastically reduce DO level of
freshwater body, and this reduction exerts immense stress
on aquatic life [44] and, hence, affect growth of other
plants when it is irrigated with such polluted water [45].
In conclusion, this work demonstrates the harmful effect
of the industrial effluents of Kima factory at Aswan in
Upper Egypt on the Nile phytoplankton growth and metabolism. Effluents should be treated biologically or
chemically before being discharged into the Nile water.
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EFFECT OF CADMIUM ON THREE ANTIOXIDANT
ENZYME ACTIVITIES AND LIPID PEROXIDATION
IN PLANARIAN (DUGESIA JAPONICA)
Xiufang Zhang, Jinxuan Shi, Tongmin Wu, Yaxin Zhang, Shengcheng Lin, Yanming Tao and Bosheng Zhao*
School of Life Sciences, Shandong University of Technology, Zibo, 255049, P. R. China

ABSTRACT
The objective of this study was to evaluate the effects of
cadmium on the antioxidant responses in planarian (Dugesia
japonica). The planarians D. japonica were submitted to 0,
5, and 150µg of Cd2+/L during a period of test of 7 days.
Compared with the control, cadmium was significantly (P<
0.05) accumulated in D. japonica exposed to 150µg Cd2+/L.
In the worms exposed to 5 and 150µg Cd2+/L, catalase
(CAT) activity significantly decreased compared to the control ones (P< 0.05). No significant effects on superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activity were observed. Malondidehyde (MDA) level was significantly increased following exposure to 150µg Cd2+/L
compared with the control (P< 0.05). Thus, Cadmium
could augment MDA level and interfere with the catalase
of the planarian D. japonica. Results showed that CAT,
rather than SOD and GSH-Px, might be a susceptible antioxidant enzyme in the metabolic detoxification processes in
adult planarian D. japonica.

KEYWORDS:
Planarian (Dugesia japonica), cadmium, superoxide dismutase,
catalase, glutathione peroxidase, malondidehyde

potential adverse effects can be expected [6]. Some scholars have proposed the change of these antioxidant enzymes
is a potential indicator for cadmium pollution in aquatic
animals [7-10].
In comparison with fish and molluscs, little is known
about the presence of antioxidant enzymatic defences in
Plathelminthes [7-10]. Planarians are members of the Platyhelminthes. They are bilateral symmetric and triploblastic
and have wide natural distribution. Dugesia japonica is
widely distributed in China, Japan, Korea and southern
Siberia [11]. Planarians have been utilized in several dispersed geographic regions as indicators of water quality
and to evaluate the toxic effects of diverse substances [12,
13]. They are chosen as test animals for eco-toxicology
studies because they posses the following features: wide
natural distribution, high regeneration capacity, high sensitivity to toxins, basal evolutionary position and easy to keep
in the laboratory [14]. Although several studies have been
carried out on the effects of metals on planarians [15, 16],
to our knowledge, this is the first study reporting on antioxidant enzyme response to cadmium in planarian. Therefore, the main objective of our study is to analyze the
effects of the exposure of the D. japonica to cadmium
evaluating the content of malondidehyde, the activities of
the three antioxidant enzymes (CAT, GSH-Px and SOD).

1. INTRODUCTION
2. MATERIALS AND METHODS
The toxic effects of cadmium have been reviewed extensively, including bioaccumulation [1], behavioural abnormalities [2], inhibits neurogenesis [3], interference in
various metabolic processes [4]. Organisms have evolved
a variety of mechanisms to protect themselves from the
toxic effects of xenobiotics that cause oxidative stress. To
minimize oxidative damage, organisms have developed
antioxidant defenses [5]. An induction of the antioxidant
system can be considered an adaptation of the organisms
to overcome stress and to prevent toxicity. A deficiency in
the enzyme activities suggests a precarious state characterized by a higher susceptibility to environmental stress, and
* Corresponding author

2.1. Test organisms and Chemicals

The freshwater D. japonica was collected from a fountain in Quanhetou, Boshan (36°16′N, 117°42′ E, Province
of Shandong), China. Analytical reagent CdCl2 2.5 H2O
(purity 99.9%; Lian-shi Chemical Reagent Co. Ltd.,
Shanghai, China) was used as the metal toxicant in the
experiment. Details of animal adaptation, culture and the
preparation of test solutions have been described elsewhere
[17]. In addition, all biochemical materials for enzyme
assays were purchased from Sigma (Sigma-Aldrich Corporation, St. Louis, MO, USA). All other chemicals were
of analytical grade and obtained from Lian-shi Chemical
Reagent Co. Ltd., Shanghai, China.
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exposure

During the assay, 30 worms (body length = 0.9 ±
0.1 cm) were exposed to 5 or 150µg Cd2+/L for the
period of 7 days. Simultaneously, a control group was
kept in synthetic ASTM (American Society for Testing
and Materials) test water without cadmium. The concentration of 150µg Cd2+/L was chosen based on a previous
work (about 1/10th of LC50/96 h). The LC50 for adult D.
japonica at 96 h was 1.45mg Cd2+ / L [17]. The concentration of 5µg of Cd2+/L was the one considered safe for
the preservation of aquatic fauna by the China Ministry of
Environmental Protection [18]. The cadmium concentrations, to which the planarians were exposed, were checked
using atomic absorption spectrophotometry (AAS, Shimadzu AA-6601F Spectrometer), and there were no significant differences in the nominal concentrations and the
actual concentrations. Measured ASTM test water quality
parameters are given in Table 1. The concentrations of Cd,
Cu and Zn were measured using atomic absorption spectrophotometry. The pH, temperature and conductivity were
measured using DZS-707 multiparameter water quality
analysis instrument (Shanghai Precision & Scientific Instrument Co., Ltd.). The hardness and COD measurements
were performed using HI93735 hardness tester and HI83099
COD MI-parameter meter (Instruments Science &
Technology Co., Ltd. Hana, Benjing).
TABLE 1 - Measured ASTM test water quality parameters.
Parameter
Test water
Temperature
22 ± 0.5 °C
pH
7.3 ± 0.10
−1
Conductivity (µS cm )
127 ± 4.2
Hardness (mg l−1 CaCO3)
46.6 ± 1.7
Chemical oxygen demand (mg l−1)
1.49 ± 0.71
Cd (µg /L)
0.05 ± 0.03
Cu (µg /L)
0.72 ± 0.08
Zn (µg /L)
0.46 ± 0.07
Values are reported as the mean ± 95% confidence limits.

The experiments were conducted in a temperature incubator at 22 ± 0.5℃ with a 12 L: 12 D illumination. During experiments, the animals were not fed. The Cd2+-containing water or the Cd2+-less water (controls) was changed
daily. Each treatment group and control was performed in
triplicate at each experiment. In all cases, two independent experiments were conducted.
2.3. Antioxidant enzyme activity and MDA measurements

At the end of each exposure, the medium was removed
and the planarians were rinsed gently with ASTM test
water at least three times. Then whole-body homogenates
in 1 mL of 0.1 M phosphate buffer (pH 7.5) containing
0.1% (v/v) Triton X-100 were immediately prepared and
centrifuged at 12000g for 20 min at 4 °C. The supernatants
were collected and used as an enzyme source for measuring enzymatic activity and total protein content. All enzyme preparations were carried out on ice.
Catalase activity was determined according to a modified method of Pan [6]. It was based on the decomposition

rate of H2O2 by the enzyme, which can be measured as
absorbance decrease per minutes at 240 nm. The substrate
was prepared by adding 0.16 mL H2O2 (30 %) to 100 mL
0.67 M phosphate buffer (pH 7.0). A final volume of 3 mL
contained 2.9 mL substrate and 100 µL sample or blank.
The concentration of H2O2 was determined 3 - 4 min after
the initiation of the reaction by the addition of supernatant.
One unit of CAT activity was defined as 50% H2O2 consumption at 1 min (U/mg protein /min).
Activity of superoxide dismutase (SOD) was assayed
by measuring the inhibition of photochemical reduction of
nitro-blue tetrazolium (NBT) [19]. The reaction mixture
(3 mL) contained 50 mM potassium phosphate buffer (pH
7.8), 13 mM methionine, 0.002 mM riboflavin, 0.075 mM
NBT, 0.1 mM EDTA and 30 µL enzyme extract. The
absorbance of the solution was measured at 560 nm. Identical solutions held in the dark served as blanks. One unit
of SOD was defined as the amount of enzyme that causes
half-maximal inhibition of the NBT reduction under assay
conditions. One unit of SOD activity was defined as 50%
inhibition of the oxidation process (U/mg protein/min).
Glutathione peroxidase (GSH-Px) activity was determined according to a modified method of Tang, [20]. The
assay tube contained 400 µL supernatant, 100 µL 1 mM
GSH; controls contained 400 µL sodium azide phosphate
buffer (pH 7.0, containing 2.5 mM NaN3, 0.2 mM EDTA,
0.2 M Na2HPO 4–NaH 2PO 4) and 400 µL 1 mM GSH.
The tubes were all maintained 37 °C in a water bath. Then
0.2 mL 1.25 mM H2O2 was added to the assay and control
tubes. After 5 min, 4 mL 50 g/L trichloroacetic acid was
added to the tubes to stop the reaction. Tubes were kept
at room temperature for 10 min and then centrifuged at
3000×g for 10 min. 2 mL supernatant were mixed with
2.5 mL 0.4 M Na2HPO4 and 0.5 mL DTNB (40 mg
DTNB and 1 g Na-citrate dissolved in 100 mL sodium
phosphate buffer). Then absorbance was read at 422 nm.
One unit of GSH-Px activity was defined as 1 nmol GSH
consumption during 1 min at 37 °C (nmol /mg protein/
min).
MDA is the final product of lipid peroxidation. It is
the direct evidence of toxic processes caused by free radicals [21]. The most widely used assay for lipid peroxidation is MDA formation. MDA is one of the important
final products of lipid peroxidation. The contents of MDA
were determined with TBARS (thiobarbituric acid reactive substances) assay. They were carried out as described
with minor modifications [21]. The reaction mixture was
prepared by adding 1mL homogenate to 4 mL reaction
solution (15% trichloroacetic acid: 0.375% thiobarbituric
acid: 0.25N NaOH, 1:1:1, w/v). The mixture was centrifuged at 12000g for 15 min at 4 °C. Then, the supernatants
were transferred to new Eppendorf tubes and were heated
to 100 °C for 10 min. The mixture was cooled to room
temperature, centrifuged (12000g for 10 min) and the absorbance of the supernatant was recorded at 532 nm. MDA
results were expressed as nmoL/mg protein in the supernatant.
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Total protein content of the supernatants for both enzyme analysis and the MDA assay were measured using
Bradford’s method [22], with bovine serum albumin as
the standard.
2.4. Cd2+ accumulation measurement

Planarian Cd2+ accumulation was measured as previously described [13]. Briefly, samples (n = 150) of intact
adult planarians were cultured in water with Cd2+ of 0, 5
and 150µg /L for the period of 7 days, with the Cd2+containing water changed daily. Non-exposed planarians
(n = 150) were used as reference. After the exposure, planarian samples were washed 3 times in reconstituted water
and dried at 60°C until constant weight was obtained.
Cd2+-content for each sample was determined by acid
digesting 0.1 g of a dried planarian sample and submitting
it to analysis by atomic absorption spectrophotometry
(AAS, Shimadzu AA-6601F Spectrometer). Cd2+ concentrations (w/w) are expressed in µg /g dry weight.
2.5. Data analysis

The means and standard deviations (S.D.) were calculated by the Microsoft Office Excel 2003. Analyses of variance (one-way ANOVA) followed by LSD (Least Significant Difference) tests were performed to compare toxicant
dependent effects with control treatments on each biochemical parameters studied. Significant differences were
established at P < 0.05
3. RESULTS AND DISCUSSION
SOD, CAT and GSH-Px are considered to be the most
important antioxidant enzyme systems in invertebrate species. They showed different responses across Cd2+ concentrations in planarian (Fig.1). The activities of SOD and
GSH-Px were not altered (P > 0.05) by neither cadmium
treatment (Fig. 1a and 1c). However, the CAT activities in
the test worms were significantly lower than those in the
control worms (P < 0.05). The worms exposed to 5 and
150µg Cd2+/L, CAT activities decreased 33.23 % and
57.86% compared to the control ones (Fig. 1b). MDA
levels was significantly increased following exposure to
150µg Cd2+ /L compared with the control (P < 0.05), although no significant differences between control and exposed planarian were observed after exposure by 5µg /L
Cd2+ solution (P > 0.05) (Fig. 1d). Planarian exhibited a
significant (P < 0.05) accumulation of cadmium, with
values rising from 0.16	
  ±	
  0.05µg /g in control group to
1.38 ± 0.14 and 19.12 ± 3.75µg /g in organisms exposed
to 5 and 100µg of Cd2+ /L, respectively. The results are
presented in Table 2.
Some authors have reported that SOD activities were
inhibited after the treatment with cadmium for both vertebrates and invertebrates species [8, 23, 24]. For instance,
Sandrini et al found decreased activity of SOD in nereidid
Laeonereis acuta at 100µg of Cd2+/ L during a period of

FIGURE 1- Effects of the exposure to cadmium (5 and 150µg Cd2+/L
for 7 days) on antioxidant enzyme activity and lipid peroxidation of
Planarian (D. japonica): (A) superoxide dismutase (SOD) specific
activity, (B) catalase (CAT) specific activity, (C) glutathione peroxidase (GSH-Px) specific activity, (D) lipid peroxidation content. Data
are expressed as mean ± SD (n= 6). Significant differences (
P＜0.05) among exposure treatments after LSD multiple comparison tests are followed by different letters.
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TABLE 2 -Cd2+ concentrations in D. japonica exposed to Cd2+-containing water over 7 d
Cd2+ accumulation
(µg/g dry weight )
Control 0µg Cd/L
5µg Cd/L
150µg Cd/L
I
0.22
1.53
23.13
II
0.13
1.26
15.71
III
0.13
1.35
18.52
Mean ± SD
0.16±0.05 (a)
1.38± 0.14 (a,)
19.12± 3.75 (b)
Each replicate (I, II or III) consisted of 150 planarians each concentration, with each sample cultured in Cd2+ less water (control) or in water with a
given Cd2+ concentration.
Data are expressed as mean ± SD; SD, standard deviation
Significant differences (P < 0.05) among exposure treatments after LSD multiple comparison tests are followed by different letters.
Replicate

test of 7 days. But cadmium was found to significantly
increase the SOD activity of freshwater cladoceran Daphnia magna after exposure to 5 µg Cd2+ /L for 48h [10, 25].
Meanwhile the hormetic effects of cadmium on the activities of SOD have been found in many organisms, from
animals and plants to microbiota [6, 8, 26]. Hormetic effects means that the SOD activity can increase in low concentrations of metal or short-time exposure, but decrease
even be inhibited with the time prolong or dosage enhancement. It is clear that an increase or a decrease in SOD activity depend on the dose, species and route of exposure.
However, no effects on SOD activities were observed
in planarian D. japonica exposed to 5 or 150µg Cd2+/L for
the period of 7 days. The same concentration (150µg of
Cd2+/L), which significantly increased the MDA levels and
Cd2+ accumulation, did not effect the SOD activity. The result agrees well with the findings of Li [27]. Li has reported that there were no significant SOD activities changes in
planarian D. japonica exposed to eight surfactants. No significant change in the SOD activity indicates that SOD may
be insusceptibility and can not be used as the biochemical
marker of cadmium in adult planarian D. japonica. But
our result turns out contrary to the studies of Wang et al.
[28]. Wang et al. have reported that the activities of SOD
remain always high in the ontogenetic process of in planarian D. japonica. They considered that SOD is one of
the most important antioxidant enzymes. It can be said
that further research work should be done. It is necessary
to study the change of Cd-induced SOD mRNA expression levels in planarian D. japonica.
CAT can protect organisms from oxidative damages
and to prevent their toxicity [29]. Different responses of
catalase have been described in aquatic organisms exposed
to cadmium in both field and laboratory experiments. In
freshwater cladoceran Daphnia magna, CAT activity decreased after exposure to 5 µg Cd2+ /L for 48h [10]. When
freshwater teleost Oreochromis mossambicus were trained
for 30d with 5µg Cd2+ /L, significant elevation for CAT
activity was evident from the 7th day onward, was maintained until 15th day, and then decreased slightly on the
30th day of exposure to cadmium stress [30]. Similar to
the SOD activity, the changes of CAT activity depend on
the dose, species and route of exposure.
In the present study, the same concentration (150µg
Cd2+/L), which increased MDA generation and Cd2+ ac-

cumulation, also decreased CAT activity. The result turns
out contrary to the studies of Li [27] and Guechev et al.
[16]. Li has reported that there were significant increases
in CAT activities on planarian (D. japonica) exposed to
LAS (dodecylbenzene sulfonate) at 0.5 or 1 mg/L and to
PFOS (perfluorooctane sulfonate) at 5 or 10mg/L. She
have reported that no apparent changes of planarian CAT
activities exposed to SDS (Sodium lauryl sulfate) might
be due to the very low concentrations (0.01- 0.1mg/L) of
SDS used in the study [27]. Guecheva et al. [16] have investigated catalase activity in the freshwater planarian
Dugesia schubarti exposed to copper under laboratory
conditions. They have found that catalase activity was significantly induced at concentrations of 40, 80, and 160 mg
Cu/L after 24 h exposure. Whether inhibition or induction
of CAT activity, it states that CAT activity is susceptible
to xenobiotics contamination in planarian. In addition,
Wang et al. [28] have demonstrated that the activities of
CAT kept low in early embryogenesis, a noteworthy increase of catalase activity was found at the end of embryogenesis and kept high activity in larvae and adult planarian.
These studies indicate that CAT may be susceptible to
xenobiotics contamination in adult planarian.
The inhibition of CAT activity after the treatment
with cadmium was also demonstrated by other authors [7,
9, 10]. Timofeyev et al. [9] attributed the declined CAT
activity to the fact that CAT has a narrow distribution in
cells and tissues. CAT is mostly confined to peroxisomes.
Atli et al. [7] considered that the elevated and declined
CAT activity could be correlated with high pollutant levels
and SOD activation. The decline of CAT activities may
attribute to high production of superoxide anion radical,
which has been reported to inhibit CAT activity in case of
excess production. Though the concrete influencing approach of Cd on CAT in planarian was still unknown,
CAT may be susceptible to xenobiotics contamination and
can be a promising biomarker for Cd biomonitoring in
adult planarian.
Similar to the SOD activity, the GSH-Px activity in
D. japonica was detected to have no significant change at
two Cd exposures. GSH-Px is considered a key enzyme in
cells that can decompose peroxide and protect the integrity of the structure and function of the membrane by cleaning up the harmful metabolite of peroxide and breaking
off the chain reaction of lipid peroxidation [31]. Little
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information is available on the GSH-Px activity in planarian after exposure to heavy metals. To the best of our
knowledge, this is the first report showing the GSH-Px
activity inhibition by xenobiotics contamination in planarian. Wang et al. [28] have reported the change of GSH-Px
activities in ontogenetic process of D. japonica. They have
found that the GSH-Px activity was lower in adult D. japonica than in oocysts and larvae of D. japonica. We hypothesize that GSH-Px, likewise SOD activity, might not
be used as the biochemical marker of xenobiotics contamination in adult planarian (D. japonica). No significant
change in the GSH-PX activity might be attributed to the
increase in other enzymes such as GST and/or non- enzymatic mechanisms such as heat shock protein (as HSP70).
The MDA levels are commonly used as LPO biomarker reflecting stressful conditions to organisms [32].
In the present study, an increase in MDA levels occurred
in D. japonica after 7 days exposure to 150µg Cd2+/L
compared with the control (P<0.01), there was no significant differences between control and exposed planarian
were observed after cadmium exposure by 5µg /L Cd2+
concentrations. This indicates that although antioxidant
enzyme CAT was inhibited and SOD or GSH-Px remained unchanged after 7 days exposure to 5µg Cd2+/L,
no oxidative damage to the membranes occurred in D.
japonica, suggesting that D. japonica may have developed tolerance and resistance to Cd toxicity in the low
concentration of Cd exposure. In this respect, the lower
cadmium concentration tested (5µg /L) is considered to be
not high and may protect D. japonica or other relevant
freshwater species from the effects of cadmium. However,
some care should be taken when comparing laboratory results and natural water systems. The latter are far more
complex and contain many more organic and inorganic
substances.
The antioxidant enzymes play a vital role in protecting cellular damage from oxidative damages induced by
xenobiotics through a neutralizing reactive oxygen species (ROS). SOD is one of the most important enzymes in
the front line of defense against oxidative stress by transforming the superoxide anion (O2-) into hydrogen peroxide (H2O2). CAT and GSH-Px are considered a second
line of defense against ROS, they further detoxify H2O2
and organic hydroperoxides. Now there is no consensus
about cadmium’s ability to produce ROS. Cd is a redoxinactive nonessential metal, unlike Cu and Fe, it cannot
generate ROS directly. However, many authors have reported that ROS production was increased under Cd stress
[7, 23, 33]. Various indirect mechanisms that Cd generate
ROS have been reported, including increased lipid peroxidation, mitochondrial dysfunction, Fenton metal displacement, depleting GSH or by inhibition of antioxidant
enzymes and interaction with membrane components [32,
34-37]. Moreover, some authors have considered that Cd
generate ROS through a combination of above-mentioned
indirect mechanisms [37, 38]. Our study confirms that Cd
can increase lipid peroxidation and interfere with the

antioxidant defense system. Most studies on ROS production and effects have been conducted with vertebrate species [35-38]. Studies that have demonstrated potential for
ROS production, antioxidant defense responses and oxidative damage in aquatic invertebrates is scarce or / and
restricted to few species [23, 32, 33]. Therefore, more
research work about invertebrate species should be done.
4. CONCLUSIONS
The present study demonstrates that 7 days exposure
to high concentration of cadmium (150µg /L) could increase MDA levels, Cd2+ accumulation and alter the activities of CAT in D. japonica. But no significant effects on
SOD and GSH-PX activity were observed. We suggested that CAT, rather than SOD and GSH-Px, might be a
susceptible antioxidant enzyme in the metabolic detoxification processes in adult planarian (D. japonica). It might
be Phase II enzymes and/or non- enzymatic mechanism,
rather than the antioxidant enzymes, playing an important
role in metabolic detoxification processes in adult planarian (D. japonica).
Opposite to high concentration of cadmium (150µg
/L), the exposition to the maximum concentration previously allowed by the Chinese legislation (5µg of Cd2+/L)
for 7 days is no oxidative damage to the membranes occurred in D. japonica. However, the responses of antioxidant enzymes and MDA in D. japonica can reflect the Cd
contaminant concentrations in the environment to some
extent, additional studies are required with the aim to
evaluate the actual safe Cd levels for the preservation of
aquatic fauna. We recommend more frequent use of a
battery of biochemical biomarkers in combination with
higher-level biomarkers, such as the expression amount of
detoxification genes and DNA damage in D. japonica.
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ABSTRACT
Selective procedures based on the highly pH-dependent
reductive reaction between arsenic species and NaBH4 to
generate arsine, hydride generation atomic absorption spectrometry (HG-AAS) systems are commonly used in analytical practice. In this case, for As(V), strongly acidic
solutions are required (pH ≤1), while As(III) hydride formation occurs in mildly acidic solutions. The aim of this
study was to critically evaluate four reaction media and
interferences of As(V) for the determination of As(III) by
HG-AAS. Some parameters (acetic acid and NaBH4 concentrations, NaBH4 and sample flow-rates) of this procedure were optimized using diluted acetic acid (pH 2.9),
citrate buffer (pH 3.1), acetate buffer (pH 5.0) and phosphate buffer (pH 7.2) reaction media. The lowest limit of
detection (LOD = 0.238 µg L-1 As(III)) was achieved using
0.1 mol L-1 acetic acid. For other reaction media, the LOD
ranged from 0.26 to 1.02 µg L-1 As(III) with linearity of
calibration up to 12-60 µg L-1 As(III). Serious interferences of As(V) were observed when the ratio of As(III) to
total inorganic As was lower than 0.1 for all reaction
media, except phosphate buffer. But sensitivity in this case
is significanly lower, and speciation analysis in this medium can be done only if higher As(III) content in sample is
present.

KEYWORDS: Arsenite As(III), arsenate As(V), speciation analysis,
hydride generation atomic absorption spectrometry (HG-AAS).

1. INTRODUCTION
In waters, arsenic is generally found in the inorganic
forms of arsenite As(III) and arsenate As(V). The As(V)
forms predominate in oxygenated waters while in deep well
waters, where reducing conditions exist, the trivalent As
species may be present. In the natural pH range of ground* Corresponding author

water, arsenate exists with a negative charge whereas arsenite is neutral. Therefore, the adsorption reactions between a variety of aquifer contents are stronger for arsenate
than arsenite. However, as the pH of the water increases,
desorption of arsenate as well as arsenite increase. Also
redox reactions play an important role in the sorption processes of both arsenic species. Since arsenate is more
strongly adsorbed than arsenite, reduction of arsenate to
arsenite may cause an increase in groundwater arsenic concentration. A reverse-process is the oxidation of arsenite to
arsenate (less soluble form). Because these inorganic species show different toxicity, mobilit, and behavior in biological systems [1-3], their differentiation has generated
considerable interest.
Hydride generation atomic absorption spectrometry
(HG-AAS) is a well-known technique for determination of
arsenic at trace levels, which consists of a 2-step reaction
with sodium tetrahydroborate in acidic medium to produce
arsine (see reactions (1) and (2)) [4, 5].
H3AsO4 + BH4- + H+ → H3AsO3 + H2O + BH3
-

+

H3AsO3 + 3 BH4 + 3 H → AsH3 + 3 BH3 + 3 H2O

(1)
(2)

However, the formation of arsine from arsenate and
arsenite species is pH-dependent. It appears that, for this
reaction to proceed rapidly, the target species must not be
present in solution as negatively charged ions. The pH requirements of the reducing reaction indicate that the arsenic species must be fully protonated before they can be
reduced to arsine [6]. The pK1 for arsenic acid (H3AsO4)
is 2.3, and the reaction must, therefore, be carried out at
very low pH (1-2 mol L-1 HCl is commonly employed).
On the other hand, arsenite (H3AsO3) is protonated under
most conditions (pK1 = 9.2) and will react with NaBH4
only in mildly acidic media. In the absence of other arsenic species, differentiation of arsenate and arsenite can be
achieved simply by exploiting the pH dependency of their
reaction with NaBH4.
The aim of this study is to critically evaluate the reliability of arsenic speciation analysis by HG-AAS using
4 mostly used reaction media: diluted acetic acid (pH 2.9),
citrate buffer (pH 3.1), acetate buffer (pH 5.0) and phos-
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phate buffer (pH 7.2) [7-15]. The main attention was paid
to the determination of arsenite in the presence of arsenate
at different ratios in order to evaluate the As(V) interferencing effect.
2. MATERIALS AND METHODS
Measurements were performed with a Perkin Elmer
1100 atomic absorption spectrometer (Uberlingen, Germany) equipped with continuous-flow hydride system Labtech HG-2 (Brno, Czech Republic). The model solutions
(containing As(III) or As(III)+As(V)) prepared in the various studied reaction media and sodium tetrahydroboratestabilized in 1 % sodium hydroxide were introduced into
the system trough peristaltic pumps. The produced gaseous hydrides of arsenic were separated from the solution (in
the gas-liquid separator) and swept by a stream of argon
(flow-rate 300 ml min-1) to an electrically heated quartz
tube mounted in the light path of an electrodeless discharge
lamp (EDL) for arsenic (power supply 10 W). A spectral
band pass of 0.7 nm was selected to isolate the 193.7 nm
line. Stabilization time was 60 s.
The reagents used were of p.a. grade. Stock solution
of As(V) as H3AsO4 in 0.5 mol L-1 HNO3 (1000 mg L-1
As), As2O3, NaBH4, NaOH, concentrated HCl and acetic
acid, sodium acetate, citric acid, sodium citrate, K2HPO4
and KH2PO4 were produced by Merck (Darmstadt, Germany). Double-distilled water was used for all dilution
procedures. As(III) stock solution (1000 mg L-1 As) was
prepared dissolving 0.1320 g of As2O3 in 2 ml of 1 mol L-1
NaOH, followed by neutralization with 5 ml of 0.5 mol L-1
HCl and dilution to 100 ml with double- distilled water.
Working standard solutions of As(V) and As(III) were
prepared by appropriate stepwise dilution of the stock solutions in the studied reaction media just before use. The 1
% NaBH4 solution was freshly prepared by dissolving in
1 % sodium hydroxide. Citrate buffer (pH 3.1) was prepared mixing 200 ml of 1 mol L-1 citric acid and 200 ml
of 1 mol L-1 sodium citrate. Acetate buffer (pH 5.0) was
prepared mixing 200 ml of 2 mol L-1 sodium acetate and
200 ml of 1 mol L-1 acetic acid. Phosphate buffer (pH 7.2)
was prepared mixing 200 ml of 1 mol L-1 KH2PO4 and
200 ml of 1 mol L-1 K2HPO4. Then, 10 ml of the studied
buffers was added for calibration or model solutions. The
prepared solutions were immediately used for measurement.
3. RESULTS AND DISCUSSION
Several variables, such as NaBH4 concentration, NaBH4
flow-rate and sample flow-rate, were studied in detail. Arsine from As(III) was generated in all four reaction media
(acetic acid (pH 2.9), citrate buffer (pH 3.1), acetate buffer
(pH 5.0) and phosphate buffer (pH 7.2)). The solutions containing 10 µg L-1 of As(III) (in acetic acid, citrate and
acetate buffer) and 20 µg L-1 of As(III) (in phosphate
buffer) were used for optimization.

Firstly, the effect of the variation of NaBH4 concentration (0.5-2.0 %) on the absorbance of As(III) was studied in acetic acid media. Different concentrations of acetic
acid (HAc) were used and compared (0.1; 0.25; 0.5; 0.75;
1; 1.25 and 1.5 mol L-1) (see Fig. 1). The best sensitivity
was achieved in 0.1 mol L-1 acetic acid; therefore, this concentration of acetic acid was selected for further experiments. Also the effect of NaBH4 concentration can be observed. It seems that 1.5 % NaBH4 gives best sensitivity
for As(III) in all studied acetic acid media.

FIGURE 1 - Effect of NaBH4 concentration on the response of As(III)
in acetic acid (HAc) medium.

FIGURE 2 - Effect of NaBH4 concentration on the response of
As(III) in 0.1 mol L-1 acetic acid (HAc) medium (pH 2.9), citrate
buffer medium (pH 3.1), acetate buffer medium (pH 5.0) and phosphate buffer medium (pH 7.2).

The effect of the variation of NaBH4 concentration on
the absorbance of As(III) in all studied reaction media is
compared in Fig. 2. As it can be seen, the absorbance of
As(III) increases with increase of NaBH4 concentration
up to 1.5 % in acetic acid and acetate buffer, up to 2 % in
citrate buffer, and up to 3 % in phosphate buffer. Gener-
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TABLE 1 - Optimal conditions for As(III) determination by continuous-flow HG-AAS in the various studied reaction media.
Reaction medium
0.1 mol L-1 HAc (pH 2.9)
Citrate buffer (pH 3.1)
Acetate buffer (pH 5.0)
Phosphate buffer (pH 7.2)

NaBH4 concentration
(%)
1.5
2.0
1.5
3.0

ally, best sensitivity for As(III) was observed for citrate
buffer medium. Optimal NaBH4 concentrations for As(III)
determination in the studied reaction media are shown in
Table 1.
The efficiency of the arsenic hydride generation was
studied for different pump speeds (different flows of the
reducing solution and sample). Effect of NaBH4 flow- rate
on the response of As(III) in the various studied reaction
media is shown in Fig. 3, and that of the sample flow-rate
on the response of As(III) in the various studied reaction
media is shown in Fig. 4.
Results illustrated in Fig. 3 show an increase of the
As(III) absorbance for all the studied reaction media with
increasing pumping speed until a point where a plateau
was achieved (in citrate buffer), slightly decreasing absorbances were observed (in phosphate buffer), or dramatically decreasing absorbances were observed (in 0.1 mol
L-1 acetic acid and acetate buffer). Optimal flow-rates for
NaBH4 solutions in the studied reaction media are shown
in Table 1.

NaBH4 flow-rate
(ml min-1)
2.7
2.0
2.2
1.6

Sample flow-rate
(ml min-1)
21.5
23.0
23.0
23.0

achieved for acetate buffer, and “S” shaped curve was obtained for 0.1 mol L-1 acetic acid medium. Optimal flowrates for sample solutions in the studied reaction media
are shown in Table 1.

FIGURE 4 - Effect of the sample flow-rate on the response of As(III)
in 0.1 mol L-1 acetic acid (HAc) medium (pH 2.9), citrate buffer
medium (pH 3.1), acetate buffer medium (pH 5.0) and phosphate
buffer medium (pH 7.2).

FIGURE 3 - Effect of the NaBH4 flow-rate on the response of As(III)
in 0.1 mol L-1 acetic acid (HAc) medium (pH 2.9), citrate buffer
medium (pH 3.1), acetate buffer medium (pH 5.0) and phosphate
buffer medium (pH 7.2).

Slopes of the calibration curve, limits of detection
(LOD) and linear ranges for As(III) determination in the
studied reaction media were compared with the same
analytical parameters achieved for 1.5 mol L-1 HCl (medium often used for total inorganic arsenic determination
at pH 1.5 after pre-reduction of As(V) to As(III)) (see
Table 2). Low sensitivity was observed for all the studied
reaction media with higher pH values (1.2 times for 0.1 mol
L-1 acetic acid, 1.3 times for citrate buffer and 1.6 times for
acetate buffer). However, there is not such a big difference
between sensitivity in these studied media. On the other
hand, sensitivity for phosphate buffer is more than 5-fold
lower than that in 1.5 mol L-1 HCl. It is evident that sensitivity of As(III) determination decreases with increasing
pH (from 2.9 for 0.1 mol L-1 acetic acid to 7.2 for phosphate buffer) (see Table 2).

The effect of the sample flow-rate on As(III) absorbance in the studied reaction media is demonstrated in Fig. 4.
There, curves with different shapes can be seen. Slightly
increasing absorbances with increasing sample flow-rate
until a plateau were achieved for phosphate and citrate
buffer, dramatically (almost linearly) increasing absorbances with increasing sample flow-rate until a plateau was

In order to evaluate the As(V) interference effect, the
mixtures containing 60 µg L-1 of total inorganic arsenic
(As(III)+ As(V)) with relative contents of 1, 2, 5, 10, 20,
35 and 50 % of As(III) were prepared in the studied media. Then, the interferences due to the corresponding different amounts of 99, 98, 95, 90, 80, 65 and 50 % of As(V) on
the absorbance of As(III) were expressed as the percent
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TABLE 2 - Comparison of slopes of the calibration curve, limits of detection (LOD) and linear ranges
for As(III) determination in the studied reaction media and 1.5 mol L-1 HCl by continuous-flow HG-AAS.
Reaction medium
1.5 mol L-1 HCl (pH 1.5)
0.1 mol L-1 HAc (pH 2.9)
Citrate buffer (pH 3.1)
Acetate buffer (pH 5.0)
Phosphate buffer (pH 7.2)

Slope of the calibration curve
(L µg-1)
0.0222
0.0185
0.0169
0.0140
0.0043

analytical error. This error was calculated for each case as
follows:
e = [(A2-A1)/A1]100
(3)
where e is analytical error (%), A2 is absorbance of
As(III)+As(V), and A1 is absorbance of As(III)
Mean percent analytical errors ± standard deviations
(SD) are shown in Fig. 5. Using 0.1 mol L-1 acetic acid
medium (pH 2.9), citrate buffer medium (pH 3.1) or acetate
buffer medium (pH 5.0) for selective volatilization of
As(III) at different ratios of As(III) to total inorganic As
(0.01, 0.02, 0.05, 0.1, 0.2, 0.35 and 0.5), similar errors in
As(III) determination caused by As(V) interferences were
observed. Under optimal conditions, As(V) interferences
were less than 10 % in the case of model solutions with the
ratios of As(III) to total inorganic As from 0.1 (6 µg L-1 of
As(III) in the presence of 54 µg L-1 of As(V)) to higher
ones. The percent analytical errors due to As(V) interferences were dramatically increased if relative contents of
As(III) were less than 10 % (As(III) to total inorganic As
ratios lower than 0.1). Using phosphate buffer medium
(pH 7.2), the percent analytical errors due to As(V) interferences were less than 10 % in all the studied cases.

LOD*
(µg L-1)
0.198
0.238
0.260
0.314
1.02

Linear range
(µg L-1)
up to 12
up to 12
up to 12
up to 30
up to 60

ences of As(V) were observed for 0.1 mol L-1 acetic acid,
acetate buffer and citrate buffer when the ratio of As(III)
to total inorganic As was lower than 0.1. Under this ratio,
analytical error in As(III) determination dramatically increases. However, natural waters usually contain lower ratios
of As(III) to total inorganic As, so the speciation in the
real samples could be accompanied with another speciation procedure to confirm accuracy of the measured data.
This problem was not observed in phosphate buffer but
sensitivity in this case is significantly lower, and speciation
analysis in this medium can be done only if relatively high
content of As(III) is present. Speciation analysis of As(III)
by HG-AAS using pH-controlled conditions is really simple, fast and inexpensive but interferences caused by As(V)
cannot be ignored.
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ABSTRACT

1. INTRODUCTION

Prescribed burning is of great importance in wetland
management worldwide, and has many impacts on wetland
plants including ecophysiological influences. However, the
knowledge on the plant regrowth characteristics after fire is
not well documented. A case study on the ecophysiological
characteristics of the dominant plant species, Calamagrostis
angustifolia after prescribed burnings was conducted in a
Sanjiang Plain wetland, northeastern China. The stem density of Calamagrostis angustifolia increased significantly.
Leaf chlorophyll, chlorophyll a and chlorophyll b contents
were lower in burned plants than in control plants, consistent with previous observations with higher values of
chlorophyll a/b in burned locations. These chlorophyll
measurements indicated that a higher potential for photosynthetic activity after prescribed burning. Soluble sugar
contents in the burned plants were higher than in unburned
plants. Soluble protein contents in leaves of burned plants
were lower than unburned plants at the beginning of the
growing season, and then greater than unburned plants.
Spring burning and frequent burning (annual burning)
have larger effects than autumn burning and less frequent
burning (biennial burning) on the ecosystem, respectively.
Prescribed burning affects the ecophysiological characteristics of Calamagrostis angustifolia as a related to stem
density and nutrient contents, and these changes could have
cascading effects on ecosystem function such as nutrient
cycling and nutritional value to grazing animals.

KEYWORDS: burning; stem density; chlorophyll; soluble sugar;
soluble protein; wetland

* Corresponding author

Prescribed burning has been widely used in ecosystems as a management tool. Compared to other systems,
such as forest [1, 2] and grassland ecosystems [3], considerably less is known concerning the effects of burning in
wetland [4]. Especially in China, few investigations have
been focused on wetland ecosystem [5]. The Sanjiang Plain,
one of the largest freshwater marshes in China, has experienced intensive cultivation over the past 50 years, during
which prescribed burning has been frequently used to reclaim land. At present, agricultural residues are increasingly
being burned in the field after harvesting, which affects
the wetlands in Sanjiang Plain, especially in Calamagrostis
angustifolia wetland. The intensive burning in this region
occurs in October and April. Compared to other wellstudied ecosystems, few studies have previously investigated the fire effects in wetland ecosystems. Especially in
Sanjiang Plain, only a few studies of the impact of burning have been made in this region [6], burning has the
potential of having important affects on ecosystem function, particularly from the perspective of differences in
the characteristics of plant materials regrow after burning.
Prescribed burning is an effective way to regulate ecosystem by recycling nutrients to soil and vegetation population, and the changes in soil nutrients may also affect plant
responses [7, 8]. Therefore, in the interaction of burning
and ecosystem, vegetation response to prescribed burning
has been an important issue. The limited study on burning
and wetland vegetation mainly focuses on the seed bank
[9], species composition and plant communities [10, 11]
and nutrient levels in the young plant [12]. The previous
studies conducted have shown that prescribed burning
would be beneficial to wetland vegetation, and the postburned plants were attracted by animals [13]. Furthermore,
studies based on plant ecophysiological response to environmental conditions can understand the mechanisms of
ecosystem dynamics and assess the fate of ecosystem [14].
However, little is known about the mechanisms underly-
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ing the rapid recovery of the plant growth and the improved palatability of burned plants by animals. Measuring the key chemical contents of wetland plants, such as
chlorophyll, soluble sugar and protein, during a fire event
can shed light on such mechanisms, and it would be beneficial to wetland management.
In this study, we analyzed the ecophysiological characteristic of Calamagrostis angustifolia after prescribed
burning during two growing seasons over the Sanjiang
Plain wetland. The objectives of this study were included
(1) study the effects of prescribed burning on the growth of
Calamagrostis angustifolia; (2) observe the chlorophyll,
soluble protein, and soluble sugar contents in Calamagrostis
angustifolia leaves after prescribed burning. We tested the
null hypotheses that the density of Calamagrostis angustifolia, and the chemical constituents of the leaves (including chlorophyll, soluble sugar, and protein) would remain
the same before and after burning.
2. MATERIALS AND METHODS

rivers, namely Heiron, Songhua, and Wusuli. Low slope
gradients and inductive climate conditions make it one
of the largest marshes in China [15]. This region has a
temperate climate, with an annual average of temperature
ranging from 1.9°C to 3.9°C. Mean annual precipitation is
550 mm to 650 mm, with approximately 65% of total
precipitation in July and August. Currently, the area of wetland is about 9069 km2 [16]. The main wetland types are
depressional and riparian wetlands; we conducted the experiments in a depressional wetland. In the depressional
wetland, from the edge to the center, there are Calamagrostis angustifolia, Carex lasiocarpa, Carex pseudocuraica, Carex meyeriana, and Carex appendiculata, respectively [17]. Calamagrostis angustifolia is the dominant
plant specie, and Calamagrostis angustifolia community
is typical of plant communities. In Sanjiang Plain wetlands,
the area of Calamagrostis angustifolia was once about
150.6 ×104 hm2，account for 13.8% of the total area of
Sanjiang Plain [18]. Furthermore, Calamagrostis angustifolia distributes at the edge of the depressional or riparian
wetlands, and easier effected by burning than other species during the agricultural residues open field burning.

2.1. Study site

The study was conducted in the Sanjiang Plain in the
Northeast of China (47°35′ N, 133°38′ E). The Sanjiang
Plain is an alluvial plain deposited from the three major

2.2. Experimental design and measurements

In October 2007, nine blocks were selected: three
for autumn burning, three for spring burning and three for

15 m
10 m

SB

SB

SB

5m
UB

UB

UB

5m
AB

10 m

AB

AO

AT

5m

5m
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AB

10 m

5m
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ST

SF

5m

5m

5m

FIGURE 1 - Schematic diagram for field experiments of prescribed burning and sample collections in the Sanjiang Plain wetlands.
Burning treatments are abbreviated as follows: AB: autumn burning; SB: spring burning; UB: unburned; AF: Autumn burning in October 2008; AO: Autumn burning once
in October 2007; AT: Autumn burning twice in October 2007 and October 2008; SF: Spring burning in April 2009; SO: Spring burning once in April 2008; ST: Spring
burning twice in April 2008 and April 2009. Sampling time was from May to July in 2009.
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In the first growing season after prescribed burning,
the stem density and heights of Calamagrostis angustifolia were determined every 15th day from May to September. The contents of chlorophyll, soluble sugar, and soluble protein in leaves were measured as follows. On each
sampling date, leaves (four leaves of each of three different types of plants in treatment and control plots) were
collected and analyzed immediately. About 0.2 g leaf samples were extracted with 20 ml N, N-dimethyl formamide
and incubated at room temperature overnight. Chlorophyll
concentrations were estimated using the Wellburn method
[19]. Approximately 0.30 g of the leaf sample was weighed
and grinded. A homogenate prepared by grinding leaves with
distilled water were centrifuged at 3000 r/min for 10 min,
and the supernatant was used for assaying soluble protein
based on the method of Li [20]. Approximately 0.30 g of
the sample was extracted with 10 ml distilled water and incubated in boiling water for 30 min. After cooling to room
temperature, the extracted residue was washed with distilled water three times and filtered to a 25 ml flask. Soluble
sugar content was measured using the method of Li [20].
2.3. Statistical analyses

Statistical analyses were conducted using SPSS 11.5.
An analysis of variance (ANOVA) was used to evaluate the
effects of prescribed burning on stem density, chlorophyll,
soluble sugar, and soluble protein. One-way ANOVA tests
were carried out for each sampling data separately. Levene’s
test was employed to test for homogeneity of variances.
Least-significant-difference test was carried out to determine the significant difference among each two treatments
for each sample data.

3. RESULTS AND DISCUSSIONS
3.1. Effects of prescribed burning on stem density

The burned plots had a greater stem density than unburned plots, regardless of the burn time or frequency
(Fig. 2). In the first growing season after prescribed burning, the stem density in autumn fire (AF) and spring fire

(SF) plots were about 1629 plants·m-2 and 1854 plants·m-2,
respectively, greater by 37.9% and 56.9% than unburned
plot (UB), respectively. Spring burning has a greater effect
than autumn burning. For the spring burning, snowmelt
depth averaged at 5 cm above the soil surface. The presence of water resulted in a surface low intensity burning
that burned only vegetation rather than peat, which promoted higher sprout production and stem density. In the
second growing season after prescribed burning, the stem
density in the burned plots was also greater than that in
the unburned plots. The stem density in the autumn and
spring prescribed burning once plots (AO and SO) were
increased by 65.3% and 93.2%, compared to that in the
UB plots, respectively. When the plots were burned twice,
the stem density in the autumn and spring burning (AT
and ST) plots were increased by 141.3% and 110.1%, compared to the UB plots, respectively. ANOVA result showed
that there was a significant effect of fire on stem density
(p < 0.01) but no significant difference was found with
regard to the effects of burning time and burning frequency
on stem density (p > 0.05).
2500
c

2000

ac

ac

-2

control (undisturbed). Within each block, there were three
contiguous plots for burning treatment with different frequency. From October 2007 to April 2009, seven experimental treatments were performed: two burning times (autumn burning vs. spring burning), two burning frequencies
(burning once vs. twice), two time-since-burnings (immediately after burning and one year after burning) and one
control scenario used to examine the effects of burning on
Calamagrostis angustifolia. Each treatment was repeated
in three rectangular plots with an area of 150 m2 (10 m ×
15 m), located in the same study area. The two burnt
treatments were implemented with two burning frequencies. The autumn burnings were conducted in October 2007
and October 2008. And the spring burnings were conducted in April 2008 and April 2009. The schedule of
burning treatments is depicted in Fig. 1.

Plant density (plant m )
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FIGURE 2 - Means density of stems after prescribed burning two
growing seasons in Calamagrostis angustifolia wetland (plants/m2)
on the Sanjiang Plain, northeastern China. Bars represent stand error.
Different letters (a, b, c etc) indicated that the means were statistically
different from each other; Burning treatments are abbreviated as follows: AF: Autumn burning in October 2008; AO: Autumn burning once
in October 2007; AT: Autumn burning twice in October 2007 and
October 2008; SF: Spring burning in April 2009; SO: Spring burning
once in April 2008; ST: Spring burning twice in April 2008 and April
2009; UB: unburned. Sampling time was from May to July in 2009.

The finding that stem density increased after prescribed
burning in this study was consistent with the results from
previous studies conducted elsewhere [21-23]. Ponzio et
al. [21] reported that Typha density temporarily increased
in the following two years after burning in Florida Everglades. Calamagrostis canadensis has been found to allocate more biomass to tissues under high light and nutrient
availability [22]. Fire burned the above-ground vegetation
to create a physical and biological opening in the landscape that allowed diurnal temperatures to fluctuate more
widely, which have been shown to stimulate plant germination [21]. Similarly, the increase of stem density ob-
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served in this study is likely due to high light transmission
and nutrients after prescribed burning.
3.2. Effects of prescribed burning on chlorophyll content

Chlorophyll concentrations (mg.g-1)

Comparisons of chlorophyll concentrations in Calamagrostis angustifolia leaf showed a difference among treatments (Fig.3). Burned plots had lower chlorophyll concentrations than that in unburned plots, regardless of burn
time and frequency. Compared to unburned plants, chlorophyll concentrations of burned plants for autumn and
spring burn decreased by 7.1% and 13.8%, respectively.
For different burn frequency, the high frequency showed
greater effects than the lower frequency, especially on 19
July. ANOVA result showed that there was a significant
effect of the burn treatment on chlorophyll concentrations
(p < 0.05).

30

plants were 10.5% and 18.8% lower than control plants for
autumn and spring burning, respectively (Table 1). The
effects of burning time and sampling time on chlorophyll b
were the same as the effects on chlorophyll a. ANOVA
showed that there was a significant effect of the burn treatment on chlorophyll a and chlorophyll b concentrations (p
< 0.05).
3.8
3.7
3.6

Chlorophyll a/b
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FIGURE 4 - Effects of prescribed burning on the chlorophyll a/b ratio
of the leaves of Calamagrostis angustifolia. Values represent means ± SE
(n = 3). Abbreviations for burning treatments are given in Fig.2.
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FIGURE 3 - Effects of prescribed burning on the chlorophyll contents
of the leaves of Calamagrostis angustifolia. Values represent means ± SE
(n = 3); Abbreviations for burning treatments are given in Fig.2.

Compared to unburned plants, chlorophyll a concentrations of burned plants were 7.3% and 13.9% lower for autumn and spring burn, respectively (Table 1). The spring
burning showed a greater influence on the chlorophyll a
contents than the autumn burning. At the beginning of the
study, the burning treatment decreased chlorophyll a contents to a lesser extent, and then the burned plants exhibited
greater variations in chlorophyll a contents than that in
control plants. Chlorophyll b concentrations of burned

The ratio of chlorophyll a and chlorophyll b (chlorophyll a/b) difference developed over time. Later, the chlorophyll a/b in autumn burned and spring burned plants was
8.2% and 11.7% greater than that in unburned plant respectively, though there was no significant difference between burned and unburned plants at the beginning (p >
0.05) (Fig.4). The high frequency burns (AT and ST) exhibited greater variations than the less frequent burning
(AO and SO). The results showed that the burning time,
burning frequency, and sampling time affect the observed
chlorophyll a/b contents. The fact that higher values of
chlorophyll a/b observed in burned plot plants was similar
to that from other studies [24]. The results indicated a
higher potential for photosynthetic activity. In fact, higher
photosynthetic rates have always been measured in burned
plants in grasslands, where fires were common [25].
Capogna et al. [8] found net photosynthesis was significantly higher in the burned plots than that in the unburned plots,

TABLE 1 - Means ± S.E. of chlorophyll a and chlorophyll b content in leaves of Calamagrostis angustifolia (mg g-1). Burning treatments are
abbreviated as follows: AF: Autumn burning in October 2008; AO: Autumn burning once in October 2007; AT: Autumn burning twice in October
2007 and October 2008; SF: Spring burning in April 2009; SO: Spring burning once in April 2008; ST: Spring burning twice in April 2008 and April
2009; UB: unburned. Sampling time was from May to July in 2009.

chlorophyll a
chlorophyll b

16 June
2 July
19 July
16 June
2 July

UB
22.8±0.55
22.9±0.18
19.5±0.10
6.44±0.05
6.61±0.07

AF
20.7±0.08
21.3±0.41
17.3±0.03
5.82±0.05
6.38±0.06

AO
21.9±0.05
22.1±0.48
18.1±0.18
6.34±0.04
6.14±0.13
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AT
20.3±1.04
22.3±0.03
17.2±0.16
5.8±0.31
6.29±0.03

SF
21.1±0.03
19.8±0.12
16.0±0.13
5.90±0.01
5.38±0.04

SO
22.±0.14
21.±0.194
17.0±0.22
6.39±0.21
6.15±0.10

ST
20.0±1.21
20.7±0.24
13.±0.20
5.81±0.29
5.68±0.11
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19 July

6.11±0.11
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5.33±0.06

5.23±0.05
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4.71±0.02

4.38±0.06

5.05±0.06

3.65±0.05
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with the highest values being presented in the resprouts in
the high-intensity plots. Huang et al. [2] also found that the
maximum photosynthetic rate increased by 26.7% in the
prescribed burned treatment plant compared with control
treatment. Increased photosynthetic response of vegetation
to burning has been attributed to the leaf development in
increased light environments [26]. In the absence of fire,
standing dead biomass blocks light to sprouting plants.
Subsequently, there are differences in morphological and
physiological development for vegetation in a more shaded
environment resulting in a decline in net photosynthesis
[26]. Greater leaf N in burned plot plants also led to the
increased net photosynthesis [25]. In addition, the primary
effect of burning was an increase in water availability to
resprouting plants that eliminated the need for photoprotection, which led to a higher photosynthetic activity in
burned plants [27].
3.3. Effects of prescribed burning on soluble sugar content

Soluble sugar concentrations (mg/g)

The chlorophyll content decreased while the concentrations of soluble sugar varied in leaves after burning.
Comparisons of soluble sugar content in Calamagrostis
angustifolia leaf showed a difference among treatments
(Fig.5). There were no significant differences in soluble
sugar between autumn burned and unburned plants. Relative to unburned plants, soluble sugar content of spring
burned plant was 74.5% greater than that of control plants.
Furthermore, greater variations of soluble sugar contents
than in control plants were found in the 19 July samples.
ANOVA showed that there was a significant effect of the
spring burning treatment on sugar content (p < 0.05).
150
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angustifolia suggested that the availability of soluble sugar
is not limited to metabolic activity in leaves. The sugar
content of leaves is important in ecology. The accumulation
of soluble sugar may explain why burning improves the
palatability of the grasses for animals. In fact, animals are
often attracted to post-burned grasslands [12, 13].
For the autumn burning, effects of burning on soluble
sugar contents were different with the time after burning. In
the first growing period after autumn burning treatment, the
autumn burning (AF) plants showed greater soluble sugar
content than unburned plants, while one year later, the
soluble sugar content of autumn burning (AO) was lower
than unburned plants. ANOVA showed that there was a
significant effect of the autumn burning treatment on sugar
content (p < 0.01). Soluble sugar concentrations were predicted by parameters related to plant size. The positive
effects of age on soluble sugar concentrations are a result of
the good correlation of age with size-related parameters.
However, the size of species with specialized storage organs shows a negative correlation between soluble sugar
concentrations and reserve organ size. The absolute amount
of soluble sugar mobilized by a plant at a particular moment is a function of factor such as plant size or phonological state. The large reserve organs resulted in that the
lower the soluble sugar concentrations were needed to
meet these requirements [28].
Burning frequency showed a significant different influence on soluble sugar (p < 0.01). The plants of high burning frequency (AT and ST) showed increased soluble sugar contents during the sampling period, while others
showed first decreased and then increased over time, regardless of the time-since-burning. Soluble sugar was mainly explained by factors related to plant size, whereas timesince-burning was the main factor explaining nonsoluble
sugars. Variations in nonsoluble sugar and nonstructural
carbohydrate were correlated with the time-since-burning
abundance patterns. For nonsoluble sugar carbohydrates,
the variation is related to the structural developmental of
vegetation because only those species with full light are
able to accumulate carbohydrates, whereas subordinate
plants show a reduction in the nonsoluble sugar carbohydrates' fractions. In areas with long intervals between burning, this carbohydrate reduction could affect subsequent
post-fire resprouting vigour, although this remains to be
confirmed [28].
3.4. Effects of prescribed burning on soluble protein content

FIGURE 5 - Effects of prescribed burning on the soluble sugar contents of the leaves of Calamagrostis angustifolia. Values represent means
± SE (n = 3). Abbreviations for burning treatments are given in Fig.2.

Soluble sugar was the product of photosynthesis. The
primary use of soluble sugar reserves is to maintain respiration and growth in the absence of photosynthesis. Photosynthetic delivery from leaves (the source) to other organs may be inhibited after spring burns, resulting in soluble sugar accumulation in leaves of burned plot plants. The
accumulation of soluble sugar in leaves of Calamagrostis

Soluble protein content varied with burning treatments
(Fig. 6). Soluble protein content of autumn burned plants
was lower than unburned plants in 16 June and greater
than unburned plants in 19 July, regardless of burning frequency and time-since-burning. For autumn burning, the
soluble protein content increased first and then decreased
over time. However, the soluble protein content of both
the spring burning plants and unburned plants de-creased
over time. Protein content declined as the plant matured,
which was typical for the most aquatic vegetation [29].

2946

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

Soluble protein concentrations (mg/g)

The soluble protein contents in plants of spring burning
twice (ST) were lower than unburned plants, while the
plants of one year after spring burning (SO) were greater
than unburned plants. ANOVA showed that burning treatment played an important role in shaping soluble protein
levels on 16 June and 19 July (p < 0.05), but not statistically different on 2 July (p > 0.05). But Smith [29] found
there were no differences in protein content or most other
constituents in cattail collects in either sampling period
after burning. Our results suggested that effects of burning on soluble protein were different among burning time,
burning frequency and sampling time.
42
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4. CONCLUSIONS
In summary, finding from the present study are in
general accordance with previous studies that prescribed
burning would be beneficial to wetland vegetation. Burned
plants often have a higher potential for photosynthetic
activity than unburned plants. Increase in potential for
photosynthetic activity and stem density may result in
increased plant vigor and competitive ability, helping to
preserve native wetlands communities. Additionally, plant
survival and recovery after prescribed burning will improve
our ability to use prescribed burning as a preservation tool
in wetland ecosystem.
Wetland plants respond positively to prescribed burning; and the accumulation of soluble sugar may explain
why burning improves the palatability of the grasses for
animals. There is a need to establish interaction of prescribed burning, wetland plant community and grazing. If
findings from this study are applicable to management
and restoration in Sanjiang Plain wetlands then prescribed
burning is useful in the preservation and management of
wetland ecosystem.
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SORPTION OF HUMIC SUBSTANCES ONTO NATURAL
ZEOLITE AND THEIR EFFECT ON ARSENIC IMMOBILIZATION
Katarína Gardošová*, Martin Urík, Pavol Littera, Jaroslav Ševc and Marek Kolenčík
Comenius University, Faculty of Natural Sciences, Geological Institute, Mlynská dolina, Bratislava, 842 15, Slovak Republic

ABSTRACT
This paper evaluates the immobilization of humic acids extracted from soils on the surface of natural zeolite –
clinoptilolite from aqueous solutions and the influence of
humic acid coverage on the arsenate immobilization. The
kinetics of humic acids sorption onto two different fractions of zeolite was evaluated and Freundlich isotherm was
applied for finer fraction (below 0.1 mm). Freundlich constant was 0.002 mg.g-1 which indicates low affinity of
humic acids towards the inorganic material in diluted solutions. The amount of sorbed humic acids slightly decreased
the affinity of sorbent for arsenate at pH 7. The sorption capacity for iAs(V) decreased from 10.97 mg.g-1
to 7.57 mg.g-1.

KEYWORDS:
humic acids, sorption, arsenate, zeolite

2. MATERIALS AND METHODS
The soil used as a HA source throughout this study
was taken from horizon A of uncontaminated forest soil in
Petržalka, Bratislava (Slovak Republic). The soil was airdried in a well-ventilated fume hood and then lightly
grounded in an agate mortar and sieved through 0.25 mm
sieve.
Natural zeolite with clinoptilolite dominant was obtained from Nižný Hrabovec (Slovak Republic) and in the
sorption experiments two fractions were used: (a) above
0.5 and below 1.0 mm and (b) above 0.05 below 0.1 mm.
2.1. Humic substances extraction

1. INTRODUCTION
Humic acids (HA) as components of soil organic matter have various functions, such as stabilization of soil
aggregates or carbon sequestration. Humic acids may also
influence the mobility and bioavailability of inorganic or
organic substances in the subsurface environment [1].
The presence of humic acids in terrestrial or aquatic
ecosystems has been shown to decrease the bioavailability
and toxicity of various heavy metals [2]. Generally, the
sorption of humic acids on soil compartments decreases the
mobility of the associated contaminants. Thus, sorption of
humic acids onto mineral surfaces is believed to be important in relation to mobility of contaminants in the environment. Various experiments conducted on ternary systems (humic acids–minerals–contaminant) have been performed on cationic [3] or organic contaminants [4]. But only
little has been done on anionic inorganic pollutants, such
as arsenic or selenium.
* Corresponding author

In the presented paper we will therefore consider the
humic acids sorption to natural zeolite clinoptilolite and its
influence on arsenic mobility in aqueous solution.

The sample of soil was extracted with 0.1 M NaOH at
pH 9.0 at soil (g) to solution (mL) ratio of 1:6 and left to
settle overnight. On the next day the solutions were decanted. This procedure was repeated two times. After
decantation, each supernatant was acidified to pH 2 using
6 M HCl under constant stirring and left for 12 hours at
room temperature, allowing the HA to precipitate. The
precipitated HA were then separated from the supernatant
by centrifugation. Consequently, the precipitates were
treated with 170 mL of mixture of 0.1 M HCl and 0.3 M
HF to remove residual complexed aluminosilicates and
metals in the sample. After subsequent centrifugation, the
precipitated HA was washed several times with deionized
water until the last washing water gave a negative chloride test with silver nitrate. The HA were then dried overnight in the oven at 60 °C.
2.2. Sorption experiments

Stock solution of humic substances was prepared by
dissolving 1.0 g of humic acid in deionized water with
addition of 0.1 M NaOH to reach pH 8. Solution was then
filtered through 0.45 µm membrane filter.
Batch sorption experiments were conducted at room
temperature. The amount of 1.0 g of zeolite was introduced
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directly into 250 mL conical flasks with 100 mL of one of
the aqueous solutions with different initial concentrations
of humic acids (5, 10, 15, 20 or 40 mg.L-1) prepared form
stock solution. The flasks were completely sealed and placed
in a rotatory shaker (Unimax 2010, Heidolph, Germany),
shaken at 140 rpm. Samples were taken every 24 hour and
filtered immediately through 0.45 µm membrane filter.
The filtrate was analyzed for residual HA on a UV/VIS
Spectrophotometer model 6705 (Jenway, United Kingdom)
at wavelength of 273 nm.

equilibrium may significantly vary depending on used sorption material, its weight/liquid volume ratio, sorbate concentration and other experimental conditions. For example, the
sorption of humic acids at comparable concentration range
on quartz was relatively slow and system readily achieved
equilibrium after 14 days [13]. However, Vuković et al. [14]
reported that four hours was a sufficient time for attaining
humic acid removal by biomass.

Batch experiment for arsenate (iAs(V)) sorption onto
zeolite covered with humic acids was conducted in a 250 mL
conical flasks placed in a rotatory shaker (140 rpm) with
100 mL solution of iAs(V) with concentration 1 mg.L-1 prepared from Na3AsO4.7H20 (Centralchem, Bratislava, Slovak Republic) and pH adjusted with 0.1 M HCl to value 7,
where 1.0 g of sorbent was added. After 24 hours, the
solution with zeolite was filtered and the residual arsenic
concentration in the filtrate was analyzed by hydride generation atomic absorption spectrometry (HG AAS), using the
Perkin-Elmer Atomic Absorption Spectrometer model
1100 (USA) equipped with a hydride generator Labtech
HG-2 (Czech Republic) [5,6].
FIGURE 1 - UV-VIS spectra of isolated soil humic acids

3. RESULTS AND DISCUSSION
3.1. UV-VIS spectra

The UV-VIS spectra presented in Fig.1 shows a continuous decrease in absorptivity with increased wavelength
as typically observed for humic substances [7]. UV-VIS
spectroscopy can yield some information about chemical
structure of humic substances (e.g. total aromaticity or molecular weight) using the absorptive ratios at different wavelengths [8, 9]. Commonly, the absorptive ratios at 465 nm
and 665 nm (E 4/E 6) are used for evaluation of UV-VIS
spectra of soil humic acids [10]. The E4/E6 ratio calculated
for humic acids isolated from natural forest soil has value
of 4.6 which stands for relatively high-molecular weight
humic acids [11]. However, when compared to absorption
ratio of other humic acids isolated from forest soils [12],
this value indicates relatively low degree of maturity.
3.2. Sorption kinetics

The kinetic of humic acids sorption onto two different
fractions of natural zeolite with clinoptilolite dominant is
shown in Fig. 2. The rate of humic acid removal was higher
for finer fraction, while the rate of HA sorption by fraction
above 0.5 mm was slower. The values of rate constants (k2)
support this observation. The constants were estimated
using pseudo-second order kinetic model and are shown
in Table 1.
Within the experimental time scale, sorption capacity
was significantly higher for the finer fraction (below
0.1 mm) and was equal to 1.70 mg HA.g -1 of natural
zeolite. However, the equilibrium was not reached even
after 170 hours. The time required to reach the sorption

FIGURE 2 - Kinetics of soil humic acids sorption onto two different
fractions of natural zeolite, above 0.5 mm (k2 is 3.704e-12) and below
0.1 mm (k2 is 4.785e-03), expressed by pseudo-second order kinetic
model
TABLE 1 - Estimated pseudo second order kinetic parameters for
humic acids sorption onto natural zeolite with dominant clinoptilolite (initial concentration of humic acids was mg.L-1; agitation speed
was 140 rpm)
Fraction

k2

R2

above 0.05 mm and below 0.1 mm
above 0.5 mm and below 1.0 mm

4.785e-03
3.704e-12

0.986
0.936

3.3. Sorption of humic acids onto natural zeolite

Within the studied concentration range, the fraction
of sorbed HA increased (Fig. 3) suggesting multilayer
sorption which can be described well by Freundlich isotherm (1). Therefore, the experimental data were fitted by
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Freundlich equation (1) applying nonlinear regression analysis. However, isotherm should be correctly applied only
when equilibrium was reached, which was not attained
in the presented experiment. Therefore, the constants of n,
which relates to heterogeneity of sorption positions and KF,
which expresses sorption capacity (Seq) of the sorbent when
the equilibrium concentration (Ceq) is unitary, both presented in Table 2, have only informative character. However, we do not expect the value of Freundlich constant
(KF) to change significantly.

S eq = K F C eq

1/ n

zeolite probably resulted from repulsive interactions of
ionized carboxylic or phenolic functional groups, which
are most abundant in chemical structure of humic acids [17,
18] and ionized iAs(V) at pH 7.

(1)

FIGURE 4 - Correlation between amount of humic acids sorbed
onto natural zeolite and amount of arsenic removed from aqueous
solution with initial iAs(V) concentration 1 mg.L-1 (experimental
data represent average of results in three independent experiments)
(p=0.1655 (Not Significant); R2=0.52)

4. CONCLUSIONS
FIGURE 3 - Sorption of humic acids onto natural zeolite described
by Freundlich isotherm (experimental data represent average of
results in three independent experiments)

Vuković et al. [14] reported that the Freundlich isotherm provided good fit to their experimental data and the
highest value (3.2 mg.g-1) of KF was calculated for the
biomass of Aspergillus niger. In the presented study, the
calculated Freundlich constant is almost 0.002 mg.g-1
which indicates a far less affinity of humic acids towards
the inorganic material in diluted solutions than that of
fungal biomass or activated sludge [15].
TABLE 2 - Freundlich constants for humic acid sorption onto
natural zeolite (KF is Freundlich isotherm, N is a heterogeneity
factor and R2 is coefficient of determination)
KF
1.981*10-3

n
0.637

Kinetic experiments showed that the sorption of humic acids on the fraction of zeolite with grain size above
0.1 mm is slower when compared to finer fraction. The
equilibrium was not achieved even after 170 hours. However, previous studies showed that equilibrium may not be
achieved even after weeks or months [19].
The low value of Freundlich constant (0.002 mg.g-1) indicates low affinity of zeolite for humic acids in diluted
solutions.
The sorption capacity of zeolite covered with humic
acids for iAs(V) decreased with increasing amount of humic
acids immobilized on the zeolite surface (from 10.97 mg
iAs.g-1 to 7.58 mg iAs.g-1). However, this trend is not
significant and needs more detailed studies.

R2
0.741
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ABSTRACT

1. INTRODUCTION

In this study, a submerged hybrid dynamic membrane
bioreactor (sHDMBR) was developed via adding attapulgite into a submerged dynamic membrane bioreactor (sDMBR). The effect of attapulgite addition on biological removal performance and the characteristics of the
sludge were investigated. Results indicated that attapulgite addition is a reliable and effective approach in
terms of both membrane fouling mitigation and biological
removal improvement. The sHDMBR system with attapulgite addition of 0.5g·L-1 enhanced the removal of TN
and TP by 21% and 25%, respectively, as compared to
the sDMBR (without attapulgite addition). Turbidity
analysis revealed that attapulgite addition had little effect
on the initial formation of dynamic membrane, but alleviated the membrane fouling. The particle size distribution
(PSD) of mixed liquors indicated an increase trend in
microbial floc size with attapulgite adjunction. Nonconventional analytical method, 3-dimensional excitation-emission matrix (EEM) fluorescence spectroscopy,
displayed a significant difference of mixed liquors and
permeate samples in the range of large molecules identified in the two bioreactors. The analysis of molecular
weight (MW) distribution by gel permeation chromatography (GPC) showed that chromatograms of dissolved
organic matters (DOM) in the mixed liquors of the
sDMBR had been much higher than those of DOM in the
mixed liquors of the sHDMBR. But other small molecules
of DOM did not present in the effluent of the sHDMBR.

KEYWORDS: attapulgite, submerged hybrid dynamic membrane
bioreactor, particle size distribution, excitation-emission matrix,
gel permeation chromatography.

* Corresponding author

The membrane bioreactor (MBR), which uses micro-/
ultra-filtration membranes to separate solids and liquids in
the bioreactor, has attracted increasing interest in the field
of wastewater treatment due to its reliability, high efficiency, high biomass concentration, small footprint, and
low sludge production [1-4]. However, the popularization
of MBR still encounters several problems such as high
cost of membrane module, membrane fouling and high
energy consumption [5]. Many MBR systems employ flat
or hollow fiber membrane filtration modules, which have
relatively high energy consumption and require significant
operational attention during operation [6-8]. Therefore, the
use of established MBR technologies is limited. Most recently, the dynamic membrane technology for wastewater
treatment has gained great attention due to its cost-effective
membrane module, reduced energy consumption and good
effluent quality. Therefore, it is considered as a substitute to
the conventional membrane bioreactor (MBR) [9-11]. Fuchs
et al. [12] replaced MF/UF membrane modules with a mesh
filter. Fan and Huang [13] also used mesh filters instead
of MF/UF, and replaced suction pumping by using gravity
head to provide transmembrane pressure for membrane filtration. As further developments [14, 15], nonwoven fabric
filters was used instead of mesh screens, which also utilize gravity pressure for membrane filtration instead of a
pump [16]. These developments significantly reduce the
cost of membrane separation and lower the energy consumption.
Recently, a submerged hybrid membrane bioreactor has
become a wastewater treatment technology [17]. Lesage et
al. [18] compared performances of a membrane bioreactor
and a hybrid membrane bioreactor for the treatment of synthetic water containing a toxic compound. Bio-diatomite dynamic membrane reactor has been studied for the treatment of municipal wastewater [19]. Al-Malack et al. [20]
studied the backwash methods for a MnO2 dynamic
membrane formed on the multifilament woven polyester
mesh for domestic wastewater treatment.
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Attapulgite (AT) clay is a crystalline hydrated magnesium silicate with a fibrous morphology, large specific surface area and moderate cation exchange capacity, which is
beneficial for the adsorption of heavy metals from solution [21]. There are large reserves of AT in South China
(Jiang Su, Zhe Jiang and An Hui provinces) and in the
USA (Florida). AT was first utilized in the 1940s, and has
been being mainly used as an absorbent, catalyst carrier,
densifying agent, adhesive and food additive [22]. In recent
years, as an environment-friendly adsorptive material, attapulgite research in the field of environmental protection was
increasingly paid attention to many scholars [21-23]. Attapulgite could be used as carriers for microorganisms, and
the microbial colonies could form zoogloeas on attapulgite
particles through microbial capsules and surface mucus.
However, there has been no report so far on biological removal performance of a submerged hybrid dynamic
membrane bioreactor (sHDMBR) with the addition of attapulgite. In view of the above, it is crucial to understand the
various aspects of this process in order to improve the
efficiency of the system. Thus, the aim of this work is to
compare biological removal performance between submerged dynamic membrane bioreactor (sDMBR) and submerged hybrid dynamic membrane bioreactor (sHDMBR)
with the addition of attapulgite for organic carbon, nitrogen, and phosphorus removal. In addition, the characteristics of DOM in the two bioreactors were compared to as-

sess the extent of bio-fouling in the two systems. The PSD
of the mixed liquors in laboratory-scale sDMBR and
sHDMBR would also be studied. Detailed MW distributions and characterization of DOM in mixed liquors and
the effluent were carried out by employing the GPC technology.
2. MATERIALS AND METHODS
2.1 Experimental set up and operation conditions

Two lab-scale sDMBR and sHDMBR using the same
type of membrane module with identical reactor volume
was constructed (Figure 1). The bioreactor process consisted of two parts, the reactor tank in which a dynamic
membrane filter (polyethylene (PE) non-woven filter module) was situated and an automatic control system. The
total and working volume of the bioreactor tank were 25 L
and 20 L, respectively. The dynamic membrane filter was
submerged in the reactor tank with a 0.15m2 of doublesided effective filtration area. Non-woven filter module
was made of a 5-mm thick nonwoven polyester fabric
which has a nominal pore size of 100 µm and a specific
weight of 0.70 kg·m-2. Diameter of the cylindrical support
was 18cm. The system employed two peristaltic pumps
(Enertech ENPD-100 Optima, India), one for intermittently
feeding the influent and the other for withdrawing perme-

FIGURE 1 - Schematic diagram of the experimental set up: sDMBR and sHDMBR.
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ate from the filter module. The two laboratory-scale bioreactors run in parallel with a hydraulic retention time (HRT)
of 6 hours and solids retention time (SRT) of 50 days,
which were achieved by discharging the mixed liquor
from the bioreactor once a day. The membrane flux was set
at around 62L·m-2·h-1. The trans-membrane pressure (ΔP)
was constantly monitored by a pressure sensor in order to
indicate the extent of the membrane fouling. In our study,
the relationship between the operation pressure, which
equals the trans-membrane pressure, and filtration resistance, can be readily calculated using on Darcy’s law:
R=

ΔP
µJ

(1)

Where R = filtration resistance (m−1), ΔP = transmembrane pressure (Pa), J = design flux (m·s−1), and µ=
filtrate viscosity (Pa·s).
An aeration unit was placed below the filter module
serving aeration of the activated sludge. The total aeration
rate was 2.6–4.5L·min-1 and the dissolved oxygen (DO)
concentration was between 2 and 4 mg·L-1. A temperature
control system was installed and temperature ranged between 20-22°C. The gained values were run automatically
in sequencing-flow mode, in which the time of filling, anaerobic, aerobic and discharging was 30, 150, 150 and
30 min, respectively. The bioreactors were firstly inoculated with 6-7g·L-1 seed activated sludge from a local municipal wastewater treatment plant (China, Nanjing). Attapulgite particles with an equivalent diameter of 5–10 mm
were supplied to the bioreactor during the cultivation stage
to reach a concentration of about 0.5 g·L-1in the reactor
tank. Table 1 showed operating condition of both bioreactors system.
TABLE 1 - Operating conditions of sDMBR and sHDMBR system.
Flux (L m-2·h-1)
Temperature (◦C)
HRT (h)
SRT (days)
membrane flux
Reactor volume (L)
effective filtration area (m2)
dissolved oxygen (DO) concentration (L·min-1)

60
20-22
6
50
62
25
0.15
2 to 4

2.2 Simulated raw water

In order to minimize effects from variations in feed conditions, synthetic wastewater was supplied to two bioreactors. The composition of the synthetic wastewater
[24] used in the bioreactor was as follows: acetate, 1000
mg·L-1; NH4Cl, 190 mg·L-1; KH2PO4, 224 mg·L-1;MgSO4,
90 mg·L-1; KCl, 37 mg·L-1 and trace element solution
(in mg·L-1): EDTA, 50; ZnSO4·7H2O, 22; CaCl2·2H2O,
8.2;
MnCl2·4H2O,
5.1;
FeSO4·7H2O,
5.0;
(NH4)6Mo7O24·4H2O, 1.1; CuSO4·5H2O, 1.8; CoCl2·6H2O,
1.6. The influence pH value was adjusted to 7.0 by 1M

HCl and NaOH. Table 2 summarized quality of synthetic
wastewater.
TABLE 2 - Quality of synthetic wastewater
Analysis
Items
Values
average

COD
(mg·L-1)
173~506
294

NH3-H
(mg·L-1)
36.9~79.1
57.2

TN
(mg·L-1)
50.7~93.4
72.8

TP
(mg·L-1)
1.57~6.43
3.57

pH
7~8
7.5

2.3 Analytical equipment and methods

Turbidity, chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP) and ammonia (NH3-H)
were analyzed according to Chinese State Environmental
Protection Agency (SEPA) Standard Methods [25]. Turbidity was measured by a turbidity meter (Model 2100N,
Hach, USA). The membrane flux was measured by the
volumetric method with a graduated cylinder. Dissolved
oxygen (DO) concentration in the bioreactor was measured by a dissolved oxygen meter (Model YSI 58, YSI Research Inc., OH, USA). The particle size distribution of
mixed liquors was measured using a Marlvern counter
(Zeta100, United Kingdom). The dissolved organic matters
(DOM) samples were obtained by filtering 100ml of the
collected wastewater samples, mixed liquors, and effluent
solutions with a filter paper with a mean pore size of
0.45µm. All samples were analyzed in duplicate, and the
results were given as an average value. Molecular weight
(MW) distribution was measured by a GPC (Waters Co.,
USA). Series of ultrahydrogel 250, 500, and 2000 columns,
which were heated to 40 °C and maintained by thermostat
control, were used in this work with deionized water as
eluent at a flow rate of 1.0 ml min -1. The detection was
carried out at 35℃ with a diode array UV detector at
254 nm and simultaneously with a refractive index detector. 3-dimensional excitation-emission matrix (EEM) fluorescence spectroscopy was applied to obtain information
on characteristics of DOM from different aspects. Peaks
in different regions in EEM were associated with different
types of functional groups and therefore different organic
matters would show different EEM spectra. Because of its
high sensitivity, good selectivity, and nondestruction of
samples, EEM fluorescence spectroscopy could be useful
tool for studying the properties of organic matters [26-28].
A fluorescence spectrophotometer equipped with a 150W
ozone-free xenon lamp (RF-5300PC, Shimadzu, Kyoto,
Japan) was used for the measurements of EEM spectra.
In the measurements of fluorescence, the wavelength of
both emission and excitation was varied stepwise by 5 nm.
3. RESULTS AND DISCUSSION
3.1 Precoating and the filtration resistance

Before normal filtration, dynamic membrane was carried out to form attapulgite cake layer on the support
membrane. The turbidity of effluents from the two bioreactors was constantly monitored in order to analyze the
impact of the precoating of DM. Figure 2 showed that the
effluent turbidity of two bioreactors decreased quickly in
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the first 2 days, and then dropped slowly to below 2 NTU
limit within 5 days, which showed that attapulgite had
10
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8
6

sDMBR
sHDMBR

4
2
0
0

10

20

30

40

50

3.2 Particle size distribution

60

time (day)

FIGURE 2 - Comparison of the turbidity in sDMBR and sHDMBR.
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FIGURE 3 - Comparison of the filtration resistance in sDMBR and
sHDMBR.
6

particle number(%)

5

researchers [24]. Membrane fouling due to bacterial
growth was evident in different the reactors [29]. It could
be observed from Figure 3 that the filtration resistance of
the sDMBR increased more rapidly than that of the
sHDMBR. Due to the positive effects of attapulgite, the
rate of membrane resistance increase was reduced and the
running periods became longer in the sHDMBR. It meant
that attapulgite in sHDMBR had greater impact on the
membrane fouling, and one reason was that attapulgite in
the bioreactor could be contributed to adsorption and
degradation of organic matter, which results in the differences in of concentrations of organic matter in two bioreactors.

mixture- sDMBR
mixture-sHDMBR

4

Particle size distribution is an important parameter in
MBR since it affects the characteristics of the cake formed,
thereby influencing the filtration process [30]. The particle
size distribution may be explained by the growth rate of
cells [31]. Larger microbial flocs (particle) have less contribution to the membrane fouling due to their high backtransport velocity by shear-induced diffusion. Hence, the
particle size distribution for the mixed liquors in the two
bioreactors was presented in Figure 4. It could be seen that
the average particle diameter increased from 100µm to
120 µm after the addition of attapulgite, suggesting that
smaller biological colloids and also part of free bacterial
cells had coagulated and larger aggregates had formed with
the aid of attapulgite. Similar phenomena are also observed
in MBRs with other coagulants addition [32, 33]. These results indicate that the small particles in mixed liquors have
a strong tendency to deposit on the attapulgite surface during the operation of sHDMBR. Many researchers reported
that a larger size of sludge particles could be helpful to
mitigate membrane fouling caused by sludge suspended
particles [34, 35]. The larger particle size distribution of
the sHDMBR was a positive factor resulting in a better
filtration performance in the sHDMBR compared to the
sDMBR.

3

TABLE 3 Comparison of pollutants removal, all the
values represent mean ± standard deviation (n=22)

2
1
0

10

100
Sizes(um)

1000

Parameters
COD (mg·L-1)
NH3-H (mg·L-1)
TN (mg·L-1)
TP (mg·L-1)

sDMBR
Effluent Removal (%)
12.64 ± 6.47 95.7 ± 2.2
1.32 ± 0.08 97.7 ± 0.4
35.67 ± 6.26
51 ± 8.6
1.78 ± 0.12
50 ± 6.2

sHDMBR
Effluent Removal (%)
10.88 ± 6.53 96.3 ± 2.6
1.12 ± 0.14 98.8 ± 0.4
16.74 ± 5.23
77 ±7.2
0.94 ± 0.14
75 ± 3.8

FIGURE 4 - Comparison of Particle size distribution measurement
for mixed liquors in sDMBR and sHDMBR.

3.3 Biological removal performance

little effect on the initial formation of dynamic membrane.
The experimental results of the filtration resistance ratio
(R/R0) of filtration time for two bioreactors were shown
in Figure 4. The formation process of membrane resistance in the two bioreactors was divided into two stages: the slowly-rising initial stage and the fast-rising
later stage, similar trends have been reported by other

The samples were analyzed in duplicate, and the results were given with applying statistical test. Table 3
showed the pollutants removal in sDMBR and sHDMBR.
The removal efficiencies of COD, TN and TP have been
improved with attapulgite addition while NH3-H removal
efficiency maintained at a high level irrespective of the
addition of attapulgite. Attapulgite addition improved the
COD removal with the COD concentration in effluent

2956

© by PSP Volume 20 – No 11. 2011

Fresenius Environmental Bulletin

decreasing from 12.64 mg·L-1 to 10.88 mg·L-1, which
might be explained by the adsorption of low microbial
substances by attapulgite. Attapulgite addition did not
improve process efficiency in terms of COD as compared to the sDMBR (without attapulgite addition). Similar COD removal efficiencies improvement has been reported by other researchers [13]. NH4-N removal efficiency
maintained over 97% with the effluent concentration below
0.5mg·L-1 regardless of the addition of bio-attapulgite,
indicating that sDMBR achieved excellent NH4-N removal efficiency during the whole experimental period.
Similar NH3-H removal efficiency has also been reported
by other researchers [5]. This satisfied nitrification was
further confirmed by the composition variation of different
nitrogen species in influent and effluent. Denitrification
was inhibited in submerged DMBR because high aeration
intensity was always adopted to control membrane fouling.
However, it was observed that TN removal was enhanced
by 26% with attapulgite addition, reaching 77%. The
result of total nitrogen removal efficiency in the sDMBR
was consistent with that previously reported (76.3%)
using the same type of MBR system [32]. The improvement of TN removal was mainly achieved by the forming
of larger microbial flocs in the SHDMBR. Comparing with
COD and TN, TP removal was improved more significantly with a removal efficiency of 75% (enhanced by 25%),
which might be a result of the concurrent adsorption and
chemical precipitation on attapulgite. Its analysis indicated the difference of between nitrifying bacterial and
phosphate accumulating bacteria

community structure in the two sDMBR. The chemical
precipitation was due to Al, Si and Mg, which was important constituents of attapulgite, which could be used
as carriers for microorganisms. The mechanisms contributing to the higher removal efficiency of TN and TP in
the sHDMBR included microbial degradation, membrane
in-terception and bio-attapulgite adsorption.
3.4 EEM fluorescence spectra

The formation of membrane bio-fouling caused by
DOM resulted in an increase of membrane pore blocking
and cake layer on the membrane surfaces as well [36]. So
the present study was intended to investigate the characteristics of DOM in two different biological processes, i.e.,
sDMBR and sHDMBR. Kimura et al. [37] observed that
conventional methods were insufficient to monitor the concentrations of DOM for elucidation of membrane fouling
in MBR. In this study, excitation-emission matrix (EEM)
fluorescence spectroscopy was used to analyze characteristics of DOM in mixed liquor and effluent collected from
two bioreactors. Each EEM image provided spectral information about the chemical compositions of the samples. Measurements of EEM fluorescence spectra for
DOM were carried out repeatedly and the results were
similar in all of the measurements. Representative spectra
are therefore shown in Figure 5. Two main peaks could be
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FIGURE 5 - EEM fluorescence spectra of DOM and effluent DOM in sDMBR and sHDMBR. (a) SMP in sDMBR; (b) Effluent DOM of
sDMBR; (c) SMP in sHDMBR; (d) effluent DOM of sHDMBR.
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To find more evidence for the fate of DOM during
the sDMBR processes and sHDMBR processes, GPC were
used to characterize the composition of DOM of mixed
liquors, and membrane permeate. Quantitative analysis of
the fingerprint images could be further conducted according to the spectral intensity. The GPC chromatograms of
DOM in the mixed liquors and in the effluent water of two
bioreactors were shown in Figure 6. In the GPC chromatograms, the retention time was reciprocally proportional
to molecular weight; the intensity was proportional to
molecule concentration. The GPC chromatograms of DOM
in the mixed liquors of the sDMBR (data not shown) would
have been remarkably higher than those of DOM in the
mixed liquors of the sHDMBR, and thus the fate of MW
in DOM in the mixed liquors of two bioreactors was not
discussed in detail here. The GPC results revealed the similarity of MW distribution of DOM in the mixed liquors
samples collected from the two bioreactors system. Two
main peaks of chromatograms with a retention time around
11-14 min were detectable, suggesting that the compounds
eluted in 11-14 min could be key dissolved organic matters.
The data also indicates that the substances eluted then were
mainly composed of carbohydrates and macromolecular
proteins, which was in close agreement with the conclusion reported by other researchers [39]. However, DOM
in the effluent water of two bioreactors showed different
MW distribution characteristics particularly the distribution around 12 min in Figure 6 (c, d), which demonstrated
that DOM (indicated by the elution time before 12 min) in
sHDMBR was partly rejected by bio-attapulgite hybrid
dynamic Membrane. The actual signals of effluent of the
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time before 18 min) existing in DOM of the sHDMBR did
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readily identified from the fluorescence spectra of mixed
liquor and effluent DOM samples in the two bioreactors.
Shapes of spectra of samples from the two bioreactors were
significantly different, indicating that characteristics of
DOM in the sDMBR and sHDMBR were considerably
different. The change in MW distribution and transformation of DOM could be used as an indicator characterizing not only the biodegradation progress but also the
effect of attapulgite addition. A peak that could be attributed to pro-tein-like substance found at Ex/Em=270 nm/320
nm dominated in the case of mixed liquor in the sDMBR,
whereas peaks that could be attributed to humic acid-like
substance found at Ex/ Em =330 nm/400 nm and
Ex/Em=270 nm/ 450 nm [38] became apparent in the case
of mixed liquor in the sDMBR. However, relative dominance of the peak of protein-like substance differs in the
descending order of SHDMBR < sDMBR. The fluorescent intensity reduced by 16%~35% and the structure of
protein-like fluorophores changed in the sHDMBR treatment process. Decrease of the number of conjugated
bonds and the molecule size in the protein-like structure
has been observed in DOM during the SHDMBR treatment
process, indicating a potential of EEM fluorescence spectra
as an effective analytical tool for the investigation of
DOM
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FIGURE 6 - Comparison of MW distribution patterns of soluble
microbial products in sDMBR and sHDMBR.
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ABSTRACT
In an attempt to characterize the concentrations of ambient volatile organic compounds (VOCs) and their diurnal
variations, a sampling campaign was initiated between
March 24 and April 14, 2011. Davutpasa Campus of Yildiz
Technical University (Istanbul, Turkey) was selected as the
sampling site. Forty-five VOC species were sampled during day- and night-time hours, forty-three of which were
successfully quantified in ambient air. The other two (2,3,4trimethylpentane and 1,3-diethylbenzene) were not detected
in most of the samples. The measurement results indicated
that toluene was the most abundant species in ambient air,
followed by hexane. The concentrations of toluene and
hexane ranged from 2.43 and 0.29 µg.m -3 to 135.7 and
116.3 µg.m-3, respectively. The ratios of day-time to nighttime concentrations of species were also investigated. The
highest ratios were found for VOCs of industrial origin,
while biogenic VOCs showed a relatively constant and low
concentrations. The results from the measurements were
also compared to those from previous studies. It was shown
that Istanbul was one of the least polluted cities in world in
the aspect of benzene, toleuene, ethylbenzene, m-,p-,oxylenes and hexane, although the sampling site was heavily
surrounded by industrial zones and road with high traffic
loads.

KEYWORDS: VOCs, diurnal variations, air quality, probability
distribution, Istanbul

1. INTRODUCTION
Ambient volatile organic compounds (VOCs) have become a great topic of concern to air pollution engineers due
to the rapid urbanization in metropolitan cities. Once become
airborne, VOCs may cause several environmental impacts.
* Corresponding author

Most of the ambient VOCs in urban atmospheres originate from anthropogenic sources including traffic emissions,
and industrial use of solvents as well as fossil fuels [1].
Even domestic use of solvent-based household products [2,
3] and cooking [1] contribute to the ambient levels of certain VOC species. In addition to the anthropogenic sources,
VOCs are also emitted by biogenic sources like pinenes
and isoprene, etc. [4-7].
A great number of research papers have been dedicated to ambient VOCs in the past years. Several researchers
estimated sources of these pollutants [8-13] while several
others focused on the assessment of levels of ambient
VOC pollution [14-16]. Muezzinoglu et al. [17] measured
nine VOC species at six distinct locations in the air of Izmir, Turkey. They reported that Izmir was one of the most
VOC-polluted cities among the Mediterranean cities. They
also sought out correlations between the concentrations of
measured VOCs by using benzene as a marker and confirmed that measurement sites are affected by traffic emissions. In another study in Izmir, Turkey, Elbir et al. [11]
focused on the sources of ambient VOCs and found out
that two-thirds of the ambient VOCs originate from traffic
emissions in a suburban area of Izmir, while several other
sources also contribute to ambient VOC pollution in an urban area.
Ambient volatile organic compounds have been investigated by several researchers due to the fact that they
possess deep impacts associated with their toxic and carcinogenic as well as odorous effects [18-21]. Besides, they
are involved in atmospheric photochemical reactions and
they contribute to ambient ozone levels in some manner [2224]. Lau and Chan [25] investigated commuter exposure
to VOCs during public transportation, while Park and Jo
[26] assessed the effects of personal VOC exposure of
children attending elementary schools adjacent to industrial complex. Lan et al. [27] reported that benzene exposure reduces the number of white blood cells in unit volume of blood at an exposure concentration of 0.57 ppm. It
is known that benzene can cause leukemia in a lifetime
period of exposure [28].
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The aim of this study is to characterize the ambient
levels and composition of volatile organic compounds
within Yildiz Technical University’s campus (Istanbul,
Turkey) surrounded by several residential and industrial
VOC sources as well as busy roadways, to evaluate diurnal variations of ambient VOC concentrations, and to present statistical evaluations on the variance of ambient concentrations.
2. MATERIALS AND METHODS
2.1. Site definition

Davutpasa Campus of Yildiz Technical University (Istanbul, Turkey) was chosen as the sampling site. The campus is located 3 km south of Esenler District between the
boundaries of Bayrampasa (north-east), Gungoren (southwest) and Esenler (north) Districts. The campus is approximately 1600 m by 1200 m in dimensions. A great number
of light and heavy industries in distinct sectors surround
the campus from west, south and east sides. The campus is
also surrounded by highways and connection roads with
very high traffic loads. The biggest bus station of Istanbul
is located 1.5 km north of the campus and several shopping malls are located nearby the campus. A map of the
sampling site (campus) is shown in Fig. 1.

N

Esenler

bons. The sample tubes were conditioned at 350 °C at an
ultra pure helium flow of 100 mL.min-1 for a duration of
2 hours. The conditioned tubes were then placed in an airtight aluminum multitube container and stored in refrigerator below 4 °C until the sampling. The sampling was
accomplished by the use of vacuum pumps (SKC Pocketpump model 210). The sampling flowrates were set
between 40 and 100 mL.min-1 and calibrated using a
flowmeter. Volumes of 25 to 60 L of ambient air were
sampled in analyses. The back pressure produced through
the sample tubes were controlled at the beginning and at
the end of the sampling duration. Once the sampling is
complete, the sample tubes were immediately sealed,
placed in a frozen aluminum multitube container, and immediately taken to the laboratory for analysis. Daytime and
nighttime samples were collected between March 24, 2011
and April 15, 2011. A total of 80 samples were taken.
Contents of the sample tubes were analyzed by a
TD-GC-MS (Perkin Elmer ATD350-Clarus500-Clarus
560S). The samples were thermally desorbed at 325 °C
at 30 mL.min-1 of ultra pure helium flow for 10
minutes and injected to the GC column. The temperature
of the analytical column was kept at 35 °C for 15 min.,
then raised to 150 °C at a rate of 5 °C.min-1 and held for 5
min. at this temperature. Then the column temperature was
raised to 250 °C at a rate of 40 °C.min-1 and kept at this
temperature for 2 min. to prevent possible carry-over.
Total run time was 47.5 min. and the last analyte (undecane) left the column at 41.2 min.
3. RESULTS AND DISCUSSIONS

Bayrampasa

A total of 45 components were quantified within this
study. The results showed that the most abundant species
in ambient air were toluene and hexane. Table 1 summarizes all the data obtained. 2,3,4-trimethylpentane and 1,3diethylbenzene are shown with an asterisk in the table because they could be detected in almost none of the analyses. The third column lists ambient concentrations of all
analytes. During the sampling campaign, ambient concentrations of toluene and hexane showed great variability
depending on the day of week and the hour of the day. The
lowest concentrations of these pollutants were 2.43 µg.m-3
and 0.29 µg.m-3, respectively, while ambient concentrations as high as 135.7 µg.m-3 and 116.3 µg.m-3, respectively, were measured for these pollutants.

Yildiz
Technical
University
Industrial zone

Gungoren

Shopping malls
Bus station
Roadways

BULGARIA

Black Sea

GREECE

1000 m
200 km

Aegean
Sea

Istanbul

Zeytinburnu

TURKEY

FIGURE 1 - Map of Davutpasa Campus of
Yildiz Technical University (Istanbul) and surrounding area.
2.2. Sampling and measurement

EPA Method TO-17 was strictly followed for the sampling procedure. Perkin Elmer-type glass-tubes filled with
60 mm of Carbopack B (with a specific surface area of
100 m2.g-1) were used for sampling of C5-C10 hydrocar-

The fourth and the fifth columns of Table 1 summarize ambient concentrations calculated from the day-time
(09:00 AM to 09:00 PM) and the night-time (09:00 PM to
09:00 AM) samples, respectively. It is obvious that higher
day-time concentrations were observed for most of the
VOC species. The highest day-time/night-time ratio was
calculated for hexane as 4.79 ± 6.93. Fig.2 shows daytime/night-time ratios all quantified species. The highest
ratios were observed for those compounds with varying
industrial uses. This evidence points out that industrial
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TABLE 1 - Ambient concentrations of VOCs (µg.m-3)
Analyte
2-methylbutane
Pentane
2,3-dimethylbutane
2-methylpentane
3-methylpentane
Hexane
2,4-dimethylpentane
2-methylhexane
2,3-dimethylpentane
3-methylhexane
Heptane
2,2,4-trimethylpentane
2,3,4-trimethylpentane
2-methylheptane
3-methylheptane
Octane
Nonane
Decane
Undecane
1-pentene
t-2-pentene
c-2-pentene
Isoprene
a-pinene
b-pinene
Cyclopentane
Methylcyclopentane
Cyclohexane
Methylcyclohexane
Benzene
Toluene
Ethylbenzene
m&p-xylene
Styrene
o-xylene
Isopropylbenzene
Propylbenzene
p-ethyltoluene
m-ethyltoluene
o-ethyltoluene
1,2,4-trimethylbenzene
1,2,3-trimethylbenzene
1,3,5-trimethylbenzene
1,3-diethylbenzene
1,4-diethylbenzene

Abbreviation
2MBUT
PNTAN
23DMB
2MPNT
3MPNT
HEXAN
24DMP
2MHEX
23DMP
3MHEX
HPTAN
224TMP
234TMP
2MHPT
3MHPT
OCTAN
NONAN
DECAN
UNDCN
1PNTN
T2PNT
C2PNT
ISPRN
APNEN
BPNEN
CPNTN
MCPNT
CHXAN
MCHXN
BENZN
TOLUN
ETBNZ
MPXYL
STYRN
OXYLN
IPBNZ
PRBNZ
PETOL
METOL
OETOL
124TMB
123TMB
135TMB
13DEB
14DEB

Overall Averagea
4.1 ± 2.60
1.9 ± 0.88
0.9 ± 1.12
5.0 ± 7.61
4.7 ± 7.35
12.1 ± 19.8
0.2 ± 0.27
0.3 ± 0.19
0.1 ± 0.09
0.3 ± 0.20
0.3 ± 0.15
0.1 ± 0.05
*
0.1 ± 0.05
0.1 ± 0.05
0.2 ± 0.14
0.6 ± 0.49
0.7 ± 0.71
0.3 ± 0.28
0.1 ± 0.05
0.2 ± 0.08
0.1 ± 0.07
0.2 ± 0.15
0.3 ± 0.27
0.2 ± 0.12
0.4 ± 0.44
4.4 ± 6.90
1.2 ± 1.47
0.2 ± 0.11
2.3 ± 1.25
30.8 ± 31.0
0.9 ± 0.67
2.6 ± 1.90
1.5 ± 1.77
0.9 ± 0.65
0.1 ± 0.05
0.1 ± 0.08
0.4 ± 0.31
0.2 ± 0.13
0.2 ± 0.15
0.3 ± 0.17
0.7 ± 0.49
0.3 ± 0.18
*
0.2 ± 0.13

Day-time Averageb
4.1 ± 2.35
1.8 ± 0.79
1.0 ± 1.26
5.9 ± 8.83
5.5 ± 8.56
14.4 ± 23.0
0.3 ± 0.31
0.3 ± 0.19
0.1 ± 0.09
0.3 ± 0.20
0.3 ± 0.15
0.1 ± 0.06
*
0.1 ± 0.05
0.1 ± 0.06
0.2 ± 0.15
0.6 ± 0.49
0.6 ± 0.57
0.3 ± 0.23
0.1 ± 0.04
0.2 ± 0.08
0.1 ± 0.07
0.2 ± 0.13
0.3 ± 0.26
0.2 ± 0.12
0.4 ± 0.41
5.2 ± 7.91
1.3 ± 1.63
0.2 ± 0.11
2.2 ± 1.06
32.8 ± 32.0
1.0 ± 0.63
2.9 ± 1.74
1.6 ± 1.88
1.0 ± 0.58
0.1 ± 0.05
0.1 ± 0.08
0.4 ± 0.30
0.2 ± 0.12
0.2 ± 0.15
0.2 ± 0.16
0.6 ± 0.46
0.3 ± 0.17
*
0.2 ± 0.12

Concentration uncertainties are given as standard errors.
a
Arithmetic means from all measurements (n=80)
b
Arithmetic means from day-time measurements from 09:00 AM to 09:00 PM (n=45)
c
Arithmetic means from night-time measurements from 09:00 PM to 09:00 AM (n=35)
* These analytes were not detected in most of the analyses.
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FIGURE 2 - Day-time/night-time concentration ratios.
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Night-time Averagec
3.7 ± 2.78
1.9 ± 1.05
0.5 ± 0.55
2.6 ± 3.22
2.3 ± 2.91
5.4 ± 7.84
0.1 ± 0.12
0.2 ± 0.17
0.1 ± 0.06
0.3 ± 0.15
0.3 ± 0.13
0.1 ± 0.04
*
0.1 ± 0.05
0.1 ± 0.04
0.2 ± 0.11
0.6 ± 0.44
0.6 ± 0.86
0.3 ± 0.32
0.1 ± 0.06
0.1 ± 0.07
0.1 ± 0.06
0.2 ± 0.13
0.3 ± 0.21
0.2 ± 0.08
0.3 ± 0.16
2.0 ± 2.73
0.6 ± 0.69
0.1 ± 0.09
2.1 ± 1.24
20.5 ± 18.3
0.6 ± 0.57
1.9 ± 1.79
1.0 ± 1.09
0.6 ± 0.59
0.1 ± 0.04
0.1 ± 0.08
0.4 ± 0.30
0.2 ± 0.11
0.2 ± 0.14
0.2 ± 0.17
0.6 ± 0.48
0.3 ± 0.18
*
0.2 ± 0.14
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FIGURE 3 - Probability plots for (a) all measurements, (b) day-time, and (c) night-time concentrations.

sources are very effective on the ambient concentrations of
VOCs during daytime. The ratios for traffic-related compounds (benzene as a marker) and biogenic emissions (αand β-pinenes as well isoprene) are found to be relatively

small, showing that traffic and biogenic sources posses low,
constant effects on ambient air quality within the sampling
site.
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Probabilities of occurrences of ambient concentrations
for seven VOC species (benzene, toluene, ethylbenzene,
m&p-xylene, styrene, o-xylene, and hexane) are also provided. These species were selected for probability analysis
in order to be able to compare the results of this study with
previous ones. Probability plots are shown in Fig. 2.a, 2.b,
and 2.c as box-whisker plots. In Fig. 2, the center lines of
boxes represent 50th percentiles, while the lower and upper bounds stand for 25th and 75th percentiles. The lower
and the upper ends of whiskers show 10th and 90th percentiles, respectively, and the black dots in the upper parts
represent the 99th percentiles for each species. It is clear
that diurnal variations for toluene and hexane were the highest, followed by m&p-xylenes. Day-time and night-time
concentrations of benzene seem to be almost same. This
points out that industrial use of toluene and hexane are
much more effective on ambient air quality.
A correlation matrix is also provided for the chosen
seven VOC species in Fig. 4. Correlation matrix clearly indicates that there are strong correlations between several
species. It is obvious that there is a common trend between the concentrations of ethylbenzene and m-, p-, oxylenes since they showed very strong correlations. A less
strong correlation was observed between toluene and hex-

ane, while the concentration of benzene was not correlated
with others at all. These correlations with differing strengths
point out that these species may originate from more than
one source. It was stated in previous studies that B:T ratios
for traffic-related emissions may range from 0.47 to 0.75
[29-31]. Lower B:T ratios (0.16 ± 0.15) and high diurnal
variations in concentrations of toluene and hexane for this
study points out that industrial sources are very effective
on ambient air quality within the university campus.
Fig. 5 shows daily variations in the concentrations of
the selected seven species. The concentrations of all species
were lowest after midnight and started to increase after
09:00 AM. The highest concentrations were observed in
the afternoon and decreasing trends were noted then. The
reason for this is the accumulation of these species during
the workday due to the day-time emissions of nearby industrial activities. Toluene was the most abundant species
during the whole day. The highest B:T ratios (up to 0.45)
were observed in the morning since VOCs of industrial
origin accumulated during the whole day-time are gradually
dispersed during the night. In contrast, B:T ratios showed a
decreasing trend starting from the morning hours. The lowest B:T ratios (down to 0.08) were observed in the afternoon.

BENZN

TOLUN

ETBNZ

MPXYL

STYRN

OXYLN

HEXAN

FIGURE 4 - Correlation matrix for the selected VOC species.
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FIGURE 5 - Diurnal variation of ambient concentrations of selected VOC species.

TABLE 2 - Ambient concentrations of VOCs in world cities (µg.m-3)
City

BENZN
6.4±3.8
0.2-1.6
87.2 ± 10.0
0.32±0.17
14.2±10.1
5.0±3.1
14.8±10.8
16.7±10.1
18.2±13.7
12.6±15.9
0.84±0.72
11.6±3.2
2.3 ± 1.25

VOC species
ETBNZ
MPXYL
2.9±2.1
3.4±2.8
0.2-11.0
0.3-10.0
43.3±7.4
140.8±21.8
0.15±0.06
0.44±0.13
5.0±2.0
16.4±5.6
2.2±2.2
6.4±3.1
6.5±2.7
25.2±14.9
6.0±3.2
18.5±15.7
36.6±55.2
81.0±90.2
21.9±25.5
55.8±56.9
4.35±3.38
5.25±4.68
4.9±2.5
21.1±5.4
0.9 ± 0.67
2.6 ± 1.90

STYRN
Nanjing (China)
–
Shizuoka (Japan)2
–
Cairo (Egypt)3
–
4
Ulsan (Korea)
0.06±0.04
Caracas (Venezuela)5
–
Quito (Equador)5
–
Santiago (Chile)5
–
5
Sao Paulo (Brazil)
–
Bangkok (Thailand)5
–
Manila (Philippines)5
–
6
Seoul (Korea)
0.51±0.48
Izmir (Turkey)7
–
Istanbul (Turkey)8
1.5 ± 1.77
1
Wang and Zhao [16]
2
Ohura et al. [32]. Concentrations were given in ppb and converted into µg.m-3 under normal conditions.
3
Khoder [15]
4
Na et al. [14]
5
Gee and Sollars [33]
6
Nguyen et al. [34]
7
Muezzinoglu et al. [17]
8
This study
1

TOLUN
19.8±10.3
1.5-24.2
213.8±34.8
0.96±0.12
28.9±11.5
15.2±22.1
29.8±13.7
28.1±17.9
186±198
168±268
39.8±35.1
26.7±2.9
30.8 ± 31.0

Finally, the ambient concentrations of VOCs measured in this study were compared to those measured in
several cities worldwide from previous studies. The results
are shown in Table 2. As obviously seen, Cairo is the
most polluted city in the world in the aspect of the selected VOC species. The sampling site in this study is
considered to be one of the least polluted locations for
ambient benzene. The lowest benzene concentrations in

OXYLN
2.1±2.2
0.1-3.3
73.8±12.5
0.19±0.08
5.7±2.5
2.0±1.3
8.9±5.6
6.2±3.6
28.9±27.6
16.8±16.9
2.08±1.84
21.9±4.1
0.9 ± 0.65

HEXAN
–
–
123.5±20.6
0.29±0.1
18.8±17.2
–
23.0±25.9
–
29.7±33.6
9.5±8.0
3.30±2.37
8.1±3.4
12.1 ± 19.8

ambient air were observed in Korean and Japanese cities.
Although not being the most polluted city in the world in
the aspect of ambient toluene and hexane, higher concentrations than most world cities could be expected in Istanbul during daytime with great diurnal variability. For
ethylbenzene and xylene isomers, Istanbul is considered
to be the least polluted city in the world along with Shizuoka (Japan).
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4. CONCLUSIONS
Ambient concentrations of volatile organic compounds
(VOCs) including aliphatics, aromatics and biogenic species were characterized in this study. Day-time and nighttime samples were collected and analyzed to monitor diurnal variations in ambient concentrations. Forty-five VOC
species were quantified, forty-three of which with success,
while the other two (2,3,4-trimethylpentane and 1,3-diethylbenzene) were not detected in most samples.
The measurement results revealed that the atmospheric
profile of target analytes. Toluene and hexane were found to
be the most abundant species in the atmosphere with great
variability in their ambient concentrations during day-time
and night-time hours. The concentrations of most VOCs
of industrial origin showed an increasing trend starting
from the beginning of work hours and they tend to have
lower ambient levels during night times. Besides, their concentrations showed increasing trends during the weekdays.
In contrast, it was seen that the concentrations tend to decrease down to their ambient level at the beginning of the
week.
Probability plots were also provided for several VOC
species revealing the great diurnal variability of several
VOC species with industrial uses. The atmospheric profiles of VOC species and their diurnal characteristics were
concluded to be an effect of industrial pollution within the
sampling site. Besides, the measured concentrations from
this study were compared to those from several previous
studies. It was concluded that, although being greatly affected by industrial emissions, Istanbul is one of the least
polluted cities in the world in the aspect of target VOC
species. Collecting and analyzing more day-time and nighttime samples would help to better understand diurnal behavior of individual ambient species within the sampling
site.
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THE POTENTIAL OF THYMUS SERPYLLUM BIOMASS FOR
REMOVAL OF ANTIMONY(III) FROM AQUEOUS ENVIRONMENT
Pavol Littera*, Martin Urík, Jaroslav Ševc, Marek Kolenčík and Katarína Gardošová
Institute of Geology, Faculty of Natural Sciences, Comenius University in Bratislava, 842 15 Bratislava, Slovakia

ABSTRACT
The aim of the presented study was to assess the potential of Thymus serpyllum biomass to remove antimony(III)
from contaminated waters and to identify optimal conditions for the sorption process. Sb(III) removal was highest
in the range 3.3-4.6, although the effect of pH was rather
small. The optimal agitation speed was 140 rpm and optimal
biomass dosage was 16 g.L-1. The values of free energy,
ethalpy (75.7 J.K-1.mol-1) and entropy change (21.6 kJ.mol-1)
have been calculated from the equilibrium data. These indicate, that the sorption process was endothermic and
spontaneous. The value of activation energy (18.0 kJ.mol-1)
suggests, that the process involved is chemisorption. Sb(III)
was strongly bound to the biomass and the desorption yields
using inorganic acids, hydroxides and salts were low.
However, the biomass showed a good potential for use in
multiple sorption cycles with Sb(III) removal being more
than 90 % over five cycles. This, together with maximum
sorption capacity (8.77 mg.g-1), which is comparable or
better than a big part of (bio)sorbents previously assessed
for Sb(III) removal indicates sufficient potential of Thymus
serpyllum biomass for treatment of contaminated waters.

KEYWORDS: antimony(III), biosorption, isotherm, kinetics, Thymus serpyllum

1. INTRODUCTION
Contamination of waters by antimony can pose a serious
threat for the environment and human health. As a result of
natural sources (e.g. weathering of Sb-bearing rocks, volcanic and geothermal acitvity) or anthropogenic activities
(e.g. mining and smelting industry, fossil fuel combustion
and waste incineration), there have been reported sites
with antimony concentraiton in water that highly exceeds
maximum permissible limits [1, 2]. The remediation of such
sites is a challenge for developing new methods for removal of contaminants from polluted waters.
* Corresponding author

Several techniques are currently used for this purpose:
filtration, redox reactions, electrochemical treatments, reverse osmosis, ion exchange, adsorption and evaporation.
However, there are limiting factors governing their use,
such as high operating costs, inability to treat highly diluted
effluents and generation of toxic sludge [3].
Biosorption is studied as an alternative to these procedures. Its main advantage is the possibility of utilizing
biomass, which is a renewable natural source and is often
generated in large amounts as a by-product of pharmaceutical, food-processing industries or agriculture [4].
Several types of biomass were previously studied for
Sb(III) binding, including baker´s yeast [5], lichen [6], sunflower stems [7] and algae [8].
In the presented study, we investigated the potential
of Thymus serpyllum biomass for removal of Sb(III) from
contaminated waters. Thymus serpyllum is cultivated and
widely used for medicinal purposes and as a food seasoning. The distillation wastes of this aromatic plant and its
non-utilized parts are of limited economic use and hence
could be applied for treatment of contaminated water.
Optimal conditions for the sorption process (pH, biomass dosage, agitation speed) were examined. The equilibrium and kinetic data were fitted by conventionally used
models and isotherms. From the model constants, activation energy and thermodynamic parameters (ΔG, ΔH, ΔS),
which may give insight into the character of the sorption
process were calculated. To evaluate the reusability of the
biomass, desorption studies were carried out and the potential of using biomass in multiple sorption cycles was
tested.
2. MATERIALS AND METHODS
2.1. Preparation of the biomass and reagents

Dried biomass of Thymus serpyllum was obtained
from a pharmacy and was not modified prior to the experiments. Particle size of biomass used in the experiments
was 1-3 mm.
Inorganic salts of antimony(III) lack adequate water
solubility (SbCl3 reacts rapidly with water and precipitates as SbOCl), therefore stock solution of trivalent anti-
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mony (1 000 mg.L-1 as Sb(III)) was prepared from antimonyl tartrate hemihydrate (C4H4KSbO7·0.5H2O; Centralchem, Bratislava, Slovakia). It was stored at 6 °C and
used for the daily preparation of diluted solutions for
sorption experiments.
2.2. Sorption experiments

Unless stated otherwise, sorption experiments were
carried out in 250 mL Erlenmeyer flasks, which were
agitated at 140 rpm on a rotatory shaker (Unimax 2010,
Heidolph Instruments GmbH, Schwabach, Germany) at
room temperature. Solutions of 0.1 mol.L-1 HCl and
0.1 mol.L -1 NaOH were used to adjust the pH of the
antimony solutions. After 18 hours, the biomass was separated from the solutions by filtration (Type 390, Filtrak
GmbH, Niederschlag, Germany) and the pH of the filtrate
was measured. The residual concentration of antimony in
the filtrate was analyzed by flow-through coulometry
(Ecaflow 150 GLP, Istran Ltd., Bratislava, Slovakia).
To elucidate the effects of process variables on sorption
capacity, one parameter at a time approach was adopted.
The parameters considered were: contact time (10-460 min),
pH (1.9-7.1), biomass dosage (2-32 g.L-1), agitation speed
(50-250 rpm), temperature (35-55°C) and initial antimony
concentration (25–375 mg.L-1).
2.3. Desorption studies

Desorption of Sb(III) from previously loaded Thymus
serpyllum biomass was tested with solutions of inorganic
acid (HCl), neutral (NaCl) and basic salts (Na2CO3) and
hydroxide (NaOH) with three different concentrations (0.1,
0.5 and 1 mol.L-1). The Sb(III) loaded biomass was also
shaken with distilled water to check, whether there is any
releasing of antimony from the biomass.
The reusability of the biomass was tested in five subsequent sorption cycles.

1/ n f

S eq = K f Ceq

(4)
where Seq (mg.g ) and Ceq (mg.L ) is the biosorption
capacity and residual antimony concentration in solution
at equilibrium, respectively; Smax (mg.g-1) is the maximum
sorption capacity, which corresponds to complete monolayer coverage of the sorbents surface and b (L.mg-1) is a
constant related to the energy of adsorption. Kf (mg.g−1) is
the sorption capacity, when the equilibrium concentration
of the sorbate in solution is unitary and nf is a constant
related to the heterogeneity of binding sites.
The constants of above mentioned models were calculated using program QtiPlot. Nonlinear regression analysis
was used, since linear fitting can produce inaccurate values
of model parameters and inaccurate estimates of the most
suitable model [9].
-1

-1

3. RESULTS AND DISCUSSION
3.1. Biomass dosage

An increase in biosorbent dosage generally increases
the sorbate removal from solution because of an increasing adsorption surface area. This trend was significant with
biomass dosage increasing up to 16 g.L-1 (Figure 1). With
further increase of biomass dosage (up to 32 g.L-1), the Sb
removal has risen only slightly. This can be explained by
aggregation of biomass particles, less effective mixing of
sorbent-solution system as well as interference between
binding sites at higher biomass concentrations [10]. Another
explanation is the low residual concentration of sorbate in
solution, in which the transport of sorbate through boundary
layer of sorbent particles is less favorable [11].

2.4. Kinetic models and isotherms

Kinetics of antimony binding was evaluated by pseudofirst (1) and pseudo-second order (2) kinetic models:

S t = S eq (1 − e − k1t )
St =

(1)

2
S eq
k 2t

1 + S eq k 2 t

(2)
-1

where St and Seq (mg.g ) are biosorption capacities at
any time t (min) and at equilibrium, respectively; k1 (min-1)
and k2 (g.mg.min-1) are the pseudo-first and pseudo-second
order rate constants, respectively.
Langmuir (4) and Freundlich (5) isotherms were used
to correlate the equilibrium data:

S eq =

bC eq S max
1 + bC eq

FIGURE 1 - The effect of biomass dosage on Sb(III) removal by
Thymus serpyllum biomass. Initial Sb(III) concentration 1 mg.L-1,
pH = 5.6, agitation rate 140 rpm, indicated values are average of
three replicates with SD.
3.2. Agitation rate

(3)

The effect of agitation rate on Sb(III) sorption is shown
in Figure 2. The removal has increased from 80.1 ± 0.3 %
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at 50 rpm to 86.7 ± 1.4 % at 140 rpm. Besides providing
proper contact between the sorbate particles in solution
and biomass binding sites, increasing agitation results in
decreasing boundary layer thickness, reducing thus its
resistance effect on the mass transfer [12]. At higher agitation rates, a slight decrease in Sb(III) removal was observed, which can be attributed to occurrence of vortex
phenomena, reducing the homogeneity of the suspension.
A similar trend has been reported by Selatnia et al. [13].

FIGURE 2 - The effect of agitation rate on Sb(III) removal by
Thymus serpyllum biomass. Initial Sb(III) concentration 1 mg.L-1,
pH = 5.6, biomass dosage 16 g.L-1, indicated values are average of
three replicates with SD.
3.3. The effect of pH

The effect of pH on Sb(III) removal in the studied
range (1.9-7.1) was rather small (Figure 3). Maximum Sb
removal was observed between pH 3.3 and 4.6 (92.3 %)
and minimum at pH 7.1 (78.5 %). Solution pH affects the
charge of functional groups present at the biomass surface,
as well as the ionization state of the sorbate in solution. The
pKa value of tartaric acid is 2.99, thus with pH higher than
this value it is likely that the sorbate will be present in
solution predominantly in an anionic form. The state, when
positively and negatively charged functional groups on
the biomass surface are in balance is expressed by point
of zero charge and for various types of biomass this falls
in the pH range 2-4 (e.g. Loukidou et al. [14]). Above this
value, the negatively charged functional groups predominate and repulsive electrostatic forces between the sorbate
and biomass surface are expected, which can explain the

decrease of Sb(III) removal at higher pH values. At strongly
acidic pH, neutral species of sorbate is likely to predominate
and thus there is weaker electrostatic attraction towards
the binding sites. This could explain the lowered antimony
biosorption at pH 1.9. Similar results have also been reported by Uluozlu et al. [6].
Adjusting the pH of the treated waters to strongly acidic values would significantly raise the operating costs of the
process. Therefore, pH 5.6 was used in further experiments, since Sb(III) removal was still sufficient here.

FIGURE 3 - The effect of pH on Sb(III) removal by Thymus serpyllum biomass. Initial Sb(III) concentration 1 mg.L-1, biomass dosage
16 g.L-1, agitation rate 140 rpm.
3.4. The effect of temperature on biosorption kinetics

According to R2 values, the sorptions kinetics was
better fitted by the pseudo second order model (Table 1).
Activation energy (Ea, kJ.mol-1) of biosorption was
determined according to the Arrhenius equation:

ln k 2 = −

Ea
+ ln A0
RT

(5)

where T is the temperature (K), R the gas constant
(8.314 J.mol-1.K-1) and A0 is the frequency factor. Ea was
calculated from the slope of the linear plot of k2 vs. 1/T
(R2 = 0.978). The observed value (Ea = 18.0 kJ.mol-1) is in
the same order of magnitude as chemical sorption. For
physical adsorption the activation energy is usually no more
than 4.2 kJ mol−1, since the forces involved in physical adsorption are weak and the sorption equilibrium is usually

TABLE 1 - Kinetic model parameters for biosorption of Sb(III) by Thymus serpyllum.
Initial Sb(III) concentration 10 mg.L-1, pH = 5.6, biomass dosage 16 g.L-1, agitation rate 140 rpm.

35°C
45°C
55°C

Pseudo-first order model
k1
Seq
(min-1)
(mg.g-1)
0.026
0.276
0.039
0.315
0.044
0.330

Pseudo-second order model
k2
Seq
(g.mg.min-1)
(mg.g-1)
0.121
0.303
0.159
0.342
0.185
0.352

R2
0.957
0.933
0.987
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KC

R2

1.87
2.79
3.13

0.982
0.971
0.997
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TABLE 2 - Isotherm parameters for biosorption of Sb(III) by Thymus serpyllum. Initial Sb(III) concentration
range 25-375 mg.L -1 , pH = 5.6, biomas dosage 16 g.L -1 , agitation rate 140 rpm, contact time 18 hrs.
Langmuir
Smax (mg.g-1)
8.77

b
0.049

Freundlich
Kf (mg.g-1)
1.31

R2
0.982

easily reversible. Chemical adsorption is specific and involves forces much stronger than in physical adsorption.
So the activation energy for chemical adsorption is of the
same magnitude as the heat of chemical reactions.
The thermodynamic parameters including change in
free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°), were
determined by using following equations:

KC =

CA
CS

ΔG = − RT ln K C
ln K C =

ΔS ΔH
−
R RT

(6)
(7)
(8)

where KC is the equilibrium constant (the values are
shown in Table 1), CA is the amount of Sb(III) biosorbed
on the biosorbent of the solution at equilibrium (mol.L-1)
and CS is the equilibrium concentration of Sb(III) in the
solution (mol.L-1). The Seq values of the pseudo-second
order model were used to obtain CA and CS. ΔH° and ΔS°
were calculated from the slope and intercept of van’t Hoff
plot of ln KC against 1/T (R2=0.917).
The values of free energy change were negative for all
temperatures (-1.6, -2.7 and -3.1 kJ.mol-1 for 35°C, 45°C
and 55°C, respectively). This indicates a spontaneous
nature of Sb(III) biosorption. The positive value of ΔS°
(75.7 J.K-1.mol-1) suggests an increase in randomness at
the solid/solution interface during the biosorption. The
positive value of ΔH° (21.6 kJ.mol−1) confirms the endothermic nature of Sb(III) biosorption by Thymus serpyllum biomass.
3.5. Sorption isotherms

According to R2 values, Langmuir model provided a
better fit to the experimental results (Table 2). The maximum sorption capacity of Thymus serpyllum biomass was
better than the results reported for other (bio)sorbents,
such as sunflower stem (Smax = 1.8 mg.g-1, [7]), or bentonite (Smax = 0.6 mg.g-1, [15]) and comparable to hydrous
oxide of Fe (Smax = 12.2 mg.g-1, [16]). However, the sorption capacity of lichen Physcia tribacia was significantly
higher (Smax = 81.1 mg.g-1, [6]), as well as the performance of chemically modified biosorbents, such as Feloaded orange waste (Smax = 136.4 mg.g-1, [17]) or goethite (Smax = 61.2 mg.g-1, [18]).
3.6. Desorption studies and reusability of the biomass

The amount of desorbed antimony by the eluents
examined was very low (10.7 %, 7.9 % and 1 % with

nf
2.9

R2
0.908

0.5 mol.L-1 NaOH, 0.5 mol.L-1 Na2CO3 and 1 mol.L-1 HCl,
respectively). No antimony was leached with neutral salt
(NaCl) or distilled water. This suggests, that Sb(III) is
strongly bound to the biomass, which is in correlation with
results of the previous sections. A low desorption efficiency
using 1 mol.L-1 HCl and HNO3 as eluents was reported also
by Madrid et al. [8]. The authors reached higher desorption
yields using more concentrated acids (6 mol.L-1), however,
this type of treatment is likely to cause significant degradation of the biomass, which would limit its use in further
sorption cycles.
To assess the potential lifetime of the biomass, Sb(III)
sorption was repeated in five cycles (Figure 4). The biomass showed satisfactory antimony removal (more than
90 %) over the whole period with no significant decrease
being observed.

FIGURE 4 - Sb(III) removal by Thymus serpyllum biomass in five
subsequent cycles (bars) and DOC concentrations in the filtrates
(line). Initial Sb(III) concentration 1 mg.L-1, pH = 5.6, biomass
dosage 16 g.L-1, agitation rate 140 rpm, indicated values are average
of three replicates.

One of the possible limitations for practical application of biosorption is the leaching of organic compounds
from biomass, which can decrease the quality of the treated
water. Therefore, the concentration of dissolved organic
carbon (DOC) was measured in the filtrates after each
cycle. The modified method of wet combustion with photometric carbon determination was used to determine organic
carbon content according to Nikitin [19]. The DOC concentrations in the first two cycles were high, however, the
biomass used here was not treated in any way prior to the
experiments. For practical application, it is proposed to
use waste biomass from distillation process, where a major part of organic compounds will already be extracted.
From the third cycle, the DOC concentration remained
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lower than 30 mg.L-1. This value is somewhat higher than
is expected for waters unaffected by human activities. However, it is anticipated, that after biomass immobilization,
which is commonly applied prior to its practical application,
the amount of organic carbon leached to the treated water
will further be reduced [20].

[8]

Madrid, Y., Barrio-Cordoba, M.E. and Camara, C. (1998) Biosorption of antimony and chromium species by Spirulina platensis and
Phaseolus. Applications to bioextract antimony and chromium
from natural and industrial waters. Analyst 123, 1593-1598.

[9]

Vrtoch, Ľ. and Augustín, J. (2009) Linear and non-linear regression analysis for the biosorption kinetics of methylene blue. Nova
Biotechnologica 9, 199-204.

[10] Pehlivan, E., Altun, T. and Parlayici, S. (2009) Utilization of barley straws as biosorbents for Cu2+ and Pb2+ ions. Journal of Hazardous Materials 164, 982-986.

4. CONCLUSIONS
The removal of Sb(III) by Thymus serpyllum biomass
was highest in the pH range 3.3-4.6, optimal agitation speed
was 140 rpm and optimal biomass dosage was 16 g.L-1. The
nature of the sorption process was endothermic and the value
of activation energy indicates that the process involved is
chemical sorption. This is further confirmed by the fact,
that Sb(III) was strongly bound to the biomass and the desorption yields using inorganic acid, hydroxide and salts
were low.
However, the biomass showed a good potential for
use in multiple sorption cycles with Sb(III) removal being
more than 90 % over five cycles. This, together with
maximum sorption capacity (8.77 mg.g-1), which is comparable or better than a big part of (bio)sorbents previously
assessed for Sb(III) removal, indicates the potential of
Thymus serpyllum biomass for treatment of contaminated
waters.

[11] Al-Rub, F.A.A., El-Naas, M.H., Ashour, I. and Al-Marzouqi, M.
(2006) Biosorption of copper on Chlorella vulgaris from single,
binary and ternary metal aqueous solutions. Process Biochemistry
41, 457-464.
[12] Leusch, A. and Volesky, B. (1995) The influence of film diffusion on cadmium biosorption by marine biomass. Journal of Biotechnology 43, 1-10.
[13] Selatnia, A., Madani, A., Bakhti, M.Z., Kertous, L., Mansouri, Y.
and Yous, R. (2004) Biosorption of Ni2+ from aqueous solution
by a NaOH-treated bacterial dead Streptomyces rimosus biomass.
Minerals Engineering 17, 903-911.
[14] Loukidou, M.X., Matis, K.A., Zouboulis, A.I. and LiakopoulouKyriakidou, M. (2003) Removal of As(V) from wastewaters by
chemically modified fungal biomass. Water Research 37, 45444552.
[15] Xi, J., He, M. and Lin, C. (2011) Adsorption of antimony(III) and
antimony(V) on bentonite: Kinetics, thermodynamics and anion
competition. Microchemical Journal 97, 85-91.
[16] Thanabalasingam, P. and Pickering, W.F. (1990) Specific sorption of antimony (III) by the hydrous oxides of Mn, Fe, and Al.
Water, Air, &amp; Soil Pollution 49, 175-185.
[17] Biswas, B.K., Inoue, J., Kawakita, H., Ohto, K. and Inoue, K.
(2009) Effective removal and recovery of antimony using metalloaded saponified orange waste. Journal of Hazardous Materials
172, 721-728.
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