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PUMICE ADDITION EFFECT ON
AVAILABLE WATER CAPACITIES OF SOILS
Mehmet Özcan 1, Süleyman Özhan 2 and Ferhat Gökbulak 2
2

1
Düzce University, Faculty of Forestry, Department of Watershed Management, Düzce Turkey
Istanbul University, Faculty of Forestry, Department of Watershed Management, Bahçeköy, 34473 Istanbul-Turkey

ABSTRACT
The objective of this study was to determine if addition
of pumice material with two different ratios into various
soil textural classes increases the available water capacity
of the soils. For this purpose, ground pumice particles
(<2 mm diameter) were added into loamy sand, sandy loam,
loam, clay loam, and clay soil textural classes with a ratio
of 1/4 and 1/2 on weight basis. Experiment was arranged
in a completely randomized block design with five replications. Results indicated that pumice addition with a ratio
of 1/4 increased available water capacity of loamy sand and
clay soils but decreased that of sandy loam, clay loam, and
loamy clay soil textural classes compared to control samples. After pumice addition with a ratio of 1/4, available
water capacity increased from 2.17 to 8.23% for soil textural class of loamy sand and from 1.81 to 3.74% for the
soil textural class of clay. When pumice particles were
added with a ratio of 1/2 into the same soils, available water content of loamy sand, sandy loam, loamy clay, and
clay soil textural classes was significantly increased but
those of clay loam was decreased.

KEYWORDS: Pumice, soil textural classes, available water capacity, pumice material-soil mixture, water depletion.

additional materials, such as organic matter, polymers and
perlite, are added into the soil. For instance, Sivapalan [1]
reported that polymer addition to sandy soil increased water use efficiency for plants.
Pumice has long been used as an abrasive in cleaning,
polishing and lightweight aggregates in precast masonry
units. Pumice is introduced as a commercial material for increasing soil moisture capacity [2]. Therefore, it is applied,
especially in landscape architecture due to increasing water
holding capacity of the soils and causing a better plant
growth. Although many scientific articles are available about
different characteristics of pumice material [3-5], there is
limited scientific data about its effect on available water
capacity of the soils [6, 7]. Pumice is a colorless or light
gray igneous rock with acidic or basic character. Turkey has
enormous pumice reserves, and about 3 billion m3 in the
studied areas and different regions of Turkey are predicted
[8].
As mentioned above, if pumice affects significantly
available water capacity of soil, it could be useful in terms
of water conservation. Therefore, the effect of pumice addition on available water capacity of different soil textural
classes was studied by determining the soil moisture constants under laboratory conditions. Then, in the second stage,
plant growth performances will be investigated in pumice mixed media if it significantly increases the available
water capacity of the soils.
MATERIAL AND METHODS

INTRODUCTION
Water conservation has become a vital issue since water, which is one of the basic substances for the life of the
living things, is not equally distributed on the earth; therefore, it makes life miserable in some areas. In order to
overcome this situation, humans have been trying various
methods to eliminate water inadequacy. For example,
to meet water deficiency in plants and to achieve a sufficient growth, irrigation methods are applied. On the other
hand, unless species of the same plant grow in the same
soil conditions, they need different amounts of irrigation
water depending upon soil types. In order to maintain water
in the soil as long as possible after an irrigation event, some

The samples used in this experiment were collected
from soils developed from neogen parent material in Belgrad Forest (41° 13' 00'' - 41° 14' 13'' N, 28° 54' 25''- 28° 56'
37'' E) [9, 10] which is situated in Istanbul peninsula within
the geographical region of Marmara [11]. Pumice material
with basic character was collected from surroundings of
Kayseri city in Central Anatolia. The soil samples were
analyzed for texture by using Bouyoucos hydrometer
method, and textural classes were determined from soil texture triangle [12]. Five different soil textural classes (loamy
sand, sandy loam, loam, clay loam, and clay) were chosen
to examine the effects of pumice addition. On the other
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hand, soil samples were treated with hydrogen peroxide to
eliminate the effect of organic matter on water holding
capacity of the soils. In order to add pumice into soil, pumice was ground and dried in an oven at 105 0C. Oven-dried
samples were passed through a sieve having circular holes
with 2-mm diameter, and added into each textural class in
a ratio of 1/4 and 1/2 on weight basis. The model 1500 15bar pressure plate extractor was used to determine moisture content of the samples at field capacity and permanent
wilting point [13]. Available water capacities of the samples were calculated as percentage of weight by subtracting water retained at permanent wilting point from water
held at field capacity [14].
Saturation capacities for control and mixed soil samples of different textural classes were also determined and

then, these samples were weighted on daily basis to calculate moisture loss and to compare water depletion curves.
Experiment was arranged in a completely randomized
block design with five replications. Data were analyzed by
using ANOVA, and means were compared with Tukey’s
test. Arcsine transformation was performed on data prior
to analysis of variance [15].
RESULTS AND DISCUSSION
Moisture constants and some of their statistical parameters are presented for control and treated (25 and 50 %
pumice addition) samples of loamy sand, sandy loam, loam,
clay loam, and clay textural classes in Table 1.

TABLE 1 - Moisture constants of different soil textural classes and pumice-soil mixtures.
Moisture constants
Field capacity (%)
Permanent wilting point (%)
Available water (%)
Mean ± SD2)
Cv3)
Mean ± SD
Cv
Mean4) ± SD
Cv
LS (control)
11.44 ± 0.36
3.13
9.27 ± 0.78
8.40
2.17 a ± 0.43
20.00
LS + % 25 P
20.80 ± 0.65
3.10
12.57 ± 0.65
5.19
8.23 b ± 0.38
4.63
LS + % 50 P
26.59 ± 0.77
2.91
12.11 ± 0.56
4.64
14.48 c ± 0.99
6.87
SL (control)
17.33 ± 1.36
7.85
9.56 ± 0.59
6.17
7.77 a ± 1.47
18.86
SL + % 25 P
26.11 ± 0.96
3.66
21.92 ± 0.66
3.01
4.19 b ± 0.83
19.82
27.95 ± 0.57
2.06
18.92 ± 0.78
4.13
9.03 a ± 0.42
4.67
SL + % 50 P
CL (control)
29.33 ± 1.85
6.32
18.70 ± 0.90
4.80
10.63 a ± 2.55
23.99
CL + % 25 P
36.07 ± 0.51
1.40
29.53 ± 0.35
1.18
6.54 b ± 0.52
7.92
CL + % 50 P
34.50 ± 0.96
2.78
25.13 ± 0.83
3.30
9.37 a ± 1.21
12.89
L (control)
24.78 ± 0.95
3.82
18.65 ± 0.82
4.40
6.13 a ± 0.71
11.62
L + % 25 P
31.97 ± 0.99
3.09
28.69 ± 0.57
1.98
3.28 b ± 1.20
36.40
L + % 50 P
30.74 ± 0.68
2.20
21.44 ± 1.03
4.83
9.30 c ± 0.69
7.42
C (control)
49.72 ± 0.77
1.56
47.90 ± 0.30
0.63
1.81a ± 1.03
56.87
C + % 25 P
48.39 ± 0.70
1.44
44.65 ± 0.60
1.35
3.74 b ± 0.77
20.69
C + % 50 P
42.20 ± 1.39
3.29
35.48 ± 1.19
3.37
6.72 c ± 0.61
9.03
P
32.38 ± 0.79
2.45
11.36 ± 1.46
12.83
21.02 ± 0.78
3.70
1)
LS: Loamy sand, SL: Sandy loam, CL: Clay loam, L: Loam, C: Clay, P: Pumice; 2) SD: Standard deviation; 3) Cv: Coefficient of variation; 4) Means
with different superscript letters at the column differ significantly for the same soil textural classes (P<0.05).
Soil textural
classes1)
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FIGURE 1 - Variations of available water capacity of
soil textural classes with respect to different pumice additions.

The highest field capacity was found for clay control
samples (49.72 %), followed by control samples of clay
loam (29.33 %), loam (24.78 %), sandy loam (17.33 %),
and loamy sand (11.44 %), respectively. The control samples had also a similar order for permanent wilting point.
In contrast, the same samples had different order in terms
of available water capacities, which were 10.63 % for clay
loam, 7.77 % for sandy loam, 6.13 % for loam, 2.17 % for
loamy sand, and 1.81% for clay textural classes (Table 1).
In other words, clay loam had maximum and clay soils
had minimum available water capacities (Fig. 1).
Results showed that the available water capacity increased for all soil textural classes, except for clay loam
with 50% pumice addition, whereas increase only occurred
for loamy sand and clay soil textural classes with 25%
addition, at weight basis. These increasing rates were statistically significant, except for sand loam soils (P<0.05). In
contrast, although non-significant decrease was found for
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clay loam soils after 50% addition, statistically significant
decreases were found for available water holding capacity
of sand loam, clay loam, and loam soils after 25% pumice
addition.
Increases in the available water holding capacity for
some textural classes can be explained with higher available water holding capacity of the pumice material compared to the soils used in this study. As seen from Table 1,
available water content of ground pumice was found to be
about 21%. This is the main factor for the increase of
available water of the soils having less than 10% moisture content. Reported available water capacities for some
soil textural classes were less than 14% [16]. Available

water content for different textural classes were generally
found less than 15% in various studies conducted in Turkey [9, 11, 17-21]. Although similar results can also be seen
in international references [22, 23], however, in a study conducted by Yamamoto [24] available water of the soils was
found to be more than 15%. According to the results of
this study, ground pumice could have an effect on increasing available water content of loamy sand, sandy loam,
loam, and clay soil textural classes. Soil water depletions
were also examined for all textural classes at three application levels (control, 25 % and 50 % pumice additions)
(Fig. 2a-d).

FIGURE 2 - Soil moisture depletion curves of different textural classes after pumice addition.
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Soil water depletion was retarded about two days only for loam soils with 50% pumice addition. In other
words, water content of loam soil reached permanent
wilting point two days later than control soil sample (Fig.
2d) but this trend was not observed for other textural
classes for both 25 % and 50 % pumice additions.
CONCLUSION
By adding ground pumice material to soils, available
water capacity can be increased. However, it depends on
proportion of pumice within the mixture. In this study, it
was found that when ground pumice material was added
into the soil with a proportion of 1/2 (by weight), available water content for loamy sand, sandy loam, loam, and
clay (textural classes) significantly increased. This is a very
important point for water conservation since by adding
pumice, much more water would be retained in the soil,
and plants could use more available water. Results of this
study are promising as water availability could be increased
in the soils, especially in arid and semi-arid regions. It can
be hard and expensive to apply this strategy in large scale
but pumice material can be used in small-scale works, such
as for plants growing in containers, pots, buckets, and
sapling beds in nurseries.
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A MODEL TO EVALUATE BIOLOGICAL EFFECTS FROM
COMBINED EXPOSURE TO UVA/B RADIATION AND TOLUENE
Maria Grazia Sacco, Fabrizio Pariselli and Diana Rembges*
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ABSTRACT
Human keratinocytes (HaCaT), the major epidermis cell
type, were exposed simultaneously to UVA/B radiation
and to toluene/air mixture to assess the biological effects
of combined exposure to common chemical and physical
agents. As toluene is highly volatile, the exposure was performed with a fumigation device (CULTEX®) which allows
the direct contact of gas vapor with cell surface, without
medium interference. The effects obtained with single agent
treatments were enhanced by their combination, as evaluated with different endpoint measurements: a toluene concentration of 5 ppmv induced an increase of cytotoxicity
(measured by LDH release) which was enhanced by UVA/B
pre-irradiation of the cells. Exposure to a combination of
chemical and physical stressors leads to a further modification of the inflammatory response profile (IL-8, MCP-1
measurements), an increase of the amount of reactive oxygen species (ROS evaluation) and persistent DNA damage
(determined by comet assay) without repair.
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INTRODUCTION
The skin as a barrier to physical and chemical agents
provides a flexible, protective shield, regulates the body
temperature and detects external stimuli. Environmental
factors such as UV-radiation or chemical and biological
pollution can affect the skin barrier function which may
lead to skin irritation or damage. Early detection of skin
damage and the understanding of the causing effects are
of ongoing research interest. The aim of this work is to
investigate the effects on the skin barrier of toluene, representing a common volatile organic compound (VOC) present
in indoor and outdoor environments [1,2], alone and in
association with UVA/B-radiation, representing a classi-

cal and well described physical stressor [3]. The biological effects caused by single exposure to these stressors are
described in the literature [4-7] while effects due to a combined exposure still need to be further investigated [8, 9].
In European indoor and outdoor environments, toluene
concentration levels range from 0.005 ppmv to 0.016 ppmv
in urban areas. They can reach up to 265 ppmv during indoor spray-painting [10]. As VOCs are strongly lipophilic,
they have the capacity to concentrate in fat deposits through
long-term exposure and to accumulate in the lipid bilayer of
cellular membranes [11].
Exposure to solar radiation, especially in the UV range,
may affect human health. Both UVA (315-400 nm) and
UVB (280-315 nm) radiation can cause eye and skin damage, lowering immunity against infection, and cancer. UVinduced biological effects are wavelength dependent: UVB
radiation is more damaging due to its higher energy, but
UVA radiation penetrates more deeply into the skin and
eye and in the long term might have more significant effects. The energy of UVA is lower, but its intensity is more
constant than UVB and without large variations during the
day or throughout the year. Cancer induction via UVB
radiation is well documented. UVA radiation is also able to
induce persistent genomic instability in human skin cells
[12] and oxidative damage in DNA is considered of paramount importance in UVA carcinogenesis and UVAassociated pathologies [13, 14]. The mechanism of action
in DNA damage caused by UVA differs from the damage
followed by absorbing the energetically higher UVB radiation.
As the skin is continuously exposed to both chemical
and physical stressors, we investigated how a single or
combined application of toluene and UVA/B radiation can
influence the cellular mechanisms. The human keratinocytes
(HaCaT) cell line was chosen as a representative target
tissue. To overcome the problems of low water solubility
and the high volatility properties of toluene, we further
developed a reproducible in vitro dynamic exposure set-up
[15, 16] in which cells were exposed in airlifted conditions
to volatile chemicals, preceded by UVA/B irradiation. Several endpoints related to cytotoxicity, inflammatory response, oxidative stress and DNA damage were evaluated to
understand the cells’ reactions to the stressors.
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MATERIALS AND METHODS
Chemicals, reagents and analysis of test atmospheres

Chemicals and reagents for biochemical analyses were
obtained from Sigma (USA). Synthetic air (80% nitrogen,
20% oxygen) and gaseous toluene (5 ppmv, balanced with
synthetic air) were purchased from Air Liquide (France).
The homogeneity of the test atmospheres was controlled before and after each exposure experiment. Samples were taken with TENAX TA tubes (Supelco) and
analyzed by thermal desorption (Perkin Elmer ATD 400,
equipped with TENAX® TA cold trap of 100 mg) and gas
chromatography/mass spectrometry (GC: HP 5890 series
II, MSD: HP 5972). The concentrations of pollutants (about
0.5 and 5 ppmv) determined after several samplings performed for each exposure were comparable and constant,
indicating the reproducibility of our exposure system.

(162 J/m2) UVA (315-400 nm). These values were corrected by the transmission coefficient of the cover lid of the
6-wells culture plate used for performing all UV treatments.
A 3.1 W/m 2 (186 J/m 2) total UVA/B radiation roughly
represents the intensity of sunbathing at around noon in
July/ August in central Europe. The exposure duration
of 15 minutes at about 190 J/m2 was selected on the basis of
UVA/B exposure measurements at different times (15, 30,
45, 60 min) in order to treat cells in conditions which do
not lead directly to a strong cytotoxic response (evaluated
by LDH and WST-1 assay and by CFU test, data not
shown) but rather simulate a normal (low dose) UV exposure which occurs in summertime during common daily
human activities.

Cell culture conditions and exposure set-up

Human keratinocytes HaCaT were a generous gift of
Prof. N.E. Fusening (DKFZ, Heidelberg, Germany). They
were maintained in culture from passage 50 to 70 at 37°C
in a humidified atmosphere containing 5% CO2, in RPMI
1640 medium with 25 mM HEPES (Invitrogen, USA),
supplemented with 10% fetal calf serum (Sigma, USA) and
100µg /ml penicillin and streptomycin (Invitrogen, USA).
The cells were prepared for exposure experiments as previously described and 2x105 cells were plated on cell culture
inserts (transwells Becton Dickinson; USA) with tracketched polyethylene tetra phthalate (PET) membranes permeable to culture medium, to allow their transfer into the
CULTEX® device for air lifted toluene exposure [15].
UV treatment

To ensure homogeneous exposure conditions inside a
common 6-wells plate, measurements of the dose of UVA/B
applied at each position under the UV source were performed. The exact exposure position for the transwells in the
6-well plate was selected on the basis of these measurements (Figure 1).
The transwells with cell monolayer were washed as
described before irradiation. Afterwards, they were transferred without apical medium into 6-wells plates containing medium without phenol red, to avoid any interference
with UVA/B radiation. The irradiation was performed with
an adjustable ULTRALUX 300W lamp in an irradiation
cabinet. The lamp was checked by a prototype of a Diode
Array System for Laboratory measurements (DAYSYLAB SP-J1009, Schreder CMS) and a DM-150 type double
monochromator from Bentham with a resolution of approximately 1 nm. The absolute irradiance scale is traceable to the primary irradiance standard of the PhysikalischTechnische Bundesanstalt (PTB) in Braunschweig, Germany, using a 1000 W FEL type tungsten halogen lamp.
The radiations applied on the culture plate (Figure 1) in
UVA/B wavelengths ranging from 280 to 400 nm were
about 0.4 W/m2 (24 J/m2) UVB (280-315 nm) and 2.7 W/m2

FIGURE 1 UV radiation measurements showing the homogeneity
over different positions (I) at defined distance from the Ultralux
lamp (III). At the selected exposure positions (A-F) the irradiance of
UVB in the wavelength range from 280-315 nm is about 1.25 W/m2
(75 J/m2) and UVA in the wavelength range from 315-400 nm is
about 3.85 W/m2 (231 J/m2). These UVA/B intentions are reduced
during cell exposure by the transmission coefficient of the lid of the
6-well plate (Falcon) to 0.4 W/m2 (24 J/m2) for UVB and to 2.7 W/m2
(162 J/m2) for UVA (II).
Toluene and synthetic air exposures

Before exposure, the cell monolayer was washed twice
with serum-free medium and the transwells were transferred
into the exposure device. In exposure experiments with
synthetic air or toluene, 3 inserts were placed in the
CULTEX ® device and immersed in serum free medium at
37°C allowing cell feeding from the basal side and exposed for 1 hour to air mixtures at their apical side. The
dilution of the volatile toluene source to the desired concentration was performed with synthetic air by means of
dilution ratio. Synthetic air exposures were always performed in parallel to each toluene exposure as an internal
control using a second CULTEX® device. After the exposure, inserts were re-transferred from the CULTEX® exposure chamber into conventional 6-well plates. Cells were
fed on both sides with complete medium until further measurements. For all the endpoints considered, synthetic air
effects were never statistically different from control conditions (cells cultured in standard conditions in a CO2 incubator).
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Cytotoxicity (LDH)

Cell viability was evaluated 24 hours after treatment
by dosing lactate dehydrogenase (LDH) released from cells
upon damage of the cytoplasm membrane as an index of
cell membrane integrity and by extension of cytotoxicity.
LDH activity was measured by a spectrophotometric
method, reading the kinetics of NADH oxidation as a decrease of absorbance at 340 nm. The cell monolayer was
lysed with 1% Triton X-100 in PBS (Invitrogen, USA) for
3 hours at 37°C for the intracellular LDH evaluation. In
addition, LDH was measured in the supernatant after centrifugation at 12,000 rpm (Genesys 10 UV-VIS). The percentage of toxicity was calculated as percentage of LDH
released in the medium on the total LDH (i.e. medium +
cellular content).
The toxicity and the inflammatory response induced
by 5 ppmv toluene treatment preceded or followed by UV
irradiation were compared in preliminary experiments. UV
treatment before toluene exposure resulted to be more
damaging (data not shown). Therefore, all the experiments
with combined exposures described here were performed
by first exposing HaCaT cells to UVA/B radiation for
15 min. (as described above) and immediately afterwards
transferring the transwells into the CULTEX® device for
1 hour toluene exposure, followed by processing for
further analyses.

were embedded in 75 µl of 0.5% low melting agarose
(Trevigen, USA) and added in 4 aliquots to microscopic
slides (Trevigen, USA) according to manufacturer instructions. After 20 min in lysis buffer (Trevigen) at 4°C
and 20 min of denaturation in alkaline buffer, the cells
were subjected to electrophoresis (25V, 300mA, 2 min at
4°C, pH > 13). The slides were then equilibrated in TBE
buffer pH 7.4 for 5 min., dehydrated in 95% ethanol and
maintained dried in the dark before staining. Coded slides
were examined after ethidium bromide (20 µg/ml) staining
using a fluorescence microscope (Nikon Eclipse E800). One
hundred randomly selected cells, fifty for each replica, were
analyzed using a Comet Image Analysis System, version 5.5
(Kinetic Imaging Ltd., UK). Results were reported as median of percentage of Tail DNA (% Tail DNA).
Statistical analysis

Exposures were always carried out in triplicate and
the experiments were repeated at least three times. Statistical analysis of means was carried out with the t test with
Prism GraphPad© software. Graphics are expressed in means
± SEM

Inflammatory response: IL-8 and MCP-1 determination

The medium of exposed cells left in culture for 24 hours
was recovered, centrifuged and frozen at –80°C. The media
were thawed and analyzed in duplicate for the IL-8 (Interleukin-8) and MCP-1 (monocyte-attracting macrophage
chemoattractant protein-1) determination. The amount of
cytokines released from control or treated samples was determined with an ELISA test (PIERCE, USA). The results
are expressed as the average percentage of IL-8 or MCP-1
released in every sample ± SEM compared with controls
(100%).
Reactive Oxygen Species (ROS)

Intracellular reactive oxygen species (ROS) were evaluated using fluorescent markers (DCFH-DA) which react
inside the cell with ROS and can be detected by flow
cytometry. The amount of ROS in HaCaT cells subjected
to different treatments was determined directly in living
cells (negatively selected with propidium iodide co-staining
that can stain only damaged and death cells) after 30 min
incubation at 37°C with 20µM DCFH-DA.
Comet Assay

The modified alkaline comet assay (17) was used to
determine DNA damage induced by treatments at 4 and
24 hours of incubation in standard cell culture conditions
after exposure experiments. Control exposures with synthetic air were performed in parallel. HaCaT cells treated
with 300 µM H2O2 for 2 hours were used as positive control. Aliquots of 20 µl of trypsinized cells (about 6x104)

FIGURE 2 Cytotoxicity results obtained 24 hours after exposure to
UVA/B radiation, toluene or both. Air: 1 hour synthetic air exposure; UV: UVA/B exposure at3.1 W/m2 for 15 min UV/air: 15 min
UVA/B plus 1 hour synthetic air exposure; T: 1 hour toluene exposure (0.5 or 5 ppmv); UV/T: 15 min UVA/B plus 1 hour toluene
exposure (0.5 or 5 ppmv). *Statistically significant versus correspondent controls (p<0.05); ** (p<0.01).

RESULTS
Cytotoxicity (LDH)

Cytotoxicity induced by single or combined treatments was measured by LDH determination as shown in
Figure 2. HaCaT cells were exposed for 1 hour to a toluene
air mixture of 0.5 or 5 ppmv, either alone or preceded by
UVA/B irradiation of about 190 J/m2 for 15 minutes. As
internal control for all experiments, synthetic air was applied to a parallel set up, associated or not with the same
UVA/B treatment. Cell viability was evaluated 24 hours after
exposure. The viability of synthetic air treated cells never
showed significant differences versus control (CO2, data
not shown). The results show that single treatments (UVA/B
or toluene at 0.5 ppmv) as well as their combination were
not able to affect cell viability. On the contrary, exposure
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with 5 ppmv of toluene air mixture induced a significant
toxic effect (20%). UVB/A irradiation before the application of 5 ppmv toluene air mixture led to a further increase
of the cytotoxic effect (+8 %).
Inflammatory response (IL-8, MCP-1)

Two cytokines, IL-8 and MCP-1 (monocyte-attracting
macrophage chemoattractant protein-1), were selected as
they both contribute to the regulation of inflammatory
response in the skin (18). Figure 3 shows the percentage of
the two cytokines released 24 hours after treatment compared to the control cells left in the incubator (100%); no
inflammatory response was induced by the application of
0.5 ppmv of toluene for both cytokines, in all conditions
used (data not shown) Toluene exposures at 5 ppmv
significantly increased IL-8 (133±8%, p = 0.045 vs air)
and MCP-1 (116±11%, p = 0.019 vs air). The UVA/B
treatment before toluene determined a significant decrease
in the level of IL-8 (88±17%, p = 0.006 vs T5) and MCP1 (46±5%, p = 0.004 vs T5). The other treatments did not
affect the cytokines release.

FIGURE 4 - Intracellular ROS level (percent vs. control) at 4 and
24hours after exposure to UVA/B radiation, toluene or both. Air: 1
hour synthetic air exposure; UV: UVA/B exposure at3.1 W/m2 for
15 min; UV/air: 15 min UV plus 1 hour synthetic air exposure; T 0.5
or T5: 1 hour toluene exposure (0.5 or 5 ppmv); UV/T0.5 or UV/T5:
15 min UV plus 1 hour toluene exposure (0.5 or 5 ppmv). Statistically significant from synthetic air exposure: ** p<0.01; *** p<0.0001.
DNA damage (Comet assay)

FIGURE 3 - IL-8 and MCP-1 levels (percent vs. CO2,: control cells
left in the incubator (100%), not shown) measured 24 hours after
exposure to UVA/B radiation, toluene or both. Air: 1 hour synthetic
air exposure; UV: UVA/B exposure at 3.1 W/m2 for 15 min; UV/air:
15 min UV plus 1 hour synthetic air exposure; T5: 1 hour toluene
exposure (5 ppmv); UV/T5: 15 min UV plus 1 hour toluene exposure
(5 ppmv). * Statistically significant versus air: *increase (p<0.05);
^^ decrease (p<0.01).
Reactive Oxygen Species (ROS)

Single treatment with toluene either at 0.5 or 5 ppm
did not increase the ROS formation inside the exposed cells
when compared to control cells (Fig.4). In the same way,
15 minutes of UVA/B irradiation alone were not able to
induce a significant increase of ROS either 4 or 24 hours
after exposure (93.8±6.6% and 97.6±7.5% respectively)
or when synthetic air exposure followed (114.0±5.6% and
116.2±9.6% respectively). Indeed, when UVA/B irradiation was applied before the exposure to 0.5 ppmv toluene,
a significant increase in the amount of oxygen species
was measured 4 hours after treatment (148.3±8.0%) but
24 hours after the exposure the amount returned to baseline level (106.5±3.1%). Only the combination of UV treatment before toluene exposure at 5 ppmv induced a significant increase of ROS generation after 4 hours that persisted 24 hours after treatment (154.5±1.7% and 137.2±1.1%
respectively).

Figure 5 describes the evaluation of DNA damages
induced by treatments with UVA/B (15 min) and toluene
(1 hour) either alone or in combination (15 min + 1 hour)
determined 4 or 24 hours after treatment. None of the results obtained for synthetic air treatments (air) were statistically different from negative controls (CO2). Exposures with 300 µM H2O2 were used as positive controls
(73.9±6.7 at 4 hours and 76.7±6.5 at 24 hours). Exposure
with UVA/B radiation alone induces DNA damage detectable 4 hours after treatment (31.6±5.9%), which was
repaired within the following 24 hours (17.2±1.5%). The
same occurred by exposing cells to UVA/B followed by
synthetic air (UV/air) with a DNA damage at 4 hours
(26.1±4.6%) followed by a repair at 24 hours (18.6±2.3%).
The single application of a low dose of toluene (0.5 ppmv,
T 0.5) did not induce any DNA damage when compared
with synthetic air. Treatment with both stressors, UVA/B
followed by toluene (UV/T 0.5), showed DNA damage
4 hours after treatment (33.9±5.9%), statistically different
from synthetic air or UV/air (p<0.05). After 24 hours, the
combined treatment generated a lower percentage of comets (21.6±4.3%), suggesting that DNA repair occurred between 4 and 24 hours after treatment.
The treatment with a high dose of toluene alone (T5)
(~5 ppm) induced DNA damage (35.7±4.7%) statistically
different from its control (air) at both times considered
(p<0.01). The damage at 4hours was also statistically different from the 24hours measurement (26.5±2.1%, suggesting that DNA repair occurred. The UVA/B treatment be-
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FIGURE 5 - Comet analysis of HaCaT cells treated with single or
combined treatments with UVA/B radiation for 15min. and/or low
toluene (~0.5 ppm) and high toluene (~5 ppm,) for 1hour. CO2:
control cells left in the incubator; H2O2: positive control: 300µM
H2O2 for 3 hours; air: 1 hour synthetic air exposure; UV: UVA/B
exposure at3.1 W/m2 for 15 min; UV/air: 15 min UV plus 1 hour
synthetic air exposure; T 0.5 or T5: 1 hour toluene exposure (0.5 or
5 ppmv); UV/T0.5 or UV/T5: 15 min UV plus 1 hour toluene exposure (0.5 or 5 ppmv). The analysis was carried out after 4 or 24
hours from the treatment. *(p<0.05); ** (p<0.01)

fore toluene (UV/T5) increased this effect (41.7±4.6%)
4 hours after treatment and was statistically different vs
all the other treatments but not vs toluene alone. After
24 hours, the DNA damage induced by the combined exposures was statistically different from all the other treatments included T5 (37.3±4.1%: p<0.01 for all of them)
with the exception of UV/T5 effect measured after 4 hours,
suggesting that in these conditions no repair occurred.
Moreover, single and combined treatments with low and
high toluene concentrations gave significant differences,
suggesting a dose dependent effect of toluene treatment.

DISCUSSION AND CONCLUSION
This study describes the combined exposure of human keratinocytes (HaCaT) cells to UVA/B radiation and
toluene. The experimental conditions were set up to simulate an exposure scenario occurring typically in summertime during common daily human activities. Different
stress markers were selected in order to evaluate several
possible reactions due to the combined exposure to physical and chemical stressors: cytotoxicity (LDH determination), inflammatory response (IL-8 and MCP-1), oxidative
stress (ROS) and DNA damage and repair (comet assay).

Cytotoxicity induced by the treatments was evaluated
by measuring LDH release in the medium which is proportional to the number of damaged or dead cells. In preliminary experiments, UVA/B dose and time were selected
to avoid any direct cytotoxic effect due to irradiation alone,
in order to investigate effects enhanced by the combination with VOC exposure at low concentration. Exposure to
3.1 W/m2 UVA/B radiation for 15 min did not lead to any
toxicity as this dose was too low to induce cell death [19].
The resistance of HaCaT cells to a low dose of UVA/B
might be a result of protective mechanisms or retroactive
self-repair. The exposure to the lower concentration of the
toluene air mixture (0.5 ppmv) as well its combination with
UVA/B radiation did not lead to any further variation in
cell viability suggesting that the cell defense mechanisms
might be strong enough to protect the cells from this combined exposure. Indeed, the higher toluene concentration
(5 ppmv) induced an increase of cytotoxicity which was
enhanced by the UVA/B pre-irradiation, suggesting that the
combination of different stress agents could have synergistic effects. The LDH evaluation is related to cell membrane
alteration (which results in LDH release in the medium),
but UVA/B and VOCs are also known to induce other cellular alterations (inflammation, oxidative stress, DNA damages). For these reasons, additional endpoints were evaluated to understand these agents’ specific action mechanisms.
It has been suggested that moderate VOC exposure
levels trigger inflammatory reactions while low exposure
levels induce alterations in immune reactivity resulting in
a subsequent higher risk for the development of allergic
reactivity [20]. In particular, human keratinocytes show an
inflammatory response after VOC exposure, inducing interleukin-8 and MCP-1 production [18]. These chemokines
are both produced by endothelial cells; they are involved
in the chemotaxis of immunological cells process and
released with a different timing and half life. On the other
hand, controversial results in literature report on the ability of UVA/B light to induce or inhibit the inflammatory
response (IL-8) of the skin. It was recently described that
UVA/B skin irradiation can exert a therapeutic effect through
the inhibition of cell proliferation, apoptosis induction
and systemic immuno-suppression, and this can be exploited mainly in the therapy for inflammatory skin diseases [21]. Indeed, only a few studies have been made on
the association between MCP-1 and inflammation induced by UVB irradiation [18, 22]. In our study, the single exposure to toluene at 5 ppmv was able to induce a
significant increase of IL-8 and MCP-1 release, while the
combined exposure to this toluene concentration and
UVA/B radiation induced a significant decrease of IL-8
and MCP-1 secretion, when compared to the toluene
single treatment of 5 ppm. This latter effect could be
related to the increased cytotoxicity of this combined
treatment, meaning that the release of cytokines was
lower due to fewer surviving cells. However, another
possible explanation in agreement with recent findings
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could be the ability of UVA/B radiation to inhibit the
inflammatory response [21].
Reactive Oxygen Species (ROS) are known as important mediators in the production of chemokines and
induction of inflammatory response [23]. It has been
suggested that effective regulation of chemokine-mediated
inflammatory response can be achieved by scavenging
ROS with appropriate antioxidants [24]. Oxidative stress
was evaluated through the detection of intracellular ROS
at 4 and 24hours after exposure. Neither single treatments
nor the combination of UVA/B and synthetic air exposure
were able to increase the intracellular amount of ROS, but
the combination of UVA/B radiation before and the
5 ppmv toluene exposure directly afterwards generated a
detectable ROS increase at 4 and 24 hours after treatment.
UVA/B treatment combined with 0.5 ppm toluene resulted in a detectable amount of oxygen species 4hours after
exposure, but 24 hours after this combined treatment ROS
returned to its initial level. A possible explanation could be
the fact that the scavenging antioxidant strategy of cells
succeeded to block the generated oxidative stress. With
the increase in toluene concentration, the quantity of reactive species generated by the combined exposure overcame
the cell defense mechanism.

the amount of reactive oxygen species and persistent DNA
damage were enhanced by their combination when compared to single agent treatment. This study shows that all,
even low dose, chemical and physical environmental
stressors have to be taken into account when evaluating
the hazardous potential of chemical substances.
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The chemical and physical agents to which dermal
cells are exposed daily can cause damage to DNA, either
directly (UVA/B radiation) or indirectly, for example mediated by reactive oxygen species [24]. Toluene is known
to give positive results with the alkaline comet assay even
if it is not classified as carcinogenic [25]. The alkaline
comet assay was selected to detect DNA damage and repair
induced by single and combined treatments, as it is widely
used to detect genetic outcomes of chemical and physical
agents on cell or tissue cultures [17, 25, 26]. In our experiments with UV A/B treatment alone or applied before low
dose (0.5 ppmv) toluene exposure, DNA damage occurred
shortly after exposure and was repaired in the following
24 hours, while toluene alone was not able to induce any
DNA damage. The higher dose of toluene alone (5 ppmv)
as well as in combination with UVA/B radiation induced
significant DNA damage 4hours after exposure. In case of
the single application of 5 ppmv toluene 24hours after the
exposure a lower DNA damage was detected meaning that
DNA repair was possible. Instead, combined exposure did
not allow any further repair as the detected DNA damage
24 hours after application was as high as after 4 hours.
In conclusion, the assessment of the toxicity of single
environmental stressors to the skin is considered far from
a daily life scenario. The combination of different stressors either simultaneously or one after the other can simulate real day to day exposure to skin. This study shows that
the detection of biological effects in human keratinocytes is
related to the synergistic action of UVA/B and toluene. In
our model the combined exposure to both UVA/B and
toluene results in detectable intracellular stress: i.e. cytotoxicity, modification of the inflammatory profile, increase of
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ABSTRACT
Pressurized liquid extraction (PLE) for simultaneous
extractions of polycyclic aromatic hydrocarbons (PAHs)
and alkylated PAHs (alkPAHs) in marine sediments was
optimized. The conditions, could be greatly influenced the
extraction efficiencies such as extracting solvent, pressure,
and temperature, were examined using dry samples spiked
PAHs and alkPAHs. The extraction efficiencies were observed to be dependent on solvent composition. When mixture of acetone-hexane (1:1, v/v) was used, the mean recovery of individual PAH was 94.4 ± 31.4% (mean ± standard deviation), and that of alkPAH was only 7.5 ± 2.6%.
On the other hand, recoveries of alkPAHs were remarkably
improved (101.3 ± 9.1%) with dichloromethane-hexane
(1:1, v/v). The extractions of PAHs required a pressure
above 10 MPa and temperature of 100ºC. But alkPAHs
were not significantly depended on these conditions. The
optimized PLE conditions were applied in real marine sediments and the results were compared with ultrasonic extraction (UL), which is a general method for the analysis of
PAHs and alkPAH in sediments. The results showed that
PLE achieved higher extraction efficiencies for almost PAHs
and alkPAHs as compared to UL. Thus, PLE is suitable
method for simultaneous analysis of PAHs and alkPAHs.

KEYWORDS:
pressurized liquid extraction; polycyclic aromatic hydrocarbons;
alkylated polycyclic aromatic hydrocarbons; marine sediments

INTRODUCTION
Large-scale oil spills such as tanker sinking often occur with accidents at the sea and lead to significant influences to marine ecosystems [1, 2]. Petroleum is composed

of several components including polycyclic aromatic hydrocarbons (PAHs) and alkylated PAHs (alkPAHs) [3, 4].
PAHs are compounds having two or more fused benzene
rings and some of them (ex. benzo[a]pyrene) exhibit mutagenic or carcinogenic effects. Most of PAHs are mainly
discharged by combustion of fuels (e.g. automobile and
manufacturing emissions), diffuse in the atmosphere, and
ultimately reach to soil or water systems. On the other
hand, some alkPAHs, which are PAHs added methyl group,
are applicable indicators of oil pollution, especially the
methylated naphthalene, fluorene, dibenzothiophene, phenanthrene, pyrene, and chrysene, since these are specifically
present in petroleum [5]. PAHs and alkPAHs that reach to
the marine environment are difficult to degrade and could be
residue in marine sediments [6] and accumulated in marine
organisms [7-9]. These chemicals are also known to induce
some effects to aquatic organisms. For example, Rhodes et
al. [10] reported that PAHs and alkPAHs caused substantial
damages to fish, and the hatching rate of Japanese medaka
was inhibited after exposures to PAHs and alkPAHs.
The conventional extraction methods of PAHs and
alkPAHs from sediments, such as soxhlet and ultrasonic
extraction methods, require complicated procedures, time
consuming, and use of large volume solvents which are
harmful to humans. Thus, alternative techniques have been
reported such as supercritical fluid extraction [11] and subcritical water extraction [12]. Although Kim et al. [13] used
pressurized liquid extraction (PLE) in the PAHs analysis,
there are only few studies reported in the analysis of alkPAHs using PLE. PLE can lessen the time of extraction
processes, since the permeation and diffusion of solvents
are increased at appropriate conditions. PLE can also reduce the amount of solvent used in extraction and, as a
result, reduce manual labor required.
In this study, the optimal conditions of PLE were established for the analysis of PAHs and alkPAHs in sediment, focusing on influence factors to extraction efficien-
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cies such as solvent, pressure and temperature. Furthermore, usefulness of PLE was validated by comparison to
UL using the real marine sediments.	
 
MATERIALS AND METHODS
Sediment samples

For the optimizations of PLE conditions, sediments
were collected using Smith-McIntyre sediment sampler in
2005 at Kagoshima Bay, Japan. The sediments, which were
mud and passed through a sieve (1 mm), were dried at 60ºC
for 24h. Target substances (Table 1) were spiked to sediment with excessive amount of hexane, and hexane were
completely evaporated with nitrogen gas at 40ºC. The
sediment sample was stored in a refrigerator (4 ºC) until
analysis. For comparison studies of the extraction efficiencies between PLE and UL, sediments were also collected
using Smith-McIntyre sediment sampler in 2005 at Tokyo
Bay, Japan. The sediments were also dried at 60ºC for 24h
and stored under -20ºC until analyses.
Chemicals

A certified standard containing 16 PAHs (naphthalene,
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene, benz[a]anthracene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, benzo[g,h,i]perylene, dibenz[a,h]anthracene, and
indeno[1,2,3-cd]pyrene) was purchased from Supelco
(USA). 1-Methylnaphthalene, 2-methylnaphthalene, 4methyldibenzothiophene, 1-methylanthracene, 4,6-dimethyldibenzothiophene, 7-methylbenzo[a]pyrene, and 7,12-dimethylbenz[a]anthracene were purchased from Sigma-Aldrich (USA). Dibenzothiophene, 1,2-dimethylnaphthalene,
2,3,5-trimethylnaphthalene, and 1-methylpyrene were purchased from Tokyo Chemical Industry Co., LTD (Japan).
1-Methylfluorene was purchased from Alfa Aesar (USA).
2,3-Dimethylanthracene, 2-methylfluoranthene, 1-methylbenz[a]anthracene, and 4-methylchrysene were purchased
from AccuStandard Inc. (USA).
Internal standards (naphthalene-d8, anthracene-d10,
chrysene-d12, and pyrene-d10) were purchased from Cambridge Isotope Laboratories Inc. (USA) and Wako Pure
Chemical Industries, LTD (Japan). Hexane, acetone and
dichloromethane were all pesticide grades (Wako). The
wakogel (C-100, silica gel) and anhydrous sodium sulfate were also purchased from Wako. The silica gel was
heated at 160ºC for 8h before use. High-purity water was
obtained from a Milli-Q water system (Millipore, France).
Instruments
Pressurized liquid extraction (PLE)

A PLE apparatus equipped with 6 stainless steel vessels (22 mL, Applied Separations, USA) and 50 mL glass
containers for collecting extracts was used. In order to
optimize the conditions for extraction of PAHs and alkPAHs in sediments, the following factors were varied and
examined; (a) acetone-hexane (1:1, v/v) and dichloro-

methane-hexane (1:1, v/v) for extraction solvent, (b) 7, 10,
13 and 15 MPa for pressure, (c) 70, 100, 130, and 150ºC
for temperature, and (d) dry and wet sample.
Extraction with PLE under the various condition of
pressure and temperature was carried out as the followings: PLE vessel containing the 2.5 g dry or wet sample
was filled with 20 mL of extraction solvent; the static
condition was kept for 6 min, and then, the solvent was
drained into glass vessel. These extraction and drain processes were performed twice for each sample. The collected extracts were concentrated to about 5 mL using a rotary evaporator and to 1 mL using a flow of nitrogen gas.
The solvent was completely changed to hexane. Extracts
obtained from wet samples were dehydrated using anhydrous sodium sulfate before concentration with a rotary
evaporator. The hexane solutions were subjected to
clean-up through a 5% water-deactivated silica gel column (17 cm × 6 mm I.D.) fully washed with hexane. Target compounds were eluted with 30 mL of hexane, and then
done by 10 mL of dichloromethane-hexane (1:3, v/v).
Internal standards (naphthalene-d8, anthracene-d10, pyrene-d10 and chrysene-d12) were added to elutes, before it
was concentrated to 1 mL by nitrogen gas. Targets were
finally quantified using gas chromatography equipped
with mass spectrometry (GC-MS).
Ultrasonic extraction (UL)

A comparison of extraction efficiencies of PAHs and
alkPAHs between PLE and ultrasonic extraction (UL),
which is a conventional extraction method, was performed
using the sediments collected at Tokyo bay. About 5 g of
dry or wet samples were ultrasonically extracted for 20 min
with ultrasound bath (maximum power: 80 W, oscillatory
frequency 40 kHz, Ultrasonic cleaner USD-4, AS ONE
Co., Japan). 20 mL dichloromethane for dry sediments and
20 mL dichloromethane-acetone (2:1, v/v) for wet sediments were used as the extraction solvents. These ultrasonic extraction processes were performed twice for each
sample. On the other hand, the PLE process for dry and
wet sediment samples were performed under the optimal
condition achieved in their examination (Section Pressurized liquid extraction (PLE)). After extraction, all samples
were forwarded to concentration, solvent change to hexane, clean-up, and GC-MS injection as were performed in
the PLE examination.
Gas chromatography equipped
with mass spectrometry (GC-MS)

All samples were analyzed on an Agilent 6890 gas
chromatography and Agilent 5973MSD (Agilent Technologies, USA) equipped with a 30 m DB-5MS column
(0.25 mm I.D., 0.25 µm film thickness, Agilent Technologies). 2 µL sample was injected using an auto injector
(Agilent 7683B, Agilent technologies) in a splitless mode
with an injection port temperature of 280ºC. Oven temperature was programmed as follows: temperature was first
maintained at 60ºC for 2 min, then increased to 150ºC at
15ºC min-1 and maintained for 1 min. Finally, this was in-
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TABLE 1 - Quantification and confirmation ions of target polycyclic aromatic hydrocarbons and alkylated polycyclic aromatic hydrocarbons.
TABLE 1 - Quantification and confirmation ions of target polycyclic aromatic hydrocarbons and alkylated polycyclic aromatic hydrocarbons
Compounds
Abbreviation
Quantification ions
Confirmation ions
Naphthalene
Nap
128
127
2-Methylnaphthalene
2-MethylNap
142
141
1-Methylnaphthalene
1-MethylNap
142
141
1,2-Dimethylnaphthalene
1,2-DimethylNap
156
155
2,3,5-Trimethylnaphthalene
2,3,5-TrimethylNap
170
155,169
Acenaphthylene
Acl
152
153
Acenaphthene
Ace
154
153
Fluorene
Flu
166
165
1-Methylfluorene
1-MethylFlu
180
179,165
Dibenzothiophene
DBT
184
152,139
4-Methyldibenzothiophene
4-MethylDBT
198
197
4,6-Dimethyldibenzothiophene
4,6-DimethylDBT
212
211
Phenanthrene
Phe
178
176
Anthracene
Ant
178
176
1-Methylanthracene
1-MethylAnt
192
191
2,3-Dimethylanthracene
2,3-DimethylAnt
206
205,191
Fluoranthene
Fla
202
101
2-Methylfluoranthene
2-MethylFla
216
215
Pyrene
Pyr
202
101
1-Methylpyrene
1-MethylPyr
216
215
Benzo[a]anthracene
BaA
228
226
1-Methylbenz[a]anthracene
1-MethylBaA
242
241
7,12-Dimethylbenz[a]anthracene
7,12-DimethylBaA
256
241
Chrysene
Chr
228
226
4-Methylchrysene
4-MethylChr
242
241
Benzo[b]fluoranthene
BbF
252
253
Benzo[k]fluoranthene
BkF
252
253
Benzo[a]pyrene
BaP
252
253
7-Methylbenzo[a]pyrene
7-MethylBAP
266
265
Benzo[g,h,i]perylene
BgP
276
277
Dibenzo[a,h]anthracene
DaA
278
279
Indeno[1,2,3-cd]pyrene
Ind
276
277

creased to 300ºC at 5ºC min-1 and maintained for 20 min.
Temperature of the ion source and MS analyzer was set at
230 and 150ºC, respectively. Confirmation and quantification ions of PAHs and alkPAHs as target were summarized in Table 1. PAHs concentrations were quantified by
G1701DA MSD ChemStation (Agilent Technologies).
The concentrations of alkPAHs in marine sediments were
also calculated semi-quantitatively as reported by Daling
and Faksness [14].
Statistical analysis

F-Test and Dunnett’s multiple comparison test were
performed to establish the optimal pressure and temperature (including 95% confidence interval). T-test was used
to compare the extraction efficiency for PAHs and alkPAHs from dry samples between PLE and UL methods
(including 95% confidence interval). All analyses were
done using the SPSS software (Ver. 14.0J, SPSS Inc.,
USA).
RESULTS AND DISCUSSION
Optimization of the pressurized liquid extraction

Fig. 1 shows the difference between acetone-hexane
(1:1, v/v) and dichloromethane-hexane (1:1, v/v) at 13 MPa

and 100ºC for the extraction efficiencies of PAHs and
alkPAHs (dibenzothiophene could not be obtained and examined in this optimization). The recoveries for PAHs in
the extraction process ranged from 17.9 ± 0.7 to 117.3 ±
1.7% (mean ± standard deviation) with acetone-hexane
and 31.3 ± 4.0 to 106.4 ± 0.2% with dichloromethanehexane (Fig. 1). There was no significant difference between the two solvents (p<0.05). PAHs having low molecular weights such as naphthalene, acenaphthylene, and
acenaphthene was marked lower recoveries (17.9 ± 0.7 to
57.8 ± 4.5%). These results are similar to reports of Song
et al. [15] and Lundstedt et al. [16]. Low molecular PAHs
may volatilize during sample treatments because of their
high volatility.
The remarkable differences recoveries of alkPAHs in
the extraction process were observed between the two solvents (Fig. 1). The recoveries of alkPAHs with acetonehexane were 2.1 ± 0.0 to 3.0 ± 0.1% and with dichloromethane-hexane 20.2 ± 3.4 to 83.5 ± 1.6%. Significantly
higher recoveries were obtained in the extraction process
with dichloromethane-hexane. The much lower recoveries
of alkPAHs with acetone-hexane can be attributed to alkyl
substitutions of alkPAHs. Therefore, dichloromethanehexane (1:1, v/v) seems to be suitable for the extraction
solvent of the simultaneous extractions of PAHs and alkPAHs.
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FIGURE 1 - Comparisons of extraction recovery rates of PAHs (I) and alkPAHs (II) between acetone-hexane and dichloromethane-hexane
(each 1:1, v/v) in pressurized liquid extractions. The white bars indicate the extraction efficiencies with acetone-hexane, and the black line
bars indicate the efficiencies with dichloromethane-hexane. The abbreviation of PAHs and alkPAHs were indicated in Table 1.

As more fully described below, the optimal pressure
was 10 MPa in PLE. On the other hand, the optimization
of extraction solvent was performed at 13 MPa. In present
study, the first optimization was performed for solvent, and
the much differences of recoveries were found, especially
in alkPAHs. We thought that the differences of extraction
abilities change little at 13 MPa or 10 MPa and the recomparison for extraction solvent was not performed.
The optimal pressure and temperature for PLE were
also determined with dichloromethane-hexane (1:1, v/v).
Mean recoveries under constant temperature (100°C) were
greater than 70% for each PAHs and greater than 90% for
alkPAHs in all pressures (Table 2). In addition, mean recoveries under constant pressure (10 MPa) were greater
than 70% for each PAH and almost 100% for alkPAHs in
all temperatures (Table 3).
The recoveries of alkPAHs in the extraction process
under various pressures and temperatures showed no significant difference (Table 2). In addition, since coefficients
of variations among alkPAHs recoveries under each pressure and temperature were very small (Table 3), the ex-

tractions of alkPAHs could not be depended on pressure
and temperature. On the other hand, extraction efficiencies
for each PAHs at 10 MPa were significantly higher compared to other pressures (Table 2). Furthermore, the recovery efficiencies for PAHs at 100 and 130ºC were not significantly different (Table 3), although these were significantly higher than the other temperatures. However, the
mean recovery efficiency of PAHs at 100ºC was observed
to be higher than that of 130ºC and the coefficient of variation in recoveries of PAHs at 100ºC was smaller than that
of 130ºC as shown in Table 3. Most reports on the extractions of PAHs with PLE suggested that optimal temperature was 100ºC [11, 13, 17]. Therefore, the optimal conditions of PLE for the simultaneous extraction of PAHs and
alkPAHs in sediments are pressure; 10 MPa and temperature; 100°C and the dichloromethane-hexane (1:1, v/v) is
suitable for the extraction solvent.
Comparison between pressurized liquid extraction and ultrasonic extraction using marine sediments

Extraction efficiencies of PLE were compared with
UL, because UL is widely used as a conventional extract-
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TABLE 2 – Comparison of extraction efficiencies for PAHs and alkPAHs among different pressures in pressurized liquid extractiona
a

TABLE 2 - Comparisons of extraction efficencies for PAHs and alkPAHs among different pressures in pressurized liquid extraction
Recovery efficiencies (%) b
Recovery efficiencies (%) b
Object substance
Object substance
Pressure (MPa)
Pressure (MPa)
7
10
13
15
7
10
13
15
Naphthalene
68.8
80.4
57.8
59.1
2-Methylnaphthalene
92.7
90.3
95.8
86.6
Acenaphthylene
52.7
56.9
31.3
45.3
1-Methylnaphthalene
88.7
85.7
92.7
89.0
Acenaphthene
83.5
64.4
45.0
57.4
1,2-Dimethylnaphthalene
97.7
94.8
83.5
91.7
Fluorene
79.5
72.0
57.3
58.5
2,3,5-Trimethylnaphthalene
102.4
95.4
95.0
94.8
Phenanthrene
77.8
89.2
64.3
63.0
1-Methylfluorene
98.6
105.6
102.4
95.7
Anthracene
70.9
88.2
54.9
59.4
4-Methyldibenzothiophene
101.2
103.3
107.7
105.5
Fluoranthene
81.1
98.4
71.5
69.5
1-Methylanthracene
100.5
108.4
106.9
109.2
Pyrene
76.2
96.9
67.8
68.7
4,6-Dimethyldibenzothiophene
104.6
112.6
113.0
110.3
Benzo[a]anthracene
87.2
91.1
82.9
76.3
2,3-Dimethylanthracene
93.7
108.5
92.0
100.6
Chrysene
64.6
71.7
47.4
46.2
2-Methylfluoranthene
107.8
112.8
98.9
105.5
Benzo[b]fluoranthen
101.1
111.1
91.0
81.9
1-Methylpyrene
107.0
113.3
99.0
106.0
Benzo[k]fluoranthen
86.9
102.5
73.6
75.9
1-Methylbenz[a]anthracene
107.5
100.4
104.1
107.2
Benzo[a]Pyrene
94.5
105.6
80.4
87.3
4-Methylchrysene
109.5
105.6
107.6
102.4
Benzo[g,h,i]perylene
114.2
120.7
106.4
86.6
7,12-Dimethylbenz[a]anthracene
99.9
93.9
101.4
103.2
Dibenzo[a,h]anthracene
68.6
78.2
75.0
77.1
7-Methylbenzo[a]pyrene
107.6
115.4
120.2
107.8
Indeno[1,2,3-cd]pyrene
104.7
113.9
100.9
81.7
Mean of PAHｓ
82.0
90.1
69.2
68.4
Mean of alkPAHs
101.3
103.1
101.3
101.0
SD

16.0

18.5

20.4

13.4

SD

6.2

9.2

9.1

7.6

CV (%) c

19.5

20.5

29.5

19.6

CV (%) c

6.2

8.9

9.0

7.5

-1

a: All extractions was used additional sediments (250 ng g ) and performed using the solvent of dicloromethane-hexane (1:1, v/v) at 100°C.
b: n=3
c: CV, coefficent of variation

TABLE 3 – Comparisons of extraction efficiencies for for PAHs and alkPAHs among different temperatures in pressurized
liquid extractiona
a
TABLE 3 - Comparisons of extraction efficencies for PAHs and alkPAHs among different temperatures in pressurized liquid extraction
Recovery efficiencies (%) b
Recovery efficiencies (%) b
Object substance
Object
substance
Temperature (°C)
Temperature (°C)
70
100
130
150
70
100
130
150
Naphthalene
63.8
80.4
61.8
61.6
2-Methylnaphthalene
84.9
90.3
86.8
97.8
Acenaphthylene
43.6
56.9
48.0
45.1
1-Methylnaphthalene
92.1
85.7
92.5
100.1
Acenaphthene
63.0
64.4
70.3
62.7
1,2-Dimethylnaphthalene
107.0
94.8
110.1
106.2
Fluorene
64.5
72.0
73.9
71.0
2,3,5-Trimethylnaphthalene
98.7
95.4
108.5
109.7
Phenanthrene
84.8
89.2
92.6
88.3
1-Methylfluorene
96.3
105.6
105.0
108.5
Anthracene
81.6
88.2
86.9
82.8
4-Methyldibenzothiophene
101.7
103.3
112.4
117.1
Fluoranthene
90.9
98.4
98.9
92.9
1-Methylanthracene
104.3
108.4
112.7
116.8
Pyrene
92.1
96.9
100.3
94.7
4,6-Dimethyldibenzothiophene
105.7
112.6
116.4
119.0
Benzo[a]anthracene
82.0
91.1
102.5
80.7
2,3-Dimethylanthracene
103.7
108.5
111.7
100.9
Chrysene
65.7
71.7
73.7
69.2
2-Methylfluoranthene
112.5
112.8
123.7
118.4
Benzo[b]fluoranthen
88.3
111.1
115.1
104.8
1-Methylpyrene
113.5
113.3
124.4
118.9
Benzo[k]fluoranthen
84.5
102.5
109.8
99.2
1-Methylbenz[a]anthracene
118.4
100.4
109.1
105.8
Benzo[a]Pyrene
63.1
105.6
87.4
74.6
4-Methylchrysene
123.0
105.6
117.2
117.7
Benzo[g,h,i]perylene
62.8
120.7
106.3
111.6
7,12-Dimethylbenz[a]anthracene
91.9
93.9
89.0
90.9
Dibenzo[a,h]anthracene
21.8
78.2
43.6
65.7
7-Methylbenzo[a]pyrene
105.5
115.4
110.3
106.9
Indeno[1,2,3-cd]pyrene
49.9
113.9
95.9
96.5
Mean of PAHｓ
68.9
90.1
85.4
81.3
Mean of alkPAHs
104.0
103.1
108.7
109.0
SD
CV (%)

c

19.3

18.5

21.6

18.2

SD

28.1

20.5

25.2

22.4

CV (%)

c

10.3

9.2

11.3

8.9

9.9

8.9

10.4

8.2

a: All extractions was used additional sediments (250 ng g-1 ) and performed using the solvent of dicloromethane-hexane (1:1, v/v) at 10MPa.
b: n=3
c: CV, coefficent of variation

ing method for PAHs and alkPAHs. The results showed a
remarkable difference between the two extraction methods (Table 4 and 5, and Fig. 2). The concentrations of
total alkPAHs with PLE marked 133.3 in dry samples and
164.5 ng g-1 in wet samples, while the concentrations with
UL were 81.3 in dry samples and 62.8 ng g-1 in wet samples (Table 5). Significantly higher concentrations of almost PAHs and alkPAHs were obtained from dry samples
extracted using PLE as compared to UL (Fig. 2). Although
the individual concentrations of a few PAHs and alkPAHs

from dry samples were not significantly different between
PLE and UL, concentrations of total PAHs and alkPAHs
with PLE were about 1.3 times higher than UL. Thus, PLE
is a more efficient method and can be one of the powerful
techniques for extractions of PAHs and alkPAHs in marine sediments.
Dry vs. wet samples

The extraction recoveries of low molecular PAHs and
alkPAHs in dry sample were lower as compared to wet
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sample (Table 4 and 5). This is perhaps because of the
vaporization of small molecular PAHs. However, the
extracts obtained from the dry sample were easy to treat,
because it dose not require solvent dehydration. The water
present in the wet sample possibly prevented the extraction of PAHs using PLE and UL. As a result, both PLE
and UL methods obtained higher concentrations of several PAHs from dry samples than those from wet samples.
Concentrations of total PAHs using PLE were 585.6 ng g-1
in dry sample and 492.1 ng g-1 in wet sample, respectively,
and 456.0 ng g-1 in dry sample and 352.2 ng g-1 in wet,
respectively, using UL. In addition, the total PAH concen-

tration in dry sample was about 1.2 times higher than that
in wet sample using both extraction methods. The results
were similar to the report of Richter [18], that concentrations of PAHs in wet samples were lower than those in
dry samples.
Furthermore, the concentrations of total alkPAHs from
dry samples were 133.3 ng g-1 with PLE and 81.3 ng g-1
with UL. The concentrations of total alkPAHs extracted in
dry samples using PLE were similar to those obtained from
wet samples. This finding suggests that alkPAHs have no
specificity between dry and wet samples using PLE extrac-

TABLE 4 – Comparisons of analyzed contentrations for PAHs in real sediment
between
pressurized
liquid extraction
and
ultrasonic
extraction
(Tokyoliquid
Bay,extraction
2005)
TABLE 4 - Comparisons
of analyzed
concentrations
for PAHs in
real
sediment between
pressurized
and ultrasonic extraction (Tokyo Bay, 2005)
Measured concentrations (ng g-1 wet weight)
Object substance
Pressurized liquid extraction
Ultrasonic extraction
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Dibenzothiophene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]Pyrene
Benzo[g,h,i]perylene
Dibenzo[a,h]anthracene
Indeno[1,2,3-cd]pyrene
Total PAHs
a: n=3
b: n=2

Dried sample a
14.7
5.5
5.8
10.5
30.1
38.3
14.2
0.1
36.3
27.5
109.3
43.4
7.6
41.6
43.2
77.8
79.7
585.6

Wet sample b
38.6
3.9
7.4
9.2
33.9
59.7
25.1
0.1
32.0
27.0
76.2
31.6
12.8
32.3
22.4
25.5
54.4
492.1

Dried sample a
6.9
3.9
5.3
7.8
38.4
32.9
9.7
0.1
31.3
31.7
70.1
27.7
6.8
34.3
33.0
50.8
65.2
456.0

Wet sample b
11.9
3.6
6.3
6.9
15.8
26.5
10.2
0.1
23.3
23.6
23.6
39.2
14.5
32.7
26.4
33.6
54.1
352.2

TABLE 4 – Comparisons of analyzed contentrations for alkylated PAHs in real

TABLE 5 - Comparisons
of analyzed
concentrations
for alkylated
PAHs
real sediment
between pressurized
liquid
extraction
sediment between
pressurized
liquid
extraction
andinultrasonic
extraction
(Tokyo Bay,
2005)
and ultrasonic extraction (Tokyo Bay, 2005)
Pressurized liquid extraction
Ultrasonic extraction
Dried sample a
30.3

Wet sample b
44.9

Dried sample a
18.0

Wet sample b
16.3

1-Methylnaphthalene
1,2-Dimethylnaphthalene

11.9
4.4

19.7
1.8

8.3
2.6

8.6
1.4

2,3,5-Trimethylnaphthalene
1-Methylfluorene

ND
30.1

4-Methyldibenzothiophene
1-Methylanthracene
4,6-Dimethyldibenzothiophene

22.8
0.7
17.0

Object substance
2-Methylnaphthalene

2,3-Dimethylanthracene
2-Methylfluoranthene
1-Methylpyrene
1-Methylbenz[a]anthracene
4-Methylchrysene
7,12-Dimethylbenz[a]anthracene
Total alkPAHs
a: n=3
b: n=2
c: ND, not detected

c

c

ND
30.3
34.4

c

c

ND
15.2

ND
3.7

ND
21.2

13.6
0.6
9.7

10.3
0.5
8.6

ND
7.7

N.D.
5.8

ND
6.7

ND
5.0

8.3
ND c

6.3
ND c

6.5
ND c

4.7
ND c

c

ND
c
ND
62.8

c

c

ND
c
ND
133.3

ND
c
ND
164.5

1550

ND
c
ND
81.3

c

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

300
250
200
150
100

Concentration(ng g-1 )
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C1 C2
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Anthracene/Phenanthrene
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150
100
50
0
C4
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C1 C2
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C0

C1 C2
Chrysene

C3

FIGURE 2 - The concentrations of PAHs and alkPAHs in real sediment in PLE and UL (Tokyo Bay, 2005). Cx refers to the number
of methyl attached to the parent PAHs. The line bars show the concentrations with PLE, and the gray bars the concentration with UL.

tion at current optimal conditions. The results suggested
that the dry sample is more appropriate to the PLE extraction of PAHs and alkPAHs in marine sediments.
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ABSTRACT
The mutagenic activities of four steroid hormone derivatives, namely 6β-hydroxyandrost-4-ene-3,17-dione (1),
6β-acetoxyandrost-4-ene-3,17-dione (2), 17β-acetoxyandrost- 4- ene-3,6-dione (3) and cholest-4-ene-3,17-dione
(4), were studied with umu test using Salmonella typhimurium NM2009 and NM3009 strains. The results showed
that the highest mutagenic activity was exhibited by the
compound 2 followed by compounds 1, 3 and 4 for both
strains. It seemed that the mutagenic activity was lowered
by the presence of hydrophobic group at C-17 whereas it
was increased by the presence of the β-acetyl group at C-6
in the steroid nucleus.

KEYWORDS: Steroid hormones, Salmonella typhimurium, umu
test, β-Galacdosidase activity, Genotoxicity.

INTRODUCTION
Steroid hormones are lipid molecules consisting of
four fused rings, three with six carbons and one with five.
The fused rings in the steroid nucleus prevent rotation
around C-C bonds, making steroid molecules almost planar
and relatively rigid. Steroid hormones are potent biological signals and many steroids play a modulatory role on
several brain functions besides their roles as membrane
constituents [1]. For example, sex steroids of androgens
and estrogens are shown to be active at central nervous system, especially during sexual differentiation while progesterone and corticosteroids exert important modulatory actions on the brain [2-4]. Their central action are mediated
through not only the activation of transcription factors
(genomic receptors), but also the interactions at the level
of the cell membranes with neurotransmitters-gated ion
channels or with not yet well-characterized receptors. Development of a number of neurons, modulation of synaptic
transmission and plasticity are the consequences [5].
An important characteristic of steroids action is that
these compounds do not always act in their native form

and should be locally metabolized to gain an active conformation to acquire their modulatory functions. Therefore,
the regulation and distribution of the steroid metabolizing
enzymes in the different part of the brain and the cells are
of cruel importance to express the steroid actions [3].
There are two major metabolic pathways to transform
steroids in the brain, known as 5α-reductase-3α-hydroxy
steroid dehydrogenase and the aromatase pathways. They
differ in their substrate requirements, tissue and cellular
distribution, developmental pattern of the enzymes involved and most probably their physiological functions [5].
The aromatase pathway involves the conversion of androgens to estrogens in three steps catalyzed by aromatase
enzyme systems. Each stage requires one mole of O2 and
NADPH and A-ring of androgens is transformed to the
phenolic A-ring characteristic of estrogens. The first two
reactions are sequential stereospecific hydroxylations at the
C-19 methyl group, followed by the third step in which C19 and the 1β, 2β-hydrogens are eliminated as formic acid
and water to produce estrogen [6]. Estrogen biosynthesis is
extremely important since approximately one third of mammary tumors require a supply of estrogen to support their
growth and it is found that 60% of estrogen dependent tumors respond to endocrine therapy. Therefore reduction in
estrogen levels has been examined as a cancer therapy. It
is thought that estrogen promotes tumor growth by interacting with the estrogen receptor which has two overlapping functional domains. The first has a high affinity for
estrogen while the second has a high affinity for DNA.
Expression of this gene produces a protein essential for
tumor growth [5; 7].
Several androst-4-ene-3,17-dione derivatives were tested
for their ability to inhibit the biosynthesis of estrogen by
blocking the aromatase enzyme systems [8-12]. 6β-hydroxyandrost-4-ene-3,17-dione (1) is among them and showed a
lower binding affinity than androst-4-ene-3,17-dione itself
with Ki value of 130 nM as an aromatase inhibitor [13].
Knowing the genotoxic properties of these types of compounds are important since steroidal drugs have an important place in the treatment of a variety of metabolic,
homeostatic and sexual disorders in both sexes. [14].
Therefore, the aim of this study is to perform the Salmo-
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nella umu test to evaluate the potential of 6βhydroxyandrost-4-ene-3,17-dione (1) together with 6βacetoxyandrost-4-ene-3,17-dione (2), 17β-acetoxyandrost4-ene-3,6-dione (3) and cholest-4-ene-3,17-dione (4) as
mutagenic agents. These compounds were synthesized
as potential aromatase in-hibitors.
MATERIALS AND METHODS
Reagents

The tested steroid hormone derivatives are shown in
Figure 1. Their synthesis was achieved by following literature methods [14; 15]. 4-Nitroquinoline 1-oxide (4NQO),
O-Nitrophenyl-ß-D-galactopyranoside (ONPG), 5-bromo4chloro-3-indoly- β - D-galactosidase (Xgal), sodium dodecyl sulfate (SDS) and yeast extract were obtained from
Sigma, ampicillin and chloramphenicol from Fluka, dimethyl sulfoxide (DMSO), chloroform and β-merkaptoethanol from Merck. LB broth (Lutria Bertani), TGA broth
(Tripton Glucose Ampicillin), M63 and STA media were
used in addition to ONPG solution in the experiment.
Bacterial Strains

Salmonella thyphimurium NM 2009 and NM 3009
strains were obtained from Dr. Yoshimitsu Oda at Osaka
Prefectural Institute of Public Health in Osaka, Japan.

Determination of Cytotoxic Effect

The cytotoxic dosage of tested compounds was determined according to the Hofnung and Quillardet methods [16].
Measurement of β-Galactosidase Activity

The ß-galaktosidase activity was determined according to the Quillardet and Hofnung method [16]. In this
method, the test tubes containing a 1.35 ml Z buffer solution were incubated in a water bath for 5-10 minutes at 37 ºC
followed by the addition of 0.3 ml of 4 mg/ml ONPG solution. The reaction mixture was then kept between 10 and
120 minutes for the formation of color, then the reaction
was stopped by adding 1 ml of 1 M Na2CO3 solution. The
test tubes were read at 420 nm and the obtained values
were used in unit calculations [17].
The experiments were repeated six times and the each
value is the mean ± S.D. of six replicates. The experimental data were analyzed using SPSS version 11.5/PC.
The umu Assay

The umu test is a colorimetric bacterial test system
found application to determine the mutagenic effects of the
environmental carcinogen and mutagenes [18]. It is based
on the SOS response which is a regulator and first characterized system induced with DNA damage [19].

O

O

O

O
OH

OCOCH3
(2)

(1)

OCOCH3

O

O

O
(4)

O
(3)

FIGURE 1 - The structures of tested steroid hormone derivatives.
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Before starting the experiment, cytotoxic effects of
steroid derivatives were investigated. The determined dosage was accepted as the top limit and the experiment was
carried out with the dosages below this limit.
0.1 ml frozen samples of S. thyphimurium NM 2009
and NM 3009 strains in erlenmeyer flasks (50 ml) containing 20 ml LB broth were left overnight. It was then
diluted by 1/50 times with TGA broth and the incubation
was continued at 37 ºC and 175 rpm until OD600 values
reach to 0.25 and 0.3. These cultures in 0.9 ml parts were
then added to sterile tubes containing 30 µl of steroid derivatives solutions at different concentration rates and incubated. After the incubation, the bacteria concentration
of each tube was checked at OD600 in a spectrophotometer (Jasco V530) to determine cytotoxicity of the chemicals
at different concentrations. In order to measure the ß-galaktosidase activity, the experiment was started by putting
into 0.2 ml of cultures with predetermined absorbency into
the series of tubes. Each tube containing 0.2 ml culture
was mixed by adding 1.8 ml Z buffer, 50 µl of 0.1% SDS
and 10 µl pure chloroform. About 0.2 ml ONPG (4 mg/ml)
solution was added in order to start the reaction and remixed. After waiting for a proper time (10-60 min) for the
formation of color, the reaction was stopped by adding 1 ml
of 1 M Na2CO3 solution into each tube [20].
The test tubes were checked at 420 and 550 nm and
unit calculations were done by using the following equation
Unit =

A420 — 1,75 × A550
1000 × ———————————
t x v x A600

where t is the reaction time (min), v is volume of bacterial solution (ml) and A420, A550 and A600 are the bacterial densities read at 420, 550 and 600 nm, respectively.
ß-Galactosidase is an enzyme that can hydrolyse ONPG
molecule and be easily determined spectrophotometrically
by checking colorful products formed with the hydrolysis
of colorless substrates whose activity is similar to ONPG.
When ß-galaktosidase is available, ONPG transforms into
galactose and o-nitrophenol (ONP). ONP molecule is in
yellow color and its absorbency may be measured at 420 nm.
In fact, the checking at 420 nm is a combination of the absorbency of o-nitrophenol and light diffusions caused by
the cell remnants. This situation may be corrected with
absorbency obtained at another wavelength (for example
550 nm) because there are only light diffusions of cell
remnants at 550 nm and o-nitrophenol does not get involved. The light diffusion at 420 nm is proportional to
diffusion at 550 nm. The ONPG absorbance can be calculated by using a correction factor in order to compensate
the light diffusion [19].
At least a two-fold increase in the activity of ß-galactosidase compared with the control level shows that the
chemicals, in the umu test system, may be evaluated as
positive in terms of genotoxicity [17].

RESULTS AND DISCUSSION
The chemical structures of tested steroids are shown
in Fig. 1. They are analogues of androgen (1, 2 and 3) and
cholesterol (4) types and synthesized from 3β-hydroxyandrost-4-ene-17-one and cholesterol, respectively, as
potential aromatase inhibitors. They differ in having oxo-,
acetoxy- and hydroxyl substituents in addition to cholesterol side chain at sites of C-6 and C-17 on the steroid nucleus.
Several steroid hormones were evaluated for their mutagenic [21], teratogenic [22], carcinogenic [23], and
clastogenic responses [24]. The common effects on chromosomes exhibited by the steroid hormones include stickiness in diakinesis, metaphase, bridges and sometimes lagging chromosomes in the anaphase [25].
Estrogens are subjected to many endpoints of genotoxicity studies in vitro and vivo systems. Although, there is
no uniform picture appearing from the data, it appeared that
they are converted catechol estrogens by either interacting
with DNA or causing oxidative damage to DNA through
redox cycling. As a result, mutations occur [21; 26]. Estradiol, for example, was found to induce very low frequencies
of hyperploidies in human synovial cells [27] and various numerical aberrations in pig oocytes in vitro [28; 29]. It
also induces structural chromosomal aberration in human
embryonic fibroblast and kidney epithelial cells [30].
Compounds belonging to the androgens types of steroid hormones are also tested for their mutagenic activity.
Natural testosterone, for example, caused no UDS in cultured rat hepatocytes, but mixed results were obtained with
human hepatocytes [31].
Figure 2 shows the relative β-galactosidase activity of
4NQO compound used as a positive mutagene in the umutest with S.typhimurium NM 2009 and NM 3009 in our
study. The average β-galactosidase activity values of
S.typhimurium NM 2009 and NM 3009 strains were calculated as 26.04 and 30.52, respectively, in the absence of
any chemical agents.
The results of relative β-galactosidase activity of tested
steroid derivatives in the umu-test with S.typhimurium NM
2009 and 3009 strains are given in Figs. 3 and 4, respectively. As shown in Fig. 3, the highest β-galactosidase
activity was exhibited by the compound 2 with fivefold,
followed by compounds 1, 3 and 4 which all showed
fourfold increase using S.typhimurium NM 2009 strain.
As indicated in Fig.4, the trend for β-galactosidase activity of compounds 1, 2, 3 and 4 using S.typhimurium NM
3009 strain followed the order of 1 and 2 with threefold, 3
with two and halffold and lastly 4 with twofold increase.
Therefore all tested compounds could be defined as positive
mutagenic agents. This is because the compounds showed
twofold β-galactosidase activity increase over 4-NQO, used
as positive mutagene in the umu test and assigned as a
mutagenically positive agent from the genotoxic point of
view.
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FIGURE 2 - Relative β-galactosidase activity in the umu-test using 4NQO as positive mutagene with S.typhimurium NM 2009 and NM 3009.
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FIGURE 3 - Relative β-galactosidase activity of tested steroid derivatives in the umu-test with S.typhimurium NM 2009 strain.
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FIGURE 4 - Relative β-galactosidase activity of tested steroid derivatives in the umu-test with S.typhimurium NM 3009 strain.
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CONCLUSIONS
The following conclusions could be drawn from the
present study.
(i) The highest mutagenic activity appeared to be shown
by the androgen type compound 2 using both bacterial
strains, indicating that the β-acetyl group, which is
less hydrophilic when compared with oxo- and hydroxyl group at C-6, could increase the mutagenic activity.
(ii) The lowest mutagenic activity was appeared to be exhibited by the cholesterol type compound 4 using both
bacterial strains, indicating that the hydrophobic side
chain at C-17 could decrease the mutagenic activity.
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ABSTRACT

INTRODUCTION

We designed the seaweed/oyster co-culture system for
monitoring and removal of drug residues by biological
methods. Malachite green (MG) was used as the testing
drug and the concentration was detected by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). RT-PCR within the exponential phase
of amplification was conducted to determine the expression
levels of detoxification gene of GSTs in digestive gland of
Jinjiang oyster Crassostrea rivularis. The results showed
that 50 g wet weight of Gracilaria lemaneaformis decreased the concentration of MG from 214.5 ng/mL to
52.8 ng/mL in 30L seawater after 12 h treatment. Moreover, a significant increased expression level of omega class
of GST (GST-O) and slight increased expression level of
sigma class of GST (GST-S) mRNA expression were observed when exposed to MG at the concentration of 52.8
ng/mL whereas expression level of GST-O and GST-S
decreased when exposed to MG at the concentration of
214.5 ng/mL. In addition, mRNA expression of mu class of
GST (GST-M) and pi class of GST (GST-P) were inhibited
at the concentration of 52.8 ng/mL and 214.5 ng/mL. We
suggest that the GST-O of Crassostrea rivularis might be
useful as a marker of low concentration of MG exposure
for the monitoring system. However, high concentration
of MG would inhibit the expression of detoxification gene
GSTs. Gracilaria lemaneaformis could be useful in the
monitoring system for removing the drug residues of MG
and protect the monitoring function of GSTs.

KEYWORDS: Gracilaria lemaneaformis; malachite green; Jinjiang
oyster Crassostrea rivularis; glutathione S-transferases; detoxification; co-culture system

Malachite green (MG), originally used as a dyeing
agent [1], and was introduced as an ecto-parasiticide, fungicide and antiseptic in aquaculture in 1933 [2]. Because of
broad fungicidal and anti-parasitical spectrum, MG was
popularly used among fish culturists [1]. However, many
animal species and cell lines experiment proved the potential carcinogenic, genotoxic, mutagenic and teratogenic
properties of MG [3]. Furthermore, MG is customarily reduced into leuco-malachite green (LMG), which was more
difficult to be cleared in the metabolic process of some
aquatic animals, such as channel catfish [4] and rainbow
trout[5], deposited in fatty tissue of the fish. For that reason, in China, administration of MG was forbidden in the
whole culture process, however, relatively lower price
and better effect as an ecto-parasiticide, fungicide and
antiseptic made MG still be used by some fish culturists,
which lead to unsafe fishery products, and bring adverse
effects to export.
Detection of MG by HPLC or LC-MS can obtain accurate results [6], but are still facing some disadvantages,
such as high cost, complex pretreatment and dependence
on expensive instruments [7]. Biological monitoring is relatively low in cost and reliable to check whether the samples are safe or not. GSTs are popularly used as biomarkers
in biological monitoring due to its non-sensitive to several
abiotic and biotic factors, such as season, sex, and age [8].
Moreover, GST biomarkers can provide a more integrated
view of how the contaminants influence the health of organisms biologically than the other simple measurements
of contaminants accumulated in tissues [9]. It was reported
that expression of GST-M in disk abalone seems to be a
potential biomarker [10]. GST-O and GST-M mRNA expression in digestive gland of Pacific oyster were also useful as a marker of hydrocarbon exposure, while GST-P and
GST-S mRNA expression may be useful as a marker of
pesticide exposure [11].
Biological techniques are attractive methods for the
dyes removal because of their lower cost and lower risk of
secondary pollution compared to physical and chemical
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treatments. Laboratory works showed that the seaweeds
could remove most waste from the cultivation system [12].
Gracilaria lemaneaformis, with lush branches, was proved
to have an efficient sorption to the contamination from the
breeding system. In addition, it was reported that Gracilaria
lemaneaformis decreased the concentrations of NH4+-N and
PO4-P by 85.53% and 69.45% respectively after 23 days;
after 40 days the concentrations of NH4+-N and PO4-P were
decreased by 65.97% and 26.74% respectively in aquaria
[13]. The genus Gracilaria includes more than 100 described
species [14-16], and more than 30 species have been recorded so far in China. Gracilaria is one of the most important genus, because of their high growth rate, adaptability, and concentration of agar in tissue and water environment improvement [12]. Cultivation of Gracilaria started
since the 1950s [17-19].
Crassostrea rivularis is one of most important oyster
species cultured in China [20]. It is widely distributed,
ranging from the Lizijiang on the border with Korea in the
north [21] to Beihai near the border with Vietnam in the
south [20, 22]. Estuaries were the most favorable habitats
of Crassostrea rivularis. However, these places were easily
polluted by human activities. Environmental pollution and
low water quality would threaten the health of oyster,
consequently, culturists had to put drugs into culture environment, and the fishery products with drug residues would
be a threat to human health. Previous aquatic animal/ seaweed co-culture systems have been mainly focused on the
improvement of production and removal of inorganic
nutrition [12]. However, few studies have investigated the
function to detect drug residues in an integrated co-culture
system. In this study, we offer a new oyster/seaweed coculture system, using GSTs of Crassostrea rivularis as the
biomarkers to find whether drugs residues exist or not. If
drug residues exist, the system would removed it by
Gracilaria lemaneaformis. This would shed a new light
on the co-culture system and contribute to a better usage
of GSTs in environmental monitoring.
MATERIALS AND METHODS
Materials

Malachite green was purchased from Guangzhou
Chemical Agent Factory, Guangzhou, China.
Oyster and seaweed treatment

The oysters (Crassostrea rivularis) were purchased from
Huangsha fishery product market in Guangzhou, China, and
acclimatized in aerated and filtered seawater tanks for
7 days. Water temperature and salinity were controlled at
22±1°C and 23 ‰, respectively. Mean weight, shell length
and shell width of Crassostrea rivularis were 153.5±30.8 g,
11.6 ±1.4 cm and 6.0±1.2 cm, respectively. Feeding of
sufficient Chlorella to oysters and removing the excrement per day, but during the experimental period, no food
was supplied to oysters.

Gracilaria lemaneaformis were obtained from Shenao
Bay, located in Nanao County of Guangdong Province, and
surrounded by Lieyu Island. It is a semi-enclosed water
body with an average water depth of about 3 m, and average water transparency was less than 1.0 m in the bay
[13]. Gracilaria lemaneaformis were cultivated in the laboratory with water temperature 22±1°C and salinity
23‰, respectively. The photoperiod was 16 h light and 8 h
night. Before the experiment, Gracilaria lemaneaformis was
acclimatized for 14 days.
A total of 21 acclimated oysters were separated into
3 average groups, each group of oysters were cultivated in
30 L seawater. The first group of 7 oysters was maintained in filtered seawater without contaminant, as the
control group. The second group of 7 oysters was exposed
to 0.25 mg L-1 malachite green (MG) seawater for 12 h as
the MG group. The third group of oysters was exposed to
the 0.25 mg L-1 MG seawater for 12 h and Gracilaria
lemaneaformis (50 g wet weight) were also added in at
the beginning of the experiment, as the MG/GL group. After
treatment, total RNA was extracted from the digestive gland
of three groups of Crassostrea rivularis, and water samples of MG and MG/GL groups were collected, added in
acetonitrile at a 1:1 volume ratio to prevent degradation of
MG for the determination.
Cloning of full-length GST-M, GST-O, GST-P, GST-S cDNA
sequences of Crassostrea rivularis

Total RNA was isolated using SV total RNA isolation
system (Promega, USA). Reverse transcription was performed with oligo (dT)20 primer using first strand cDNA
synthesis kit (Toyobo, Japan). Three degenerate primers
(Table 1) were designed to clone partial GST cDNA sequences of Crassostrea rivularis by PCR: GST-M01F and
GST-M02R for GST-M gene, GST-O 01F and GST-O02R
for GST-O gene; GST-P01F and GST-P02R for GST-P
gene, GST-S01F, GST-S02R for GST-S gene; The PCR
parameters were 30 cycles of 94°C for 1 min, 40°C for
1 min, and 72°C for 1 min, with an additional initial 3-min
denaturation at 94°C and a 5-min final extension at 72°C.
PCR products of the expected length were purified from
2.0% agarose gel, and cloned into the pGEM-T Easy vector
(Promega, USA). The ligation mixture was used to transform E. coli JM109 using heat shock transformation. Inserts were sequenced using an ABI Prism ™ 377 (Perkin
Elmer, USA).
Gene-specific primers were designed in the cloned
PCR fragments of GST-M, GST-O, GST-P, GST-S cDNA
for 5’-RACE and 3’-RACE (Table 1). 5’-RACE was performed using Smart RACE cDNA Amplification Kit (Clontech, Palo Alto, California). One-microgram total RNA was
reversely transcribed with the 5’-RACE CDS primer and
Smart II A oligonucleotide (provided in the kit). In the
first PCR, the cDNA was amplified with primer sets,
GST-M5’03R, GST-O5’03R, GST-P5’03R, GST-S5’03R
respectively and Universal Primer A Mix (UPM, provided
in the kit). The PCR parameters were 25 cycles of 94◦C
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for 1 min, 62°C for 1 min, and 72°C for 1 min, with an
additional initial 3-min denaturation at 94°C and a 5-min
final extension at 72°C. In the second PCR, primer sets
GST-M5’04R, GST-O5’04R, GST-P5’04R, GST-S5’04R
respectively and Nested Universal Primer A (NUP, provided in the kit) were used. The PCR parameters were 30
cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 1
min, with an additional initial 3-min denaturation at 94°C
and a 5-min final extension at 72°C. The 5’-RACE-PCR
products were purified from agarose gel, cloned into the
pGEM-T Easy vector, and sequenced.
3’-RACE was performed using a 3’-Full RACE Core
Set (TaKaRa, Japan). Total digestive gland RNA was reverse-transcribed to cDNA in the presence of oligo(dT)-3
site adaptor primer (provided in the kit) using a sequential
program at 30°C for 1min, 50°C for 30 min, and 95°C for
5 min. The prepared cDNA was first amplified by PCR
with 0.2 µM primer GST-M3’01F, GST-P3’01F, GSTO3’01F, GST-S3’01F respectively and 0.2 µM 3’site adaptor primer (provided in the kit). The PCR parameters were
30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C
for 1 min, with an additional initial 3-min denaturation at
94°C and a 5-min final extension at 72°C. The secondary
PCR was performed using GST-M3’02F, GST-P3’02F,

GST-O3’02F, GST-S3’02F respectively and 3’site adaptor primer. The PCR parameters were 30 cycles of 94°C
for 1 min, 57°C for 1 min, and 72°C for 1 min, with an
additional initial 3-min denaturation at 94°C and a 5-min
final extension at 72°C. The 3’-RACE-PCR products were
purified from agarose gel, cloned into the pGEM-T Easy
vector, and sequenced.
Quantitation of relative GST-M, GST-O, GST-P and GST-S
mRNA abundance in oyster digestive gland

The abundance of digestive gland GSTs mRNA in
oyster was determined by PCR amplification of digestive
gland cDNA samples within the exponential phase, using
beta-actin as an external control. Ten gene-specific PCR
primers were designed for GST-M, GST-O, GST-P, GSTS and beta-actin gene cDNA amplification (Table 1).
The PCR parameters were 30 cycles at 94°C for 1 min,
57°C for 1 min, and 72°C for 1min, with an additional
initial 3-min denaturation at 94°C and a 5-min final extension at 72°C. The PCR products were separated on a 2%
agarose gel and stained with ethidium bromide. The gels
were then photographed and analyzed by densitometric
scanning (AlphalmagerTM, Alpha Innotech, San Leandro,
California). The relative digestive gland GST cDNA level

TABLE 1 - PCR primer sequences for cloning of Crassostrea rivularis GST gene
Name of primer
GST-M01F
GST-M02R
GST-O01F
GST-O02R
GST-P01F
GST-P02R
GST-S01F
GST-S02R
GST-M5’ 03R
GST-M5’ 04R
GST-O5’ 03R
GST-O5’ 04R
GST-P5’ 03R
GST-P5’ 04R
GST-S5’ 03R
GST-S5’ 04R
GST-M3’01F
GST-M3’ 02F
GST-O3’01F
GST-O3’02F
GST-P3’01F
GST-P3’02F
GST-S3’01F
GST-S3’ 02F
DMLGST-M01F
DMLGST-M02R
DMLGST-O01F
DMLGST-O02R
DMLGST-P01F
DMLGST-P02R
DMLGST-S01F
DMLGST-S02R
ACT01F
ACT02R

Sequence of primer
5’-GCCTTCCCCAATCTTCCCTA(C/T)TACAT(T/C/A)GA-3’
5’- ACAATAGGTGATCTTGTCTCC(A/G/T/C)GC(G/A)AACCA-3’
5’-CTGAAA AATAAACCGGA(A/T/G/C)TGGTT(C/T) -3’
5’-GAGAATACGTTCAAA CCA (A/T/G/C)GG CCA-3’
5’-TATCTTGGCAGAAAA(T/C)A(T/C)GA(T/C) -3’
5’-GATGTCAAGCAGATCAAACAG(G/A)TT(G/A)TA(G/A)TC-3’
5’-GCCAGCTACCGACTTCACTA(T/C)TT(T/C)(A/G)A(T/C) -3’
5’-TCCATGTTCATT(A/C/G/T)A(A/G) (A/G)AA(T/C)TT-3’
5’-GTCTCCAAGGAACGTGTC-3’
5’-CGATGTACCTCAGAATGG-3’
5’-CTTCCACGGTCATCTTGTC-3’
5’-TGTCATCTTTCTCTAGGGT-3’
5’-GGTCTCAGTTTGTCTGGAAGG-3’
5’-CGTCTTCATAGCTCTGGTAG-3’
5’-GCGATGGTCAGACTCTGTG-3’
5’-GCATTCGCACTATTTCTC-3’
5’-CTCCATTCTGAGGTACATCG-3’
5’-CGATTACTTCGCTAATGTC-3’
5’-GACAAGATGACCGTGGAAG-3’
5’-GATGCTAGACTTGATGCT-3’
5’-GATGGCGTGGAGGATCTGA -3’
5’-CCTTCCAGACAAACTGAGAC-3’
5’-GACCTGAGAGCAGAGAAC-3’
5’-GACAGGCTTGCAGTGATG-3’
5’CTCCATTCTGAGGTACATCG 3’
5’GTTGTTGATACAGGTCTGG 3’
5’CCACCCTAGAGAAAGATG 3’
5’CAGCATCAAGTCTAGCAT 3’
5’GAACAAGGCGTGGAATATG 3’
5’GGTCTCAGTTTGTCTGGAAGG 3’
5’GAGAAATAGTGCGAATGC 3’
5’CATCACTGCAAGCCTGTC 3’
5’-TGGCAGGCAGAGACCTGACGGACTATCTGATGAA-3’
5’-CTCATCATATTCCTGCTTGCTGATCCACAT-3’
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of the freshwater fishes was expressed as the ratio GST/
beta-actin cDNA (%). Values are expressed as means ± SE
(N=7) for each species.

Pacific oyster GST-O
Jinjiang oyster GST-O
Pacific GST-P
frog GST-P
mouse GST-P
cattle GST-P
894
human GST-P
839
zebrafish GST-P
999
common carp GST-P
Jinjiang oyster GST-P
995
571
mussel GST-P
frog GST-M
533
1000
Silurana tropicalis GST-M
591
common carp GST-M
1000
999
zebrafish GST-M
human GST-M
1000
996
cattle GST-M
Jinjiang oyster GST-M
1000
317
Pacific oyster GST-M
rat GST-A
990
641
human GST-A
mouse GST-A
547
noble carp GST-A
998
525
zebrafish GST-A
Nematoda GST-S
699
house fly GST-S
997
794
Stegomyia aegypti GST-S
Pacific
oyster GST-S
978
548
Jinjiang oyster GST-S
human GST-K
1000
rat GST-K
476
609
mouse GST-K
human GST-T
793
1000
mouse GST-T
Nile tilapia GST-R
950
common carp GST-R
926
zebrafish GST-R
427
grass carp GST-R
mouse GST-Z
996
human GST-Z
503
horse GST-Z
human GST-O
909
pig GST-O
727
mouse GST-O
665
984
rat GST-O
Silurana tropicalis GST-O
636
Fugu rubripes GST-O
495

997

677

Determination of MG in MG and MG/GL groups

Concentration of MG was detected by high-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS, ABI Co. USA) according to the method
of GB/T19857-2005 in China. Limit of detection (LOD)
is 0.1µg kg-1.
HPLC system equipped with degasser, binary pump,
diode array detector and autosampler. A ZORBAX XDBC18 column, 2.1×50 mm was used for the separation of
MG from water sample. A gradient program was used at a
flow rate of 0.2 mL min-1; in which mobile phase consisted
of 60% acetonitrile containing 0.1% formic acid and 40%
methanol in volumn. 10µL of calibration standard and sample were injected onto the HPLC column. The column
temperature was kept at 35 .
Mass spectrometer was operated at positive ion mode
at an ionization voltage of +5000V and source temperature of 350 . Aux gas, nebulizer gas and drying gas were
at 20 psi, 30 psi and 35 psi respectively. Collision energy
was optimized for each compound. Signals of the extracted ions for MG were m/z 329 and m/z 313, combined for
the peak integration in order to increase the peak intensity.

998

Statistical Analysis

Statistical analysis was performed with SPSS13.0
software. Significant differences between control and exposure groups were performed using one-way analysis of
variance (ANOVA) followed by the post hoc test (Dunnett T3 and LSD), after checking for data normality and
homogeneity of variances. Differences were considered
significant if P < 0.05. Results are presented as the means ±
SE for each treatment group.
RESULTS
Cloning of full length GST-M, GST-O, GST-P and GST-S cDNA
sequences of Crassostrea rivularis

Four complete cDNA sequences including GST-M,
GST-O, GST-P and GST-S of Crassostrea rivularis were
isolated from the digestive gland, and were determined to
be 970 bp, 999 bp, 773 bp, and 1277 bp, respectively. The
GenBank accession numbers of GST-M, GST-O and GST-S
were EU908274, EU908273 and EU908270, respectively.
Moreover, the bankit number of GST-P was 1115614. The
phylogenetic tree showed the most likely relationship of
Crassostrea rivularis GST-M, GST-O, GST-P and GST-S
with the GSTs of other related species (Fig 1).
Relative mRNA expression level of GST-M, GST-O, GST-P
and GST-S of Crassostrea rivularis

Using beta-actin as control, relative digestive gland
mRNA expression levels of GST-M, GST-O, GST-P and

1000

FIGURE 1 - Phylogenetic tree of glutathione S-transferase based on
nucleotide sequences of Jinjiang oyster and other species. The tree was
constructed by the NJ method using the phylip 3.69 software, JonesTaylor-Thornton matrix catagories model to compute protein distance
algorithm .The calculation frequency is 1000. Branch length is proportional to estimates of evolutionary change. The GST-A amino acid
sequences are Jinjiang oyster (Crassostrea rivularis); human (Homo
sapiens, NM_145740), Norway rat (Rattus norvegicus, NM_017013),
house mouse (Mus musculus, BC012639), noble carp (Hypophthalmichthys nobilis, EF100902) and zebrafish (Danio rerio, BC060914);
the GST-O amino acid sequences are human (NM_004832), pig (Sus
scrofa, NM_214050), house mouse (NM_010362), Norway rat
(NM_001007602), Fugu rubripes (Takifugu rubripes, AF325922) and
Silurana tropicalis (Xenopus tropicalis, CR760625); the GST-Z amino
acid sequences are human (NM_145870), horse (Equus caballus,
XM_001493480) and house mouse (NM_010363); the GST-R amino
acid sequences are grass carp (Ctenopharyngodon idella, EU107283),
common carp (Cyprinus carpio, DQ411314), zebrafish (NM_001045060)
and Nile tilapia (Oreochromis niloticus, EU107284); the GST-T amino
acid sequences are human (NM_000853) and house mouse (MMU48419)
the GST-M amino acid sequences are cattle (Bos taurus NM_
001046560), human (NM_000849), Silurana tropicalis (CR761585),
African clawed frog (Xenopus laevis AJ416998), common carp
(DQ411312) and zebrafish (NM_212676); the GST-P amino acid sequences are Pacific oyster (Crassostrea gigas, AJ557140), mussel (Mytilus edulis, AY557404), cattle (NM_177516), human (BC010915), house
mouse (NM_013541), zebrafish (NM_131734), common carp
(DQ497597) and African clawed frog (NM_001088783); the GST-S
amino acid sequences are Stegomyia aegypti (Aedes aegypti XM_
001661820), house fly (Musca domestica, P46437) and Nematode (Heligmosomoides polygyrus, AF128959); the GSTK amino acid sequences
are house mouse (NM_029555), Norway rat (NM_181371) and human
(NM_015917).
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GST-S genes in Crassostrea rivularis were found to be
different in the three groups (control, MG/GL and MG).
GST-S was highest in the three groups. Moreover, mRNA
expression levels of GST-O in digestive gland was higher
than those of GST-P and GST-M in the MG/GL group
and MG group (Fig 2) but lower than those of GST-P and
GST-M in the control group. Expressions of GST-P and
GST-M were both low in the three groups.
Significant increase of GST-O and slight increase of
GST-S mRNA in the digestive gland were observed in the
MG/GL group after 12 h treatment. No significant change
of mRNA expression was observed in GST-M and GST-P

whereas GST-O and GST-S decreased in the MG group
after 12 h treatment (Fig 2).
Determination of MG

Standard curve of the regressed concentration points
gave squared correlation coefficients better than 0.9998
for MG separate from mixture of water sample. The nonquantitative ions were m/z 329 and m/z 208, and the quantitative ions were m/z 329 and m/z 313. Retention time of
MG was 2.33 min. The calculated concentration of MG
in MG/GL group and MG group were 52.8 ng/mL and
214.5 ng/mL respectively, and the concentration of MG
decreased by 75.39% after the treatment of Gracilaria
lemaneaformis.
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FIGURE 2 - Relative GSTs mRNA abundance in Crassostrea rivularis after exposure to MG for 12 h. Columns represent the means of seven
oysters for each treatment. Bars represent the SE. The same letter represented no significantly change (P ＞ 0.05) in the same gene group,
whereas different letters represented a significantly change (P ＜ 0.05) in the same gene group.
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FIGURE 3 - Standard curve of MG concentration to area of peak detected by HPLC-MS/MS. Dots represent chosen
concentration for the standard curve, the concentrations of MG in the MG/GL and MG groups were arrowed in the standard curve.

1563

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

DISCUSSION
Compared to HPLC-MS/MS, utilization of biomarker
in detection of drug residues was relatively lower price and
easier to operate. GST activities and transcriptional levels
have been measured widely in aquatic species as exposure
biomarkers of organic or inorganic contaminants [23-26].
In this study, we offer a new oyster/seaweed co-culture
system, using GSTs of Crassostrea rivularis as the biomarkers to find whether drugs residues exist or not.
Significantly increased expression level of GST-O was
observed when MG was at a low concentration, 52.8
ng/mL. In addition, mRNA of GST-O was observed in
gills and digestive gland, and was more abundant than
other GST classes in oyster digestive gland [13]. It seems
that GST-O mRNA expression level in oyster digestive
gland was suitable as a biomarker for detection of low
concentration of MG, but not suitable for detection of
high concentration of MG. However, detection of high
concentration of MG is not necessary because of its visibility. Previous studies demonstrated that MG is capable
of forming GSH adducts and the formation of these adducts can inactivate the en-zymatic functions of some
GSTs [27, 28]. However, GST-O in oysters seem to be
capable of reducing some types of adducts and restore
enzymatic function [29]. It may be an explanation that
mRNA expression level of GST-O was in-hibited by a
high concentration of MG, but induced by a relative low
concentration of MG.
Semi-quantitative, multiplex RT-PCR showed that expression level of GST-S in oyster was influenced by season
with different physiological conditions; expression of GSTS in pacific oyster collected in September was higher than
those collected in December [11]. In addition, studies on
GST activities in barnacle showed that maximal GST
activities were observed in the summer period, decreased
between July and October, and then reached a minimum
in the winter period [30]. In our study, oysters collected in
summer showed high expression level of GST-S.
GST-M and GST-P in Crassostrea rivularis were inhibited by MG at the concentration of 52.8 ng/mL and
214.5 ng/mL, and it was reported that these two classes of
GSTs in human were also inhibited by MG at the concentration of 3649-29194 ng/mL. The mode of inhibition appeared to be non-competitive but it was not clear whether
the dominant inhibitory species is the free dye or adducts [31].

by determination of GSTs in oysters and removing of
drug residues implemented by sorption of seaweeds
Gracilaria lemaneaformis. It was noted that removal of
malachite green by conventional physical and chemical
methods is a complex problem because of high cost and
secondary pollution creation, whereas sorption process is
currently proved to be an effective alternate for the treatment of such dye wastewaters [33-35], and the sorption of
MG onto a fresh water algae Pithophora was observed in
the past work [36]. Gracilaria lemaneaformis, a broad
temperature and salinity adapted rhodophyta showed high
absorption of contamination from animal effluents [3739]. Moreover, this study showed that Gracilaria lemaneaformis owned the high capacity of removing drug
residues from the seaweed/oyster co-culture system, due to
the high filtration of Gracilaria lemaneaformis and adhesion of MG.
The integrated aquaculture is proved to be potentially
more sustainable than monoculture, because of the reutilization of waste products of one species by another [4042]. The seaweeds absorb the inorganic nutrition provided
by cultural oysters and cultivation of seaweeds improves
the environmental factor, such as dissolved oxygen, acidity and CO2 levels [12]. The growth of seaweeds was also
dependent on solar radiation. The optimum depth for
Gracilaria lemaneaformis growth was 1-2 m, but high
growth rate has also been reported where Gracilaria
species cultivated at 10 m in salmon cages [43] and cultivation at increasing depths would be advantageous to
achieve a better removal of released nutrients of oysters
and drug residues.
In conclusion, the GST-O of Crassostrea rivularis
might be useful as a marker to detect the existence of MG.
Gracilaria lemaneaformis could efficiently remove the
drug residues of MG.

ACKNOWLEDGMENTS
We wish to express our thanks to Dr. Jeffrey T. Silverstein for his helpful review of the manuscript. This
work was financially supported by the National ‘863’ Program of China (2007AA09Z437), and the National Natural
Science Foundation of China (40873065).

In the past works, oysters were used as a bioindicator
to monitor the aquatic environment [32]. Compared to other
bioindicators, shellfish did not move, and consequently had
more advantages in monitoring environmental contaminants. It was easy to be collected, and no escape behavior
of oysters means more accurate contaminant information
provided by the expression level of detoxification gene.
The oysters/seaweed co-culture system contained the
function of monitoring marine environment implemented
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DISSOLVED OXYGEN LEVEL AND ITS IMPACT ON THE ECOSYSTEM OF DHALAI BEEL, THE EFFLUENT-RECEIVING WATER
BODY OF DHAKA EXPORT PROCESSING ZONES, BANGLADESH
Rezina A. Banu, Md. Rakib-uz-Zaman* and Ranjit K. Biswas
Environmental and Tracer Studies Laboratory, Department of Applied Chemistry and
Chemical Engineering, Faculty of Engineering, Rajshahi University, Rajshahi-6205, Bangladesh

ABSTRACT
This paper deals with the determination of dissolved
oxygen (DO) in the surface water of a freshwater body
called Dhalai Beel (DB), connected to the effluent disposal
line of Dhaka Export Processing Zones (DEPZ). Collected samples have been analyzed systematically for DO
along with the measurement of BOD (biochemical oxygen demand), COD (chemical oxygen demand), temperature, EC (electrical conductivity) and TDS (total dissolved
solids) so as to draw substantial conclusions. Turbidity
and transparency of DB water were also examined. DO
level in DB water was low (<1 mg/L) in winter, and lower
than that in summer and the rainy seasons. However, at 2
km distance from the CDP (combined discharge point),
DO level approaches 2-3 mg/L. In general, the DO values
at all collecting sites are lower than that of good quality
water. Daily disposal of huge industrial effluent volumes
from DEPZ industries drastically reduce DO level of this
large freshwater body, and this reduction exerts immense
stress on aquatic life. The experimental results are critically discussed in order to understand and predict the
impact of human activities on DO levels within the study
area. The effects of decreased oxygen levels on DB water
environment and ecosystem are documented.

and the materials are directly poured into DB. Visually,
the water body is being polluted with the effluents, and
when visiting the suburban areas and regions, the complaints from local villagers regarding pollution are often
heard [2]. The local population first evidenced the deleterious effects of the effluents` disposal around 1996 monitoring unusual fish mortality in DB water and impairment
of the paddy plants in the locality.
Monitoring the DO profile of a water body provides
basic information about the biomass activity and warning
about upset conditions [3]. The nature and extent of the organisms’ response to low oxygen concentrations depends
on several factors including the concentration of oxygen in
the water, the duration of their exposure to reduced oxygen
level as well as their age and physiological conditions [4].
Estimation of DO is thus a key indicator of the health of a
water ecosystem and gives a ready assessment of water
characteristics. Keeping these views in consideration, the
present work is aimed at studying the DO level in this water body, and its impact on the bionetwork of DB, the direct
DEPZ effluent receiving freshwater wetland.
MATERIAL AND METHODS
Study area

KEYWORDS: Freshwater body, industrial effluents, DO, BOD,
COD, environmental impact

The study area, DB, under Dhamsona Union of Savar
Thana (2305′ N and 90015′ E) is situated 45 km away
from north of Dhaka City, capital of Bangladesh.
Sampling

INTRODUCTION
Disposal of partially treated or untreated industrial effluents on land and wetland has become a common practice for many industrial establishments in this country.
This is consistent with the industries of DEPZ [1], and
situated on the western side of DEPZ, a big wetland locally
named Dhalai Beel (DB) is the direct receiving water body
of the zones’ effluents. A huge amount of effluents is gushing out everyday from the industrial establishments of DEPZ

Between June 2005 and October 2006, a well-planned
field work was designed and carried out. Having a detailed
observation and a critical view around the area, 5 major
sites of DB were selected for sampling purposes. In total,
21 samples were collected in pre-cleaned plastic containers from selected points around the beel area during the
major three seasons of a whole year, thus constituting the
study on seasonal variation. Due care (record book) was
practiced in order to follow standard sampling collection
and preservation procedure [5, 6]. 7 DEPZ effluent sam-
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ples were collected from the discharge points of old DEPZ,
new DEPZ and from combined (old + new DEPZ + additional loading from domestic wastes of DEPZ’s residential
area) discharge point (CDP). Eleven effluent-receiving DB
surface water samples were collected at ~0.25, ~0.5, ~1.25
and ~2.0 km away from the CDP. In addition, 3 surface
water samples from a pond (residential area of Atomic Energy Research Establishment (AERE), approx. 1.5 km eastward away from the DB wetland) were collected for comparative studies. The collected pond (surface) water, henceforth termed as AERE samples, was employed as the “control” body, which was not a recipient of DEPZ effluents.
After a careful surveillance on the local climatic conditions
of the region, a whole year was divided into 3 main periods/seasons: Summer season – March to June (2005),
Rainy season – July to October (2006) and Winter season –
November to February (2006). Earlier researchers [7] have
also followed these types of seasonal time divisions. This
selection also includes pre-monsoon (first week of June)
and post monsoon (last week of October) phase of a year.
These divisions were quite important for the present study.
Sample coding and numbering

Ef1 = effluent from new EPZ, Ef2 = effluent from old
EPZ, Ef3 = effluents from CDP, Bw4 to Bw7 = DB water
from 0.25, 0.50, 1.25 and 2.0 km away of CDP, Pw8 –
pond water (non-effluent-receiving water body) from
AERE R/A.
Experimental Measurements

DO was determined by a DO-meter (Model KRK,
DO-5Z, Japan), BOD by 5-days BOD test and COD by
closed reflux titrimetric method. Temperature was measured by a thermometer (Gallenkamp model N/F BS 1704,
England, one small division = 0.5 0C), electrical conductivity by an EC-meter (digital multi range, model HANNA
HI 9033, Singapore), turbidity by a turbidity-meter (digital model No. HI 93703, HANNA), transparency by Secchi disc arrangement and TDS with the help of the following relationship: TDS (mg/L) = EC (µS/cm) x 0.7. Exper-

imental details and calculation procedures are adopted
from literature [5-6, 8].
RESULTS AND DISCUSSION
DO results are graphically shown in Fig. 1 (cf. Table
1), and they ranged between 0.18-1.40 mg/L in summer
and 0.7-2.5 mg/L in the winter. The rainy season shows a
DO concentration of 2.12 mg/L at the CDP. Summer season
DB water shows DO concentrations ranging from 0.07 to
0.42 mg/L up to 1.5 km from CDP; the winter values are
1.11-2.54 mg/L up to 2 km. The rainy season has DO values around 0.7 mg/L up to 1.5 km while at 2 km distance
the value is elevated to 2.34 mg/L. The recorded DO levels
of effluents are rather low; the highest is at CDP, which is
2.5 mg/L in winter. New and old EPZ effluents show values well below 2 mg/L. DB water also contains low DO
levels (usually below 1 mg/L in winter, and lower than
that in summer and the rainy seasons). However, at 2 km
distance from the CDP, DO level reaches around 2-3 mg/L.
AERE pond water, which does not receive any DEPZ
effluent, shows DO values around 4 mg/L during winter
and rainy seasons and 3 mg/L in summer.
DO is the amount of gaseous O 2 dissolved in an
aqueous solution. Oxygen enters the water by direct absorption from the atmosphere (other route: as a waste
product of photosynthesis); a two-film theory as cited by
Davies and Cornwell [9] has been modeled for the mass
transfer. Henry’s law [10] governs the equilibrium concentration of O2 dissolved in water. As DO can be affected by
lots of variables, such as decomposition, re-aeration, sedimentation, photosynthesis, water discharge, temperature
etc., accordingly it is hard to solve such a complex problem
[11]. When oxygen-demanding wastes or improperly treated
wastewater enters a body of freshwater (as in the present
case, DEPZ effluents enter the DB water), the DO levels
decrease because of oxidation reactions in the receiving
water body. Organic materials entering a water body or
stream, create an oxygen demand as they decompose. The
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FIGURE 1 - Dissolved oxygen (DO) level in DEPZ effluents, DB water and
AERE pond water samples with seasonal variations (Data source Table 1).
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TABLE 1 - Results of Dissolved oxygen (DO), Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD)
and BOD/COD ratio in the DEPZ effluent samples, Dhalai Beel (DB) water and AERE pond water around DEPZ area.
Sample
Ef1

Ef2

Ef3

Bw4

Bw5

Bw6

Bw7

Pw8

Season
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy

DO
(mg /L)
1.40
1.72
0.40
0.70
0.18
2.50
2.12
0.15
1.20
0.70
0.07
1.11
0.69
0.42
1.21
0.74
2.54
2.34
3.11
4.35
4.23

BOD
(mg /L)
226
237
198
212
221
234
178
180
157
165
176
124
138
128
120
134
156
130
45
34
126

oxidation of certain inorganic compounds may also contribute to the oxygen demand. Low DO levels are of concern because they may adversely affect resident fish and
other aquatic life [12]. DO levels in the present analyses
are, on the average, low in effluents as well as in all water
samples collected from different DB wetland points, and
well below the recommended lower limit as mentioned
above. It is important to note that summer values (0.181.4 mg/L) due to effluents are always lower in comparison to the other two seasons. All DB water samples also
follow the same trend; summer values are the lowest (0.070.42 mg/L), followed by rainy (0.69-0.74 mg/L) and winter seasons (1.11-1.21 mg/L) at 1.5 km distance from the
CDP whereas at 2 km distance from the CDP, DO level
has been risen up to 2.54 mg/L in winter and 2.34 mg /L
in the rainy season. These types of seasonal variations in
DO levels are also reported in literature [7, 13-14] and our
observations are comparable to those results.
DO has a crucial role in the survival of biota in temperate lakes like DB wetland during the summer months,
due to stratification. Apparently, seasonal stratification
occurs in DB water as a result of water’s temperature-dependent density. Because the rate of biochemical reactions
that use oxygen increases with increasing temperature, DO
levels tend to be more critical during the summer months.
The problem is further compounded during summer months
because stream flows are usually diminutive, and thus the
total quantity of oxygen available is lower. Presumably,
continued microbial decomposition eventually results in an
oxygen-deficient hypolimnion [9] in DB water, and hypoxia prevails. Hypoxia is particularly problematic in shal-

COD
(mg /L)
798
1257
820
1566
712
1316
1385
670
760
3481
556
836
2128
530
1136
2752
625
2712
112
127
2472

BOD/COD
(ratio)
0.283
0.188
0.241
0.135
0.310
0.178
0.129
0.269
0.207
0.047
0.317
0.148
0.065
0.242
0.106
0.049
0.249
0.048
0.402
0.268
0.051

low waters of semi-enclosed water bodies like DB where
industrial wastewater along with land runoff is substantial.
In this perspective, a so-called “dead zone” or “freshwater
desert” can be created.
Following this discussion, it is reasoned that oxygen
levels in the DB water body are currently affecting animals not only localized but also at generalized sites. In the
DEPZ, vast amount of water finds use for cooling and other
thermal purposes. This water is directly discharged at a
raised temperature to the DB wetland. One can see from
Fig. 1 that DO concentrations at one location are usually
higher in winter than in summer. In general, as water temperature increases, DO drops. Therefore, when the temperature of DB water is increased, DO in this water body is
decreased accordingly. This decrement in DO is exerting
substantial impact upon the natural aquatic habitat in this
wetland and responsible for the alteration of chemical,
physical and biological characteristics of the DB water
body.
Temperatures of DEPZ effluents, DB water and AEC
pond water at various sampling sites from the discharging
point sources together with their seasonal distributions have
been recorded (Table 2). Evidently, the hot effluents emerging from DEPZ after entering the DB wetland, raise the
average temperature of DB water. The temperature of effluents fluctuates between 45-51 0C throughout the whole year
(Table 2). It is assumed that some industries in DEPZ use
water during industrial processing. This water is much
warmer and makes the effluent temperature higher. Within
0.5 to 1.25 km apart from the CDP, summer season
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demonstrates the DB water temperature as 37 0C whereas
winter records 22.6-23.7 0C, and rainy season shows temperatures between both (30.4–30.8 0C). With regard to effluent temperatures, results are indicative of internal temperature sustaining means, and seasonal climatic effect has
little influence. However, climatic influence is apparent in
case of DB water; the summer season records higher temperatures and the winter reads the lowest. Temperature
profile of AERE pond water shows the same trend as DB
water i.e. the highest in summer (32 0C) and the lowest in
winter (23.6 0C). Results describe that temperature increases when effluent enters and regularly decreases while it
flows through DB water. Within a short time interval, the
temperature of DB water attains a limiting value of ~ 37 0C
in summer, ~ 23 0C in winter and ~30 0C in rainy season. In
summer, temperature of DB water is higher (37 0C) than
that of AERE pond water (32 0C). This is attributed to the
elevated effluent temperatures warming up the DB water.
Also in dry season, there is less water in the DB wetland
or creek, and the warm effluent from DEPZ flows slowly,
allowing the DB water to warm up more quickly, thus provoking thermal pollution. Daniil et al. [15] also observed
seasonal trend of increasing water temperatures and decreasing absolute DO concentrations during spring and
summer, in a small harbor near Athens, Greece. AERE surface water has DO values of 3.11, 4.35 and 4.23 mg/L in
summer, winter and rainy seasons, respectively. In the
present study with DB water, in summer when the water
temperature is the highest, the value of DO is the least,
while in winter and rainy season when the water temperature is low, the DO values are fairly high. Thus, DO shows

an inverse relationship with the temperature. Present results
are in accordance with those obtained in other separate
studies [16, 17]. It is apparent from the present results that
effluent temperature exerts an essential stress in the depletion of natural aquatic habitat in DB water. The heated
wastewater discharged into DB affects the concentration
of DO which produces distinct changes in aquatic biota,
microorganisms, organic matter production and has overall
deleterious effects on the ecosystem. Further, high temperature decreases the density and viscosity of water, causing
an increased settling rate of suspended solids.
Suspended and total dissolved solids (TDS) can affect
the DO values. Given the almost limitless combinations
of chemicals in industrial wastewater like from DEPZ
industries, it is too difficult to list them individually [9].
Instead, they are often characterized by a few general categories viz. BOD, COD, TDS etc. The specific conductivity
of the water correlates with the concentration of dissolved
minerals, which is TDS of the sample. Empirical relationship exists between the specific conductance and TDS of
most natural waters. Depending on the chemistry of water,
TDS (in mg/L) can be estimated by multiplying specific
conductance (in µS/cm) by a factor between 0.55-0.75 [12].
DB water holds a high level of TDS (Table 2) and as the
amount of TDS in DB water is higher, the amount of DO
would be less. The TDS of effluent samples at discharging points of new DEPZ, old DEPZ and CDP are ranged
from 840 to 2870 mg/L (Table 2). TDS value of the effluent from the New EPZ rests around 1000 mg/L. Effluent
from old EPZ in the winter shows the highest TDS. Some

TABLE 2 - Physical characteristics (temperature, electrical conductivity, total dissolved solids,
turbidity and transparency) of effluents in Dhalai Beel (DB) and AERE pond water around DEPZ area.
Sample
Ef1

Ef2

Ef3

Bw4

Bw5

Bw6

Bw7

Pw8

Season
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy
Summer
Winter
Rainy

Temp.
(0C)
51.0
45.0
47.0
43.0
45.0
50.0
46.0
48.0
26.0
30.4
37.0
23.7
30.6
37.0
23.6
30.8
22.6
30.8
32.0
23.6
30.4

Turbidity
(NTU)

Transparency
(cm)

-

4.45
417

148
4.45
170
4.45
200

261

158

1571

EC
(µScm-1)
1420
1500
3650
4100
1530
3000
3200
2529
2600
1098
2070
2400
969
1840
2400
905
2568
720
170
300
125

TDS
(mg/L)
840
1050
2555
2870
1071
2100
2240
1770
1820
768
1449
1680
678
1288
1680
634
1798
504
140
210
88

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

variations in TDS values are also noticed during seasonal
measurement. Table 2 also shows that the TDS in winter
attains a limiting value of ~1700 mg/L within 0.25-2 km
distances from CDP. However, in summer and rainy seasons, the values decrease gradually (with increasing distances) from 1610 to 1288 and 768 to 504 mg/L, respectively. AERE pond water, which does not receive any effluent, shows TDS values from 210 to 88 mg/L.
It is evident from the present results that DEPZ effluents are continually adding up dissolved solids to DB
water. Freshwater lakes, streams and other natural surface
water bodies such as DB, generally contain less salt,
so DO concentrations should usually be higher. As the
amount of salt in any water body increases, the amount of
DO decreases. Besides, an increase in salt concentration
due to evaporation of water from an ecosystem tends to
reduce the DO available to the ecosystem’s inhabitants.
Present results show that the high amount of TDS adversely affects the quality of DB water making it incompatible for drinking, bathing, domestic and industrial uses,
probably including irrigation. The highest TDS value of
2870 mg/L is observed in the winter effluent samples of
old DEPZ. According to the industrial effluent quality
standard [5, 9, 12], the permissible TDS content of the
effluent should not exceed 1000 mg/L. Potable water has
a recommended MCL for TDS (500 mg/L); at concentrations above 2100 mg/L, water is generally unsuitable for
irrigation [18]. Our observed value for DEPZ effluents
crosses the standard value of 1000 mg/L, so unacceptable.
Other effluent samples of all seasons excluding new EPZ
effluent exceed the permissible limit of 1000 mg/L. DB
water also exceeds this limit, except the water during
rainy season when DB water gets diluted by rain events
approaching lower TDS values. However, the decrement
of TDS in the summer is not so prominent. The higher
TDS value of the effluents might have resulted in the
dissolution of low molecular weight organic bases originating from textile and dye industries (along with the
other related DEPZ industrial units) to remain in solution.
Very high TDS values (varying between 240 mg/L to
115840 mg/L) of wastewater samples from metal finishing industries of Lahore Metropolitan have been observed
[19]. Our TDS results on AERE pond water show higher
values during winter (210 mg/L), in comparison to that in
the rainy season (88 mg/L). This observed seasonal variation agrees well with that of Rajput et al. [7] who have
reported that winter values (420 mg/L) exceed the rainy
season values (380 mg/L) during 2000-2001, in Hatnur
canal (n=5).
In the present work, TDS values have been computed
from EC data. EC of effluents, DB and AERE pond water
with seasonal variations have been measured (Table 2).
The values showed a wide variation ranging from 125
(AERE pond water) to 4100 (old DEPZ effluent) µS/cm.
Effluents from old DEPZ show the highest EC values in
winter (4100 µS/cm), followed by that in summer (3650
µS/cm). New EPZ shows rather low EC values and the

CDP effluent retains values in-between. Winter season
shows higher EC for samples of all sites. The high EC
effluents enter DB wetland and ECs attain a limiting value around 2500 µS/cm in winter season. In summer, the
values decrease gradually from 2300 to 1840 µS/cm (1.5
km distance), and in the rainy season from 1098 to 720
µS/cm (0.25-2 km distances). AERE pond control water
that does not receive any pollutant shows a minimal EC
value (200 µS/cm) in the neighborhood.
The recorded value of composite effluent (above
>3000 µS/cm, Table 2) indicates that a large amount of
ionic substances, presumably inorganic constituents, are
released throughout the year from DEPZ industries. Such
a high EC is not tolerable for aquatic life and inappropriate for irrigation purposes or sweet water fish culturing.
The highest conductivity of old DEPZ effluent is evidently due to the dumping of wastes and litters from EPZ
industrial units. Though the composite EC at point source
is rather high, it reaches within the allowable limit at
rainy season very quickly. In this season, within 0.25 km
from the CDP, the Dhalai Beel EC values decrease to
1000 µS/cm, comparable throughout the 2 km distances.
Therefore, in the rainy season, EC of effluent is not
alarming, even at a distance of a few m from the CDP.
Kabir et al. [20] assessed the effluent quality of DEPZ
with special reference to that of the textile and dyeing
industries, and reported EC ranging from 1200 to 3800
µS/cm, showing close relationship to our observed values.
Discharge of huge electrolyte amounts from EPZ industries is obviously the reason for higher EC in DB water.
Only in the rainy season, EC values remain within the
permissible limit of 1400 µS/cm (Table 2).
When the amount of DO in the water equals its capacity to hold oxygen based on temperature, pressure and
salinity, the water is said to be saturated [18]. During
winter, when DB water temperature remains around 26
o
C, the DB water should hold 7.8 mg/L oxygen. However,
this is not the case in reality, as DO values remained between 1-2.5 mg/L (Table 1), which is quite low. Another
point to be taken into consideration herein is that during
dry season, water levels decrease and the flow-rate of DB
water slows down. In slow stagnant waters, O2 only enters
the top layer of water, and deeper water layers are often
low in DO due to decomposition of organic matter by
bacteria that live on or near the bottom of reservoir. As
the water moves slower, it mixes less with air, and DO
decreases. During the rainy season, oxygen concentrations
tend to be higher, because falling rain interacts with oxygen in the air. However, DO can vary from day to night as
plants release O2 to the water during the day, and then
remove O2 from the water at night. Because of the relationship between temperature, rate of photosynthesis and
DO, fish mortality usually occurs in late summer just
before dawn, which is really observed in the area under
study. From Fig. 1, it is noted that the concentration of
DO is low at 0.25 km from the CDP up to 1.25 km.
Around 2 km downstream from the CDP, the concentra-

1572

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

tion of DO in DB surface water shows an increasing trend
approaching the recommended limit. This can be explained
by considering the profile of DO concentration downstream
from a waste discharge i.e. through a DO sag curve (plot of
DO as a function of time) [9]. Directly downstream from
where sewage effluent is discharged to a water body, DO
content often decreases due to the increase in growth rate
of bacteria that consume the organic matter contained in
the effluent. The degree and extent of the DO “sag” depends on the BOD of the effluent [21]. Our results are conform with the profile of DO sag curve because DO concentration dips as oxygen demanding materials/wastes [18]
are oxidized, and then rises again further downstream
(around 2 km away from the CDP of DB wetland) as the
oxygen is replenished from the atmosphere.
DB and pond water turbidity has been measured (Table 2) in the rainy season to have an idea about the conditions and productivity of DB water, with regard to pond
water. Turbidity is measured immediately after collection
of samples in order to prevent particle flocculation and
sedimentation for changing sample characteristics. It is
observed that the turbidity of CDP effluent is 417 NTU,
and that of DB water 0.25 km away from CDP is 148 NTU.
The value is found gradually increasing with increasing
distances (at 0.5, 1.25 and 2 km from CDP, the values are
170, 200 and 261 NTU). AEC pond water shows a value
of 148 NTU.

BOD value ( mg/ L)

Turbidities in excess of 5 NTU are usually objectionable for aesthetic reasons [9]. Turbidity measurement is a
useful tool in the evaluation of water pollution by effluents, and in tracking the course of self-purification of
rivers, streams, lakes and wetlands etc. [22, 23]. In the
present investigation, turbidity of CDP effluent is found
as high as 417 NTU, which can be accounted for its deep
color along with the considerable amount of suspended
particles. Color is rather a combination of dissolved and
colloidal materials. The gradual increment in turbidity
from 0.25 km to 2 km distance can be better explained
through the high flow-rates of DB water in the rainy season. This change in flow-rate virtually affects the turbidity in DB surface water. Further, while the speed or direction of the water current increases, particulate matters
from the bottom sediments might be re-suspended. Ban-

Summer

250
200
150
100
50
0
Ef-1

Ef-2

Ef-3

sode et al. [13] have reported that the maximum value of
turbidity in the river Godavari was 380 NTU in the rainy
season that might be due to runoff water whereas minimum (60 NTU) was recorded in winter season.
Oxygen does not react with water during dissolution
[23]; however, oxygen essentially affects a number of water indicators, not only biochemical but also aesthetic ones,
such as clarity. In this direction, transparency of DB water
has been measured during summer season at 0.5 and
1.25 km distance from the CDP (Table 2). It is reported
that the transparency of Govindgarh Lake, M.P., India
ranged between 23 cm (in August, 1999) to 108 cm (in
April 2000) [16]. In comparison to these values, our value
is quite low. This means that DB water becomes extremely
murky and opaque due to the indiscriminate dumping of
DEPZ wastes to this wetland. In the present study, the
transparency of DB wetland in the summer was found to
be only 4.45 cm (very low transparency). It means that DB
water is not clear and transparent to look at, and the water
body is loaded with various types of colloidal and suspended matters.
The amount of oxygen-demanding materials released
into DB freshwater system by the DEPZ industries might
be referred to as the BOD load, a significant factor in the
oxygen level declines in this water body. Several
measures of oxygen demand are available, and BOD and
COD are the most common ones. BOD values in effluent
samples of DEPZ are found to vary from 198 to 237 mg/L
(Table 1, Fig. 2). The winter shows the highest BOD, followed by the summer. At CDP, the rainy season shows a
BOD value of 178 mg/L. In the rainy season, BOD values
at the 4 sampling spots decrease gradually from 165 to
130 mg/L and in summer from 180 to 138 mg/L (2 km and
1.5 km distances from CDP). Winter season shows values
ranging from 120 to 157 mg/L. AEC pond water shows
BOD values of 130, 45 and 34 mg/L during the rainy, summer and winter seasons, respectively.
BOD of very pure water is around 1 mg/L; nonetheless, water can be considered to be pure at a BOD level up
to 3 mg/L [23]. Present results show that the BOD values
of DEPZ effluents generally exceed 200 mg/L. The
average BOD values of DB water throughout the year are

Winter

Rainy

Bw-4 Bw-5 Bw-6 Bw-7 Pw-8
Samplig sites

FIGURE 2 - Biochemical Oxygen Demand (BOD) level in DEPZ effluents, DB water
and AERE pond water samples with seasonal variations (Data source Table 1).
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COD concentration
( mg / L)
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Winter

Rainy
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PL

Sampling sites
FIGURE 3 - COD profile of DEPZ effluents, DB water and AERE
pond water samples showing seasonal variations (Data source Table 1).

around 150 mg/L. Hence, one can instantly unveil that the
BOD values of DEPZ effluent and DB water are far away
from good water quality characteristics. BOD of 150 mg/L
means that 150 mg of O2 is required in the biodegradation
of organic matter (viz. carbohydrates, proteins, fats etc.)
existing in 1 L of effluent/waste sample. This indicates that
DEPZ industries have been discharging rather high oxygen-demanding wastes during the present study period.
Besides, the mean BOD value at CDP of DEPZ is more
than 200 mg/L, which is much higher than that of national
effluent quality standard at discharging points. According
to the national effluent quality standard at the discharge
point of inland surface water for Bangladesh, the BOD
value should be 50 mg/L [24].
Kabir et al. [20] have reported BOD values in effluent samples of DEPZ between 230-410 mg/L. The present
values just reside around the lower limit of that of the
above authors. From Fig. 2, it is observed that BOD values are high at discharge point sources; afterwards, the values are decreased gradually from the discharging point
sources to other locations of DB. This can be attributed to
the gradual reduction of oxygen-demanding wastes through
distances. Seasonal BOD variations in the present investigation measure the waste strength at a particular sampling
site. Similar BOD value ranges were also observed in other
studies [25]. AERE pond water has BOD values ranging
from 34 to 130 mg/L during the rainy, summer and winter
seasons. Although the DEPZ effluents from the 3 discharge
points have BODs of 200 mg/L, the wastewaters have a
much higher ultimate BOD and can be expected to have a
greater impact on DO values of DB water.
Results on COD values varied from 712 mg/L to
1566 mg/L (Table 1, Fig. 3). The summer values are always lower and around 700-800 mg/L, whereas the winter values are higher and around 1300-1500 mg/L. The
COD value of CDP effluent in the rainy season is found to
be 1385 mg/L. The COD values of DB water are strikingly high in the rainy season as compared to the other two
seasons. From 0.25 to 2 km distance from the CDP, the
4 sampling sites provided 3481, 2128, 2752 and 2712
mg/L in the rainy season. The winter COD values of DB

water are somewhat higher (average 910 mg/L) than those
of the summer (average 585 mg/L), up to 1.25 km. Summer COD values of both effluents and DB waters are
always below 1000 mg/L (through 1.25 km distance) and
centered on/around 650 mg/L.
It is to be noted that the COD values due to effluents
and DB water are considerably higher than the waste discharge quality standards. The prescribed recommended
COD values for discharging industrial effluents to inland
surface water have been 250 and 280 mg/L according to
WHO and Bangladesh National Waste Discharge Quality
Standard, respectively. Present results confirm that COD
values of DB water have been boosted up due to release of
huge amounts of waste in industrial effluents from DEPZ.
Kabir et al. [20] reported COD values for DB water ranging from 154 to 175 and 122 to 198 mg/L in the pre-monsoon and post-monsoon, respectively. The present summer
and winter values of effluents and DB water agree well
with those of the above work but not those of the rainy
season. The present study specifies that COD values are
invariably higher than BOD values at a particular sampling
site. This may be attributed to certain organic substances
that are difficult to get oxidized by common microbial oxidants but easily undergone chemical oxidation with strong
oxidizing agents. For samples from a specific source, COD
can be related empirically to BOD. The result is useful for
monitoring and control after correlation is established. The
typical values for the ratio of BOD/COD for untreated
municipal wastewater were found to be in the range from
0.3 to 0.8 [12]. If the BOD/COD ratio for untreated
wastewater is ≥0.5, the waste is considered to be easily
treatable by biological means. If the ratio is below 0.3, the
waste may have some toxic components, or acclimated
microorganisms may be required in its stabilization. The
principle has been applied and calculations have been
made with the present results. The values are summarized
in Table 1. It is seen from the table that the values of
BOD/COD ratio for the effluents range between 0.2830.310 and 0.135-0.188 in summer and winter, respectively. At CDP, the rainy season shows a ratio of 0.129. Only
one value viz. the summer value (i.e. ratio) at CDP has
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just touched the limit of 0.3. These results on COD suggest that the effluents from DEPZ industries might contain some toxic constituents. The average COD value of
the effluents at the 3 discharging point sources throughout
the year is above 1000 mg/L, which is able to exert harmful
impact on DB ecosystem. The effluent at CDP possesses a
high value of COD and after entering the DB wetland,
dilution effect is low and not significant, except during
the rainy season. Rainy season demonstrates rather high
values of COD in DB and AEC pond water. It is envisaged that the discharged DEPZ effluents can increase
COD values of DB water, and may cause depletion of DO
leading to septic conditions. The COD values at different
points of DB wetland in the rainy season are recorded as
3481, 2128, 2752 and 2712 mg/L from 0.25 to 2 km distance (see Table 1). The values are rather high indicating
the existence of a severe oxygen depletion condition,
and might have immense impact on the whole range of
ecological balance in and around DB wetland. As DO
drops, fish and other aquatic lives experience a threat and,
in extreme cases, they die. In addition, as DO levels fall,
undesirable odors, tastes and colors reduce the acceptability of the water for domestic supply; noxious conditions
including floating sludges, bubbling, odorous gases, and
slimy fungal growths prevail. The present situation of DB
water is adequately describable with the above deduction.
A few years before just establishing the DEPZ, the DB
wetland was essential a habitat for many types of ducks,
geese, swans, frogs, turtles, snakes, and other animals.
The wetland also provided spawning and feeding areas for
various types of fishes, and homes for rare plants and
insects. The DB was the base of several major food webs.
However, all these were before the industries started to
flush out their effluents into the DB bed; the water body
has now been rapidly turning towards an inhospitable
backdrop. Through the present examination and results, it
is evident that these consequences have been arisen due to
the decreased oxygen levels in the DB water environment,
and thereby the direct and indirect effects of low DO on
the ecosystem of Dhalai Beel are documented.
Most commonly used surface water quality models for
BOD and DO simulations are mainly based on advection,
decay, settling, and loading functions [26, 27]. DO models
[28-31] are useful tools to evaluate supposing scenarios.
Kamal et al. [32] used a water quality model in assessing
the pollution status of the river Buriganga, Bangladesh; the
results of the model simulations have replicated the alarming low DO level in the Buriganga. Accurate models
require a thorough understanding of the complex natural
processes that control oxygen levels [30]. A common difficulty in stream health assessment is the scarcity of realtime DO data. As discussed in the present text, the oxidation of certain inorganic compounds may also contribute
to the oxygen demand. Even naturally occurring organic
matter, such as leaves and animal droppings, that find their
way into DB surface water, add to the DO depletion. During rainy season, surface draining into the DB water brings
its own oxygen supplies that mix with those of the main

effluent receiving water. In summer, rising temperatures
reduce the solubility of oxygen while in winter lower flows
reduce the rate at which oxygen enters the DB water from
the atmosphere. Moreover, the amount and nature of effluent discharging everyday from the DEPZ industries is
difficult to monitor and correlate to toxicity and pollutant
concentrations, as the DB wetland has a strong seasonal
dependence varying between flooding in the monsoon and
drying up conditions during the dry months. It is worthmentioning here that around 160 industries of various disciplines are presently operative inside the DEPZ. It is quite
difficult to comprehend specifically the exact nature and
discharge rate of effluents in the DB bed. Therefore, to
model properly all the effects and their interactions has been
an exceedingly difficult task in the present case. The
knowledge generated by the present endeavor can now be
used to optimize more sophisticated models on dissolved
oxygen.
CONCLUSIONS
The present work depicts the DO trends along the DB
watercourse that receives continuous inflow of untreated
or partially treated point source pollution for an average
seasonal variation with the existing discharge channels of
DEPZ industries. Devoid of these discharges, the oxygen
levels throughout the water body should remain higher in
many regions of DB, except in the headwaters above local
public influence. During the whole year, DO levels tend
to drop downstream of the DB water body in response to
DEPZ effluent loadings, and it can be concluded from the
present results that this condition has been persisting for
the past few years. The DB water body experiences DO
concentrations always less than that of natural surface
water for its entire length downstream, except in the reaeration zone beyond 2 km from the discharge point. The
DO patterns are affected largely by fabricated BOD sources;
consequently, the complete ecosystem of DB water body
has now reached a point of total collapse. The high BOD
and very low DO concentrations are indicative of the fact
that DB water body is certainly unfit for drinking purposes and unsuitable for aquatic life throughout the year. It is
speculated that few years from now, more serious water
quality deterioration with an enormous environmental impact
might happen in the area. Improvements may be possible by
decreasing the BOD load discharged, and introducing a
compressed air injection system that can raise the oxygen
levels of the water body under study.
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ABSTRACT
Estimation of in situ growth rate of algae is an important aspect of phytoplankton community ecology. The
FDC (frequency of dividing cells) technique provides a
good base of the estimating process. There will be a
problem being faced, however, when applying the method of 24-hour based diel patterns of FDC, i.e., are there
any differences of the in situ growth rate estimations in
different sampling periods? Therefore, a 37-hour continuous monitoring was carried out in a typical eutrophic
water-body (Xiangxi Bay of the Three Gorges Reservoir,
China), where a large-scale Microcystis bloom occurred for
the first time in summer 2008, to study the variations of
FDC values and compare the difference of in situ growth
rates of Microcystis in different sampling periods. The
result showed that cell division of Microcystis does not
have a remarkable diel pattern of high in daytime and
low in nighttime, and total phosphorus (TP) is a main
factor influencing the FDC. The in situ growth rates
ranged from 0.11 to 0.18d-1 in time scale periods with an
average of 0.14 d-1, influenced by nutrient concentration,
water temperature and chlorophyll a.

KEYWORDS: Microcystis bloom, in situ growth rate, FDC, Xiangxi Bay, Three Gorges Reservoir

INTRODUCTION
In situ growth rate is an important parameter pertaining to dynamics of phytoplankton population and community. Many studies in relation to estimation of algal growth
rate were mainly based on monocultures in the laboratory
[1-5], but errors were brought about when applying this

kind of method of estimating growth rate in ecosystem
modelling and dynamic analysis in specific watershed,
due to ecosystem complexity [6, 7], and temporal-spatial
heterogeneity [8, 9] of aquatic environment. Many methods have been developed on the basis of cell cycle to estimate specific growth rates of phytoplankton [10, 11], mainly
mitotic index method, frequency of dividing cells technique
(FDC) and cell cycle method [11].
The frequency of dividing cells (FDC) technique is
more widely used than the other methods in the research
of microorganism productivity because it is suitable for
diverse field conditions (easy to operate with only a microscope) [11, 12]. It is a method of estimating growth rate
by counting the number of dividing cells at a given point
during a specific period [11, 12]. Usually, samplings were
carried out in a 24-h period for analysis of diel patterns of
the frequency of dividing cells and estimation of in situ
growth rate [11]. No publications were found considering
the differences of diel patterns of FDC in different beginend periods, i.e., people only chose a special period for
samplings and calculations.
The Three Gorges Reservoir, which is a large subtropical reservoir affected by strong artificial interference,
suffered profound changes in aquatic ecosystem after impoundment. In Xiangxi Bay, the biggest tributary of Hubei
part of the Three Gorges Reservoir (and closest to the dam),
a large-scale cyanobacterial bloom occurred for the first
time in summer of 2008 [13], dominated by Microcystis
aeruginosa. The present study was trying to estimate
growth rate of Microcystis by application of FDC technique
in the natural water-body of Xiangxi Bay, to test the effects
of the different calculation periods with chosen starting
time, and to correlate FDC as well as in situ growth rate
with environmental factors, such as nutrient concentration, temperature and chlorophyll a. These observations
will be helpful to obtain the dynamic data of bloom forming and the development process, especially in the bloom-
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ing period, and to seek for the pattern of algal bloom and
mitigation strategies in giant subtropical reservoirs.
MATERIALS AND METHODS
We sampled the water, 0.5 m below the surface, every
hour at Xiangxi Ecosystem Station of the Institute of Hydrobiology, Chinese Academy of Sciences (Fig. 1), from
10:00 on July 2 to 22:00 on July 3, 2008. Water temperature (WT) was measured in situ with an Environmental
Monitoring System (YSI6600EDS, USA). Water sample for
analysis of other parameters was collected with a 5-L Van
Dorn bottle. A 600-ml sub-sample was filtered through a
micro-filter (0.8 µm) for spectrophotometric analysis of
phytoplankton chlorophyll a (chla). A 300-ml sub-sample
was stored in a pre-cleaned plastic bottle and acidified
with sulfuric aid for laboratory analysis. Total-N (TN),
nitrate-nitrogen (NO3N), ammonium-nitrogen (NH4N),
total-P (TP), and phosphate-phosphorus (PO4P) were analyzed by a segmented flow analyzer (Skalar SAN++, The
Netherlands). Samplings and analyses were brought about
in accordance with Protocols for Standard Observation and
Measurement in Aquatic Ecosystems of Chinese Ecosystem Research Network (CERN) [14, 15].
Boiling method was used to dissociate the colonies into
single cells [16], conducted in a boiler for 6 min. Prior to
that, 1 ml concentrated sample was collected, and cell density of Microcystis aeruginosa (density) was enumerated
using an Olympus CX21 microscope with 400× magnification. Every 2 h, the sample was measured for FDC of
Microcystis aeruginosa because the duration of cytokinesis is 3.3 h [11].
The duration of cytokinesis was divided into three
stages according to cell morphology [11]: (1) single-cell
stage, spherical or elongated cells without constriction; (2)
dividing-cell stage, elongated cells with constriction; (3)
paired-cell stage, two cells contacting to each other but with

a septum already formed between them. The numbers of
single cells, dividing cells and paired cells were coded as S,
D and P. At least, 500 cells (usually more than 1000 cells)
were counted and the cell status identified. The frequency
of dividing cells (f) was formulated as follows:

f = D /(S + D + 2 P)
Proposed by Yamamoto and Tsukada (2009) [17], the
equation below was used for estimation of specific growth
rates. This equation is on the hypothesis that the specific
growth rate can be given as an absolute value of the derivative of FDC with respect to time. Though it assumes the
population is determined only by cell division, taking no
account on the effects of recruitment and loss processes, it
is useful in estimating the in situ growth rate of Microcystis, and is more convenient for comprehensive application in microorganisms’ study [17]:

µ＝

1 n=1 f i +1 − f i
∑ T
n − 1 i =1
i

where µ is the specific growth rate (day-1), n the number of samples in a 24-h measuring cycle, Ti the time difference between the ith and i+1th sampling, and fi the FDC
value at the ith sampling.
Independent-samples t-test was employed for comparison of FDC values between light and dark period. Pearson’s correlation test and linear stepwise regression analysis were used to explain the impact of nutrients, water temperature and biotic factors on FDC variations. Linear and
exponential models were used to analyze the impact factors of in situ growth rate of Microcystis aeruginosa. All
the above statistical analyses were performed with the
software SPSS 16.0.
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FIGURE 1 - Location of sampling site in Xiangxi Bay of Three Gorges Reservoir, China

RESULTS
Mean and ranges of environmental variables in the
monitoring period were exhibited in Table 1. Variations
of the frequency of dividing cells of Microcystis aeruginosa from 10:00 July 2 to 22:00 July 3 were shown in
Fig. 2. Throughout the study period, the peak of FDC
values was at 14:00, and then 10:00 and 12:00 on July 2.
The peak of FDC on July 3 was much smaller than that of
July 2, and the smallest FDC value was at 0:00 of July 3.
The FDC values between light and dark period were not
significantly different according to the result of 2-tailed
independent-samples t-test (t = 1.802, p>0.05). It indicated that cell division of Microcystis aeruginosa in Xiangxi
Bay does not have a remarkable diel pattern of high in
daytime and low in nighttime.
TABLE 1 - Means and ranges of environmental variables in the monitoring period

Total Nitrogen (mg/L)
NO3N (mg/L)
NH4N (mg/L)
Total Phosphorus (mg/L)
PO4P (mg/L)
Water Temperature (°C)
Chlorophyll a (µg/L)
Density (cells/L)

Mean
1.18
0.81
0.20
0.07
0.02
27.55
42.47
1.9×108

Range
0.93 - 1.95
0.58 - 0.94
0.02 - 0.35
0.04 - 0.14
0.01 - 0.04
27.05 - 28.45
8.49 - 205.22
3.5×107 - 3.0×108
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FIGURE 2 - Diel patterns of FDC of Microcystis in Xiangxi Bay
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The influencing factors of the FDC variations were
tested, including nutrient availability, water temperature
and community characteristics of phytoplankton in the
present study. The relationships among the FDC values
and the impact factors (Table 2) indicated that NH4N, TP,
PO4P and density had significantly positive correlation with
FDC (p<0.05). Linear stepwise regression analysis was
applied between FDC and the above factors in order to exclude the significantly correlated relationships among the
impact factors themselves. The results confirmed that TP
is the main factor on variations of FDC values, with the
equation of:
FDC = 0.025

value of in situ growth rates of Microcystis aeruginosa in
different begin-end calculation periods was 0.14 d-1.
Linear and exponential models were performed between in situ growth rates in different begin-end calculation periods, and the mean values of nutrient concentration, water temperature, chlorophyll a and density of
Microcystis aeruginosa in a corresponding period. In situ
growth rates showed significantly regressive relationships
with TN, TP, WT and chla (Table 3). They showed better
relationships with in situ growth rate when using exponential models (R2=0.594, 0.778, 0.742 and 0.863, respectively). With regard to nitrogen and phosphorus, adding
equivalent phosphorus would enhance growth rate of Microcystis to a higher value than adding nitrogen, regardless of which kind of regression (slopes of phosphorus
model were bigger than those of nitrogen, see Table 3).
Comparing with the mean TN/TP (by weight) ratios in
different periods, the in situ growth rates of Microcystis
showed a decreasing trend with the increased TN/TP
ratios (Fig. 3).

0.422 TP, R2=0.439, p<0.01

For convenience of analyses and comparisons, the period from 10:00 July 2 to 10:00 July 3 was coded as p1010, similarly hereinafter. The in situ growth rates of Microcystis aeruginosa were 0.18 d-1, 0.18 d-1, 0.18 d-1, 0.12 d-1,
0.12 d-1, 0.12 d-1 and 0.11 d-1, respectively. The average

TABLE 2 - Correlations among FDC and associated factors of Microcystis (the upper triangle
displayed correlation coefficients, and the lower triangle displayed significant levels)
TN
Total Nitrogen (TN)

NO3N
-0.494

NH4N

TP

PO4P

WT

Chla

Density

FDC

0.432

0.217

0.569

-0.207

0.886

0.012

0.297

-0.101

-0.028

-0.582

-0.135

-0.633

-0.247

-0.022

0.483

0.502

0.091

0.091

0.513

0.545

0.446

0.245

0.125

0.538

0.676

0.459

0.678

0.529

-0.134

0.296

0.039

-0.108

0.173

NO3N

0.032

NH4N

0.065

0.680

Total Phosphorus (TP)

0.371

0.909

0.036

PO4P

0.014

0.011

0.034

0.064

Water Temperature (WT)

0.395

0.581

0.712

0.312

0.935

Chlorophyll a (Chla)

<0.001

0.004

0.710

0.609

0.055

0.586

Density

0.962

0.308

0.025

0.017

0.002

0.218

0.661

FDC

0.217

0.929

0.016

0.001

0.024

0.874

0.478

-0.021

0.522
0.022

TABLE 3 - Relations of in situ growth rates of Microcystis (y) and some influencing factors (x) (showing only significant ones)

TN
TP
WT
Chla

y = a+bx
a
-0.808
-0.071
-13.496
-0.244

b
0.800
3.106
0.497
0.008

R2
0.589
0.759
0.729
0.856

y = a*exp(bx)
a
0.000
0.032
1.2*10-42
0.010

p
0.044
0.011
0.015
0.003
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b
5.517
21.577
3.441
0.059

R2
0.594
0.778
0.742
0.863

p
0.043
0.009
0.013
0.002
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FIGURE 3 - Mean TN/TP ratios and the in situ growth rates (µ) of Microcystis in different periods

DISCUSSION

tors of in situ growth rate by comparisons among different
calculation periods.

Prediction of in situ growth rate of phytoplankton has
long been a challenging work for ecologists. In natural
waters, phytoplankton is controlled by both inner-cell
factors (e.g., buoyancy and depth regulation is the major
mechanism for cyanobacteria dominance in stratified lakes
[18]), and other factors, such as grazing, competition, sinking and migration, etc. Many environmental factors have
been considered to promote or allow cyanobacterial dominance, for instance, low turbulence, low light, low ratio of
euphotic zone to mixing zone, high temperature, low
CO2/high pH, high total-P, low total-N, low-dissolved inorganic nitrogen, and phosphorus storage strategy [19].
Xing et al. (2007) [20] considered the abundance and dominance of Microcystis aeruginosa in the northeastern part
of Lake Dianchi (China), also influenced by dissolved oxygen. In previous literature, in situ growth rate of Microcystis is influenced by changes of environmental conditions in the field, for example, it was restrained in fluctuating light environment [21], and Microcystis growth was
higher inshore than offshore [11], etc. So measuring the in
situ growth rate is of high complexity and difficulties.
It is highly necessary to improve continuous monitoring of both biotic and abiotic factors for the research of in
situ growth rate of Microcystis. Continuous monitoring
will be useful to understand the algal growth characteristics, including the features of each stage during cytokinesis, patterns of cell division, in situ growth rate variations,
and also the response mechanism. The present study is the
first test to calculate in situ growth rate using different
begin-end periods based on the continuous monitoring.
This study attains the aim of searching for the impact fac-

Most studies about in situ growth rate measurement
using FDC technique were concerned with the usefulness
of FDC technique for certain special organism, so they
focused on the form of estimation equation and the parameter determination [11, 17]. None of them was about the
impact factor of FDC variations, because FDC was regarded
only as a kind of measurement tool. The present study indicates that TP is the main impact factor of FDC variations. This conclusion still requires experimental confirmation.
In Xiangxi Bay, both nitrogen and phosphorus were
important nutrients for Microcystis growth because the in
situ growth rate increased with increasing TN and TP concentrations. With regard to the relative importance of N
and P, it is broadly accepted that in marine systems, N is
the limiting nutrient, while P is the limiting factor in
freshwater systems. Microcystis in experiments showed a
clear optimum when N:P ratio was at 100:1, but very little
growth at 10:1 [22]. In Xiangxi Bay, TN/TP ratios changed
between 8 and 34 throughout the monitoring period, and
the growth rate decreased with the increase of TN/TP ratios, in harmony with the experimental results of Nalewajko and Murphy (2001) [22]. It implied that the growth of
Microcystis in Xiangxi Bay was limited by P during Microcystis bloom period. Water temperature varied from
27.05 to 28.45 °C during our investigation, and growth
rate increased with the rise of water temperature, which
was similar to the experiment by Nalewajko and Murphy
(2001) [22]. Further investigations on the impact factors
of in situ growth rate of Microcystis are needful.
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Concerning the relationships between the in situ
growth rates (µ) and chla, it seems more statistically significant and ecologically meaningful by using logarithmic
modelling, in spite of both linear regression and exponential estimation fitting them quite well (R2 >0.8, see Table 3).
The logarithmic equation is as follows:

[4]

Rao, D.V.S., Pan, Y. and Yamani, F.A. (2005) Growth and
photosynthetic rates of Chlamydomonas plethora and
Nitzschia frustula cultures isolated from Kuwait Bay, Arabian Gulf, and their potential as live algal food for tropical
mariculture. Marine Ecology 26, 63-71.

[5]

Kagalou, I., Beza, P., Perdikaris, C. and Petridis, D. (2002)
Effects of copper and lead on microalgae (Isochrysis galbana) growth. Fresenius Environ Bull 11, 233-236.

[6]

Shen, Y. and Cai, Q. (2003) Complexity in freshwater ecosystems. Journal of the Graduate School of the Chinese
Academy of Sciences 20, 131-138. (in Chinese with English
abstract)

[7]

Cai, Q. and Hu, Z. (2006) Studies on eutrophication problem
and control strategy in the Three Gorges Reservoir. Acta Hydrobiologica Sinica 30, 7-11. (in Chinese with English abstract)

[8]

Ye, L., Xu, Y., Han, X. and Cai, Q. (2006) Daily dynamics of
nutrient and chlorophyll a during a spring phytoplankton
bloom in Xiangxi Bay of the Three Gorges Reservoir. J
Freshwater Ecol 21, 315-321.

[9]

Ye, L., Han, X., Xu, Y. and Cai, Q. (2007) Spatial analysis
for spring bloom and nutrient limitation in Xiangxi bay of
Three Gorges Reservoir. Environ Monit Assess 127, 135145.

2

µ =-1.357 + 0.393 ln (chla), R =0.862, p=0.003
The expression indicates that the in situ growth rate
of Microcystis is positively correlated with chla, but the
increasing speed of the in situ growth rate will slow down
with chla increases.
CONCLUSIONS
We applied the FDC technique in Xiangxi Bay during
Microcystis bloom in summer 2008, to find that cell division of Microcystis does not have a remarkable diel pattern of high in daytime and low in nighttime during the
sampling period. TP can be recognized as the most important factor regulating the variations of FDC. The in
situ growth rates evaluated by different periods ranged
between 0.11-0.18 d-1, and they showed significant correlations with nutrient concentration, water temperature and
chlorophyll a. Further investigations in the stable change of
both biotic and abiotic factors in Microcystis bloom areas
are urgently needed.

[10] Furnas, M.J. (1990) In situ growth rate of marine phytoplankton: approaches to measurement, community and species
growth rates. J Plankton Res 12, 1117-1151.
[11] Tsujimura, S. (2003) Application of the frequency of dividing
cells technique to estimate the in situ growth rate of Microcystis (Cyanobacteria). Freshwater Biology 48, 2009-2024.
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ABSTRACT
A greenhouse experiment was performed to investigate the effects of citric acid, determined as the best organic acid chelators in Andosol, on enhanced phytoextraction
of cadmium (Cd) and its chemical distribution in fractionated root zone soils of sunflower (Helianthus annus L.).
The Andosol was amended with Cd nitrate to achieve a
Cd concentration of 9.2 mg kg-1 dry soil. During 35 days
of growth, pots were amended with citric acid at 8, 8 and
4 mmol kg-1 on -1, 12 and 25 days after sowing respectively. After culturing, soils system was refined to differentiate into bulk soils (BK), rhizosphere soils (RZ) and
rhizoplane soils (RP), based on the collection of rootattaching soil aggregates. The distribution and chemical
forms of Cd in the soil samples were determined after extracting sequentially into exchangeable, carbonate-bound,
metal-organic complex-bound, easily reducible metal oxidebound, H2O2 extractable organic-bound, amorphous mineral
colloid-bound, crystalline Fe oxide-bound fractions. The
concentration of Cd in both metal-organic complex-bound
and organic-bound forms decreased in bulk, rhizosphere
and rhizoplane soils. It was suggested that the plant probably absorbed Cd from these soil pools. Citric acid amendment significantly increased the concentration of Cd associated with metal-organic complex-bound and easily reducible metal oxide-bound fractions in BK representing an 11
and 51 % increase respectively.
Citric acid addition enhanced Cd accumulation in
shoots and whole plant from 12.7 to 15.9 mg kg-1 and
from 13.3 to 15.9 or about 25 and 19 % Cd accumulation
respectively. We concluded that the increase in Cd accumulation is not as dramatic as the value to meet enhanced
phytoextraction purposes. The less ability of citric acid to
solubilize and accumulate Cd in plant may be attributed to
the high amount of Fe as competing metal in our tested
Andosol that may interfere Cd solubility and mobility and
more importantly, low stability constant of Cd-citric acid
complexes. The result of Cd extractability also proved the

fact that amendment of citric acid at 20 mmol kg-1 to Andosol was not so effective for Cd desorption, removing only
about 0.5% of the total Cd.

KEY WORDS: cadmium, citric acid, phytoremediation, rhizosphere,
sunflower, andosol

INTRODUCTION
There is a great deal of evidence throughout the world
expressing the contamination of large areas of land via
discharge of different pollutants, especially heavy metals.
Only in Western Europe, 1.4 million sites are contaminated mainly with heavy metals due to many point and nonpoint source emissions [1]. Since cadmium (Cd) ranks as
one of the most hazardous heavy metals, concern about its
toxicity for environment has grown over the recent decades. The Ministry of Environment of Japan (2002) reported that around 7,217 ha of arable lands in Japan have
been polluted by heavy metals of which cadmium contributed 92 % of total pollution in 2001 [2]. Cadmium is ascribed to retain and combine with soil solid constituents
such as organic matters especially when the pollution occurs in humus rich soils, i.e. Andosol. Thus in contaminated areas where human health and ecosystems are endangered, quantity of this pollutant in soil must be mitigated below maximum threshold levels. Phytoremediation
is a well-suited technology for remediation of contaminated
soils caused by organic and inorganic pollutants at very
large field sites where other methods of remediation are
not cost-effective or practicable [3, 4]. Certain plants have
shown good potential for uptake of heavy metals into
above-ground biomass (phytoextraction), filtering metals
from water onto root system (rhizofiltration), transforming
soil metals to less toxic forms (phytostabilization) as well
as degradation of organic compounds through existing microorganisms in rhizosphere soils which is termed plant-
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assisted bioremediation [4, 5]. To increase the efficacy of
phytoextraction technique, a combination of high biomass-producing plant species i.e. sunflower, Indian mustard etc. and chemically-assisted phytoextraction has been
developed as a viable strategy to overcome remediation of
target metals in a reasonable time frame [6].
Several studies have reported that, natural and synthetic chelating agents such as organic acids, ethylene diamine triacetic acid (EDTA), N-(2-hydroxyethyl)-ethylenediamine triacetic acid (HEDTA) desorb metals from soil
matrix into soil solution resulting in phytoavailability, thereby plant absorption and translocation of heavy metals
from roots to shoots of high biomass-producing plants [712]. The use of natural compounds such as organic acids
which are easily biodegradable sounds better than synthetic
chelate to meet environmental conservation purpose. Root
exudates are considered as one of the primary sources of
organic acids in soils and contribute to the acidification
of the rhizosphere and formation of soluble metal complexes, thus increasing availability of metal ions for plant uptake. Among organic acids, citric acid showed the greatest
capacity to extract Cd and other heavy metals in soils [10,
13, 14]. Citric acid alleviated Cd toxicity in radish and
enhanced its translocation from roots to shoots [13].
Amendment of 20 mmol kg-1 citric acid enhanced shoot
cadmium concentration of Brassica juncea 2 times more
than rate of 10 mmol kg-1 in highly Cd contaminated soil
[10].
In the current study, based on the data obtained from
preliminary experiments on Cd desorption using organic
acids, sunflower (Helianthus annus L.) was cultured to investigate the effects of citric acid (as the best chelators)
on enhanced phytoextraction of Cd from an Andosol contaminated with moderately low Cd concentration. We determined whether the magnitude of this enhancement can
be sufficient to make phytoextraction of Cd-contaminated
Andosol a viable environmental technology. In addition, a
sequential extraction method was applied to analyze how
citric acid changes the distribution and chemical forms of
Cd in the bulk and fractionated root zone soils. A fractionation procedure of root zone soils was also developed,
based on the collection of root-attaching soil aggregates.
MATERIALS AND METHODS
Soil samples

The soil samples were collected from the surface layer
(A horizon; 0 to 10cm in depth) of an Andosol in the rotational crop field of Field Museum Fuchu, Tokyo University of Agriculture and Technology, air-dried, sieved
through 2 mm mesh and stored. Selected chemical properties of soil samples are presented in Table 1.
Pot experiment

Soil samples were mixed with solutions of potassium
chloride (70 mg kg-1), ammonium sulfate (160 mg kg-1),

TABLE 1 - Selected chemical properties of the soil sample.
Properties
pH (H2O)
EC (mS m-1 )
CEC (cmolc kg-1)
Total C (g kg-1)
Total N (g kg-1)
Total Cd2+ (mg kg-1)*
*:after amendment of Cd

Value
6.4
27.4
29.2
66.2
3.5
9.2

and ammonium dihydrogen phosphate (50 mg kg-1) in
propylene baths, then spiked with cadmium nitrate solution to give the total concentration of 9 mg Cd kg -1 soil.
The soils in baths were watered until saturation and allowed to sit for equilibration following with the periodic
mixing over 4 weeks incubation, then mixed and named as
initial bulk soils. The 2-g soil samples were used to measure soil moisture in samples to correct Cd readings. Total
concentration of Cd on oven-dried basis soil was calculated 9.2 mg kg-1. Initial bulk soils equivalent to 1.5 kg oven-dried weight were placed in six plastic pots (1000 mL,
rounded, 15 cm in diameter) and four seeds of sunflower
(Helianthus annus L.) were planted in each pot and watered with distilled water to field capacity. Seedlings were
thinned to one vigorous plant after one week of germination. Test plants were grown in a greenhouse at day/night
temperature of 25/18°C under natural light conditions for
35 days from thinning of seedlings until sampling. The
pots were periodically weighed and watered to field capacity with distilled water as required. The location of the
pots under the lights was rotated every two days.
The citric acid was gradually applied to the soil surface as solution with total rate of 20 mmol per kg of soil
during 35 days of growth period. The rate was added in
three steps to compensate the biodegradation of the citric
acid as follows; 8 mmol kg-1 (1.5 g) one day before sowing and 12 days after sowing and 4 mmol kg-1 (0.75 g) at
25 days after sowing.
Cadmium desorption by organic acids

To evaluate the effectiveness of organic acids in desorbing Cd from Andosol, four organic acids were applied
and their desorbing ability was assessed. Approximately
8, 20, 40, 60, 80 and 100 mmol L-1 extracting solutions of
citric, oxalic, malic and tartaric acids were prepared. Two
-gram soil samples were placed in centrifuge tubes, and
5 ml of the desorbing solutions were added. The tubes
were capped and shaken for 1 h on a reciprocator at 200 rpm
and then centrifuged. The supernatants were filtered through
Millipore filter (pore size 0.45 µm) and stored until analysis.
Sampling and fractionation of the rhizosphere soils

The technique applied for the current study was based
on the collection of root-attaching soil aggregates. Root
fragments were carefully picked from the pot and gently
shaken. Remained soil in the pot was subsequently passed
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TABLE 2 - Multi-step sequential extraction scheme for particulate-bound Cd speciation used in this study.
Species
1- Exchangeable
2- Carbonate-bound
3- Metal-organic complex-bound
4- Easily reducible metal-oxide-bound
5- Organic-bound
6- Amorphous mineral colloid-bound
7- Crystalline Fe oxide-bound

Reagent for 1 g of soil sample
10 mL of Mg(NO3)2 (pH 7)
25 mL of 1 M CH3CO2Na (pH 5)
30 mL of 0.1 M Na4P2O7.10 H2O (pH 10)
20 mL of 0.1 M NH2OH.HCl in 0.01 M HNO3
5 mL of 30 % H2O2 (pH 2), 3 mL of 0.02 M HNO3;
then add 3 mL of 30 % H2O2 (pH 2);
cool, add 10 mL of 2 M Mg(NO3)2 in 20 % HNO3
10 mL of 0.2 M (NH4)2C2O4 (pH 3)
25 mL of 0.2 M (NH4)2C2O4 (pH 3) in 0.1 M ascorbic acid

through a 1-mm mesh in order to trap nearly all soil aggregates containing root segments. Sieved soil through a
1-mm mesh was mixed homogenously and sampled as a
bulk soil fraction. Adhering soil aggregates to root system
were then spread on a glass plate. Afterwards, by using
forceps and scalpel, more than 5 mm soil aggregates was
fixed and its size was scraped and adjusted up to 5 mm in
thickness from root surface. This procedure was done to
avoid any dilution of rhizosphere soil by the bulk soil components. Similar treatment was carried out for soil aggregates (containing root segments) trapped on 1-mm mesh
during bulk soil separation. Scraped aggregate was then
sampled carefully using a dissecting needle [15] to the
extent of 1 mm soil particles [16, 17] which was considered as the rhizosphere soil fraction. Adhering soil consisting of less than 1 mm thickness from the root surface
was referred as rhizoplane soil fraction that is similar to
the rhizocylinder fraction [18, 19] which was sampled
using soft brush. Root debris was then removed from all
soil samples using tweezers and further treatment via
static electricity for rhizoplane soils as this close vicinity
fraction to the root surface contains root hairs and very
small root fragments which may influence the chemical
composition of samples.
All soil samples including initial bulk, bulk, rhizosphere
and rhizoplane soils were air dried and sieved with 0.5 mm
to make the particle size uniform [20, 21]. Following the
root zone soil fractionation, root system was inserted in a
1000 mL beaker filled with 500 mL distilled water and
subjected to 6 minutes ultrasonic vibration over 3 separate
steps in order to avoid overestimation of metals in root
samples. After each treatment, the beaker was renewed
with distilled water. The roots and shoots were then rinsed
with distilled water following with cutting the whole plant
into roots, stems and leaves plus petioles before drying in
an oven at 70oC for 3 days.
Cadmium analysis in plants and soils

Dried plant tissues were ground to a fine powder using an electric mill. Aliquots (0.5 g) of plant materials were
put in 75 mL digestion tubes followed by adding 1 mL
distilled water and 4 mL concentrated H2SO4 and the digestion tubes were left overnight. The following day, the
tubes were heated to 60°C and temperature was gradually
raised to 150°C for 4 hours after adding 2 mL 30 % H2O2
every two hours. The digests were cooled, diluted and

Shaking time and temperature
4 h at 25 oC
6 h at 25 oC
20 h at 25 oC
30 min at 25 oC
2 h at 85 oC
2 h at 85 oC
30 min at 25 oC
4 h at 25 oC (dark condition)
30 min at 95 oC

filtered through 0.45µm filters before analysis. The speciation of particulate-bound Cd, in the soil samples was also
determined using a sequential extraction scheme [22]. Seven
chemical forms of cadmium corresponding to the method are
included: (1) Exchangeable, (2) Carbonate-bound, (3) Metal-organic complex-bound, (4) Easily reducible metal oxide-bound, (5) Organic-bound (H2O2 extractable), (6)
Amorphous mineral colloid-bound, and (7) Crystalline Fe
oxide-bound (Table 2). The Cd concentration of the soil
extracts was determined by using either flame or graphite
atomic absorption spectrophotometer (Hitachi Z-5010;
Hitachi Ltd., Tokyo, Japan).
Analytical method

The pH of the soil in distilled water (1:2.5, W/V) was
measured with a glass electrode pH meter (Model D-52,
Horiba Ltd., Kyoto, Japan). Soil electrical conductivity
(EC) was also measured using an EC meter (model CM30 V, TOA Electronics Ltd., Japan) after extraction with
distilled water (1:5, W/V). Total C and N content of the
soil was measured using the dry combustion method with
NC analyzer (Sumigraph NC-80; Sumitomo Kagaku Co.,
Tokyo, Japan). To carry out the water extraction, one gram
of soil samples was weighed in a centrifuge tube and 5 mL
of pure water was added and shaken for 6 h on a reciprocator at 200 rpm. The suspension was then centrifuged at
1730g for 10 min, filtered through 0.45µm pore size and
stored until analyses. The concentration of major anions
and cations in water extracts was analyzed using a nonsuppressor ion chromatograph (JASCO Ltd., Tokyo, Japan) equipped with electric conductivity detector, Shodex
CD-4.
Statistical analysis

The pot experiment was set up in a completely randomized design with three replications. Dry weight of
roots, stems and leaves, Cd concentration in soil fractions
and plant tissues of control and treatment were subjected
to Fisher’s comparison test at P < 0.05 confidence level.
RESULTS AND DISCUSSION
Production of dry matter

Treatment and control plants did not display any visual symptoms of chlorosis and necrosis in stem and leaves
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during germination and growth. Though the proportion of
roots in treatment was larger than those of control, there
was no significant difference between control and treatment plants in regard with total dry matter production
(Figure 1). This result is consistent with the findings of
other researchers [9, 12], who tested the effects of citric
acid on phytoextraction of Cd in corn, beans and sunflower
respectively.

-1

Dry weight (g pot )

3

Changes of pH in soil samples

Control
Treatment

2.5
2
1.5
1
0.5
0
Roots

Stems

Leaves

FIGURE 1 - Dry matter yield of sunflower grown in Cd polluted
Andosol amended with citric acids. Bars represent standard error.
Cadmium desorption in Andosol

To evaluate the ability of organic acids to desorb Cd
from Cd-contaminated Andosol, Cd desorption was meas-

Cd desorption (µg g-1 )

ured with different concentration of citric, malic, tartaric
and oxalic acids ranging from 8 to 100 mmol L-1. All organic acids enhanced Cd desorption. The rate of Cd desorption increased with the concentration of chelator applied to
the soil. However, among the organic acids tested, citric
acid showed the greatest capacity in desorbing Cd (Figure
2). Malic, tartaric and oxalic acids had higher abilities in Cd
desorption after citric acid respectively.

Plant cultivation caused slight increase in pH values
of bulk and rhizosphere soils both in treatment and control pots, whereas pH in rhizoplane soils decreased below
the values recorded for initial bulk soils. This small acidification found in the rhizoplane soils, has been also reported in other studies [16, 21, 23-25]. The principle mechanism explaining the decrease of pH is the equilibration of the
cation/anion balance. Excess uptake of cations over anions
has been likely led to a net-release of protons and consequently resulting in rhizoplane acidification. When the role
of citric acid is factored into the pH of soil solution, bulk
and rhizosphere soils in treatment showed lower pH values
compared to control yet more than the pH of initial bulk
soils (Table 3). As shown in Table 3, NO3- reached the
higher concentration in RP soil of control than treatment.
It is likely that less effective in NO3- uptake of control
may have lead to a significant decrease in the pH value of
RP soil compared with the treatment.

1.6
1.4

8 mM
20 mM

1.2
1.0
0.8
0.6
0.4
0.2
0.0

40 mM
60 mM
80 mM
100 mM

Citric

Malic

Tartaric

Oxalic

Organic acids

FIGURE 2 - The amount of cadmium desorbed by organic acids in Andosol.

TABLE 3 - Amount of pH, nitrate and concentrations of Cd between treatment (Treat)
and control (Cont) plots, associated with different soil fractions amended with citric acid.
Concentration of particulate-bound Cd speciation (mg kg-1)
4- Easily
6- Amorphous
2- Carbonate- 3- Metal-organic
5- Organic7- Crystalline
pH (H2O)
NO3- (mg kg-1) 1- Exchangeareducible metalmineral colloidbound
complex-bound
bound
Fe oxide-bound
ble
oxide-bound
bound
Sample
Cont Treat Cont Treat Cont Treat
Cont
Treat Cont
Treat
Cont
Treat Cont Treat
Cont
Treat
Cont Treat
Initial Bulk 6.4ab
6.4a 563.6a 563.6a 0.23a 0.23a
2.19a
2.19a
2.54a
2.54a 0.027a 0.027a 3.26a 3.26a 0.087a 0.087a 0.034ab 0.034a
Bulk
6.5ab
6.4a 136.1bc 132.0b 0.23a 0.24a
2.42b 2.58b 2.07b
2.30a* 0.033ab 0.050b* 3.14ab 3.04ac 0.089ab 0.091b 0.034ab 0.033a
Rhizosphere 6.6b
6.5a
95.0b
68.4c 0.24a 0.23a
2.54c 2.46bc* 2.00b
2.06b 0.043ab 0.039ab 2.90b 3.01bc 0.078ab 0.096bc 0.032a 0.034a
Rhizoplane 6.2a
6.4a* 67.8b 18.0d * 0.27b 0.24a* 2.64d 2.56c
1.92b
1.82c 0.037b 0.042b* 2.93ab 2.89c 0.099b 0.098c 0.038b 0.036a
Values in a column followed by different letter have significant difference at p <0.05 according to Fisher's test. Values denoted by * indicate significant difference
between control and treatment at p <0.05.
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Distribution and chemical forms of Cd in the bulk and root
zone soils

The distribution of particulate-bound Cd species in initial
bulk soil determined by a sequential chemical extraction
is presented in Table 3. The average abundance of the
different forms of Cd in initial bulk soils following Cd
amendment is in the order: Organic-bound (3.26 mg kg-1)
> Metal-organic complex-bound (2.54 mg kg-1) > Carbonate-bound (2.19 mg kg-1) > Exchangeable (0.2 mg kg-1)
> Amorphous mineral colloid-bound (0.09 mg kg-1) >
Easily reducible metal oxide-bound and Crystalline Fe
oxide-bound (0.03 mg kg-1). Cadmium was predominantly
available in the forms of organic-bound, metal-organic
complex-bound and carbonate-bound comprised of 35, 28
and 24% of the total amended Cd respectively. These
results explain that Cd was mainly bound to organic pools
rather than mineral pools in the tested Andosol. The distribution of Cd in the organic pools (organic-bound, metalorganic complex-bound) may be mainly owing to the relatively high abundance of organic C (Table 1) in the tested
Andosol. Around 9 % of total Cd also remained in residual
fraction. We did not mention the distribution of Cd in
residual fraction due to the relative unavailability of this
form to the plants.
The amount of Cd bound to metal-organic complexes
(Fe- and Al-organic complexes) correlated at least four
orders of magnitude more significantly with the cadmium
availability index, determined by using ABDTPA extractant [22]. This significantly high correlation indicates that
ABDTPA and sodium pyrophosphate, which extracts selectively the metal-organic complex-bound Cd, tend to attack
the same Cd phase in the soil. They concluded that metalorganic complex-bound Cd was most responsible species
for the plant-available Cd among sequential extraction
steps. As presented in Table 3, Cd in both metal-organic
complex-bound and organic-bound fractions showed a
decreasing trend from bulk to rhizoplane soils in control
after plant cultivation. The concentrations of Cd in rhizoplane soils of these fractions significantly decreased from
those of initial bulk soils indicating that metal-organic
complex-bound and organic-bound fractions are the main
Cd pools in soil absorbed by the plants. The depletions of
Cd in available or mobile fractions of root zone soils were
also found in other researches [25-27]. Other studies further concluded that Brassica juncea and rice absorb Cd
from organically bound when grown in relatively high and

low levels of Cd contaminated Fluvisol and Andosol which
is consistent with our results [27, 28]. It is known that
plants can access to soluble Cd forms (exchangeable and
carbonate-bound) easier than less soluble forms (metalorganic complex-bound and organic bound). However, in
our study the concentrations of exchangeable and carbonate-bound Cd increased in bulk, rhizosphere and rhizoplane soil following plant cultivation. This result has
been probably occurred due to the chemical equilibrium of
Cd in the soil systems. Indeed, plant may solubilize Cd
from less soluble forms and that will shift to easily accessible forms resulting in higher concentration. Further studies
are needed to characterize the role of plant on chemical
equilibrium of Cd in root zone soil systems and to determine whether the plant uptake corresponds to the shifting
of Cd from less soluble to soluble forms.
From sequential extraction of root zone soil, it was also
found that the concentration of Cd in rhizoplane soil of
almost all extraction steps in control caused lower amounts
than the treatment. This might be in some part owing to the
lower pH value in rhizoplane soil of control than in the
treatment. The use of chemical and physical fractionations
in this study suggested that accumulation of soluble Cd
fractions was highest in the RP at root absorption sites. Yet,
Cd absorption was low in comparison to soil metal concentrations.
Evaluation of rhizosphere soil sampling

From a methodological perspective, the operational
technique for rhizosphere soils fractionation achieved
by collection of root-attaching soil aggregates rather than
by washing off the soil adhering to the roots with water
[29, 30] or sequential hand shaking [21, 31, 32] was found
to be appropriate to gain a complete picture of the Cd gradient between the soils and the roots. This is because the
rhizoplane, rhizosphere and bulk soils obtained by our
method were not diluted by each other and therefore the
effect of roots on rhizoplane and rhizosphere soils is not
underestimated. The results indicate that the rhizosphere soil
does not have a constant behaviour and it tends to adopt an
intermediate position between the rhizoplane and the bulk
soil. However, in some cases, the rhizosphere had the lower
value of the bulk components instead of showing an intermediate behaviour. The results of the concentration of water
extractable major cations and anions also reflect the inconstant behavior of Cd in rhizosphere soils (Table 4).

TABLE 4 - Water extractable ions of fractionated rhizosphere soils in control groups for sunflower grown in Cd polluted Andosol.

Soil samples
Initial Bulk
Bulk
Rhizosphere
Rhizoplane

Ca2+
60.6a
43.8bc
39.0b
72.3ac

Mg2+
21.3a
12.0b
11.0b
22.5a

Ion concentration (mg kg-1)
Na+
K+
a
110.4
270.0a
75.6b
188.6b
67.5b
180.3b
91.7ab
538.5ad

NH4+
2.9ab
2.1a
3.6b
4.5bc

Values in a column followed by the same letter are not significantly different at p<0.05 according to Fisher's test.
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Effect of citric acid on solubilization of Cd in soil

An attempt has been made to investigate the Cd solubilization in different soil pools as affected by application
of citric acid. Compared with control, citric acid amendment caused higher concentration of Cd in bulk soils of
exchangeable, metal-organic complex-bound, easily reducible metal oxide-bound and amorphous mineral colloidbound fractions, representing a 4, 11, 51 and 2 % increase
respectively. This likely indicates that citric acid desorbed
Cd from these soil fractions. However, the increases were
statistically significant only for metal-organic complexbound and easily reducible metal oxide-bound fractions.
Preliminary experiments performed in our laboratory
on the Cd-contaminated Andosol showed that, among
several low molecular weight organic acids tested, citric
acid had the greatest capacity to extract Cd in comparison
with oxalic, malic and tartaric acids. Although citric acid
undergoes rapid degradation in soil, it helps prevent the
possible movement of metal-citric acid complexes across
the soil profile. Another advantage of using citric acid is
its relatively low cost. It can be obtained as an industrial
by-product and makes citric-assisted phytoextraction a
cost-effective method [8]. In the present study, citric acid
was found to have a smaller effect on Cd desorption in
Andosol. The problem with citric acid is that it is highly
selective for Fe (III). Depending on the form of Fe in the
soil, a higher Fe activity may result in decreased Cd complexation with citric acid. It was found that the concentration of Fe (as competing metal) had high levels in our tested
Andosol (data not shown) that may interfere Cd solubility
and mobility and thus reduce the extent of Cd-citric acid
complexation resulting in lower plant availability and Cd
uptake. The fractionation of Cd from Andosol confirmed
the importance of organic matter and Al- and Fe-organic
fraction in retaining Cd. The sequential extraction data
showed that around 63 % of amended Cd was adsorbed to
organic matter bound pools (Al- and Fe-organic complex
and organic bound). This can be the reason for lower availability of Cd and eventually low Cd desorption following
citric acid amendment. These results suggest that, the success of citric acid-enhanced Cd will be strongly influenced
by soil type. It is also important to note that the soil type
in conjunction with chelators will impact the bioavailability of Cd and also affect the selectivity of metals by forming chelator-metal complexes which alters the uptake rate.
In this regard, the less ability of citric acid to solubilize
Cd may also be attributed to the low stability constant for
Cd-citric acid complexes. Cd-citric acid has a low stability constant (log k = 4.54) in soil [33] than Cd-EDTA (log
k = 16.36), Cd-EDDS (log k = 10.8) and Cd-NTA (log k =
9.78) [34] leading to lower effectiveness in accumulation
of Cd in shoots. Further studies should be conducted to
evaluate whether chelators with higher stability constant
can be effective on Cd solubilization in Andosol and enhancing Cd hyperaccumulation in plants. The result of Cd
extractability also proved the fact that amendment of citric
acid at 20 mmol kg-1 Andosol was not so effective for Cd

desorption. Only about 0.5% of the applied Cd was removed. The application of citric acid at 20 mmol kg-1 desorbed about 4% of the amended Cd. This is 8-fold higher
than in our tested Andosol [10]. We amended citric acid
(20 mmol kg-1) to the surface of pots in three steps in
order to compensate the possible biodegradation. The other
reason for less ability of citric acid to solubilize Cd is likely
that the Cd initially brought to the solution by citric acid,
were re-precipitated and/or re-adsorbed to soil due to biodegradation of this chelating agent.
Effect of citric acid on Cd uptake

The results of Cd accumulation in roots, shoots and
shoot to root ratio (S/R) in treatment and control are shown
in Table 5. Sunflower exhibited the shoot (stems plus leaves)
Cd accumulation both in control and treatment. The high
S/R ratio (more than 1) of Cd also indicates that sunflower
was efficient at translocating Cd from root to shoot upon
growth on an Andosol. This result is in agreement with
the findings of another research in which the accumulating ability of Cd by sunflower in low contaminated soils
was tested [35]. On the other hand, Cd was predominantly
accumulated in roots of two cultivars of sunflower which
is not consistent with our results [12].
Compared with the control group, citric acid addition
enhanced Cd accumulation in shoots and the whole plant
from 12.7 to 15.9 mg kg-1and from 13.3 to 15.9 or about
25 and 19 % Cd accumulation respectively. The root to
shoot transport rate or S/R ratio was also enhanced by 40 %
following 20 mmol citric acid amendments. However, this
increase in Cd accumulation is not as large as the value to
meet enhanced phytoextraction purposes. The citric acid
addition did not significantly increase the concentration of
Cd in Crotalaria juncea, sunflower, corn and beans which
is in agreement with current findings [7, 9, 12]. They applied citric acid to the silty-clay loam and sandy-loam ranging from acidic to neutral soils. On the other hand, shoot
Cd concentration was enhanced by a factor of 2.3 with
Brassica juncea [10] and the same magnitude with corn
[14] following 20 mmol citric acid amendment. In these
studies, citric acid was applied to the Cd-contaminated soil
containing high sand content (83%) and low organic matter. Higher uptake of Cd following citric acid amendment
in these studies could be related to the low sorption tendency of Cd to the sandy soils, providing a better site for
Cd-organic acid complexation. Chelation and acidification
are the chemical processes bringing sorbed metals into soil
solution and subsequently absorption by plant. The effect
of citric acid on the phytoextraction of Pb, Cd and U is
mainly due to soil pH variability [11, 13]. In contrast, the
results of the current study were in accordance with previous findings [10, 14] in which the addition of citric acid
had no effect on lowering the initial bulk soil pH (Table 3).
Thus, in out tested Andosol, soil acidification can not be
responsible for the minor Cd enhancement following citric
acid application.
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TABLE 5 - Concentration of Cd in the soil and plant, bioaccumulation factor and shoot to
root ratio for 35 days old sunflower grown in Cd polluted Andosol amended with citric acid.
Concentration of Cd (mg kg )
−1

Element

Plot

Total soil (T)

Root (R)

Shoot (S)

Plant (P)

BFShoot (S/T)

BFTotal (P/T)

S/R

Cd

Treatment
Control

9.2
9.2

11.3
12.5

15.9
12.7

15.9
13.3

1.73
1.38

1.53
1.37

1.41
1.01

TABLE 6 - Comparison of Cd contents in the soil and plant and phytoextraction
potential for 35 days old sunflower grown in Cd polluted Andosol amended with citric acid.
Element

Plot

Cd

Treatment
Control

Content of Cd (mg pot -1)
Soil
Plant
13.8
0.071
13.8
0.065

Bioaccumulation factor and phytoextraction potential

Plant to soil cadmium concentration ratio or bioaccumulation factor (BF) was calculated for shoot as well as
whole plant according to the index used for screening
plants and evaluating metal uptake [36, 37]. In metal excluder plants, the bioaccumulation factor is normally determined to be less than 1, whereas in metal accumulators
the factor is often greater than 1 [38, 39]. Sunflower in
control pots exhibited the shoot bioaccumulation factor of
1.38 (Table 5). Bioaccumulation factor of the whole plant
achieved the same results as the shoot value. Amendment
of citric acid caused a higher bioaccumulation factor than
control indicating that the plant would meet the phytoextraction criterion of Cd. Bioaccumulation factors of Cd
accumulating plants such as Arabidopsis halleri in moderately Cd contaminated substrates ranged from 6 to 30 [40]
and for the southern French population of Thlaspi caerulescense the factor ranged from 3 to 73 [39]. These data
indicate that accumulation ability of sunflower is still far
be-low the value of typical Cd accumulator species.
Phytoextraction potential of sunflower was also calculated on the basis of following equation [39].
(% of soil Cd removed by sunflower) = {(Plant metal
concentration × Plant biomass) / (Total soil metal concentration × Soil mass per pot)} × 100

Phytoextraction potential
(%)
0.52
0.47

ment slightly enhanced Cd accumulation in shoots and
whole plant about 25 and 19 % respectively. We concluded that the increase in Cd accumulation is not as large as
the value to meet enhanced phytoextraction purposes. The
result of Cd extractability also proved the fact that
amendment of citric acid at 20 mmol kg-1 to Andosol was
not so effective for Cd desorption, removing only about
0.5% of the total applied Cd. The less ability of citric acid
to solubilize and accumulate Cd in plant may be attributed
to the high amount of Fe as competing metal in our tested
Andosol that may interfere Cd solubility and mobility and
more importantly, low stability constant of Cd-citric acid
complexes. From sequential extraction of Cd in bulk and
fractionated root zone soils, it was proved that metalorganic complex-bound and organic-bound fractions were
the main Cd sources absorbed by plants.
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As shown in Table 6, over a growing period of 35 days
only 0.47 percent of total amended Cd was taken up by
sunflower and even citric acid addition could not increase
the phytoextraction potential to a considerable level.
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MEMBRANE FOULING CONTROL IN MBR
ACHIEVED BY DOSING COAGULANTS
Guoliang Xu, Yaobo Fan*, Yan Yu, Wenjing Yang, Dongdong Yuan and Guangxia Wu
Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

ABSTRACT
The characteristics of membrane fouling control in
membrane bioreactors (MBR) were studied with the addition of coagulants [Al2(SO4)3, FeCl3, polymeric ferric sulfate (PFS), polymeric aluminum chloride (PAC), and cationic polyacrylamide (PAM)] directly into activated sludge.
In the batch experiments, the colloids from 0.2µm to 1.5µm
were identified as the most important foulants for the microfiltration membrane with a pore size of 0.2µm in submerged MBR. Considering specific filtration resistance,
colloidal TOC, pH and particle size distributions, the effect
of each coagulant was in the order of: PAC>PFS> FeCl3>
Al2(SO4)3>PAM. In the long-term tests, PAC and PFS were
added in two submerged MBRs and their effects on membrane fouling control were confirmed. Among the selected coagulants, PAC was found to be the most effective on
membrane fouling control at the optimal dosage about 1.0
mM Al. At this dose, the biological activity of activated
sludge and the removals of COD, BOD5, and NH4+-N
were not affected obviously by coagulation in the longterm operation. The removals of COD, BOD5 and NH4+-N
exceeded 80%, 95% and 90%, respectively. Coagulants
alleviated colloidal TOC and thus protected the membrane
from fouling. Moreover, particles smaller than 2.512µm
could not be measured by the instrument, and the particle
size distributions were not responsible for membrane fouling control.

KEYWORDS: membrane bioreactor; membrane fouling; coagulation; filterability; colloids

INTRODUCTION
The membrane bioreactor (MBR), which couples a
microfiltration or an ultrafiltration membrane with a bioreactor, offers many outstanding advantages over conventional wastewater bio-treatment process [1-5]. However,
membrane fouling remains a bottleneck for the widespread
application of the MBR technology [6-8]. Membrane fouling in MBR is due to the complex interactions between

the membrane materials and the complicated components
of activated sludge mixed liquor. Generally, the approaches
to membrane fouling control can be classified as: (1) optimization of operating parameters; (2) improvement of membrane characteristics; and (3) modification of mixed liquor
characteristics [9-11]. Research on method 3 is especially
effective for MBR in virtue of the complexity of the activated sludge mixed liquor in MBR.
According to the relative particle size, the membrane
foulants in the mixed liquor can be classified into three
groups: (1) far smaller than the size of membrane pores; (2)
close to the size of membrane pores; and (3) larger than
the size of membrane pores. The first group could pass
through membrane pores and had a minor influence on
membrane filtration process [12,13]. With the vigorous
aeration-induced turbulence, the larger particles became
more susceptible to the back-transport [14]. Recently, Fan
and Zhou reported that the particles ranging from 0.04µm
to 1.5µm (designated colloids) were identified as the most
important foulants for the ultrafiltration membrane with a
pore size of 0.04µm, when operated at the aeration intensity typically employed in practice [13]. The coagulants
were so effective in removing colloids and fine suspended
particles from water [15] that the adoption of coagulants
as filter aids of membrane seemed quite favorable. Fan et
al. found that the use of ferric chloride, alum, and an organic
polymer as coagulants greatly reduced the TMP increase in
the operation time of 1000 minutes [16]. Wu et al. [17, 18]
reported that addition of coagulants could control membrane fouling by charge neutrality and bridging, which resulted in removal of supernatant organics and enlarged
sludge flocs, and PFS was the most effective for membrane
fouling control among all the coagulants studied. These
studies proved the effectiveness of coagulants as filter aids
for MBR systems. However, the main foulants for membrane filtration in MBR should be determined, because
they are the targets for the addition of coagulants. What is
more, for the sake of practical, large-scale applications of
coagulants in MBR plants or MBR systems, more types of
coagulants, long-term experiments, the intrinsic mechanism
and the efficiency of fouling control still need to be well
explored or tested.
Therefore, the objective of this study was to assess
the applicability of coagulants as filter aids in MBR oper-
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ation, find out the most effective coagulant, optimize the
dosage, and to explore the intrinsic mechanism of fouling
control in MBR with the microfiltration membrane by dosing coagulants. The main foulants were designated colloidal
foulants, and the size tested ranged from 0.2µm to 1.5µm,
in the scope of microfiltration membrane used in this work.
MATERIALS AND METHODS
Main foulants determination

As is widely applied in MBR systems, the microfiltration membranes used in this study had a pore size of
0.2µm, different from the ultrafiltration membranes with a
pore size of 0.04µm applied in the test of Fan and Zhou
[13]. Theoretically, the particle size of main foulants in
this MBR system might be corrected from 0.04µm-1.5µm
to 0.2µm-1.5µm. However, this deduction still needed to
be verified by experiments. In this work, the mixed liquor
was separated by size into three fractions: large particles,
colloids, and dissolved solutes with 1.5µm and 0.2µm
membrane filters. The test was conducted using the labscale MBR shown in section 1.4, and the fouling contribution caused by each fraction was calculated by the equations as [13]:

F=

Rt2 − Rt1

Fcolloids , % =

Fsolutes
Fmixed liquor

×100

Fcolloids + solutes − Fsolutes
×100
Fmixed liquor

Flarge particles , % =

Fmixed liquor − Fcolloids + solutes
Fmixed liquor

where F is the average fouling rate,
initial and final fouling resistances,
beginning and end time,

×100

Rt1 and Rt2 are the

t1 and t2 are the

Fsolutes , % , Fcolloids , % ,

and

Flarge particles , % are the percentages of fouling rate
caused by solutes, colloids, and large particles,
and

Parameter
MLSS (g/L)
pH
Viscosity (mPa·s)
SV (%)

Range
4.6--5
7.08--7.95
2.2--2.5
91--95

Jar tests were carried out to evaluate the coagulation
of mixed liquor and to determine the optimum coagulant
and dosage. The concentration of coagulants was varied
from 0.5 to 2.5mM (mmol/L) Fe or Al for inorganic coagulants and 1 to 6 mg/L for PAM. The procedure of the jar
test was as follows: 200mL of mixed liquor was poured
into each jar of 250mL and predetermined amount of coagulant stock solution was added. The mixed liquor was first
stirred at 150 rpm for 2 min, and subsequently at a re-duced
speed of 50 rpm for 5 min. Around 100mL of the mixed
liquor was sampled to measure specific filtration resistance, and the remainder was for other analyses.
Specific filtration resistance determination

The specific filtration resistance, α c , is a parameter to
imply the property of filter residue mass to form membrane
filtration resistance, and it could be used to represent the
filterability of mixed liquor [19]. So α c could be adopted
to evaluate the fouling rate during the membrane filtration
process.

t2 − t1

Fsolutes , % =

TABLE 1 - Properties of activated sludge mixed liquor.

Fsolutes

In order to determine the specific filtration resistance
of mixed liquor, the following filtration experiment was
performed. The configuration of the apparatus is depicted
in Fig.1. The membrane, with a diameter of 5 cm, was
placed on the bottom of a 100-mL vessel. The mixed liquor
in the vessel was stirred vigorously by a magnetic stirrer to
simulate cross-flow filtration. The pure nitrogen gas was
injected into the vessel to keep the constant trans-membrane
pressure (TMP). The TMP was determined by a pressure
gauge and maintained constantly by a pressure-control valve.
The accumulated permeate mass was weighed by a digital
scale. The accumulated permeate volume (V) was calculated by converting the accumulated mass into the permeate volume. It means that the permeate flux decreased as
the membrane was fouled.
The specific filtration resistance was calculated according to the equation below:

µα C
µ Rm
t
= 2c V +
V 2 A ΔP
AΔP

Fmixed liquor are the average fouling rates caused by

solutes and mixed liquor, and

Fcolloids + solutes

is the aver-

age fouling rate caused by synergy of colloids and solutes.
Batch experiments

The activated sludge mixed liquor supplied to this experiment was collected from a lab-scale MBR. The mixed
liquor became acidic and pH decreased as inorganic coagulants were added, so the pH value was adjusted to alkaline. The properties are listed in Table 1.

where v is the accumulated permeate volume, t is the
filtration time, ΔP is the applied TMP (15-20kPa in this
study), α c is the specific filtration resistance (m/kg), A is

the membrane area (m2), µ is the fluid viscosity (Pa·s),
and C is the mass of filter residue per unit volume of
filtrate (kg/m3). Thus α c can be determined from the slope
of the straight line by plotting t/V versus V.
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Pressure gauge
Pressure-control
valve

Filter
Permeate

Nitrogen gas

Magnetic stirer

Digital scale

FIGURE 1 - Schematic diagram of filtration experiment.

operation conditions are listed in Table 2. The MBRs were
fed with actual municipal wastewater from RCEES, Beijing, China. The quality of the raw wastewater is listed in
Table 3. This experimental system (Fig. 2) consisted of a
feed storage tank, an influent pump, an aerated membrane
bioreactor, and an effluent peristaltic pump. In the middle
of the reactor, a membrane module was fixed. An air diffuser was fitted under the membrane for aeration. The aerated air rate and the TMP were measured by an air flow
meter and a vacuum gauge respectively. The total volume
of the reactor was 11,220mL (22cm×17cm×30cm), and the
effective volume was 7,650mL. Furthermore, the influent
pump and the effluent pump were controlled by an autocontrol system to run in a scheduled mode. A water level
controller was set to switch the influent pump on and off.
The effluent pump was operated in an intermittent mode
with 4 min on and 1 min off. The coagulants were added
into mixed liquors before onset of permeation.
TABLE 2 - Specification of
membrane and MBR operation conditions

10

Parameter
Membrane material
Membrane type
Pore size (µm)
Membrane surface area (m2)
Flux (L/(m2·h))
Air flow rate (m3/h)
MLSS (g/L)
SRT (d)
HRT (h)
DO (mg/L)
Max. TMP (kPa)

3

4
2

p

7
9
1

5

6

8

TABLE 3 - Quality of the raw municipal wastewater

FIGURE 2 - Schematic diagram of the experimental membrane
bioreactor system: 1 feed storage tank; 2 influent pump; 3 bioreactor; 4 membrane; 5 aeration pipe; 6 air pump; 7 air flow meter; 8
effluent pump; 9 effluent vacuum gauge; 10 auto-control system.

Parameter
COD (mg/L)
BOD5 (mg/L)
BOD5/COD
NH4+-N (mg/L)
TN (mg/L)
TP (mg/L)
pH

Lab-scale MBR

The schematic diagram of the submerged membrane
bioreactors is shown in Fig.2. Three identical reactors were
operated simultaneously with one reactor as the blank
(without adding coagulant) and the other two reactors with
addition of PFS and PAC, respectively. All reactors were
inoculated with the same activated sludge from a pilot
MBR and run in parallel under the same operating conditions. The specifications of the membrane and the MBR

Range
Hydrophilic PVDF
Flat sheet
0.2
0.06
15
0.3
5.65--8.87
134
8.5
3--4
- 40

Range
66.7--265.3
42--82
0.63--0.75
37.3--84.5
65.2--130.6
4--15
7.03--7.85

Coagulants

Coagulants could be classified into three types, according to their chemical composition, as inorganic monomer, inorganic polymer and macromolecular organic poly-

TABLE 4 - Methods and instruments used for experimental analyses
Parameter
MLSS/MLVSS
pH
DO
Viscosity
TOC
COD
BOD5
NH4+-N
Particle size distribution

Methods and instruments
Weight method
pH meter (Mettler Toledo, Switzerland)
Models 810Aplus dissolved oxygen meter (Orion company, USA)
NDJ-1 rotary viscosity meter (China)
TOC-VCPH (Shimadzu, Japan)
Multi-function reactor (EURO TECH, UK)
WTW OxiTOP IS 12 (Germany)
Nessler's reagent colorimetric method
Mastersizer2000 (MalvernCo.,UK)
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Standard deviation
0.103/0.115
0.013
0.167
0.034
0.421
0.223
0.5
0.299
1.216
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mer. In this study, these three typical coagulants (monomer:
Al2(SO4)3 and FeCl3; inorganic polymer: polymeric ferric
sulfate (PFS) and polymeric aluminum chloride (PAC); macromolecular organic polymer: cationic polyacrylamide
(PAM)) were selected to evaluate the effect of filter aids
addition on membrane fouling control comprehensively.
Analytical methods

The parameters monitored in this study contained
mainly colloidal TOC, COD, BOD5, NH4+-N, DO, pH,
MLSS, MLVSS, specific oxygen uptake rate (SOUR) and
particle size distribution. The microbial activity was measured in terms of SOUR according to the method described
in the paper of Hao and Zhang [20]. The methods and instruments used in the experimental analyses are shown in
Table 4.
RESULTS AND DISCUSSION

asymptotic value. It could be concluded that coagulants
alleviated the amount of colloids and thus protected the
membrane from fouling.
Inorganic polymeric coagulants were more effective
in removing colloidal TOC than others were. PFS and PAC
were highlighted for further research in MBR systems.
Besides colloidal TOC, specific filtration resistance, pH and
particle size distributions should be taken into account in
the determination of the optimal doses of different coagulants.
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FIGURE 4 - Change of colloidal TOC with coagulant dose.
Improvement of mixed liquor filterability

Filterability improvement of mixed liquor was represented by the decrease of specific filtration resistance of
mixed liquor. The changes of specific filtration resistance
of mixed liquors by dosing coagulants are shown in Fig.5.
The added coagulants made the ratios of specific filtration
resistance, α s / α o , decrease sharply, suggesting a remarkable improvement of filterability of mixed liquor. The
effect of each coagulant was different, which was in the
order of: PAC>PFS> FeCl3>Al2(SO4)3>PAM. Thus, it
could be assumed that inorganic polymeric coagulants
had a better effect on membrane fouling control than the
others tested, and PAC was the most effective.
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0

0
large particles

solutes

colloids

FIGURE 3 - Contribution of different mixed liquor fractions to
membrane fouling at an air flow rate = 0.3m3/h.
Batch experiments
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Main foulants

At an air flow rate of 0.3m3/h, the contribution of
each fraction of mixed liquor to membrane fouling was in
the order of: colloids>large particles>solutes, and the fouling contribution of colloids accounted for 82% (shown in
Fig.3). The colloids within the range of 0.2µm -1.5µm
were identified as the most important membrane foulants,
and the colloidal concentration was represented by the
colloidal total organic carbon (TOC), which is the TOC
difference between the filtrate passing through a 1.5µm
pore size filter and that passing through the 0.2µm microfiltration membrane. TOC removal of colloids from 0.2µm to
1.5µm was the main object by dosing coagulants.
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Colloidal
TOC/TOCo
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Reduction of colloidal TOC in mixed liquor by coagulation

The change of colloidal TOC in mixed liquor at different doses of coagulants was examined. As shown in
Fig. 4, the colloidal fraction could be removed by coagulation. Based on the removal efficiency by varying doses,
the effects of the five coagulants were in the order of:
PAC > PFS >Al2(SO4)3>FeCl3>PAM. Al salts had a better effect on colloidal TOC removal than Fe salts. It was
found that excess addition of coagulants led to no more
colloidal TOC removal and was expected to approach an

1
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FIGURE 5 - Change of

α s / α o with coagulant dose.

Change of pH

Coagulation process would result in a pH change of
mixed liquor as well. If the change of pH was out of a
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certain range, for example, less than 6.0 or higher than
8.0, it would do harm to the microorganisms, especially
affecting their activity [21]. In order to avoid such problem, the effects of the types and doses of coagulants on
the pH of mixed liquor were measured.

batch experiments and practical MBR systems, so that a
long-term experiment was conducted to check the effects
of PAC and PFS on membrane fouling control. The three
identical lab-scale MBRs described in section Lab-scale
MBR were adopted.

The results are shown in Fig. 6. It could be seen that
cationic PAM had no obvious influence on pH of the
mixed liquor, and the value was maintained at 6.97-7.02.
But as the dosage of inorganic coagulants increased, the
pH decreased and the mixed liquor became more acidic.
In terms of the pH range of the mixed liquor, the optimal
dosages of PAC and PFS added in MBRs were determined as 1.0mM Al or Fe.

Changes of TMP
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FIGURE 6 - Change of pH with coagulant dose.

Dm(µm)

In order to choose a suitable coagulant for membrane
fouling control, the effects of types and dosages of coagulants on the sludge floc size were evaluated, and the results are shown in Fig. 7. It was obvious that the floc size
was enlarged with the addition of coagulants. However, at
the optimal dosages of PAC and PFS, 1.0mM Al or Fe,
the changes of sludge floc sizes were quite limited.
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FIGURE 8 - Change of TMP with coagulants doses.
Mixed liquor properties

Despite coagulants are usually low toxic, there might
be still some potential negative effects on mixed liquor
properties. Therefore, further research was conducted on
MLSS, MLVSS/MLSS, particle size distributions, activity of activated sludge and the effluent quality of the
MBR systems with coagulants addition.
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Fig. 8 shows the changes of the TMP increase rate
with the PAC and PFS doses (1.0 mM Al or Fe). The
doses of PAC and PFS obviously reduced the increase
rate of the TMP. It took 86d and 79d for the TMP to reach
-40kPa with the dosing of PAC and PFS, while for the
blank MBR, the time was as short as 47d for its TMP to
reach the same level. It showed that PAC and PFS had a
significant effect on membrane fouling control. In terms
of the different increase rate of TMP, it could be found
that the membrane fouling control ability of coagulants
was in the order of PAC>PFS>Blank. This result was in
accordance with that gained from the batch experiments.

2.5

FIGURE 7 - Change of floc size with coagulant dose.
Long-term experiments

As tested above, PAC and PFS had a better effect on
improvement of the filterability of the mixed liquor, and
the optimal dosage was about 1.0 mM Al or Fe. However,
for practical application, there was still a gap between the

The change of MLSS in these three MBRs with time is
shown in Fig. 9(a). The added coagulants might produce
more excess sludge. However, in this study, the dosages of
coagulants were low, so it was found that the difference of
MLSS concentration among the three MBRs was less than
0.91g/L. From Fig. 9(a), it could be observed that MLSS
was kept within the range of 5.65–8.87g/L, and the MLSS
concentration was in the order of PFS> PAC>blank. Since
the effective contents of the two coagulants are different
(19%-22% Fe3+ for PFS, and 28%-30% Al2O3 for PAC),
the dosage of PFS is more than that of PAC for the same
molar volume. For example, the dosages of PFS and PAC
to 1m3 of mixed liquor are about 279.2g and 182.1g for
1.0mM Al or Fe. This is the reason why the PFS system
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had the highest MLSS concentration. The prices of PFS and
PAC were nearly the same in China (about 1200 yuan /t), so
PAC would have more advantages than PFS financially.
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FIGURE 10 - Particle size distributions for mixed liquors in the
three MBRs.
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The ratio of MLVSS/MLSS revealed the content of
the inorganic in the mixed liquor. From Fig. 9(b), the
values of MLVSS/MLSS were at the same level, and the
average values were 0.710, 0.707 and 0.701 for blank,
PFS and PAC MBRs, respectively, which suggested that
coagulants addition at the determined dosage did not
result in significant increase of the inorganic.
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FIGURE 11 - Changes of SOUR with running time.
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SOUR of activated sludge was determined in order to
know the effects of the addition of coagulants on microbials. As shown in Fig. 11, the SOUR values decreased with
running time, because of sludge aging. The mean SOUR
values were 7.52, 6.60 and 6.72 mgO2/(gVSS·h) for blank,
PFS and PAC MBRs, respectively. This result implied that
the activity of activated sludge was not affected essentially
in the long-term operation by coagulation. This result
could also be proved by the stable treatment efficiency of
MBR (see Fig. 12).

Blank
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PAC
1

9

18 26 37 46 54 63 71 80
time(d)
(b)

FIGURE 9 - Changes of MLSS (a) and ratio of MLVSS/MLSS (b) in
MBRs.

Particle size distributions were quite similar in the
long-term operation except very large particles ranging
from 330µm-1000µm for mixed liquors in the three
MBRs, as shown in Fig. 10. This result implied that the
coagulation in this test had very little effect on particle
size distributions. It was in accordance with that in batch
experiments. It should be noted that, as a result of the
inherited equipment limitation, the particle size distribution measurements are only reliable for large MLSS particles. Actually, particles smaller than 2.512µm could not
be measured by this instrument. Therefore, the distributions of solutes and colloids were not contained in the
particle size distribution chart. It could be concluded that
the aeration-induced shearing force was predominant for
particle size distributions in the long-term operation, and
particle size distributions were not responsible for membrane fouling control.

Effluent quality

In order to observe the influence of coagulants addition
on the treatment efficiency, COD, BOD5, and NH4+-N
concentrations in the influent and effluent were monitored.
The quality of the influent and effluent of the three MBRs
with running time are shown in Fig. 12(a)-(c). Significantly, all the effluent quality curves overlapped each other,
suggesting that coagulants addition at the determined level
did not result in significant negative effect on the effluent
quality. The treatment efficiency of the three systems was
high and stable. The results showed the removals of COD,
BOD5 and NH4+-N exceeded 80%, 95% and 90%, respectively, although during the first a few days, effluent NH4+N concentration was a little high, for the lack of nitrobacteria at the beginning.
Cost analysis

When the treatment capacity of municipal wastewater
was defined as x m3/d, with the HRT at 8 hours, the effective volume of the MBR system would be x /3m3. The
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dosage of PAC for 1m3 of mixed liquor was about 182.1g
equal to 1.0mM Al, so the total dosage would be 60.7 x g.
The whole operation period was presumed to be 86d, then
the gross output was 86 x m3. The cost of PAC addition
was approximately 8.5×10-4 yuan/m3 when the price of
PAC was 1200 yuan/t. It presented that PAC addition was
a very practical and economic process for membrane fouling control.
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The membrane fouling control in MBRs with the addition of three kinds of coagulants had been researched in
this work. The main conclusions could be drawn as follows:
(1) Colloids from 0.2µm to 1.5µm were identified as
the most important foulants for the MBR with the 0.2µm
microfiltration membrane. Coagulants could alleviate colloidal TOC and thus control the membrane fouling effectively. Particle size distributions were not responsible for
membrane fouling control.
(2) Coagulants had a positive effect on the improvement of mixed liquor filterability. The effect of each coagulant
was
in
the
order
of:
PAC>PFS>
FeCl3>Al2(SO4)3>PAM.

150
50

time(d)
(a)
Influent

90
80
70
60
50
40
30
20
10
0

Blank

PFS

PAC

(3) Effects of PAC and PFS addition on the control of
membrane fouling were confirmed during a long-term
running MBR system, and PAC was the most suitable for
membrane fouling control. The optimal dose was about
1.0 mM Al or Fe. At this dose, the difference of MLSS
concentration among the three MBRs was less than
0.91g/L, and there were no obvious increase of excess
sludge.

(5) The cost of PAC addition was approximately
8.5×10-4 yuan/m3 when the price of PAC was 1200 yuan/t.
PAC addition was a very practical and economic process
for membrane fouling control.
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(4) The activity of activated sludge and the removals
of COD, BOD5, and NH4+-N were not affected obviously
by coagulation in the long-term operation. The removals
of COD, BOD5 and NH4+-N were higher than 80%, 95%
and 90%, respectively.
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ABSTRACT

INTRODUCTION

The biosorption characteristics of Cd(II) from aqueous
solution using the extracellular biopolymer (PFC02) secreted
from Pseudomonas fluorescens C-2 were investigated as a
function of pH, adsorbent dosage, contact time and initial
concentration. The optimal solution pH for the removal of
Cd(II) was determined to be 6.0. The Lagergren-first-order,
pseudo-second-order kinetic and intraparticle diffusion models were used to test the kinetic data. The pseudo-secondorder kinetic model was found to be well suited for the
entire adsorption process of Cd(II) on PFC02. Langmuir and
Freundlich models were applied to describe the biosorption isotherm of the Cd(II) ions by PFC02. Langmuir model
fitted the equilibrium data better than Freundlich isotherm.
The maximum adsorption capacity of PFC02 for Cd(II)
according to Langmuir isotherm was 37.17 mg g-1 at pH
6.0 and 25 °. FT-IR analysis of PFC02 showed the possible
functional groups of PFC02. Responsible for the cadmium
adsorption were hydroxyl, carboxyl and phosphate groups
etc. SEM analysis demonstrated the microporous structure
of the material while EDX analysis confirmed the adsorption of Cd(II) on PFC02. Furthermore, PFC02 could be resed five times with only about 9.15% regeneration loss,
and the enrichment factor was 50.0. The developed method
was successfully utilized for the removal of Cd(II) ions from
environmental and industrial wastewater samples analyzed
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).

KEYWORDS: Pseudomonas fluorescens C-2; extracellular biopolymer; Cd(II); biosorption

The release of different pollutants into environment has
increased noticeably as a result of industrialization, and
thereby lowered the quality of the environment to alarming
levels [1]. Heavy and toxic metals are most important because of their non-biodegradability, with cadmium ions
being toxic and hazardous [2]. Cadmium toxicity may be
observed by a variety of syndromes and effects including
renal dysfunction, hypertension, hepatic injury, lung damage and teratogenic effects [3]. Considering the serious environmental problems and the damage to human health
caused by them, great attention has been paid in removal
of cadmium.
Several conventional methods have been employed to
heavy metal removal from metal contaminant effluents, such
as ion exchange, adsorption, chemical precipitation, electrochemical treatment, flotation, membrane separation etc. [4].
However, these methods are either inefficient or expensive
when heavy metals exist in low concentrations [5]. Consequently, it is urgent to find new technologies or biomaterials for removing heavy metal ions from metal contaminated effluents. So, biosorption can be a promising alternate
method for the removal of heavy metals, mainly because of
its low cost, high efficiency, selectivity against the alkaline
metals, and being environmental-friendly [6]. Since 1990s,
a novel scientific area-developed biosorption, which can
remove metals from solution through metal-sequestering
properties of biomass, has provided a new approach to treat
metal-contaminated wastewaters. Various natural materials including yeast [7, 8], inactivated bacteria [9], fungi
[10], algae [11], and aquatic plants and seaweed [12, 13]
have been studied for metals recovery from aqueous solution with encouraging results. However, exopolymers produced by microorganisms originating from soil or
wastewater sludge still remain less investigated [14]. The
exo-polymers are mainly composed of polysaccharides,
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proteins and humic substances [15]. Several charged
surface functional groups in exopolymers like carboxyl,
amino, phosphoric, carbonyl and hydroxyl groups could
interact with dissolved contaminants through ion exchange and complex formation [16]. The adsorption of
heavy metals by exopolymers is considered to be nonmetabolic, energy-in-dependent and can be caused by interaction between metal cations and negative charge of
acidic functional groups of exopolymers.
In this work, we investigated the possibility for utilization of a novel extracellular biopolymer (PFC02) as a
biosorbent in the removal of Cd. As most extracellular
biopolymers produced from bacteria are polar or charged,
they can exist in different configurations depending on
pH, temperature, ionic strength and background electrolytes in solution [17]. These factors can change the overall conformation and orientation of functional groups
affecting the effective charge and cation adsorption property of the biopolymer. Therefore, the objectives of this
study were to investigate the adsorption characteristics of
Cd(II) ions by PFC02 as affected by pH, adsorbent dosage, initial Cd(II) ions concentration and contact time.
The experimental data were correlated to different kinetic
and adsorption models and the corresponding parameters
were determined. Information regarding the binding sites
and mechanism of sorption at molecular level has been
explored employing Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and
energy dispersive X-ray spectrometry (EDX).
MATERIAL AND METHODS
Instruments and apparatus

FTIR spectra of PFC02 and Cd(II)-loaded PFC02 were
recorded by a Nicolet NEXUS 470 FT-IR (Thermoelectric, USA) using KBr as background spectrum. The surface
morphology and structure of both PFC02 and Cd(II)-loaded
PFC02 were obtained at 15.0 kV on the field emission
scanning electron microscope (SIRION,USA) after goldplating. The presence of Cd(II) ions on the surface of PFC02
was documented by energy dispersive X-ray spectrometry
(EDX). A Varian Liberty 150 AX Turbo model inductively
coupled plasma-atomic emission spectrometer (ICP-AES)
was used for the determination of Cd(II) concentration. The
main operating conditions of ICP-AES were as follows:
1.0 kw (power), 15.0 L min-1 (plasm flux rate), 1.5 L min-1
(accessorial gas flux rate), 200 kPa (atomized gas), 15 rpm
(pump speed), 10 s (cleanout time), 15 s (stabilization time),
214.439 nm (analytical wavelength).

culture was transferred weekly and stored at ambient temperature (4 °C).
Pseudomonas fluorescens C-2 was cultivated aerobically in 500-ml conical ﬂasks containing optimized medium
on a rotary shaker (160 rpm) at 30 °C for 48 h. The composition of the medium (g L-1) was as follows: glucose,
20; yeast extract, 2; KH2PO4, 2; K2HPO4, 5, and NaCl, 0.1
with the initial pH 7.0–8.0. The culture was centrifuged at
10,000 rpm for 15 min at 4 °C (Eppendorf centrifuge 5804R,
Germany) to obtain a supernatant, to which cold absolute
ethanol (1:1) was added to precipitate the exopolymer. The
extracted exopolymer was dissolved in deionized water and
decolorized with 5% (w/v) activated charcoal to remove
residual culture medium. The crude exopolymers obtained
were lyophilized, namely PFC02, and stored at 4 °C.
Batch adsorption studies

All chemicals were of analytical reagent grade and purchased from Merck (Darmstadt, Germany). Stock solutions
of Cd(II) were prepared by dissolving given amounts of
Cd(NO3)2.4H2O in distilled water which contained 1.0 g L-1
Cd(II) ions. The working solutions were prepared by appropriated dilution with distilled water from the stock solution, respectively. Standard acid and basic solutions (HCL
or NaOH, 0.1 mol L-1) were used for pH adjustments. In
batch adsorption experiments, different dosages of biosorbent (0.05–0.5 g) PFC02 were added into several 125ml Erlenmeyer flasks, each containing 50 ml solution.
The flasks were then shaken at 120 rpm in a constant
temperature shaker at a pre-settled temperature. The effect
of contact time (0–120 min), concentration (10–400 mg L1
), and solution pH (1.0–8.0), and adsorbent dosage (0.05–
0.5 g) was studied at 25 °C. Isotherms were obtained by
adsorbing different concentrations (10–400 mg L-1) of
Cd(II) ions. After a prescribed contact time, the samples
were collected from the shaker, and filtered through a
0.45-µm cellulose acetate membrane and residual Cd(II)
ions concentration in solution was measured by using ICPAES. Experiments were conducted in triplicate and the
results are the average of triplicate measurements. Precision
in all cases is close to ±1%. Finally, the percentage adsorption (E %) and uptake capacity (Q, mg g-1) were calculated by the Eqs. (1) and (2):
E = [(C0 - Ce)/C0]×100%

(1)

Q = [(C0 - Ce)V]/W
-1

(2)
-1

where C0 (mg L ) and Ce (mg L ) are the initial and
equilibrated concentration of Cd(II), respectively. V (L)
and W (g) are solution volume and mass of adsorbent,
respectively.

Cultivation of Pseudomonas fluorescens C-2 and preparation
of PFC02

Desorption and regenerative capacity

Pseudomonas fluorescens C-2 strain used in this study
was isolated from the soil in Jiangsu University campus
[18]. This strain, deposited in the Culture Collection of the
Industrial Study Biotechnology Centre of the Jiangsu University, was maintained on nutrient agar slants. The stock

Desorption of the adsorbed Cd(II) from the PFC02
was studied with desorption agents: HNO3 solutions (1.0
mol L-1). The saturated Cd-PFC02 was placed in a desorption medium and stirred continuously (at a stirring rate of
120 rpm) for 90 min at room temperature. The desorption
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ratio was calculated from the final Cd(II) ions concentration in the desorption medium. In order to test the regenerative capacity of the Cd-PFC02, five consecutive cycles
of adsorption/desorption experiments were carried out by
using the same conditions.
RESULTS AND DISCUSSION
Adsorption mechanism determined by SEM-EDX and FTIR
analysis

The SEM images of natural PFC02 and Cd(II)-loaded
PFC02 are shown in Figs. 1(a) and 1(b). Fig. 1(a) showed
the porous structure of the natural PFC02, and large number of grooves and projections on its surface indicating
the high surface area. Binding of metal ions onto the binding sites of the surface of PFC02 is illustrated in Fig. 1(b),
where the porous structure of the PFC02 was no more
visible, a crystalline solid surface was observed, probably
due to the formation of a Cd(II)-PFC02 complex involving carboxylate and amide groups.

2(a)), it was observed that the intensities of phosphorus
and potassium signal at about 2.05 keV and 3.35 keV
were considerably reduced after Cd(II) biosorption, and
potassium signal at about 2.65 keV disappeared. This could
be indicative of the complexation and ion exchange of Cd(II)
ions with phosphate groups and potassium onto the PFC02
surface. Moreover, EDX spectra (Fig. 2(b)) of Cd(II)PFC02, showed two additional peaks confirming the adsorption of Cd onto the surface of the PFC02.
2200

K

2000
1800
1600
1400
1200

P

O

S

1000
800

Na

600

C

400

K

200
0

0

1

2

3

4

5

keV
2200
2000
1800
1600
1400

K

1200

O

1000
800

P

S

Na

600

Cd

C

400

Cd

200
0

0

1

2

3

4

5

keV
FIGURE 2 - EDX spectra analysis of (a) PFC02 and (b) Cd(II)PFC02.

FIGURE 1 - Scanning electron micrographs (SEM)
of PFC02 - (a) unadsorbed and (b) Cd(II)-PFC02.

When comparing the typical EDX spectra of Cd(II)loaded PFC02 (Fig. 2(b)) with that of nature PFC02 (Fig.

The pattern of adsorption of metals onto polymeric
compounds is attributable to the active groups and bonds
present on them. In order to investigate the functional
groups and the possible Cd-binding sites present in PFC02,
the FTIR spectra were recorded before (Fig. 3(a)) and after
adsorption (Fig. 3(b)). As seen in Fig. 3(a), the broad absorption peak around 3380 cm−1 is indicative of the existence of -OH and -NH stretching, thus showing the presence of hydroxyl and amine groups on PFC02. Weak absorptions near 2924cm−1 can be attributed to asymmetrical
and symmetrical C–H stretching vibrations of aliphatic CH2.
A distinct peak at 1745 cm−1 can be attributed to the C=O
stretching band from the protonated carboxylic groups,
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strong absorption at 1636 cm−1 might be due to the stretching vibration of carboxylate group [19]. The absorption
peaks in the regions of 1150.0 cm−1and 1070.0–970.0 cm−1
for P=O and P-O-C stretching, respectively, depict the presence of phosphate groups in the PFC02. The characteristic
band region at 846 cm−1 suggests the presence of sulphonate groups in the PFC02 [20-22].
Conspicuous changes in the FTIR spectrum (Fig. 3b)
were observed after cadmium adsorption onto PFC02, the
bands at 3380 cm−1 and 2924 cm−1 shifted to 3369 cm−1
and 2912 cm−1, respectively. The shifting of these bands
indicates the involvement of hydroxyl groups and N-H
stretching vibration in the adsorption process. Obviously,
the shifts of the carboxyl stretching bands (1745 cm−1and
1640 cm−1) to lower frequencies (1740 cm−1 and 1622 cm−1)
are observed in the Cd-loaded PFC02. The shifting of absorption peaks at 1150 cm−1 and 846 cm−1 indicate phosphate bond and sulphonate groups intervention in Cd adsorption, respectively. These findings are in accordance
with that confirmed by SEM-EDX.
b
835
1740

2912

a

of the biosorption medium not only affects the metal speciation but also the surface charge of the biosorbent system.
The reaction of metal ions in the solution with the biosorbent can be described by the following equilibrium:
mMn+ + nHmB ⇔ nmH+ + MmBn (3)
where M n+ represents the metal ions possessing n
charges, B are the available biosorption sites on the biosorbent.
It can be seen from the equilibrium reaction (3), that
the effect of pH on the metal biosorption can be achieved
through the competition between H3O+ ions and metal ions
for the biosorption sites. At lower pH, little biosorption
occurs, because there is a high concentration of protons in
the solution competing with metal ions in forming bonds
with the active sites (the functional groups) on the surface
of PFC02. These bonded active sites, thereafter, became
saturated and were inaccessible to other cations. With increasing pH, these negatively charged functional groups
would be exposed allowing cations to accumulate in the
double-layer surrounding the polyelectrolyte, and the maximum percentage adsorption was found to be 96.75% for
Cd(II) ions at pH 6.0. At higher pH values, precipitation of
the metal occurs by the formation of metal hydroxides,
which makes the biosorption impossible.
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FIGURE 3 - The FTIR spectral characteristics of PFC02 - (a) unadsorbed and (b) Cd(II)-PFC02.
Effect of pH

Solution pH is a critical factor in an adsorption system involving multifunctional charged macromolecules
and metal ions, as pH can affect the dissociation of cation
exchange groups, conformational changes in molecular
structure, stability of metal complexes and speciation
of metals. The effect of pH on Cd(II) ions adsorption onto
PFC02 was studied over a pH range of 1.0-8.0 at 25 °C.
The procedure outlined in the experimental section was
followed with 0.25 g of PFC02 and 50 ml of 200 mg L-1
Cd(II) solution at a desired pH. As shown in Fig. 4, the
percentage adsorption of Cd(II) increased with increasing
pH from 2.0 to 6.0, and then decreased with increasing
pH. Similar trends were also observed for Cd removal by
Streptomyces sp. [23]. Metal ions biosorption onto nonspecific and specific biosorbents is pH-dependent. The pH
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FIGURE 4 - Effect of pH on adsorption of Cd(II) onto PFC02 (V, 50
ml; C0 , 200 mg L-1; adsorbent dosage, 0.25 g; temperature, 25 °C;
agitation rate, 120 rpm; contact time, 120 min; solution pH, 1.0-8.0).
Effect of adsorbent dosage

To determine the effect of adsorbent dosage, different
amounts (1.0–10.0 g L-1) of adsorbent were suspended in
50 ml Cd solution in which the concentration of Cd was
200 mg L-1. The effect of adsorbent dosage on the extent
of Cd removal at optimum pH (6.0) is shown in Fig. 5.
The amount of adsorbent significantly influenced the extent
of Cd adsorption. Cadmium biosorption was 16.20% for
1.0 g L-1 of PFC02, while it was greatly increased to 85.20%
for 10.0 g L-1 of adsorbent. However, there was only a slow
change in the extent of cadmium adsorption when the adsorbent dosage was over 9.0 g L-1. Furthermore, higher adsorbent dosage will result in lower adsorption capacity
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(Qe = 17.04 mg g-1 at a fixed lead concentration (200 mg
L-1), as shown in Fig. 5. At low PFC02 dosage, all types
of sites are entirely exposed and the adsorption on the surface is saturated faster, showing a higher Qe value (Qe =
32.40 mg g-1 at 1.0 g L-1 PFC02). But at higher adsorbent
dosage, the availability of higher energy sites decreases
with a larger fraction of lower energy sites occupied, resulting in a lower Qe value.
34
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While the initial Cd(II) ions concentration increased from
150 to 200 mg L-1, the Cd removal by PFC02 decreased
from 95.89 to 86.5% at equilibrium, and the equilibrium
adsorption amount of Cd(II) was found to increase from
14.08 to 30.05 mg g-1.
Biosorption kinetics

Information on the kinetics of pollutant uptake is required for selecting optimum operating conditions for fullscale batch process. Therefore, several kinetic models including the pseudo-first-order model [25], pseudosecond-order model [26] and intraparticle diffusion model
[27] were applied to analyze the experimental data related to biosorption of Cd(II) onto PFC02. The pseudo-firstorder model assumes that the rate of change of solute
uptake with time is directly proportional to the difference
in saturation concentration, and the amount of solid uptake with time. The pseudo-first-order model of Lagergren is given as follows:
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FIGURE 5 - Effect of adsorbent dosage on the removal extent and
adsorption capacity of cadmium.
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The intraparticle diffusion equation can be expressed
as follows:
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where Qe and Qt are the amounts of Cd(II) adsorbed
on PFC02 at equilibrium and at any time t (mg g−1), respectively; and k1 (L min−1), k2 (g mg−1 min−1) and kp (mg
g-1 min-0.5) are the rate constants of pseudo-first-order model,
pseudo-second-order model and intraparticle diffusion
model, respectively.

200mg L-1
150mg L-1

30

0

(4)

The pseudo-second-order kinetic model is assumed to
be the chemical reaction mechanisms, and the adsorption
rate is controlled by chemical adsorption through sharing
or exchanging electrons between sorbent and adsorbate.
The pseudo-second-order model is expressed as follows:
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k1
t
2.303

120

Time(min)
FIGURE 6 - The adsorption kinetic curves of Cd(II) by PFC02 at
initial metal concentrations of 100, 150 and 200 mg L-1
Effect of contact time and initial concentration

Figure 6 shows the effect of contact time on the biosorption of Cd(II) by PFC02 from solutions with different
initial Cd(II) concentrations (100, 150 and 200 mg L-1) at
25 °C. As seen in Fig. 6, Cd biosorption occurred in two
steps, an initial fast step which lasted for about 30 min,
followed by a slower second phase which continued until
the end of experimental period. The fast step is probably
due to the abundant availability of active sites on the material, and with the gradual occupancy of these sites, the
adsorption became less efficient in the slower step. This is
quite normal, as biosorption is considered to be a spontaneous process and, thereby, often occurs very rapidly [24].

Plots of linearized forms corresponding to pseudo-firstorder, pseudo-second-order and intraparticle diffusion
kinetics models are shown in Figs. 7-9, respectively. All
the adsorption kinetic constants and correlation coefficients
are given in Table 1. As shown in Table 1, the correlation
coefﬁcients for the pseudo second-order model were higher
than those for first-order and intraparticle diffusion model.
In addition, the theoretical Qe2 values were closer to the
experimental Qe,exp values. In the view of these results, it can
be said that the pseudo-second-order kinetic model provided
a good correlation for the biosorption of Cd(II) onto PFC02.
In accordance with the pseudo-second-order reaction
mechanism, the overall rate of Cd(II) adsorption processes appears to be controlled by the chemical processes, through sharing of electrons between adsorbent and
adsorbate, or covalent forces, through the exchange of
electrons between the particles involved [28]. In addition,
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the low correlation coefficient values obtained for the

intra-

TABLE 1 - Kinetic parameters for the biosorption of Cd(II) onto PFC02.
Parameters
Conc.
(mg L-1)
100
150
200

First-order kinetic model
Qe1 cal
k1
(mg g-1)
(L min-1)
0.9573
4.22
0.065
0.9659
3.58
0.064
0.9342
5.93
0.061
R2

Qe,exp
(mg g-1)
14.08
24.29
30.05

0.4

40

30
Qt
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10
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t/Qt

4
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particle diffusion model indicate that adsorption is not occurring in the pores of adsorbent in accordance with surface adsorption. Also, distinct ionic species might be present simultaneously in the solution, hence, each of them
being adsorbed at variable rates as a function of their
affinity to the individual functional groups and of the type
of binding mechanisms taking place [29].
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GURE 9 - The intraparticle diffusion plot for Cd(II) biosorption on
the PFC02 at initial metal concentration of 100, 150 and 200 mg L-1.
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FIGURE 7 - The first-order plot for Cd(II) biosorption on
PFC02 at initial metal concentrations of 100, 150 and 200 mg L-1.
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GURE 8 - The second-order plot for Cd(II) biosorption on the
-1
PFC02 at initial metal concentrations of 100, 150 and 200 mg L .

The distribution of metal ions between liquid phase
and adsorbent in equilibrium adsorption process can generally be described by several isotherms, based on a set of
assumptions related to the heterogeneity/homogeneity of
adsorbents, the type of coverage, and the possibility of interaction between the adsorbing species. The data of adsorption equilibrium in this work were tested with Langmuir and
Freundlich isotherms. The Langmuir isotherm model assumes a monolayer adsorption, which takes place at specific homogeneous sites within the adsorbent [30], the
linear Langmuir isotherm is represented by the following equation:

Ce
C
1
=
+ e
Qe Qmax K L Qmax

(7)

where Qmax is the monolayer maximum adsorption
capacity of the adsorbent (mg g-1), Qe is the amount of
metal ion uptake (mg g-1) at equilibrium, Ce is the equilibrium concentration (mg L-1), and KL is the Langmuir equilibrium constant (L mg-1), related to the free energy of adsorption. The plot of 1/Q e versus 1/C e for the adsorption gives a straight line of slope 1/(Q maxK L ) and intercepts 1/ Q max.
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The Freundlich isotherm is an empirical equation used
for non-ideal adsorption on heterogeneous surfaces as well
as multilayer adsorption, and is derived by assuming an
exponential decaying adsorption site energy distribution.
The linear form of Freundlich equation is [31]:
lnQe = 1/n(lnCe) +ln Kf

(8)

where Kf and n are the Freundlich constants related to
adsorption capacity and energy of adsorption, respectively.

The plot of lnQe versus lnCe for the adsorption was employed to generate Kf and n from the intercept and the slope
values.
The equilibrium adsorption studies were conducted using various initial Cd(II) ion concentrations of 10–400 mg
L-1 at pH 6.0 at different temperatures (25, 35 and 45 °C
(see Fig. 10). The isotherm parameters and correlation

TABLE 2 - Comparison of Freundlich and Langmuir adsorption constants
obtained from adsorption isotherms of Cd(II) ions at different temperatures.
T (°C)
25
35
45

Qm,exp(mg g-1)
37.17
34.48
31.25

Langmuir constants
Qm,cal(mg g-1) KL (L mg-1)
40.16
0.0244
37.17
0.0213
32.57
0.0231

coefficient (R2) of the two models obtained by using linear regression are listed in Table 2.

1
RL =
1 + K LCmax

(9)

where Cmax is the highest (initial) metal concentration
in solution (mg L-1). The parameter RL indicates the shape
of the isotherm and nature of the adsorption process (RL >
1: unfavorable; RL = 1: linear; 0 < RL < 1: favorable; RL =
0: irreversible). The calculated values of RL for Cd(II) ion
adsorption onto PFC02 are in the range of 0.093 and
0.804, indicating that the on-going biosorption is favorable. Thus, the biosorption process of Cd(II) onto PFC02
could be considered as monolayer adsorption, and the monolayer maximum capacity of PFC02 was 37.17 mg g-1
for Cd(II).

Freundlich constants
Kf
n
R2
1.872 2.726 0.912
1.411 2.640 0.933
1.348 2.667 0.956

40
35
Adsorption capacity( mg g-1)

As seen from Table 2, the biosorption of Cd(II) ions
on PFC02 at different temperatures fits quite well with the
Langmuir adsorption model. The value of Qmax determined
from the Langmuir model decreases with temperature increase, thereby confirming that the process is exothermic,
and the result is in good accordance with the aforesaid
adsorption dynamics analysis. The fact that the Langmuir
isotherm fits the experimental data very well may be due
to homogenous distribution of active sites on the adsorbent surface; since the Langmuir equation assumes that
the surface is homogenous [32-33].
The essential feature of the Langmuir isotherm can be
expressed by means of a separation factor or equilibrium
parameter, RL , which is calculated according to the following equation [34]:
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FIGURE 10 - Adsorption isotherms
of Cd(II) ions at different temperatures.
Recovery of cadmium

Desorption of cadmium from PFC02 was studied using 10 ml of different concentrations of HNO3, H2SO4,
and HCl. For this purpose, 0.25 g of Cd(II) adsorbed on
PFC02 was agitated at 120 rpm for 90 min with 10 ml of
the desired acid concentration of each reagent mentioned.
Percent recoveries are given in Table 3. Elution was found
to be quantitative (100%) with 10 ml of 1.0 M HNO3.
TABLE 3 - Reagents used for the elution of Cd(II) ions.
Reagent (10 ml)
HCl
HCl
HNO3
HNO3
H2SO4
H2SO4

Concentration (M)
1.0
2.0
0.5
1.0
1.0
2.0

Recovery (%)
39
87
58
100
65
90

Preconcentration factor and regenerative capacity

To explore the possibility of enriching low concentrations of analyte from large volumes, the maximum applicable sample volume must be determined. For this purpose,
different volumes of sample solution, each containing 10 µg
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of Cd(II) ions were equilibrated with PFC02 under optimum
conditions and recoveries were calculated after desorbing
the metal ions with 10 ml of 1 M HNO3. Recovery was
found to be quantitative using a 500 ml sample volume.
As the adsorbed Cd(II) ions can be eluted with 10 ml of
HNO3, so the enrichment factor achieved was 50.
In order to obtain the regenerative capacity of PFC02,
adsorption-desorption cycles were carried out five times
by using the same adsorbent in a batch experiment. During five successive cycles of operation, only a minor loss
(<2.25%) in adsorption efficiency of PFC02 was observed
for the first 3 cycles, whereas a minimum loss of 3.66 and
9.15% occurred for the fourth and fifth cycle, respectively.
The results illustrated that PFC02 has well regenerative
capacity.
The detection limit and analytical precision

Under the optimal conditions, 13 portions of standard
solutions were analyzed simultaneously following the
general procedure. The calibration curve was linear within
0.05-3.0 µg mL-1, linear equation was Y =8.9824 X +0.0771
(r2 = 0.99998). Y is the absorbance, X is the concentration
of Cd(II) in solution and r2 is the correlation coefficient.
According to the definition from IUPAC, the detection limit
of the method was calculated based on three times of the
standard deviation of 13 runs of the blank solution. The
detection limit (3σ) of the proposed method was 0.024 µg
ml-1. The relative standard deviation (RSD) of the method
was lower than 1.74%, which indicated that the method
had good precision for the analysis of trace Cd(II) ions in
solution samples.

CONCLUSION
In the present study, a novel extracellular biopolymer
(PFC02) produced from Pseudomonas fluorescens C-2
was used as biosorbent to adsorb Cd(II) ions from environmental wastewater samples. The optimal adsorption and
desorption conditions of PFC02 system were investigated.
The adsorption was found to be greatly dependent on solution pH, which was determined to be 6.0 for Cd(II) removal. The Lagergren-first-order, pseudo-second-order kinetic and intraparticle diffusion models were used to test
the kinetic data. The pseudo-second-order kinetic model
was found to be well-suited for the entire adsorption process of Cd(II) on PFC02. The Langmuir and Freundlich
models were used to interpret the adsorption phenomenon
of the adsorbate, and the results implied that the surface
of PFC02 is homogenous, and the present adsorption systems were favorable (0 < RL < 1). The adsorption capacity
decreased with increasing temperature. The maximum adsorption capacity of Cd(II) on PFC02 according to Langmuir isotherm was 37.17 mg g-1 at pH 6.0 and 25 °C. FTIR analysis of PFC02 showed the possible functional groups
of PFC02, and mainly responsible for Cd-binding were
hydroxyl, carboxyl and phosphate groups. SEM analysis
demonstrated the microporous structure of the material
while EDX analysis confirmed the adsorption of Cd(II) on
PFC02. The PFC02 has proper static adsorption capacity
and, obviously, regenerative capacity for Cd(II). PFC02 can
effectively be used to remove Cd(II) ions from environmental and industrial wastewater samples.

Analytical applications

The water samples were collected from Yudai, Spring
and Heishan rivers, Zhenjiang, China. The sample analyzed
was filtered through a cellulose membrane filter (Millipore)
with 0.45 µm pore size. The pH of the samples was adjusted to 6.0 with HCl (0.1 mol L-1) solution. Different
amounts of Cd(II) ions were spiked in three water samples, respectively. The resulting solutions were submitted
to the presented procedure given in experimental section.
The results are shown in Table 4. The recovery values for
Cd(II) ions were generally in the range of 97.20-100.1%.
The RSD was always within 2.0% which clearly shows
the efficiency of PFC02 for the removal of Cd(II) ions
from industrial and environmental wastewater samples.
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TABLE 4 - Results for tests of addition/recovery of
trace Cd(II) determinations in some real samples (n=3).
Sample
Yudai River water
Spring River water
Heishan River water

Cd(II) µg mL-1
Added Found
0.0
0.200
2.000
2.198
0.0
0.155
2.0
2.154
0.0
0.065
2.000
2.066
0.0
0.012
2.000
2.011

RSD (%)
1.7
1.5
1.8
1.6
1.6
1.8
1.6
1.8

Recovery (%)
_
97.2
_
100.1
_
99.66
_
99.3
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ABSTRACT
The genotoxic potential of citric acid (CA) was studied using the micronucleus (MN) test in the erythrocytes
of Tinca tinca. Three different doses (200 mg/L, 300 mg/L
and 400 mg/L) of CA were applied to the fish for 24, 48,
72 and 96 h. Dechlorinated tap water served as a negative
control. The frequencies of MN were elevated in a doseand time-dependent manner in all treatments when compared to their respective controls. The incidence of micronucleated erythrocytes peaked at 400 mg/L concentration
at 96 h exposure. All MN frequencies were significantly
different from control (P<0.05). It is concluded that CA
exerts genotoxic effect for Tinca tinca under the experimental conditions employed. In view of the present data,
CA should be used with caution in food industry and further clarifying works are required to delineate its other possible genotoxic actions.

KEYWORDS:
Citric acid, genotoxicity, piscine micronucleus test, Tinca tinca.

INTRODUCTION
Food additives continue to be a source of benefits to
the consuming public but some of them have potential risks
to human health [1]. The possibility of a lifetime of low

level exposure to these agents increases such risks and
therefore the risks need to be addressed [2]. On the contrary,
one generally assumes that chemical agents added to foods
are reasonably free of risks to human health, and practically
everyone consumes some additives in his or her food daily
throughout life [3]. Thus, a complex problem rises on the
risk evaluation of food additives to the general public. However, some food additives have been prohibited from use
because of their toxicity showed in laboratory studies [1].
Hence, there is a need for more information on the toxicology of food additives. Many of them, however, have
never been tested in terms of their genotoxic effects in spite
of the importance of the genotoxicity data. In sum, putative detrimental effects on human life caused by food additives should be known and minimized. In order to provide
this, all food additives need to undergo a well defined type
of (geno-)toxicity screening to fulfill regulatory demands
before being placed on the markets.
CA is a weak organic acid that occurs mostly in nature and is found in a great amount of plants and fruits. It
is widely synthesized by Aspergillus niger and also naturally synthesized by animals and humans. In human as well
as in animal and plant physiology, CA is a very common
intermediate compound in one of the central biochemical
cycles, the Krebs or tricarboxylic acid cycle, which takes
place in every cell [4]. As a food additive, CA is permitted
for use commonly as an acidulant, pH regulator, flavour
enhancer, preservative and antioxidant synergist in many
foods, like soft drinks, jelly sweet, baked nutrients, jam,
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marmalade, candy, tinned vegetable and fruit food [5].
Its current global production is estimated to approach
1,000,000 t/a [4].
Until the past decade, CA has received less attention
in toxicological studies. The limited studies that have been
performed have revealed the potential toxic effects of CA.
Gruber and Halbeisen [6] reported some similar responses
of mice, rats, rabbits and dogs to toxic doses of CA and
its sodium salts. Aderiye et al. [7] showed the toxic effect
of CA on the germination of the pycnidiospores of Botryodiplodia theobromae. But in the recent years, much
research and attention has been focused on CA toxicity.
Aktaç et al. [8] observed histopathological changes in
mouse liver depending on the CA treatment. Aktaç et al. [9]
also reported necrotic and biochemical changes caused by
CA in mouse liver. Another histopathological study of CA
on the liver and kidney tissues of mice was carried out by
again Aktaç et al. [10] and several necrotic changes have
been shown in both tissues over again.
Although the different toxic properties of CA have been
demonstrated, very little is known regarding the genotoxicity of CA. Previous reports, mostly published in recently,
on the genotoxicity evaluation of CA are extremely limited. Türkoğlu [11] showed that CA increased the chromosomal aberrations and decreased the mitotic index in
Allium cepa. Similarly, CA significantly decreased the
mitotic index and increased the frequency of mitotic and
chromosomal aberrations in Allium sativum [12]. In another plant species, Vicia faba, CA exposure exhibited significant decrease in mitotic index and significant increase
in abnormalities [13]. In human peripheral blood lymphocytes, CA increased the chromosomal aberrations, sister
chromatid exchanges and MN frequency and decreased the
mitotic index [14]. Contradictory to these results, Ishidate
et al. [15] reported that CA was negative in Salmonella
microsome assay and chromosomal aberration assay in
Chinese hamster fibroblast cell line. No other data on its
genotoxicity are available.
The aim of this work is to contribute to the genotoxicity data of CA. For this reason, the present experiment
was designed and the dose and time yield effects of CA on
MN frequency in Tinca tinca erythrocytes were studied.
MATERIALS AND METHODS
Chemical Agent

CA (E330) is commercially manufactured in anhydrous
or monohydrate form. The studied form CA monohydrate
(2-hydroxypropane-1,2,3-tricarboxylic acid monohydrate)
was purchased from Jungbunzlauer (Austria). Its properties
are as follows: CAS No: 5949-29-1; chemical formula:
C6H8O7.H2O (Fig.1) and molecular weight: 210.14 g/mol.

FIGURE 1 - Molecular structure of citric acid.
Fish

Tinca tinca (Linnaeus, 1758) (Teleostei: Cyprinidae)
was selected for the experimental study in aquarium. This
species was chosen because it is relatively easy to handle
and acclimate to laboratory conditions. Moreover, it is very
hardy and can survive for a long time in aquaria. It is abundantly and commonly available all year round in the rivers
and lakes. Its relatively low chromosome number (2n=48),
as well as its proven sensitivity to toxic chemicals, make
also this species a suitable organism for genotoxicity tests
[16, 17]. All the fish employed were captured by using
tangle and seine nets with low human influence in the
Hirfanlı Dam Lake (Kırşehir, Turkey). Only strong and
active individuals, approximately 1 year-old, were selected.
The weight and length of the specimens were 150-250 g
and 20-25 cm, respectively. Prior to the experimentation,
they were acclimatized to the laboratory conditions for 2
weeks. During this period, samples were kept in 250 l
aquaria with well-aerated water at 22-23 0C, without water
circulation. Fish were maintained under 12:12 h light:dark
photoperiod and fed once a day with commercial fish
pellets. Feces and pellet residues were removed daily by
suction. All the procedures were performed in the most
humane manner in accordance with the National Animal
Welfare Legislation [18].
Experimental design

A batch of 32 fish was randomly assigned to four
equally sized groups (eight fish/aquarium). CA was
added at three concentrations of 200 mg/L, 300 mg/L
and 400 mg/L to aquaria. The concentrations were arbitrarily chosen but considering the (geno-)toxicity data reported by the other authors mentioned above. The preliminary experiments were not conducted due to there are already suitable data available [19]. A particular concentration of CA was prepared by dissolving a desired amount in
aquarium medium, because CA is exceedingly soluble in
water. The fourth aquarium with CA-free dechlorinated tap
water was used as a control. This experimental set-up was
sequentially constructed for four exposure times, namely
for 24, 48, 72 and 96 h. Since optimum sampling time with
most chemicals cannot be fixed in fish, sampling at different durations was arbitrarily chosen [20]. In the present
study, the positive control group was not used in order to
minimize animal usage as recommended in the MN Assay
Expert Panel at the Second International Workshop on
Genotoxicity Test Procedures in Washington, DC, 1999
[21, 22]. However, all fish employed were already captured from their native habitat. Fish also were fed once
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per 2 days. At the end of the exposure periods, peripheral
blood samples were collected from the fish by caudal vein
puncture technique using a heparinized syringe and subjected to the MN assay.
The MN test

The MN test in fish is similar to the mammalian test
[23], with modifications. Blood was smeared immediately
onto pre-cleaned slides. After fixation in pure ethanol for
20 min, the slides were allowed to air-dry and then the
smears were stained with 10% Giemsa solution for 25
min., finally air-dried and permanently mounted in Entellan (Merck). For each treatment group including controls,
sixteen slides were prepared and a total of 16.000 erythrocytes were scored (two slides per fish and 1000 erythrocytes per slide) to determine the frequency of MN. MN
were counted manually by visual inspection under 100X
magnification. Only mononucleated erythrocytes with
intact cellular and nuclear membrane were examined.
These were clearly isolated from the surrounding cells.
Questionable MN were disregarded. Nuclear anomalies,
such as blebbed, notched or lobed nuclei reported by
Bolognesi et al. [24], have not been recorded – even if
detected – due to their ambiguous origin as a genotoxic
event. Coded and randomized slides were scored using

blind review by a single observer. The criteria used for
identifying MN have been previously described [23].
Statistical analysis

The statistical computations were accomplished utilizing the program SPSS 10.0 (SPSS Inc., Chicago, IL, USA)
for the PC. The one-sample Kolmogorov-Simirnov Z-test
was applied to evaluate the normality of distribution. Parametric tests were conducted since the data were distributed
normally. Differences among treated and untreated fish
were analyzed with the one-way analysis of variance
(ANOVA). Tukey´s multiple comparison test was carried
out a posteriori. Only cells with one MN were considered
to ensure statistical accuracy, though rarely some cells may
have two MN. The level of significance was set at 0.05. All
the data are expressed as the mean ± SE (standard error).
RESULTS
No mortality was observed during the experimental
study. In consequence, it was possible to obtain an adequate number of peripheral blood erythrocytes for the
enumeration of MN. MN were observed in all treatment
groups including controls. MN frequencies by CA in erythrocytes of Tinca tinca are present in Table 1. As shown in
the table, all CA treatments significantly enhanced the frequencies of micronucleated erythrocytes above their re-

TABLE 1 - Frequency of MN (on 16.000 cells) induced by CA in peripheral blood
erythrocytes of Tinca tinca at different concentrations and exposure times (mean ± standard error).
Exposure (h)
24

Concentration (mg/L) Number of Specimens
Total cells scored
Total Number of MN
Control
8
16 000
21
200
8
16 000
102
300
8
16 000
130
400
8
16 000
162
48
Control
8
16 000
18
200
8
16 000
184
300
8
16 000
211
400
8
16 000
223
72
Control
8
16 000
18
200
8
16 000
213
300
8
16 000
227
400
8
16 000
238
96
Control
8
16 000
16
200
8
16 000
273
300
8
16 000
296
400
8
16 000
307
All MN Frequencies significantly higher than the respective control values (P < 0.05). Control: negative, tap water.
*Statistically insignificant.
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Frequency of MN X±SE
2,38±0,26*
12,75±0,56
16,25±0,59
20,25±0,73
1,86±0,35*
23,0±0,57
26,38±0,71
27,88±0,85
1,86±0,35*
26,63±0,75
28,38±0,86
29,80±0,86
1,95±0,18*
34,13±0,93
37,0±0,6
38,37±1,02

Mean number of micronucleated erythrocytes/16,000 cells
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40
35
30
25
20

Control
200 mg/L
300 mg/L
400 mg/L

15
10
5
0
24 hs

48 hs

72 hs

96 hs

Exposure time
FIGURE 2 - Linear relationship between dose and response of micronucleated
erythrocytes to CA at concentrations of 200, 300, 400 mg/L at four sampling times.

spective negative control group. At all doses tested the frequency of MN did not decrease with a dosage increase. Interactions between dose and durations were also found to
be significant in all treatment groups (P<0.05). The effectiveness of CA with time-response curves at each dose
level is depicted in Fig. 2.
A total of 256.000 erythrocytes were counted for MN
analysis. The mature Tinca tinca erythrocytes were large
structures. These were commonly observed with a clearly
structured and centrally located nucleus and considerable
cytoplasm around it. Distribution studies of MN revealed
predominance of a single MN per cell in most of the cells
analyzed. MN observed mostly allocated randomly in the
cytoplasm or even attached to the cell boundary rarely.
The results demonstrate a gradual increase of MN with
increasing concentration (200 mg/L, 300 mg/L, 400 mg/L)
and time (24, 48, 72, 96 h). The peak value occurred at the
highest concentration of CA (400 mg/L) at 96 h after exposure in this study.
DISCUSSION
Genotoxicity of many food additives is well documented by using various standard genotoxicity assays in
vitro and in vivo [11-14, 25-40]. However, many methods
are available to address specific genotoxic responses of
aquatic organisms [41]. Among these cytogenetic assays,
the MN test has been considered as the most suitable and
effective method to use in fish [42, 43]. Since metaphase
techniques such as chromosomal aberration and sister

chromatid exchange assays are not practical test systems for
routine use due to the karyotype of most fish species consists of a large number of small and irregular chromosomes
[42]. But the MN test in fish has been shown to be simple,
reliable, sensitive and also scoring of MN is technically
much easier and more rapid than the scoring of chromosomal aberrations during metaphase [42, 44]. Hence, MN test
has increasingly been used in fish species for years and its
frequency is considered to reflect the genotoxic damage to
cells, mainly the chromosomes [45]. MN are formed by
condensation of chromosomal fragments or whole chromosomes that are not included in the main nucleus following
anaphase [42]. The MN test has been applied to fish cells
as a biological dosimeter of polluted areas (in situ assay)
and in the genotoxicity evaluation of many chemicals after
direct or indirect exposure, in vivo [24, 41, 44, 46-56]. On
the other hand, as no single test system is capable of detecting all genotoxic effects of chemicals, a battery of
standardized short-term test assays would be useful to
obtain more data about CA genotoxicity.
MN analysis has been used as a biomarker to detect
genotoxic damage in many genotoxicity studies of food
additives. Mukherjee et al. [28] reported that sorbic acid
produced a significant increase in MN formations in mice
in vivo. However, sorbic acid showed no genotoxic acitivity in Syrian hamster embryo fibroblast MN assay [57].
Münzner et al. [58] also reported that sodium sorbate, sodium salt of sorbic acid, revealed weak clastogenic activity
by elevated numbers of MN. Hayashi et al. [59] subjected
39 food additives to the mouse MN test and reported that
of all these food additives, maltol and potassium bromate
were found to induce MN. Kaya and Topaktaş [39] also
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reported that potassium bromate significantly induced MN
formation in human peripheral blood lymphocytes in vitro.
Macioszek and Kononowicz [37] demonstrated the capacity of quinoline yellow and brilliant black bn to induce MN
in human lymphocytes in vitro and Vicia faba in vivo.
Roychoudhury and Giri [29] observed that fast green FCF,
indigo carmine, orange G and tartrazine induced MN formation in Allium cepa. Rencüzoğulları et al. [35] observed
induction of MN in Allium cepa treated with sodium metabisulfite. Basler et al. [26] reported that propionic acid
was negative in the mouse MN test in vivo. Adams et al.
[31] reported that the mouse MN assay in vivo showed no
evidence of genotoxic activity for caramel colour I. Carminic acid was not found to be genotoxic in the mouse MN
test [32].
Approximately 50% of citric acid production is estimated to be used by the beverage and soft drinks industry,
another 20% in food processing industry and around 10% in
pharmaceutical industry. Thus, approximately four fifths
are destined for human consumption and have a very wide
dispersive use [4]. Consumers are directly exposed to CA
or its salts in diluted concentrations in many applications
of soft drinks and processed foods, however there are no
acceptable daily intake levels [4]. Maybe due to the reasons
mentioned above, CA is not suspected of being a genotoxic
agent. But although CA possesses these features, the present study reveals that this acid presents genotoxic activity
in fish erythrocytes. Additionally, miscellaneous toxic effects
of CA have been previously demonstrated [6-10].
The DNA molecule is a target site of most genotoxic
agents. The induction of DNA damage and afterwards
chromosomal damage, as a result of inefficient or incorrect
DNA repair, are primary mechanisms of genotoxicity.
Chromosomal damage is expressed during the cell division
and represents an index of accumulated genotoxic effects
[24]. MN arise from chromosome breaks (clastogenic effect) or whole chromosomes that do not migrate during
anaphase due to dysfunction of the spindle apparatus or
centromere kinetochore (aneugenic effect-spindle poisoning) [60]. Therefore, the MN could be formed due to these
two effects of CA in this study.
In living systems, iron is a component of blood and
ferric citrate (iron and citric acid) plays a paramount role
in iron metabolism [61]. CA promotes the bioavailability
of dietary iron [61]. Owing to fact that the mobilization of
iron may lead to the formation of highly toxic hydrogen
radicals, one can question concerning the innocence of
adding CA in large amounts in foods or drinks [61]. Gautier-Luneau et al. [61] observed that iron:citrate and H2O2
solution caused high amount of OH- radicals. It was also
suggested that the presence of CA in the drinks favors the
formation of hydroxyl radical. Also, it has been showed
that mitochondrial lipid peroxidation could be induced by
iron-citrate [61]. In addition, hydroxyl radical formation
from the auto reduction of a ferric-citrate complex has been
evidenced [61]. The clastogenic effect of CA is most probably due to formation of OH- radicals. These radicals are

highly reactive oxygen-centered radical which attacks all
molecules including DNA [61]. It is suggested that these
free DNA-damaging radicals interact with nucleophilic sites
in DNA and lead to breaks and other related damages in
the latter [62]. Besides, the aneugenic effect could be also
occurred through the interference of CA to the regular
chromosome segregation during cell division by inhibition
of polymerization of actin tubules, an essential structure of
the mitotic spindle [62].
In the present study, it can be said that the MN might
be produced by the combined clastogenic effect and spindle poisoning effect (aneugenic effect) of CA or by one of
them. Therefore, it is too early to express the exact mechanism of CA genotoxicity, especially on MN induction.
The potential genotoxic effect of CA was explored by
using MN test in peripheral blood erythrocytes of the fish
Tinca tinca in this study. Eventually, the presence of doseand time-dependent increase of MN frequencies has been
showed in all experiments. The findings of the present investigation are in accord with the results of previous
genotoxicity studies of CA.
Milan and Upadhyay [13] reported that CA significantly decreased the mitotic index and significantly increased the chromosomal aberrations viz. fragments, disturbed metaphase, C-mitosis, laggards, bridges, stickiness,
precocious movement of chromosomes, unequal and late
separation of chromosomes dose-dependently in root tip
cells of Vicia faba. Türkoğlu [11] stated that CA significantly enhanced the chromosomal abnormalities such as
C-mitosis, anaphase bridges, laggards, stickiness, breaks
and unequal distributions and decreased the mitotic index
in Allium cepa chromosomes. Although the author also
recorded MN formations in this study, these were observed
in the other groups treated with boric acid and sodium
citrate. Yılmaz et al. [12] found that CA significantly decreased the mitotic index and increased the frequency of
mitotic and chromosomal aberrations, namely C-mitosis,
stickiness, lagging chromosomes, fragments, bridges, scattered prophases, irregular metaphases and multipolar anaphases at all concentrations tested in Allium sativum.
Yılmaz et al. [14] also reported CA induced a significant
increase of chromosomal aberrations at all concentrations
and treatment periods tested, significantly increased sister
chromatid exchanges and significantly decreased the mitotic index. CA also increased the MN frequency in a dose
dependent manner.
It seems likely that almost everyone consumes additive-containing foods daily throughout their lifetime. There
is no way of determining the safety of such chemicals to
human except by using laboratory toxicology methods.
Hence, the results of genotoxicity assays need to be interpreted with much more care. Herein, it should be noted that
the major difficulty in using laboratory data is extrapolation
of dose. Humans are usually exposed exclusively very low
dose levels whereas the same chemicals are tested in laboratory studies at extremely high dose levels. So, considera-
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tion of this and similar factors is necessary when interpreting the results of bioassays.
Consequently, chemicals shown by adequate bioassays
to be potentially genotoxic in laboratory studies should not
be added to the human food supply. However, a serious
effort should be made to resolve the questions surrounding
the presence of chemicals identified as genotoxicants in
our foods. Therefore, future genotoxicity studies on CA
and other food additives need to be performed on different
test organisms by using various types of assays.
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ABSTRACT
2-Mercaptobenzothiazole (MBT) has been detected in
wastewater and surface water in recent years, and its removal by minerals is an important issue. In this study, the
degradation of MBT by different manganese dioxides was
investigated with batch experiments. The physicochemical
properties, including specific surface area (BET), average
oxidation state (AOS), reduction potential (Eh), and point
of zero charge (pHPZC) of the manganese dioxides, were
also evaluated. The results showed that MBT can be efficiently degraded within four minutes. More importantly,
the oxidative activities of different manganese dioxides
were influenced by a combination of factors including BET,
Eh, AOS, and pHpzc. Manganese dioxides synthesized by
the comproportionation method (CM) or liquid-phase
oxidation method (OM) exhibited oxidative activities for
MBT degradation with the order of δ-MnO2 (CM) > αMnO2 (CM) > α-MnO2 (OM) > γ-MnO2 (OM) > β-MnO2
(OM). The degradation kinetics based on MBT initial concentration, manganese dioxide dosages and pH values were
also evaluated. Lower initial MBT concentration and pH,
and higher manganese dioxide dosages can accelerate the
degradation rate. The thermodynamical results showed that
the apparent activation energy (Ea) was negatively correlated with MBT degradation rates. The results in this study
may provide penetrated insights for understanding the
transformation and fate of organic pollutants with the
presence of manganese dioxides in environment.
KEYWORDS: MBT, oxidation, organic pollutants, manganese
dioxide, degradation

tive mineral constituents and play a critical role in affecting
the transformation of organic contaminants such as antibiotics [2, 3], glyphosate [4], phenol [5], steroid estrogen [6]
and triclosan [7]. On the other hand, they could provide a
sorption surface for contaminants [8] to facilitate the crosscoupling of substituted phenols [3] and catalyze polymerization of phenolic compounds [9]. An earlier study has
demonstrated the high oxidative reactivity of manganese
oxides toward heterocyclic N-oxides oxidation, and provided a new reaction pathway for organic N-oxides in
aqueous soil and sediment systems [10].
Also, it has been reported that different manganese dioxides have different reactivity for organic pollutants degradation. Furthermore, manganese dioxides with the same
crystal structure even give different oxidation rates for the
same model pollutant [11]. However, little attention has
been paid to study the relationship between the oxidative
reactivity and the physicochemical properties when studying the degradation of organic pollutants with manganese
dioxides.
In this study, five different manganese dioxides were
synthesized to explore the oxidative degradation of organic
pollutants. 2-Mercaptobenzothiazole (MBT), a bicyclic heteroatomic compound associated with a wide range of usage in industry and has been introduced into the environment via wastewater effluent and sewage plant [12, 13],
was used as the model organic pollutant. The main objective was to elucidate the effect of physicochemical properties of manganese dioxides on their reactivity toward MBT
degradation kinetics and thermodynamics. The involved
parameters included the specific surface area (BET), redox
potential (Eh), pH at the zero point charge (pHpzc) and
average oxidation state (AOS).

INTRODUCTION

MATERIALS AND METHODS

Manganese is the third most abundant transition metal
in the Earth’s crust and is important to both biological and
environmental processes [1]. Manganese dioxides in soils
and sediments are probably the most important redox reac-

Chemical reagents

2-Mercaptobenzothiazole (MBT) at analytical grade was
purchased from Aldrich Chemical Co., Milwaukee, WI,
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USA. Other chemical reagents (>98% purity for solids or
analytical grade for solvents) were obtained from Guangzhou Chemical Co., Guangzhou, China. All chemicals were
used as received without further purification. All solutions
were prepared with Milli-Q water and then stored at < 5 oC
before used.
Preparation of manganese dioxides and the crystal structures determination

δ-MnO2 and α-MnO2 was prepared by the comproportionation method (CM), and the others were synthesized by
the liquid-phase oxidation method (OM). The corresponding preparation procedures were described as follows [14,
15]:
δ-MnO2 (CM). 0.212 g of MnSO4·H2O and 1.382 g
of KMnO4 were added into 80 mL distilled water at room
temperature. After being dissolved homogeneously, the
solution was transferred into a Teflon-lined stainless steel
autoclave, then sealed and maintained at 130 oC for 12 h. The
resulting solid product was filtered off, and then washed
with distilled water to remove ions possibly remained in
the final products, and finally dried at 60 oC.
α-MnO2 (CM). The preparation of α-MnO2 (CM) was
similar to the procedures for synthesizing δ-MnO2 (CM),
except that the quantity of MnSO4·H2O was 0.482 g and
KMnO4 was 1.128 g.
β-MnO2 (OM). The preparation of β-MnO2 (OM) was
similar to the procedures for synthesizing δ-MnO2 (CM),
except that the chemicals were MnSO4·H2O (2.704 g) and
(NH)2S2O8 (3.552 g).
α-MnO2 (OM). The preparation of α-MnO2 was similar to the procedures for synthesizing β-MnO2, except that
the chemicals were MnSO4·H2O (2.704 g), (NH)2S2O8
(3.552 g) and (NH4)2SO4 (5.280 g).
γ-MnO2 (OM). 13.520 g of MnSO4·H2O and 17.760 g
of (NH)2S2O8 were dissolved in 500 mL of distilled water.
The resulted solution was heated up and kept at 90 oC in a
water bath for 12 h. After being cooled naturally, the solid
product was filtered and washed with distilled water to
remove ions possibly remained in the final products, and
finally dried at 60 oC.
The crystal structures of the five synthesized manganese dioxides were determined by X-ray powder diffraction (XRD) patterns using a Rigaku D/Max-III A diffract
meter at room temperature, operating at 30 kV and 30 mA
with a Cu Kα radiation (λ = 0.154 nm).
Reaction setup

The oxidative degradation of MBT by different manganese dioxides was conducted in borosilicate glass serum
bottles (available volume of 20 mL) with aluminum crimps
and Teflon-lined butyl rubber septa. The reaction conditions were: initial concentration of MBT, 0.06 mM; the
dosages of manganese dioxides, 11.5 mM; pH values, 4.6
(controlled by 10 mM acetate buffer solution). The reactors were shaken on an orbital shaker at 200 rpm in the

absence of light at constant temperature of 25 ± 1 oC. At
given time intervals, a serum bottle was titrated with 0.5 mL
of 0.1 M ascorbic acid to quench any further oxidative
reaction [7]. For further analysis, the sample was then
centrifuged at 4000 rpm for 20 min to remove particles.
The concentration of MBT in the supernate was determined
by high performance liquid chromatography (HPLC) (Waters 2487). The operation conditions are: mobile phase, 69%
methanol: 30% water: 1% acetic acid (v/v/v); flow rate, 0.5
mL/min; and UV wavelength, 323 nm.
This study conducted four sets of experiments to study
the effect of reaction conditions on MBT oxidative degradation by the five manganese dioxides: (1) tests conducted
with 20 mg manganese (hydro)oxides (11.5 mM) and
different MBT initial concentrations of 0.024, 0.036, 0.06,
0.12 and 0.24 mM under pH 4.6; (2) tests conducted with
0.06 mM MBT and different manganese (hydro)oxides
dosages of 1.15, 3.45, 6.9, 11.5, 23 and 46 mM under pH
4.6; (3) tests conducted over a pH range of 3.0-9.1 in the
buffer solutions as described in our previous reports [16];
(4) tests conducted with 0.06 mM MBT and 11.5 mM
manganese dioxides in pH 4.6 under different reaction
temperatures of 10, 15, 25, 30, 40 and 50 oC.
Characterization of manganese dioxides

The specific surface areas (BET surface area) of the
manganese dioxides were determined by the BrunauerEmmett-Teller (BET) method, in which N2 adsorption at
77 K was applied and Carlo Erba Sorptometer was used
[17]. The average oxidation states (AOS) of the five manganese dioxides were determined by the potential voltametric titration method proposed by Xia et al. [18]. The pH at
point of zero charges (pHPZC) was determined by a modified salt titration method with a prolonged equilibration
time [19]: A series of 50 mL capacity centrifuge tubes,
0.5 g sample was added together with 10 mL DDW and a
quantity of 0.01 M HCl or 0.01 M KOH required to obtain the appropriate pH range. The samples were equilibrated for 3 to 4 days at 25 oC, shaken for 1 h every day.
After settling, the pH values of the supernatant in each
tube were measured and denoted as pHi. A final addition
of 0.5 mL of 2 M KCl and 4 h shaking followed; after
settling, the pH was recorded again and denoted as pHf
(0.1 M). ∆pH is calculated as pHf -pHi. The PZC was
obtained from the plot of ∆pH against pHi as point where
∆pH was zero. Cyclic voltammetry was conducted to determine the reduction potential of manganese dioxides. An
Autolab potentiostat (PGSTAT 30, Eco Chemie, The Netherlands) was used to scan the potential of the manganese
dioxide electrodes at a rate of 50 mV/s. All the electrochemical measurements were performed in a conventional
three-electrode cell with the manganese dioxide modified
glassy carbon (GC) electrodes as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode, and a platinum spiral wire as the counter electrode.
The potentials in this investigation are referred to SCE.
The preparation of modified GC working electrodes was
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carried out according to the following procedures: (1) the
GC electrode was first polished with emery paper, followed
with alumina powder of 1.0 and 0.06 µm particle sizes. The
electrode was finally cleaned with double-distilled water in
an ultrasonic bath for 10 min; (2) 1.2 mg of manganese
dioxide powder was dispersed in a 250 µL dilute Nafion
solution (0.5 wt %) in an ultrasonic bath for 15 min; (3) 2 µL
of the above suspension was coated on the GC electrode by
a micro-syringe. The electrode was allowed to dry in the air
for 30 min before measurements. The electrolyte, a mixture
of a 10 mM HAc-NaAc buffer solution (pH 4.6) and a 0.5 M
Na2SO4 supportive solution, was bubbled with pure N2 for
45 min, and the corresponding experiments were performed
under N2 atmosphere.
RESULTS AND DISCUSSION
Crystal structures of the prepared manganese dioxides
The XRD patterns of the five synthesized manganese
dioxides are shown in Fig.1. The characteristic diffraction
peaks of manganese dioxides were in accordance with the
standard values (JCPDS. α-MnO2: No. 44-0141, β-MnO2:
24-0735, γ-MnO2: 14-0644, δ-MnO2: 80-1098), which indicated that the expecting manganese dioxides were obtained with the corresponding crystalline structure.
Chemical properties of MnO2 depend strongly on the
crystalline structure and morphology of the oxides. It has
been well known that manganese dioxides exist in various
polymorphic forms including α-, β-, γ- and δ-MnO2, which
are different in the spatial arrangement of basic octahedral
[MnO6] units. Among the prepared five manganese dioxides, α-MnO2 is constructed from double chains of [MnO6]
octahedral forming 2 × 2 tunnels, while β-MnO2 is 2 × 2
tunnels [20]. γ-MnO2 is considered to be random intergrowth of 2 × 1 tunnels of ransdellite constructed of octahedral [MnO6] unit [21]. The structural unit of δ-MnO2 is
basically a sheet of [MnO6] octahedra with an interlayer
spacing [22].
(110)
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(200) (310)

4000

Oxidative degradation of MBT by manganese dioxides

Fig. 2 shows the kinetics of MBT degradation by the
five manganese dioxides within 4 min. All these experiments were performed under the same reaction conditions:
MBT initial concentration of 0.06 mM, manganese dioxides dosage of 11.5 mM, and pH of 4.6. It is clear that the
oxidative degradation of MBT proceeded rapidly in the
presence of manganese dioxides. Within the first 2 minutes,
MBT concentration decreased rapidly and then the degradation became much slower, deviating from the pseudofirst order kinetics. The fast degradation rate in the early
2 minutes was ascribed to efficient oxidative degradation
by Mn(IV) in manganese dioxides. However, after 2
minutes, the produced intermediates and Mn(II) would
occupy the active sites on manganese dioxides, resulting in
the slow degradation rate in the later stage of reaction
[11]. As shown in Fig. 2, the five manganese dioxides
presented different oxidative activities for MBT degradation, even that of the two α-MnO2. The above results
indicated that different types of manganese dioxides had
different reactivity for MBT degradation. Furthermore,
even with the same crystal structure, α-MnO2 prepared
with different methods had different abilities for MBT
oxidative degradation. Such observations confirmed the
fact that the types of manganese dioxides were highly relevant to its capability of oxidizing organic pollutants. Of
great interest to us is to investigate their physicochemical
properties that might cause the difference of oxidative
activities from different manganese dioxides.
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FIGURE 2 - Oxidative degradation of 0.06 mM MBT by different
manganese dioxides with the dosage of 11.5 mM at pH 4.6 and 298 K.
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FIGURE 1 - The XRD patterns of the prepared manganese dioxides.

The physicochemical properties of BET, AOS, pHpzc
and Eh were involved to study the effect of physicochemical properties of manganese dioxides on MBT degradation. The determined physicochemical properties of
the five manganese dioxides were summarized in Table 1.
Although manganese dioxides that have the empirical
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chemical structure of MnO2 has an ideal Mn valence of
+4, the real states of Mn are generally lower than +4 due to
the imperfect preparation methods [23]. AOS is an indicator of the real state of Mn in manganese dioxides. In this
study, the AOS values of the five manganese dioxides were
all lower than +4. As indicated by Table 1, manganese
dioxides with higher AOS favor faster MBT degradation.
The pHPZC of an oxide is the value of pH at which the net
surface charge is zero [24]. The knowledge of the pHPZC
contributes to predict whether there occurs preferentially
the ion exchange to a specific component of the oxide system, influencing the degradation ability of the powder. In
this study, MBT has a pKa value of 6.93 at 25 oC, suggesting that it is presented as a unionized protonated form in
acidic media [25]. Therefore, manganese dioxide with low
pHPZC would favor the affinity of MBT at pH 4.6 to form
negative charged sites on manganese dioxides as in this
study [26]. Reduction potential (Eh) is the direct index of
an oxidant to degrade organic matters. As shown in this
study, Eh values are positively related to the removal rate
of MBT, showing a tendency that manganese dioxides with
higher Eh lead to higher MBT degradation rate. Consistent
with the previous findings that MnO2 with larger surface
area could provide more active surface sites and resulted in
rapid degradation of organic pollutants [8], the BET results obtained in this study also suggested that BET surface area is the important factor for determining the oxidative reactivity, i.e., manganese dioxides with higher BET
surface area can achieve higher MBT degradation rates.
Furthermore, the reactivity of different manganese dioxide was affected by the several physicochemical properties simultaneously. For example, though δ-MnO2 has the
lowest pHpzc value of 0.67 and relatively low BET surface
area of 27.6 m2/g, it exhibited the most active reactivity
towards MBT degradation (97.0%), which is likely associated with its highest Eh value. α-MnO2 (OM) obtained
MBT degradation rate of 78.7%, which is lower than αMnO2 (CM) (84.6%). This may be due to the higher pHpzc
value of 3.38 of α-MnO2 (OM) than that of α-MnO2 (CM)
(2.86) among the five manganese dioxides, the MBT degradation rate by β-MnO2 (OM) was lowest as 71.1%. The
lowest oxidative capability was highly linked with the
lowest Eh of 0.46 mV.
TABLE 1 - MBT degradation rates and the
physicochemical properties of manganese dioxides
Manganese
dioxides
α-MnO2(OM)
α-MnO2(CM)
β-MnO2(OM)
γ-MnO2(OM)
δ-MnO2(CM)

MBT degrada- BET
tion rate (%) (m2/g)
78.7
93.4
84.6
61.8
71.1
26.9
73.3
52.1
97.0
27.6

AOS pHPZC
3.48
3.58
3.47
3.48
3.50

3.38
2.86
4.43
3.65
0.67

Ea
(KJ/mol)
7.16
5.87
9.80
7.71
3.73

Eh
(mV)
0.49
0.53
0.46
0.55
0.58

The effect of MBT initial concentration, manganese dioxide
dosage, and pH

manganese dioxides and pH of the reaction solution on
MBT degradation by the five manganese dioxides. Fig. 3A
shows the results of MBT degradation by the five manganese dioxides (fixed dosage of 11.5 mM) with different
initial concentrations (0.012 mM-0.12 mM) at pH 4.6 and
25 oC. Generally, the degradation rates of organic pollutants increased with decreasing initial concentration of model pollutants, which was similar to the results obtained in
this study. From Fig. 3A, MBT degradation rates increased
with the decreased MBT initial concentrations, and the
values of lnr (r represented the MBT degradation rate)
increased linearly with ln[MBT] with slopes of 0.80-1.11
as presented in Fig. 4A for all the five manganese dioxides.
As the dosage of manganese dioxides varied at a range
of 1.15-46.0 mM, increased dosages could result in an increase in MBT degradation rates, which was observed for
all the five types of manganese dioxides (Fig. 3B). As
known, the active sites of Mn(IV) were responsible for the
oxidative degradation of organic pollutants that contacted
with them [5]. Thus, the increased amount of manganese
dioxide could provide more available active sites to adsorb
and oxidize more MBT, consequently resulting in higher
MBT degradation rates.
Fig. 3C shows the effect of pH on the MBT degradation rates. It is obviously that MBT degradation reaction
in aqueous solution occurred fastest at pH 3.6, and the
MBT degradation rates decreased with increased pH values. Data (Fig. 3C) also suggested that MBT degradation
can approach higher rates than 63.6% in acid solutions,
while the degradation rates declined significantly below
51.6% as the pH was higher than 7. Indicated by our previous work [16], the amount of adsorbed Mn2+ on the surface of manganese dioxides increased obviously with the
increased pH value. Therefore, as pH increased, more active sites were occupied by Mn2+, so the degradation of
MBT was partly inhibited. In addition, MBT has a pKa
value of 6.93 at 25 oC, which presents as the unionized
protonated form in acidic media, and higher H + concentration also would increase redox potential and led to a
higher reaction rate [8]. Therefore, increasing pH value
would favor the dissociation of MBT to form negatively
charged manganese dioxides with less affinity and result
in lower MBT degradation rates. lnr increased linearly
with ln[MO 2] ([MO 2] represented the dosage of manganese dioxide) with the slope values of 0.04-0.20 as
presented in Fig. 4B, and lnr was also found to be linearly
correlated with the pH, with the slopes in the range of 0.52 to -0.16 as presented in Fig. 4C.
On the basis of the above kinetics results, the thirdorder rate constant kexp of MBT oxidation by manganese
dioxides can be expressed as a function of three key factors, [MBT], [MnO2] and pH [8]:

Three sets of experiments were conducted to study
the effects of the initial MBT concentration, the dosage of

1622

k exp =

-r
a

[MBT] × [MnO 2 ]b × (pH ) c

(1)
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Where r is the initial degradation rate of MBT; [MBT]
is the initial concentration of MBT; [MnO2] is the dosage
of manganese dioxides; (pH) is the reaction pH which was
controlled by buffer solutions, and a, b, c are the reaction
orders (the determined slopes) with respect to MnO2,
MBT and pH, respectively.

β-MnO2(OM):

Based on the calculated a, b, c values, the kinetics constant kexp of the five manganese dioxides can be depicted as:

k exp =

k exp =

× [MnO 2 ]0.20 × (pH ) 0.52
-r

[MBT]

0.86

× [MnO 2 ]0.07 × (pH ) 0.26

0.89

× [MnO 2 ]

0.17

× (pH )

(2)

0.22

k exp =

-r
1.11

[MBT]

× [MnO 2 ]0.04 × (pH ) 0.16

α-MnO2(CM):

-r
1.01

[MBT]

(A) 1.0

Ct/C0

(3)

× [MnO 2 ]0.05 × (pH ) 0.20
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0.6

(C) β-MnO2 (OM)

(D) γ-MnO2 (OM)

(E) δ-MnO2 (CM)

mM
mM
mM
mM
mM

0.4

0.2

0.0
0

(C)

1.0

1

2

3

40

(A) α-MnO2 (OM)

1

2

3

40

1

2

3

40

Reaction time (min)
(C) β-MnO2 (OM)

(B) α-MnO2 (CM)

1

2

3

40

1

2

3

4

(E) δ-MnO2 (CM)

(D) γ-MnO2 (OM)

pH 3.6
pH 4.6
pH 5.6
pH 6.2
pH 8.0

0.8

Ct/C0

k exp =

(4)

(5)

δ-MnO2(CM):

-r
[MBT]

[MBT]

γ-MnO2(OM):

α-MnO2(OM):

k exp =

-r
0.80

0.6

0.4

0.2

0.0
0

1

2

3

40

1

2

3

40

1

2

3

40

Reaction time (min)

1623

1

2

3

40

1

2

3

4

(6)

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

FIGURE 3 - Oxidative degradation of MBT: (A) with different initial concentration by 11.5 mM of manganese
dioxides at pH 4.6 and 298 K; (B) with different manganese dioxide dosages and 0.06 mM MBT at pH 4.6 and
298 K; (C) under different pH values of 0.06 mM MBT degradation by 11.5 mM manganese dioxide at 298 K.
(A) -3.0

lnrinit(mM/min)

-3.5

(e) δ-MnO2(CM)

(d) γ-MnO2(OM)

(a) α-MnO2(OM)

(b) α-MnO2(CM)

(c) β-MnO2(OM)

y=0.89x-2.09, R=0.967

y=1.01x-1.63, R=0.959

y=0.80x-2.44, R=0.989

-4.0
-4.5
-5.0
-5.5
-6.0

y=1.11x-0.83, R=0.981

y=0.86-1.81, R=0.941

-4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0

ln[MBT](mM)

(B)

-4.2

(c) β-MnO2(OM)

(b) α-MnO2(CM)

(a) α-MnO2(OM)

(d) γ-MnO2(OM)

lnrinit(mM/min)

-4.4

(e) δ-MnO2(CM)

-4.6
-4.8
-5.0

y=0.17x - 4.90, R=0.985
-5.2

0

1

2

3

y=0.05x - 4.52, R=0.981
4 0

1

2

3

y=0.20x - 5.11, R=0.976

4

0

1

2

3

4

y=0.07x - 4.67, R=0.963

y=0.04x - 4.37, R=0.967

0

0

1

2

3

4

1

2

3

4

ln[MnO2](mM)
(C)

lnrinit(mM/min)

-4.5
-5.0
-5.5

(a) α-MnO2(OM)

-6.0

(b) α-MnO2(CM)

(d) γ-MnO2(OM)

(c) β-MnO2(OM)

-6.5

y = -0.22x - 3.53, R=0.970 y =-0.20x-3.55, R=0.994 y =-0.52x-2.34, R=0.971

lnrinit(mM/min)

-7.0

3

4

5

6

7

8

3

4

5

6

7

8

3

4

5

6

7

8

(e) δ-MnO2(CM)

y =-0.26x-3.32, R=0.980 y =-0.16x-3.59, R=0.962
3

4

5

6

7

8

3

4

5

6

7

8

pH

FIGURE 4 - The dependence of MBT degradation rate on initial concentration of MBT (A), manganese
dioxides dosages (B), and pH values (C) for MBT degradation (Determination of a, b and c values, respectively).

Under the reaction conditions of the MBT initial concentration of 0.06 mM, manganese dioxide dosage of
11.5 mM and pH 4.6, the third-order rate constants kexp of
MBT degradation are determined to be 0.96 mM-0.28·min-1
(α-MnO2(OM)), 1.58 mM-0.26·min-1 (α-MnO2(CM)), 15.1
mM-0.52·min-1 (β-MnO2(OM)), 1.62 mM-0.19·min-1 (γ-MnO2
(OM)) and 1.61 mM-0.31·min-1 (δ-MnO2(CM)).
The effect of thermodynamical properties

The effects of temperature on degradation kinetics were
studied. As a rule of thumb, increasing the reaction temperature can increase the degradation rate. Fig. 5 shows the
results of MBT degradation (0.06 mM) by 11.5 mM MnO2
at pH 4.6 under different temperatures ranged from 283 K
to 323 K. The values of apparent activation energy (Ea) of

the five manganese dioxides were determined by fitting
constants kexp, obtained at various temperatures, to the Arrhenius equation [24]:

ln(k exp ) =

Ea
+ ln( A)
RT

(7)

where R is the universal gas constant, Ea (KJ/mol) is
the activation energy, T (K) is the absolute temperature, and
A is the pre-exponential factor. The calculated Ea values
were listed in Table 2. Ea is the minimum energy required
to initiate the reaction [24]. Manganese dioxide with high
Ea values for MBT degradation means more energy is required to initiate the reaction. As shown in Fig. 6, manganese dioxide with lower Ea value can achieve higher MBT
degradation rate, and negative correlation was found be-
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indicator of interior energy variation and ΔS++ provides information for the level of order in the transition state [27].

tween Ea values and the percentage of MBT degradation,
expressing as P(%) = -4.45 Ea + 111.42 (R = 0.963).
The enthalpic (ΔH++) and entropic (ΔS++) are also important thermodynamic parameters, in which ΔH++ is the
1.0
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FIGURE 5 - Oxidative degradation of 0.06 mM MBT by the five manganese
dioxides with the dosage of 11.5 mM at pH 4.6 under different temperatures.
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γ-MnO2(OM)
δ-MnO2(CM)

P(%) = -4.45Ea + 111.42
R = 0.963, P < 0.01

90

7.16
5.87
9.80
7.71
3.73

(kJ/mol)
10.39
18.58
12.06
13.37
20.34

(J/K/mol)
153.99
160.64
176.93
158.97
147.58

CONCLUSIONS
85

This study demonstrated different susceptibility of MBT
toward oxidation by five manganese dioxides with fast reaction rates at pH below 7. The oxidative activities were
different in different types of manganese dioxides, depending on the combination of factors including Eh, AOS, Ea
and pHpzc. The MBT degradation by manganese dioxides
can be accelerated by lowering MBT initial concentration,
decreasing pH values, increasing MnO2 dosages or elevating the reaction temperature. The results suggested an oxidative activity order of δ-MnO2 (CM) > α-MnO2 (CM) > αMnO2 (OM) > γ-MnO2 (OM) >β-MnO2 (OM), which are
expected to be consistent with the natural environment.

80
75
70
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Ea (KJ/mol)
FIGURE 6 - The dependence of MBT degradation
rates (%) on the apparent active energy (E a ).

The contribution of ΔH++ and ΔS++ to the activation energy were determined by fitting the temperature-dependent
kinetics data with the Eyring equation [27]:

k exp

k
− ΔH + + 1
ΔS ++
ln
=
⋅ + ln B +
T
R
T
h
R

(8)

where kB is Boltzmann’s constant, h is Planck’s constant. The calculated values of ΔH++ and ΔS++ are listed
in Table 2.
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TABLE 2 - The thermodynamical properties of
manganese dioxides toward MBT degradation.
Manganese diox-
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ABSTRACT
The objective of this study is to investigate the possibility of using seawater on a clay type of soil instead of
using tap or fresh water in road constructions fill works.
When compared to the samples that were prepared using
tap water, it was seen that the samples prepared with seawater showed no change in consistency limit, but the soil’s
unconfined compressive strength value increased to 831
kPa from 300 kPa in 28 days time. The soil’s soaked CBR
values also increased by 7 times to a value of 27, while
the swelling potential dropped to zero. These changes in
soil properties may lead to transforming existing unsuitable in-situ materials into suitable fill materials. With the
improvement in the soil with seawater, the existing soil can
easily be used as a suitable fill material in the lower layers
of the filling in road construction works. These changes will
reduce consumption of natural waters as well as the use of
quarried stone and the transportation of filling material,
thereby making several important contributions to the protection of natural resources.

KEYWORDS:
Clay, seawater, tap water, soil improvement

INTRODUCTION
With the pollution and disappearance of clean water
sources on Earth, the efficient use of fresh water resources
has become more important. Therefore, many studies have
investigated methods for obtaining clean water from seawater [1-5]. In general, it is stated that three quarters of
Earth’s surface is covered with seawater, and that, due to
the effects of global warming’, the extent of seawaters has
been rapidly increasing [6, 7]. In the geotechnical areas of
civil engineering, such as road construction, filling works
and slope improvement, there is increasing research into
the use of seawater instead of freshwater, especially in operations involving clay soil. Clays are important constituent of
soils, which evolve mainly from chemical weathering of

rock-forming minerals, and are regarded as fine grained
soils in geotechnical engineering [8]. Clays may show considerably different engineering behavior, mainly depending on their mineralogical and chemical compositions. Pore
fluid chemistry may significantly alter the chemical compositions of clays by means of exchangeable cations, which
govern the engineering properties of clays in most cases
[9]. Exposure of clays to salt solutions creates chemical concentration gradients between pore water and the external salt
solution, inducing osmotic flow from a solution of lower
salinity to one of higher salinity. During osmotic flow, if
the clay particles behave as perfect semi permeable membranes, only water is exchanged between the clay voids
and the external solution in response to chemical concentration gradients. However, clay particles function as imperfect semi permeable membranes and transfer dissolved
salts in addition to water [10-12]. Basically, the liquid limit
and the plasticity index are highly and predominantly influenced by the ability of clay minerals to interact with
liquids [13], and the hydraulic conductivity tends to decrease when the liquid limit and the plasticity index are
increased [14, 15]. There are several studies in which effects of seawater on geotechnical properties of clays are investigated. A study in Niigate, Japan, reported an increase
in the soil’s residual shear strength when mixed with seawater [16]. Clay soil is preferred in the disposal of solid
waste, because of its low permeability, lower permeability
was reported when clay was mixed with saltwater [17].
The use of saltwater resulted in positive changes in the clay
behavior, which has a high potential for swelling and consolidation [18]. Yükselen et al. [9] reported that seawater
reduced the consistency limits of CH class clays.
In this study, a very problematic clay soil that is found
in the Uzunçiftlik region of Kocaeli, Turkey is investigated.
This study examined the effects of using seawater in improving this soil’s geotechnical properties. It is known that
filling works are employed on a large scale in road works,
as well as in building construction. The best compaction
of soils occurs at the optimum water content value, which
is found using Proctor tests. Therefore, in most studies,
soil is compacted by being watered by a sprinkler, especially in summer. The objective of present study is to investigate the possibilities of using seawater in road construc-
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tion works located in regions close to the sea, instead of
clean water, which is generally used in such works. In a
country like Turkey, that is surrounded with seas and has
long coastlines, these kinds of studies will not only reduce
the usage of freshwater, but, by substituting seawater, will
also deliver a cheap and easy improvement over such methods.

TABLE 1 - EDS analysis of Uzunçiftlik clay.
Element
O
Na
Mg
Al
Si
S
K
Ca
Ti
Fe
Total

MATERIALS AND METHODS
Samples of Uzunçiftlik clay were prepared using either
seawater or tap water. Consistency limits, Modified Proctor, unconfined compression and California Bearing Ratio
(CBR) tests were applied to the samples, to determine the
differences in the geotechnical properties that occur with
seawater and tap water. Firstly, the index properties of
Uzunçiftlik clay were found using tap water, and a soil
classification was made. Modified Proctor tests were then
conducted to find the optimum water content for soil compaction. Based on the modified Proctor results, homogenous samples were prepared by compacting the samples at
the optimum water content to produce unconfined compression samples. The prepared samples had diameters of
38 mm and height of 76 mm. For each mixture, the individually prepared samples were cured for 0, 1, 7 and 28 days
at a temperature of 21°C ±3 and were subjected to an unconfined compression test. Unconfined compression tests
were carried out with at least 3 samples for each case and
for each curing period at different two watering condition.
The total number of unconfined compression tests was 24.
California Bearing Ratio (CBR) tests were conducted on
samples that were compacted according to Proctor test
results. These prepared samples were cured for 7 days before being kept in water for 4 days. All of the tests were then
repeated on a second group of samples that were prepared
using seawater.

Weight %
47.65
0.32
2.29
10.10
27.80
0.57
1.60
1.92
0.52
7.23
100.00

Formula
Na2O
MgO
Al2O3
SiO2
SO3
K2 O
CaO
TiO2
Fe2O3

Comp. %
--0.43
3.80
19.08
59.46
1.42
1.92
2.69
0.87
10.34
100.00

Scanning electron microscopy (SEM) analyses of the
samples were also conducted by the micro analysis group at
Şişecam company research laboratories. Image of Uzunçiftlik clay at 5000 magnification as shown in Figure 1
were taken under a Jeol JSM 6360 LV scanning electron
microscope.

FIGURE 1 - SEM image of Uzunçiftlik clay at 5000 magnification.
TABLE 2 - Geotechnical properties of Uzunçiftlik clay.
Property
Soil Classification
Classification - USCS
Classification - AASHTO (GI)
Atterberg limits
LL ( % )
PL ( % )
PI ( % )
Sieve Analysis - USCS
Boulder (%) (>76.2 mm)
Gravel (%) (76.2 mm - 4.76 mm)
Sand (%) (4.76mm-0,074)
Silt and Clay (%) (<0.074)
Specific weight (Mg/m3)
Organic material (%)
Compac. param. (Standard Proctor)
Dry unit weight (kN/m3)
Optimum moist. cont. (%)
Comp. param. (Modified Proctor)
Dry unit weight (kN/m3)
Optimum moist. cont. (%)

Uzunçiftlik Clay

The clay used in the study is from the Uzunçiftlik region, from Kocaeli, Turkey. This type of clay occurs widely
in this area, and the soil is known to be problematic in terms
of bearing capacity. Temizkan [19] reported that many
drilling studies were conducted in the region, the results
indicate low bearing capacity suggesting that the soil was
not suitable for building foundations.
Energy dispersive X-ray spectroscopy (EDS) was
used for the elemental analysis and chemical characterization of Uzunçiftlik clay. As a type of spectroscopy, EDS
relies on the investigation of a sample through interactions between electromagnetic radiation and matter, analyzing X-rays emitted by the matter in response to being
hit with charged particles. The EDS analysis of the samples was conducted at Şişecam Company research laboratories by micro analysis group using a Thermo Noran system six X-ray microanalysis system. The constituents of
Uzunçiftlik clay found by EDS are shown in Table 1.

Net Counts
12905
114
1168
6096
16425
282
625
684
127
895

Tap water
CL
A-7-6 (12)
48
20
28
0
2
9
89
2.56
2
16.05
18.10
	
  
18.10
17.00

Uzunçiftlik clay samples were taken at 2 meters below the soil surface. It is light-yellow colored, has a 2%
organic material content and, according to Unified Soil
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Classification System (USCS), belongs to the CL (low
plasticity clay) group. The soil is defined as A-7-6(12) according to the American Highways Classification System
(AASHTO). Tests conducted at geotechnical laboratories
showed that the proportion of the fine material with particle size smaller than 0.075 µm (-200 sieve) was approximately 89%. The geotechnical properties of Uzunçiftlik
clay were examined according to Modified Proctor, sieve
analysis, liquid limit, plastic limit, unconfined compression test and soaked (California Bearing Ratio) CBR tests.
Tests were conducted in accordance with ASTM D698,
ASTM D1557, ASTM D421&422, ASTM D1883-87
standards [20]. The results are shown in Table 2.

A previous study stated that, in clays with liquid limit
values higher than 110%, the use of seawater causes important changes and reduces the liquid limit values [9].
However, in the present study, a CL group clay with a relatively low plasticity was used, as seen in Figure 2, the use of
seawater did not cause major changes in consistency limits.

Water characteristics

In the laboratory studies, geotechnical tests were carried out by using Alaplı tap water and seawater taken from
the Black Sea in the Alaplı region, the test results from
the two groups were then compared. Chemical analyses of
the tap water and seawater were conducted at Ereğli Research Laboratory. The results are shown in Table 3.
FIGURE 2 - The comparison of Atterberg
limit using tap water and seawater.

TABLE 3 - Chemical analysis of seawater and tap water
Element
Cu
Fe
Lİ
Mn
Ni
Si
Zn
Ca
K
Mg
S
Sr
Cl

Seawater(mg/l)
12.4
6.0
161.6
4.9
10.5
111.3
33.5
181.6
262.2
596.1
415.2
2.6
2.6

Tap water(mg/l)
25.9
38.7
0
5.0
0.0
759.0
41.0
67.4
1.4
4.3
5.6
0.3
0.3

In the Proctor tests of the samples that were prepared
with tap water, optimum water content was found to be
approximately 17%; in the same test, maximum dry unit
weight value was found to be 18.1 kN/m3. When seawater
was used, optimum water content decreased to 16% and the
maximum dry unit weight value increased to 18.9 kN/m3 as
shown in Figure 3.

In the analyses, magnesium, sulphur, potassium and
lithium values were seen to be high in seawater while in
tap water the high values were in silicon and iron.
RESULTS
The effect of seawater on Atterberg Limits and compaction
characteristics of soil

In consistency limits tests that were conducted with
Kocaeli Uzunçiftlik clay and tap water, Liquid Limit (LL)
and Plastic Limit (PL) values were 48% and 20% respectively. According to this, plasticity index (PI) was calculated as 28. In the tests conducted with seawater, while
the liquid limit of 49 was similar to that of tap water, the
plastic limit was calculated as 18 and PI was found as 31.
Figure 2 show the results of liquid limit tests on Uzunçiftlik clay, using seawater and tap water.
As seen in Figure 2 and Table 4 the use of seawater
resulted in a 1% increase in the liquid limit. The slope of
the lines is the same for seawater and tap water, which
indicates that the flow index is not affected.

FIGURE 3- Modified Proctor test comparisons for seawater and tap
water

As seen in Figure 3, the curve obtained from the compaction test using clay samples prepared with tap water is
flatter than the curve obtained when seawater was used.
The use of seawater reduced the optimum water content
by 1% and by increasing the dry unit weight value; it
caused the curve to become steeper.
The comparisons of typical geotechnical properties obtained with tap water and seawater are shown in Table 4.
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Effect of seawater on unconfined compressive strength of
clay soil

TABLE 4 - Geotechnical properties of Uzunçiftlik
clay: comparisons of seawater and tap water.
Property
Soil Classification
Classification - USCS
Classification - AASHTO (GI)
Atterberg limits
LL ( % )
PL ( % )
PI ( % )
Compaction param. (modified)
Dry unit weight (kN/m3)
Optimum moist. cont. (%)

Tap water

Unconfined compression tests were conducted on seawater and tap water samples prepared at optimum water
content. Samples were cured at different curing times of
0, 1, 7, and 28 days. The samples were prepared for UCS
tests using compaction molds at modified Proctor energy
and transferred into small molds of 3.5 cm diameter and
7 cm height. The specimens were cured at 21oC ±3 in a
humidity room at humidity of greater than 95 %. In the
UCS tests, 3 specimens were prepared for each case.

Seawater

CL
A-7-6 (12)

CL
A-7-6 (19)

48
20
28

49
18
31

18.1
17.0

18.9
16.0

As seen in Table 4, the use of seawater did not change
the classification of the soil according to USCS, but however, according to the AASHTO classification although
the group did not change, the group index increased to 19
from 12. Plasticity index rose to 31% from 28% when
seawater was used. Dry unit weight with seawater increased to 18.9 from 18.1, while water content decreased to
16% from 17%.

The same processes were applied to the samples that
were prepared with seawater. All unconfined compression
test results are shown in Table 5.
In Figure 4 the UCS tests stress-strain graphs with tap
water are shown at different curing times of 0, 1, 7, and
28 days. In the tests done with tap water, although no increase was expected in the strength of samples that were
cured at different days, unconfined compression tests were
conducted after the curing for control purposes. As expected, the strength values were relatively consistent, with
less than 10% variation.

TABLE 5 - Unconfined compression test results.
qu (kPa)
cuing (days)
exp. 1
exp. 2
exp. 3
average

0
591
609
600
600

clay+ seawater
1
7
693
813
695
817
704
815
697
815

28
828
831
835
831

FIGURE 4 - Unconfined compression
tests for samples prepared using tap water.

0
271
264
270
268

clay+ tap water
1
7
281
286
276
281
279
282
279
283

28
300
301
298
300

FIGURE 5 - Unconfined compression
tests for samples prepared using seawater
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Unconfined compression strengths were between 268
and 300 kPa and, as expected, no major differences were
found in the strength of samples. The strain values at
failure varied between 7-13%.
In Figure 5, the UCS tests with seawater are shown at
different curing times of 0, 1, 7, and 28 days. Uncured
strength of the samples prepared with seawater was found
as 600 kPa. After 28 days, this value reached to 831 kPa.

pavements of roads, airfields and various fills. The sam
ples which were prepared with tap water and modified Procor energy were cured for 1 week and kept in water for
96 hours. The test was then performed according to ASTM
D1883-87 [20] and CBR values were obtained.

The average UCS test results are summarized and compared in Figure 6. The importance of seawater can be seen
clearly in the bar graph. At 28 days, the final strength of
the Uzunçiftlik clay samples increased from the original
value of 268 kPa to 831 kPa.

FIGURE 7 - CBR values with tap water and seawater

In the tests conducted on Uzunçiftlik clay that was
prepared by tap water, CBR value was calculated as 4 (as
shown in Figure 7) and swelling potential of 0.7%.
Table 6 gives typical CBR ratings according to its use
for road constructions. This table has been used in most
handbooks related to soil mechanics and pavement construction since the 1970’s and was recently reviewed by
Eren [21].
FIGURE 6 - Unconfined Compressive
Strength values of Uzunçiftlik clay

In the tests conducted using tap water and seawater,
seawater increased the strengths significantly. In unconfined compression strengths, increases of up to 2.8 times
were observed when seawater was used. Also, increases
in strengths exceeding 2 times were observed shortly after
mixing.
The effect of seawater on CBR values

The CBR value is used to evaluate the performance
of soils, primary for uses as bases and subgrades beneath

The CBR value of 4 (as shown in Table 6) indicates
that the soil has very low load bearing capacity. In highway construction projects, such soils are removed and depending on the utilization area, materials with a CBR value
of 10 are used. The Uzunçiftlik clay samples are prepared
with seawater had a CBR value of 27 and swelling potential was 0%.
In road infrastructure works, soil with a CBR value of
27 can be used in lower layers below subbase. The use of
seawater instead of tap water in the present study increased
the soil’s CBR value by 7 times in and transformed it from
non-suitable clay into a suitable one. These kinds of improvements will provide significant economic benefits while
also reducing environmental impact of such projects.

TABLE 6 - CBR ratings for road materials [21]
CBR
No.
0-3
3-7
7-20
20-50
>50

General
Rating
Very Poor
Poor to fair
Fair
Good
Excellent

Uses
Subgrade
Subgrade
Subbase
Base or Subbase
Base

Classification system
Unified
AASHTO
OH,CH,MH,OL
A5,A6,A7
OH,CH,MH,OL
A4,A5,A6,A7
OL,CL,ML,SC,SM,SP
A2,A4,A6,A7
GM,GC,SW,SM,SP,GP
A1b,A2-5,A-3,A2-6
GW,GM
A1a,A2-4,A3

DISCUSSION AND CONCLUSIONS
The effect of mixing with seawater is clearly visible
from the results of the soil unconfined compression

strengths. The unconfined compression strength increased
to 600 kPa from the 268-300 level in the short term and,
at 28 days reached to 831 kPa. The strain values at failure
decreased to an average 6% from 10%. This decrease shows
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that the soil is changing from a more ductile form to a
brittle form. These values indicate that the soil’s properties will improve and result in a significant increase in
bearing capacity of the fill layers. The increase in the CBR
test, which is an important strength test of soil’s endurance in road infrastructure, is much greater. Soaked CBR
values increased from 4 to 27 and swelling values drop to
0. An improvement at this level will easily allow the soil
to be used as a filling material in the lower layers of a
road infrastructure project. Test results showed no major
changes in the plasticity properties of the samples that
were prepared using seawater. The effects of seawater on
more plastic clays may be different.
The results of the study of clay samples demonstrate
that using seawater instead of tap water will improve the
soil’s engineering properties and provide significant contributions to the road infrastructure projects in the regions
located close to the sea. In a period when the availability
of freshwater sources is diminishing considerably, the use
of seawater can help not only to preserve natural resources,
but also provide an easy solution to highway engineering
problems in areas with problematic clay soils. Similar studies can also be used on an individual project basis, to
analyze local materials before the application, and therefore provide an economical means to protect the environmental and natural resources. The use of seawater to improve the geotechnical properties of soils allows the use
of lower quality materials, that may be closer to the project site, and thus its use in filing works will become more
common. Similarly, the potential reduction in the need for
quarried materials will help conserve the resource. The
use of on-site or nearby materials in filings will significantly reduce transportation costs and provide both economic and environmental benefits.

[9]

Yukselen-Aksoy , Y., Kaya, A. and Ören, A. H. (2008) Seawater effect on consistency limits and compressibility characteristics of clays. Engineering Geology 102: 54–61

[10] Shackelford, C.D., and Malusis, M.A. (2002) Membrane behavior
and coupled solute diffusion. Clay In Proceedings of the Workshop on Chemo-Mechanical Coupling in Clays: from Nano-Scale
to Engineering Applications. Balkema Publishers, Lisse, the
Netherlands. pp. 289–297.

[11] Mitchell, J.K. (1993). Fundamentals of soil behaviour. Wiley,
New York.

[12] Barbour, S.L., and Fredlund, D.G. (1989) Mechanisms of osmotic
flow and volume change in clay soils. Canadian Geotechnical
Journal 26(4): 551–562.

[13] Schmitz, R.M., Schroeder, C. and Charlier, R. (2004) ChemoMechanical Interactions in Clay: a Correlation between Clay
Mineralogy and Atterberg Limits. Applied Clay Science, 26:
351-358

[14] Awaji, H.A. (1999) Swell and Compressibility Characteristics of
Sand-Bentonite Mixtures Inundated with Liquids. Applied Clay
Science 15: 411-430

[15] Met, I., Akgun, H. and Turkmenoglu, A.G. (2005) Environmental
Geological and Geotechnical Investigations Related to the Potential Use of Ankara Clay as a Compacted Landfill Liner Material,
Turkey. Environmental Geology, 47:225-236

[16] Tiwari, B., Tuladhar, G.R, and Marui, H. (2005) Variation in Residual Shear Strength of the Soil with the Salinity of Pore Fluid.
Journal of Geotechnical and Geoenvironmental Engineering, Vol.
131 (12): 1445–1456

[17] Arasan, S. and Yetimoğlu, T. (2008) Effect of Inorganic Salt Solutions on the Consistency Limits of Two Clays. Turkish J. Eng.
Env. Sci. 32: 107 – 115

[18] Rao- Sudhakar M. and Thyagaraj T. (2007) Swell-compression
behaviour of compacted clays under chemical gradients. Canadian Geotechnical Journal 44 (5): 520-532

[19] Temizkan, N. (2005) Uzunçiftlik (Kocaeli) Dolayının Jeolojik Ve
Jeoteknik İncelemesi. Earthquake Sempozium, Kocaeli,Turkey

[20] Bowles JE, Engineering properties of soils and their measurements 4th edition 1992, McGraw-Hill

REFERENCES

[21] Eren, S., and Filiz, M. (2009) Comparing the conventional soil

[1]

Elhassadi, A. (2008) Pollution of water resources from industrial
effluents: a case study - Benghazi, Libya, Desalination 222: 286–
293

[2]

Baoying, N., Yuanqing, H. and Envi, C.P.R (2007) Tourism Development and Water Pollution: Case Study in Lijiang Ancient
Town 17(5): 123–127

[3]

Dowda, B.M., Pres,D. and Huertos, M.L. (2008) Agricultural
nonpoint source water pollution policy: The case of California’s
Central Coastowda. Agriculture, Ecosystems and Environment
128: 151–161

[4]

Akili D. Khawaji, A. D., Kutubkhanaha, I. K. and Wie, J. M.
(2008) Advances in seawater desalination Technologies. Desalination 221: 47–69

[5]

Elarbash, M. M. (1991) New sea water intake filtration system.
Desalination, 82: 281–301

[6]

Nordell B. (2003) Thermal pollution causes global warming
Global and Planetary Change. 38: 305– 312

[7]

Veronica, F. G. and Singh, A. (2008) Global Environmental Alert
Service (GEAS). Advances in Space Research 41:1836–1852

[8]

Coduto, D.P., 1999. Geotechnical Engineering, Principles and
Practices. Prentice Hall, NJ. 759 p.

1633

stabilization methods to the consolid system used as an alternative admixture matter in Isparta Darıdere material. Construction
and Building Materials 23: 2473–2480

Received: January 04, 2010
Accepted: March 15, 2010

CORRESPONDING AUTHOR
Aydın Kavak
Kocaeli University
Civil Engineering Department, Geotechnics Division
Engineering Faculty
Umuttepe Campus
41380 Kocaeli
TURKEY
E-mail: aydinkavak@yahoo.com
FEB/ Vol 19/ No 8a/ 2010 – pages 1623 – 1628

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin
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ABSTRACT
The experiment was conducted to clarify how biodegradable chelating agent nitrilotriacetic acid (NTA) and
NH4Cl may affect Pb uptake and the development of plant,
and then select appropriate concentration and combination
of NTA and NH4Cl, which can enhance the Pb absorption
in plant and reduce the Pb toxicity to plant. To clarify these
questions, the seedling test of Petunia hybrida Vilm. Exposed to soils containing with Pb, NTA and NH4Cl were
observed. The results demonstrated that NTA and NH4Cl
were all effective on promoting Pb uptake by plant,
especially for NTA, which exhibited strong chelating ability.
The combination of NTA (8 mmol kg-1) and NH4Cl (0.1 g
kg-1) was the most effective on increasing Pb accumulation
in plant. Most NTA treatments could stimulate plant growth
and their toxic effects were not obvious. Ability of NH4Cl
on Pb mobilization and seedling development was weaker
than NTA.

risk of metal leaching and subsequent contamination in
groundwater. Furthermore, they are toxic to soil microorganisms and also induce plant stress [2, 3]. Recently the
easily biodegradable chelating agent nitrilotriacetic acid
(NTA) has been proposed as safe and environmentally
benign in soil washing and chelant enhanced phytoremediation [4]. NTA is less persistent in soils than EDTA, the
reported half-lives is 3 to 7 days [5]. In view of its expected
positive properties, a few studies have been performed with
NTA as the ligand to assist phytoextraction of metals [6, 7].
The bioavailability of metals depends upon their
chemical forms in soils. Fertilizers also can alter soil properties such as soil fertility, pH, and surface charge or directly react with heavy metal ions in soil [8]. Particularly for
NH4Cl, which is commonly used to measure the phytoavailable metal fraction in extraction procedures [9] and
effective on metal mobilization. Moreover, application of
NH4+–containing acidic fertilizers also can meet the N-requirements of plant and increase the total biomass production.
However, the combined effect of NTA and NH4Cl on
phytoremediation is not clear. In this work, the experiment
was conducted to clarify how NTA and NH4Cl may affect
the availability and toxicity of Pb, then select appropriate
concentration and combination of NTA and NH4Cl, which
can enhance Pb absorption in plant and reduce Pb toxicity
to plant.

KEYWORDS:
NTA, NH4Cl, Pb, Phytoremediation

INTRODUCTION
Lead (Pb) contamination in soils has run to serious
degree, which results in many ecological problems and
severe damage to biosphere, especially to human health.
Therefore, it is an urgent and challenging task to remediate
Pb-contaminated sites with appropriate remediation methods
[1].
Most of Pb in soil is firmly bounded to organic matter
or sulphides. Only trace concentrations of this element are
found in soil solution, therefore the low bioavailability of
Pb in soil is the main problem. Chelator-enhanced phytoremediation is an effective and suitable alternative. Some
auxiliary agents for metal uptake, e.g. EDTA, show a low
biodegradation rates and long persistent characteristic in
soils. The application of such chelators may involve a high

MATERIALS AND METHODS
Soils

The tested soil samples were surface soil (0~20 cm),
which is meadow burozem with pH value of 6.5, organic
matter of 1.52% and cation exchange capacity (CEC) of
23.7 mol kg-1. The background concentrations of heavy
metals Cd, Pb, Cu and Zn are 0.15, 14.2, 12.4 and 39.9 mg
kg-1 dry weight, respectively.
Soil treatment and plant experiment

According to the current situation and 1evels of soils
contaminated by heavy metals in northeast China [10], the
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concentration of Pb added to the tested soi1 was 1000 mg
kg-1, which was 2 times as many as its corresponding
criterion value in the third level of the National Soil Environmental Quality Standard of China (GB 15618 1995).
The added form of Pb was solid GR reagent of Pb(NO3)2.
The tested soi1 samples were sieved through a 2 mm
mesh to remove stones and plant materials such as roots
and 1eaves, and then mixed with Pb(NO3)2 and equilibrated for one year.
Petunia hybrida Vilm., a widely used ornament flower,
was chosen as the testing plant for the experiment. It was
demonstrated in our previous study that Petunia hybrida
Vilm. had high tolerant ability to Pb and could be used in
phytostabilization [11], and its seeds germinate very quickly
and the seedlings grow rapidly. The seeds of Petunia hybrida Vilm., commonly called petunia, were bought from
the Huarong Institute of Horticulture in Chifeng.
Fifty gram Pb-contaminated soils were placed in each
culture dish. Ten Seeds were sterilised with 2.5% NaClO,
then washed three times with deionised water and sown
equidistantly in soil. The tested chelator and nitrogenous
fertilizer were nitrilotriacetic acid (NTA) and NH4Cl. All
reagents used in the study were analytical grade and purchased from the Shenyang Second Chemical Factory. A
preliminary experiment showed that the roots and shoots
of the seedlings developed poor when the amount of added
NH4Cl exceeding 0.2 g kg-1, so the concentrations of
NH4Cl used in this experiment were 0.1 and 0.2 g kg-1,
which were expressed as A1 and A2.
NH4Cl were added to soils on the first day. Equal
amount of NTA were daily added into the NH4Cl-treated
soil at six concentrations from the 11th day to 15th day and
the accumulative concentrations of NTA were 1, 2, 4, 6,
8, 10 mmol kg-1, which were expressed as AB1, AB2,
AB3, AB4, AB5 and AB6, respectively. To clarify the
effects of the NTA and NH4Cl themselves, soils only containing NH4Cl (A1 and A2) and NTA (B1, B2, B3, B4, B5
and B6) were also investigated. Distilled water treatment
was also conducted as control (Table 1). All treatments
were replicated trebly to minimize experimental errors.
The petri dishes were placed in a climate-controlled
chamber (light/dark: 16/8 h, 20/14℃) for 15 days. Soil
water capacity was kept at 30% during the test. Afterwards,
petunia seedlings were collected from each dish and washed

with distilled water prior to use. After measuring the root
and shoot length, the seedlings were oven-dried at 105℃
for 30 min, then maintained at 70℃ to constant weight.
The dried tissues obtained were weighed and ground into
powder for the determination of Pb concentration. Ten
petunia seedlings were provided and considered as a single
sample, and three replicated experiments were performed.
Pb analysis was carried out by acid [conc. HNO3 conc.
HClO4 (3:1, v/v)] [12] digestion followed by measurement
using atomic absorption spectrophotometer (AAS, Hitachi
180–80).
Statistical analysis

The statistical packages used throughout this study
were SPSS 11.0 and Excel 2008. Dunnet’s pairwise multiple comparison t test was also used to compare and check
for the statistical significance of observed differences.
RESULTS
Effects of NTA and NH4Cl on Pb concentration in plant

Fig. 1 shows Pb accumulation in the seedlings treated
with NTA and NH4Cl. The results demonstrated that NH4Cl
could increase Pb accumulation in plant. The NH4Cl-only
treatments significantly increased Pb uptake, the accumulation of Pb in seedlings amounted to 552.4 µg g-1 and
702.7 µg g-1. In the NTA-only treatments, the Pb uptake
by plant were all significantly higher than control (P <
0.01), and B5 treatment was the most effective on the enhancement of Pb uptake. Pb accumulation in seedlings
amounted to 755.9, 764.2, 1268.2, 1285.9, 1368.2 and
1133.3 µg g-1, respectively.
As shown in Fig. 1, in the A1Bn treatments, Pb accumulation in the seedlings was higher than NTA and
NH4Cl independent treatments and significantly increased
Pb uptaking in petunia seedlings (P<0.01). Pb accumulation in the seedlings increased in a concentration-dependent
manner with addition of NTA, however, Pb uptake declined at 10 mmol kg-1 NTA. It was an inhibition effect
caused by the redundant chelating agents.
Pb concentration of the seedlings in A2Bn treatments
was also significantly increased in contrast with control,
however, their enhancement effects were weaker than
A1Bn treatments. When the concentration of NTA were 1

TABLE 1 Component and concentration of the mixed soils treated with NH4Cl and NTA
Treatment
NH4Cl (A)
NTA (B)

B1
B2
B3
B4
B5
B6

Concentration
A1
0.1 g kg-1
1 mmol kg-1
2 mmol kg-1
4 mmol kg-1
6 mmol kg-1
8 mmol kg-1
10 mmol kg-1
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A2
0.2 g kg-1
1 mmol kg-1
2 mmol kg-1
4 mmol kg-1
6 mmol kg-1
8 mmol kg-1
10 mmol kg-1
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FIGURE 1 - Pb concentrations in petunia seedlings treated with NTA and NH4Cl. CK: control without added NTA; B1, B2, B3, B4, B5, B6
mean treatments containing 1, 2, 4, 6, 8, 10 mmol kg-1 of NTA; A1 and A2 mean treatments containing 0.1 and 0.2 g kg-1 of NH4Cl. Symbols *
and ** indicate significant difference with control at levels P < 0.05 and 0.01, respectively. The error bars represent standard deviation
values from triplicate cultures.
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FIGURE 2 - Root length of petunia seedlings germinated in each treatment. Abbreviations are as in Fig. 1. Symbols * and ** indicate significant difference with control at levels P < 0.05 and 0.01, respectively. The error bars represent standard deviation values from triplicate
cultures.

and 2 mmol kg-1, the combined effect of NTA and 0.2 g
kg-1 NH4Cl on Pb accumulation was stronger than NTAonly treatments, however, A2B3, A2B4, A2B5 and A2B6
treatments were lower than NTA-only treatments.
Effects of NTA and NH4Cl on Pb toxicity to plant root

Fig. 2 depicts the effect of different concentration of
NTA and NH4Cl on plant root length. In the NTA-only
treatments, B1 (P < 0.01), B2 (P < 0.01), B3 (P < 0.01),
B4 (P < 0.01) and B5 (P < 0.05) significantly improved
the root growth. Whereas adding more NTA, toxic effect
was exhibited. In the B6 treatment (10 mmol kg-1), NTA
inhibited the growth of petunia roots, which means excessive NTA would affect the root elongation and was toxic
to seedling growth. On the other hand, NH4Cl-only treatments (A1 and A2) improved root growth slightly, but
had no significant effects on root length.
In the A1Bn treatments, A1B1, A1B2, A1B3 and
A1B4 improved the growth of roots, especially for A1B1
and A1B2 treatments, in which root length were significantly longer than control. Roots were slightly shorter

than control in A1B5 and A1B6 treatments, but not significantly different from control.
Similarly in the A2Bn treatments, A2B1 (P < 0.01)
and A2B2 (P < 0.05) treatments significantly improved
the root growth, but other treatments had no significant
effects on root length. When the concentration of NTA
was 1 mmol kg-1, the root length was longer than other
treatments. Whereas adding more NTA, root development
was inhibited gradually. The root length in combined
treatment of NTA and NH4Cl was shorter than NTA-only
application.
Effects of NTA and NH4Cl on Pb toxicity to plant shoot

As shown in Fig. 3, the B1 and B2-only treatments
significantly improved the shoot elongation (P < 0.05).
Shoot growth was also increased by A1 and A2 treatments,
especially for the A1-only treatments, which significantly
(P < 0.05) increased the growth of shoots.
In the A1Bn treatments, the shoots treated with A1B1
(P < 0.01), A1B2 (P < 0.05) and A1B3 (P < 0.05) were
significantly longer than control, indicating their signifi-
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FIGURE 3 - Shoot length of petunia seedlings germinated in each treatment. Abbreviations are as in Fig. 1. Symbols * and ** indicate significant difference with control at levels P < 0.05 and 0.01, respectively. The error bars represent standard deviation values from triplicate
cultures.

cant stimulating effect on shoot development. Furthermore,
the shoot length in A1Bn was longer than B-only and
A2Bn treatments when NTA concentration is lower than 8
mmol kg-1. However, more NTA resulted in inhibition for
shoots. In the A1B6 treatment, the shoots were slightly
shorter than control.
In the A2Bn treatments, the shoots were significantly
longer than control in A2B1 treatments (P < 0.05). As for
other treatments of NH4Cl and NTA, they all had no significant effects on shoot elongation (Fig. 3).
DISCUSSION
As shown in Fig. 1, singly applied NH4+ fertilizer
(NH4Cl) significantly increased Pb uptake by plant, which
may be due to the decreasing soil pH caused by NH4Cl.
Gudmundsson et al. [12] assessed the effects of long-term
fertilizer using on soil pH under permanent grassland.
They found ammonium fertilizer decreased the pH from
about 6.4 to 3.8 in the top 5 cm of the soil. In the NTAonly treatments, Pb uptake by plant was significantly
higher than control (P < 0.01). Quartacci et al. [7] also
demonstrated that NTA treatment increased shoot metal
concentrations by a factor of 2–3. For Pb, the order of the
extraction efficiency for equimolar ratios of chelating agent
to metal was NTA >EDDS [6]. In the A1Bn treatments,
Pb accumulation in the seedlings was higher than NTA
and NH4Cl independent treatments. 0.1 g kg-1 NH4Cl synergistically enhanced the effect of NTA on Pb uptake. In
the A2Bn treatments, NTA exhibited synergistic effect to
NH4Cl on Pb uptake. Pb concentration in A2Bn treatments was always lower than A1Bn treatments. The results indicated that redundant NH4Cl would weaken the
ability of NTA on Pb uptake.

protective role against Pb toxicity. Ruley et al. [13] also
demonstrated that growth of Sesbania plants in the presence of Pb + NTA was most significantly higher than the
plants grown in Pb-contaminated soils. NH4Cl-only treatments improved root growth slightly, but had no significant effects on root length. In the complex treatments with
NTA and NH4Cl, 1 and 2 mmol kg-1 NTA significantly
improved the root growth. Shoot length was similar to the
root length, but not as sensitive as roots in response to
NTA. Taking the B1 and B2 treatments without NH 4Cl
for instance, the root length increased 37 and 23% than
control, but the shoot length only increased 8 and 4%,
respectively. The results indicated that the suitable concentration of NTA also stimulated shoot growth, but slighter
than root growth. On the whole, no root or shoot was significantly inhibited with addition of NTA and NH4Cl, and
most treatments were beneficial to plant development.
The result was consistent with the report by Kayser et al.
[14], who demonstrated the cultivar grown on a multiple
metal-contaminated soil (Cd, Cu and Zn) and treated with
NTA did not suffer any decline in dry biomass.
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Fig. 2 and Fig. 3 depict the effect of different concentration of NTA and NH4Cl on plant root and shoot length.
Most NTA-only treatments significantly improved the root
growth, reduced the toxic effects on plants and played a
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INTERACTIVE EFFECTS OF
TEMPERATURE AND SALINITY ON THE RATE
OF CONCENTRATION OF Escherichia coli IN MUSSELS
(Mytilus galloprovincialis) AND OYSTERS (Ostrea edulis)
Mladen Šolić1*, Slaven Jozić1 and Nada Krstulović1
Institute of Oceanography and Fisheries, POB 500, 21000 Split, Croatia

ABSTRACT

INTRODUCTION

Being filter-feeding organisms, bivalves present a potential health hazard to consumers due to pathogens which
may be present in the marine environment. The simultaneous effect of temperature and salinity on the rate of concentration of indicator microorganism Escherichia coli (EC)
in mussels (Mytilus galloprovincialis) and oysters (Ostrea
edulis) was studied in experimental conditions with different concentrations of EC in seawater. The experiments
were carried out in 3000 L tanks and were performed within
the natural range of temperature (12oC, 18oC and 24oC) and
salinity (37 psu and 32 psu) and within the common range
of EC concentration in the coastal Adriatic Sea. In order
to determine the influence of temperature and salinity on
the rate of concentration of EC in bivalves, we used shorttime experiments confined by the periods of linear increase
of concentration of EC in bivalves which lasted between 1
and 3 hrs. The results clearly showed that the rate of EC
concentration in mussels and oysters depended on the concentration of EC in the surrounding seawater and on the
rate of filtration of seawater by bivalves highly controlled
by temperature and salinity. Moreover, the effect of temperature and salinity on concentration rate affected one
another regardless the concentration of EC in tanks. The
rate of EC concentration was significantly higher in mussels than in oysters. In mussels, variations in salinity had
more effect than variations in temperature in bringing about
changes of the concentration rate, whereas in oysters the
result was reversed. Furthermore, in mussels, temperature
had stronger effect in changing concentration rate at salinity of 37 psu than at salinity of 32 psu, whereas in oysters
the result was the opposite.

KEYWORDS: mussel (Mytilus galloprovincialis), oyster (Ostrea
edulis), Escherichia coli, concentration rate, temperature, salinity

The problem of faecal pollution in the coastal seawater has an effect on the sanitary quality of organisms
living in such areas. Being sessile organisms the bivalves
are permanently present in a certain area, and can not
avoid stress situations by active moving. In the process of
food ingestion bivalves can accumulate bacterial contamination and phytoplankton toxins presenting a potential
health hazard to consumers [1-3].
Escherichia coli (EC) is specific indicator exhibiting
a high positive correlation with faecal contamination from
warm-blooded animals. Thus, the concentration of EC in
edible shellfish tissue gives an indication of the potential
health hazard to consumers. Found concentrations of coliform bacteria in bivalves are always a result of complex
physiological processes in bivalves which control rates of
filtration, retention and pseudofaeces production. Bivalve
feeding and metabolism is highly responsive to environmental conditions that include food availability [4-5], flow
rate, size of bivalves or life cycles of bivalves [6]. However, among the most important environmental factors which
control filtration rate in bivalves are temperature and salinity. Bivalves are ectothermic organisms, thus temperature is
the major determinant of their physiological status [7], and
plays an important role in the growth of marine mussels
through feeding activity and physiological energetic [8].
Salinity controls species distribution, but also affects the
physiological processes, such as growth rate and feeding
activity, in marine and estuarine environments [9]. However, interactive effects of temperature and salinity on the
rate of concentration of EC in bivalves were scarcely
investigated.
In this paper, the simultaneous effect of temperature
and salinity on the rate of concentration of Escherichia coli
in mussels (Mytilus galloprovincialis) and oysters (Ostrea
edulis) were studied in experimental conditions with different concentrations of EC in seawater.
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MATERIALS AND METHODS
Shellfish for experiments were taken from the shellfish gardens near the city of Split (middle Adriatic Sea)
and were held at ambient temperature in the laboratory until
use. For the purpose of the experiments Escherichia coli
ATCC 35218 (EC) was obtained from pure culture stored
at the Laboratory of Microbiology in the Institute of Oceanography and Fisheries – Split.
The experiments were carried out in 3000 L tanks with
bivalves of uniform size (6-7 cm for mussels and 7-8 cm
for oysters). In order to acclimatize to the new environment, shellfish were kept in tanks 7 days (10 days in experiments with reduced salinity) before the start of the experiments. In experiments with reduced salinity fresh water
was gradually added until desired salinity was reached.
Each tank was aerated and thermostated at experimental
temperature, and was provided with flowing-through seawater until the beginning of the experiments. Thereafter,
short-term experiments were carried out in well mixed static
system. Each experiment was performed in three replications in a way that 150 bivalve individuals were divided into
three equal parts.
Experiments were carried out in 12 different experimental conditions for each bivalve species, and each experiment was performed in three replications. Experiments
were grouped in six experimental blocks (all experiments
within each block were carried out at the same time)
(Tab. 1). Experiments were performed at three temperatures (12oC - mean winter temperature, 18oC - mean spring
and autumn temperatures and 24oC - mean summer tem-

perature), two salinities (37 psu - typical salinity in the
coastal seawater and 32 psu - common salinity in estuarine areas were shellfish farms are often located) and two
concentrations of EC in tanks („low“ - about 100 EC/100
ml and „high“ - about 2000 EC/100 ml) covering the potential range of EC concentration in the coastal Adriatic Sea.
The numbers of EC in bivalves were checked every
hour, by taking the subsamples, until they reached plateau. The rate of concentration of EC in bivalves (k) was
calculated with equation Nt = N0 ekt, where N0 and Nt are
the numbers of EC in bivalves at the beginning and at the
end of the experiment (when the level-off concentration
was reached), respectively, and t is duration of experiment in hours. In all experiments the period of linear
increase of concentration of EC in bivalves lasted between 1 and 3 hours.
The number of EC in shellfish was determined by the
most probable number method (MPN) (ISO/TS 16649-3),
and in seawater by membrane filtration method (MF)
(ISO/TS 16649-1).
RESULTS AND DISCUSSION
The experiments pointed to the rapid accumulation of
EC in both bivalve species which reached level-off concentrations after 1-3 hours (Fig. 1). The accumulation of EC in
mussels leveled-off at the concentration of about 10000 EC
in 100 g, whereas in oysters at the concentration which was
about an order of magnitude lower. Similar rapid accumulation of EC in mussels was reported for Mediterranean

TABLE 1 - Overview of conditions in which experiments were performed.
Concentration of
EC in tank
“HIGH”

Temperature

Salinity

Species

No. of replications

o

37 psu

Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster
Mussel
Oyster

x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3
x3

24 C

32 psu
18oC

37 psu
32 psu

12oC

37 psu
32 psu

“LOW”

24oC

37 psu
32 psu

18oC

37 psu
32 psu

12oC

37 psu
32 psu
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Experimental
block
BLOCK 1

BLOCK 2

BLOCK 3

BLOCK 4

BLOCK 5

BLOCK 6

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

mussel (Mytilus galloprovincialis) [10], and zebra mussel
(Dreissena polymorpha) [11]. Although the mussels are
most efficient at filtering particles ranging in size from 15
to 40 µm in diameter [12], they have also been observed
to filter particles of bacterial size [13]. The retention of
bacteria by gill structures is enhanced by their adsorption
to fine particulate matter, and this may have special significance for mussels, which are known to feed heavily on
resuspended organic matter. Furthermore, coliform bacteria aggregation contributes to the retention and assimilation of coliforms by mussels [14].

"LOW" CONCENTRATION OF EC
10

Concentration rate (h- 1)

8
7

Salinity = 37

6
5
4
3
2
1
12

5,0

18

24

Temperature ( oC)

4,5

12

18

24

Temperature ( oC)

"HIGH" CONCENTRATION OF EC

4,0

10

3,5

9

3,0

Concentration rate (h -1)

Log E. coli / 100 g

Salinity = 32

0

5,5

2,5
2,0

Mussel
Oyster

1,5
1,0
0,5

Mussel
Oyster

9

0

1

2

3

Time (hours)
FIGURE 1 - Uptake of Escherichia coli by mussels and oysters as a
function of time (mean values ± SD for all 36 experiments)

Furthermore, our experiments showed that an average
rate of EC concentration in mussels (5.75 ± 2.10 h-1) was
statistically significantly higher (t-test: t-value = 5.184; df
= 70; P < 0.0001) than in oysters (2.99 ± 1.38 h-1) (Fig 2).
The study of the filtration rate of eastern oyster (Crassostrea
virginica) and blue mussel (Mytilus edulis) at low temperatures showed similar results [15]. It was found that oysters cleared significantly fewer particles than mussels
(maximum clearance rate was lower by 66% in C. virginica
than in M. edulis). Besides, M. edulis became progressively more tolerant to low temperatures during the course
of the experiment.
The rates of EC concentration in bivalves were also
controlled by temperature and salinity (Fig. 2). In general,
concentration rate increased with temperature but decreased
with salinity in both bivalve species. The effects of temperature and salinity on concentration rate affected one
another regardless the concentration of EC in tanks. In
mussels, temperature had stronger effect in changing concentration rate at salinity of 37 psu than at salinity of 32 psu,
whereas in oysters the result was the opposite. Stated
effect of temperature is in accordance with general finding that filtration rate increases with increasing temperature throughout the natural range of temperature, or increases until it reaches maximum at certain temperature
within natural range [16]. For suspension-feeding bivalves,
low temperature decreases food intake by acting on the
animals’ physiological rates, and also by changing the wa-

8
7
6
5
4
3
2

Salinity = 32

1

Salinity = 37

0
12

18

24

Temperature ( oC)

12

18

24

Temperature ( oC)

FIGURE 2 - Interactive effects of temperature and salinity on the
rate of concentration of Escherichia coli (EC) in mussels and oysters
in conditions of „low“ and „high“ concentrations of EC in tanks
(vertical bars denote 0.95 confidence intervals).

ter’s physical properties, particularly viscosity [17]. For
example, the decrease in temperature from 20oC to 10oC
reduced the filtration rate of Crassostrea gigas and Mytilus edulis by about 25% and of Ostrea edulis by 45% [4].
On the other hand, filtration rate of bivalves often increases in diluted seawater. In diluted seawater oxygen consumption in oyster tissues increased, thus increasing metabolic activity and physiological processes such as pumping
rates [18]. For example, the influx rate and bioaccumulation
of heavy metals in an estuarine oyster (Crassostrea rivularis) and a coastal oyster (Saccpstrea glomerata) decreased
significantly with increasing salinity [19]. In the Adriatic
Sea the fastest growth of mussel (Mytilus galloprovincialis)
is recorded at a temperature of 22-23oC, and salinity of
about 30 psu [20]. Another study showed that optimum
temperature for feeding activities of Mytilus galloprovincialis was not lower than 24oC [6]. Oyster (Ostrea edulis)
tolerated a wide temperature range (2-25oC), and preferred
slightly reduced salinity (between 25 and 35 psu) [21].
Analysis of variance, performed separately for experiments with „high“ and „low“ concentrations of EC in
tanks, confirms significant separate effects of temperature
and salinity on concentration rate (Tab. 2). In mussels,
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TABLE 2 - Results of two-way ANOVA comparing the effects of temperature, concentration of EC in seawater and salinity on the rate
of concentration of EC in bivalves.
Source of variation
“HIGH” CONCENTRATION OF EC
Mussel:
Temperature (T)
Salinity (S)
Interaction (T x S)
Error
Oyster:
Temperature (T)
Salinity (S)
Interaction (T x S)
Error
“LOW” CONCENTRATION OF EC
Mussel:
Temperature (T)
Salinity (S)
Interaction (T x S)
Error
Oyster:
Temperature (T)
Salinity (S)
Interaction (T x S)
Error
**P < 0.01; *P < 0.05

SS

variation in salinity had more effect than variations in temperature in bringing about changes of the concentration
rate, whereas in oysters the result was reversed. In oysters
the effects of these two factors are not simply additive but
are synergistic in their effect, which was not the case with
mussels. That is, statistically significant interaction (dependence of the effect of one factor on the level of the
other) between temperature and salinity suggests that their
simultaneous effect on the rate of EC concentration in oysters is significantly greater than when each of these factors
acts independently. The slopes of linear regression of concentration rate of EC in bivalves on temperature were
strongly influenced by salinity (Fig. 3). In mussels, higher
slopes were obtained at salinity of 37 psu than at 32 psu,
whereas in oysters the result was reversed. Concentration
of EC in tank did not change this pattern, but affected the
values of slope. Analysis of the influence of temperature
and salinity on the uptake of heavy metals by the black-lip
oyster (Saccostrea echinata) showed significant interaction between temperature and salinity [22]. It was reported
that the influence of temperature on accumulation rate was
weaker at lower salinity. Synergistic effect of temperature
and concentration of faecal coliforms in seawater on the
rate of faecal coliforms concentration in oyster Ostrea
edulis was also reported [23].

relative importance of temperature and salinity is shown
by the coefficient of partial correlation (correlation with
one factor when the effect of another was removed) and
beta coefficients (regression coefficients stated in terms of
their standard deviation). Both, partial correlations and beta
coefficients point at the same conclusion. In oysters, temperature was more important than salinity in changing the
concentration rate at both „high“ and „low“ EC concentrations in tanks, whereas in mussels, salinity accounted
for much more of the actual change in concentration rate
than did the temperature, but only at „high“ EC concentration in tanks (Tab. 3). Strong effect of temperature on
the rate of faecal coliforms concentration in oyster Ostrea
edulis was reported in Adriatic Sea [23].

MS

F

P

8.452
32.935
5.435
8.814

2
1
2
12

4.226
32.935
2.718
0.735

5.754
44.841
3.700

0.017696*
0.000022**
0.056017

24.699
6.761
17.016
5.584

2
1
2
12

12.350
6.761
8.508
0.465

26.539
14.530
18.283

0.000039**
0.002467**
0.000228**

14.146
14.523
3.968
7.384

2
1
2
12

7.073
14.523
1.984
0.615

11.494
23.600
3.224

0.001628**
0.000393**
0.075734

13.891
3.613
4.204
3.710

2
1
2
12

6.945
3.613
2.102
0.309

22.462
11.684
6.799

0.000088**
0.005096**
0.010613*

0,5

Slope (temp. vs. conc.rate)

Multiple linear regressions were used to investigate
the combined effect of temperature and salinity on concentration rate of EC in bivalves (Tab. 3). All coefficients
of multiple determination (R2), which measures the overall degree of association between concentration rate and
independent variables, were statistically significant (P <
0.01) and 53% - 71% of the variance in the concentration
rates can be explained with temperature and salinity. The

df

37 psu
32 psu

0,4
0,3

Oyster

Mussel

0,2
0,1
0,0

HIGH

LOW

HIGH

LOW

Concentration of EC in tank
FIGURE 3 - The impact of salinity on the slopes of linear regression
of concentration rate of EC in bivalves on temperature in conditions
of „high“ and „low“ concentrations of Escherichia coli (EC) in tanks
(means ± SE).
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TABLE 3 - Simultaneous effect of temperature, concentration of EC in seawater and salinity on the rate of concentration of EC in bivalves
(rp – coefficients of partial correlation; beta - regression coefficients (b) stated in terms of their standard deviations; b – coefficients of multiple linear regression; R2 – coefficient of multiple determination
Variable
“HIGH” CONCENTRATION OF EC
Mussel:
Temperature
Salinity
Oyster:
Temperature
Salinity
“LOW” CONCCENTRATION OF EC
Mussel:
Temperature
Salinity
Oyster:
Temperature
Salinity

rp

beta

intercept

b

R2

0.609
- 0.835

0.389
- 0.769

23.236

0.140
- 0.541

0.709*

0.722
- 0.479

0.675
- 0.345

8.251

0.239
- 0.245

0.525*

0.745
- 0.749

0.595
- 0.602

13.556

0.181
- 0.359

0.679*

0.783
- 0.547

0.725
- 0.377

4.922

0.176
- 0.179

0.623*

*P < 0.01

CONCLUSION
This study clearly showed that the rate of EC concentration in mussels and oysters depends on the concentration of EC in the surrounding seawater and on the rate of
filtration of seawater by bivalves, which is highly controlled by temperature and salinity. Moreover, the effects
of temperature and salinity on concentration rate affected
one another and these patterns were not influenced by
concentration of EC in surrounding seawater. The rate of
EC concentration was significantly higher in mussels than
in oysters. In mussels, variation in salinity had more effect
than variations in temperature in bringing about changes of
the concentration rate, whereas in oysters the result was
reversed. Furthermore, in mussels, temperature had stronger
effect in changing concentration rate at higher salinity,
whereas in oysters at lower salinity.
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ABSTRACT
A fungal strain with high Cr(VI) reduction potential
was isolated from a heavy metal-contaminated soil by batch
enrichment culture techniques. The isolated fungus was
identified as Fusarium lichenicola by the D1/D2 domain
sequence of its 28S rDNA gene. The Cr(VI) reduction process catalyzed by F. lichenicola was characterized in batch
cultures conducted at initial Cr(VI) concentrations ranging from 0.56 to 3.63 mM. The fungus showed remarkable capacity to reduce very high concentrations of Cr(VI)
(2.89 mM) completely, under aerobic conditions. The highest volumetric rate of Cr(VI) reduction was approximately
1 mg L-1 h-1 and it was attained at initial Cr(VI) concentrations ranging from 0.56 to 2.06 mM; however, at higher
Cr(VI) concentrations, the volumetric rate decreased, probably due to Cr(VI) toxicity. The characteristics exhibited
by this F. lichenicola strain make it potentially useful in
biotechnological processes for remediation of Cr(VI)-laden
wastewaters.

KEYWORDS: Hexavalent chromium [Cr(VI)], Cr(VI) reduction,
filamentous fungus, Fusarium lichenicola.

To diminish the toxic effects of Cr(VI) upon living organisms, the molecule can either be transferred to another
phase [12] or reduced to trivalent chromium [Cr(III)],
which is 100 times less toxic [13] and 1000 times less
mutagenic [14], and is also less water-soluble and less mobile than the hexavalent form of the metal. Trivalent chromium is required in trace amounts for sugar and lipid metabolism, and for the utilization of amino acids [11]. Thus,
reduction of Cr(VI) to Cr(III) is an essential process for
remediation of contaminated ecosystems and for the cleanup
of industrial effluents contaminated with the hexavalent
metal.
Cr(VI) reduction to Cr(III) may be chemical or biological; nevertheless, the biological form is a better option
because costs are lower and it generates less amounts of
sludge [15, 16].
Most assayed microorganisms are capable of reducing
only low Cr(VI) concentrations [17] which makes the biological treatment of Cr(VI)-contaminated wastewaters inefficient [18]. An essential requirement for efficient bioremediation of contaminated soil and water would be that
the employed microorganisms could tolerate and reduce
high Cr(VI) levels [19], since this would keep treatment
costs and metal toxicity low.
The present work reports on the isolation, identification and characterization of the fungal strain Fusarium
which shows high resistance to Cr(VI) and efficient reducing capacity of the metal to Cr(III).

INTRODUCTION
Hexavalent chromium [Cr(VI)] compounds, mainly
chromates and dichromates, are extensively used in industrial processes such as electroplating, and in the production of dyes, pigments and paints, photographic film and
automotive parts [1]. Large volumes of wastes generated
by inadequate management have led to the pollution of air,
water and soil with chromium compounds [2-7].
The heavy metal Cr(VI) is highly toxic for humans
since it is a strong oxidizing agent [8]. In mammals, it has
been reported as mutagenic, carcinogenic and teratogenic
[9-11].

MATERIALS AND METHODS
Inoculum source

The inoculum source was contaminated soil with Cr(VI)
concentration of 170 ± 5 mg kg-1 (Cunduacan, State of
Tabasco, Mexico).
Culture media

The basal culture medium composition was as follows:
10 g L-1 glucose; 3 g L-1 NH4(SO4)2; 1 g L-1 KH2PO4; 0.3 g
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L-1 MgSO4·7H20; 0.1 g L-1 KCl; 0.1 g L-1 yeast extract;
0.05 g L-1 CaCl2, and 1 mg L-1 FeCl3 [20]. The culture
medium was autoclaved at 121 °C for 20 min and subsequently left to cool down to room temperature. Later, a
predetermined volume of sterile stock solution containing
20 g L-1 K2CrO4 (99.9% purity) was added to obtain the
desired Cr(VI) concentration. Initial pH of all culture media
was 6.0 ± 0.1.
Enrichment and isolation

The batch-culture enrichment technique was used to
search for a pure or mixed microorganism culture capable
of removing Cr(VI) from aqueous solutions.
Into an Erlenmeyer flask containing 100 ml of culture
medium with an initial concentration of 1 mM (51.99 mg
L-1) Cr(VI), 3 g of the inoculum source was added and
kept at 30 °C for 72 h with constant shaking (54 cycles
min-1). Small culture volumes (3 ml) were used to successively inoculate flasks containing fresh enrichment medium
at initial 1 mM Cr(VI) concentration, which were incubated under the above-mentioned conditions until Cr(VI)
removal became evident upon measuring Cr(VI) concentration of filtered aliquots (5 ml).
Next, the Cr(VI) concentration was progressively increased to 2, 2.5 and 3 mM (104, 130 and 156 mg L-1) to
enrich the culture with the microbial species possessing
the highest capacity to tolerate and remove Cr(VI). Cultures of each Cr(VI) concentration were resown every 72 h
during 1 month. All resowing procedures were performed
under sterile conditions.
After the enrichment procedure, microbial culture was
observed with a light microscope at 100 X (Axiophot,
Zeiss, Germany). A filamentous fungus and a yeast were
found to form the microbial-enriched culture. The two microorganism species were separated by repeated culture
cycles in basal liquid medium and in Petri dish cultures
using potato dextrose agar (filamentous fungus) and
Sabouraud agar (yeast). Yeast colonies and individual spores
of the filamentous fungus were isolated and their purity
was corroborated with optical microscope by careful examination of the colony and conidial morphology.
Then, Cr(VI) removal ability of the pure yeast and filamentous fungus cultures was analyzed in separate liquid
culture media with initial Cr(VI) concentration of 1 mM.
The yeast culture was able to grow but did not to remove
Cr(VI). In contrast, the filamentous fungus was able to
grow and to remove Cr(VI) when repeatedly sub-cultured
in the liquid medium. Therefore, the isolated fungal strain
was used in subsequent studies.
Morphological observations and identification

Morphological observations were made in pure cultures of the isolated fungus grown on potato dextrose agar
at 25 °C with diffuse daylight. The major microscopic characteristics were observed on the most complex conidiophores developing at the conidiation areas, usually 5 days
after inoculation.

A pure culture of the isolated fungal strain was grown
in liquid shaking culture (54 cycles min-1) at 28 °C in
basal culture medium for 48 h. Genomic DNA was extracted
using the Nucleon Phytopure Plant and Fungal DNA Extraction kit, according to the manufacturer´s instructions
(Amersham Pharmacia Biotech). The D1/D2 domain of the
28S rDNA gene was amplified by polymerase chain reaction (PCR) using NL1 and NL4 primers [21]. PCR amplification was performed in a total volume of 26.5 µl in a
thermocycler (Applied Biosystems 2400). Each PCR mixture contained 1 µl of template DNA (45 µg ml-1), 2.5 µl of
10X Taq DNA polymerase buffer (Bioline), 0.75 µl of
50 mM MgCl2 solution, 0.5 µl of each deoxynucleoside
triphosphate (10 mM), 0.125 µl of Taq DNA polymerase
(5 U ml-1), 18.125 µl of deionized water, and 1 µl of each
primer (10 mM).
Amplification was carried out under the following
conditions: One cycle of 5 min initial denaturation at 94 °C,
followed by 35 cycles of 1 min at 94 °C, 1 min at 55 °C,
and 2.5 min at 72 °C, as well as a 10 min final extension
step at 72 °C in the last cycle. The PCR product was purified by means of the QIAquick Gel Extraction kit (Qiagen
Inc., Valencia, CA). A sample (5-10 µl) of the PCR product
was analyzed by electrophoresis in 1% agarose gel with 1X
TAE buffer. Electrophoresis was performed at 80 V for
40 min. The gels were soaked in ethidium bromide solution
(0.5 µg ml-1) and visualized in a transilluminator under UV
light.
The purified PCR product was sequenced with an ABI
PRISM 310, Genetic Analyzer PE (Applied Biosystems,
Foster City, CA) using the NL1 and NL4 primers. The
28S rDNA sequence determined in this work was compared with known sequences from the National Center for
Biotechnology Information (NCBI) database using the Basic
Local Alignment Search Tool (BLAST) algorithm to identify the most similar sequence.
Inoculum

The isolated filamentous fungus was propagated in 1-L
Erlenmeyer flasks containing 200 ml of basal culture medium (without Cr(VI)), with constant shaking at 54 cycles
min-1, 28 ºC for 72 h. The mycelium was aseptically separated by filtering through nylon mesh, then washed twice
with basal culture medium and resuspended in a small
volume of the same culture medium [22, 23]. The resulting
cell suspension was used as inoculum in the Cr(VI) removal
experiments.
Cr(VI) and total chromium removal

The isolated fungus was experimentally tested in batch
cultures to determine its potential to remove Cr(VI). It was
performed in 1-L Erlenmeyer flasks which were added with
200 ml culture medium amended with different mM concentrations of Cr(VI): 0.56, 0.99, 1.45, 2.06, 2.33, 2.89
and 3.63. A volume of the previously obtained fungal cell
suspension was added to obtain an initial biomass concentration of approximately 1 mg ml-1. Cultures were incubated
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with constant shaking (54 cycles min-1) at 28 °C, and initial
pH of 6.0 ± 0.1. Control cultures were tested simultaneously, biomass-free and heat-killed biomass (twice sterilized at
121 °C for 20 min) cultured at the concentrations of
Cr(VI) mentioned before and at pH values ranging from
4.0 to 6.0 ± 0.1. Samples were periodically collected and
residual Cr(VI) and total chromium concentrations were
determined.
In addition, viable cells were cultured in media lacking the carbon and energy source (glucose and yeast extract). These experiments were performed at Cr(VI) concentrations described above (0.56 - 3.63 mM) and at different pH values (4.0, 5.0 and 6.0 ± 0.1). Cell-free controls
were used to detect if the medium’s components could
chemically reduce Cr(VI) to Cr(III), heat-killed biomass
controls were included to test if chromium would be adsorbed to the fungal biomass, and viable cell controls in
media free of carbon and energy source were used to
examine if Cr(VI) removal required cellular metabolic
activity.
Hexavalent chromium removal performance of the
fungal strain: removal efficiency (E, %) and volumetric
rate (Rv, mg Cr(VI) l-1 h-1) was evaluated according to previous reports [24, 25].
All experiments in this study were performed in triplicate and average values are reported herein. The maximum variation coefficient of the three replicates was 3.9%.
Analytical techniques

Culture samples were filtered through pre-weighed 1.6µm filters (Whatman GF/A). Obtained filtrates were used to
determine residual Cr(VI) and total chromium concentrations.
Hexavalent chromium concentrations in aqueous solution were determined by a colorimetric method using a
Genesys™ 10-UV-Visible spectrophotometer (Thermo
Scientific), following the procedures described in the Hach
Water Analysis Handbook [26]. Cr(VI) in the filtrates was
measured by the 1,5-diphenylcarbohydrazide method, using
a single dry powder formulation called Chromaver3™
Chromium Reagent. This reagent contains an acidic buffer
combined with 1,5-diphenylcarbohydrazide, which reacts
to give a purple color when hexavalent chromium is present. Color intensity was directly proportional to the amount
of hexavalent chromium present. Total chromium in solution was determined by atomic absorption spectrophotometry (SpectrAA220 FS, Varian, Inc.) with an acetylene-air
flame [27]. Total chromium levels were then compared to
those of non-inoculated controls.
Hexavalent and total chromium concentrations were
proportional to their optical absorbance, and quantified by
external standards with a 10-point calibration curve.
To determine total chromium uptake by the fungal biomass, washed cells were mineralized with concentrated
HNO 3, then cooled and made up with deionized water to
a final volume of 50 ml [27]. The solution was analyzed

to determine total chromium by electrothermal atomic absorption spectrophotometry (SpectrAA220 FS, Varian, Inc.)
with a graphite furnace and a chromium hollow cathode
lamp [27].
RESULTS AND DISCUSSION
Isolation and identification of a filamentous fungus capable
of removing Cr(VI) from aqueous solutions

A binary mixed culture formed by a filamentous fungus and a yeast strain was obtained by applying increasing
Cr(VI) concentrations (1 - 3.0 mM).
The yeast was biochemically identified as Candida
glabrata by automated Vitek 2 and API 20C systems (BioMérieux, Inc.). This yeast tolerated the presence of Cr(VI)
in the culture media, but did not remove it. In contrast, the
filamentous fungus tolerated and completely removed 1 mM
Cr(VI) when repeatedly cultured in aqueous medium. Based
on these results, subsequent experiments were only performed with the isolated filamentous fungus.
The fungus grew rapidly (6 cm in 5 days at 25 ºC) in
potato dextrose agar. The aerial mycelium was dense, initially white in color which later turned to pink. The colony
reverse was pink at the beginning and later grew crimson.
No microconidia were observed and macroconidia were
short and robust, clearly septed, moderately curved and with
thick walls. Its conidiophores were not branched and they
formed a single phialide. Chlamydoconidia were present
in moderate amounts and were either isolated, in chains,
or in groups. These characteristics are typical of Fusarium
[28, 29].
Sequence analysis of the 28S rDNA gene D1/D2 domain of the fungal strain revealed that it is closely related
to Fusarium lichenicola (NCBI Sequence Viewer, accession number AY097325) with 99% similarity. To the best
of our knowledge, this is the first report establishing that
Fusarium lichenicola can tolerate and reduce Cr(VI).
Effect of Cr(VI) on chromate reduction by F. lichenicola

Cr(VI) removal by F. lichenicola was characterized in
batch cultures containing culture medium amended with
increasing Cr(VI) concentrations from 0.56 to 3.63 mM
(29.11 – 188.72 mg L-1).
Figure 1 shows the variation profiles of residual Cr(VI)
concentrations. F. lichenicola was capable of removing altogether the Cr(VI) present in culture media concentrations
ranging from 0.56 to 2.89 mM (29.11 - 150.25 mg L-1), i.e.
100% overall Cr(VI) removal efficiency within this concentration interval (Fig. 2). However, at higher Cr(VI) concentration (3.63 mM), the fungus was able to remove only
30.8% of Cr(VI) in 210 h of incubation (Figs. 1 and 2).
This fall in Cr(VI) removal efficiency was attributed to
the high toxicity of the metal, even at low concentrations,
which can cause cell damage and loss of cellular viability
[18].
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FIGURE 1 - Profiles of residual Cr(VI) concentration vs. time of incubation in batch cultures of Fusarium lichenicola
(Initial Cr(VI) concentration: ♦, 0.56 mM; ■, 0.99 mM; ▲, 1.45 mM; ×, 2.06 mM; ◊, 2.33 mM; □, 2.89 mM; ∆, 3.63 mM).

Cr(VI) toxicity is believed to be caused by the negatively charged chromate oxyanion, which can be easily
transported into microbial cells by the sulphate transport
system. Once inside the cells, the chromate oxyanion is
believed to undergo immediate reduction reactions leading to the formation of various reactive intermediates,
which are harmful to cell organelles, proteins and nucleic
acids [30].
Even though residual Cr(VI) concentration progressively diminished as incubation time increased (Fig. 1),
no significant changes were detected in total chromium
concentration in solution throughout the F. lichenicola
incubation period, regardless of initial Cr(VI) concentration. In fact, more than 98% of the total chromium initially added to the culture media was always present in the
solution.
The pH of the culture media was decreased from 6.0
± 0.1 to values between 4.3 and 5.2. Since low pH values
favor Cr(VI) reduction by organic matter (electron donors) and chromium adsorption by cells [31], the present
study included experiments at different pH values (4, 5
and 6.0 ± 0.1) and various Cr(VI) concentrations (0.56 –
3.63 mM) in the absence of living biomass to determine if
pH was affecting chromium removal. No measurable
changes in Cr(VI) or total chromium concentration were
detected along 210 h of culture incubation, neither in the
cell-free nor in the heat-killed cell controls at all tested pH
values and different Cr(VI) concentrations. This indicates
that neither Cr(VI) reduction by the culture medium components nor adsorptive removal of Cr(VI) by intact F.
lichenicola cells were significant in these experiments. In
addition, no chromium was detected in the filamentous

fungal biomass, which indicates that the fungus did not
accumulate the metal.
The above observations indicate that F. lichenicola is
able to reduce Cr(VI) to forms of lower valency. As the
more stable forms of chromium are the trivalent and the
hexavalent forms [26, 32], it seems most likely that the
fungus was capable of transforming the highly toxic and
soluble hexavalent chromium to the much less toxic and
less mobile trivalent form [22-25].
Incubation of F. lichenicola cells in culture media without carbon and energy source (media without glucose and
yeast extract) at all assayed Cr(VI) concentrations showed
no changes in Cr(VI) or total chromium concentration,
which demonstrates that a carbon and energy source is necessary for Cr(VI) reduction and it was, therefore, the consequence of the F. lichenicola metabolic activity.
The isolated strain of F. lichenicola was able to reduce
completely Cr(VI) concentrations up to 2.89 mM. This
value is similar to Cr(VI) concentrations reduced by Candida sp. LMB2 [33] and higher than those reported for
Candida maltosa [32], Aspergillus flavus, A. terreus, A.
tamarii [34], Phanerochaete chrysosporium [35], Trichoderma viride [20], Aspergillus sp., Penicillium sp. [36],
Trichoderma inhamatum [22], and for diverse pure bacterial cultures and bacterial consortia [1, 8, 17, 18, 37, 38].
However, it should be mentioned that the microbial Cr(VI)
resistance and Cr(VI) reduction parameters are dependent
on culture medium composition and cell density [11, 39].
Figure 3 shows that the time required by F. lichenicola
to completely reduce Cr(VI) grew linearly as initial concentration increased. A qualitatively similar behavior has been
reported for Pseudomonas fluorescens, Bacillus sp. [40],
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FIGURE 2 - Cr(VI) removal efficiency vs. initial Cr(VI) concentration.

FIGURE 3 - Time required to reduce total Cr(VI) content in culture media vs. initial Cr(VI) concentration.

FIGURE 4 - Volumetric rate of Cr(VI) reduction vs. initial Cr(VI) concentration.
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Enterobacter cloacae [38], Escherichia coli [37], Trichoderma viride [20] and T. inhamatum [22].
Overall volumetric rate of Cr(VI) reduction exhibited
by F. lichenicola remained practically constant at 1 mg L-1
h-1 within the concentration interval of 0.56 - 2.06 mM
Cr(VI) (Fig. 4). At higher Cr(VI) concentrations, the
volumetric rate decreased, and this could be due to metal
toxicity. In a study performed with a bacterial consortium,
Chirwa and Wang [41] found that the average rate of
Cr(VI) reduction increased as the initial Cr(VI) concentration was rising, reaching a maximum rate of 0.95 mg
Cr(VI) L-1 h-1 at 0.385 mM. Higher initial concentrations
showed a decrease in volumetric rate of Cr(VI) reduction,
and this was ascribed to toxicity effects. In contrast, the
volumetric Cr(VI) reduction rate of Phanerochaete chrysosporium decreased as the initial Cr(VI) concentration
increased from 0.01 to 0.4 mM, reaching a maximum of
0.11 mg L-1 h-1 at initial concentration of 0.01 mM [35].
Gouda [34] reported that cultures of Aspergillus flavus
and Aspergillus terreus completely reduced 2 mM Cr(VI)
after 8 days of incubation, which results in a volumetric
rate of Cr(VI) reduction of about 0.54 mg L-1 h-1. Likewise, Penicillium sp. and Aspergillus sp. were able to
reduce 0.96 mM of Cr(VI) completely after 72 h of incubation, which gives a Cr(VI) reduction rate lower than
0.694 mg L-1 h-1 [36]. Studies with T. inhamatum at initial
Cr(VI) concentration of 1.3 mM showed a volumetric
rate of Cr(VI) reduction of 0.75 mg L-1 h-1 [22], and with
T. viride at initial Cr(VI) concentration of 1.6 mM, a
Cr(VI) reduction rate of 0.72 mg L-1 h-1 [20].
These results clearly show that the presently isolated
strain of F. lichenicola reduces high Cr(VI) concentrations at high rate, which makes it potentially useful for
bioremediation processes of industrial wastewater effluents contaminated with Cr(VI).
CONCLUSIONS
The strain of Fusarium lichenicola isolated by enrichment culture techniques possesses remarkable capacity to tolerate and reduce very high Cr(VI) concentrations
and could, therefore, be potentially useful for detoxification of industrial wastewaters contaminated with Cr(VI).
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ABSTRACT

wastewater discharges account for 32.5% and 67.5%, respectively [2].

A preliminary non-carcinogenic risk assessment was
performed on seven metals in source water of 22 tap water treatment plants (WTPs) along the lower reach of the
Yangtze River, based on chemical analyses during 20072009. Among the metals, Fe was the pollutant with the
highest concentration (114.2 µg L-1) and Pb contributed the
most (34.5%) to the hazard index (HI) of the 22 WTPs,
followed by Cr (30.3%) and Cd (18.4%), suggesting that
the three metals may be of serious health concerns for local
residents. The level of each metal could meet the related
criteria of China and USA, except for Pb. Both hazard
quotients of individual metals and HI of total non-carcinogenic risk in each WTP were below 1.0, suggesting that
these pollutants posed little hazard to local residents. Temporal and spatial comparisons showed that high HIs more
frequently occurred in low water seasons, and Jiangpu
WTP had the highest HI, followed by Jiangning and
Taichang. This study may provide some baseline information for the authorities to regulate and control the discharge of the metals into the Yangtze River, and serve as
a basis for comparison to other rivers in the world.

KEYWORDS: Non-carcinogenic risk assessment, metallic element, the Yangtze River, source water

INTRODUCTION
The Yangtze River is the third longest river in the
world, and the river basin supports one third of China's
population and contributes about 40% of the national gross
domestic product of China [1]. As a result of economic
development, wastewater discharge has increased greatly
in recent years. It is estimated that about 3.2 ×1010 tons of
wastewater was discharged along the Yangtze River in
2007, among which domestic sewage and industrial

Most people living along the Yangtze River are using
the river water as source of drinking water, but various
pollutants, including polycyclic aromatic hydrocarbons [3],
polychlorinated biphenyls [4], and heavy metals [4, 5], have
been detected in this river. Although some of these pollutants in the river water are present at trace levels, they can
also induce adverse effects on humans and wildlife, such
as cancer [6, 7] and reproductive disorders [8]. Previous
investigations have shown that the metals in the Yangtze
River pose a potentical risk on eco-safety and public health
[9, 10], since many of them, e.g. lead, cadmium and chromium, are easily bio-accumulated in aquatic food chains
[11, 12] and cause damage to the nervous system [13],
and disruption of the immune system [14].
Many researches have been conducted to investigate
the toxicities induced by individual metals, but limited
reports are available about the comprehensive risk induced
by the mixed chemicals. As a generally-accepted health
risk assessment method, the non-carcinogenic risk assessment model recommended by the U.S. Environmental Protection Agency (USEPA) has been widely used for assessment of health risks induced by the metals in various environments, including Cr, Mn, Zn and Fe in water wells of
Saudi Arabia [15], Pb in leachate of ash monolithic landfills
in Taiwan [16], and Hg, Pb, Cd, Zn and Cu in foodstuff of
an industrial area in China [17]. Currently, most concerns
are focused on the quantitative detection of heavy metals
in water and sediments of the Yangtze River [1, 18]. However, little information is available about the health risk
induced by the metals in the source water of the river.
In the present research, a preliminary non-carcinogenic
risk assessment on the metals of Cr, Fe, Mn, Zn, Cd, Pb
and Hg in source water of 22 tap water treatment plants
(WTPs) along the lower reach of the Yangtze River is performed, based on the chemical survey during 2007-2009.
This is the first study to assess the health risk caused by
metals in source water of the Yangtze River, and investi-
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gate temporal and spatial variations of these risks. This
work may provide some baseline information for the authorities to regulate and control the discharge of the metals
and serve as a basis for comparison to other rivers both in
China and the world.
MATERIAL AND METHODS
Sample collection

Source water samples were collected from 22 WTPs
along the lower reach of the Yangtze River located between 32° 11.5’ (N), 119° 38.3’ (E) and 31° 17.3’ (N),
121° 33.7’ (E) (Fig. 1). Source water sampling (1 L) was
performed in triplicate for a total of 11 times, once for
every three months from February 2007 to August 2009.

5%. The limits of detection were 0.002 µg L-1 for Cr, Fe,
Hg, Mn and Pb; 0.005 µg L-1 for Cd; and 0.01 µg L-1 for
Zn.
Non-carcinogenic risk assessment

Non-carcinogenic risk assessment was conducted based
on the reliable exposure pathways of contaminants [19, 20].
The metal pollutants in water were considered to be exposed to the human body mainly through (1) direct ingestion of water consumption, and (2) dermal absorption of
contaminants in water adhered to exposed skin. According
to USEPA [19], the exposure doses through ingestion and
dermal absorption were calculated by Eqs. 1 and 2, respectively:

Di =

Chemical analysis

A 10-ml sample was filtered through a cellulose acetate membrane filter (0.2-µm-pore-size) and acidified
with 30 µl of HNO3 before analysis of dissolved trace
elements, including Cr, Fe, Mn, Zn, Cd, Pb and Hg. Metallic elements were analyzed with the HRICP-MS (High
Resolution Inductively Coupled Plasma - Mass Spectrometry, Agilent 7500, USA) and ICP-AES (Inductively
Coupled Plasma – Atomic Emission Spectroscopy, JarrellAsh 1100, USA). The robustness of the measurements was
assured by cross-evaluation between different methods, e.g.
ICP-AES versus HRICP-MS. The results of cross-checking
agreed within ± 5%. Calibration curves had R2 = 0.999
and standard deviations of triplicates were always below

Dd =

Cw × IR × EF × ED
BW × AT

Cw × SA × K p × ET × EF × ED × CF
BW × AT

(1)

(2)

where Di (µg kg-1 day-1) = exposure dose through ingestion of water; Dd (µg kg-1 day-1) = exposure dose through
dermal absorption; Cw (µg L-1) = concentration of metals in
drinking water; IR (L day-1) = ingestion rate; EF (day
year-1) = exposure frequency; ED (year) = exposure duration - in this study, 70 years; BW (kg) = average body
weight; AT (day) = averaging time - in this study, 9,365
days; SA (cm2) = exposed skin area; Kp (cm h-1) = dermal
permeability coefficient; ET (min day-1) = exposure time
during bathing and shower; CF = unit conversion factor.

FIGURE 1 - Source water sampling locations of 22 drinking water treatment plants along the lower reach of the Yangtze River.
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The hazard quotient (HQ) was calculated by Eq. 3 to estimate non-carcinogenic risk [19]:

HQ =

D
RfD

(3)

where D (µg kg-1 day-1) = the exposure dose obtained
from Eqs. 1 and 2; RfD (µg kg-1 day-1) = reference dose of
the contaminant. The values of ingestion reference dose
(RfDi) were obtained from USEPA [21]. RfDi was multiplied by a gastrointestinal absorption factor to yield the corresponding dermal absorption reference dose (RfDd) [19].
To assess the overall non-carcinogenic risk posed by
all metals in one WTP, the HQ of each chemical was
summed and expressed as hazard index (HI) by Eq. 4 [19]:
n

HI = ∑ HQi

(4)

i =1

WSTs, the concentration was around 2.2 µg L-1 during
2007-2009 (Fig. 2a). However, previous studies showed
that there was no significant spatial difference among the
total concentrations of 19 metals in six sampling sites of
the Yangtze River at Nanjing Section [23]. The concentrations of the metals in water environments were elevated
promptly through waste disposal, smelter stacks, atmospheric deposition, fertilizer and pesticide use, and the application of sewage sludge in agriculture [17]. The levels of
metals in river water are not only influenced by anthropogenic activities, but also modified by the interactions with
physiochemical processes, including water current, temperature, precipitation and other factors [25]. A limited water-exchange facilitates the heavy metals being absorbed in
bottom sediments, which is promoted by anaerobic conditions and low pH [26]. The alternations of these environmental factors may result in the temporal and spatial variations of the levels of the pollutants in the Yangtze River.
Non-carcinogenic risk assessment of the metals

Statistical analysis

Data obtained from this study were analyzed by computer-assisted statistics using Excel 2003 (Microsoft Co.,
USA). The least significant differences test was used to
measure the difference of the metal levels and health risks
among the 22 WTPs. An analysis of variance (ANOVA)
was carried out to assess the homogeneity of variance and
p <0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Metals in source waters of the Yangtze River

In this study, we analyzed the concentrations of seven
metals in the surface water of 22 WTPs along the lower
reach of the Yangtze River during 2007-2009 (Fig. 2).
Average concentrations of Cr, Fe, Mn, Zn, Cd, Pb and Hg
were found to be 3.8, 114.2, 14.6, 16.9, 0.45, 3.8 and
0.025 µg L-1, respectively (Fig. 2). The concentrations of
the metals in the Yangtze River determined in this study
were in accordance with Müller et al. [22], with exception
that the level of Fe was relatively lower in this study. Wu
et al. [23] quantified 19 metals in the Yangtze River at
Nanjing Section, and found that Fe was the one with the
highest concentration. However, Yang et al. [18] indicated
that Cd was the metal with higher contamination level than
Zn and Cu in the mainstream at Wuhan Section. The level
of each metal determined herein could meet the related
criteria of China [24], but the concentration of Pb in each
sampling site exceeded the standards of USEPA [21]. A
health risk has potentially arisen with lead pollution recorded in water and sediments of the Yangtze River Basin,
China [25].
Significant variations were found in both temporal and
spatial distributions of the metals in the Yangtze River (Fig.
2). For example, the average concentration of Cr in source
water of WST 20 was 20.0 ± 3.9 µg L -1 in 2007, and decreased to 5.5 ± 3.9 µg L-1 in 2009, but in most of other

So far, few researches have been carried out to investigate the non-carcinogenic effects induced by the metals
in the Yangtze River water, and the information is limited
about the comprehensive toxicity induced by these metals.
With the above experimental results, a non-carcinogenic
risk assessment on the metals in the source waters of the
22 WTPs was performed. HQ of each metal was summarized in Table 1 based on the oral consumption (HQi) and
dermal absorption (HQd) of water. Both HQs (the sum of
HQi and HQd) of individual metals and HI of total noncarcinogenic risk in each WTP were lower than 1, the
non-carcinogenic hazard index suggested by USEPA [21],
demonstrating that these pollutants posed little hazard to
local residents.
Among the seven analyzed metals, Pb contributed the
most (34.5%) to the average HI of 22 WTPs, followed by
Cr (30.3%) and Cd (18.4%), suggesting that the three metals may be of serious health concern for the residents around
the lower reach of the Yangtze River. Previous studies
showed that Cr enrichment in the sediments of the Yangtze
River intertidal zone was widespread [1], and sequence of
the potential ecological risk posed by the metals in sediments of the Yangtze River at Wanzhou Section was Cd >
Pb > Cu > Zn > Cr [9]. Liu et al. [27] detected the concentrations of Pb, Cr, Cd and Zn in anchovy of the Yangtze River Basin, and found that Cr was the only metal
having a higher concentration over the Chinese National
Standard. An increasing number of reports showed that
lead was frequently detected in drinking water or source
water. Epidemiologic and experimental evidence demonstrated that exposure to lead and mercury causes the development of amyotrophic lateral sclerosis in the Chamorro indigenous people of Guam [13]. Lung, kidney and
bone effects have been detected in people exposed to
cadmium [28], and very low exposure levels to cadmium
may give rise to renal dysfunction among sensitive subsets of human populations, such as diabetics [29]. Therefore, more concern should be focused on the contamina-
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FIGURE 2 - Concentrations of Cr, Fe, Mn, Zn, Cd, Pd and Hg in source water of 22 drinking water treatment plants along the lower reach
of the Yangtze River.

tion of Pb, Cr and Cd in the source water from the Yangtze River.
Temporal and spatial variations of HIs

The significant changes of the levels among the metals resulted in temporal and spatial variations of HIs for
the source water in the lower reach of Yangtze River. Comparison of HIs among the 22 WTPs showed that Jiangpu
(WTP 4) was the location with the highest HI, followed
by Jiangning (WTP 1) and Taichang (WST 20), while
Yangzhong (WTP 10) had the lowest HI, demonstrating that
the consumers around the WTPs of Jiangning, Jiangpu
and Taichang are suffering more health risks (Table 1). In
Jiangning, Pb was considered as the most hazardous metal
which contributed 66.2% to the total HI of the WTP. The
non-carcinogenic risk induced by Cr accounted for 50.0%
and 67.0% in the total HIs of Jiangpu and Taichang, respectively. Along the Yangtze River, the three WTPs of
Jiangpu and Taichang are located near downstream economic development zones or chemical industrial parks. A
great number of large-scale electronic, machinery, petroleum and chemical industries have entered into the areas
[30], and plenty of metallic pollutants were probably released into these sections of the Yangtze River, which con-

tributes to the higher HIs. The lower health risk obtained
in Yangzhong resulted from the relatively fewer industrial
activities around this WTP compared with other areas
along the lower reach of Yangtze River [31].
A further analysis on the temporal variations for the
three WTPs of Jiangning, Jiangpu and Taichang showed
that HI fluctuated dramatically with seasonal change (Fig.
3). The highest HI occurred in 2009 for Jiangning, while
Taichang had the lowest HQs in the same year. On the
whole, high HIs were more frequently found in winter or
spring, since the pollutants were more easily concentrated
in these low flow periods [32]. Li et al. [10] found that Fe,
Mn, and Zn were concentrated significantly by Onchidium
struma in summer or autumn, while Cd, Cr, and Pb were
more likely to be bio-concentrated in spring and winter.
Thus, more attention needs to be paid to seasonal variation of the distribution of the metals in water and aquatic
organisms in the Yangtze River.
It should be noted that the assessment methods used
in this study contain some possible uncertainties. Differences in consumer age and exposure conditions might also
result in different risks [20]. The RfD obtained from US
EPA might not apply for Chinese [33]. The distribution of
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TABLE 1 - Hazard quotients (HQs) of individual metals and hazard index (HI) of each drinking water treatment plant (WTP) along the
lower reach of the Yangtze River.
WTP
HQs
HI
No.
Cr
Fe
Mn
Zn
Cd
Pb
Hg
1
3.62E-02
5.97E-03
8.47E-03
2.83E-04
6.01E-02
2.23E-01
3.17E-03
3.37E-01
2
3.67E-02
1.23E-03
8.30E-03
1.59E-03
4.45E-02
3.85E-02
3.16E-03
1.34E-01
3
3.64E-02
1.22E-03
8.27E-03
1.62E-03
4.48E-02
3.89E-02
3.22E-03
1.34E-01
4
1.82E-01
5.21E-03
8.40E-02
2.66E-03
4.73E-02
3.94E-02
3.18E-03
3.64E-01
5
3.61E-02
1.22E-03
8.27E-03
1.62E-03
4.46E-02
3.93E-02
3.27E-03
1.34E-01
6
3.62E-02
1.19E-03
8.44E-03
1.57E-03
4.45E-02
9.75E-02
3.30E-03
1.93E-01
7
3.67E-02
6.14E-03
3.30E-02
3.95E-03
4.47E-02
9.85E-02
3.20E-03
2.26E-01
8
3.66E-02
1.22E-02
1.38E-02
3.69E-03
9.52E-03
3.78E-02
3.46E-03
1.17E-01
9
1.95E-01
9.66E-03
2.04E-02
3.56E-03
8.26E-03
2.88E-02
3.22E-03
2.69E-01
10
3.66E-02
1.19E-03
5.08E-03
2.82E-03
8.77E-03
3.21E-02
3.21E-03
8.98E-02
11
8.52E-02
9.25E-03
3.50E-02
3.11E-03
8.27E-03
6.15E-03
3.50E-03
1.50E-01
12
4.39E-02
1.27E-02
4.15E-02
1.31E-03
7.02E-02
9.69E-02
4.15E-03
2.71E-01
13
4.82E-02
1.17E-02
4.20E-02
1.16E-03
7.38E-02
9.97E-02
4.02E-03
2.81E-01
14
3.60E-02
8.13E-03
1.44E-02
1.58E-03
1.19E-02
3.78E-02
3.28E-03
1.13E-01
15
3.68E-02
7.89E-03
1.35E-02
1.61E-03
1.10E-02
3.87E-02
3.30E-03
1.13E-01
16
3.64E-02
1.12E-02
7.35E-03
2.92E-04
7.54E-02
1.62E-01
5.11E-03
2.98E-01
17
3.57E-02
2.87E-03
2.81E-02
2.62E-03
4.47E-02
9.77E-02
3.19E-03
2.15E-01
18
3.64E-02
2.77E-03
2.38E-02
2.03E-03
4.50E-02
9.73E-02
3.23E-03
2.10E-01
19
3.66E-02
2.98E-03
2.47E-02
1.70E-03
4.49E-02
9.75E-02
3.25E-03
2.12E-01
20
2.15E-01
5.20E-03
1.53E-02
2.31E-03
3.72E-02
4.23E-02
4.09E-03
3.21E-01
21
3.64E-02
6.36E-03
2.79E-02
2.78E-03
1.05E-02
4.17E-02
3.25E-03
1.29E-01
22
3.71E-02
6.60E-03
3.75E-02
2.07E-03
4.12E-02
6.39E-02
4.10E-03
1.92E-01
Mean
6.15E-02
6.04E-03
2.31E-02
2.09E-03
3.78E-02
7.07E-02
3.49E-03
2.05E-01
Note: Source water sampling at each WTP location was performed in triplicate for a total of 11 times during February 2007 to August 2009.
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FIGURE 3 - Temporal variation of hazard index (HI) of total non-carcinogenic risk induced by metals in source water of the three drinking
water treatment plants of Jiangning, Jiangpu and Taichang.

dissolved and particulate elements in water samples
was not available, and the maximum and minimum risk of
each metal was not evaluated for local residents. Therefore, this study only presents a preliminary result, and it is
necessary to carry out a systematic and comprehensive
investigation on the health risk induced by trace metals in
source water of the Yangtze River in order to provide more
information for the local government to regulate and control the discharge of the metals into the river.

CONCLUSIONS
In this study, the levels of seven metals of Cr, Fe,
Mn, Zn, Cd, Pb and Hg in source water of 22 tap water
treatment plants along the lower reach of the Yangtze
River were determined during 2007-2009, and the noncarcinogenic risk induced by these metals was assessed.
Among the seven metals analyzed, Fe was the one with
the highest concentration, while Hg had the lowest level.
The concentration of each metal determined in this study
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was lower than the standards required by China or USA,
except for Pb. Both HQs of individual metals and HI of
each WTP were lower than the non-carcinogenic hazard
index, suggesting that these pollutants perhaps pose little
hazard to local residents. Among the metals, Pb, Cr and
Cd mainly contributed to the average HI of the 22 WTPs,
and health risks induced by the three metals deserve more
attention. High HIs were more frequently obtained in the
lower water seasons, and significant spatial variations
were also found in the health risk posed by the metals in
the Yangtze River. More concerns should be focused on
health risks posed by the contamination of the metals in
the source water of heavily polluted areas along the Yangtze River.
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THE INFLUENCE OF WASTEWATER SLUDGE
AMENDMENT ON THE NITROGEN CONTENT AND
UREASE ACTIVITY OF SOIL WITH EARTHWORMS
Efsun Dindar*, F. Olcay Topaç Şağban, Ufuk Alkan and Hüseyin S. Başkaya
Department of Environmental Engineering, Faculty of Engineering and Architecture, Uludag University, 16059 Görükle, Bursa, Turkey

ABSTRACT
The effects of wastewater sludge amendments on nitrogen forms and urease activity in soil and earthworm
(Lumbricus terrestris) casts were investigated. Two different wastewater sludges (municipal and canned food industry) were added to clay loam agricultural soil samples at
doses of 20, 40 and 80 g dry raw sludge kg-1. Following
sludge amendment, an incubation study was performed and
mineral nitrogen (NH4+-N+NO3--N), total-N and urease
activity were determined in soil and earthworm casts.
Results indicated that the addition of wastewater sludge
significantly increased urease activity, mineral-N and totalN contents of soil and casts. Furthermore, urease activity,
mineral-N and total-N contents of casts were found to be
significantly higher than that of the surrounding soil.
Application of canned food industry sludge at a dose of
80 g kg-1(200 t ha-1) was the most effective application on
nitrogen and urease contents. On the other hand, 40 g kg-1
(100 t ha-1) treatment was found to be the most suitable
dose for municipal wastewater sludge.

KEYWORDS:
earthworm, nitrogen, soil, urease activity, wastewater sludge.

sludge make it a useful plant fertiliser and the organic constituents provide beneficial soil conditioning properties [6].
The incorporation of organic wastes, such as wastewater
sludge, influences soil enzyme activities because the added
material may contain enzymes and stimulate microbial
activity [7, 8].
Previous studies have investigated the influence of
several organic materials such as corn-soybean-wheat litter,
crop litter, sewage sludge (as a biosolid), on nitrogen-related processes in earthworm activity [9, 10, 3, 11]. However, the effects of different application doses and origins
of wastewater sludge on nitrogen and urease status in
earthworm containing soils remains unknown.
Addition of wastewater sludge may alter the forms of
nitrogen in soil and earthworm casts, thus affecting the
activity of several enzymes in soils, such as urease [3].
The present study examined the effects of different
doses and origins of wastewater sludge amendment on nitrogen forms and urease activity in the earthworm casts and
in the surrounding soil. Varying doses of wastewater sludge
were amended to a clay loam soil and total-N and mineralized N [(NO3-)-N + (NH4+)-N] content and urease activity in soil and casts were determined after an incubation period of 30 days.
MATERIALS AND METHODS

INTRODUCTION
Materials

Earthworms have important effects on nitrogen cycling in soils and their influence depend greatly on agroecosystem management practices. Earthworms act to increase the amount of nitrogen mineralized from organic
matter in soil [1]. Earthworms rework soil and after ingestion, deposit nutrient-rich casts at the earth’s surface. Earthworm casts have been shown to be enriched in macro and
micronutrients, with increased mineral-N content relative
to uningested soil and, serve as hot spots of increased
microbial and enzyme activity [2-5].

Surface soil samples (0–20 cm) were collected from
an experimental station in the campus of Uludağ University. The experimental field had experienced agricultural
activitiy for 16 years. The site is located in the Marmara
Region in northwestern Turkey (Latitude, 40°15’N; longitude, 28°53’E). The soil used in this experiment contained
62.3% clay, 14.5% silt and 23.2% sand. Chemical properties were as follows: pH: 7.76, EC25°C: 161.3 µS/cm, oxidisable organic carbon (Corg): 1.23%, Total-N: 0.15%, C/N
ratio: 10.67

Wastewater sludge is a byproduct of wastewater treatment processes. Macronutrients (e. g. N, P) in wastewater

The first sludge sample (Sludge I) was collected from
the treatment plant of a canned food company located in
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TABLE 1 - General characteristics of wastewater sludges (sludge I and sludge II).
VALUES
PROPERTIES
SLUDGE I*
pH (1:5 deiyonized water)
6.58
EC25°C (1:5 deiyonized water, mS/cm)
3.28
Organic C, %
34.50
Total-N, %
5.06
NH4+-N (mg kg-1 dry sludge)
201.93
NO3--N (mg kg-1 dry sludge)
171.64
Mineral-N (mg kg-1dry sludge)
373.57
-1
Zn (mg kg dry sludge)
12.55
Cu (mg kg-1 dry sludge)
4.10
Ni (mg kg-1 dry sludge)
<5.00
Cr (mg kg-1 dry sludge)
4.12
*sludge I: canned food industry sludge. **sludge II: municipal wastewater sludge.

SLUDGE II**
6.22
3.65
30.26
5.14
122.27
20.38
142.65
416.00
237.00
94.00
286.00

Bursa, which treats wastewater at flow rate of 5500 m3
day-1. The second sample (Sludge II) was obtained from
the municipal wastewater treatment plant in Bursa, which
treats wastewater at flow rate of 64.000 m3day-1. The general characteristics of wastewater sludges are presented in
Table 1.

were determined in samples which were extracted using
2 M KCl. The concentrations in extracts were analysed by
steam distillation with MgO and Devarda alloy [14]. Total
nitrogen content of samples was measured by Kjeldahl
digestion method [15]. Total organic carbon was determined by oxidation of dichromate [16].

Earthworms were collected from the experimental soil
field. Earthworms were washed with distilled water and
kept for on wet filter papers for 24 hours prior to starting
the experiment. Lumbricus terrestris was chosen for this
study because this species dominates earthworm biomass
in various temperate ecosystems and strongly affects organic matter transformation and soil development [12, 13]. L.
terrestris is a large deep burrowing species that builds
permanent vertical burrows but feeds mainly on organic
materials on the soil surface.

Urease activity was measured by the method of
Tabatabai [17]. 0.2 mL toluene, 9 mL THAM buffer
(pH=9), 1 mL 0.2 M urea substrate solution were added to
5 g of soil and the samples were incubated for 2 h at 37° C.
After the incubation, 35 mL KCI-Ag2SO4 solution was
added for deactivation. The ammonium formation was
determined by steam distillation and results were expressed
as µg NH4+-N gr-1 dry soil h-1.

Experimental Procedure

Soil samples were air-dried in the laboratory and
sieved through 2 mm screens. One kilogram portions of
soil were than placed in 1 L cylindrical plastic containers.
Wastewater sludges was thoroughyl mixed with soil at
levels of 20, 40 and 80 g kg-1 on a dry weight basis. A
control treatment without wastewater sludge was also
included. Seven individuals of Lumbricus terrestris were
then placed in control and sludge amended soils and each
treatment was replicated three times to give a total of 12
experimental units. The containers were incubated for 30
days in the dark at 20±0.5 °C. The moisture content in
soil was maintained at 70% of field capacity throughout
the incubation period. At the end of the incubation period,
samples were collected by hand from earthworm casts
deposited on the soil surface and from the surrounding
soil. Total and mineral nitrogen (ammonium+nitrate) and
urease activity were measured in cast and soil samples.
Chemical Analyses

Electrical conductivity (EC25°C) and pH of the samples were measured in sample extracts obtained by shaking the material with distilled water at 1:5 (w/v) sample:
water ratio using a conductivity meter and pH meter, respectively. Nitrate and ammonium nitrogen concentrations

Statistical Analysis

All data were analyzed using STATISTICA 6.0 software. Three way analysis of variance (ANOVA) was performed to determine the effects of sludge type (sludge I,
sludge II), sludge application doses (0, 20, 40 and 80 g kg-1)
and material (cast or surrounding soil) (Table 2). The effect
of sludge doses and soil type on the measured parameters
was further tested with two-way ANOVA for each sludge
sample. Comparisons that exhibited significant F-values
were further tested using the Tukey’s HSD multiple comparison test.
RESULTS AND DISCUSSION
To determine the effects of earthworm activity and
wastewater sludge amendment soil and cast properties,
urease activity, mineral and total-N concentrations were
subjected to three-way analysis of variance (ANOVA).
The results of three-way ANOVA test revealed that mineral-N concentrations varied significantly with sludge type,
doses and material (cast or surrounding soil) (Table 2).
Sludge type, sludge doses and material (cast or surrounding soil) also significantly affected urease activity (p<
0.001) whereas varitions in total-N content depended only
on sludge doses and material (cast or surrounding soil)
(p<0.001). The type of sludge did not affect total-N con-
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TABLE 2 - Results of ANOVA test for Mineral N, Total N and Urease Activity
Parameter
Mineral N

df

MS

F

p

Sludge type
Sludge doses
Material (cast or soil)
Error
Total N
Sludge type
Sludge doses
Material (cast or soil)
Error
Urease activity
Sludge type
Sludge doses
Material (cast or soil)
Error

1
3
1
32

50519.0
244637.0
343054.0
1245.0

40.566
196.438
275.465

<0.001
<0.001
<0.001

1
3
1
32

7290.0
7014359.0
5366855.0
58145.0

0.125
120.636
92.301

ns*
<0.001
<0.001

1
3
1
32

168.69
888.64
4189.57
9.25

18.236
96.069
452.922

<0.001
<0.001
<0.001

*ns: not significant

tent of either casts or soil and was probably due to the
similar initial total N content of sludge I and II.
Nitrogen forms

Changes in mineral and total-N contents of soil samples and earthworm casts amended with wastewater sludges
are shown in Figure 1 and Figure 2, respectively. Mineral-

N and total-N concentrations in soil and cast samples were
strongly affected by the sludge amendments (p<0.01) and
this observation was attributed to the nitrogen content of
the wastewater sludges investigated ( ≅ 5%). Smith et al.
[18] reported that wastewater sludge contains significant
amount of organic N and inorganic N, primarily as ammonium ions.
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SLUDGE I
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FIGURE 1 - Changes in mineral-N in casts and surrounding soil at the end of the incubation period (30 days in the dark at 20°C) (Sludge I:
Canned food industry sludge. Sludge II: Municipal wastewater sludge).
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FIGURE 2 - Changes in total-N in casts and surrounding soil at the end of the incubation period (30 days in the dark at 20°C) (Sludge I:
Canned food industry sludge. Sludge II: Municipal wastewater sludge).
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Mineral and total-N concentrations were both higher
in earthworm casts than in the surrounding soil for sludge I
and sludge II applications of 20 and 40 g kg-1 (p<0.01).
This observation suggests that a portion of the organic N
contained in the soil had been transformed into simpler
compounds, which were further mineralized or incorporated into the microbial biomass during transit through the
earthworm gut [2]. The higher nutrient concentrations (N)
in the worm casts may be due to a result of incomplete
resorption [19].
For the highest dose of sludges (80 g kg-1 amendment),
mineral and total-N in earthworm casts were lower than
those in the surrounding soil. This difference might have
been due to the inhibition of earthworm activity or nitrification processes. Several studies indicated that the earthworms were unable to survive in 100% wastewater sludge
[20, 21]. Earthworm activity may have thus decreased due
to the high dose of sludge application.
Differences between the measured parameters in experimental and control samples are expressed as percentages above the control values. The average percentage of
mineral-N and total-N in casts were found to be 63%,
149%, 93% and 62%, 111%, 114% for doses of 20, 40 and
80 g kg-1 in the sludge I treatment, respectively. Average
percentages of mineral-N and total-N in soil amended
with 40 and 80 g kg-1 of sludge I was 48%, 223% and
51% and 160%, respectively. However, the application of
20 g kg-1 had similar mineral-N and total-N content compared to the control soil.
In the sludge II treatment, the average percentages of
total-N in casts and soil were 36%, 85%, 89% and 136%,
70%, 137% for the doses of 20, 40 and 80 g kg-1, doses,
respectively. Average percentages of mineral-N in casts
and soil were 39%, 98%, 75% and 19%, 70%, 147% for
the doses of 20, 40 and 80 g kg-1 doses, respectively. The
data indicated that percentages of mineral-N and total-N
were higher in casts than in the surrounding soil. Sludge I
application exhibited increased nitrogen content than the
sludge II application.

60

soil

cast

The effects of wastewater sludge depend on sludge
characterisation, application dose, soil abiotic factors (organic matter, pH) and soil biotic factors (soil macro and microorganisms and their activities).
Urease Activity	
 

Urease plays a key role in the N cycle, transforming
urea to ammonium. Investigations of soil urease activity
(UA) have attracted considerable attention due to the increasing use of urea as a fertiliser to increase soil productivity.
Figure 3 depicts the variation of urease activity in casts
and surrounding soil. UA was higher in the casts than in the
surrounding soils for all sludge doses (p<0.001). This may
be due to the enhanced content and availability of nutrients
of organic matter in casts. In addition, earthworms enhance microbial activities because their gut contains easily metabolised compounds that provide favourable physico-chemical conditions for bacterial growth. Edwards and
Bohlen [13] found that casts possess higher microbial and
enzymatic activities than the surrounding soil.
Urease activity in casts and surrounding soil were
significantly higher than control values for all sludge
doses (p<0.001). This is likely due to the activation of
urease that results from increased organic carbon and
nutrient content [22, 3, 23]. The maximum UA values in
cast and soil were recorded as 65 µg g-1 h-1 and 39 µg g-1
h-1, respectively. The average UA in soil amended with 40
and 80 g kg-1 of sludge I was 11% and 42% higher than
the control treatment, respectively. However, application
of 20 g kg-1 had similar UA as the control treatment. As a
result of earthworm activity, UA increased by 78%, 100%
and 118% in relative to the control cast for the sludge
doses of 20, 40 and 80 g kg-1, respectively.

70

SLUDGE I
Urease (ug NH4 -N/g.h)

Urease (ug NH4 -N/g.h)

70

Together, these results suggest that earthworm casts
may serve as a sensitive indicator of nitrogen cycle processes. Mineral-N, available to plants as a nutrient, was
in-creased in sludge amendment in soils with earthworms.
In addition, sludge doses higher than 80 g kg-1 may have
in-hibited earthworm activity and nitrogen metabolism in
soil.

50
40
30
20
10
0

60

soil

cast

SLUDGE II

50
40
30
20
10
0

0 g/kg

20 g/kg

40 g/kg

80 g/kg

0 g/kg

Doses of sludge

20 g/kg

40 g/kg

Doses of sludge

1663

80 g/kg

© by PSP Volume 19 – No 8a. 2010

Fresenius Environmental Bulletin

FIGURE 3 - Changes in urease activity in casts and surrounding soil at the end of the incubation period
(30 days in the dark at 20°C) (Sludge I: Canned food industry sludge. Sludge II: Municipal wastewater sludge).

The sludge II treatment demonstrated that UA in casts
was significantly different from that in soil (p<0.001). UA
in casts increased with increasing doses of sludge, whereas no significant differences were observed in surrounding soils with different sludge doses. The maximum UA
values in cast and soil were as 57 µg g-1h-1 and 35 µg g1
.h, respectively. Average UA in casts of sludge II doses
of 20, 40 and 80 g kg-1 were 47%, 93% and 88% higher
than the control treatment, respectively. Soil amended
with 40 and 80 g kg-1 of sludge II was 27% and 8% higher
in UA than the control treatment, respectively. The highest sludge dose inhibited of UA in soil due to the presence
of heavy metals. According to Khan [24] urease was the
most sensitive enzyme to the presence of heavy metals.
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ABSTRACT
The goal of water treatment in water works is safe
drinking water production. Various technological options
are available to this end. However, many conventional water
treatment technologies are too expensive for extensive
deployment in rural communities worldwide. Research
over the past two decades has demonstrated the efficiency
of metallic iron (Fe0) for the aqueous removal of a wide
range of chemical and microbial contaminants (e.g. bacteria, chlorinated organics, dyes, emerging contaminants,
heavy metals, radionuclides, viruses). The prevailing concept considers that the mechanism of Fe0 remediation varies depending on the contaminant of interest. This concept
was recently revisited and Fe0 was proven an universal
material for water treatment. As a consequence Fe0 filtration beds are proposed in this communication to replace
ultra-filtration, nano-filtration, and disinfection units in water
works. It is anticipated that the success of Fe0 filtration
beds in producing safe drinking water in large scale will
depend on the ability of researchers to produce adequate
reactive materials. Target experimental work is needed to
confirm and extend the applicability of this affordable
method.

ucts. Approximately 3,000 different pharmaceutical ingredients are used in the EU today, including painkillers,
antibiotics, antidiabetics, beta-blockers, contraceptives, lipid
regulators, antidepressants, antineoplastics, tranquilizers,
impotence drugs and cytostatic agents [4]. As a consequence
alternative and innovative water treatment concepts are
under development [1,6]. For example, a new treatment fourstages-concept was recently proposed in the Netherlands:
(i) fluidized ion exchange (FIEX), (ii) ultrafiltration (UF),
(iii) nanofiltration (NF), (iv) granular activated carbon filtration (GAC) [2]. The FIEX process removed calcium and
other divalent cations; the UF membrane removed particles
and micro-organisms; and the NF membrane and GAC removed natural organic matter (NOM) and micro-pollutants.
The results of a pilot study showed successful removal of
most micro-pollutants. However, very polar substances
with a molecular weight lower than 100 Daltons could not
be quantitative removed. These substances are too small
to be rejected by the NF (size exclusion), and too polar to
be quantitatively adsorbed by the GAC. Therefore, a process is needed to quantitatively remove both small and
polar substances from water. Water filtration on metallic
iron is a serious candidate as will be shown later. The
technology of water filtration on metallic iron will first be
presented.

KEYWORDS: Emerging contaminants; Micro-pollutants; Safe
drinking water; Zerovalent iron.

INTRODUCTION
The goal of water treatment is the production of safe
drinking water for proper distribution. Conventional water
treatments with coagulation, rapid sand filtration, granular
activated carbon filtration, and disinfection (chlorination,
ozonation or ultraviolet radiation) have been proven inefficient for the quantitative removal of several micro-pollutants from surface waters [1-3]. The situation is exacerbated
by the occurrence of so-called emerging contaminants of
unknown property and toxicity [4-7]. Emerging contaminants are mostly pharmaceuticals and personal care prod-

WATER FILTRATION ON METALLIC IRON
In early 1990 metallic iron (Fe0) was introduced as
reducing agent for groundwater remediation in permeable
reactive barriers (iron walls). Fe0 was proved particularly
efficient for the decontamination of halogenated organic
compounds [8-10]. Subsequent studies have confirmed the
efficiency of Fe0 for quantitative removal of several substances including nitrate, bromate, chlorate, nitro aromatics compounds, pathogens, pesticides, arsenic, chromium,
copper, lead, triazoles, uranium, and zinc [9-14]. Although
successful removal of reducible (e.g. CrVI, lindane) and non
reducible (e.g. ZnII, triazoles) contaminants was reported,
the initial premise of reductive transformation is still prevailing. However, there is clear evidence that contami-
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nants are basically removed by an unspecific mechanism
[12, 15, 16].
The unspecific nature of the processes yielding aqueous contaminant removal by Fe0 is confirmed by reports on
successful removal of more than 20 different species (including bacteria and viruses) in Fe0-based filters (3-Kolshi
and SONO filters) designed for arsenic removal at the
household level in South East Asia [17-19]. The qualitative aspect of the efficiency of Fe0 materials for contaminant removal in iron walls and household filters is the
motivation for this communication. The most important
output is that Fe0 is an efficient filter material to quantitatively remove all contaminants including small size and
polar species which have been shown difficult to remove
in conventional water treatment plants.
0

SUITABILITY OF FE BED FOR WATER TREATMENT PLANTS
The voluminous literature on "remediation with corroding iron" is characterized by the overwhelming number of parameters which have been shown to affect the
process of aqueous contaminant removal in the presence
Fe0 [20-25]. These parameters include the nature of the
contaminant, the pH of the solution, the nature of Fe0 (e.g.
carbon steel, cast iron, direct reduced iron), the size of Fe0
(mm, µm, nm), the temperature, the water flow velocity,
the water salinity, the presence of oxidizing agents (e.g.
O2), the character of the oxide scales on Fe0. The importance of all these factors was traceably demonstrated
from isolated sets of experiments. However, due to lack
of a standard experimental protocol, available results
could be collectively regarded as qualitative as they are
not comparable to each other [22-25].
Taken together, results from Fe0-based filters (field
walls and household filters) demonstrate the suitability of
Fe0 beds for the removal of all possible contaminants from
water. This statement is supported by the fact that some
parameters (e.g. bed depth, Fe0 type, flow velocity) could
be adjusted for performance optimization. Another argument to support this view is that field Fe0 walls have quantitatively removed species (e.g. 1,2-dichloroethane and
dichloromethane), which were proven to be not treatable by
Fe0 in batch studies [26]. Accordingly, the mechanism of
contaminant removal in Fe0 beds is different from that
which is investigated in batch studies.
MECHANISM OF CONTAMINANT REMOVAL
0
IN FE BEDS
Despite two decades of intensive research, there is no
agreement on the fundamental mechanisms of aqueous
contaminant removal in the presence of reactive Fe0. The
prevailing concept considering Fe0 as a reducing agent was
shown inconsistent with many experimental observations
[12,15]. The new more consistent concept considers ad-

sorption and co-precipitation as the fundamental mechanism of aqueous contaminant removal in the presence of
Fe0 (adsorption/co-precipitation concept) [12,15]. The adsorption/co-precipitation concept is not yet accepted by
the scientific community as recently discussed [25,27]. The
new concept was recently validated by Ghauch et al. [16]
while investigating aqueous clofibric acid removal in the
presence of Fe0. Nevertheless, even newer works explicitly
disprove the adsorption/co-precipitation concept without
any convincing argument [28,29]. Moreover, the new concept is even falsified. As an example, the authors of ref.
[28] considered that the validity of the adsorption/coprecipitation concept means that “degradation of chlorinated organics is unimportant because some metals are removed mainly by sequestration”. However, the adsorption/
co-precipitation concept considers that chlorinated organics
(RCl) are certainly adsorbed and co-precipitated. RCl reduction certainly occurs to some unknown extent and
reduction is not likely to be mediated by electrons from of
Fe0 as adsorbed FeII and adsorbed H are more accessible
than Fe0 and partly more powerful than Fe0 [12,15].
Although the adsorption/co-precipitation concept is not
yet univocally accepted, it is considered as actual state-ofthe-art knowledge and used for the further presentation.
For the sake of clarity the process of aqueous iron corrosion will be briefly recalled.
Aqueous iron corrosion

Aqueous iron oxidative dissolution in water (aqueous
iron corrosion) is an electrochemical process. Aqueous
iron corrosion is a heterogeneous reaction characterized
by the spontaneous dissolution of iron (yielding dissolved
FeII or FeIII – Tab. 1). Iron oxidation is driven by any
oxidative species which standard electrode potential (E0)
is higher than –0.44 V (E0 of the couple FeII/Fe0). Table 1
shows clearly, that H+ (E0 = 0.00 V), Fe3+ (E0 = 0.77 V)
and dissolved O2 (E0 = 0.81 V) are oxidizing agents for
Fe0 (and H2 is a reducing agent for FeIII). Accordingly, in a
contaminant-free aqueous solution, Fe0 is oxidized. Resulting FeII and FeIII are hydrolysed, and precipitated (Eq. 810). The kinetic of iron corrosion is controlled mainly by
diffusion-convection of oxidizing agents from the bulk
solution towards the metal surface (and reciprocally). At pH
> 4.5, the Fe0 surface is always covered by an oxide scale.
TABLE 1 - Aqueous iron corrosion and associate reactions. All these
reactions (Eq. 1-10) are considered side reactions in discussing the
reductive contaminant transformation. The whole process of Fe0
oxidative dissolution, FeII/FeIII nucleation, precipitation and recrystallization is responsible for contaminant removal in the presence of Fe0.
Reaction
Fe0
2 Fe0 + 2 Fe3+
Fe0 + 2 H+
2 Fe0 + O2 + 4 H+
2 Fe0 + 6 H+
4 Fe0 + 3 O2 + 12 H+
2 Fe2+ + 2 H+
4 Fe2+ + 4 H+ + O2
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⇒
⇒
⇒
⇒
⇒
⇒
⇒
⇒

Fe2+ + 2 e2 Fe2+
Fe2+ + H2
2 Fe2+ + 2 H2O
2 Fe3+ + 3 H2
4 Fe3+ + 6 H2O
2 Fe3+ + H2
4 Fe3+ + 6 H2O

Eq.
(0)
(1)
(2)
(3)
(4)
(5)
(6)
(7)
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Fe2+ + 2 OHFe(OH)2
⇒
Fe3+ + 3 OHFe(OH)3
⇒
Fe(OH)2, Fe(OH)3
FeOOH, Fe2O3, Fe3O4
⇒
Contaminant removal in batch systems

(8)
(9)
(10)

It was found that mixing operations have a negative
effect on identifying the real mechanism of contaminant
removal by Fe0 [16,22,23,25,30,31]. In fact, mixing disturbs the formation of the universal oxide scale in the vicinity of Fe0. As state above, the universal oxide scale serves
as a diffusion barrier for contaminants. Accordingly, if a
contaminant exhibits a poor adsorptive affinity to the oxide
scale, it will not readily diffuses into the oxide scale where
it could be enmeshed or further transformed (oxidized or
reduced, if applicable). However, mixing batch systems
disturbs the spatial disposition of the oxide scale relative to
Fe0. In particular, the Fe0 surface is rendered accessible to
all contaminants, regardless their affinity to the iron corrosion products (“fluidized cells”). These conditions, however, are not reproduced in nature.
Under stagnant and slow-mixing conditions, dissolved
species (including contaminants) are adsorbed or/and enmeshed during the process of the oxide scale formation.
Adsorbed and enmeshed species could be further chemically transformed as discussed above. It is certain that the
kinetics of aqueous removal of various species will depend on their relative affinities to the oxide scale. However, all species will be removed as they are in trace quantity in a domain of precipitating iron [32,33]. This is the
first argument suggesting Fe0 as universal materials for save
water production. It is very important to note that contaminants are neither exclusively removed by Fe0 nor the oxide
scale. Contaminants are quantitatively removed during the
dynamic process of oxidative dissolution yielding a transforming oxide scale [27]. Table 2 gives an overview on
contaminant classes that have been successfully removed
from aqueous solutions by Fe0. In a column system size
exclusion is added to the described dynamic process.
Contaminant removal in column systems

The mechanism of contaminant removal in Fe0 beds
was recently elucidated [27,43]. A Fe0 packed bed initially
contents an inter-granular volume (pore volume) which
ideally, should never been totally filled by in situ generated
iron corrosion products (long-term permeability). A Fe0

bed in its initial stage of implementation is comparable to
a sand filter for the removal of suspended solids by size
exclusion (media filtration). The filtration efficiency depends
on the sand particle size. The suitability of Fe0 as reactive
medium for drinking water filters relies on two essential
characteristics: (i) the interactions of corroding iron with
contaminants (adsorption, co-precipitation/enmeshment as
for batch systems), and (ii) the improved size exclusion
by virtue of the expansive nature of iron corrosion. The
improved size exclusion is due to the fact that generated
iron corrosion products are at least 2.1 times larger in
volume than Fe0 in the metallic lattice [27,43,44].
An essential feature of corroding iron for contaminant
removal in Fe0 beds are the expansion/contraction cycles
accompanying iron oxide formation from Fe0. In fact, each
Fe0 (SSA < 2 m2/g) is first oxidized to nebulous hydrated
iron hydroxides having specific surface areas (SSA) larger
than 500 m2/g. The hydrated hydroxides are then progressively transformed to amorphous and crystalline oxides
(Fe(OH)3, Fe2O 3, Fe3O 4, FeOOH) (SSA < 40 m 2/g). To
illustrate the transformations yielding to contaminant sequestration/trapping, the evolution of three iron atoms from
the Fe0 material will be discussed. The space between the
individual atoms is neglected for simplifications.
Three atoms Fe0 will be first oxidized to 3 FeII species and may further be oxidized to 3 FeIII species. Then,
the hydrolysed species will be transformed to colloidal
species (SSA > 500 m2/g) before they aggregate and crystallize to one Fe3O4, 1.5 Fe2O3 or 3 Fe(OH)2, Fe(OH)3 or
FeOOH (Tab. 1). Calculations (not presented here) clearly
showed volumetric expansion relative to 3 Fe0 for all iron
oxides except magnetite for which a volume reduction of
30 % was noticed [27]. However, even magnetite is a
final stage of a transformation going through voluminous
colloidal, amorphous and highly adsorptive species.
Considering for simplifications only Fe0 and the crystalline forms of the oxides, the coefficient of volumetric
expansion (Voxide/Viron) varies from 2.1 for Fe3O4 (magnetite) to 4.2 for Fe(OH)3 (bernalite) [27,44]. As stated
above, dissolved Fe first experienced volumetric expansion, and then contraction in the inter-granular space of a
filter. The transformation sequence: Fe 0 – hydroxides –

TABLE 2 - Selected references supporting the suitability of metallic iron beds for safe drinking water production. Emerging chemicals are
chemicals which are not covered by existing water quality legislation. Relatively little information is available on their environmental behavior and toxicological properties [34].
Contaminant group
Chlorinated solvents
DNAPL
Dyes
Emerging chemicals

Inorganic ions
Metals and metalloids

Examples
chlorinated hydrocarbons
carbon disulfide (CS2)
methylene blue, azo dyes
pharmaceuticals, personal care products,
drugs-of-abuse, endocrine disruptors,
nanochemicals
ammonium, nitrate, nitrite perchlorates
copper, chromium, arsenic, selenium
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amorphous oxides – crystalline oxides probably occurs in
the presence of trace amounts of contaminants. In particular, the "nebulous" hydroxide can be considered as an
instantaneous spider-like web which traps contaminants in
the inter-granular space in the filter. Sequestrated contaminants could be further chemically transformed.
This presented mechanism does not consider the nature of the contaminant and in particular its reactivity with
Fe0. Contaminants are transported to the bed and within
the bed by gravity (or other hydrodynamic forces) and are
primarily removed from the aqueous phase by adsorption
and/or co-precipitation. This explains why non reducible
and reducible contaminants are removed (Tab. 2) and
suggests that upon proper design Fe0 beds will produce
safe drinking water at several scales (households, small
communities, large cities). It is very important to note that
in this scheme no energy is needed, apart from the energy
to pump water from wells into the Fe0 beds. This makes
Fe0 bed filtration ideal for developing countries where
shortages in water production are sometimes due to lack
of energy power [45]. The complete absence of chemicals
(including disinfecting agents) is a further key advantage.
It could be anticipated that Fe0 beds is primarily for small
water treatment plants. However, several small urban
quarters drinking water production units using Fe0 beds
could produce enough water for large cities.
INNOVATIVE IRON FILTERS
An inherent problem of Fe0 filter beds is porosity/
permeability loss due to the expansive nature of iron corrosion [44]. The volumetric expansion of corroding iron is
presented in the present communication as a useful tool to

improve (slow) sand filtration efficiency. In other words,
Fe0 filters are regarded as Fe0 assisted sand filtration [46].
Accordingly, calculated amounts of Fe0 are added to sand
to warrant quantitative (abiotic) contaminant removal while
keeping acceptable water flow velocity. Calculations (not
presented here) assuming Fe3O4 as sole corrosion products demonstrated that, regardless from the filter size, a
51:49 (vol:vol) Fe0/quartz mixture is clogged upon Fe0
depletion. Accordingly, a long-term efficient Fe0 filter
should contain less than 51 vol-% Fe0. Considering that
the oldest Fe0 reactive barrier initially contained only 8.8
vol-% (22 wt-%) Fe0 [8] and efficiently removed the
target contaminant for more than 10 years, it could be
anticipated that Fe0 volumetric ratios of 30 to 40 % (60 to
70 vol-% sand) might satisfactorily treat water for several
months. It is certain that the actual used Fe0 proportion
will depend on its intrinsic reactivity and the extent of the
contamination.
The presentation above confirms that mixing sand to
iron is a prerequisite for long-term efficient Fe0 filters.
Previous efforts [47,48] to sustain Fe0 reactivity by mixture with sand were not really rationalized as expressing
the proportion of Fe0 by a weight percent is not consistent
with the fact that pore volume availability is discussed
(expansive nature of iron corrosion filling the pore space
in the filter). Moreover, despite Fe0:sand mixtures the
porosity of the Fe0 filters was sustained by the application
of a source of vibratory energy and/or an auger system
[49]. It should be acknowledged that some few authors
have properly rationalized the used Fe0/sand volumetric
ratios [46,50-52]. However, the discussion was not based
on the available volume for in-situ generated corrosion
products.
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FIGURE 1 - Comparison of the processes of groundwater treatment in a conventional treatment plant and by metallic iron (Fe0) beds. Modified after ref. [6].
TABLE 3 - Overview on the processes required for the removal of suspended solids and dissolved contaminants from raw waters to produce
save drinking water in a conventional water plant and by the innovative treatment concept. It is evident that no chemicals are needed in the
new treatment concept.
Contaminant
Colloidal solids
Suspended solids
Dissolved species
Pathogens

Conventional water plant
flocculation, sedimentation, media filtration
flocculation, sedimentation, media filtration
air stripping, carbon adsorption, ion exchange,
membrane filtration, reverse osmosis
disinfection (chlorination, ozonation, UV)

Provided proper material selection, Fe0 filters could
satisfactorily render raw waters safe for drinking without
any addition of chemicals. The three major operating parameters to be addressed on a site specific basis are: (i) Fe0
selection, (ii) bed depth, (iii) water flow velocity. In other
words, pilot studies should focus at determining Fe0 type
(e.g. particle size), bed’s length, and water flow velocity.
Iron filter design

Innovative Fe0 filters for drinking water production at
community level are very flexible in their design. The
simplest design is a single bed containing layers of gravel,
pebble, sand, “sand + Fe0”, and fine sand. The actual Fe0
bed size depends on the size of the population to be deserved or the volume of water to be produced daily. Single beds are necessarily good for very small communities
(e.g. up to 100 people). For larger communities the device
could/should comprise separate beds of gravel, pebble,
and sand for media filtration, and Fe0 beds (containing
one or more layers of “Fe0 + sand”) for the removal of dissolved substances. Here, the system may comprise several
Fe0 beds in series (Fig. 1) and each bed may contain: (i)
the same Fe0 material in a certain Fe0:sand ratio, (ii) various
layers of the same Fe0 material with different Fe0:sand ratios, or (iii) various Fe0 materials (e.g. differing in their particle size).
DISCUSSION
Generally, save drinking water is obtained either from
surface water or groundwater after several treatment steps
(Tab. 3). The goal is to remove pathogens, dissolved, and
suspended substances [2, 6, 45]. The treatment processes
may include (i) flocculation, (ii) sedimentation, (iii) media
filtration, (iv) ion exchange, (v) carbon adsorption, (vi)
membrane filtration, and (vii) disinfection. The first three
named treatment processes remove colloidal and suspended
solids and the subsequent processes remove dissolved substances. Water disinfection is achieved by chlorination,
ozonation, or ultraviolet radiation. The actual drinking water
treatment scheme depends on the source water characteristics.

New concept
sand beds
sand beds
iron beds
iron beds

Generally, surface water is characterized by high contents of suspended solids and organic matter. Accordingly, pre-sedimentation, coagulation or coarse filtration
processes are generally used for water treatment followed
by disinfection. On the other side, groundwater is characterized by high contents of salts, organics, or gasses. Therefore, groundwater is aerated to remove dissolved gasses
followed by softening to remove dissolved salts prior to
disinfection. Regardless of the water source, there could be
a need to further remove dissolved organics. In this case air
stripping, ion exchange, carbon adsorption, or membrane
filtration processes may be used [6].
The presentation above has demonstrated the suitability
of corroding iron in a filter to remove contaminants which
are conventionally removed in several treatment steps: ion
exchange, carbon adsorption, membrane filtration and disinfection [43,46]. Accordingly, after the removal of colloidal
and suspended solids (media filtration), filtration on a
properly designed Fe0 system will free water from dissolved substances and pathogens. In other words, processes
achieve by ion exchange, carbon adsorption, membrane
filtration, and disinfection could be achieved in Fe0 beds
(Tab. 3). Moreover, emerging contaminants which are not
quantitatively removed in conventional water treatment
plants are successfully removed in Fe0 beds (Tab. 2). Therefore, Filtration through Fe0 beds is a promising technology
for safe drinking water production in water works. The
technology is necessarily limited to raw waters having a pH
value larger that 4.5. For lower pH values, iron solubility
is increased and dissolved iron is transported out of the
column. The consequence is increased porosity/ permeability with time and thus decreased bed efficiency. Remember that size exclusion at pH > 4.5 is improved by precipitating iron oxides progressively filling the intra-particular
space in the filter (pore volume).
CONCLUDING REMARKS
The present communication has presented a new concept for water treatment in beds of metallic iron (Fe0). An
efficient removal of particles, natural organic matter, pathogens and micro-pollutants is possible using only sand filtration and filtration on Fe0 beds (Fig. 1). The concept is in-
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spired by (ii) recent reports on efficient removal of contaminants from several classes by Fe0 in iron walls [10]
and in household filters [19], and (ii) the profound understanding of the mechanisms of contaminant removal in
Fe0 filters [12,15,16,27].
Provided the use of appropriated Fe0 materials and
proper bed design, all classes of substances will be removed
in Fe0 beds. It can be anticipated that event nourishing
element (e.g. Ca, Mg) will be removed from water such
that the contaminant free water could need addition of selected nutrients to be healthy. A clear advantage of Fe0 beds
is that no chemical is added and iron oxides is the sole
wastes which could be recycled to produce new Fe0 materials.
Actually, Fe0 beds (household filters and field reactive barriers) have been successfully used under conditions
of slowly corroding iron. Under these conditions, microbial
mechanisms assist the process of contaminant removal
and the kinetics of iron corrosion is sufficient for quantitative contaminant removal. To produce water in small municipal drinking water utilities, it will be necessary that
water flows at an increased velocity. Therefore, several
beds of more reactive materials could be necessary. Known
tools for more reactive materials should be tested. These
tools include using smaller Fe0 particles (small granules
and powders) [47], using bimetallic systems (e.g. Fe0/Cu0)
[10,13,14], and mixing Fe0 with a reactive oxide as MnO2
[16,17].

couraged to perform target experimental work to confirm
the efficiency of this affordable technology and identify
its possible limits. In this effort characterizing the removal of molybdenum which is known for its low adsorption
efficiency onto iron oxides [55] will be a good (negative)
reference.
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Intensive research is needed at several fronts to transform the concept of Fe0 beds into a viable technology for
safe drinking production in water works. The research could/
should start by numerical modelling followed by laboratory
studies and pilot scale installations to determine the practicality of several designs from numerical modelling. It is
emphasized that Fe0 intrinsic reactivity, and water flow
velocity will be the most important design parameters determining for example the thickness of the filter (or the
number of beds). In particular Fe0 materials of different
size [42] could be used in individual beds or Fe0-based
composites could be developed. In this regard the porous
composite iron matrix which has been successfully used
in SONO arsenic filters [17] could be used or at least
serves as model.
Fe0 beds could be a very efficient technology at several stages: from small communities up to mega cities.
This affordable technology further fulfils the key requirements of (i) minimum electricity needs, and (ii) environmental friendliness [14]. It could be a precious instrument
to help to achieve the water Millennium Development Goal
of “halving by 2015, the proportion of people without
sustainable access to safe drinking water”. Although cost
issues are not discussed here, it is expected that the Fe0
bed technology will be affordable. Material recycling is a
point that should be considered from the beginning on.
Several technologies are available to transform iron oxides to Fe0 at several scales [53,54]. Researchers are en-
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A LABORATORY REPORT: A COMMENTARY ON
ADSORPTIVE CHARACTERISTIC OF FILTER PAPER
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Industrial wastewater streams containing heavy metals with toxic effects such as lead, cobalt, chrome, cadmium, mercury will seriously endanger the public health and
the environment if they are discharged without suitable
treatment [1]. Many methods such as adsorption, chemical
precipitation, chemical oxidation and reduction, ion exchange and membrane technologies, filtration, electrolysis, biological treatments etc. have been developed for the
removal of the heavy metals [2-7]. It is an important issue
that the calculations are done accurately for the removal
of heavy metal ions from environment. Especially, in the
works performed by adsorption technique, filter paper is
used to separate the metal solution from the adsorbent after
adsorption process by some researchers. However, the filter
paper has adsorptive characteristic the metal ions because
of cellulose in its structure. The chemical structure of cellulose is shown in Fig.1.

FIGURE 1 - Chemical structure of cellulose.

As shown in Fig.1, cellulose is a linear polymer of
D-glucose units linked by β(1→4) glycosidic bonds.
The chemical formula of cellulose can be expressed as
(C 6H 10O 5)n [8, 9]. If it pay attentions to Fig.1, it is seen
clearly that cellulose is a polysaccharide consisting of a
linear chain of several hundred to over ten thousand β(1→4)
linked D-glucose units [8, 9]. And, a strand of cellulose
(conformation Iα), showing the hydrogen bonds (dashed)
within and between cellulose molecules is present.
The adsorption of metal ions onto filter paper may be
take place via van der Waals binding with three hydroxyl

functional groups of cellulose chains in its structure [10].
Hence, if the filter paper is utilized to separate the solution phase from the solid adsorbent after adsorption in any
adsorption process, the adsorbing-effect of the filter paper
must be taken into account. Otherwise, the obtained results
will be wrong. Some researchers have used filter paper in
their works and have not thought about the effect of the
filter paper on adsorption [11-14]. However, some have
taken into account the effect of the filter paper, and they
have calculated the amount of metal ions adsorbed by filter
paper with a separate control experiment [15]. To determine the actual amount of adsorbate molecules adsorbed
by adsorbent, we have also considered the effect of the
filter paper in a few previous works [10, 16]. In this work,
we aimed to study the adsorption of Fe2+, Cu2+, Pb2+ and
Zn2+ ions onto filter paper at two different concentrations.
The solutions of Fe2+, Cu2+, Pb2+ and Zn2+ ions were
prepared with FeSO4.7H2O, CuSO4.5H2O, ZnSO4.7H2O
and Pb(CH3COO)2.3H2O at two different concentrations
of 2.10-4 and 4.10-4 M, respectively. In the preparation of
the aqueous solution of the cations, distilled water was used.
As described elsewhere [14, 16-19], the pH value of aqueous solutions of FeSO4.7H2O was adjusted to 4-4.5 by dropping of diluted sulfuric, pH values of aqueous solutions of
CuSO4.5H2O, ZnSO4.7H2O and Pb(CH3COO)2.3H2O were
adjusted to 5-5.5 by dropping of diluted sulfuric and acetic
acids using a pH meter (WTW pH Meter 320, Germany),
respectively. 50 ml of the metal solutions were passed
through a filter paper (Selectra filter, 5892, Weiβ-band,
Germany) one by one until all the filter paper was wetted
completely. The passed-solutions were analyzed to calculate the final concentrations (concentrations remaining in
the filtrate) of metal ions using an atomic absorption spectrometer (Perkin-Elmer 3110). Then, the concentrations of
metal ions adsorbed onto filter paper were determined from
the difference between the concentrations of initial and
final solutions.
Percent values of Fe2+, Cu2+, Pb2+ and Zn2+ ions adsorbed onto filter paper at two different concentrations are
presented in Table 1.
As shown in Table 1, the values of the percent adsorption of the filter paper ranged between 7.02 and 21.25
for various metal ions at 25 oC (room temperature) and
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initial solution pHs of 4-5.5. These values are the average
of three repeated experiments. Besides the various types
of the filter papers may have different effects on the adsorption of metal ions. This must be taken in consideration, also.
TABLE 1 - Average percent values of Fe2+, Cu2+, Pb2+ and
Zn2+ ions adsorbed onto filter paper at different concentrations

[12] Villaescusa, I., Martinez, M. and Miralles, N. (2000) Heavy
metal uptake from aqueous solution by cork and yohimbe
bark wastes. J. Chem. Technol. Biotechnol. 75, 812-816.
[13] Das, D.D., Mahapatra, R., Pradhan, J., Das, S.N. and Thakur,
R.S. (2000) Removal of Cr(VI) from aqueous solution using
activated cow dung carbon. J. Colloid Interface Sci. 232,
235-240.
[14] Bereket, G.Z., Aroguz, Z. and Ozel, Z. (1997) Removal of
Pb(II), Cd(II), Cu(II), and Zn(II) from aqueous solutions by
adsorption on bentonite. J. Colloid Interface Sci. 187, 338343.
[15] Salehizadeh, H. and Shojaosadati, S.A. (2003) Removal of
metal ions from aqueous solution by polysaccharide produced from Bacillus firmus. Wat. Res. 37, 4231-4235.

It was seen that filter paper had the ability to adsorb
the metal ions. Researchers who investigate adsorption
must pay attention to the effect of the filter paper. It can
be suggested that the preference of decantation and centrifugal method instead of a filtering method with filter
paper would be a better choice to separate the solution phase
from solid adsorbent after adsorption.
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