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SUBSTITUTION OF NO3- BY NH4+ INCREASES
AMMONIUM-ASSIMILATING ENZYME ACTIVITIES
AND REDUCES THE DELETERIOUS EFFECTS OF
CADMIUM ON THE GROWTH OF TOMATOES
Nasraoui Hajaji Afef*, Chaffei-Haouari Chiraz,
Maaroufi Dghimi Houda, Ghorbel Mohamed Habib, and Gouia Houda
Unité de Recherche Nutrition et Métabolisme Azotés et Protéines de Stress, 99UR/09-20,
Département de Biologie, Faculté des Sciences de Tunis, Université de Tunis Elmanar, 1060 Tunis, Tunisia

ABSTRACT

ABBREVIATIONS

Depending on the N source supplied, significant differences in sensitivity of plants to Cd were observed. Accumulation of Cd in roots exceeded by far that of leaves,
with the greatest Cd accumulation occurring in plants supplied with NO3-. Concurrently, Cd treatment enhanced
proline (Pro) and glutamine (Gln) contents, but reduced
glutamate (Glu). Indeed, proline accumulation (as osmoregulator) reflects tomato tolerance to ammonium toxicity
and cadmium stress. Implication of Glu in N assimilation
for Cd-treated tomatoes was suggested. In presence of Cd,
the decline of Gln synthetase (GS) activity was shown in
different tomato plants derived from different nitrogen
forms. In fact, protein gel blot analysis from Cd-treated
tomato showed a decrease in chloroplastic GS (GS2) protein and an increase in the cytosolic one (GS1), regardless
of the nitrogen source added to the culture medium. Native gel electrophoresis demonstrates that, independently
of N-form used, Glu dehydrogenase (GDH) was resolved
into 7 isoenzymes in foliar tissues, but only one in roots.
Simultaneously, Cd treatment enhanced the phosphoenolpyruvate carboxylase (PEPC) activity in tomato roots,
independently of the N-source used. In leaves, Cd inhibited PEPC activity when the plants were fed with NO3-, or
with a mixture of NO3- and NH4+. On the contrary, when
plants received NH4+ as a unique N-source, PEPC activity
was inhibited. This study suggests that a readjustment of
the co-ordination between N and C metabolism via the
modulation of GDH and PEPC activities could avoid the
accumulation of toxic levels of ammonium.
KEYWORDS: Amino acid synthesis; ammonium assimilation;
cadmium; enzymes; nitrogen fertilization

* Corresponding author

Cd, cadmium; GDH, glutamate dehydrogenase; Glu,
glutamate; Gln, glutamine ;GOGAT, glutamate synthase;
GS, glutamine synthetase; GS1, cytosolic glutamine synthetase; GS2, chloroplastic glutamine synthetase; PEPC,
phosphoenolpyruvate carboxylase; Pro, proline.
1. INTRODUCTION
Cadmium is a naturally occurring rare element that
does not have any known essential or beneficial biological
function. In plants, Cd is known to disturb growth [1, 2],
photosynthesis [3, 4], amino-acid biosynthesis [5], and N
metabolism [6, 7]. Glu occupies a central position in amino
acid metabolism in plants. However, Glu is also the substrate for the synthesis of Gln from ammonia, catalyzed by
GS. The α-amino group of Glu may be transferred to other
amino acids. In addition, both the carbon skeleton and αamino group of Glu form the basis for the synthesis of Pro.
It is known that ammonium assimilation is firstly catalysed by the glutamine synthetase (GS)/glutamate synthase
(GOGAT) cycle. In this pathway, GS catalyses the generation of Gln from the amidation of Glu. GDH can catalyse
the reductive amination of 2-oxoglutarate; likewise, it catalyses the reverse reaction of oxidative deamination of
Glu. However, the Glu biosynthesis carried out by GDH
seems to be functional, preferentially when ammonia is
abundant [8] and/or when GS activity is partially or totally
inhibited [5]. Thus, some authors [9] postulated that GDH
catalyses the oxidation of Glu to provide carbon to the
tricarboxylic-acid cycle, or that this amino acid could play
a complementary role on the glutamate synthase cycle (GS/
GOGAT) for the Glu synthesis. Ammonium assimilation
requires a substantial contribution of fixed C as α-ketoglutarate in both leaves and roots [10]. In fact, PEPC is believed to play a variety of physiological roles in plants,
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such as the supplement of carbon skeletons for ammonium assimilation [11]. So, PEPC is an important interface between carbon and nitrogen metabolisms [12].
The aim of this report was to investigate how ammonium assimilation enzymes responded to different nitrogen sources under Cd stress, and more specifically, its
effect on the GDH isoenzymic pattern. We showed how
PEPC could participate together with GDH in the ammonium assimilation and detoxification when GS/GOGAT
cycle was inhibited.
2. MATERIALS AND METHODS
2.1. Plant material

Seeds of tomato (Solanum lycopersicon esculentum
Mill. cv. 63/5.F) were germinated in Petri dishes in the
dark. Seedlings were transferred and grown on a nutrient
solution continuously aerated and containing 0.1 mM KNO3,
0.5 mM CaSO4, 1 mM MgSO4, 2.5 mM K2SO4, 1 mM
KH2PO4, 1 µM ZnSO4, 5 µM MnSO4, 30 µM H3BO3, 1 µM
CuSO4, 30 µM Fe-K-EDTA, and 1 µM (NH4)6MO7O24.
Plants were grown in a growth chamber under controlled
conditions: a 16-h light (150 µmol m-2 s-1 PAR)/8-h dark
cycle, 22 °C (day) /18 °C (night), and 65% relatively humidity. The 7-days-old seedlings were supplied with the
above nutrient solution containing NO3- , a mixture of NO3and NH4+ in a ratio of 60:40, or only NH4+ (of the total 5 mM
nitrogen) (Table1). Nutrient solutions (pH: 5.57) were frequently renewed. At age of one week, only half of the
seedlings were maintained on nutrient solution containing
different nitrogen forms (Table 1) without Cd. Where as,
the rest of plants were fed with the different form of nitrogen (Table 1) and treated with Cd (25 µM).
At harvest, plants were assorted into leaves, shoots
and roots. Roots were rapidly washed three times with
distilled water and dried on filter paper. Fresh weight
(FW) of each sample (leaves, shoots or roots) was determined before storage in liquid N2. Samples of fresh matter
were dried at 70 °C during 72 h, in order to determine dry
weight (DW) of each sample. Six individual plants from
each treatment were used to realise each determination.
TABLE 1 - Final concentration of different nutrients added to
different culture media.

KNO3
(NH4)2SO4
CaSO4
MgSO4
K2SO4
KH2PO4
ZnSO4
MnSO4
H3BO3
CuSO4
Fe-K-EDTA
(NH4)6MO7O24

Nitrate
medium
5 mM
0 mM
0.5 mM
1 mM
0 mM
1 mM
1 µM
5 µM
30 µM
1 µM
100µM
1 µM

Mixed
medium
3 mM
1 mM
0.5 mM
1 mM
1 mM
1 mM
1 µM
5 µM
30 µM
1 µM
100 µM
1 µM

Ammonium
medium
0 mM
2.5 mM
0.5 mM
1 mM
2.5 mM
1 mM
1 µM
5 µM
30 µM
1 µM
100 µM
1 µM

2.2. Cadmium assay

Desiccated samples were ground to a fine powder using a porcelain mortar and pestle, and then digested with
an acid mixture (HNO3/HClO4, 4/1 cm3/cm3). Cd concentration was determined by atomic absorption spectrophotometry (Perkin-Elmer, AAanalyst 300) [13].
2.3. Ammonium and soluble protein assays

Ammonium was measured after extraction of plant
tissues (0.5 to 1g FW) at 4 °C in 2 ml of H2SO4 (0.3 mM)
and 0.5% (w/v) Polyclar AT. The homogenate was then
clarified by centrifugation for 15 min at 30,000g. Ammonium was quantified by the Berthelot reaction modified
according to Weatherburn [14]. Protein was determined
according to Bradford [15].
2.4. Glutamate and glutamine analysis

Amino acids were determined after extraction in a 2%
solution of 5-sulfosalicylic acid. Individual amino acid composition was determined on powder samples extracted
from an equal dry weight from three samples corresponding to three different plants, using ion exchange
chromatography [16].
2.5. Enzyme assays
2.5.1. Protease activity

Protease activity was measured by the method of
Wechenmann and Martin [17], using azocasein as substrate. Absorbance of the released azo-dye was measured
at 340 nm, and one unit of activity was defined as the
activity producing an increase of 0.01 unit of absorbance
during 2-h incubation.
Glutamine synthetase

Frozen samples were homogenized using a cold mortar and pestle with grinding medium (4 cm3 g-1 FW) consisting of 25 mM Tris-HCl buffer (pH 7.8), 1 mM EDTA,
1 mM MgCl2, 14 mM ß-mercaptoethanol and 1% (w/v)
polyvinylpyrrolidone (PVP) as described by Maaroufi et
al. [18]. Homogenate was centrifuged (25,000g for 30 min
at 4 °C), and the resulting supernatant was used as enzyme extract.
GS activity was determined using hydroxylamine as
substrate, and the formation of γ-glutamylhydroxylamine
(γ-GHM) was quantified with acidified ferric chloride [19].
The γ-GHM was quantified using commercial glutamine as
a standard after reading the absorbance of the incubation at
540 nm.
Glutamate dehydrogenase

GDH activity was measured as described by Turano
et al. [20]. Frozen samples were homogenized in a cold
mortar and pestle with 100 mM Tris-HCl (pH 7.5),
14mM-mercaptoethanol and 1% (w/v) PVP. NADHdependent activity was determined by following the absorbance changes at 340 nm.
Phosphoenolpyruvate carboxylase

PEPC activity was measured spectrophotometrically
at 340 nm, in a final volume of 1 ml containing 100 mM
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HEPES-HCl, 10 mM MgCl2, 5 mM NaHCO3, 0.2 mM
NADH, at optimal pH (8.0) and 2 mM PEP [21]. Assays
were initiated by the addition of plant extracts.
Gel electrophoresis, protein gel blot analysis and gel staining
procedure

Proteins were extracted as described above for GS assay. Proteins were separated by SDS-PAGE [22]. An
equal amount of protein (50 µg) was loaded in each track.
The percentage of polyacrylamide in the running gels was
10% for GS. Denatured proteins were electrophoretically
transferred to nitrocellulose membranes for GS detection,
or directly stained with Coomassie Blue. Polypeptide
detection was performed using polyclonal antiserum
raised against grape leaf GS (Biorad, Hercules, CA) [9].
Relative GS protein amounts were determined by densitometric scanning of Western blot membranes.
Native polyacrylamide gel electrophoresis

Native-PAGE was performed in slab gels containing
7% acrylamide by the method of David, and run at 25 V
for 20 h in a refrigerator. After completion of electropho-

resis, bands containing GDH activity (deamination) were
visualized with a tetrazolium assay [23]. After incubation
at 25 °C for 20 min, the gel was distained with distilled
water at 4 °C and photographed.
Statistical Analysis

Analyses of variance (ANOVA) with orthogonal contrasts and mean comparison procedures were used to
detect differences between treatments. Mean separation
procedures were carried out using multiple range tests
with Fisher’s least significant difference (LSD) (p<0.05).
3. RESULTS
Independently of the nitrogen form used, Cd content
was higher in roots than in leaves. The presence of NH4+
in culture medium reduced Cd in the different organs
studied (Table 2). In non Cd-treated plants, NH4+ content
was higher in plants receiving NH4+ as nitrogen source. In
treated tomato seedlings, Cd increased endogenous NH4+
content in the leaves and roots (Table 2).

TABLE 2 - Effect of nitrogen form and cadmium on Cd, NH4+, total soluble proteins, glutamate, glutamine and proline contents in leaves and
roots of tomato cultivated with NO3-, NH4+, or mixture as nitrogen source (Values are means ± SE of 6 individual plants).
NO3-/NH4+

No cadmium
100/0
60/40

Cadmium
(µmol/gFW)
Leaves
Roots
-

-

0/100

-

-

25 µM Cd
100/0
60/40

5.1±0.12
33.7±2.54
2.3± 0.21
26.4±1.93
1.1± 0.002
20±0.84

0/100

Ammonium
(µmol/gFW)
Leaves
Roots
0.036± 0.001
0.048±0.006
0.089± 0.002
0.16± 0.012
0.132± 0.01
0.20± 0.01
0.058± 0.0032
0.081±0.001
0.215± 0.053
0.134±0.005
0.54± 0.024
0.341±0.018

Soluble protein
(µmol/gFW)
Leaves
Roots
315± 23.6
170± 9.82
302± 24.01
171± 10.08
80.12±
5.03
78.55± 2.11
101.2± 8.74
65±3.10
102.4± 2.13
62.74± 3.91
120.15±8.70
90.01± 7.01

Glu
(µmol/gFW)
Leaves
Roots
23.04±1.98
15.01±0.92
25.14±1.13
14.99±0.90
27.75±1.74
12.5±1.1
20.75±1.76
6.81±0.53
23.31±1.87
10.25±1.05
28.76±2.22
28.03±1.86

Gln
(µmol/gFW)
Leaves
Roots
9.98±0.9
18.35±0.94
11.44±2.01
18.28±0.94
13.05±1.05
17.07±2.23
12.10±0.96
24.09±1.18
13.65±1.24
26.14±2.01
16.18±0.85
26.97±1.58

Pro
(µmol/gFW)
Leaves
Roots
10.542±1.2
7.46±1
21.413±1.81
8.76±0.9
23.49±2.01
11.04±1.39
30.72±2.5
25.88±1.9
39.88±3.06
30.58±2.27
63.53±3.02
46.04±2.23

TABLE 3 - Effect of nitrogen form and cadmium on protease, GS, NADH-GDH and PEPC activities in leaves and roots of tomato cultivated
with NO3-, NH4+, or a mixture as nitrogen source (Values are means ± SE of 6 individual plants).
NO3-/NH4+

No cadmium
100/0
60/40
0/100
25 µM Cd
100/0
60/40
0/100

Protease
(Unit/gFW)
Leaves
Roots
18.668±1.86
21.09 ±1.04
21.4±1.62
23.15± 1.9
26.84±2.08
28.449±2.04
15.4±0.12
11.11±2.54
18.04± 0.21
12.85±1.93
13.18± 0.002
6.784±0.84

-

GS
(µmol γ-GHM/gFW/min)
Leaves
Roots
0.644± 0.001
0.127± 0.006
0.737± 0.002
0.276± 0.012
0.885± 0.01
0.588± 0.01
0.294± 0.0032
0.03± 0.001
0.439± 0.053
0.121±0.005
0.802± 0.024
0.068± 0.018

667

NADH-GDH
(µmol NADHox/gFW/min)
Leaves
Roots
0.297± 0.119
3.6± 0.85
0.514± 0.234
4.29± 0.411
0.967± 0.22
5.19± 0.45
0.652± 0.257
6.17±0.4170
0.739± 0.218
7.65± 0.56
2.908± 0.166
9.26± 0.36

PEPC
(µmol PEPox/gFW/min)
Leaves
Roots
2.025±1.98
12.85±0.92
9.87±1.13
17.85±0.90
21.97±1.74
2.57±1.1
15.14±1.76
17.85±1.05
13.18±0.11
15.25±0.49
9.18±0.13
6.784±0.3
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A significant effect on soluble protein content per
DW was observed by both Cd and N regimes. Within the
control treatments, NH4+ nutrition led to a decrease in
soluble protein content (Table 2). In leaves and roots, a
decrease in soluble protein content was observed when
plants were grown with NH4 +/NO3- mixture, or with NO3only. However, plants grown under NH4+ regime and
treated with Cd exhibited a significant increase of soluble
protein content.
Glu, Gln and Pro contents were more important in
plants fed with NH4+ than in those that received a mixture
of NO3- and NH4+, or only NO3-. In Cd-treated tissues, an
accumulation of Pro and Gln was observed, whereas Glu
content was decreased (Table 2).
Protease activity was affected by the N-form added to
nutrient solution. Protease activity was higher in plants
grown in NH4+-rich medium than with NO3- as a sole N
source (Table 3). Enhancement of protease activity by Cd
stress was recorded in leaves and roots from plants grown
with NO3- alone, or a mix of NO3-/NH4+. On the other
hand, presence of Cd decreased protease activity in leaves
and roots of the plants that received NH4+ as N source.
Regardless of the N-form added to culture medium, GS
activity was higher in the leaves than in the roots. In the
leaves, GS activity was slightly higher in NH4+-fed plants

than in the other treatments. In roots, GS activity was
enhanced with the increase of external NH4+ supply. Cd
stress inhibited GS activity in leaves and roots of the
plants grown under different nitrogen medium (Table 3).
Protein gel blots analysis for the GS demonstrated that in
leaves the plastid isoenzyme (GS2) was more abundant
regardless of the N-form used (Fig. 1A). By contrast, the
cytosolic isoenzyme (GS1) was more abundant in root
tissues (Fig. 1B). Presence of Cd augmented the protein
quantity of GS1 isoenzyme but reduces the GS2 in bothleaves and roots, regardless of the N-form added to the
culture medium (Figs. 2A and B).
Our results showed that aminating GDH activity
(NADH-GDH) was higher in roots than in leaves, independent from the N-form added to nutrient solution. Aminating GDH activity was higher in tomato plants fed with
NH4+ than in those fed with a mixture of NO3-/NH4+, or
NO3- alone (Figs. 4A and B). Cd treatment was found to
stimulate aminating GDH activity in leaves and roots of
plants grown under different N sources (Table 3).
Regardless of N-form added to culture media, seven
GDH isoenzymes were found on both control and treated
leaves (Fig. 2A), but just one isoform in the roots of these
plants (Fig. 2B).

FIGURE 1 - Protein gels blot analysis of GS protein in the control and treated leaves (A) and roots (B) from tomato cultivated with NO3-,
NH4+ or mixture.
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FIGURE 2 - Native polyacrylamide gel of NADH-GDH from tomato cultivated with NO3-, NH4+ or mixture as nitrogen source. A : control
and treated leaves. B: control and treated roots.

In control plants, presence of NH4+ in culture medium
resulted in an increase of PEPC activity in leaves. However, in roots, the activity of this enzyme decreased in
presence of excess NH4+ (5 mM; (Table 3). Furthermore,
there was an important increase in root PEPC activity
when Cd was added to the nutrient solution. In leaves, Cd
enhanced PEPC activity in those plants receiving NO3- or
a mix of NH4 +/NO3-. However, when NH4+ was added as
the sole N source, PEPC activity was inhibited (Table 3).
4. DISCUSSION AND CONCLUSION
Nasraoui et al. [4] demonstrated that Cd-treated tomato plants showed a growth inhibition as well as a reduction of some parameters related to photosynthesis and
chlorophyll fluorescence. Presence of NH4+ in nutrient
solution resulted in a decrease of Cd content, which could
explain the lower inhibition degree of growth in NH4+fed-tomato plants [7]. The decrease in root and leaf protein contents may be due to protein degradation as well as
an amino acid hydrolysis [24, 25]. In fact, protein content

increased in NH4+-fed plants, in which protease activity
was inhibited in presence of Cd.
Glu and Pro, as well as other organic solutes, are
characteristic for plant osmotic and pH adjustments under
Cd stress [26]. In addition, Gln can act as a precursor of
Pro, and it has been shown that this compound is accumulated under abiotic stresses, such as that induced by heavy
metals [27]. In response to heavy metal exposure, accumulation of free Pro seems to be widespread among plants [27,
28]. It has been suggested that Pro accumulation in plants
under Cd stress is due to the decrease of the plant water
potential, and the functional significance of this accumulation could be related to the water balance [7, 29].
Under Cd stress, the increase of Pro concentration in
leaves and roots, independently of N-form used, has been
also proposed as a storage mechanism of excess N [30].
Generally, it is assumed that in higher plants, NH4+
has to be assimilated on its site of production/uptake to
prevent toxicity, and also its little export from roots to
shoots [31]. Indeed, our results showed that the total GS
activity increased in roots from NH4+-rich medium, which

669

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

reflected the higher accumulation of GS1 protein compared to this in plants fed with NO3-. It appears that tomato roots cope with the high levels of NH4+ by an acceleration of its incorporation into Glu and Pro. The differential effect of Cd on GS in the different organs may reflect
a specific response of GS isoenzyme. In leaves of Cdtreated tomatoes, inhibition of GS activity was closely
linked to a decrease in GS2 cognate proteins. However,
the inhibition of GS2 activity by Cd was associated with a
compensatory induction of GS1 isoenzyme. It was suggested that N remobilisation was generally associated with
cytosolic GS1 isoenzyme induction [5, 32]. Moreover, our
results suggested that when the chloroplastic GS activity
was negatively affected by Cd, the cytosolic isoenzyme
one was stimulated in order to maintain biosynthesis of
Glu (Glu was accumulated in Cd-treated tomatoes). Even
though the GS/GOGAT pathway is the major route in
higher plants, GDH can also participate in the assimilation of NH4+ into 2-oxoglutarate to produce Glu. Presence
of NH4+ in the culture medium enhanced the aminating
GDH activity in leaves and roots, due likely to the NH4+
accumulation, which confirms that GDH contributes to
the NH4+ detoxification, particularly in response to high
levels of this metabolite [6, 8, 12, 33, 34]. It has been
observed that tomato plants can express several GDH
isoenzymes with differential deaminating and aminating
activities, and that Cd-treated plants are referentially involved in glutamate synthesis [35]. In all nitrogen sources
tested and Cd treatments, the seven isoenzymes had the
same migration profile but exhibited differences in the
intensity of their bands. It can be suggested that GDH
activity was increased in tomato plants when stressed with
Cd and fed with different N-forms; this was correlated with
an induction of different isoenzymes showing that the aminating activity of GDH may play a role in the NH4+ detoxification and tolerance of tomato plants to Cd.
The metabolic pathways of nitrogen and carbon are
linked since nitrogen assimilation requires carbohydrates
for the production of energy and the provision of carbon
skeletons [12]. PEPC is the primary cytosolic enzyme replenishing oxaloacetate in the tricarboxylic acid cycle [36].
The increased PEPC activity with cadmium might be attributed to a number of factors. Principally, increased PEPC
activity under abiotic stress may reflect the need of the plant
for increased production of carbon skeletons in order to
regulate osmotic pressure, and to maintain cell ionic neutrality by synthesis of organic acids [37]. Furthermore, PEPC
might provide 2-oxaloactetate to replace a lower availability of oxoglutarate under stress Cd. Oxoglutarate is fundamental in the respiratory cycle to produce ATP for osmoregulation, and to provide 2-oxaloactetate for the TCA cycle.
Gouia et al. [38] showed that induction of PEPC activity by
Cd was partially due to PEPC protein synthesis. However,
there was a difference in the behaviour of this enzyme
depending on the plant organ studied. In our Cd-stressed
tomatoes receiving NH4+as nitrogen source, the decrease
in PEPC activity could be explained as follows: Firstly,
the deleterious effects of Cd were alleviated by the supply

of NH4+ as nitrogen source [4]. Secondly, a rapid pumping
of OAA for amino acid synthesis was not necessary because, in such a situation, soluble proteins were highly
accumulated.
In summary, our experiments showed that the detrimental effects of Cd on plant growth were reduced by
substitution of NO3- by NH4+ in the nutrient solution, which
could be correlated with an increase of total soluble protein,
Glu and Pro contents. Pro accumulation was a perfect indicator reflecting the tolerance capacity of tomato plants to
different abiotic stress situations (NH4+ and Cd stress).
Moreover, the differences found in Cd response between tomatoes grown with different N forms, seem to be
related to differences in the NH4+assimilation pathway.
The compensatory inhibition of GS2 activity by the induction of GS1 and GDH seems to play a crucial role in
Glu regeneration from Gln. Thus, the present results provide a relationship between NH4+assimilation and Cd
tolerance. Moreover, our results highlight the importance
of the strategy played by plants on the induction of different GDH isoenzymes, and the role of PEPC for the
NH4+detoxification.
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ABSTRACT
Air-drying has significant influences on phosphorus
sorption behaviors in soils. It is urgently necessary to
expend the relevant knowledge to sediments of lakes,
especially large eutrophic ones. Sediments were collected
at different sites in a Chinese large shallow eutrophic lake
(Lake Chaohu) and an urban shallow lake (Lake Donghu)
in November 2007; contents of organic matter (OM) were
measured. Phosphorus sorption behavior fitted Langmuir
equation well. Compared to the field-moist sample, the
air-dried sediments had significantly lower sorption energy
(K). Additionally, there was a significant positive relationship between the OM content and K value in the fieldmoist sediments. The changes in geochemical characteristics of iron oxide and organic carbon may be mainly responsible for the decreasing K value in air-dried sediment.
Furthermore, in the incubation experiments, the air-dried
sediments generally gave higher concentrations of soluble
reactive phosphorus coupled with alkaline phosphatase
activity, which was mainly due to the decreased phosphorus sorption energy, because there was no significant
differences of pH values and dissolved oxygen concentrations between the air-dried and field-moist sediments.
Finally, in contrast with the field-moist samples, the airdried ones showed a significantly positive relationship
between OM content and EPC0 value, suggesting that the
breakdown of OM during drying may be a major source
of P upon reflooding.

KEYWORDS: Air-drying, lake sediment, phosphorus sorption,
organic matter, alkaline phosphatase activity, equilibrium phosphorus concentration

levels change in different frequency. As a consequence,
the relevant sediment undergoes air-drying and flooding
alternation. In the soils, air-drying increased P sorption
[2]. However, the information on the relationship between
air-drying and P sorption behaviors in sediments of aquatic systems is scarce. In a Spremberg reservoir, the sediment increases the P release on reflooding [3]. There was
an increase in P level after air-drying and reflooding of
North Lake sediments [4]. Shortly, few studies on sediments give the result contradictory to that obtained from
soils. Additionally, sediment P behavior was measured
using either air-dried [5, 6] or field-moist [7, 8] samples,
which may yield different results; Moreover, there is the
controversy over the role of OM in P sorption. For example, P sorption was positively correlated with OM [9-11],
but then, a negative correlation between P sorption and
OM was noted in soils [12, 13]. However, this subject
was inadequately studied.
In this study, sediments were collected in a Chinese
large shallow eutrophic lake (Lake Chaohu) and an urban
shallow lake (Lake Donghu) in November 2007. The OM
content was measured and P sorption behaviors were
described by Langmuir equation. Furthermore, the fieldmoist and air-dried sediments were compared for their
abilities to shape the patterns of soluble reactive P concentration and alkaline phosphatase activity under the
aeration conditions by incubation experiments. The aims
of this study were 1) to further describe the effects of airdrying on P sorption capacity in sediments of aquatic
systems, especially lakes; 2) to have deeper understanding
of the roles played by OM in modifying sediment P sorption capacity; 3) to reveal environmental significance of
drying and flooding alternation for the restoration and
management of eutrophic lakes.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Sample preparation

Phosphorus (P) plays a major role in eutrophication
of aquatic systems [1]. Naturally or artificially, their water
* Corresponding author

2.1.2. Air-dried and field-moist sediment suspension

Sediments were collected from Lake Chaohu and
Lake Donghu in November 2007 (Fig. 1). The sediments
were sampled by a Peterson grab sampler, stored at 4 °C,
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homogenized and sub-sampled randomly for two treatments. One portion of the sample was allowed to air-dry
at room temperature (about 20 °C). Another portion was

immediately mixed with distilled water (1:9) and stored at
4 °C [14].

(a)

Lake Chaohu

(b)

Lake Donghu

FIGURE 1 - Map of sampling sites of Lake Chaohu (a) and Lake Donghu (b).
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2.2. Incubation experiment

Sediment samples were taken in February 2009 by
polyethylene pipes, pushing 20 cm into the sediment without disturbing the sediment-water interface. Three fieldmoist sediment cores were incubated at 4 °C immediately.
The other three cores were air-dried during 40 days at
room temperature (about 20 °C). For the air-dried sediments, the final water ratio decreased by 17%, on average.
After air-drying, the sediment cores were reflooded with
filtered original lake water (0.45 µm, stored at 4 °C) by
siphoning to the same water levels as in the field-moist
sediment controls. The reflooded and air-dried sediment
cores are referred to as air-dried sediment cores. A 45-ml
water sample was taken from each core for analysis and
replaced by the same volume of filtered lake water. The
whole incubation times were in the aeration state [15].
2.3. Chemical analysis
2.3.1. Phosphorus sorption

The suspension was incubated with 0, 0.5, 1, 2, 5, 8,
10, and 15 mg P L-1 as KH2PO4 in 10-ml centrifuge tubes
(each set has triplicate suspensions; modified by [14]).
Tubes were shaken for 24 h at 20±3 °C, centrifuged at
3000 rpm for 20 min, and analyzed for soluble reactive
phosphorus (SRP). Sorption parameters were calculated
using equations as follows：
Linear equation: Q=KC-Q0
Langmuir equation：C/Q = C/Qmax +1/K Qmax
Freundlich equation: LnQ=lnKf +nlnC
C： P concentration in solution after 24 h equilibrium (mg
L-1); Q: amount of P sorbed by the solid phase (mg kg-1).
The equilibrium P concentration (EPC0) was measured by Linear equation, where no P sorption or desorption occurs, and is equal to the value of C when Q is 0.
The maximum P sorption (Qmax) and P sorption energy
(K) were measured by Langmuir equation. Freundlich
value (Kf) was measured by Freundlich equation.
Water SRP concentration was determined by the molybdate blue method [16]. OM was measured by digestion
with potassium dichromate plus sulfuric acid. Alkaline
phosphatase activity (APA) in the water was determined
using a procedure modified by [17, 18]. Dissolved oxygen
(DO) was recorded with a portable JPBJ-608 meter and
pH with a PHBJ-260 meter.
2.4. Statistical analysis

Statistical analyses of variance were performed using
SPSS 17.0 program.
3. RESULTS AND DISCUSSION
Under both air-dried and field-moist conditions, sediment P sorption fitted Langmuir equation well (r =
0.87-0.99). Compared to the field-moist samples, the airdried ones had slightly higher EPC0 and lower Qmax val-

ues; furthermore, they showed significantly lower K values (p<0.05) (Fig. 2). Taken together, air-drying weakened
sediment P sorption capacity with the sorption energy
being mostly affected.
The decrease in sorption energy (K) could be explained in terms of iron oxide and OM. Firstly, our phosphate sorption data also fitted Freundlich equation well,
and the adsorption of phosphate onto Fe(OOH) can be
satisfactorily described with the Freundlich adsorption isotherm [19]. Furthermore, in Chinese shallow lakes including the study lakes, the sediment OM content was positively proportional to soluble reactive P concentration in
interstitial water, in a form of exponential function, but
inversely related to the sediment Fe/P ratio [20]. Ironbound phosphates were the major P fractions in Lake
Chaohu [21] and Lake Donghu [22]. Therefore, iron oxide
plays an important role in P sorption in the sediments of
the studied lakes, which might be adversely affected by
air-drying. For example, in wetland sediment, iron extractability of wet and air-dried sediments suggested an increase in iron crystallinity upon drying, correlated with
the decrease in P-sorption capacity [23]. Complete desiccation of sediments may lead to a decrease in the affinity
of P for iron minerals [24]; Secondly, in the field-moist
samples existed a significant positive relationship between
OM content and K value (p<0.01) (Fig. 3), suggesting an
important role of the sediment OM for binding phosphate.
Consistently, positive correlations of both K and S-max
with oxalate-extractable Fe (r values of 0.93 and 0.81, p <
0.05) and total carbon (TC) (r values of 0.89 and 0.74, p <
0.05) were found, suggesting that OM and amorphous or
poorly crystalline Fe would play dominant roles in P
adsorption in the headwater ditch sediments [25]. Therefore, the decomposition of the sediment OM upon airdrying could weaken the P sorption energy. For example,
decreased P sorption after air-drying has been attributed
to an increase in water-extractable OM [26]. DOM from
decomposed organic materials inhibited P sorption to a
greater extent than did DOM derived from fresh materials
[27]. The relative affinity for phosphate decreases as the
OM/specific surface area ratio increases supporting the
hypothesis that phosphate and organic anions compete
strongly for the same sorption sites. The amount of oxalate + malate released from the solid phase was related
roughly to that of P sorbed after the initial P sorption [28].
Moreover, the decrease in aerobic respiratory activity and
humification index was observed in soil column from the
surface to 1.5 m depth [29]; it means that, under aerobic
conditions, the contents of humic substances were higher
in the air-dried sediments relevant to the field-moist one,
which also had adverse effects on P sorption. For example,
amendment of the humic-fulvic acid mixture increased
the amount of applied P in soils [30], and humic and
fulvic acids competitively inhibit P sorption [31]. In short,
changes in the geochemical characteristics of iron oxide
and organic carbon would decrease the P sorption energy
in air-dried sediments.
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FIGURE 2 - Variation in equilibrium phosphorus concentration (EPC0), maximum phosphorus sorption (Qmax), sorption energy (K) and
Freundlich value (Kf) between field-moist and air-dried sediments of Lake Chaohu and Lake Donghu.

FIGURE 3 - Relationship between sorption energy (K) and organic matter (OM) for field-moist sediments of Lake Chaohu and Lake Donghu.

As shown in Fig. 4, SRP concentration and total APA
derived from air-dried and field-moist samples differed
greatly in the incubation solutions. Along the incubation
course, the air-dried sample gave higher SRP concentration from the second day and higher APA from the fourth
day. The differences were significant, especially in the
earlier incubation. Therefore, air-drying can enhance
sediment P release by biological ways. For example,
bacteria were important contributors of P during drying
and rewetting, and their contributions occurred through
two processes: (1) when sufficient moisture and oxygen
were available, bacteria rapidly removed soluble P from
the water, incorporated it into the particulate phase, and

the amount of P taken up was positively correlated with
bacterial respiration; (2) upon drying, bacterially stored P
was partly returned to the water, and the release was increased with increasing bacterial uptake [4]. Furthermore,
the release of enzymes from dead organisms in water has
been reported in many studies [32]. Additionally, enzymehydrolysable P may be more abandoned in the air-dried
sediments. For example, the phytase preparation hydrolyzed
large proportions of water-extractable molybdate-unreactive
P in extracts of dry soils, suggesting the release of enzymehydrolysable inositol hexakisphosphate to water following the rapid rewetting of dry soils [33]. In short, in the
air-dried sediment, the dead microorganisms liberated not
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only phosphate but also alkaline phosphatase coupled
with its substrates, leading to a significant increase in
SRP concentration in overlying water.
In the study lakes, the sediment P release was almost
fully prevented by aeration. Under aerobic conditions,
orthophosphate liberated is easily adsorbed by ferric iron
in sediments with higher Fe/P ratio [20]. In addition, Fe-P
possessed the greatest binding capability at pH 7-8 [34].
Therefore, both pH value and DO concentration were the
major factors controlling P release at the sediment-water
interface. However, there were no significant differences
between pH value and DO concentration in the fieldmoist and air-dried sediments (Fig. 5); hence, these effects did not appear to be a source of variations in SRP
concentration in overlying water, which further high-

lighted the role of sorption energy in P retention of lake
sediments.
EPC0, where P is neither adsorbed nor desorbed, was
related to stream water DRP concentrations. EPC0 values
greater than SRP concentrations suggested the sediments
were a potential source for water column P, whereas EPC0
values less than SRP implied that the benthic sediments
were serving as possible P sink [35]. For the field-moist
sediments, an inverse association was found between OM
and EPC0. Contrastingly, in the air-dried sediments, there
was a significantly positive relationship between these
two variables (Fig. 6). This suggested that the breakdown
of OM during drying may be a major source of P upon
reflooding, which is of great environmental significance
for the management of eutrophic lakes that undergo seasonal drying and rewetting along shoreline.

FIGURE 4 - Comparison of soluble reactive phosphorus (SRP) concentration (4a) and alkaline phosphatase activity (APA) (4b) for air-dried
and field-moist sediment cores (bars at each data point represents standard error).

FIGURE 5 - Comparison of pH (a) and dissolved oxygen (DO) (b) in waters for air-dried and field-moist sediment cores (bars at data points
represent standard error).
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FIGURE 6 - Relationship between equilibrium phosphorus concentration（EPC0）and organic matter (OM) for field-moist and air-dried
sediments of Lake Chaohu and Lake Donghu.

4. CONCLUSIONS
Air-drying can inhibit P sorption in lake sediments
chemically and enzymatically. It significantly decreased
sorption energy that may be competitively weakened by
the products in the process of OM decomposition under
aerobic conditions. Furthermore, air-drying enhanced releases of alkaline phosphatase and phosphate from dead
microorganisms, and gave rise to SRP concentration in
overlying water. Finally, in contrast with its field-moist
counterpart, the air-dried sediment showed a significant
positive relationship between OM content and EPC0 value; so, it tends to act as phosphorus source when reflooded.
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ABSTRACT
Flow cytometry (FCM) is largely used in phytoplankton analyses, but its potential for analysing filamentous
algae is limited by the difficulty to obtain individualised
cells. To overcome this, we developed a rapid and lowcost method for isolating high yields of cells from filamentous cyanobacteria (Anabaena cylindrica, Anabaena
cf. solitaria., Nostoc sp., Aphanizomenon gracile, Aphanizomenon sp. and Aphanizomenon flos-aquae) allowing
maximum efficiency in cell isolation while minimizing
degradation. In order to achieve an optimal methodology,
six isolation solutions [Otto, Sgorbati and WPB buffers
and FCB1 (0.1 % Triton-X100), FCB2 (0.2 % TritonX100) and FCB5 (0.5 % Triton-X100) solutions], different incubation time and sonication periods were tested.
Results indicate that cell isolation yield was mostly dependent on the isolation solution used. Among the buffers
assayed, fluorescence microscopy observation revealed
that WPB and FCB5 provided the highest yield of isolated
cells. However, A. cylindrica and Nostoc sp. were more
resistant and required sonication prior to incubation in
WPB and FCB5 in order to obtain acceptable yields. In all
species, FCB5 buffer provided best global results for cell
integrity. The volume, granularity and autofluorescence of
isolated cells were then characterized by FCM. In conclusion, this is the first report of an efficient, easy and low
cost methodology for individualization of filamentous
cyanobacteria cells, which enables their analysis by FCM,
and will open a vast set of possibilities in this area of
research.

KEYWORDS: Filamentous cyanobacteria, flow cytometry, isolation buffers, methodology.

1. INTRODUCTION
Cyanobacteria have a major role in the growth of many
organisms such as aquatic plants and animals, because
* Corresponding author

some of them are capable of fixing atmospheric nitrogen [1],
being fundamental for the primary production on aquatic
systems. Notwithstanding, contamination of the environment by nutrients (mostly of anthropogenic origin) might
result in uncontrolled growth of cyanobacteria, forming
blooms which normally occurs in early summer [2]. These
blooms might cause the eutrophication and are also responsible for releasing toxins to the ecosystem, which can be
harmful to many live forms including humans [3]. It is thus
important to have a rapid and efficient way to study and
characterize these organisms and their population dynamics.
Unfortunately, most of the techniques available to
characterize community dynamics, like cell counting and
optical density, are laborious, time consuming and results
can be affected by factors like high biodiversity of samples
and small cellular volume. Flow cytometry (FCM) allies
high speed analysis with sensitivity and the possibility of
multi-parametric data acquisition [4], being a more suitable
solution to study these bacterial communities with precision. This is possible because particles are forced to move
individualized and thus information is gathered for each
particle. The ability of the particle to interact with light,
reflecting it at different angles, gives information about
particle’s volume and granularity. Intracellular compounds
with intrinsic fluorescence (e.g. chlorophyll, phycocyanin)
allow a selective differentiation of subpopulations, which
is an advantage when analyzing samples with high biodiversity [5]. FCM has been successfully applied to analyze
unicellular algae [6] and cyanobacteria [7, 8], but filamentous cyanobacteria have seldom been studied by FCM.
This is highly likely to be due to the structural nature of
filamentous cyanobacteria; their organization in filament
surrounded by strong mucilage is a major obstacle for
FCM analysis. To reinforce this idea, Sakr et al. [9] was
able to isolate and individualized cells from Anabaena sp.
Strain PCC 7120 but with the protocol applied data analysis was difficult due to the elevated number of relatively
small particles and debris resulting from cell lysis (probably due to sonication).
The aim of the work presented here is to provide an
easy and reliable protocol to facilitate filamentous cyanobacteria analysis by FCM. In order to achieve this, several
parameters were tested (Isolation Solution, Incubation
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time, Sonication) to provide the best results. With this work,
we expect to give new tools to researchers in the study of
cyanobacterial communities, by proposing a simple and
effective protocol to obtain individualized cells, opening
the possibility to study them by FCM.
2. MATERIAL AND METHODS
2.1. Species and culture conditions

The photosynthetic prokaryotes Anabaena cf. solitaria (UADFA14), Aphanizomenon gracile (UADFA16),
Aphanizomenon sp (UADFA18) and Aphanizomenon flosaquae (UADFA15) were isolated from environmental samples (Vela Lake, Quiaios, Portugal). Samples of Anabaena
cylindrica (N_212) and Nostoc sp. (N_213) were obtained
from the University of Trás-os-Montes and Alto Douro
collection.
Filamentous cultures were grown in MBL medium
[10] without nitrates in 50 ml Erlenmeyer’s at 20°C ± 1°C
and light provided by daylight fluorescent TLD 18W/840
Philips at constant irradiance of 135µmolm-2 s-1.
2.2. Sample preparation

Algal suspensions in exponential-growth phase were
collected for analysis. In order to optimize a protocol for
single cell isolation we tested the performance of six
isolation solutions [Otto [11], Sgorbati [13], WPB [14],
FCB1, FCB2 and FCB5- for composition see Table 1]
and different incubation periods.
The species N_212 and N_213 presented high resistance to cellular isolation and thus it was necessary to
resort to sonication at 35 KHz (Sonorex RK100H- Bandelin electronics, Berlin) in order to obtain a good yield of
isolated cells. For this reason, a new set of assays were
performed to determine the most effective combination of
sonication period/incubation in isolation solution.
In brief, samples were divided in two batches, one
was sonicated in the isolation solution while the other was
sonicated (in culture medium) and then the isolation solution was added. After sonication, cells were collected by
centrifugation and were resuspended in the isolation solution. The sonication periods tested ranged from one to

five minutes. Final cell suspension were recovered and
filtered through a 20-µm nylon filter.
2.3. Isolation performance and scoring with Fluorescence
microscopy

The cyanobacteria were treated with different concentrations of the buffers and FCB solutions (0.1, 0.2, 0.5 and
1%) and observed under a fluorescence microscope
(Eclipse 80i fluorescence microscope Nikon Corporation,
Nikon Instech Co., Kanagawa, Japan) to evaluate which
of the treatment combinations provided the best yield of
isolated cells. Filaments were evaluated continuously in
order to pinpoint the beginning of cell isolation and its
progression along time, until all the cells were isolated.
We also assessed if any type of structural changes occurred in the individualized cells, namely degradation, as
this would mean that the methodology was too abrasive
and thus unsuitable. The buffers and solutions with the
highest yield of cell isolation and the lowest time of incubation were used to the further analysis.
2.4. Flow-cytometric analysis

All samples were analyzed with a Coulter EPICS XL
(Coulter Electronics, Hialeah, FL, USA) flow cytometer
equipped with an air-cooled argon-ion laser tuned at 15
mW and operating at 488nm. Fluorescence was collected
through a 645nm dichroic long-pass filter and a 675nm
band-pass filter (30 nm bandwidth) for chlorophyll fluorescence. The results were acquired using the SYSTEM II
software version 3.0 (Coulter Electronics). Distilled water
was used as the sheath fluid.
The forward scatter (FS), which is related with cell
size/volume, and side scatter (SS) which is related with
granularity/internal organization and refractive index of
the cell were recorded and used to characterize the morphology of the individualized cells.
Polystyrene latex beads with 0.945 µm (Agar scientific, 66a Cambridge Road, Stansted, Essex U.K.) were
used to help in the identification of cyanobacteria individualized cells and to set up the instrument (FS and SS).
Acquisition was performed at a low rate and all settings
were kept constant throughout the analysis. The normalization of the data was measured by Coefficient of Variation which gives the quality of the samples.

TABLE 1 - Composition of the four Isolation solutions tested.
Buffer

Composition

Reference

Otto

Otto I: 100mM citric acid, 0.5% (v/v) Tween 20 (pH 2-3)

Otto [11]
Dolezel and Göhde [12]

Otto II: 400mM Na2PO4.12H2O (pH 8-9)
Sgorbati
WPB
FCB1, FCB2
and FCB5
solutions

4% formaldehyde in Tris buffer (10 mM Tris, 10mM Na2.EDTA, 100mM NaCl, pH 7.4); 0.1%
triton X-100
0.2 M Tris-HCl, 4mM MgCl2.6H2O, 1% Triton X-100, 2mM EDTA Na2.2H2O, 86Mm NaCl, 10
Mm metabissulfite, 1% PVP-10 (pH 7.5)
Triton-X100 at 0.1%, 0.2%, 0.5% and distilled water.

680

Sgorbati et al. [13]
Loureiro et al. [14]

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

3. RESULTS
3.1. Isolation solution performance

From the isolation solutions tested, only WPB and
FCB5 solutions successfully managed to provide isolated
cells within a short time period (Table 2). Nonetheless,
while for the species isolated from UADFA14, UADFA16, UADFA18 and UADF15, buffer treatment was
enough for cell isolation, for N_212 and N_213, sonication was later found to also be required in order to achieve
good cell isolation.

Sonication time and incubation in isolation solution
were assayed in order to determine the combination presenting the highest yield of isolated cells. Sonication of
cellular suspension with WPB and FCB5 were assayed
but the filaments remained intact for both buffers in either
conditions (Table 3).
TABLE 3 - Quantitative evaluation of sonication. Values vary between 0- no effect was observed, and 3- maximum effect. Rating for
WPB was 0 because isolated cell’s integrity was compromised.
Buffers

TABLE 2 - Quantitative evaluation of the isolation solution performance. Values vary between 0- no effect was observed, and 3maximum effect. Cell lysis was only evaluated in the buffers that
provided cell release.
Buffers
Otto
Sgorbati
WPB
FCB1
FCB2
FCB5

Incubation
Time
0
0
3
1
1
3

Number of
Events
0
0
3
1
1
3

Cell
Lysis
3
0
0
0

WPB
Rating
0
0
0
1
1
3

Both FCB5 solution and WPB achieved maximum
yield after 10 minutes incubation, for a concentration 1:2
(culture suspension: isolation solution). For the other
solutions, the filaments remained intact even after thirty
minutes of incubation (Fig 1a).
The species N_212 and N_213 proved to be more difficult to isolate, as incubation was not enough to provide
high yield of isolated cells in an acceptable time and thus,
complementary methodologies were tested.

a

FCB5

Buffer
Incubation
After
Sonication
With
Sonication
After
Sonication
With
sonication

Incubation
Time
3

Number
Cell
of Events Integrity
3
3

Rating
3

3

0

0

0

3

0

0

0

3

3

0

0

On the other hand, sonication of cellular suspension
followed by the addition of the isolation solutions proved
to be a better procedure for these two species. From the
sonication time tested, four minutes gave the best results,
as the filament broke and posterior incubation at a 1:2
concentration in buffer, culminated in a high yield of
isolated cells.
Despite the high levels of cell release provided by
WPM and FCB5 buffers, microscope visualisation (Fig.
1b-c and Table 2) showed higher occurrence of cell lysis
in cells treated with WPB. In particular, light microscopy
observations revealed a loss of internal content through
vesicles, leading to a discoloration of the cells, which
demonstrate that the integrity of the WPB-isolated cells
was compromised (Fig 1b).

b

c

FIGURE 1 - UADFA16 treated with isolation solutions with a 40X ampliation; a) Intact filament treated with Otto/Sgorbatti buffer; b)
Compromised filament treated with WPB; c) isolated cell after treatment with FCB5.
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3.2. FCM analysis

FCB5 buffer was the only one used to analyze samples by FCM. All species presented a well defined population of individualized cells which associated with chlorophyll fluorescence emission, allowed to distinguishing
intact individualized cells from broken filaments and
cellular debris (Fig. 2). For all the testes species the main
histogram, FS vs Total number of events, presented a
main peak. By comparing this peak events size with the
size of standard beads and with microscopic observations,
we confirmed that these events consisted of individualized cells. The coefficient of variation, which is a measure
of the quality of the sample, for the FS peak ranged from
12.41 to 18.20, for UADFA16 and UADFA 18, respec-

tively while the remaining species performed between this
ranges (Table 4).
TABLE 4 - FS’s coefficient of variation (CV). Values are given as
mean and standard deviation of the mean. UADFA14, UADFA15,
UADFA16 and UADFA18 were treated with FCB5 solution and
N_212 and N_213 were treated with FCB5 and sonicated during 4
minutes.
Strains
UADFA14
UADFA15
UADFA16
UADFA18
N_212
N_213

Coefficient of Variation (CV)
13.61±3.25
12.82±2.30
12.41±3.36
18.20±3.64
16.8±4.48
14.37±4.15

FIGURE 2 - FS histogram, FSvs SS cytograms and FSvsChlorophyll cytogram of cyanobacterial isolated cells; a) UADFA16 after isolations
with FCB5, region A represents the peak of isolated cells, region B represents debris; b) UADFA16 and calibrated latex beads: region F(bead
singlet’s); region G (bead duplets) and region C (individualized cells). c) N_212 after sonication for four minutes and isolations with FCB5,
region A represents the peak of isolated cells and region B represent debris. d) Cytogram of the N_212: region F corresponds to the individualized cells, E represent heterocyst cells and G represents debris.
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considered less suitable than FCB5 for filamentous cyanobacteria cell isolation.

4. DISCUSSION AND CONCLUSION
The applicability of FCM to study filamentous cyanobacteria is traditionally hampered by the necessity of isolating cells (and consequently their cytomes) and available
FCM data is restricted to unicellular cyanobacteria species. With those unicellular species there is no need for
isolation buffers, as mostly the culture medium is used
both for counting, morphological analyses (FS and SS)
[e.g. 7, 8] or a fixation in buffer containing e.g. formaldehyde (Sgorbati buffer) which however are not efficient in
releasing cells from filamentous species. To overcome
these difficulties, we describe here a simple isolation solution and an easy and robust protocol allowing isolation of
cells from six filamentous cyanobacteria species and later
analysis by FCM.
These six filamentous species were chosen according
to their environmental abundance in temperate ecosystems (e.g. abundant in rice fields and shallow lakes) and
their different characteristics such as cell form, filaments
length and mucilaginous presence. This plankton diversity
allowed evaluating if the protocol could be used in a large
spectrum of cyanobacteria species with different characteristics and requisites.
The six isolation solutions were selected according to
their diverse constitution: Otto’s is a highly used and
robust buffer in plant sciences, using citric acid to slightly
fixate cells, and Tween 20 as a less abrasive detergent
counterpart of Triton X-100. WPB was specifically designed for FCM analyses of recalcitrant plant [14], and
proved to be very versatile and efficient buffer. Sgorbatti’s
buffer was chosen as its composition includes formaldehyde, which might help to preserve cells for a reasonable
period of time once isolated. However, as preliminary data
showed that from these buffers only WPB produced isolated cells, we tested the putative interaction of Triton X100 (a non-ionic detergent with surfactant activity) with
mucilaginous compounds (mostly polysaccharides) that
link the filamentous cells. From the cell isolation buffers
tested, with UADF species, our results indicate that only
WPB and FCB5 solutions (both having Triton as detergent) provided individualized cells. As none of the other
buffers provided significant results and as their composition differs highly, the most plausible explanation for
their inability to isolate cells is the low concentration of
detergent present in the other buffers containing Triton X100 as detergent. In the case of Otto, the poor results
observed are likely due to Tween 20, the detergent used in
this buffer, being less abrasive than Triton X-100.
Comparing FCB5 and WPB results we demonstrate
that FCB5 has a great performance in cell isolation from
filamentous cyanobacteria. Moreover, under the microscope, the occurrence of cell lysis was not observed in
FCB5, contrarily to the abundant lysis of cells exposed to
WPB. Complementary analyses of esterases activity using
fluorescin diacetate (FDA, data not shown) also supported
that WPB compromised cell viability. WPB was therefore

For the other species tested, N_212 and N_213, the
initial protocol did not work probably due to the larger
size of the filaments and stronger mucilage. Therefore, for
these two species, sonication was required in order to
obtain isolated cells and from the two approaches tested,
sonication in buffer or sonication followed by buffer
incubation, only the latter provided individualized cells.
The approach used to determine the most suitable combination of sonication and buffer incubation showed that
any sonication bellow four minutes was unable to isolate
cells. Filaments start to disrupt rapidly after four and five
minutes of sonication, and as no foreseeable differences
were observed between these two different times, we
decided to adopt four min as the sonication time to be
used in this protocol. Concerning to buffer incubation, we
had good results with FCB2 and FCB5 solutions after
sonication of cyanobacteria. This demonstrates that, after
the filaments are broken, detergent is more efficient in
individualizing cells.
With the protocol optimized, samples of each species
were prepared and analyzed by FCM in order to evaluate
the suitability of the methodology proposed. All species
provided well defined populations in what regards volume
(FS) and complexity (SS) (Fig. 2) and when compared to
calibrated latex beads, presented dimensions in the order
of what is expected for isolated cells (Fig 2b).
The fluorescence emitted by chlorophyll molecules
was used to distinguish cyanobacterial cells from other
particles, by applying a gating of the fluorescence emitting population to the FS histogram (fig 2a and 2c). In this
histogram, a well defined peak, representing cyanobaterial
isolated cells was observed and only a small amount of
debris was visible. Also, a small amount of events with
high volume and complexity were observed, events which
can be either multiplets (individualized cells that pass
through the laser point aggregated) or a few broken filaments. In what concerns the coefficient of variation of the
samples, which evaluates the quality of the samples, it
varied between 12.41 and 18.20, values obtained for species UADF16 and UADF18 respectively. This is the first
report of CV values for SS and FS in cyanobacteria cells;
despite they are extremely important to ensure the reliability of any fluorescence FCM analyses, CVs are rarely
identified in literature and the only work providing CV
concerns DNA staining of Prochlorococcus species labeled with SyberGreen [17], with CV values around
8.9%. We are currently testing the protocol presented here
for DNA labeling in these filamentous cyanobacteria
species, using SyberGreen, propidium iodide and Picogreen,
but small amount of DNA allied to high interference of
cyanoabacterial pigments fluorescence are nuisances for
FCM analysis.
In conclusion, we present here an isolation buffer and
a methodology which provides high yield isolation of
filamentous cyanobacteria cells, in a simple and low cost
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approach. Also, it is presented a protocol for the analysis
of filamentous cyanoabacteria by FCM and this breakthrough will open a vast set of possibilities in this area of
research and expand the applications of flow cytometry,
proving this technique as powerful and reliable tool for
cyanobacterial studies.
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ABSTRACT
This study investigates both separate and joint (ASA+
AcH) effects of acetylsalicylic acid (ASA), an active ingredient of aspirin, and acetaldehyde (AcH), an intermediary
metabolite in alcohol metabolism, on some developmental
features of Drosophila melanogaster. Substances were
applied to Drosophila melanogaster by means of nutrition,
adding them to culture media. With the effects of ASA
and AcH, egg fertility decreased in the F1 generation,
while it increased in the F2 generation. This increase was
even more evident in the experimental groups of F2 that
were influenced by ASA and AcH together. Egg development was inhibited in experimental groups exposed to
low concentrations of AcH. However, at high ASA+AcH
concentrations (ASA + 20 mM AcH, ASA + 30 mM AcH),
egg development was close to or higher than that of the
control group. The number of larvae in the culture medium containing AcH and ASA decreased in the F1 generation, while it increased in the F2 generation. This increase was more evident with the combination of ASA
and AcH. It can be concluded that the combination of
ASA and AcH resulted in the development of resistance
to those substances.

KEYWORDS: Drosophila melanogaster, fecundity, fertility, aspirin, acetylsalicylic acid, acetaldehyde.

1. INTRODUCTION
Acetylsalicylic acid [ASA; 2-(acetyloxy) benzoic
acid], which is the active compound of Aspirin® and an
ingredient in several other pharmaceuticals, is an over-thecounter analgesic consumed in large quantities throughout
the world [1, 2]. There is a great deal of information indicating the positive side effects of aspirin in addition to its
painkilling effect. For instance, aspirin was determined to
inhibit somatic mutation and recombination on mytomycin
* Corresponding author

C-induced mutagenesis in Drosophila melanogaster [3]
and to reduce the chromosome deviations in bone marrow
cells and blood micronucleus tests in mice [4].
Long-term use of aspirin has been reported to exert a
protective effect against malignity in many human tissues
[5]. In addition, it was reported to prevent cancer development stimulated by chemicals in various animal models
[6] and to reduce the size and number of radiation-induced tumors in rodents [7]. It was also observed to inhibit DNA injuries caused by H2O2 [1]. However, besides
these positive effects, aspirin was determined in endoscopic
studies to cause damage to the gastric mucosa [8, 9] and
have side effects including the inhibition of thrombocyte
aggregation and toxicity in the kidney [10]. Sodium salicylate, a sodium salt of salicylic acid, was determined to
decrease the rate of hatching in chicken embryos [11]. The
main metabolites of aspirin, salicylic acid and gentisic acid,
caused regression in the development and propagation of
Daphnia magna and Daphnia longispina [12].
Acetaldehyde is the main metabolite of alcohol metabolism and demonstrates toxic effects in the liver. It has a
wide application area, although humans are directly in contact with it particularly due to its use in tanning products,
cosmetic production, synthetic sweetening, and protection
of fish and fruit products [13]. Furthermore, low amounts
of acetaldehyde were identified in oven-baked coffee, all
alcoholic beverages like beer and wine, plant sap, and
essential fats. It is also an intermediary metabolite formed
by ethanol and sugar metabolism and is present in blood
in trace quantities [14]. Acetaldehyde is metabolically quite
reactive and toxic; it also binds with proteins and macromolecules [15]. It was determined to cause sister chromatid
exchanges, chromosome deviations, and cross-linking in
culture cells of mammals [16]. It is reported to suppress
the coenzyme A (CoA-SH) activity in the brain and liver,
to be 10-30 times more toxic than ethanol [1], and to
possibly result in cancer in humans [17, 18]. As a result of
in vitro AcH application, embryonic anomalies were detected in ten-day-old rat embryos [19, 20]. In addition,
acetaldehyde was observed to bind with DNA in the
granulocytes and lymphocytes of people consuming large
quantities of alcohol [21].
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One can often encounter acetylsalicylic acid in everyday life as a painkiller, and acetaldehyde as an intermediary metabolite of alcohol metabolism. In this regard, the
effects of ASA and AcH on the fecundity and egg development of Drosophila melanogaster were investigated in
this study. Due to the positive side effects of aspirin, its
influence on the toxicity of acetaldehyde was also investigated. ASA and AcH were therefore applied together in
some experimental groups. The genetic properties and reproduction of Drosophila melanogaster are fully known
and the species has nearly all of the metabolic activation
enzymes present in mammals. It is further known that any
material effective on Drosophila DNA can create a similar effect on mammal and human DNA [22, 23]. Therefore, determining the effects of synthetic materials on the
developmental features of Drosophila and following those
effects in subsequent generations will aid the understanding of the material or compound’s effects on humans.
2. MATERIALS AND METHODS
Acetylsalicylic acid (CAS no. 50-78-2) was obtained
from Sigma and acetaldehyde (CAS No. 75-07-0) was obtained from Merck. Acetylsalicylic acid was used in experiments in crystal form, while acetaldehyde was used
after being dissolved in pure water.
Oregon-R, a rather inbred and wild-type strain of D.
melanogaster (Diptera: Drosophilidae), was used in the
analysis. This strain has round, red eyes and contains no
mutant genes. Cultures used in the experiments were kept
in cooled incubators at 25 ± 1 °C, in a dark environment,
and 60% in humidity level. As the culture medium, 50 mL
of standard Drosophila medium (SDM), containing corn
flour, sugar, brewer’s yeast, agar, water, and propionic
acid, was used [24, 25, 26]. The effects of ASA and AcH
were observed in 2 generations, F1 and F2. Only SDM was
used in the control group and the F2 generation.
To observe egg fertility, 50 female individuals were
put on culture media for experimental and control groups.
They were kept in the substance-added cultures for 5 days
to expose them to ASA and AcH. Subsequently, 10 randomly selected female individuals were transferred to petri
dishes containing standard cultures. After incubation for
24 h, the individuals were removed and eggs were counted
with a dissection microscope.
In order to observe the egg fertility of the F2 generation, F2 was obtained from the female individuals of the
F1 generation that had been exposed to ASA and AcH.
The F2 generation was not directly exposed to ASA or
AcH, as the goal was to see whether the effects of these
substances as absorbed by the F1 generation continued into
the next generation. Individuals of the F2 generation completed their development in cultures containing only
SDM. The other processes were the same as those for the
F1 generation.

In the second part of the study, the development of
eggs left in the culture media was observed. After the
eggs were counted in the first part of the study, the petri
dishes were left in an incubator for 5 days so that the eggs
could complete their development. On the sixth day, the
cultures were diluted, and larvae were counted and removed from the culture with the assistance of a brush
over a black backdrop. The number of laid eggs and the
number of removed third instar larvae were compared.
The same processes were repeated for the F2 generation.
As in the examination of egg fertility, individuals of the
F2 generation were permitted to lay eggs without exposure
to ASA or AcH during egg development [24, 27-29].
For statistical evaluation of data, a Z-test was applied,
comparing the difference between 2 mean rates. Minitab
for Windows (v. 13.0) statistical software was used in the
calculations. All of the experimental groups were compared both with the control group and among themselves.
Experimental groups were labeled as follows: G1: Control, G2: 10 mM AcH, G3: 20 mM AcH, G4: 30 mM
AcH, G5: ASA, G6: ASA + 10 mM AcH, G7: ASA + 20
mM AcH, G8: ASA + 30 mM AcH.

p1, p2, q1, and q2: rates between the compared groups
n: sample number in compared groups
3. RESULTS
Lethal concentrations of the selected chemicals were
first determined. The crystal form of ASA was added to
culture media in different quantities so as to find the lethal
concentration; 50 male and 50 female adult individuals
were put on each medium and, 24 h later, the numbers of
dead and living individuals were determined and the survival percentage was calculated accordingly. The LD50
value was found to be 500-600 mg for ASA (Figure 1). A
lower amount, 300 mg, was used in the experiments. The
same method was repeated to determine the lethal concentration of acetaldehyde. With this purpose ten different
concentrations of AcH within 10- 17730 mM range were
repeated three times. However, no mortality was observed,
not even at higher concentrations. For this reason, information in the literature was taken into consideration for the
LC50 value of acetaldehyde [30] and 10, 20, and 30 mM
concentrations of AcH were used in the present study.
Statistical results, including the number of eggs laid by
female individuals treated with ASA and AcH in the F1
generation and number of eggs laid by individuals of the
F2 generation, and a comparison of these numbers, are
given in Tables 1 and 2. Egg fertility decreased in all
experimental groups of the F1 generation (P<0.001). Egg
fertility was quite lower in the experimental groups that
received only ASA (G5) or a combination of ASA and
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AcH (G6, G7, G8) as compared to the control and other
experimental groups; the difference was statistically significant (P<0.001). No significant difference was detected
between the experimental groups that received only ASA
(G5) and those that received a combination of ASA and
AcH (G6, G7, G8) (P > 0.05). Egg fertility was lower in
the experimental groups that received only AcH (G2, G3,
G4) as compared to the control group. In this case, ASA
(G5) and ASA+AcH (G6, G7, G8) applications were
found to be more toxic than application of AcH alone.
An unexpected situation occurred in the F2 generation. In contrast to the F1 generation, the egg number was

higher in all experimental groups than in the control
group (P<0.001). Besides, when experimental groups
were compared among themselves, egg fertility was found
to be higher in the experimental groups for which the F1
generation had been treated with ASA+AcH combinations (G6, G7, G8) as compared to other experimental
groups (P<0.05, P<0.001). Although the individuals of the
F2 generation were not directly exposed to the substances,
their egg numbers increased, which was an interesting
result. Egg fertility highly decreased in the F1 generation
following ASA and AcH application; however, an exact
opposite result occurred in the F2 generation, with egg
fertility increasing. Moreover the egg yield of F2 genera-
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FIGURE 1 - Effect of ASA on viability
TABLE 1 - Effect of ASA, AcH and ASA+AcH groups on fertility in F1 generation
Concentration (mM)
Control
(G1)

Total number of eggs (n)

z value (egg)

p value

(G1-G2) 16.098
(G2-G3) -4.650
(G2-G4) -2.740
(G2-G6) 7.519
(G1-G3) 11.460
(G3-G4) 1.911
(G3-G7) 11. 511
(G1-G4) 13.368
(G4-G8) 9.131
(G1-G5) 23.850
(G5-G6) -0.351
(G5-G7) -0.988
(G5-G8) -1.474
(G1-G6) 23.510
(G6-G8) -1.122
(G1-G7) 22.892
(G6-G7) -0.637
(G1-G8) 22.419
(G7-G8) -0.486

0.00000**
0.00000**
0.00307*
0.00000**
0.00000**
0.02801*
0.00000**
0.00000**
0.00000**
0.00000**
0.36261
0.16151
0.07027
0.00000**
0.13085
0.00000**
0.26213
0.00000**
0.31362

1662

10 mM AcH
(G2)

925

20 mM AcH
(G3)

1120

30 mM AcH
(G4)

1038

ASA
(G5)

632

ASA+10 mM AcH
(G6)

644

ASA+20 mM AcH (G7)

666

ASA+30 mM AcH (G8)

683

*p<0.05 **p<0.001
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TABLE 2 - Effect of ASA, AcH and ASA+AcH groups on fertility in F2 generation
Concentration (mM)

Total number of eggs (n)

Control
(G1)

461

10 mM AcH
(G2)

1048

20 mM AcH
(G3)

771

30 mM AcH
(G4)

760

ASA
(G5)

771

ASA+10 mM AcH
(G6)
ASA+20 mM AcH
(G7)
ASA+30 mM AcH
(G8)
*p<0.05 **p<0.001

1028
836
1840

tion in the control group is much less than the F1 generation control group. The reason for this difference that
occured even though the conditions for both the control
and experiment groups were the same could not be understood. Such a result could have occurred due to an unexpected reason in the control group cultures of the F2 generation. However since the quantitative data were evaluated afterwards it was not possible to recreate the same
conditions and perform the experiment again.
In the second part of the study, egg development was
observed. Statistical results, including the numbers of

z value

p value

(G1-G2) -16.068
(G2-G3) 6.939
(G2-G4) 7.234
(G2-G6) 0.473
(G1-G3) -9.244
(G3-G4) 0.297
(G3-G7) -1.716
(G1-G4) -8.951
(G4-G8) -23.723
(G1-G5) -9.244
(G5-G6) -6.467
(G5-G7) -1.716
(G5-G8) -23.432
(G1-G6) -15.606
(G6-G8) -17.017
(G1-G7) -10.937
(G6-G7) 4.755
(G1-G8) -32.305
(G7-G8) -21.742

0.00000**
0.00000**
0.00000**
0.31817
0.00000**
0.38337
0.04309*
0.00000**
0.00000**
0.00000**
0.00000**
0.04309*
0.00000**
0.00000**
0.00000**
0.00000**
0.00000**
0.00000**
0.00000**

larvae developed from the eggs laid by the F1 and F2 generations and a comparison of these numbers, are given in
Tables 3 and 4. The number of larvae developed in the F1
generation was lower in experimental groups as compared
to the control group, and the difference was statistically
significant (P<0.001). When the experimental groups
were compared among themselves, larvae development
was generally found to be higher in the experimental
groups treated with AcH (G2, G3, G4) as compared to the
experimental groups that received ASA (G5) or
ASA+AcH (G6, G7, G8) (P<0.001).

TABLE 3 - Effect of ASA, AcH and ASA+AcH groups on larvae development in F1 generation
Concentration (mM)
Control
(G1)

Total number of larvae (n)

z value

p value

1295

10 mM AcH
(G2)

643

20 mM AcH
(G3)

852

30 mM AcH
(G4)

839

ASA
(G5)

446

ASA+10 mM AcH
(G6)

442

ASA+20 mM AcH (G7)

610

ASA+30 mM AcH (G8)

647

(G1-G2)
(G2-G3)
(G2-G4)
(G2-G6)
(G1-G3)
(G3-G4)
(G3-G7)
(G1-G4)
(G4-G8)
(G1-G5)
(G5-G6)
(G5-G7)
(G5-G8)
(G1-G6)
(G6-G8)
(G1-G7)
(G6-G7)

16.424
-5.802
-5.460
6.422
10.648
0.342
6.786
10.990
5.342
22.561
0.140
-5.301
-6.401
22.695
-6.540
17.398
-5.440

(G1-G8) 16.307
(G7-G8) -1.106

*p<0.05 **p<0.001
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0.00000**
0.00000**
0.00000**
0.00000**
0.00000**
0.36611
0.00000**
0.00000**
0.00000**
0.00000**
0.44444
0.00000**
0.00000**
0.00000**
0.00000**
0.00000**
0.00000**
0.00000**
0.13446
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TABLE 4 - Effect of ASA, AcH and ASA+AcH groups on larvae development in F2 generation
Concentration (mM)
Control
(G1)

Total number of larvae (n)

z value

p value

(G1-G2) -8.422
(G2-G3) 2.465
(G2-G4) -1.080
(G2-G6) -3.576
(G1-G3) -5.980
(G3-G4) -3.544
(G3-G7) -4.144
(G1-G4) -9.488
(G4-G8) -4.144
(G1-G5) -5.980
(G5-G6) -6.035
(G5-G7) -4.144
(G5-G8) -29.065
(G1-G6) -11.945
(G6-G8) -23.102
(G1-G7) -10.081
(G6-G7) 1.896
(G1-G8) -34.750
(G7-G8) -24.988

0.00000**
0.00685*
0.14008
0.00017**
0.00000**
0.00020**
0.00002**
0.00000**
0.00002**
0.00000**
0.00000**
0.00002**
0.00000**
0.00000**
0.00000**
0.00000**
0.02901*
0.00000**
0.00000**

383

10 mM AcH
(G2)

640

20 mM AcH
(G3)
30 mM AcH
(G4)

559

ASA
(G5)

677
559

ASA+10 mM AcH
(G6)
ASA+20 mM AcH
(G7)
ASA+30 mM AcH
(G8)
*p<0.05 **p<0.001

766
698
1780

TABLE 5 - Effect of ASA, AcH and ASA+AcH groups on egg developmental ratio in F1 generation
Concentration (mM)
Control
(G1)
10 mMAcH
(G2)
20 mM AcH
(G3)
30mM AcH
(G4)
ASA
(G5)
ASA+10 mM AcH
(G6)
ASA+20 mM AcH
(G7)
ASA+30 mM AcH
(G8)

Total number of eggs (n)

Total number of larvae (n)

Developmental ratio (%)

1662

1295

77.91

925

643

69.51

1120

852

76.07

1038

839

80.83

632

446

70.57

644

442

68.63

666

610

91.59

683

647

94.73

TABLE 6 - Effect of ASA, AcH and ASA+AcH groups on egg developmental ratio in F2 generation
Concentration (mM)
Control
(G1)
10 mM AcH
(G2)
20 mM AcH
(G3)
30 mM AcH
(G4)
ASA
(G5)
ASA+10 mM AcH
(G6)
ASA+20 mM AcH
(G7)

Total number of eggs (n)

Total number of larvae (n)

461

383

83.08

1048

640

61.07

771

559

72.5

760

677

89.08

771

559

72.5

1028

766

74.51

836

698

83.49
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ASA+30 mM AcH
(G8)

1840

1780

For the higher concentrations of ASA and AcH combinations, the number of larvae was found to be higher
compared to the experimental group treated with only
ASA (P<0.001). In addition, the development percentage
was evidently higher for higher concentrations of ASA+
AcH combinations as compared to other experimental and
control groups (Table 5 and 6). The larval growth rate in F1
generation was 77.91 % where it was 91.59 % and 94.3 %
upon combined ASA and AcH application at high concentrations (ASA +20 mM Ach, ASA + 30 mM AcH) (Table 5).
In the F2 generation (Table 6), the development percentage was the highest in the experimental groups (G8) treated
with concentrations of ASA and ASA+AcH combinations
(96.74 %), as compared to the control group (83.08 %).
This result for the F2 generation demonstrated that the
development rate increased with higher concentrations of
ASA+AcH combinations. The common result observed in
both parts of the study is the similar findings for the F2
generation, which support each other. It is quite interesting that a positive effect was observed in both egg fertility
and egg development, though the individuals of the F2
generation had not been directly exposed to the substances.

96.74

4. DISCUSSION
Findings concerning the effects of ASA and AcH on
egg fertility of D. melanogaster are given in Tables 1 and
2 (Table 1: F1 generation, Table 2: F2 generation). Egg
numbers were lower in all experimental groups of the F1
generation than in the control group (P < 0.001). This decrease was especially quite evident in those experimental
groups (G5, G6, G7, G8) treated with only ASA or
ASA+AcH combinations (Figure 2). Egg number of ASA
and ASA+AcH groups were lower than that of control
and AcH groups.
There are studies in the literature supporting the finding that ASA and AcH treatments decrease egg fertility in
the F1 generation. Effects of O-hydroxyhippuric acid, one
of the main metabolites of aspirin, were evaluated for
Daphnia, with egg losses and abnormalities in juveniles
observed in chronic application. On the other hand, salicylic acid and gentisic acid decreased the number of individuals and the daily development rate [12]. In some
studies on rats, acetaldehyde was observed to cause fetal
resorption, malformations, and growth failure [31], as
well as embryolethal effects, developmental abnormalities, and chromosomal deviations in cells [32]. In another
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study, AcH was injected into D. melanogaster, and, subsequently, gender-related lethal mutations were observed
in the meiotic and postmeiotic germ cells of Canton-S
males [30]. The present study also investigates whether
ASA has a positive side effect in reducing toxicity. For
this purpose, ASA and AcH were applied to cultures at the
same time. However, contrary to the expectation, ASA did
not reduce the toxic effects of AcH. In a study supporting
this finding, ethanol and ASA were applied to male Sprague-Dawley rats; toxic effects were consequently observed in spermatozoa and fertility decreased. Moreover,
ASA was not found to be effective on this kind of ethanol
damage [33]. A study investigated the effects of alcohol,
aspirin and cigarettes on plasma testosterone levels and
seminal parameters. There was a significant decrease in
sperm motility among students who used moderate amounts
of aspirin (i.e.,> or = 500 mg/wk) [34]. In another study,
aspirin had an inhibitory effect on cellular respiration and
caused the release of most of the mitochondrial cytochrome c and a dramatic drop in the mitochondrial membrane potential on Saccharomyces cerevisiae [35]. When
the results from the two studies are evaluated together it
could be inferred that the reason for the decrease in egg
yield could be a decrease in fertilization upon ASA application because it is possible that aspirin decreases mitochondrial membrane potential and decreases sperm motility due to inhibition of cellular respiration. The movement
of sperm flagellum is possible through ATP production in
the flagellar mitochondria. So the decrease in the egg
yield could be due to inhibition of cellular respiration in
the flagellar mitochondria of the sperm, decreased sperm
motility and decreased fertilization.
Egg number was higher in all experimental groups of
the F2 generation as compared to the control group, and
the difference was statistically significant (P<0.001). The
increase in egg number was especially evident at high concentrations (G6, G7, G8) of ASA+AcH (Figure 2). Previous studies have reported that Drosophila egg numbers
increase in response to stress and toxicity [36]. The reproduction potential of the insects was affected by a series of
behavioral and physiological reactions from the coordinative function of the nervous and endocrine systems. It was
difficult to find any evidence of a molecular reason for the
positive effects of foreign substances on reproduction potential. However, stimulation of the neuroendocrine system
was suggested to possibly cause oversecretion of the juvenile hormone (JH) ecdysone, which might be the reason for
the increase in the number of eggs [37, 29]. A balance
between the levels of JH and 20-hydroxy ecdysone
(20HE), brought about by the neurotransmitter dopamine,
is vital for oogenesis. JH also plays a key role in regulating egg-laying behavior under adverse conditions such as
starvation and heat stress [38, 39]. It was also claimed that
Drosophila melanogaster can itself regulate its number of
eggs on the condition that it feeds on different nutrients.
This regulation of egg number is suggested to occur in
order to ensure insect generation [39]. For this reason,
when ASA and AcH are applied at the same time, they

could increase the egg fertility by stimulating the neuroendocrine system. In another study, the exposure of fertile
Drosophila females to methoprene resulted in an increase
in female reproduction and increased susceptibility to oxidative stress and starvation [36]. It could be thought that
the toxic effect triggered stress, and thus the female individuals increased the number of eggs laid to overcome the
stress. When the individuals that can tolerate the toxic
effect are considered to have developed resistance, it can be
said that resistance is developed against ASA and ASA+
AcH. Due to the resistance mechanism of insects against
pesticides, more resistant individuals are known to develop [41]. In this regard, it could be claimed that resistance was developed in the F2 generation due to the effects
of the substances, and, as a result, the new individuals
appeared more resistant than those of the laboratory line.
In the second part of the study, the numbers of larvae
developed from eggs in the F1 and F2 generations (Tables 3
and 4) were compared and the larvae development rates
were calculated. The number of larvae developed in all F1
experimental groups was lower than that of the control
group (Figure 3). However, the development rate percentage was higher with high concentrations of ASA+AcH
(G7, G8) as compared to the control group (Figure 4). The
combination of ASA and AcH had a positive effect on
development, or larvae development increased due to high
resistance.
The number of larvae was quite higher in all experimental groups of the F2 generation, contrary to the findings for the F1 generation, and the difference was statistically significant. However, the F2 larvae development rate
was similar to that of the F1 generation. Namely, 30 mM
AcH (G4) applications and the higher concentrations of
ASA+AcH (G7, G8) increased the development rate (Table 4). Similar findings were obtained in the F1 and F2
generations in terms of development rate. Based on these
results, it could be argued that ASA and AcH affected the
development of the two generations in the same way,
stimulating at higher concentrations and inhibiting at lower
concentrations. This could be explained by resistance development. Individuals of the F1 generation that were exposed to higher concentrations and thus overcame the stress
were strong individuals in terms of developmental characteristics, and, therefore, the development rate increased at
higher concentrations. In fact, egg fertility of natural
populations of Drosophila was reported to increase in
parallel with malathion resistance [42].
AcH had less toxic effects on egg fertility and egg
development than expected. On the other hand, AcH
injections were observed to increase postnatal mortality in
rats [17]. Another study investigated the effect of acetaldehyde on tree different hen species and reported teratogenic effects on longevity and growth [43]. Drosophila
tends to feed on fruits including as much ethanol as beer
and vinegar; therefore, the genus is accepted as an important source of information on ethanol resistance. In fact, a
positive relation was determined between ethanol resis-
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tance and tolerance of D. melanogaster specimens collected on different continents [44]. For this reason, acetaldehyde could not demonstrate a highly toxic effect in
Drosophila.
Based on the study results, it could be stated that
ASA+AcH increased egg fertility and egg development,
and thus developed resistance in D. melanogaster. CNS
structures of neurons were reported to show resistance to
AcH in a study on rats [45], and in chronic ethanol application, E. coli showed resistance to ethanol [46]. In some
other studies, high concentrations of formaldehyde were
reported to develop resistance in bacteria [47]. Aspirin,
frequently used in human treatments, was reported to
develop resistance at a rate of 10%-40% [48, 49]. In another study, resistance development was observed as a
result of ASA application in rat megakaryocytes [50].
Escherichia coli was reported to develop resistance to
certain antibiotics due to the effects of salicylates [51].
One study identified salicylic acid and its derivatives as
potentially stimulating resistance in plants [52]. These
results support the present finding that high concentrations of ASA and AcH develop resistance in D.
melanogaster. The toxic effects of the applied substances
are similar in both developmental stages. It is not possible
to claim that either egg stage or larval stage is more sensitive compared to the other. Furthermore the possibility of
ASA+AcH acting as a pesticide at very low concentrations should be investigated.
People frequently encounter both acetylsalicylic acid
(ASA) as a painkiller and acetaldehyde (AcH) as an intermediary metabolite in alcohol metabolism in everyday
life. In the present study, these substances were determined to increase egg fertility in D. melanogaster, and
though they decreased the number of larvae in the F1 and
F2 generations, their high concentrations increased egg
development. In this regard, these substances are thought
to negatively affect embryogenesis. However, despite this
negative effect, both substances increased egg fertility and
egg development through the development of resistance.
It would be useful to investigate the effects of these substances on increased resistance development or fertility in
other organisms.

[2]

Marques, C.R, Abrantes, N. and, Goncalves, F. (2004) Lifehistory traits of standard and autochthonous cladocerans: II.
Acute and chronic effects of acetylsalicylic acid metabolites. Environ. Toxicol. 19 (5), 527 - 40.

[3]

Sato, T., Nagaoka, K. and Nagase, H., Niikawa, M. and Kito, H.
(1996) The effect of several antipyretic analgesics on mitomycin
C-induced mutagenesis using the wing spot test in Drosophila
melanogaster. Jpn. J. Toxicol. Environ. Health. 42, 136 - 141.

[4]

Niikawa, M., Nakamura, T. and Nagase, H. (2001). Suppressive
effect of aspirin on chromosome aberration induced by mitomycin C in mice. Biol. Pharm. Bull. 24, 964 - 966.

[5]

Baron, J.A, Sandler, R.S. (2000) Nonsteroidal anti-inflammatory
drugs and cancer prevention. Annu. Rev. Med. 51, 511- 523.

[6]

Barnes, C.J., Lee, M. (1999) Determination of an optimal dosing
regimen for aspirin chemoprevention of 1,2-dimethylhydrazineinduced colon tumors in rats. Br. J. Cancer. 79, 1646 - 1650.

[7]

Niikawa, M., Nagase, H., (2007) Effect of aspirin on DNA damage induced by MMC in Drosophila. Biomedicine & Pharmacotherapy. 61, 250-253.

[8]

Kawai, T., Yamagishi, G.S. (2009) Circardian variations of gastrointestinal mucosal damage detected with transnasal endoscopy
in apparently healthy subjects treated with low-dose aspirin
(ASA) for a short period. Journal of Atheroclerosis and Thrombosis. 16, 155 - 163.

[9]

Yeomans, N.D., Hawkey, C.J., Brailsford, W., and Naesdal, J.
(2009) Gastroduodenal toxicity of low-dose acetylsalicylic acid: a
comparison with non-steroidal anti-inflammatory drugs, Curr.
Med. Res. Opin. 25 (11), 2785 - 93.

[10] Botting, R.M. (2010) Vane’s discovery of the mechanism of action of aspirin changed our understanding of its clinical pharmacology. Pharmalogical Reports. 62, 518 - 525.
[11] Castelli, M. C., Venturini, L. S., and Sparber, B. (2001) Cocaine
and salicylate: documentation of hydroxyl radical formation in
hearts and brains of 18-day-old chick embryos and unexpected
interactive toxicity. Psychopharmacology. 156, 23 - 31.
[12] Marques, C.R, Abrantes, N. and, Goncalves, F. (2004) Lifehistory traits of standard and autochthonous cladocerans: II.
Acute and chronic effects of acetylsalicylic acid metabolites. Environ. Toxicol. 19 (5), 527 - 40.
[13] ACGIH (1991) American Conference of Govermental Industrial
Hygienists Documentation of the Threshold Limit Values and
Biological Exposure Indices. 6th Ed. Cincinnati OH, 1, 1- 5.
[14] Jira, R., Laib, R.J., and Bolt, H.M. (1985) Acetaldehyde. In:
Gerhartz, W. & Yamamoto, Y.S., eds, Ullmann’s Encyclopedia
of Industrial Chemistry 5th rev. Ed. Deerfield Beach FL. VCH
Publishers A1, 31 - 44.
[15] You, M. and Crabb, D.W. (2004) Recent advances in alcholic
liver disease II. Molecular mechanisms of alcholic fatty liver,
Am. J. Physiol. Gastrointest. Liver Physiol. 287 (1), 1 – 6.
[16] Obe, G. and Ristow, H. (1979) Mutagenic, carcinogenic and teratogenic effects of alchol. Mutat. Res. 65 (4), 229 - 59.

ACKNOWLEDGEMENT
We would like to thank Prof. Dr. Ensar Başpınar who
performed the statistical evaluations.

[18] IARC (1999) Re-evaluation of Some Organic Chemicals, Hydrazine, and Hydrogen Peroxide. International Agency for Research
on Cancer. Volume 71.
[19] Giavini, E., Broccia, M. L., Prati, M., Bellomo, D. and Menegola,
E. (1992) Effects of ethanol and acetaldehyde on rat embryos developing in vitro. In Vitro Cell. Dev. Biol. 28, 205 - 210.

REFERENCES
[1]

[17] IARC (1985) Allyl Compounds, Aldehydes, Epoxides, and Peroxides. IARC Monographs on the Evaluation of Carcinogenic
Risk of Chemicals to Humans Lyon France. International Agency
for Research on Cancer. Volume 36.

Hsu, S. and Li, Y. (2002) Aspirin potently inhibits oxidative
DNA strand breaks: implications for cancer chemoprevention.
Biochemical and Biophysical Research Communications 293,
705 - 709.

693

[20] Menegola, E., Broccia, M.L., Prati, M., Ricolfi, R. and Giavini,
E. (1995) Glutathione and N-acetylcysteine protection against acetaldehyde embryotoxicity in rat embryos developing in vitro.
Toxic. In Vitro. 5, 633 - 641.

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

[21] Fang, J.L. and Vaca, C.E. (1997) Detection of DNA adducts of
acetaldehyde in peripheral white blood cells of alcohol abusers.
Carcinogenesis 18, 627 - 632.

[40] Partridge, L., Gren, A. and Fowler, K. (1987) Effects of egg production and exposure to males on females survival in Drosophila
melanogaster. J. Insect. Physol. 33 (10), 745 - 749.

[22] Bağrıaçık, E.Ü. (1988) DDVP (Dichlorvos)’ nin Drosophila
melanogaster Meig. (Diptera: Drosophilidae) üzerindeki mutajenik etkileri. Thesis of Specialty in Science Hacettepe University
Institue of Science Ankara, 4 - 12.

[41] Bruce, T.J.A. (2010) Tackling the threat to food security caused
by crop pests in the new millennium. Food Security. 2 (2), 133 141.

[23] Karataş, A. and Bahçeci, Z. (2009) Toxic effects of diazinon on
adult individuals of Drosophila melanogaster. Journal of Applied
Biologycal Sciences. 3 (2), 102 - 108.
[24] Nazir, A., Mukhopadhyay, I., Saxena, D.K. and Kar Chowdhuri,
D. (2001) Chlorpyrifos-Induced hsp 70 expression and effect on
reproductive performance in transgenic Drosophila melanogaster
(hsp70-lacZ) bg9. Arch. Environ. Contam. Toxicol. 41, 443 - 449.
[25] Ağar, G., Uysal, H. and Kaya, Y. (2005) Toxic effects of aqueous extract of Nerium oleander (Apocynaceae) leaves and its latex on total protein level in fruit fly Drosophila melanogaster
(Diptera: Drosophilidae). Fresenius Environmental Bulletin 14
(7), 616 - 619.
[26] Kaya, Y., Uysal, H. (2005) Impacts of Nerium oleander leaf- water extract in Drosophila melanogaster (Meigen) (Diptera: Drosophilidae). Fresenius Environmental Bulletin. 1412b, 11641169.
[27] Uysal, H., Kaya, Y. (2004) Toxicity of Eupharbia canariensis latex to some developmental stages of Drosophila melanogaster
(Diptera: Drosophilidae). Bull. Environ. Contam. Toxicol. 72 (1),
45 - 53.

[42] Memmi Koçak, B., Atlı, E. (2011) Positive correlation between
malathion resistance and fecundity within natural population of
Drosophila melanogaster. Turk. J. Biol. doi: 10.3906/biy-0906-6,
35.
[43] Hartl, M.W., Shibley, I.A. (2002) Supraphysiological acetaldehyde levels suppress growth in chicken embryos. Alcohol. 28 (2),
111 - 5.
[44] Fry, J., Donlon, K. and Saweikis, M. (2007) A Worldwide polymorphism in aldehyde dehydrogenase in Drosophila
melanogaster: Evidence for selection mediated by dietary ethanol. Evolution. 62 (1), 66 - 7.
[45] Zimatkin, S.M. (1991) Histochemical study of aldehyde dehydrogenase in the rat CNS, J. Neurochem. 56 (1), 1 - 11.
[46] Ingram, L.O., Dickens, B.F. and Buttke, T.M. (1980) Reversible
effects of ethanol on E. coli. Adv Exp. Med. Biol. 126, 299 - 337.
[47] Kaulfers, P.M., Marquardt, A. (1991) Demonstration of formaldehyde dehydrogenase activity in formaldehyde-resistant Enterobacteriaceae. FEMS Microbiol. Lett. 79, 335 - 338.
[48] Howard, P.A. (2002) Aspirin resistance. Ann. Pharmacother. 36,
1620 - 4.

[28] Karataş, A., Bahçeci, Z. (2009) Effect of cypermethrin on some
developmental stages of Drosophila melanogaster. Bull. Environ.
Contam. Toxicol. 82, 738 - 742.

[49] Weber, A.A., Przytulski, B., Schanz, A., Hohlfeld, T. and Schror,
K. (2002) Towards a definition of aspirin resistance: a typological approach, Platelets. 13, 37 - 40.

[29] Karataş, A., Bahçeci, Z. (2011) The effect of diazinon on egg fertility and development in Drosophila melanogaster. Turk. J. Biol.
35, 95 - 101.

[50] Young, J.P., Beckerman, J., Vicini, S., and Myers, A. (2010)
Acetylsalicylic acid enhances purinergic receptor-mediated outward currents in rat megakaryocytes, Am. J. Physiol. Cell
Physiol. 298 (3), 602-10.

[30] Woodruff, R.C., Mason, J.M., Valencia, R. and Zimmering, S.
(1985) Chemical mutagenesis testing in Drosophila. Environ.
Mutag. 7, 677 - 702.
[31] Sreenathan, R.N., Padmanabhan, R. and Singh, S. (1982) Teratogenic effects of acetaldehyde in the rat. Drug Alcohol. Depend. 9
(4), 339 - 50.
[32] Bariliak, I.R. (1983) Embryotoxic and mutagenic activity of
ethanol and acetaldehyde in intra-amniotic exposure. Tsitol.
Genet. 17 (5), 57 - 60.

[51] Berlanga, M. and Vinas, M. (2000) Salicylate induction of phenotypic resistance to quinolones in Serratia marcescens. J. Antimicrob. Chemother. 46, 279 - 282.
[52] Kauss, H., Theisinger-Hinkel, E., Mindermann, R., and Conrath,
U. (1992) Dichloroisonicotinic acid and salicylic acid inducers of
systemic acquired resistance, enhance fungal elicitor responses in
parsley cells. Plant Journal. 2, 655 - 60.

[33] Dare, W.N., Noronha, C.C., Kusemiju, O.T. and Okanlawon,
O.A. (2002) The effect of ethanol on spermatogenesis and fertility in male Sprague-Dawley rats pretreated with acetylsalicylic
acid. Niger Postgrad Med J. 9 (4), 194 - 8.
[34] Stutz G, Zamudio J, Santillán ME, Vincenti L, de Cuneo MF,
Ruiz RD. (2004) The effect of alcohol, tobacco, and aspirin consumption on seminal quality among healthy young men. Arch
Environ Health. 59 (11), 548 - 52.
[35] Sapienza K., Bannister W. and Balzan R. (2008) Mitochondrial
involvement in aspirin-induced apoptosis in yeast. Microbiology.
154 (9), 2740 - 7.
[36] Salmon, A.B, Marx, B.B and Harsman, L.G. (2001) A cost of reproduction in Drosophila melanogaster: stress susceptibility.
Evolution. 55, 1600 - 8.
[37] Özkan, F. (1995) Oral yolla alınan organofosfatlı insektisit
malathionun Pimpla turionellae L. dişi bireylerinin yaşam süresi,
yumurta verimi ve açılımına etkisi. M.S. Thesis, Çukurova University, 62 - 78.
[38] Barnes, A.I., Wigby, S., Bone, J.M. and Partridge, L. (2008)
Feeding fecundity and lifespan in female Drosophila
melanogaster. Proc. R. Soc. B. 275, 1675 - 1683.
[39] Manjunata, T., Hari, D.S., and Sharma V.K. (2008) Egg-laying
rhythm in Drosophila melanogaster. J. Genet. 87, 495 - 504.

694

Received: May 26, 2011
Revised: October 24, 2011
Accepted: November 10, 2011

CORRESPONDING AUTHOR
Ayla Karatas
Kocaeli University
Faculty of Education
41380 Kocaeli
TURKEY
Phone: +90 262 303 24 40
Fax: +90 262 303 24 03
E-mail: karatasayla@gmail.com
FEB/ Vol 21/ No 3a/ 2012 – pages 685 – 694

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

SIMULATION OF HUMAN HEALTH RISK OF CADMIUM
ASSOCIATED SPATIALLY WITH SOIL ORGANIC CARBON
AND pH IN DABAOSHAN MINE, SOUTH CHINA
Huarong Zhao1,2, Beicheng Xia1,*, Jianqiao Qin3, Xu Zhou1, Peng Zhao1 and Shili Shen1

2

1
School of Environmental Science and Engineering, Sun Yat-Sen University, 510275 Guangzhou, China
School of Environmental Science and Engineering, Guilin University of Technology, 541004 Guilin, China
3
Guangdong Provincial Academy of Environmental Science, 510045 Guangzhou, China

ABSTRACT
Soil samples were collected in Dabaoshan mine,
South China from 2008 to 2009 to analyze soil pH, soil
organic carbon (SOC) and total soil cadmium. A cadmium uptake model of crops was established based on the
Hough model. Combined with geostatistic simulation,
spatial pattern of cadmium risk was performed using
dose-response assessment method. Forty-eight percent of
hazard quotient (HQ) of sample locations was above one.
Higher risk regions were located in the mine site, the
basins of Chuangdu river watershed and Hengshi river
watershed. Higher risk regions were overlapped with
lower soil pH, higher SOC and higher cadmium regions.
The higher risk regions were advised to be remedied
based on the spatial analysis. Preferential remediation was
suggested in the high risk regions covered by 25 percentile HQ map, while monitor and mitigation measures
should be taken in the high risk regions covered by 50
percentile HQ map. This study highlights the influences
of soil pH and SOC on human health risk assessment of
cadmium-contaminated land.

KEYWORDS: Human health; Cadmium; Risk assessment; Sequential indicator simulation; Dabaoshan mine

1. INTRODUCTION
Heavy metal-contaminated lands have been concerned
in recent years for rapid progress of industrialization and
urbanization [1]. Heavy metals reach soils primarily through
geogenic and anthropogenic processes [2]. Anthropogenic
processes, such as fertilizer products, biosolids, animal
manures as well as wastes of industrial and mining are the
major sources of heavy metals. Generally, heavy metals
* Corresponding author

are bioavailable by crops, and harm to human being through
food webs [3, 4]. Itai-itai and Minamata disease are famous
cases in Japan for the residents consuming heavy metalcontaminated foods [5]. Heavy metal issues cannot be
optimistic in China. Li [6] reports that some farmlands are
heavy metal-contaminated in Southwest China. Therefore,
it is necessary to investigate heavy metal contamination
and to assess human health risks there.
Dabaoshan Mine, the largest mine in South China,
had been mined since Sony Dynasty (960-1279 AD), but
extensively in the 1970s [7]. Soils and streams vicinity of
the mine sites had been contaminated by heavy metals for
long-term mining activities. Zhou et al. [8] reported that
concentrations of Cu, Zn, Cd and Pb in paddy soils are
576, 1140, 2.48 and 191 mg/kg, respectively. The concentrations of Cu, Zn and Cd are 11.5, 5.7 and 8.2 times
higher than the Grade II of national standard (China Environmental Quality Standard for soils GB 15618-1995).
Heavy metal concentration of crops in some areas are
exceeding the maximum permissible level of China [9, 10].
Dwellers are bearing high health risks for long-term heavy
metals exposure [10]. School-age children suffering from
behavioral problems are increasing [11]. These studies are
focused on the hotspots of health risks in the area. However, there is little knowledge about the spatial distribution
of the health risks of heavy metal in the area. It is essential
both to environmental remediation as well as to effective
management measurement and policy.
Soil characteristics, such as soil pH and soil organic
carbon (SOC), are affecting heavy metal bioavailability
[2, 12-14]. Hough et al. [13] calculated the heavy metals
uptake by plants based on the soil pH and heavy metals
adsorbed on SOC, and assessed the risks of urban dwellers
exposed to heavy metals via food consumption, respiration and hand-to-mouth pathways. Gay and Korre [15]
developed a methodology that Cd concentration ratio
could be calculated based on soil pH, and assessed the
health risks of population living in Cd-contaminated areas
in the vicinity to mine sites. Soluble heavy metals in soils
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can be estimated based on a pH-dependent Freundlich
model. The soluble heavy metal concentrations are related
to soil pH and SOC. SOC is considered to be a major
adsorbent of heavy metals in soils [16].
In general, spatial patterns of soil heavy metals are
heterogenous. Sequential indicator simulation (SIS) has
been widely used to delineate the soil heavy metals [1720]. SIS is preferred over interpolation algorithms for
applications where the distribution of spatial variation is
skewed and does not make any assumption about the shape
of the conditional distribution. Most of the researches are
focused on the spatial patterns of heavy metals. However,
little research has been done on the spatial patterns among
hazard quotient (HQ), soil pH, SOC, and soil heavy metals.
This paper attempts to analyze the spatial pattern of
the human health risks of Cd in Dabaoshan mine, South
China. The functional relations among HQ, soil pH, SOC
and Cd are discussed. The percentile HQ map, E-type map
(conditional means map), conditional variance map and
probability map are delineated using SIS methodology.
The spatial patterns of HQ, pH, Cd and SOC could reveal
some potential human health risks of Cd in the study area.
Preferential remediation measures, monitoring and management mitigations are formulated according to the maps.
2. MATERIALS AND METHODS
2.1. Study area

Dabaoshan mine (24°34′28″N, 113°43′42″E) (Fig. 1)
is located at north Guangdong province, South China. The
study area includes Hengshi River watershed, Chuandu
River watershed, Tielong watershed and Xitou watershed

around the mine. The total area is 1017.9 km2. They are
considered as a total geographical system for the continuous geologic units and land-use. The area has a subtropical humid monsoon climate. The average annual temperature and rainfall are 20 °C and 1800 mm, respectively.
The weathering of surface rock is severe and the soil pH
is lower than 6.5.
Dabaoshan mine is a well-known polymetallic sulfide
deposit. The ores (mainly iron and copper ores) have been
extensively mined by the Dabaoshan Mining Limited
since the 1970s. Illegal mining has existed in the area
since the 1990s. Acid mine drainage (AMD) generating
from mining is directly discharged to the rivers without
treatment, which is the primary water supply for agriculture and human requirements in the watersheds. Several
high-risk sites affected by heavy metals (Cu, Zn, Cd and
Pb) have been detected in the study area [10]. After a long
term of exposure to heavy metals, some local residents in
the area began to acquire diseases, such as colon cancer
[11], tumor [21], neuropathies and growth problems [9, 22].
2.2. Sampling and detecting

Eighty-nine soil samples were collected during 20082009. Sampling sites were selected according to soil types
and land-use, consisting of farmland, forest, grassland, mine
land, road and residential land. The sample grid was designed as a square mesh with sampling points at approximately 2.5 × 2.5 km, with the actual sampling sites randomly selected near the target sampling sites in each grid
cell. However, the sample sites could not be of uniform
design because some were inaccessible [22]. The samples
were located using a Garmin® GPS and collected from the
top layer (0-20 cm).

FIGURE 1 - Study area and locations of samples in Dabaoshan mine, South China.

696

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

The soils were air-dried at room temperature. Part of
each sample was sieved (2 mm) for pH measurement, and
another part was finely crushed for SOC and Cd detection.
Soil pH was measured using a 1:2.5 soil-to-water ratio, and SOC was detected by dichromate digestion method
[23]. The soil samples were digested by aqua regia (HNO3HCl) acid [22]. The digestion was performed in a microwave oven. Cd concentration was analyzed using a graphite furnace atomic absorption spectrophotometer (GFAAs,
HITACHI Z-2000).
Quality assurance and quality control procedures were
carried out in the analysis. Replicate and blank analyses
were performed throughout the study. Standard reference
materials (SRM) were used for validation of the analytical
procedure. The SRM of soil (GBW 08303) was obtained
from the National Research Center for CRMs (Beijing
China). The recovery of Cd was 95%.
2.3. Cadmium uptake model

Human health risk assessment of Cd-contaminated land
requires the consideration of transfer into crops. Several
studies established cadmium uptake models, such as the
New Model Framework (NMF) model, the National Institute of Public Health and the Environmental (RIVM)
model, Hough model, the United States Environmental
Protection Agency (US EPA) model and the Contaminated Land Exposure Assessment (CLEA) model. These
models are considering specific parameters, such as pH,
SOC and clay content. We selected Hough model for this
work, based on the results of literature [24]. The model is
expressed as follows:
Cp = DWp × 10(a + b× pH + c×log(Cs.t ×100/ OC))

(1)

where, Cp is the concentration of metal in fresh plant
tissue (mg kg fw-1), DWp is the concentration coefficient
from dry weight to fresh weight, and a, b, c are empirical
parameters, Cs.t is the total concentration of metal in soil
extracted by acid digestion (mg kg dw-1), pH is the soil
pH, and OC is the organic carbon content of soil (%
dw/dw).
Equation (1) can be re-expressed as:

log(C p ) = d + b × pH + c × log(M c )

(2)

where, d, b, and c are empiric metal and crops specific coefficients, and Mc is heavy metal adsorbed on
organic carbon. The coefficients of cadmium of d, b, and
c were fitted by the data of Zhuang et al. [10], who studied human health risk of heavy metals in this area. The
specific equation is as follows:
log(C p ) = 3.2370 − 0.7425 × pH − 0.2629 × log(M c )

(3)

The correlation coefficient is 0.929, while the root
mean square error is 0.189. There is a strong correlation
among Cp, pH, and Mc.

2.4. Human health risk assessment model

Hazard quotient (HQ) is a ratio of chronic daily intake
(CDI) of a heavy metal to relative reference dose (RfD).
The potential human health risk is characterized by HQ in
dose-response method defined by the USEPA. The RfD of
cadmium is 0.001 (mg/(kg·day)) [25]:
HQ =

CDI
RfD

(4)

CDI is the sum of cadmium intake via three pathways: inhalation, dermal absorption, and oral intake.
However, the contribution of intake from the dermal absorption and inhalation pathways is less than 1% [15].
Therefore, CDI of cadmium is reduced to the following
equation:
CDI =

EF × ED × FI × MC
× 10−3
BW × AT

(5)

where, EF is exposure frequency (365 days/year), ED
is average exposure duration (year) (70 years), FI is food
ingestion (646 g/(person·day)), MC is cadmium concentration in food (mg/kg), which is calculated by equation
(3), BW is average body weight (65 kg), and AT is averaging time (AT = 365 days/year × 70 years).
The values in bracket are adult parameters of the
study area [10]. Combining equations (3), (4) and (5), the
HQ of each sample site may be calculated according to
the relative soil pH, SOC and Cd. The functional relation
can be described as follows:
log(HQ) = 4.2343 − 0.7425 × pH − 0.2926 × log(M c ) (6)

There is an exponential relation between HQ and
Mc, while a logarithmic relation is presented between HQ
and soil pH.
2.5. Geostatistical simulation based on SIS

The geostatistical method is based on the regionalized
variable theory that variables of model have both random
and spatial structures in an area. SIS is one of non-Gaussian
simulation techniques [26-29]. Briefly, the procedures of
SIS are binary code transformations and variogram analysis, prior distribution estimation, and sequential simulation
[28]. A variogram of the data should be determined before
geostatistics is performed. The spatial variability of variables is quantified by an experimental variogram calculation, which can be fitted by a theoretical model γ(h), and the
model can be a spherical, exponential or Gaussian model.
Nugget effect, sill, and range are fitted for the model. At the
grids without sample, a prior distribution of probability is
estimated according to the probabilities of grids nearby. A
continuous conditional cumulative distribution function
(ccdf) within each class of threshold values is determined
by linear interpolation. The continuous ccdf at the lower
tail is extrapolated towards zero using a negatively skewed
power model with ω = 2.5 and an infinite upper bound
using a hyperbolic model with ω = 1.5 [26, 27].
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Multiple realizations can be produced by SIS. The
realizations are established by following a random path,
and the realizations represent the same spatial distribution
of HQ in the study area. Therefore, many realizations
could be used to evaluate the variation and uncertainty of
the HQ. The experimental variogram is performed by
AUTO-IK, which is built around the GSLIB (Geostatistical Software Library) programs gamv, kb2d, ik3d, postik,
vargplt, vmodel, and the semivariogram modeling program varfit [30]. The SIS is performed by sisim codes in
GSLIB [27]. The interpolation of distribution maps is
performed under geographic information system (GIS).
3. RESULTS AND DISCUSSION
3.1. Data characterization

Data characteristics reveal the distribution of elements in the study area. Fig. 2 shows the histograms of
pH, SOC, Cd, and HQ, and summarizes some descriptive
statistics, such as mean, standard deviation, skew, maximum, median and minimum values, for the 89 samples.
Fig. 2(a) shows the histogram of soil pH. The mean pH
value is 5.27, with maximum and minimum values of 7.44
and 3.05. The skewness is -0.11 indicating that the distribution of soil pH is almost a normal one. The soil pH is
generally acidic (pH < 6.5) [31]. There are several sample
locations with low pH, which means that the soil is contaminated by AMD seriously.
The descriptive statistics (Fig. 2(b)) show that the mean
value of SOC (%) in the study area is 1.78. The range between the minimum and maximum is 4.77. The skew is 0.51
and the histogram of SOC shows a right tail distribution
suggesting that there are some high SOC values existing.

Fig. 2(c) illustrates the histograms and statistic characteristics of Cd in the study area. The mean value (1.72
mg/kg) is greater than the national value of Cd (0.30
mg/kg) (GB 15618-1995). The range (21.48 mg/kg) between the minimum and maximum values is large. The
mean value is greater than the median value, and the skewness is 5.12 proving that the histogram is strong and
positively skewed. The spatial patterns of Cd concentrations
reveal that the spatial distribution of Cd concentrations is
not homogeneous. High-value of Cd concentrations is
existing, which means that the soil in some areas is contaminated by Cd seriously.
HQ values of each sample site are calculated based
on the equation (6). Fig. 2(d) indicates that the histogram
of HQ is positively skewed. Approximately, forty-eight
percent of the HQ values are higher than 1.0 which means
nearly half of the sample site is exposed to a high risk of
Cd contamination. The histograms of Cd and HQ are
similarly skewed.
The maximum value of SOC is close to the results of
Zhuang et al. [10], and the minimum value is lower than
the results. The reason is that the samples of our investigation are consisting of more soil types, and that the area
is larger. Median value of SOC is lower than that investigated in Guangdong [32]. McGrath and Zhang [33] investigated pH and SOC in grassland of Ireland. The skewness
of raw data of pH and SOC were 0.70 and 1.66. The
probability distribution of pH was close to normal distribution, and that of SOC was positively skewed. The distribution of tolerable daily soil intake in the study of Gay
and Korre [15] was also positively skewed. Crops absorb
Cd amounts differently at various pH and SOC conditions.
Therefore, the distribution of HQ is different but related to
the distributions of pH and SOC.

FIGURE 2 - Histogram of soil pH, SOC, Cd, and HQ.
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3.2. Variogram analysis and realizations of pH, SOC, Cd, and HQ

The experimental variograms were fitted by AUTOIK program. The program selected the variogram model
automatically and created the best fitting variograms [30].
Anisotropic and omnidirectional variogram models were
received. The omnidirectional variogram was adopted for
the two-type models having similar structural shape and
variability (sill + nugget). Spherical model was the best of
fitting variograms.
The parameters of the spherical models are listed in
Table 1, which gives the values at 5, 25, 50, 75 and 95 percentiles for pH, SOC, Cd and HQ separately. The ranges of
HQ become shorter at high thresholds. The result indicates
that there exist small clusters at high HQ values. The study
area is divided into small grids, with 250 × 250 m2 of each
grid. One thousand realizations of pH, SOC, Cd, and HQ
are produced using sisim code based on the parameters
listed in Table 1.
TABLE 1 - Spherical model parameters of soil pH, SOC, Cd and HQ.
pH

SOC

Cd

HQ

Threshold
3.655
4.575
5.340
5.943
6.728
0.244
0.885
1.775
2.497
3.506
0.109
0.368
0.980
2.060
4.994
0.278
1.079
3.429
11.360
62.299

Percentile
0.05
0.25
0.50
0.75
0.95
0.05
0.25
0.50
0.75
0.95
0.05
0.25
0.50
0.75
0.95
0.05
0.25
0.50
0.75
0.95

Nugget (c0)
0.915
0
0
0.026
0
0
0.4146
0.773
0.9263
0.8006
0.882
0.6913
0.8481
0.7854
0.9324
0
0.1048
0.4468
0.8052
0.9810

Sill (c)
0.2215
0.9726
1.0061
1.0189
1.1478
1.3104
0.4034
0.1213
0.1588
0.2165
0.6015
0.4795
0.2997
0.2725
0.3391
1.1881
0.9600
0.5581
0.3134
0.2840

Range (m)
692.52
1925.62
3483.56
4713.17
11815.21
31610.16
1206.57
693.22
694.06
692.53
72148.02
23365.27
36074.77
1096.43
692.83
12266.75
5638.44
4409.39
36074.36
692.84

The high Cd concentration areas lie in Dabaoshan
mine site, upstream of Hengshi River and Chuandu River
(Fig. 3(c)). High level of Cd contamination is caused by
mine tailings at the mine site, while AMD is the primary
source of Cd at the upstream of Hengshi River watershed,
where the farmland is irrigated by AMD-affected water.
The E-type map of HQ (Fig. 3(d)) indicates that the
high risk areas are located at the Hengshi river watershed,
Chuandu river watershed and the mine site.
HQ, pH, SOC and Cd spatial patterns showed that
high HQ regions mostly overlap with low pH, high SOC
and high Cd regions. Comparing the patterns, pH and HQ
have the most similar one. Academically, soil pH influences Cd solubility and SOC affects Cd bioavailability.
Gay and Korre [15] investigated the relationship between
“effective Cd” concentration map and soil pH map. The
“effective Cd” concentration map is highly closer to the
soil pH map spatially. It indicates that soil pH is the most
important factor to affect on “effective Cd”. Park et al. [2]
gave a chemical description: when soil pH decreases, H+
dissociates from the functional groups, and soluble Cd
prefers to increase in soil.
3.4. Human health risks of Cd based on HQ

Human health risks were simulated based on the parameters in Table 1. If the HQ was less than one, there
was no health risk; otherwise, the inhabitants in high HQ
value areas must be exposed to high health risk. The
higher HQ was, the higher human health risk was. Obviously, a more strict control of Cd contamination in high
HQ regions is necessary. Assessments of health risk under
5, 25, 50, 75 and 95 percentiles for adults were displayed
in Fig. 4 showing safe (HQ < 1) and unsafe (HQ > 1)
levels. Proportions of high risk regions (grids with HQ to
be higher than 1.0) at 5, 25, 50, 75 and 95 percentiles
were 0.66, 12.04, 32.44, 66.89 and 95.31%, respectively.

3.3. Spatial patterns of pH, SOC, Cd and HQ

The map of conditional means, also known as E-type
estimate, is shown in Fig. 3. The E-type map of pH in the
study area is shown in Fig. 3(a). Low soil pH distributes
in north-western part, the Henshi River watershed and a
small part in the south, while high pH is in the eastern and
south-western parts. The similar patterns of HQ and pH
suggest that AMD from Dabaoshan mine is the main
factor affecting soil pH. The mine site located at the headstream of Hengshi River and Chuandu River, and the low
soil pH regions are in the two watersheds. The contaminants in AMD polluted riverside soil and sediment by
irrigating and sinking. Obviously, irrigation is the major
activity to affect soil pH of the riverside in Chuandu River
and Hengshi River watersheds.
Fig. 3(b) is the E-type map of SOC. The spatial pattern is different from that of soil pH. High SOC distributes in Chuandu river watershed and the central part of
the area, where the land-use type is farmland.

Probability of HQ exceeding 1.0 was averagely
separated into ten levels between 0 and 1.0 (Fig. 5(a)).
The E-type map of HQ is described in Fig. 3(d). The Etype map and the probability map indicated that high risk
regions were located at the Chuandu river watershed, Dabaoshan mine site and the basin of Hengshi river watershed. The lower risk regions were located at the Tielong
river watershed, Xitou river watershed and the hills of
Hengshi river watershed.
Figs. 4 and 5(a) revealed that the 50 percentile map
of HQ covered the high risk region with high probability
exceeding 1.0. Although the areas covered by 75 and 95
percentile maps of HQ contain most of risk regions of Cd
contamination, it is not easily to take action for remediation in economic and technology at present. According to
the areas and the HQ values, it is suggested that scientific
risk assessment should be taken at the area covered by 50
percentile HQ map, and necessary remediation must be
performed at the area covered by 25 percentile HQ map.
The high health risk regions were Chuandu river watershed,
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FIGURE 3 - E-type maps of soil pH, SOC, Cd, and HQ.

FIGURE 4 - Human health risks at given percentiles.

FIGURE 5 - Probability of HQ map and conditional variance maps associated with ingestion of Cd.
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Hengshi river watershed and the mine site. Comparing
Figs. 4 and 5(a), the high health risk region corresponded
to 0.8-1.0 probability regions.
Conditional variance of HQ is shown in Fig. 5(b),
which represented spread of ccdf and probability of HQ
being higher or lower than the threshold at each grid node.
Higher uncertainty was mostly located at high HQ regions.
Recently, some researches were carried out on human
health risk assessment and epidemiological survey in the
area. Zhuang et al. [10] investigated Cu, Zn, Cd and Pb contamination and revealed that Zn, Cd and Pb levels in crops
exceeded the maximum permissible concentrations of
Chinese national standards. Tendency of Cd and Pb accumulation in rice was analyzed. Estimated daily intake and
target hazard quotient (THQ) of Cd and Pb in rice and
vegetables exceeded the FAO/WHO permissible limit at
Fandong, Liangqiao, Zhongxin and Shangba villages, and
the health risks decreased with distance from the central
mine. Liu et al. [21] investigated incidence of enteron
tumors in Shangba village during 1984-2001. It was about
400 times higher than that in Yangzhong city, and mortality of enteron cancer was 1000 times higher than that in
Hangzhou city. Behavioral problems of school-aged children have been studied in Shangba, Xiaozhen and Dongfang village in August, 2006 [11]. A significant ranking
of behavioral problems was as follows: Shangba > Xiaozhen > Dongfang. Although the behavioral problems were
impacted by multiple factors, heavy metal contamination
was considered to be the major factor. The villages bearing higher HQ have higher tumor incidence, cancer mortality and behavioral problems.
The concentrations of Cu, Zn, Cd, Pb, and rock magnetic in the area could indicate the anthropogenic anomalies of heavy metal pollution [22]. Geochemical background of the four heavy metals exceeded the national
standard ( GradeII of Chinese Environmental Quality of
Soils GB 15618-1995), and the human health was at highrisk along the riparian region of the Hengshi River [22].
3.5. Uncertainties in risk assessment

The heterogeneity of HQ, pH, soil total Cd, and SOC
was examined in the study areas; the spatial pattern of HQ
provided the probability of hotspots of Cd risk. However,
some uncertainties affecting spatial patterns of the risk,
are existing. Firstly, soil chemical characteristics, except
soil pH and SOC, could affect Cd bioavailability. The
characteristics included silicate clays, iron, aluminum and
manganese oxides, redox potential, cation/anion exchange
capacity etc. Secondly, the variogram of geostatistical
models could contribute a little to accuracy. Number of
thresholds in the program was difficult to choice although
the suggested number was no more than nine [30]. The
accuracy of variogram parameters were determined by the
representation and the number of samples [34]. Generally,
the more samples and representatives were, the less error

of simulation was. The selected sample points were not
strictly asymmetric in the area, and some error could be
transferred to the neighbor grids, especially at high HQ
regions. Thirdly, parameters of assessment method of human health risk were impact factors, such as CR, EF, ED,
FI, MC, AT, BW and RfD. The spatial pattern of HQ was
based on the assumption that these parameters were certain.
However, some of them were not certain but stochastic.
Finally, there was an assumption that spatial distributions of
soil pH and SOC were constant. However, they were fluctuating due to irrigation, hydrologic and geochemical processes [28]. Moreover, the relative error, including sampling,
detecting and so on, could influence these uncertainties.
4. CONCLUSIONS

This study demonstrated that human health vicinity of
the mine site was affected by soil pH, SOC and heavy
metal concentration. The functional relations among HQ,
soil pH, Mc and Cd were established based on Freundlich
equation in Dabaoshan mine. There is an exponential relation between HQ and Mc, but a logarithmic relation between HQ and soil pH. HQs are calculated at the sample
locations depending on the functional relation. Forty-eight
percent of HQ values are higher than 1.0 in the samples.
SIS results of HQ, soil pH, SOC, and total soil Cd indicate that high HQ regions are spatially corresponding to
low soil pH, high SOC and high Cd regions. The influence of soil pH is greater than that of SOC to HQ. High
total soil Cd regions must be of the regions with high HQ.
The high HQ (HQ > 1) regions lie in the Chuandu river
watershed, Dabaoshan mine site and the basin of Hengshi
river watershed. Inhabitants in these regions are potentially bearing higher Cd risks than others.
In unsafe regions (HQ > 1) of 50 percentile HQ map,
soil heavy metal concentration should be monitored.
Moreover, effective environment managements, such as
monitoring of soil pH, SOC, and Cd concentrations of
crops, should be considered. In unsafe regions (HQ > 1)
of 25 percentile HQ map, Cd-contaminated soil must be
remedied firstly (increase of the soil pH, immobilizing the
Cd). Planting and harvesting of crops are forbidden in
these regions. Then, Cd must be removed from the soils.
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MICROBIAL PRODUCTION OF
POLY-Β-HYDROXYBUTYRATE (PHB) BY
BACILLUS MEGATERIUM STRAINS ISOLATED FROM ROOT
NODULES OF DIFFERENT FLOWERING PLANTS IN TURKEY
Esra Ersoy Omeroglu*, Figen Ozyildiz and Ismail Karaboz
Ege University, Faculty of Science, Biology Department, Basic and Industrial Microbiology Section, 35100 Bornova-Izmir, Turkey

ABSTRACT

The aim of this research was the isolation and identification of 5 strains achieved from root nodules of different flowering plants (Vicia sp., Phaeseolus vulgaris, Pisum
sativum, Vicia faba), and the determination of poly-βhydroxybutyrate (PHB) efficiency of the isolates on different media conditions. Results of our experiments showed
that the strains were Bacillus megaterium based on cultural,
biochemical and 16S rRNA sequencing methods and
VITEK2 system. The amounts and yield of PHB (%) produced by B. megaterium strains were also determined by
use of spectrophotometric method. Consequently, the highest yields of PHB were obtained from strain 13/1 (83.82%)
on yeast extract mannitol medium (YEM), strain 13/2
(87.50%) with glycin, and strains 13/1 (86.30%) and 2/a
(82.03%) with glucose on YEM medium. For further experiments by using these bacteria, determination of less
expensive substrates and industrial-scale PHB production
will be necessary. For this purpose, B. megaterium strains
13/1, 13/2 and 2/a can be used.

KEYWORDS: Bacillus megaterium, poly-β-hydroxybutyrate (PHB),
nodule, 16S rRNA, VITEK2 system

1. INTRODUCTION

Plastic products replace glass, wood and other constructional materials, and become an dispensable part of
everyday life. On the other hand, these plastics accumulate in the environment year after year, and amounts of
accumulation reach millions of tons [1]. Because of the fact
that the plastic wastes are serious environmental contaminants, use of biodegradable plastics come into prominence
[2]. In spite of some desirable properties [1, 3], such as
* Corresponding author

stability and durability [1, 4], petrochemical plastics cannot be degraded biologically. Consequently, the search for
biodegradable polymers as an alternative to plastic increases [4].
There are a lot of biodegradable plastic materials.
Among the candidates, polyhydroxyalkanoates (PHAs)
have a growing interest because they have similar material
properties with conventional plastics [4], can be produced
from renewable resources, are complete biodegradable, and
do not cause decrease of limited resources [4, 5].
PHAs are a broad class of biodegradable thermoplastics. In addition to approximately 150 hydroxyalkonoic
acids, poly-β-hydroxybutyrate (PHB) is one of the constituents of PHAs [5]. PHB is accumulated by over 250 different
bacteria (many Gram-negative and Gram-positive ones)
[4, 6] which synthesize and accumulate PHB under unfavorable growth conditions such as limitation of phosphorus, oxygen, nitrogen and magnesium in the presence of
abundant carbon sources [1, 4, 7]. Under these conditions,
bacteria can improve tolerance to high temperatures, H2O2
exposure, UV-irradiation, drying and osmotic stress, and
can survive [8]. Some bacteria can accumulate PHB within
the cells in high amounts (80-90% of dry cell weight) [9,
10]. Bacillus megaterium is one of the members of PHBproducing microorganisms. Habitat of B. megaterium
strains is generally soil and can colonize the rhizosphere
because of the fact that it is a member of rhizospheric and
endophytic microbial community [11, 12].
Lemoigne [13] found 3-hyroxybutyric acid as a result
of degradation of an unknown material in B. megaterium
isolated from soil. In 1983, Findlay and White [14] observed that PHB was accumulated in B. megaterium cells
under nutrient stress.
The objective of this study was to determine the ability of PHB production of rhizospheric bacteria isolated from
Vicia sp., Phaseolus vulgaris, Pisum sativum and Vicia
faba. Additionally, cultural, biochemical and molecular
methods should be identified to indicate the yields of
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PHB (%) of identified cultures. In this respect, we isolated
5 PHB-accumulating bacteria, and the isolates were identified as Bacillus megaterium depending on antimicrobial
susceptibility, microscopic characteristics, tolerance of pH,
temperature and different concentrations of NaCl and 16S
rRNA sequencing analysis. In addition, for analyzing the
highest yielding PHB medium, different carbon sources
and nitrogen sources were tested.
2. MATERIALS AND METHODS
2.1. Isolation and cultivation of endophytic and PHB-producing
bacteria

To isolate endophytic bacteria from cultivated plants
(Phaseolus vulgaris, Pisum sativum, Vicia faba) and a
wilding one (Vicia sp.) collected from different regions of
Izmir in Turkey (Table 1), nodules on the plants were
washed with tap water. A few nodules with epidermis and
cortex region of the plants were taken by a sterile scalpel
and washed in a Petri dish with sterile distilled water.
Nodules were kept in a Petri dish containing 95% ethanol
for 30 sec, and then for 3-4 min depending on size of the
nodules in acidifying HgCl2 (0.1%) for surface sterilization of nodules. These steps were followed by 10 rinses in
sterile tap water for disinfection of nodules from residual
HgCl2. Finally, 4 or 5 drops of tap water were transferred
to a Petri dish, and nodules were crushed by glass baguettes in it. The crushed nodules were streaked onto Petri
dishes containing solid yeast extract mannitol agar medium (YEMA) consisting of 10 g mannitol, 0.5 g KH2PO4,
0.2 g MgSO4.7H2O, 0.1 g NaCl, 2.5 g tryptone, 2.5 g peptone, 2.5 g yeast extract per L, and the pH was adjusted to
7.0 with NaOH. All experiments were performed with
YEMA. The plates were incubated at 30 oC and observed
daily for bacterial colony development during 24 and 72 h.
After bacterial growth had occurred, colonies were purified by a number of streakings on YEMA [15]. Purified
isolates were suspended in 20% glycerol solution and
stored at -70 oC [11].
2.2. Microscopic characteristics

Gram reactions, morphologies, capsule formations and
endospore generations were determined by light microscopy as described by Atlas et al. [16, 17]. In addition to
endospore-staining method, to determine whether the isolates generate endospores, bacterial suspensions were exposed to 80 oC for 20 min and then transferred to streak
onto YEMA medium for incubation at 30 oC [18].
2.3. Physiological test for salt, acidity and temperature tolerance

Growth ability of the isolates on different concentrations of NaCl (0-5% w/v) as well as different degrees of pH
(4.0-9.0) and temperatures (27-45 oC) were tested by using
YEMA medium [19]. The bacterial growth was determined
with TTC, a growth indicator. TTC was added to the media
in a ratio of 0.01% [20].

2.4. Determination of intrinsic antibiotic resistance profile

Four different antibiotic discs (ampicillin 10 µg/ml,
tetracyclin 10 µg/ml, erythromycin 15 µg/ml, chloramphenicol 30 µg/ml) were used for determination of antibiotic susceptibility of the isolates against the antimicrobial agents. Commercially available antibiotic discs were
purchased from Oxoid (England). Fresh isolates cultured
on YEMA medium were transferred to bi-distilled water
containing 0.85% NaCl, and the turbidity equivalent was
adjusted to 0.5 McFarland. Inoculation on YEMA medium was performed with 100 µl bacterial suspensions, and
antibiotic discs were put onto Petri dishes. After 24-48 h
incubation at 28 oC, the isolates were observed in terms of
resistance profiles. In an assay performed with agar disc
diffusion method, the inhibition zones were measured in
mm using a transparent ruler [20, 21]. All procedures were
based on the standardization of the agar disc diffusion
method of The Clinical and Laboratory Standards Institute (CLSI, 2008) [22] prepared for antimicrobial susceptibility tests.
2.5. Microbial identification by using VITEK 2 system

For this assay, VITEK 2 system (software version
04.02) was used according to the manufacturer’s recommendation. The test organisms were grown on YEMA medium at 30 oC for 24 h. Bacterial suspensions were prepared in sterile physiological saline and turbidity equivalents were regulated as 1.80-2.20 McFarland turbidity range.
The samples prepared were filled into the BCL identification card, then placed into the incubator-reader of the
VITEK 2 system, and final identification results were
available within approximately 14 h [23].
2.6. 16S rRNA gene sequence determination

16S rRNA gene sequences of the isolates were determined using universal primers, and amplicons obtained
from the isolates were sequenced on an ABI 3130XL Genetic Analyzer. For sequencing, BigDye Cycle Sequencing
V.3.1 kit was used, and sequences were purified by
NaOAc-EtOH purification method.
2.7. Staining of bacterial intracellular lipids

It is known that Sudan Black B is a specific fat stain
for the detection of lipids. So, this staining can be used to
distinguish between PHA-accumulating and non- accumulating strains. With a view to determine whether the endophytic isolates were accumulating microbial intracellular
lipids, Sudan Black B stain was used. In this staining, the
intracellular lipid droplets are observed as blue-black or
blue-grey. Owing to stain bacterial cytoplasm, safranine
was used as a contrast stain. So, cytoplasm will be stained
light pink [24-26].
2.8. Dry cell weight estimation

Bacteria were grown on YEM broth at 30 oC for 24 h.
Pre-cultured cells (OD600=1.0) were inoculated at 4%
(v/v) into 250-ml flasks containing medium (50 ml), and
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incubation was performed on a rotary shaker running at
150 rpm (30 oC) for 24 h and 48 h. So as to determine dry
cell weight, 50-ml volumes of culture broths were transferred to pre-weighed vials and centrifuged at 6000xg for
45 min at +4 oC [14, 27]. As an end, pellets were dried in
a lyophilisator for 24 h. In lyophilisation, bacterial pellets
were frozen and then warmed in a vacuum so that the ice
sublimes. As a result of this assay, constant weight was
acquired.

formation, in consequence of microscopic investigation.
As a result of 80 oC temperature application, it was found
that all isolates formed endospores. After heating, no
bacterial growth was observed on YEMA medium during
incubation time (Table 2).
TABLE 1 - Isolates obtained from different flowering plants.
Plants
Wilding
Cultured

2.9. Extraction and estimation of PHB

The pellets obtained from 24-h and 48-h incubation
periods were suspended in 5 ml of sterile distilled water
and homogenized completely. For digesting the cells, homogenized pellets were exposed to ultrasonic treatment
for 2 min and centrifuged at 10,000xg for 15 min. After
removing supernatant, 2 ml of sterile distilled water was
added to the pellets and also 2 ml of 2 N HCl. To digest
all cells, test tubes were heated to boiling for 24 h in a
water-bath. After centrifugation (at 10,000xg for 15 min),
supernatants were removed and 5 ml of chloroform was
transferred to the precipitates. In order to dissolve PHB
moving out from the cells completely, the tubes were held
at 30 oC with shaking conditions at 150 rpm during the
night. Then, the tubes were centrifuged at 10,000xg for
15 min, and 100 µl of chloroform extract was taken and
transferred into the glass tubes. Until all chloroform was
evaporated, the tubes were held at 45 oC. Then, 5 ml of
concentrated sulfuric acid was added. With the aim of
oxidizing PHB to crotonic acid, the mixture was left in a
water-bath with boiling temperature. After the solution
was cooled to 25 oC, mixing was transferred to a quartz
cuvette, and the absorbance at 235 nm was measured
against a sulfuric acid blank. To detect the amount of PHB,
a standard curve established with PHB concentrations
ranging from 2.5-100 µg/100 µl was used, and PHB produced was determined spectrophotometrically at 235 nm
[14, 28, 29].
2.10. Effect of different carbon and nitrogen sources on
production of PHB

Carbon and nitrogen sources were sterilized (Millipore filter, pore size of 0.22 µm) and added to medium at a
final volume of 1%. For the purpose of determination of the
best carbon source for PHB production, mannitol in YEM
broth was removed, medium was supplemented with glucose, sucrose and arabinose (1% w/v) as carbon sources
instead of mannitol. After peptone and tryptone were taken
out, L-glycine was added as a nitrogen source [30].
3. RESULTS

In this study, 5 isolates were obtained from the root
nodules of 4 different flowering plants (members of Leguminosae family) as shown in Table 1.
It is acquired that all isolates were Gram-positive, had
rod shape, and carried out capsule as well as endospore

Isolate No
2/a
4/2
7/3
13/1
13/2

Vicia sp.
Phaeseolus vulgaris
Pisum sativum
Vicia faba

To determine tolerance of acidity, temperature and
NaCl, TTC growth indicator was added to YEMA medium.
In consequence of metabolic activity, colorless TTC was
reduced to red pink-colored triphenyl formazone (TPF).
Concentrations of NaCl and degrees of pH and temperature with colonial growth of red-pink color were evaluated as positive outcomes. The bacterial growth was performed on all Petri dishes containing YEMA medium and
TTC with different pH values (4.0-9.0). For each pH value,
experiments were carried out at 27, 31, 37, 40, 42 and 45 oC.
It was observed that TPF was formed at all pHs and temperatures. But the best bacterial growth rates were acquired
at 27 and 31 oC. Also, all isolates were grown on YEMA
medium containing 0-5% (w/v) of NaCl (Table 2).
TABLE 2 - Characteristics of rhizospheric bacteria isolated from
flowering plants.
Characteristics
Rod shape
Gram reaction
PHB accumulation
Formation of:
capsules
endospores
Growth at:
27 oC
31 oC
37 oC
40 oC
42 oC
45 oC
Growth in NaCl at:
0%
1%
2%
3%
4%
5%
Growth at pH:
4
5
6
7
8
9

Isolates
2/a
4/2
+
+
+
+
+
+

7/3
+
+
+

13/1
+
+
+

13/2
+
+
+

+
+

+
+

+
+

+
+

+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

In the agar disc diffusion assay depending on CLSI
(2008) standards, it was searched out that all isolates were
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sensitive against 5 different antibiotics, with the exception
of isolate 2/a which was resistant against erythromycin
(Table 3).

Five isolates were subjected to 47 different biochemical tests by VITEK 2 system, and results were summarized in Table 4. Depending on the results obtained from
BCL card, 5 isolates were identified as Bacillus megaterium.

TABLE 3 - Susceptibility patterns of the isolates to the antibiotics tested by agar disc diffusion method.
Isolates
2/a
4/2
7/3
13/1
13/2
Antimicrobial agents
İnhibition
İnhibition
İnhibition
İnhibition
İnhibition
zone Resistance
zone Resistance
zone Resistance
zone Resistance zone Resistance
(mm)
(mm)
(mm)
(mm)
(mm)
Ampicillin
10 µg/ml
15
S
14
S
13
S
15
S
19
S
Tetracycline
10 µg/ml
26
S
29
S
32
S
30
S
28
S
Erythromycin
15 µg/ml
NI
R
22
S
24
S
24
S
25
S
Chloramphenicol
30 µg/ml
29
S
30
S
31
S
31
S
29
S
Bacitracin
10 U
20
S
21
S
20
S
22
S
21
S
R: resistant, S: sensitive, NI: no inhibition.
Disc
content

TABLE 4 - Biochemical test results obtained by using VITEK 2 system of the isolates.
Tests
2/a
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Beta-xylosidase
L-Lysine arylamidase
L-Aspartate arylamidase
Leucine arylamidase
Phenylalanine arylamidase
L-Proline arylamidase
Beta-galactosidase
L-pyrrolydonyl arylamidase
Alpha galactosidase
Alanin arylamidase
Tyrosine arylamidase
Beta-N-acetyl glucosiminadase
Ala-Phe-Pro arylamidase
Cyclodextrin
D-galactose
Glycogen
Myo-inositol
Methyl-a-d-glucopyranoside acidification
Ellman
Methyl-D-xyloside
Alpha mannosidase
Maltotriose
Glycine arylamidase
D-mannitol
D-mannose
D-melezitose
N-acetyl-D-glucoseamine
Palatinose
L-rhamnose
Beta-glucosidase
Beta-mannosidase
Phosphoryl choline
Pyruvate
Alpha glucosidase
D-tagatose
D-trehalose
Inulin
D-glucose
D-ribose
Putrescine assimilation
Growth in 6.5% NaCl
Kanamycin resistance
Oleandomycin resistance
Esculin hydrolysis
Tetrazolium red
Polymixin-B resistance
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4/2
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Isolates
7/3
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

13/1
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

13/2
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-
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FIGURE 1 - Phylogeny of Bacillus megaterium strains 2/a, 4/2, 7/3, 13/1 (3-1-2) and 13/2 (3-2-1) shown as neighbor-joining tree.

As final stage of identification studies, 16S rRNA regions of the isolates were propagated, and amplicons were
sequenced. In consequence of sequencing, all isolates were
identified as B. megaterium as shown in Fig. 1. 16S rRNA
sequences of B. megaterium strains 2/a, 4/2, 7/3, 13/1 and
13/2 were deposited in the GenBank nucleotide sequence
database under accession numbers HM357356, HM357354,
HM483511, HM357355 and HM357353, respectively.

megaterium strain 13/2 after 24-h incubation at 30 oC.
Reduction in yields of PHB (%) was consistent with reduction in dry cell weight. PHB production obtained from
48-h incubation decreased in proportion as obtained from
24-h incubation. As the amount of PHB production, strain
4/2 accumulated these granules (0.68 g/L) at the highest
proportion (24 h), and the least PHB production was 0.04
g/L produced by strain 2/a at 48 h (Table 5 and Fig. 2).

For determination of PHB productive efficiency of 5
B. megaterium strains, firstly microscopic investigation
was made at 24-h and 48-h incubation. In the wake of
PHB-staining, it was observed that the strains accumulated lipid granules at both incubation times, but more
lipid granules on cultures incubated for 24 h. According
to the results, the amount of PHB production was determined after 24 h and 48 h of incubation. As first step, dry
cell weights of B. megaterium strains were assigned. In
general, it was achieved from 48-h cultures lesser dry cell
weight than from 24-h cultures. For both cultures, the highest biomass was obtained from B. megaterium strains 13/2
and the highest yield of PHB (83.82%) was observed for B.

Due to the fact that the highest yield of PHB (%) was
achieved after 24-h incubation, strains were incubated for
24 h onto YEM medium containing different carbon and
nitrogen sources. In the assay of PHB production with
different carbon and nitrogen sources, as seen in Table 6,
dry cell weight of B. megaterium strains differed from
0.59 to 1.71 g/L (obtained from strain 7/3 in YEM medium containing sucrose as carbon source).
While the percentage of the PHB productivity in B.
megaterium strain 13/2 on YEM broth with glycine was the
highest (87.50%), the lowest PHB productivity was found
in B. megaterium strain 4/2 (12.31%) (Table 6; Fig. 3).

TABLE 5 - PHB content of B. megaterium strains on YEM medium.
Strains
B. megaterium 2/a
B. megaterium 4/2
B. megaterium 7/3
B. megaterium 13/1
B. megaterium 13/2

*

PHB (g/L)

Dry cell weight (g/L)
24 h
1.13±0.008
1.34±0.006
2.04±0.01
1.73±0,11
1.38±0.06

48 h
1.09±0.03
1.11±0.05
2.00±0.11
1.41±0.01
1.31±0.02

24 h
0.20±0.006
0.68±0.02
0.34±0.01
1.45±0.05
0.61±0.02

*: determined at dry cell weight; **: according to dry cell weight
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48 h
0.04±0.0
0.19±0.01
0.13±0.02
0.50±0.02
0.15±.01

**

Yield of PHB (%)

24 h
17.71
50.75
16.67
83.82
44.20

48 h
3.67
17.12
6.50
35.46
11.45
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FIGURE 2 - Biomass and PHB content of B. megaterium strains on YEM medium at the end of 24-h and 48-h incubation.

TABLE 6 - The production of PHB of the B. megaterium strains on media with different carbon and nitrogen sources.
Carbon
Dry cell weight (g/L)
and
nitrogen
2/a
4/2
7/3
13/1
sources
Glucose
1.28±0.03 1.10±0.07 1.05±0.01
1.46±0.04
Sucrose
1.08±0.08 1.28±0.02 1.71±0.02
1.16±0.05
Arabinose 1.51±0.01 1.31±0.02 0.9±0.007
1.27±0.03
L-Glycine 1.22±0.02 0.65±0.01 1.31±0.02
0.59±0.002
*: determined at dry cell weight; **: according to dry cell weight

*PHB (g/L)
13/2
1.26±0.006
1.19±0.03
1.61±0.01
1.52±0.01

2/a
1.05±0.02
0.50±0.02
0.71±0.04
0.39±0.02

4/2
0.56±0.005
0.82±0.03
0.47±0.01
0.08±0.02

7/3
0.60±0.006
0.35±0.02
0.20±0.03
0.40±0.02

**Yield of PHB (%)
13/1
1.26±0.04
0.92±0.005
0.60±0.01
0.33±0.03

13/2
0.88±0.005
0.80±0.02
1.40±0.02
1.33±0.02

2/a

4/2

7/3

82.03
46.30
47.02
31.97

50.91
64.06
35.88
12.31

57.14
20.47
22.22
30.53

13/1
86.30
79.31
47.24
55.93

13/2
69.84
67.23
86.97
87.50

FIGURE 3 - PHB produced by B. megaterium strains on YEM medium containing different carbon and nitrogen sources after 24-h incubation.
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4. DISCUSSION

PHB is synthesized and accumulated by many diverse
bacterial species as storage compound [31]. By contrast
with traditional plastics, PHB can be degraded via microbial paths [32]. These biodegradable plastics shows similar properties with nondegradable ones, and so PHBbased plastics have gained major importance. Chloroform
enables that cytoplasmic PHB granules are extracted from
bacterial cells [33]. After PHB was produced on an industrial scale, it can be used in several sectors ranging from
automobiles to medicine [32].
The present work has demonstrated that 5 strains acquired from cultivated and wilding plants are B. megaterium, based on cultural, biochemical, molecular identification and VITEK2 system. B. megaterium strains have
efficiencies of PHB ranging from 3.48 to 83.61% on
YEM medium.
For determination of physiological characteristics of
the strains, different concentrations of NaCl (0-5%), different pH values (4.0-9.0) and temperatures (27-45 oC)
were used and, consequently, all strains could grow under
these conditions in a similar vein study performed by
Murrel et al. [34].
Agar disc diffusion method and VITEK2 system were
utilized for determination of intrinsic antibiotic resistance
profiles. It was found that all isolates were resistant to
oleandomycin but only B. megaterium strain 2/a was
resistant to erythromycin. Strain 2/a was isolated from a
wilding flowering plant Vicia sp., whereas the others were
acquired from cultured flowering plants. So, all isolates
were sensitive to erythromycin, but strain 2/a was resistant and could acquire erythromycin due to the habitat.
All B. megaterium strains were sensitive against protein
synthesis inhibitors (ampicilline, tetracycline, erythromycin, chloramphenicol and kanamycin); polymixin B altered bacterial outer membrane permeability and bacitracin function of protein disulfide isomerase. These
results are consistent with the studies performed by Tochicubo [35], Rahman et al. [36], and Min Ha et al. [37].
As a result of this study, B. megaterium strain 13/1
produced the highest PHB at the end of 24-h and 48-h
incubation in YEM medium (1.45-0.50 g/L), and yield of
PHB (%) was 83.82 and 35.46% after 24-h and 48-h incubation, respectively. In spite of this, the lowest yield of
PHB was achieved from B. megaterium strain 7/3 at 24 h
(16.67%) and B. megaterium strain 2/a at 48 h (3.67%).
Although B. megaterium 7/3 had the highest dry cell
weight (2.04 g/L at 24 h and 2.0 g/L at 48 h), amount of
PHB produced by this strain was lower than the others.
Therefore, quantity of PHB equivalent with each dry cell
and yield of PHB (%) are quite low. Even though B. megaterium strains 13/1 and 13/2 were isolated from the
same flowering plant, there are 2-fold differences between
efficiencies of these strains (Table 5) because, as seen
from the results of VITEK2 identification system, there
are some distinctions between strains 13/1 and 13/2.

For the first time, Tinelli [38, 39] exhibited the physiological role of PHB in Bacillus species, and necessity
of PHB in sporulation process was found out. After that,
Splepecky and Law [28] revealed that these lipid inclusions could serve as carbon and energy sources during
sporulation. In this study, PHB efficiency of all our
strains decreased at the end of 48-h incubation. So, it is
likely to arise from consumption of PHB during sporulation.
Among the carbon and nitrogen sources used in this
study, YEM medium containing glucose was found to be
most suitable for PHB accumulation in terms of B. megaterium strains 2/a, 7/3 and 13/1 (82.03, 57.14 and 86.30%,
respectively) just like the results in the studies of Gouda
et al. [27] and Thirumala et al. [40]. For strain 4/2, sucrose was the best carbon source for PHB efficiency
(64.06%). B. megaterium strain 13/2 had the highest efficiency (87.50%) in YEM medium with glycine. This
result is consistent with that of Omar et al. [5]. In their
study, it was shown that accumulation of PHB increased
when a nitrogen source was added to production medium.
In 2009, Vishnuvardhan Reddy et al. [2] found that
glycerol with maximum yield of 62.43% was most suitable for PHB accumulation, and Yilmaz et al. [29] reported that the highest yield of PHB based on dry cell
weight in B. megaterium strains ranged from 7.28 to
12.41%. Similarly, Gouda et al. [27] showed that B.
megaterium in culture medium with glucose produced
maximal PHB amounts (40%). Omar et al. [5] obtained
from B. megaterium 52% PHB in a mineral salt medium
with date syrup, Aslim et al. [9] observed with B.
megaterium strains different yields of lipid inclusion
ranging from 11.76 to 48.13%. In the light of these studies, our isolated B. megaterium strain 13/2 had the highest
PHB production (87.50% of dry cell weight is PHB).
This work indicated that our isolates obtained from
different flowering plants are B. megaterium based on
cultural/biochemical methods, VITEK2 system and 16S
rRNA sequences, and all strains are capable of producing
PHB in cytoplasm. Especially, as compared to other studies on the yields of B. megaterium strains, this is the first
time obtaining 87.50% PHB of dry cell weight from B.
megaterium (strain 13/2). Precisely, further research can
be performed for industrial PHB production, optimization
of production conditions and less expensive substrates.
But, especially B. megaterium strains 13/1, 13/2 and 2/a
seem to be much appropriate for large-scale biodegradation of thermoplastics.
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ABSTRACT

In the present work we investigated the interactions
established between red mud (RM, a bauxite ore residue),
arsenate and phosphate anions at pH 4.0, 7.0 and 10.0,
through adsorption isotherms, FT-IR spectroscopy and
thermal analysis. RM samples were artificially enriched
with solutions containing increasing concentrations of
As(V) and P(V) [As,P-RM]. The sorption of anions was
higher at lower pH values and followed the order: RM-pH
4.0 [As(V) 0.669 mmol·g-1; P(V) 1.056 mmol·g-1]> RMpH 7.0 [As(V) 0.537 mmol·g-1; P(V) 0.857 mmol·g-1]>
RM-pH 10.0 [As(V) 0.154 mmol·g-1; P(V) 0.336]. The
lower sorption of arsenate compared to phosphate could be
due to a higher affinity of phosphate towards the RM sorption sites, despite the similar chemistry of the two anions.
The sorption of As(V) and P(V) was highlighted in the FTIR spectra by a band at 865 and 1114 cm−1 respectively.
These peaks were likely due to As-O(H) and P-O(H) stretching-modes associated to inner-sphere complexes of arsenate and phosphate on Fe-Al phases. Thermal analysis
showed that the sorption of anions increased the stability of
RM. The results obtained highlighted that phosphate and
arsenate, although with different reactivity, were strongly
bounded to some RM phases, such as gibbsite and hematite, through a chemical sorption.

KEYWORDS: Red mud; Arsenate; Phosphate; Adsorption capacity; FT-IR spectroscopy; Thermal analysis.

1. INTRODUCTION

Arsenic is an extremely toxic element for living organisms. It is present in all natural environments (soils,
sediments, groundwaters, and surface waters) due to natural processes and anthropogenic activities [1, 2]. Arsenate
[As(V)] and arsenite [As(III)] are the two main forms of As
commonly found in soils, sediments and waters [3]. Arse* Corresponding author

nate generally predominates under oxidising conditions,
whereas As(III) occurs when conditions become sufficiently reducing [4, 5].
In soil pore water, at pH values between 4.0-9.5, arsenic can be mainly found as arsenious acid (H3AsO3),
arsenite (H2AsO3-) and oxyanion of arsenic acid (arsenate:
H2AsO4-, HAsO42- and AsO43-). Arsenate and arsenite can
be sorbed by the soil mineral surfaces, especially by iron
and aluminum oxides and hydroxides, which are important As-controlling soil constituents able to form innersphere complexes with arsenic at acidic and near-neutral
pH conditions [2, 3, 5, 6].
Several methods are currently available for removing
arsenate from soil including metalloid precipitation, coagulation, as well as adsorption and ion exchange reactions
[7]. Among these latter strategies, As adsorption seems
particularly promising [5, 6, 8]. The effectiveness of adsorption reactions is influenced by a number of variables,
including pH, redox potential, temperature, ionic strength,
and in particular by the presence of competing ions such as
phosphate [e.g. 5]. Phosphate and arsenate form chemical
species with similar properties and both anions in soil can
therefore compete for the same adsorption sites located
mainly on Al/Fe oxide surfaces [5, 9-13]. This competition between arsenate and phosphate for the adsorption
sites on mineral surfaces has the potential to influence As
mobility and bioavailability in the soil environment. Some
recent studies seem to support this view. For example,
Zhang and Selim [8] showed that the application of phosphorus fertilizer to agricultural soils can result in the release of As already sorbed in the soil matrix.
Many studies have been devoted to the study of adsorbents with As-immobilising capacities. In particular,
granular-activated alumina [7], Fe/Al/Mn oxides and
hydroxides [10,14,15], activated carbon [16], granularactivated carbon impregnated with ferrous chloride [17],
and some industrial by-products such as red mud [5, 6,
18-21], have been evaluated among the others. Red muds
(RM), fine-textured residues deriving from the digestion
of bauxite during the Bayer process, are probably one of
the most promising adsorbents amid the latter. RM are
mainly constituted by Fe, Al, Si and Ti oxides and oxy-
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hydroxides, and tectosilicate-like compounds [21, 22].
Based on their specific structure, all these RM components could be particularly effective at blocking the arsenate in the soil pore water [19-21].
In a previous study we investigated the interaction
mechanisms that regulate the accumulation and mobility
of arsenate and phosphate when separately added to RM,
and the mineralogical phases of RM actively involved in
the sorption of the two anions [6,23]. The results obtained
showed a different sorption capacity of RM towards the
two anions, being the phosphate more sorbed than arsenate. However, they also indicated the need for further
studies taking into account the interaction between RM
and phosphate and arsenate, when the anions are simultaneously present, in order to better clarify the affinity and
competition of the two anions towards the red mud. To
the best of our knowledge, there has been no comprehensive and systematic investigation of the selectivity of RM
for arsenate in the presence of various co-existing oxyanions common in soil, such as phosphate.
In this study we assessed, through adsorption isotherms, the capacity of RM to accumulate arsenate and
phosphate when both anions were present in aqueous
solution at different pH conditions (pH 4.0, 7.0 and 10.0).
The mineralogical phases of RM actively involved in the
arsenate and phosphate sorption and the type of surface
complexes formed after the sorption of phosphate onto
RM were determined through Fourier transform infrared
spectroscopy (FT-IR) and thermal analyses (TG/DTG).
2. MATERIALS AND METHODS
2.1. Sample description

Red mud (RM) was obtained from the Eurallumina
(Rusal group) refining plant in Portovesme, SW Sardinia,
Italy. The Bayer process is applied in the Eurallumina
plant to refine the bauxite coming from Darling Ranges
(Western Australia). In the laboratory, the RM samples
were thoroughly homogenised and sub-samples were oven
dried at 105 C for 1 week, in order to eliminate humidity
and weakly-bound water, finely ground and sieved to <
0.02 mm (RMnt). The characterisation of untreated RM
was previously described [6,23]. Briefly, the pH and electric conductivity (EC) values were determined in distilled
water (red mud/slurries ratio 1:2.5) (Table 1). The specific
surface area of the RMnt was determined by applying the
BET model to the N2 adsorption results obtained from a
Sorptomatic Carlo Erba. The samples were pre-treated by
outgassing at 40 °C combined with vacuum at 10−9 bar for
12 h. The error in the determination of SBET was ±3
m2·g−1. Total organic matter in the RMnt was determined
using the method of Walkley and Black described in the
paper of Garau et al. [24]. The pHPZC of RMnt samples was
measured by Laser Doppler Velocimetry coupled with
Photon Correlation Spectrometry using a Coulter Delsa

440 spectrometer equipped with a 5 mW He-Ne laser
(632.8 nm) [6].
The total concentration of selected heavy metals in
RMnt samples was determined by drying the RM overnight at 105 °C and digesting it with a mixture of nitric
acid and hydrochloric acid (HNO3/HCl, 1:3 ratio) in a
microwave Milestone MLS 1200. The heavy metal concentrations were determined using a Perkin Elmer Analyst
600 flam atomic absorption spectrometer (FAAS)
equipped with HGA graphite furnace (Table 1).
The element composition was analysed using Energy
Dispersive X-ray (EDX) by JEOL model JSM-6480LV
(Table 1).
X-ray diffraction (XRD) analysis of RMnt and RM at
pH 4.0, 7.0, and 10.0 was carried out with a Rigaku
D/MAX diffractometer (Cu·Kα) equipped with a graphite
monochromator in the diffracted beam. The pattern was
collected in the 2θ range from 10° to 70°. Crystalline
phases were identified using the database of the International Centre for Diffraction Data for Inorganic Substances (Table 1). Aside from crystalline phases, about the
20 % of the RM was made of amorphous oxides. The
technique is sensitive to crystalline phase contents above
of 1-2 wt. % and the estimated standard error may be as
large as 3-4 wt. % for the more abundant phases.
2.2. Competitive adsorption between As(V) and P(V) onto RM
samples

All chemicals were of analytical grade and used
without further purification. RM samples were artificially
enriched with solutions containing, at the same time,
equally increasing concentrations of Na2HAsO4·7H2O and
Na2HPO4·7H2O to obtain adsorption isotherms. Three
batch experiments were prepared at three pH values (4.0,
7.0 and 10.0) and at constant temperature (25±1 °C).
Polyethylene bottles containing 1.0 g of RM were filled
with 25 mL of solutions containing arsenate and phosphate. The polluted solution was prepared by dissolving
0.2 M Na2HAsO4·7H2O and 0.2 M Na2HPO4·7H2O. Particularly 13 points on the whole were obtained to create
the adsorption isotherms, corresponding to the addition of
different volume of the Na2HAsO4·7H2O/ Na2HPO4·7H2O
solution. The concentrations of Na2HAsO4·7H2O and
Na2HPO4·7H2O added, at the same time to 1.0 g of RM,
varied between 0.05 and 5.0 mmol 25 mL−1 for each salt.
A background electrolyte of 0.02 M NaCl was used as
diluent for all batch experiments. The pH values of the
mixtures RM/polluting solution were adjusted with HCl
solutions at 0.01, 0.1 and 1.0 M concentration. The mixtures (1:25 ratio of RM/As,P solution) were shaken for 24 h
at constant temperature (25±1 °C). After equilibrium, the
samples were centrifuged at 8000 rpm for 10 min and
filtered to separate the liquid and solid phases. An aliquot
of the supernatant was filtered through a 0.2 µm filter and
analyzed. As(V) and P(V) were measured by ionic chromatography by using Dionex LC20, equipped with an
IonPac AS4A Analytical Column and an IonPac AG4A
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Guard Column, 4 mm. Carbonate 1.3 mM/bicarbonate
1.2 mM was employed as the eluent at a flow rate of
1.0 mL/min. The sample loop valve was 10 µL.

subtracted from the sample spectrum to suppress spectral
artifacts caused by KBr impurities and water.
2.4. Thermal analysis

The concentrations of As(V) and P(V) in the final enriched RM samples (reported in the y-axis of Fig. 1) were
also determined to verify that the total content of arsenate
and phosphate (supernatants + final enriched RM) actually corresponded to the arsenate and phosphate added to
RM. The solid phase of RM deriving from each point of
the isotherms was dried overnight at 105 °C and digested
with 65% HNO3/37% HCl (1/3 ratio) in a Microwave
Milestone MLS 1200. The As(V) and P(V) concentrations
were measured by ionic chromatography as described
above. The sum of As(V) and P(V) concentrations in the
supernatant and in the final enriched RM were not significantly different, at the 95 % confidence limit with respect
to the As(V) and P(V) concentrations added in each RM
samples.
Each experiment was conducted in triplicate and
mean values were reported.
2.3. FT-IR spectroscopy

The FT-IR spectra were recorded at room temperature
using a Nicolet 380 FT-IR spectrometer equipped with EZ
Omnic software. The FT-IR spectra were recorded in the
4000 to 400 cm-1 range, and were collected after 300 scans
at 4 cm-1 resolution. The KBr disc technique was used for
sample preparation. The KBr (FT-IR grade, Fluka) was
dried at 200 °C for 24 h. To prepare KBr pellets, 1 mg of
RM sample (deriving from the As,P-RM samples at pH
4.0, 7.0 and 10.0 of the last point of isotherms), was
finely ground together with 200 mg of KBr. The pellets
were made using 90 mg of the mixture KBr-RM. An empty
KBr pellet was used as reference and its spectrum was

Thermogravimetry (TG) and differential thermogravimetry (DTG) of the RM samples were performed using
a Netzsch STA 429 thermal analysis apparatus. The RM
samples (deriving from the As,P-RM samples at pH 4.0,
7.0 and 10.0 of the last point of isotherms) were heated in
a platinum crucible in the temperature range 25-800°C
with a heating rate of 10°C/min in air. The flow rate of air
was 10 ml/min. About 50 mg of the sample were finely
ground and were used in each run. The water concentration in the samples was determined from the TG curve
mass loss.
3. RESULTS AND DISCUSSION
3.1. Chemical, physical, and structural characteristics of RM
samples

In Table 1 the properties of the RM samples at different pH values used in the study are reported. The specific
surface areas of RM at pH 4.0, 7.0 and 10.0 were 25, 23 and
21 m2·g-1 respectively. EDX analyses revealed that the notexchanged RM was rich in O (35.12 wt. %), Fe (30.35 wt.
%), Al (9.65 wt. %), and C (9.15 wt. %) (Table 1). A
mixture of eight phases was retrieved in RMnt samples,
however it should be noted that the 80 wt. % of the RM
crystalline phase was made by Fe and Al oxides and oxyhydroxides such as hematite, boehmite, and gibbsite, and
tectosilicates such as sodalite and cancrinite (Table 2).
XRD analysis showed that the different pH values changed
the mineralogical composition of RM samples. Particularly
at pH 4.0 a loss, proton-promoted, of acid-soluble fractions
like boehmite and cancrinite was observed.

TABLE 1 - Properties of the RMnt and RM samples at pH 10.0, 7.0 and 4.0 used in the study
Chemical parameters
RMnt
RM pH 10.0
RM pH 7.0
pH
11.10±0.12d
10.0±0.11c
7.0±0.13b
EC (mS·cm-1)
8.70±0.14c
8.25±0.13c
6.55±0.15b
19a
21ab
23bc
SBET
PZC
4.77±0.14
Organic matter (% d.m.)
0.60±0.07
-1
48.50±5.6
Pb (mg·kg )
1.46±0.08
Cd (mg·kg-1)
5.70±0.23
Cu (mg·kg-1)
-1
640.21±13.1
Cr (mg·kg )
Element composition (wt.%)
9.0±0.20a
9.32±0.18a
C
9.15±0.24a
34.23±1.44a
34.15±1.56a
O
35.12±1.36a
4.31±0.13c
2.30±0.08b
Na
5.17±0.14d
10.25±0.44a
10.44±0.72a
Al
9.65±0.58a
Si
4.32±0.13b
4.94±0.11b
4.53±0.08b
1.13±0.08a
1.15±0.07a
Ca
1.04±0.08a
30.88±2.2a
32.53±3.2a
Fe
30.35±2.6a
4.23±0.09a
4.53±0.07a
Ti
4.13±0.12a
1.03±0.04a
1.05±0.03a
Cl
1.07±0.03a
*
Mean values±standard deviations followed by the same letter within a row do not differ significantly (Fisher’s LSD test, P<0.05).

715

RM pH 4.0
4.0±0.15a
5.22±0.09a
25c
n.d.
42.33±2.28b
1.15±0.11a
9.33±0.43a
3.41±0.09a
1.00±0.09a
35.32±3.6b
6.43±0.08b
1.03±0.03a
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TABLE 2 - Chemical phases of the RMnt and RM samples at pH 10.0, 7.0 and 4.0 (wt.%) (140°C)
Chemical phases(wt %)
Cancrinite [Na6Ca1.5Al6Si6O24(CO3)1.6]
Sodalite [Na8(Cl,OH)2|Al6Si6O24]
Hematite [Fe2O3]
Boehmite [AlO(OH)]
Gibbsite [Al(OH)3]
Anatase [TiO2]
Andradite [Ca-Fe-Al-Si oxide]
Quartz [SiO2]

RMnt
4.0
20.0
44.0
12.0
4.0
4.5
5.5
6.0

RM pH 10
4.0
24.0
42.0
12.0
4.0
4.0
5.0
5.0

RM pH 7
3.5
24.0
42.0
12.0
4.0
4.0
5.0
5.5

RM pH 4
n.d.
22.0
49.0
8.0
4.0
5.5
5.5
6.0

………

3.2. Adsorption isotherms of As(V) and P(V) on RM at different pH values

The simultaneous adsorption isotherms (Fig. 1), carried out using equimolecular concentrations of As and P
indicated, at all the pH values tested, a higher affinity of
red mud towards these elements at low equilibrium concentrations (the first eight points of the isotherms) (Fig. 1).
Vice-versa, under conditions where the binding sites
approached saturation, e.g. at high concentration of both
anions (the last 5 points of the isotherms), the sorption of
both oxyanions onto RM increased slowly, and a stronger
competitive effect of phosphate was observed.
Isotherms analysis showed that different concentrations of arsenate and phosphate were sorbed at different pH
values. These latter values affected the surface charge of
the solid particles, the protonation/deprotonation of oxyanions and their speciation. Particularly the As(V) and P(V)
sorption was higher at lower pH values and increased in
the following order: RM-pH 4.0 (As(V) 0.669 mmol·g-1;
P(V) 1.056 mmol·g-1)> RM pH 7.0 (As(V) 0.537 mmol·g-1;
P(V) 0.857 mmol·g-1)> RM pH 10.0 (As(V) 0.154 mmol·g-1;
P(V) 0.336) (Fig. 1). The anions sorption on RM surfaces
at different pH values could be attributed to various mechanisms, such as electrostatic attraction/repulsion, chemical
interaction and ion exchange [6,23,25]. At pH 4.0 the RM
surface was positively charged (pHpcz RM 4.77) and
H2AsO4- (98 % of total dissolved As) and H2PO4- (100 %
of total dissolved P) were dominant, therefore adsorption
in RM was facilitated because this maximised the release
of electrostatic energy [6,26]. On the other hand, at pH
10.0, where the divalent anions HAsO42− (97-91 %) and
HPO42− (97-88 %) are largely dominant, and at pH 7.0,
where more species co-exist (H2AsO4-/HAsO42- H2PO4/HPO42-), the surface of the RM is negatively charged and
the anions may be affected by Coulombic repulsion [27].
Therefore at higher pH values the arsenate and phosphate
sorption should be mainly due to chemical sorption of
specific anions, which involved the exchange of OH–
groups on RM surface with arsenate and phosphate [6,
23, 28].
The RM surfaces showed a different affinity towards
the two oxyanions. More phosphate was adsorbed with
respect to arsenate, also at low concentrations of both
anions, where the RM available binding sites were in
excess, and this is in agreement with the results showed
by several authors which studied the sorption of arsenate

FIGURE 1 - As(V) and P(V) adsorption isotherms onto RM samples
at different pH values.
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and phosphate on several mineral surfaces and soil [2,
12,28-31]. Moreover, the inhibiting effect of phosphate
was greater at high pH than at low pH indicating that in
alkaline systems OH− ions competed with both anions,
but clearly inhibiting arsenate much more than phosphate
sorption [2]. It could be deduced that the lower sorption
of arsenate compared to phosphate was primarily due to a
higher affinity of phosphate towards the sorption sites of
the RM, despite the similar chemistry and dissociation
constants of the two anions. Besides, it can be hypothesized
that different sorption mechanisms occurred between phosphate, arsenate and RM, probably because of the different
sizes of the two anions, particularly phosphate is smaller in
size than arsenate. Indeed different surface inner-sphere
complexes (e.g. monodentate mononuclear, bidentate mononuclear, and bidentate binuclear complexes) can be
formed between the two anions and the surface functional
groups of RM.
The results of simultaneous sorption of phosphate and
arsenate are in agreement with those obtained in our previous studies, where the single sorption of arsenate and
phosphate was studied. The results presented by Castaldi
et al. [6,23] showed that the two anions have a different
reactivity towards the RM phases, being the phosphate
more sorbed than arsenate (i.e. the phosphate sorbed in
RM at pH 4.0 was 3.0 times higher with respect to arsenate) because of the different mechanisms governing the
sorption of these anions. However, when anions were
both present, the quantity sorbed by the RM, at all the pH
values, was lower with respect to the single sorption [6,23].
The supposed formation of surface complexes between the
Fe/Al surface groups of RM and arsenate and phosphate
likely restricted the accessibility of those surface sites for
further adsorption, as showed by several authors [8,32-33].
Besides, the decrease in arsenate sorption in the presence of
phosphate was strongly dependent by the pH value. Particularly at pH 4.0, 7.0, and 10.0, arsenate sorption by RM
in the simultaneous experiments was respectively 64.9 %,
31.6 %, and 18.6 % of the single sorption. Low pH values
(pH 4.0) hindered less the sorption of arsenate, which taken
place on sites with more high-affinity.
In order to describe the equilibrium adsorption of arsenate and phosphate into red mud two types of models,
Langmuir and Freundlich isotherms, were applied. The
Langmuir isotherm model is empirically-based and the
parameters represent physicochemical information about
the adsorption mechanism, specifically the adsorption
maximum, and the binding energy. The Langmuir equation was applied for adsorption equilibrium of arsenate
and phosphate sorbed onto RM as follows:
x/m = KbC/(1+KC);
where x/m is the amount of arsenate or phosphate
sorbed per unit mass of adsorbent, b is the maximum
amount of arsenate or phosphate that may be bound to the
adsorbent, C is the equilibrium solution concentration,
and K is a constant related to the binding energy [2,6,23].

FIGURE 2 - Langmuir plots for As(V) and P(V) adsorption isotherms onto RM samples at different pH values.

Langmuir plots for As(V) and P(V) adsorption onto red
mud samples at pH 4.0, 7.0 and 10.0 are presented in Fig. 2.
The values of the Langmuir correlation coefficients were
calculated using linear regression and are given in Table 3.
The values of maximum As(V) and P(V) sorbed, notably b,
and the Langmuir constant C were calculated, at each pH
values, from these Langmuir plots and summarized in
Table 3.
All the adsorption data have been also described by the
Freundlich adsorption model, which is an empiricallybased equation employed to describe heterogeneous systems [23, 34, 35]. The Freundlich isotherm can be expressed as:
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TABLE 3 - The Langmuir and Freundlich parameters relating to the simultaneous arsenate [As] and phosphate [P] sorption into RM samples.
Model
Langmuir isotherm
As(V)-RM pH 4.0
As(V)-RM pH 7.0
As(V)-RM pH 10.0
P(V)-RM pH 4.0
P(V)-RM pH 7.0
P(V)-RM pH 10.0
Freundlich isotherm
As(V)-RM pH 4.0
As(V)-RM pH 7.0
As(V)-RM pH 10.0
P(V)-RM pH 4.0
P(V)-RM pH 7.0
P(V)-RM pH 10.0

Parameters
K (L mmol-1)
0.665
0.877
1.069
0.790
2.318
2.504
1/n
0.962
0.784
0.577
0.645
0.553
0.358

b (mmol g-1)
0.654
0.452
0.122
1.054
0.873
0.350
KF (mmol g-1)
0.974
0.761
0.467
1.694
1.003
0.557

R2
0.834
0.985
0.977
0.880
0.963
0.965
R2
0.879
0.852
0.828
0.799
0.895
0.898

x/m = KFC1/n
where KF and n are the Freundlich constants related to
the adsorption capacity and intensity, respectively, and Ce
is the equilibrium concentration of the anions [7].
Comparison between isotherms models showed that
at pH 7.0 and 10.0 the Langmuir isotherm represented the
adsorption process better than the Freundlich isotherm,
indeed all the data were fitted very well by Langmuir
isotherms with linear correlation coefficients greater than
0.96, in agreement with the results of Li et al. [34] and
Castaldi et al. [23]. The highest adsorption values of
phosphate with respect to arsenate onto RM at all pH
values, obtained from the Langmuir’s equation, agreed
with the experimental results (Table 3). Besides the
Langmuir’s parameter K showed the highest values for
the phosphate sorption at all pH values, so explaining the
strong competitive effect exerted by phosphate on the
adsorption of arsenate.
3.3. FT-IR spectra analysis

The nature of the RM surface configuration after arsenate and phosphate sorption was evaluated by spectroscopic analyses (Fig. 3). In all of the spectra a strong band
was present in the hydroxyl stretching region at 34003300 cm-1. This was likely due to the presence of H2O in
the RM [6,23]. In all the spectra, a band at 3090 cm-1,
which could be ascribed to O–H stretching vibration of
crystalline boehmite [36] was also visible.
In all the samples a band at 1630 cm-1 was detected.
This was attributed to the water molecules occluded inside the aluminosilicate structure [37]. Carbonates bands
appear in the RM samples at pH 7.0 and 10.0, within the
1410-1470 cm-1 region, while these bands were missing in
the RM samples at pH 4.0, due to the acidification of the
sorbent. The peak at 1070 cm-1 in the RM at pH 4.0 is
characteristic of a band corresponding to Si–O vibration
[37]. The band at 994 cm-1, present in RM at pH 7.0 and
10.0, could be assigned to the stretching vibrations of
Si(Al)–O. This band is sensitive to the content of structural Si and Al [6,23]. The decrease of this band in RM
samples at pH 4.0 could be due to the dissolution of

FIGURE 3 - FT–IR spectra of RMnt and As,P-RM at different pH
values.
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TABLE 4 - Weight losses (percentage of total sample weight), corresponding to the main peaks shown in the thermograms and temperature
ranges (°C) in which they occur, recorded by the TG analysis on RM samples not-exchanged and exchanged with arsenate and phosphate at
pH 10.0, 7.0 and 4.0*.
25-200 ºC
200-400 ºC
400-600 ºC
600-800 ºC
RM pH 4.0
17.47±0.95c
2.90±0.37ab
1.95±0.10a
1.51±0.21a
RM pH 7.0
4.98±0.41b
4.19±0.53c
3.33±0.28bc
2.06±0.27b
a
c
b
4.16±0.57
2.95±0.21
2.05±0.27b
RM pH 10.0
3.95±0.57
5.52±0.52d
3.72±0.26c
1.14±0.17a
As, P-RM pH 4.0
20.96±0.96d
3.87±0.55b
3.04±0.23b
1.18±0.19a
As, P-RM pH 7.0
6.20±0.66a
3.59±0.50b
2.96±0.24b
1.90±0.21b
As, P-RM pH 10.0
4.74±0.55a
*
Mean values±standard deviations followed by the same letter within a column do not differ significantly (Fisher’s LSD test, P<0.05).

cancrinite after the acid treatment, as demonstrated by
XRD analyses (Table 2).
The infrared spectra showed a well resolved band with
a peak at 865 cm−1, which intensity and broadness increased as the pH decreased from 10.0 to 4.0. This band
could be related to v(As–O) vibration of inner-sphere Al–
O–As complexes and/or could be also due to As–O bonds
of the adsorbed As(V) species on Fe oxides [10,38]. The
presence of this band showed that the arsenate anions
were probably involved in a direct inner-sphere complexation with the Al and/or Fe surface phases of RM.
The spectrum of As,P-RM at pH 4.0 also showed a
broad band centred at 1114 cm−1, while the spectrum of
As,P-RM at pH 7.0 showed a shoulder at 1105 cm-1. These
two bands which correspond to the phosphate sorbed on the
external surface sites, could be assigned to the P–O(H)
stretching ν3 modes, probably associated to inner-sphere
surface complexes of phosphate on Fe and Al phases of
red muds [14,23,39-40]. The band at 1105 cm-1 was visible as a shoulder at pH 7.0, because of it was probably
covered up by the broad band at 994 cm-1 assigned to the
tectosilicates phase.
The peaks detected in the region within 400-500 cm-1
of all the RM samples could be due to the T–O bend
(where T corresponds to Si or Al) of sodalite and cancrinite
structure [6,23]. Also in the region 560-630 cm-1 the peaks
detected could be due to 4 or 6-membered rings vibrations
of SiO4 or AlO4 tetrahedra [6,23]. Moreover, in all the
RM spectra a peak due to stretching vibrations of Fe–O
bond (460–500 cm-1 range) was also present [41].
3.4. Thermal analyses of RM samples

Thermal analyses TG/DTG of RM samples exchanged
with arsenate and phosphate were carried out and compared
with those of the not-exchanged RM (Table 4, Fig. 4).
3.4.1. Thermal analyses of not-exchanged RM samples at pH
4.0, 7.0, and 10.0.

DTG thermograms of not-exchanged RM samples at
different pH values showed a first weight loss in the 25200 °C temperature range, which can be attributed to the
superficial absorbed water, with peak temperatures varying depending on the RM samples (Fig. 4). The weight
losses in this range of temperature followed the order:
RM pH 4.0> pH 7.0> pH 10.0, this trend could be due to

FIGURE 4 - DTG thermograms of RM not-exchanged and simultaneously exchanged with arsenate and phosphate at pH 4.0, 7.0 and 10.0.

the acidification of the sorbent (Table 4). The weight losses
detected in the 200-400 °C range can be associated to the
loss of water molecules located in the channels and cages
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of the cancrinite and sodalite structure, and bound to the
non framework anions and cations present in both tectosilicates [42]. The reduced weight losses in this temperature range for the not-exchanged RM samples at pH 4.0
could be due to a dissolution of cancrinite phase attributable to the acidification of the RM samples, as highlighted
by the XRD analyses (Table 2).

exchanged RM (Table 4). These results showed that any
dissolution of gibbsite phase occurred during the reaction
with the arsenate and phosphate.

The thermal events recorded in the range 400-600 °C
can be ascribed to a synergic effect of the release of CO32groups coming from cancrinite [43], the decomposition of
gibbsite [44], and the dehydration of boehmite forming
aluminium oxide phases (Fig. 4) [45]. In the RM samples
at pH 4.0 the peak at 450 °C markedly decreased in its
intensity because the acid pre-treatment favoured the
dissolution of carbonates and bohemite (Fig. 4) [42].

The sorption of arsenate and phosphate by the red
mud surfaces, especially iron and aluminium oxides and
oxihydroxides, can affect their mobility, reactivity and bioavailability in soils. Arsenate and phosphate, when cooccurring, could directly compete for the binding sites of
the red mud and affect the extent of their sorption. To
verify such hypothesis we have taken into account systems containing equimolecular amounts of As and P at pH
4.0, 7.0 and 10.0. The results indicated that red muds
were able to act as accumulators of both anions. However,
this ability was closely related to the type and total concentration of the two anions in solution and to the pH of
the system. Simultaneous sorption of phosphate and arsenate by red muds showed a different affinity of the sorbent towards the two anions. For example the phosphate
sorbed in RM at pH 4.0 was 1.6 times higher with respect
to arsenate. It can be hypothesized that the lower sorption
of arsenate with respect to phosphate was due to a higher
affinity of phosphate towards the sorption sites of the RM,
despite the similar chemistry and dissociation constants of
the two anions. The amount of phosphate and arsenate
sorbed, as shown by adsorption isotherms, decreased as the
pH increased, while the P/As sorption ratio increased,
suggesting that different mechanisms were regulating the
sorption of the two ions. This finding was supported by the
fact that, even at low concentrations, phosphate affected
arsenate sorption by RM (under these conditions, the
available binding sites were in excess). Under conditions
where the binding sites approached saturation, e.g. at high
concentration of both anions, a stronger competitive effects of phosphate was observed. This suggested that the
sorption of phosphate was linked to its greater capacity to
form inner-sphere complexes with the superficial sites of
RM. Another factor which could contribute in determining
a higher absorption of phosphate is its ionic size, smaller
than that of arsenate, making the ion easily diffusible towards the surface adsorbing sites. To verify this hypothesis
the sorption of other oxyanions such as chromate, selenate
and vanadate will be examined and compared with that of
As(V).
The FT-IR spectra of As,P-RM showed a band at
865 cm−1 and ˜ 1114 cm−1 which could be due, respectively, to arsenate and phosphate sorbed on Fe and Al
phases of red muds (hematite, boehmite and gibbsite)
through a direct inner-sphere complexation. However, this
spectroscopic technique did not discriminate the different
role of Fe-Al oxides and oxyhydroxides in the arsenate
polyhedra sorption. The thermal analyses showed an increase of the thermal stability of the RM phases involved in
the sorption of both anions and a consequent strengthening of the sorbent structure, while they did not show any

Finally, in the not-exchanged RM at pH 7.0 and 10.0
another weight loss, in the 600-800 °C range, was observed (Fig. 4). This weight loss may be attributed to the
release of CO2 during decomposition of calcite [42]. However, the calcite phase was not detected through XRD diffractometry, probably because it was present at concentrations lower than the instrumental detection limit. Finally,
the temperature of peak corresponding to the release of
CO2 was approximately at 600 °C and 705 °C in RM at
pH 7.0 and 10.0 respectively. This increase of temperature following the pH increase, suggests that more energy
was needed for the thermal decomposition of calcite in
the RM at pH 10.0, which was better crystallized compared to that present in the RM at pH 7.0.
3.4.2. Thermal analyses of As,P-RM samples at pH 4.0, 7.0,
and 10.0.

The first weight loss (25-200°C) in DTG thermograms
of As,P-RM at pH 4.0 and 7.0 shifted toward higher temperatures with respect to the same not-exchanged RM, with
a peak temperature of 85-110 °C (Fig. 4). The increased
thermal stability of this peak could be due to a stronger
network of hydrogen bonds between the OH- groups of the
different phases of RM and the hydrated arsenate and
phosphate anions, as pointed out by Palmer et al. [46].
Besides, higher weight losses in the RM samples exchanged with arsenate and phosphate were observed, at
pH 4.0, 7.0 and 10.0, with respect to not-exchanged RM
(Table 4).
The second and third temperature peaks (range 200400 °C and 400-600 °C) shifted considerably to higher
temperatures after the arsenate and phosphate sorption
processes at pH 4.0 and 7.0. For RM at pH 4.0, the second
temperature peak shifted from 230 ºC to 270 ºC and the
third peak shifted from 450 ºC to 495 ºC; for RM at pH
7.0, the second peak shifted from 252 ºC to 270 ºC and
the third peak shifted from 460 ºC to 495 ºC. This could
be attributed to an increased thermal stability of the RM
phases involved in the sorption of both anions and to the
consequent strengthening of sorbent structure. The weight
losses recorded in the 400-600 °C range were higher in
As,P-RM at pH 4.0, 7.0 and 10.0, with respect to not-

4. CONCLUSIONS
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dissolution anion-promoted of the RM phases, thus excluding the involvement of precipitation reactions.
The results obtained highlighted a higher affinity of
RM phases towards phosphate with respect to arsenate,
besides the main sorption mechanisms of both anions
were ascribable to a chemical interaction. These aspects
are of particular importance for the assessment of the
effectiveness of the RM as As-immobilizing agent in
polluted soils and waters.

[11] Antelo, J., Avena, M., Fiol, S., López, R. and Arce, F. (2005)
Effects of pH and ionic strength on the adsorption of phosphate and arsenate at the goethite–water interface. J. Colloid
Interf. Sci. 285, 476-486.
[12] Jain, A. and Loeppert, R.H. (2000) Effect of competing anions on the adsorption of arsenate and arsenite by ferrihydrite.
J. Environ. Qual. 29, 1422-1430.
[13] Manning, B.A. and Goldberg, S. (1996) Modeling competitive adsorption of arsenate with phosphate and molybdate on
oxide minerals. Soil Sci. Soc. Am. J. 60, 121-131.
[14] Luengo, C., Brigante, M., Antelo, J. and Avena, M. (2006)
Kinetic of phosfate adsorption on goethite:comparing batch
adsorption and ATR-IR measuraments. J. Colloid Interf. Sci.
300, 511-18.

ACKNOWLEDGMENTS

The financial support of Regione Sardegna (L.R.
7/2007 Progetti di ricerca di base- Bando 2008) and of
Ministero dell’Istruzione, dell’Università e della Ricerca
(PRIN 2008) are gratefully acknowledged.

[15] Luxton, T.P., Eick, M.J. and Rimstidt, D.J. (2008) The role
of silicate in the adsorption/desorption of arsenite on goethite. Chem. Geol. 252, 125-135.
[16] Pattanayak, J., Mondal, K., Mathew, S. and Lalvani, S.B.
(2000) A parametric evaluation of the removal of As(V) and
As(III) by carbon-based adsorbents. Carbon 38, 589-596.
[17] Gu, Z., Fang, J. and Deng, B. (2005) Preparation and evaluation of GAC based iron containing adsorbents for arsenic removal. Environ. Sci. Technol. 39, 3833-3843.

REFERENCES
[1]

Ciardelli, M.C., Xu, H. and Sahai, N. (2008) Role of Fe(II),
phosphate, silicate, sulfate, and carbonate in arsenic uptake
by coprecipitation in synthetic and natural groundwater. Water Res. 42, 615-624.

[2]

Violante, A., Pucci, M., Cozzolino, V., Zhu, J. and Pigna, M.
(2009) Sorption/desorption of arsenate on/from Mg–Al layered double hydroxides: Influence of phosphate. J. Colloid
Interf. Sci. 333, 63-70.

[19] Garau, G., Silvetti, M., Deiana, S., Deiana, P. and Castaldi P.
(2011) Long-term influence of red mud on As mobility and
soil physico-chemical and microbial parameters in a polluted
sub-acidic soil. J. Hazard. Mater. 185, 1241–1248.

[3]

Deiana, S., Deiana, L., Premoli, A. and Senette, C. (2009)
Accumulation and mobilization of arsenate by Fe(III) polyions trapped in a Ca-polygalacturonate network. Plant Physiol. Bioch. 47, 615-622.

[20] Castaldi, P., Melis, P., Silvetti, M., Deiana, P. and Garau, G.
(2009) Influence of pea and wheat growth on Pb, Cd, and Zn
mobility and soil biological status in a polluted amended soil.
Geoderma 151, 241-248.

[4]

Wang, S. and Mulligan, C.N. (2008) Speciation and surface
structure of inorganic arsenic in solid phases: a review. Environ. Int. 34, 867-87.

[21] Wang, S., Ang, H.M. and Tadé M.O. (2008) Novel applications of red mud as coagulant, adsorbent and catalyst for environmentally benign processes. Chemosphere 72, 1621-1635.

[5]

Frau, F., Addari, D., Atzei, D., Biddau, R., Cidu, R. and
Rossi, A. (2010) Influence of major anions on As(V) adsorption by synthetic 2-line ferrihydrite, kinetic investigation and
XPS study of the competitive effect of bicarbonate. Water
Air Soil Poll. 205, 25-41.

[22] Santona, L., Castaldi, P. and Melis, P. (2006) Evaluation of
the interaction mechanisms between red muds and heavy
metals. J. Hazard. Mater. 136, 324-329.

[6]

Castaldi, P., Silvetti, M., Enzo, S. and Melis, P. (2010) Study
of sorption processes and FT-IR analysis of arsenate sorbed
onto red muds (a bauxite ore processing waste). J. Hazard.
Mater. 175, 172-178.

[18] Lombi, E., Hamon, R.E., Wieshammer, G., McLaughlin,
M.J. and McGrath, S.P. (2004) Assessment of the use of industrial by-products to remediate a copper- and arseniccontaminated soil. J. Environ. Qual. 33, 902-910.

[23] Castaldi, P., Silvetti, M., Garau, G., Deiana, S. (2010) Influence of the pH on the accumulation of phosphate by red mud (a
bauxite ore processing waste). J. Hazard. Mater. 182, 266-272.
[24] Garau, G., Castaldi, P., Santona, L., Deiana, P. and Melis, P.
(2007) Influence of red mud, zeolite and lime on heavy metal
immobilization, culturable heterotrophic microbial populations and enzyme activities in a contaminated soil. Geoderma
142, 47-57.

[7]

Ruixia, L., Jinlong, G. and Hongxiao, T. (2002) Adsorption
of fluoride, phosphate, and arsenate ions on a new type of ion
exchange fiber. J. Colloid Interf. Sci. 248, 268-274.

[8]

Zhang, H. and Selim, H.M. (2008) Competitive sorptiondesorption kinetics of arsenate and phosphate in soils. Soil
Sci. 173, 3-12.

[9]

Persson, P., Nilsson, N. and Sjöberg, S. (1996) Structure and
bonding of orthophosphate ions at the iron oxide–aqueous interface. J. Colloid Interf. Sci. 177, 263-275.

[26] Hiemstra, T. and Van Riemsdijk, W.H. (1999) Surface structural ion adsorption modeling of competitive binding of
oxyanions by metal (hydr)oxides. J. Colloid Interf. Sci. 210,
182-193.

[10] Goldberg, S. and Johnston, C.T. (2001) Mechanisms of arsenic adsorption on amorphous oxides evaluated using macroscopic measurements, vibrational spectroscopy, and surface
complexation modelling. J. Colloid Interf. Sci. 234, 204-216.

[27] Genç-Fuhrman, H., Tjell, J.C. and McConchie, D. (2004)
Adsorption of arsenic from water using activated neutralized
red mud. Environ. Sci. Technol 38, 2428-2434.

721

[25] Li, Y., Liu, C., Luan, Z., Peng, X., Zhu, C., Chen, Z., Zhang,
Z., Fan, J. and Jia, Z. (2006) Phosphate removal from aqueous solutions using raw and activated red mud and fly ash. J.
Hazard. Mater. 137, 374-383.

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

[28] Goh, K.H. and Lim, T.T. (2010) Influences of co-existing
species on the sorption of toxic oxyanions from aqueous solution by nanocrystalline Mg/Al layered double hydroxide. J.
Hazard. Mater. 180, 401-408.

[44] Pontikes, Y., Nikolopoulos, P. and Angelopoulos, G.N.
(2007) Thermal behaviour of clay mixtures with bauxite residue for the production of heavy-clay ceramics. J. Eur. Ceram.
Soc. 27, 1645-1649.

[29] Su, C. and Puls, R.W. (2001) Arsenate and arsenite removal
by zerovalent iron: effects of phosphate, silicate, carbonate,
borate, sulfate, chromate, molybdate, and nitrate, relative to
chloride. Environ. Sci. Technol. 35, 4562-456.

[45] Sglavo, V.M., Campostrini, R., Maurina, S., Carturan, G.,
Monagheddu, M., Budroni, G. and Cocco, G. (2000) Bauxite
red mud in the ceramic industry. Part 1: thermal behaviour. J.
Eur. Ceram. Soc. 20, 235-244.

[30] Goh, K.H., Lim, T.T. and Dong, Z. (2008) Application of
layered double hydroxides for removal of axxyanions: a review. Water Res. 42, 1343-1368.

[46] Palmer, S.J., Soisonard, A. and Frost R.L. (2009) Determination of the mechanism(s) for the inclusion of arsenate, vanadate, or molybdate anions into hydrotalcites with variable
cationic ratio. J. Colloid Interf. Sci. 329, 404-409.

[31] Hsu, J.C., Lin, C.J., Liao, C.H. and Chen, S.T. (2008)
Evaluation of the multiple-ion competition in the adsorption
of As(V) onto reclaimed iron-oxide coated sands by fractional factorial design. Chemosphere 72, 1049-1055.
[32] Hingston, F.J., Posner, A.M. and Quirk, J.P. (1971) Competitive adsorption of negatively charged ligands on oxide surfaces. Disc. Faraday Soc. 52, 334-342.
[33] Smith, E., Naidu, R. and Alston, A.M. (2002) Chemistry of
inorganic arsenic in soils: II. Effect of phosphorus, sodium,
and calcium on arsenic sorption. J. Environ. Qual. 31, 557563.
[34] Li, Y., Liu, C., Luan, Z., Peng, X., Zhu, C., Chen, Z., Zhang,
Z., Fan, J. and Jia, Z. (2006) Phosphate removal from aqueous solutions using raw and activated red mud and fly ash. J.
Hazard. Mater. 137, 374-383.
[35] Huang, W., Wang, S., Zhu, Z., Li, L., Yao, X., Rudolph, V.
and Haghseresht, F. (2008) Phosphate removal from wastewater using red mud. J. Hazard. Mater. 158, 35-42.
[36] Boumaza, A., Favaro, L., Lédion, J., Sattonnay, G., Brubach,
J.B., Berthet, P., Huntz, A.M., Roy, P. and Tétot, R. (2009)
Transition alumina phases induced by heat treatment of
boehmite: An X-ray diffraction and infrared spectroscopy
study. J. Solid State Chem. 182, 1171-1176.
[37] Gök, A., Omastová, M. and Prokeš, J. (2007) Synthesis and
characterization of red mud/polyaniline composites: Electrical
properties and thermal stability. Eur. Polym. J. 43, 2471-2480.
[38] Jia, Y., Xu, L., Wang, X. and Demopoulos, G.P. (2007) Infrared spectroscopic and X-ray diffraction characterization of
the nature of adsorbed arsenate on ferrihydrite. Geochim.
Cosmochim. Ac. 71, 1643-1654.

Received: July 28, 2011
Revised: September 07, 2011
Accepted: September 14, 2011

[39] Arai, Y. and Sparks, D.L. (2001) ATR-FTIR spectroscopic
investigation on phosphate adsorption mechanisms at the ferrihidrite-water interface. J. Colloid Interf. Sci. 241, 317-26.

CORRESPONDING AUTHOR

[40] Elzinga, E.J. and Sparks, D.L. (2007) Phosphate adsorption
onto hematite: an in situ ATR-FTIR investigation of the effects of pH and loading level on the mode of phosphate surface complexation. J. Colloid Interf. Sci. 308, 53-70.
[41] Ruan, H.D., Frost, R.L. and Kloprogge, J.T., (2001) The behavior of hydroxyl units of synthetic goethite and its dehyxylated product hematite. Spectrochim. Acta 57, 2575-2586.
[42] Castaldi, P., Silvetti, M., Santona, L., Enzo, S. and Melis, P.
(2008) XRD, FT-IR, and thermal analysis of bauxite oreprocessing waste (red mud) exchanged with heavy metals.
Clays Clay Miner. 56, 461-469.
[43] Linares, C.F., Sánchez, S., Urbina de Navarro, C., Rodríguez,
K. and Goldwasser, M.R. (2005) Study of cancrinite-type
zeolites as possible antiacid agents. Micropor. Mesopor. Mat.
77, 215-221.

722

Paola Castaldi
Dipartimento di Scienze Ambientali Agrarie e Biotecnologie Agro-Alimentari, Sez. Chimica Agraria ed
Ambientale
University of Sassari
Viale Italia 39
07100 Sassari
ITALY

Phone: +39079229214;
Fax:+39079229276.
E-mail: castaldi@uniss.it
FEB/ Vol 21/ No 3a/ 2012 – pages 713 – 722

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

EFFECTS OF UV-B RADIATION ON
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ABSTRACT

1. INTRODUCTION

Ultraviolet-B (UV-B) radiation has a negative impact
on plant cells. Photosynthetic activity, allocation and availability of the photoassimilates are important parameters in
determining plant response to UV-B radiation. Carbohydrate metabolism may also affect the production of UV-B
absorbing compounds and other phenolics, as a result of
the supply of substrates and partly from the action of ratelimiting enzymes.
Cucumber is a plant highly sensitive to stress factors,
when grown outdoors its cotyledons are often exposed to
elevated UV radiation. In order to explain the effects of
time-dependent UV-B doses the photosynthetic activity in
terms of photosynthetic pigment contents, primary metabolites – the accumulation of carbohydrates and activities of carbohydrate-related enzymes, and secondary metabolites - flavonoids and total phenolic compounds, were
subsequently determined in cucumber cotyledons. Despite
earlier observed depression of photosynthesis an increase
was observed in the concentrations of chloroplast pigments (chlorophyll and carotenoids) and soluble sugars
(fructose, glucose and sucrose). In view of the above
mentioned results, radiation stress applied at the germination stage leads to a UV-B time-dose dependent increase
in the activity of two enzymes connected with carbohydrate metabolism, i.e. invertase and glucosidase. Supplementary UV-B radiation also resulted in an increase in the
levels of secondary metabolites (flavonoids and phenolic
compounds). Our results suggest that the exposure of
cucumber seedlings to supplemental UV-B doses does not
limited availability of the photoassimilate and facilitates
the synthesis and accumulation of UV-B absorbing and
phenolic compounds.
KEYWORDS: Chloroplast pigments, invertase, β-D-glucosidase,
phenolic, flavonoids

* Corresponding author

Plants as sessile photosynthetic organisms have to use
sunlight for photosynthesis and consequently cannot avoid
exposure to stressful ultraviolet radiation. UV-B dose rates
(280-315 nm) of solar radiation reaching the Earth’s surface have increased as a consequence of the depletion of
ozone in the stratosphere layer caused by trace gases, such
as chlorofluorocarbons (CFCs) and NOx [1]. Decreased
ozone levels are expected to recover to the 1970 levels by
2050 [2]. Current levels of UV-B during the cropping season are anywhere between 2 and 12 kJ m-2 per day on the
Earth’s surface, which includes an increase of 6-14% of
UV-B radiation over the pre-1980 levels and the effects of
enhanced radiation might increase in the future years [2,
3]. This range of radiation has a multifaceted, most often
negative, effect on crops. Additionally, in the fields plants
are often exposed to multiple environmental factors such
as high temperature, drought, heavy metals, pesticides, etc.,
and may modify UV-B induced effects [4,5].
The intensity of damage caused by stress depends on
plant species and its development phase, anatomical and
morphological traits, environmental conditions, as well as
the dose and duration of a given stress factor. UV-B effects include complex changes in the DNA repair capacity, photosynthetic activity, growth, plant morphology,
gene expression, pest- and pathogen-resistance, and secondary metabolism [6]. A lower photosynthetic activity
due to degradation of the D1 and D2 protein of photosystem II, reduced CO2 assimilation due to a reduction of the
activity and amount of Rubisco, damage of the thylacoid
membrane and destruction of chlorophyll and carotenoids
have been described for various plant species [7,8]. Allocation and availability of the photoassimilate are important parameters in determining plant response to UV-B
radiation [9]. Therefore, factors that affect the carbohydrate metabolism would also affect the production of UVB absorbing compounds and other phenolics, partly as a
result of the supply of substrates (carbon skeletons) and
intermediates, and partly from the action of rate-limiting
enzymes [9]. In this context, the UV-B radiation may act
as a regulator of both CO2 assimilation and carbohydrate
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metabolism. Additionally, the UV-B induced relationship
between carbohydrates as primary metabolites, and secondary metabolites that may be occurring in plants [10].
The most common protective mechanism of plants against
potentially damaging irradiation is the biosynthesis of
UV-absorbing compounds [11]. These secondary metabolites, i.e. phenolic compounds and flavonoids, accumulate
in the vacuoles of epidermal cells in response to UV-B
irradiation and attenuate the penetration of this radiation
range into deeper cell layers [6].
Cucumber is a plant highly sensitive to stress factors.
It is also one of the most common vegetable species. When
grown in the field it is at a real risk of exposure of their
cotyledons at early stages of germination to e.g. elevated
UV radiation. The aim of this study was to investigate the
effect of time-dependent UV-B doses on the photosynthetic activity and photosynthetic pigment contents, and
primary metabolism, i.e. the accumulation of soluble carbohydrates and activities of carbohydrate-related enzymes.
Contents of secondary metabolites – flavonoids and total
phenolic compounds -were also measured in cucumber
cotyledons at the exposure to elevated ultraviolet-B radiation.
2. MATERIALS AND METHODS
2.1. Plant material

Seedlings of cucumber plants (Cucumis sativus cv.
Dar) were sown in perlite (30 per 1.0 l pot) and allowed to
germinate and develop in a growth chamber under controlled growth conditions: 120 µmol m-2 s-1 – photon flux
density of 400-700 nm, at photoperiod of 14/10 h (day/
night) and temperature of 250C (day) and 20ºC (night),
and 60-70% relative humidity. PAR intensity was measured with FF-01 fitophotometer (Sonopan). Seven-dayold seedlings were subjected to UV-B irradiation, supplied
by Philips TL 20 W/01 RS lamps, with max. 315 nm at the
intensity of 16 kJ m-2 day-1 for 8 h per day (555 mW m-2 ),
during 9 days respectively. UV-B irradiation intensity was
controlled using VLX 3W radiometer.
2.2. Chloroplast pigments

Chloroplast pigments were extracted according to
Hiscox and Israelstam [12]. One hundred milligrams of leaf
tissues were placed in vials containing 5 ml DMSO (Sigma
Chemicals Ltd., Germany) and left for about 24 hours.
The liquids were used for OD reading at 645 and 663 nm
with a spectrophotometer. Chlorophyll and carotenoids
contents were calculated following the equation used by
Arnon’s method and expressed in mg and µg respectively
on g fresh leaf weight.
2.3. Carbohydrate analysis

Frozen samples were ground in 80% ethanol and extracted in closed teflon tubes at 80°C for 1 h. After cooling the extracts were centrifuged (10 min 12,000 g) and

evaporated in a speed vacuum concentrator (Heto Lab
Equipment A/S, Denmark). The residues were resuspended in 0.1 mM CaEDTA. The HPLC analysis was
performed by Waters Alliance with a Sugar Pack I column.
Parameters concerning temperature and the mobile phase
flow were used according to Waters’ protocol, whereas
quantitative analysis was based on standard curves [13].
Acid invertase activity

Acid invertase activity was assayed using the method
of Copeland and Lea [14] with some modifications. Cotyledon samples 400 mg were ground in 1.6 ml 50 mM cold
Na phosphate buffer (pH 7.4) containing 10 µl mercaptoethanol. The homogenate was centrifuged for 30 min at
27.000 g at 4°C. The reaction mixture contained 0.18 ml
extract, 0.57 ml 0,1 M acetate buffer (pH 5.0) with 0,1 M
sucrose. The reaction was carried out in vials kept at 30°C
for 45 min. After incubation 0.05 M tricine buffer (pH
8.3) was added and boiled at 100°C for 3 min. Absorbance
increase was followed 1 min at 560 nm. The enzyme activity was expressed as the absorbance increase per 1 min and
g fresh weight.
The activity of β-D-glucosidase

The activity of β-D-glucosidase was denoted on the
basis of Nichols et al. [15]. The leaves were ground in 0.1 M
phosphate buffer of pH 7.0 containing 0.5% of polyethylene
glycol and 40 mg of Polyclar AT (the substance binding
low-quantity-molecular-compounds). Supernatant obtained
after centrifugation at 10000g/15 min were used to determine the enzyme activity. The mixture containing 0.2 ml
extract and 0.2 ml 4-nitrophenyl-β-D-glucopyranoside as
substrate was incubated for one hour at 350C. After the
time 0.6 ml 0.2 N Na2CO3 was added. The formation of pnitrophenol (p-NP) was followed at 400 nm.
Extraction of phenolic compounds

200 mg of leaves were poured with methanol and allowed to stand for 24 hours. After grounding and centrifugation the precipitates were washed 2 times with 80%
methanol and centrifuged. Combined methanolic extracts
were evaporated to a water stage and extracted 2 times
with ethyl acetate. Combined ethyl acetate fractions were
evaporated to dryness. The precipitates dissolved in 1 ml
80% methanol.
Total phenolic contents

Total phenolic contents were determined by FolinDenis method [16].
Flavonoids content

Flavonoids content was assayed according to the
method based on Caldwell et al. [17].
Protein content

Protein content was determined by the Bradford
method [18].
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Statistical analysis

Experimental data were subjected to a one-way analysis of variance (Anova) and significant differences between
among means were determined by Tukey multiple range
test. Data significantly different from respective control
are expressed on the figures as asterisks * P< 0.05, ** P<
0.01.
3. RESULTS AND DISCUSSION

As it was earlier observed, in cucumber seedlings elevated UV-B radiation generally leads to a time-dependent
depression of photosynthesis [19]. A previous study had
also reported the negative effect of UV-B on photosynthetic processes resulting in a reduction in biomass production [20-22].

The above effect was not affected by a decrease in
photosynthetic pigment contents, while an opposite effect
- an increase of chlorophyll and carotenoids concentrations was observed (Fig. 1). A higher level of chlorophyll
concentration was found in UV-B stressed seedlings as
compared with that in respective control plants, especially
at the early days of supplemental irradiation (Fig. 1a); in
UV-B treated cucumber seedlings chlorophyll content
increased to 185%, 131%, 104% and 123% that of the
control at 3, 5, 7 and 9 days, respectively. In control
plants a time-dependent increase of chlorophyll content
was additionally observed; this pigment content increased
to 108%, 131%, 104% and 123% at 3, 5, 7 and 9 days of
the experiment versus the control value on the first day.
The results indicated that the chlorophyll contents
were affected by enhanced UV radiation. The contents
of chlorophyll a, b and total chlorophyll were decreased
comparing with the control values and at increasing UV
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FIGURE 1 - Chloroplast pigments level (expressed on a fresh weight basis) A-chlorophyll (mg g-1 fresh weight); B-carotenoids (µg g-1 fresh
weight), measured at 0, 3, 5, 7 and 9 day of experiment in cucumber cotyledons, following plant exposure to time-dose UV-B irradiation. Data
of the stressed plants significantly different from respective control are expressed as * P<0.05, ** P<0.01
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radiation levels in case of some annual desert plants [23].
The same changes were observed in sugar maize leaves,
but they were limited to the slight destructive effect of
UV-B on chlorophyll b only [24]. An opposite result, i.e.
an accumulation of chlorophylls following enhanced UVB, was evidenced in wheat [25,26], as well as in experiments involving trees and some conifer species [27].
Chloroplast pigments may be destroyed by elevated
UV radiation, when carotenoids are generally less affected
than chlorophylls [28]. In cucumber cotyledons in the case
of carotenoids (Fig. 1b) the only increase, 129% above the
control, was observed at the 3rd day of the UV-B stress as
compared with respective control plants. Nevertheless, in
these control plant cotyledons an age-dependent significant increase of carotenoids was found as well; this pigment content changed to 91%, 210%, 258% and 193% at
3, 5, 7 and 9 days of experiment versus the control value
at the beginning of the experiment.
Carotenoid contents showed an increase in some annual desert plants [23]. In maize leaves no clear changes
due to UV-B radiation could be detected [24] and these
results are consistent with a previous UV-B study [29].
Jansen et al. [30] suggested generally a destruction of chlorophyll and carotenoids, but only further long-term investigations under field conditions can show if alterations in
leaf pigments are important markers for growth and yield
reductions, caused by a delay of plant development and
flowering under high solar UV-B radiation [31].
The recorded results suggested that despite UV-B
caused depression of photosynthetic activity [19] generally an increase in soluble carbohydrate contents (Fig. 2)
was observed in cucumber cotyledons: following a monosaccharide – fructose, then glucose and a disaccharide –

sucrose. Fructose level, under stress conditions, increased
to 178%, 236%, 206% and 146% at 3, 5, 7 and 9 days of
stress versus the respective control value, but in control
plants the content of this carbohydrate remained at a constant level. Glucose level, in UV-B treated cucumber
seedlings, rose to 122%, 123%, and 118% at 3, 5 and 7
days of stress versus the respective control value. However, in control plants a time-dependent increase was
observed to 102%, 108% and 120% at 3, 5 and 7 days of
stress versus the control value at the beginning of the
experiment. Sucrose content, at elevated UV-B radiation,
increased to 118%, 125%, 124% and 115% at 3, 5, 7 and
9 days of stress versus the respective control value. Additionally, in control plants a time-dependent increase of
this disaccharide was found, amounting to 102%, 108%,
127% and 123% at 3, 5, 7 and 9 days of stress versus the
control value at the beginning of the experiment.
Since an elevated UV-B irradiation really has a negative effect on photosynthetic activity, a decrease in the
amounts of sugars was expected. In spite of that, in UV-B
irradiated leaves no such clear relations were observed.
The only significant effect in UV-B exposed leaves was a
decrease in glucose content, whereas sucrose content was
not reduced [24]. Supplemental UV-B level induced a
decrease of soluble carbohydrate contents in spring wheat
[32] and a decrease of sucrose and starch contents in moss
leaves [29]. In contrast, an increase in soluble carbohydrate levels was recorded in grass and oak leaves [9,33].
According to Garrad et al. [34], UV-B sensitive plants are
characterized by reduced amounts of sucrose. Carbohydrates are also required to provide respiratory energy for
protection, maintenance (and repair) of plant activity and
structure [35].
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FIGURE 2 - Soluble sugar (glucose, fructose and sucrose) concentration (expressed on a fresh weight basis as mg g-1 fresh weight) measured
at 0, 3, 5, 7 and 9 day in cucumber cotyledons, as a function of UV-B time-dose irradiation. Data of the stressed plants significantly different
from respective control are expressed as * P<0.05, ** P<0.1
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FIGURE 3 - Acid invertase activity (expressed as A g-1 fresh weight) measured at 0, 3, 5, 7 and 9 day in cucumber cotyledons, as a function
of UV-B time-dose irradiation. Data of the stressed plants significantly different from respective control are expressed as * P<0.05, ** P<0.01
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FIGURE 4 - Glucosidase activity (expressed as µ mol p-NP/ mg protein) measured at 0, 3, 5, 7 and 9 day in cucumber cotyledons, as a function of UV-B time-dose irradiation. Data of the stressed plants significantly different from respective control are expressed as * P<0.05, **
P<0.01

According to the above presented results, i.e. an increase in soluble carbohydrate contents, radiation stress
applied at the germination stage generally leads to an
increase in the UV-B time-dose dependent activity of two
enzymes connected with carbohydrate metabolism. Invertase activity (Fig. 3) rose to 143%, 140%, 141% and 203%
at 3, 5, 7 and 9 days of stress versus the respective control
activity; additionally, in control plants an opposite effect,
i.e. a time-dependent decrease of enzyme activity, was
observed, amounting to 98%, 94%, 86% and 54% at 3, 5,
7 and 9 days of stress versus the activity in control seed-

lings at the beginning of the experiment. Invertase appears to provide hexoses for both metabolic reactions and
biosynthetic carbon skeletons. A similar effect was observed in UV-B irradiated Asian pear fruit [36] and lemons [10].
Glucosidase activity (Fig. 4) increased to 123%,
132%, 142% and 113% at 3, 5, 7 and 9 days of stress
versus the respective control activity, while in the control
plants generally a stable level of enzyme activity throughout the experiment was observed. Glucosidase activity
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may be related to an enhancement of the defense system
against various stress conditions. This enzyme activity
increased to 363% in UV-B irradiated buckwheat (Fagopyrum esculentum) leaves [37]. Released flavonoids have
many physiological functions in plants, such as UV-B
screening, antioxidant activity and disease resistance [38].
Another possible role of glucosidase activity is also to
supply carbohydrate substrates for respiration [37]. In cucumber cotyledons supplementary UV-B radiation resulted
in changes of secondary metabolites levels as well. Under
UV-B stress generally a dose-dependent increase in the
contents of flavonoids (Fig. 5) and phenolic compounds

(Fig. 6) was observed. The level of flavonoids (Fig. 5),
under supplementary UV-B radiation, rose to 146%,
152%, 168% and 132% versus the respective control level
at 3, 5, 7 and 9 days of stress; additionally, in control plants
some time-dependent increase was recorded as well,
amounting to 124%, 121%, 115% and 105% at 3, 5, 7 and
9 days of stress versus the control at the beginning of the
experiment. The level of phenolic compounds (Fig. 6),
under UV-B stress, increased to 154%, 158%, 179%
and 130% versus the respective control plants at 3, 5, 7
and 9 days of stress, respectively. In control plants
generally no significant changes in the levels of phenolic
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FIGURE 5 - Flavonoids content in cucumber cotyledons (expressed on a fresh weight basis as A305 g fresh weight) measured at 0, 3, 5, 7 and
9 day of UV-B time-dose irradiation. Data of the stressed plants significantly different from respective control are expressed as * P<0.05, **
P<0.01
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0, 3, 5, 7 and 9 day of UV-B time-dose irradiation. Data of the stressed plants significantly different from respective control are expressed as
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compounds were observed during the experiment. One of
the main protection mechanisms against UV is the accumulation of secondary metabolites [38,39]. The most pronounced response to UV was found in the accumulation
of species-specific secondary metabolites of two Brassicaceae [40], but decrease of specific phenolic compounds
was also noted [41]. Significant amounts of these flavonoids were accumulated in the leaf epidermis and they play
a role in UV screening [6]. Our focus on the accumulation
of these phenolic compounds has, perhaps, obscured the
fact of UV-B induced changes in a range of different plant
metabolites, including anti-oxidants, alkaloids and isoprenoids. Jansen et al. [30] suggested that human consumers
do benefit from UV-B stress-induced changes in the plant
metabolome, thus it is advisable to assess nutritional
and/or medicinal consequences of plant stress acclimation.
4. CONCLUSIONS

Despite depression of photosynthesis an increase was
observed in the concentrations of chloroplast pigments
(chlorophyll and carotenoids)
Supplementary UV-B radiation also resulted in an increase in the availability of primary metabolites soluble
sugars (fructose, glucose and sucrose) and secondary
metabolites (flavonoids and phenolic compounds)
Radiation stress leads to a UV-B time-dose dependent
increase in the activity of two enzymes connected with
carbohydrate metabolism, i.e. invertase and glucosidase
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ABSTRACT

1. INTRODUCTION

This paper presents the results of application of TiO2
photocatalysis in advanced wastewater treatment to simulate the removal of endocrine disrupting compounds (i.e.,
bisphenol A, nonylphenol, estrone, and 17α-estradiol) and
estrogenic activity from secondary effluents of a municipal wastewater treatment plant, aiming to evaluate the
possibility of application of photocatalysis for advanced
wastewater treatment. The removal efficiencies of alkylhydroxybenzene (bisphenol A, nonylphenol) by traditional
process in wastewater treatment plant are more sensitive to
temperature than steroid hormones (estrone, and 17αestradiol), resulting in a risk of effluent insecurity. All the
targeted EDCs in secondary effluent could be totally degraded by TiO2 photocatalysis within 60 min except BPA
(92% removal), following pseudo first-order kinetics. The
estrogenic activity, expressed as the E2 equivalent concentration (EEQ), was also totally removed during the same
process. The mechanisms for the photocatalytic removal of
EDCs and estrogenic activity were proposed according to
the experimental results. When EDCs reacted with hydroxyl
radicals, aromatic rings were cleaved, resulting in a decreased estrogenic activity. The findings suggest that TiO2
photocatalysis is an effective method for removal of certain EDCs and estrogenic activity from secondary effluents and can be used for advanced wastewater treatment.

KEYWORDS: photocatalysis; titanium dioxide; endocrine disrupting compounds; estrogenic activity; secondary effluent
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In recent years, wastewater reclamation has been considered a viable and attractive method for solving water
shortage. The presence of micropollutants in wastewater
treatment plant effluents is, however, believed to cause
adverse effects in the environment and has been extensively documented [1-3]. According to these studies, endocrine disrupting compounds (EDCs) are responsible for a
significant proportion of reproductive and sexual abnormalities in wildlife. Unfortunately, in most countries, including
China, the only standard for determining organic pollution
in reclaimed wastewater is the chemical oxygen demand.
EDCs are ignored, potentially threatening water utility
customers during wastewater reuse.
To remove EDCs and estrogenic activity from wastewater that is intended for direct or indirect reuse, various
methods have been developed as advanced wastewater
treatment processes [4, 5]. Among them, TiO2 heterogeneous photocatalysis has attracted increasing attention
during the past few years. Coleman et al. [6] compared
temporal changes in the estrogenic activity of E1, E2, and
17α-ethinylestradiol (EE2) using both UVA photolysis
and immobilized-TiO2 photocatalysis in synthetic water.
The three estrogens were decomposed with virtually all
the estrogenic activity removed within 55 min. Benotti et
al. [7] evaluated the removal of 32 pharmaceuticals and
EDCs from surface water with a photocatalytic reactor
membrane pilot system. The results showed that twentynine of the targeted compounds in addition to total estrogenic activity were greater than 70% removed while only
three compounds were less than 50% removed following
the highest level of treatment.
Compared with the synthetic and surface water, however, many more microorganisms and dissolved organic
matter (DOM) are found in secondary effluents from
wastewater treatment plants. The present matter will cause
many complicated photocatalytic reactions in solutions.
The present study aims to investigate the removal of four

731

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

EDCs [estrone (E1), 17α-estradiol (E2), nonylphenol (NP),
and bisphenol A (BPA)] and estrogenic activity from secondary effluents. Possible mineralization processes of
EDCs are also discussed.
2. MATERIALS AND METHODS
2.1. Materials

Titanium dioxide (Degussa P25, 30 nm particle size,
and 50±15m2•g−1 BET surface area) used as the catalyst
was purchased from Aldrich (Dorset, UK). The four estrogenic compounds (E1, E2, NP, and BPA) were purchased from Sigma-Aldrich (USA) and used without further purification. All organic solvents used including methanol, acetone, and dichloromethane were purchased from
Rathburns (Scotland). BSTFA containing 1% of trimethylchlorosilane was supplied by Aldrich (Dorset, UK). Pyridine was supplied by Rathburns (Scotland). Ultrapure
deionised water was obtained from a Maxima Unit from
USF Elga, UK.
2.2. Photocatalytic experiments

Wastewater samples of influents and secondary effluents were collected from the Chengbei Domestic Wastewater Treatment Plant (Suzhou, China) in July and December 2009. All the samples were collected, stored in 1
or 4 L acid-washed amber bottles, and placed on ice for
transport to the laboratory, where they were processed
immediately for later extraction and analysis.
The experiments were conducted in a cylindrical glass
reactor (60 cm height, 18 cm outer diameter, and 15 cm
inner diameter). The secondary effluent collected in December was used as test solution. The major characteristics
of the tested secondary effluent were shown in Table 1.
The double-walled glass reservoir was equipped with thermostatically controlled water flowing between the outer
walls. The TiO2 powder was added into the solution (8 L)
to give a concentration of 1 g/L [8]. The aqueous solutions
were stirred in dark with a magnetic stirrer for 30 min after
TiO2 was added. Then, the suspension was irradiated with a
Philips TL 6-W black light lamp placed in the y-axis of the
reactor. The lamp provided a nominal UVA radiation of
0.7 W with a maximum emission peak centered at 365 nm.
The incident photon flux was 2.8×10-4 einstein•m-2•s-1. The
solution was sampled for analysis from the reactor cell
using a glass syringe at specified time intervals during

degradation. Then the water samples were separated by
filtration with a 0.22 µm glass fiber filter.
2.3. Analytical methods

Water samples were first separated by filtration with
a 1 µm glass fiber filter (GF/B, Whatman). The filtrate was
acidified to pH 3 by 99% H2SO4 before solid phase extraction (SPE). Then the dried eluate post-SPE was derivatized with 100 µL of pyridine and 50 µL of N,O-bis(trimethylsilyl)trifluoroacetamide containing 1% tri-methylchlorosilane (Sigma) at 70°C for 60 min. Thereafter, the
solution was cooled down to room temperature. EDC
analysis was carried out using a gas chromatography/mass
spectrometry (GC/MS) system. The GC/MS system (GC:
7890 Series; MS: 5975c Network, Agilent) used a DB5MS capillary column (30 mm × 0.25 mm × 0.25 µm) for
organic separation and high-purity helium gas as carrier gas
at a constant flow rate of 1 mL/min. The GC oven temperature was programmed as follows: the oven was equilibrated
at an initial temperature of 60°C for 1 min; the temperature
successively increased to 200°C (10°C/min), 260°C
(15°C/min), and 285°C (3°C /min); and the temperature
was maintained at 285°C for 2 min. The inlet, MS transfer
line, and ion source temperatures were set at 280, 280,
and 250°C, respectively. The quantification and confirmation ions used in the selected ion monitoring mode were as
follows: m/z 292.00 179.00 (NP), m/z 372.20 357.20
(BPA), m/z 342.20 281.10 257.10 (E1), and m/z 416.30
285.20 232.10 (E2).
The estrogenic activity of the concentrated samples
was evaluated with the yeast two-hybrid assay based on
yeast cells (Saccharomyces cerevisiae Y190) containing
the rat estrogen receptor ERα and the coactivator TIF2 [9].
In this assay, the yeast cells were preincubated overnight at
30 °C. The 100 µL overnight yeast culture and 20 µL
DMSO solution containing the samples were added to
400 µL of fresh medium and incubated for 4 h at 30 °C.
After incubation, 150 µL of yeast culture was fractioned
for the absorbance at 595 nm. The residual culture (370 µL)
was collected by centrifugation and then digested by incubation with 1 g/L Zymolyase 20T at 37 °C for 15 min.
The enzymatic reaction was started by addition of 4 g/L
2-nitrophenyl-β-D-galactoside (ONPG) at 30 °C and then
stopped by addition of 1 M Na2CO3 after 30 min. Thereafter, the solution was centrifuged and 150 µL of supernatant
liquid was taken for the absorbance at 415 and 570 nm. The
absorbance at 415, 570, and 595 nm was converted to βgalactosidase activity.

TABLE 1 - Major characteristics of the tested secondary effluent
Parameter
pH
COD (mg/L)
TOC (mg/L)
DOC (mg/L)
UV254 (m-1)
Nitrate (mg N/L)
Ammonia (mg N/L)
＊: after filtration

Value
7.2
48
8.6
7.4
15.5
4.8
6.1

Parameter
Total phosphorus (mg /L)
SS (mg/L)
E1 (ng/L)
E2 (ng/L)
NP (ng/L)
BPA (ng/L)
Estrogenic activity (ng/L)

Value
1.7
＊
30.4(2.1 )
29.6
13.7
221.5
46.5
64.34

3. RESULTS AND DISCUSSION
3.1. Monitoring of E1, E2, BPA, NP in wastewater

Concentrations of E1, E2, NP, and BPA in secondary
effluents collected in July were 27, 13.1, 170, and 28 ng/L.
In the December samples, concentrations of E1, E2, NP, and
BPA were 30, 13.5, 220, and 47 ng/L (Table 2). The re-
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are summarized in Table 3. The results showed that the
removal rate of EDCs and estrogenic activity are slower
than those reported in previous research [6], focusing on
the photocatalytic degradation of E1, E2, and EE2 in synthetic water. The slower reduction rate is due to the effects
of various matters present in the secondary effluent. Dissolved organic matter, especially microbial metabolites,
4

3

ln(C0 /C)

duction in sewage temperature did not have an effect on
the removal of E1 and E2. The 11°C reduction in temperature, however, affected the removal of BPA and NP,
which are kinds of conjugated estrogens. This result could
be due to the low activity of arylsulphatase enzymes or the
absence of bacteria containing these enzymes during the
cold season [10]. This outcome is consistent with results
from previous research on the removal of EDCs in six
activated sludge plants in Rome during autumn. The removal efficiencies of organic micropollutants are more
sensitive to temperature than the removal of biochemical
oxygen demand, nitrogen, and phosphorus [11]. Therefore, advanced wastewater treatment processes should be
implemented to guarantee the safety of reclaimed water.
TABLE 2 - Characteristics of wastewater samples
July
December
EDCs
E1
E2
NP
BPA
E1
E2
NP
BPA
Influent
170
64
850
127
163
57
674
118
Effluent
27
13.1
170
28
30
13.5
220
47
Note: The average temperatures of swage in July and December are
22℃ and 11℃.

BPA

NP

E2

E1

2

1

0

3.2. Photodegradation kinetics of EDCs and estrogenic activity in aqueous solutions

dC
kKC
r=
=
dt 1 + KC

dC
r=
= kKC = K app C
dt

(2)

Integration of above equation leads to the expected
relation:

ln(

C0
) = k app t
C

20

30
Time (min)

40

50

60

80

(1)

where C is the individual EDC concentration, k is the
individual EDC degradation rate constant, and K represents the adsorption equilibrium constant. In this study,
each individual EDC concentration C was less than 1×10-3
mol•L−1, which made KC<<1. Hence, Eq. (1) can be
transformed to Eq. (2).

10

FIGURE 1 - Kinetics of four targeted individual EDCs photodegradation (liner transform ln(C0/C) vs. t) during photocatalytic experiments and photolytic experiments. Error bars represent the standard deviation on triplicate analyses.Figure 2

Estrogenic activity (ng-E2 equivalents/L

The removal of EDCs during photocatalysis is shown
in Figure 1. After 30 min of irradiation, 73% of E1, 80%
of E2, 70% of NP, and 67% of BPA were degraded. At
the end of 60 min irradiation, all EDCs were totally degraded, except BPA (92% removal). The rates of decay
(measured as loss of estrogenic activity) during photocatalysis are presented in Figure 2. Estrogenic activity
(original 64.34 ng-E2 equivalents/L) was almost totally
removed during photocatalysis within 60 min.
The Langmuir-Hinshelwood model is commonly used
to describe photocatalysis processes. The model is considered to follow pseudo first-order decay kinetics [12].

0
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0
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FIGURE 2 - Deduction of estrogenic activity of secondary effluents
during the photocatalysis process. Error bars represent the standard deviation on triplicate analyses.
TABLE 3 - Kinetic data for photocatalysis of EDCs and estrogenic
activity.

(3)

where C0 and C are the individual EDC concentrations at times zero and t, respectively, and kapp represents
the apparent degradation rate constant. Values of kapp for
photocatalysis of individual EDCs and estrogenic activity
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EDCs
BPA
NP
E1
E2
Estrogenic
activity

Photocatalysis pseudo-firstorder rate constant (min-1)
0.0405
0.0652
0.0511
0.0581
0.0711

R2
0.9312
0.9034
0.9421
0.9213
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can react with hydroxyl radicals because the short unsaturated hydrocarbon chains of microbial metabolites are more
active at scavenging hydroxyl radicals than EDCs [13]. In
addition, suspended solids present in solution hinders light
penetration, resulting in a decreased photo-driven performance.
3.3 Photodegradation mechanisms of EDCs and estrogenic
activity

Generally, a photocatalytic reaction begins with generation of electrons and holes (e–h pairs) upon irradiation
by energy higher than the TiO2 band gap. The electrons
move to the TiO2 surface and react with the water molecule to produce hydroxyl radical for the destruction of organic compounds. Therefore, the elementary reaction
equations are expressed as follows:

•

h + H 2 O → OH + H

hvb+ / OH • + EDCs → Oxidative Products

(7)

The pathway of alkylhydroxybenzene photodegradation is different from that of natural steroids. The photocatalytic degradation of BPA is proposed to include demethylation and hydroxylation. Two possible pathways of
BPA photodegradation are elucidated in Figure 4. For
pathway 1, the reaction is initiated by the addition of hydroxyl radical, followed by the ring opening mechanism

.

+

H

+ . OOH
H

H

(A)

H

O

+ .OH

+

+e

OOH

H
.
H

+H

-

+

OH

H2O

-H2O2

H

H

OH
H

H

H

O

H

O

Future Oxidation to CO2 and H2O

The phenol moiety in EDC plays a key role in potent
estrogenic activity, such as in E1 and E2. In contrast,
other compounds without phenol groups generally exhibit
lower estrogenic activity. For example, testosterone has a
similar steroid structure with a cyclohexenone moiety instead of the phenol moiety and exhibits much weaker estrogenic activity than E2 [14]. Therefore, the initial hydroxylation of aromatic rings by hydroxyl radicals is believed to play a key role in the removal of estrogenic
activity during TiO2 photocatalysis.
Based on the aforementioned hypothesis, as well as in
literature [15], the possible pathway of E2 photodegradation is elucidated in Figure 3. The photocatalytic oxidation of E2 involves complicated multistage processes. The
first electron can be extracted by the hole at the C10 atom
at the phenol moiety. With the rearrangement at the phenol moiety of the structure, the resonance structure is
formed as compound A, where the site at the C10 atom is
active and favored by the attack of hydroxyl radicals.
During photocatalytic degradation, a number of oxidation
intermediates (e.g., alcohols, ketones, and olefins) may be
formed. These single aromatic intermediates are presumably further oxidized through ring-opening reactions into
aliphatic compounds containing acids and acetaldehyde.
These products subsequently undergo a reaction with hydroxyl radicals, leading to complete mineralization.

e

H

O

HO

(5)
(6)

H

OH

ecb− + O2 → O2•− + H + → HO2•

-

H

(4)
+

OH

OH
OH

H

TiO2 + hv → hvb+ + ecb−
+
vb

and the formation of long chain intermediate products (A),
which is more difficult to mineralize during photodegradation. As for pathway 2, 4-isopropylphenol (B) is formed
in the photocleavage of electron-rich C3 or C8 in the
phenyl groups of BPA by the attack of hydroxyl radicals.
After that, all intermediates are further oxidized through
ring-opening reactions into aliphatic compounds containing carboxylic acid, formic acid, and acetic acid. Then,
carboxylic acid, formic acid, and acetic acid are produced
in small amounts, followed by H2O and CO2. This photocatalytic degradation process can also be explained via the
observations of others researchers [16-17].

FIGURE 3 - Possible reaction pathways of E2 degradation.
CH3
HO
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CH3
CH3
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CH3COOH, HCOOH, CH3CHO
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FIGURE 4 - Possible reaction pathways of BPA degradation.

4. CONCLUSIONS

The removal efficiency of alkylhydroxybenzene (bisphenol A, nonylphenol) was lower than that of steroid hormones (estrone, and 17α-estradiol) in municipal wastewater
treatment plant due to the lower temperature in winter.
TiO2 photocatalysis is an effective method for the
rapid removal of certain EDCs and estrogenic activity
from secondary effluents.
There is no secondary risk of increased estrogenic activity during TiO2 photocatalysis since the initial hydroxylation of aromatic rings by hydroxyl radicals.
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ABSTRACT

Dairy wastewater is an environmental problem due to
its volume and organic contents. The treatment of nonbiodegradable organic matter in dairy wastewater occurs
with great difficulties. The application of ultrasonic wave
irradiation converts nutrients from solid to soluble phase,
which can facilitate their degradation by microorganisms.
Ultrasonic wave irradiation could ameliorate the nutrient
balance (N/P ratio). Samples of Tehran Pegah Dairy Complex were chosen for treatment and selected powers and
exposure times were 300, 600, 900 W and 60, 120, 240
and 480 s, respectively. Samples, after being subjected to
ultrasonication, were analyzed for TKN, TP, pH and temperature. Operating frequency of the apparatus was 20 kHz.
After the analysis, the following increases were noted: for
"TKN solution" at 300 W and 480 s: 81.10% (maximum);
for "TP solution" at 900 W and 60 s: 49.97% (maximum);
for pH range at 600 W and 60 s: 7.1 to 7.47; for temperature at 900 W and 480 s: 150% (maximum). After ultrasonic treatment, the resistant organic compounds were converted to the soluble phase and became ready for biological treatment. In this phase, as the nutrients are more easily
available for the consumption of microorganisms, the
possibility of increasing the efficiency is provided. Hence,
ultrasonication method has the capacity to be used as a
"pretreatment" for the biological treatment.

KEYWORDS: Solubilization; Phosphorus; Nitrogen; Ultrasonic
wave irradiation; Dairy wastewater

1. INTRODUCTION

In dairy industries, water has been a key processing
medium [1]. Water is used throughout all steps of the dairy
industry including cleaning, sanitization, heating, cooling
and floor washing, and naturally the requirement of water
is huge [2]. Compared to other industries, the dairy industries generate large amounts of wastewater [3]. Dairy
* Corresponding author

wastewater is distinguished by high BOD and COD contents, high levels of dissolved or suspended solids, and
nutrients, such as ammonia or minerals and phosphorus;
therefore, it requires proper attention before disposal [1].
The water carrying phosphorus and nitrogen in the water
body may play a key role in generation of eutrophied
environments. Unfortunately, eutrophication is harmful to
human beings and threatens the biodiversity. Therefore,
phosphorus should be removed from wastewater in order
to avoid eutrophication [4]. Normally, dairy wastewater is
treated by biological methods which include activated
sludge process, aerated lagoons, trickling filters, sequencing batch reactor (SBR), anaerobic sludge blanket (UASB)
reactor, anaerobic filters, etc. [5]. One of the methods of
treatment is the aerobic biological process. This method is
energy intensive. To obtain a good result, this method
should be combined with an additional treatment [6, 7].
Biological phosphate removal from wastewater can be
achieved by enhanced storage in the biomass as polyphosphate (poly-P), which was formerly called ‘‘luxury uptake” [8]. Biological treatments have two major problems:
deficiency in nutrients and non-biodegradability. Dairy
wastewater carries a great deal of nutrients: especially nitrogen and phosphorus. The existence of nitrogen and phosphorus can assist in biological treatments by producing a
balance of nutrients (N/P ratio) which is necessary. However, during aerobic biological treatment, only about 35%
of the organics are actually mineralized into carbon dioxide and water by microorganisms [3, 9]. If N and P contents should be consumed by the biological microorganisms, they should come to soluble phase. Ultrasonic wave
irradiation is one of the new methods for releasing nutrients from the solid phase to the soluble one which can be
degraded easily by microorganism in biological treatment
[10, 11]. Ultrasound comprises a wide range of frequencies (20 kHz and 10 MHz) [12, 13]. When acoustic energy is supplied to a liquid, bubbles are formed and get
bigger by absorbing gas and vapour from the liquid [14,
15]. As the result of an alternating cycle of expansion and
compression, the bubbles imploded cause extreme temperature (~5000°C) and pressure (~500 bar), whereas the
bulk of solution remains near the ambient conditions. This
phenomenon is called cavitation which plays a major role
in wastewater solubilization. Cavitation will result in (a)
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generating chemical reactions due to a locally high temperature and pressure; (b) extreme shear forces in the liquid, thereby mechanically attacking components; (c) the
formation of highly active radicals (H• and OH•) which
can further facilitate chemical reactions to destroy organic
contaminants; and (d) the additional destruction of specific compounds, given that cavitation bubbles are surrounded by a liquid hydrophobic boundary layer that preferentially permeates volatile and hydrophobic substances,
subsequently reacting in the gas bubbles [14, 16-18]. Another mechanism occurs, called acoustic streaming, when
wastewater is sonicated [19]. This study was conducted on
wastewater produced by Tehran Pegah dairy complex.
This complex is the biggest dairy producer in Iran. During
a normal 24-h manufacturing cycle of dairy products,
1000 tons of milk is produced: causing around 3500 cubic
meters of wastewater per day.
2. MATERIALS AND METHODS
2.1. Ultrasonic equipment

The dairy wastewater samples were sonificated using
a JY92–IIDN equipment (manufactured by Ningbo Scientz Biotechnology Co. Ltd., Guangzhou, China). The ultrasound unit consists of a converter (or transducer), booster,
and a sonotrode. The converter basically converts electrical into ultrasound energy. The booster is a mechanical
amplifier promoting a high amplitude generated by the
converter, and the sonotrode is a specifically designed tool
transmitting the ultrasonic energy to the wastewater. The
full specification of the apparatus is presented in Table 1.
The reactor has a fixed frequency of 20 kHz and variable
powers from 0-1000 W. For the actual experiment, an 800ml beaker containing 500 ml dairy wastewater was used.
During the experiments, the dairy wastewater was gently
stirred in the beaker and the temperature was kept stable
at 17 °C.

2.3. Experimental procedures

The samples were irradiated by high intensity ultrasound. Under operating conditions, ultrasonic wave irradiation process was conducted. An important fact to remember is the correlation of cost optimization with
wastewater quality of our samples subjected to the ultrasonic system. The conditions selected were exposure
times of 60, 120, 240 and 480 s as well as output powers
of 300, 600 and 900 W. Ultrasonic irradiation was applied
to wastewater using a sonotrode with 20 mm diameter
immersed in a depth of 10 mm. The distance between the
end of the sonotrode and bottom of the vessel was 82 mm.
The investigation was carried out with 500 ml of dairy
wastewater, and the remaining 500 ml wastewater were
analyzed without being subject to ultrasonic irradiation.
The second 500 ml sample was used as a control sample.
Temperature was measured before each test by a sensor
installed in the apparatus for ensuring stability of the
primary temperature during all steps of the test. Samples
were irradiated at ambient temperature during sonification
operation. The characteristics of samples which were used
for sonification were kept stable throughout the experiments.
2.4. Dairy wastewater beaker container in used ultrasonic
system

The 500 ml of the dairy wastewater sample was poured
into a glass beaker 800 ml in volume and 93 mm internal
diameter. Three acoustic streaming regions formed during
sonification, were affected by container shape, particularly
the largest region called Eckart [21] streaming which has a
circulating current. This region was defined by the shape
of the beaker container, and size and length of the ultrasonic wave in the samples. Accordingly, a large Eckart
streaming is generated, which terminates to a better and
more distribution of ultrasonic energy and an accelerated
heating dissipation [22].
2.5. Analytical methods

TABLE 1 - Details specification of the ultrasonic equipment

After ultrasonic irradiation wastewater samples were
analyzed three times for TKN, TP, pH and temperature
according to the standard methods [23]. Total nitrogen was
determined using the Kjeldahl method. TP was measured
using a Spectrophotometer model DR/2800, HACH.

JY92 – IIDN SONIFICATOR SYSTEM
Frequency
20 kHz
Net Weight
23 Kg
Duty Ratio
0.3-99.7%
Working Time
Adjustable (0.5 S-99 min)
Amplitude Pole
Φ6
Power Supply
220 V, 50 Hz
Maximum Output Energy
1000 W
Dimensions of Sound Box Proof
220x400x290 mm

3. RESULTS AND DISCUSSION

2.2. Materials

Raw wastewater samples were collected from Tehran
Pegah dairy complex and stored in a refrigerator at 4 °C
[20]. The composite sample had a constant volume of 1 L,
and samples were taken from 8 a.m. to 4 p.m. at 2-h intervals (5 samples) at the stabilizing tank outlet. Each sample was stirred, sent to the laboratory, and ultrasonically
treated. TKN and TP were analyzed on the same day.

From the purpose of quality, the raw dairy wastewater of Tehran Pegah Dairy Complex had a bad odder and a
light creamy colour. Tests indicated the neutral zone with
slight inclination to alkaline range for pH.
The high content of COD indicated that the samples
were heavily contaminated with organic matter. The tests
also showed that a high percentage of TKN and TP were
filtrated. The characteristics of raw dairy wastewater are
listed in Table 2.
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TABLE 2 - Characteristics of raw dairy wastewater
Parameters

Concentration

Colour
Non Filtrated TKN (mg/L)
Filtrated TKN (mg/L)
Nitrate (mg/L)
Nitrite (mg/L)
NH3 (mg/L)
Non Filtrated Phosphate (mg/L)
Filtrated Phosphate (mg/L)
Non Filtrated orthophosphate (mg/L)
COD (mg/L)
SCOD (mg/L)
BOD (mg/L)
TSS (mg/L)
pH
TDS (mg/L)
Temperature (°C))

1914.8
98
73.5
1772
4.5
46.5
44
33.5
40.2
1958
906
836
608
7.1
420
17

3.1. Effect of ultrasonic irradiation on nitrogen solubilization

A comparison of the reaction rates at different powers
is valid only when all other conditions (reaction temperature, size/shape of sonotrode, frequency, volume) are the
same [24]. A sonotrode (20 mm diameter, 20 kHz frequency) with 3 different powers (300, 600 and 900 W) was
used in this study. Fig. 1 shows the response surface for the
experimental data. Response surface methodology can be
used to identify significant variables and interactions [25].
Interactions between power and exposure time can be
seen and calculated.
Data of each point have been plotted with stabilizing
power or with time, and inserting data were obtained by a
harmonic average method.
3.2. Optimizing ultrasonic parameters for nitrogen solubilization

The increase in TKN indicates N increase during ultrasonication. Ultrasonic wave irradiation releases some
parts of nutrients (e.g. nitrogen) from the solid phase to
the soluble one [12, 13]. The increase in TKN percentage
reached its maximum value at T = 480 s (81.10%). It was
also shown that at P = 300 W, TKN percentage value was
increasing. However, at P = 600 W, TKN commenced
decreasing, and at P = 900 W, the graph was almost linear. It could be seen that the highest and, according to the
inferences, the most optimized percentage of increase in
TKN solution was at the lowest power with the longest
exposure time. It is concluded that the exposure time has
a more significant increasing effect on process of TKN
solution with regard to the effect of power. Therefore,
there is no need to use high power and energy consumption, but a little longer exposure time can be more effective. During sonication, bacterial cells are disintegrated
releasing intracellular organic nitrogen into the aqueous
phase, which is subsequently hydrolyzed to ammonia. These
results showed an increase in ammonia nitrogen in the
aqueous phase. It is important to note that the disintegration of organic nitrogen from non-biological debris could
also contribute to the release of ammonia nitrogen [26].
Bougrier et al. [27] monitored N release (soluble organic
and ammonia N) during sonication of thickened wasteactivated sludge at different specific energy inputs. TKN in
the whole sludge did not change the specific energy inputs
at all. Thus, it is suggested that ultrasound does not contribute to N mineralization or volatilization [27]. However,
organic and ammonia N increased in the aqueous phase
with increase in the specific energy input during sonication
with concomitant decrease of N in the solid phase [26].
The maximum solubilization of N was achieved at 300 W
and 480 s.

Fig. 2 shows percentage of increase in solubilization,
N as TKN taken from filtrated value equal to 37.5 mg/l.

FIGURE 1 - Three-dimensional response surface graph for the percentage of released TKN from dairy wastewater versus power and time.
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FIGURE 2 - Percentage of solubilization: TKN from dairy waste water at different powers versus different exposure times: 60, 120, 240 and
480 s (N as TKN taken from a filtrated aliquot equal to 37.5 mg/L).

FIGURE 3 - Percentage of solubilization: TP from dairy waste water at different powers versus different exposure times (60, 120, 240 and
480 s).

3.3. Effect of ultrasonic irradiation on biological phosphorus
solubilization

The effect of power input on dairy wastewater P solubilization efficiency is shown in Fig. 3.
In general, the sonochemical degradation of chemical
compounds could occur through two distinct pathways:
oxidation by hydroxyl radicals and pyrolytic decomposi-

tion [28]. According to sonochemistry theory, when the
ultrasound intensity reaches or exceeds the cavity threshold, bubbles will be formed easily and then the cavities
collapse violently. An increase in the ultrasonic power
will increase the energy of cavitation, lowering the threshold limit of cavitation, and producing more cavitation
bubbles. In other words, at higher intensity of power, the
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concentration of hydroxyl radicals and mass transfer are
higher leading to more degradation of organic matter [29].
Fig. 3 shows that solubilization reached its maximum
(49.97%) at T = 60 s (P as TP, equalling 33.5 mg/L as
filtrated phosphate). It was also seen that the process of
increase in power will remain nearly linear with an upward inclination. Therefore, the most optimized percentage of increase in TP solubilization will be at the highest
power with the lowest exposure time whereas the percentage increase in TP solubilization at P = 300 W and P =
900 W was more or less same, and using lower power will
be sufficient. Zhang et al. [30] also concluded that the
first moments of sonification are the most effective ones.
Hence, the ultrasonic treatment with lower power is recommended.

3.4. Effect of ultrasonic irradiation on temperature and pH

After ultrasonic wave irradiation, there is no need for
a stabilizing tank in order to keep the pH value in the
neutral zone.
The maximum increase in the values of pH occurred
at P = 600 W and T = 480 s. The range of pH values was
between 7.1 and 7.47. This was not a considerable increase. (Fig. 4).
In ultrasonic wave irradiation process, with values at
T = 60, 120 and 240 s, there is an increasing trend in temperature. However, at T = 480 s, the values of temperature
alternation are very near to each other. Figure 5 indicates
that with stable power and increase in exposure times, the
percentage of temperature rise has an upward trend.

FIGURE 4 - Surface graphs for pH increase from dairy wastewater at different powers versus different exposure times (60, 120, 240, 480 s).

FIGURE 5 - Percentage of temperature rise at different powers with different exposure times (60, 120, 240, 480 s) for dairy wastewater.
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FIGURE 6 - Surface graphs for temperature increase of dairy wastewater at different powers with different exposure times.

As shown in Fig. 6, the highest temperature increase
was 150% at P = 900 W and T = 480 s. Explosion of
cavitation bubbles in the vessel is the reason for this rise
in temperature. When acoustic energy was irradiated to
the wastewater, cavitation bubbles were formed. exploding and causing high local temperature (>5000 °C) [31].
4. CONCLUSIONS

As stated above, sonificated dairy wastewater samples were analyzed for TKN, TP, pH and temperature. In
brief, the results of tests and analyses were as follows:
The maximum percentage of increase in solubilized
N as TKN in ultrasonic process was achieved at T = 480 s
with P = 300 W, and there was no need to consume high
energy for obtaining optimized efficiency. Increase in
exposure time had a significant effect.

Ultrasonic process causes temperature rise which
plays an important role in solubilization. At the power of
900 W and an exposure time of 480 s, an increase of
150% in temperature was obtained.
As mentioned before, ultrasonic process can increase
solubilized N and P (the nutrients).
The increase in nutrients will alter the N/P ratio to an
optimization level. Amelioration of N/P ratio will lead to
improvement in wastewater treatment. Microorganisms
present in wastewater resulting from biological treatment
can attack and consume these nutrients. If the nutrients
are in the soluble phase, their consumption is much easier.
This method (ultrasonic wave irradiation) is the right
pretreatment tool before biological treatment. The efficiency of ultrasonic wave irradiation may be improved, if
necessary, by being coupled with biological treatment.

When considering percentage increase in solubilized
P as TP in ultrasonic process at T = 480 s, the application
of the highest power (900 W) and the lowest one (300 W)
did not cause significant changes in solubilized P. It is,
therefore, suggested that the lower power can be adapted.
With longer exposure times, a better result was obtained.
We can categorically recommend a low power with long
exposure time for industrialized treatment of dairy
wastewater. The tests clearly demonstrated that exposure
time is more significant than power during ultrasonic
process for solubilization of nutrients.
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ABSTRACT

In this study, the protective role of organic selenium
against salt stress on Hordeum vulgare L. and Triticum
aestivum L. were determined. Seeds, treated with 0.004 M
organic selenium in the pre-application, were germinated
in environments exposed to 50, 100 and 200 mM salt stress
(NaCl), in comparison to seeds without selenium treatment.
The effects of 0.004 M organic selenium on peroxidase,
ascorbate peroxidase, and lipid peroxidation were investigated in both plants. An evaluation of their germination
and enzyme activities showed that organic selenium resulted in salient improvement when compared to the plants
directly exposed to salt stress. The present study suggests
that selenium can play a protective role during salt stress by
enhancing the antioxidant defense system.
KEYWORDS:
Selenium, ascorbate peroxidase, peroxidase, lipid peroxidation

1. INTRODUCTION

Selenium (Se) functions in plants as an antioxidant [1].
It is an essential trace element for animals, humans, and
microorganisms, whereas the essentiality of selenium in
higher plants is still under debate [2-4]. However, there are
increasing indications that Se may also play a positive biological role in higher plants [1, 5, 6]. It was also reported
that Se is accumulated by a number of plants in sufficient
amounts to be toxic if consumed by livestock [7, 8].
Selenium may increase the tolerance of plants to UVradiation induced oxidative stress, delay senescence and
promote the growth of ageing seedlings [5]. Recently, it
has been shown that Se can regulate the water status of
plants under conditions of water deficiency and, thereby,
had a protective effect [9-11].
* Corresponding author

Numerous studies have reported marked declines in
germination percentages of plants exposed to salt stress
[12, 13]. Factors causing stress in plants considerably increase the production of free oxygen radicals. These active
oxygen radicals are known to lead to significant changes
by influencing molecules found in different parts of the
cell, such as proteins, lipids and nucleic acids. An increase
in peroxidase activity is the most common response to
various stress factors [14, 15]. Plants have a complex defence system which consists of lipid soluble and membrane-associated antioxidants (α-tocopherol, β-carotene
which directly suppress free radicals of lipid peroxidation), water soluble antioxidants (glutathione and ascorbate) and enzymatic antioxidants (superoxide dismutase,
catalase, peroxidase, ascorbate peroxidase and glutathione
reductase). Plants which are exposed to drought stress are
capable of overcoming the oxidative stress by activation
of some or all of these systems [16-20].
Selenium binds to proteins in order to form selenoproteins, which are important antioxidant enzymes. The
antioxidant properties of selenoproteins help to prevent
cellular damage caused by free radicals [21]. Salinity in
agricultural fields is one significant problem that adversely
affects land fertility and limits crop yield. Land salinity
usually occurs in arid and semiarid areas with low amounts
of rainfall and high temperatures, which may lead to serious yield losses in these areas [22].
The goal of this work was to determine the effects of
organic Se on certain physiological and biochemical parameters in H. vulgare L. (barley) and T. aestivum L. (wheat)
exposed to salt stress.
2. MATERIALS AND METHODS

Selenium used in this study was organically produced
in the chemistry laboratory at Inonu University. The novel
synthetic organo-selenium compound, 1,3-di (p-methoxybenzyl)-1,3-diazepan-2-selenone (SeI) (Fig. 1) was syn-
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ice bath after boiling. The final mixture was centrifuged at
10,000 rpm for 15 min. Absorbance of the supernatant
was measured at 532 and 600 nm, and MDA content was
calculated with an extinction coefficient of 155 mM-1 cm-1 by
subtracting the absorbance at 532 nm from that at 600 nm.
2.4. Determination of total soluble protein

FIGURE 1 - Structure of 1,3-di(p-methoxybenzyl)-1,3-diazepan-2selenone (SeI) [23].

thesized and identified by 1H NMR (300 MHz), 13C NMR
(75.5 MHz) and microanalysis [23]. The samples were
grown in perlite-containing pots using Hoagland’s solution. The tests were conducted in a climate room at 23±2 °C
and a humidity of 60%. The samples were extracted from
the treatment groups on 21th day and subjected to analyses.
H. vulgare and T. aestivum seeds exposed to 0.004 M
Se in the pre-application were germinated in environments
exposed to 50, 100 and 200 mM NaCl stress, in comparison
to seeds not treated with selenium to determine their germination percentages. Then, peroxidase, ascorbate peroxidase and lipid peroxidation were determined.

The amount of total soluble protein was determined
by Bradford’s method [29] using a microplate reader system (Molecular Devices Corp., Versamax). 5 µl of the prepared homogenate and 250 µl of Bradford reagent were
added to each well on the microplate, and kept in the dark
at room temperature (25 ºC) for 15 min. The color-dependent
changes in absorbance were measured at 595 nm. The obtained optical density (OD) values were compared to standard graphic values obtained by using bovine serum albumin (BSA), and the amount of total protein in the samples was calculated by using a package software (Slide).
The measurements were repeated three times.
2.5. Statistical analysis

Statistical analysis was performed using SPSS 15.0
software. Duncan’s test [30] was used for significance
control (P<0.05) following variance analysis.

2.1. Determination of peroxidase activity

3. RESULTS

In barley and wheat, germination percentages were
found to be higher in groups receiving combined Se/NaCl
treatment when compared to those treated only with NaCl.
Although germination percentage declined in groups treated
with Se and 200 mM NaCl, it was higher than that in
groups treated only with NaCl (Figs. 2, 3).
Germination rate %

0.5 g of polyvinylpyrrolidone (PVP) was added to 0.5 g
of leaf sample and homogenized in 3 ml of 66 mM potassium phosphate buffer and 3 ml of 100 mM KC1 [24]. The
homogenate was centrifuged at 10,000 rpm for 10 min at
4 ºC. After a homogeneous solution was prepared by
vortexing 3 ml of 0.1 M (pH 6.0) potassium phosphate
buffer with 0.04 ml of 0.03 M H2O2 and 0.05 ml of 0.2 M
guaiacol, 0.1 ml of the extract was added to 0.9 ml of the
solution and the alteration in enzyme activity was measured at 436 nm for 1 min [25].
2.2. Determination of ascorbate peroxidase

80
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Se+NaCl
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FIGURE 2 - Changes in germination rate of Hordeum vulgare L.
leaves exposed to NaCl and Se+NaCl application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.

2.3. Malondialdehyde (MDA) analysis

The method was performed by following Heath and
Packer [28]. 0.5 g of leaf tissue was homogenized in 5 ml
of 0.1% trichloroacetic acid (TCA), and the homogenate
was centrifuged at 10,000 rpm for 5 min. 2 ml of this
solution and 2 ml of 0.5% thiobarbituric acid (TBA) were
heated in a 95 ºC boiling water-bath for 30 min (TBA was
prepared in 20% TCA). The samples were chilled in an

100

Germination rate %

According to the methods of Nakano and Asada [26]
and Cakmak [27], 0.5 g fresh leaf tissue was homogenized in 10 ml of 50 mM potassium phosphate buffer (pH
7.6). The homogenate was centrifuged at 15,000 rpm for
20 min. The reaction mixture contained 550 µl of phosphate buffer (pH 7.6), a mixture of 12 mM of H2O2 and
100 µl of 10 mM EDTA, 250 µl of the extract, and 100 µl
of 0.25 mM ascorbic acid. The enzyme activity was defined as the alteration in absorbance per min at 290 nm
(Shimadzu-UV-1601, UV/Vis), and ascorbate peroxidase
activity was calculated by using the extinction coefficient
of 2.8 mM-1 cm-1.

Hordeum vulgare L.

120

Triticum aestivum L.

120
100
80

NaCl

60

Se+NaCl

40
20
0
Control

50 mM

100 mM

200 mM

FIGURE 3 - Changes in germination rate of Triticum aestivum L.
leaves exposed to NaCl and Se+NaCl application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.
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FIGURE 4 - Changes in peroxidase activity of Hordeum vulgare L.
leaves exposed to NaCl and Se+NaCl application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.
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FIGURE 5 - Changes in peroxidase activity of Hordeum vulgare L.
leaves exposed to NaCl and Se+NaCl application. Vertical bars
represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.
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FIGURE 8 - Changes in MDA levels of Hordeum vulgare L. leaves
exposed to NaCl and Se+NaCl application. Vertical bars represent
standard error of average of three replications. Data followed by
different letters are significantly different from each other (P<0.05)
according to Duncan’s test.
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FIGURE 7 - Changes in ascorbate peroxidase activity of Triticum
aestivum L. leaves exposed to NaCl and Se+NaCl application. Vertical bars represent standard error of average of three replications.
Data followed by different letters are significantly different from
each other (P<0.05) according to Duncan’s test.
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In barley and wheat, peroxidase activities in groups
treated with 200 mM NaCl were found to be lower than
activity in control group as well as those treated with 50
and 100 mM NaCl. The highest peroxidase activity was
found in groups treated with 100 mM NaCl (5.30 U/mg
protein in wheat; 5.93 U/mg protein in barley). The lowest peroxidase activity among the Se-treated groups was
obtained in control groups of both plants (Figs. 4, 5).
In application groups (50, 100 and 200 mM NaCl),
ascorbate peroxidase activities were found to be higher
than that in control groups, and it increased with increasing concentrations following Se treatment (Figs. 6, 7).
The MDA amounts in barley and wheat were found to
be higher in groups treated with Se and salt. The highest
MDA amount was found to be 15.29 µmol MDA g/fresh
weight in groups treated with 0.004 M Se and 200 mM
NaCl. On the other hand, the MDA amount was higher than
that in control group when treated with 0.004 M Se and salt.

Ascorbate peroxidase activity
(U/ mg protein)
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FIGURE 9 - Changes in MDA levels of Triticum aestivum L. leaves
exposed to NaCl and Se+NaCl application. Vertical bars represent
standard error of average of three replications. Data followed by
different letters are significantly different from each other (P<0.05)
according to Duncan’s test.

The highest MDA amount was 20.09 µmol MDA g/fresh
weight in groups treated with 0.004 M Se and 200 mM
NaCl (Figs. 8, 9).
4. DISCUSSION

NaCl
Se+NaCl

Control

50 mM

100 mM

200 mM

FIGURE 6 - Changes in ascorbate peroxidase activity of Hordeum
vulgare L. leaves exposed to NaCl and Se+NaCl application. Vertical
bars represent standard error of average of three replications. Data
followed by different letters are significantly different from each
other (P<0.05) according to Duncan’s test.

In recent years, several studies have been published
indicating protective effects of selenium against toxic elements, such as cadmium, silver, arsenic and mercury, in
different animals and plants [31]. Another toxic molecule
for plants occurs as a product of superoxide radicals’ transformation to H2O2 by SOD enzyme. CAT and POD are the
major detoxifying enzymes of H2O2. Therefore, POD and
CAT play an important role in plants’ antioxidant re-
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sponse against salt stress [32]. Recent researches have
demonstrated that Se4+ has antioxidant effects, enhances
the photo-oxidative stress tolerance of plant and carbohydrate metabolism, delays plant senescence [33], protects
plants from phloem-feeding aphids by means of deterrence and toxicity to aphids [34], protects plants against
fungal infection, herbivory [35], and against different types
of abiotic stress [36]. Herein, germination percentages in
barley and wheat were found to higher in groups receiving
combined Se/NaCl treatment when compared to those
treated only with NaCl (Figs. 2, 3). When Se was applied
on plants subjected to Cd2+ stress, the antioxidative enzymes significantly prevented DNA methylation, and fatty
acid composition was changed [37-39]. A recent research
indicated that Se application at low rates can be used to
prevent the induction of antioxidant systems in plants [1,
40]. In this study, ascorbate peroxidase activity and peroxidase activity also generally increased with increasing
concentrations following Se treatment in both barley and
wheat (Figs. 4-7). It was observed that peroxidase activity
increased with 50 and 100 mM but decreased with 200
mM in the groups treated with salt and Se/NaCl (Figs. 4,
5). Ascorbate peroxidase increased at all concentrations,
in contrast to control plants (Figs. 6, 7). The defense system that was initially active in the plant weakened with
increasing concentrations, which leads to a decrease in the
responses of the defense system depending on the consumption of proteins that govern the synthesis of these
enzymes.

activities significantly increased in both plants barley and
wheat exposed to salt stress. As a result, it is believed that
organic Se can be used as an effective chemical against
salt stress in order to improve the production of barley and
wheat, commonly grown in areas exposed to salt stress.

Although Se is toxic at high concentrations, recent
studies have shown that it can positively influence plants
at low levels. Hartikainen et al. [1] showed that Se at low
concentrations had antioxidative properties inhibiting peroxidation of lipids but enhancing the activity of glutathione
peroxidase. Moreover, Se can increase plant tolerance to
oxidative stress induced by UV radiation [36], retard
senescence of plants [5], and response of lettuce (Lactuca
sativa L.) to Se in nutrient solutions contaminated with Ni
[41]. The MDA content in barley and wheat were found to
be higher in groups treated with Se/NaCl (Figs. 8, 9). The
idea of lipid peroxidation as a solely destructive process
has changed in recent times. It has been shown that lipid
hydroperoxides and oxygenated products of lipid degradation as well as lipid peroxidation initiators (i.e. ROS) can
participate in the signal transduction cascade [42].
The change in the amount of MDA depending on the
increased concentrations was higher in control when compared to treatment groups. Generally, MDA content was
detected to be higher in Se/NaCl treatment groups than
both control and NaCl treatment groups (Figs. 8, 9).
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ABSTRACT

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants contaminating all components of the
environment. The soil is polluted by these substances
mainly due to dry and wet deposition from the atmosphere
and fields irrigation with wastewater from oil or coal
processing industries. Earthworms, common soil organisms, were used to evaluate the load of this environmental
component by PAHs. The influence of PAHs on earthworm
Eisenia fetida was evaluated according to the OECD methods No. 207 („Earthworm Acute Toxicity Tests“, 4 April
1984). A standard mixture containing 16 individual PAHs
was used in the test. PAHs were administered into defined
substrates in concentrations of 20, 40 and 60 µg.kg-1 each
individual PAH in dry substrate. The relation between soil
contamination and soil organisms, i.e. the bioavailability
of PAHs, was evaluated on the basis of determining their
content in tissues of earthworms and in the substrate. Samples of the substrate and tissues were homogenized, dehydrated using anhydrous sodium sulphate and than were
extracted by dichloromethane. PAHs were then determined
following cleaning the extract by column chromatography
using gas chromatography-mass spectrometry. There was
no acute toxicity during the 14-day test with PAHs. Our
analyses document the fact that PAHs show a higher affinity to animal tissues than soils. The relation between soil
contamination and soil organisms, i.e. the bioavailability
of PAHs, was evaluated on the basis of determining their
content in tissues of earthworms and in the substrate. For
16 PAHs the bioaccumulation factor ranged from 0.25 to
5.69 values.

KEYWORDS: Eisenia fetida, earthworms, polycyclic aromatic
hydrocarbons, contamination, acute toxicity, bioaccumulation

* Corresponding author

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants. For their long-term ability to persist in
the environment and health severity of PAHs are considered as typical representatives of persistent organic pollutants (POPs). They have a strong ability to bind to the solid
sorbents or particles (dust) in living organisms (bioaccumulation). The environment also appears a number of their
derivatives, most halogenated, sulphonated, amino- and
nitro-derivatives. There are hundreds of PAHs, while
experimental studies show that many of them are mutagenic, carcinogenic or toxic [1, 2].
Earthworms are found in a wide range of soils and
may represent 60-80 % of the total soil biomass [3]. They
have been considered as model organisms for studying the
effects of chemicals on terrestrial invertebrates by both
OECD (Organization for Economic Co-operation and Development) and ISO (International Organization for Standardization) [1]. Eisenia fetida andrei has been the most
commonly used species since standardization of acute and
chronic ecotoxicity assays for industrial chemicals [4, 5].
Earthworms accumulate many lipophilic organic pollutants
from the surrounding soil environment, passive absorption
through the gut. Autochthonous microorganisms degrade
hydrocarbons, but if earthworms are added to soil, they will
improve aeration, and stimulate microbial activity, thus
increasing biodegradation [6]. Applying earthworms to a
contaminated site might be an environmentally friendly
way to remove hydrocarbons [7].
Bioavailability is a key point in the fate of pollutants
in ecosystems and their effects on individual species and
populations. Bioavailability of PAH compounds is markedly affected by soil properties and the ageing of soils [8].
Many studies have been conducted using individual PAHspiked soils in which the bioavailability of PAHs may
differ from field-contaminated soils [7-10].
The aims of this study were: (i) to assess ecotoxicological effect of PAHs using contaminated soil on earthworms Eisenia fetida, and (ii) to determine PAHs concentration in contaminated soils and in earthworms after experiment end.
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worms into the substrate without the presence of the
tested substance - control. They were used two controls,
one with added solvent (hexane) and the other only with
distilled water. The containers were sealed with a plastic
cap with a vent hood and placed in a continuous artificial
light (450-600 lux). During the test earthworms were not fed.
After 14 days the test was terminated. Earthworms were
washed and weighed again.
2.4. Extraction of PAHs from the soils and earthworms

FIGURE 1 - Bioavailability and bioaccessibility in soil environment [11].

2. MATERIALS AND METHODS

30 g of substrate were mixed with anhydrous sodium
sulphate, 3 g of earthworms (10 earthworms = all from
one container) were crushed using a pestle and mortar and
mixed with three times their weight of anhydrous sodium
sulphate. The samples were than continual extracted in
dichloromethane for 3 x 45 min. Obtained extracts were
purified by column chromatography on silica gel column.
Purified extract was evaporated to dryness and the residue
obtained was dissolved in 1 ml isooctane. The determination of PAHs was performed by gas chromatography with
mass spectrometry.
2.5. GC/MS analysis

2.1. Earthworms cultures

For the experiment were used earthworms Eisenia fetida, adults aged at least two months with a visible waistband (clitellum) obtained from laboratory breeding. Selected earthworms were similar in age and in good health
weighing about 380 to 425 mg.
2.2. Soil and soil spiking

The test substrate was prepared from the basic substrate (10% peat, 20% kaolin clay, 75% quartz sand),
tested compounds (PAHs) and distilled water. As experimental containers were used glass bottles of 1000 ml. To
test was used 500 g dry weight substrate.
Mixed PAH standard (Dr. Ehrenstorfer GmbH) was
dissolved in hexane (Sigma Aldrich). This solution was
added to 150 g prepared soil and all contents were mixed.
After sufficient evaporation of solvent (48 hours) in each
container was added 350 g of the remaining substrate and
170 ml distilled water. It was presented in 5 soils, which
varied the content of PAHs: control soil, control soil with
the addition of hexane and soils with concentrations of 20,
40 and 60 µg.kg-1 of each PAH in dry soil.
2.3. Acute toxicity test

Analysis was carried out on the Agilent Technologies
6890N (USA) gas chromatograph, equipped with Agilent
Technologies 5973N (USA) mass spectrometry detector
(MSD). DB-5MS (20m × 0.18mm id. with 0.18µm film
thickness) fused silica capillary column (J. & W. Scientific, USA) was used for the chromatographic separation.
GC conditions were as follows: initial oven temperature
70 °C, initial time 2 min, oven temperature increase rate
from 70 °C to 120 °C at 8 °C.min-1, from 120 °C to 300 °C
at 5 °C.min-1 after which the temperature was held at 300 °C
for 5 min. The flow rate of the carrier gas (He) was set constant - 0.8 mL.min-1. The injector temperature was 260 °C
and the detector temperature was 280 °C. Quantification
was carried out under following conditions: electron ionisation at 70 eV, selected ion monitoring mode: m/z 128 for
Naphtalene (NAP), 152, 153 for Acenaphtylene (ACY)
and Acenaphtene (ACE), 166 for Fluorene (FLU), 178
for Phenanthrene (PHE) and Anthracene (ANT), 202
for Fluoranthene (FLT) and Pyrene (PYR), 228 for
Benzo[a]anthracene (BaA) and Chrysene (CHR), 252 for
Benzo[b]fluoranthene (BbFA), Benzo[k]fluoranthene
(BkFA) and Benzo[a]pyrene (BaP) and ion 278 for Indeno[1,2,3-c,d]pyrene (IPY), Benzo[a,h]anthracene (BahA)
and Benzo[g,h,i]perylene (BghiP) in the corresponding time
windows.

Effect of polycyclic aromatic hydrocarbons on the earthworm Eisenia fetida was assessed on the basis of test
carried out according to OECD methodology no. 207
(”Earthworm Acute Toxicity Tests“, 4 April 1984).

3.1. Survival of Eisenia fetida

On the surface of the prepared substrate were put
earthworms in the number of 10 individuals in each container. Earthworms were pre-washed and weighed. Experimental earthworms were exposed for 14 days to the
effect of PAHs. At the same time for 14 days put earth-

In this study, we evaluated acute toxicity for terrestrial organisms (Eisenia fetida) in soil samples. The experiment used five substrates, which varied in the content
of PAHs. Two control soils with zero content of PAHs and
three contaminated soils containing 20, 40 and 60 µg.kg-1

3. RESULTS AND DISCUSSION
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of each PAH in dry soil were prepared. During the test
was not in experimental and control files observed mortality. Acute toxicity of PAHs to earthworms has not been
established. Contreras-Ramos et al. [7] indicate that earthworm E. fetida survived high concentrations of PAHs, i.e.
500 mg ANT.kg-1, 50 mg BaP.kg-1 and 10 mg PHE.kg-1. As
a result of feed shortages there has been only weight loss
in all experimental and control earthworms. In both control groups was recorded the same weight loss of experimental earthworms. Comparison of the weight loss of
experimental earthworms due to control files is shown in
Figure 2. Earthworms kept in contaminated soil (especially
at a concentration of 40 and 60 µg.kg-1) had weight loss
even lower than in control earthworms.
120

105

100

113

90

100
80
(%) 60
40
20
0
E.f._HEX

E.f._20

E.f._40

E.f._60

FIGURE 2 - Weight of Eisenia fetida - comparison of the weight loss
3.2. Concentrations of PAHs in the soils

The soil samples and earthworms were investigated
contents of 16 priority PAHs according to EPA. Quantification of results was based on an evaluation method of the
calibration curve. Because the values varied in a wide
range from low (control) to high (contaminated sample)
concentration, it was necessary to prepare two calibration
series. The first concentration range was prepared from
solutions of 1, 5, 10, 20 and 50 ng.mL-1 and the second
series were prepared from solutions of concentration 50,
100, 300, 500, 700, 900 and 1000 ng.mL-1. The values of

the correlation coefficient ranged from 0.9788 to 1.000
for the lower concentration range and from 0.9970 to
0.9998 for higher concentration range. The limit of detection (LOD) was defined as three times the base-line noise
and limit of quantification (LOQ) was defined as ten
times the base-line noise. LOQ for target compounds
ranged from 0.29 to 1.03 ng.mL-1 and LOD ranged from
0.09 to 0.65 ng.mL-1.
From the results obtained from samples of substrate
can be clearly seen a gradual increase in the content of
substances monitored in relation to the increasing contamination of PAHs (Table 1). In control soils (S-H2O
and S-HEX) the values observed for all 16 compounds are
very low. Content of the PAHs with lower molecular
weight (particularly NAP, ACY, ACE and FLU) was
lower than the content of other controlled substances. The
lower content of low molecular weight PAHs was determined in all five soils. It can probably be caused by the
fact that low molecular weight PAHs are more volatile and
can be surmised that it could lead to their partial loss during
preparation of the substrate and during experiment. The
highest values of PAHs were determined in contaminated
soil (60 µg.kg-1 of each PAH in dry soil) PHE (20.4 µg.kg1
dry matter), FLU (29.4 µg.kg-1 dry matter), PYR (22.9
µg.kg-1 dry matter) and CHR (21.1 µg.kg-1 dry matter). The
total extraction of the PAHs (as determined by an extraction of DCM) did not extract the total mass of PAHs introduced at the start of the experiment. Average extractability of
PAHs after 14 days of the test is 33% of the original amount.
Johnson [9] states extractability 71.4 and 93.5% for pyrene
and benzo (a) anthracene from soil. As soil-PAH contact
time increases, there is a corresponding decrease in the
extractability and bioavailability of the PAHs in soil. This
phenomenon has been termed the ´ageing effect´. Activity
of earthworms also contributes to the biodegradation of
organic contaminants (phthalates and PAHs) [6, 7]. These
processes are very probably the reason that in the soil after
14 days was found a low content of PAH.

TABLE 1 - Content of the studied PAHs in samples of soil (µg.kg-1 dry matter)

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

PAHs
Naphtalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-c,d]pyrene
Benzo[a,h]anthracene
Benzo[g,h,i]perylene

S-H2O
<LOD
<LOQ
0.926
<LOQ
2.17
<LOQ
2.12
1.48
0.484
1.00
2.57
0.622
0.422
<LOD
0.476
1.64

S-HEX
<LOQ
<LOQ
0.684
<LOD
2.29
<LOD
2.38
1.66
0.519
0.940
2.58
0.631
0.507
1.30
0.496
1.51

750

S-20
<LOQ
0.304
1.78
2.21
7.61
3.99
10.7
7.97
6.78
8.01
7.95
7.07
6.09
8.33
8.52
8.42

S-40
<LOQ
0.420
2.32
4.16
16.2
10.0
22.5
17.5
15.0
16.9
15.2
14.3
12.4
16.0
16.7
15.6

S-60
0.414
0.736
4.67
7.32
20.4
13.9
29.4
22.9
19.2
21.1
17.8
16.8
14.4
17.2
19.4
17.3
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More than detected concentrations of individual substances will probably tell you the percentage of substances
in the sample. Both controls exhibit the same relative representation of individual PAHs (Fig.3). Contaminated soils
show a relatively good agreement on behalf of individual
PAHs. When comparing the contaminated and control substrates, there are apparent differences in the proportional
representation, the most striking difference can be observed
in PHE, FLT and BbFA that in controls are represented in
larger quantities.

3.3. Concentrations of PAHs in the earthworms

Multicellular animals such as nematodes, microarthropodes and annelids (earthworms) come in close contact
with PAHs by moving around in soil and can accumulate
them. This accumulation is the results of passive absorption
through the body wall of the dissolved fraction in the interstitial water and intestinal uptake during the passage of
contaminated soil through the gut [7]. Higher levels of
PAHs were observed in samples of earthworms from contaminated substrates than in controls. The highest content

BghiP
BahA
IPY
BaP
BkFA
BbFA
CHR
BaA
PYR
FLT
ANT
PHE
FLU
ACE

100%

80%

60%

40%

20%

0%
S_H2O

S_HEX

S_20

S_40

S_60

FIGURE 3 - Percentage of PAHs in soil samples

TABLE 2 - Content of the studied PAHs in tissues of Eisenia fetida (µg.kg-1 tissues)

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

PAH
Naphtalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-c,d]pyrene
Benzo[a,h]anthracene
Benzo[g,h,i]perylene

E.f.-H2O
<LOQ
1.08
<LOQ
<LOQ
0.610
<LOD
1.30
1.65
1.24
<LOD
2.38
0.541
0.852
<LOD
<LOD
<LOD

E.f.-HEX
<LOQ
11.4
18.1
0.762
3.13
0.733
0.541
0.705
3.03
<LOQ
1.66
0.691
0.656
<LOD
<LOD
<LOD
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E.f.-20
1.01
1.22
10.1
1.31
5.03
1.27
3.00
5.65
4.07
<LOD
2.55
1.78
2.46
4.03
3.79
5.23

E.f.-40
<LOQ
1.17
8.39
2.29
14.3
11.3
22.9
24.8
24.0
27.0
16.6
18.7
11.7
12.5
14. 3
11.9

E.f.-60
<LOQ
0.883
7.06
1.38
7.94
4.93
11.2
14.3
12.8
8.32
6.20
5.78
3.10
4.61
4.95
6.24
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of PAHs was in most cases determined in earthworms
from the soil at a concentration of 40 µg.kg-1 of each PAH
in dry soil (Table 2). As with soil samples and also samples of earthworms were the highest values found in CHR
(27.0 µg.kg-1 tissues), PYR (24.8 µg.kg-1 tissues), BaA
(24.0 µg.kg-1 tissues) and FLU (22.9 µg.kg-1 tissues). We
can assume that earthworms kept in soil with PAHs at a
concentration 60 µg.kg-1 of each PAH in dry soil started to
use some of the PAHs and metabolize them. Some reports
indicate that annelids can metabolize Benzo[a]pyrene. E.
fetida and other annelids have cytochrome-P450 enzymes
capable of degrading these compounds [12].
We also can observe a small content of low molecular
weight PAHs (especially NAP, ACY and FLU) in samples of all tested earthworms. An exception is surprisingly
high amounts of ACE, especially in tissues of hexane
control. ACE was demonstrated in all five groups tested,
i.e. how to earthworms placed in the control substrate
without the addition of PAHs and the earthworms placed
on contaminated substrate.
Figure 4 shows the proportions of individual PAHs
determined in samples of earthworms. Representation of
individual PAHs in the tissues of earthworms from substrates with zero contamination and from different contaminated substrates is different. Representation of individual PAHs in the two controls were different. In the
control with addition of pure hexane was found a high

incidence of ACE and ACY. The worms from contaminated substrate can see the relative agreement on behalf of
individual PAHs especially at concentrations of PAHs in
the soil 40 and 60 µg.kg-1 of each PAH in dry soil, earthworms from the substrate 20 µg.kg-1 of each PAH in dry
soil contained a significantly greater number of ACE.
These results show that earthworms are able to accumulate PAHs in their tissues from the environment.
For 16 PAHs the bioaccumulation factor (BAF =
PAHs concentration in earthworm tissue divided by PAHs
concentration in the soil) was calculated (Table 3). Bioaccumulation factor ranged from 0.25 to 5.69 values. The
highest BAF in all contaminated soils have been calculated for the ACE (1.51 – 5.69) and ACY (1.20 – 4.20).
Other BAF were close to or below 1 in most cases. Hankard (2004) stated in his study similar results, the highest
BCF was 47 for the FLU and 26 for ACE. Bioconcentration factors (BCFs) in this study were calculated as mean
earthworm residue level divided mean measured soil
residue level. Other BCF values correspond to our results,
especially in samples of reference samples, where the
concentration of PAHs was similar to amount we used to
contamination in our experiments. But it must be mentioned that in the experiments were used earthworms
Lumbricus rubellus, a different kind than in our case [14].
However, it is possible that this similarity is not accidental and should lead to further experiments.
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TABLE 3 - Content of the studied PAHs in tissues of Eisenia fetida (µg.kg-1 tissues)

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

PAH
Naphtalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-c,d]pyrene
Benzo[a,h]anthracene
Benzo[g,h,i]perylene

BAF 20
4.03
5.69
0.59
0.66
0.32
0.28
0.71
0.60
0.32
0.25
0.40
0.48
0.45
0.62

4. CONCLUSION

The transfer of polycyclic aromatic hydrocarbons
from soil substrate into tissue of earthworms was confirmed on the determination of PAHs in the tissue of
earthworms in the substrate, in which the concentrations
of PAHs were applied. Eisenia fetida earthworms have
been shown to be suitable for this type of experiment.
There were found differences between the content of
PAHs in earthworms kept in various contaminated substrates. In earthworms kept in the contaminated substrates
were found all PAHs used for soil contamination. In
earthworms kept in control substrates were detected only
8 of the 16 monitored PAHs. These observed concentrations were very low. There was no acute toxicity during
the 14-day test with PAHs.

BAF 60
1.20
1.51
0.19
0.39
0.35
0.38
0.63
0.67
0.39
0.35
0.34
0.22
0.27
0.26
0.36

[4]

Saint-Denis, M., Narbonne, J.F., Arnaud, C., Thybaud, E.
and Ribera, D. (1999) Biochemical response of the earthworms Eisenia fetida andrei exposed to contaminated artifical soil: effects of benzo(a)pyrene. Soil Biology and Biochemistry, 31, pp. 1837-1846.

[5]

Peres, G., Piron, D., Bellido, A., Goater, C. and Cluzeau, D.
(2008) Earthworms used as an indicators of agricultural managements. Fresenius Environmental Bulletin, 17, pp. 11811189.

[6]

Contreras-Ramos, S.M., Álvarez-Bernal, D. and Dendooven,
L. (2008) Removal of polycyclic aromatic hydrocarbons
from soil amended with biosolid or vermicompost in the
presence of earthworms (Eisenia fetida). Soil Biology and
Biochemistry, 40, pp. 1954-1959.

[7]

Contreras-Ramos, S.M., Álvarez-Bernal, D. and Dendooven,
L. (2009) Characteristics of earthworms (Eisenia fetida) in
PAHs contaminated soil amended with sewage sludge or
vermicompost. Applied Soil Ecology, 41, pp. 269-276.

[8]

Eom, I.C., Rast, C., Veber, A.M. and Vasseur, P. (2007) Ecotoxicity of a polycyclic aromatic hydrocarbon (PAH)contaminated soil. Ecotoxicology and Environmental Safety,
67, pp. 190-205.

[9]

Johnson, D.L., Jones, K.C., Langdon, C.J., Piearce, T.G. and
Semple, K.T. (2002) Temporal changes in earthworm availability and extractability of polycyclic aromatic hydrocarbons
in soil. Soil Biology and Biochemistry, 34, pp. 1363-1370.

ACKNOWLEDGEMENTS

The work was supported by Research Project No.
6215712402 Ministry of Education, Young and Sports of
Czech Republic.

BAF 40
2.79
3.62
0.55
0.88
1.13
1.02
1.42
1.60
1.60
1.10
1.31
0.94
0.78
0.86
0.76

[10] Reid, B.J., Jones, K.C. and Semple, K.T. (2000) Bioavailability of persistent organic pollutants in soils and sediments
– a perspective on mechanism, consequences and assessment.
Environmental Pollution, 108, pp. 103-112.

REFERENCES
[1]

Zheng, S., Song, Y., Qio, X., Sun, T., Ackland, M.L. and
Zhang, W. (2008) Annetocin and TCTP expressions in the
earthworm Eisenia fetia exposed to PAHs in artificial soil.
Ecotoxicology and Environmental Safety, 71, pp. 566-573.

[11] Semple, K. T., Doick, K. J., Jones, K. C., Burauel, P., Craven,
A. and Harms, H. (2004) Defining bioavailability and bioaccessibility of contaminated soil and sediment is complicated.
Environmental Science & Technology, 38, 228A-231A.

[2]

Wu, S., Wu, E., Qui, L., Zhong, W. and Chen, J. (2011) Effects of phenanthrene on the mortality, growth, and antioxidant system of earthworms (Eisenia fetida) under laboratory conditions. Chemosphere, 83, pp. 429-434.

[12] Tejada, M. and Masciandaro, G. (2011) Application of organic wastes on a benzo(a)pyrene polluted soil. Response of
soil biochemical properties and role of Eisenia fetida. Ecotoxicology and Environmental Safety, 74, pp. 668-674.

[3]

Bouché, A. (1992) Earthworm species and ecotoxicological
studies. (eds. Greig-Schmith, P.W., Becker, H., Edwards,
P.J., Heimbach, F.). Ecotoxikology of earthworms. Intercept
Ltd, Andover, Hants, UK, pp. 20-35.

[13] Driscoll, S.B.K. and McElroy, A.E. (1997) Elimination of
sediment-associated benzo[a]pyrene and its matabolites by
polychaete worms exposed to 3-methylcholanthrene. Aquatic
Toxicology, 39, pp. 77-91.

753

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

[14] Hankard, P. K., Svendsen, C., Wright, J., Wienberg, C.,
Fishwick, S.K., Spurgeon, D.J. and Weeks, J.M. (2004). Biological assessment of contaminated land using earthworm
biomarkers in support of chemical analysis. Science of the
Total Environment, 330, pp. 9-20.
[15] OECD methods No. 207 („Earthworm Acute Toxicity Tests“,
4 April 1984)

Received: August 24, 2011
Accepted: November 07, 2011

CORRESPONDING AUTHOR
Michaela Stoupalova
Department of Veterinary Ecology and
Environmental Protection
Faculty of Veterinary Hygiene and Ecology
University of Veterinary and Pharmaceutical
Sciences Brno
Palackeho 1-3
612 42 Brno
CZECH REPUBLIC

E-mail: stoupalovam@vfu.cz
FEB/ Vol 21/ No 3a/ 2012 – pages 748 - 754

754

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

REMOVAL OF ORGANIC HALOGENS FROM INORGANIC
CHLORIDES BY ACTIVATED CHARCOAL IN AIR SAMPLES
Ozgen Ercan*
TUBITAK Marmara Research Center, Environment Institute, 41470, Gebze-Kocaeli, Turkey.

ABSTRACT

Determination of inorganic chloride from stationary
sources in the presence of organic chloride compounds is of
great importance during the analysis. The amount of released inorganic chloride into atmosphere was determined
with burned refuse-derived fuel (RDF) originated plastic
wastes according to the rule of Hazardous Waste Regulations. Organic chlorides absorbed in scrubber solution
during the sampling time interfere for analysis of inorganic chloride by ion chromatography. Organic chlorides
are removed by using two different activated charcoal
tubes so that inorganic chloride analysis is provided more
reliably. Recovery of inorganic chloride levels in the scrubber solution was obtained approximately 50% by using
granular activated charcoal where these levels increased
by approximately 95% when it is passed from the powdered activated charcoal. The amounts of chlorides were
obtained 0.13, 0.50, 0.91 mg Cl-/Nm3 using 0%, 8%, 12%
and 15% RDF ratio after Di.Elle activated charcoal and
0.13, 0.63, 0.93, 1.13 mg Cl-/Nm3 using 0%, 8%, 12%
and 15% RDF ratio after Merck activated charcoal. Results show that powdered activated charcoal is more effective than granular activated charcoal.

KEYWORDS:
air sample, chloride, activated charcoal, analysis

1. INTRODUCTION

Discharge of industrial wastes from chemical industry
activities, components of the urban solid waste and the
leaching from agricultural and forest land are the main
sources of organic pollution in water streams. These compounds are used on a large scale even in everyday and
may be industrial effluent contaminants. Some of them
are toxic and slow to biodegrade, they accumulate in the
environment [1-3].
* Corresponding author

There are a variety of methods available for removal
of organic pollutants from wastewater and the most important of them are reverse osmosis, electrochemical oxidation, incineration, ion exchange, precipitation, and adsorption. Of those adsorption is by far the most versalite and
widely used method for the removal of toxic pollutants as
it is inexpensive and eases to use operation. Different
materials are used as adsorbents for the removal of different pollutants. Activated charcoal (AC) is frequently used
for the removal of organic pollutants from wastewater for
more than three decades [4-12].
AC are known as very effective adsorbents due to their
high porosity, large surface area (that can reach 3000 m2 g_1),
and high adsorption capacity. This is a very versalite material show that the unique properties of AC, which has not
been used only as adsorbents, but also used as catalysts
and catalyst supports for different purposes such as the
removal of pollutants from gaseous or liquid phases and
the purification or recovery of chemicals. Despite the satisfactory results obtained using some of these low-cost
adsorbents, AC are known to be more effective adsorbent
for removal of greater amount of pollutants than other
adsorbents [3, 13].
The most important characteristics of AC in the adsorption of organic compounds are pore size distribution,
surface chemistry (functionality) and mineral matter content. Adsorption capacity is defined as the accumulation
of the solute molecules at the surface of a solid. This
capacity is directly proportional to the area of the surface
exposed and is dependent on the solute partial pressure
and the temperature. Coal-based activated carbons are
typically used to remove both low-molecular weight hydrocarbons, such as chlorinated organics, and high-molecular
weight materials, like pesticides [14-16].
RDF technology can be applied in large municipal
solid waste (MSW) facilities. RDF is a fuel produced from
flammable components of the urban solid waste. RDF
production consists of grinding, classification and disposal
operations in order to remove metal components from the
solid waste. The last step of RDF production is to bring
the samples to a uniform size by shredding. RDF pellets
compared to clean coal are environmentally friendly, en-
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ergy efficient and provide advantages in removing dust
[16-21].
The aim of this study is to analyze the released inorganic chloride into the atmosphere during incineration of
plastic originated RDF. However, other organic halogens
may pass into the scrubber solution and interfere with the
detection of inorganic chloride by ion chromatography. So
this study has been done to resolve the problems using
two different activated charcoals.

2. MATERIALS AND METHODS

All chemicals were of analytical reagent grade and
used without further purification. Deionized water of
18.2 MΩ cm resistivity obtained from a Milli Q-water
purification system (Millipore) used for the preparation
of all solutions. Sampling and analysis of studies were
carried out in TUBITAK MRC laboratory which accredited by German DAR/DAP according to DIN EN ISO /
IEC 17025:2005 and Zambelli 6000 equipment was used
for sampling with isokinetic conditions.
2.1. Sampling

In this study, the plastic wastes originated RDF 0%,
8%, 12% and 15% has been disposed of by burning under
Hazardous Waste Control Regulation. Limit values have
been determined according to the regulation in case of
waste disposal by burning for release of pollution parameters into the atmosphere and one of these parameters are

also inorganic halogens. The samples which containing
different proportions RDF waste disposal by burning in
high temperature rotary kiln were obtained by using USEPA
method 26.
USEPA method 26 is applicable for determining
emissions of hydrogen halides (HX) [HCl, HBr, and HF]
and halogens (X2) [Cl2 and Br2] from stationary sources
when specified by the applicable subpart. By this method
emission sample is collected isokinetically and is therefore particularly suited for sampling at sources, such as
those controlled by wet scrubbers, emitting acid particulate matter (e.g., hydrogen halides dissolved in water droplets).
An integrated sample is extracted from the source and
passed through a prepurged heated probe and filter into
dilute sulfuric acid and dilute sodium hydroxide solutions
which collect the gaseous hydrogen halides and halogens,
respectively. The filter collects particulate matter including halide salts but is not routinely recovered and analyzed. The hydrogen halides are solubilized in the acidic
solution and form chloride (Cl-), bromide (Br-), and fluoride (F-) ions. The halogens have a very low solubility in
the acidic solution and pass through to the alkaline solution where they are hydrolyzed to form a proton (H+), the
halide ion, and the hypohalous acid (HClO or HBrO). Sodium thiosulfate is added in excess to the alkaline solution
to assure reaction with the hypohalous acid to form a second halide ion such that 2 halide ions are formed for each
molecule of halogen gas. The halide ions in the separate
solutions are measured by ion chromatography (IC) [22].

Portable
computer

Sampling
Control Unit

Sampling probe

Condensate

Stack gases

FIGURE 1 - Sampling train for halogens according to USEPA method 26.
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According to USEPA method 26 the sampling train
for halogens is given in Figure 1. The sampling train was
prepared as follows: pour 15 ml of the 0.1 N H2SO4
scrubber solution into first and second of impingers, 15 ml
of the 0.1 N NaOH scrubber solution into third and fourth of
impingers and place 200 g fresh charge of silicagel at the
end of the impinger train. The air was drawn through a
teflon-glass filter (TGF) to collect particles and then
through scrubber solution to collect the gaseous hydrogen
halides and halogens, respectively. Approximately after
1 hour sampling period scrubber solution was added in
100 mL calibrated flask. The flask was diluted to the
mark with prepared scrubber solution. Sampling volume
was recorded to notebook for calculate mg chloride per
standardized sampling volume. Samples were transported
to laboratory for analysis.
2.2. Removal of organic chloride with activated charcoal

In this study, two different activated charcoal produced by Merck and Di.Elle were used for removal of
organic chloride from scrubber solutions. The physical
properties of used activated charcoals are given in Table 1. Glass adsorbent tubes (6mm O.D., 178mm length)
were prepared in the laboratory consisting of two separate
sections filled with activated charcoal of 400 and 100 mg.
A 0.5 µm pore size prefilter was fixed in the sampling
train in order to eliminate entrance of particles into the
tube.

areas are measured in conductivity dedector against reagent blank which is prepared in the same manner but in
the absence of chloride. A calibration graph is plotted for
chloride. A straight line passing through the origin has
been obtained. Ultra Scientific CRM (ICC-210) IC Anions Mixture is used for quality control of analysis system.
3. RESULTS AND DISCUSSION

The mass of inorganic chloride per standardized sampling volume (mg Cl-/Nm3) was calculated by using the
following expression:
where C (ppm) is the analysis result of 5 mL portions
from diluted to 100 mL of samples, VT is total diluted
volume of sampling periyod (100 mL), Vs is standardized
sampling volume (0.1 Nm3).
Results of analysis are given in Table 2 and 3 as ppm
chloride and mg/Nm3 concentration of chloride in dry gas
volume measured by the dry gas meter (DGM), corrected
to standard conditions. A serious difference of chloride results are seen between before and after using activated charcoal.
The lowest amount of inorganic chloride was obtained by burning 0% RDF ratio value compared to others, the highest chloride
value was clearly seen in the sample by burning 15% RDF. The
amount of chloride increases depending on the RDF ratio [23].
TABLE 2 - Analysis result of chloride using DL(Di.Elle) activated
charcoal.

TABLE 1 - Physical properties of activated charcoals.
Properties

Particle size

Type

Merck activated
charcoal
Di.Elle
activated charcoal

50-100 µm
≥ 80 %
0.42-0.84
mm ≥ 85 %

Powder

Specific
surface
area (BET)
about 800 m2/g

Granule

about 300 m2/g

5 mL portions from diluted to 100 mL of samples has
been passed through sampling tubes using Eppondorf pipets. Then be passed through activated charcoal tube samples were analyzed by Dionex ICS-1000 Ion Chromatograph. Each value reported in this study is an average of
at least five separate measurements.

RDF
%

% Rebefore activated carbon
after activated carbon
a,b
a,b
covery
mg/Nm3, analysis
mg/Nm3,
analysis
result,
Cl
Cl
result,
ppm Clppm Cl0 % 0.12±0.002 0.12±0.004 0.13±0.002 0.13±0.004
8.3
8%
0.32±0.005 0.32±0.011 0.50±0.008 0.50±0.018
56.3
12% 0.48±0.007 0.48±0.020 0.74±0.011 0.74±0.026
54.2
15% 0.59±0.009 0.59±0.021 0.91±0.014 0.91±0.032
54.2
a: Calculated by the 0.1 Nm3 dry gas volume
b: N=5; t = t-distribution for confidence level of 95% with N−1 degrees
of freedom
TABLE 3 - Analysis result of chloride using Merck activated charcoal.
RDF
%

2.3. Analysis

The following system is used for sample analysis:
DIONEX ICS-1000 Model Ion Chromatography System
AS9 HC column, 9 mM Na2CO3 buffer solution, flow rate
1.0 CCPM, conductivity dedector, 200 µL loop system,
cell temperature 35 oC, column temperature 30 oC. A
teflon filter (0.25 µm pore size) was used for removing
particles before analysis.
To a serie of chloride aliquots containing 0.01–0.2
mg chloride (Cl-) (10.00–200.00 µL with calibrated Eppendorf automatic pipet) prepared from Ultra Scientific
(ICC-003) standard chloride solution is added in 100 mL
calibrated flasks. The flask is diluted to the mark with
prepared 0.1 N H2SO4 - 0.1 N NaOH solution. The peak

% Rebefore activated carbon
after activated carbon
a,b
a,b
covery
mg/Nm3, analysis
mg/Nm3,
analysis
result,
ClClresult,
ppm Clppm Cl0 % 0.12±0.002 0.12±0.004 0.13±0.002 0.13±0.004
8.3
8%
0.32±0.005 0.32±0.011 0.63±0.009 0.63±0.022
96.9
12% 0.48±0.007 0.48±0.020 0.93±0.014 0.93±0.033
93.8
15% 0.59±0.009 0.59±0.021 1.13±0.017 1.13±0.040
91.5
a: Calculated by the 0.1 Nm3 dry gas volume
b: N=5; t = t-distribution for confidence level of 95% with N−1 degrees
of freedom

Comparing the effectiveness of Merck and DL (DiElle) activated charcoal, the important difference between
them is clearly seen in Table 2 and 3.
Recovery values of inorganic chloride are calculated
as 56.3%, 54.2% and 54.2% after scrubber solution passed
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through by using DL(Di.Elle) activated charcoal for 8%,
12% and 15% RDF ratio. However, when Merck activated
charcoal was used in the same RDF ratio, recovery values
are calculated as 96.9%, 93.8 and 91.5%. It can be ex-

plained that type of Merck activated charcoal is powder so
particle size is less than DL(Di.Elle) granular activated charcoal
and different large surface area (Table 1) [24].

FIGURE 2 - Ion Chromatography Results Using Di.Elle Activated Charcoal and 8,12%RDF

FIGURE 3 - Ion Chromatography Results Using Merck Activated Charcoal and 8,12%RDF
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There is also a significant influence on the results to
analyze the samples after using activated charcoal. In
Figure 2 and 3 it can be seen that very different response
values were obtained between before no passed and after
passed activated charcoal by using rates of all RDF material.
The chloride peak values were shown almost same retention times for all samples, better resolved peaks and
response values were obtained after activated charcoal
compared to other.
The organic compounds that absorbed in scrubber solution and negative impacts during analysis were removed
by using activated charcoal in this study. The placement
of guard column before the main column can be faster and
more practial during the chromatographic analysis of water
and soil samples in order to remove of organic compounds.
However, limited number of air samples were collected
during incineration of plastic originated RDF wherefore
not obtained same process conditions. Therefore, use of
activated charcoal instead of guard column for removal of
organic compounds in air samples that are more practial
and feasible.
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PHYTOTOXIC EFFECTS OF
TRIVALENT CHROMIUM ON RAPESEED PLANTS
Matúš Peško, Katarína Kráľová* and Jaroslav Blaško
Comenius University Bratislava, Faculty of Natural Sciences, Bratislava, Slovak Republic

ABSTRACT

The response of hydroponically cultivated rapeseed
(Brassica napus L.; c.v. Verona) plants to Cr(III)-nitrate
was investigated. The applied metal concentration varied in
the range from 6 to 480 µmol L-1 (i.e. 0.312−12.480 mg L-1).
Cr(III) application resulted in reduced length, fresh mass as
well as dry mass of rapeseed plant organs and the inhibitory effect of Cr(III) increased with increasing metal concentration in the external solution. The roots were more
sensitive to Cr(III) treatment than the shoots. Due to Cr(III)
application significant decrease in the concentration of
assimilation pigments (chlorophyll a, chlorophyll b, carotenoids), proteins and reduced thiol groups in rapeseed
leaves was observed. As an indicator of lipid peroxidation, malondialdehyde contents were used, expressed as
thiobarbituric acid reactive substances (TBARS). The
concentration of TBARS rose with the increasing Cr(III)
concentration. Accumulated Cr concentration in roots of
rapeseed cultivar Verona showed linear increase with
increasing external Cr(III) concentration reaching 22810
mg Cr kg-1 at treatment with 480 µmol L-1 Cr(III), however translocation of Cr into the shoots was low, what was
reflected in small values of translocation factors (0.0015–
0.0330).

Trivalent chromium plays important nutritional functions for mammals and must be supplied to the organisms
with the diet. In particular, the digestive availability of
Cr(III) from organic bonds is better than from mineral compounds [2]. Cr(III) is taken up passively, being retained by
the cation-exchange sites of the cell walls [3]. At increased concentrations it can interfere with several metabolic processes because of its high capability to coordinate with various organic compounds resulting in inhibition of some metalloenzyme systems [4]. Richard and
Bourg [5] also suggested that Cr(III) is an essential nutrient
in plant metabolism, e.g., in synthesis of amino and nucleic
acids.
In general, Cr(III) was found to be less toxic than
Cr(VI). Hydrated Cr(III) ion does not cross the cell membranes [6], however at biological pH values the organically bound Cr(III) is able to penetrate the cell wall [7].
The prevalent amount of Cr accumulated by plants remains allocated in roots [8, 9]. Zayed et al. [4] found that
seven from ten tested agricultural plants accumulated chromium to a higher extent after Cr(VI)-treatment in comparison with Cr(III) application.

The widespread contamination of environment with
chromium due to anthropogenic activities resulted in increase of its bioavailability and biomobility. The impact of
Cr contamination in the physiology of plants depends on
the metal speciation, which is responsible for its mobilization, subsequent uptake and resultant toxicity in the plant
system. Cr toxicity in plants is observed at multiple levels,
from reduced yield, through effects on leaf and root
growth, to inhibition on enzymatic activities and mutagenesis [1].

Chromium also causes deleterious effects on plant
physiological processes such as photosynthesis, water relations and mineral nutrition [1, 10]. For example, the presence of high levels of Cr decreased levels of Fe and Zn
and increased Mn concentrations in bush beans [11]. On the
other hand, low levels of Cr(III) were noted to reduce symptoms of Fe-deficiency and increase Fe/Mn ratios in Fedeficient bean plants [12]. Cr is reported to affect Fe uptake
in dicots either by inhibiting reduction of Fe(III) to Fe(II)
or by competing with Fe(II) at the site of absorption [1].
Metabolic alterations by Cr exposure have also been described in plants either by a direct effect on enzymes or
other metabolites or by its ability to generate reactive oxygen
species which may cause oxidative stress [1, 13]. As
a consequence of Cr stress toxic reactive oxygen species
(ROS) like H2O2, O2⋅-, ⋅OH, etc. are produced what results
in damage of DNA, proteins and pigments as well as in
initiating lipid peroxidation [13] which can be monitored by
malondialdehyde (MDA) formation as content of thiobarbituric acid reactive substances (TBARS).

* Corresponding author

Rapeseed (Brassica napus L. subsp. napus) is one of
the most important oil crops, which is used as an agricul-
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tural crop (food industry), excellent nutritive animal fodder (rapeseed press cakes), technical crop (biocomponent
in biofuels, remediation technology for cleaning of soils
contaminated by toxic metals) and in the next future also
as a function crop (edible part of plant fortified by nutrients, vitamins, flavonoids, etc.) [14]. Some rapeseed cultivars were found to accumulate relatively high toxic
metal concentrations in tissues of plant organs, thus utilization of this plant species in phytoextraction technologies was considered [15, 16].
This paper is aimed to study the Cr(III) effect on some
production parameters of hydroponically cultivated rapeseed plants (cv. Verona), to determine the phytotoxic effects
of Cr(III) on the concentration of assimilation pigments,
proteins, reduced SH groups and malondialdehyde in leaves
as well as accumulated chromium concentration in plant
organs.
2. MATERIALS AND METHODS

leaves and dry mass of roots, stems and leaves were determined.
2.3. Determination of assimilation pigments

Concentrations of assimilation pigments (chlorophyll
a, chlorophyll b and carotenoids) in plant leaves were determined spectrophotometrically (Chl a at 663.2, Chl b at
646.8, and Cars at 470.0 nm) after extraction into 80 %
(v/v) acetone (Genesys 6, Thermo Scientific, U.S.A) according to Lichtenthaler [17].
2.4. Preparation of leaf homogenate

Fresh leaf biomass (90 mg) was homogenised with
ethanol (0.5 mL) in mortar, the homogenate was filled up
to the volume of 6 mL and resulting suspension was centrifuged 5 min at 2900 g. For determination of TBARS
(thiobarbituric acid reactive substances), proteins and nonreduced –SH groups the corresponding supernatant was
used.
2.5. Determination of the TBARS

Analytical reagent-grade chemicals purchased from
Centralchem (Bratislava) were used for the preparation of
all solutions. Freshly distilled water was used in all experiments. For metal treatments Cr(NO3)3.9H2O was applied.
The seeds of rapeseed (Brassica napus L.), cv. Verona (a
late and medium-high genotype suitable for maize and
potato production regions) were purchased from Slovak
Centrum of Agricultural Production, Research Institute of
Plant Production in Piestany, Slovakia.
2.1. Phytotoxicity test

The seeds of B. napus were placed in Petri dishes of
14 cm diameter and filter paper on the bottom. In each
Petri dish 60 seeds were evenly distributed on the surface
of filter paper and the amount of solution used was 10 cm3
per dish. Five different Cr(NO3)3.9H2O concentrations were
used and experiment with each Cr(NO3)3.9H2O concentration was duplicated. The applied concentrations of studied
compounds varied in the range from 0.1–2.5 mmol L-1
(5.2–130 mg L-1). After 72 h exposure in the dark at mean
air temperature (23 ± 0.5 oC) the length of roots and
shoots of seedlings was measured and the results were
statistically evaluated.
2.2. Cultivation of rapeseed plants in the presence of Cr(III)

Seeds of rapeseed, cv. Verona were sown into the soil
and after 3 weeks they were cultivated in hydroponic
solution (pH = 5.9) at controlled conditions (photoperiod
16 h light/8 h dark; irradiation: 80 µmol m-2 s-1 PAR;
mean air temperature: 25 oC): control variant in Hoagland
solution and metal variants containing Cr(NO3)3.9H2O (6,
12, 24, 60, 120, 240 and 480 µmol L-1, i.e. 0.312, 0.624,
1.248, 3.120, 6.240 and 12.480 mg L-1) and the response
of plants to Cr(III) treatment was evaluated 7 d after
Cr(III) application. For each experiment six plants were
used. Then length of roots and shoots, fresh mass of

Concentration of malondialdehyde (MDA; main product of lipid peroxidation) was determined as a content of
thiobarbituric acid reactive substances (TBARS) in rapeseed leaves. 2 mL of leaf homogenate were incubated for
30 min at 85–100 oC with 1 mL of solution containing 0.5
% (w/v) thiobarbituric acid, 20 % (v/v) trichloroacetic
acid, and 100µL of 4 % solution of butylated hydroxytoluene, followed by cooling in an ice bath for 10 min and
centrifuged 2 min at 2900 g. The absorbance of the solution was determined at λ = 532 nm spectrophotometrically (Genesis 6, Thermo Scientific) and concentration of
TBARS was calculated using extinction coefficient
ε= 155 L mmol-1 cm-1.
2.6. Determination of proteins

Protein concentration in rapeseed leaves was determined spectrophotometrically according to Bradford [18]
using Bradford reagent which was prepared by dissolution
of 10 mg Coomassie Brilliant Blue G-250 in 5 ml of 95 %
ethanol, thereafter 10 ml H3PO4 was added and solution
was supplemented with water to 100 mL. After 5 min
incubation of the reaction mixture (100 µL of homogenate
obtained from leaf biomass and 1 mL of Bradford reagent) at room temperature absorbance was measured at
λ = 595 nm (Genesys 6) and protein concentration was
evaluated by use of calibration curve. As the standard
serum bovine albumin was used.
2.7. Determination of reduced sulfhydryl (thiol) groups

Due to reaction of reduced sulfhydryl groups in proteins with 5´5-dithiobis-2-nitrobenzoic acid (DTNB) compound with absorption maximum at λ = 412 nm is formed.
To 500 µL of homogenate prepared from leaf biomass
100 µl of DTNB (c = 20 mmol L-1) was added and after 45
min incubation of reaction mixture at room temperature
its absorbance was measured at λ = 412 nm (Genesys 6)
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2.8. Determination of Cr concentration in plant organs
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FIGURE 1 - Dependence of the length as well as dry mass of roots
and shoots expressed as percentage of the control on the applied
Cr(III) concentration. 1-root length, 2-shoot length, 3-root dry mass,
4-shoot dry mass. Mean ± S.E.; n = 6; S.E. – standard error (mean
values of production parameters of control plants: root length: 27.3
cm, shoot length: 26.4 cm; root dry mass: 31.1 mg; shoot dry mass:
749.6 mg).
10

3. RESULTS

In phytotoxicity test root lengths of rapeseed plants
showed linear decrease with increasing Cr(III) concentration,
and the IC50 value determined for roots was 0.896 mmol L-1.
In the applied concentration range (0.1–2.5 mmol L-1, i.e.
5.2–130 mg L-1) toxic effect of Cr(III) on shoots of rapeseed was observed only after application of the highest
concentration.
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Toxic effects of trivalent chromium on hydroponically cultivated B. napus plants were observed at higher
metal concentrations. The leaves of 3 weeks old rapeseed
plants treated with 120 µmol L-1 Cr(III) for 7 days showed
only local symptoms of chlorosis, while in the case of
plants treated with 240 µmol L-1 Cr(III) the chlorosis was
pronounced and some leaves were wilted. The treatment
with the highest Cr(III) concentration (480 µmol L-1) resulted in very strong chlorosis, moreover some leaves
were stunted and shedding of leaves was observed as
well.
The dependence of root and shoot length as well as
dry mass of both plant organs on the applied Cr(III) concentration is shown in Fig. 1. Treatment with increasing
metal concentration resulted in enhanced reduction of all
production characteristics. Dry mass of plant organs was
affected by metal treatment to a higher extent than their
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All plants were processed for Cr analysis. Plants were
harvested and thoroughly washed under running tap water
to remove test solution from the exterior of the roots and
then the total root and shoot accumulation of Cr was determined. Plant samples were dried at 70◦C and cut to
small pieces (< 1 mm). Digestions of plants were carried
out in the PTFE-coated stainless steel pressure vessels
ZA-1 (JZD Zahnašovice, Czech Republic). 0.1–0.5 g of
the plant sample was weighed into the vessel and 5.0 mL
of concentrated HNO3 p.a. (Slavus, Slovak Republic) was
added. Then the vessel was closed and heated in the oven at
160 oC for 6 h. After digestion the solution was diluted to
50 mL with redistilled water and stored in a 100 mL polyethylene (PE) bottle. Chromium contents were determined
using the flame atomic absorption spectrometry method
(AAS Perkin—Elmer Model 1100, at 357.9 nm with deuterium background correction). Air-acetylene flame AAS was
used for Cr determination. Standard reference Cr stock
solution (1 g L-1, Merck, Germany) and the certified standard reference materials NCS DC 73350 Poplar Leaves
(China) and NCS DC 733 49 Bush Branches and Leaves
(China) were used to quality assurance of the results. The
detection limit of chromium was 4 µg L-1. The precision of
Cr determination (n = 3) expressed by relative standard
deviation varied in the range from 1 % to 3 %.

length, whereby root dry mass responded most sensitively
to Cr(III) toxicity and treatment with increasing metal
concentration resulted in enhanced reduction of all production characteristics. More pronounced loss of dry mass
of plant organs was observed in the concentration range ≈
0–300 µmol L-1 (roots), ≈ 0–150 µmol L-1 (stems) a ≈ 0–
200 µmol L-1 (leaves).

% of control

and concentration of –SH groups was evaluated using
extinction coefficient ε = 13600 L mmol-1 cm-1.
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FIGURE 2 - Dependence of leaf water content (A) as well as chlorophyll a (1), chlorophyll b (2) and total carotenoids (3) concentrations
(B) on the applied Cr(III) concentration. Mean ± S.E.; n = 6 (water
content) or 3 (pigments).
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Dependence of leaf water content on the applied
Cr(III) concentration is shown in Fig. 2A. In comparison
to control plants, strong decrease of leaf water content
was observable only after treatment with the highest
Cr(III) concentration.
Dependence of chlorophyll a, chlorophyll b and total
carotenoids concentrations in rapeseed leaves on the applied Cr(III) concentration is shown in Fig. 2B. The concentrations of chlorophylls a and b as well as carotenoids
in fresh tissue of young rapeseed leaves decreased as the
chromium supply was increased and the rate of decline in
concentration of these photosynthetic pigments was comparable. However, it could be stressed that at relatively
low Cr(III) concentrations (12 and 24 µmol L-1) slight
increase in chlorophyll a concentrations in comparison
with control plants was observed.
In the concentration range 0−120 µmol L-1 Cr(III)
sharp decrease of protein concentration in leaves of rapeseed plants with the increasing external metal concentration was observed. With the further increase of Cr(III)
concentration up to 480 µmol L-1 reduction of protein
concentration was milder (Fig. 3A). On the other hand,
concentration of reduced thiol groups in the leaves decreased linearly with increasing metal concentration in the
whole studied concentration range (0−480 µmol L-1) (Fig.

3B). The concentration of TBARS in rapeseed leaves
increased with increasing Cr(III) concentration, whereby
the dependence of TBARS concentration on external
Cr(III) concentration showed bilinear course and stronger
enhancement of TBARS concentration was observed in
the concentration range up to 60 µmol L-1 Cr(III).
The concentration of accumulated metal in dry mass
of roots and shoots of rapeseed plants treated with Cr(III),
corresponding values of bioaccumulation (BAF) and
translocation (TF) factors are summarized in Table 1. In
the studied concentration range 0−480 µmol L-1 Cr(III)
chromium concentration accumulated in the roots showed
linear increase. On the other hand, strong increase in Cr
concentration accumulated in shoots with the increasing
external metal concentration was observed only in the
concentration range 120−480 µmol L-1. Chromium accumulation in the roots was approximately 30 to 645 times
higher than in the shoots. Whereas at application of
6 µmol L-1 Cr(III) chromium concentration in the roots
was 387 mg kg-1 and that in the shoots 0.6 mg kg-1, after
application of 480 µmol L-1 Cr(III) the corresponding Cr
concentrations in plant organs reached 22810 and 753 mg
kg-1, respectively.

80
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FIGURE 3 - Dependence of concentration of proteins (A), SH groups (B) and TBARS (C) in leaves of rapeseed plants on the applied Cr(III)
concentration. Mean ± S.E.; n = 3; S.E. = standard error.
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TABLE 1 - The concentration of accumulated metal in dry mass of roots and shoots of rapeseed plants treated with Cr(III), corresponding
values of bioaccumulation (BAF) and translocation factors (TF).
Cr(III) conc
[µmol L-1]
0
6
12
24
60
120
240
480

Cr content
[mg kg-1]
BAF
roots
3.9
387.2
1241
688.7
1104
1317
1055
2636
845
6086
975
15480
1240
22810
913.9

Cr content
[mg kg-1]
BAF
shoots
0.6
0.6
1.92
0.6
1.92
1.41
1.13
5.46
1.75
15.8
2.52
294.3
23.58
753.2
30.18

BAF expresses the ratio of the metal concentration in
biological material (in µmol or µg per g of the plant dry
mass) to the metal concentration in external solution (in
µmol L-1 or µg L-1). The translocation factor (TF) corresponds to the ratio of accumulated metal concentration in
shoots and roots, respectively. For plants cultivated in the
presence of Cr(III) (6−480 µmol L-1) the bioaccumulation
factors (BAF) determined for plant roots were in the
range from 1241 to 914, whereby the corresponding BAF
values related to shoots ranged from 1.92 to 30.18. The
translocation factor varied within the range from 0.0015
(6 µmol L-1 Cr) to 0.0330 (480 µmol L-1 Cr).

4. DISCUSSION

Phytotoxicity test, especially seed germination and
root elongation test is often used to study the toxic effects
of metals on plants. These tests are characterized by high
sensitivity due to the rapid metabolism, nutrient transport
and cell division occurring in germination period and minimal maintenance cost. In general, the sensitive response of
plant roots to toxic metal treatment can be used for the
assessment of metal toxicity. Samantaray et al. [19] determined the rate of retardation in the root growth of the
germinating seedlings of Echinochloa colona in solution
culture in the presence of various metals and found that
Cr toxicity exceeded that of Hg, Ag, Mn, Fe and Mo and
it was lower than the toxicity of Cu, Ni and Pb. Based on
the previous results obtained with rapeseed cultivar Verona the toxicity of metal ions decreased in the following
order Cu > Cr(VI) > Hg > Cd > Pb > Ni > Zn [20]. Adverse effect of Cr(III) on root growth of this rapeseed
cultivar (IC50 = 0.896 mmol L-1) was seven times lower
than that of Cr(VI) (IC50 = 0.128 mmol L-1) indicating
importance of chromium oxidation state from the aspect
of metal toxicity which was reported previously by sev-

TF

0.0015
0.0009
0.0011
0.0021
0.0026
0.0190
0.0330

eral authors (e.g. [1, 21]). While for rapeseed plants more
toxic form of chromium was Cr(VI), Gardea-Torresdey et
al. [22] observed that Cr(III) exhibited more toxic effects
on tumbleweed plants than Cr(VI) what was reflected in
more strong reduction of root and shoot growth as well as
in lower absorption of macronutrients and microelements
from cultivation medium. It has been suggested that the
reduction in root growth could be due to inhibition of root
cell division or elongation, or due to the extension of the
cell cycle [1]. Damage to the root apparatus due to
Cr(III) treatment might have caused an unbalanced supply
of nutrients and/or an alteration of their role in anabolic
pathways, which ultimately arrest normal physiological
and developmental processes [23]. According to Barcelo
et al. [24] reduction of root growth at high Cr concentrations could be connected with the collapse and subsequent inability of the roots to absorb water from the medium. Toxic effect of chromium resulting in reduction of
biomass (Fig. 1) could be direct consequence of inhibition
of chlorophyll synthesis as well as impaired uptake of
essential nutrients [1]. On the other hand, Cr(III) has little
effects on primary photochemistry of photosystem II [8].
The reduction in shoot height might be mainly due to the
reduced root growth and consequent lesser nutrients and
water transport to the above parts of the plant. Inhibition
of shoot growth in lucerne cultures due to Cr(III) treatment was reported by Barton et al. [25].
At application of the highest Cr(III) concentration
(480 µmol L-1) significant decline in leaf water content in
comparison with the control plants was observable (from
8.64 g g-1 d.m. to 2.94 g g-1 d.m.) (Fig. 2A) which could
be connected with changes in plant roots that inhibit water
uptake [26]. According to Pandey and Sharma [9] Cr(III)
induces also changes in plant water relations, resulting in
decrease in physiological availability of water.
Due to treatment with low Cr(III) concentrations (12
and 24 µmol L-1) slight increase mainly in Chl a concentra-
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tion was observed what is in agreement with previous
observations [27]. As the chromium supply was increased, reduction in concentration of photosynthetic
pigments (both chlorophylls a and b and carotenoids) in
fresh tissue of young rapeseed leaves decreased, whereby
the rate of this decline was the highest for chlorophyll a
(Fig. 2B). The decrease in the chlorophyll a/b ratio [28]
brought about by Cr indicates that Cr toxicity possibly
reduces size of the peripheral part of the antenna complex.
Similar effects on the reduction of the concentration of
chlorophylls and carotenoids were observed beside of Cd
[29] also with other borderline elements [30, 31]. Decrease in chlorophyll concentration in leaves of Cr(III)treated B. napus plants could be explained by reduced leaf
tissue concentration of Fe in response to Cr toxicity because Cr(III) impairs the Fe requiring steps of chlorophyll
and heme biosynthesis [9, 32]. The obtained results are in
agreement with findings of Zengin [33] who found that
elevated Cr levels decreased the total chlorophyll and total
protein contents in primary leaves of 10-days-old bean
(Phaseolus vulgaris) seedlings.
The decrease in protein contents in Cr(III)-treated
plant at higher concentrations of Cr (Fig. 3A) was probably due to adverse effects of reactive oxygen species,
which may cause degradation of a number of proteins
[34]. According to Vajpayee et al. [35], significant inhibition of the protein content of plants due to treatment with
increasing Cr concentrations indicates the fact that such
treatments affect nitrogen uptake, consequently affecting
the assimilation of nitrogen to produce amino acids and
proteins.
Thiol (-SH) groups of sulphur containing amino acids
can protect cell membrane protein chains from oxidation.
The pool of non-protein SH groups include mainly the
antioxidant glutathione and thiol-rich peptides known as
phytochelatins [36]. Toxic metal ions are able to bind
irreversibly to SH groups involved in the catalytic action
or structural integrity of proteins [37]. Cr(III) ions at
increased concentrations can interfere with several metabolic processes because of its high capability to coordinate various organic compounds resulting in inhibition of
some metalloenzyme systems [4]. Decrease of concentration of reduced thiol groups in the leaves of rapeseed
plants due to increasing supply of Cr(III) (Fig. 3B) indicates that thiol-rich peptides were consumed and detoxification mechanisms in plants failed to eliminate toxic
effects of chromium.
Lipid peroxidation can be determined by the formation of MDA as the decomposition product of polyunsaturated fatty acids, which are the main components of
membrane lipids. Malondialdehyde formation in plants,
which are exposed to toxic metals, is a reliable indicator
of cellular free-radical generation. Significant increase of
MDA concentration suggests that reactive oxygen species
(ROS) may be generated by chromium stress, in particular
from nitrate, which can initiate the peroxidation and destruction of lipids with subsequent damage (Fig. 3C).

Cr(III) toxicity may be due at least in part to an oxidative
stress induced by the production of reactive oxygen species because Cr(III) can be endogenously reduced to Cr(II)
by biological reductants such as cysteine and NADPH. In
turn, the newly formed Cr(II) reacts with H2O2 producing
hydroxyl radicals and causes tissue damage [38]. Karuppanapandian and Manoharan [39] found significantly increased lipid peroxidation as observed in the form of accumulation of malondialdehyde and production of hydrogen
peroxide (H2O2) in 7-d-old Vigna mungo L. plants treated
with 100 µmol L-1 of Cr(III). Catalase and monodehydroascorbate reductase activities were not significantly increased under Cr(III)-treatment, however oxidized glutathione (GSSG) content was steadily increased.
Cr(III) is taken up passively, being retained by the
cation-exchange sites of the cell walls [3]. Therefore, such
non-specific absorption to cell walls could be a way to
immobilize the metal at the root level beside its sequestration in the vacuoles of the root cells. Poor chromium translocation to shoots observed by several researchers [8, 9]
was confirmed also in our experiments (Table 1). While
accumulated Cr concentration in root increased linearly with
increasing applied Cr(III) concentration (up to 22810 mg kg-1
for treatment with 480 µmol L-1), more expressive rise for
Cr accumulated in shoots was observed only at application
of 240 and 480 µmol L-1 Cr(III). That means that higher Cr
concentration in shoots was determined only in plants
which were seriously damaged by metal toxicity. Allocation of toxic metals in old or damaged leaves belongs to
plant defence mechanisms against metal excess, whereby
the yellowing and falling of such leaves could be ascribed
to early senescence [40]. Juneja and Prakash [41] investigated the chemical form in which Cr(III) is transported by
xylem sap and found that complexation of Cr(III) with
ligands of xylem sap, especially with carboxylates, was
evident. Cationic Cr(III) was vitally being transported as
anionic organic complex species, whereby the major species was Cr(III)-citrate. These mobile and soluble Cr(III)
complexes may get immobilized and stored in leaves and
other edible plant parts.
The BAF (bioaccumulation factor) values determined
for roots varied in close range from 1241 to 913 and they
were by one till three orders higher than those determined
for shoots (Table 1). Low mobility of Cr(III) within the
plants was reflected also by low values of translocation
factors (0.0015–0.0330). Cr(III) and Fe(III) have similar
chemical properties, though plants usually contain several
hundred times more Fe than Cr. Chromium immobility in
soil–plant systems compared to Fe may be explained by the
relative ease of reduction of Fe(III) to mobile Fe(II) and the
great difficulty of reducing Cr(III) to Cr(II) under natural
conditions [42]. Contrary to the opinion of other authors
[11, 12], according to Shams et al. [43] rapeseed does not
stand as robust candidate for remediation of Cr contaminated sites because this plant species is vulnerable to insects and needs pesticides to grow its full phase to accomplish remedial purposes what is not desirable as the use of
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pesticides further threatens the ecosystem in general.
However, as Cr translocation to aerial parts is low, and
solubilities in the soil solution are usually low, the risk
growing rapeseed at contaminated sites is also low. For
phytoextraction of Cr from sites contaminated with
KCr(SO4)2, Shams et al. have proposed growing Urtica
dioica [43].

ACKNOWLEDGEMENTS

This study was financially supported by Development
fund of Comenius University in Bratislava under the contract No. UK/209/2011 and Sanofi Aventis Pharma Slovakia.

[1]

Shanker, A.K., Cervantes, C., Loza-Tavera, H. and Avudainayagam, S. (2005) Chromium toxicity in plants. Environ.
Int. 31, 739–753.

[2]

Czekala, J. (2010) Chromium in soils and fertilizers and its
accumulation by plants. Fresen. Environ. Bull. 19, 281−288.

[3]

Skeffington, R.A., Shewry, P.R. and Petersen, P.J. (1976)
Chromium uptake and transport in barley seedlings Hordeum
vulgare. Planta. 132, 209–214.
Zayed, A., Lytle, C.M., Qian, J.H. and Terry, N. (1998)
Chromium accumulation, translocation and chemical speciation in vegetable crops. Planta. 206, 293−299.

[5]

Richard, F.C. and Bourg, A.C.M. (1991) Aqueous geochemistry of chromium: A review. Water Res. 25, 807–816.

[6]

Lahouti, M. and Peterson, P.J. (1979) Chromium accumulation and distribution in crop plants. J. Sci. Food Agr. 30,
136−142.

[7]

[8]

[9]

[14] Masarovičová, E., Kráľová, K., Brestič, M. and Olšovská, K.
(2008) Production potential of rapeseed in Slovakia environmental conditions from the aspect of „FAME“ production.
[In Slovak]. International symposium Motor fuels 2008. Tatranské Matliare, 23. - 26.6.2008, 520–536.
[15] Marchiol, L., Assolari, S., Sacco, P. and Zerbi, G. (2004)
Phytoextraction of heavy metals by canola (Brassica napus)
and radish (Raphanus sativus) grown on multicontaminated
soil. Environ. Pollut. 132, 21–27.
[16] Grispen, V.M.J., Nelissen, H.J.M. and Verkleij, J.A.C.
(2006) Phytoextraction with Brassica napus L.: a tool for
sustainable management of heavy metal contaminated soils.
Environ. Pollut. 144, 77–83.
[17] Lichtenthaler, H.K. (1987) Chlorophylls and carotenoids:
Pigments of photosynthetic biomembranes. Methods Enzymol. 148, 350–382.
[18] Bradford, M.M. (1976) Rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248–
254.

REFERENCES

[4]

[13] Panda, S.K. and Choudhury, S. (2005) Chromium stress in
plants. Braz. J. Plant Physiol. 17, 95-102.

Bartlett, R.J. and James, B.R. (1988) Mobility and bioavailability of chromium in soils. In: Chromium in the natural and
human environments, Vol. 20 (J.O. Nriagu and E. Nieboer,
editors). John Wiley& Sons, New York: 267-306.
Vernay, P., Gauthier-Moussard, C., Jean, L., Bordas, F.,
Faure, O., Ledoigt, G. and Hitmi, A. (2008) Effect of chromium species on phytochemical and physiological parameters in Datura innoxia. Chemosphere. 72, 763−771.
Pandey, N. and Sharma, C.P. (2003) Chromium interference
in iron nutrition and water relations of cabbage. Environ.
Exp. Bot. 49, 195−200.

[10] Zayed, A.M. and Terry, N. (2003) Chromium in the environment: factors affecting biological remediation. Plant Soil.
249, 139–156.

[19] Samantaray, S., Rout, G.R. and Das, P. (1996) Root growth
of Echinochloa colona: Effects of heavy metals in solution
culture. Fresen. Environ. Bull. 5, 469−473.
[20] Peško, M., Kráľová, K. and Masarovičová, E. (2011) Phytotoxic effect of some metal ions on selected rapeseed cultivars
registered in Slovakia. Proceedings of ECOpole. 5(1), 83–86.
[21] McGrath, S.P. (1982) The uptake and translocation of tri and
hexavalent chromium and effects on the growth of oat in
flowing nutrient solution and in soil. New Phytologist. 92,
381–390.
[22] Gardea-Torresdey, J.L., de la Rosa, G., Peralta-Videa, J.R.,
Montes, M., Cruz-Jimenez, G. and Cano-Aguilera, I. (2005)
Differential uptake and transport of trivalent and hexavalent
chromium by tumbleweed (Salsola kali). Arch. Environ.
Contam. Toxicol. 48, 225−232.
[23] Scoccianti, V., Crinelli, R., Tirillini, B., Mancinelli, V. and
Speranza, A. (2006) Uptake and toxicity of Cr(III) in celery
seedlings. Chemosphere. 64, 1695–1703.
[24] Barcelo, J., Poschenrieder, C. and Gunse B. (1986) Water relations of chromium VI treated bush bean plants (Phaseolus
vulgaris L. cv. Contender) under both normal and water
stress conditions. J. Exp. Bot. 37, 178–187.
[25] Barton, L.L., Johnson, G.V., O’Nan, A.G. and Wagener,
B.M. (2000) Inhibition of ferric chelate reductase in alfalfa
roots by cobalt, nickel, chromium, and copper. J. Plant Nutr.
23, 1833–1845.
[26] Mukherjee, S. and Roy, B.K. (1977) Toxic effect of chromium on germinating seedlings and potato tuber slices. Biochem. Physiol. Pflanz. 171, 235–238.
[27] El-Bassam, N. (1978) Spurenelemente: Nahrstoffe und Gift
Zugleich. Kali-Briefe. 14, 255–272.

[11] Barcelo, J., Poschenrieder, C. and Gunse, B. (1985) Effect of
chromium VI on mineral element content of bush beans. J.
Plant Nutr. 8, 211–217.

[28] Shanker, A.K. (2003) Physiological, biochemical and molecular aspects of chromium toxicity and tolerance in selected
crops and tree species. Coimbatore, Tamil Nadu Agricultural
University, PhD Thesis.

[12] Poschenrieder, C., Vazquez, M.D., Bonet, A. and Barcelo, J.
(1991) Chromium-III-iron interaction in iron sufficient and
iron deficient bean plants. 2. Ultrastructural aspects. J. Plant
Nutr. 14, 415–428.

[29] Peško, M., Kráľová, K. and Masarovičová, E. (2010) Response of young Brassica juncea plants to cadmium and selenium treatment. Fresen. Environ. Bull. 19, 1505–1510.

767

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

[30] Kummerová, M., Zezulka, Š., Kráľová, K. and Masarovičová, E. (2010) Effect of zinc and cadmium on physiological
and production characteristics in Matricaria recutita. Biol.
Plant. 54, 308–314.
[31] Yruela, I. (2005) Copper in plants. Braz. J. Plant Physiol. 17,
145-156.
[32] Schmidt, W. (1996) Influence of chromium (III) on root associated Fe (III) reductase in Plantago lanceolata L. J. Exp.
Bot. 47, 805–810.
[33] Zengin, F.K. (2009) The effect of Ni2+ and Cr3+ on the contents of chlorophyll, protein, abscisic acid and proline in bean
(Phaseolus vulgaris cv. Strike) seedlings. Fresen. Environ.
Bull. 18, 2301−2305.
[34] Davies, K.J.A. (1987) Protein damage and degradation by
oxygen radicals. I. General aspects. J. Biol. Chem. 262,
9895–9901.
[35] Vajpayee P., Tripathi, R.D., Rai, U.N., Ali, M.B. and Singh,
S.N. (2000) Chromium accumulation reduces chlorophyll
biosynthesis, nitrate reductase activity and protein content in
Nympaea alba L. Chemosphere. 41, 1075–1082.
[36] De Vos, C.H.R., Vonk, M.J., Vooijs, R. and Schat, H. (1992)
Glutathione depletion due to Cu-induced phytochelatin synthesis causes oxidative stress in Silene cucubalus. Plant
Physiol. 98, 853–858.
[37] Van Assche, F. and Clijsters, H. (1990). Effects of the metals
on enzyme activity in plants. Plant Cell Environ. 13, 195–
206.
[38] Shanker, A.K. and Pathmanabhan, G. (2004) Speciation dependant antioxidative response in roots and leaves of Sorghum (Sorghum bicolor (L) Moench cv. CO 27) under
Cr(III) and Cr(VI) stress. Plant Soil. 265, 141–151.
[39] Karuppanapandian, T. and Manoharan, K. (2008) Uptake and
translocation of tri- and hexavalent chromium and their effects on black gram (Vigna mungo L. Hepper cv. Co4) roots.
J. Plant Biol. 51, 192−201.
[40] Di Baccio, D. Tognetti, R., Minnocci, A. and Sebastiani, L.
(2009) Responses of the Populus×euramericana clone I-214
to excess zinc: Carbon assimilation, structural modifications,
metal distribution and cellular localization. Environ. Exp.
Bot. 67, 153–163.
[41] Juneja, S. and Prakash, S. (2006) The chemical form of trivalent chromium in xylem sap of maize (Zea mays L.). Chem.
Spec. Bioavail. 18, 161–169.
[42] Cary, E.E, Allaway, W.H. and Olson, O.E. (1977) Control of
Cr concentrations in food plants. 1. Absorption and translocation of Cr by plants. J. Agric. Food Chem. 25, 300–304.
[43] Shams, K.M., Tichy, G., Fischer, A., Sager, M., Peer, T., Bashar, A. and Filip, K. (2010) Aspects of phytoremediation for
chromium contaminated sites using common plants Urtica
dioica, Brassica napus and Zea mays. Plant Soil. 328, 175–
189.

Received: September 05, 2011
Revised: November 09, 2011
Accepted: November 14, 2011

CORRESPONDING AUTHOR
Dr. Katarína Kráľová
Comenius University Bratislava
Faculty of Natural Sciences
Institute of Chemistry
Mlynská dolina
842 15 Bratislava
SLOVAK REPUBLIC

E-mail: kralova@fns.uniba.sk
FEB/ Vol 21/ No 3a/ 2012 – pages 761 – 768

768

© by PSP Volume 21 – No 3a. 2012

Fresenius Environmental Bulletin

CADMIUM-INDUCED ALTERATIONS IN
HEAD KIDNEY HEMATOPOIETIC TISSUE OF COMMON CARP
Elżbieta Kondera and Małgorzata Witeska*
Department of Animal Physiology, University of Podlasie, Prusa 12, 08-110 Siedlce, Poland

ABSTRACT

Hematopoietic head kidney tissue and peripheral
blood of common carp were analyzed after 1 month post
3 hour exposure to 6.5 mg/dm3 of cadmium (96hLC50)
and 1 month exposure to 0.65 mg/dm3 (10% of 96hLC50).
Short-term exposure resulted in an increase in percentage
of monocytoid cells and eosinophils in head kidney and
blood leukocyte count. Long-term exposure induced a significant increase in frequency of erythroid precursors and
thrombocytes in head kidney, accompanied by an increase
in percentage of polychromatic erythroblasts and lymphocytes, and a decreased percentage of neutrophils, monocytes and basophils in peripheral blood. Both exposures
resulted in a reduced frequency of head kidney lymphoid
cells, and a considerable increase in frequency of peripheral erythrocyte cellular anomalies, an increase in thrombocyte count, and a drop in metabolic activity of phagocytes. Cadmium caused a significant increase in apoptotic
rate of hematopoietic precursor cells with only minor
increase in the rate of cell proliferation which resulted in a
reduced cell renewal rate. The obtained results indicate
that the most persistent cadmium-induced hematological
disturbances were: damage to erythrocytes, impairment of
phagocyte activity, and reduction of hematopoietic potential. However, the results indicate that increased erythropoietic activity effectively compensated for erythrocyte
destruction. On the other hand, reduced neutropoiesis and
monocytopoiesis resulted in a significant impairment of
nonspecific immune system of cadmium-exposed fish.

KEY WORDS:
hematotoxicity, proliferation, apoptosis, fish, heavy metal

1. INTRODUCTION

Cadmium is one of the most toxic heavy metals, and
a common aquatic pollutant entering surface waters from
various industrial and domestic sources. Concentration of
* Corresponding author

the most toxic free ion Cd2+ in water, even if it is usually
low, may temporarily increase due to water acidification or
hypoxia [1]. The effects of cadmium on peripheral blood of
fish are quite well known. Cadmium very often induces
anemia [2-4] and immunosuppression [5-8]. Sublethal Cd
exposure may also induce morphological aberrations in
mature circulating erythrocytes [9-12] some of them (nuclear anomalies) showing genotoxic potential of this element [13]. In some cases a compensatory reaction: activation of erythropoiesis and an increase in frequency of immature erythrocytes in blood occurs [12, 14, 15]. Both,
damage to erythrocytes and increased erythropoiesis indicate that cadmium may affect hematopoietic tissue of fish.
However, toxicity of cadmium to hematopoietic system is
almost unknown. According to Garofano and Hirshfield
[16] cadmium causes destruction or elimination of all hematopoietic elements (except for mature erythrocytes) in
head kidney of cadmium-intoxicated Ictalurus nebulosus.
Cadmium may also downregulate Hb and Epo expression
in Cyprinodon variegatus larvae under hypoxic conditions
[17] which indicates inhibitory effect on erythropoiesis.
According to Celik et al. [18, 19] cadmium induces cytotoxic and genotoxic effect in the rat bone marrow erythroid
progenitor cells accompanied by genotoxic effect on peripheral blood erythrocytes. Dietary cadmium reduces hematopoietic rate in the bone marrow which results in anemia in rat [20]. However, according to Lutton et al. [21]
cadmium and lead are less toxic to rat bone marrow
erythroid precursors (CFU-E) than silver. The results obtained by Van den Heuvel et al. [22, 23] for murine and
human hematopoietic progenitor cells indicate that various
cell lines may show different sensitivity to toxic compounds, and interspecific differences may also occur.
Proliferation and apoptosis rates, together with cell
differentiation and maturation determine effectiveness of
hematopoiesis. The effects of cadmium on proliferation and
apoptosis of hematopoietic cells in fish are unknown but
there are some reports concerning other tissues. According to Berntssen et al. [24], significant increase in regulated cell death and proliferation in Salmo salar fed cadmium-containing diets compared to the control fish may
effectively prevent histopathological damage. Results concerning cadmium-induced apoptosis of human immune cells
indicate that B-cells are more sensitive than lymphoblasts
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and T-cells [25]. Cadmium may also induce apoptosis of
murine thymocytes [26]. The only report on the effects of
heavy metal on proliferation and apoptosis of fish hematopoietic cells concerns copper [27]. The results of this study
indicate that metal activates apoptosis at both, sublethal and
lethal levels, while cell proliferation rate increases under
sublethal conditions, and decreases in lethally exposed
fish.
The aim of present study was to evaluate the effects
of two exposures to cadmium: short-time at high concentration and long-time at low concentration on cellular composition, and proliferative and apoptotic activity of common carp head kidney hematopoietic tissue in relation to
alterations in peripheral blood.
2. MATERIALS AND METHODS

Common carp (Cyprinus carpio L.) of body mass
25.2±8.0 g were harvested in autumn from the rearing
pond of Inland Fisheries Institute in Żabieniec, and acclimated for a month to the laboratory conditions in the
flow-through aerated tank, at the temperature 18-20°C.
Then, the fish were transferred to three 100 dm3 aerated
aquaria (12 fish in each). One group was kept in clean
dechlorinated tap water (Control), second (Cd-1) was
subjected to a 3 hour exposure to 6.5 mg/dm3 of cadmium
(96hLC50), according to Witeska et al. [12, 15], and then
kept for 4 weeks in clean water, and third group (Cd-2)
was continuously in water containing 0.65 mg/dm3 of
cadmium (10% of 96hLC50). The fish were fed daily Aller
Classic feed at the rate of 1% of body mass. Every day ¾
of water was renewed without disturbing fish. Water temperature, oxygen saturation, nitrite and ammonia concentrations were measured daily before water renewal. After
4 weeks blood was sampled from 10 fish from each group
by heart puncture. Five fish from each group were sacrificed by incision of the spinal cord with sharp scissors,
and head kidneys were sampled. Blood analysis included
the following parameters: hematocrit (Ht), erythrocyte,
leukocyte and thrombocyte count (RBC, WBC and PLT),
and hemoglobin concentration (Hb). Metabolic activity of
phagocytes was also evaluated using NBT reduction test.
All parameters were determined using standard hematological methods adapted for fish [28]. Ht was measured
using microhematocrit method, in heparinized capillaries
after centrifugation for 5 min. at 12000 rpm. RBC and
WBC were counted in Burker chamber, in blood diluted
100 times with Hayem solution. Hb was measured spectrophotometrically at 540 nm using cyanmethemoglobin
method. Phagocyte activity was measured spectrophotometrically at 540 nm wavelength after 1 h incubation of
blood with nitrotetrazolium blue solution at 28°C, as formazan concentration [29].
Blood smears were also made and stained with MayGrunwald and Giemsa solutions to evaluate frequency of
polychromatic erythroblasts and abnormal erythrocytes,

and to calculate percentages of various leukocyte populations, and to estimate thrombocyte count. The smears
were viewed at 1000 × magnification, using Nikon
Eclipse 300 microscope (300 erythrocytes and 100 leukocytes were counted in each smear). Thrombocyte count
(PLT) was estimated from WBC and number of thrombocytes per 100 leukocytes in smears.
For hematopoietic tissue analysis, head kidneys were
isolated, and the surface of fresh organs was blotted. The
kidneys were immediately smeared gently on degreased
slides, left to dry for 24 h, and then stained MayGrunwald and Giemsa solutions. The preparations were
viewed at 1000 times magnification. In each smear 500
cells were identified according to Fijan [30] and Kondera
[31], counted, and the results were expressed in percent.
The identified precursors and mature cells were then
grouped into main cell lineages (each included various
developmental stages). Fields with crowded or damaged
cells were excluded. Areas of kidney imprints with numerous mature erythrocytes (possibly blood vessel contents) were also ignored.
Frequency of proliferating and apoptotic cells in hematopoietic tissue was evaluated using immunocytochemical methods. Proliferating cells show the presence
of PCNA protein (proliferating cell nuclear antigen),
while in apoptotic cells active caspase 3 is observed (an
enzyme participating in degradation of cytoplasmic and
nuclear protein). The presence of PCNA was detected
using rabbit Monoclonal anti PCNA antibodies (Dako)
and visualized using Dako rabbit PCNA Envision system.
The presence of caspase 3 was detected with mouse Anticaspase 3 active antibodies (Sigma), and visualized using
Dako mouse anti-caspase Envision system. The reagents
were used according to the producer’s recommendations.
PCNA-positive and caspase 3-positive cells (stained
brown) were counted in smears per 500 hematopoietic
cells, and their percentage was calculated. To assess the
effect of cadmium on dynamic features of hematopoiesis
a ratio of PCNA-positive cells to caspase 3 fraction was
calculated (hematopoietic turnover index). The results
were subjected to Mann-Whitney U test, the differences
were assumed significant at p≤0.05.
3. RESULTS

Cadmium exposures caused significant changes in
head kidney hematopoietic tissue of carp, accompanied by
alterations in peripheral blood. Cadmium-induced changes
in cellular composition of hematopoietic tissue after shortterm and long-term exposure were different (Table 1).
Short-term exposure resulted in an increase in percentage
of monocytoid cells and eosinophils, while long-term
exposure caused a significant increase in frequency of
erythroid precursors and thrombocytes. Both exposures
resulted in a reduced percentage of lymphoid cells. Immunocytochemical analysis revealed that cadmium did not
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TABLE 1 - Changes in head kidney hematopoietic tissue of common carp after 4 weeks from 3-hour exposure to 6.5 mg/dm3 of cadmium
(96hLC50) – Cd-1, and after 4 week exposure to 0.65 mg/dm3 of cadmium (10% 96hLC50) – Cd-2, values with different letter superscripts
are significantly different, test U, p≤0.05, n=5.
Cell lineage [%]
Unidentified early blast cells
Erythroid
Lymphoid
Neutrophil
Basophil
Monocytoid
Eosinophil
Thrombocytoid
Other (unidentified)
Proliferating cells [%]
Apoptotic cells [%]
Proliferation/Apoptosis

Control
7.4±2.0 a
6.5±1.0 a
55.7±6.4 a
17.1±5.0 a
5.8±2.2 a
1.0±0.3 a
0.1±0.1 a
5.1±1.1 a
1.3±0.5 a
12.8±3.4 a
4.3±1.6 a
3.12±0.71 a

Cd-1
10.4±2.6 a
7.7±1.3 ab
44.6±2.6 b
21.4±2.4 a
4.4±0.8 a
2.3±0.8 b
0.6±0.3 b
6.8±1.0 ab
1.8±0.3 a
14.6±2.0 a
10.5±5.8 b
1.81±0.99 b

Cd-2
9.8±2.0 a
9.5±1.6 b
46.3±6.6 b
19.8±5.6 a
3.5±0.8 a
1.0±0.4 a
0.2±0.2 ab
8.1±1.9 b
1.8±0.2 a
18.7±4.5 a
10.7±3.1 b
1.88±0.69 b

TABLE 2 - Changes in peripheral blood of common carp after 4 weeks from 3-hour exposure to 6.5 mg/dm3 of cadmium (96hLC50) – Cd-1,
and after 4 week exposure to 0.65 mg/dm3 of cadmium (10% 96hLC50) – Cd-2, values with different letter superscripts are significantly
different, test U, p≤0.05, n=10.
Parameter
Ht [%]
RBC [106/mm3]
Hb [g/dm3]
Polychromatic erythroblasts [%]
Abnormal erythrocytes [%]
WBC [103/mm3]
NBT [g/dm3 of formazan]
Lymphocytes [%]
Neutrophils [%]
Monocytes [%]
Basophils [%]
PLT [103/mm3]
Round thrombocytes [%]
Elongated thrombocytes [%]

Control
26.6±3.5 a
1.25±0.19 a
60.6±8.1 a
0.5±0.3 a
2.4±0.7 a
60.1±6.5 a
1.55±0.39 a
82.5±3.9 a
8.4±3.3 a
4.8±3.4 a
4.4±2.8 a
14.5±7.2 a
74.1±31.9 a
25.9±31.9 a

significantly alter the rate of cell proliferation (which,
however, tended to be higher in metal-exposed fish and
accompanied by a slightly higher frequency of early blast
cells in head kidney hematopoietic tissue) but caused a
considerable increase in apoptosis which resulted in a
reduced cell renewal rate indicated by a significantly
lower ratio of frequency of proliferating and apoptotic
cells (Table 1).
In peripheral blood after short-term cadmium exposure a significant increase in total leukocyte count was observed, while long-term exposure resulted in an increase in
percentage of polychromatic erythroblasts and lymphocytes, while percentage of neutrophils, monocytes and
basophils significantly decreased (Table 2). Both exposures caused a considerable increase in frequency of erythrocyte cellular anomalies (including alterations in chromatin distribution, nuclear and cellular malformations), more
pronounced in Cd-2, a very sharp drop in metabolic activity of phagocytes, and thrombocytosis accompanied by a
shift towards round pyknotic forms.

Cd-1
26.9±2.5 a
1.11±0.19 a
65.1±6.2 a
0.7±0.6 a
6.5±2.0 b
82.9±17.5 b
0.34±0.15 b
85.9±4.6 a
6.1±2.0 a
2.4±1.7 ab
5.6±2.5 a
40.7±27.6 b
95.2±5.1 a
4.8±5.1 a

Cd-2
26.9±2.1 a
1.26±0.27 a
66.8±5.6 a
3.3±2.5 b
16.8±12.9 c
57.6±21.2 a
0.56±0.14 c
93.7±2.1 b
3.0±1.5 b
2.0±1.9 b
1.3±1.1 b
45.9±24.9 b
95.8±5.3 a
4.2±5.3 a

4. DISCUSSION

The results of present study showed that cadmium induced significant alterations in hematopoietic tissue and
peripheral blood of common carp. Different changes were
observed under different exposure conditions: more pronounced alterations occurred in fish subjected to continuous 4 week exposure at lower concentration than in fish
subjected to 3 hour exposure at high metal concentration.
Damage to erythrocytes indicates cytotoxic action of cadmium upon circulating cells.
Cadmium-induced erythrocyte morphological anomalies similar to those observed in the present study, including cellular and nuclear malformation, and chromatin clumping were also reported by Gill, Pant [9, 10] in cadmiumintoxicated cyprinid fish Puntius conchonius. These authors
stressed that erythrocyte nucleus was main target of hematotoxic action of cadmium. Cadmium-induced erythrocyte damage was reported also by other authors. According to Sopjani et al. [32] and Romero et al. [33], cadmium
ions may trigger erythrocyte apoptosis. According to
Verbost et al. [34], the pivotal mechanism in the cytotoxic
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action of Cd2+ is the inhibition of Ca2+ extrusion and disturbance of intracellular Ca2+ homeostasis which results in
an increase in cytosolic Ca2+ to toxic levels. Zikic et al.
[2] reported that prolonged exposure to cadmium increased activity of antioxidant enzymes (SOD and CAT)
in goldfish erythrocytes which suggest also the possibility
of oxidative damage.
In the present study high frequency of abnormal
erythrocytes observed in peripheral blood after long-term
exposure was accompanied by increased erythropoiesis,
while minor effect of cadmium observed after short-term
exposure did not activate erythropoiesis.
Cadmium significantly reduced overall hematopoietic
potential of head kidney tissue – proliferation rate did not
change but the rate of apoptosis significantly increased in
all cadmium-exposed fish. Little is known about the effects of toxic heavy metals on hematopoietic activity.
According to Garofano, Hirshfield [16], 2-hour exposure
of Ictalurus nebulosus to 61.3 mg/dm3 of cadmium resulted in destruction or elimination of all hematopoietic
elements (except for the mature erythrocytes) from head
kidney hematopoietic tissue within 24 hours post exposure which indicates very strong cytotoxicity. Concentration-related changes in erythropoietic activity were observed in copper-exposed Labeo rohita [27]. Under sublethal conditions (50% of 72hLC50) erythropoietic efficiency increased at the beginning of exposure, and subsequently decreased, while under lethal conditions (100%
72hLC50) initial decrease was followed by an increase.
The authors reported also an increase in frequency of
blast cells in all copper-exposed Labeo rohita and an
increase in apoptotic rate of hematopoietic precursors,
while proliferation rate was elevated under sublethal conditions and reduced in fish subjected to lethal exposure.
These results indicate that the effect of metal on hematopoietic potential depends on the level of intoxication.
Under moderate toxicity conditions organism may compensate erythrocyte loss due to metal-induced cytotoxicity
by activation of erythropoiesis but during prolonged intoxication or at higher concentration of metal hematopoietic potential decreases and may become insufficient to
counteract accelerated erythrocyte loss which results in
anemia.

ing to Schuwerack [37], cadmium caused a decrease in
count of pronephric neutrophils in Cyprinus carpio.
Phagocytosis is one the most important immune mechanisms in fish, therefore cadmium intoxication may render
fish more susceptible to diseases. A decrease in peripheral
basophil count after long-term cadmium exposure is difficult to explain since these cells are rarely observed in fish
[38]. According to Suzuki {39], they may play an important role in the acute phase of inflammation, similarly as
in higher vertebrates. The obtained results indicate that
hematopoietic tissue of common carp head kidney is very
sensitive to intoxication, and suggest that erythroid and
thrombocytoid cell lines are more resistant compared to
neutrophilic and monocytoid lines.

All cadmium-exposed fish showed a decrease in lymphocyte frequency in head kidney tissue, and considerable
reduction in blood phagocyte metabolic activity. Reduced
hematopoietic potential and shift towards erythropoiesis
to compensate erythrocyte loss in fish subjected to a longterm cadmium exposure probably caused reduced supply of
phagocytes (neutrophils and monocytes) to blood. However, reduction of phagocyte activity occurred also in fish
after short-term Cd exposure in which an increase in WBC
took place, and no changes in blood phagocyte level were
observed. This indicates that cadmium affected not only the
number but also function of phagocytes. Cadmium was
reported to reduce phagocyte respiratory burst in Limanda
limanda [35] and in Oncorhynchus mykiss [36]. Accord-
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ABSTRACT

Dispersion characteristics of pollutants were examined in a braided river model to be set up in a laboratory.
One hundred and eight test sets were examined, considering different flow velocities, water depths, width ratios of
two anabranches, roughness of side, and roughness of
bottom. A salt solution, maintained as neutrally buoyant
by the addition of alcohol, was injected transiently in the
main channel upstream of two anabranches. We investigated the progress of the tracer cloud as it passed through
the braided bar, separated into two parts, and then merged
again, noting that the cloud close to the braid bar in the
anabranch spread faster. The dispersion coefficient of the
braided river increased with the values of velocity, water
depth, roughness and width discrepancies between the
two anabranches. An empirical equation for longitudinal
dispersion coefficient in braided rivers was established.

KEYWORDS:
longitudinal dispersion, braided river, empirical equation

effects induced by channel meandering were taken into
account in the analysis of pollutant mixing. Many researchers have conducted laboratory or field experiments
on meandering channels (Fischer [10], Fukuoka and Sayre
[11], Guymer [12], Baek et al. [13]), and established various different empirical formulas to describe this phenomenon. Huai and Xu [14] constructed an equation for
determining the dispersion coefficient for meandering
channels based on the Fischer’s analogy between dispersion and Lagrangian turbulent diffusion model. However,
longitudinal dispersion characteristics in the braided river,
also as a typical river pattern in the nature, are not clear
until now. The dispersion mechanism, that occurs when a
pollutant tracer is separated by a braided bar, and then remixed, is of great interest to river managers, environmental engineers, and other researchers involved in river
water pollution control. Dispersion characteristics of soluble pollutants in the braided river were explored in this
paper. The influence of hydraulic characteristics, fluid properties and geometric configurations of the braided river with
respect to longitudinal dispersion was analyzed, and finally a new empirical formula of longitudinal dispersion
coefficient for the braided river was established.

1. INTRODUCTION

2. DIMENSIONLESS FACTOR ANALYSIS

An understanding of the fate of pollutants is essential
for the management of river environments. Numerous
investigators have contributed to the understanding of
mechanisms of longitudinal dispersion in rivers. Fischer
[1] attributed lateral velocity heterogeneity to the underlying mechanism of longitudinal dispersion, and developed
a theory for the determination of the longitudinal dispersion coefficient. Many experiments on longitudinal dispersion in relatively straight channels have been conducted, and a number of different empirical equations
proposed (Fischer [2], Liu [3], Seo and Cheong [4], Deng
et al. [5], Kashefipour and Falconer [6]). Some improved
calculation methods were also used to predict longitudinal
dispersion coefficients (e.g. Tayfur and Singh [7], Li and
Fan [8], Liu et al. [9]). Furthermore, the hydrodynamic
* Corresponding author

Major factors that influence dispersion characteristics
of pollutants in braided rivers can be categorized into three
groups: fluid properties, hydraulic characteristics and geometric configurations of the braided river. The fluid properties include fluid density ρ0 and viscosity µ0. The hydraulic characteristics of braided rivers encompass a number of parameters, including flow-rates Q0, Q1 and Q2 of
the main channel and two anabranches, respectively,
water depths H0, H1 and H2, average velocity U, frictional
velocity U*, and etc. Channel widths B0, B1 and B2, slopes
S0, S1 and S2, the maximal length of the braid bar L0, and
diversion angle θ can be regarded as the geometric configurations. Roughness nc is also an influencing factor.
The above parameters can be simplified. Firstly, the
sum of the flow-rates in two anabranches equals the upstream flow-rate Q0 = Q1+Q2, so Q2 can be discarded.
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Secondly, the water depths of the main channel and two
anabranches have slight differences, so only H0 is considered. Finally, the slopes S0, S1 and S2 of the main channel
and two anabranches are regarded to be approximately
equal. Thus, the main parameters influencing the dispersion coefficient Kx in braided rivers are as follows:
ρ0, µ0, B0, B1, B2, H0, Q0, Q1, U, U*, θ, L0, S0, nc
By using a dimensionless analysis method, a new
functional relationship between dimensionless terms was
derived:
(1)
Q0 U B0 Q1
Q0
KX
B1
B1 L0
H 0U *

= f (ρ0

,

,

,

,

,

,

,

µ 0 H 0 U * H 0 Q0 B1 + B2 B0 B0 B0 H 0U

, θ , S 0 , nc )

where, ρ0Q0/(µ0B0) is equivalent to the Reynolds
number and its effect can be omitted for fully turbulent
flow in braided rivers. Due to the limitation of experimental conditions, B0, θ and L0 are constant. The effects of
B1/(B1+B2) and B1/B0 are similar. Thus, only B1/(B1+B2) is
considered. Q0/(B0H0U) equates approximately to 1, so it
can be discarded. In view of the characteristics of braided
rivers, a comprehensive hydraulic radius of two anabranches
R= (H1B1+H2B2) / (2H1+2H2+B1+B2) can be considered to
replace the water depth in dimensionless dispersion coefficient; thus, Kx / (H0U*) changes to Kx / (RU*). Furthermore, frictional velocity U*= gRI , where I is the hydraulic slope, includes the effects of bed slope and roughness; so, S0 and nc can be omitted. Thus, equation (1) can
be reduced to:
B1
KX
U B Q
)
= f( , 0 , 1 ,
RU *
U * H 0 Q0 B1 + B2

(2)

As a result, this experiment considered the effects of
the following parameters: mean velocity, water depth,
flow ratio of anabranch 1 to the sum of two anabranches,
width ratio of anabranch 1 to the sum of two anabranches,
and roughness.
3. EXPERIMENTAL METHOD

Experiments were carried out in a slope-adjustable
flume made of glass. The flume was 0.5 m wide and 25 m

long. The middle part of the flume was an expanding rectangle of 2.2 m width and 4 m length. The braided channel
model was fixed in the middle of the flume (Fig. 1). The
layout of the physical model comprised 3 channels: a
main channel, anabranch 1, and anabranch 2. The transverse section of the braided channel is a rectangle. The
braid bar in the channel looked like a diamond, and the
ratio of maximal length to width of this bar was 3. The
main channel was 0.5 m wide and the sum of the width of
both anabranches was 0.7 m, whereas the width of each
anabranch could be changed by moving the braid bar.
In this model experiment, water was pumped into the
constant-head tank from a reservoir and flowed to the main
channel through an electric-magnetic flow-meter. The water
then moves past the braid bar to the V-notch weir tanks
flowing out in the end. Total flow-rate was controlled by
the pump, valve and the V-notch weir. Point gauges, to
measure the water depth in the channel, could be read to
an accuracy of 0.1 mm. Five perforated plates, to ensure
that flow developed properly, were placed at the head of
the main channel. An adjustable tailgate was used to
maintain a constant water level.
The tracer, originating from an instantaneous plane
source at the cross-section R in the main channel (Fig. 1),
was a salt solution, maintained as neutrally buoyant by
adding alcohol. The tracer release set-up is illustrated in
Fig. 2. The concentration of the tracer cloud was measured with an electrode conductivity meter developed by
THANK company. Fifty probes of the conductivity meter
can detect conductivity simultaneously, and the data was
saved automatically in the computer. The measurement
range of the conductivity meter was 0-10 ms/cm. A multifunctional velocity instrument, developed by Nanjing Hydraulic Research Institute, was adopted to measure crosssectional velocity. This instrument is small and has an
accuracy range of ±0.01 m/s.
A number of parameters were considered in the experiment, including upstream flow-rate, width ratio of
anabranch 1 to both anabranches, depth, roughness, and
mean velocity. Thus, 108 experiments were conducted
(Table 1): 80 with smooth side and smooth bottom, 9 with
rough side and smooth bottom, and 9 with smooth side and

Reservior

V-notch weir

Pump
Constant head tank

1 B1
Anabranch

R
Electric-magnetic
flowmeter

Inflow
Q0
Perforated Tracer
plates release setup

Main channel

B0

Braid bar
Outflow
Anabra
nch 2

Y

Braided river
model

B2

Glass plume

X
Z

FIGURE 1 - Schematic layout of experimental model (length unit: mm).

775

Tail gate

© by PSP Volume 21 – No 3a. 2012

(a)

Fresenius Environmental Bulletin

Four sections (F1, F2, L1 and R1) for the concentration and velocity measurements are shown in Fig. 4. There
were 5 measuring points at section F1 (9, 17, 25, 33 and
41 cm to the left bank), and 7 measuring points at section F2 (7, 13, 19, 25, 31, 37 and 43 cm to the left bank).
Measuring points at sections L1 and R1 varied with the
width of the two anabranches. All measuring points were
taken at the mid-range of water depth.

(b)

FIGURE 2 - Sketch of tracer release set-up (length unit: mm): (a)
front view; (b) lateral view.

Outside
L1
Inside
1500
1500

1410

TABLE 1 - Experimental conditions.
Case
1~20
21~40
41~49
50~89
90~98
99~108

Q0(L/s)
2.00~10.81
2.00~10.81
2.00~7.50
2.00~12.11
2.00~7.50
2.00~10.81

H0 (cm)
5.70~11.68
5.70~11.63
5.53~9.70
5.23~12.0
5.80~9.70
5.57~11.56

B*
0.33
0.41
0.41
0.46
0.46
0.50

F1

Roughness
side
bottom
smooth
smooth
smooth
smooth
rough
smooth
smooth
smooth
smooth
rough
smooth
smooth

1410
F2

Inside
R1
Outside

FIGURE 4 - Location of the measuring sections (length unit: mm).

4. DATA ANALYSIS

a

The measured velocity and tracer concentration data
were normalized to [0~1]. Fig. 5 illustrates the verticalaveraged longitudinal velocity of sections L1 and R1 for
Case 1 (B* = 0.33, Q0 = 2.0L/s, H0 = 5.70 cm). It can be
seen that the sectional longitudinal velocity increased from
the outside to the inside bank. The filament of maximum
velocity was found to occur along the inside bank near the
braid bar. In other tests with various values for width ratio,
water depth, and other parameters, the sectional longitudinal velocity distributions in both anabranches were similar
putting aside the absolute velocity value.

b

Inside

Outside

0.7

Relative velocity

0.68
0.66
0.64
0.62

c

0.6
4

9

y/cm

14

19

(a) L1
Outside

Relative velocity

nside
1.2
FIGURE 3 - The experimental model （B*=0.5）with (a) both smooth
side and bottom, (b) rough side and smooth bottom, and (c) smooth
side and rough bottom.

rough bottom (Fig. 3). The side roughness was added by
the plastic nets, and the bottom was roughened by the
placement of stones. In the experiments, the upstream
flow-rate varied from 2 L/s to 10.81 L/s, and depth varied
from 0.057 to 0.12 m. Every experiment was repeated
three times, and the averaged values of concentration vs.
time were used in the analysis.

1
0.8
0.6
0.4
0.2
0
0

10

20

y/cm

30

40

50

(b) R1
FIGURE 5 - Vertical-averaged sectional longitudinal velocity of
sections L1 and R1 for Case 1.
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The concentration versus time curves at the sections
of F1, L1, R1 and F2 with B* = 0.5 (case 100, Q0 = 2.0L/s,
H0 = 6.32 cm) and B* = 0.33 (case 1, Q0 = 2.0L/s, H0 =
5.70 cm) are shown in Fig. 6. The arrival time and peak
concentration at sections L1 and R1 are similar when the
two anabranches are equal (B* = 0.5). As to unequal
widths of two anabranches (B* = 0.33), the tracer cloud
travels faster in anabranch R1 due to the large velocity
that prevails in this anabranch. The concentration versus
time curves of different points at sections L1 and R1 for
Case 1 are shown in Fig. 7. It could be known that the
major tracer cloud moved along the inside bank. From the
points at the inside towards the outside bank, a trend is
noted whereby the peak concentration decreases and the
arrival time of peak concentration increases.

0.8
F1
L1
R1
F2

0.6
0.4
0.2
0.0
0

100

200
T /s

300

400

relative concentration

(a) B*=0.5
1

F1
R1
L1
F2

0.8
0.6
0.4

On the basis of measured data at sections F1 and F2,
the routing-optimization method [15] was used to determine longitudinal dispersion coefficients for the braided
river (Table 2). The non-dimensional longitudinal dispersion coefficients, Kx / (RU*), were between 9.2 and 45.8.

0.2

TABLE 2 - Results of calculated longitudinal dispersion coefficients
in the braided river.

0
0

100

200
T /s

300

400

Case
1~20
21~40
41~49
50~89
90~98
98~108

(b)B*=0.33
FIGURE 6 - The concentration versus time curves at the sections of
F1, L1, R1 and F2: (a) B* = 0.5, Case 100; (b) B* = 0.33, Case 1.

Inside
Outside
Relative
Concentration

0.5

120

140

160

T/s

180

200

220

45
240

185
115y/mm

Outside

Kx (m2/s)
0.0079~0.032
0.0065~0.023
0.0073~0.015
0.0053~0.019
0.0081~0.019
0.005~0.0125

(2) Results illustrated in Fig. 9 indicate that the longitudinal dispersion coefficient Kx increases with increasing
water depth H0 when the average velocity and the width
ratio of the two anabranches are approximately equal
(U1∈[0.169, 0.176], U2∈[0.0953, 0.0980], B* = 0.46). As
the water depth increased, the velocity distribution of the
braided river became non-uniform, and the longitudinal
dispersion coefficient increased.

Inside
1

Relative
Concentration

U (m/s)
0.0643~0.213
0.0635~0.201
0.0660~0.172
0.0643~0.205
0.0677~0.171
0.0660~0.185

(1) Fig. 8 illustrates the relationship between the longitudinal dispersion coefficient Kx and average velocity U
at the approximately equal water depth (H1∈[9.64, 9.66],
H2∈[5.72, 5.79]) and the same width ratio of two anabranches (B*=0.46). It can be seen that Kx increases with
U, the reason being that the mixing capacity in a braided
river increases as the average velocity increases. A similar
relationship also existed in experimental tests with other
width ratios and water depths.

(a) L1

0.5
0
90

U* (m/s)
0.0076~0.014
0.0090~0.017
0.0080~0.016
0.0039~0.016
0.012~0.025
0.0070~0.0096

The relationships between the longitudinal dispersion
coefficients and the major factors were analyzed as described below.

1

0
100

B*
0.33
0.41
0.41
0.46
0.46
0.50

110

130

150

T/s

170

190

210

85

385
285
185y/mm

230

(b) R1
FIGURE 7 - Concentration versus time curves of different points at
sections L1 and R1 (Case 1): (a) L1, (b) R1.

(3) The relationship between the longitudinal dispersion coefficient Kx and the width ratio B* at the approximately equal water depth (H1∈[5.59, 5.75], H2∈[5.72,
5.80]) and velocity (U1∈[0.122, 0.127], U2∈[0.201,
0.203]) is shown in Fig. 10. When B* changed from 0.33
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to 0.50, the longitudinal dispersion coefficient Kx became
smaller. The width divergence between two anabranches
became smaller, with B* varying from 0.33 to 0.50. This
caused the uniformity of velocity in the braided river to
increase, and the longitudinal dispersion coefficient to
decrease, indicating that the longitudinal dispersion coefficient increases with width divergence between two anabranches.

0.016

K X(m2/s)

0.014
0.012
0.010
0.008

Rough side
Smooth side

0.006
0.004
0.05

0.10

0.016

K X (m2/s)

0.014

H1
H2

0.012
0.010
0.008

0.002
0.05

0.10

0.15

0.20

K X(m2/s)

0.004
0.25

U (m/s)
FIGURE 8 - Relationship of the longitudinal dispersion coefficient
Kx and average velocity U with the same water depth and width
ratio.
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0.20

(a) rough side

0.006

0.020
0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000
0.05

Rough bottom
Smooth bottom
0.10
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0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

(b) rough bottom

U1
U2

FIGURE 11 - Influence of roughness to the longitudinal dispersion
coefficient.

5. DEVELOPMENT OF A NEW EQUATION
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FIGURE 9 - Relationship of the longitudinal dispersion coefficient
Kx and water depth H with the same average velocity and width
ratio.
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Using results from the experimental data analysis, a
linear correlation was found between the flow-rate ratio of
anabranch 1 to the total flow-rate Q1/Q0, and the width ratio
of anabranch 1 to the sum of two anabranches B1/(B1+B2).
Thus, only Q1/Q0 was considered when establishing the
new equation for longitudinal dispersion coefficient.
Based on dimensionless factor analysis, the functional relation of non-dimensional longitudinal dispersion
coefficient of the braided river model was as follows:

B
KX
Q
U
= A ⋅ ( ) a1 ( 0 ) a 2 ( 1 ) a 3
RU *
U*
H0
Q0

0.015
0.010
0.005
0.000
0.3

0.35

0.4

0.45

0.5

0.55

B*
FIGURE 10 - Relationship of the longitudinal dispersion coefficient
Kx and width ratio B* with the same water depth and velocity.

(4) The influence of roughness on the longitudinal
dispersion coefficient is shown in Fig. 11(a): (H0∈[5.53,
5.74], B*=0.41) and Fig. 11(b): (H0∈[5.73, 6.04], B*=
0.46). The longitudinal dispersion coefficient increased
with increasing roughness if other hydraulic conditions
remained similar. This is because the roughness of the
side or the bottom increases velocity divergence; thus, the
longitudinal dispersion coefficient increases.

(3)

where A, a1, a2, and a3 are the undefined coefficients.
Using the natural logarithm transformation on the above
equation, and defining Y = ln (Kx/R/U*),β = ln A, X1 = ln
(U/U*), X2 = ln (B0/H0), and X3 = ln (Q1/Q0), equation (3)
becomes:
Y = β+ a1X1+ a2X2+ a3X3

(4)

Applying the least squares estimation method, the following equation set is obtained:
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where n is the number of experimental tests. On the
basis of experimental data, the coefficients can be calculated, using equation (5), as follows:

β = -0.434，a1 = 0.666，a2 = 0.305，a3 = -1.408
Thus, the empirical formula for non-dimensional longitudinal dispersion coefficient is obtained as follows:
2
B
KX
Q
U
= 0.648( ) 0.666 ( 0 ) 0.305 ( 1 ) −1.048 (R =0.759)
RU *
U*
H0
Q0

(6)

The experimental value and calculated value of
Kx/(RU*) is shown in Fig. 12. It can be seen that the calculated results of the equation (6) are satisfied.

Calculated K x/(RU *)

60
50

y = x
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ABSTRACT

A modeling study was performed to simulate atmospheric dispersion of volatile organic compound (VOC)
emissions from a main municipal solid waste (MSW) landfill site in Istanbul-Turkey using Industrial Source Complex
short term version (ISCST3). Ambient concentrations of
1,2-dichloroethane, dichloromethane, benzene, vinyl chloride, toluene, xylenes and dichlorobenzenes emitted from
the landfill site were calculated over six averaging periods
(1, 2, 4, 8, 12 and 24 hours). Real case model results and
worst case scenario-based model results were obtained for
each VOC and over each averaging periods. The model
results were combined with human activity data in order
to estimate average community exposure levels to landfill
VOCs and associated risks. For instance, those values for
dichloromethane over twelve hours of exposure duration were 0.910 µg.hr.m-3 and 2.0*10-9, respectively.
For worst case conditions, these values were estimated
as 2.249 µg.hr.m-3 and 4.35 * 10-8. Values for each and all
VOC species over each averaging period were evaluated.
No significant health risks associated with exposure to
landfill VOCs were expected.

KEYWORDS: Istanbul, Landfill VOC, Dispersion modeling, Exposure, Probability analysis

1. INTRODUCTION

During the last few decades, airborne volatile organic
compounds (VOCs) have become a topic of great concern
to air pollution engineers due to the fact that they possess
deep impacts associated with their toxic and carcinogenic
as well as odorous effects [1, 2]. Besides, they are involved
in atmospheric photochemical reactions and they contribute
to ambient ozone levels in some manner [3-5].
The major sources of VOCs within the urban areas
are industrial activities, traffic and solid waste handling
activities. Several researchers studied the odorous effects
* Corresponding author

of VOCs [1, 6] and their toxic and carcinogenic effects
[7-9]. Several others examined the health risks associated
with personal VOC exposure [10, 11]. Most of these studies focused on personal exposure to VOCs of traffic and
industrial origin [12]. One example of these studies is the
one conducted by Wang and Zhao [13]. They monitored
diurnal concentrations of several VOCs near major roads
at five distinct locations for ten consecutive days. They
decided that the VOC species that can exist in the atmosphere near a source depends on the source characteristics.
In another study, Lau and Chan [14] investigated commuter exposure to aromatic VOCs in public transport
modes. They assessed the exposure levels of commuters
during transportation with several vehicles. Park and Jo
[15], in another study, studied personal exposure levels of
children due to industrial activities near primary schools.
As obviously seen in the available literature, most of
researchers focused on the exposure to VOCs of traffic
and industrial origin. Therefore, there is a lack of research
about the adverse effects of sub-chronic, chronic and longterm personal exposure to VOCs originating from solid
waste handling activities.
Solid waste handling operations involve collection,
transfer and disposal. Of these steps, disposal via landfilling is the most important source of VOC emissions because VOCs are continuously being emitted to the atmosphere from landfill gas withdrawal stacks and from the
wide surface of landfills.
Landfill gases generally comprise methane (CH4),
carbon dioxide (CO2), hydrogen sulfide (H2S) and trace
amounts of VOCs. Although the VOCs are found in trace
concentrations within the landfill gases, they possess high
potential of environmental effects. Besides, VOCs from
landfill sites are of wide variety depending on the operational conditions and the characteristics of the wastes.
USEPA [16] lists emission factors for 43 VOC species
that exist in landfill gases. In another study, Zou et al.
[17] reported the number of VOCs emitted from MSW
landfill sites varies from 38 to 60 from winter to summer
seasons. Haug [18] states that these VOCs include saturated and unsaturated hydrocarbons, organic acids, alcohols, amines, aromatics, organic sulfides, terpenes, ammonia, aldehydes, ketones, esters, acrylates and several
others.
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Exposure is defined as the product of pollutant concentration exposed and the time period of exposure [19].
Some more generally applicable definition of exposure is
given by Zartarian et al. [20] as “contact between an agent
and a target.” Considering the terminology, the definition
given by Zartarian et al. [20] is widely accepted now and
it is accepted for the current study as well. Here, for studies relating to exposure to air pollutants, the agent can be
referred to as pollutants that have already become airborne
and are readily available to contact the target and the target
is the human living or spending considerable time within
the polluted area. After defining the exposure to a pollutant, there is a need to quantitatively express the exposure
levels in terms of exposure concentrations and exposure
durations. Fortunately, a mathematical definition of exposure concentration at a point in space and an instant in
time is available in Ott et al. [21] as the total mass of
pollutant within the contact volume at an instant in time
divided by the contact volume:

εt =

∫∫∫ Ct dxdydz
V

∫∫∫ dxdydz

(1)

V

Here,

εt

is the average exposure concentration at a

specified point in space and specified instant in time, and
C t is the concentration of the pollutant of interest within
the contact volume at the specified instant in time. To
clarify, the concentration within the contact volume is
defined as the concentration of the pollutant in immediate
proximity to the target to be exposed by inhalation, ingestion or absorption; and it is different than the concentration of that pollutant in surrounding ambient air due to the
shading effect of the target, for example. However, it can
easily be assumed that the air around a person is completely mixed at a distance of inhalable proximity. This
assumption is not considered to cause considerable error
in the estimation of exposure concentrations using ambient concentrations. With this simplifying assumption, the
exposure concentration given in Ott et al. [21] becomes
ambient air concentration for an airborne pollutant.
Exposure to hazardous materials is studied under three
main titles: exposure by inhalation, by ingestion and by
dermal absorption. During daily activities, people are exposed to many VOCs from several sources including
traffic emissions, industrial, occupational and solid waste
handling emissions, home activities like cooking, showering, paints and many others. This study, however, focuses
on the exposure by inhalation to landfill VOCs. The exposure level in the current study is, then, a measure of exposure concentration (ambient concentration) and exposure
duration.
Main pathway of landfill VOCs for reaching humans
is air dispersion. Some landfill VOCs can also leach from
the landfills to the groundwater making its way eventually
to humans, however, this study only focuses on VOCs

that come into contact with the humans through air dispersion, particularly, via inhalation.
The aim of this study is to characterize the VOC
emissions from a municipal landfill site in Istanbul, Turkey (Odayeri Sanitary Landfill Site); to model atmospheric dispersion of these VOCs in order to estimate their
ambient concentrations (exposure concentrations for the
case) in a nearby residential area (Gokturk); to determine
personal exposure levels to these landfill VOCs in Gokturk by combining the results from the modeling study and
human activity data; and to discuss health risks associated
with personal exposure of those people to specific volatile
organic compounds from the landfill site.
2. MATERIALS AND METHODS
2.1. Site Definition

Istanbul is the biggest metropolis of Turkey in economical aspects. It is also the most attractive city for this
reason. The city is settled in a surface area of 5712 km2.
The results of census 2007 [22] showed that Istanbul comprises approximately 18% of Turkey's overall population
with the population of 12,461,170. When the surface area
of Istanbul is considered, this population of Istanbul makes
it the most crowded city of Turkey. The population densities of Istanbul and Turkey are approximately 2,420 people/
km2 and 92 people/km2, respectively. The city is settled in
northwestern part of Turkey where it acts as a bridge between European and Asian parts of Turkey. 65% of the
city's total population live in European side, while the rest
in Asian side.
ISTAC [23] reported that 13,200 tonnes per day of
domestic wastes are generated in Istanbul. Approximately
8,700 tonnes of this is generated in European side while
the rest is coming from Asian side. Currently, there are
two active MSW landfills operating in Istanbul since
1995. Two closed dump sites in Hasdal and Umraniye had
been active till 1995. Of the active landfills, one is located
in Kemerburgaz on the European side and the other is
located in Sile on the Asian side of Istanbul. These two
landfills have been receiving all of the domestic wastes of
Istanbul since 1995. Locations of municipal solid waste
handling facilities in Istanbul are shown in Saral et al. [1].
2.2. Emission Inventory for Selected Compounds

In the selection of VOC species of interest, two main
criteria were employed. First, the particular VOC of interest from landfill site was required to be listed in the available literature along with its typical emission factor or its
typical concentration in the landfill gas. Second, the VOC
of interest needed to be included in US EPA’s Integrated
Risk Information System (IRIS) [24] with unit risks associated with it. The latter constraint was employed in the
selection process in order to make proper evaluations for
the results of exposure and its health effects on people
exposed. Four species were selected based on these crite-
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ria: 1,2-dichloroethane (DCE), dichloromethane (DCM),
benzene (BNZ) and vinyl chloride (VCH). Further, three
more species were also distinguished themselves since several studies were conducted relating personal exposures to
those VOCs. Although unit risks associated with these
three species are not available in IRIS database yet, these
three VOC species were also selected for the assessment
for comparative purposes. These VOC species are toluene
(TOL), xylenes (XLN) (o-, m- and p-) and dichlorobenzenes (o-, m- and p-) (DCB). Finally, seven VOC species
were selected for the assessment. The mass emission rates
of these VOC species from gas withdrawal stacks were
estimated using the same approach presented in Saral et
al. [1]. Other than gas withdrawal stacks, area emissions
also occur in landfill sites. Following Sironi et al. [25],
area emissions for the selected VOCs was assumed to be
equal to the total mass flowrates from all stacks. Molar
masses, chemical formulae and total mass flowrates for
the selected compounds are given in Table 1.

2.3. Meteorological and Topographical Conditions

Meteorological data was obtained from the local meteorological station installed in landfill site. Measurements were performed from January 2007 to November
2008. Hourly wind speeds and directions were recorded.
Since the northwesterly winds carry the pollutants from
the landfill site toward Gokturk, frequencies of occurrences
of northwesterly winds were calculated. The wind rose for
the measurement period is given in Fig. 1.
The dominant topographical conditions throughout the
domain could affect the Gaussian Dispersion within the
study domain due to the fluctuations in the plume shape.
Simple Gaussian Dispersion formulae are not capable of
accounting for the effects of these topographical structures. Thus, EPA’s software, ISCST3, was used for shortterm effects of VOCs of interest.

TABLE 1 - Emission rates, chemical formulae and molar masses of selected VOCs
Chemical name
Abbreviation
Benzene
BNZ
a
Dichlorobenzenes
DCB
1,2dichloroethane
DCE
Dichloromethane
DCM
Toluene
TOL
Vinyl chloride
VCH
XYL
Xylenesb
a
not specified whether o-, m-, or p- isomer
b
total of all three isomers

Molar mass (g.mol1)
78.1
147.0
99.0
84.9
92.1
62.5
106.2

Chemical formula
C6H6
C6H4Cl2
C2H4Cl2
CH2Cl2
C7H8
C2H3Cl
C8H10

3. METHODOLOGY

N
100.00%

NNE

NNW

10.00%

NW

The methodology in this study involves two distinct
stages: dispersion modeling to estimate ambient concentrations of VOCs of interest over several averaging periods and combining model results with human activity data
to estimate personal exposure levels to landfill VOCs.

NE

1.00%
ENE
WNW
0.10%

W

Total emission rate (x10-3 g.sec1)
10.635
2.201
2.892
86.588
258.110
32.703
91.571

3.1. Modeling Methodology
E

0.01%

ESE
WSW

SW

SE

SSE

SSW
S

FIGURE 1 - Wind rose for the study area from January 2007 to
November 2008.

Modeling methodology given in Saral et al. [1] was
used in the modeling stage. Industrial Source Complex
Short-term version (ISCST3) was used in the dispersion
modeling. The real-case modeling methodology was applied to the VOCs of interest in the same manner. In scenario-based modeling, the methodology was taken unchanged except that the results from the scenario-based
model runs formed seven concentration matrices instead
of one. Each concentration matrix involved nine rows and
six columns. The rows in the matrices represented nine
wind speed categories and the columns stood for six averaging periods: 1, 2, 4, 8, 12, 24 hours. After forming the
concentration matrices, each column of each matrix was
applied to fit two probability distribution functions: the
log-normal distribution and the exponential distribution.
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The parameters for the probability distribution functions
were obtained by rank regressions on cumulative probability distributions. The coefficients of determination (values
of R2) for each probability distribution fit were compared.
The probability distribution that best explains the fluctuations in ambient concentrations of VOCs, with respect to
the changing wind speeds, was chosen and distribution
parameters were estimated for each VOC over each averaging period. Percentiles of several probability degrees
were, then, calculated using selected probability distribution function. As in Saral et al. [1], the upper and lower
limits of ambient concentrations for each VOC over each
averaging period within given probability intervals were
calculated for further use.

much they spend time. These surveys are very expensive
and time-consuming to conduct for each specific research
study. Thus, a generalized form of individuals’ activities
is required most of the time. Human activity patterns are
established to reduce costs and to save time. For this study,
human activity patterns were obtained from a previous
study [26]. Since outdoor ambient concentrations are
estimated in this study, the periods of time that individuals
spend outdoors were extracted from the database. Extracted
data is presented in Table 2.
4. RESULTS
4.1. Model results

3.2. Human Activity Data

4.1.1. Real-case model results

Human activity is one of the most important factors
in exposure assessment. Human activity patterns involve
data about individuals’ daily activities. The patterns are obtained via community surveys conducted on site and individuals are asked a set of questions about where and how

Short-term model runs with the measured meteorological data provided 1-, 2-, 4-, 8-, 12-, and 24-hr average
concentrations for the seven VOC species: benzene, dichlorobenzenes (o-,m-, and p- isomers), 1,2-dichloroethane,
dichloromethane, toluene, vinylchloride and xylenes (o-,m-,

TABLE 2 - Human activity data
Hours per day
1
2
4
8
12
24

All ages
85.1
73.1
53.0
29.1
18.5
5.80

Percent population that spends specified hours per day for outdoor activities (%)
< 5 yr. old
5–11 yr. old
12–17 yr. old
18–64 yr. old
> 64 yr. old
91.6
90.7
80.4
83.4
85.4
79.8
79.6
68.3
71.4
71.1
57.0
56.5
47.3
53.3
51.4
26.7
29.6
22.7
30.5
29.4
15.5
16.9
11.9
20.5
17.7
2.00
3.30
2.40
6.90
3.50

TABLE 3 - Real-case model results
AP

Distribution

BNZ
DCB
1 hr
Average (µg.m-3)
0.143
0.030
Upper (µg.m-3)
0.221
0.046
0.066
0.014
Lower (µg.m-3)
PPA1 (%)
0.0
0.0
0.119
0.025
2 hr
Average (µg.m-3)
-3
0.212
0.044
Upper (µg.m )
Lower (µg.m-3)
0.026
0.005
PPA1 (%)
0.0
0.0
-3
0.081
0.017
4 hr
Average (µg.m )
0.165
0.034
Upper (µg.m-3)
–
–
Lower (µg.m-3)
PPA1 (%)
0.0
0.0
0.054
0.011
8 hr
Average (µg.m-3)
0.130
0.027
Upper (µg.m-3)
–
–
Lower (µg.m-3)
PPA1 (%)
0.0
0.0
0.052
0.011
12 hr
Average (µg.m-3)
0.131
0.027
Upper (µg.m-3)
-3
–
–
Lower (µg.m )
PPA1 (%)
0.0
0.0
0.028
0.006
24 hr
Average (µg.m-3)
0.076
0.016
Upper (µg.m-3)
-3
–
–
Lower (µg.m )
PPA1 (%)
0.0
0.0
AP: averaging period, PPA1: percentile probability at which exposure
concentrations are greater than or equal to 1 µg.m-3
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Values of exposure concentrations
DCE
DCM
TOL
0.039
1.168
3.482
0.060
1.798
5.359
0.018
0.538
1.604
0.0
73.1
100.0
0.032
0.970
2.891
0.058
1.728
5.151
0.007
0.211
1.604
0.0
49.0
97.4
0.022
0.657
1.959
0.045
1.341
3.996
–
–
–
0.0
12.5
85.8
0.015
0.440
1.311
0.035
1.055
3.144
–
–
–
0.0
2.1
65.0
0.014
0.410
1.250
0.036
1.070
3.190
–
–
–
0.0
2.3
61.6
0.008
0.233
0.694
0.021
0.615
1.834
–
–
–
0.0
0.0
26.9

VCH
0.441
0.679
0.203
0.0
0.366
0.653
0.080
0.0
0.248
0.506
–
0.0
0.166
0.398
–
0.0
0.158
0.404
–
0.0
0.088
0.232
–
0.0

XYL
1.235
1.901
0.569
79.0
1.025
1.828
0.223
52.0
0.695
1.418
–
19.0
0.465
1.115
–
2.9
0.444
1.132
–
3.1
0.246
0.651
–
0.0
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TABLE 4 - Comparison of measured VOC concentrations (µg.m

) in eight cities from previous studies

VOC concentrations in cities (µg.m-3)
Caracasa Quitoa Santiagoa Sanpauloa Bangkoka Manilaa Pamplonab
BNZ
14.2
5.0
14.8
16.7
18.2
12.6
0.47-10.3
DCBe
NA
NA
NA
NA
NA
NA
0.11-14.9
TOL
28.9
15.2
29.8
28.1
186
168
0.44-31.3
22.1
8.4
34.1
24.7
110
72.6
0.65-15.9
XYLe
a
from Gee and Sollars [27]: ambient VOC concentrations
b
from Parra et. el. [2]: commuter exposures in public buses
c
from Bevan et. al. [28]: exposure when riding bicycle
d
current study: real-case model results
e
sum of o-, m-, and p- isomers
NA: not available
Name

and p- isomers). The highest concentrations were expected
to be observed in the landfill site. As expected, lower concentrations within Gokturk County were obtained via the
model. The averages of maximum concentrations over the
given averaging period within Gokturk County are shown
in Table 3 along with upper and lower limits of the concentration ranges within 98% confidence intervals as well
as probability percentiles at which the exposure concentrations are greater than or equal to 1 µg.m-3.
Measured concentrations of four VOCs in eight cities
are also provided in Table 4 for comparative purposes,
along with average hourly concentrations obtained from the
real-case dispersion model. It should be noted that the
results from the previous studies are measured concentrations, that’s, they include the effects of all sources while
the results in our study involves the effect of only landfill
emissions. Therefore, results from the current study are
expected to be very low in contrast to the previous ones.
In Table 4, Bangkok and London seem to be the most
VOC-polluted cities. However, results for Istanbul had
been expected to much lower in comparison to others
since the effects of no other sources are included in these
results.

Londonc
56
NA
122
97

Istanbuld
0.143
0.030
3.482
1.235

Φ ij (C ) = 1 − exp(− λij C ij )

(2)

where Φ ij (C ) is the cumulative probability function
dependent on the exposure concentration (independent
variable) for the ith compound over jth averaging period,
λij is the shape factor for the exponential distribution of
ith compound over jth averaging period and Cij is the

exposure concentration (ambient concentration for the
case) of the ith compound over jth averaging period.
The scenario-based model results with upper and lower
limits of exposure concentrations are shown in Fig. 2. Fig. 2
is a box-whisker representation of the data. The lower and
upper limits of the boxes correspond to the 25th and 75th
percentiles, respectively. The midpoint of the boxes is the
50th percentile. The end points of the left whiskers and the
right whiskers show the 10th and 90th percentiles, respectively. Two dots are also presented in the left and right
side of each plot, which represent 1st and 99th percentile
probabilities, respectively. In Fig. 2, reference concentrations and inhalation unit risks of each compound are also
given on the right-hand-side of each plot.
4.2. Exposure Levels and Associated Risks

4.1.2. Scenario-based model results

Short term model runs were done for distinct wind
speed categories given in Saral et al. [1]. The results from
the dispersion modeling of benzene, total dichlorobenzenes, 1,2-dichloroethane, dichloromethane, toluene, vinyl
chloride and total xylenes emissions from the landfill site
were applied to fit two probability distribution functions:
The log-normal distribution and the exponential distribution. The log-normal distribution gave R2 values of 0.969
while the value of R2 for the exponential distribution fit
was 0.980. Although the coefficient of determination for
the log-normal distribution fit was high enough, it underestimated ambient concentrations with cumulative probabilities lower then 50% and overestimated those over
50%. The exponential distribution fit explained the variance of the data better. The exponential cumulative probability function was defined by a shape factor, λ, which
expresses the convexity of the probability distribution.
The cumulative probability function is expressed as

Data presented in Table 2 along with data given in
Table 3 or Fig. 2 can easily be used to predict exposure
levels of the population to specific VOC species. Two
main uses of the data are presented here. For both purposes, averaging period (or exposure period) and a specific VOC must be decided. In the first case, one can
estimate average exposure level of the community to a
specific VOC of landfill origin. Average exposure level of
the community is calculated as the product of averaging
period, exposure concentration and percent of population
that is exposed to the calculated exposure concentration
during that averaging period. For instance, average exposure level of the community to dichloromethane over a
time period of 12 hours is 0.910 µg.hr.m-3 (12 hr * 0.410
µg.m-3 * 18.5%). That value increases to 1.418 µg.hr.m-3
(2hr * 0.970 µg.m-3 * 73.1%) for two hours of exposure
duration. Average community exposure levels for the seven
VOC species are shown in Fig. 3. Although exposure concentrations for all VOCs decrease with increasing exposure
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FIGURE 2 - Box-whisker plots of scenario-based model results (NA: not available)
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FIGURE 3 - Average community exposure levels to seven VOC species.
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duration, average community exposure levels increases by
approximately 1.5 times from one hour of exposure duration to two hours. This is because the percent of population that spends time outside is also included in the calculations.

based models were, then, combined with human activity
data in order to estimate average community exposure
levels to these landfill VOC species and risks associated
with exposure. Besides, results from the real-case model
were compared with those obtained in previous studies.

Another use of the data presented is the estimation of
risks associated with exposure to a specific VOC concentration during a specified period of time. One can predict
the risk associated with exposure to a specific VOC by
multiplying PPA1 (percentile probability at which concentration is greater than or equal to 1 µg.m-3) value for a
selected exposure duration in Table 3 by corresponding
percent of population that spends that exposure duration
outside and associated unit risk. For instance, risks associated with exposure to dichloromethane for a time period
of 12 hours is 2.0*10-9. Since dichloromethane is known
to cause combined adenomas and carcinomas, the calculated risk can be interpreted as it is probable that two
individuals out of a billion may suffer adenomas and
carcinomas.

The real-case model results were higher than expected. Although Bangkok and London seemed to be the
most VOC-polluted cities, results from the current study
did not involve the effects of VOC sources other than
landfill. Still, ambient levels of landfill VOCs were considered to be high in comparison to the previous ones.

Figure 2 shows the results from the scenario-based
model and represents worst case conditions. Values extracted from Fig. 3 can also be used in the estimation of
worst case exposure levels and associated risks instead of
data from Table 3. For instance, worst case average community exposure level to dichloromethane over a period of
12 hours is estimated to be approximately 2.249 µg.hr.m-3.
This level is 2.5 times the average value estimated earlier
using the real-case model results. On the other hand,
worst case risks associated with dichloromethane exposure is calculated as 4.35 * 10-8, which is approximately
22 times the value estimated earlier.

Real-case and scenario-based model results were also
used to estimate average community exposure levels and
associated risks. Average community exposure to dichloromethane, for instance, was calculated 0.910 µg.hr.m-3 over
an exposure duration of 12 hours and this value was expected to reach 2.249 µg.hr.m-3 in the worst case. Average
risk associated with this level of exposure was calculated
as 2.0*10-9 while worst case value of the risk was 22 times
this value (4.35 * 10-8). The calculated risks were interpreted and no significant health risks associated with exposure to landfill VOCs were expected within Gokturk
County. However, it should be noted that the current
study focused on the effects of landfill VOCs only. Thus,
further investigation involving on-site measurements must
be done to assess real community exposure levels to
VOCs of all effective sources and associated risks.
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KINETICS AND THERMODYNAMIC STUDY OF
NITRATE ADSORPTION ON GRANULAR FERRIC HYDROXIDE
Lei Huo, Qi Yang and Haitao Shang
School of Water Resources and Environment, China University of Geosciences (Beijing), Beijing, P.R. China

ABSTRACT

This study explored the feasibility of using granular
ferric hydroxide as adsorbent for the removal of NO3--N.
Optimum conditions for NO3--N removal were found to
be pH 5.0 and equilibrium time 80min. The equilibrium
sorption isotherm was better described by Langmuir sorption isotherm model. The maximum sorption capacity of
granular ferric hydroxide was 4.254mg/g at 298K. A
comparison of four kinetic models applied to the adsorption of NO3--N was evaluated. The experimental data
fitted well the pseudo-second-order kinetic model. ∆H0
and ∆G0 all suggested that the adsorption of NO3--N onto
granular ferric hydroxide was physisorption.

KEYWORDS: nitrate removal; granular ferric hydroxide; Adsorption isotherm; kinetics; thermodynamics

1. INTRODUCTION

In many parts of the world, groundwater serves as the
sole source of drinking water in rural communities and
urban areas. Nitrate, due to its high water solubility, is possibly the most widespread groundwater contaminant in the
world, imposing a serious threat to drinking water supplies
and promoting eutrophication. Excess nitrate in drinking
water may cause two adverse health effects: a blue baby
disease (methemoglobinaemia), especially in infants, and
the potential formation of carcinogenic nitrosamines [1].
Traditional methods for nitrogen removal from wastewater are biological processes (denitrification, nitrification),
chemical processes (breakpoint chlorination, selective ion
exchange) and physical operation (ammonia stripping).
Other operations or processes are conventional treatment
(primary, secondary), biological processes (bacterial assimilation, harvesting of algae, oxidation ponds), chemical processes (chemical coagulation, adsorption), physical
operations (ammonia stripping, electrodialysis, filtration,
reverse osmosis), land application (irrigation rapid infiltration, overland flow) [2].
* Corresponding author

The application of most of these methods on commercial scale is limited due to high operational and maintenance costs, secondary pollution and complicated procedure involved in the treatment. Comparatively, adsorption process seems to be a more attractive method for the
removal of aquatic pollutants due to its simple design and
ease of operation [1]. In recent years, considerable attention has been paid on economic and environmental concerns to the study of using different types of low-cost
sorbents such as carbon based adsorbents [3]; clay adsorbents [4]; layered double hydroxides [5]; agricultural waste
such as sugarcane bagasse and rice hull [6], wheat straw [7];
industrial waste such as original and activated red mud [8].
The objective of this work was to study the feasibility
of using granular ferric hydroxide (GFH) [9] as an adsorbent for NO3--N removal from wastewater. It has been
successfully applied for removal of bromate [10], fluoride
[9], arsenic [11], phosphorus [12] and natural organic matters [13] from water.
In the present work, the effects of various operating
parameters, such as NO3--N concentration, solution pH, and
temperature, were studied and optimized by batch sorption
experiments. Sorption isotherms, kinetics and thermodynamic parameters were also evaluated for the sorption of
NO3--N onto GFH. In addition, the kinetics and thermodynamics studies were used to gain insight on potential
sorption mechanism of NO3--N by GFH.
2. MATERIALS AND METHODS
2.1. Materials

GFH is predominately akaganeite, a poorly crystallized iron oxide. The specific surface area is reported to
be 280 m2 /g, the point of zero charge (pHPZC) is between
7.5 and 8.0, the water content is 50% by weight. According to the manufacturer’s references (GEH Wasserchemie, Osnabrück), the applied material had a grain size
range of 0.32-2.0mm [12]. It was sieved to obtain a fraction with grain size ranges between 0.1 and 1.0mm for
batch study. This fraction was then washed several times
with deionised water and dried at room temperature for
16h. Finally samples were transferred to glass bottles for
further study. Stock solution of NO3--N (500mg/L) was
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prepared by dissolving KNO3 in deionised water and diluted to 10-120mg/L for further use. All reagents used were
analytical reagent grade.
2.2. Batch Study

The adsorption of NO3--N onto GFH was studied at
room temperature (298±2K) by batch experiments, except
for investigation of temperature effect. 200mL of nitrate
solution of fixed NO3--N concentration was taken into
250 mL of conical flask, whereafter, the conical flask was
agitated with 1g of adsorbent for a specified period of
contact time in a temperature controlled shaker (150 rpm).
When equilibrium attained, samples were then filtered
through 0.45µm filter paper and analyzed for residual
NO3--N by ultraviolet spectrophotometry, described in the
“Standard Methods for the Examination of Water and
Wastewater” [14].
The effect of contact time and NO3--N concentration
was studied by varying the initial NO3--N concentrations
(10-50mg/L) at a constant adsorbent dose of 5 g/L. The
effect of pH on the adsorption of NO3--N onto GFH was
studied by varying the initial solution pH from 1 to 11
using 0.1 M NaOH and HCl solutions. To investigate the
effect of temperature, experiments were conducted at
283K, 288K, 293K, 298K, 303K and 308K, respectively.
Isotherm experiments were conducted by varying the initial
NO3--N concentration from 10 to 120 mg/L at 298K, while
maintaining the initial pH at 5.0. The kinetic analysis of the
adsorption data was based on reaction kinetics of pseudofirst-order, pseudo-second-order, Weber and Morris intraparticle diffusion model and Bangham’s pore diffusion
model.
The amounts of NO3--N adsorbed were calculated at
various time t (qt in mg/g) and at equilibrium (qe in mg/g)
as follows:
(C − Ct )V
qt = 0
m

(1)

(C0 − Ce )V
m

(2)

qe =

where C0 and Ce are the initial and equilibrium concentrations of NO3--N in solution(mg/L), Ct is the concentration of NO3--N in solution at time ‘t ’(mg/L), V is the
volume of the solution(L), and m is the mass of the adsorbent(g). Also, the removal percentage at equilibrium
(R%) was calculated by equation (3):
（ C − Ce）
(3)
R% = 0
× 100
C0
3. RESULTS AND DISCUSSION
-

3.1. Effect of Contact Time and Initial NO3 -N Concentration

Due to the fact that all adsorbent sites were vacant,
the adsorption process, which can be seen from Figure 1,
was rapid at the beginning, whereafter, the NO3--N adsorbed by GFH decreased significantly. This behavior may

be attributed to fewer adsorption sites and lower NO3--N
concentration. It can also be seen that equilibrium was
established at about 80min. The NO3--N uptake by GFH
increased from 0.8385mg/g to 2.639mg/g when the initial
NO3--N concentration increased from 10 to 50mg/L.This
phenomenon resulted from the fact that along with an
increase in the initial NO3--N concentration, the driving
force of the concentration gradient increased. Such phenomenon is common in a batch reactor with either constant adsorbent dose and varying initial adsorbate concentration or vice versa [15].
It was also observed from the sorption data that the
sorption percentage decreased with an increase of initial
NO3--N concentration. The removal percentage decreased
from 47.8% to 27.9% as the initial concentration increased from 10 mg/L to 50 mg/L. For a given adsorbent
dose, the total number of available adsorption sites is
fixed thereby adsorbing almost the same amount of adsorbate, thus resulting in a decrease in the removal percentage of the adsorbate along with an increase in initial adsorbate concentration.
4
10mg/L

3.5

30mg/L
50mg/L

3
2.5
qt (mg/g)
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FIGURE 1 - Effect of contact time and initial concentration on NO3--N
removal (initial pH: 5, adsorbent dose: 5g/L, shaking speed: 150 rpm,
temperature: 298K).
3.2. Effect of pH

As shown in Figure 2, pH value of NO3--N solution
significantly influenced the adsorption of NO3--N onto
GFH. The effect of pH on adsorbate removal was dependent on the pH point of zero charge (pHzpc) of adsorbent
[16]. The GFH surface was positive charge when pH was
less than the pHzpc of GFH, and negative charge when pH
was above the pHzpc of GFH. The point of zero charge
(pHPZC) is between 7.5 and 8.0 [12].
Figure 2 showed that the amount of NO3--N adsorbed
by GFH increased as the pH increasing from 1.0 to 5.0.
This phenomenon can be explained by the electrostatic
attraction between NO3- ions and positively charged surface of GFH. The NO3--N removal was very low when the
pH went below 3, this may be resulted from dissolving of
GFH under extremely acidic conditions. The amount of
NO3--N adsorbed by GFH fell sharply as the pH went
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above 7.0, this result was due to the electrostatic repulsion
of NO3- ions by the negatively charged surface of GFH at
high pH and the competition for the active sites with OHions. The maximum adsorption of NO3--N was found to
be 1.998 mg/g at pH 5, only 0.2959 mg/g and 0.1233mg/g
was adsorbed at pH 1 and 11 respectively, therefore the
acidic and alkaline pH conditions were all going against
the NO3--N removal. When the pH equaled to pHzpc, the
surface of GFH almost had no charge. Moreover, strong
hydrogen bonds hindering the adsorption were formed
among high density of hydroxyl groups on surface of
GFH, so that it could not reach the maximum adsorption
capacity under neutral conditions.
2.4

1.6
qe(mg/g)

3.4. Adsorption Isotherm Studies

When the initial NO3--N concentration was 30 mg/L, the
adsorption capacity of GFH is estimated to be 2.207 mg/g to
1.887 mg/g at the temperature decreasing from 308 K to
283K. K. Banerjee et al. [17] studied that at an equilibrium
As(V) concentration of 10 mg/L, the adsorption capacity of
GFH to As(V) is estimated to be 1.1mg/g at 293K, when the
particle size of the GFH media ranged between 0.32 and
2mm. M. Ernst et al. [12] investigated that at equilibrium
concentrations of PO4--P ranging between 1 and 1.5 mg/L
and pH 7-7.2, accumulated loadings were 20-25 mg/g.
Most widely tested isotherms for adsorption process
are Langmuir and Freundlich models [18, 19], which were
given by equation (4) and equation (6). The experimental
data corresponding to Figure 4 were processed for Langmuir and Freundlich models.

2

1
Langmuir： 1 = 1 +
qe qm ax qm axbCe

1.2
0.8
0.4
0
0

1

2

3

4

5

6

7

8

9

10

11

12

pH

FIGURE 2 - Effect of pH on NO3--N removal (initial NO3--N concentration: 30mg/L, contact time: 200min, adsorbent dose: 5g/L, shaking speed: 150rpm, temperature: 298K).
2.4
2.3

(4)

Where, qmax is the Langmuir constant representing
maximum monolayer adsorption capacity (mg/g) and b is
the Langmuir constant related to the energy of adsorption
(L/mg). The plot between 1/qe versus 1/Ce for the adsorption of NO3--N was shown in Figure 5(a). The plot was
found linear with a good correlation coefficient (>0.99)
indicating the applicability of Langmuir model in the
present study, which suggested that NO3--N was adsorbed
in the form of monolayer coverage on the surface of the
GFH [20]. The values of monolayer capacity qmax and
Langmuir constant (b) were calculated from the intercept
and slope of the plot and were given in Table 1.
According to Hall et al. [21], the essential features of
the Langmuir isotherm can be expressed in terms of ‘RL’,
a dimensionless constant referred to separation factor or
equilibrium parameter, RL is calculated by equation (5).

2.2
qe(mg/g)

temperature did not show much influence on NO3--N
adsorption by GFH.

2.1

4

2
1.9

3
1.8
283

288

293
298
T(K)

303

308

313

FIGURE 3 - Effect of temperature on NO3--N removal (initial NO3-N concentration: 30mg/L, initial pH: 5, contact time: 200min, adsorbent dose: 5g/L, shaking speed: 150 rpm).

qe (mg/g)

278

2

1

3.3. Effect of Temperature

It was observed from Figure 3 that the amount of
NO3--N adsorbed onto GFH increased from 1.887 to
2.207mg/g with the temperature decreasing from 308 K to
283K, which indicated that the adsorption of NO3--N was
favored at lower temperature. However, minor changes of
NO3--N removal from 308 K to 283K revealed that the

0
0

20

40

Ce (mg/L)

60

80
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FIGURE 4 - Isotherms of NO3--N adsorption on GFH at 298K
(initial pH: 5.0, adsorbent dose: 5g/L, contact time: 200min, shaking
speed: 150rpm)
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TABLE 1 - Langmuir and Freundlich constants of NO3--N adsorption on GFH at 298K (initial NO3--N concentration: 30mg/L, adsorbent dose: 5g/L, initial pH: 5.0, shaking speed: 150 rpm )

30

Isotherm model
Langmuir
qmax (mg/g)
b (L/mg)
RL
R2
Freundlich
K((mg/g) (L/mg)1/n)
1/n
R2

25

Ce /qe (g/L)

20
15
10
5

RL =

0
0

b

20

40
Ce (mg/L)

60

1.2

1.5

80

100

0.8

0.6

lgqe

0.4

0.2

0

-0.2
0.6

0.9

1.8

2.1

lgCe

FIGURE 5 - Isotherms modeling of NO3--N adsorption on GFH
(initial pH: 5, contact time: 200min, adsorbent dose: 5g/L, shaking
speed: 150rpm): (a) Langmuir isotherm (b) Freundlich isotherm.

Magnitude
4.254
0.0439
0.4314
0.9930
0.4343
0.4821
0.9768

1
1 + bC0

(5)

where, b is the Langmuir constant. The value of RL
indicates the nature of the isotherm to be irreversible
(RL=0), favorable (0<RL<1) and unfavorable (RL=1).
It can be seen from Table 1 that the value of RL lies between 0 and 1, which suggests the Langmuir adsorption
isotherm is favorable.
Freundlich： lg qe = lg K + 1 lg Ce
(6)
n
Where, K and n are the Freundlich constants characteristic of the system. K and n are indicators of adsorption
capacity and adsorption intensity, respectively [22]. For
1/n value in the range of 0.1-1, adsorption is favorable
[23]. The plot of log qe versus log Ce for the adsorption of
NO3--N was shown in Figure 5(b). The values of 1/n and
K were obtained from the slope and intercept of the linear
Freundlich plot and both were listed in Table 1. The R2
value was found less than 0.99 indicating that Freundlich
model was not applicable to the present study.

TABLE 2 - Kinetic parameters for the removal of NO3--N by GFH and calculated qe(cal) and experimental qe(exp) values for different initial
NO3--N concentrations.(initial pH: 5.0, adsorbent dose: 5g/L, contact time: 200min, shaking speed: 150rpm, temperature: 298 K).
Pseudo-first-order model
C0(mg/L)
qe(exp)(mg/g)
10.00
0.863
30.00
1.998
50.00
2.663
Pseudo-second-order model
qe(exp)( mg/g)
C0(mg/L)
10.00
0.863
30.00
1.998
50.00
2.663
Weber and Morris intra-particle diffusion model
C0(mg/L)
kid.1[mg/(g· min )]
10.00
0.054
30.00
0.233
50.00
0.359
Bangham’s model
C0(mg/L)
10.00
30.00
50.00

k1(1/min)
0.028
0.032
0.042

qe(cal)(mg/g)
0.276
1.573
2.528

R2
0.946
0.949
0.943

k2 [mg/(g·min)]
0.211
0.046
0.053

qe(cal)(mg/g)
0.891
2.075
2.815

R2
0.999
0.994
0.998
R2

0.863
0.947
0.982

kid.2[mg/(g· min )]
0.006
0.029
0.017

0.779
0.732
0.958

k0[mL/(g/L)]
9.785
1.737
1.238

α
0.210
0.495
0.529

R2
0.878
0.917
0.923

R2
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3.5. Sorption Kinetics

In order to investigate the adsorption mechanism of
NO3--N onto GFH, four kinetic models including pseudofirst-order, pseudo-second-order, Weber and Morris intraparticle diffusion model and Bangham’s pore diffusion
model had been applied at three different initial NO3--N
concentrations (10, 30, 50mg/L). The applicable models
had been discussed in detail below and modeling parameters were provided in Table 2. Figure 6 shows the plots of
the linearized form.

0.5
10mg/L

0

30mg/L
50mg/L

log(q e-q t)

-0.5
-1
-1.5
-2
-2.5

3.5.1. Pseudo-first-order model

0

The Lagergren’s rate equation is one of the most widely
used rate equation to describe the adsorption of an adsorbate
from liquid phase [24]. The pseudo-first-order Lagergren
equation is given as

b

20

40

10mg/L

(7)

120

30mg/L

where, qe and qt are the amount of NO3--N adsorbed
(mg/g) at equilibrium and at time t(min),respectively, and
k1 (1/min)is the rate constant of pseudo-first-order kinetic.
A straight line of log (qe-qt) versus t (Figure 6(a)) suggested
the applicability of this kinetic model. The slope and intercept of the plot were used to calculate k1 and qe(calculated)
and both were shown in Table 2 along with correlation
coefficient (R2) values and qe(experimental). From the data,
qe(calculated) and qe(experimental) values were not in
agreement with each other. Therefore, the adsorption of
NO3--N on GFH was not a first-order reaction [25].

100

t/q t(min g/mg)

80
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140
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160
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k
log(qe − qt ) = log qe − 1 t
2.303

60
t(min)

50mg/L
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0
0

C
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3
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30mg/L
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3.5.2. Pseudo-second-order model

2
1.5
1

phaseⅠ

0.5
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0
2

d

3

4

5

6

7
8
9
t1/2,min 1/2

10

11

12

13

14

15

-0.4
-0.6

loglog(C0/(C 0-q tm))

where, k2 is the rate constant of pseudo-second-order
kinetic (g/(mg·min)). The plots of t/qt versus t were shown
in Figure 6(b).The values of qe(calculated) and k2 were
determined from the slope and intercept of the plot, respectively, and were compiled in Table 2 along with correlation coefficient (R2) values and qe(experimental).
Figure 6(b) showed that R2 values (>0.99) were higher
than those obtained from the pseudo-first-order kinetics. In
addition, theoretical and experimental qe values were in
agreement. Therefore, it was possible to prove that the adsorption process followed the second-order kinetic model.
The adsorption of solute from the solution by the adsorbent is driven by four mass transport mechanisms: diffusion at bulk space, film diffusion, intra-particle diffusion
and sorption into interior sites. Generally, the first and fourth
steps are rapid and thus, not considered as rate-limiting
steps. Therefore, film and intra-particle diffusion are major steps controlling the rate of adsorption. The Weber
and Morris intra-particle diffusion model and Bangham’s
pore diffusion model have been further applied to observe
the diffusion mechanism [9].

q t(mg/g)

The pseudo-second-order [26] is expressed as equation (8):
1
1
t
(8)
=
+ t
qt k2 qe 2 qe

-0.8
-1
10mg/L

-1.2

30mg/L
50mg/L

-1.4
-1.6
0.8

1

1.2

1.4
logt

1.6

1.8

2

2.2

FIGURE 6 - Kinetic models of NO3--N adsorption on GFH (a)
pseudo-first-order kinetic plots (b) pseudo-second-order kinetic
plots (c) Weber and Morris intra-particle diffusion plots (d)
Bangham’s pore diffusion plots.
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3.5.3. Weber and Morris intra-particle diffusion model

Kinetic data were applied in intra-particle diffusion
model proposed by Weber and Morris [27]:

qt = kid t

1

2

+C

(9)

where, C is the intercept, related to the thickness of
the boundary layer and kid is the intra-particle diffusion
rate constant (mg/(g· min )). According to this model, if
the Weber and Morris plot of qt vs. t1/2 gives a straight line,
then the sorption process is controlled by intra-particle
diffusion only. However, if the data exhibit multi-linear
plots, then two or more steps influence the sorption process. The Weber and Morris plots of NO3--N sorption on
GFH were shown in Figure 6(c). There were two separate
zones: first linear portion (phase I) and second linear part
(phase II). In phase I approximately 30-60% of NO3--N
amount totally adsorbed at equilibrium was rapidly uptaken by GFH within 10 min. This is attributed to the
immediate utilization of the most readily available adsorbing sites on the adsorbent surface. Phase II may be
attributed to very slow diffusion of the adsorbate from the
surface sites into the inner pores. Thus initial portion of
NO3--N adsorption by GFH may be governed by the initial intra-particle transport of NO3--N controlled by surface diffusion process and the later part controlled by pore
diffusion.
The values of kid.1 and kid.2 (intra-particle diffusion
rate constants for phase I and II, respectively) obtained
from the slope of linear plots were listed in Table 2 along
with correlation coefficients (R2).It was evident from kid
values that kid.1 (value of phase I) is higher than kid.2 (value
of phase II), which indicated that initial step (phase I) was
rapid followed by a slow step (phase II). The intercepts of
the line at each concentration failed to pass through the
origin and the R2 values at each concentration were also
less than 0.999, which suggested that two or more steps
were involved in the sorption process. The deviation of
straight line in Weber and Morris model may be due to
differences in the rate of mass transfer in the initial and
final stages of adsorption [9].

The kinetic constants obtained from the Bangham’s
equation were listed in Table 2. It can be seen that the
values of α and k0 varied as a function of the initial NO3-N concentration (C0). Thus, on increasing initial NO3--N
concentration from 10 to 50 mg/L, the values of k0 decreased from 9.785 to 1.238mL/(g/L) and the values of α
increased from 0.2103 to 0.5285. The experimental data
did not give a good correlation for low initial NO3--N
concentration (C0= 10mg/L, R2 = 0.8782).
3.6. Thermodynamic Study

To evaluate the thermodynamic feasibility and to
confirm the nature of the adsorption process, three basic
thermodynamic parameters, standard free energy change
(∆G0), standard enthalpy change (∆H0) and standard entropy change (∆S0) were calculated in this study to predict
the process of adsorption. The Langmuir isotherm was
used to calculate thermodynamic parameters using the
following equations:
∆S
∆H
(12)
−
R
RT
where, R is an universal gas constant (8.314
J/(mol·K)), T is the absolute temperature (K), and b is the
Langmuir equilibrium constant(L/mol), and the values of
b at different temperatures were compiled in Table 3. ∆H0
and ∆S0 were determined from the slope and intercept of
the van’t Hoff plots of ln(b) versus 1/T. [30] Figure 7
showed the van’t Hoff plot for the adsorption of NO3--N
onto GFH. Table 3 presented the thermodynamic parameters at various temperatures.
ln b =

0

7.5

7

6.5

6

Bangham’s equation (equation (10)) has been used to
describe pore diffusion during adsorption process [28].
C0
km
) = log( 0
) + α log t
C0 − q t m
2.303V

0

8

3.5.4. Bangham’s model

log log(

(11)

∆G 0 = − RT ln b

ln(b)
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5.5
0.00326

(10)

where, C0 is the initial concentration of the adsorbate
in solution (mg/L), V is the volume of the solution (mL),
m is the weight of adsorbent used per liter of solution
(g/L), qt(mg/g) is the amount of adsorbate retained at time
t. α (less than 1) and k0 (mL/(g/L)) are constants and were
calculated from the slope and intercept of the plots(Figure
6(d)) of loglog[C0/(C0-mqt)] against logt. If the experimental data can be represented by this equation, then the
adsorption kinetics are limited by the pore diffusion [29].

0.00332

0.00338
1/T

0.00344

0.0035

FIGURE 7 - Regressions of van’t Hoff plot for thermodynamic
parameters.
TABLE 3 - The values of Langmuir constant b and thermodynamic
parameters for the sorption of NO3--N by GFH using NO3--N concentration of 30mg/L
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T(K)
288
293
298
303

b(L/mol)
1785.0
1359.4
615.02
423.36

∆G0(kJ/mol)
-17.93
-17.58
-15.91
-15.24

∆H0(kJ/mol)

∆S0[J/(mol·K)]

-5.013

-16.35
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The value of ∆H0 was -5.013 kJ/mol, Kara et al. [31]
suggested that the ∆H0 of physisorption was smaller than
40 kJ/mol. Based on ∆H0, this study suggested that the adsorption of NO3--N onto GFH was a physisorption process.
Negative ∆H0 value suggested that the adsorption of NO3-N onto GFH was exothermic, which fact was supported
by the decrease in the adsorption of NO3--N with the increasing of temperature. Moreover, the negative ∆S0 indicated that a decrease in randomness [32] at the solid-liquid
interface during the adsorption of NO3--N onto GFH. The
∆G0 values were negative at all of the tested temperatures
(288-303K), confirming that the adsorption of NO3--N onto
GFH was spontaneous and thermodynamically favorable.
Restated, a more negative ∆G0 implied a greater driving
force of adsorption, resulting in a higher adsorption capacity. When the temperature decreased from 303 to 288K,
∆G0 became a high negative value, suggesting that adsorption was more spontaneous at low temperature. Generally, ∆G0 for physisorption is less than that for chemisorption. The former is between -20 and 0 kJ/mol and the
latter is between -80 and -400 kJ/mol [30]. Therefore, the
∆G0 results implied that physisorption might dominate the
adsorption of NO3--N onto GFH.
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