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MULTIVARIATE ANALYSIS FOR
PHOTODEGRADATION OF PROPRANOLOL IN
UV-VIS/ENHANCED FENTON SYSTEM AT CIRCUMNEUTRAL pH
Zizheng Liu, Zongping Wang, Yong Chen*, Bo Luo, Miaomiao Xue and Tao Tao
School of Environmental Science and Engineering, Huazhong University of Science and Technology, Wuhan, 430074, China

ABSTRACT
The photochemical removal of propranolol was systematically investigated in Fe(III)-citrate/H2O2 system at
circumneutral pH by multivariate-parameter optimization.
A central composite design was employed to explore the
effects of the initial concentrations of Fe(III) (0−40 µM),
citrate (0−400 µM), H2O2 (0−600 µM), and pH (5.0−9.0)
on the photodegradation of propranolol in aqueous solution. Five levels of each factor were included in the design. The photodegradation of propranolol was strongly
dependent on the ratios of Fe(III)-to-cit and concentration
of H2O2. The optimal condition was achieved at pH 5.2
with [Fe(III)]0/[cit]0/[H2O2]0 ratio of 36.5/358/662 (µM).
The •OH formation mechanism was investigated according to the multivariate photodegradation kinetics and speciation distribution analysis of Fe(III) species. FeOHcit− is
the predominant species as the source of Fe(II) in the
Fe(III)-citrate/H2O2 system at high pH. •OH was verified to
be the main reactive oxygen species responsible for the
photodegradation of propranolol. The iron (Fe2+/Fe3+) in
the Fenton-like system was first reused by the addition of
citrate and H2O2 to the reaction solution. After five runs
of cycling, the system still exhibited excellent photoreactivity. The results indicate that Fe(III)-citrate/H2O2 was
highly efficient for the elimination of propranolol at near
neutral pH under simulated sunlight.

KEYWORDS: Propranolol, Fenton-like system, central composite
design, circumneutral pH.

1. INTRODUCTION
β-blockers have been widely used and detected in environmental media [1-6]. The presence of β-blockers are
detrimental to aquatic organisms with largely unknown
consequences [7]. Among these β-blockers, propranolol
has the highest acute and chronic toxicity [8, 9].
* Corresponding author

The previous work demonstrates that direct and indirect photodegradation are important elimination processes
for propranolol, but it cannot be completely mineralized
[10, 11]. Advanced oxidation processes (AOPs) have been
proven to be effective for the elimination of organic pollutants. The common AOPs, including ozonation, UV/H2O2,
UV/O3, O3/H2O2, and UV/TiO2, have been extensively used
to remove propranolol [12-18]. Fenton reagent is one of
the traditional AOPs with high reactivity and low-cost. In
general, it is only highly photoreactive in acidic circumstance between pH 2 and 4 [19-21].
Fe(III)-carboxylate complexes are good alternatives
for enhancing reaction pH in the Fenton and photo-Fenton
processes [22-24]. Fe(III)-citrate complexes have been
demonstrated to be efficient Fe(III)-photocatalysts with
low toxicity and high photoreactivity [22, 24-26]. Nevertheless, the effects of different Fe(III)-to-cit ratios were
not systematically studied.
Another unfavorable factor for the practical application
of Fenton or Fenton-like reactions is the iron sludge due to
the overuse of iron. The redox cycling of Fe(III)/Fe(II)
occurs in UV-vis-Fe(III)-cit system [27], and thus the iron
can be reused to avoid repetitive addition of iron. In our
previous work, we have optimized the process parameters
of Fe(III)-cit catalyst and investigated the effect of different Fe(III) species on photoreactivity [27].
The present work will optimize the elimination conditions of propranolol using of Fe(III)-cit/H2O2 system by
multivariate-parameter analysis at circumneutral pH. Iron
was reused by the addition of citrate and H2O2 to the
reaction solution at pH 7.0 to examine the feasible application of Fenton-like system. The mechanism of photodegradation was investigated by iron speciation distribution
analysis and quenching experiments in the Fenton-like
reactions.
2. MATREIALS AND METHOD
2.1 Reagents

Propranolol hydrochloride (99%) was purchased from
Sigma and used as received. Ferric chloride (99%) and

2059

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

trisodium cit dehydrate (99%) were obtained from Fengchuan Chemicals Corporation (Tianjin, China). Hydrogen
peroxide and 2-propanol were supplied by Wuhan Chemicals Corporation. Stock solution of propranolol was prepared from the solid in deionized water for photolysis
experiments. All chemicals used were of at least analytical-reagent grade.

tion on the light source can be found elsewhere [29]. All
solutions for the photolysis experiments were freshly
prepared prior to irradiation and the reaction solutions
were stirred in the course of photolysis by magnetic stirrers. Aliquots of samples (∼300 µL) were withdrawn at
various intervals and substrate decay was measured by
high performance liquid chromatography.

2.2 Photolysis experiments

2.3 Analytical procedures

The photolysis experiments were performed under
150-W Xenon Short Arc Lamp in a 60 mL capped cylindrical Pyrex vessel (40 mm i.d., containing 50 mL solution). The radiation of wavelengths less than 300 nm was
filtered with the Pyrex glass to simulate the sunlight.
Lamp output was monitored over time by ferrioxalate
actinometry [28]. The incent intensity of the lamp is 1.5 ×
10−5 einstein/s. The light source and the vessel were kept
with a fixed distance of 10 cm. A more detailed descrip-

The concentration of propranolol was analyzed by
Shimadzu Essentia LC-15C HPLC system with Agilent
HC-C18 column (5 µm, 250 mm × 4.6 mm). The mobile
phase was a mixture of acetonitrile and pH 2.5 KH2PO4
buffer (10 mM) with a ratio of 35:65. The flow rate was
1.0 mL/min and the detector wavelength was set at 213 nm.
The concentration of TOC was analyzed by using a TOC
analyzer (TOC-5000A SHIMADZU).

TABLE 1 - Experiments design of the four factor central composite in all experiments.
factor (units)
-2b
0
0
0
5

factor x1:
Fe(III) (µM)
Citrate (µM)
factor x2:
H2O2 (µM)
factor x3:
Initial pH
factor x4:
a
Denotes initial concentrations. bCoded factor levels

factor concentration levelsa
-1b
0b
1b
10
20
30
100
200
300
200
400
600
6
7
8

2b
40
400
800
9

TABLE 2 - The rate constants for multivariate photodegradation of propranolol and the control experiments.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Light control
Dark control

Fe3+ (µM)
20
20
30
20
10
10
20
30
10
30
30
20
20
30
10
20
10
20
30
20
30
20
20
30
10
10
20
40
10
0
0
20

Citrate (µM)
200
0
100
400
100
300
200
100
300
300
100
200
200
300
300
200
100
200
300
200
300
200
200
100
100
300
200
200
100
200
0
200

H2O2
400
400
200
400
200
600
400
600
200
600
200
0
400
200
600
400
600
800
600
400
200
400
400
600
200
200
400
400
600
400
0
400
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pH
7
7
6
7
8
8
7
6
8
8
8
7
7
8
6
7
8
7
6
5
6
7
9
8
6
6
7
7
6
7
7
7

k (min-1)
0.20±0.01
0.13±0.01
0.19±0.03
0.31±0.03
0.11±0.01
0.14±0.02
0.23±0.02
0.27±0.03
0.15±0.01
0.25±0.01
0.14±0.02
0.16±0.01
0.25±0.04
0.21±0.02
0.23±0.01
0.25±0.02
0.13±0.02
0.19±0.02
0.36±0.01
0.24±0.03
0.26±0.03
0.25±0.03
0.12±0.01
0.18±0.02
0.13±0.01
0.16±0.02
0.25±0.03
0.32±0.04
0.13±0.01
0.029±0.002
0.009±0.002
0.014±0.004
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2.4 Experimental design

A central composite design was used to explore the
effects of the four factors (Fe(III), citrate, H2O2, pH) on
the photodegradation of propranolol (Table 1) [30]. Five
levels of each factor was designed with six replicates of
the center point condition (20 µM Fe(III), 200 µM citrate,
400 µM H2O2, pH 7.0) and once of the axial and factorial
point conditions. The Design Expert software (version 7.1.3
Stat-Ease, Inc.) was used for the experimental design and
data analysis. A total of 30 experiments with 25 different
initial conditions were generated by the software (Table 2).

responding F-statistics, and p-values for the full quadratic
analyses were listed in Table 3.

(a)

1.2
propranolol
the experimental samples
the samples after irradiation
the samples after dark reaction

1.0

Absorbance

© by PSP Volume 23 – No 9. 2014

2.5 Equilibration calculation

The fraction of Fe(III) species in Fe(III)-cit solution
was calculated according to the equilibrium constants data
from Medusa (version: 18 Feb. 2004), a chemical equilibrium calculation program.

0.8
0.6
0.4
0.2
0.0
200

300

400

500

600

700

Wavelength (nm)
3. RESULTS AND DISCUSSION

(b)

Thirty photochemical experiments were designed in
this experiment. The photodegradation followed pseudofirst-order kinetics. The pseudo-first-order rate constant
(kobs) were calculated from linear least-squares analysis of
the experimental data. In all cases, the R2 values of the
pseudo-first-order weighted linear regression fits were
0.90 or greater. Table 2 indicated the rate constants that
were input into Design-Expert as the response factor of
the design. The rate constants for light and dark control
experiments were also listed in Table 2. The UV−vis spectra of the reaction solutions were illustrated in Figure 1a. It
showed that direct photodegradation of propranolol was
negligible compared to the Fenton reaction. In the center
point condition (20 µM Fe(III), 200 µM citrate, 400 µM
H2O2, pH 7.0), dark reaction accounted for approximately
7% of the removal by photo-Fenton degradation.
The contributions of the four factor (x1 = Fe(III), x2 =
citrate, x3 = H 2O 2, and x4 = pH) to k were evaluated by
statistical analysis. No data transform was used as was
suggested by the Design-Expert software (the ratio of response maximum to response minimum was less than 10).
Initially, a full quadratic expression model (Eq. 1) was
fitted to the data by the Design-Expert software. This
model includes an intercept, β0; linear terms, β1x1, β2x2 ,
β3x3 and β4x4; cross-product terms to test for possible
factor interactions, β12x1x2, β13x1x3 , β14x1x4, β23x2x3, β24x2x4
and β34x3x4; and quadratic terms, β11x12,β22x22, β33x32 and
β44x42.
k = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β12x1x2 + β13x1x3 +
β14x1x4 + β23x2x3 + β24x2x4 + β34x3x4 + β11x12 + β22x22 + β33x32
+ β44x42
(1)
Coefficients (βx) for each term were generated and
tested for their significance in the model with an analysis
of variance (ANOVA). Coefficients, standard error, cor-

0.7

pH 5.0
pH 6.0
pH 7.0
pH 8.0
pH 9.0

0.6

Absorbance

3.1 Multivariate photodegradation kinetics

0.5
0.4
0.3
0.2
0.1
0.0
200

300

400

500

600

700

Wavelength (nm)
FIGURE 1 - The UV-vis spectra of propranolol (20 µM) and the
experimental samples with [Fe(III)]0/[cit]0/[H2O2]0 = 20/200/400 (µM)
(a), and the spectra of Fe(III)-cit complexes with [Fe(III)]0/[cit]0 =
20:200 (µM) at different pHs.

The quality of fitting the model was expressed by the
coefficient R2. The full quadratic model from the statistical analysis predicted k with an R2 value 0.93 for all experimental conditions. The results of analysis of variance
(ANOVA) showed that β1, β2, β3 and β4 were significant
factors at the 95% level of confidence. This indicated that
the initial concentrations of Fe(III), citrate, H2O2, and pH
had remarkable effect on the photodegradation of propranolol. Previous studies have indicated that an interaction between Fe(III)-citrate and Fe(III)-H2O2 was significant for the photodegradation by forming Fe(III)-citrate
complexes and Fenton reaction [31, 32]. The elimination of
terms with p > 0.05 was used to produce a more accurate
model, in this case a reduced quadratic model. Through
this process, the coefficients and p-values for the remaining terms will be altered slightly. Accordingly, Eq. (1) can
be simplified as follows:
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TABLE 3 - Parameter estimates and ANOVA results for full quadratic model.
Parameter
β0
β1
β2
β3
β4
β12
β13
β14
β23
β24
β34
β11
β22
β33
β44

Factor
intercept
Fe3+
Cit
H2O2
pH
Fe3+-Cit
Fe3+-H2O2
Fe3+-pH
Cit-H2O2
Cit-pH
H2O2-pH
(Fe3+)2
(Cit)2
(H2O2)2
(pH)2

Estimate (×103)
240.0
52.0
35.0
17.0
-28.0
7.425
11.0
12.0
4.58
-6.65
-10.0
-16.0
-3.28
-15.0
-14.0

Standard error (×103)
14.00
5.230
5.230
5.230
5.230
6.406
6.406
6.406
6.406
6.406
6.406
4.893
4.893
4.893
4.893

F-Value
15.54
99.19
43.80
10.61
29.36
1.34
2.90
3.28
0.51
1.08
2.67
10.85
0.45
9.91
8.32

Prob > F
< 0.0001
< 0.0001
< 0.0001
0.0053
< 0.0001
0.2654
0.1095
0.0902
0.4861
0.3157
0.1228
0.0049
0.5129
0.0066
0.0113

F-Value
20.25
86.29
38.11
9.23
25.54
1.17
2.52
9.08
8.28
6.91
2.63

Prob > F
< 0.0001
< 0.0001
< 0.0001
0.0065
< 0.0001
0.2925
0.1282
0.0069
0.0093
0.0161
0.1458

TABLE 4 - ANOVA results for reduced quadratic model.
Parameter
β0′
β1′
β2′
β3′
β4′
β12′
β13′
β11′
β33′
β44′
lack of fit

Factor
Intercept
Fe3+
Cit
H2O2
pH
Fe3+-Cit
Fe3+-H2O2
(Fe3+)2
(H2O2)2
(pH)2

Estimate (×103)
230.0
52.0
35.0
17.0
-28.0
7.43
11.0
-16.0
-15.0
-14.0

Standard error (×103)
9.479
5.608
5.608
5.608
5.608
6.868
6.868
5.192
5.192
5.192

k'=β0'+β1'x1+β2'x2+β3'x3+β4'x4+β12'x1x2+β13'x1x3+β11'x12+
β33 x32+β44'x42
(2)
'

0.4

3.2 Effect of Fe(III) and citrate concentrations

As shown in Figure 2, the Fe(III)-to-cit molar ratio
was varied by increasing the concentration of Fe(III) or
cit at fixed concentration of H2O2 (400 µM) and pH (7.0),
respectively. Increasing the concentrations of Fe(III) and/or
citrate was favorable for the photodegradation of pro-

0.3

K(min-1)

The recalculated coefficients βx′, and the corresponding F-statistics and p-values were given in Table 4. The
R2 for the reduced quadratic model fit was 0.90. This
value was relatively unchanged compared to the value for
the full quadratic model (0.93). Accordingly, the reduced
model reflected the effect of major factors. The DesignExpert software can do a statistical optimization based on
the ANOVA results. The rate constants for photodegradation of propranolol were maximized as a function of the
four factors, i.e., concentrations of Fe(III), citrate, H2O2
and pH (Table 1). The software found 55 solutions to this
optimization problem. The maximum rate constant was
found to be 0.46 min−1 at pH 5.2 with [Fe(III)]0/[cit]0/[H2O2]0
= 36.5/358/662 (µM). According to the optimization for
multivariate photodegradation of propranolol, the optimal
pH for the photodegradation was different under different
conditions.

0.2

0.1

0

40.00

400.00
30.00

300.00
20.00

200.00

B: Cit

10.00

100.00
0.00

A: Fe（ Ⅲ）

0.00

FIGURE 2 - Reaction rate constant (k) distribution for the photodegradation of propranolol as a function of initial concentration of
Fe(III) and citrate. Initial conditions: [propranolol]0 = 20 µM,
[H2O2]0 = 400 µM, pH = 7.0.

pranolol. The rate constant increased with decreasing the
Fe(III)-to-cit ratio, e.g., from 10:10 to 10:400. At the high
Fe(III)-to-cit ratio (10:10), the depletion of citrate resulted
in the loss of ligand, and thus Fe3+ is more likely present
as forms of Fe(OH)3 at pH 7.0. The Fe(III) precipitation
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in neutral solution rendered a low elimination of propranolol. While at low Fe(III)-to-cit ratio (e.g. 10:300 and
10:400), the concentration of citrate is far excessive. Although depletion of citrate also occurred in the Fenton-like
reaction, the remaining citrate could outcompete aqueous
OH anions for complexation with Fe(III) at near neutral pH.

(a)

bly photoinert Fe2(OH)2(cit)22−, which are unfavorable for
the generation of Fe(II) and the subsequent Fenton reaction. FeOHcit− is the predominant species as the source of
Fe(II) in the Fe(III)-citrate/H2O2 system at high pH. Therefore, the Fe(III)-to-cit ratio is a significant parameter for the
photoreactivity of Fe(III)-citrate/H2O2 system.

1.0
0.4
3+

0.8

Fe

Fe(OH)-4

-

FeOHcit

Fecit

0.6
K(min-1)

Fraction

0.3

0.4
Fe2(OH)2(cit)2

0.2

2

0

4

6

8

10

20.00

400.00

C: H2O2

10.00

200.00
0.00

Fe3+
Fecit

A: Fe（ Ⅲ）

0.00

FIGURE 4 - Reaction rate constant (k) distribution for the photodegradation of propranolol as a function of initial concentration of
Fe(III) and H2O2. Initial conditions: [propranolol]0 = 20 µM, [cit]0 =
200 µM, pH = 7.0.
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pH: (a) [Fe(III)]0/[cit]0 = 20/200 (µM); (b) [Fe(III)]0/[cit]0 = 40/200 (µM).
Data of stability constants is from Medusa soft and formation of iron
precipitation was excluded.

Stumm and Morgan [33] and Field et al. [34] and
have reported that the main Fe(III)-cit species include
Fecit, FeHcit+, FeOHcit−, and Fe2(OH)2(cit)22−. Figure 1b
illustrates the UV−vis spectra of Fe(III)-citrate complexes
at pH 5.0−9.0. Figure 3 illustrates the fraction of Fe(III)
species based on the data from Medusa soft at the Fe(III)to-cit ratio of 20:200 and 40:200 (µM). At low pH, Fecit
is the predominant species (Figure 3). With increasing pH
(pH > 4), FeOHcit− and Fe2(OH)2(cit)22− gradually become
the main species. Fecit and FeOHcit− are reported to have
ability to produce •OH and Fe(II) [35-37]. As shown in
Figure 3a and b, when the Fe(III)-to-cit ratio changed
from 20:200 to 40:200 (µM), more cit is present as possi-

Fe(III) and H2O2 exhibited significant effect on the
photodegradation of propranolol with the other two factors citrate (200 µM) and pH (7.0) fixed (Figure 4). The
rate constants of photodegradation increases markedly with
increasing initial concentration of Fe(III). For H2O2, the
photodegradation increased with increasing concentration
until the optimal concentration (600 µM), followed by a
decrease with further addition of H2O2. According to the
analysis of the Fe(III) species, the predominant Fe(III)-cit
species is FeOHcit− at near neutral pH, which exhibits
higher photoreactivity. Furthermore, the redox potential
of Fe(III)cit/Fe(II)cit (E0Fe(III)cit/Fe(II)cit) is calculated to be
0.34 V according to the standard redox potential of Fe(III)/
Fe(II) (E0Fe(III)/Fe(II) = 0.77 V) [38]. The E0Fe(III)cit/Fe(II)cit is far
below E0Fe(III)/Fe(II), indicating that Fe(II)-cit is more readily oxidized by H2O2 compared to Fe(II) in neutral solution. This photochemical process can be explained by the
generation of •OH according to Eqs. (3−5) [26].
LMCT
FeOHcit − + hν 
→ Fe(II) + 3-HGA • 2 −

(3)

LMCT
Fecit + hν 
→ Fe(II) + cit 2−•

(4)

Fe(II)cit − + H 2 O 2 
→ Fe(III)cit + • OH + OH −

(5)

At near neutral pH, the Fenton-like reaction is the
predominant source of •OH (Eq. 5). The similar result was
reported in the ferrioxalate/H2O2 system for the degrada-
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tion of the herbicide 2,4-D [39]. In the absence of citrate,
the main Fe(III) species in solution is Fe(OH)2+, which
has the lower photoactivity than the Fe(III)-cit complexes
to produce Fe(II) [32, 40]. In Fe(III) solution, the increase
of pH resulted in the iron precipitation and a lower initial
consumption of H2O2, and thus a lower •OH generation. At
low pH, Fe(III)-cit is the main iron species (Figure 3), and
the photochemical processes are associated with Eq. (4)
and (5). In comparison, Eq. (3) and (5) are involved in the
generation of •OH at near neutral pH.

system within the pH range of 5.0−9.0. The photodegradation decreased sharply in the alkaline solutions due to
the quadratic function of OH anion (Eq. 8).

0.4

0.3

K(min-1)
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3.4 Effect of H2O2 concentration and pH

Initial H2O2 concentration is a significant factor for
the photodegradation of propranolol as discussed above.
A series of photochemical experiments were designed to
further elucidate the effect of pH and H2O2 on propranolol
elimination at the Fe(III)-to-cit ratio of 20:200 (µM). In
the Fe(III)-citrate/H2O2 system, the photoproduction of
H2O2 by Fe(III)-cit complexes was negligible compared
to the amount of H2O2 added in the solution. So the external H2O2 serves as a predominant chemical source of
oxidant to yield •OH. As shown in Figure 5, the removal
rate of propranolol was enhanced with the increase of initial H2O2 amount, with optimal concentration of 600 µM.
Further addition of H2O2 led to a decrease of photodegradation. It was well-known that a higher amount of •OH
was produced as an increase of H2O2 concentration. However, an excess of H2O2 could react with •OH to generate
HO2• (Eq. 6) [41]. In comparison with •OH, HO2• has much
smaller oxidation potential, which reduced catalytic activity
and led to inhibition effect. Additionally, decomposition
of H2O2 to form H2O and O2 was also favored at high
H2O2 concentration (Eq. 7) [41].
H2O2 + •OH → HO2• + H2O

(6)

H2O2 → O2 + 2H2O

(7)

The photochemical reaction also depends on pH and
Fe(III)-to-ligand ratios in aqueous solutions. Figure 5 illustrates that the removal rate constant increased in the order
of pH 9.0 < 8.0 < 7.0 < 6.0 ≈ 5.0 at the Fe(III)-to-cit ratio
of 20:200 (µM). This indicated that Fe(III)-cit could extend pH to neutral for the elimination of organic pollutants. The optimal pH was obtained at pH 5.6 by the
response surface analysis. This can be elucidated that pH
value is the major factor to affect the stability and oxidation of H2O2. In the alkaline solution, H2O2 becomes unstable and rapidly decays into O2 (Eq. 7) [42]. Meanwhile,
as the increase of pH, Fe(II) can also be oxidized into
Fe(III) more easily via reaction with O2 according to the
well-known reaction equation (8) [43].
−

dFe(II)
= k[Fe(II)]pO2 [OH − ]2
dt
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0

800.00
600.00
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0.00
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D: pH

FIGURE 5 - Reaction rate constant (k) distribution for the photodegradation of propranolol as a function of initial concentration of
H2O2 and pH. Initial conditions: [propranolol]0 = 20 µM, [Fe(III)]0/
[cit]0 = 20:200 (µM).
3.5 Mineralization and role of •OH

The photodegradation of propranolol was investigated
at pH 7.0 with Fe(III)/citrate/H2O2 ratio 40/400/600 µM. At
pH 7.0 the apparent rate constant was 0.40 min−1, corresponding to a half-life 2.5 min. According to the discussion
above, FeOHcit− and Fe2(OH)2(cit)22− are the main species
at neutral pH. FeOHcit− is capable to undergo the LMCT
excitation with generation of Fe(II). Consequently, the
Fenton-like reaction (Eq. 5) is the predominant source of
•
OH. To demonstrate the role of •OH in the degradation of
propranolol, •OH quenching experiments were carried out
in the Fe(III)-citrate/H2O2 system. As shown in Figure 5,
the photodegradation of propranolol was markedly inhibited in the presence of •OH quencher 2-propanol. It verified that •OH was the main reactive oxygen species (ROS)
responsible for the photodegradation of propranolol in
Fe(III)-citrate/H2O2 system.
As shown in Figure 6, TOC for the mixture of propranolol and citrate decreased rapidly with increasing the
reaction time up to 60 min and approximate 80% initial
TOC was removed. Compared to propranolol kinetics, the
organic pollutants cannot be completely mineralized. This
might be ascribed to the accumulation of intermediates
during the photochemical process and the residual citrate
in the reaction solutions.
3.6 Reuse of Fe(III)/Fe(II)

(8)

Therefore, increase of pH was unfavorable for the
photodegradation of propranolol in Fe(III)-citrate/H2O2

According to the above discussion, at definite concentration of Fe(III), the concentrations of cit and H2O2 were
the main effect factors for the degradation of propranolol,
which are depleted during the photochemical reactions. In
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contrast, iron is present in the solution throughout, which
is only cycled between the +2 and +3 oxidation states.
Overuse of iron can give rise to increase of process cost
and a great amount of iron sludge. Therefore, it is necessary to reuse the Fe(III)/Fe(II) in the solution. Under
irradiation, the Fe(III)-citrate complexes undergo ligandto-metal charge transfer (LMCT) to yield Fe(II) species.
Accordingly, it was very convenient to reuse the iron by a
simple addition of cit and H2O2 into the photo-Fenton
reaction solutions.

b
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FIGURE 6 - Photodegradation of propranolol in the absence (a),
presence of •OH inhibitor 2-propanol (b), and the determination of
TOC in the Fe(III)/citrate/H2O2 system (c). Initial conditions:
[Fe(III)0]/[(cit)]0/[(H2O2)]0 = 40/400/600 (µM), [propranolol]0 = 20 µM,
pH = 7.0.

4. CONCLUSION
A central composite design was performed to optimize the photodegradation of propranolol in Fenton-like
system. The photodegradation of propranolol was
strongly dependent on the ratios of Fe(III)-to-cit and H2O2
concentration. The maximum rate constant was found to
be 0.46 min−1 (t1/2 = 2.4 min) at pH 5.2 with
[Fe(III)]0/[cit]0/[H2O2]0 = 36.5/358/662 (µM). •OH was
the predominant oxidant responsible for the photodegradation of propranolol. The Fenton-like reaction is the
predominant process to produce •OH at near neutral pH.
FeOHcit− is the predominant species as the source of
Fe(II) in the Fe(III)-citrate/H2O2 system at high pH. Reuse of iron in aqueous solution was convenient by a simple addition of cit and H2O2 to the reaction solution.
Fe(III)-citrate/H2O2 system is a good alternative for the
oxidation treatment of organic pollutants at neutral pH in
aqueous solution.
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ABSTRACT
In this study, behaviors of phosphate (P) adsorption
by ferric and alum water treatment residuals (FARs) was
investigated. The form of the adsorbed P on FARs, the exchange between P and typical anions, and the characteristics of P adsorption and desorption at different pH values
were analysed. FARs were stable at different pH values,
and P adsorbed on FARs existed mainly bound to Al and
Fe. During the adsorption processes, OH- and organic
matter were the major ligands exchanged with P. Ligand
exchange also occurred between P and SO42-, but at an
insignificant level. Ligand exchange was not found between P and Cl-/NO3-. High pH values were unfavorable to
P adsorption, because OH- can compete with P for adsorption sites on FARs. However, most of P was irreversibly
adsorbed on FARs at different pH values. According to
these results, FARs can be a reliable P adsorbent.

stronger P adsorption capability than other materials [7,
8]. To promote the application of WTRs as a P adsorption
material, many researchers have investigated the behaviors of P adsorbed onto WTRs [9-11]. However, most of
these investigators focused on the Al-WTRs or Fe-WTRs,
and only few of them were concerned with the FARs. The
use of different coagulants in drinking water treatment
plants may cause different physicochemical properties in
the WTRs [6].
The aims of this study were, therefore, to investigate
the interaction of P and FARs in solution by (1) analyzing
the forms of adsorbed P in FARs, (2) identifying the features of the ion exchange between FARs and P, and (3)
examining the effect of pH on the stability of P on FARs.
These results will foster the extensive application of FARs
as P adsorbent.
2. MATERIALS AND METHODS

KEYWORDS:
Adsorption, desorption, FARs, ligand exchange, pH, phosphate

2.1 Materials

1. INTRODUCTION
Water treatment residuals (WTRs) have recently received special attention as phosphate (P) adsorption material because of their high selectivity and removal capacity
for P. Based on the adsorptive capabilities, some investigators have focused on the applications of WTRs, mainly
for use in soil remediation [1, 2] and constructed wetlands
[3, 4].
WTRs are by-products generated in water treatment
plants that use ferric (Fe) or aluminum (Al) salts as coagulants, including four types: Fe-WTRs (Fe salt is used
as a coagulant), Al-WTRs (Al salt is used), Fe/Al-WTRs
(Fe and Al salts are used; residuals are denoted as FARs),
and Ca-WTRs (generated in the lime softening process).
Batch experiments have been used to investigate the P
adsorption capabilities of different WTRs [5, 6]. Compared
with Ca-WTRs and Fe-WTRs, Al-WTRs have the highest
P adsorption capacity. Studies also found that FARs have
* Corresponding author

FARs were collected from the 9th Water Supply Plant
of Beijing, China. The samples were air-dried and ground
to pass through a 1-mm sieve. The pH was determined in
the supernatant of a 1:2.5 (solid:solution) suspension.
Elemental components of the samples were determined
using inductively coupled plasma atomic emission spectroscopy (ICP-AES, ULTIMA, JY, France) according to
USEPA Method 3050B [12]. Oxalate-extractable P, Fe
and Al (Pox, Feox and Alox) were determined by ICP-AES
after being extracted in the dark at a 1:60 solid:solution
ratio (w/v, g ml-1) [6]. The salt titration (ST) method [13]
was used to measure the point of zero charge (PZC)
value. Stability of Fe, Al, Ca, Mg and organic matter in
FARs was also determined under different pH conditions.
The method was as follows: 25 ml deionized water was
added to a series of 50-ml polyethylene bottles that contained 0.5 g pre-weighed samples of the FARs. Potassium
hydroxide (KOH) and hydrochloric acid (HCl) were used
to adjust the pH of the system to predetermined values
(pH 2-10), and the solution was then shaken for 48 h. These
samples were then filtered through 0.45-µm Millipore filter
paper. Concentrations of dissolved organic carbon (DOC),
pH, and Fe, Al, Ca and Mg in the liquid phase were determined with a TOC analyzer (liqui TOC, Elementar,
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Hanau, Germany), pH-meter (pH-10, Sartorius, Germany),
and ICP-AES, respectively. The previous study [7] indicated that the equilibration for P adsorption by FARs can
be achieved within 48 h. As a result, the time for the experiments evaluating the stability of P, Fe, Al, Ca, Mg
and organic matter in FARs and also for P adsorption
(section 2.2) was set at 48 h.
2.2 P adsorption experiment

Samples of dried ground FARs (15 g) were mixed with
750 ml of a series of solutions with P (KH2PO4) concentrations of 6.2, 62, 310, 620, 930 and 1240 mg/L in 1000-ml
conical flasks. The range of initial P concentration selected for the experiments in this work was helpful to
fully understand the behaviors of P adsorption onto FARs.
The solutions were shaken for 48 h at room temperature.
After shaking, the solutions and FARs were separated using
0.45-µm Millipore filter paper, and then saved for further
studies. Blank groups were also run, and all tests were repeated in triplicate. The standard error deviation was within
5%.
2.3 P fractionation

After adsorption, FARs were dried at 105 °C, and
then, ground and homogenized. A sequential extraction
method was used for P fractionation from FARs [14, 15].
It divided inorganic P into 5 forms: loosely bound P (looseP), Al-bound P (Al-P), Fe-bound P (Fe-P), occluded-P (OP) and Ca-bound P (Ca-P). Samples (1 g) were sequentially extracted with 50 ml each of 1 M NH4Cl (loose-P),
0.5 M NH4F (Al-P), 0.1 M NaOH (Fe-P), Na3(C6H5O7)
2H2O + 1 g Na2S2O4 (O-P), and 0.5 M H2SO4 (Ca-P).
Samples were washed twice between each of the extraction
steps by suspension in 25 ml of saturated NaCl solution,
and centrifugation was used to remove the entrained solution from the previous step. Throughout the test process,
the temperature was controlled at 25±2 °C. Pox was also
determined [6]. Before oxalate extraction, absolute ethyl
alcohol was used to wash residuals to remove dissolved
reactive P [16].
2.4 Features of anion exchange

Concentrations of Cl-, SO42-, NO3-, organic matter and
OH in solution were analyzed to determine the features
of anion exchange during the adsorption process. Ion
chromatography (DX-600, DIONEX, USA) was used to
measure the concentrations of Cl-, SO42- and NO3-. OH-

was calculated from the H+ concentration according to the
pH change before adsorption to after adsorption. DOC
was measured to reflect the organic matter released from
the FARs.
2.5 Effect of pH on P adsorption and desorption
2.5.1 P adsorption

Samples of FARs (0.5 g) were placed into a series of
50-ml polyethylene bottles. Solutions (25 ml) with P concentration of 620 mg/L were added. The pH values were
adjusted to 3, 4, 5, 6, 7, 8 and 9. Each solution was shaken
for 48 h at room temperature and filtered through 0.45-µm
Millipore filters. P and DOC concentrations of the liquid
phase were determined. All tests were repeated in triplicate. The standard error deviation was within 5%.
2.5.2 P desorption

P solutions (prepared in 25 ml deionized water) with initial concentrations of 6.2, 62, 310, 620, 930 and 1240 mg/L
were mixed with 0.5 g of FARs in plastic centrifuge tubes,
and the solutions were shaken for 48 h at room temperature. The mixtures were centrifuged (7000 rpm, 15 min).
Supernatants were filtered using 0.45-µm Millipore filters, and the P concentrations were subsequently determined. Then, the supernatants were decanted. The residuals in the tubes were washed with absolute ethyl alcohol
[16], and 25 ml of deionized water was added to the tubes.
The pH of the mixtures was adjusted to 3, 5, 7 and 9, and
the mixtures were shaken for 24 h. The remainder of the
procedure was similar to that described in section 2.3. All
tests were repeated in triplicate. The standard error deviation was within 5%.
3. RESULTS AND DISCUSSION
3.1 Characteristics and stability of FARs

Characteristics of the FARs are listed in Table 1. The
pH value of the FARs was 7.04 (in the range of pH in the
natural environment) The PZC value of FARs was approximately 7.38. Approximately 94.80% of the total Al
can be extracted by oxalate. Only 66.78% of the total Fe
can be extracted, although amounts of both total and oxalate-extractable Fe were higher than the amount of Al.
The P saturation index (PSI) of the FARs was 0.16%,
indicating that FARs had a low P-leaching risk but high
adsorption capability [17].

TABLE 1 - Characterization of the FARs.
pH

ST-PZC

Feox
(mg/g)

Alox
(mg/g)

Pox
(mg/g)

7.04

7.38

67.82

47.74

0.15

1)

PSI =

Pox , where the units for this equation are mmol/g.
Feox+Alox

2069

Total content (mg/g)
Fe
Al
101.56
50.36

Ca
7.87

Mg
0.83

PSI1)
0.0016
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Concentration (mg/L)

200

10
Al

180
160

Ca
DOC

Fe
pH1

Mg

8

140
120

6

100
80

4

60
40

2

20
0
2

4

6

Initial pH

8

10

0

DOC concentration (mg/L) and pH1

The contents of Fe, Al, Ca, Mg and DOC released at
different pH values are shown in Fig. 1. After 48 h of
extraction, the range of pH values changed from 2.0010.00 to 4.03-7.97, indicating that the FARs had a good
acid-base buffering capacity. The Ca content was the
highest at a low pH. Approximately 98.38% of the total
Ca was released from the FARs at an initial pH of 2. A
certain amount of Al was also released under these conditions, but the amount of Al was insignificant when compared with the total Al in the FARs (3.03%). Similar results
were also obtained in other studies [18]. Small amounts of
Fe and Mg were released from the FARs at different pH
values. DOC released from the FARs remained constant
when the pH ranged from 2-8 although the release of DOC
increased at a higher pH. Thus, the FARs were stable at
different pH values.

FIGURE 1 - Stability of FARs at different pH values (pH1 is the pH
after the experiment).
3.2 Form of the adsorbed P in FARs

The results of P extraction and adsorption at different
initial P concentrations are presented in Fig. 2. The P adsorption contents increased with the initial P concentration.
The results of sequential extraction showed that little of
the adsorbed P was in the form of loose-P, indicating that
most of the adsorbed P was stabilized in the FARs. It also
can be seen that when P adsorption content was low (the
initial P concentration was 6.2 mg/L), most of the adsorbed
P was in the forms of Al-P and Fe-P, and especially Ca-P,
which accounted for approximately 37.31% of the total
extractable P. However, with increasing P adsorption contents, most of the adsorbed P existed as Fe-P and Al-P,
accounting for 24.59-40.82% and 43.28-60.83% of the total
extractable P, respectively. Little of the adsorbed P was in
the O-P form. Therefore, Fe and Al played a leading role in
P adsorption by FARs, and Ca was also quite important
when few P was adsorbed by FARs.
Many studies demonstrated that the more Feox and
Alox in the WTRs, the stronger the P adsorption capability
of the WTRs [19, 20]. Table 1 shows that the Alox was
lower than the Feox in the WTRs, but when the molar

contents were calculated, the Alox content was higher than
that of Feox (1.77 mol/g for Alox and 1.21 mol/g for Feox).
This pattern may indicate that Al provided more adsorption sites than Fe in FARs. The adsorbed P in FARs was,
therefore, more in the Al-P form than in the Fe-P form.
From Fig. 2, it can be found that the adsorbed P, mainly
as Al-P and Fe-P, could be extracted by oxalate. Thus, the
prominent form of the adsorbed P in FARs was amorphous Fe-/Al-P.
24

Ca-P
O-P
Fe-P
Al-P
loose-P
P adsorption contents
Pox

22
20

P contents(mg/g)
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18
16
14
12
10
8
6
4

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0

6.2

2
0

0

6.2

62

310

620

930

1240

Initial P concentration(mg/g)

FIGURE 2 - Results of P extraction and adsorption under different
P concentrations. Inset: Results of P extraction and adsorption at
concentrations of 0 and 6.2 mg/g.

There were 4 types of P adsorption processes: physical adsorption, ion-exchange adsorption dependent upon
electrostatic attraction, precipitation, and ligand exchange
adsorption [21, 22]. Most of the adsorbed P in FARs was
in the Al-P and Fe-P forms, suggesting that physical and
ion-exchange adsorption were insignificant for P adsorption by FARs. The binding of P with Fe/Al is not due to the
van der Waals force (physical adsorption) or electrostatic
attraction (ion-exchange adsorption). Figure 1 shows that
little Fe and Al were dissolved at different pH values,
indicating that the precipitating action of P was also weak.
However, Ca was easily released from FARs, and Ca-P
was also one of the major forms in FARs when few P was
adsorbed (Fig. 1). Thus, precipitation may play a vital role
for P adsorption by FARs when the FARs adsorbed few P
[23]. As the content of adsorbed P increased, the role of
Ca in P adsorption by FARs decreased, and the precipitating action of P with Ca also decreased. Ligand exchange
adsorption is, therefore, the major mechanism of P adsorption by FARs.
3.3 Features of anion exchange

After adsorption, the pH values changed from 5.85
(initial P concentration of 0 mg/L), 5.13 (6.2 mg/L), 4.84
(62 mg/L), 4.48 (310 mg/L), 4.44 (620 mg/L), 4.32 (930
mg/L) and 4.25 (1240 mg/L) to 7.43, 7.37, 7.50, 7.27,
6.93, 6.56 and 6.43, respectively. All of these pH values
were close to PZC (7.38). The H+ concentrations in solu-
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60
55
50
45
40
35
30

Cl-

NO3-

10

SO42-

DOC
8

6

15
10

4

5

2

0

0

6.2

62

310

620

930

1240

0

Initial P concentration(mg/L)
FIGURE 4 - Anion concentrations in solution after P adsorption.

Anions may be released from the FARs because of
two functions: ion exchange (dependent upon electrostatic
attraction) and ligand exchange. The pH value of the
blank group (initial P concentration of 0 mg/L) was 7.43,
close to the ST-PZC (7.38), indicating that the electrostatic
attraction of the FARs surface was weak. Most of the anions, such as Cl-, SO42- and NO3-, adsorbed on FARs by
electrostatic attraction were repelled into solution in the
blank group. Ligand exchange adsorption was the major
mechanism of P adsorption by the FARs. Thus, compared
with anions in the blank solutions, anion concentrations in
other solutions increased because of the ligand exchange.
Compared with the blank test (Fig. 4), the concentrations
of Cl- and NO3- did not tend to increase, showing that no
ligand exchange occurred between P and either Cl- or
NO3-. The change in SO42- concentrations over P concentrations indicated that ligand exchange occurred between
P and SO42-, but the action was weak. The concentrations
of OH- and DOC increased as the P adsorption contents
increased, demonstrating that the P ligand exchange occurred mainly with OH- and organic matter.

3.4 Effects of pH on P adsorption and desorption
3.4.1 P adsorption

The effect of pH on P adsorption by FARs can be divided into two stages (Fig. 5). The first stage, when initial
pH values were at 3-6, showed that the reduction in P
adsorption contents was not remarkable as the pH increased
(15.64 to 14.53 mg/g). The second stage was that the P
adsorption contents declined sharply (14.53 to 7.94 mg/g)
when the initial pH increased from 6 to 9. The pH, therefore, had a marked effect on P adsorbed by FARs in an
alkaline environment. As pH values increased, more organic
matter (present as DOC) was released from the FARs, especially when the initial pH value was between 6 and 9.
P adsoption contents
H3PO4
H2PO4

18

DOC
2HPO4

1.4

24
3-

PO4

1.2
21

15
18
12
15
9

1.0
0.8
0.6
0.4
0.2

1

2

3

4

5

6

7

8

12
9 10 11 12 13 14

0.0

Percentage of different P forms

Concentration (mg/L)

The concentrations of Cl-, SO42-, NO3- and DOC in solution after adsorption are shown in Fig. 4. The Cl- and
NO3- concentrations fluctuated between 7.00 and 1.2 mg/L,
respectively, and were not changed as P adsorption contents
increased. The concentrations of SO42- increased when the
initial P concentrations increased from 0 to 310 mg/L. However, the concentrations of SO42- remained stable at the
higher initial P concentration levels. The concentrations
of DOC also increased with the increasing P adsorption
contents.

The amount of P adsorption calculated from the anions and organic matter released from the FARs was not
equal to that of actual P adsorption. This is possibly because of the following reasons: (1) H2PO4- was a weak electrolyte, and a neutralization reaction, therefore, occurred
between H+, ionized from H2PO4-, and OH-, released from
the FARs, leading to the final pH value lower than the
theoretical value; or (2) the pH had a large effect on the
solubility of organic matter [24]. Most organic matter can
dissolve in an alkaline environment, but only some organic
matter, such as fulvic acid, can dissolve under neutral or
acidic conditions. In this study, DOC was determined in a
neutral environment, which may cause the difference.

DOC (mg/L)

tion, calculated based on the pH change, declined from
1.41×10-6, 1.45×10-5, 3.31×10-5, 3.63×10-5, 4.79×10-5 and
5.62×10-5 mmol/L to 3.72×10-8, 4.27×10-8, 3.16×10-8,
5.37×10-8, 1.17×10-7, 2.75×10-7 and 3.72×10-7 mmol/L,
respectively. The reduced H+ should be neutralized by the
OH- released from FARs during the adsorption process.
More OH- was, therefore, released as the initial P concentration increased (also as P adsorption contents increased).

P adsorption contents (mg/g)
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pH
FIGURE 5 - P adsorption and DOC released at different initial pH
values.

Based on the research above, the reasons for pH effects on P adsorption by FARs were as follows: (1) The
surface charge of the FARs was positive when pH < PZC
(7.38). Therefore, the lower the pH value, the stronger the
Coulombic force, and the P was more easily adsorbed. (2)
Under acidic conditions, the surface of the FARs received
protons more easily to form hydrate groups, which enhanced the ligand exchange of P [21]. (3) P adsorption
might also relate to the forms of P in solution at different
pH values [25]. The major form of P in solution changed
from H2PO4- to HPO42- as the pH increased from 3 to 9,
and the turning point of the pH value was approximately
7, equal to the position of the junction of the two adsorp-
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tion stages (Fig. 5). More adsorption sites on the FARs
may have been required for HPO42- than for H2PO4- [21].
(4) The competitive forces between OH- and P in the
alkaline environment may be stronger than under acidic
conditions, which have the potential to reduce the P adsorption of FARs. For example, OH- might compete for P
adsorption sites with organic matter. As the initial pH increases from 6 to 9, the P adsorption contents were decreased, but the organic matter released from the FARs
increased remarkably (Fig. 5). Other studies also have found
that with increasing pH, organic matter is increasingly
leached from the Fe residuals of rich humic substances [26].
3.4.2 P desorption

studies found that it was necessary to force the intercept
(α) through zero to ensure attainment of the retention
level [27, 28], whereas all α values were negligible in the
current study. Table 2 shows that the Kr increased as pH
values increased, indicating that P was more easily desorbed from FARs at higher pH values. However, as
shown in Table 2, most of the adsorbed P was irreversibly
adsorbed in FARs at different pH values.
TABLE 3 - Values for the exponential growth model and Kr at
different pH values.

Initial
pH

The results of P desorption at different pH values are
shown in Table 2. The more P is adsorbed on the FARs,
the more P is desorbed at the same pH value. As the pH
value increases, more P is desorbed with the same initial
amount of P adsorption.

P0
Xads
(mg/L)
(mg/g)
6.2
0.31
62
3.04
310
10.23
620
14.88
930
16.74
1240
19.84
P0 represents the initial
adsorption.

Kr calculation

R2

Kr

α

R2

0.9177
0.9777
0.9517
0.9541

0.9747
0.9304
0.8380
0.7450

0.0034
0.0028
0.0116
0.0056

0.9996
0.9978
0.9974
0.9973

4. CONCLUSIONS

Desorption （mg/g）
pH=3
pH=5
pH=7
pH=9
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.71
0.00
1.02
0.71
2.08
0.05
0.40
1.92
3.10
0.37
0.96
2.57
4.34
0.59
1.61
3.07
4.96
P concentration; Xads represents the amount of P

To further understand the characteristics of P desorbed at different pH values, a two-parameter exponential growth model (Eq. (1)) and P retention rate constant
(Kr; Eq. (2)) were used to describe the P desorption characteristics. The results are listed in Table 3.

Xads = aExp(bXads)

a
b
(mmol/g) (mmol/g)
0.00010 8.7268
0.00050 7.3170
0.00750 4.1561
0.01990 3.3670

3
5
7
9

TABLE 2 - Results of P desorption at different pH values.

The exponential growth model

Behaviors of P adsorption onto FARs were investigated in this work. The results showed that P adsorption
contents of FARs increased with the initial P concentration. P was mainly adsorbed in the forms of Al-P and FeP. Ligand exchange adsorption is believed to be the major
mechanism of P adsorption onto FARs, and OH- and
organic matter were the dominant ligands. Lower pH
values enhanced P adsorption by FARs. The adsorbed P
in FARs was more easily desorbed under alkaline conditions. However, the P adsorbed on FARs was irreversibly
adsorbed. As a result, FARs can be a reliable P adsorption
material.

(1)

Xret = KrXads + α
(2)
where, Xret = Xads − Xdes ; Xdes is the desorption content (mmol/g)；Xads is the P adsorption content (mmol/g);
a and b are the constants related to desorption potential
and the desorption rate, respectively; Xret is the retention
capacity (mmol/g); Kr is the P retention rate constant; and
α is a constant.
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The two-parameter exponential growth model can describe the properties of P desorbed from FARs well. The
a values increased with the pH values, indicating that P
desorption potentials tended to increase. Therefore, P was
more easily desorbed from FARs under alkaline conditions. The capability for formation of ionic bonds between
metals and OH- was stronger than between metals and P
[21], suggesting that anion exchange might occur between
P and OH-.
In this study, good linear relationships were also
found between Xads and Xret (R2>0.99, Table 2). Other
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ABSTRACT
Stable isotopes and deuterium excess in precipitation
over China show distinctive differences during the summer and winter seasons. Contours of δ 18O and δD values
exhibit the switched influence of different air masses in
different seasons. In winter, higher deuterium excess values
are found in the whole country, while in summer, only in
regions south of 32ºN. Lower deuterium excess is found
in regions north of 32ºN, probably due to stronger subcloud evaporation under arid to semi-arid conditions. Hydroclimatic sensitivity of isotopic signals in precipitation
also varies considerably in different seasons. In winter,
strong positive relationship exists between δ18O and air temperature, and this effect increases with increasing latitude
for individual monitoring stations. In summer, a negative
linear correlation can be found between δ18O and the
amount of precipitation, and this effect plays an important
role in regions north of 32°N. There is a south-north divide (near approximately 32°N) for the spatial variability
of d-excess, ∆δ18O, and the dominant factors controlling
stable isotopes in precipitation.
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KEYWORDS: δ O and δD; Precipitation; Deuterium excess;
Temperature effects; Amount effects; Seasonal variability.

1. INTRODUCTION
Stable isotope composition (δ18O and δD) in precipitation is a useful reference in hydrogeology, oceanography, paleoclimatology and glaciology. For example, δ18O
and δD in precipitation can provide valuable information
about the sources of distinctive air masses [1-3] and can be
used in quantitative paleoclimate reconstruction [4-6]. Spatial and seasonal variations of stable isotopes in atmospheric water vapor and precipitation are caused by equilibrium and kinetic isotopic fractionations, resulting in a broad
* Corresponding author

range of values, carrying strong implications in various
applications. Furthermore, isotopes in precipitation are influenced by several factors, including geographic parameters (e.g., altitude, distance to the coast), meteorological
parameters (e.g., surface air temperature, relative humidity
of the atmosphere and amount of precipitation) [7-9] and
differences among moisture sources and transport processes [9-11]. Due to its large areas and high topographic
variation, plus complex climatic regime, China has a complicated pattern of vapor source, rainfall distribution and
variations in air temperature. Spatial and seasonal distributions of δ18O and δ2H in precipitation are, therefore, more
complex.
Five different air masses control the meteorological
and pluviometric regime of China and consequently, the
rainfall isotopic composition [12]. For western China, the
southwest monsoon over the Tibetan Plateau has been
found to be constrained by Hymalayan rise, so the impacts of Indian monsoon is largely limited to the south of
34~35°N according to stable isotopes in precipitation[13].
More recent investigations on the spatial and temporal
patterns of isotope δ18O in precipitation in China have
shown that a simple model would be impossible to predict
δ18O in precipitation in China, based on correlations between the monthly precipitation18O and latitude/ Temperature [14]. However, few studies have been carried out on
seasonal variations of δ18O and δ2H in precipitation of China.
The deuterium excess or d-excess, as defined by dexcess (‰)=δ2H-8δ18O [7] has shown specific potential in
climate studies for tracing past and present precipitation
processes [15-17]. The value of d-excess in precipitation
is related to the meteorological conditions (such as relative humidity, temperature, and wind regime) in the source
region [18]. Re-evaporation of raindrops below the cloud
base during precipitation events in arid areas may influence d-excess values [19]. This allows the d-excess parameter to be used as a diagnostic tool to provide information about moisture sources, and to calibrate atmospheric
general circulation models. Few studies have been found
in previous papers with respect to China as a whole.
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According to Dansgaard (1964), the strong positive
relationship between δ18O and temperature, and the significant negative relationship between δ18O and the amount of
precipitation are physically meaningful relationships. The
δ18O-P relationship in the Asian monsoon region is weaker
compared to that of tropical islands [20]. The slope of the
δ18O-T relationship is somewhat dependent on climate
mode [21], between 45°N and 45°S, the δ18O-T relationship is significantly weaker than at higher latitudes, due to
the greater degree of water vapor recycling [22]. At low
latitudes, the amount effect accounts for the variations,
whereas seasonal variation at high latitudes is ascribed to
the temperature effect [7]. However, the relationship between δ18O and temperature or precipitation amount may
vary in different seasons due to the influence of different air
masses. For example, during the positive winter, a southward shift of zones of steep δ18O gradients in the eastern
USA coincides with southward displacement of the polar
jet stream, which leads to a greater frequency of polar air
masses and typically depleted δ18O values in the region
[23]. Few studies have previously focused on this problem in China.
A worldwide survey of the isotopic composition of
monthly precipitation has been carried out within the
IAEA/WMO global network for isotopes in precipitation
(GNIP) since 1961. It should be possible to deduce some
characteristics of the circulation patterns and mechanisms
of the global and local movements of water from this sur-

vey. Moreover, many regional monitoring programs studying various aspects of these variations in more detail have
been undertaken [10, 24-27]. In this study, we have used
data on δ18O and δ2H in precipitation from GNIP along
with information from previous studies with following
objectives: (1) to demonstrate the spatial variation of δ18O
(δ2H) and d-excess in precipitation in summer and winter,
respectively; (2) to analyze temperature effect and amount
effect on δ18O across China in summer and winter; and
(3) to identify the possible boundary in the spatial and
seasonal variations of δ18O (δ2H) in precipitation and dexcess.
2. MATERIALS AND METHODS
2.1 Data

The δ18O and δ2H data in this study were obtained
from the GNIP database from 1985 to 2004 (http://
nds121.iaea.org/wiser) and from previously published studies [10, 24-25] (Figure 1 and Table 1). This survey concentrates on data available for 68 precipitation collection sites
including 38 stations in the China territory (31 stations
from IAEA/WMO global network and seven stations from
regional monitoring programs). The geographical distribution of the meteorological stations discussed in this paper
is shown in Figure 1. The main data were the δ 18O and
δ2H values in winter (December, January and February)

FIGURE 1 - Geographical distribution of stations in and around China, contributing to the database of GNIP. Altogether 68 precipitation
stations, including 38 stations in China have been used in this study.
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TABLE 1 - Basic geographic information and isotopic compositions of sampling sites in China and adjacent regions (38 stations in China and
30 stations in adjacent regions)

Sample site
QIQIHAR
WULUMUQI
ZHANGYE
SHIJIAZHUANG
TIANJIN
BAOTOU
CHENGDU
KUNMING
XIAN
ZHENGZHOU
WUHAN
CHANGSHA
ZUNYI
GUIYANG
GUILIN
NANJING
FUZHOU
LIUZHOU
HAIKOU
HONG KONG
LANZHOU
YANTAI
LHASA
GUANGZHOU
HETIAN
YINCHUAN
CHANGCHUN
HAERBIN
TAIYUAN
CHANGQING
JINZHOU
GAOSHAN
HOUXIA
NYALAM
SHIQUANHE
GAIZE
YUSHU
ALTAY
WEATHERSHIP E
WEATHERSHIP V
TAGUAC GUAM IS.
WAKE ISLAND
TRUK
YAP
TARAWA
MANILA
OMSK
ENISEJSK
NOVOSIBIRSK
IRKUTSK
HABAROVSK
TASHKENT
KABUL
KARACHI
NEW DELHI
ALLAHABAD
SHILLONG
SALAGIRI
COLOMBO
POHANG
RYORI
TOKYO
YANGOON
BANGKOK
KO SICHANG
KO SAMUI
SINGAPORE
LUANG-PRABANG

Longitude
(ºE)
123.91
87.62
100.43
114.41
117.16
109.85
104.02
102.68
108.93
113.65
114.13
113.06
106.88
106.71
110.08
118.18
119.28
109.40
110.35
114.16
103.88
121.40
91.13
113.32
79.93
106.21
125.21
126.62
112.55
106.60
121.10
86.83
87.18
85.97
80.10
84.05
97.02
88.08
-48.00
164.00
144.83
166.65
151.85
138.09
172.92
121.00
73.38
92.15
82.90
104.35
135.17
69.27
69.21
67.13
77.20
81.73
91.88
79.44
79.87
129.38
141.81
139.77
96.17
100.50
100.80
100.05
103.90
102.13

Latitude
(ºN)
47.38
43.78
38.93
38.03
39.10
40.67
30.67
25.01
34.30
34.72
30.62
28.20
27.70
26.58
25.07
32.18
26.08
24.35
20.03
22.31
36.05
37.53
29.70
23.13
37.13
38.48
43.9
45.68
37.78
29.62
41.13
43.10
43.28
28.18
32.50
32.30
33.02
47.73
35.00
31.00
13.55
19.28
7.47
9.49
1.35
14.52
55.01
58.45
55.03
52.27
48.52
41.27
34.57
24.90
28.58
25.45
25.57
18.19
6.91
36.03
39.03
35.68
16.77
13.73
13.17
9.47
1.35
19.88

Altitude
(m asl)
147
918
1483
80
3
1067
506
1892
397
110
23
37
844
1071
170
26
16
97
15
66
1517
47
3649
7
1375
1112
237
172
778
192
66
3545
2100
3811
4279
4416
3682
737
/
/
110
3
2
23
4
14
94
98
162
485
72
428
1860
23
212
98
1598
259
7
6
260
4
20
2
26
7
32
305

δ2H(‰)
-winter
-191.5
-140.5
-124.2
-75.0
-88.7
-81.4
-28.8
-31.8
-62.5
-57.0
-30.4
-20.6
-14.9
-13.6
-12.6
-39.2
-23.1
-27.1
-9.7
-14.9
-90.7
-69.5
-67.0
-14.3
-136.8
-110.5
-106.8
-92.6
-64.1
/
/
-134.5
-140.4
-28.0
-139.4
-110.9
-108.1
-165.4
-23.2
-22.6
-11.1
2.4
-20.3
-23.9
-38.8
-37.3
-153.3
-169.9
-183.6
-199.0
-163.4
-79.1
-62.6
11.8
-2.2
-1.6
-15.4
/
-50.4
-37.6
-59.0
-48.8
-21.1
-18.2
-27.5
-35.6
-38.2
-15.5

δ18O(‰) dexc(‰) δ2H(‰)
-winter -winter -summer
-25.1
9.3
-72.9
-20.1
20.3
-42.0
-18.3
22.2
-28.6
-11.7
18.6
-59.5
-12.8
13.7
-54.4
-12.0
14.6
-55.4
-4.1
4.0
-59.3
-4.8
6.6
-78.3
-9.8
15.9
-54.5
-8.6
11.8
-64.4
-4.6
6.4
-64.4
-4.7
17.0
-59.3
-3.4
12.3
-70.0
-4.5
22.4
-69.7
-3.7
17.0
-53.5
-7.1
17.6
-67.0
-4.6
13.7
-53.4
-4.7
10.5
-62.5
-2.6
11.1
-62.7
-3.4
12.3
-49.7
-13.0
13.3
-34.5
-11.1
19.3
-54.7
-10.1
13.8
-122.0
-2.6
6.5
-55.2
-17.8
5.6
-3.3
-15.7
15.1
-47.0
-19.2
46.8
-60.1
-14.3
21.8
-74.3
-9.5
11.9
-57.7
/
/
-65.1
/
/
-57.7
-19.5
21.5
-46.4
-19.7
17.2
-40.6
-6.1
20.8
-114.2
-17.9
3.8
-88.1
-15.0
9.1
-70.5
-15.4
15.1
-87.6
-21.9
9.8
-52.2
-4.2
10.4
-9.4
-4.5
13.4
-31.8
-2.9
12.1
-38.1
-0.6
7.2
-15.5
-3.9
10.9
-38.9
-3.7
5.7
-40.4
-6.2
10.8
-33.4
-5.9
9.9
-40.8
-20.5
10.7
-70.4
-21.5
2.1
-69.5
-23.2
2.0
-89.9
-25.0
1.0
-90.0
-21.3
7.0
-95.8
-10.1
1.7
/
-10.4
20.6
14.8
0.6
7.0
-22.4
-1.6
10.6
-36.0
-0.8
4.8
-68.5
-3.6
13.4
-35.4
/
/
-16.3
-6.8
4.0
-9.8
-7.1
19.2
-60.5
-9.4
16.2
-61.4
-8.5
19.2
-55.1
-3.8
9.3
-20.9
-3.3
8.2
-40.0
-4.8
10.9
-33.7
-5.7
10.0
-22.5
-6.3
12.2
-45.7
-3.1
9.3
-53.1
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δ18O(‰) dexc(‰)
-summer -summer
-9.6
3.9
-6.3
8.4
-4.0
3.4
-8.4
7.7
-8.3
12.0
-7.6
5.4
-8.0
4.7
-11.5
13.7
-8.3
11.9
-8.5
3.6
-8.6
4.4
-8.7
10.3
-10.2
11.6
-10.2
11.9
-8.3
12.9
-9.7
10.6
-7.3
5.0
-8.5
5.5
-9.0
9.3
-7.4
9.5
-5.1
6.3
-7.5
5.3
-16.5
10.0
-7.6
5.6
-2.2
14.3
-6.8
7.4
-8.7
9.5
-9.7
3.3
-8.1
7.1
-9.8
13.3
-7.8
4.7
-6.7
7.2
-5.8
5.8
-14.9
5.0
-12.5
11.9
-10.6
14.3
-12.7
14.0
-7.5
7.8
-1.9
5.8
-5.1
9.0
-6.1
10.7
-3.0
8.5
-6.2
10.7
-6.3
10.0
-5.6
11.4
-6.2
8.8
-9.8
8.0
-10.2
12.1
-12.8
12.5
-11.5
2.0
-13.7
13.8
/
/
0.3
12.4
-3.8
8.0
-5.5
8.0
-9.5
7.5
-5.7
10.2
-2.6
4.5
-2.1
7.0
-8.5
7.5
-8.8
9.0
-7.7
6.5
-3.4
6.3
-6.0
8.0
-5.3
8.7
-4.0
9.5
-7.5
14.3
-7.8
9.3

Data source
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
Pang et al. [25]
Pang et al. [25]
Tian et al. [10]
Tian et al. [10]
Tian et al. [10]
Tian et al. [10]
Tian et al. [10]
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
GNIP
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and summer (June, July and August). All δ18O and δ2H
values in this study were given in per mil (‰) units and
using δ notation relative to the V-SMOW standard.
δ= (Rsample-Rstandard) / Rstandard×1000
Where Rsample and Rstandard stand for the isotope ratios 2H
1
/ H and 18O/16O of the sample and the standard, respectively. Typical uncertainties involved in the isotope analysis
of individual precipitation samples reported in this paper are
of the order of 0.1‰ and 1‰ for δ18O and δ2H, respectively.
2.2 Methods

amount and the air temperature on the ground. We use the
same methods described above to calculate δ18O and δ2H
values for the winter and summer seasons. For Altay,
Nyalam, Shiquanhe, Yushu and Gaize stations, precipitation and temperature data were obtained from China Meteorological Data Sharing Service System due to the lack
of published data. The isotope data gathered by the stations operating in China and adjacent regions are summarized in Table1, while the annual means of surface air
temperature and the amount of rainfall for the analyzed
stations in China are reported in Table 2.

For GNIP stations, average amount-weighted annual
δ18O and δ2H values for the winter and summer seasons
were calculated from the month-by-month GNIP isotopic
and precipitation measurements. To calculate these averages, the amount-weighted mean monthly values were
calculated for each month for all years represented at each
station. These values were then used to derive amountweighted mean δ18O and δ2H values for the winter and
summer seasons. For the other stations, precipitation was
sampled at every rainfall event, and the precipitation sampling program simultaneously recorded the precipitation

The contours of δ18O and δ2H values for the 68 stations during the winter and summer seasons are mapped
to characterize the climate change using the method of
Kriging interpolation. We calculated the relationships between δ18O and meteorological parameters such as temperature and the amount of precipitation. The slopes of the
relationships δ18O/temperature and δ18O/precipitation
amount are derived from a linear fit of the corresponding
long-term monthly means. Numerical values are reported
only for those stations in which the correlation coefficient
is larger than 0.3. The results are shown in Table 3.

TABLE 2 - Meteorological data for 38 stations in China during the winter and summer seasons

winter
QIQIHAR
WULUMUQI
ZHANGYE
SHIJIAZHUANG
TIANJIN
BAOTOU
CHENGDU
KUNMING
XIAN
ZHENGZHOU
WUHAN
CHANGSHA
ZUNYI
GUIYANG
GUILIN
NANJING
FUZHOU
LIUZHOU
HAIKOU
HONG KONG
LANZHOU
YANTAI
LHASA
GUANGZHOU
HETIAN
YINCHUAN
CHANGCHUN
HAERBIN
TAIYUAN
CHANGQING
JINZHOU
GAOSHAN
HOUXIA
NYALAM
SHIQUANHE
GAIZE
YUSHU
ALTAY

P(mm)
3.7
11.2
2.7
11.3
6.7
5.3
7.0
18.0
14.9
17.9
48.6
72.4
21.9
25.2
68.0
44.7
55.2
57.8
55.9
41.5
2.0
8.8
4.5
23.3
3.7
5.2
4.7
1.7
4.0
/
/
0.5
2.1
25.2
1.6
1.4
7.2
22.2

summer
T(℃)
-15.6
-10.1
-6.9
-0.7
-1.7
-9.0
7.6
9.6
1.3
1.3
6.2
6.3
6.1
5.4
9.0
3.0
12.2
11.7
18.9
16.5
-2.9
0.4
-0.9
10.0
-4.8
-7.0
-11.0
-4.6
1.5
/
/
-12.5
-9.1
-1.2
-9.8
-11.6
-5.4
-13.6
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P(mm)
127.3
37.0
25.5
116.8
114.0
59.0
183.5
189.8
84.0
98.8
181.1
132.1
148.9
136.4
167.0
208.6
145.7
128.4
217.5
386.9
68.6
103.3
97.8
279.4
39.9
42.8
97.3
136.5
75.8
122.3
127.5
95.8
38.9
94.4
24.9
43.1
76.9
24.8

T(℃)
20.9
23.3
21.5
26.8
27.7
21.9
24.1
20.1
25.3
25.9
28.9
28.2
24.3
24.5
27.8
24.4
28.9
28.9
29.8
28.4
21.2
23.8
15.7
28.3
19.9
22.0
23.2
22.5
21.1
0.0
22.9
4.4
11.4
10.4
13.7
11.6
12.7
21.2
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TABLE 3 - Calculated δ18O/Temperature and δ18O/Precipitation Coefficients in summer and winter based on monthly data for δ18O of rainfall, surface air temperature and the amount of precipitation for the stations in China. The N values indicate the number of data.

summer
Sample Site

δ18O/T(R2)
(‰/ )

BAOTOU
CHANGCHUN
CHANGSHA
CHENGDU
FUZHOU
GUANGZHOU
GUILIN
GUIYANG
HAERBIN
HAIKOU
HETIAN
HONG KONG
JINZHOU
KUNMING
LANZHOU
LHASA
LIUZHOU
NANJING
QIQIHAR
SHIJIAZHUANG
TAIYUAN
TIANJIN
WUHAN
WULUMUQI
XIAN
YANTAI
YINCHUAN
ZHANGYE
ZHENGZHOU
ZUNYI

winter

δ18O/P(R2)
(‰/mm)
-0.026(0.36)

N
18
7
5
25
17
9
24
14
18
20
15
111
7
44
13
14
12
14
13
39
8
18
12
34
12
15
11
28
14
18

-0.011(0.24)
-0.011(0.22)
-0.010(0.40)
-0.011(0.33)

-0.62(0.10)
0.37(0.14)

-0.013(0.17)
0.25(0.14)
-0.96(0.14)
-0.050(0.38)
-0.002(0.11)
-0.012(0.21)
1.89(0.16)
1.47(0.16)
-0.008(0.17)
-0.003(0.12)
-0.007(0.15)
-0.029(0.54)
-0.017(0.39)
-0.009(0.26)

1.11(0.19)

-0.048(0.53)
-0.60(0.21)
-1.45(0.12)
-0.055(0.11)
-0.028(0.32)

δ18O/T(R2)
(‰/ )
1.01(0.33)
0.94(0.56)

δ18O/P(R2)
(‰/mm)
0.713(0.14)
0.311(0.73)

-0.74(0.20)
0.34(0.18)
0.47(0.15)

-0.023(0.61)
-0.049(0.12)

0.57(0.11)
0.61(0.16)
-0.98(0.26)
0.62(0.12)

-0.027(0.11)
0.013(0.11)

0.73(0.30)
0.61(0.25)

-0.257(0.40)
0.064(0.59)

-0.89(0.20)

-0.616(0.79)
0.776(0.59)

0.67(0.11)

-0.104(0.40)

N
6
3
6
5
19
2
16
14
1
7
12
83
0
29
2
1
11
11
12
21
9
10
29
9
4
5
13
10
17

3. RESULTS AND DISCUSSION
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3.1 Spatial variations of δ O and δ H

The isotope compositions of samples in winter
range from -191.5‰ to -191.5‰ for δ2H and from -25.1‰
to -2.6‰ for δ18O, while the isotope compositions of
samples in summer range from -122.0‰ to -3.3‰ for δ2H
and from -16.5‰ to -2.2‰ for δ18O (Table 1). Then in winter, the isotope compositions of samples have a wider range
of variation, and are more depleted than that of summer.
TABLE 1 - Statistical data of isotope compositions from precipitation in the winter and summer seasons

winter
max
min
average

δ2H(‰)
-9.7
-191.5
-74.1

summer
δ18O(‰)
-2.6
-25.1
-11.1

δ2H(‰)
-3.3
-122.0
-60.9

δ18O(‰)
-2.2
-16.5
-8.6

FIGURE 2 - Stable isotope plots of precipitation in winter and
summer. The Local Meteoric Water Line (LMWL) for winter and
summer is indicated by blue and red line, respectively.

The two straight lines in Figure 2 represent the relationships of δ18O and δ2H for the summer and winter
seasons, and appear to be an adequate fit to the data with
the same slope of 7.7. This is a slightly lower than that of
LMWL (δ2H = 7.9δ18O+8.2) and GMWL (δ2H = 8δ18O+10)
[28-29]. However, the intercept for winter precipitation is
larger compared to that of summer precipitation due to the
lower humidity during the winter season.

Stable isotopes precipitation events can reveal climatic controls upon isotopic content and yield information about patterns of atmospheric circulation.
Winter: During the winter season (December to February), the spatial distribution of δ18O and δ 2H were almost parallel to the latitude lines (Figure 3), with increasingly negative values at higher (more northern) latitudes.
Figure 5 illustrates the long-term mean wind vector field
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FIGURE 3 - Contour map of δ18O and δ2H in winter

FIGURE 4 - Contour map of δ18O and δ2H in summer

FIGURE 5 - Spatial distributions of wind fields (arrows) at 700 hPa and the total precipitable water (colors) from the ground to the top of
the atmosphere during the summer and winter seasons over China and adjacent regions. Note: The arrows represent the wind direction and
speed; the unit of the colour scale is kg/m2 for the total precipitable water.
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at 700hpa and the total precipitable water fields from the
ground level to the top of the atmosphere around China
from the monthly mean NCAR/NCEP reanalysis data during 1980 and 2010. During the winter period, moisture is
brought into China predominantly by westerly and polar
air masses. The variations of δ18O and δ 2H are correlated
with this primary moisture sources (Figure 5a).
Summer: In summer, the patterns of δ18O and δ2H were
similar with patterns throughout the year. This similarity
means that the variations of isotopic compositions throughout the year are mainly controlled by summer precipitation. The contours of δ18O and δ 2H in summer were much
more complex due to different moisture sources.
In summer, the southwestern monsoon brings moisture from the Indian Ocean into southern and eastern
China, and the southeastern monsoon can bring moisture
from the Pacific Ocean into eastern China. In addition,
westerly winds also bring moisture from western China
into eastern China (Figure 5b). The influence of distinct
moisture sources on δ18O and δ2H in summer varied across
regions. The spatial distribution of δ18O and δ2H is more
negative at higher (more northern) latitudes in the eastern
regions of China, affected by air masses originating in the
south Pacific. Due to continental air mass originating over
central Asia, isotopic compositions are more negative at
higher longitude in the Xinjiang Province. In addition,
landforms play an important role in the intensive contours
of the Tibetan Plateau.

18

3.2 Spatial distribution of ∆δ O

The spatial distribution of the difference between
weighted mean δ18O values for the summer and winter
season is shown in Figure 6. Positive values of this difference indicate the sites with prevailing control of temperature, whereas negative values indicate those areas where
monsoon control is dominating. It is worth noting that the
line separating these two types of stations (positive and
negative values of ∆δ18O, respectively) closely matches
the boundary line——32°N. These results are different
from the line that matches the maximum extent of ITCZ
over the continent during boreal summer suggested by
Araguas-Araguas et al (1998) [12]. This may be caused
by different definitions of the summer season and winter
season. In our study, the months of December, January
and February are considered the winter season, while the
months of June, July and August constitute the summer
season. However, periods of averaging vary slightly from
station to station in summer and winter season depending
on the duration of the rainy period in the study of Araguas-Araguas et al (1998) [12].
3.3 Spatial variations of deuterium excess

The spatial variation of deuterium excess in precipitation is mapped in Figure 7. In general, deuterium excess
values of stations during the winter seasons were higher
than 10. During the winter seasons, westerly and polar air
masses with moisture under reduced relative humidity and
lower sea surface temperature leads to high d-excess values.

FIGURE 6 - Spatial distribution of the difference ∆δ18O in China. The seasonal averages are weighted means (weighted by the amount of
precipitation). The pink line represents the boundary line——32°N.
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FIGURE 7 - Spatial distribution of deuterium excess during the (a) winter and (b) summer seasons in precipitation at the stations of China.
Blue points represent stations with deuterium excess less than 10, and red points represent stations with deuterium excess higher than 10.

FIGURE 8 - Plot of deuterium excess versus δ18O in the (a) winter and (b) summer seasons.

FIGURE 9 - Regression results between δ18O and air temperature in (a) winter and (b) summer. The annual mean δ18O of precipitation in
winter is a function of the annual mean air temperature. The poor correlation argues against temperature as the explanation for consistent
temporal δ18O variation in the summer season.
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However, during the summer season, we found high
deuterium excess values south of 32°N and low deuterium
excess values in regions north of 32°N. This finding can
be ascribed to stronger sub-cloud evaporation under lower
humidity conditions in regions north of 32°N during the
summer seasons.
In the winter season, a slight overall decrease in the
d-excess with oxygen-18 is determined from Figure 8:

∂dexc
= −0.3
∂δ 18O

(1)

Following from the definition of the d-excess, the relationship below can be obtained:

∂dexc ∂δ 2 H
=
−8
∂δ 18O ∂δ 18O

(2)
18

2

Then the value of the slope in the δ O vs δ H plot
would be 7.7. This estimate is in good agreement with
LMWL of the winter season (δ2H = 7.7δ18O+11.6), which
was determined from a statistical evaluation.
For the summer season, clusters appear to be stretched
along a dashed line with a slope of -1.3 in Figure 8, indicating that sub-cloud evaporation is one of the major processes in the summer season.
18

3.4 Hydroclimatic effects on δ O

According to Dansgaard (1964) [7], the relationship
between δ18O and temperature are positive, and the relationship between δ18O and the amount of precipitation are
negative. In our results, the physically meaningful relationships are different with respect to different seasons. It
is apparent from these data and the schematic presentation
that the climatic sensitivity of the isotopic signal in precipitation varies considerably in different seasons.
3.4.1 Temperature effect

Temperature was found to correlate with the isotopic
variations in meteoric water in the earliest and most classical work of isotope hydrology [7]. It has been reported
that only stations at middle and high latitudes (greater than
30º in both the northern and the southern hemispheres) had
temperature effects between 0.15‰ and 0.50‰ [30]. Figure 9 shows the regression results between δ18O and air
temperature in the winter and summer seasons, from which
we can see the annual mean δ18O of precipitation in winter
is a function of the annual mean air temperature. Compared
with the obvious temperature effects in the winter, there
were no significant correlations of temperature effects in
summer.
A linear correlation is obtained between δ18O values
and temperature in the winter season:
δ18O = 0.68T - 11 (R² = 0.86)

(3)

If the mean surface temperature is supposed to vary
parallel to the mean condensation temperature from one
place to the other, equation (3) gives:

∂δ 18O
= 0.68 ‰/ºC
∂T

(4)

The same finding is obtained in the result achieved by
Dansgaard (1964) [7]. Furthermore, in the high temperature
range (T>10ºC), the slope decreased a little (Figure 9).
The temperature effects (‰/ºC) at each station in
winter increased with increasing latitude, ranging from
0.34‰/ºC (Guilin) to 0.94‰/ºC (Changchun) (Figure 10),
suggesting that at high latitudes, the temperature effects
play an important role in the dynamics of δ18O. The inverse temperature effects observed at Fuzhou, Qiqihaer
and Yantai stations are not physically meaningful.
3.4.2 Amount effect

Many studies have demonstrated that the dependence
of 18O on the amount of precipitation at low latitudes [11,
12, 31], and at low and middle latitudes (less than 40º in
both the northern and the southern hemispheres), with
amount effects ranging from -1.0‰ to -6.0‰ per 100 mm
[32-34]. Compared with the obvious temperature effects
in the winter seasons, amount effects are more meaningful, and δ18O is more dependent on the amount of precipitation than on temperature in the summer season.
Our study demonstrated that the relationships between mean monthly δ18O and the amount of precipitation
during summer are negative in accordance with the classic
“amount effect” theory [7]. Except for the Hongkong and
Guangzhou stations (P>250mm) and stations in the Tibet
Plateau, there are good linear correlations between summer
δ18O values and the amount of precipitation (Figure 11).
The negative relationships for each station between
mean monthly δ18O and the amount of precipitation during the summer seasons are different in the regions south
and north of 35ºN (Figure 12). To the south of 35ºN, the
amount effects (‰ mm) ranged from -0.13‰/100 mm
(Guiyang) to -0.2‰/100 mm (Hongkong), while to the
north of 32ºN, the amount effects (‰/mm) are much more
obvious, with amount effects ranging from -0.7‰ (Shijiazhuang) to -5.5‰ (Zhangye) per 100 mm. This may suggest that the amount effects of each station play more important roles in the dynamics of δ18O in the regions of
China north of 32ºN during the summer season.
3.5 A south-north division

There is a boundary approximately 32°N that act as
an important divide in spatial distribution and seasonal
variability of the stable isotopes and deuterium excess in
precipitation of China. Figure 6 shows that a rapid transition from precipitation-controlled to temperature-controlled
δ18O occurred at approximately 32°N. The spatial distribution of deuterium excesses during the summer seasons
(Figure 7b) also displayed a marked difference in the
regions south and north of 32°N. Stronger sub-cloud
evaporation gives rise to low deuterium excess values in
regions north of 32°N in summer. Moreover, the amount
effects played more important roles in the dynamics of
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FIGURE 10 - The temperature effects (‰/ºC) plotted against latitude during the winter seasons. Only sites with significant relationships
were selected. These sites include Baotou, Changchun, Guilin, Guiyang, Liuzhou, Nanjing, Shijiangzhuang, Tianjin, Wuhan, Zhengzhou,
Fuzhou, Qiqihar, and Yantai.

FIGURE 11 - Relation between the long term averages of δ18O and the amount of precipitation in (a) summer and (b) winter. A negative
relationship exists between δ18O and P in the summer seasons.

FIGURE 12 - The amount effects (‰/mm) during the summer seasons plotted against station latitude. Only sites with significant relationships were selected. These sites include Baotou, Changsha, Chengdu, Fuzhou, Guangzhou, Guiyang, Hetian, Hongkong, Jinzhou, Nanjing,
Shijiangzhuang, Taiyuan, Tianjin, Wuhan, Xian, Zhangye, and Zhengzhou.

2083

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

δ18O in China north of 32°N in during the summer seasons (Figure 12). This boundary coincides with the geographic division between southern and northern China
and a line marking 800 mm of precipitation. Considering
modeling variation in δ18O (δ2H) and deuterium excess
with meteorological parameters, different models should be
selected to better depict the isotopic variations in southern and northern China. This boundary also plays an
important role in the study of paleochimate reconstructions, climate model calibrations and so on.

used in this article are from the IAEA/WMO Global Network of Isotopes in Precipitation as well as our previous
works, and meteorological data used are from the Climatic Data Center, National Meteorological Information
Center, China Meteorological Administration. The NCEP
reanalysis data sets were taken from NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA. We thank Jason Bromley
for his kind help in checking the English for an earlier
version of the manuscript.
The authors have declared no conflict of interest.

4. CONCLUSIONS
The distribution of stable isotope compositions and
deuterium excess in precipitation in China show distinctive contrasts during the summer and winter seasons. The
isotope compositions in winter have a wider range of variations, and are more depleted as compared to those in summer. The influences of different air masses in different
seasons are demonstrated by contours of δ18O and δ2H
values. During the winter season, westerly and polar air
masses are the primary moisture sources, and the spatial
distribution of δ18O and δ2H is almost parallel to the latitude lines with more negative values at higher latitudes.
During the summer season, δ18O and δ2H are increasingly
negative at higher latitudes in the eastern part of China
only, and there are four centers in the contours for the
western part of China, reflecting the influence of the
southwestern monsoon, the southeastern monsoon and the
westerly winds. The seasonal variations of d-excess indicate that sub-cloud evaporation seldom occurs in winter,
but it has a stronger influence in the summer season.
Temperature and amount effects switch seasons. In
winter, significant positive relationships exists between
δ18O and air temperature, and the temperature effect for
individual stations increases with increasing latitude. In
summer, the negative relationship between mean monthly
δ18O and the amount of precipitation is significant, and
the amount effect for individual stations plays a more
important role in the dynamics of δ18O in the region north
of 32ºN. Spatial variability of ∆δ18O for China, deuterium
excess and the amount effect provide information about
the geographic division between southern and northern
China. The results have important implications for the
study of paleochimate reconstructions, climate model calibrations and so on.
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BRACHYPODIUM DISTACHYON TOLERANCE TO METALS
UNDER IN VITRO CONDITIONS: A COMPARISON WITH
TWO METAL-TOLERANT ENERGY CROPS
Blanca Montalbán*, Pilar García-Gonzalo,
Ana Elena Pradas del Real, Juan Alonso, Mª Carmen Lobo and Araceli Pérez-Sanz
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ABSTRACT
Brachypodium distachyon is the first pooid grass to
be sequenced, and has been recently proposed as model
grass to development of energy crops. The present work
reports data concerning the ability of B. distachyon seeds
to germinate and grow in vitro with Cd (0, 0.05, 0.1, 0.3
mM), As (0, 0.07, 0.1, 0.4 mM), Zn (0, 0.3, 1, 1.5 mM),
or Cr (0, 0.7, 1.5, 2 mM), in comparison with two metaltolerant energy crops (Brassica napus and Helianthus
annuus). In vitro tests provided, within a short time, useful information about metal tolerance in plants. High
concentrations of Cd, Zn and As(V) did not affect the
seed germination of the studied species. The maximum
toxicity level was found in plants treated with Cr(VI).
Biomass reduction was only observed at high doses. Taking into account the results, B. distachyon showed high
capacity to germinate and grow in presence of high doses
of Cd, As(V), and specially, of Zn.

the high capacity of B. distachyon to grow in presence of
metals [6]. Knowledge of metal tolerance and uptake in
this new model grass is required as a first step to perform
further studies about the mechanisms of toxicity at molecular level, and genes and proteins involved in response
of plants to high concentrations of metals in the medium.
Agar medium test allows to realize preliminary studies about the plant tolerance to heavy metals during the
first stages of growing, taking into account root and shoot
elongation, not only germination rate parameter [7]. In vitro
test also allows to select potential plants for phytotechnologies and distinguish between the plant responses and
those derived from native microorganisms, always present
in soils [8]. This work compares the ability of B. distachyon,
with respect to the ability of two metal-tolerant energy crops,
to germinate and grow in vitro with different doses of Cd,
Cr(VI), As(V), or Zn.
2. MATERIALS AND METHODS

KEYWORDS: high biomass crops, metal toxicity, metal uptake,
phytotechnologies

1. INTRODUCTION
The use of energy crops in phytotechnologies would
allow to obtain renewable energy sources, through sustainable management of marginal areas with the gradual
removal or stabilization of the contaminants in polluted
soils [1]. Brassica napus L. and Helianthus annuus L. are
high biomass crops, well-known to display a significant
tolerance to heavy metals in soils [2, 3]. There are not
many works about their toxicity to Cr(VI) and As(V), as
well as their germination and tolerance to different metals
in the early stages of growing. Brachypodium distachyon
(L.) Beauv. is the first pooid grass to be sequenced, and
has been recently proposed as a model grass for improving food crops and developing new sustainable energy [4,
5]. Preliminary studies under in vitro conditions showed
* Corresponding author

2.1 Multielemental analysis of seeds

Certificated seeds of Helianthus annuus L. (Asteraceae) and Brassica napus L. cv. Nodari (Brassicaceae)
were provided by Syngenta Seeds and Caussade Semences,
respectively. Brachypodium distachyon L. (Poaceae) seeds
were collected from natural populations in Pozoblanco
(Córdoba, Spain). A multielemental analysis of seeds was
carried out to know the basal content of elements in the
seeds before starting the in vitro assays and evaluate if the
element concentrations are appropriate for the right development of seeds. The seeds were washed in tap water,
rinsed in Millipore water, and dried at room temperature.
According to Aguilar et al. [9], 10 mg aliquots of seeds of
each species were individually ground and transferred
(0.5 g) into a microwave vessel and mixed with 6 ml of
HNO3 (65% Suprapur®) and 1 ml of HClO (70%, Suprapur®). The mixture was digested in a Microwave reaction
system, Multiwave 3000, Anton Paar GmbH, Graz (Austria) at 230 °C during 20 min, according to the applications provided by the manufacturer. After cooling, the
digests were filtered (Whatman filter paper nº 541) and
brought up to a volume of 25 ml with Millipore water.
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Total Zn was determined using Sequential Inductively
Coupled Plasma Atomic Emission Spectroscopy, Liberty
AX , Varian, Victoria (Australia), and Cr, As and Cd were
determined using an Atomic Absorption Spectrometer
AA240Z equipped with Graphite Tube Atomizer GTA
120, Varian, Victoria (Australia).

2.4 Statistical analysis

Statistical analysis of data was made by using the
IBM SPSS Statistics 19.0 software. One-way analysis of
variance (ANOVA) and Tukey’s test were applied. Differences at P ≤ 0.05 level were considered to be significant.
3. RESULTS AND DISCUSSION

2.2 Seeds and growth conditions

All seeds were surface-sterilized by immersing in
7% calcium hypochlorite plus two drops of Tween 20
for 10 min, then washed three times with Millipore water
and 70% ethanol for 10 min. Finally, seeds were rinsed in
sterilized Millipore water. Subsequently, fifteen H. annuus, twenty-five B. distachyon and thirty-five B. napus
sterilized seeds were set in each of several mason jars
containing 250 ml of agar nutrient medium. According to
Peralta et al. [7], the nutrient medium was a modified
Hoagland’s solution (pH 5.5): Ca(NO3)2·4H2O (0.5 mM),
KNO3 (0.75 mM), NH4H2PO4 (0.25 mM), MgSO4·7H2O
(0.06 mM), MnSO4·H2O (0.5 µM), NaCl (12.5 µM),
H3BO3 (6.25 µM), (NH4)6Mo7O4 (0.125 µM),
CuSO4·5H2O (0.025 µM), ZnSO4·7H2O (0.5 µM), NaFeIII
EDTA (5 µM), MES buffer (0.5 mM), and agar for microbiology. The medium was autoclaved and four mason jars
per treatment were spiked separately with Cd (0, 0.05, 0.1,
0.3 mM as CdSO4·8H2O), or As (0, 0.07, 0.1, 0.4 mM as
Na2HAsO4·7H2O), or Zn (0, 0.3, 1, 1.5 mM as ZnSO4
7H2O), or Cr (0, 0.7, 1.5, 2 mM as K2Cr2O7). Metals were
filtered through 0.20-µm pore cellulose acetate syringe
filters and added when temperating agar. The process was
performed in a vertical laminar flow cabinet under sterile
conditions. The mason jars were set in a growing chamber
(SD-1200 VL, Snijders, Tilburg, Netherlands) at 25 ºC,
photoperiod 12 h and 164.527µmol. m-2. s-1 photon irradiance, during 15 days.
2.3 Analytical procedures in plant samples

After two weeks, germination rate and length of all
seedlings were recorded. Whole seedlings were collected
and roots were rinsed briefly in 10 mM sodium ethylenediaminetetraacetic acid (Na2EDTA). Then, plants were
washed twice in deionized water, separated into roots and
shoots, weighed and dried for 72 h at 60 °C. Subsequently, the dried tissues were digested according to Ortega-Villasante et al. [10]. Metal concentrations were
analyzed with a Fast Sequential Atomic Absorption Spectrometer AA240FS, Varian, Victoria, (Australia). Calibration curves were made from standards solutions of pure
metal ions (Scharlau). Arsenic was determined using an
Atomic Absorption Spectrometer AA240Z, equipped with
Graphite Tube Atomizer GTA 120, Varian, Victoria
(Australia). The quality assurance of the digestion and
analytical methods was tested including blanks and certified reference materials (NCS DC73348 Brush Branches
and Leaves, China National Analysis Center for Iron and
Steel, and CTA-VTL-2 Virginia Tobacco Leaves, Polish
Academy of Sciences and Institute of Nuclear Chemistry
and Technology), with every set of samples.

3.1 Seed analysis

As the first phase of seedling development depends
on the amount of mineral nutrients present in seeds [11],
the concentrations of nutrients and metals in seeds of B.
napus, H. annuus and B. distachyon (Table 1) were analyzed before setting up in vitro test. The analyzed seeds
showed mineral content, Cd and Cr concentrations similar
to the values found in certified seeds commonly used in
the biodiesel production [12], and in seeds collected from
non-polluted soils [9, 13].
3.2 Germination rate

The toxic effect of metal in the seed germination is a
good indicator of the possible tolerance of the adult plant
in some species [14]. Other studies have suggested that
germination could be unaffected but subsequent growth
could be significantly diminished [8]. The three species
showed high germination rate in presence of the studied
metals, except for Cr(VI) (Table 2). This metal reduced
germination rate at high doses, and it was lethal to H.
annuus seeds. These results are in agreement with Fozia
et al. [15], who observed an important reduction in the
germination rate of H. annuus from 1.2 mM of Cr(VI),
when seeds were germinated in Petri dishes. The toxic
effects of Cr(VI) on plant development included alterations in the germination processes as well as in the growth
of roots and aerial parts [16]. Peralta et al. [7] also found
that 0.7 mM of Cr(VI) reduced the seed germination of
Medicago sativa seeds by 50%, in similar conditions to
this work. In our results, B. napus and B. distachyon did
not reduce their germination rate in presence of 0.7 mM
of Cr(VI). These results indicate a high tolerance to this
metal during germination, but finally, the lengths of roots
and shoots were reduced drastically after two weeks of
growth. This high tolerance during germination process
could be explained because the seed is a stage in the plant
life cycle that is well protected against stresses. However,
after imbibition and subsequent vegetative developmental
processes, they become stress-sensitive [16]. Our results
are in agreement with Li et al. [17], in which the studied
seeds still germinated in the presence of high metal concentrations, but the subsequent seedling growth was severely inhibited at much lower concentrations of these
heavy metals.
3.3 Metal toxicity to seedlings growth

Biomass, root and shoot length were the parameters
used to evaluate the toxicity. In general, these parameters
decreased in a dose-dependent manner in all the species,
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TABLE 1 - Macro, micronutrient and metal concentrations in seeds of B. napus, H. annuus and B. distachyon.
B. napus
As (µg g-1)
n.d.
Cd (µg g-1)
0.038 ± 0.006
0.4 ± 0.1
Cr (µg g-1)
74 ± 4
Cu (mg Kg-1)
92 ± 7
Fe (mg Kg-1)
36 ± 2
Mn (mg Kg-1)
-1
Zn (mg Kg )
43 ± 2
42 ± 2
Na (mg Kg-1)
Ca (%)
0.26 ± 0.02
K (%)
0.61 ± 0.03
Mg (%)
0.23 ± 0.01
Mean values ± SE; n=4. n.d., not detected. As LD < 0.005 µg g-1

H. annuus
n.d.
0.14 ± 0.01
7.4 ± 0.4
41 ± 5
91 ± 9
20 ± 2
80 ± 7
25 ± 5
0.12 ± 0.02
0.71 ± 0.03
0.28 ± 0.03

B. distachyon
n.d.
0.10 ± 0.01
19 ± 4
9.03 ± 0.06
185 ± 29
17 ± 1
33 ± 2
80 ± 5
0.16 ± 0.05
0.53 ± 0.03
0.138 ± 0.005

TABLE 2 - Germination of seeds under in vitro conditions with Cd, As(V), Zn or Cr(VI).

Dose
Germination rate (%)
(mM)
B. distachyon
B. napus
H. annuus
0
97 ± 5ns
95 ± 2ab
83 ± 8ns
0.3
84 ± 7
92 ± 2ab
95 ± 3
Zn
1
90 ± 3
99 ± 2b
90 ± 8
1.5
89 ± 4
87 ± 1a
93 ± 3
0
97 ± 5ns
95 ± 2ns
72 ± 3ns
0.05
95 ± 2
91 ± 1
78 ± 9
Cd
0.1
95 ± 1
91 ± 1
60 ± 11
0.3
96 ± 2
98 ± 1
67 ± 7
0
97 ± 5b
95 ± 2ns
85 ± 6b
0.07
93 ± 3ab
91 ± 0
88 ± 6b
As (V)
0.1
86 ± 3a
81 ± 2
78 ± 7ab
0.4
83 ± 4a
90 ± 3
53 ± 8a
0
97 ± 5c
95 ± 2c
95
0.7
96 ± 3c
83 ± 1b
0
Cr (VI)
1.5
64 ± 7b
74 ± 2ab
0
2
32 ± 8a
65 ± 1a
0
Different letters mean significant differences after one-way ANOVA and Tukey’s test (P ≤0.05; mean values ± SE; n=4; n.s = not significant; modified from Montalbán et al. [6]).
Metal

but the effect was different attending to metal and plant
species. In the case of H. annuus growth with Cr(VI),
there were not values of elongation, biomass and uptake,
because this metal inhibited the germination in the doses
tested.
B. distachyon showed high tolerance to 1 mM of Zn
in the medium (Figs. 1 and 2). The shoot elongation remained constant at the different doses of Zn, and root
length and biomass obtained was not significantly different to control values (Fig. 3a). Indeed, B. distachyon accumulated more Zn in aerial part than B. napus and H.
annuus (Table 3), without toxicity symptoms. On the other
hand, there was a maximum of growth when Zn concentration was 0.3 mM. In this case, the root length significantly increased with regard to the control. Peralta et al.
[7] also found a positive effect of Zn in roots of Medicago
sativa seedlings under in vitro conditions. This fact could
be explained because Zn is a micronutrient, and low increments of this metal could increase the growth compared to concentration of this metal in the control medium. The shoot and root elongation of B. napus and H.
annuus drastically decreased at the lowest dose of Zn. The

reduction of B. napus and H. annuus growth in presence
of Zn was described by Bernhard et al. [18] and Hernandez-Allica et al. [2], under hydroponics conditions. Recent
reports showed that an excess of Zn could induce the loss
of total chlorophyll, cause chloroplast disorganization,
and reduce the numbers of thylakoid and grana, hence, the
growth could be severely affected [19]. The maximum toxicity level was found in plants treated with Cr(VI). The
presence of Cr(VI) affected drastically the root and shoot
length of B. distachyon and B. napus, reducing the elongation from the lowest dose. However, B. napus showed
good results in presence of Cd. Its biomass was only reduced in the highest dose (Fig. 3b), being not different to
control in the other doses, and was the plant that accumulated the highest values of this metal in aerial part, with
respect to H. annuus and B. distachyon (Table 3). Many
reports suggest that B. napus can be a useful candidate for
phytoextraction of Cd due to its high above ground biomass in presence of this metal, faster growth, and high uptake values [20, 21]. B. distachyon and H. annuus showed
also tolerance to Cd concentrations studied, as shown by
the biomass values which were not drastically reduced with
increasing the doses in medium (Fig. 3a, c). H. annuus
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FIGURE 1 - Shoot of seedlings after two weeks growing in vitro with different metals and doses. Vertical bars represent standard errors.

FIGURE 2 - Root of seedlings after two weeks growing in vitro with different metals and doses. Vertical bars represent standard errors.
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TABLE 3 - Concentrations of Cd, Zn and As in the studied species after 15 days of growth under in vitro conditions with different metals.
Dose (mM)
Zn
0
0.3
1
1.5
Cd
0
0.05
0.1
0.3
As
0
0.07
0.1
0.4

Shoot metal uptake (mg.kg DW-1)
B. distachyon
B. napus
H. annuus
42 ± 7a
105 ± 11a
202 ± 28a
1065 ± 132b
1504 ± 82c
855 ± 471b
1605 ± 53b
1418 ± 200c
813 ± 260b
1520 ± 196b
1143 ± 163b
1471 ± 355b
0a
2.2 ± 0.2a
0a
28 ± 5b
699 ± 31b
13 ± 3b
27 ± 3b
654 ± 75b
119 ±24c
86 ± 5c
838 ± 235b
604 ± 85d
0a
0a
0a
17 ± 6b
174 ± 27b
107 ± 8b
48 ± 13b
186 ± 29b
119 ± 4b
466 ± 26c
1228 ± 202c
340 ± 61c

Root metal uptake (mg.kg DW-1)
B. distachyon
B. napus
H. annuus
153 ± 91a
77 ± 8a
78 ± 19a
5377 ± 697b
7888 ± 349b
1667 ± 224b
8176 ± 419c
12621 ± 1132c
2305 ± 215bc
8582 ± 294c
11301 ± 490c
3011 ± 377c
0a
4.7 ± 0.2a
0a
824 ± 75b
3418 ± 60b
311 ± 40b
827 ± 248b
4945 ± 173c
436 ± 35b
1360 ± 314b
7236 ± 115d
1573 ± 275c
0a
0a
0a
757 ± 29b
4999 ± 1563b
215 ± 83b
809 ± 49b
8773 ± 2236b
405 ± 119bc
12068 ± 4131c
8686 ± 1146b
663 ± 98c

Different letters mean significant differences after ANOVA one-way and Tukey’s test (P ≤ 0.05; mean values ± SE; n=4).

plants showed a significant reduction of shoot and root
elongation in presence of low doses of Cd, according to
Azevedo et al. [22] and Groppa et al. [23], but in our results, the aerial biomass obtained after two weeks was not
affected by any Cd concentrations.
In presence of As(V), B. distachyon and B. napus
showed a progressive reduction in their shoot length with
increasing the concentration in the medium (Fig. 1). In the
case of H. annuus, we did not find significant differences
in shoot length between 0 and 0.07 mM of As(V), thereby
showing to have more tolerance to As(V) in medium that
the other species. Any metal affected the aerial biomass of
H. annuus (Fig. 3c), suggesting its tolerance to these metals
during early development. The high toxicity of As(V) did
not affect the root elongation of H. annuus and B. napus
at 0.1 and 0.4 mM, respectively (Fig. 2). Reductions in
germination rate and root lengths in response to arsenic
exposure has been reported in other metal-tolerant plants
[23, 24]. Very low concentrations of As(V) could be beneficial for plant growth, but with increasing concentration,
As(V) becomes toxic for plants, causing chlorosis, necrosis, inhibition of growth, and finally death [25]. Taking this
into account, the results of this work report the ability of B.
napus and H. annuus to grow in presence of high concentrations of As(V) producing, in general, high values of
biomass and uptake in 2-weeks seedlings. These results
are in agreement with Liu et al. [26], who observed the
high tolerance of B. napus to grow in spiked soil with
As(V). More studies about the tolerance mechanisms of
these crops in presence of As(V) are necessary in order to
evaluate its possible future application as candidates to
remediate arsenic-polluted lands.

FIGURE 3 - Aerial and root biomass obtained after two weeks in
presence of metals: 3a) B. distachyon; 3b) B. napus; 3c) H. annuus.
Asterisks (*) represent significant differences between the control
and doses (p ≤0.05; mean values ± SE; n=4). Vertical bars represent
standard errors.

B. napus and H. annuus are tolerant crops to Cd, Zn
and As, and this behaviour has been shown in this work
under in vitro conditions. Considering biomass values, B.
distachyon was more sensitive to Cd and As than B.
napus and H. annuus. However, B. distachyon showed
high tolerance to 1 mM of Zn in the medium. Further
studies need to be done in order to determinate the tolerance and toxicity of this new model plant in presence of
these and other metals, because the knowledge of this
grass might improve the study and application of phy-
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totechnologies in contaminated soils, and obtain renewable energy from sites highly polluted.

4. CONCLUSIONS
The results obtained show that in vitro tests can provide useful information about the impact of toxic metals
on germination, viability and seed metabolism. Because
of the high sensibility of this test, its use like a previous
step to soil experiments could help to predict the physiological response of the plant in presence of metals. B.
distachyon showed mechanisms to avoid metal toxicity
during the first stages of growth. This grass could be a
suitable model plant to study energy crops tolerant to
metals, and the mechanisms implicated in the response to
metal stress, especially in presence of high Zn levels.
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ABSTRACT
The aim of this work was to evaluate the capacity of
mineral wools for stabilizing Cu, Pb, Zn and Cd of soil
contaminated by metallurgical activity. Specifically, this
study was undertaken in order to determine the usefulness
horticultural post exploitation of mineral wool for soil
remediative purposes. Two mineral wools have been considered: after horticultural exploitation (WoolExp.) and unused wool (WoolRef.). They were tested for pH, EC (electrical conductivity), TDS (total dissolved solids). Moreover, total heavy metals and reactive forms (extracted in
0.11 moles CH3COOH, i.e., first BCR fraction) were
assayed.
A medium-textured highly contaminated soil (collected in the vicinity of the Miasteczko Slaskie Zn/Pb
smelter, Poland) was used for the incubation test, in order
to verify the usefulness of these wools for remediating
soils contaminated by heavy metals. The soil was thoroughly mixed with both wools (i.e., WoolExp. and WoolRef.) at the ratios 0, 0.25, 0.50, 1.0 and 2.0% (dry weight
basis).
Data showed that the content of reactive forms of Cu,
Pb, Zn and Cd decreased along with increasing mineral
wool rates. This process was most pronounced for treatments where exploited wool (i.e., WoolExp.) was incorporated. Results showed that this wool exhibited higher
sorptive capacity resulting in the retention of much more
metals, particularly lead (Pb).
In terms of stabilization efficiency (EfStab) values, it
should be mentioned, that the higher these values, the lower
the amounts of extracted Cu, Zn, Pb and Cd reactive forms,
and reversely. This was indicative of higher sorption and
retention properties of the treatments (i.e., soil and wools).
The WoolExp. showed higher usefulness for remediation
goals of soils contaminated by heavy metals. Treatments
with 0.50 and 1.0% WoolExp. exhibited higher stabilization efficiency.
* Corresponding author

1. INTRODUCTION
Mineral wool is used for numerous applications in
various forms, for instance for sound and heat insulation,
fire protection, construction applications, and as a horticultural growth substrate [1]. One of the advantages of mineral
wool is its high air volume, ca 80% of the volume, and also
its chemical passivity [2]. For some 50 years, greenhouse
crop producers in developed countries have sought access
to an economic, disease-free medium in which to grow
their plants. Over this period, the only products to gain
general acceptance have been mineral wool and peat. A
major problem now with mineral wool is its disposal after
use. In many countries, it is now a requirement that the
used material is returned to the manufacturer for melting
down into briquettes [3, 4]. In Poland, mineral wool has
become one of the most popular inert growth substrates
for vegetables and fruit production in greenhouses [5]. It
has been reported [6] that, for a two-year horticultural production cycle with mineral wool, about 75-100 m3 per hectare of used growth substrate is collected as by-product,
which is not biodegradable. Next, this material cannot be
reused for further growth purposes.
Once the product is no longer required, there is a
need to dispose it in an appropriate manner [7, 8]. This is
potentially problematic in the case of mineral wool, which
has been used particularly for horticultural growth purposes. However, this is not straightforward, because it
contains high levels of water including nutrients and other
components used by the horticultural growers, such as trace
elements and also organic plant material (root residues).
In many cases, exhausted horticultural growth substrates (especially mineral wools) are disposed to landfill.
Costs related to this process are increasing and landfill
sites are becoming ever more unavailable. With respect to
their properties, growth substrates have been used as soil
ameliorative by-products for revitalizing degraded post-
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mining soils [9, 10]. Field trials have shown that the incorporation of mineral wool improved soil aeration and
water retention, on one hand, and reduced soil susceptibility to crusting, on the other hand [11]. Accelerated germinations of winter wheat (ca 3 – 4 days faster) have been
also observed [12].
Mineral wool was reported to be inert, but not totally,
since its capacity to retain water and solubilized nutrients
has been proven for years [5]. Next, the physical and chemical structure may be potentially altered by chemical properties, such as changes in pH (induced both by growth
solutions and vegetable root systems) and possible sorption/desorption processes activated by cations and anions.
These properties can be of great importance for remediation facilities of soils contaminated by heavy metals. It is
assumed that the reactivity of used mineral wool should
increase via electrostatic forces, where negative charges
emerge from mineral wool and attract metal cations in
soils. Since mineral wool will not undergo biodegradability processes, therefore, the retained heavy metals are
intended to be less available for the biota.
The aim of the study was to evaluate the capacity of
mineral wools (horticulturally used and unused ones) for
stabilising heavy metals of a soil contaminated by metallurgical activity. The verification of this process was performed throughout an incubation trial (mineral wool with
heavy metal-contaminated soils).
2. MATERIAŁS AND METHODS
2.1 Soil sampling and chemical analyses

The soil sample was collected (depth 0 – 20 cm) in
April 2010 within the impact zone of the Miasteczko Slaskie
Zinc-Lead Smelter, (N 51o41’03’’ and E 15o57’12’’, Poland) whose activity started since 1966. The sampling site
is located in the vicinity of the Dworcowa Street, 500 m
west from the Zinc-Lead Smelter.
The soil was first air-dried, crushed to pass a 1-mm
mesh sieve, and next, subjected to chemical analyses. The
particle size composition was determined according to the

areometric method of Casagrande-Proszynski [13]. Soil
reaction (pH) was determined potentiometrically both in
aqueous and 1 M KCl dm-3 solution. The ratios soil/H2O
and soil/1 M KCl dm-3 were 1:5 and 1:2.5 (w/v), respectively [14]. Next, the electrical conductivity (EC1:5) was
also measured in an aqueous solution [15]. Organic matter
was determined by the Tiurin method (dichromate wet oxidation) as reported by Nelson and Sommers [16]. The
cation exchange capacity (CEC) was obtained by the summation of exchangeable alkaline cations (Ca2+, Mg2+, Na+
and K+) extracted by 1 M CH3COONH4 dm-3 (pH 7.0) as
described by Thomas [17]. Data are listed in Table 1.
Total concentrations of metals (i.e., Cu, Zn, Pb, and
Cd) were determined according to the ISO 11466 [18]
procedure. An air-dried sediment sample (1.00 ± 0.001 g,
triplicated) was weighed into a glass beaker; 15 cm3 of
aqua regia (1:3 concentrated HNO3 and HCl) were added,
and the beaker heated under reflux for 2 h on a sand-bath.
Beaker contents were filtered through filter paper into a
15-cm3 tube and filled to the mark with bidistilled water.
Concentrations of heavy metals soluble in aqua regia were
determined by atomic absorption spectrometry (AAS)
(Varian 250 Spectra plus), and considered as total metal
content (Table 2).
The reactive fractions of Cu, Zn, Pb, and Cd in the
tested soil were extracted by using the BCR (European
Commission, Standards, Measurements and Testing Programme) method as reported by Sutherland and Tack
[19]. The original method consists of 4 fractions, but for
the purpose of the current study, only the first fraction
(namely BCRF1) was determined as follows: 2 g of soils
(triplicated) were weighed into 100-cm3 beakers and 80
cm3 of 0.11 M CH3COOH dm-3 (w/v = 1/40). The mixture
was shaken for 16 h at 20 oC, and then filtered. Concentrations of heavy metals of the fraction F1 were AASdetermined (Varian 250 Spectra plus) and considered as
reactive heavy metals (Table 2). Relative standard deviation (RSD) was calculated from pooled data for applied
methods. In the precision test, the average RSD % of
analyzed soil samples for all metals ranged from 0.45
to 5.33% for the aqua regia test. In the case of the BCR

TABLE 1 - Selected physical and chemical properties of the investigated soil.

Particles
a
c
ECb
Corg.
pH
Caex
CECd
(g kg-1)
(g kg-1)
(µS cm-1)
Silt
Clay
1 mol KCl dm-3
cmol(+) kg-1
H2O
340
160
10.5
78.5
6.0
5.2
8.3
12.1
a
– Organic carbon; b – Electrical conductivity; c – Exchangeable calcium; d – Cation exchange capacity
TABLE 2 - Total and reactive (BCRF1) forms of heavy metals in the investigated soil.

Metal
Cu
Zn
Pb
Cd

Total
mg kg-1
56.6
1351.8
1009.7
18.4

BCRF1
3.45
219.4
108.9
2.1
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BCRF1 in Total
%
6.1
16.2
10.8
11.4
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extraction, the RSD varied from 1.31 to 8.43%. The accuracy of both chemical tests was determined using a reference material (code RTH 912, lot 9; LGC Promochem
GmbH).
2.2 Mineral wool sampling and chemical analyses

Mineral wool after exploitation was obtained in June
2010 from the Horticultural Experimental Station “Marcelin”
of Poznan University of Life Sciences. The unused mineral wool “Pargro” was supplied by the same Horticultural
Station. For simplification, the used mineral wool i.e., after
horticultural exploitation is designated as WoolExp., whereas
the unused one as WoolRef..

bidistilled water was added. The mixture was heated up to
dryness. Next, 15 cm3 water was added, and the mixture
was again heated up to dryness. Then, 15 cm3 of concentrated HNO3 were added, and the mixture was heated
once more for dissolving the residue, and filtered to polyethylene tubes. The volume was made up to 15 cm3, and
Cu, Zn, Pb, and Cd were determined in the filtrates by
atomic absorption spectrometry (AAS, Varian 250 plus),
(Table 4).
TABLE 3 - Mineral wool samples: pH, electrical conductivity (EC)
and total dissolved solids (TDS).

Parameter
pHH2O
EC (µS cm-1)
TDS (mg dm-3)

WoolRef.
6.0
38.5
19.18

WoolExp.
7.3
236.0
118.0

Next, a modified BCRF1 test (the first fraction) was
applied for assessing the reactive fractions of Cu, Zn, Pb,
and Cd as follows: 2 g were weighed and 20 cm3 of 0.11
M CH3COOH dm-3 have been added. The mixtures were
first shaken for 30 min, allowed to react gently for 2 h,
and then filtered. The filtrates were measured for Cu, Zn,
Pb, and Cd by atomic absorption spectrometry (AAS,
Varian 250 plus), (Table 4).
TABLE 4 - Total and reactive forms of heavy metals of the mineral
wools.
PHOTO 1 - Mineral wool after exploitation (WoolExp.) [34]

Metal
Cu
Zn
Pb
Cd

WoolRef
Total
mg kg-1
86.2
153.1
63.0
6.8

BCRF1

WoolExp.
Total

BCRF1

0.96
2.51
0.19
0.60

136.5
160.5
49.6
7.2

5.04
8.64
0.08
0.70

2.3 Experimental trial: Incubation of WoolRef and WoolExp. with
the contaminated soil

PHOTO 2 - Unused mineral wool “Pargro” (WoolRef.) [34]
a. Preliminary chemical tests of WoolExp. and WoolRef.

The WoolExp. was first dried at 40 °C for 7 days in order to remove the excess water. After this process, both
wools have been submitted to several chemical analyses
as follows: 2 g of WoolExp. and WoolRef were weighed and
20 cm3 of bidistilled water added. The mixtures were
allowed to react for 2 h, and were then filtered. The filtrates were measured for pH, electrical conductivity (EC)
and total dissolved solids (TDS), (Table 3).
The total content of Cu, Zn, Pb, and Cd was also determined. For this purpose, duplicated 0.50 ± 0.001 g
were weighed into 100 cm3 teflon beaker and 10 cm3 of

Prior to starting (i.e., June 2010) the incubation, both
wools were chopped into 0.35 – 0.50 cm pieces, and then
mixed with the contaminated soil (1.00 kg per pot) at the
rates of 0, 0.25, 0.50, 1.0 and 2.0% (on dry weight basis).
This corresponded to 0, 2.5, 5.0, 10.0, and 20.0 g of WoolRef
and WoolExp. All treatments were duplicated. Wools and
the soil were thoroughly mixed, and bidistilled water was
added accordingly to the treatments which were incubated
for 6 months. Soils collected from the treatments were
analysed for reactive (BCRF1 test: 0.11 M CH3COOH dm3
) Cu, Zn, Pb and Cd forms.
3. RESULTS AND DISCUSSION
The soil used in the study was characterised by
relatively low cation exchange capacity (CEC) of
12.1 cmol (+) kg -1 (Table 1). This soil exhibited an acidic
reaction (pH), which was significantly responsible for the
observed CEC value, being controlled by pH, organic
carbon and mineral particle contents (particularly silt and
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clay). According to Metson [20], a non-degraded soil should
have organic carbon content of at least 23.2 g kg-1. Ratings
for CEC as suggested earlier by the same author and reported by Hazelton and Murphy [21] (Table 5), revealed
that buffering capacities of the soil were low. This implies
that, in the case of the current soil, heavy metal mobility
processes will prevail [22, 23].
TABLE 5 - Ratings of cation exchange capacity (CEC) [20, 21].

Rating
Very low
Low
Moderate
High
Very high

CEC (cmol(+) kg-1)
<6
6 – 12
12 – 25
25 – 40
> 40

The amounts of extracted Pb reactive forms from the
particular treatments are decidedly lower as compared to
Zn ones, since they varied from 59.9 to 46.5 mg Zn kg-1
(for WoolRef) and 54.2 to 33.2 mg Zn kg-1 (for WoolExp).
Lead stabilization process run less intensively (9%)
within the first range as compared to the second one,
where it raised up to 15%, in the case of the WoolRef. For
the exploited wool (WoolExp), the trend was similar to that
observed for Zn, but the intensity of the process much
more dynamic, i.e., 29 and 13%, for the ranges 0.25-1%
and 1-2%, respectively.
140
WoolRef

130

m g Z n kg-1 so il

120

Heavy metal content of the soil and the resulting contamination were evaluated according to the Regulation of
the Minister of Environment about the standards of soils
and lands [24], which stated the permissible levels of Cu,
Zn, Pb and Cd at 150, 300, 100 and 4 mg kg-1 soil, respectively. As it could be observed from Table 2, only the soil
concentration of Cu is decidedly below the permissible level,
but Zn , Pb and Cd exceeded it by factors of 4.5, 10 and 4.6,
respectively. These metals are the main contaminants of the
soil and the relatively high portion of the reactive fractions
(BCRF1 i.e., extracted by 0.11 M CH3COOH dm-3) deserves
due care.

110
100

y = -15.64x + 118.35
2
R = 0.89

90
80
0,00

0,25

0,50

0,75

Data reported in Fig. 1 outline the effect of unused
(WoolRef) and exploited (WoolExp) wool, i.e., as horticultural substrate on Zn and Pb stabilization. It should be
mentioned, that higher amounts of BCRF1 extracted metals lowered the stabilization process, and vice versa. The
incorporation of these wools led to a pronounced reduction in the concentration of the reactive Zn pool, from
131.6 to 99.6 mg Zn kg-1 and 123.6 to 89.5 mg kg-1 for
WoolRef and WoolExp, respectively. Two ranges may be
delineated: 0.25–1% and 1–2%. For the first range, the
decrease was higher for WoolExp (18%) as compared to
WoolRef (14%), but quite similar, 12 and 11%, respectively, for the second range. From these observations, it
appears that the rates from 0.25 to 1% were most efficient.

1,25

1,50

1,75

2,00

2,25

70
WoolRef

m g P b kg -1 soil

The processes involved in the retention of heavy metals by mineral wool are diverse and include among others
i) physical and chemical properties of the wool, i.e., density of active sorption sites, ii) concentration and type of
easily mobilisable (reactive and water-soluble) heavy
metals in the soil, and iii) pH and buffering capacities
(expressed as CEC) of the soil. All these factors play an
important role in the whole stabilization/remediation goal,
but those mentioned in the points i) and ii) seem to be
decisive. The scientific literature about the application of
mineral wool for heavy metal immobilization/retention is
lacking, and hence the paucity of such reports for comparing with our experimental trial and further comments.

1,00

% of WoolRef and WoolExp

y = -6.43x + 59.83
2
R = 0.98

60

4.1 Mineral wool versus reactive heavy metals in the soil

WoolExp

y = -14.69x + 127.82
2
R = 0.95

WoolExp

50

y = -10.57x + 52.29
2
R = 0.91

40

30
0,00

0,25

0,50

0,75

1,00

1,25

1,50

1,75

2,00

2,25

% of WoolRef and WoolExp

FIGURE 1 - Influence of mineral wool on the contents of reactive
(BCRF1) Zn and Pb forms.

Data reported in Table 1 show that the soil pHH2O is
6.0, and the share of Caex into CEC reaches 68%. This
implies, that metals sorbed in the soil may exchange with
another freshly incorporated sorbent, on conditions the
latter one displays active sorptive sites. Zinc reaction with
the soil solid phase and, particularly, soil solution chemistry differs from that of Pb by its (i.e., Zn) high susceptibility to undergo hydrolysis processes easily, but also to
exhibit relatively weaker attraction strength for soil particles, mineral as well as organic ones [22]. The input of
mineral wools practically increases the share of the mineral soil part as compared to organic one. According to
Sanderson [25], the electronegativity of Zn is estimated to
be 1.65, as compared to Pb (2.33). This physical and
chemical property expresses the weak Zn affinity to soil
constituents, but favours, in turn, its release [26].
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The reactions regulating Pb geochemistry involve two
basic processes: specific and nonspecific exchange mechanisms. It was demonstrated by Schulthess and Huang [27]
that the first degree of hydrolysis of Pb2+ (Pb2+ → PbOH+)
occurs around pH 5.90. In slightly neutral to alkaline soil
conditions, the amounts of hydrated metals at the first
degree of hydrolysis increased simultaneously enhancing
metal adsorption [28]. The following reaction is generally
suggested:
Me2+(aq) + 2n H2O → Me(OH)n2-n + n H3O+
The adsorption preference exhibited by Pb in soil systems or other natural sorbents has been frequently observed [29-31]. This geochemical behavior is a result of a
high affinity of Pb for most mineral and organic colloid
functional groups, which are hard Lewis bases – carboxylic and phenolic groups (Pb2+ is a borderline hard Lewis
acid). The high electronegativity (2.33) makes it an efficient candidate for electrostatic and inner-sphere surface
complexation reactions [32].
The preference of Zn and Pb for WoolExp than Wooldeserves
particular interest. The exploited wool has
Ref
been submitted to several chemical treatments prior to
using the substrate for vegetable growth. One of the practices is to elute the excess salts and ions (mainly Ca, Na)
by using acidified solutions. This process may induce
physical and chemical alterations responsible for the
emergence of free sorption sites. The number and density
of the latter ones increase with increasing the rates of the
mineral wool. This explains the lowest amounts of both

reactive Zn and Pb fractions in treatments with incorporated mineral wools, but specifically for the exploited one,
i.e., WoolExp.
4.2. Stabilization efficiency of metals and mineral wool ratings

The aspect of incorporating mineral wool into highly
contaminated soils for metals stabilization seems to be
more convincing, when the efficiency is evaluated. This
allows comparing directly the effect induced by both
wools, on one hand, and heavy metals being stabilized, on
the other hand. The reactive metal fractions have been
used for this purpose, and the calculations proceeded as
reported below:
0.25...2%Wool

Ef Stab (%) =

As shown in Fig. 2, the stabilisation efficiency depended also on the characteristics of metals. The increase
in the mineral solid soil phase created favorable conditions for greater metal sorption and retention. In terms of

Zn Stabilization Efficiency (%)

Cu Stabilization Efficiency (%)

WoolExp

20

10

40

WoolRef
WoolExp

30
20
10
0

0,25

0,50

1,00

0,25

2,00

Rate of mineral wool (%)

30

0,50
1,00
Rate of mineral wool (%)

2,00

0,50

2,00

50
WoolRef

WoolR ef

Cd Stabilization Efficiency (%)

WoolExp

20

15

10

5

40

WoolExp

30

20

10

0

0
0,25

0,50

1,00

(1)

and Cd (BCRF1 extractable metals, i.e., extracted by 0.11
M CH3COOH dm-3) in the control treatments, (mg kg-1),
0.25...2%Wool
orWool Exp
- amounts of reactive forms of Cu,
BCRCu , Zn , Pb,Cd Re f
Zn, Pb and Cd in the treatments with mineral wools
(WoolRef and WoolExp), (mg kg-1).

0

Pb Stabilization Efficiency (%)

) * 100

50
WoolRef

25

orWool Exp

where, Ef Stab - Stabilisation efficiency of metals (%),
Control
- amounts of reactive forms of Cu, Zn, Pb
BCRCu
, Zn , Pb ,Cd

40

30

Control
Re f
( BCRCu
, Zn , Pb , Cd − BCRCu , Zn , Pb , Cd
Control
BCRCu , Zn , Pb , Cd

2,00

0,25

Rate of mineral wool (%)

1,00

Rate of mineral wool (%)

FIGURE 2 - The efficiency of Cu, Zn, Pb and Cd stabilization as induced by mineral wool application.
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stabilization efficiency, it should be mentioned, that the
higher the Ef Stab values, the lower the amounts of extracted Cu, Zn, Pb and Cd reactive forms, and vice versa.
In other words, the low amounts of extracted reactive Cu,
Zn, Pb and Cd forms indicate higher sorption and retention properties of the treatments (i.e., soil and wools).
Based on the reported statements, it appears that Pb
was strongly and Zn weakly retained by the soil, irrespective of the characteristics of incorporated wools. The
following ranges may be distinguished (increasingly):
Mineral
wools
WoolRef
WoolExp

Pb
Ranges (%)
3.2 – 14.3
5.5 – 24.6

Cu

Cd

Zn

4.3 – 22.0
6.0 – 28.9

8.3 – 31.9
12.6 – 39.6

6.6 – 33.9
12.5 – 42.9

active Zn pools, from 131.6 to 99.6 mg Zn kg-1 and
123.6 to 89.5 mg kg-1 for WoolRef and WoolExp. In the
case of Pb, the levels varied from 59.9 to 46.5 mg Zn
kg-1 and 54.2 to 33.2 mg Zn kg-1, respectively.
4. Mineral wool rates of 0.50–1.0% (i.e., 15–30 tons ha-1)
are considered as most effective for stabilising high
levels of heavy metals as those reported for the contamined soil used in the current study. The WoolExp,
has proven its suitability for such purposes.
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ABSTRACT
Investigations were carried out in Niepruszewskie and
Tomickie polymictic lakes located in Central –West Poland
in the water district of Warta. Both lakes are natural,
shallow, and characterised by an elongated shape and
agricultural use of the catchment area. In total, 18 and 14
sediment samples were collected in Niepruszewskie and
Tomickie lakes, respectively, and have been tested for
pH, electrical conductivity (EC), and heavy metals Cu,
Zn, Pb and Cd. Geoaccumulation index (Igeo), contamination factor (Cf), and the degree of contamination (Cdeg)
were calculated in order to assess the whole contamination state of sediments. Results have shown that the average concentrations of Cu, Zn and Pb exceeded the geochemical background values suggested for sediments assessment in Poland.
Data have revealed that, in the case of the Niepruszewskie Lake, Cu, Pb, Cd contents exceeded the geochemical
background, except Zn. A similar trend was observed for the
Tomickie Lake, where Cd appeared as the main sediment
contaminant. Geoaccumulation indices calculated for the
particular metals indicate that the class 0 (Igeo ≤0, sediment
not contaminated) and the class I (0<Igeo<1, slightly contaminated) prevailed.

tion (Cdeg)

1. INTRODUCTION
Bottom sediments are „natural archives”, which allow
tracing different processes occurring in the natural environment at a local as well as regional scale. Investigations
dealing with bottom sediments focus, among others, on
buffering properties, main sources of contamination and
set a light on several events related to sediments geogenesis, particularly superficial layers [1-3]. Run-offs from
areas surrounding lakes are responsible for the transport
of particulates that contain a large spectrum of organic and
mineral substances as well as contaminants (trace metals).
Most of these coumpounds are stratified and immobilised
in sediments for long periods throughout geochemical
processes [4-6]. These metals can be remobilized to ambient
waters when pH decreases or redox conditions change [7].
This implies that studies on metal availability or toxicity in
sediments should not focus on total metal concentrations
only, but also on the concentrations of bioavailable fractions
reflecting the real index of toxicity [8, 9].

The mean Cdeg value is below 8 (range 0.48–12.47).
The overall contamination state induced by metals is relatively low (40% of all tested sediments exhibited Cdeg > 8)
for the Niepruszewskie Lake as compared to the Tomickie
Lake, where this share raised up to 64%. The contribution of
Pb and Cd to the overall contamination was much more
pronounced, but for Cu, it was moderate. Zinc was the
sole metal to threaten the least both investigated lakes.

Metal toxicity depends also on the impacted biota, the
type and chemical form of the metal, and physical as well
as chemical characteristics of the lake [10]. The bioavailable form can be bound with different components of the
sediments, such as organic matter, Fe-Mn (hydro)oxides,
carbonates and, finally, amorphic sulphides. These metals
are frequently retained by sediment colloids as a result of
physical and chemisorption mechanisms, where stabilization and crystallization processes prevail [9].

* Corresponding author

Investigations carried out by Balkis et al. [11] and
Selig and Leipe [12] indicated that much higher metal
concentrations have been found in sediments collected
from the deepest zones of water reservoirs. The concen-
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trations of heavy metals in bottom lacustrine sediments
vary widely and quantitatively following the order: Zn >
Pb > Cu > Cd [13-15]. But some exceptions are observed
[10], mainly in areas of high anthropogenic activity [16].
The evaluation of the degree of lacustrine sediments
contamination by heavy metals has been made by the use
of ecotoxicological [7, 17] as well as chemical tests [18].
The latter ones focus on single or sequential extractions
[19, 20], where the particular fractions are indicative of
metal reactivity. Some studies have outlined the possibility of using geochemical indices for assessing and comparing ecosystems in terms of metal contamination [2123]. These are based on geoaccumulation index (Igeo), contamination coefficient (Cf), and degree of contamination
(Cdeg.), intended to describe in detail the contamination
state of a given environment.
The aim of the current study was to compare Cu, Zn,
Pb and Cd contamination of bottom sediments collected
from two polymictic lakes, namely Niepruszewskie and
Tomickie. The evaluation was undertaken by performing

chemical tests, followed by specific assessment via geochemical indices.
2. MATERIALS AND METHODS
2.1 Area of study and sediment sampling

Investigations were carried out in Niepruszewskie
(52º22.700 N, 16º37.200 E) and Tomickie (52º19.200,
16º38.400) polymictic lakes located in Central – West
Poland (25 km west of Poznan) in the water district of
Warta. The morphometric characteristics of both lakes are
disadvantageous due to the fact that they are shallow. The
Niepruszewskie lake covers an area of 242.0 ha, with a
mean depth of 3.1 m (max. 5.2 m), whereas the Tomickie
lake occupies 36.0 ha with 1.7 m depth (max. 2.7 m),
respectively. It should be mentioned that their basins are
typical of agricultural use: 68% (Niepruszewo 53.9 km2)
and 61% (Tomickie 110.7 ha), [24, 25].

FIGURE 1 - Location of the sediment sampling sites in Niepruszewskie (a) and Tomickie (b) Lakes, in Poland (c) and the Wielkopolska
region (d).
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Lakes were delineated according to transects (Fig. 1).
Three sampling points have been established for each
transect: one at the central part of the lake and two near
the shore i.e., littoral zone. In total, 18 and 14 sediment
samples were collected (with a core sampler, ca 15 cm
layer) in Niepruszewskie and Tomickie lakes, respectively.
This layer is intended to record sediment deposition for the
last years.
2.2 Chemical analyses of sediments

Sediments were first air-dried, crushed to pass a
1-mm mesh sieve and next subjected to some chemical
analyses, among others pH (potentiometrically) in a
0.01 M CaCl2 dm-3 solution. The ratio sediment/ 0.01 M
CaCl2 was 1:5 (w/v) [26]. Next, the electrical conductivity
(EC1:5) was measured in an aqueous solution, with the
ratio sediment/ bidistilled water of 1:5 (w/v) [27]. Organic
matter was determined by the Tiurin method (dichromate
wet oxidation) as reported by Nelson and Sommers [28].
Concentrations of aqua regia-soluble metals (i.e., Cu,
Zn, Pb, and Cd) were determined according to the ISO
11466 procedure [29]. An air-dried sediment sample (1.00
± 0.001 g) was weighed into a glass beaker; 15 cm3 of
aqua regia (1:3 concentrated nitric acid and hydrochloric
acid) were added, and the beaker heated under reflux for 2 h
on a sand-bath. Beaker contents were filtered through filter
paper into a 15 cm3 tube and filled to the mark with bidistilled water. Concentrations of heavy metals soluble in aqua
regia were determined by atomic absorption spectrometry
(AAS) (Varian 250 Spectra plus) and considered as total
metal content. Relative standard deviation (RSD) was calculated from pooled data for applied methods. In the precision
test, the average RSD % of analyzed soil samples for all
metals ranged from 0.97 to 7.55%. The accuracy of chemical tests was determined using a reference material [Estuarine sediment 277 CRM certified by the Bureau Community of Reference (BCR), Brussels, Belgium].
2.3 Geochemical indices

The following indices were used for evaluating the
contamination state of investigated sediments.

TABLE 1 - Classes of geoaccumulation index (Igeo).

Class
0
1
2
3
4
5
6

(Cdeg)

Sediment contamination was also evaluated by using
indices, such as the contamination factor ( C if ) and the
degree of contamination (Cdeg), [7], which were computed
on the basis of the equation reported below:

C if =

i
C0−
1
i
Cn

(2)

i
where, C0−
is the mean concentration of metals, and
1
C is the geochemical background of individual metals.
Four C if categories have been suggested by Hakanson [7],

i
n

and represented the following ranges (Table 2).
TABLE 2 - Classes of the contamination factor ( C if ).

Contamination factor
C if < 1
1≤
3≤
6≤

Low contamination factor

i
f

Moderate contamination factor

i
f

Considerable contamination factor

i
f

Very high contamination factor

C <3
C <6
C

Description

Moreover, it should be mentioned that C if is a singleelement index. The sum of C if for all studied metals generates the so-called contamination degree ( Cdeg ) of the
lake, and is represented by four classes (see Table 3).
TABLE 3 - Classes of the degree of contamination ( Cdeg ).

This index enables the assessment of bottom sediments contamination with heavy metals [23], by comparing analysed concentrations with geochemical backgrounds [1, 4]. The equation is reported as follows [30]:

I geo

Sediment quality
Practically uncontaminated
Uncontaminated to moderately contaminated
Moderately contaminated
Moderately to heavily contaminated
Heavily contaminated
Heavily to extremely contaminated
Extremely contaminated

b. Contamination factor ( C if ) and degree of contamination

a. Index of geoaccumulation (Igeo)

Cn
= log10
1.5 Bn

Value
Igeo ≤ 0
0 < Igeo < 1
1 < Igeo < 2
2 < Igeo < 3
3 < Igeo < 4
4 < Igeo < 5
5 < Igeo

(1)

where, Cn is the measure of concentration of the
metal n in the sediment and Bn is the geochemical background value (Cu – 7.0; Zn – 37; Pb – 15 and Cd – 0.5 mg
kg-1). The constant 1.5 allows for involving natural fluctuations in the concentration of a given metal in the environment, and very small anthropogenic influences. Six
classes were suggested by Müller [31]:

Degree of contamination
Cdeg < 8

Low degree of contamination

Description

8 ≤ Cdeg < 16

Moderate degree of contamination

16 ≤ Cdeg < 32

Considerable degree of contamination

32 ≤ Cdeg

Very high degree of contamination

3. RESULTS AND DISCUSSION
3.1. Sediment reaction (pH) and electrical conductivity (EC)

Lakes are a special case of water reservoirs, frequently
reflecting human settlements, agricultural and industrial
activities. These ecosystems are highly sensitive to changes,
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both biological as well as chemical ones, particularly for
shallow lakes. Next, processes running within waters are
directly interrelated with bottom sediments which, in turn,
co-regulate the hydrochemistry [32]. Data of pH and electrical conductivity (EC1:5) reported in Table 4 show that
Niepruszewskie and Tomickie lakes are characterised by
slightly high mean EC1:5 values, 384.0 (range 85.0–716.0)
and 632.0 µS cm-1 (range 226.0–955.0), respectively. The
performed test (i.e., 1 part of sediment to 5 parts of distilled
water) is intended to simulate the water/sediment interface,
reflecting most practically the reported EC1:5 values. The
same applies for pHCaCl2, where the alkaline characteristics of “naturally” deposited bottom sediments are indicative of Ca-reactive compounds.
TABLE 4 - The pH and electrical conductivity values of investigated
bottom sediments.

Statistical Niepruszewskie Lake
Tomickie Lake
a
Description pHCaCl2
EC (µS cm-1)
pHCaCl2
EC (µS cm-1)
Min.
6.5
85.0
6.7
226.0
Max.
6.9
716.0
7.0
955.0
Mean
6.8
384.0
6.9
632.0
SDb
0.16
229.1
0.09
232.3
a
– Electrical conductivity; b – Standard deviation

According to Pagenkopf [33], most EC values of natural
waters range within 50–500 µS cm-1, whereas highly mineralized frequently exhibit values of 1000 µS cm-1. The mean
conductivity of investigated sediments indicates that these
lakes (or their basins) are under low (Niepruszewskie Lake)
and moderated (Tomickie Lake) anthropogenic pressure.
Importantly, it should be mentioned that pH values fluctuated within the range 6.5–8.5 recommended for sustaining aquatic life [34]. Values listed in Table 4 imply that
activities degrading the environment are relatively limited
as do erosion processes, which are mostly responsible for
raising the concentrations of alkaline ions in sediments/
water-bodies [35].
3.2. Assessment of sediment contamination and geochemical
background approach

The assessment of heavy metal contamination in sediments depends on the methods and criteria used. For the
purpose of this study, two approaches have been considered: sediment classification according to State Institute of

Geology (PIG) [1], and sediment geochemical background
(SGB) [21, 37], as reported in Table 5. The evaluation made
on the basis of the PIG classification showed that only Cu
and Zn levels in sediments of both lakes fitted the Class I.
In the case of Pb, it was found that 50 and 79% of sediments, respectively, for Niepruszewskie and Tomickie
lakes were beyond the Class I but for Cd much more (i.e.,
61 and 93%). Despite such slightly high concentrations,
the Class II was not exceeded.
The use of SGB values for assessing, if sediments are
contaminated by any of the heavy metals, is basically
comparative. Geochemical backgrounds are practically
quoted for reference. From the data listed in Table 5
(mean values), it appeared that only Zn contents for both
lakes were below the SGB, whereas Cu (slightly) but Pb
and Cd were significantly higher than the respective values (particularly in the case of the Tomickie lake). Data
reported by Rabajczyk et al. [32], when studying the
Kielce lake, are in line with our results and followed the
similar contamination trend exhibited by Zn (below the
background) and Pb, Cd (above the background).
The SGB assessment (based on mean values) of
whole samples for both lakes is mostly consistent with the
percentage share of Pb and Cd mentioned for PIG evaluation:
Niepruszewskie: Zn (28); Cu (44); Pb = Cd (61%)
Tomickie:
Zn (7); Cu (43); Pb = Cd (93%)
This range explicitly shows, that Pb and Cd could be
of concern for both lakes. The water ecosystem should not
be endangered by any prompt release of these metals,
since the pH of the sediments is not favorable for this
process [3, 17, 32, 39]. Next, amounts reported in Table 5
refer to the total content, which implies that more than
95% of Pb and Cd (including Cu also) are potentially
bound in non-bioavailable and exchangeable fractions
[36, 40]. The trace concentrations may not threaten the
fauna and flora of these lakes.
3.3. Geoaccumulation indices (Igeo) for Cu, Zn, Pb and Cd in
the sediments

The investigated lakes are both polymictic, which means
are highly susceptible to hydrochemical fluctuations and
also to geochemical changes of the sediments.

TABLE 5 - Total heavy metal contents in bottom sediments of investigated lakes.

Statistical
description

Niepruszewskie Lake (n = 18)
Tomickie Lake (n = 14)
Cu
Zn
Pb
Cd
Cu
Zn
Pb
Cd
mg kg-1
Min.
1.58
1.80
0.53
0.03
3.45
10.60
3.90
0.05
Max.
19.27
52.90
51.12
3.43
11.43
45.00
42.57
2.79
Mean
8.95
22.23
24.71
1.49
7.54
27. 24
32.86
2.33
SDa
5.62
16.81
19.25
1.25
2.16
7.48
9.58
0.74
Class Ib
Cu – 20.0; Zn – 125.0; Pb – 30.0; Cd – 0.7 mg kg-1
Class IIb
Cu – 100.0; Zn – 300.0; Pb – 100.0; Cd – 3.5 mg kg-1
SGBc
Cu – 7.0; Zn –73.0; Pb – 15.0; Cd – 0.5 mg kg-1
a
– Standard Deviation; b – Classification according to State Institute of Geology (PIG) [4]; c – Sediment Geochemical Background [1, 37].
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Geoaccumulation indices (Igeo) listed in Table 6 outline strong variations related both to particular metals and
investigated lakes. For copper, the Cu-Igeo values ranged
from -0.47 to +0.62 in the case of the Niepruszewskie
lake, where 22% of indices fitted the condition Igeo ≤ 0,
i.e., “practically uncontaminated” (Table 1). It appears,
that 78% of Cu-Igeo represent sediments considered as
moderately contaminated, and the same was observed for
the Tomickie lake with 93% of Cu-Igeo. Mean values
calculated for whole lakes are quite identical (ca +0.18),
hence confirming the slight contamination of both lakes.
Most of data obtained by Tarnawski [14] for the Zesławice
reservoir fluctuated between +0.18 and +0.22, but indices
reported by Rybajczyk et al. [32] for the Kielce lake varied within -0.79 and +0.48.
TABLE 6 - Geoaccumulation indices for the particular heavy metals
in bottom sediments of Niepruszewskie (n = 18) and Tomickie (n =
14) lakes.

Metal
Geoaccumulation index (Range)
Mean ± SD
-0.47 +0.62
+0.18 ±0.30
Cua
-0.13 +0.39
+0.19 ±0.14
Cub
-1.43 +0.04
-0.52 ±0.50
Zna
Znb
-0.66 -0.03
-0.28 ±0.13
I geo
-0.99 +0.71
+0.10 ±0.60
Pba
-0.41 +0.63
+0.47 ±0.26
Pbb
Cda
-1.12 +0.93
+0.15 ±0.80
Cdb
-0.90 +0.84
+0.67 ±0.46
a and b indicate Niepruszewskie and Tomickie lakes, respectively

with a mean value of +0.10. The moderate contamination
(0<Igeo<1) state prevails with 67% of indices fitting this
range. The same applies for the Tomickie lake characterised by significantly higher mean PbIgeo amounting to +0.47
(range -0.41 to + 0.63). In this case, up to 93% of the values
are comprised in 0<Igeo<1, implying that this lake is mostly
contaminated by Pb.
Cadmium is also a matter of concern in both lakes.
The percentage share of Cd-Igeo values for the criterion
Igeo> 0 are 61 and 93%, respectively, for the Niepruszewskie
and Tomickie lakes. It should be mentioned that ranges
observed for Cd-Igeo are markedly larger (-1.12 to +0.93
for Niepruszewskie; -0.90 to 0.84 for Tomickie lakes) as
compared with Pb-Igeo. In their investigations, Rabajczyk
et al. [32] have obtained significantly high indices, ranging
from +0.50 to +1.50, contrarily to Tarnawski [38], who
reported data varying between -0.26 and 0.05.
The geochemical indices calculated by using geochemical backgrounds have outlined the trend in the contamination state, which differed only in magnitude. This
observation is important, particularly for investigations,
where several assessment methods are quoted and the
reported data frequently divergent.
3.4. Individual Cu, Zn, Pb, Cd contribution in the whole contamination state of Niepruszewskie and Tomickie lakes

Niepruszewskie and Tomickie lakes should be admitted as not contamined by Zn, since Zn-Igeo values are
negative (Igeo ≤ 0), i.e., -1.43 to +0.04 and -0.66 to -0.03,
respectively. It should be mentioned, that the observed
contamination state may be party due to the relatively
high geochemical background value (i.e., 73.0 mg Zn kg-1)
as compared to Cu (7.0 mg Cu kg-1).
Unlike copper and zinc, lead is decidedly toxic for the
biota. Natural geochemical processes, precipitation and
sorption, among others, create conditions favorable for Pb
sink and, therefore, control its chemistry in sediments.
Geoaccumulation indices calculated for Pb (Pb-Igeo) varied largely for the Niepruszewskie lake (-0.99 to +0.71),

The evaluation of ecosystem contamination may be
undertaken throughout assessing the effect/concentration
of any contaminant, individually, or in a complex way.
The latter one has been performed for Niepruszewskie
and Tomickie bottom sediments on the basis of data describing the degree of contamination (Cdeg) as listed in
Table 7. Moreover, a detailed assessment was done by
using contamination factors ( C if ), whose mean values
enabled classifying the sediments according to geochemical backgrounds.
According to Hakanson [7], as listed in Table 2, two
classes should be established for the Niepruszewskie lake:
a) Zn for the range C if < 1; b) Cu, Pb, Cd for the
range 1 ≤ C if < 3

TABLE 7 - Factors and degrees of contamination for particular heavy metals in bottom sediments of Niepruszewskie (n = 18) and Tomickie
(n = 14) lakes.

Metal

Contamination factor (Range)

Cua
Cub
Zna
Znb
Pba
Pbb
Cda
Cdb
Contamination degree (a)*
, Zn , Pb ,Cd
[ Cdeg = Σ( C Cu
)]
f

C if

Percentage share of

Mean ± SD

0.23 - 2.75
0.49 - 1.63
0.02 - 0.72
0.15 - 0.48
0.04 - 3.41
0.26 - 2.84
0.05 - 5.72
0.08 - 4.65
0.48 - 12.47
1.16 - 9.11

*

Contamination degree (b)
- a and b indicate Niepruszewskie and Tomickie lakes, respectively

*
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1.28
1.08
0.30
0.36
1.65
2.19
2.48
3.89
5.71
7.52

±0.80
±0.31
±0.20
±0.08
±1.30
±0.64
±2.10
±1.23
±4.29
±2.11

22.4
14.4
5.2
4.8
28.9
29.1
43.4
51.7
-

C if in Cdeg
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Niepruszewskie: Zn (28); Cu (44); Pb = Cd (61%)
Tomickie:
Zn (7); Cu (43); Pb = Cd (93%)

In the case of the Tomickie lake, up to three classes
i

are observed, i.e., a) Zn for the range C f < 1; b) Cu, Pb
i

i

for the range 1 ≤ C f < 3; c) Cd for the range 3 ≤ C f < 6
On the basis of these ranges, it may be stated that
only Zn may not threaten both ecosystems. Copper with

C if between 1.08 and 1.28 may be considered as a „negligible” contaminant, but Pb and particularly Cd fall
within the moderate to considerable contamination class,
respectively. Data reported by Tarnawski [38] for Cu, Zn,
i

Pb and Cd fitted mostly the 1 ≤ C f < 3 class, only Cr
i

represented the 6 ≤ C f class, i.e., very high contamination. On the other hand, contamination factors, calculated
for the Kielce lake [32], varied in extremely wide ranges;
Zn: 0.15 – 0.89; Cu: 0.24 – 4.5; Pb: 3.82 – 18.8; Cd: 4.99

On the basis of Igeo data, it appeared that both lakes
may be classified partially to the class 0 (i.e., practically
uncontaminated sediment, Igeo ≤ 0) and to the class I
(slightly to moderately contaminated sediment, (0<Igeo<1).
The mean value of the contamination degree (Cdeg) is
below 8 (range 0.48 - 12.47). The contamination pressure
exerted over the Niepruszewskie lake is relatively weaker,
since ca 40% of all sediments exhibited Cdeg > 8. In the
case of the Tomickie lake, this share levelled to 64%.
Lead and cadmium contributed the most to the contamination of the bottom sediments, followed by copper. Zinc
was the sole metal to threaten the least both investigated
lakes.
The authors have declared no conflict of interest

i

– 44.7. This order, despite the magnitude in C f values, is
fully consistent with data listed in Table 5.
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ABSTRACT
A novel extracellular biopolymer (B-11) produced
from Bacillus sp. has been used as biosorbent for the solid
phase extraction of Co(II) ions in environmental samples.
The prepared B-11 was characterized by Fourier-transform
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) coupled with energy dispersive X-ray
spectrometer (EDX) analysis, and the results showed that
hydroxyl, carboxyl, phosphate and sulphonate groups are
involved in sorption of Co(II) ions. Batch experiments
were performed to evaluate the adsorption kinetics, adsorption isotherm, desorption and regeneration characteristics of B-11. The kinetic data were fitted with the Lagergren first-order, pseudo-second-order and intraparticle diffusion models; the pseudo-second-order model was found to
be well suited for the entire adsorption process. Moreover,
the obtained data were fitted with the Langmuir and
Freundlich equations, and Langmuir isotherm better fitted
the adsorption data with the monolayer adsorption capacity of 17.03 mg/g at pH 4.5 and 25 °C. Furthermore, B-11
could be reused five times with only about 8.25% regeneration loss, and the enrichment factor was more than
10.0. The presented biosorption procedure was also successfully applied to the determination of trace Co(II) in
environmental water samples with satisfactory results. The
relative standard deviation of the method (R.S.D.) and the
detection limit (3σ) were 1.37% and 0.0246, respectively.
KEYWORDS: extracellular biopolymer; biosorption; desorption;
preconcentration; Co(II)

1. INTRODUCTION
Industrial exploitation of cobalt in alloy production,
electroplating, generation of gas turbines and petrochemical industries, results in discharge of cobalt wastes into
* Corresponding author

the environment leading to a variety of toxic effects on all
living forms including plants, animals and micro-organisms.
The heavy metal is non-biodegradable, and thus readily
accumulates to toxic levels causing neurotoxicological disorders and genotoxicity in human beings, and in chronic
cases, it may even cause cancer [1]. Thus, the determination of trace amounts of Co(II) is very important in the
context of environmental protection, food safety as well
as agricultural chemistry. Due to their usually low concentrations and matrix interferences, the direct determination of Co(II) in environmental samples is limited. The
usage of separation-enrichment procedures could solve these
problems, prior to determination of analytes [2, 3]. Liquid–
liquid extraction, electroanalytical techniques, cloud point
extraction, solid phase extraction (SPE) based on sorption or
biosorption, etc. have been used for that purpose [4-6],
among which SPE was proven to be an efficient and lowcost alternative. Then, the great priority has been given to
topics like development of new sorbents or extractants
and increase of their adsorption capacity and regeneration
characteristics.
The extracellular biopolymers (EPS) produced by micro-organisms are mainly composed of polysaccharides,
proteins, humic substances, nucleic acids and lipids, which
are biodegradable and the degradation intermediates are
harm-less to human beings and the environment [7]. Several charged surface functional groups in exopolymers (carboxyl, amino, phosphoric, carbonyl and hydroxyl groups) are
known to strongly bind metal cations in aqueous solution
through ion exchange and complex formation [8]. The adsorption of heavy metals by EPS is considered to be nonmetabolic, energy independent, and can be caused by interaction between metal cations and negative charge of
acidic functional groups of EPS. The extracellular biopolymers have been used for trace heavy metal biosorption from various media with successful results [9-11].
In this work, we investigated the utilization of a novel
extracellular biopolymer (B-11) as biosorbent in the adsorption of cobalt. As most extracellular biopolymers produced from bacteria are polar or charged, they can exist in
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different configurations depending on pH, temperature,
ionic strength and background electrolyte in solutions [12].
These factors can change the overall conformation and the
orientation of functional groups affecting the effective
charge and cation binding property of the biopolymer.
Therefore, the objectives of this study were to investigate
the binding characteristics of Co(II) ions by B-11 as affected by pH, sorbent dosage, etc. The experimental data
were correlated to different kinetic and adsorption models, and the corresponding parameters were determined.
Information regarding the binding sites and mechanism of
sorption at molecular level has been explored employing
FTIR spectroscopy, scanning electron microscopy (SEM),
and energy dispersive X-ray spectrometry (EDX).
2. MATERIALS AND METHODS
2.1 Instruments and apparatus

FTIR spectra of the B-11 and Co(II)-loaded B-11
were recorded by a Nicolet NEXUS 470 FT-IR instrument
(Thermoelectric, USA) using KBr as background spectra.
The surface morphology and structure of both B-11 and
Co(II)-loaded B-11 were obtained at 15.0 kV on the field
emission scanning electron microscope (SIRION,USA)
after gold plating. The presence of Co(II) ions on the
surface of B-11 was documented by EDX analysis. A
Varian Liberty 150 AX Turbo model inductively coupled
plasma-atomic emission spectrometer (ICP-AES) was
used for the determination of Co(II) concentration. The
main operating conditions of ICP-AES were as follows:
1.0 kw (power), 15.0 L/min (plasm flux rate), 1.5 L/min
(accessorial gas flux rate), 200 kPa (atomized gas), 15 rpm
(pump speed), 10 s (cleanout time), and 15 s (stabilization
time).
2.2. Cultivation of P. fluorescens C-2 and preparation of B-11
EPS

Bacillus sp. strain used in this study was isolated
from the activated sludges in Zhenjiang Dagang sewage
plant. This strain, deposited in the Culture Collection of
the Industrial Study Biotechnology Centre in the Jiangsu
University, was maintained on nutrient agar slants. The
stock culture was transferred weekly and stored at 4 °C.
Bacillus sp. was cultivated aerobically in 500-ml
conical flasks containing optimized medium on a rotary
shaker (160 rpm) at 30 °C for 48 h. The composition of
the media (g/L) was as follows: glucose, 20; yeast extract,
2; KH2PO4, 2; K2HPO4, 5, and NaCl, 0.1 (initial pH 7.08.0). The culture was centrifuged at 10,000 rpm for 15 min
at 4 °C (Eppendorf centrifuge 5804R, Germany) to obtain
a supernatant, to which cold absolute ethanol (1:1, v/v)
was added to precipitate the exopolymer. The extracted
exopolymer was dissolved in deionized water and decolorized with 5% (w/v) activated charcoal to remove residual culture medium. The polysaccharide content was assayed by the phenol-H2SO4 method, and protein content
was monitored by UV absorption spectroscopic analysis

(Jasco, Japan) to keep the EPS production at 5.0 g/L. The
crude exopolymers obtained were lyophilized, namely B11, and stored at 4 °C.
2.3. Biosorption procedure

All chemicals were of analytical reagent grade and
purchased from Merck (Darmstadt, Germany). A stock
solution containing 1000 mg/L Co(II) ions was prepared
from Co(NO3)2·6H2O in deionized distilled water (DDW);
the working solutions were prepared by appropriate dilution with DDW from the stock solution, respectively.
Solutions of HNO3 or NaOH (0.1 mol/L) were used for
pH adjustments. In batch adsorption experiments, different dosages of biosorbent (0.1-0.4 g) of the B-11 were
added into several 150-ml Erlenmeyer flasks, each containing 50 ml solution. The flasks were then shaken at 120 rpm
in a constant temperature shaker at a pre-settled temperature. The effects of contact time (0-120 min), concentration (25-300 mg/L), and solution pH (1.0-7.0), and adsorbent dose (0.1-0.4 g) were studied at 25 °C. Isotherms
were obtained by adsorbing different concentrations (25300 mg/L) of Co(II) ions. After prescribed contact time,
the samples were collected from the shaker, and filtered
through a 0.45-µm cellulose acetate membrane, and residual Co(II) ions concentration in solution was measured by
using the ICP-AES. All experiments were performed three
times, and the average values were used for further calculations. The maximum deviation observed was less than 5%.
Finally the percentage adsorption (E %) and uptake
capacity (Q, mg/g) were calculated by Eqs. (1) and (2).
E = [(C0 - Ce)/C0]×100%

(1)

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

(2)

Where, C0 (mg/L) and Ce (mg/L) are the initial and
equilibrated concentration of Co(II), respectively. V (L)
and W (g) are solution volume and sorbent mass, respectively.
2.4 Desorption and regenerative capacity

Desorption of the adsorbed Co(II) from the B-11 was
studied with desorption agents: HNO3 solutions (1.0 mol/L).
The saturated Co-B-11 was placed in a desorption medium
and stirred continuously (at a stirring rate of 120 rpm) for
60 min at room temperature. The desorption ratio was calculated from the final Co(II) concentration in the desorption medium. In order to test the regenerative capacity of
the Co-B-11, five consecutive cycles of adsorption/ desorption experiments were carried out by using the same
conditions.
3. RESULTS AND DISCUSSION
3.1. Characterization of the B-11
3.1.1 Characteristics of SEM–EDX

The SEM images of nature B-11 and Co(II)-B-11 are
shown in Figs. 1(a) and 1(b). Fig. 1(a) showed the porous
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structure of the nature B-11 and large number of grooves,
and projections on the surface of B-11 indicated the high
surface area of the B-11. Binding of metal ions onto the
binding sites of the surface of B-11 is indicated in Fig.
1(b), where the porous structure of the B-11 was no more
visible, a crystalline solid surface was observed, probably
due to the formation of a Co(II)-B-11 complex involving
carboxylate and amide groups.

Comparison of the typical EDX spectra of the Co(II)B-11 (Fig. 2(b)) with those of nature B-11 (Fig. 2(a))
showed that the intensities of the phosphorus and potassium
signals at about 2.05 and 3.35 keV were considerably
reduced after Co(II) biosorption. This could be indicative
of the complexation and ion exchange of Co(II) ions with
phosphate groups and potassium onto the B-11 surface.
Moreover, EDX spectra (Fig. 2(b)) of Co(II)-adsorbed B11 showed an additional peak confirming the sorption of
cobalt onto the surface of B-11.
3.1.2 Characteristics of FT-IR analysis

FIGURE 1 - Scanning electron micrographs (SEM) of (a) B-11 and
(b) Co(II)-B-11.

The pattern of sorption of metals onto polymeric compounds is attributable to the active groups as well as bonds
present on them. In order to investigate the functional groups
and the possible cobalt binding sites present in the B-11, the
FTIR spectra were recorded before (Fig. 3(a)) and after
adsorption (Fig. 3(b)). As seen in Fig. 3(a), the broad absorption peak around 3380 cm−1 is indicative for the existence of -OH and -NH stretching, thus showing the presence of hydroxyl and amine groups on the B-11. Weak
absorption near 2924 cm−1 is attributed to asymmetrical
and symmetrical C-H stretching vibrations of aliphatic
CH2. A distinct peak at 1745 cm−1 can be attributed to the
C=O stretching band from the protonated carboxylic groups,
and strong absorption at 1636 cm−1 might be due to the
stretching vibration of carboxylate group [13]. The absorption peaks in the regions of 1150.0 cm−1 and 1070.0970.0 cm−1 for P=O and P-O-C stretching, respectively,
depict the presence of phosphate groups in the biomass.
The characteristic band region at 846 cm−1 suggests the
presence of sulphonate groups in the B-11 [14, 15].
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FIGURE 3 - FT-IR spectral characteristics of (a) B-11 and (b)
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FIGURE 2 - EDX spectra analysis of (a) B-11 and (b) Co(II)-B-11.

Conspicuous changes in the FTIR spectrum (Fig. 3b)
were observed after cobalt adsorption on the B-11; the
bands at 3380 cm−1 and 2924 cm−1 shifted to 3362 cm−1
and 2910 cm−1, respectively. The shifting of these bands
indicates the involvement of hydroxyl groups and N-H
stretching vibration in the adsorption process. Obviously,
the shifts of the carboxyl stretching bands (1745 cm−1 and
1636 cm−1) to lower frequencies (1738 cm−1 and 1632 cm−1)
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The pH of solution has been identified as the most important variable governing metal adsorption on the adsorbent. The effect of pH on Co(II) ions adsorption onto B-11
was studied over a pH range of 1.0-7.0 at 25 °C. The procedure outlined in the experimental section was followed
with 0.25 g of B-11 and 50 ml of 100 mg/L Co(II) solution at a desired pH. As shown in Fig. 4, the percentage
adsorption of Co(II) increased with increasing pH from
2.0 to 4.0, and then remained stable till pH 7.0. Similar
trends were also observed for cobalt removal by coir pith
[16]. Metal ions biosorption onto non-specific and specific biosorbents is pH-dependent. The pH of the biosorption medium not only affects the metal speciation but also
the surface charge of the biosorbent system. The reaction
of metal ions in the solution with the biosorbent can be
described by the following equilibrium:
mMn+ + nHmB ⇔ nmH+ + MmBn
(3)
n+
where, M represents the metal ions possessing n
charges, and B the available biosorption sites on the biosorbent. It can be seen from the equilibrium reaction (3)
that the effect of pH on the metal biosorption can be
achieved through the competition between H3O+ ions and
metal ions for the biosorption sites. At lower pH, little
biosorption occurred because there was a high concentration of protons in the solution, and these protons competed with metal ions in forming a bond with the active
sites (the functional groups) on the surface of the B-11.
Thereafter, these bonded active sites became saturated
and inaccessible to other cations. These results were in
good agreement with the findings of previous researchers
[17]. With increasing pH, these negatively charged functional groups would be exposed allowing cations to accumulate in the double layer surrounding the polyelectrolyte,
and hence, increase in biosorption onto the B-11 surface,
which is corresponding to the maximum biosorption obtained at pH 4.5 for Co(II). At more higher pH values,
precipitation of the metal occurs by the formation of metal
hydroxides, which makes the biosorption impossible.
3.3 Effect of adsorbent dosage

Since an optimum adsorbent dosage is essentially required to maximize the interactions between metal ions
and adsorption sites of adsorbent in the solution, the adsorption of cobalt at different adsorbent dosages was studied by varying the adsorbent dosages from 2.0 to 8.0 g/L
at constant initial Co(II) level. The percent adsorption of
Co(II) ions increased with time and adsorbent dosage.
This is because of the availability of more and more adsorption sites for complexation of Co(II). The increase in
adsorbent dosage from 2.0 to 8.0 g/L resulted in an in-
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FIGURE 4 - Effect of pH on the adsorption of Co(II) from 100 mg/L
solutions by 5.0 g/L B-11 during orbital shaking at 120 rpm at 25 °C
for 90 min.
100

14

90

12

80

-1
Co(II) uptake capacity q(mg g )

3.2. Effect of pH

crease from 52.56 to 96.25% in adsorption of Co(II) ions.
However, the unit adsorption capacity showed a reverse
trend to the percent cobalt adsorption. By increasing the
adsorbent dose from 2.0 to 8.0 g/L, the adsorption of
Co(II) ions per unit mass of adsorbent decreased from
7.68 to 3.76 mg/g. This is due to overlapping and aggregation of adsorption sites, as already reported [18]; in this
sense, the biosorbent dosage was fixed at 5.0 g/L for
Co(II) ions to continue this work.

Adsorption (%)

are observed in the cobalt-loaded B-11. The shifting of
absorption peaks at 1150 cm−1 and 846 cm−1 indicates
phosphate bonds and sulphonate group interventions in cobalt adsorption, respectively. These findings were in accordance with the results confirmed by the SEM-EDX.
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Co(II) concentration of 100 mg/L, contact time 90 min, pH 4.5,
agitation speed 120 rpm and 25 °C (▲ removal efficiency, %; ■
uptake capacity, mg/g).
3.4 Adsorption dynamics

Figure 6 shows the effect of contact time on the adsorption of Co(II) by B-11 from solutions with different
initial Co(II) levels (50, 100 and 150 mg/L) at 25 °C. As
seen in Fig. 6, the cobalt adsorption occurred in two steps,
an initial fast step which lasted for about 30 min, followed
by a slower second phase which continued until the end of
the experimental period. The fast step is probably due to
the abundant availability of active sites on the material,
and with the gradual occupancy of these sites, the sorption
became less efficient in the slower step. This is quite normal as biosorption is considered to be a spontaneous process and, thereby, often occurs very rapidly [19]. While the
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initial Co(II) ion concentration increased from 50 to
150 mg/L, the percent cobalt removal by B-11 decreased
from 100 to 85.62% at equilibrium, and the initial adsorption capacity of B-11 increased from 5.30 to 8.55 mg/g.
Information on the kinetics of pollutant uptake is required for selecting optimum operating conditions for a
full-scale batch process. Therefore, several kinetic models, including the pseudo-first-order model [20], pseudosecond-order model [21] and intraparticle diffusion model
[22], were applied to analyze the experimental data related to
the biosorption of Co(II) onto B-11. The pseudo-first order
model assumes that the rate of change of solute uptake
with time is directly proportional to the difference in
saturation concentration and the amount of solid uptake
with time. The pseudo-first-order model of Lagergren is
given as follows:
log(Qe − Qt ) = log(Qe ) −

k1
t
2.303
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FIGURE 6 - The adsorption kinetic curves of Co(II) by the B-11 at
initial metal concentrations of 50, 100 and 150 mg/L.
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The intraparticle diffusion equation can be expressed
as follows:
0.5

70

20

(4)

The pseudo second-order kinetic model is assuming
the chemical reaction mechanisms, and the adsorption rate
is controlled by chemical adsorption through sharing or
exchange of electrons between the adsorbent and adsorbate.
The pseudo-second-order model is expressed as follows:
t
1
1
=
+ t
2
Qt k2Qe Qe

not occurring in the pores of biosorbent accordance with
surface adsorption. Also, distinct ionic species might be
present simultaneously in the solution, and hence, each of
them might be adsorbed at variable rates as a function of
their affinity to the individual functional groups and of the
type of binding mechanism taking place [24].

Adsorption(%)
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(6)

where, Qe and Qt are the amounts of Co(II) adsorbed
on B-11 at equilibrium and at any time t (mg/g), respectively; and k1 (L/min), k2 (g/mg.min) and (mg/(g·min0.5))
are the rate constants of pseudo-first-order model, pseudosecond-order model and intraparticle diffusion model,
respectively.
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FIGURE 7 - The first-order plot for Co(II) biosorption on the B-11
at initial metal concentrations of 50, 100 and 150 mg/L.
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Plots of linearized forms corresponding to pseudofirst-order, pseudo-second-order and intraparticle diffusion
kinetics models are shown in Figs. 7-9, respectively. All
the adsorption kinetic constants and correlation coefficients
are given in Table 1. As shown in Table 1, the correlation
coefficient values for the pseudo second-order model were
higher than those of first order and intraparticle diffusion
model. In addition, the theoretical Qe2,cal values were closer
to the experimental Qe,exp values. In the view of these
results, it can be said that the pseudo-second-order kinetic
model provided a good correlation for the biosorption of
Co(II) onto B-11. In accordance with the pseudo secondorder reaction mechanism, the overall rate of Co(II) sorption processes appears to be controlled by the chemical
processes, through sharing of electrons between biosorbent and sorbate, or covalent forces, through the exchange
of electrons between the particles involved [23]. In addition, the low correlation coefficient values obtained for the
intraparticle diffusion model indicate that adsorption is
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FIGURE 8 - The second-order plot for Co(II) biosorption on the B11 at initial metal concentrations of 50, 100 and 150 mg/L.
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lnQe = 1/n(lnCe) +ln Kf

(8)

where, Kf and n are the Freundlich constants related
to adsorption capacity and energy of adsorption, respectively. The plot of lnQe versus lnCe for the biosorption was
employed to generate Kf and n from the intercept and the
slope values.

Qt(mg g-1)
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7.5
7.0
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5.5
5.0
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The equilibrium adsorption studies were conducted using various initial Co(II) concentrations of 25-300 mg/L at
pH 4.5 at different temperatures. The linearized Langmuir
and Freundlich adsorption isotherms of Co(II) ions obtained at 25, 35 and 45 °C are given in Figs. 10 and 11,
respectively. The constant parameters and correlation coefficients (R2) are summarized in Table 2.
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FIGURE 9 - The intraparticle diffusion plot for Co(II) biosorption
on the B-11 at initial metal concentrations of 50, 100 and 150 mg/L
3.5 Adsorption isotherms

The distribution of metal ions between liquid phase
and biosorbent in equilibrium adsorption process can generally be described by several isotherms, based on a set of
assumptions related to the heterogeneity homogeneity of
adsorbents, the type of coverage, and the possibility of interaction between the adsorbate species. The data of sorption equilibrium in this work were tested with Langmuir
and Freundlich isotherms.
The Langmuir isotherm model assumes a monolayer
sorption, which takes place at specific homogeneous sites
within the biosorbent [25], and the linear Langmuir isotherm is represented by the following equation:
Ce
C
1
(7)
=
+ e
Qe Qmax K L Qmax

where, Qmax is the monolayer maximum biosorption
capacity of the biosorbent (mg/g), Qe is the amount of
metal ions uptake (mg/g) at equilibrium, Ce is the equilibrium concentration (mg/L), and KL is the Langmuir equilibrium constant (L /mg) related to the free energy of adsorption. The plot of 1/Qe versus 1/Ce for the adsorption gives a
straight line of slope 1/QmaxKL and intercepts 1/ Qmax.
The Freundlich isotherm is an empirical equation used
for non-ideal adsorption on heterogeneous surfaces as
well as multi-layer adsorption and is derived by assuming
an exponentially decaying adsorption site energy distribution. The linear form of Freundlich equation is as follows
[26]:

As seen from Figs. 10-11 and Table 2, the B-11 at
different temperatures fits quite well into the Langmuir
adsorption model. As seen from Fig. 10, the isotherms of
Co(II) adsorption on B-11 were found to be linear over
the whole temperature range studied, and the correlation
coefficients were extremely high as shown in Table 2. The
value of Qmax determined from the Langmuir model decreased with temperature increase, thereby confirming
that the process is exothermic. The fact that the Langmuir
isotherm fits the experimental data very well may be due
to homogenous distribution of active sites on the adsorbent surface, since the Langmuir equation assumes that the
surface is homogenous [27, 28].
The essential feature of the Langmuir isotherm can be
expressed by means of a separation factor or equilibrium
parameter, RL, which is calculated according to the following equation:

RL =

1
1 + K L Cmax

(9)

where, Cmax is the highest (initial) metal concentration
in solution (mg/L). The parameter RL indicates the shape
of the isotherm and nature of the adsorption process (RL >
1: unfavourable; RL = 1: linear; 0 < RL < 1: favourable;
RL= 0: irreversible). The calculated values of RL for
Co(II) biosorption onto B-11 are in the range of 0.042 and
0.347, indicating that the on-going biosorption is favourable. Thus, the adsorption process of Co(II) onto B-11
could be considered as monolayer adsorption, and the
monolayer saturation capacity of B-11 was 17.03 mg/g
for Co(II).

TABLE 1 - Kinetic parameters for the biosorption of Co(II) onto B-11.

Parameters
(mg/L)
50
100
150

Qe,exp
(mg/g)
5.30
7.80
8.55

First-order kinetic model

Second-order kinetic model

R2

R2

0.8913
0.9380
0.9392

Qe1,cal
(mg/g)
0.76
1.01
1.16

k1
(L/min)
0.061
0.062
0.032

0.999
0.999
0.999

Qe2,cal
(mg/g)
5.37
7.81
8.65
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k2
(mg/g min)
0.153
0.318
0.078

Intraparticle diffusion
h
(mg/g min)
4.412
19.39
5.836

R2
0.5239
0.9328
0.8281

kp
(mg/g min0.5)
0.0877
0.0412
0.1322

C
4.5815
7.5047
7.3741

1/Qe
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1.0
0.8
0.6
0.4
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adsorption efficiency of B-11 was observed for the first
3 cycles, whereas a minimum loss of 3.74 and 8.25%
occurred for the 4th and 5th cycle, respectively. The results
illustrated that B-11 has good regenerative capacity.

250C
350C
450C

3.7 Effect of interfering ions

-0.2 0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

The influences of some ions which are known as interfering ones in the ICP-AES determination were investigated on B-11. Different amounts of cations and anions
were added to the test solution (50 ml) containing 100 µg
Co(II), respectively, and the other steps were operated
according to the proposed adsorption experiment procedure. The tolerance limit of foreign ions was taken as that
value which caused an error of not more than ±5% in the
absorbance; the results are given in Table 3. The effects
of foreign ions at given concentrations were negligible
implying that the proposed pre-concentration/separation
method could be applied to real environmental samples
containing diverse ions.

1.6

1/Ce
FIGURE 10 - Langmuir isotherm at different temperatures

3.0
2.5
2.0

0

25 C
0
35 C
0
45 C

TABLE 3 - Effect of interference on the recovery of Co(II).

lnQe

1.5
1.0

Interference

0.5

K(I)
Na(I)
Ca(II)
Mg(II)
Fe(III)

0.0
-0.5
-1.0
-1

0

1

2

3

4

25
35
45

Langmuir constants
KL (L/mg)
0.075
0.055
0.052

Freundlich constants
R2
0.999
0.999
0.999

Kf
1.497
0.958
0.704

Interference
Cu(II)
Hg(II)
NO3SiO32Cl(I)

Add
(µg)
800
800
5000
1000
7000

Recovery
(%)
92.89
93.52
95.86
91.02
95.55

3.8 The detection limit and analytical precision

TABLE 2 - The comparison of the Freundlich and Langmuir adsorption constants obtained from adsorption isotherms of Co(II)
ions at different temperatures.

Qmax (mg /g)
17.03
14.59
10.08

Recovery
(%)
94.73
96.44
92.55
93.87
92.56

5

lnCe
FIGURE 11 - Freundlich isotherm at different temperatures.

T
(°C)

Add
(µg)
5000
4000
2000
1000
1000

n
1.962
1.637
1.834

R2
0.936
0.957
0.942

3.6 Desorption and regenerative capacity

The pre-concentration factor is an important parameter for evaluating a sorbent; it was studied by a recommended desorption procedure changing the volume of sample solution and keeping the total amount of adsorbed Co(II)
onto B-11 constant at 100 µg. In this case, 10, 25, 50, 100,
150, 200 and 250 ml of Co(II) solutions were used in adsorption-desorption procedure. When the Co(II) sample
volume was up to 100 ml, and Co(II) recovery could be up
to 95% all the same. Then, pre-concentration factor was
calculated as 10 when desorption agent volume was 10 ml.
In order to obtain the regenerative capacity of B-11,
adsorption-desorption cycles were carried out five times
by using the same sorbent in batch experiments. During five
successive cycles of operation, only a minor loss (<2.5%) in

Under the optimal conditions, 11 portions of standard
solutions were analyzed simultaneously following the
general procedure. The calibration curve was linear within
a concentration range from 0.3 to 8.0 µg/ml, and linear
equation was Y = 0.0942X + 0.0110 (r2 = 0.99976). According to the definition from IUPAC, the detection limit
of the method was calculated based on three times of the
standard deviation of 11 runs of the blank solution. The
detection limit (3σ) of the proposed method was 0.0246
µg/ml. The relative standard deviation (R.S.D.) of the
method was lower than 1.37%, which indicated that the
method had good precision for the analysis of trace Co(II)
in solution samples.
3.9 Analytical applications

In order to estimate the accuracy of the presented biosorption procedure, different amounts of Co(II) ions were
spiked in three water samples from Yudai River, Zhenjiang
dyeing plant and Baigui River, respectively. The resulting
solutions were submitted to the presented procedure given
in experimental section. The results are presented in Table 4.
The recovery values for Co(II) ions were generally in the
range of 94.50-99.95%, and the R.S.D. was always within
2.0%. Evidently, the method is feasible and provides satisfactory results. It showed that the presented solid phase
extraction method can be applied for biosorption of trace
Co(II) ions in environmental samples.
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TABLE 4 -The test results of addition/recovery for trace Co(II)
determination in some real samples (n=3).

Co(II) µg/ml
Sample
Yudai River
Zhenjiang dyeing plant
Baigui River

Added

Found

0.0
2.000
0.0
2.0
0.0
2.000
0.0
2.000

0.200
2.199
0.144
2.143
0.070
2.067
0.011
2.010

R.S.D
(%)
1.8
1.4
1.8
1.4
1.6
1.8
1.6
1.9

Recovery
(%)
_
98.2
_
99.95
_
99.66
_
99.65
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ANTIGENOTOXIC EFFECTS OF RESVERATROL IN
SOMATIC CELLS OF DROSOPHILA MELANOGASTER
FatmaTurna1, Sezgin Aksakal1, Eşref Demir and Bülent Kaya1*
1

Akdeniz University, Faculty of Sciences, Department of Biology, 07058-Campus, Antalya, Turkey

ABSTRACT

The resveratrol (RSV, 3,4´,5-trihydroxy stilbene) is a
phytoalexin which is naturally occurring in different plants.
The in vivo antigenotoxic effects of RSV against ethyl
methane sulfonate (EMS) and potassium dichromate
(K2Cr2O7) which causes genotoxicity with different mechanisms was studied in Drosophila melanogaster by using the
Drosophila SMART assay and the alkaline Comet assay.
For SMART assay the larvae were treated both pre-treatments and co-treatments, for Comet assay the larvae were
treated simultaneous exposure. The results from the SMART
assay showed that in pre-treatments and co-treatments of
RSV with EMS and K2Cr2O7 was reduced the genotoxicity in all concentrations excluding only 1 mM concentration in co-treatments of RSV with EMS. Antigenotoxic
effects of RSV against EMS and K2Cr2O7 is higher in pretreatment compared to co-treatment and stronger in especially against genotoxic damage caused by K2Cr2O7. In
results of Comet assay RSV showed antigenotoxic effects
against genotoxic damage caused by EMS and K2Cr2O7
for tail intensity (%) and tail moment (µm). These results
confirm the usefulness of the Comet assay with haemocytes as an in vivo model and support the possibility of
antigenotoxicity associated with RSV. This is the first
study reporting antigenotoxicity data in somatic cells of
Drosophila for RSV.

KEYWORDS:
Resveratrol, antigenotoxicity, ethyl methane sulfonate, potassium
dichromate, Drosophila wing spot test, alkaline Comet assay

1. INTRODUCTION

Human populations exposed many different toxicants
during their life. On the other hand, we always produce
many hazardous reactive oxygen species (ROS) molecules
by aerobic respiration and energy metabolisms. ROS can
attack to different cellular molecules such as DNA, proteins
and lipid membranes [1]. Organism has defence system and
* Corresponding author

antioxidant molecules against ROS and toxicants. Many
of antioxidant micronutrients, in vegetables and fruits support cellular defence system [2]. Phytochemicals, likely
flavonoids (anthocyanins, catechins), non-flavonoids (stilbenes), isothiocyanates and carotenoids can directly scavenge of ROS and free radicals [3].
The resveratrol (RSV, 3,4´,5-trihydroxystilbene) is a
phytoalexin that is naturally found in several plants, including grape, red wine, berries and peanuts [4] and can
effectively scavenge intracellular free radicals and different oxidants in various cell types [5, 6]. Jang et al. [7] demonstrating for the first time anticarcinogenic effects of RSV
then this compound have been studied in cancer researchers
since 1997. According to Osmond et al. [8], RSV is cytotoxic in a time and dose-dependent manner in different
melanoma and carcinoma cell line in vitro and Lee et al. [9]
showed the anti-cancer effects of RSV with chemotherapeutic agent.
Studies showed that RSV playing as antioxidant roles
in many different biological systems [10]. Antioxidant
bioactive phenolic molecules mixture, including RSV can
protect oral fibroblasts against ROS-inducing agents. This
mixtures of different phenolic antioxidant molecules reduced ROS production [11]. RSV at relatively high doses
can reduce the irradiation-dependent salivary gland damage
in rats [12]. On the other hand, Kim et al. [13] showed
RSV prevents renal lipotoxicity and inhibits mesangial
cell glucotoxicity that caused by high-glucose-induced
oxidative stress in mice and Babacanoglu et al. [14] demonstrated that RSV prevents high-fructose corn syrupinduced vascular insulin resistance and dysfunction in rats
similarly several protection and potentials of RSV were
shown by different authors. Several studies showed different protective effects of RSV such as neuroprotective effect
against neuronal cell death [15], radioprotective effect in
human lymphocytes [16], prevents human B cells against
to EBV (Epstein-Barr virus) [17], antimutagenic [18], antiinflammatory [19], antiplatalet [20] and protective effects
against hepatotoxicity of rat exposed to arsenic trioxide
[21], RSV show cardio protective effect by protect cardiomyocytes [22].
D. melanogaster was used as an in vivo model organism due to it is commonly employed in genetic toxicology
testing given its many advantages: it is easy to maintain in

2116

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

laboratory conditions; it presents a short generation time
[23, 24]. The recently developed in vivo Comet assay
using haemocytes was applied to detect the induction of
DNA damage D. melanogaster larvae [25-27]. Haemocytes in the haemolymph have the same role as lymphocytes in the blood of mammals [28]. Haemocytes may be
directly exposed to toxic substances circulating in the
haemolymph that is an interesting target for genotoxicity
assessment. This assay is a simple and sensitive tool for
the detection of several kinds of DNA damage, such as
double and single-strand DNA breaks, DNA cross-links,
alkali-labile sites and delayed repair sites [29, 30]. Furthermore, the Drosophila somatic mutation and recombination test (SMART), a short-term test based on the
loss of heterozygosity in marker genes and the corresponding expression of recessive markers, called multiple wing hairs (mwh) and flare-3 (flr3), in the wing blade
of adult flies, was applied. This assay can detect mitotic
recombination and a broad range of genetic alterations covering from point mutations to certain types of chromosome aberrations [23]. We have preferred to Drosophila
wing spot test [23], due to many advantages that this eukaryotic organism has shown in vivo genotoxicity studies
[24]. In this study we performed to co-treatments and pretreatments RSV against two reference mutagens [ethyl methane sulfonate (EMS) and potassium dichromate (K2Cr2O7)]
to reveal potential antigenotoxic activity of RSV in Drosophila SMART assay and in Comet assay we performed to
co-treatments RSV with EMS and K2Cr2O7. Each reference mutagen has different mutagenic mechanism. While
EMS a direct-acting alkylating agent, K2Cr2O7 produces
the oxidative damage [31, 32].
2. MATERIALS AND METHODS
2.1 Drosophila strains used

For the Drosophila wing spot test two D. melanogaster
strains were used: the multiple wing hairs strain with the
genetic constitution mwh/mwh and the flare-3 strain with
the genetic constitution of flr3/In(3LR) TM3, Bds. More
detailed information on genetic markers and descriptions
of the phenotypes are given by Lindsley and Zimm [33].
Both strains were kindly provided by Professor R. Marcos
(Universitat Autònoma de Barcelona, Spain). The wildtype strain Oregon R+, proficient in all types of repair,
was used for the Comet assay. These strains were cultured
in bottles with standard Drosophila medium, at a temperature of 25±1 ºC and a relative humidity of ~60%.
2.2 Chemicals

Potassium dichromate (K2Cr2O7, CAS No.7778-50-9,
99% purity), ethyl methane sulfonate (CH3SO3CH2CH3,
CAS No.62-50-0, 98% purity), resveratrol (C14H12O3, CAS
No. 501-36-0, 99% purity), low melting-point agarose
(LMA), normal melting-point agarose (NMA), trisma base,
ethidium bromide (EtBr), EDTA disodium salt dehydrate,
phosphate buffered saline solution without Ca+2, Mg+2

(PBS), triton X-100, sodium chloride (NaCl), and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich
(Louis, MO, USA). All chemical dissolved in distilled water.
Only one dose for each mutagen chemical [K2Cr2O7 (1 mM)
and EMS (1 mM)] was used in co-treatment and pre-treatment experiment in SMART assay and co-treatment experiment in Comet assay with non-toxic three different concentrations of RSV (1, 5 and 10 mM). All the chemicals
were prepared just before use. Distilled water was used as
negative control.
2.3 Drosophila SMART protocol

Virgin females of the flr3/In (3LR) TM3, Bds strain
were mated to mwh males, as previously described [34,
35]. Eggs from this cross were collected during 8-h periods in culture bottles containing standard medium (maize
flour, agar, sugar and yeast). Third instars larvae were
floated off with tap water and then transferred into plastic
vials containing 3 g of dry Drosophila Instant Medium
(Carolina Biological Supply Company Burlington, NC,
USA) re-hydrated with 9 ml of the freshly prepared respective test solutions [RSV, mutagens (K2Cr2O7 and EMS),
RSV plus K2Cr2O7 or EMS and distilled water for the negative controls]. The larvae were fed with different concentrations of the test compound, and feeding ended with
pupation of the surviving larvae. All experiments were
performed at 25±1 ºC and a relative humidity of approximately 65%. EMS (1 mM) was used as a positive control.
RSV, EMS and K2Cr2O7 were dissolved in distilled water
to obtain the test concentrations. We used the property of
the limited water solubility of RSV. In our study, we have
prepared the test solutions while heating slightly at magnetically operated stirrer, after that we immediately mixed
test solutions with Drosophila Instant Medium [36, 37]. We
used to different non-toxic three concentrations of RSV (1,
5 and 10 mM). While choosing the concentrations of RSV
previous studies were considered [21, 38-41]. In our study
we used RSV concentrations between 1 to 10 mM. Because
in literature generally genotoxicity and antigenotoxicity studies on Drosophila SMART and Comet assays the
concentrations of compounds have chosen up to 10 mM
[27, 34, 42-44].
For assessing the toxicity of RSV we performed a pilot experiment, in which groups of 100 flies were exposed
with different concentrations of RSV. The number of
surviving flies was counted and at least 70% of the flies
reached the adult stage in all treatments. RSV was tested
in triplicates in two independent experiments. For each
treatment five plastic vials were used. In each experiment
we scored 80 wings (40 individuals). In addition, we used
one genotoxic concentration of EMS (1 mM) and K2Cr2O7
(1 mM) as previously described [45-47]. Distilled water
was used as negative control, and EMS (1 mM) was used
as positive control.
The experimental procedure used to detect antigenotoxic effects of RSV against EMS and K2Cr2O7 was as
follows:
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In the first group, two-days-old (48±4 h) transheterozygous larvae were exposed to RSV (1, 5 and 10 mM),
EMS (1 mM), K2Cr2O7 (1 mM) and distilled water.
In the second group, three-days-old (72±4 h) transheterozygous larvae were exposed to RSV (1, 5 and 10 mM),
EMS (1 mM), K2Cr2O7 (1 mM) and distilled water.
In the third group, concentrations of RSV (1, 5 and
10mM) as well as genotoxic doses of EMS (1mM) and
K2Cr2O7 (1 mM) were exposed to 72±4 h Drosophila larvae simultaneously.
In the fourth group, the second instar (48±4 h) Drosophila larvae were first exposed to three concentrations
of RSV (1, 5 and 10mM) and then, 24 h later, the larvae
were treated by the genotoxic doses of EMS (1 mM) and
K2Cr2O7 (1 mM).
2.4 Preparation and microscopic analysis of the wings

After metamorphosis, the surviving adults were collected from the treatment vials and were stored in 70%
ethanol solution at +4 oC. Afterwards, their wings were
carefully removed and mounted in Faure’s solution (30 g
of gum arabic, 30 ml glycerol, 50 g chloral hydrate, and
50 ml distilled water) on microscope slides. The wings
were scored at 400x magnification for the presence of spots.
Single spots, mwh or flr3, result from point mutation,
recombination or small deletion of the wild type allele in
the case of mwh, or point mutation, or small deletion of
the wild type allele in the case of flr3. Twin spots, consisting of both mwh and flr3 subclones, are originated exclusively from mitotic recombination between flr3 and the
centromere [23]. In each series 80 wings (40 individuals)
were examined. The scoring of flies and data evaluation
were conducted following the standard procedures for the
SMART assay, as used in recent investigations [34, 45, 46].
2.5 Statistical analysis of the SMART results

For the wing spot test the conditional binomial test of
Kastenbaum and Bowman [48] was applied to assess differences between the frequencies of each type of spot in
treated and the concurrent negative control, with significance levels of α= β= 0.05. The multiple decision procedure described by Frei and Würgler [49]was used to judge
the overall response of an agent as positive, weakly positive, negative, or inconclusive. Then the data were also
evaluated with Mann-Whitney-Wilcoxon nonparametric
U test to exclude false positive and negative results [50],
using p = 0.05 level of significance. As recommended, we
consider the treatment as positive if the frequency of
mutant clones in the treated series is at least m (multiplication factor) times greater than in the control series.
Since small single spots and total spots have a comparatively high spontaneous frequency, m is fixed at a value
of 2 (testing for a doubling of the spontaneous frequency).
For large single spots and twin spots, which have a low
spontaneous frequency, m = 5 is used. The frequency of
clone formation was calculated, without size correction,
by dividing the number of mwh clones per wing by 24,400,

which is the approximate number of cells inspected in one
wing [51]. Results from alone RSV concentrations were
compared with distilled water; results from samples obtained from co-treatment and pre-treatment RSV plus
EMS or K2Cr2O7 were compared with EMS or K2Cr2O7
alone. The percentage of inhibition was also calculated as
following, according to Abraham [52]:
Inhibition: [a-b/a] x 100
Where a is the frequency of total spots induced by genotoxic agents alone and b is the frequency of total spots
induced by genotoxic agents in the presence of RSV.
2.6 Haemocytes collection and protocol for the Comet assay
in haemocytes

D. melanogaster haemocytes were collected according to Irving et al. [28] with minor modifications. The
Comet assay was conducted as previously described by
Singh et al. [53], with minor modifications. Cell samples
(~40,000 cells in 20 µL) were carefully re-suspended in
140 µL of 0.75% LMA prepared in PBS. The cells and
agarose were gently mixed by repeated pipetting, and
layered onto microscope slides pre-coated with 1% NMA
(dried for 25 min). The slides were immediately covered
with cover slips and kept on ice for 5 min to solidify the
agarose. After solidification, the cover slips were removed and 80 µL of molten 0.75% LMA prepared in PBS
was spread on the slides. Theslides were again covered with
cover slips and kept on ice for 5 min. Then, the cover
slips were removed and the slides were immersed in cold,
freshly made lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Trisma base, 1% Triton X-100 and 1% Nlauroylsarcosinate pH 10) for 2 h at 4 oC in a dark chamber. Dimethyl sulfoxide (DMSO) was omitted from the
lysing solution, because it has been considered unnecessary for Drosophila tissues, and DMSO at low concentrations is cytotoxic in Drosophila [54, 55]. To avoid additional DNA damage, the next steps were performed under
dim light. Slides were placed for 25 min in a horizontal
gel-electrophoresis tank filled with cold electrophoresis
buffer (1mM EDTA and 300 mM NaOH, pH 13) to allow
DNA unwinding. Electrophoresis was carried out in the
same buffer for 20 min at 25 V (1 V/cm) and 300 mA. To
avoid additional DNA damage due to stray light, all these
steps were performed under dim light. The unwinding and
electrophoresis were done at 4 oC. After electrophoresis,
slides were neutralized with three washes of 5 min in
freshly chilled with 400 mM Tris buffer (pH 7.5). The
slides were stained with 50 µl of ethidium bromide (EtBr)
solution (60 µg/ml) for 10 min and covered with a cover
slip. For the visualizing of DNA damage, slides were examined at 400x magnification using a fluorescence microscope (Nikon Eclipse E200) connected to a CCD camera
and an image analysis system (Comet assay IV version
4.11, Kinetic Imaging, UK). Randomly selected 100 cells
(50 cells on each one of the two replicate slides) were
analyzed per treatment. The three Comet parameters that
are generally used to indicate DNA damage are: (a) the %
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spots at any of the three concentrations tested after larval
feeding. According to the results while distilled water did
not show any genotoxic effect, EMS showed strong genotoxicity. Similarly in the second group 72±4 h Drosophila
larvae were exposed to three different concentrations of
RSV (1, 5 and 10 mM), one concentration of EMS (1 mM)
and K2Cr2O7 (1 mM). Results show that while EMS and
K2Cr2O7 reveals genotoxic effects, RSV concentrations
do not adduce genotoxic effects (Table 1, 2). The analyses
of the co-exposure to EMS or K2Cr2O7 plus RSV in
SMART assay are shown in Table 2, where the spot data
are given for mwh/flr3 genotype. Statistically significant
reductions were observed in the mwh/flr3 flies for concentration of 5 and 10 mM RSV plus EMS submitted to the
co-treatment, when compared to EMS alone. In relation to
RSV plus K2Cr2O7, the mwh/flr3 larvae co-treatment (with
all RSV concentrations) induced statistically significant
decreases for all spot categories, in comparison with
K2Cr2O7 alone. In mwh/flr3 flies, RSV lowered the frequency of K2Cr2O7 induced total mutant clone formation
by 50.74 and 46.67% (at the lowest and highest doses,
respectively) similar decreases were observed for two
concentrations of co-exposure to EMS plus RSV cotreatments: 11.30 and 40.07%. The analyses of the preexposure to RSV after EMS or K2Cr2O7 in SMART assay
are shown in Table 3, statistically significant reductions
were observed in the mwh/flr3 flies submitted to the pretreatment to RSV after EMS, when compared to EMS
alone. In relation to RSV after K2Cr2O7, the mwh/flr3
larvae pre-treatment (with all RSV concentrations) induced statistically significant decreases for all spot categories, in comparison with K2Cr2O7 alone. In mwh/flr3 flies,
RSV lowered the frequency of K2Cr2O7-induced mutant
clone formation by 90.37 and 81.11% (at the lowest and
highest doses, respectively) similar decreases were observed for all concentrations of pre-treatment to RSV after
EMS: 67.81 and 39.73% (at the lowest and highest doses,
respectively).

DNA tail, which is a measure of the pixel intensity, is
expressed as a percentage and indicates the ratio of the
DNA present in the tail to the total DNA content; (b) the
tail length (estimated leading edge from the nucleus; µm),
which is the distance from the nuclear core to the end of
DNA migration; and (c) the tail moment (arbitrary unit),
which is the percentage of tail DNA multiplied by the
distance between the centre of mass of the tail and the
centre of mass of the head [56]. The cells with no head or
a dispersed head were regarded as apoptotic cells and
were not included in the analysis.
2.7 Statistical analysis for the Comet assay

The statistical analysis was performed by use of the
SPSS program package (version 15.0). Measurements of
Comet parameters were the percentage of DNA in the tail
(% DNA tail) and the tail moment (arbitrary units). For
the statistical analyses, the experiment was used as a unit
[56]. All data were presented as arithmetic mean ± standard error. The values were compared using the Student's
t-test. Prior to analysis, homogeneity of variances and
normality assumptions concerning the data were tested. Pvalue ≤ 0.05 and 0.001 was considered statistically significant.
3. RESULTS AND DISCUSSION

The results obtained with trans-heterozygous wings
(mwh/flr3) in the Drosophila wing spot test are shown in
Tables 1-3. In the first group 48±4 h Drosophila larvae
were exposed to three different concentrations (1, 5 and
10 mM) of RSV, one concentration of EMS (1 mM) and
distilled water used as negative control. Table 1 shows the
fly spot data obtained after exposure of marker heterozygous larvae of D. melanogaster to the RSV. This data
revealed that, RSV compared to distilled water did not
induce significant increases in the frequency of mutant

TABLE 1 - Forty-eight-hour and seventy-two-hour larvae were treated with resveratrol (RSV), EMS and distilled water in theDrosophila
wing spot test (results obtained with mwh/flr3wings).
Test
compounds
and conc.

Number of
wings
(N)

Small single spots
(1-2 cells)
(m=2)
No
Fr
D

Large single spots
(> 2 cells)
(m=5)
No
Fr
D

Twin spots
(m=5)

No
48±4 h RSV treatment
Distilled water
80
14
(0.18)
3
(0.04)
1
EMS (1 mM)
80
116 (1.45) +
87 (1.09)
+
33
1mM
80
13
(0.16) 0
(0.00)
0
5mM
80
17
(0.21) i
1
(0.01)
1
10 mM
80
9
(0.11) 1
(0.01)
1
72±4 h RSV treatment
Distilled water
80
18
(0.23)
1
(0.01)
0
EMS (1 mM)
80
112 (1.40) +
81 (1.01)
+
39
1mM
80
12
(0.15) 4
(0.05)
i
0
5mM
80
7
(0.09) 6
(0.08)
i
1
10mM
80
6
(0.08) 2
(0.03)
i
1
Conc: concentration, No: number, Fr: frequency, D: statistical diagnosis according to
factor; probability levels: α = β = 0.05.

Total mwh spots
(m=2)

Total spots
(m=2)

Frequency of
clone formation
per 105 cells

Fr

D

No

Fr

D

No

Fr

D

(0.01)
(0.41)
(0.00)
(0.01)
(0.01)

+
i
i
i

18
230
13
19
11

(0.23)
(2.88)
(0.16)
(0.24)
(0.14)

+
-

18
236
13
19
11

(0.23)
(2.95)
(0.16)
(0.24)
(0.14)

+
-

(0.00)
(0.49)
(0.00)
(0.01)
(0.01)
Frei and

19
+
229
i
16
i
13
i
9
Würgler[41,42],

2119

0.92
11.78
0.67
0.97
0.56

(0.24)
19
(0.24)
0.97
(2.86) +
234
(2.93)
+
11.73
(0.20) 16
(0.20)
0.82
(0.16) 14
(0.18)
0.67
(0.11) 9
(0.11)
0.46
+: positive, -: negative, i: inconclusive; m:multiplication
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TABLE 2 - Wing spot test data obtained by co-treatment with resveratrol (RSV) in combination with EMS and K2Cr2O7 (results with the
mwh/flr3wings).
Compound
conc.

Number
of
wings
(N)

Small single spots
(1-2 cells)
(m=2)

Large single
Spots
(> 2 cells)
(m=5)
No Fr
D
1 (0.01)

Twin spots
(m=5)

Total mwh spots
(m=2)

Total spots
(m=2)

Frequency of Percentage of
clone
inhibition (↓)
formation per and induction
5
10 cells
(↑) (%)

No
Fr
D
No Fr
D
No
Fr
D
No Fr
D
Distilled
80
16
(0.20)
0
(0.00)
17
(0.21)
17
(0.21)
0.87
water
1 mM EMS
80
112 (1.40) +
81 (1.01) +
39 (0.49) +
229 (2.86) +
234 (2.92)
+
11.73
1 mM
90
119 (1.32) +
69 (0.77) +
55 (0.61) +
237 (2.63) +
243 (2.70)
+
10.79
K2Cr2O7
RSV + EMS 72±4 h co-treatments
1 mM RSV +
80
143 (1.79) w
77 (0.96) 28 (0.35) 240 (3.00) 248 (3.10)
i
12.30
↑ 6.16
EMS
5 mM RSV +
80
117 (1.46) 62 (0.78) 28 (0.35) 202 (2.53) 207 (2.59)
10.35
↓ 11.30
EMS
10 mM RSV
80
76
(0.95) 51 (0.64) 13 (0.16) 131 (1.64) 140 (1.75)
6.71
↓ 40.07
+ EMS
RSV + K2Cr2O7 72±4 h co-treatments
80
28
(0.35) 37 (0.46) 41 (0.51) 104 (1.30) 106 (1.33)
5.33
↓50.74
1 mM RSV +
K2Cr2O7
80
39
(0.49) 51 (0.64) 46 (0.58) 134 (1.68) 136 (1.70)
6.86
↓ 37.04
5 mM RSV +
K2Cr2O7
10 mM RSV
80
26
(0.33) 46 (0.58) 43 (0.54) 112 (1.40) 115 (1.44)
5.74
↓ 46.67
+ K2Cr2O7
Conc: concentration, No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler[41,42], +: positive, -: negative, i: inconclusive; m:multiplication
factor; probability levels: α = β = 0.05.

TABLE 3 - Wing spot test data obtained after 24-h pre-treatment with resveratrol (RSV) in combination with EMS and K2Cr2O7 (results
with the mwh/flr3wings).
Compound Number
conc.
of
wings
(N)

Small single spots
(1-2 cells)
(m=2)

No
Fr
D
Distilled
80
16
(0.20)
water
1 mM EMS
80
112 (1.40) +
90
119 (1.32) +
1 mM
K2Cr2O7
48±4 h RSV + 72±4 h EMS treatment
1 mM RSV +
80
38
(0.48) EMS
5 mM RSV +
80
50
(0.63) EMS
10 mM RSV
80
85
(1.06) + EMS
48±4 h RSV + 72±4 h K2Cr2O7 treatment
1 mM RSV +
80
9
(0.11) K2Cr2O7
5 mM RSV +
80
11
(0.14) K2Cr2O7
10 mM RSV
80
13
(0.16) +
K2Cr2O7

Large single
Spots
(> 2 cells)
(m=5)
No Fr
D
1 (0.01)

Twin spots
(m=5)

Total mwh spots
(m=2)

No
0

Fr
(0.00)

D

No
17

Total spots
(m=2)

Fr
D
(0.21)

No Fr
17
(0.21)

Frequency of Percentage of
clone
inhibition (↓)
formation per and induction
105 cells
(↑) (%)
D
0.87

81 (1.01)
69 (0.77)

+
+

39
55

(0.49)
(0.61)

+
+

229
237

(2.86)
(2.63)

+
+

234
243

(2.92)
(2.70)

+
+

11.73
10.79

27

(0.34)

-

10

(0.13)

-

72

(0.90)

-

75

(0.94)

-

3.69

↓ 67.81

31

(0.39)

-

19

(0.24)

-

100

(1.25)

-

100

(1.25)

-

5.12

↓ 57.19

44

(0.55)

-

12

(0.15)

-

137

(1.71)

-

141

(1.76)

-

7.02

↓ 39.73

9

(0.11)

-

3

(0.04)

-

21

(0.26)

-

21

(0.26)

-

1.08

↓ 90.37

12

(0.15)

-

6

(0.08)

-

29

(0.36)

-

29

(0.36)

-

1.49

↓ 86.67

14

(0.18)

-

15

(0.19)

-

40

(0.50)

-

41

(0.51)

-

2.05

↓ 81.11

Conc: concentration, No: number, Fr: frequency, D: statistical diagnosis according to Frei and Würgler [41,42], +: positive, -: negative, i: inconclusive; m:multiplication factor; probability levels: α = β = 0.05.

The results obtained with wild-type strain Oregon R+
strain haemocytes of Drosophila in Comet assay are shown
in Tables 4 and 5. Table 4 shows that the Comet assay
results obtained after treatment of RSV concentrations,
EMS and distilled water used as by positive and negative
control respectively. No statistically significant differences
were observed which treated with RSV concentrations in
Drosophila haemocytes, when compared to distilled water.
Table 5 shows that the Comet assay results obtained
from co-treatment of RSV with K2Cr2O7 or EMS in Dro-

sophila haemocytes analyses in terms of tail intensity (%)
and tail moment (µm). In literature, EMS (4 mM) commonly used as positive control in Drosophila Comet assay [26, 27, 57]. In Table 5, EMS (1mM) was used as
known genotoxic EMS concentration against RSV’s
potential antigenotoxic effect. For this reason we evaluated the potential genotoxic effects of RSV against
EMS (1mM) by co-exposure of EMS with RSV. In Table
5, results obtained from co-treatments with RSV plus
EMS treatment showed a strong decrease in terms of the
genetic damage which caused by EMS(for tail intensity
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and tail moment parameters), similar decreases were
observed for all concentrations of co-exposure to RSV
with K2Cr2O7.
TABLE 4 - Comet assay results obtained after treatment of resveratrol in Drosophila haemocytes

Concentration

Tail intensity
(%) a
1.48 ± 0.54
4.66 ± 1.49 *

Tail moment
(µm) a
0.19 ± 0.08
0.77 ± 0.35 *

Distilled water
Positive control
(EMS - 4 mM)
Resveratrol
1mM
0.56 ± 0.20
0.06 ± 0.02
5mM
0.52 ± 0.16
0.07 ± 0.03
10mM
2.52 ± 1.03
0.35 ± 0.14
EMS, ethyl methane sulphonate.
a
Mean ± standard error from two experiments (100 cells were scored for
each set of experiments).
*
P < 0.05 versus distilled water (Student’s t-test).

This study contributes to show the usefulness of Drosophila as an eukaryotic model for detecting the antigenotoxic potential of RSV against two well-known mutagen
that caused genotoxicity with different mechanisms. Chromium (Cr) compounds are commonly used in industrial
field and known as carcinogens for example Cr (VI) showed
carcinogenic activity in male and female mice and rats
[58, 59]. Usually population is exposed to Cr compounds
different ways such as eating food or food supplements,
drinking water and inhaling contaminated air [32]. Cr (VI)
is more toxic than Cr (III) and Cr (VI) is widely using
chrome plating, dye and pigment manufacturing, leather
tanning and wood preserving [60]. Cr (VI) respects genotoxic effects in different test systems such as in vitro chromosome aberrations [61], in vivo Comet assay [62], in vitro
micronucleus (MN) [63]. It is well known that Cr(III)
reduces H2O2 to form the highly cytotoxic •OH via a Fen-

ton-type reaction •OH is known to initiate macro molecular damage in lipids, proteins and DNA [64]. Reactive
oxygen species (ROS) occurs naturally in aerobic respiration and energy metabolisms, in addition induced by chemicals that we exposed then ROS may attack to DNA and can
damage it in this way cancer can be triggered [1, 65].
RSV is a phytoalexin which shows antioxidant effects
in vitro studies [58, 66, 67]. Studies reported that RSV
possesses the ability to scavenge reactive oxygen species
[68] because of that RSV can show protective effects
against different oxidant molecule. RSV prevents ROS
and DNA damage induced by oxidative stress in rat fibroblasts in cell culture [66] and protects against ethanolinduced oxidative DNA damage in human peripheral
lymphocytes which using Comet assay [67]. According to
study of Burkhardt et al. [58] RSV has a protective capacity which causes free radical scavenger effect against
Cr(III) in vitro. RSV showed neuroprotective effects
caused by oxidative stress [69] and plays antioxidant role
in vitro oxidative stress [70]. In our study we prefer the
SMART assay because it is a useful and sensitive in vivo
test which can provide to asses antigenotoxicity [71].
According to our results, RSV reduces the mutant clones
which were induced by K2Cr2O7 in pre-treatments and cotreatments thus RSV shows a strong antigenotoxic effect
especially in pre-treatments where the inhibition rate has
been up to 90%. Our results are in accordance with previous studies. Yan et al. [67] indicated that the protective
effect of RSV implicated in decreasing hydroxyl radical
generating and chromium toxicity is caused by hydroxyl
radical production [64]. In addition our results obtained
from Drosophila Comet assay in parallel with previous
studies showed that RSV reduced the single strand DNA
breaks that were induced by K2Cr2O7. We used the in vivo

TABLE 5 - Comet assay results obtained from co-treatment of resveratrol (RSV) with K2Cr2O7 (1 mM) and EMS (1 mM) in Drosophila
haemocytes

Concentration

Tail intensity
(%) a

For tail intensity
percentage of
inhibition (%)

Distilled water
4.60 ± 1.63
1 mM K2Cr2O7
23.28 ± 3.88 *
1 mM EMS
28.73 ± 3.87 *
Positive control
32.75 ± 3.80 *
(EMS - 4 mM)
RSV + K2Cr2O7 co-treatment
1 mM RSV + K2Cr2O7
2.14 ± 0.60 * (#)
90.81
5 mM RSV + K2Cr2O7
2.61 ± 1.02 * (#)
88.79
10 mM RSV + K2Cr2O7
0.97 ± 0.42 * (#)
95.84
RSV + EMS co-treatment
1 mM RSV + EMS
0.99 ± 0.47 * (##)
96.55
5 mM RSV + EMS
0.99 ± 0.32 * (##)
96.55
10 mM RSV + EMS
0.88 ± 0.29 * (##)
96.94
EMS, ethyl methane sulphonate.
a
Mean ± standard error from two experiments (100 cells were scored for each set of experiments).
#
RSV + K2Cr2O7 co-treatment compared to K2Cr2O7 (Student’s t-test).
##
RSV + EMS co-treatment compared to EMS (Student’st-test).
*
P < 0.001.
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Tail moment
(µm) a

For tail moment
percentage of
inhibition
(%)

2.58 ± 1.35
12.57 ± 2.35 *
16.59 ± 2.71 *
15.41 ± 2.43 *
0.29 ± 0.09 * (#)
0.40 ± 0.17 * (#)
0.13 ± 0.07 * (#)

97.69
96.82
98.97

0.13 ± 0.07 * (##)
0.10 ± 0.04 * (##)
0.11 ± 0.04 * (##)

99.22
99.40
99.34
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Drosophila Comet assay because it can detect several
kinds of DNA damage, such as double and single-strand
DNA breaks, DNA cross-links, alkali-labile sites and
delayed repair sites [29, 30].
The other well-known mutagen which we used for
this study is EMS. EMS is an alkylating agent that reacts
with DNA thus produces alkylated nucleotides [31]. After
exposure to EMS, highly GC-AT mutations were revealed
in the replication period of DNA due to mispairing of the
O6-ethylguanine with T [72, 73]. A lot of in vitro and in
vivo studies give clear evidence for the genotoxic activity
of EMS. In vitro studies show that EMS induces gene
mutations [74] and MN induction [75]. The results of
EMS exposure in different studies (for example in viruses/phages, bacterial, fungal, plant, insect and mammalian cells) were reviewed by Sega [76]. In vivo studies
with EMS in somatic cells, assessed with Comet assay in
rats showed increase of DNA breaks in different tissues
[77, 78]. When looking at the gene mutation test results,
studies with the mouse spot test [74], LacZ mutations in
transgenic mice [79] mutations appear. The SMART
assay EMS revealed a clear genotoxic effect in D.
melanogaster [34, 35, 42-47]. Various plant compounds
can show a protective effect against different alkylating
agents [45]. For instance Citrus aurentium L. fruit peel oil
showed an antigenotoixc effect against EMS and N-ethylN-nitrosourea (ENU). According to Barta et al. [80] experimental outcome underscores the juices and vegetables
homogenates (carrot plus cauliflower, cauliflower, red
cabbage, broccoli, onion, garlic) show antigenotoxic effect against different mutagens in Ames and in vivo MN.
RSV is one of several plant phytochemicals which cause
antimutagenic and antioxidant effect in different tests and
organisms [10, 18]. In our study RSV caused a reduction
of the mutant clone frequencies in our pre-treatments and
co-treatments of RSV plus EMS showed a strong antigenotoxic effect especially in the pre-treatment. But only
one concentration of RSV (1 mM RSV plus EMS) in cotreatment increased the mutant clone frequencies with a
small amount that can be caused by individual differences. RSV shows strong antioxidant effects on the other
hand, it can prevent carcinogenesis [81], chemoprevention
and chemotherapeutic potential of RSV [82]. One of the
mechanism by which RSV exerts chemopreventive effects
is the modulation of carcinogen activating and detoxifying enzymes [83, 84].

study in literature reporting antigenotoxicity data in different somatic cells of Drosophila for RSV.
4. CONCLUSIONS

We can conclude that the potential protective effect
of RSV against different well-known mutagens (EMS and
K2Cr2O7) was demonstrated with SMART and Comet
assay in somatic cells of D. melanogaster. RSV showed a
clear protection against a well known carcinogen and
mutagen EMS and an oxidant compound K2Cr2O7 in
especially in pre-treatments of Drosophila SMART and in
co-treatments of Comet assay.
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Antigenotoxic effects of RSV against EMS and
K2Cr2O7 is higher in pre-treatment compared to cotreatment and stronger especially against genotoxic damage caused by K2Cr2O7. Especially, results of pretreatments of experiments may be caused by possible
protective effects of RSV. Also RSV showed a highly
protective effect against K2Cr2O7 which caused genotoxicity by oxidative damage. These results confirm the usefulness of the Comet assay with haemocytes and SMART
assay as an in vivo model and support the possibility of
antigenotoxicity associated with RSV. This is the first
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ABSTRACT

In this research, the effects of faba bean (Vicia faba L.)
used for green manure and forage production as a winter
catch crop on some soil biological properties were investigated. The field experiments were conducted in Çarşamba Plain located in the north region of Turkey. The
“green manuring-maize-wheat” crop rotation with a randomized complete block with four replications was repeated in two separate years. The treatments used to investigate the management effect on soil enzyme activity
were: (GM1-GM4) burying the whole above ground faba
bean plant as green manure, (GM5-GM8) burying the
under ground-stubbles of plants and (C1-C2) control.
Different nitrogen doses of 0, 60, 120, 180 kg N ha-1 for
maize, and 0, 50, 100 and150 kg N ha-1 for wheat were
applied following the green manuring. The results revealed
that both types of green manure applications provided an
increase in urease and dehydrogenase contents of soils
compared to the control. The urease (UA) and dehydrogenase (DH) activities were higher with above ground
parts of faba been application when compared to application of the underground stubbles. The activity of the UA
and DG were significantly (P<0.05) influenced at the end
of the maize harvest in the GM amended soils. At the end
of the maize harvest, significantly (P<0.05) highest UA
activity (205.1 µg N 1-1 g dry soil) was observed in the
GM1 treatment compared to the control soil. While, the
lowest UA activity was recorded in the GM5 (178.4 µg
N 1-1 g dry soil).

KEYWORDS:
Green manure, maize, wheat, urease, dehydrogenase

1. INTRODUCTION

Frequent soil tillage operations and cropping for centuries have resulted in degradation of soils and considerably lowered the biological productivity. The current agricultural systems have also more detrimental effects because of numerous heavy plowing and intensive mineral

fertilizing. The sustainable cropping system should improve the physical, chemical and biological soil properties. The system increases organic matter and fertility, and
reduces the potential of soil erosion [1].
The use of green manure (GM) is a good management practice which stimulates soil microbial growth and
activity with subsequent mineralization of plant nutrients,
and therefore increases soil fertility and quality. Incorporation of GM into soil is immediately followed by an increase in soil microorganisms that decompose the fresh
material. Upon degradation of plant materials, plant nutrients held within the GM are released and made available
to the succeeding crop. Microbial activity in the soil also
leads to the formation of mycelium and viscous materials
which benefit the soil health by increasing the soil structure (i.e. by aggregation). The further aeration of soil enhances the ability of GM crops root systems penetrating to
the compacted soils. The amount of humus also increases
with higher rates of decomposition, which is beneficial for
the growth of the crop succeeding the GM crop.
Enzymes play key roles in the nutrients cycling in nature, their activity is sensitive to agricultural practices and
they are considered as an index of soil fertility [2]. Among
all enzymes in the soil environment, dehydrogenases (DG)
are the most important and extensively used indicators of
overall soil microbial activity [3], because they occur
intracellular in all living microbial cells [4]. DG play a
significant role in the biological oxidation of soil organic
matter [5]. Soil urease (UA) is an extracellular enzyme
involved in the hydrolysis of urea-type substrates, and its
activity is important for transformation of urea fertilizer.
UA activity is widely used in monitoring the soil quality
for the evaluation of management practices [6].
The activity of soil microorganisms is strongly linked
to the activity of enzymes. Soil management practices
including crop rotations, fertilization, tillage and crop residue placement influences the activity of soil enzymes [7].
Analyses of the soil enzyme activities provide information on biochemical processes occurring in the soil that
are important for soil quality and healthy.
The objective of this study was to evaluate the effects
of GM (Vicia faba L.) on DG and UA soil enzyme activities in maize-wheat rotation system.
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2. MATERIAL AND METHODS

The research was carried out in Çarşamba Plain located in the Central Black Sea region of Turkey. It is 35
km to the eastern of the city of Samsun (Figure 1).
The climate is semiarid, and the long-term annual mean
temperature, relative humidity, and total annual precipitation
in the area are 14.2 °C, 73.9% and 680.0 mm, respectively.
During the rotation periods in 2000-02 and in 2001-03, an
average temperature of 15.0 and 14.9 °C, total precipitation of 615.8 and 667.2 mm, and average humidity of
72.3% and 73.0% were recorded, respectively. The data
related to the some soil physical and chemical properties
are given in Table 1. In general, the experimental soils
were silty clay loam in texture, slightly alkaline in reaction (pH), and moderately calcareous. The soils showed
no signs of salinity problem, and had a low/moderate organic matter content. Available P content was at low, and
available K content was sufficient for crop production
(Table 1).
Faba bean (Vicia faba L.) was used as the green manuring material and some characteristics of GM crop used
are given in Table 2.
In this research, the “green manuring-maize-wheat”
crop rotation system was examined and field trials of the
same crop rotation were repeated in two separate years.
In this study the following treatments were used:
(GM1-GM4) burying the whole above ground faba bean
plants as GM, (GM5-GM8) burying the under groundstubble of the plants and (C1-C2) control. Different N doses

of 0, 60, 120, 180 kg N ha-1 for maize, and 0, 50, 100 and
150 kg N ha-1 for wheat were applied following the green
manuring (Table 3).
Conventional system (A treatment without GM, N, P
and K fertilization): In the first period field experiment,
160 kg N ha-1 and 120 kg P2O5 ha-1 were applied for
maize and for wheat 200 kg N ha-1 and 90 kg P2O5 ha-1.
Since the soils were rich in potassium, K was not applied. In
the second period field experiment, 160 kg N ha-1, 120 kg
P2O5 ha-1 and 200 kg K2O ha-1 were applied for maize and
for wheat 200 kg N ha-1, 190 kg P2O5 ha-1and 100 kg K2O
ha-1. Mineral N application rates were determined based
on the agronomic N requirement of maize and wheat [8].
The experiment was conducted using a complete randomized block design with four replications in 40 plots,
each measuring 25.2 m2 (4.2 m x 6.0 m), with a separation
strip of 1 m between them. In both rotation periods, the
faba bean seeds were sown by hand during the first week
of November. Row spacing was 30 cm, and faba bean
seeds inoculated with bacteria breed of Rhizobium leguminosarum before sowing.
The applications of green manuring were made when
faba bean was at 75% of blooming. The green manures
were surface broadcasted (April 18, 2001, and April 26,
2002) and incorporated to a 20-cm depth by chisel plowing and disking at the day after application. Maize sowing
was made with a combined seeder and 30 kg of seeds were
sowed per ha on May 22, 2001 and May 14, 2002. Seeds
were sown in longitudinal rows with intra- and inter-row
spacing of 25 and 70 cm, respectively. Wheat sowing was

TABLE 1 - Some physical and chemical properties of the experimental soil.

Soil parameters
Clay, %
Silt, %
Sand, %
Textural Class
pH

1st period trial
material
34.16
54.84
10.99
SiCL
7.83

Values
2nd period trial
material
35.20
55.16
9.64
SiCL
7.88

Soil parameters
Electrical Conductivity EC) dS m-1
Calcareous (CaCO3) %
Organic Matter, %
Available P kg P2O5 ha-1
Available K kg K2O ha-1

1st period trial
material
0.645
5.9
2.77
43
540

Values
2nd period trial
material
0.412
8.3
1.77
41
310

TABLE 2 - Characteristics of GM crop used in the study.

Properties
Root-stubble dry matter weight
Total dry biomass laid to rest
(underground parts-stubble-above ground parts)
Total N (underground parts-stubble)
Total N (underground parts-stubble-above ground
parts)
Organic C (underground parts-stubble)
Organic C (above ground parts)
Total N (underground parts-stubble)
Total N (above ground parts)
C/N (underground parts-stubble)
C/N (above ground parts)

Units

Values

kg ha-1
kg ha-1

1st period trial material
(2000-02)
995
3499

2nd period trial material
(2001-03)
814
2581

kg ha-1
kg ha-1

16.5
100.4

17.3
101.4

%
%
%
%

33.52
46.23
1.66
3.35
20.2
13.8

32.30
46.61
2.12
4.76
15.2
9.8
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TABLE 3 - The treatments applied in the field experiments.

No
Treatments
GM1
GM application (UPSAGP)
+ for maize 0 kg ha-1 N, for wheat 0 kg ha-1 N
GM2
GM application (UPSAGP)
+ for maize 60 kg ha-1 N, for wheat 50 kg ha-1 N
GM3
GM application (UPSAGP)
+ for maize 120 kg ha-1 N, for wheat 100 kg ha-1 N
GM4
GM application (UPSAGP)
+ for maize 180 kg ha-1 N, for wheat 150 kg ha-1 N
GM5
GM application (UPS-FBH)
+ for maize 0 kg ha-1 N, for wheat 0 kg ha-1 N
GM6
GM application (UPS-FBH)
+ for maize 60 kg ha-1 N, for wheat 50 kg ha-1 N
GM7
GM application (UPS-FBH)
+ for maize 120 kg ha-1 N, for wheat 100 kg ha-1 N
GM8
GM application (UPS-FBH)
+ for maize 180 kg ha-1 N, for wheat 150 kg ha-1 N
C1
Conventional system (Fertilizer-NPK)
C2
Control (a control without application of neither green manure nor fertilization)
C: Control, UPSAGP: Underground parts-stubble-above ground parts, UPS-FBH:Underground parts-stubble-Faba bean harvested.

TABLE 4 - UA and DG activities in soils collected at the end of crops harvest in the rotation system of green manuring-maize-wheat (First
and second experimental period).

Treatments

UA
DG
(µg N 1-1 g dry soil)
(µg TPF 1-1 g dry soil)
At the maize harvest
At the wheat harvest
At the maize harvest
Experimental period
Experimental period
Experimental period
1.
2.
1.
2.
1.
2.
GM1
205.1 a*
335.1
226.3 bc**
30.8 bc**
455.0 a*
268.1 ab*
GM2
200.1 ab
323.5
261.0 ab
39.3 a
419.7 ab
258.9 abc
GM3
197.1 ab
323.4
266.5 a
37.9 a
389.2 ab
251.0 abc
GM4
187.7 bcd
318.3
233.0 abc
37.9 a
346.3 b
303.6 a
GM5
178.4 d
310.6
217.0 c
29.4 bc
397.2 ab
238.9 abcd
GM6
192.3 abcd
310.5
200.5 c
33.7abc
394.3 ab
191.5 cd
GM7
186.4 bcd
317.3
224.9 c
31.5 bc
404.5 ab
227.2 bcd
GM8
193.1 abc
305.0
234.0 abc
34.9 ab
391.0 ab
237.3 abcd
C1
190.3 bcd
286.1
163.5 d
30.6 bc
326.8 bc
169.7 d
C2
178.8 cd
298.3
113.8 e
28.9 c
232.7 c
163.3 d
*: P≤0.05, Means followed by the same letter in a column are not statistically different,
**: P≤ 0.01, Means followed by the same letter in a column are not statistically different,
UA: Urease activity, DG: Dehydrogenase activity

made with an aerobic combined grain seeder and 180 kg of
seeds were sowed per ha with 14 cm row spacing on November 27, 2001 and November 19, 2002, respectively.
Soil samples (0-20 cm) for biological parameters
were collected from each plot (4 replicates per plot) with
a gauge auger at the end of the maize and wheat harvesting, soil samples were sieved (2 mm) and stored at 4 oC
following the drying at room temperature. The harvesting
dates were for maize October 02, 2001 and September 26,
2002, for wheat July 10, 2002 and July 07, 2003, respectively of crop rotation periods. .
UA activity was assayed with the method of Kandeler
and Gerber [9].
DG activity was measured using the modified method
of Thalmann [10].
Statistical analysis was conducted using the MSTAT-C
statistical software. The F test was applied to examine the
statistical significance of differences among treatments.
Statistical analysis of the two years data was done at 1%
or 5% level of probability using Duncan’s Multiple Range
Test (DMRT) to test the difference between the individual
means [11].

At t the wheat harvest
Experimental period
1.
2.
--241.2 a*
--164.3 b
--154.4 bc
--145.6 bcd
--134.6 cd
--141.2 bcd
--140.4 bcd
--154.1 bc
--120.5 d
--123.6 d

3. RESULTS

The UA and DG enzymes of the first and second crop
rotation experimental periods are presented in Table 4.
3.1 The first crop rotation experimental period UA and DG
enzyme activities

The activity of the UA and DG enzymes were significantly (P<0.05) influenced at the end of the maize harvest
in the GM amended soils (Table 4).
At the end of the maize harvest, significantly
(P<0.05) highest UA enzyme activity (205.1 µg N 1-1 g
dry soil) was observed in the GM1 treatment followed by
GM2 (200.1 µg N 1-1 g dry soil ), GM3 (197.1 µg N 1-1 g
dry soil ), GM8 (193.1 µg N 1-1 g dry soil ), and GM6
(192.3 µg N 1-1 g dry soil) treatments compared to the
control soil. The lowest UA enzyme activity was recorded
in the GM5 (178.4 µg N 1-1 g dry soil) (Table 4).
In the same period, the evolution of DG activity was
very similar to the UA enzyme. The highest values (455.0 µg
TPF 1-1 g dry soil) were obtained when all component of
faba bean was mixed to the soil without additional NPK
application (GM1). However, the difference in DG enzyme
activity between GM1 and other subjects were not statisti-
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cally significant. The lowest DG enzyme activity (232.7 µg
TPF 1-1 g dry soil) was recorded in the C2 plots (Table 4).
The urease activity was also strongly stimulated by
GM addition at the wheat harvest. The stimulation of this
enzyme was the highest in GM3 amended soils (266.5 µg
N 1-1 g dry soil), followed by GM2 (261.0 µg N 1-1 g dry
soil), GM8 (234.0 µg N 1-1 g dry soil), and GM4 (233.0 µg
N 1-1 g dry soil) treatments respect to the control. The
lowest UA enzyme activity (113.8 µg N 1-1 g dry soil) was
recorded in the C2 plots. The statistical analyses revealed
significant (P<0.01) differences for all treatments during
the experimental period (Table 4).
The DG activity could not be detected in soil samples
following the wheat harvest (Table 4).
3.2 The UA and DG enzyme activities during the second crop
rotation

The effect of green manuring and NPK doses on UA
activity was not significant at the maize harvest. However, compared to the control plots, the highest UA enzyme activities were obtained with green manuring application (Table 4).
The highest DG enzyme activity was recorded in the
GM4 (303.6 µg TPF 1-1 g dry soil) treatment, and there
was no significant differences between the DG enzyme
activity of the GM1, GM2, GM3, GM5 and GM8 treatments at the maize harvest. The treatment of C1 and C2
plots resulted in the lowest DG enzyme activities (169.7
and 163.3 µg TPF 1-1 g dry soil, respectively). The differences in DG enzyme activities for all treatments during the
experimental period was significant (P<0.05) (Table 4).
The UA enzyme activity at the wheat harvest was
significantly (P<0.01) influenced by GM applications.
The highest UA enzymes activity (39.3 µg N 1-1 g dry
soil) was found in the GM2 treatments and was statistically similar to the GM3, GM4, GM8 and GM6 treatments. The minimum UA enzymes activity during both
rotation periods occurred in the C2 plot (Table 4).
At the end of the wheat harvest, the highest DG enzyme activity (241.2 µg TPF 1-1 g dry soil), was obtained
in GM1 treatment. The stimulation of this enzyme was the
lowest in control treatments. Again, the statistical analyses showed significant (P<0.05) differences for all treatments at the wheat harvest (Table 4).
4. DISCUSSION AND CONCLUSIONS

The highest UA and DG levels were determined when
all components of faba bean as green manure plant were
mixed to the soil. The stimulation of enzymes was affected
by different doses of N used in the crop rotation. However, the highest UA and DG enzyme activities were obtained when all components of faba bean was mixed to the
soil with no addition NPK (GM1). This can be explained
with C/N ratio of green manure material (Table 2). There-

fore, the increase in soil microbial biomass-C and soil
enzymatic activities varied depending on GM applied. The
difference in C/N ratio of GM caused a variation of soil
C/N ratio. Soil microorganisms should have a C/N ratio
close to 8:1 for the optimum decomposition. The C/N
ratio was reduced with the addition of N fertilizer. The
decrease in C/N ratio can adversely affect the nutrition
dynamics of living organisms. Microorganisms acquire
enough C and N to maintain the required C and N ratio in
their bodies. Dick et al. [12] reported similar results for
enzymes involved in N cycle. The increasing rates of ammonia-based N fertilizer decreased the amidase and UA
activities. Moreover, UA activity is sensitive to the inhibitory effects N fertilizer applications [13]. It is a known
fact that the crude protein content of crops which is an
important quality characteristic is positively affected with
nitrogen application. In another study of this research; it
was determined that the topics discussed had a very significant effect on the crude protein content of corn and wheat
grains. In addition higher grain crude protein content was
obtained by burying all parts of green manure applications
compared to only stubble embedded applications [14].
Soil UA and DG activities were significantly higher
in the green manuring system compared to the conventional system. The inhibition of enzyme synthesis by
inorganic ions might result in the lowest enzyme activity
in conventional soils. The increase in biological activity
with GM applications significantly increased the UA
activity. The GM added to the soil was used as a substrate
source to UA enzyme which might also increase the UA.
DG is an oxidoreductase that only exists in viable cells,
and is considered a sensitive indicator of soil quality [15].
Higher levels of the activity of DG, a living microbial
cellular enzyme, in GM amended-soils may have been the
result of their organic carbon. Okur et al. [16] observed a
significant relationship between organic C and DG activity. Studies comparing conventional and organic farming
have reported an increase in UA, and DG activity in organically managed soils [16-18]. On the other hand, findings related to plant yields of green manure applications
revealed that the highest corn grain yields were obtained
from GM4 application in both rotation periods. However,
the difference between GM3 and C1 applications were not
statistically significant. Similar results were obtained for
wheat yield when grown following the corn [14].
Although all applications were equal, significant differences were found between rotation periods. The difference between rotation periods probably resulted from the
differences in temperature and precipitation and differences in total biomass. Other researchers have already
reported that the activity of soil enzymes is also affected
by temperature, soil type, soil moisture and aeration, soil
pH, organic carbon and nitrogen contents, the presence of
heavy metals, fertilization, and to large extent on agrotechnical measures [6].
The activity levels of DG and UA were higher when
all components of GM mixed to the soil (GM1, GM2,
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GM3, and GM 4 treatments) compared with the treatments
in which above ground parts of faba bean were harvested
and removed and underground-stubble components (GM5,
GM6, GM7, and GM8 treatments) were only mixed to the
soils. The results are, of course, related to the amount of the
organic materials added to the soil with green manuring.
The activity levels of the DG under maize conditions
were higher compared to the wheat conditions throughout
the maize-wheat crop rotation periods. When added to the
soil, the simple structure organic C sources (monosaccharides, or glucose suchlike simple sugars) decompose in a
short period of time. Microbial activity increases with the
addition of the low C/N ratio organic residuals such as
legumes [19-22]. The changes in temperature and moisture during harvest have affected the soil DG activity.
Since month of October is more temperate and humid in
October than the July, October is suitable to provide protoplasmic water for microbial activity. The results of
current study agree with the previous published data that
soil enzymes are more active at the end of spring and at
the beginning of summer and autumn [23]. Yuan and Yue
[4] found the highest DG level in autumn season and the
lowest value of DG in winter time.
In the first rotation period, the UA enzyme activity
was higher under wheat conditions compared with maize.
The variation was probably caused from the origin of UA
and DG enzymes. DG is an oxidoreductase and exists in
viable cells [15]. DG activity decreases depending on the
decreasing the microbial activity. Whereas, UA activity has
extra cellular character and was rather constant under both
green manuring and inorganic fertilization due to the
adsorption and protection by organic complexes. In the
second rotation period, the UA enzyme activity values
were lower under wheat due to considerable differences in
climate.
The results showed that application of GM improved
the soil biological properties depending on type of application, amount and chemical composition of the GM. The
application of faba bean as a winter cover crop can lead to
an increase in soil enzymatic activity. The GM increased
the soil UA and DG activities when compared to conventional fertilization. The increases in UA and DG activities
were higher with the application of all components of
faba bean as GM compared to the application of underground stubbles.
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DISSIPATION AND RESIDUE OF METAMITRON
IN SUGAR BEET AND THE SOIL OF CHINA
Xinhong Wang, Zhiguang Hou, Xiaofeng Zhao and Zhongbin Lu*
College of Resources and Environment, Jilin Agricultural University, Changchun, China

ABSTRACT

The dynamics of metamitron in soil and sugar beet
were determined as well as the final residues in soil, sugar
beet, and beet root. The average recoveries were 96.9106.3%, 75-99.7% and 74.6-100.3% for soil, sugar beet
plant and beet root, respectively. The relative standard
deviations (RSDs) ranged from 2.3% to 6.1%. The limit
of detection was 2.0×10-2 ng, and the limit of quantity was
0.02 mg/kg for all the samples. The results of dynamic
experiment showed that the dissipation of metamitron in
soil followed the first-order reaction. Metamitron in sugar
plant disappeared very quickly and could not be detected
(<LOQ) at the 3-4 leaf stage. In the final residues experiment, although the metamitron could be still determined in
soil, it was not detected in the sugar beet plant and roots.
As can be inferred from the experimental results, 5.25 kg
a.i. ha-1 was the recommendable dosage, and this could be
used to set the maxmum residue limit (MRL) of metamitron in China.

Metamitron could be degraded by photolysis or microbes [5, 7-9], and the photochemical degradation is a
major pathway. In addition, some researches on high efficient photocatalysts have been conducted in order to reduce
the amount of metamitron in the environment [10, 11].
Metamintron decomposition in the environment would be
changed with the variation of parameters like temperature,
moisture and the soil composition which could significantly
influence the degradation processes. Although the dynamics of metamitron under laboratory conditions has been investigated, little is known for field conditions in China. The
northeast of China is the main area for producing beet
plant, and 65% sugar crops of China are yielded here.
Hence, this study was carried out to investigate the degradation of metamitron in the soil and sugar beet plants. The
final residues were also determined. Two doses at similar
effectiveness of weed control were examined to validate a
suitable dose for the metamitron application, considering
the possible risk to the environment and crops. The results
might help to set the maxmum residue limit (MRL) in
China.

KEYWORDS:
Metamitron; residue; maximum residue limit (MRL); degradation

2. MATERIALS AND METHODS
2.1 Field Design

1. INTRODUCTION

For an agricultural country, such as China, one of the
important issues is the quality of agricultural products that
can be influenced by many factors, for example by pesticides. In fact, different kinds of pesticides are being used
extensively not only in China, but all over the world. Most
of them could be detected in the environment and crops
other than the target [1, 2]. These residues of pesticides
might cause risk to humans, animals, and the environment
[3, 4]. Hence, the pesticide residues must be controlled to
avoid contamination of the environment and agricultural
products. Metamitron is a systemic herbicide of the a triazinone group, and used to control weeds in sugar beet and
other crop fields [5, 6] by inhibiting the hill reaction and
leading to the death of weeds [5]. It is easy absorbed by
the roots and transported to the leaves of the plants.
* Corresponding author

All the field trials were carried out according to the
“Guidelines on Pesticide Residue Trials” (NY/T 7882004) issued by the Institute for the Control of Agrochemicals, Ministry of Agriculture, People’s Republic of
China. The field trials were conducted in Hailun (Hei Longjiang Province) and Changchun (Ji Lin Province), from
2011 to 2012. There were two treatments in the experiment:
(1) dissipation experiment, and (2) final residue experiment.
The plot for each treatment (including control) was 30 m2
and treatments were replicated three times. Metamitron
was applied once before the germination of sugar beet.
In the dissipation experiment, metamitron was sprayed
into the plots at a dosage of 7.88 kg a.i. ha-1 (1.5 times of
the recommended dosage). Two hours later after spraying,
the soil samples were collected from 5 randomly selected
points within each plot. The soil was sampled at a depth
of 0-10 cm in each plot discarding the unwanted materials, and 500 g of the mixed soil was taken. The sampling
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processes mentioned above were repeated 1, 3, 5, 7, 14,
20, 30, 40 and 60 days after the spraying of metamitron.
Additionally, 80 g of plant sample was collected from
every random point of each plot, and then mixed together.
The sampling processes began from the 3-4 leaf stage of
sugar beet plant. All samples were stored in polythene bags
at -20 °C before analysis.
In the final residue experiment, in order to investigate
the maximum final residues of metamitron in sugar beet
plants and the environment, a lower dosage level and a
higher one were designed as 5.25 kg a.i. ha-1 and 7.88 kg
a.i. ha-1, respectively. The soil, plants and beet roots were
sampled at harvest time. All samples were stored in polythene bags at -20 °C before analysis. The water containing
no metamitron was used as the control.
2.2 Extraction and clean-up

Metamitron was extracted from the soil, plant and
beet root samples with distilled water and acetonitrile by a
controlled crystal oscillator for 60 min. Then, all the samples were collected by filtration under reduced pressure
with filter aid in a Buchner funnel. The extracted solution
(50 ml) was put into a 250-ml separatory funnel with 50 ml
10% NaCl solution (the pH value was adjusted to 3 by
1 mol/L HCl solution) and 40 ml ethyl acetate for reextraction. The process was repeated three times. The
collected solution was transferred into a cylinder with 6 g
NaCl, and liquid was partitioned. The eluted upper layer
was concentrated on a rotary vacuum evaporator to near
dryness and re-dissolved in methanol for HPLC analysis.
Metamitron residue was analyzed with an Agilent
1200 HPLC - Agilent 6410 QQQ (ESI ion source). Liquid
chromatography was performed using an Agilent 1200
Series LC system. An Agilent Zorbax Eclipse Plus C18
column (100 mm×2.1 mm×3.5 µm) was used for separation
and maintained at 30 °C. The injection volume was 5 µL.
The mobile phases consisted of buffer salt (10 mmol/L ammonium acetate and 0.1% formic acid) and acetonitrile.
The gradient elution program is presented in Table 1.

nebulizer 35 psi, tR 7.0-7.2 min, fragmentor 15 V, collision energies of 15 V and 20 V.
2.3 Method validation

Different amounts of standard metamitron (99.5% purity) were added to the blank samples of soil, plant and
beet roots. The metamitron residues and the recovery rates
were determined by the external standard method and single-point calibration, respectively. There was a positive
linear relationship (y = 3.07×106 x - 11392.16, r = 0.9963)
between the peak area (y) for metamitron, and its concentration (x) in the range of 0.05-1.0 mg L-1.
The residual amount and the half-life of metamitron
could be described by the first-order kinetic equations Ct
= C0 e-kt and t1/2 = ln 2/k, respectively. Ct is the concentration at time t, C0 is the initial concentration, k is the firstorder rate constant, and t1/2 is the half-life [12].
The data obtained herein were statistically processed
using Origin 7.0 software, including the calculation of
average values and standard deviations.
3. RESULTS AND DISCUSSION

The recovery experiment was conducted at three fortification levels (shown in Table 2). There were five replicates in each level for soil, plant and beet root. The average recovery was 96.9-106.3%, 75-99.7% and 74.6100.3% for soil, sugar beet plant and beet root, respectively. The recoveries were within the range of 74.6106.3%, and the relative standard deviations (RSDs) ranged
from 2.3 to 6.1%. All the recoveries and RSD values were
acceptable as for routine analysis of metamitron residues.
This result demonstrated that the analysis method used in
the experiment was reliable. Under the above conditions,
the limit of detection was 2.0×10-2 ng, and the limit of
quantity was 0.02 mg/kg for all the samples.
TABLE 2 - Fortified recoveries of metamitron in soil, plant and beet
root (n=5).

TABLE 1 - The program of gradient elution.

Time (min)
0
4
15
17
18
19
25

Buffer Salt (%)
60
20
20
60
60
60
60

Matrix

Acetonitrile (%)
90
50
40
10
10
90
90

Soil
Plant
Beet root

For quantitative analysis, a 6410 triple quadrupole
mass spectrometer (QQQ MS) manufactured by Agilent
Techonologies equipped with an electrospray ionization
(ESI) source was used. The capillary was maintained at
4000 V, and the cone voltage was optimized in the positive ion mode (ESI+). All optimized parameters were listed
below: gas temperature 325 oC, gas flow-rate 10 L min−1,

Fortified level
(mg kg-1)
0.02
0.1
1.0
0.02
0.1
1.0
0.02
0.1
1.0

Average recovery
(%)
96.9
106.3
106.2
99.7
97.5
75.0
100.3
74.6
96.8

RSD (%)
6.1
2.6
2.3
4.6
3.5
4.3
5.4
2.6
3.1

The residues, dissipation kinetics equations, determination coefficient and half-lives of metamitron for the two
sites (Hei Longjiang and Ji Lin) are shown in Tables 3
and 4. The residues of metamitron in soil were all found
to dissipate gradually with time (Table 3). The degradation rates of metamitron in the soil of Ji Lin were all
slower than those of Hei Longjiang in both years 2011
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TABLE 3 - Residues of metamitron (mg kg-1) in soil.

Days after
last application

2011
Jilin

0
3.057
(0)
1
2.105
(31.1)
3
2.037
(33.4)
5
1.863
(39.1)
7
1.517
(50.4)
14
0.844
(72.4)
20
0.773
(74.7)
30
0.769
(74.8)
40
0.714
(76.6)
60
0.652
(78.7)
Values in ( ) are the dissipation rate (%) of metamitron

2012
Hei Longjiang
3.136
(0)
2.912
(7.1)
1.928
(38.5)
1.821
(41.9)
1.802
(42.5)
1.584
(49.5)
0.784
(75.0)
0.663
(78.9)
0.609
(80.6)
0.234
(92.5)

Jilin
3.322
2.527
2.513
2.434
2.036
1.126
1.033
0.994
0.906
0.827

(0)
(23.9)
(24.4)
(26.7)
(38.7)
(66.1)
(68.9)
(70.1)
(72.7)
(75.1)

Hei Longjiang
2.778
(0)
2.650
(4.6)
1.721
(38.0)
1.533
(44.8)
1.342
(51.7)
1.120
(59.7)
1.113
(59.9)
1.034
(62.8)
0.898
(67.7)
0.256
(90.8)

TABLE 4 - The regression equation, correlation coefficient and the half lives(t1/2) of metamitron in soil and sugar beet plant.

Sample
Soil 2011
Soil 2012

Sample location
Ji Lin
Hei Longjiang
Ji Lin
Hei Longjiang

Regression equation
C=1.9066e-0.0239t
C=2.4932e-0.0401t
C=2.3715e-0.0229t
C=2.1608e-0.0314t

and 2012. The different organic matter content in soil of
the two sites might be the reason for the difference of
degradation rates. In Hei Longjiang, the organic matter
content was 3.5% while this value was much lower in Ji
Lin (2.8%). The higher content of organic matter in soil
could increase the adsorption and degradation of the pesticide [13]. The result reported by Cox et al [14] also
indicated soil organic matter might accelerate the photolysis of metamitron. Furthermore, other environmental factors would also influence the degradation of pesticides,
such as pH, rainfall, sunshine etc. [15,16].
The persistence concentrations of metamitron in plants
were also determined. The results showed that metamitron
degraded so quickly that no metamitron could be detected
(<LOQ) when the beet grew to the 3-4 leaf stage. Metamitron could be absorbed into the sugar beet plant after
application. The fast dissipation rate observed herein was
similar to other researches. Janaki et al. [17] found that the
dissipation rates of metamitron in sugar beet plant were
beyond 80% for the application doses of 3.5 and 7.0 kg a.i.
ha-1. Another similar result was reported by EFSA 2008
[18]. That was only 74 mg kg-1 of metamitron when the
applied dosage was 1.74 kg a.i. ha-1. All these results indicated that metamitron could be easily degraded in sugar
beet plant.
The final residues of metamitron in soil are shown in
Table 5. The dissipation of metamitron in sugar beet plant
was faster than that in soil. At the end of this experiment,
the metamitron in both plant and beet root was under the
detection limit but it could be also detected in soil. In soil,
the concentrations of metamitron in Ji Lin were all higher
than those in Hei Longjiang for both high and low appli-

Correlation coefficient
0.8389
0.9733
0.8672
0.9317

Half-life (day)
29.0
17.3
30.3
22.1

cation doses. The result was the same as the change of
metamitron residue in soil mentioned above. However,
this was different from the results of Cox et al. [14]; they
observed that metamitron disappeared on the 90th day after
application. Climate and physicochemical characteristics
of soil might be other important factors. India, for example, is located in the tropical zone and the soil type is
sandy clay loam (pH 8.02). Both Ji Lin and Hei Longjiang
are in the temperate zone, and the soil types are meadow
(pH 6.8) and black soil (pH 7.0), respectively. The higher
temperature and alkaline conditions might increase the
degradation of metamitron. The final residues of metamitron in soil were very low. Whether the existence of
metamitron in soil can influence the growth of some
sensitive crops in the long run, will be investigated in a
future research.
TABLE 5 - Final residues of metamitron (mg kg-1) in soil.

2011
Dose
(kg a.i./ha)
5.25 (Low)
7.88 (High)

Ji Lin
0.305
0.307

Hei
Longjiang
0.030
0.080

2012
Ji Lin
0.359
0.357

Hei
Longjiang
0.030
0.087

4. CONCLUSIONS

The dissipation rates of metamitron in soil and sugar
plants were determined, and the results indicated that
metamitron dissipated faster in plants than in soil. Metamitron degraded faster in the soil of Hei Longjiang than
that in Jilin. The final residues in sugar beet plants and
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roots were all non-detectable. Although the maximum residue limit (MRL) of metamitron is not be made in China, the
metamitron residues in the crops tested in this experiment
were below the MRL set by EFSA (0.05 mg kg-1). The
results could be referred to set the MRL of metamitron in
China, and the recommended application dose is 5.25 kg
a.i. ha-1.

[11] Macounová, K., Urban, J., Krýsová, H., Krýsa, J., Jirkovský,
J. and Ludvik, J. (2001).Photodegradation of metamitron (4amino-6-phenyl-3-methyl-1,2,4–triazin -5(4H)-one) on TiO2.
J. Photochem. Photobio. A: Chem., 140(1): 93-98.
[12] Li, L., Jiang, G. Q., Liu, C. Y., Liang, H. W., Sun, D. and Li,
W. (2012). Clothianidin dissipation in tomato and soil, and
distribution in tomato peel and flesh. Food Control., 25(1):
265-269.
[13] Yang, Y., Zhang, N., Xue, M., Lu, S. T. and Tao, S. (2011).
Effects of soil organic matter on the development of the microbial polycyclic aromatic hydrocarbons (PAHs) degradation potentials. Environ. Pollut., 159, 591-595.
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ABSTRACT

1. INTRODUCTION

The wastewater (municipal and industrial) discharged
directly into the Danube in the vicinity of Novi Sad. Danube surface water, wastewater and raw water used for
drinking water production were analyzed. Sampling campaigns during summer and autumn in 2012 were conducted. The research activities were planned within
NATO International Project in order to gain more insight
into occurrence, concentration levels and sources of
emerging and priority pollutants sources in this area.
According to screening analysis in sampling campaigns in
2011, sixty nine organic compounds were selected for
target analysis. In the first sampling campaign in 2012,
twenty nine organic compounds were detected in water
samples among sixty nine selected compounds. The second target campaign was broadening to inorganic emerging and priority pollutants. In comparison to the first
target campaign, thirteen organic compounds were detected only at wastewater discharges, indicating pollution
of the Danube by municipal wastewater from the city of
Novi Sad and its surrounding. The special attention
should be focused to some priority pollutants such as
octylphenols, di-(ethylhexyl)-phthalate, DDT, endosulfan,
dieldrin, endrin and some heavy toxic metal ions which
concentrations in the Danube surface water samples exceeded proposed annual average environmental quality
standard (AA EQS) values for inland surface waters.
These target analysis are the basis for selection of the
most adequate early warning system (EWS) for monitoring of the quality of raw water used for drinking water
production in the city of Novi Sad.
KEYWORDS: municipal wastewater, industrial
phthalates, phenols, POPs, inorganic pollution

* Corresponding author

wastewater,

The emerging substances, EmS, have received much
attention as pollutants of wastewater, surface water, water
bodies or drinking water resources due to possible negative
effects on humans or on the ecosystem even at very low
concentrations [1, 2]. The presence of EmS in surface,
wastewaters and potentially in drinking water is documented
in the literature [3-9]. However, the fate and the transport
of EmS in natural aquatic media are practically unknown,
especially in the context of water/soil/sediment distribution and the partitioning processes. Wastewater treatment
processes achieve often incomplete removal of EmS resulting in discharge of emerging chemicals into receiving
waters.
Implementation of the European Water Framework
Directive (WFD) and its affiliated directives requires Member States to improve their understanding of priority pollutants in urban areas and obviously for wastewater systems
[10, 11]. According to this, Directive on Environmental
Quality Standards (Directive 2008/105/EC) established
limits on concentrations of the priority substances in surface waters of 33 priority substances and 8 other pollutants [12]. Within this list, 11 substances were identified as
priority hazardous substances. Pollution of the Danube in
the vicinity of Novi Sad could influence on chemical and
eco toxicological status in the downstream part of the
Danube in Romania and Bulgaria.
River pollution caused by the direct and indirect discharge of urban and industrial wastes and run-off has led to
the accumulation of toxic compounds such as pesticides,
surfactants, halogenated aromatics and hydrocarbons onto
river sediments, indicating their possible uptake by biota
and a potential risk for the environment [13, 14]. The discharge and presence of priority, hazard priority and emerging substances in the aquatic ecosystem has aroused questions on the risk that they might cause to biota and humans.
EmS which are continually released to aquatic environment are attributed as pseudo – persistent even if their
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half-lives are short [9]. Pseudo – persistency is the consequence of the constant supply of EmS which are continually replenished in environment, especially in aquatic
media, i.e. receiving water or open aquatic bodies. Toxic
effects of EmS in very low doses, the phenomena of
pseudo-persistency and mixture of chemical cocktails are
particularly important for continual, multigenerational
exposure of aquatic organisms and human population as
well as the whole environment [15].
The main objective of the study presented in the paper was to gain more insight into occurrence, concentration levels, fate, eco toxicological risk of emerging and
priority pollutants present in wastewater from the collectors of sewage discharges and Danube surface water collected 100 meters downstream, in the vicinity of Novi
Sad, Serbia, in order to get information if wastewater is
the main pollution source of Danube river, as well as to
establish a comprehensive quality overview of raw water.
This type of research was performed for the first time at
the sampling sites at the locality in the vicinity of Novi
Sad on the Danube.
2. MATERIAL AND METHODS
2.1 Sampling sites

Based on the location of the entire sewerage network
in the City of Novi Sad and previous screening analysis,
10 sampling points have been selected for the campaigns
conducted during 2012, in the beginning of summer (July)
and at the beginning of autumn period (September). Four
sites were located in municipal wastewater collectors
(GC1', GC2', RO', RP'), five were in the Danube's riverbed (RI, GC1'', GC2'', RO'', RP''), while one presented raw

water entering drinking water production factory (RW).
Geo-references and full names of the sampling sites are
presented in Table 1 and on Figure 1.
Sampling site RI is located upstream of the city of
Novi Sad, before all discharge points, and it has been selected in order to assess the eco toxicological status of the
river Danube prior to any local urban impact. Analysis of
wastewater from the sewerage system determined the
level of contamination of municipal and industrial wastewater streams, which are discharged directly into Danube
without any treatment. Danube surface water has been
sampled 100 m downstream of each discharge in order to
assess the impact of wastewater streams on eco toxicological status of the river.
The sewage system at sampling site RO' is located in
the area of the water supply source and downstream close
to the industrial part of the city with Oil Refinery, thermoelectric and heat generating plant. This discharge collecting wastewater from the refinery and atmospheric water
from the nearby settlement, hence the pollution of Danube
surface water at sampling site RO'' could originate from
industrial activities in the city of Novi Sad. RP' is located
on the other bank of the river in agricultural area and in
the vicinity of plant for production of diagnostic reagents,
laboratory chemicals and solvents. Sampling sites GC1''
and GC2'' are located on the stretch near or under three
bridges: the Liberty, Varadin and Road Railway bridges
indicating the water runoff from the bridges as possible
source of Danube surface water pollution.
The sampling of all selected localities has been conducted under equal hydro meteorological conditions. The
hydro meteorological data were obtained from the Republic
Hydro meteorological Service of Serbia. Both sampling
campaigns in July and September 2012 were performed

FIGURE 1 - Map of the sampling sites
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TABLE 1 -Selected sampling sites with grid references
No.
1
2
3
4
5
6
7
8
9
10

Location
Ribarac
Raw water
Collector Cepelin
Cepelin
Collector Beogradski kej
Beogradski kej
Discharge Ratno ostrvo
Ratno ostrvo
Collector Rokov potok
Rokov potok

Code
RI
RW
GC1´
GC1˝
GC2´
GC2˝
RO´
RO˝
RP´
RP˝

under similar weather conditions with no precipitation and
average daily air temperatures of 29 and 26 °C, respectively. The water stages were 190 and 157 cm, measured water temperatures were 25.7 and 16.5 °C, while
river flows were 2702 and 2274 m3/s.
2.2 Analytical methods of pollutants determination

All samples were collected in plastic and glass bottles
and stored at 4°C until analysis. A 800 ml aliquot of water
sample were spiked with internal standard (phenanthreneD10 in case of PAHs and industrial chemicals and
propazine or cis-chlordane in case of pesticides and mass
labeled PBDE-138 -Wellington laboratories) to achieve
final concentration of 1µg/l and extracted with two 50 ml
portions of dichloromethane for 20 minutes. After extraction, both extracts were combined and dried with anhydrous sodium sulfate. Small aliquots of copper powder
were added into obtained extract to remove elementary
sulphur. After filtration, the combined extract was evaporated using Kuderna-Danish apparatus to final volume of
1 ml. A 50 µl of extract was injected into Agilent 6890
gas chromatograph with Agilent 5973 mass spectrometric
detector. The GC system was equipped with PTV injector
that was programmed from 60 ˚C to 260 ˚C (5 minutes)
at a rate of 40 ˚C/min. Capillary GC analysis was performed on a 30 m x 250 mm I.D., 0.25 mm df DB-XLB
and HP-5MS column. Helium was used as carrier gas. The
MSD was used in SIM mode for all samples. Each target
compound was qualified by two qualifier ions and quantified by one specific or base ion.
The group of pesticides, PAHs, PCBs and some industrial pollutants such as Pentachlorobenzene, DEHP, other
phthalates, Nonylphenols (tech. mix.), Octylphenols, Pentachlorophenol, 4-n-Nonylphenol, Bisphenol A, Hexachlorobenzene, 4-tert.- Octylphenol, bensothiazols and methyl
jasmonate were analyzed using GC-MS employing large
volume injection according to modified ISO 6468 procedure. C10-C13 chloroalkanes, Hexabromocyclododecane
and PBDEs were analyzed using GC-MS with negative
chemical ionization (NCI). ISO/DIS 12010 was used for
determination of C10 - C13 chloroalkanes.
Volatile organic compounds were analyzed using GCMS according to ISO 10301 procedure. Water samples
(10 ml) were placed in 20 ml gas-tight vials. No special

North latitude
45°13'54.25"N
45°14'32.797"N
45°15'3,704"N
45°15'5.40"N
45°15'44.19"N
45°15'43.03"N
45°15'22.95"N
45°15'13.39"N
45°14'56.65"N
45°15'0.47"N

Eastern longitude
19°50'44.62"E
19°51'8.824"E
19°51'18,329"E
19°51'22.53"E
19°51'22.16"E
19°51'27.09"E
19°54'39.94"E
19°54'38.48"E
19°53'43.673"E
19°54'11.33"E

sample preparation was required for analysis. Vials filled
with samples were directly transferred from the heated
cells of the headspace device to the gas chromatograph
equipped with the ECD and FID detectors.
The tributyltin compounds were analyzed according
to DIN EN 17025.
Simazine, Atrazine, Isoproturon, Diuron and hormones
were analyzed using SPE-HPLC-DAD according to modified ISO 11369 procedure. The modification of the ISO
11369 Standard consisted of a change in the extraction
method: an online automated SPE system connected to
the HPLC was used instead of the C18-SPE. A PLRP-S
copolymer was used as a sorbent.
The group of metals was determined using AAS according to STN EN ISO 15586, while Hg and its compounds were determined using CV-AFS and using STN
EN ISO 17852. The inorganic anions were determined
using coupometric analyzer.
A five-point internal standard calibration curve was
used for the quantification of the detected compounds. All
standards of individual analytes used to produce the standard calibration curves were of a quality given in "Reference Materials for Residue Analysis” obtained from Dr.
Ehrenstorfer (Seelze, Germany).
3. RESULTS AND DISCUSSION

Screening analyses were performed in 2011 three
times in order to identify the compounds that could be
expected in surface, waste and raw water samples at the
ten sampling sites 200 m upstream and downstream of the
point at the 1255 km of the Danube [16, 17]. In the first
target campaign, PAHs, 8 PCBs, phthalates and organochlorine pesticides were measured above LOD and
their concentrations varied from very low, about 1 ng/L
for PCB congeners to 2170 ng/L for phthalate (di(ethylhexyl)-phthalate).
The second target campaign was broadening to 13 new
organic and 20 inorganic compounds. Only 19 organic
compounds were measured above LOD, and nine of them
were also determined in first target campaign. PAHs and
pesticides were measured mostly in wastewater indicating
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pollution of Danube surface water dominantly by discharged wastewater, while phthalates and phenols were
determined in almost all samples collected in second
target campaign.
Some of compounds such as diclofenac, galaxolide,
simazine, atrazine, alachlor, bifenox, cybutryne, cypermetrine, methyl jasmonate, 1,2-benzisothiazole, 2-(methylthio)benzothiazole and triphenyl phosphate were measured under
LOD at all sampling sites in both target campaigns.
Substances of our concern are included in the list of
Priority Substances and Certain Other Pollutants according to Annex II of Directive 2008/105/EC (fluoranthene,
anthracene, pentachlorobenzene, trifluralin, hexachlorocyclohexane gamma, hexachlorobenzene, octylphenols, 4nonylphenol, trichloro-ethylene, di-(ethylhexyl)-phthalate,
DDT, endosulfan, dieldrin, endrin, EPA PCB congeners, Pb,
Hg, Ni and Cd), Annex A of the Stockholm convention
(EPA PCB congeners, dieldrin and endrin), Annex B of
the Stockholm convention (DDT), the list of nine new
chemicals of the Stockholm convention (hexachlorocyclohexane gamma) and the list of NORMAN emerging
substances (di-n-butyl phthalate), therefore special attention should be focused to those compounds.

essential for living organisms. However, at higher concentrations, metal cations can become toxic.
In this study, inorganic compounds were determined
only in the second target campaign. Concentrations of the
most inorganic compounds were lower upstream at RI
comparing to the concentrations measured downstream in
the Danube basin. Except at the sampling sites RO' and
RO'' where the similar concentrations of Cr, Hg, Cu and
As were measured in wastewater and Danube surface
water, at other sampling sites, Cr, Hg, Cu and As concentrations at wastewater discharges were almost 10 times
higher than in Danube surface water 100 m downstream.
It could be concluded that the pollution of the Danube
with these metals came from wastewater discharges. Cr
and Hg were determined in higher concentrations in Danube surface water than proposed AA EQS values. Pb,
Hg, Ni and Cd are considered as priority substances according the WFD. Special attention should be focused to
those metals, which concentrations exceeded EQS values
for surface waters which require more frequent monitoring, additional attention in order to control concentration
levels as the preventive measures.

Average values of emerging and priority inorganic
and organic pollutants measured above LOD were presented in Tables 2-5. Values higher than AA EQS for
inland surface waters were bolded.

Ammonia is also determined in very high concentrations at sampling sites GC1', GC2' and RP', exceeding AA
EQS. Since GC1' and GC2' are located in the part of the
city which is high populated, the unpleasant odour of
ammonia is present very often and could be smelled by
inhabitants walking near the discharges.

3.1 Inorganic compounds in the Danube surface water and
wastewater discharges

3.2 PAHs and PCBs in the Danube surface water and wastewater discharges

Inorganic compounds can be present in rivers originating from natural geogenic sources. At low concentration levels many metals as natural trace elements can be

In the first target campaign, four of 16 measured PAHs
(fluorene, phenanthrene, anthracene, fluoranthene) were
detected at sampling sites GC1', GC2' and RP' in concen-

TABLE 2 - Inorganic compounds measured above LOD in the Danube river and wastewater in the vicinity of Novi Sad

Compound

AA-EQS
Inland
surface
waters

RI

RW

Sb
1.25
<1
5*
Fe
19.5
31.4
200*
Ni
<0.5
<0.5
20
Mn
12.6
<1
50*
Se
<1
<1
10
Cr
3.1
9
20
Zn
<1
<1
8
Cu
0.37
1.26
5
As
0.31
0.86
25
Pb
0.54
0.69
7.2
Hg
<0.05
<0.05
0.05
Cd
<0.01
<0.01
0.08
Cyanides
3.5
4.2
10
Nitrate
<1
<1
50000*
Ammonia
20
40
70
Chlorides
<0.05
<0.05
250*
*Drinking Water Directive indicator parameters

GC1'

GC1''

GC2'

GC2''

RO'

RO''

RP'

RP''

Concentration µg/L
2nd target campaign
<1
<1
<1
95
61.4
111
7.1
<0.5
10.4
13.4
3.25
18.2
8.2
<1
5.1
151
32
198
5.1
<1
8.9
0.9
4.42
12.5
3.21
0.89
3.12
1.65
0.51
1.99
<0.05
9.11
7.7
<0.01
<0.01
0.09
<1
3.2
<1
12.5
<1
11.5
410
50
490
1.57
<0.05
1.87

2.89
8.4
<0.5
2.99
<1
12.4
<1
0.9
0.65
1.93
<0.05
<0.01
8.6
5.1
80
<0.05

<1
21.5
<0.5
<1
<1
28.5
<1
1.09
1.98
1.88
4.52
<0.01
4.9
<1
50
<0.05

<1
14.7
<0.5
<1
<1
32.3
<1
1.02
2.31
1.87
5.01
<0.01
4.5
<1
60
<0.05

1.02
99
1.9
14.5
12.03
528
2.5
5.01
0.33
2.84
2.25
0.05
<1
5.4
510
3.7

<1
68.2
1.1
<1
<1
79.1
7.8
1.39
0.32
1.89
<0.05
<0.01
6.2
2.8
40
<0.05
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TABLE 3 - PAHs and PCB congeners measured above LOD in Danube surface water and wastewater in the vicinity of Novi Sad

Compound

AA-EQS
Inland
surface
waters

RI

RW

Fluorene
Phenanthrene
Anthracene
Fluoranthene

100
100
100
6.3

<10
<10
<10
<2

<10
<10
<10
<2

Fluorene
Phenantrene
Antracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene

100
100
100
6.3
100
100
100

<10
<10
<10
<2
<10
<10
<10

<10
<10
<10
<2
<10
<10
<10

PCB-153
PCB-138
PCB-180
PCB-194

10
10
10
10

<1
<1
<1
<1

1.03
1.07
1.09
1.05

PCB-153
PCB-138
PCB-180
PCB-194

10
10
10
10

<1
<1
<1
<1

<1
<1
<1
<1

GC1'

GC1''

Concentration ng/L
PAHs
1st target campaign
<10
<10
<10
<10
<10
<10
3.25
<2
2nd target campaign
<10
140
<10
360
<10
280
<2
510
<10
490
<10
210
<10
130
PCB congeners
1st target campaign
<1
<1
<1
<1
<1
<1
<1
<1
2nd target campaign
<1
<1
<1
<1
<1
<1
<1
<1

GC2'

GC2''

RO'

RO''

RP'

RP''

17.34
44.21
<10
5.64

<10
<10
<10
<2

<10
<10
<10
<2

<10
<10
<10
<2

<10
16.87
24.51
<2

<10
<10
<10
<2

120
160
120
350
210
110
100

<10
<10
<10
<2
<10
<10
<10

<10
<10
<10
<2
<10
<10
<10

<10
<10
<10
<2
<10
<10
<10

110
170
110
290
260
110
90

<10
<10
<10
<2
<10
<10
<10

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

1.01
1.06
1.08
1.04

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

<1
<1
<1
<1

TABLE 4 - Pesticides measured above LOD in the Danube river and wastewater in the vicinity of Novi Sad

Compound

Pentachlorobenzene
Hexachlorobenzene
Hexachlorocyclohexane
gamma
Heptachlor
Trifluralin
Chlorpyrifos
Dieldrin
Endrin
Endosulfan alpha
Endosulfan beta
p,p`-DDD
p,p`-DDE
p,p`-DDT
Σ DDT
p,p`-DDD:p,p`-DDT
Pentachlorobenzene
Hexachlorobenzene
Trichloromethane
Trichlorethylene
Tetrachloroethylene

AA-EQS
Inland
surface
waters

7
10
20

RI

RW

<7
<3

Concentration ng/L
1st target campaign
<7
<7
40
10
30
50

<20

<20

200
30
30
10
10
5
5
10
10
10
25

<50
30
<30
<10
<10
<5
<5
<25
80
<10
80

<50
<30
<30
<10
<10
<5
<5
220
80
<10
300

7
10
2500
10000
10000

10
<3
<500
<10
<100

GC1'

<20

GC1''

<20

<50
420
<30
<30
<30
<30
<10
270
<10
<10
<5
230
<5
<5
230
400
80
25
260
310
570
735
0.88
1.29
2nd target campaign
12
15
11
<3
7
<3
<500
1500
<500
<10
<10
<10
<100
310
<100
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GC2'

GC2''

RO'

RO''

RP'

RP''

<7
<3

<7
30

30
30

<7
<3

<7
<3

<7
<3

<20

<20

30

<20

<20

<20

<50
<30
<30
<10
<10
<5
<5
240
80
<10
320

<50
<30
<30
100
<10
<5
<5
<25

70
30
40
70
20
60
80
620
110
500
1230
1.24

<50
30
<30
30
100
<5
40
220
80
<10
300

<50
<30
<30
<10
<10
<5
<5
220
80
<10
300

<50
<30
<30
<10
<10
<5
<5
<25
<25
<10
<25

26
8
1210
6140
9180

9
<3
<500
<10
<100

9
<3
<500
<10
<100

14
<3
<500
<10
<100

34
8
<500
<10
<100

7
<3
<500
<10
<100

<10
<25
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TABLE 5 - Phenolic compounds measured above LOD in the Danube river and wastewater in the vicinity of Novi Sad

Compound

Di-n-butyl phthalate
DEHP
4-(1,1,3,3-Tetramethylbutyl)phenol

AA-EQS
Inland
surface
waters

RI

RW

GC1'

GC1''

800
1300

<10
152

Concentration ng/L
1st target campaign
261
<10
426
50
150
2170

10

50

50

<10

<10

GC2'

GC2''

RO'

RO''

RP'

RP''

<10
670

<10
220

<10
646

<10
270

<10
530

<10
117

<10

<10

50

50

<10

50

1250
2630
80

1220
830
20

1040
550
30

1160
390
20

1840
1670
110

1160
770
<10

890
540
1140

150
<10
<10

120
<10
<10

160
<10
<10

1150
120
700

130
<10
<10

nd

Di-n-butyl phthalate
DEHP
4-(1,1,3,3-Tetramethylbutyl)phenol
Nonylphenols
Octylphenols
4-nonylphenol

800
1300
10
440
390
300

920
750
20

960
980
20

110
<10
<10

110
<10
<10

2 target campaign
2150
860
760
1340
<10
90

210
<10
<10

820
<10
<10

tration range from 3.25 ng/L for fluoranthene to 44.21 ng/L
for phenanthrene. Detected values of PAHs were lower
than AA EQS of 100 ng/L for fluorene, phenanthrene and
anthracene and 6.3 ng/L for fluoranthene. In the Danube
surface water and the raw water none of measured PAH
compounds was found. Benz[b]fluoranthene, benz[k]fluoranthene, benz[a]pyrene, indeno[1,2,3,c,d]pyrene and benz[g,h,i]perylene concentrations were lower than 0.1 ng/L.
The second target campaign results are in accordance
with results obtained in the first target campaign. The
same PAH compounds were also detected in wastewater,
however in concentrations amplified 5 to 60 times. These
concentrations were almost all above AA EQS for inland
surface waters. Since hydrometeorological data were similar in both measurements, the weather conditions influence
on PAH concentrations could be excluded. PAHs were
detected only in wastewater in the urban area of Novi Sad
indicating the pollution of anthropogenic activities in the
Danube.
In the first target campaign, four of eight PCB congeners (153, 138, 180 and 194) were detected only in the
first target campaign at sampling site RO'', but in concentrations near the LOD. The major sources of PCBs at
sampling site RO'' are probably Novi Sad Oil Refinery,
where PCBs were detected from soil in 2007, after accidental events in 1999 and the thermal and power plant.
Results of the quality of surface water according to Serbian Environmental Agency in 2011 show that PCBs
were detected in sediments of Danube River In The Vicinity of Novi Sad, hence PCBs could be desorbed from
sediments. In the second target campaign all eight measured PCB congeners were below LOD and there is no risk
for the PCBs occurrence in the studied water samples.
3.3 Pesticides in the Danube surface water and wastewater
discharges

Pesticides were detected in the highest concentrations
in the first target campaign, especially in the wastewater.
Trifluralin and p,p`-DDE were detected at sampling site

RI, and their concentrations were not amplified at the other
sampling sites; hence the pollution of the Danube with
these chemicals came upstream from other European countries. p,p`-DDD, metabolite of p,p`-DDT, the most lipophilic with the lowest value of KOW of 4.73 within the
metabolites of p,p`-DDT, was detected in almost all the
samples with extremely high values at sampling sites
GC1'' and RO', which confirms historical contamination,
but also recent contamination inputted upstream of the city
of Novi Sad. DDT degrades to DDE and DDD and the ratio
of DDE/DDT or DDD/DDT could be used as a rough estimate of the period of its application: in areas where DDT
exposure has been recent, the DDE/DDT ratio is low,
while in areas where substantial time since exposure has
passed, the DDE/DDT value is higher. According to the
concentration ratio of p,p′-DDD and p,p′-DDT at sampling points with the highest concentrations, GC1'' and RO',
the values of 1.29 and 1.24 indicated historical contamination with these chemicals. Increased concentration of p,p′DDD could also be the consequence of uncontrolled usage
of this chemical as pesticide in East European countries.
p,p`-DDD, p,p`-DDE and p,p`-DDT at sampling sites
GC1' and RO' were determined in concentrations more
than eight times higher than annual average values in
European Union countries. Although DDT was banned in
Serbia since 1972, determination of DDT in relatively
high concentrations could be the reason of concern. High
concentrations of DDT in environmental samples were also
mentioned in other literature (18-20). This could be the
evidence of uncontrolled usage of DDT. Some pesticides
like endosulfan, dieldrin and endrin were identified in
significantly higher concentrations at RO' compared to
other wastewater discharges and also in the Danube near
RO'. RO' sampling point is located in agricultural area,
thus such pollution could be expected.
Pentachlorobenzene, trifluralin, hexachlorocyclohexane
gamma, hexachlorocyclohexane delta and hexachlorobenzene were detected in wastewater at sampling site RO'.
Pentachlorobenzene was detected also at GC1'', while
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hexachlorobenzene was found in concentrations three to
five times higher than AA EQS at RW, GC1'' and GC2''.
Hexachlorocyclohexane gamma (Lindane) is banned in
the most countries and in Serbia where its usage is allowed in Lindane Shampoo used to treat lice [21], which
indicates that municipal wastewater could be the potential
source of hexachlorocyclohexane gamma.
In the second target analysis, chlorobenzenes and
chloroalkanes (trichloromethane, trichloroethylene and
tetrachloroethylene) were detected, but only pentachlorobenzene was measured in both target analyses above AA
EQS, indicating bad chemical status of Danube River.
3.4 Phenolic compounds in the Danube surface water and
wastewater discharges

Di-n-butyl phthalate, di-(ethylhexyl)-phthalate (DEHP)
and 4-(1,1,3,3-Tetramethylbutyl)-phenol were detected in
both target analyses. 4-(1,1,3,3-Tetramethylbutyl)-phenol
was detected at sampling site RI and its concentration did
not increase at the other sampling sites of Danube surface
water. DEHP was also detected at sampling site RI, but its
concentrations were higher on other sampling sites in the
vicinity of Novi Sad indicating the pollution with DEHP
from wastewater in the urban area of Novi Sad.
The phenolic compounds in the water environment
can arise from natural substance degradation, industrial
activities and agricultural practices. Phthalates measured
in wastewater in the urban area of Novi Sad indicated the
pollution of anthropogenic activities in the Danube with
these chemicals.
DEHP was probably the most used compound since
its concentrations were the highest and it has been found
in almost all analyzed waste, raw and surface water samples. The possible sources of contamination with DEHP
are unsanitary dumpsites, as well as mixture of waste oils
as the consequence of their high solubility in oil. In Danube surface water samples collected 100 meters downstream of sewage discharges GC2', RP' and RO' concentrations of DEHP were lower than at the discharges indicating their input from wastewater to Danube.
Octylphenols were detected only in the second target
campaign in two samples, both at wastewater discharges
(sampling sites GC2' and RP'). Also, in the second sampling campaign, nonylphenols were detected at all sampling
sites above LOD. DEHP and 4-(1,1,3,3-Tetramethylbutyl)phenol were determined in Danube surface water above
AA EQS for inland surface waters.
3.5 Mass discharge load/emissions from Danube in the vicinity of Novi Sad to the Black Sea

Information and the comprehension of mass discharge
load of EmS and priority substances from the Danube to
the Black Sea are very challenging and give useful information about the transport, accumulation, sorption and
sedimentation to the Black Sea [22]. Knowing the concentrations of persistent chemicals in the river water and the
river flow (m3/s) can lead to a simple calculation of the

mass load of the EmS emitted to the Black Sea (kg/day or
tons/year). This calculation and assessment of mass load of
EmS deposited in the Black Sea are with relatively high
level of uncertainty due to the limited and short period of
monitoring data.
Mass discharge loads/emissions of persistent chemicals from the Danube River to the Black Sea is calculated
with the flow average rate in both sampling campaigns of
2488 m3/s at the 1255 km of Danube in Novi Sad focused
on phenolic compounds, pesticides and trace metals measured above AA EQS in Danube surface water (bolded
values in Tables 1-5). For calculations were used concentrations of pollutants from the sampling sites RO'' and RP''
since these sampling sites were located at downstream of
Novi Sad. The highest mass loads of 91 and 60.4 t/year
were obtained for p,p`-DDE and di-n-butyl phthalate,
respectively. These very high mass loads could indicate
the influence of the city of Novi Sad pollution to the total
Danube pollution from European cities and industries.
TABLE 6 - Mass discharge loads of emerging and priority pollutants from the Danube to the Black Sea with flow rate of 2488 m3/s at
the Novi Sad
Chemical
Mass load [t/year]
Pentachlorobenzene
1.1
Dieldrin
2.4
Endrin
7.8
Endosulfan beta
3.1
p,p`-DDD
17.3
p,p`-DDE
6.3
Di-n-butyl phthalate
91.0
DEHP
60.4
4-(1,1,3,3-Tetramethylbutyl)-phenol
3.9
4-AAA*
40.8
4-FAA*
16.7
Trimethoprim*
17.5
Azithromycin*
4.4
Metoprolol*
2.7
Pentachlorobenzene*
0.001
(4-(1,1′,3,3′-tetramethylbutyl)-phenol*
0.002
Nonylphenols*
0.01
DiButylPhthalate*
0.1
Di(2-ethylhexyl)phthalate (DEHP)*
0.1
Caffeine*
6.6
BPA*
17.4
*Values of EmS concentrations – Kovačević et al. [22]

4. CONCLUSIONS

The presented study of the river surface water quality
was performed for the first time in Novi Sad, Serbia and
its surroundings, with emphasis on the municipal and industrial wastewaters are directly discharged, without any
treatment, into the Danube River.
Detected concentration levels of some organic pollutants
like pentachlorobenzene, dieldrin, endrin, p,p`-DDD, p,p`DDT, (4-(1,1′,3,3′-tetramethylbutyl)-phenol, di(2- ethylhexyl)phthalate were above EQS values in the urban area
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of Novi Sad. Considering inorganic pollution, special attention should be devoted to Se, Cr, Zn, Cu, Hg, Cd and
Cyanides, which concentration levels exceed EQS in
wastewater and Danube surface water. Ammonia was also
presented in very high concentrations in wastewater samples, indicating unpleasant odor near the city center.
Therefore, pollution of the Danube from municipal and
industrial wastewater should be reduced. Special attention
should be focused to providing possibilities of wastewater
treatments before discharging. Wastewater treatment plant
could provide reduction and elimination of the most of
priority and hazardous substances presented in combined
industrial and municipal wastewater. At least, pilot plants
with specified treatment technologies could be built inside
the industry plants in order to reduce the level of contamination of discharged water.
Further research activities should be focused on data
evaluation and prioritization in order to generate the list of
substances considered for the water monitoring network in
the city of Novi Sad. The priority list will serve as a basis
for selection of substances for EWS monitoring of the
quality of raw water in the city of Novi Sad.
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CHANGES OF GAS EXCHANGE PARAMETERS OF SELECTED
PLANT SPECIES EXPOSED TO TROPOSPHERIC OZONE
Klaudia Borowiak*
Poznan University of Life Sciences, Department of Ecology and Environmental Protection, Piątkowska 94C, 60-649 Poznan, Poland

ABSTRACT

Ground-level ozone concentrations may reach a high
level during a very warm summer season in Eastern and
Central Europe. This can result in negative effects on plants,
which are affected continuously for the whole growing
season. Although ozone cannot accumulate in plants, its
effect can cumulate during the growing season, and the
plant response changes during this period. This was the
reason to perform the investigations on the cumulative
effect of ozone on photosynthetic activity in selected plant
species. Plants (ozone-resistant tobacco, ozone-sensitive
tobacco, bean and petunia) were exposed at sites varying
in tropospheric ozone concentrations. Every week gas exchange parameters, such as net photosynthesis rate, stomatal conductance, intercellular CO2 concentrations, and
transpiration rate, were measured. Results were also related
to accumulated ozone concentrations, its precursors and
meteorological conditions. Plants revealed small differences
in their response to ozone. Mostly a decrease was observed
due to ozone occurrence, especially at the site with higher
ozone concentrations. There was however some variation
in stomatal conductance (gs) and transpiration response,
especially for tobacco Bel B, while bean revealed a regular decrease of net photosynthesis rate (PN) and gs, and
increase of intercellular CO2 concentration (Ci). Transpiration rate was the most difficult parameter to interpret due
to its variation during the season. Only petunia was found
to respond during the season with a regular decrease of
transpiration rate (E). Principal component analysis revealed a negative correlation between cumulative ozone
concentrations and PN and gs, while a positive relation was
noted for Ci. This was valid for all tested plant species.
KEYWORDS:
photosynthetic activity; ozone; tobacco; bean; petunia

1. INTRODUCTION

Tropospheric ozone has doubled since the industrial
revolution and its concentration is predicted to increase
* Corresponding author

during the 21st century [1]. Moreover, an increase of CO2
concentration in the troposphere can enhance exchange of
ozone between the stratosphere and troposphere by 80%,
causing a further increase of ozone concentration in the
extratropical free troposphere and furthermore can be transported to the surface level of the atmosphere. Additionally,
higher air temperature caused by CO2 concentration increase
could also influence ozone creation and decomposition of
peroxyacetyl nitrate (PAN), and in turn the elevation of
ozone concentration in certain regions [2]. Tropospheric
ozone concentration is predicted to increase by 20-25% in
2012-2050 and by 40-60% in the period until 2100 [3].
Ozone has been recognized as one of the most reactive air
pollutants due to its high oxidation potential. A negative
effect of ozone on plants, especially on crops and trees,
has been observed. Ozone negatively affects plants causing physiological modification, which in turn leads to
morphological changes, such as plant growth reduction
[4] or yield decrease [5]. It is estimated that the effects of
ozone cause a decrease in global crop yields responsible
for losses of about 10 billion dollars per year [6].
Background ozone concentrations usually do not cause
visible symptoms; however, lower levels of photosynthetic
activity have been observed [7], which furthermore might
be responsible for a decrease in crop yield. Ozone decreases the photosynthetic process, causing lower possibility of receiving energy for maintenance and reparation
of other processes. Hence, in some plant species due to
decreased assimilation of CO2, intercellular CO2 concentration (Ci) increases, while stomatal conductance (gs) is
reduced [8]. Decrease of assimilated CO2 was mainly connected with a decrease of leaf area, in such crop species as
soybean, wheat and rice, which are the most common crops
in global agricultural areas. In the case of soybean lower gs
and decreased leaf area, caused by increased ozone concentrations, were the reasons for a 10% decrease of canopy
evapotranspiration, which can significantly disturb the hydrological cycle [9]. Hence, it is highly important to examine
the effect of tropospheric ozone on crops. There have been
many investigations on ozone’s effects on various plant
species’ photosynthetic activity in ozone concentration
controlled conditions, such as open top chambers, climate
chambers, etc. These experiments revealed some tendencies, but there are still some uncertainties. Some plant spe-
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cies revealed a decrease of net photosynthesis rate (PN)
together with gs decline due to elevated ozone concentrations [10-12]. Closing stomata might be an indirect effect
of maintenance of intercellular CO2 concentrations (Ci) at
a proper level [13-16]. Stomatal closure was a plant defence mechanism to avoid ozone stress [10, 17]. On the
other hand, stomatal closure was not always related to PN
decrease [18, 19]. Oxidants, such as ozone, can influence
guard cells of stomata, affecting the functioning of cellular membranes and then regulation of diffusion and transport of electrons, as well as enzymes connected with the
carboxylation process [20]. Some investigators suggested
that the decrease of photosynthetic activity was more likely
connected with a decrease of carboxylation than with
stomatal closure [21].
Differences in photosynthetic response might be connected with non-stomatal factors. Ozone can reduce the
biochemical capacity to fix CO2; hence a greater decrease
of PN than gs can be observed [19]. Furthermore, stomatal
closure might not be directly connected to ozone stress,
but to increasing Ci [22]. It seems that the plant response
is strongly related to plant species properties, ozone fumigation period and concentrations. Most investigations were
conducted in controlled ozone conditions. There is a limited number of reports about the effect of ambient ozone
concentrations on plant CO2 assimilation. Moreover, a
limited number of investigations concerned the cumulative ozone effect on crops during the growing season.
Based on these, the aims of the present study were as follows: (i) to examine the cumulative ozone effect on three
plant species during the growing season; (ii) to compare the
plant response at two sites varying in meteorological conditions and tropospheric ozone concentrations; (iii) to relate
obtained experimental data to ambient air conditions.
2. MATERIALS AND METHODS
2.1 Plant material and cultivation

Three plant species were selected for the present studies: well-known ozone-sensitive tobacco (Bel W3) and
ozone-resistant (Bel B) tobacco (Nicotiana tabacum L.);
ozone-sensitive bean ‘Nerina’ (Phaseolus vulgaris L.);
and ‘White Cascade’ petunia (Petunia × hybrida L.), known
as ozone sensitive. Seeds of chosen plants were sown into
1.5 L pots and cultivated in greenhouse conditions for eight
(tobacco), six (petunia) or four weeks (bean). Pots were
filled with a standard mixture of peat and sand with slowly
released fertilizer (sufficient for cultivation and exposure
time).
2.2 Experimental design

The experiment was carried out in the 2010 growing
season. Plants were transported to exposure sites after
cultivation at the end of June and exposed for 5-7 weeks.
Two exposure sites were chosen for these investigations.
The location of these sites was chosen according to the
location of the air monitoring system operated by the

Provincial Environmental Agency, due to the possibility
of relation of experimental data to real air pollution and
meteorological parameters. One site was located in a forestry area, about 80 km north-east of Poznan city, and the
second one was in the Botanical Garden of Poznan city.
The sites differed in tropospheric ozone concentrations and
meteorological conditions; hence it was possible to achieve
different results for the two different exposure sites. Plants
were exposed in special aluminium racks covered by
shadow fabric for protection of plants against bad weather
conditions. Continuous water supply was guaranteed by
glass fibre wicks placed in pots and in water trays located
below the styrofoam with pots. Twenty plants of each
species/cultivar were located at each site and a similar set
of plants was placed in ozone-free conditions as the control site. The same plants were cultivated and exposed
throughout the experimental period.
2.3 Gas exchange measurements

Every week net photosynthesis activity (PN), stomatal
conductance (gs), transpiration rate (E) and intercellular
CO2 concentration (Ci) were measured. For this purpose
five plants of each species with no mechanical injury, as
well as fully developed leaves, were chosen and properly
labelled. Gas exchange investigations were conducted
with the aid of the portable photosynthesis system Ci 340
aa (CID BIOSCIENCE Inc., Camas, USA). To achieve
comparable results of measurements constant conditions in
the leaf chamber were maintained: CO2 inflow concentration (390 µmol (CO2)mol-1), photosynthetic photon flux
density (PPFD) 1000 µmol (photon) m-2s-1, chamber temperature 23°C, relative humidity 50±3%.
2.4 Statistical analysis

The data were analysed with the statistical software
STATISTICA 9.1. Results were analysed with a factorial
ANOVA with “exposure site” and “day of measurement”
fixed factors. Tukey’s test was employed to analyse differences between measured parameters. A graphical presentation of Tukey’s test results is provided in the present
study. For determination of structure and rules in relations
between variables, principal component analysis (PCA)
was used. In this analysis the orthogonal transformation
of observed variables to a new set of non-correlated variables (components) is performed.
3. RESULTS

Solar radiation is the main factor influencing the
chemical reactions of ozone precursors. This parameter
varied from 202.4 to 440.9 W m2 at the forest site and
from 178.9 to 305.0 W m2 at the urban site. Together with
higher solar radiation, temperature was also higher at the
forest site on most experimental days of observations. The
higher level of solar radiation at the forest site was one of
the factors influencing higher ozone creation. Hence, mean
tropospheric ozone concentrations were higher at the forest
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site. NOx concentrations were twice as low or even lower
at the forest site than at the urban one (Table 1).
Two-way analysis of variance revealed a highly significant (α≤0.001) effect of site on all measured photosynthetic activity parameters of all examined plant species
(Table 2). Ozone-sensitive tobacco (Bel W3) revealed a
decrease of net photosynthesis rate during the experimental period at both exposure sites, while at the control site
after 14 days the parameter remained at a similar level.
Moreover, lower levels of PN were observed at the forest
site in comparison to the urban one (Fig. 1A). Stomatal
conductance was related to PN; hence a decrease during
the growing season at exposure sites was noted in Bel W3
tobacco (Fig. 1B). A higher level of intercellular CO2
concentration was recorded at the forest site on most
observation days. The lowest levels were observed at the
control site (Fig. 1C). Transpiration rate did not have a
similar pattern as PN and gs. There were no significant
differences between exposure sites, and sometimes be-

tween the control and exposure sites (Fig. 1D). Ozoneresistant tobacco (Bel B) showed a higher decrease of PN
of plants exposed at both sites in comparison to the control than ozone-sensitive tobacco. The highest decrease
was noted after 21 days of exposure at the forest site (Fig.
2A), when also the highest mean ozone concentration
values were noted (Table 1). In the case of ozone-resistant
tobacco exposed at the urban site there was not recorded
such a phenomenon. A regular decrease of PN during the
experimental period could be observed at this site. Lower
levels of gs could also be noted at exposure sites, especially at the forest one (Fig. 2B). However, there is no
relation to PN decrease after 21 days of exposure at the
forest site, while an increase (statistically significant at
α=0.05) was observed after the 14th and 21st day of the
experiment (Fig. 2C). This may indicate problems with
the carboxylation phase [23]. The low levels of PN might
be connected with the transpiration rate, which was especially low after 14 days of exposure (Fig. 2D).

TABLE 1 - Weekly mean values of selected meteorological parameters, ozone, its precursors and AOT 40 (accumulative ozone over the
threshold 40 ppb)

Day of experiment

Mean O3
[µg m-3]

7
14
21
28
35
42
49

76.3
74.2
110.1
84.6
60.7
58.5
60.2

7
14
21
28
35
42
49

59.6
58.0
78.1
65.4
46.9
42.6
55.7

AOT40
[µg m-3 h-1]

NOX
[µg m-3]
Forest site

Solar radiation
[W m-2]

Temperature
[°C]

2464.7
4763.2
10390.9
13166.6
14213.8
15189.2
17307.1

10.8
11.3
8.8
12.3
14.9
12.5
10.1

440.9
369.1
334.4
215.5
228.2
202.4
317.4

18.8
19.3
23.7
19.8
16.1
16.8
19.5

1543.0
2930.1
4852.8
6018.8
6366.2
6537.3
7398.3

City site
32.4
42.4
22.9
28.2
39.6
31.9
35.7

305.0
271.5
272.3
178.9
209.8
155.1
192.4

20.0
20.3
23.8
19.9
17.0
17.0
19.3

TABLE 2 - Two factorial ANOVA of plant response parameters with exposure sites and day of experiment as fixed factors (*** p<0.001. **
p<0.01. * p<0.05. NS – not significant)

Parameter

Site

PN
gs
Ci
E

569.8***
822.6***
127.9***
7.3***

PN
gs
Ci
E

586.1***
230.2***
66.5***
279.4***

Day of observation
Tobacco Bel W3
718.9***
137.9***
71.9***
15.4***
Bean
182.1***
44.3***
21.1***
87.6***

Interaction

Site

58.7***
63.7***
36.1***
2.5**

1247.0***
1121.9***
128.6***
228.8***

43.1***
22.9***
8.9***
27.7***

195.5***
418.9***
46.8***
89.8***
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Day of observation
Tobacco Bel B
807.0***
784.0***
22.1***
84.1***
Petunia
404.0***
605.5***
4.3**
257.8***

Interaction
68.7***
94.8***
9.9***
50.4***
33.3***
71.5***
2.9**
7.8***
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FIGURE 1 - Net photosynthesis rate (PN), stomatal conductance (gs), transpiration rate (E) and intercellular CO2 concentration (Ci) in ozonesensitive (Bel W3) tobacco leaves measured every week at control, city and forest sites. Means ±SE (n = 5).

FIGURE 2 - Net photosynthesis rate (PN), stomatal conductance (gs), transpiration rate (E) and intercellular CO2 concentration (Ci) in ozoneresistant (Bel B) tobacco leaves measured every week at control, city and forest sites. Means ±SE (n = 5).
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FIGURE 3 - Net photosynthesis rate (PN), stomatal conductance (gs), transpiration rate (E) and intercellular CO2 concentration (Ci) in ozonesensitive bean ‘Nerina’ leaves measured every week at control, city and forest sites. Means ±SE (n = 5).

FIGURE 4 - Net photosynthesis rate (PN), stomatal conductance (gs), transpiration rate (E) and intercellular CO2 concentration (Ci) in petunia ‘White Casacade’ leaves measured every week at control, city and forest sites. Means ±SE (n = 5).
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Ozone-sensitive bean (Nerina) showed a similar pattern of response at exposure sites. However, PN levels
were higher in comparison to both tobacco plants, especially for control plants, which revealed a similar level or
even higher of PN, gs and E during the whole experimental period (Fig. 3A, B and C). Moreover, the decrease of
gs during the experimental period was not so high as in
tobacco plants. However, lower levels were noted in plants
exposed in the forest site (Fig. 3B). A higher level of Ci
was recorded at the forest site, especially after 28 days of
the experiment, which might suggest the cumulative ozone
effect on this species occurring on those days (Fig. 3C). A
different pattern of plant response was recorded for transpiration rate. However, lower levels were noted at exposure
sites. There was an increase of E after the 14th and 21st day

of the experiment at the forest site, and after the 21st and
28th day at the urban site (Fig. 3D).
Petunia plants showed a higher decrease of PN in control plants, and thus lower differences in comparison to
control plants were recorded. Moreover, on some observation days there were no differences between exposure sites
(Fig. 4A). However, stomatal conductance of exposed plants
was always higher at the urban site, and also in some cases
reached values almost as high as the control one (Fig. 4B).
The level of Ci was always higher in exposed sites, but
not as much higher as for bean and tobacco plants (Fig.
4C). A slow decrease of transpiration rate was recorded
for all, exposed and control, plants (Fig. 4D).

Tobacco
‘Bel B’

Tobacco
‘Bel W3’

Bean
‘Nerina’

Petunia
‘White
Cascade’

FIGURE 5 - Principal component analysis of air pollutants, meteorological parameters and photosynthesis activity parameters.
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Principal component analysis revealed a negative correlation between cumulative ozone concentration and net
photosynthesis rate and stomatal conductance of all examined plant species, while a positive relation was noted for
Ci. In the case of transpiration a negative relation was
noted for both tobacco and petunia, while bean plants did
not reveal any correlation between these two parameters.
Solar radiation was positively related to photosynthesis rate
and stomatal conductance. Temperature relations to these
parameters varied between plant species, as well as mean
ozone concentrations (Fig. 5)
4. DISCUSSION AND CONCLUSIONS

Tropospheric ozone in the 2010 growing season was
relatively high in comparison to previous years [24] and
the next year [25]. Ozone concentration is closely related
to high solar radiation and ozone precursor emission, due
to its creation during photochemical reactions of NOx, VOCs
and CO2 [26, 27].
A decrease of photosynthetic activity has already been
observed by many authors in several plant species, such as
Populus tremula [10], Phaseolus vulgaris [12], Betula
pendula [10], wheat [28], and tree species [29]. This was
usually connected with a decrease of stomatal opening, as
was observed in the present investigations. There was however an exception, when the opposite response of PN and gs
for ozone-resistant tobacco exposed at the forest site was
recorded. Possibly the moment of decrease was not recorded because it occurred between measurement periods,
as Vahisalu et al. [30] found in their investigations. They
found that the effect of ozone on gas exchange is connected with a rapid, but transient, stomatal conductance
decrease. Moreover, in the case of ozone-resistant tobacco, the photosynthetic process might be affected indirectly by oxidative stress and other mechanisms, such as
suppression of the Calvin cycle [31]. On the other hand,
Lombardozzi et al. [19] suggested that differences in photosynthesis response might be connected with nonstomatal factors, potentially driven by either photosystem
oxidation, limiting energy for ribulose 1,5-bisphosphate
(RuBP) regeneration, or decreased efficiency of Rubisco
due to direct enzyme oxidation or reduced CO2 transport
to the enzymes. Hence, they found a higher decrease of
PN than gs, similarly as observed in ozone-resistant tobacco in our experiment. Stomatal closure is an important
defence mechanism against high ozone concentration in
ambient air [32], although it is not always observed in the
plant response [18, 33]. Degl’Innocenti et al. [34] in investigations with Bel B tobacco found no changes in PN,
while gs increased, and Bel W3 revealed a standard response to ozone with a decrease of both parameters. Silva
et al. [8] found a lack of stomatal closure of Bel W3 in very
high ozone concentration. Hence this cultivar is highly
sensitive to this air pollutant. In our investigations we
found a decrease, but at the end of season experiment in
three weeks we noted stabilization of this parameter at a

certain level at both exposure sites. This might confirm
the findings of Silva et al. [8]. Stomatal closure could be a
plant response in order to balance the intercellular CO2
concentrations [14-16]; however, too long closure can
cause a rapid and non-reversible increase of Ci [22, 35].
In this investigation an increase of Ci in all examined
plant species at exposure sites in comparison to the control was examined. However, during the experimental
period an evident decrease at exposure sites was observed
in the middle of the experiment for both tobacco plants,
while bean and petunia showed a decrease or maintenance
at a similar level of Ci. Ozone was also found to be a
factor causing decrease of total evapotranspiration and
water use efficiency [36]. In this investigation it is hard to
find any pattern of plant transpiration response as in the
case of the rest of the measured parameters. Only petunia
revealed a regular decrease of E, while in the case of Bel
W3 tobacco even a decrease at the end of the season was
noted. The latter finding was in contrast to those of
Degl’Innocenti et al. [34]. However, they also found an
increase of E in Bel B tobacco, which could be partly true
in the present investigations.
Overall, the investigations revealed a decrease of net
photosynthesis rate of all examined plant species. There
were however some differences between the patterns of
response of all measured gas exchange parameters. In the
case of ozone-resistant plants, a different response of
stomatal closure was noted in the middle of the experimental season. Net photosynthesis rate and stomatal conductance were negatively related to cumulative ozone concentrations, while intercellular CO2 concentrations exhibited a positive relation. Transpiration rate was found to be a
parameter responding differently than the other parameters
of gas exchange.
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ABSTRACT

The objective of the present study is to investigate the
physiological, morphological and structural changes induced by water deficit on four different table grape cultivars that are commonly cultivated in the Mediterranean
region. One-year-old vine (Vitis vinifera L.), cultivars
‘Crimson Seedless’, ‘Superior Seedless’, ‘Razakı’ and
‘Horoz Karasi’ grafted onto 1103 P rootstock were grown
in a greenhouse in a soil/farmyard manure/sand/turf mixture (2:1:1:0.5) in pots; and subjected to water stress for
40 days. A 60% limitation of the available water caused
total leaf area and dry weight decrease as well as negative
impact on growth in all cultivars. As a result of this application, a distinctive decrease in root growth was observed
in the Crimson Seedless, Superior Seedless and Razaki
cultivars, in comparison with the control. While there was
no significant change in grade of leaf thickness, leaf tissue
density, or leaf succulence during water stress application,
increases in leaf K, Fe, Cu, and Zn contents, chlorophyll
content, and leaf electrolyte leakage were observed. Significant differences were seen among the grape cultivars
in terms of adaptation to aridity conditions. Generally, the
most sensitive grape cultivar in terms of tolerance to water stress was Superior Seedless, whereas the cultivar that
can optimally adapt to conditions of higher aridity was
Horoz Karasi.
KEYWORDS: Vitis vinifera L., water stress, growth, chlorophyll,
photosynthesis, mineral content

1. INTRODUCTION

Although the grape vine is among the moderately
drought-tolerant species, it is affected by water deficit in
soil or in the atmosphere [1]. Particularly, a shortage of
* Corresponding author

available water at the effective root depth of 55-65% exposes the plant to water stress [2]. As a consequence, root,
shoot and leaf growth is inhibited and yield declines. In
addition, the ripeness values of grapes as well as the quality of fruit and wine deteriorate. A severe drought period,
experienced during the year before, also affects the yield
of the next season’s vegetation [3, 4]. However, the severity of the resulting injury varies with the level and period
of water deficit, climate and soil conditions, morphological, physiological and genetic characteristics of the grape
vine, as well as the phenological development period, crop
load and cultivar-rootstock combination [3, 5-11].
In Turkey, 71% of the available vineyard areas
(462.296 ha) are located in the Aegean, Mediterranean
and South-Eastern Anatolia regions where semi-arid and
arid climates prevail; 80% of grape production in our
country (4.185.126 tons) is made in these regions [12].
The grape vine is a plant species that is commonly cultivated in many countries where a Mediterranean climate
prevails. Since its active growth period corresponds to the
spring and summer months, it can be frequently exposed
to water stress where low soil moisture and high evaporation are prevalent [13]. Therefore, it is considered that the
most significant factor that limits plant growth under the
aforementioned climatic conditions is water stress [7].
Moreover, global climate models predict that aridity will
increase, even more in the near future [14]. Chaves et al.
[10] stated that there have already been significant climate
changes based on global warming in certain parts of Europe;
and that temperature and amounts of precipitation in these
areas approach levels that will not be sufficient in future
for an economic viticulture. Therefore, in terms of a sustainable viticulture, it is very important for plant physiology, plant-water relationships and tolerance of water
stress to be understood and proficiently handled. Santesteban et al. [15] emphasized available genotypic variation in terms of grape cultivars, and stated that plant-water
relationships and tolerance for water stress in grapevines
should be studied on the basis of cultivars. From a review
of the literature, it can be seen that studies in this sense

2155

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

mostly concentrate on wine grape cultivars, while studies
of table grape and dried grape cultivars are very limited.
The objective of the present study is to investigate the
physiological, morphological and structural changes induced by water deficit on four different table grape cultivars that are commonly cultivated in the Mediterranean
region, and to determine the capabilities of grape cultivars
to tolerate water stress.

were added [16]. Water-soluble fertilizer (2 g/L) containing macro and micro nutrients (Torosol 18:18:18 NPK,
Turkey) was added with the irrigation water every 15 days.
After bud break, all vines were trimmed to a single shoot.
On the 75th day of the study, plants with uniform development (5 to 8 leaves) were selected, and experimental
groups were created. The experiment consisted of control
(irrigation at the level of available water) and water stress
(irrigation at 40% of available water) applications. Irrigations were made once in 3 days for both application groups.
The gravimetric method was used for irrigation in the
preparation stage of the plants. Water-stress application
started on June 13, and was ended on July 22. As a result
of 40 days of water stress, the following parameters were
tested to identify differences between applications and
cultivars.

2. MATERIALS AND METHODS

The study was conducted at the Mustafa Kemal University, Faculty of Agriculture, Department of Horticulture. The experiment started in March 2010 and was ended on July 22, 2010.
One-year-old vines of the ‘Crimson Seedless’, ‘Superior Seedless’, ‘Razaki’ and ‘Horoz Karasi’ (Vitis vinifera
L.) cultivars grafted on 1103 P rootstock were used in the
experiment. The vines were planted in 3.5-L plastic pots
containing a soil/farmyard manure/bank sand/ turf mixture
(ratio 2:1:1:0.5) while they were in the dormant period. The
research was conducted in a non-heated glass greenhouse,
and values of temperature and relative humidity in the
greenhouse during the experiment are given in Fig. 1.
Standard care procedures were applied to the vine
stocks for 75 days. Irrigation was made once in three days,
and the amount applied to control the available water. For
this purpose, a gravimetric method was used; each pot
was individually weighed and decreased amounts of water

Principally, in all grape cultivars, each application group
and replicate was taken into consideration and fully-expanded mature leaves in the middle of shoots were marked,
upon which the net photosynthetic rate (µmol m-2 s-1) and
transpiration rate (mmol m-2 s-1) were measured so that
gas variations on such leaves could be identified. During
measurements carried out from 09.00 a.m. to 01.00 p.m.,
an LCA-4 ADC portable infrared gas analyzer was used.
Water use efficiency (WUE) (µmol CO2 mmol-1 H2O) =
(photosynthesis rate/transpiration rate) was calculated using
the values obtained from such measurements. Relative
chlorophyll content (SPAD) was identified on the same
leaves using a portable chlorophyll meter (SPAD 502, Minolta Co. Ltd., Japan). During measurements, three read-
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FIGURE 1 - Changes in temperature and relative humidity inside the greenhouse during the experiment.
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ings, representing different directions, were made on each
leaf. Following these measurements, plants were removed
from their greenhouse environments and brought to the
laboratory.
In order to determine the effects of water stress on
growth; all leaves and roots were harvested from vines.
Their fresh weights (g), and then, their dry weights (g),
(after being heated at 70 °C for 48 h), were recorded. In
addition, total (cm2/plant) and average (cm2/leaf) leaf area
of plants were determined, using an LI-3100C area meter.
Furthermore, specific leaf area (cm2/g dry weight); leaf
thickness (mg/cm2) and leaf tissue density (total dry
weight/total fresh weight x 1000) were determined [8].
Plant-water relationships were determined from the
analysis of the parameters, also showing the water status
of leaves. For this purpose, 12 disks with a diameter of
16 mm were extracted from leaves collected from 01:00 p.m.
to 02:30 p.m. Primarily fresh weights, saturated weights
(after being kept in distilled water (20 ml) in the dark for
4 h) and dry weights (after being kept for 24 h at 70 °C)
of the disks were recorded, and the total disk area was
calculated. Relative water content (RWC, %), water content at saturation (WCS, g H2O/g dry weight), water saturation deficit (WSD, %) and succulence (S, mg H2O/cm2)
were determined using the obtained data [17].
In order to determine the injury due to water stress at
a cellular level on the leaves and roots of the plant, electrolyte leakage and cell membrane stability were determined [18]. Leaf and root samples collected for this purpose were prepared for analysis by being washed once
with tap water and twice with distilled water. Twelve disks,
each with a diameter of 16 mm, were extracted from leaves
and a 250-mg sample, at an approximate length of 2 cm,
was collected from the root tips. Collected samples were
placed in test tubes with 20 ml distilled water, and they
were incubated in a mechanical shaker operating at room
temperature for 24 h. After incubation, the electrical conductivity (EC1) of the solution was measured using an EC
meter (Orion 3-Star). The same samples were then autoclaved for 20 min at 121 °C. When the temperature of

the samples had decreased to 25 °C, the electrical conductivity value (EC2) of the solution was measured once
again. Electrolyte leakage on leaves and roots was calculated as EC1/EC2 and stated as %; meanwhile, cell membrane stability was calculated according to the following
formula using the same data and state as cell membrane
injury.
Cell Membrane Injury Ratio (%) = [1-(1EC1/EC2)/(1-EC*1/EC*2)*100]
(EC* is electrical conductivity of control samples).
At the end of the experiment, dried leaf samples were
ground in an agate mortar (Retsch RM200). 0.2 g sample
was mixed with 2 ml deionized water, 2 ml 35% H2O2 and
4 ml 65% HNO3, and dissolved in a microwave oven
(MarsX Press CEM) for 45 min. Concentrations of P, Ca,
Mg, Mn, Fe, Cu, Zn and Na in dissolved samples were
determined by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES, Varian Series-II) [19]. The
K content was determined using a flame photometer
(BWB-XP), and the N content was determined using the
Kjeldahl method [20].
The experiment was set up as a two-factor factorial
experiment pattern on randomized blocks. Each treatment
included 3 replicates (with 4 plants in each replicate).
Variance analyses of obtained data were made at the 0.05
significance level using Barnes 3.0 computer software.
Differences between the averages were evaluated by an
LSD test at 0.05 significance level using Mstat-C computer software.
3. RESULTS AND DISCUSSION

The effect of water stress on root growth of grape cultivars is given in Table 1. Upon analysis of the obtained
data, it was determined that root growth varied due to
grape cultivars, water stress and the interaction between
these two factors. Under control circumstances, the most
advanced root system was identified on the Crimson Seed-

TABLE 1 - The effect of water stress application on root and leaf growth of tested grape cultivars.

Cultivar

Treatment

Crimson
Seedless
Superior
Seedless

Control
Water stress
Control
Water stress
Control
Water stress
Control
Water stress

Razakı
Horoz Karası

Root
dry weight
(g/plant)
6.59 a*
3.88 c
5.32 b
2.85 d
4.31 c
2.41 d
2.46 d
2.47 d

Mean
leaf dry weight
(g/leaf)
0.46
0.45
0.50
0.44
0.40
0.34
0.36
0.34

Total leaf dry
weight
(g/plant)
9.63 a
6.02 b
9.16 a
5.13 bc
5.69 bc
3.06 d
4.53 c
2.74 d

Mean
leaf area
(cm2/leaf)
110.99
102.51
130.91
110.84
87.30
73.38
74.83
70.81

ANOVA
Cultivar (A)
**
**
**
**
Treatment (B)
**
**
**
**
AxB
**
ns
**
ns
* Values not associated with the same letter are significantly different (P<0.05); ** significant at 0.05 level; ns = not significant
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Total
leaf area
(cm2/plant)
2176.71 a
1400.49 b
2448.65 a
1310.76 b
1323.63 b
714.75 d
1017.91 c
628.38 d
**
**
**
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less grape cultivar; which was followed by Superior Seedless, Razaki and Horoz Karasi, respectively. In growth
environment, restriction of available water content by 60%
led to decrease of root dry weight in Crimson Seedless,
Superior Seedless and Razaki grape cultivars (respectively,
by 41%, 46% and 44%); whereas it did not affect root
growth in the Horoz Karasi cultivar at all.
It has been determined for many grape cultivars grown
on their own roots or different rootstocks that water deficit
in the grapevine decreases root growth [3]. Adaptation to
arid conditions involves increasing root growth despite
water deficit [21]. In fact, the degree of tolerance of arid
conditions shown by grapevines is closely related to their
capability to create new roots under stress conditions [22].
This capability not only increases the hydraulic absorption
of roots, but also guarantees transfer of sufficient water and
nutrition to shoots by causing roots to penetrate deeper
into the soil [23]. It can be said that, in this respect, Horoz
Karasi grape cultivar was superior to other grape cultivars
in the research.
As the effects of water stress on leaf growth were reviewed (Table 1); it was seen that cultivar and water stress
were significant factors for differences arising in terms of
mean leaf weight and area. It was determined that differences in terms of total leaf dry weight and total leaf area
were caused by the cultivar, water stress application, and
the interaction of cultivar x water stress application. In
terms of measured parameters, the Crimson Seedless and
Superior Seedless grape cultivars yielded similar values,
which were higher than those of the remaining two cultivars, under control conditions. The lowest values in terms
of total and mean leaf area were determined in the Horoz
Karasi grape cultivar. Water stress application caused sig-

1,0

Control

0,9

nificant decrease in leaf growth in all cultivars. Under these
circumstances, the best growth performance was identified on Crimson Seedless grape cultivar. Water stress
application caused leaf dry weight (g/plant) to decrease by
38%, total leaf area to decrease by 36%, and mean leaf area
to decrease by 7.6% in this grape cultivar, as compared to
control. Under stress conditions, the Horoz Karasi grape
cultivar also displayed a low performance, similar to Crimson Seedless grape cultivar. However; neither grape cultivar displayed a significant change in mean leaf dry weight.
Considering the leaf growth of Superior Seedless and Razaki cultivars, it is clear that they are affected by stress
conditions more than the control (Table 1) as 44% decrease in total leaf dry weight, 46% decrease in total leaf
area, and 15% decrease in mean leaf area were observed
in both cultivars. The findings, obtained with respect to
the effects of water stress application on leaf and shoot
growth in the grape cultivars tested in this study, are in
agreement with literature data [3, 6, 24-27]. According to
conducted researches, physiological and biochemical reactions are seen on the plant during an aridity period. The
decrease of water in the root area causes abscisic acid
(ABA) biosynthesis to increase in roots. Under conditions
of inadequate soil moisture, the increase of ABA biosynthesis and accumulation not only leads to the continuation
of root growth, but also ensures by both regulating stoma
movements and preventing shoot and leaf growth that the
loss of water by transpiration decreases [11, 22, 23].
Thus, root:shoot ratio increases in plants and, therefore, it
becomes possible to provide sufficient water and nutrition
to the plant [28]. From Fig. 2, it can be seen that root:leaf
ratio increases only in Horoz Karasi grape cultivar due to
water stress, while it remains unchanged in the other
cultivars during the experiment.
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FIGURE 2 - The effect of water stress application on root:leaf ratio of tested grape cultivars.
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TABLE 2 - The effect of water stress application on structural characteristics of leaves on the tested grape cultivars.

Cultivar
Crimson Seedless
Superior Seedless
Razakı
Horoz Karası

Treatment

Leaf thickness
(mg/cm2)

Leaf tissue
density (mg/g)

Specific leaf area
(cm2/g)

Control
Water stress
Control
Water stress
Control
Water stress
Control
Water stress

15.73
15.40
15.74
16.38
17.49
17.38
15.94
15.77

265.42
287.92
241.21
242.34
260.78
268.06
298.81
306.39

239.85
225.61
263.39
252.90
219.51
214.74
210.10
207.17

**
ns
ns

**
ns
ns

**
**
ns

ANOVA
Cultivar (A)
Treatment (B)
AxB
** Significant at 0.05 level; ns = not significant

TABLE 3 - The effect of water stress application on leaf water status of tested grape cultivars.

Cultivar
Crimson Seedless
Superior Seedless
Razakı
Horoz Karası

Treatment
Control
Water stress
Control
Water stress
Control
Water stress
Control
Water stress

ANOVA
Cultivar (A)
Treatment (B)
AxB
** Significant at 0.05 level; ns = not significant

RWC
(%)
92.28
87.48
89.37
82.31
90.65
83.58
90.42
86.39

S
(mg H2O cm-2)
10.35
9.80
11.07
11.13
11.77
11.61
10.45
10.15

WCS
(g H2O g-1 DW)
0.22
0.35
0.36
0.69
0.30
0.55
0.24
0.35

WSD
(%)
7.72
12.52
10.63
17.69
9.35
16.42
9.58
13.61

**
**
ns

**
ns
ns

**
**
ns

**
**
ns

Parameters that were investigated so that structural
changes on leaves, due to water stress and grape cultivars,
could be identified are also given in Table 2. Water stress
application did not cause a significant change in terms of
leaf thickness and leaf tissue density on the tested grape
cultivars. The thickest leaves were identified on the Razaki
cultivar, whereas the highest leaf tissue density was identified on the Horoz Karasi cultivar due to genotypic differences (Table 2). Similar to the findings obtained in this
study, Koundouras et al. [8] also reported that water stress
did not create any effect in terms of leaf thickness and
leaf tissue density on Cabernet Sauvignon grape cultivar
grafted onto SO4 rootstocks. However, it was determined
that species and cultivars with high leaf tissue density
could live even under severely arid conditions [17, 29]. In
this respect, the Horoz Karasi grape cultivar seems to be
more advantageous than the other cultivars.
On the other hand, it was identified that specific leaf
area decreased under stress conditions, and this decrease
varied with the cultivars (Table 2). The greatest decrease
(5.9%) was identified on the Crimson Seedless cultivar,
while the smallest decrease (1.3%) was identified on the
Horoz Karasi cultivar. It was reported that specific leaf
area generally decreased under arid conditions [8, 17].

The decrease of specific leaf area means the narrowing of
leaf area where unit dry matter accumulates [30]. Shortterm and mildly severe aridity periods are known to slow
down shoot and leaf growth on grapevines while photosynthesis is not affected. Findings obtained herein also
point out that leaf area is decreased by water stress.
Koundouras et al. [8] also reported that a decrease in the
number of leaves under arid conditions led to accumulation of more dry matter per unit area. The important thing
is the resistance of grape cultivars at this stage, and the
level of such resistance is closely related to the degree of
their tolerance to aridity.
In this study, significant changes were observed in
the water status of leaves. The decrease of available water
level in the growth environment caused RWC to decrease
significantly in all cultivars (Table 3). The degree of this
decrease was identified to be the mildest on the Horoz
Karasi grape cultivar (4.0%), and the most severe on the
Superior Seedless and Razaki grape cultivars (7.0%).
It was identified that there was a positive correlation
between RWC and photosynthetic rate, transpiration and
WUE as an indication of metabolic activity in the tissues
of the vine [22, 31]. In this respect, changes in RWC
assist in the determination of both the level of stress on
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the plant and dehydration tolerance [17]. When the findings are reviewed, it can be seen that water stress application develops a medium-level stress on grape cultivars in
terms of RWC. When RWC contents are reviewed, it can
be said that dehydration tolerance is higher in Horoz Karasi
and Crimson Seedless grape cultivars than the other two
grape cultivars.
While water stress application did not lead to a change
in terms of the degree of succulence on leaves of the grape
cultivars, it led to an increase in water content at saturation (Table 3). This was found to be statistically significant
among the cultivars. The WCS level increased by 33% and
25%, respectively, in Superior Seedless and Razaki grape
cultivars based on water stress, but the increase was limited
to 13% in the Crimson Seedless grape cultivar and 11% in
Horoz Karasi. Stress conditions caused a loss of saturation
in leaves (Table 3). It was identified that the loss of saturation in Horoz Karasi (4.0%) and Crimson Seedless (4.8%)
cultivars was lower, in comparison with the other two
cultivars, than their own controls (7.0%).
It had been previously reported that water stress decreased RWC and led to saturation loss in grapevines [3,
13]. Bacelar et al. [17] reported that the level of saturation
loss on leaves should be around 8% for an optimum CO2
absorption and transpiration rate. Herein, the fact that the
value of saturation loss based on water deficit was found
to be very high showed that the gas variation parameters
on leaves could have been affected.
Gas variation effects of water stress on leaves of
grape cultivars were analyzed in terms of photosynthesis,
transpiration rate and water use efficiency (Table 4). These
characteristics were found to be statistically significant in
terms of grape cultivars, water stress and interaction of cultivar x water stress. Under control conditions, the highest
photosynthetic rate was identified on the Superior Seedless cultivar, which was followed by the Razaki, Horoz
Karasi and Crimson Seedless, respectively. Water stress
application caused the photosynthetic rate to decrease in
all cultivars relative to the control, and Superior Seedless
was the most affected. It had previously been identified
on many grape cultivars that photosynthetic rates and

transpiration rate decreased due to water stress [13, 15,
22, 31-33], and it was generally associated with stoma
closing induced by ABA under arid conditions [6, 7, 10,
11, 23]. One of the initial reactions of grapevines to arid
conditions is decreased stoma conductivity [23]. This situation is important in terms of the optimization of WUE,
particularly (photosynthetic rate / stoma conductivity or
transpiration rate) under arid conditions. The reason for this
is the regulation of carbon assimilation due to the increase
of WUE under arid conditions [8]. Studies conducted so
far have shown that genotypic variation is high and important between grape cultivars and grapevine rootstocks
in terms of photosynthesis, transpiration, stoma conductivity and WUE [10, 34].
In terms of transpiration rate; Superior Seedless, which
had the highest value under control conditions, was the
cultivar that was mostly affected by water deficit. Transpiration rate of this cultivar under stress conditions was found
to be much lower than for the other cultivars.
In this study, it was seen that the most efficient water
use was in Superior Seedless grape cultivar under control
conditions. Water stress application induced a decrease of
WUE at a significant level in all cultivars (except Razaki).
The most depressive effect was identified on the Superior
Seedless grape cultivar. Satisha et al. [22] reported that
WUE decreased on the Tas-A-Ganesh grape cultivar and
St. George rootstock by decreasing the available water
content at the rate of 50%. In fact, tolerance for arid conditions is dependent on the increase of WUE. However;
under arid conditions, the increase of WUE results in a
decrease of dry mass accumulation. Therefore, Schultz and
Stoll [34] argued that aridity tolerances of genotypes with
high water use efficiency will not be ideal in terms of
viticulture.
As seen in Fig. 3, the SPAD of all cultivars increased
due to water stress, and this increase was found to be
statistically significant in the Crimson Seedless and Razaki grape cultivars. Furthermore, increase of chlorophyll
due to water deficit in our study was caused by the medium level of stress intensity observed on plants, as reported also by Zulini et al. [35].

TABLE 4 - The effect of water stress application on photosynthetic rate and transpiration rate and WUE of tested grape cultivars.

Cultivar
Crimson Seedless
Superior Seedless
Razakı
Horoz Karası

Treatment
Control
Water stress
Control
Water stress
Control
Water stress
Control
Water stress

Photosynthetic rate
(µmol m-2 s-1)
1.12 cd*
0.64 def
2.50 a
0.18 f
1.98 b
0.82 de
1.46 c
0.62 ef

Transpiration rate
(mmol m-2 s-1)
0.76 c
0.60 c
1.00 b
0.26 d
1.22 a
0.59 c
1.15 ab
0.79 c

ANOVA
Cultivar (A)
**
**
Treatment (B)
**
**
AxB
**
**
* Values not associated with the same letter are significantly different (P<0.05); ** significant at 0.05 level.
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WUE
(µmo lCO2 mmol-1 H2O)
1.70 b
1.09 cd
2.49 a
0.92 de
1.36 bc
1.43 bc
1.25 cd
0.71 e
**
**
**
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FIGURE 3 - The effect of water stress application on SPAD of tested grape cultivars.

TABLE 5 - The effect of water stress application on electrolyte leakage and cell membrane stability in leaves and roots of tested grape cultivars.

Cultivar

Treatment

Crimson
Seedless
Superior
Seedless

Control
Water stress
Control
Water stress
Control
Water stress
Control
Water stress

Razakı
Horoz Karası

Leaf electrolyte
leakage (%)

Root electrolyte
leakage (%)

Cell membrane injury in
leaf (%)

Cell membrane injury in
root (%)

7.95 d*
14.67 bc
9.45 cd
18.11 b
10.80 cd
28.70 a
9.58 cd
13.62 bcd

33.02
47.63
25.13
39.67
33.22
48.48
31.84
36.87

0.00
7.29
0.00
9.48
0.00
19.27
0.00
4.48

0.00
22.46
0.00
20.08
0.00
21.81
0.00
7.09

ANOVA
**
**
ns
Cultivar (A)
**
**
**
Treatment (B)
AxB
**
ns
ns
* Values not associated with the same letter are significantly different (P<0.05); ** significant at 0.05 level; ns = not significant

In terms of leaf electrolyte leakage, with respect to
cell membrane permeability, no statistical difference was
observed among grape cultivars under control conditions
(Table 5). However, water stress application caused an
increase in electrolyte leakage on leaves of all cultivars.
This increase in leaf electrolyte leakage was found to be
statistically important in all cultivars, except for Horoz
Karasi. Water stress also increased electrolyte leakage in
roots according to grape cultivars. It was seen that electrolyte leakage in plant root cells was higher than in leaf
cells under both irrigation conditions (Table 5). Minimum
change in root electrolyte leakage was identified in Horoz
Karasi grape cultivar. Huang et al. [36] determined on
Concord grape cultivar that electrolyte leakage in root
tissues increased quickly as soil moisture decreased, while
Bauerle et al. [21] determined the same on the Merlot
grape cultivar.
An increase of electrolyte leakage in plant tissues due
to stress conditions show that the cell membrane integrity

ns
**
ns

is disturbed. Therefore, measurement of electrolyte leakage and cell membrane stability are important parameters
in the determination of the level of damage that takes
place within the cell. Under arid conditions, the change in
these parameters is closely related to the growth performance [37, 38]. It was determined that water stress application disturbed cell membrane integrity in leaves and roots
of the grape cultivars examined. It was seen that the effect
of water stress causing cell membrane injury was more
severe in roots in comparison with leaves (Table 5). No
statistical difference was identified between cultivars in
terms of cell membrane injury in both leaves and roots.
When leaves are taken into consideration, it is seen that cell
membrane injury rate is lowest (4.48%) in Horoz Karasi
grape cultivar while it is greatest (19.27%) in Razaki. It
can be said that Horoz Karasi (7.09%) is also superior to
the other grape cultivars (20.08-22.46%) in terms of the
rate of injury on root cell membranes.
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TABLE 6 - The effect of water stress application on inorganic electrolyte contents of leaves of the tested grape cultivars.

Cultivar

Treatment

Crimson
Seedless
Superior
Seedless

Control
Water stress
Control
Water stress
Control
Water stress
Control
Water stress

Razakı
Horoz Karası

N
(%)
2.82
2.83
3.11
3.05
2.34
2.74
2.92
2.84

ANOVA
Cultivar (A)
**
Treatment (B)
ns
AxB
ns
** Significant at 0.05 level; ns = not significant

P
(%)
0.094
0.088
0.088
0.080
0.083
0.070
0.088
0.081

K
(%)
0.86
1.69
1.77
2.49
1.56
2.31
0.91
1.41

Ca
(%)
0.68
0.60
0.72
0.70
0.70
0.61
0.35
0.34

Mg
(%)
0.27
0.27
0.27
0.28
0.28
0.27
0.26
0.25

Na
(%)
0.16
0.11
0.21
0.37
0.35
0.53
0.18
0.21

Fe
(ppm)
111.76
170.07
148.90
250.96
117.65
158.53
103.72
126.90

Zn
(ppm)
17.43
47.47
20.69
39.05
32.73
53.49
26.67
51.43

Cu
(ppm)
8.83
9.82
8.61
11.34
8.27
9.31
11.91
11.76

Mn
(ppm)
107.52
98.98
99.47
102.65
95.05
95.22
74.20
78.85

**
**
ns

**
**
ns

**
ns
ns

ns
ns
ns

**
ns
ns

**
**
ns

ns
**
ns

**
**
ns

**
ns
ns

The effect of water stress application on the concentrations of N, P, K, Ca, Mg, Na, Mn, Fe, Cu and Zn in the
leaves of the tested grape cultivars is given in Table 6. It
was determined that the P content of leaves, although it
varied according to cultivars, was decreased by water
stress. Water stress did not lead to any change in terms of
N, Ca, Na, and Mn concentrations among the grape cultivars; it was identified that the variations that occurred on
leaves of plants in this respect were caused by cultivar
characteristics. Statistical analysis proved that both cultivar and irrigation application were effective in variations
of K, Fe and Cu concentrations in leaves, while only
irrigation application was effective in causing variations
in Zn concentration. In general; limitation of available
water in the growth environment did not lead to mineral
deficits and, therefore, nutrition deficit in leaves of grape
cultivars in the experiment. On the contrary, limitation of
water in growth environment caused K, Fe, Cu and Zn
contents to increase significantly in all the four grape
cultivars. Patakas et al. [13] reported that total inorganic
electrolyte content increased quickly on leaves of the
Savatiano grape cultivar, grown under dry conditions, and
osmotic regulation was provided by accumulation of inorganic electrolytes. It was also determined that the grape
cultivars tested in this study absorbed high quantities of
electrolytes from the soil and accumulated them in their
leaves.

Crimson Seedless grape cultivars but the cultivar that can
most readily adapt to arid conditions was Horoz Karasi.
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4. CONCLUSIONS

In terms of a sustainable viticulture under Mediterranean climate conditions, both irrigation applications and
selection of a suitable cultivar and rootstock are important. It was determined that long-term water stress led to
morphological, structural and physiological modifications
in the grape cultivars tested herein. It was observed that
there were significant differences between grape cultivars
in terms of their adaptation to arid conditions. When all of
the investigated parameters were evaluated, Superior Seedless cultivar was found to be the most sensitive in terms of
tolerance to arid conditions. It was followed by Razaki and
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ABSTRACT

Accumulation of cadmium (Cd) and zinc (Zn) by
maize (Zea mays L.) were examined at Cd+Zn combining
supply levels in a hydroponic experiment, with Cd concentrations ranging from 0 to 400 µmol/L and two Zn
concentration levels (100 and 1000 µmol L-1). The dry
matter yields of shoots and roots decreased slightly with
increasing Cd supply at each Zn supply level. Cd accumulation in shoots and roots of maize increased significantly
(P< 0.05) with increasing Cd concentration. Zn accumulation in shoots and roots of maize at the supply
level of 1000 µmol L-1 was higher than that at the level of
100 µmol L-1. The maximum Cd concentration in the
shoots and roots was 454 and 775 mg/kg, respectively,
both at the Cd+Zn complex level of 400/100 µmol/L. At
the Zn level of 1000 µmol/L, Zn concentration in shoots
and roots was reduced by 66.9% and 84.8% respectively,
when Cd levels increased from 0 to 400 µmol L-1. Cd
concentration in nutrient solutions had a negative significant effect on Zn concentration in different parts of maize
(P＜0.01) in most cases. There also existed a synergistic
effect of Zn on Cd uptake, in which increasing Zn content
in nutrient solutions may increase Cd accumulation in
different tissues of maize as the maize cultivar can take up
and accumulate substantial amounts of Cd, to some extent, under a range of Cd+Zn combining levels.
KEYWORDS:
Cd; Zn; uptake; accumulation; Zea mays L.

1. INTRODUCTION

Heavy metal pollution is an important environmental
problem on a global scale with the development of industry, mining activity, wastewater irrigation and the application of sewage sludge [1, 2]. Although some metals are
essential for life, high concentrations can produce nega* Corresponding author

tive effects [3, 4]. Heavy metal contamination in soils may
lead to the disruption of natural ecosystems [5, 6]. Cadmium is one of the most toxic heavy metals in the environment due to its high mobility and toxicity at low concentration in organisms [7-9]. Foliar Cd concentration
above 1 mg/kg is usually considered to be toxic for conventional plant species [10]. The symptoms of Cd toxicity
are chlorosis, growth inhibition, a reduction in water and
nutrient uptake, alteration of enzyme activity and photosynthesis impairment, necrosis and wilting, etc. [11-13].
Cadmium contamination in soils has been reported to be
the major constraint for food safety and agricultural land
quality, which is the most serious in terms of heavy metal
pollution in China [14-16].
Zinc is an essential micronutrient for plants, but excess Zn is toxic to plants, which includes disturbance of a
wide range of biochemical and physiological processes,
induction of iron (Fe) deficiency in plants, and cause of
leaf defoliation [17-19]. It is generally assumed that leaf
Zn levels in excess of 200-300 mg kg-1 are considered to
be toxic to plants [20].
In the past, effect of single heavy metals on soil-crop
systems was extensively investigated and joint effects of
some heavy metals on soil plant systems have been explored [2], the knowledge about joint effects of Cd and Zn
on corn is still scarce. Corn is a common and important
agricultural crop worldwide that has been used in many
studies of elemental pollution. The objectives of this study
were as follows: (i) to examine tolerance of corn to Cd+Zn
complex toxicity, and its uptake and accumulation of Cd
and Zn under different Cd+Zn supply levels, and (ii) to
determine the effects of Cd+Zn interactions on the concentrations of both metals in different corn tissues.
2. MATERIALS AND METHODS
2.1 Plant culture

Seeds of corn (Zea mays L.) were offered by Gansu
Academy of Agricultural Sciences. The seeds were first
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sterilized in 2% (v/v) sodium hypochlorite solution for
15 min and washed under running tap water for 30 min,
followed by a deionized water rinse. The surface-sterilized
seeds were placed aseptically in a Petri dish to germinate in
an incubator (25 °C) for about 3 days. When the radicles
were about 1 cm long, similar seedlings were chosen, fixed
in cystose, and floated in 50% modified Hoagland’s solution [21], in plastic containers in a greenhouse equipped
with supplementary lighting (14-h photoperiod; 24-26 °C).
The composition of the nutrient solution was (in mmol L-1):
Ca(NO3)2·4H2O 2.0, KH2PO4 0.10, MgSO4·7H2O 0.50,
KCl 0.10, K2SO4 0.70, and (in µmol L-1): H3BO3 10.00,
MnSO4·H2O 0.50, ZnSO4·7H2O 0.50, CuSO4·5H2O 0.20,
(NH4)6Mo7O24 0.01, and Fe-EDTA 100. Three days after
culturing, the seedlings were treated with heavy metals.
Cadmium and Zinc were applied as chloride and sulfate,
respectively, and were added to each container (2 L of
Hoagland’s solution). The treatments were composed of
the complex Cd+Zn supply levels with Zn levels of 100,
1000, and Cd levels of 0, 25, 50, 100, 400 µmol L-1. A
randomly complete block design was used with each treatment replicated three times. Nutrient solution was aerated
and replaced every four days. The pH of nutrient solution
was maintained at 5.5 by daily adjustment with 0.1 mol L-1
of HCl or NaOH.
2.2 Plant samples

The experiment was terminated and the plants harvested after they were grown in the metal-treated nutrient
solution for 15 days. At harvest, roots of intact plants
were rinsed with tap water, and then, were immersed in
20 mmol/L Na2-EDTA (disodium ethylenediaminetetraacetate) for 15 min to remove Cd and Zn adhering to root
surfaces. Roots were washed for 5 min with deionized
water. The plants were divided into two samples for analyses: the fully mature leaves and the roots were rinsed three
times with deionized water, and blotted dry. Plant samples
were dried for 3 days at 45 °C, followed by 3 days at 80 °C
in an oven, measured for dry weight (DW), and ashed for 2 h
at 200 °C, and then 10 h at 650 °C; the resulting ash was
dissolved in 10 mL of concentrated HNO3 and diluted to a
final volume of 50 mL with deionized water. These digested samples were the basis for the determination of Cd
and Zn in plant tissues. The concentrations of Cd and Zn
in the solutions were determined with inductively coupled
plasma atomic emission spectrometry (ICP-AES) (PerkinElmer Optima 3300 DV) [22].
2.3 Bio-concentration factor (BCF), transportation index (Ti)
and accumulation rate

The transportation index (Ti) gives the shoot/root
cadmium concentration and depicts the ability of the plant
to transform the metal species from roots to shoots at
different concentrations.

The bioconcentration factor (BCF) was calculated as
follows:

Total metal accumulation rate, expressed as mg kg-1
DW day-1, was calculated as follows:

2.4 Statistical analysis

Analysis of variance (ANOVA) for the data was performed on all data sets. Least significant difference (LSD)
was used for multiple comparisons between treatment
means. Statistical analysis was performed using STATISTICA software.
3. RESULTS
3.1 Effects of Cd+Zn complex levels on shoot and root
growth of corn

The interaction of Cd with Zn complex levels on Cd
accumulation was obvious and varied with plant tissues and
treatment levels of Cd and Zn. Cadmium concentrations in
the shoots of corn increased dramatically with increasing
Cd supply from 25 to 400 µmol L-1 compared to control.
Cd concentrations in the shoots and roots of corn
increased slightly with increasing Cd supply from 25 to
100 µmol L-1 at each Zn supply level, while it was significantly higher at Cd supply 400µmol L-1 than the other
three Cd supplies under both Zn treatments. At the Cd
supply levels ≤100 µmol L-1, cadmium concentrations in
the shoots were raised with increasing Zn levels. However, zinc had a negative effect on Cd concentration in the
shoots when the plants were grown at high Cd supply
levels (> 100 µmol L-1). At the Cd supply levels ≤50 µmol
L-1, cadmium concentrations in the roots were raised with
increasing Zn levels. However, zinc had a negative effect
on Cd concentration in the roots when at high Cd supply
levels (>50 µmol L-1) (Fig. 1).
The maximum Cd concentrations in shoots and roots
were 454 and 775 µg kg-1, respectively, both at the Cd+Zn
complex level of 400/100 µmol L-1 . The highest Cd accumulation in shoots was 114.12 µg in each pot, whereas
in roots, it reached 219.78 µg in each pot both at the
Cd+Zn complex level of 400/100 µmol L-1 . At Cd supply
level of 400 µmol L-1, a high Zn level (1000 µmol L-1)
reduced Cd accumulation in corn compared with low Zn
(100 µmol L-1) level (Fig. 1).
Likewise, the effect of Cd on Zn concentration varied
with supply levels of Zn or Cd and plant tissues. Zn con-
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centrations in shoots and roots increased sharply with increasing Zn supply levels at each Cd supply level. Zn concentrations in shoots decreased with increasing Cd supply levels, except that slight increase emerged at Cd+Zn
supply level of 100/100 µmol L-1, but not significant
(P＞0.05); obviously, significant increase (P＜ 0.05)was
found at Cd+Zn supply level of 50/1000 µmol L-1 (Fig. 2).
At each Zn supply level, there was a dramatic decrease
in Zn concentrations of roots from 0 to 400 µmol L-1 of Cd
supply. At Zn level of 1000 µmol L-1, Zn concentrations
in shoots and roots were reduced by 66.9 and 84.8% when
Cd levels increased from 0 to 400 µmol L-1, respectively.
Zn accumulation in both shoots and roots was higher
when plants were grown at high Zn supply level (1000 µmol
L-1). The highest amount of Zn accumulated in shoots
was 384.49 µg whereas that in roots was 415.10 µg in
each pot, both at the Cd+Zn supply level of 0/1000 µmol
L-1 (Fig. 2).

FIGURE 2 - Zn concentration in shoot and root of corn under five
different Cd treatments and two different Zn treatments. Values
with the same letters are not significantly different among treatments at p<0.05 according to Duncan’s multiple comparison tests.
3.2 Effects of Cd+Zn complex levels on transportation index
(Ti), bioconcentration factor (BCF), and total accumulation
rate of corn

The shoot/root cadmium or zinc transportation index
(Ti) for corn is shown in Table-1. Maximum transport for
Cd was observed at Cd+Zn supply level of 0/100 µmol L-1
with the value of 0.89, followed by 0.79 at Cd+Zn supply
level of 0/1000 µmol L-1. For Cd, all transportation index
values were ＜1, indicating that Cd concentration in root was
always higher than that in shoot. At the Cd+Zn complex
levels of 400/1000, 50/1000, 100/100 and 25/100 µmol L1
, the transportation index of Zn were all ＞1 (2.02, 1.21,
1.08 and 1.02, respectively).

FIGURE 1 - Cd concentration in shoot and root of corn under five
different Cd treatments and two different Zn treatments. Values
with the same letters are not significantly different among treatments at p<0.05 according to Duncan’s multiple comparison tests.

The bioconcentration factor (BCF) differed according
to metal and treatment. The highest value of BCF was
observed at root level for both metals. In the Cd+Zn treatments, BCF ranged from 9.8 to 108.0 and from 16.9 to
156.0 in shoots and roots for Cd, respectively. However, it
was lower for Zn, ranging from 1.9 to 14.7 and from 1.0 to
18.7 in shoot and root levels, respectively (Table 1).
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In addition, the total accumulation rate of Cd peaked
at 41.6 mg kg-1 DW day-1 at the Cd+Zn complex level of
400/100 µmol L-1, and for Zn, it peaked at 99.7 mg kg-1
DW day-1 at the Cd+Zn complex level of 0/1000 µmol L-1.
In all treatments, the average level of total accumulation
rate of Zn was higher than that of Cd (Table 1).
Linear model regression analysis was used to highlight the relationships between the metal concentrations in

corn structures, and in nutrient solutions and their interactions. Trends of metal concentrations in different corn
parts, concerned as a function of metal contents in the
nutrient solutions, were best described by linear models
(Tables 2 and 3). The relationships between metal concentrations in corn parts and nutrient solutions were all
positive, and all correlation coefficients (R) were found to
be significant (P＜0.05).

TABLE 1 - Transportation index (Ti), bioconcentration factor (BCF) and total accumulation rate (mg kg-1 DW day-1) of cadmium and zinc in
corn grown in combined metal treatments for 15 days.

Metal

Cd

Zn

Treatments of Cd
(µmol L-1)

Treatments of Zn
(µmol L-1)

Transportation index
(Ti)

0
25
50
100
400
0
25
50
100
400
0
25
50
100
400
0
25
50
100
400

100
100
100
100
100
1000
1000
1000
1000
1000
100
100
100
100
100
100
1000
1000
1000
1000

0.89
0.69
0.67
0.56
0.59
0.79
0.69
0.65
0.69
0.58
0.79
1.02
0.94
1.08
0.83
0.93
0.53
1.21
0.96
2.02

Bioconcentration factor
(BCF)
Shoots
Roots
103.4
148.9
55.4
82.2
28.4
50.8
10.1
17.2
108.0
156.0
57.8
88.6
30.2
44.0
9.8
16.9
14.7
18.7
14.6
14.3
10.2
10.9
10.7
9.9
4.7
5.7
5.9
6.3
2.7
5.1
4.0
3.3
2.1
2.1
1.9
1.0

Total accumulation rate (mg
kg-1 DW day-1)
4.0
23.9
26.1
30.2
41.6
6.9
25.0
27.8
28.1
40.6
27.2
23.6
17.3
16.8
8.5
99.7
64.1
59.3
34.3
23.7

TABLE 2 - Linear relationships between Cd concentrations in corn parts and Cd+Zn levels in nutrient solutions.

Parts

Shoot

Root

Linear model a
[Cd]Zn-100 = 282.1825 + 3.8081 × [Cd]s

R
0.9395

F
75.188***

P
<0.001

[Cd]Zn-1000 = 302.1636 + 3.0616 × [Cd]s
[Cd]Cd-0 = 53.0226 + 0.5718 × [Zn]s

0.9384

773.768***

<0.001

0.6839

3.515

0.1341

[Cd]Cd-25 = 288.9473 + 0.2242 × [Zn]s
[Cd]Cd-50 = 310.0684 + 0.2242 × [Zn]s

0.3203

0.457

0.5360

0.3234

.467

0.5318

[Cd]Cd-100 = 316.5220 + 0.3476 × [Zn]s
[Cd]Cd-400 = 455.7888 - 0.2579 × [Zn]s

0.4923

1.280

0.3212

0.2855

0.355

0.5834

[Cd]Zn-100 = 428.2976 + 7.9323 × [Cd]s
[Cd]Zn-1000 = 429.6807 + 7.2929 × [Cd]s

0.9618

123.314***

<0.001

0.9712

165.944***

<0.001

[Cd]Cd-0 = 58.3418 + 0.8571 × [Zn]s
[Cd]Cd-25 = 416.0845 + 0.3388 × [Zn]s

0.8624

11.611*

0.0271

0.7792

6.182

0.0678

[Cd]Cd-50 = 457.6734 + 0.6179 × [Zn]s
[Cd]Cd-100 = 579.3111 - 1.2956 × [Zn]s

0.6572

3.041

0.1561

0.8297

8.839*

0.0410

[Cd]Cd-400 = 776.7606 - 0.2691 × [Zn]s

0.2503

0.267

0.6323

a
[Cd] and [Zn] denote the contents of Cd and Zn in nutrient solutions (mg L-1). F-ratios indicate statistical significance at *** P＜0.001, ** P＜0.01
s
s
and * P＜0.05.

2167

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

TABLE 3 - Linear relationships between Zn concentrations in corn parts and Cd+Zn levels in nutrient solutions.

Parts
Shoot

Root

Linear model a

R

F

P

[Zn]
= 342.5509 - 4.9833 × [Cd]
100
s
[Zn]
= 817.4479 - 7.4141 × [Cd]
1000
s
[Zn] = 254.6257 + 19.4975 × [Zn]
0
s
[Zn] = 343.3633 + 5.6284 × [Zn]
25
s
[Zn] = 181.1421 + 13.0730 × [Zn]
50
s
[Zn]
= 249.1254 + 4.3951 × [Zn]
100
s
[Zn]
= 80.8906 + 6.5029 × [Zn]
400
s
[Zn]
= 298.2549 - 3.8626 × [Cd]
100
s
[Zn]
= 945.5554 - 17.3639 × [Cd]
1000
s
[Zn] = 315.8279 + 17.5498 × [Zn]
0
s
[Zn] = 236.1050 + 14.4903 × [Zn]
25
s
[Zn] = 196.0154 + 8.6005 × [Zn]
50
s
[Zn]
= 199.1443 + 4.5344 × [Zn]
100
s
[Zn]
= 121.3770 + 1.5347 × [Zn]
400
s

0.8888

***
37.609

0.001

0.5385

4.085

.0708

0.9937
0.9490
0.9531
0.9595
0.9809
0.8820
0.7993
0.9876
0.9619
0.9764
0.9943

***

316.364
**
36.249
**
39.646
**
46.424
***
101.509
***
35.042
**
17.695
***
157.778
**
49.574
***
81.735
***
347.941
*
8.849

0.001
.0038
.0033
.0024
0.001
<0.001
0.0018
<0.001
0.0021
<0.001
<0.001

0.8299
0.0410
a
-1
[Cd] and [Zn] denote the contents of Cd and Zn in nutrient solutions, respectively (mg L ). F-ratios indicate statistical significance at ***
s
s
P＜0.001, ** P＜0.01 and * P＜0.05.

The regression models describing the Cd and Zn levels in corn tissues with the contents of the metals in nutrient solutions are summarized in Tables 2 and 3. The cadmium treatment had a remarkably negative effect on Zn
accumulation (P＜0.001) (Table 3). Cd concentrations in
nutrient solutions had a negative effect on Zn concentrations in different corn parts, and the effect was significant
(P＜0.01) in most cases. Zn concentrations in nutrient
solutions usually had a positive effect on Cd concentrations in different corn parts at relatively low Cd supply
levels; however, the effect was not significant (P＞0.05)
in most cases (Table 2). These findings showed that a
synergistic effect of Zn on Cd uptake exists, and increasing Zn content in nutrient solutions may increase Cd accumulation in different corn tissues (Table 2).
4. DISCUSSION

The results from this study showed that stimulation of
Zn on Cd uptake was largely dependent on Cd+Zn supply
levels and plant tissues. The enhancing effect of Zn on Cd
uptake might be attributed to altered and specialized
transporters of metal ions in the plasma membrane system
induced by added Zn [3]. Because of similarity in chemical properties between Zn and Cd, cadmium also has an
affinity to those organic complex substances. As a result,
to a certain extent, addition of Zn promotes Cd absorption
by roots, and enhances transport of Cd to the shoots.
Herein, Zn treatment did not promote the accumulation of
Cd in shoots and roots of corn; Zn concentrations in roots
decreased with increasing Cd supply levels and different

Cd levels had different influence on Zn concentration in
shoots, which was not according with the results that Zn
concentration decreased in leaves and flowers but increased in stems and roots with increasing Cd level [4].
However, the critical Zn concentrations at 10% reduction of shoot dry matter yield were observed to be
144-178 mg/kg for different vegetable species [5]. No
grain yield of wheat was produced when grown at a Zn
dose of 1500 mg/kg in the soil, and higher doses of the
metal killed the plants at an early stage of growth [6]. It is
generally believed that Cd uptake by non-accumulator
plants may happen through the same carrier as for other
divalent cations, such as Zn2+, Cu2+, or Fe2+, or via cation
channels of Ca2+ and Mg2+ [7]. Inhibitory effects of Cd on
the uptake and accumulation of Zn, Cu, Mn, and Ca were
noted in conventional crop plants [8, 23].
The interaction of Cd and Zn in plants has been reported to be antagonistic [10] and synergistic [3, 6, 11]
[21, 25, 29]. Some researchers found that the Zn supply
can inhibit Cd absorption and, thereby, cause a low Cd
concentration in the plant [10]. Consequently, the chance
for Cd inhibition on physiological function of Zn in plant
cells is reduced by increasing Zn level. The reduced uptake of Cd by Zn addition might result from a competitive
transport and absorption interaction between these two
ions [12]. Other researchers reported that Zn addition
stimulated Cd uptake by the plant, and translocated it to
the shoots of maize and wheat [11], or enhanced Cd toxicity in the plant [3].
Lasat et al. (2000) [24] indicated that genes of the Zn
transporter-ZNT1 (T. caerulescens) were cloned, suggest-
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ing that ZNT1 could enhance Cd translocation in plants.
Cadmium uptake can be increased [25] , or decreased [26]
by additional Zn supply to a soil, depending on the resulting Cd+Zn ratio in the soil solution. Jarvis et al. [27] and
Cataldo et al. [26] indicated that Zn reduced tissue Cd
uptake more than Cd reduced Zn uptake. Various interactions occur when plants are exposed to excessive concentrations of more than one trace element. Rauser [28, 29]
stated that phytochelatins (PCs) are believed to function
as detoxifying agents for Cd by virtue of their ability to
bind Cd and, thereby, prevent it from reacting with the
sulfydryl groups of vital enzymes and proteins [30]. Cadmium was found to be most effective in promoting PC
production, followed by copper, zinc, silver and mercury
[31]. It was observed that root tips of corn exposed to Zn
could produce PCs [32]. Zinc accumulation in the cultivar
decreased significantly (P<0.05) with increasing Cd concentration.
Questions on the ratio of Cd+Zn and inhibitory effects of Cd on Zn uptake and vice versa remain to be
answered. Efficiency of phytoextraction is relative to the
ability of the plant to grow on polluted soils and produce
substantial biomass with high concentrations of a target
metal in the above-ground parts [33].
5. CONCLUSIONS

Cd accumulation in shoots and roots of maize increased significantly with increasing Cd concentration. Zn
accumulation in shoots and roots of maize performed
stronger at higher Zn supply level. The bioconcentration
factors of the two metals concerned from nutrient solution
to crop parts were relatively lower, and the order of the
element transfer in different plant tissues was root ＞
shoot. The transportation index of Cd was lower than that
of element Zn. The relationships between Cd and Zn
concentrations in corn parts and in nutrient solutions were
all significantly positive correlated. Cd concentrations in
nutrient solutions had a negative effect on Zn concentrations in different corn parts whereas a synergistic effects
of Zn on Cd uptake was observed; therefore, increasing
Zn content in nutrient solutions may increase Cd accumulation in different corn tissues.
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ABSTRACT

Environmental flows are commonly employed in water resource management to sustain a certain species population or urban water supply. Salinity, which is one of the
most important factors in estuaries and easily controlled
by river flow, can have strong effects on stabilization of
the estuarine ecosystem. In this study, an analytical solution for salt intrusion was used to model the salinity distribution in the Yangtze Estuary, after which environmental
flows were determined based on the salinity needs for crab
spawning and the Baogang Reservoir. The analytical solution for salt intrusion led to good modeling of the distribution of salinity in the Yangtze Estuary. The environmental
flows for the two objectives were 17,820 m3·s-1 and 17,000–
26,000 m3·s-1. In January, February, March, and December,
the discharge of the Datong cross-section was below the
environmental flow objectives, while it exceeded these
values in October of wet years. The current operating rules
for the Three Gorges Project are beneficial for crab spawning
during the spawning season, but do not meet the needs of the
Baogang Reservoir during the dry season.

KEYWORDS: Environmental flows; Salinity intrusion; Crab
spawning; Baogang Reservoir; Yangtze Estuary.

1. INTRODUCTION

Environmental flows have been defined as water that
is left in or released into a river system for the specific
purpose of managing that ecosystem [1, 2]. Environmental
flows are designed to have a quantity, timing, and quality
that sustain freshwater and estuarine ecosystems as well
as the well-being of humans that depend on such ecosystems. It is now widely accepted that a naturally variable
regime of flow, rather than the minimum flow, is required
to sustain freshwater ecosystems [3, 4]. Thus, environmental
* Corresponding author

flow requirements should not only encompass the amount
of water needed, but also temporal requirements for the
river [5].
Estimations of environmental flows can be grouped
into those based on hydrological rules, hydraulic rating
methods, habitat simulation methods, and holistic methods
[6, 7]. Environmental flow can be easily estimated by the
former two methods; however, there are many uncertainties when flows based on such methods are used to guide
river ecosystem recovery because these methods only
restore hydrological and hydraulic features of the river
without consideration of other features, such as salinity
and turbidity. The later methods are useful for river ecosystem recovery owing to their comprehensiveness, but are
much more complicated than the former methods. Among
these techniques, the habitat simulation method has been
taken as the primary method for environmental flow research.
Das and Nassehi [8] employed a moving boundary finite element model to estimate water salinity distribution in
a branching estuary. Their method was found to be more
accurate than other schemes such as the Taylor–Galerkin
and Lagrangian–Galerkin finite element schemes. Rice et
al. [9] focused on reducing the damage caused by saltwater
intrusion resulting from increasing sea-level in the Chesapeake Bay. To accomplish this, they used the threedimensional Hydrodynamic-Eutrophication Model (HEM3D) to estimate the water salinity distribution of the bay
and used the environmental flow of the James and Chickahominy rivers to maintain the salinity in tolerable ranges
for local floral and faunal habitats while ensuring the
drinking-water supply for the City of Newport News,
Virginia.
These studies have resulted in significant progress and
have achieved good results; however, few studies have
been conducted to investigate environmental flow in the
Yangtze Estuary based on salt intrusion. Sun et al. [10]
determined the environmental flow of the estuary through
use of a salt intrusion model to protect the habitat of two
estuarine indicator species and sustain river discharge
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variations near natural conditions. Additionally, An et al.
employed a three-dimensional module (ECOMSED) to
simulate saltwater intrusion in the Yangtze Estuary, and
then made suggestions regarding operation of the Three
Gorges Project based on the results [11]. Li et al. [12]
introduced wind stress into a 3D numerical model to improve the accuracy of the saltwater intrusion model and
used the results to guide river runoff.
These studies have led to good estimations of environmental flow in the Yangtze Estuary and have been
shown to produce good results when estuarine basic
hydrology and water quality data are sufficient. Nevertheless, these data are difficult to obtain in many estuaries.
Accordingly, it is necessary to identify a more convenient
method of calculating environmental flow while avoiding
the use of mass data.
Analytical solution of salt intrusion using the method
developed by Savenije is commonly employed to simulate
the salt distribution in estuaries [13]. This model has the
advantage of a simple structure that requires little data;
therefore, it can avoid the disadvantages associated with
the numerical salt intrusion model, which requires large
amounts of data and has a complicated model structure.
Additionally, the accuracy of the analytical model did not
decrease significantly when compared with that of the
numerical model.
In this study, we simulated the variation of salinity
with the distance away from the Yangtze Estuary mouth
through use of the analytical solution for salt intrusion. The
relationship between salinity in certain places and freshwater discharge was then established, after which environmental flow was determined to sustain the salinity for
the crab habitat while diminishing the salinity near Baogang
Reservoir. Finally, the effects of the Three Gorges Project
(TGP) on the two environmental flows under the current
operation rule were discussed.

banks have been adversely impacted. To minimize these
negative effects, the hydraulic operation program of the
system needs to be regulated based on environmental flow.
2.1.1 Salinity objectives for urban water supply facilities

Shanghai, which is the largest city in China, is located along the Yangtze Estuary. Thus, the estuary is an
important water source of Shanghai, and a series of reservoirs have been built in this area. However, the water in
these reservoirs is always affected by high salinity during
the dry season[14]. This phenomenon mainly results from
the salt intrusion, and is amplified by the operation of
upstream hydraulic projects [15]. Accordingly, it is necessary to determine the proper environmental flow to prevent high salinity water from entering the reservoirs. In
this study, the critical salinity for salt intrusion was considered to be 0.18‰ based on the water quality standards
of the Baogang waterworks [16]. Additionally, the location of the Baogang Reservoir was chosen as the hydrologic sectional drawing. This reservoir is located in the
Baoshan district of Shanghai (see Fig. 1), 92.24 km from
the mouth of the Yangtze Estuary [17].
Baogang Reservoir is not only the main water source
of Shanghai, but also at the upstream of all reservoirs in
this area. As a result, all reservoirs in the Yangtze Estuary
will be subject to saltwater intrusion if the salinity of the
Baogang Reservoir reaches 0.18‰. Therefore, Baogang
Reservoir was chosen as the target location to obtain the
environmental flow.

2. MATERIALS AND METHODS
2.1 Salinity Objectives in the Yangtze Estuary

The Yangtze Estuary is located in the downstream
portion of the Yangtze River, which is the largest river in
China. In this area, a large amount of freshwater is input
from upstream, while salt water from the ocean intrudes
into the estuary with increasing tide seasonally when the
upstream freshwater decreases. Under these conditions,
the salinity of the estuarine water changes with the alteration of saltwater and freshwater. However, the water salinity is always in a range that is not harmful to humans or
organisms dependent on the system.
Since the 1990s, a series of hydraulic projects have
been constructed upstream of the Yangtze River, which
has significantly changed the hydrological conditions of
the river and therefore its salinity conditions. As a result,
many organisms have not been able to adapt to the new
environment, and water supply facilities built along the

FIGURE 1 - Locations of Baogang reservoir, crab spawning habitat
and salinity observation points
2.1.2 Salinity objectives for indicator species

Indicator species are sensitive to environmental changes
and are therefore used to assess ecosystem health. In the
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Yangtze Estuary, the Eriocheir sinensis Milne-Edward crab
is considered an indicator species because it needs a certain
salinity range and habitat for spawning. These crabs have
adapted to the Yangtze Estuary over a long period of time
and have a relatively fixed spawning situation [10, 18, 19].
Thus, if the salinity does not meet the needs for crab
spawning, its biomass and population structure will be
damaged, which could be reflected throughout the entire
food web of the ecosystem. The crab spawning salinity
requirements and habitat are shown in Table 1 and Fig. 1.

where rs is the storage width ratio; F is the mass
flux of salt in kg·s-1 averaged over the cross-sectional area
A; s is the salinity in kg·m-3.
Equation (4) can be expanded by Equation (5);

rs ⋅ s ⋅

Critical
period

Critical area

Crab (Eriocheir
sinensis MilneEdwards)

31°10’N,122°08’E Oct. -Nov.

rs ⋅

Salinity objectives
(ppt)
Minimum Maximum
8.0

15.0

B = B0 exp(− x / bi ) (i = 1)
B = B(i −1) exp(−( x − x(i −1) ) / bi ) (i > 1)
h = h0 exp( x(ai − bi ) / ai bi ) (i = 1),
h = h(i −1) exp(( x − x(i −1) )(ai − bi ) / ai bi ) (i > 1)

∂A
= 0 and Rs =0.
∂t

Combination of Equations (5) and (6)×s leads to:

rs A

F = Qs − AD

rs A

(9)

∂s
∂s ∂
∂s
+ Q − ( AD ) = 0
∂t
∂x ∂x
∂x

(10)

When we discuss environmental problems, the primary concerns are the maximum and minimum salinity
intrusion situations, which always occur at high water
slack (HWS) and low water slack (LWS), respectively;
therefore, only HWS and LWS were considered in this
study.
It is reasonable to assume that

∂s
= 0 when it is at
∂t

HWS or at LWS.
Therefore, Equation (10) can be modified for HWS as
follows:

at the ith inflection point, respectively.
The cross-sectional average salt balance equation
reads:
(4)

(8)

Combination of Equations (7) and (9) leads to:

the length from the estuary mouth to the ith inflection
point; ai and bi represent the convergence length of the

h(i −1) represent the cross-sectional area, width and depth

∂s
∂x

∂F
∂s
∂Q ∂
∂s
= Q + s⋅
− ( AD )
∂x
∂x
∂x ∂x
∂x

(3)

cross-sectional area and width from the estuary mouth to
the ith inflection point respectively; A( i −1) , B( i −1) and

(7)

D is the longitudinal dispersion coefficient in m2·s-1.
Differentiation of Equation (8) yields:

(2)

cross-sectional area, width, and depth at the estuary
mouth, respectively; i=1 represents a single channel estuary; i>1 represents a complex geometric estuary; i-1 represents the number of the inflection point; x( i −1) represents

∂s
∂Q ∂F
−s
+
=0
∂t
∂x ∂x

The mass flux F can be decomposed into an advective and a dispersive term:

(1)

where A , B and h represent the cross-sectional area, width, and depth at the location x away from the estuary mouth, respectively; A0 , B0 and h0 represent the

∂A ⋅ s
∂F
rs
=−
∂t
∂x

(6)

Here, we assume that A is constant with time, while
neglecting the source term. Thus,

The analytical solution for salt intrusion developed by
Savenije [20] has been applied to the Yangtze Estuary with
good results [21].
Using this model, the shape of the alluvial estuaries
can be described as follows:

A = A(i −1) exp(−( x − x(i −1) ) / ai ) (i > 1)

∂A ∂Q
+
= Rs
∂t ∂x

where Q is the discharge; Rs is the source term.

2.2 Summary of the analytical solution for salt intrusion

A = A0 exp(− x / ai ) (i = 1),

(5)

Because of the conservation of mass for water, the
water balance equation reads:

TABLE 1 - Salinity objectives for indicator species during the critical period in their life cycle in the Yangtze Estuary [10]

Indicator species

∂A
∂s ∂F
+ rs ⋅ A +
=0
∂t
∂t ∂x

Qf

∂sHWS ∂ 
∂s
−  AHWS DHWS HWS
∂x
∂x 
∂x


=0


(11)

where Q f is the fresh water discharge of the river
entering the estuary, which is negative because the positive direction of the estuary is to the upstream;
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∂sHWS / ∂t is the long-term variation of the salinity at
HWS.

The value of D0HWS can be calculated by an empirical
function that is obtained by Savenije [20]:

D0HWS = 1400(

Equation (11) can be integrated with respect to x to
yield:

S HWS − S f = c(
c=(

∂S HWS
)
∂x

(12)

AHWS
) DHWS
Qf

The uppercase S is used to indicate the steady state
salinity; while S f is the fresh water salinity.
Van den Burgh’s expression is used here [22]:

Q
∂D
= K( f )
A
∂x

(13)

In this equation, K represents the Van den Burgh’s
coefficient, which has a value between 0 and 1. This value
can be directly obtained by calibrating the salt intrusion
curve against the measured longitudinal salinity distributions at HWS or LWS [21].
Combination of Equation (12) and Equation (13) followed by integration of the combined equation yields:

S HWS − S f
S0

HWS

D HWS K1
= ( HWS )
− Sf
D0

Integration of Equation (13) in combination with an
exponentially varying cross section yields:

(17)

where E0 represents the tidal excursion at the estuary
mouth (km). This value can be obtained from salinity
measurements from the difference between the HWS and
LWS envelopes in the salinity curves. Additionally, v0
represents the tidal velocity amplitude at the estuary
mouth, which can be calculated by the equation v=VHW ·
sin ε-1 or v=VLW · sin ε-1, where VHW and VLW are the velocity of water particles at High Water (HW) and Low
Water (LW), respectively, ε is the phase lag between HW
and HWS or LW and LWS [20, 23]; NR represents the
Estuarine Richardson number [24]. The overall expression is as follows:

NR =

∆ρ ghQ f T

(18)

ρ A0 E0v02

D0TA and D0LWS represent D0 in tidal average situation and low water slack situation, which can be calculated as follows [13]:

(14)

where S0 and D0 represent the salinity and longitudinal dispersion coefficient at the estuary mouth (x=0).
D0HWS is D0 in the high water slack situation.

E0 v0 h0 0.5
)NR
a

D0TA = D HWS ( x = E / 2) exp(− E / 2a )

(19)

D0LWS = D HWS ( x = E ) exp(− E / a )

(20)

3. RESULTS
3.1 Application of salt intrusion model to the Yangtze Estuary
and validation

The Yangtze Estuary has a complex geometry that can
be
described
as three levels of bifurcation and four estuaD HWS ( x)
x
rine
mouths;
thus,
a single exponential function cannot be
= 1 − β i (exp( ) − 1) (i = 1)
applied for the entire system. However, individual branches
D0 HWS
ai
(15) can be described by exponential functions near the estua( x − x(i −1) )
D HWS ( x)
rine mouth and combined branches can then be solved
) − 1) (i > 1)
= 1 − β i (exp(
stepwise [20]. Considering some parameters (such as the
D(i −1) HWS
ai
topographical parameters of the Yangtze Estuary Branches
and the Van den Burgh’s coefficient K) contained in the
where:
salt intrusion model are constant over time, it is not necesKai Q f
Kai Q f
sary to obtain these parameters by calibration; therefore,
(16)
βi = −
(i = 1), β i = −
(i > 1)
D0 A0
D( i −1) A( i −1)
they were taken directly from the available literature. Table
2 lists the topographical parameters of the Yangtze Estuary
and β is the dispersion reduction rate.
Branches and the Van den Burgh’s coefficient K [21].

TABLE 2 - Topographical parameters of the Yangtze Estuary Branches and the Van den Burgh’s coefficient K [21]

Channel
North Branch
North Channel
North Passage
South Passage
Combined South Channel
Combined South Branch

A0 (m2)
140000
122000
65000
160000
210000
350000

B0 (m2)
21000
18000
7500
24000
31300
50000

a1 (km)
6.5
45
50
30
38
42

b1 (km)
7
24
60
26
28
32
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A1 (m2)
64.872
81.779

B1 (m2)
10280
8880

a2 (km)
24
150

b2 (km)
32
100

x1 (km)
5
18

73.294
155.774

7501
17280

150
140

100
110

40
34

K
0.1
0.15
0.5
0.5
0.5
0.25
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Data obtained from eight observation points of the
Yangtze Estuary were used to validate the model. Among
these, five north branch observation points were measured
on November 12, 2012, while three south passage obser-

vation points were measured on November 9, 2012. The
locations of these points are shown in Fig. 1 and the salt
intrusion curves coupled with the observational data are
shown in Fig. 2.

FIGURE 2 - The salt intrusion curve and calibration salinity data in Yangtze Estuary
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FIGURE 3 - Relationships between the freshwater inflows and the salinity at Baogang reservoir and crab spawning habitat (Grey numbers
refer to the critical salinity and the corresponding environmental flows)
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TABLE 3 - Environmental flow requirements to meet the salinity
for two objectives during the critical season (×104 m3·s-1)

Objectives
Crab
Baogang Reservoir

Environmental flows
1.7 - 2.6
1.782

range is shown in Fig. 3, while the corresponding environmental flows are listed in Table 3.

Critical season
Oct. - Nov.
Entire hydrological
year

Figure 2 shows that the salt intrusion curves fit the
observational data well, indicating that the analytical
solution for salt intrusion is a suitable tool for predicting
the salinity distribution in the Yangtze Estuary. Therefore,
this model can be used to establish the relationship between the river discharge and the salinity in a certain
location for a certain salinity objective. Moreover, this
method is good for obtaining environmental flows for
salinity objectives.
3.2 Environmental flow in the Yangtze Estuary

The relationships between the river discharge and salinity in environmentally sensitive places were built to
obtain the environmental flows for the two salinity objectives (see Fig. 3). Given the goal of obtaining environmental flows is to provide a basis for reservoir operation
in the upstream regions of the Yangtze Estuary, the control section of the river runoff was selected as the Datong
hydraulic station. The critical environmental flow or flow

4. DISCUSSION

The watershed of the Yangtze River is mainly in the
middle of China, which is subject to a subtropical monsoon climate. As a result, its river discharge changes with
both seasonal and hydrological variations throughout the
year. Thus, the discharge will be very low during the dry
season and will not meet the required environmental
flows; accordingly, it is necessary to regulate the river
discharge. Figure 4 shows the natural monthly discharge
of the Datong cross section during three types of hydraulic years and the two environmental flows for the two
salinity objectives. Apparently, the river discharge was
excessive in October of the wet and average years, while
water shortages occurred in December, January, February,
and March of all three types of hydraulic years. Based on
these findings, it is necessary to regulate the river discharge of the Yangtze River to diminish deviations from
the environmental flow during these months.
The TGP is the largest reservoir on the Yangtze River,
with a total reservoir capacity of more than 393×108 m3 [25].

FIGURE 4 - The natural monthly runoff of Datong cross section in three kinds of hydraulic year and the environmental flows for the two
salinity objectives
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The scheduling scheme of the reservoir has a significantly impact on discharge of the Yangtze River and annual
distribution of water resources. During the dry season
(January to May and December), water is released, resulting
in an increase in discharge of about 1000–2000 m3·s-1. In
October, the reservoir retains water, decreasing the water
discharge by about 4000 m3·s-1 [26]. Thus, this scheme will
optimize the water resource distribution and ease the
deviation between real water discharge and environmental
flow in the Yangtze Estuary. Figure 5 presents the water
quantity deviating river environmental flow under natural
river discharge situation and under river discharge after
the TGP operation. Obviously, although the operation
scheme can ease the water deficit during the dry season, it
cannot solve the shortage of water throughout the hydraulic year. Therefore, April to November is the best time for
the Baogang Reservoir to receive freshwater from the
Yangtze River, while it should not receive water from the
river during the remainder of the year to avoid an influx
of high salinity water. However, the scheduling scheme of
the TGP is good for indicator species in Yangtze Estuary.
In an average year, the natural river discharge exceeds the

environmental flow by 0.215×104 m3·s-1. This excessive
discharge will be retained by the TGP and restored to the
normal level. In wet years, although this scheme cannot
be thoroughly recovered, it can decrease the deviation by
more than 2/3 from 0.573 × 104 m3·s-1 to 0.173 × 104 m3·s-1.
Accordingly, the scheduling scheme of TGP is beneficial
for crabs during the spawning season.
In this section, the natural discharge of Datong station
in three hydrological years was used to compare two
environmental flows. The goal was to guide the reservoir
(TGP) operation and solve ecological problems caused by
salinity fluctuations in the Yangtze Estuary. Then, some
conclusions were firstly obtained. The results indicated
that the river discharge needs to be reduced in October of
wet years, but increased during the dry season of all hydrological years. The current scheduling scheme of TGP
was then analyzed by comparing environmental flows,
and the results indicated that the TGP operation was beneficial to crab spawning, but could not ease the water deficit during the dry season.

FIGURE 5 - Water quantity deviating environmental flow under natural river discharge and under river discharge after TGP operation in
Datong cross section
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5. CONCLUSIONS

In this study, environmental flows were evaluated to
regulate the salinity in critical areas of the Yangtze Estuary, and then adjusted to meet the needs of crab spawning
and the Baogang Reservoir water supply. The relationship
between river flow and salinity distribution was established by analytical solution for salt intrusion, which fit
the observed data well. The environmental flows for the
two objectives were then calculated as 17,820 m3·s-1 and
17,000–26,000 m3·s-1. When the natural discharge was
compared with the environmental flows, the river discharge was above the environmental flows in October during
the wet years, while it was below the flows in January,
February, March, and December of all hydraulic years. The
current operation of TGP is good for crab spawning, but
does not help the Baogang Reservoir water supply during
dry season. Overall, these findings indicate that it is better
to stop drawing water from the Yangtze Estuary into the
Baogang Reservoir during the dry season.
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ABSTRACT

Purslane (Portulaca oleracea L.) is an ornamental
plant listed by the World Health Organization as one of the
most used medicinal plants and a culinary herb for many
countries. The present investigation was therefore conducted
to evaluate heavy metal (cadmium, copper, lead and zinc)
values in wild type and cultivated purslane, and soil samples collected in urban areas. Plant and soil samples were
taken from two types of stations (brook coast and urban
roadside) in two different districts (Bakırköy and Zeytinburnu) of Istanbul. Standard procedures were used and the
determinations of the elements in all samples were done
using an Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES). It was observed that washing
procedure reduced concentrations of all heavy metals. As
a result of the measurements, the heavy metal values of
washed and unwashed plant samples varied as; Cd (0.270.36 µg/g dw), Cu (9.64-17.63 µg/g dw), Pb (4.51-9.62 µg/g
dw) and Zn (32.69-59.49 µg/g dw) for wild type and cultivated purslane samples. Heavy metal accumulations in
plants reflected soil values in a proportional way especially for Cd, Cu and Zn. According to the results of this
study, it can be said that both types of purslane reflect
heavy metal amounts well in different areas with their
washed and unwashed samples.

KEYWORDS:
Heavy metal, Istanbul, Plant, Portulaca oleracea L.

1. INTRODUCTION

Purslane (Portulaca oleracea L.) is a cosmopolitan
annual weed that has been used as a pharmaceutical and
edible plant which grows in warm and moist regions of
north hemisphere especially in China, India, Middle East,
* Corresponding author

Africa, Europe and America [1-5]. The term Portulaca
originates from the Latin word “portare”, which means to
carry, and “lac” = milk, related to the milky sap of plant.
The species name oleracea originates from, the phrase,
“Pertaining to kitchen gardens,” related to its culinary
usage [6, 7]. The Turkish name “semizotu” originates from
the word semiz = porky, and ot = weed comes from its
culinary use as “fattening” or “porky weed”. Two types of
purslane are known in many places; while one shows
sparse growth with branches on the soil as a weed plant
(wild) and the other one has straight growth known as agronomic (cultivated) purslane [8, 9]. In many parts of Turkey
and in our study area (Istanbul), both types of purslane are
present [10].
Purslane is the eighth most commonly distributed plant
in the world and is eaten throughout Europe and Asia
either raw in a salad or cooked. Purslane forms part of a
Mediterranean diet, especially in Greece and Turkey and
is appreciated for its tangy or acid taste like spinach [11,
12]. It is an important food type because it contains αLinolenic acid, omega-3 and 6 fatty acids more than many
other plants, which play an important role in the modulation of human metabolism [13]. Flavonoids that are highly
present in purslane are the biologically active constituents
have been reported to have the functions of anti-oxidation,
anti-bacteria and anti-virus, checking cough and dispelling
phlegm [14]. It also contains vitamins (mainly A, C, E, B
and carotenoids), which have ability to neutralize free radicals, have the potential to prevent cardiovascular disease,
cancer and infectious diseases as well as dietary minerals,
such as magnesium, calcium, potassium and iron [4, 14,
15].
Apart from many nutritional and metabolic benefits
of this species, it has been used as a medicine by many
different cultures in different parts of the world. Its antioxidant [16-18], antimicrobial [19], hypoglycemic [20],
hypocholesterolemic [21], analgesic and anti-inflammatory
[3, 22, 23], skeletal [23-25] and smooth muscle relaxant [7,
26], neuroprotective [27-29], anxiolytic [30], sedative and
anticonvulsant [24, 31], anti-hypoxic [32], bronchodila-
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tory [33], wound healing [7], gastric and antiulcerogenic
[34] effects are known and reported by many researchers.
Information is lacking on the heavy metal accumulation of purslane accessions from different regions of the
world. The present investigation was therefore conducted
to evaluate some heavy metals in edible parts of wild type
and cultivated purslane grown in urban lands. Samples
were used to analysis Cd, Cu, Pb and Zn concentrations
by using inductively coupled plasma optical emission
spectrometry in different station types.
2. MATERIALS AND METHODS
2.1 Botanical Characteristics of Plant Material

Portulacaceae: Annual or perennial herbs, usually fleshy
and glabrous. Leaves simple, entire. Flowers solitary or in
cymes. Stamens 3-many. Ovary unilocular, placentation
basal to free-central, the funicles often long and persistent. Fruit a capsule [10].
Portulacaceae oleracea L.: Diffuse, fleshy annual,
ascending or erect, 5-20 cm. Leaves alternate below, often
crowded above, elliptic-obovate, cuneate at base, obtuse
or truncate, 16-20 cm. Stipules setaceous or represented
by a bunch of hairs. Inflorescens cymose, flowers 3-6 sessile. Sepals fused at base into a tube, the free lobes
fugaceous. Petals 5, slightly fused below, exceeding the

sepals, yellow, 4-6 mm, deliquescent. Ovary inferior, dehiscing by a lid at the point of insertion of the sepals and
petals, the funicles persisting and projecting after the seeds
have fallen. Seeds are black, shiny, papillose [10, 35].
2.2 Research Area

Aboveground (edible) parts of purslane produced by
Turkish farmers (cultivated) and grown naturally (wild type)
in two different districts (Bakırköy and Zeytinburnu) of
Istanbul were collected from two different station types
(brook coast and urban roadside) in 2009 (Figure 1). Samples collected from brook coast were taken near Ayamama
Brook, which extends in the Bakırköy District. Bakırköy
is a large, densely populated middle class residential district
of Istanbul, Turkey on its European side, between the E5
motorway and the coast of the Marmara Sea (40° 59′ 15″ N,
28° 51′ 42″ E) [36]. The Bakırköy District has a land area of
32.42 km2 and a population of 218.352 [36, 37].
Roadside samples were collected near 10. Yıl Street,
which is next to the walls of Constantinople on the eastern
border of Zeytinburnu District. Thousands of vehicles
pass along this street every day. Zeytinburnu is a working
class suburb of Istanbul, Turkey on its European side, on
the shore of the Marmara Sea (40° 59′ 20′′ N, 28° 53′ 75′′
E) just outside the walls of the ancient city, beyond the
fortress of Yedikule [38]. The district has 12 km2 land
area and a population of 288.743 [37, 38].

FIGURE 1 - Studied districts. Bakırköy (B) where samples were collected from brook coast and Zeytinburnu (Z) samples were collected
from urban roadside.
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2.3 Sample Collection and Preparation

The purslane and soil samples were collected from
the different fields of the sampling sites of Istanbul during
the year 2009 August-September. Purslanes were sampled
by hands that were protected with vinyl gloves and carefully packed into the polyethylene bags. Soil samples also
were collected from a depth of about 10 cm with a stainless
steel shovel. Samples were divided into two sub-samples;
some of them were thoroughly washed several times with
tap water followed by distilled water to remove dust particles in a standardized procedure, and the rest of them
were untreated. All plant samples were oven dried at 80
o
C for 24 h. To ensure the uniform distribution of metals
in the sample, the material was milled in a micro-hammer
cutter and sieved through a 1.5-mm sieve. Dried and
milled samples were powdered and kept in clean polyethylene bottles. In addition, collected soil samples were air
dried and passed through a 2-mm sieve. After homogenization, samples of soils were placed in clear paper bags
and stored for analysis [39].
2.4 Analytical Techniques

Each plant sample was digested with 10 mL of pure
HNO3 using a CEM Mars 5 (CEM Corporation Mathews,
NC, USA) microwave digestion system. The digestion
conditions were as follows: the maximum power was
1200 W, the power was at 100 %, the ramp was set for
20 min, the pressure was 180 psi, the temperature was
210 oC and the hold time was 10 min. After digestion, the
solution was evaporated to near dryness in a beaker. The
volume of each sample was adjusted to 10 mL using 0.1 M
HNO3.
For soil element analysis, 0.2-0.3 g dried and milled
soils were put in the Teflon vessels and then 9 ml 65%
HNO3, 3 ml 37% HCl and 2 ml 48% HF (Merck) were
added. Samples were mineralized in microwave oven (Erghof - MWS2) as follows: in 145oC for 5 min, in 165 oC for
5 min and in 175oC for 20 min. After cooling, the samples
were filtered by Whattman filters, and made up to 50 ml
with ultrapure water in volumetric flasks and then stored
in falcon tubes. Standard solutions were prepared by using multi element stock solutions-1000 ppm (Merck) and
Cd, Cu, Pb and Zn measurements were done by Inductively Coupled Plasma Optical Emission Spectroscopy
(PerkinElmer-Optima 7000 DV) [39].
3. RESULTS AND DISCUSSION

The mean values of Cd, Cu, Pb and Zn concentrations
in aboveground (edible) parts of wild type and cultivated
purslane (Portulaca oleracea L.) and soil samples are in
(Fig. 2 A-H). Difference for washed-unwashed plant samples and soil-washed plant samples were tested by Scheffe’s
test, and results were given in Table 1. Washing procedure reduced all heavy metal values related to airborne
pollution sources and other factors in different station types
(Table 2 and Table 3).

In our study, while the highest Cd value was measured in unwashed wild type purslane collected from brook
coast (0.36 µg/g dw), the lowest values were measured in
both washed wild type and cultivated purslane collected
from brook coast and roadside with 0.27 µg/g dw (Fig. 2A;
Table 1). However, Cd accumulation was closer to each
other in both types of purslane in different station types. It
is accepted that the normal limits of Cd concentrations in
plants are between 0.2-0.8 µg/g dw and between 5-30 µg/g
dw is accepted as toxic values [40, 41]. According to these
values, the Cd concentrations in this study were within normal limits. The % Cd removal value was the highest in cultivated purslane samples collected near brook coast 17.235 %
while the lowest was 3.235 % in wild type purslane collected
from roadside Table 2. Soil Cd values (Fig. 2B; Table 1)
were varied between 1.05 and 2.35 showed that there is not
Cd toxicity in the studied stations [42].
In this study, Ayamama Brook was the source of irrigation water of purslane samples collected from brook
coast, which originated from the Başakşehir District and
many industrial units have discharged their wastes in it
for ages. As indicated in literature, production of the iron
and steel and nonferrous metals, and phosphate fertilizers
by the related industry are the sources of Cd in water [43].
Also, global atmospheric Cd deposition largely attributable to anthropogenic activities, which comes from combustion of fossil fuels, metals production especially iron
and steel and nonferrous metals and municipal solid waste
combustion [43, 44]. The main source of Cd accumulation
in agricultural soils arise from atmospheric fallout, sewage sludge and insecticides, fungicides and phosphate
fertilizer applications and is of primary concern due to
high Cd content in human diet leading to serious known
illnesses in humans [45, 46]. In our study, all of the farmers used commercial fertilizers for purslane cultivation.
In a study realized in urban areas of Kayseri/Turkey,
researchers found Cd values in lettuce, parsley and peppermint 0.34, 0.84 and 0.68 µg/g dw respectively [39].
Their higher values with the leafy vegetables grown in
urban areas could be the higher Cd accumulation capacities
of these vegetables or higher soil Cd amounts (12.34 µg/g
dw) in their research area. In another study, the average Cd
values were measured between 0.1-0.3 and 0.1-0.6 µg/g dw
in leaves of some vegetables such as African spinach,
Chinese cabbage, cowpea, leafy cabbage, lettuce and
pumpkin cultivated along the sites of Sinza and Msimbazi
Rivers in Dar es Salaam, Tanzania [47]. While some of
their results showed a broad agreement with ours, others
were higher than our results. Additionally, Cd concentrations of our plant and soil samples were lower than those
reported by Yusuf et al. [48] measuring leafy and nonleafy vegetables (Talinum triangulare, Celosia trigyna,
Corchorus olitorus, Venomia amygydalina and Telfaria
accidentalis) in industrial and residential areas of Lagos
City, Nigeria. Our measured lower Cd levels in both types
of purslane are gratifying results especially in different
sites of a crowded metropolitan, Istanbul.
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FIGURE 2 - Plant and soil heavy metal values (µg/g dw). A=Plant and B=Soil Cd values, C=Plant and D=Soil Cu values, E=Plant and F=Soil
Pb values and G=Plant and H=Soil Zn values. Dark grey columns express washed plant samples, light grey columns express unwashed plant
samples. BC=Cultivated purslane collected from broke coast, BW= Wild type purslane collected from broke coast, RC= Cultivated purslane
collected from urban roadside and RW= Wild type purslane collected from urban roadside.
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TABLE 1 - Difference for washed-unwashed plant samples and soil-washed plant samples according to Scheffe’s test.

Element

Stations and Plant Types
Brook Coast Culture (BC)
Brook Coast Wild (BW)
Roadside Culture (RC)
Cd
Roadside Wild (RW)
Significance
Brook Coast Culture (BC)
Brook Coast Wild (BW)
Roadside Culture (RC)
Cu
Roadside Wild (RW)
Significance
Brook Coast Culture (BC)
Brook Coast Wild (BW)
Pb
Roadside Culture (RC)
Roadside Wild (RW)
Significance
Brook Coast Culture (BC)
Brook Coast Wild (BW)
Roadside Culture (RC)
Zn
Roadside Wild (RW)
Significance
Values are in mean ±SD. At the same row, values with
test. NS: Non-Significant

N
15
15
15
15

Washed Plant
Unwashed
Soil
0.27 ± 0.04a
0.32 ± 0.06a
1.05 ± 0.12a
0.34 ± 0.07b
0.36 ± 0.05b
2.35 ± 0.18b
0.27 ± 0.03a
0.29 ± 0.08a
1.13 ± 0.17a
0.28 ± 0.04a
0.29 ± 0.07a
2.29 ± 0.14b
*
*
*
15
14.10 ± 1.22a
17.63 ± 1.31a
67.87 ± 7.97b
15
15.27 ± 1.41a
16.78 ± 1.23a
70.69 ± 5.64a
15
9.64 ± 1.93b
12.42 ± 1.06b
38.16 ± 2.98c
a
a
15
13.67 ± 1.01
17.03 ± 1.42
62.73 ± 5.54b
**
**
*
15
4.51 ± 0.98
9.62 ± 1.01
58.01 ± 3.56b
15
4.90 ± 0.87
5.38 ± 0.92
73.44 ± 4.85a
15
4.64 ± 0.76
4.67 ± 0.58
12.50 ± 1.08c
15
4.70 ± 0.54
5.24 ± 0.92
36.68 ± 2.56b
NS
NS
*
15
41.36 ± 3.21
49.03 ± 4.65
143.53 ± 11.96a
15
42.39 ± 2.98
43.19 ± 3.67
11.92 ± 1.13c
15
32.69 ± 2.76
40.75 ± 2.87
101.17 ± 9.34b
15
42.66 ± 3.75
59.49 ± 3.48
140.73 ± 10.56a
NS
NS
*
different superscripts are signicantly different (*p<0.05;**p<0.01) in means by the Scheffe

TABLE 2 - Total percentage of Cd, Cu, Pb and Zn removed from wild type and cultivated purslane samples through washing procedure in
two different station types.

Stations and Plant Types

Cd (%)

Cu (%)

Pb (%)

Zn (%)

Brook Coast Culture (BC)

17.235

20.000

53.116

15.640

Brook Coast Wild (BW)

6.633

8.990

8.998

1.860

Roadside Culture (RC)

6.569

22.350

0.554

19.790

Roadside Wild (RW)

3.235

19.740

10.434

28.280

TABLE 3 - Relationships between heavy metal concentration in washed-unwashed plant samples and soil-washed plant samples for purslane
in two different station types.

Heavy Metal
Washed-Unwashed
Cd
0.83**
Cu
0.93**
Pb
0.65*
Zn
0.62*
Correlation coefficient ( r ); *p<0.05; **p<0.01significant.

Soil-Washed
0.45*
0.99**
0.40*
0.81**

The mean Cu values in washed and unwashed samples of wild type and cultivated purslane are shown in
(Fig. 2C; Table 1). The average highest Cu accumulations
(17.63 and 17.03 µg/g dw) were in unwashed samples of
cultivated purslane, which were collected from brook
coast and unwashed samples of wild type purslane collected from roadside respectively. The lowest Cu accumulation was 9.64 µg/g dw in washed samples of cultivated
purslane collected from roadside. It was observed that
washing procedure reduced Cu amounts between 8.99 and
22.35 % in both types of purslane Table 2. However, the
soil Cu values were varied between 38.16 and 70.69 µg/g

dw (Fig. 2D; Table 1). According to these results, it can
be said that there is not Cu toxicity in the soils of studied
districts [42].
In nature, Cu can be found in rocks, water, air, and it
is an essential trace micronutrient to all higher organisms
for the normal growth and metabolism [49]. It is used in
electrical equipment; construction, such as roofing and
plumbing; and industrial machinery, such as heat exchangers and alloys and is also used widely in agriculture
(nutrients, pesticides and fungicides), wood preservation,
and medical applications [49, 50].
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In a study, Aksoy and Demirezen [39] measured higher
Cu values in lettuce, parsley and peppermint leaves in
urban areas of Kayseri-Turkey. Yusuf et al. [48] also measured quite higher Cu values in their vegetable samples
collected from both industrial and residential areas of
Lagos City, Nigeria. However, Bahemuka and Mubofu [47]
measured lower values in their vegetable’s leaves collected
along the sites of Sinza (5.0-9.4 µg/g dw) and Msimbazi
Rivers (2.5-16 µg/g dw). Hashmi et al. [51] also measured
quite lower Cu values, which varied between 1.1-3.3 µg/g
in leafy vegetables such as mustard, cabbage, spinach and
coriander obtained different markets of Karachi, Pakistan.
Although our Cu values are higher than some previous
studies, concentrations of Cu in both wild type and cultivated purslane grown in different sites of Istanbul are within
recommended permissible limits (2-20 µg/g dw) [52].
The mean Pb values in both types of (wild type and
cultivated) purslane’s washed and unwashed samples are
shown in (Fig. 2E; Table 1). In this study, the average
highest Pb values were measured from unwashed cultured
samples collected from brook coast, while the lowest was
measured from washed cultured samples collected from
the same station. Additionally, measured Pb values of
washed and unwashed samples were closer to each other’s
in all types of stations, excluding unwashed cultured samples collected from brook coast. According to the literature, the normal limits of Pb in plant tissues are between
0.1-10 µg/g dw and between 30-300 µg/g dw are considered as toxic levels [41]. Like other elements, washing
procedure reduced Pb values in all samples varied between
0.554 and 53.116 %, but the reduction was fewer than other
elements Table 2. Soil Pb values were varied between
12.50-73.44 µg/g in studied stations (Fig. 2F; Table 1).
According to literature, Pb occurs in nature and is
found in small amounts in the earth’s crust. Lead may
exist in surrounding soils in a number of different chemical forms: metallic (pure metal); inorganic compounds,
such as lead oxide, lead sulfate, lead chromates, lead silicates, lead arsenates, and lead chloride; and organic compounds, such as tetraethyl lead [46]. It has been commonly mined and used for thousands of years and known
to be toxic since then [41]. Pb is used in many areas including fertilizer application. Currently in many countries,
lead-containing fertilizers are used [46]. Pb is released
into the environment from a wide variety of natural and
industrial sources, including industrial emissions and used
leaded petroleum. Other pollution sources of Pb in the
environment include paints, anti-rust agents, and the laying of lead sheets by roofers. Among various sources of
Pb contamination are considered to be of the greatest
environmental risk [41, 53-55].
The use of leaded petrol was forbidden in Turkey in
2004, and previous and current measurements in different
sites of the city showed that considerable reductions in Pb
levels were noticed especially in roadside and urban areas
[56-59]. In this study, the slightly lower Pb values, especially
in roadside samples could be the result of this decision.

Demirezen and Aksoy [39] (Kayseri, Turkey) measured higher Pb values in their leafy plant samples in urban
areas. In addition, Bahemuka and Mubofu [47] measured
similar Pb values along the sites of Sinza River while lower
near Msimbazi River. In this study, excluding unwashed
samples of wild type purslane collected from brook coast,
Pb concentrations of purslane in different sites of Istanbul
is within recommended permissible limits (5.0 µg/g dw),
especially after washed [52]. These results are showing
the importance of washing procedure before consuming
the edible plant materials.
Zn amounts in washed and unwashed samples of
wild type and cultivated purslane are shown in (Fig. 2G;
Table 1). The results were as follows; the average highest
Zn (59.49 µg/g dw) was measured in roadside with unwashed samples of wild type purslane, while the lowest
was measured with washed samples of cultivated purslane
collected from roadside (32.69 µg/g dw). In the literature,
it is accepted that the normal limits of Zn concentrations
in plants are between 8-400 µg/g dw [60]. Between 100400 µg/g dw is accepted as toxic values in plants [41, 42].
In addition, washing procedure reduced Zn values like our
other elements (Table 2), which varied between 1.86 and
28.28 %. The soil Zn values were varied between 101.17
and 140.73 µg/g (Fig. 2H; Table 1). According to Ross
[42], soil Zn values are slightly higher in the studied stations.
Some trace elements are required by living organisms
in very tiny quantities and Zn is considered one of them
[61]. Zn is involved in metabolism of many macromolecules, metabolism of nucleic acids and metabolism of
other minerals and is identified as a structural component
of over 300 enzymes [61, 62]. It is used in many industries and corrosion-resistant zinc plating of steel and other
metals is the major application for zinc. It is also an important component of various alloys used as a catalyst in
different chemical production (e.g., rubber, pigments, plastic, lubricants, and pesticides). Because of its versatile
properties, Zn is an ideal material for different sectors such
as batteries, automotive equipment, pipes and household
devices. In addition, different compounds of Zn are used
in dental and medical applications [63].
Zn is the element found in largest amounts in the atmosphere followed by Pb and Cu in Europe [64]. Through
a process called natural cycling, Zn is constantly transported around our environment. Zinc-containing rocks and
soils are constantly eroded by rain, snow, ice, heat, and
wind. Small amounts of Zn are carried by wind and water
to lakes, rivers, and the sea resulting in formation of sediment or are transported further. Volcanic eruptions, forest fires, dust storms, and sea spray all contribute to the
continuous cycling of Zn through nature [65].
Similar to Pb values, Bahemuka and Mubofu [47]
measured closer Zn values along the sites of Sinza River
while lower than our Zn values with their leafy vegetables
near Msimbazi River. Additionally, Hashmi et al. [51]
measured lower values in their leafy vegetables. Demi-
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rezen and Aksoy [39] obtained lower values in urban and
very high results in suburban in their measured leafy
vegetables and explained their results as the disparity
could be explained by the influence of anthropogenic
activities, especially the sewage-sludge in Turkish lands.
Additionally, our Zn values are quite lower compared with
many similar studies. Yasar and Ozyigit [61] measured
much lower Zn values in their soil samples collected from
different parts of the Pendik District, Istanbul.
The results of the present study showed some similarities and dissimilarities with some researches realized
in Turkey and some different countries. However, measured heavy metal levels were within acceptable limits of
many comities and literatures [40-42, 52, 63] and lower
than results of many previous studies. In our study,
purslanes collected from brook coast were watered with
Ayamama Brook’s water and the brook had been polluted
by waste from many industrial units over a long period of
time. Measured slightly higher heavy metal values could be
the result of this situation. However, it has been cleaned
recently by Istanbul Metropolitan Municipality in the coverage of a big project.
The heavy metal values of the vegetable and the soil
samples, which are used in this survey, should change
depending on the distance between industrial facilities
and the survey area. Additionally, traffic density, climatic
factors, pesticides that are used for growing the vegetable
and the quality and the contents of water, which is used for
irrigation, are the effecting factors for heavy metal accumulation in plants.
In conclusion, the present study provides data on Cd,
Cu, Pb and Zn values of soil samples, and wild type and
cultivated purslane (Portulaca oleracea L.) grown in two
different types of stations (brook coast and urban roadside) in two highly populated and old neighbor districts
Bakırköy and Zeytinburnu. According to the results, Cd,
Cu, Pb and Zn accumulation capacities of both types of
purslane (wild type and cultivated) were closer to each
other’s. Only unwashed cultivated purslane samples, which
were collected from brook coast showed high Pb values.
When compared with the measured soil values, except Pb,
plant heavy metal values were increased or decreased in
proportion related to the soil values in all types of stations
(Table 1). This result shows that both wild type and cultivated purslane are good biomonitor plants, and can be
used for monitoring Cd, Cu and Zn heavy metals in different types of stations.
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ADVENTITIOUS SHOOT REGENERATION OF DWARF HYGRO
(Hygrophila polysperma) UNDER IN VITRO CONDITIONS
Mehmet Karataş*, Muhammad Aasim and Ayşegül Çınar
Department of Biology, Kamil Ozdag Faculty of Science, Karamanoglu Mehmetbey University, Yunus Emre Campus, 70200, Karaman, Turkey

ABSTRACT

Dwarf hygro (Hygrophila polysperma [Roxb.] T. Anderson) is an important medicinal aquatic plant and bioindicator. The study presents in vitro adventitious shoot
regeneration from leaf explant of dwarf hygro cultured in
liquid MS medium containing 0.50-2.50 mg/l Benzylaminopurine (BA). Adventitious shoot regeneration
initiated from leaf margins and maximum of 5.11
shoots per explant were induced on MS medium containing 1.0 mg/l BA. After 6 weeks of culture. explants were
transferred to culture medium supplemented with 0.502.50 mg/l BA plus 1.0 mg/l Gibberellic acid (GA3) for
shoot elongation and multiplication. Addition of GA3
along with different concentrations of BA increased the
shoot number and shoot length. Maximum of 10.92 shoot
were recorded from MS medium containing 1.0 mg/l
BA+1.0 mg/l GA3. Whereas, longer shoot (1.24 cm) was
recorded from 0.5 mg/l BA-1.0 mg/l GA3. Regenerated
shoots were rooted successfully on agar solidified MS
medium containing 0.10-1.00 mg/l Indole-3-butyric acid
(IBA) and 100% rooting was achieved within 3 weeks.
Rooted plantlets were acclimatized in aquarium containing tap water where they continue their growth.
KEYWORDS: Adventitious, dwarf hygro, in vitro, leaf explant,
liquid culture, shoot regeneration

popularity and rapid increase in demand resulted in distribution all over the world.
Dwarf Hygro (Hygrophila polysperma [Roxb.] T.
Anderson), is an aquatic plant of the Acanthus family.
The genus Hygrophila has around 90 species having
medicinal [8,9] and antibacterial [10] properties. Dwarf
hygro has been used in traditional ayurvedic medication
for hemiplegia, stiff-neck, facial paralysis and noise in the
ears with headache [11]. The seeds have also been
used for remedies in India [12] and are enlisted in the
medicinal plant lists of Indian states of West Bengal [13]
and Karnataka [14]. The plant is reported as an efficient
bio-indicator for surfactants toxicity level [15] along with
bio-indicator for algae and Indian ferns [16] in aquariums.
Dwarf hygro is native to tropical and sub-tropical
regions of India and Malaysia, and was introduced in
1945 as Eastern Ludwiga in the USA states of Texas,
Florida and Virginia [17, 18]. This plant is one of the
most popular aquatic ornamental plants [3] in European
countries and ranked third after Egeria densa and Cabomba caroliniana [19]. Besides its importance, dwarf
hygro is one of the neglected plants of the genus
hygrophila. The present study was carried out to get
adventitious shoot regeneration from liquid culture under
in vitro conditions in order to employ a protocol to isolate
secondary metabolites from important medicinal plant.
2. MATERIALS AND METHODS

1. INTRODUCTION

Water is the most important environmental factor for
the survival of all living organisms. The water bodies contain different types of living organisms and oxygen requirement of these organisms is fulfilled by aquatic plants.
Besides that, aquatic plants are rich source of organic
matter in water environment [1, 2]. Aquatic plants are the
most important and primary unit of the water ecosystem
due to their ability of phytoremediation [3, 4] and biomonitoring [5, 6]. Aquatic plants are also commonly used
in the aquarium industry all over the world. Although, these
plants are native to tropical and subtropical regions [7], their
* Corresponding author

Dwarf Hygro (H. polysperma) plants were obtained
from the local aquarium of Karaman province, Turkey.
They were subjected to sterilization. Four-five cm long
twigs containing 5-6 nodes with attached leaves were first
washed under tap water for 5 min followed by surface
sterilization with 60 % hydrogen peroxide (H2O2) (40 %
v/v) for 10 min. Thereafter, these were rinsed thrice
with sterilized distilled water by continuous stirring for
5 min each. After sterilization, twigs were cultured on
Murashige and Skoog (MS) [20] medium devoid of
growth variants for 2 weeks in order to obtain contamination free explants. Leaves were detached from twigs under
sterile conditions and were cultured on liquid MS medium
supplemented with 3% sucrose and 0.50-2.50 mg/l BA
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(Table 1) in Magenta GA7 vessels. Culture media was also
supplemented with 500 mg/l Amoklavin (Antibiotic) to
eradicate bacterial contamination.
After 6 weeks of culture, explants were transferred to
new culture medium containing 0.50-2.50 mg/l 6-Benzylaminopurine (BA) with 1.00 mg/l Gibberellic acid (GA3)
(Table 1). Data regarding shoot regeneration frequency,
callogenesis, shoots per explant and mean shoot length
were taken twice after 6 weeks and 10 weeks respectively.
The regenerated shoots were cultured on MS medium
supplemented with 0.10-1.00 mg/l Indole-3-butyric acid
(IBA) for rooting. After three weeks of culture, rooted
plantlets were taken from Magenta vessels and washed
under water in order to remove agar without damaging the
roots. Thereafter, rooted plants were transferred to aquariums containing tap water and sand for acclimatization.
The experiment was carried out in triplicate with the
pH of all media adjusted to 5.8 before autoclaving (118 kPa
atmospheric pressure, 121oC for 20 min). All cultures
were incubated under 16 h light photoperiod (5000 lux)
using white Light Emitting Diode (LED) lights. Each
treatment contained 8 explants and both shoot and root
regeneration experiments were repeated twice Statistical
analysis was performed as One Way ANOVA using SPSS
17 for Windows and post hoc test was performed using
Duncan test. Data given in percentages were subjected to
arcsine transformation [21] before statistical analysis.
3. RESULTS AND DISCUSSIONS

The present study describes the in vitro adventitious
shoot regeneration from leaf explant of dwarf hygro in
liquid culture medium. Leaf explant has been used for
adventitious shoot regeneration in other aquatic plants like
Water lilly Nymphaea [22], Rotala macrandra [23], water
hyssop (Bacopa monnieri) [24] and dwarf hygro (H. polysperma) [25]. Similarly, liquid MS medium has been
reported for successful in vitro shoot regeneration of some
aquatic plants like Nothapodytes mimmonia [26], Alocasia
amazonica [27], B. monnieri [28] and Ceratophyllum demersum [29]. The present study showed that direct shoot regeneration initiated within two weeks of culture (Figure 1a,b)
without any sign of callogenesis. Our results are in agree-

ment with those of Karataş et al. [25], Saritha and Naidu
[30] and Valobra and James [31]. Shoot regeneration was
recorded on the margins of leaf (Figure 1c) which supported the findings of Karataş et al. [25]. They reported
the shoot bud initiation from tips or edges of leaf explant
of H. polysperma on agar solidified medium. The present
observations indicate that callogenesis started after four
weeks of culture on all culture medium and has been
previously reported in other aquatic plants like water
lettuce [32] and B. monnieri [24]. The results further emphasized that growth variants in the culture medium were
more supportive for shoot induction rather than callus
induction.
Analysis of variance results showed insignificant effects of BA concentration on shoot regeneration frequency
(p<0.01), while showed significant effects (p<0.01) on
shoots per explant. Shoot regeneration frequency ranged
45.33-66.33% in line with Karataş et al. [25], who reported
variable response of KIN or TDZ alone on shoot regeneration frequency of leaf explant of dwarf hygro cultured on
agar solidified medium. Similarly, variable shoot regeneration frequency of other aquatic plants in response to
growth regulators has been reported in B. monnieri [33,
34]. Contrarily, Karataş et al. [24] reported 100% shoot
regeneration from leaf explant of B. monnieri using various concentrations of BA-NAA, might be due to difference in growth regulators and species. Maximum shoot
regeneration frequency (66.33%) was recorded on liquid
MS medium with 0.50 mg/l BA. It was observed that
increasing in BA concentration resulted in decreasing the
shoot regeneration frequency. These results are contradictory
to the findings of Gnanaraj et al. [35], who recorded increased shoot regeneration frequency with increase of BA
which might be due to different explants used for Alternanthera sessilis.
Results on number of shoots per explants also revealed
the importance of BA concentration and were recorded
between 2.85 and 5.11 (Table 1). Karataş et al. [25] also
reported 0.00-1.33 and 9.40-13.67 shoots per explant from
leaf explant of H. polysperma cultured on 0.10-1.60 mg/l
Kin and TDZ respectively. However, they obtained relatively higher numbers of mean shoots per explants when
0.10 mg/l IBA was added to the culture medium and they
recorded 2.41-16.33 and 13.43-20.55 shoots per explant,

TABLE 1 - Effects of BA-GA3 concentrations on multiple shoot regeneration through leaf explants of dwarf hygro (Hygrophila polysperma).
BA
(mg/l)

0.5

Shoot Regeneration after 6 weeks of culture
Shoot regeneration
Shoots per
frequency (%)
explants
66.67ns
5.03ab

BA+GA3
(mg/l)

Shoot Regeneration after 10 weeks of culture

0.5+1.0

Shoot regeneration
frequency (%)
70.83a

Shoots per
explant
7.27ab

shoot length
(cm)
1.24a

1.0+1.0

75.00a

10.92a

0.23b

ab

62.50

5.11a

1.5

54.17

2.99

ab

1.5+1.0

45.83

2.0

45.83

3.30ab

2.0+1.0

1.0

b

2.5+1.0
2.5
58.33
2.85
Means followed by different small letters within columns are significantly different (p<0.01)
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b

0.37b

58.33ab

5.10b

0.24b

b

b

0.18b

33.33

3.27
4.33
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FIGURE 1- In vitro adventitious shoot regeneration and acclimatisation from leaf explants of dwarf hygro (Hygrophila polysperma) in liquid
medium (a,b) shoot induction after 2 weeks of culture (c) shoot initiation from the margins of leaf (d) acclimatized plants in aquariums

respectively. In the study, maximum number of shoots per
explant was recorded at lower concentration of BA containing liquid medium, which supports the findings of
Dandin and Murthy [26] and Yenice [36]. Further, it was
found that number of shoots per explants decreased with
an increase in mean number of shoots per explants which

is in line with the results of Jo et al. [27] in Alocasia amazonica. However, Vijaykumar et al. [33] and Sharma et al.
[37] reported a decline in shoots per explants of water
hyssop which might be due to different plant and explants
type used by them.

2192

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

Results showed that BA concentrations exerted variable effects on shoot induction and elongation that might
be due to carry over effects of BA in liquid medium.
Therefore, after 6 weeks of culture, explants were transferred to the same culture medium (0.50-2.50 mg/l BA)
along with 1.00 mg/l GA3 for four weeks. Thereafter, data
regarding shoot regeneration frequency, number of shoots
per explant and mean shoot length were taken (Table 1)
and analyzed. Analysis of variance analysis showed significant effects (p<0.01) of BA-GA3 on shoot regeneration frequency, shoots per explant and shoot length.
Addition of GA3 exerted variable effects on shoot regeneration frequency that ranged between 33.33 and 75.0 %.
The change in shoot regeneration frequency was due to
death of explants after transfer to new medium. Whereas,
addition of GA3, showed an increase in number of shoots
with all concentrations of BA (Table 1) and ranged 3.2710.92. Previously, Bhagwat et al. [38] also found positive
effects of GA3 in the culture medium on shoot proliferation of cassava. Maximum increase in shoots number was
recorded on MS medium containing 1.0 mg/l BA with 1.0
mg/l GA3. On the other hand, addition of GA3 positively
increased the shoot length and ranged 0.18-1.24 cm in
line with Hoque et al. [39], who reported stimulation of
the axillary shoot elongation of water chestnut by the
addition of 0.5 mg/l GA3 with 2,4-D and BA combinations. Maximum shoot length was recorded on MS
medium supplemented with 0.50 mg/l BA+ 1.00 mg/l
GA3. Whereas, all other growth media produced relatively
shorter shoots that ranged 0.18 cm-0.37 cm (Table 1)
which might be due to carry over effects of BA concentrations [25]. For rooting, in vitro regenerated healthy and
uniform shoots were isolated and cultured on MS medium
supplemented with 0.10-1.00 mg/l IBA. After 10 days of
culture, shoots were initiated root formation at the base of
explants and 100% rooting were recorded within 3 weeks
of culture [25]. The IBA is most commonly used auxin
for rooting of in vitro regenerated plantlets for rooting of
aquatic and cultural plants [40, 41]. The rooted plantlets
were successfully acclimatized in aquariums (Figure 1d)
and have been reported for the acclimatization of other in
vitro regenerated aquatic plants like R. macrandra [23],
C. demersum [29], A. sessilis [35], N. indica [42], V. anagallis-aquatica [43], C. wendtii and C. beckettii [44] and
B. monnieri [24]. The rooted plants showed 100% survival rate after 2 months.
The study presents the successful in vitro adventitious
shoot regeneration, rooting and acclimatization of dwarf
hygro plant in liquid culture. The protocol can be employed for different biotechnological tools for future studies of this important aquatic plant which is also an important medicinal and bio-indicator in water ecosystem.
The authors have declared no conflict of interest.
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ABSTRACT

1. INTRODUCTION

In Turkey, continental tropical air movements originating from North Africa and Middle East become dominant, especially in summers. This change in climate brings
about dry and hot climatic conditions which generally
continue for a long time throughout the summer in the
regions outside of the Black Sea Region and North-East
Anatolia Region. Ecological processes, such as evapotranspiration and photosynthesis, generally depend on the
meteorological conditions that can limit the lives of trees.
From this perspective, meteorological conditions become
effective in the vegetation period affecting the lives of
trees. Thornthwaite has developed the precipitation efficiency formula which sets forth the relation between potential evapotranspiration and precipitation. In terms of finding
out the relations between plants and the area they spread
out, it is important to investigate on which conditions the
regional changes of precipitation efficiency depend.
In this study, the connection between the drought index for summer obtained with the result of climate analysis and the area, the types of trees which constitute forest
cover are examined. To carry out the climate analysis,
Thornthwaite, Erinç and Kantarcı methods, which rearrange the precipitation efficiency index of Erinç, are used.
Consequently, apart from the effects on precipitation
and temperature, the unsteady topographical structure of
Turkey affects the values of these parameters in the vegetation period of forest trees more. Especially, the droughts
in Central Anatolia and Southeastern Anatolia, which are
deprived of sea effects, cause a decrease in the forest
areas of these regions leading to the occurrence of forest
lower limits.

KEYWORDS:
Climate analysis, drought index, erinç, thornthwaite
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The term 'drought', according to World Meteorological Organization (WMO) [1], is explained as a deficiency
in precipitation depending on long-term averages which
affecting a huge area in one or several seasons, or years,
and severely reduces the primary production in habitats
and cultivated areas fed with precipitation [2-4]. Many
descriptions related to drought in the world are categorized as meteorological, hydrological, agricultural and
socio-economical droughts [5-7]. In these categorizations,
some parameters such as precipitation and evaporation are
taken into account. Variables like precipitation (P), temperature, humidity, soil and evaporation, the water removed
from the plant by transpiration, wind, river and stream
current, and plant characteristics are some of these parameters [8].
According to United Nations Environment Programme
(UNEP) [9], approximately 47% of the Earth is in the
category of drought areas. Even though there is not an
exact boundary, the drought areas are considered as areas
where average precipitation cannot compensate for potential humidity deprivation by evaporation and transpiration.
That is to say, they are considered as areas in which average precipitation is lower compared to potential evapotranspiration (PET). P and PET are used in categorizing bioclimatic drought on a global scale [10]. To World Desertification Atlas, drought areas are evaluated according to the
ratio (drought index) of annual average P to PET [11].
UNESCO which uses a drought/ humidity categorization
system from mathematical aspect also using the division
of annual average P to annual PET. The index put forward
by UNEP is used by FAO as well, and is commonly
known as drought index [10]. To UNESCO, PET is calculated according to Penman formula in many parts of the
world. This formula is similar to the categorization which
was proposed by Thornthwaite [12] for the calculation of
PET [10, 13]. Both Thornthwaite [12] and Penman [14]
express PET as the amount of water lost through transpiration and evaporation from the plant covered part [15].
Microclimate has a significant role among ecological
factors. Ecological processes (evapotranspiration, photo-
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synthesis etc.) develop depending on the meteorological
conditions that can generally limit the lives of the trees.
When looking at this perspective, the efficiency of the
meteorological conditions depends on vegetation period
which is the time frame that affects the lives of the trees
[16-18].
Turkey is in subtropical climate zone which is called
as Mediterranean climate type. Its position causes Turkey
to be under the impose of both polar and tropical air regimes [19-22]. These atmospheric events with large scale
provide Turkey with different climate types due to its
different topographical structure. Although the three sides
of Turkey are surrounded by seas, the existence of high
mountains in the coastal regions causes the internal region
which has a great land to be characterized with continental climate. The variable topographic structure of Turkey
shall affect the values of forest trees in their growing
(vegetation) periods, in addition to its effects on precipitation and temperature.
In this study, the relations between the drought indexes obtained as a result of climate analysis and the distribution of forest areas in Turkey are investigated. In addition, climate changes are investigated for average temperatures during 31 years (1975-2005) according to the
geographical regions in Turkey.
2. MATERIALS AND METHODS

In the climate analysis, some meteorological data
(1975-2005), such as monthly average temperature (oC),
monthly average maximum temperature (oC) and monthly
average P (mm), belonging to meteorological stations are
used. Meteorological data was provided from Turkish
State Meteorological Service. Distribution of forest areas
according to geographical regions was obtained from the
General Directorate of Forestry (GDF).

The distribution of meteorological stations in Turkey's geographical regions is shown as in Fig. 1.
Thornthwaite [12] has developed Im formula which
presents the relationship between evapotranspiration and P:

In formula, Im is precipitation efficiency, s is the annual sum of monthly surplus of water (cm) values, d is the
annual sum of monthly water deficiency (cm) values, and
n is the annual sum of monthly evapotranspiration (cm)
amount.
Erinç [23] developed an Im formula which represents
Turkey's conditions. Erinç formula annually and monthly:

Im is the precipitation efficiency, P is the annual average P amount (mm), and Tom is the maximum average
temperature (oC). Erinç [23] compared Im values with
Turkey's vegetation conditions and divided Im indexes
into six main categories for the purpose of demonstrating
the accuracy of formula's application (Table 1).
TABLE 1 - Climate and vegetation types corresponding to the Erinç
drought index (Im).

Drought Index (Im)
<8
8-15
15-23
23-40
40-55
55<

Climate type
Severe arid
Arid
Semi-Arid
Semi-humid
Humid
Perhumid

Vegetation
Desert
Desert-like steppe
Steppe
Dry forest
Humid forest
Perhumid forest

According to Kantarcı [24], annual average maximum temperature (Tom) affects the maximum evapotranspiration. That is why Erinç's [23] formula was rearranged
for the forest tree habitats by Kantarcı [24]. Kantarcı [24]

FIGURE 1 - The geographical distribution of meteorological stations.
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suggested the monthly average actual evapotranspiration
(AET) value instead of monthly average P in Erinç's formula:

Im is the drought index, AET is the actual evapotranspiration (mm), and Tom is the mean maximum temperature (°C). In addition to this, Kantarcı [24] has not
changed climate classification corresponding to drought
index values created by Erinç [23].
In the study, data that belong to 277 meteorology stations are used, and it has been paid attention to the fact
that the range of measuring in stations involves the time
period of a climate change. To carry out the climate analysis, Thornthwaite [12], Erinç [23] method and Kantarcı [24]
method, which rearranged the precipitation efficiency (Im)

index of Erinç, are utilized. Stations' drought indexes are
evaluated according to Kantarcı [24], and climate categorization and vegetation type are evaluated according to
Erinç [23]. Besides, time series analysis has been applied
to the average temperature values of July, August and
September during the 31-years period (1975-2005).
3. RESULTS AND DISCUSSION

As a result of climate analyses, the drought experienced in Turkey during growing periods, especially the
summer drought that can limit the expansion of the forests
(July, August and September), has been analyzed, and the
changes of forest lands depending on the regions in response to the attained drought indexes have been put forth
(Table 2, Figs. 2 - 4).

FIGURE 2 - Geographical distribution of drought index (Im) for July in Turkey.

FIGURE 3 - Geographical distribution of drought index (Im) for August in Turkey.
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FIGURE 4 - Geographical distribution of drought index (Im) for September in Turkey.

TABLE 2 - Some data (climate, drought index and forest area) for geographical regions of Turkey.

Black Sea
Mean
St. deviation
Min.
Max.
Marmara
Mean
St. deviation
Min.
Max.
Aegean
Mean
St. deviation
Min.
Max.
Mediterranean
Mean
St. deviation
Min.
Max.
Central Anatolia
Mean
St. deviation
Min.
Max.
Eastern Anatolia
Mean
St. deviation
Min.
Max.
Southeastern
Anatolia
Mean
St. deviation
Min.
Max.

P (mm)
growth period
5-8 months
460.2
323.9
128.6
1492.5
4-8 months
328.9
93.8
202.6
530.6
6-12 months
343.7
191.2
181.3
1218.1
6-12 months
501.5
296.3
140.3
1117.7
5-7 months
173.1
33.7
119.7
231.9
4-8 months
197.6
55.2
52.1
314.7
6-9 months
201.3
43.8
140.6
305.2

Drought index by month
non-growth period 7
8
9
mean
407.6
296.4
149.4
1411.2

29.08
20.19
4.20
63.26

20.14
19.69
3.00
58.99

23.52
16.9
4.01
47.33

24.24
18.36
3.77
55.97

362.1
177.0
228.5
1251.8

12.59
10.81
2.14
66.32

11.64
10.23
0.74
45.26

17.19
9.06
7.86
44.00

13.81
9.33
3.90
51.86

283.4
145.1
0.0
760.2

3.44
3.56
0.03
17.76

2.51
2.45
0.07
7.90

6.08
2.16
2.15
12.15

4.01
2.50
0.79
12.60

262.1
228.0
0.0
1054.9

3.55
3.47
0.10
20.46

2.52
2.22
0.03
10.80

6.13
4.44
1.10
22.21

4.07
2.96
0.75
13.61

227.0
74.7
144.7
519.6

6.97
5.46
1.76
23.32

3.37
1.84
1.12
7.87

5.68
2.01
2.20
12.15

5.34
2.69
2.08
12.60

387.1
178.5
81.0
1005.0

11.31
15.46
0.22
56.59

4.30
8.82
0.17
50.66

5.42
4.11
0.93
24.83

7.02
9.09
0.62
43.61

315.1
121.9
141.0
544.9

0.97
3.33
0.01
14.29

0.33
0.60
0.01
2.56

1.05
1.15
0.13
5.13

0.79
1.65
0.09
7.33

3.1 Black Sea Region (BLS)

The region has geographical parts influenced by the
sea effect or not. Due to the sea effect, the winters are warm
and summers are cool [19, 25]. The decrease (continental
climate) in temperature for Black Sea rear division and scar-

Productive forest Degraded forest
ha.
%
ha.
%

Total forest area
ha.
%

Non-forest area
ha.
%

Total
ha

3066831.7 61.0

1959128.1 39.0

5025959.8 39.8

7607807.2

60.2

12633767.0

2011421.3 66.4

1018320.4 33.6

3029741.7 41.3

4309282.4

58.7

7339024.1

1753817.6 49.7

1778405.5 50.3

3532223.1 42.4

4808232.1

57.6

8340455.2

1988663.0 48.3

2130580.4 51.7

4119243.4 45.9

4860730.4

54.1

8979973.8

888815.0

37.9

1456486.5 62.1

2345301.5 12.6

16293522.5 87.4

18638824.0

646060.0

30.9

1446867.9 69.1

2092927.9 12.9

14112160.3 87.1

16205088.2

188689.5

22.9

634680.5

823370.0

5351576.5

6174946.5

77.1

13.3

86.7

city of precipitation causes significant drought effects. Im
values change between 3.77 and 55.97. The other stations,
except for some stations that have Im values (severe arid,
desert) below 8 (Nallıhan, Tokat, Turhal, Zile, Amasya,
Osmancık, Suşehri), have been found to be > 8 (Fig. 5).
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FIGURE 5 - The mean Im values for Black Sea Region (BLS).

FIGURE 6 - The mean Im values for Marmara Region (MAR).

Total forest lands in BLS form 39.8 % of the general
lands (Table 2). 61.0 % of the total forest area has the
normal forest qualification, and 39.0 % has degraded forest
qualification. What covers the widest area out of the tree
types that establish BLS forests is oriental beech. The
beech forms forests in the area of approximately 1.30 million ha. The beech is followed by oak with 1.16 million
ha, and black pine with 0.96 million ha [26].

Thrace are under drought effects. Im values change between 3.90 and 51.86. Such a huge difference in Im values stems from the regions that have sea effect and those
without (Central Thrace). The other stations, except for
some stations that have mean Im values (severe arid, desert) < 8 (Balıkesir-Meydan, Balıkesir, Bozcaada, Çanakkale, Bozüyük, Bilecik, Gönen and İpsala), have been
found to be > 8 (Fig. 6).

3.2 Marmara Region (MAR)

Total forest lands in MAR form 41.3% of the general
lands (Table 2). 66.4% of the total forest area has the
normal forest qualification, and 33.6% has degraded forest qualification. The degraded forest lands in MAR are in
a lower (33.6%) position when compared to the other
regions. What covers the widest area out of the tree types
that establish the forests in the region is oak. The oak
forms forests in the area of approximately 1.07 million ha.
The oak is followed by calabrian pine with 0.80 million
ha, and black pine with 0.62 million ha [26].

MAR as geographical position has a transition climate
between Black Sea and Mediterranean climates. However,
the region is under more pressure of Mediterranean region
(MED). In the region, the summers are too hot; the winters
are colder when compared to BLS [19, 25]. Ergene Basin
in Thrace, and especially Central Thrace, are similar to
Central Anatolia Region (CAN) in terms of topographical
structure, and they are under the pressure of continental
climate [27, 28]. For this reason, these central parts of
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3.3 Aegean Region (AEG)

3.4 Mediterranean Region (MED)

AEG is under the pressure of typical MED climate.
Valleys running towards the sea enable the humid air
masses carried by the winds coming from the sea to be
efficient till the deeps in the land. Farther away from the
sea, in the continental land, the sea effect gets weaker and
the continental climate of CAN becomes more efficient.
Im values change between 0.79 and 12.60 (Fig. 7). The
low Im value shows that acute summer drought is experienced in this region. The other stations, except for some
stations that have mean Im values (severe arid, desert) < 8
(Kütahya, Tavşanlı and Bursa-Keles), have been found to
have values >8.
Total forest lands in AEG form 42.4% of the general
lands (Table 2). 49.7% of the total forest area has the
normal forest qualification, and 50.3% has degraded forest qualification. What covers the widest area out of the
tree types that establish the forests in this region is
calabrian pine. The calabrian pine forms forests in the
area of approximately 1.89 million ha. The calabrian pine
is followed by black pine with 1.00 million ha, and oak
with 0.54 million ha [26].

MED has both polar (cold) as well as temperate zone and
tropical (hot) region air characteristics. Winters with high
amount of precipitation and summers with hotness and
drought form the typical climate characteristic of MED.
The mild air masses coming from the sea leave great
amounts of precipitation to the sea-side slopes of Taurus
Mountains parallel to the sea. The reign of continental
climate is existent in the places that cannot get sea effects
in the region as long as the sea is left behind [29]. Im values
change between 0.75 and 13.61 (Fig. 8). The low Im value
shows that acute summer drought is experienced in this
region. The other stations, except for some stations that
have mean Im values > 8 (İskenderun, Kozan, Aksu and
Dörtyol), have been found to have values < 8 (severe arid,
desert).
Total forest lands in MED form 45.9% of the general
lands (Table 2). 48.3% of the total forest area has the
normal forest qualification, and 51.7% has degraded forest qualification. What covers the widest area out of the
tree types that establish the forests in the region is
calabrian pine. The calabrian pine forms forests in the area

FIGURE 7 - The mean Im values for Aegean Region (AEG).

FIGURE 8 - The mean Im values for Mediterranean region (MED).
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of approximately 2.27 million ha. The calabrian pine is
followed by black pine with 0.68 million ha, and cedar
with 0.35 million ha [26].

is black pine. The black pine forms forest in the area of
approximately 0.83 million ha. The black pine is followed
by oak with 0.76 million ha and yellow pine with 0.35 million ha [26].

3.5 The Central Anatolia Region (CAN)

In this region, the summers are hot and dry whereas
the winters are cold and snowy, and continental climate is
felt. Although the three sides of Anatolia are covered with
seas, this region cannot get the sea effect. CAN is from
the delicate regions in terms of ecology, because it is
under the pressure of dry and continental climate types.
Im values change between 2.08 and 12.60. The other
stations, except for some stations that have mean Im values (severe arid, desert) < 8 (Kangal, Sorgun, Pınarbaşı,
Yozgat, Zara and Keskin), have been found to be > 8
(Fig. 9).
Total forest lands in CAN forms 12.6% of the general
lands (Table 2). The least forest lands are in this region
when compared to the other regions. 37.9 % of the total
forest area has the normal forest qualification, 62.1% has
degraded forest qualification. What covers the widest area
out of the tree types that establish the forests in the region

3.6 Eastern Anatolia Region (EAN)

Continental climate is existent in EAN; the region has
high mountains and is away from sea effect. The winters
are cold and snowy, but summers are hot and dry. The
temperatures show faster changes because of the topographical structure of the region and the continental climate. At the same time, high altitude of the region causes
the vegetation period to be short. Shortage of vegetation
period restricts the tree types that form forests in this
region. Im values change between 0.62 and 43.61. The
other stations, except for some stations that have mean Im
values (severe arid, desert) < 8 (Başkale, Tercan, Özalp,
Sarız, Hınıs, Agrı, Horasan, Erzurum, Tortum, Arpaçay,
Sarıkamış, Kars, Ardahan), have values > 8 (Fig. 10).
Total forest lands in EAN form 12.9% of the general
lands (Table 2). The least forest lands are in this region,
except CAN, when compared to the other regions. 30.9%

FIGURE 9 - The mean Im values for Central Anatolia Region (CAN).

FIGURE 10 - The mean Im values for East Anatolia Region (EAN).
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of the total forest area has the normal forest qualification,
and 69.1 % has degraded forest qualification. What covers
the widest area out of the tree types that establish the
forests in the region is oak. The oak forms forests in the
area of approximately 1.73 million ha. The oak is followed by yellow pine with 0.32 million ha, and black pine
with 0.03 million ha [26].
3.7 Southeastern Anatolia Region (SAN)

The climate of this region is similar to MED. Precipitation is low in summers and higher in winters but precipitations are more when compared to CAN. It is under
the pressure of desert climate coming from the south, and
summers are too hot and dry because the high mountains
in the north (EAN) prevent the cold air masses to reach
this region. Im values change between 0.09 and 7.33. Im
values are < 8 (severe arid, desert) in all stations. On the
other hand, drought index for three months has been found
to be <1.00, except Muş-Varto (7.33) and Gaziantep (1.22)
meteorology stations, being iimportant in terms of experiencing acute summer droughts (Fig. 11).

Total forest lands in SAN form 13.3% of the general
lands (Table 2). 22.9% of the total forest area has the
normal forest qualification, and 77.1% has degraded forest qualification. When compared to the other regions, the
degraded forest lands in total forest lands are highest in
this region. What covers the widest area out of the tree
types that establish the forests in the region is oak. The
oak forms forests in the area of approximately 0.74 million ha. The oak is followed by calabrian pine with
0.07 million ha, and black pine with 0.02 million ha [26].
The total forest lands of CAN, EAN and SAN that
cannot get the sea effects change between 12.6 – 13.3%,
and the degraded forest lands in these lands change between 62.1–77.1%. The total forest lands of BLS, AEG
and MED influenced by the sea effect range between 39.8
– 45.9 %, and the degraded forest lands between 33.6–
51.7%. The degraded forest lands of AEG and MED
(50.3–51.7%), with sea effect and under acute summer
drought, are higher than the ones of BLS and MAR (33.639.0%).

FIGURE 11 - The mean Im values for Southeastern Anatolia Region (SAN).

FIGURE 12 - Change of average temperatures in July, August and September.
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In Turkey, especially in summer, the continental tropical air movements are efficient originating from North
Africa and Middle East [21]. This change in climate causes
dry and hot local climate conditions that generally continue
for a long time during summer in regions out of Northeastern Turkey [30, 31]. In this study, the same results were
obtained. Time series analysis has been applied to the average temperature values of July, August and September
during 31 years in the geographical regions. Accordingly,
SAN region has the highest average temperatures while
EAN region has the lowest ones. The average temperatures of CAN, BLS and EAN regions were determined to
be close to each other (Fig. 12).

drought. Even in a soil section, the humidity of upper soil
and lower soil is different from each other. Upper soils
being more exposed to evaporation when compared to the
lower soils make negative effects in terms of humidity.
Because the roots of the juvenile seedling have not
reached the lower soil yet, they cannot get benefit from
the humidity. Especially in such regions (MED and AEG),
the addition of seeds or seedlings has a significant importance.

According to time series analyses, in all regions, except EAN, increase of the average temperatures between
1975-2005 has been observed. Statistically, the highest
correlation (R2 0.39) was determined in MAR, and average
temperature change of +1.87 °C. The increases in SAN
MED, AEG, CAN and BLS were 1.07, 1.24, 1.76, 1.53 and
1.70 oC, respectively.
On the other hand, the blowing of dryer winds in
Turkey, in many conditions, also increases the harshness
of drought [19, 24]. In Central Anatolia Region, and especially Southeastern Anatolia Region, both not influenced
by the sea effect, the drought caused sub-border of the
forests to occur, and the decrease in forest lands in these
regions.
4. CONCLUSION

Herein, when the Im values of July, August and September months, in which especially summer drought is
dominant in Turkey, are taken into consideration, AEG,
MED, CAN, EAN and SAN have been detected as severe
arid (desert), MAR as arid (desert-like steppe) and BLS as
semi-humid (dry forest). These data show that most of the
geographical regions of Turkey are under acute summer
drought. Especially in ecologically delicate and mountainous and dry regions like rear BLS, rear MED, rear CAN,
EAN and SAN, the sea effect is absent, and when the forest
ecosystems are damaged there, irreparable results are inevitable. Time series analyses show that the increasing average temperatures (July, August and September) in other
regions, except EAN, are considered to increase the severity of the drought in a large part of Turkey.
Methods peculiar to the dry lands should be used in
rejuvenation and reforestation studies to be conducted in
the regions with ecologic delicacy. This requires that instead of forming a feasible forest, the studies should be
for the aims of generally protecting the soil and providing
flow order by preventing downpours. On the other hand,
youth which is important in terms of the sustainability of
the forests is face to face with acute summer drought. The
young plants that germinated in the previous year get
benefit of the autumn precipitations; however, they have
great losses when they are exposed to acute summer
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ABSTRACT

1. INTRODUCTION

Recently, the demand for suitable clay as an impermeable barrier in waste disposal sites has been growing
because it is a readily available natural material of low
permeability. The Torbali Neogene clay deposit is a significant clay source used as the basement layer for waste
disposal sites in Izmir, Turkey. In this study, the effects of
different leachates taken from the Torbali region on the
geotechnical properties of the clay including various clay
minerals were investigated. Geotechnical analyses of clay
samples treated with different leachates were carried out
in terms of index properties, compressibility, and hydraulic conductivity based on Atterberg limit tests and onedimensional consolidation tests. The results indicated that
the liquid limit values of the samples were unaffected by
the increase in cation concentration when the plastic limit
values affected. As a result of high cation concentration,
the initial void ratio, compressibility, and the settlement
behavior (Cc/1+eo) of clay-groundwater, clay-waste water, clay-surface water, and clay-distilled water increased
in that order. Although the hydraulic conductivity of the
clay-ground water sample had the highest value, it was
not found a linear relation between the cation concentration and the hydraulic conductivity of the samples. The
results indicated that the influence of leachate on the
hydraulic conductivity under high pressures was negligible. It was concluded that the Torbali Neogene clay could
be used as landfill liner material in Torbali and the Izmir
region.

KEYWORDS: Torbali Neogene clay, Geotechnical properties,
Liner material, Leachate
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Rainwater, ground water and waste water derived from
solid waste creates leachate, containing many different organic and inorganic compounds. The leachate contains a
high percentage of heavy metals and other hazardous contaminants depending on the chemistry of the wastes [1, 2].
Clays and geomembranes are the main barrier materials
used at the bottom of landfill sites. The clay liner system
is utilized widely as a basement material to prevent the
pollution of ground water. The utilization of the clay liner
system is very cost effective and protects the environment
from solid waste leachate [3].
Hydraulic conductivity, plasticity index, and compressibility are important parameters used to determine the
engineering properties of clay in geotechnical design [4, 5].
The geotechnical behavior of clay varies depending on the
type of clay, and the suitability of different clay types for
landfill liners has been investigated in several studies [6-9].
Changes in the environment affect the engineering behavior
of clays because of their high affinity to water [9-12]. The
leachate composition depends on the weather conditions
and on the variety and amount of waste material [13]. The
mechanical and hydraulic behavior of clay soils can be
strongly affected by the interaction of the clay-fluid system
[8]. Contamination of the ground water may change the
consistency limits, hydraulic conductivity, compression,
and shear strength of clayey soils [14]. Many researchers
have pointed out that the hydraulic conductivity increases
when the concentration of chemical solutions is increased
[15]. Moreover, inorganic salt solutions have a strong
impact on the engineering behavior of clays, especially on
swelling clays. Strong cation concentration, high cation
valence, and acidic environment dramatically decrease the
double-layer thickness around clay particles [16]. The
hydraulic conductivity of clay liners often increases when
exposed to chemicals [17]. Concentrated pure organic
liquids are also known to increase permeability by causing shrinking and cracking [18].
Researchers have indicated that the Neogene clays may
be suitable as a soil liner at landfills because they have
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good sealing properties and are readily available [7, 19].
Highly weathered Neogene clays are spread over large
areas in the Central and Aegean regions of Turkey. Several studies were conducted to determine the geotechnical,
mineralogical, and geological suitability of Ankara (Central Anatolia) clayey soils as a compacted clay liner to be
utilized in future landfills [18, 20, 21]. The Torbali Neogene clay deposit in Izmir province (Aegean Anatolia,
Turkey) is an important source of clay, supplying the high
demand for landfill liner material; however, there is no
detailed study related to the geotechnical behavior of Torbali Neogene clay.
This paper presents a study on the changes in the geotechnical properties of Torbali Neogene clay on interaction
with leachates of different chemical compositions when
used as a barrier material for landfills. The geotechnical
properties of the clay samples treated with four different leachates were derived based on index properties,
compressibility, and hydraulic conductivity according
to the Atterberg limit tests and one-dimensional consolidation tests.
2. MATERIALS AND METHODS

The Neogene clay sample used in the experiments
was taken from the Torbali-Izmir district in Turkey. The
specific gravity, plastic limit, one-dimensional consolidation, soil classification, and rigid-wall permeability tests of
the clay sample were conducted based on ASTM standards
[22-24]. Liquid limit tests were performed using the fallcone test method according to the British Standards [25].
Four different leachates were used in the experiments:
ground water, waste water, surface water, and distilled
water. The surface water sample was taken from surface
water which flows over a clay formation in the northern
part of the study area. The ground water sample was taken
from a shallow ground water well that penetrated a clay
formation in northern Torbali. The waste water sample was
taken from the landfill site in the Torbali region. The chemical composition of the leachates was determined by inductively coupled plasma emission spectrometry (Table 1). The
sampled water pH and electrical conductivity (EC) were
measured using field sampling equipment (WTW-pH330
and WTW-EC330).
Prior to the tests, the clay samples were sieved using a
No. 200 sieve with a wet method. A number of leaching

procedures have been developed and performed in the
various studies [26-28]. In this study, Torbali Neogene clay
samples were immersed and kept in four different leachates
using solid-liquid ratio of 1:4 during seven days at room
temperature (19-25ºC). After the clay samples treated with
different leachates were dried in room temperature for seven
days, the clay-leachate samples were prepared for chemical analysis. The chemical composition of the clay and the
clay-leachate samples were analyzed using a standard wet
chemical analysis method. The mineralogical composition
of the clay sample was analyzed using X-Ray diffraction.
3. RESULTS AND DISCUSSION
3.1. Geological and geotechnical properties of Torbali Neogene clay

The Torbali plain is located in the Torbali district in
Izmir province, Turkey. Torbali is located about 50 km
south of the town of Izmir in Western Anatolia (Fig. 1). The
study area experiences a mild and warm Aegean climate.
The average elevation of the plain is 60 m above mean sea
level and the mean annual rainfall is 718 mm [29].
Paleozoic-aged Menderes Metamorphic rocks form
the basement of the Torbali region. The limestone and
claystone Neogene-aged Visneli Formation overlies the
basement rock [13]. The claystone has highly weathered
characteristics and is widely observed in the northern part
of the area (Fig. 1).
Field tests were performed in two boreholes to investigate the geological characteristics of the clay (Fig. 2).
The borehole profiles showed a very thick layer of green
clay down to a depth of 40 m. Field and laboratory tests
were performed earlier to obtain the hydraulic conductivity of the clay [30]. The borehole permeability test results
demonstrated that the clay has a reasonably low hydraulic
conductivity of 6.7 × 10-8 cm/s. The rigid-wall permeability test showed a result of 1.1 × 10-8 cm/s. Both field and
laboratory test results indicate that the clay is suitable as a
landfill liner material considering U.S. EPA [31] requirements. Based on the unified soil classification system,
USCS, the clay sample was classified as CH with a clay
content of 48%.
The Torbali Neogene clay is mixed clay consisting of
several clay minerals. The clay sample contains montmorillonite, kaolinite, illite, chlorite, orthoclase and quartz. The
chemical composition of the clay used in this investigation

TABLE 1 - Chemical composition of water and leachate samples (mg/l).

Type of liquid

pH

Ground water

7.19

EC*
mS/cm
165

Na+

Ca+2

Mg+2

K+

Cl-

HCO3-

SO4-2

76.8

66.1

31.8

3.2

51.6

412

23.8

Waste water

6.06

4900

2656

Surface water

8.20

2200

548

1825

567.3

4400

1550

4880

2890

99.2

28.9

14.7

460

732

Distilled water

5.5

<10

<1

<2

117.6

<1

0.1

<1

<1

<1

*Electrical conductivity

2206

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

FIGURE 1 - Geological and location map of the study area.

FIGURE 2 - Cross-section of sampled Neogene clay in the study area.
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is: 40.38% SiO2, 15.37% Al2O3, 6.35% Fe2O3, 3.49% MgO,
10.68% CaO, 0.50% Na2O, 3.20% K2O, 0.84% TiO2,
0.092% MnO, 15.53% LOI. The results are the average of
three samples taken from study area.
3.2. The effect of leachates on the geotechnical properties of
Torbali Neogene clay

The chemical properties, index properties, compressibility, settlement behavior, and hydraulic conductivity of
Torbali Neogene clay samples treated with ground water,
waste water, surface water, and distilled water were investigated.
3.2.1. Chemical properties

The cation content values of the samples were defined as clay-ground water, clay-waste water, clay-surface
water, and clay-distilled water (Table 2). The cation content, particularly considering trivalent cations, was in the
following order: clay-ground water>clay-waste water>
clay-surface water>clay-distilled water, see Table 2.

3.2.2. Index properties

The index properties of the clay-leachate samples
were investigated and the results were evaluated based on
specific gravity, liquid limit, plastic limit, and plasticity
index. The specific gravity values were quite similar in all
the samples 2.680 g/cm3. Although the liquid limit values
were similar, 53-55%, the plastic limit values (i.e. plasticity index) of the samples were different in the Atterberg
limit tests (Fig.3). The lowest plasticity index value was
18% for the clay-distilled water sample. It was highest for
clay-ground water, lower for clay-surface water and even
lower for clay-waste water.
Previous studies have reported a slight increase in the
liquid limits of nonswelling clays such as kaolinitic and
mixed clay minerals when exposed to strong salt solutions
[14, 32, 33]. The liquid limits of the clayey soils from kaolinitic, cloritic, and mixed mineral clays are not affected by
seawater treatment until the liquid limits of the clays with
water are higher than 110% [16]. Contrary to kaolinitic
clays, it was found that the liquid limit of bentonite [9],

TABLE 2 - The cation content values (mg/g) of the clay-leachate samples.

Al+3
19.697
19.326
14.615
14.692

Samples
clay-ground water
clay-waste water
clay-surface water
clay-distilled water

Fe+3
4.796
4.392
3.686
3.484

Ca+2
5.586
3.564
4.800
3.564

Plasticity index, %

Mg+2
3.889
3.271
3.713
3.538

Mn+2
0.042
0.027
0.042
0.029

Liquid limit, %

Zn+2
0.98
1.52
0.65
0.98

Cu+2
0.30
3.03
0.53
0.30

Na+
0.458
0.784
0.448
0.410

K+
1.036
1.279
0.777
0.743

Plastic limit, %

40

60

35

50

30
25
20

30

15

20

10
10

5

0

0
clay-groundwater

clay-surfacewater

clay-wastewater

clay-distilledwater

Samples
FIGURE 3 - The index properties of the clay-leachate samples.
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marine clay containing mixed clay minerals [9, 34], and
montmorillonitic clays [12, 16, 28, 35-37] decreased
when exposed to salt solutions. When kaolinite particles
flocculate they form an edge-to-face structure, whereas
when montmorillonite particles flocculate they form a
face-to-face structure [14, 16]. It is also known that the
amount of entrapped water is much larger in the edge-toface structure than in the face-to-face structure [10, 12,
14]. It should be noted that the Atterberg limits of all the
samples in this study match the values for kaolinite clay
given in the study of Cornell [38].

The compression index (Cc) values were obtained according to the initial void ratio-pressure relations (e-log p
curves) as shown in Fig. 4. The compression index can be
calculated by the following equation

3.2.3. Consolidation Tests

where Cc is the compression index, ∆e is the variation of the initial void ratio, and ∆log σ'v is the variation
of the vertical effective stress. ∆H is the total compression
at the applied vertical pressure (cm), Hs is the soil solids
height (cm), and σ'v1 and σ'v2 are the applied vertical
pressures (kg/cm2).

The changes in compressibility and hydraulic conductivity were investigated by one-dimensional consolidation
tests. Initially, the initial void ratio (eo) and compression
index (Cc) parameters of the clay-leachate samples were
obtained.

 ∆H i 

∆ 
H
∆e
s

= 
Cc =
∆ log σ v′
 σ v′ 2 

log 
 σ v′1 

(1)

1.2
clay-groundwater
clay-wastewater
clay-surfacewater
clay-distilledwater

1

Void ratio, e

0.8

0.6

0.4

0.2
0.1

1

10

Pressure, kg/cm2
FIGURE 4 - Initial void ratio-pressure relationship of the clay-leachate samples.

TABLE 3 - Initial void ratio and amount of settlement (Cc/1+eo) values of the clay-leachate samples under determined pressure increments.

Samples
clay-ground water
clay-waste water
clay-surface water
clay-distilled water

e0
1.28
1.26
0.99
1.01

Cc
1.00-2.00
(kg/cm2)
0.89
0.52
0.25
0.22

Cc/1+eo
2.00-4.00
(kg/cm2)
0.65
0.58
0.22
0.32

2209

1.00-2.00
(kg/cm2)
0.388
0.230
0.122
0.111

2.00-4.00
(kg/cm2)
0.287
0.257
0.109
0.160

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

ness of the double layer and the flocculation of clay particles [8, 15, 37]. Flocculation can cause an increase in void
size and a change from micropores to macropores [1].

There is a linear relation between the amount of settlement and Cc/1+eo [39]. Therefore, the settlement behavior was evaluated based on Cc/1+eo. The initial void
ratio (eo) and Cc/1+eo are presented in Table 3.

The hydraulic conductivity values were determined
according to Eq. 2 and the relation between the pressure
and hydraulic conductivity is presented in Fig. 5.

The clay-ground water sample has the highest initial
void ratio, compressibility, and amount of settlement
(Cc/1+eo) (Fig. 4 and Table 3). The parameters were
higher in clay-ground water and clay-waste water samples
than in the clay-distilled water and clay-surface water
samples. The parameters of the clay-distilled water and
clay-surface water were quiet similar. The increase of the
initial void ratio, compressibility, and the amount of settlement (Cc/1+eo) values was due to the increase of the
cation valance and its concentration in the clay-leachates
samples as shown in Table 2. In the study of Oren and
Kaya [14], the compression index of clays were found to
be Al-clay>Ca-clay>Na-clay due to the increase in cation
valence resulting in particle flocculation. Similarly, the
seawater effect on the compressibility characteristics of
clays is more pronounced for bentonites, especially for
Na-bentonites [16, 28, 36]. It is known that the changes in
the type of cations adsorbed and their valency and the
changes in the electrolyte concentration can bring considerable changes in the particulate arrangement and the
double-layer thickness [15]. As indicated by the GouyChapman theory, the increases in the ion concentration or
the valency can cause considerable reduction in the thick

k=

cv a v γ w
1+ e

(2)

where k is the hydraulic conductivity (cm/s), cv is the
coefficient of consolidation (cm2/s), av is the coefficient
of compressibility (cm2/kg), γw is the unit weight of water
(kg/cm3), and e is the initial void ratio at the start of the
load increment.
The clay-ground water sample has the highest hydraulic conductivity under most of the pressure increments (Fig. 5). The clay-ground water sample contains a
high concentration of cations, particularly trivalent cations
(Table 2). Yilmaz et al. [15] found that the hydraulic
conductivity of CH samples increased with increasing
concentration of all salt solutions. Oren and Kaya [14]
found that an increase in cation valence results in higher
hydraulic conductivity. Fig. 5 shows that the hydraulic
conductivity values of clay-ground water and clay-surface
water are notably higher than those of clay-distilled water
and clay-waste water while clay-waste water and clay-

7

Hydraulic conductivity, k [*E-07], cm/s

clay-groundwater
clay-wastewater

6

clay-surfacewater
clay-distilledwater

5
4
3
2
1
0
0

0.5

1

1.5

2

2.5

3

3.5

Pressure, kg/cm2
FIGURE 5 - The relationship between hydraulic conductivity and pressure.
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distilled water have similar values. Although the high
concentration of cations affected the hydraulic conductivity of the clay-ground water sample, there was no apparent relation between the concentration of cations and the
hydraulic conductivity of the clay-surface water, claydistilled water, and clay-waste water. Rao and Mathew
[11] stated that replacement of cations takes place when
the cation concentration is increased in the pore fluid.
This suggests that in our samples, the cation concentration
was not adequate to achieve a linear relation between the
cation concentration and the hydraulic conductivity of the
clay-surface water, clay-distilled water, and clay-waste
water.
Generally, there is an inverse relationship between the
pressure increment and the hydraulic conductivity values.
The conductivity values of the clay-ground water and claysurface water decreased dramatically with the increase in
pressure. However, this changed slightly for the clay-distilled
water and clay-waste water with the pressure increase.

linear relation between the concentration of cations
and the hydraulic conductivity of the clay-surface water, clay-distilled water, and clay-waste water. For example, the hydraulic conductivity value in the clayground water was almost 5.5 times higher than that in
the clay-distilled water under 1.00 kg/cm2 of pressure.
However, the hydraulic conductivity values were
similar under the final pressure (4.00 kg/cm2) even
though there was a major difference at the initial pressure, indicating that the influence of leachate on the
hydraulic conductivity could be neglected under high
pressure.
5. It was concluded that the Torbali Neogene clay deposit is a significant clay source because it is a suitable landfill material and can supply a great demand
for landfill liner material.

Although there was a major difference in the initial
pressures, quite similar values were reached under the
final pressure (4 kg/cm2). This indicates that the influence
of leachates on the hydraulic conductivity may decrease
under high pressure.
4.

The authors have declared no conflict of interest
REFERENCES
[1]

Appleyard, S.J. (1996). Impact of liquid waste disposal on
potable groundwater resources near Perth, Western Australia.
Environmental Geology, 28, 106-110.

[2]

Fatta, D., Papadopoulos, A., and Loizidou, M. (1999). A
study on the landfill leachate and its impact on the groundwater quality of the greater area. Environmental Geochemistry
and Health, 21, 175-190.

[3]

Abollino, O., Aceto M., Malandrino, M., Sarzanini, C., and
Mentasti, E. (2003). Adsorption of heavy metals on Namontmorillonite. Effect of pH and organic substances. Water
Research, 37, 1619-1627.

[4]

Jones, R.M., Murray, E.J., Rix, D.W., and Humphrey, R.D.
(1995). Selection of clays for use as landfill liners. In: Sarsby
(ed.), Waste Disposal by Landfill-GREEN´93. Belkama, Roterdam, p. 433-438.

[5]

Arasan, S. (2010). Effect of chemicals on geotechnical properties of clay liners: a review. Research Journal of Applied
Sciences, Engineering and Technology, 8, 765-775.

[6]

Kaya, A. and Durukan, S. (2004). Utilization of bentoniteembedded zeolite as clay liner. Applied Clay Science, 25, 8391.

[7]

Luczak-Wilamowska, B. (2002). Neogene clays from Poland
as mineral sealing barriers for landfills: experimental study.
Applied Clay Science, 21, 33-43.

[8]

Mitchell, J.K. (1976). Fundamentals of Soil Behavior. John
Wiley & Sons, Inc., New York, p.422.

[9]

Sridharan, A., Rao, S.M., and Murthy, N.S. (1986). Compressibility behavior of homoionized bentonites. Geotechnique, 36, 551-564.

CONCLUSIONS

The results of this investigation on the effect of different leachates on the index properties, compressibility,
settlement behavior, and hydraulic conductivity of Torbali
Neogene clay are presented below.
1. Torbali Neogene clay contains montmorillonite, kaolinite, illite, chlorite, orthoclase and quartz. It was
classified as CH and the clay content was 48% based
on the unified soil classification system (USCS). The
specific gravity of the samples was 2.680 g/cm3.
2. While the liquid limit values of all the samples were
similar (53-55%), the plastic limit values changed.
Thus, the plasticity index values varied from the highest to the lowest in this order: clay-ground water, claysurface water, clay-waste water, and clay-distilled water increased.
3. As the concentration of trivalent cations increased, the
initial void ratio, compressibility, and the amount of
settlement (Cc/1+eo) of the clay-ground water, claywaste water, clay-surface water, and clay-distilled water increased in that order. For example, the amount of
settlement (Cc/1+eo) in clay-ground water was 3.5
times higher than that in clay-distilled water with
pressure increments of 1.00-2.00 kg/cm2.
4. The highest hydraulic conductivity value was obtained
for the clay-ground water sample because of the high
concentration of trivalent cations. It was found that the
cation concentration was not sufficient to achieve a

2211

[10] Yong, R. N. and Warkentin, B. P. (1966), Introduction to Soil
Behavior. The Macmillan Company, New York, p.451.
[11] Rao, S.M., Sridharan, A., Chandrakaran, S. (1993). Consistency limits behavior of bentonites exposed to sea water. Marine Georesources and Geotechnology, 11, 213-227.
[12] Anson, R.W.W. and Hawkins, A.B. (1998). The effect of calcium ions in pore water on the residual shear strength of kaolinite and sodium montmorillonite. Geotechnique, 48, 787800.

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

[13] Simsek, C., Gemici, U., and Filiz, S. (2008). An assessment
of surfacial aquifer vulnerability and groundwater pollution
from a hazardous landfill site, Torbali/Turkey. Geosciences
Journal, 12, 69-82.
[14] Oren, A. H., Kaya, A. (2003). Some engineering aspects of
homoionized mixed clay minerals. Environmental Monitoring and Assessment, 84, 85-98.
[15] Yilmaz, G., Yetimoglu, T., and Arasan, S. (2008). Hydraulic
conductivity of compacted clay liners permeated with inorganic salt solutions. Waste Management & Research, 26,
464-473.
[16] Yukselen-Aksoy, Y., Kaya, A., Oren, A.H. (2008). Seawater
effect on consistency limits and compressibility characteristics of clays. Engineering Geology, 102, 54-61.
[17] Kayabali, K. and Mollamahmutoðlu, M. (2000). The influence of hazardous liquid waste on the permeability of earthen
liners. Environmental Geology, 39, 201-210.
[18] Tetik, C., Kasapoglu, K.E., and Turer, D. (2009). Effect of
leachate water on Ankara clay for its use as a liner. Environmental & Engineering Geoscience, XV(3), 133-143.
[19] Taskin N. (2011), An investigate of the material properties of
four soil samples from Izmir area and their suitability assessment for waste storage barrier usage. MS.c. Thesis, Dokuz Eylul University, Graduate school of Natural and Applied Sciences, Izmir, p.164 (In Turkish).
[20] Met, I. and Akgun, H. (2005). Composite landfill liner design
with Ankara clay, Turkey. Environmental Geology, 47, 795803.

[31] U.S. EPA (1993). Solid Waste Disposal Facility Criteria.
Technical Manual , EPA, U.S., p.348.
[32] Sridharan, A. (1991). Engineering behavior of fine-grained
soils: a fundamental approach. Indian Geotechnical Journal,
21, 1-136.
[33] Sridharan, A., El-Shafei, A., Miura, N. (2002). Mechanisms
controlling the undrained strength behavior of remolded Ariake marine clays. Marine Georesources and Geotechnology,
20, 21-50.
[34] Mathew, P. K. and Rao, S. N. (1997). Effect of lime on cation exchange capacity of marine clay. Journal of Geotechnical
and Geoenvironmental Engineering, 123(2),183-185.
[35] Rao, S. N. and Mathew, P.K. (1995). Effects of exchangeable
cations on hydraulic conductivity of a marine clay. Clays and
Clay Minerals, 43(4), 433-437.
[36] Di Maio, C., Santoli, L., Schiavone, P. (2004). Volume
change behavior of clays: the influence of mineral composition, pore fluid composition and stress state. Mechanics of
Materials, 36, 435-451.
[37] Gleason, M.H., Daniel, D.E., Eykholt, G.R. (1997). Calcium
and sodium bentonite for hydraulic containment applications.
Journal of Geotechnical and Geoenvironmental Engineering,
ASCE 123 (5), 438-445.
[38] Cornell University (1951). Final report on soil solidification
research. Ithaca, N.Y.
[39] Terzaghi, K. and Peck, R. B. (1967). Soil Mechanics in Engineering Practice, John Wiley & Sons, Inc., New York,
p.729.

[21] Met, I., Akgun, H., Turkmenoglu, A.G. (2005). Environmental geological and geotechnical investigations related to
the potential use of Ankara clay as a compacted landfill liner
material, Turkey. Environmental Geology, 47(2), 225-236
[22] ASTM (1999). Annual Book of ASTM Standards. D 854-92,
D 2435-96, D 4318-98,Sect. 4, Vol.04.08, American Society
for Testing and Materials, Philadelphia, PA, p.89-538.
[23] ASTM (2000). Annual Book of ASTM Standards. D 248700, Sect. 4, Vol. 04.08, American Society for Testing and
Materials, Philadelphia, p.12.
[24] ASTM (2002). Annual Book of ASTM Standards. D 585695, Sect. 4, Vol.04.08, American Society for Testing and Materials, Philadelphia, p.8.
[25] BS (1990). British standard methods of test for engineering
purposes. BS 1377, BSI, London, Part 2.
[26] Baba, A. and Kaya, A. (2004). Leaching characteristics of
solid wastes from thermal power plants of western Turkey
and comprasion of toxicity methodologies. Journal of Environmental Management, 73, 199-207
[27] Baba, A. and Kaya, A. (2004). Leaching characteristics of fly
ash from thermal power plants of Soma and Tuncbilek, Turkey. Environmental Monitoring and Assessment, 91 , 171181.
[28] Di Maio, C. (1996). Exposure of bentonite to salt solution:
osmotic and mechanical effects. Geotechnique, 46 (4), 695707.
[29] DMI (2010). Meteorological data of Izmir (Guzelyali) and
Adnan Menderes airport stations. State Meteorological Service, Ankara.
[30] Simsek, C. (2002). The hydrogeological investigations for
the site selection of the landfill area of the Torbali Plain.
Ph.D. Thesis, The Graduate School of Natural and Applied
Sciences, Dokuz Eylul University, Izmir, p.197 (In Turkish).

2212

Received: January 20, 2014
Revised: April 15, 2014
Accepted: April 16, 2014

CORRESPONDING AUTHOR
Ece Kilinc Aksay
Dokuz Eylul University
Torbali Vocational School of Higher Education
35860 Izmir
TURKEY

Phone: +90 232 853 18 28
Fax: +90 232 853 16 06
E-mail: ece.kilinc@deu.edu.tr
FEB/ Vol 23/ No 9/ 2014 – pages 2205 - 2212

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

SUBJECT INDEX
A

I

accumulation
adsorption
adventitious
alkaline Comet assay
amount effects
antigenotoxicity

2164
2068
2190
2116
2074
2116

in vitro
index of geoaccumulation (Igeo)
industrial wastewater
inorganic pollution
Istanbul

2190
2100
2137
2137
2181

lake sediments
leachate
leaf explant
ligand exchange
liner material
liquid culture

2100
2205
2190

maize
maximum residue limit (MRL)
metal toxicity
metal uptake
metamitron
mineral content
mineral wool
municipal wastewater

2126
2133
2086
2086
2133
2155
2093
2137

ozone

2146

petunia
pH
phenols
phosphate
photosynthesis
photosynthetic activity
phthalates
phytotechnologies
plant
POPs
Portulaca oleracea L.
potassium dichromate
precipitation
preconcentration
propranolol

2146
2068
2137
2068
2155
2146
2137
2086
2181
2137
2181
2116
2074
2107
2059

residue
resveratrol

2133
2116

salinity intrusion
seasonal variability
shoot regeneration
soil contamination
stabilization efficiency

2171
2074
2190
2093
2093

L
B

Baogang Reservoir
BCR test
bean
biosorption

2171
2093
2146
2107

Cd
central composite design
chlorophyll
circumneutral pH
climate analysis
Co(II)
contamination factor
crab spawning

2164
2059
2155
2059
2195
2107
2100
2171

M

degradation
degree of contamination (Cdeg)
dehydrogenase
desorption
desorption
Deuterium excess
Drosophila wing spot test
drought index
dwarf hygro

2133
2100
2126
2068
2107
2074
2116
2195
2190

O

Environmental flows
erinç
ethyl methane sulfonate
extracellular biopolymer

2171
2195
2116
2107

FARs
Fenton-like system

2068
2059

geotechnical properties
green manure
growth

2205
2126
2155

C

D

P

E

F

G

2205
2190

R

S
H

Heavy metal
heavy metals
heavy metals
high biomass crops

2181
2093
2100
2086

2213

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

AUTHOR INDEX
T

A

temperature effects
thornthwaite
tobacco
Torbali Neogene clay

2074
2195
2146
2205

uptake
urease

2164
2126

Vitis vinifera L.

2155

U

Aasim, Muhammad
Akdag, Cihan Taylan
Aksakal, Sezgin
Aksay, Ece Kilinc
Alonso, Juan
Andrzejewska, Agnieszka

2190
2205
2116
2205
2086
2093

Barłóg, Przemysław
Bayrakli, Betül
Borowiak, Klaudia

2093
2126
2146

Cacho, Frantisek
Chen, Songtao
Chen, Yong
Choiński, Adam
Chudzińska, Ewa
Çınar, Ayşegül
Cui, Qiuna

2137
2107
2059
2100
2093
2190
2107

Dağhan, Hatice
Demir, Eşref
Demir, Goksel
Diatta, Jean
Diatta, Jean

2155
2116
2181
2093
2100

Eftelioglu, Mustafa

2205

Gao, Sijia
García-Gonzalo, Pilar
Grzelak, Mieczysław
Guo, Wei
Guo, Yifei

2068
2086
2100
2068
2107

Hou, Jun
Hou, Zhiguang
Huang, Tianming

2171
2133
2074

Janyszek, Magdalena

2100

Kamiloğlu, Önder
Kantarcı, M. Doğan
Karataş, Mehmet
Kaya, Bülent
Kizilkaya, Rıdvan
Kong, Yanlong
Koralewska, Iryna

2155
2195
2190
2116
2126
2074
2100

B

V
C

W

water stress
wheat

2155
2126

Yangtze Estuary

2171

Zea mays L.
Zn

2164
2164

Y

Z
D

subject-index

E
G

H

J

K

2214

© by PSP Volume 23 – No 9. 2014

Fresenius Environmental Bulletin

K

V

Kryszak, Jan

2100

Ławniczak, Agnieszka
Li, Jie
Liu, Zizheng
Lobo, Mª Carmen
Lu, Zhongbin
Luo, Bo

2100
2074
2059
2086
2133
2059

Vyviurska, Olga

2137

Wang, Changhui
Wang, Chao
Wang, Chaoxu
Wang, Peifang
Wang, Xinhong
Wang, Zongping

2068
2171
2164
2171
2133
2059

Xue, Miaomiao

2059

Yasar, Ulkuhan
Yılmaz, Murat
Yu, Fangke

2181
2195
2164

Zhao, Xiaofeng
Zhou, Mengzi

2133
2074

W

L

X

M

Mao, Yanli
Mihajlović, Ivana
Milić, Nataša
Miloradov, Mirjana Vojinović
Montalbán, Blanca

2107
2137
2137
2137
2086

Önder, Sermet
Osma, Etem
Özyazici, Mehmet Arif
Ozyigit, Ibrahim Ilker

2155
2181
2126
2181

Y

O
Z

author-index

P

Pang, Zhonghe
Pei, Yuansheng
Pérez-Sanz, Araceli
Pradas del Real, Ana Elena
Przygocka-Cyna, Katarzyna

2074
2068
2086
2086
2093

Qian, Jin

2171

Radonić, Jelena
Ren, Jun

2137
2164

Simsek, Celalettin
Sivritepe, Nuray
Spanik, Ivan
Spychalski, Waldemar
Stawna, Anita
Sun, Qiyuan
Sürücü, Abdulkadir

2205
2155
2137
2100
2093
2171
2126

Tao, Ling
Tao, Tao
Turna, Fatma

2164
2059
2116

Usta, Ayhan

2195

Q

R

S

T

U

2215

