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REGIONAL FLOOD FREQUENCY ANALYSIS OF CEYHAN RIVER BASIN IN TURKEY USING L-MOMENTS METHOD
Neslihan Seckin1*, RecepYurtal1, Tefaruk Haktanir2 and Fatih Topaloglu 3
1
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ABSTRACT

stream areas due to failure of the structure when subjected
to rare but critical floods.

Hydrological homogeneity of the Ceyhan River Basin
from the standpoint of annual flood peaks frequency is determined by the index flood procedure coupled with the Lmoments method instead of the method of conventional
moments. The L-moments analysis of the recorded annual
flood peaks data at 19 gauged sites indicates that the
Ceyhan Basin is hydrologically heterogeneous as a whole;
but, it can be divided in two homogeneous sub-regions.
Generalized Logistic, Generalized Extreme Values, Generalized Normal, Pearson Type III, Wakeby, and Generalized
Pareto distributions are applied in both sub-regions. The Z
statistics test is used to determine the more suitable one
among these probability distributions, which points towards the Generalized Logistic distribution for both subregions of the Ceyhan River Basin. A regional curve of
flood frequency analysis for each sub-region is developed as
the outcome of the study.

KEYWORDS: L-moments, Regional flood frequency, Probability
distribution.

INTRODUCTION
The purpose of the frequency analysis of annual flood
peaks on a cross-section of a natural stream, which is usually the site of a planned hydraulic structure, is to predict the
relationship between the peak flood magnitudes, QT, and
their average return periods, T, which is presented either
by a numerical table of QT’s versus desired T’s, or by a
growth curve. The average return period of the peak discharge could be as small as 5 or 10 years for small
structures like storm water inlets in urban watersheds, and
yet it can be as high as 10,000 years for a dam on a natural stream. Accurate estimation of any flood magnitudes
of specified return periods is important in structural design, because over-estimation results in unnecessarily too
costly a hydraulic structure, and under-estimation may cause
excessive flood damage costs or even loss of life in down-

It is a known fact that the regional flood frequency
curve developed out of the congregation of many recorded
series of fairly long lengths in a homogeneous region is
more reliable than individual at-site frequency curves obtained from too short recorded series in that region. In a
comprehensive report by the World Meteorological Organization, it is stated that: “At–site / regional methods are
better than at–site methods even in the presence of a modest amount of heterogeneity” [1]. If flood frequency characteristics of all stations in a geographical region are close
to each other, that region may be homogeneous. Yet, geographical proximity of natural streams in a basin is not
sufficient for homogeneity. For example, the flood producing mechanism of streams tributary to a main channel on
northern flanks of ridges may be quite different than those
tributaries on southern flanks. In order for gauging sites to
be homogeneous, the results of pertinent statistical tests to
be applied to measured sample series of annual flood peaks
of sufficient length should reveal homogeneous peculiarities. Wiltshire [2] is a good reference for the conventional
method of index flood method which dates back to as early
as 1960 [3]. One of these tests is to plot the conventional
coefficients of variation and skewness computed by the unbiased formulae using the numerical data of the measured
series versus each other and compare this plot of pairs of
coefficients of the sample series contemplated to be from
a homogeneous region, with the analytical plot of the same
coefficients of the chosen probability distribution. More
recently, the same plots with the L-skewness versus Lvariation coefficients, instead of the conventional ones,
are used for search of homogeneity [e.g., 4- 8].
Herein, hydrological homogeneity of the Ceyhan Basin, one of the 26 basins in Turkey, which is discharging
into the Mediterranean Sea, is analyzed by combining the
index flood approach and L-moments method. Vogel et al.
[6] say: “Recent research indicates that regional indexflood type procedures should be more accurate and more
robust than the type of at-site procedures evaluated here”.
The homogeneity test by the index flood technique was
first introduced by Dalrymple [3]. Wiltshire [2] further built
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on the Dalrymple method. Probability weighted moments
(PWM) and parameter estimation by the PWM method
was introduced by Greenwood et al. [9]. Since then the
method of PWM has been used widely both in practice
and in research studies. Hosking et al. [10] developed an
analytical procedure for computing the parameters of the
Generalized Extreme Values (GEV) distribution by the
method of probability-weighted moments (PWM). They
showed by Monte Carlo analyses that the PWM method is
superior to the method of maximum-likelihood (ML) for
the GEV distribution especially for prediction of right-tail
quantiles, i.e. for long return periods such as T≥100 years.
It is a known fact that the magnitudes of the parameters of a distribution by the method of PWM are the same
as those by the method of L-moments. Hosking [11, 12]
defined L-moments as linear combination of the PWM.
Hosking [12] used L-moment ratio diagrams to identify
underlying parent distributions and L-moment ratios for
testing hypothesis about different probability distributions.
Hosking and Wallis [13] suggested a homogeneity test based
on L-moment ratios. Some of the pertinent literature about
details and application of the L-moments method are also
included in the ‘References’ list herein [e.g., 5, 12, 14-21].
Bobee and Rasmussen [22] in their relevant paper say: “Lmoment ratio diagrams have become popular tools for regional distribution identification, and for testing for outlier
stations”.
In this study, a regional flood frequency analysis by
the flood-index method is applied to 19 number of selected
gauging stations in the Ceyhan River Basin in Turkey
where the parameters of the selected distributions are
estimated by the method of L-moments. The number of
candidate distributions is kept fairly wide and the more
suitable ones are determined by goodness-of-fit tests of the
L-moments method. Most previous studies by the flood
index method used the conventional method of moments.
Hence, for the study region, the presented method is applied for the first time with such a comprehensive coverage.

standard deviation, λ2, is a measure of dispersion, as λ3
and λ4 are third and fourth L-moments. M110 is the expected value of the random variable, x, weighted by its probability of non-exceedence, Pnex. M120 and M130 are the expected values of x weighted by (Pnex)2 and (Pnex)3, respectively. The dimensionless L-moment ratios are defined by
Hosking [12] as:
τ2=λ2/λ1 (L-coefficient of variation, L-Cv)
τ3=λ3/λ2 (L-skewness, L-Cs)
τ4=λ4/λ2 (L-kurtosis, L-Ck)
Stedinger et al. [23] give the relationships among the
parameters and the L-moments for various distributions.
For a probability distribution that takes on only positive
values, τ2 varies within the interval: 0 ≤ τ2 < 1, and the
other ratios are within: –1 < τ3 < +1, and –1 < τ4 < +1, and
these properties are claimed to be an advantage over the
conventional coefficients of skew and of kurtosis, because
as the latter may assume very high magnitudes, the former
always remain in the reasonable and confined interval of
(–1, +1).
The arithmetic average of a sample series is the estimate of λ1. The estimates of the L-coefficients of τ2, τ3, and
τ4, are computed using the recorded sample series with the
help of a suitable plotting position formula, for which usually the biased-Landwehr formula is used, as done in this
study also.
Homogeneity Tests

The procedure suggested by Hosking [12, 24] is summarized in the following.
Discordancy measure (Di)

The L-moment ratios of a potential group of homogeneous sites are expected to form a cluster of close points.
Discordancy measure (Di) is defined as:
T
1
(3)
u i − u S −1 u i − u
3
where ui : vector of L-Cv, L-Cs, L-Ck for the site i,
S : covariance matrix of ui
u : mean of vector ui

Di =

MATERIALS AND METHODS
L-moments

L-moments are linear combinations of probability
weighted moments and are defined as:

λ1 = M100
λ 2 = 2M110 − M100

(2)

(

)

(

)

If Di is greater than the critical value of the discordancy statistic given in a table formed by Hosking and
Wallis [14], the site i is declared to be discordant.
Heterogeneity measure (H)

(1)

λ3 = 6M120 − 6M110 + M100
λ 4 = 20M130 − 30M120 + 12M110 − M100

The heterogeneity measure, H, is used for identification of a potentially homogeneous region based on observed and simulated dispersion of L-moments for a
group of sites in the region, and is defined as:

where, M100 is the zeroth, M110 is the first, M120 is the
second, and M130 is the third probability weighted moments. The L-mean, λ1, is a measure of central tendency
which is the same as the conventional mean and the L-
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σv
where, V: weighted standard deviation of L-coefficient
of variation values,
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• Distinction from other groups

µ , σ : the mean and standard deviation of a
number of simulations of V.
υ

υ

• Homogeneity of flood frequency characteristics to allow
the group-average flood frequency curve to be accurately defined.

The criterion for deciding heterogeneity of a region is:
If H<1, then the region is acceptably homogeneous,
If 1≤H<2, then the region is possibly heterogeneous,
If H≥2, then the region is definitely heterogeneous.
Goodness of fit measure (Z)

This measure is a quantitative indicator of how well
the simulated values of L-skewness and L-kurtosis coefficients obtained from the observed data match the theoretical relationship between the same coefficients of the candidate probability distribution [24]. Many studies have been
reported on using the criterion of closeness of diagrams of
L-Ck versus L-Cs and L-Cv versus L-Cs obtained from
observed sample series to the theoretical forms of the
same diagrams obtained from the probability distributions
[e.g. 3, 4, 5, 6, 7, 21, 24, 25].
The goodness of fit measure for each distribution is
defined by the ZDIST statistic, which is defined as:

Z DIST =

τ DIST
4

− t 4 + β4
σ4

(5)

where, t 4 = average of L-Ck values computed from
the observed sample series in a given region,

β 4 = bias of t4,

τ Dist
4 = average L-Ck values computed from
simulation for a fitted distribution, and

σ 4 = standard deviation of L-Ck values (from
simulation), and:
−1
β 4 = N sim

N sim

∑ (t (4m) − t 4 )

A detailed description of the index flood procedure and
L-moments are described by Hosking and Wallis [14]. The
non-exceedence probability of an element in the sample
series is estimated by the so-called biased-Landwehr plotting position formula, which is Eq. 8 below.

Fij =

RESULTS AND DISCUSSIONS
A homogeneity test was applied to 19 stream-gauging
stations in the Ceyhan Basin, for which Table 1 and Figure 1 present concise information.
A regional flood frequency analysis using the Lmoments method with the recorded annual flood peaks
series of 19 gauges in the Ceyhan River Basin has been
applied. The L-Cv, L-Cs and L-Ck values computed using
these 19 sample series are given in Table 2. Numerical
values of the site discordancy measure, Di, the heterogeneity measure, H, and the goodness-of-fit measure, ZDIST,
were computed for the whole region by using the Fortran
computer program developed by Hosking [11]. The maximum value of Di has been found to be 1.96, which suggests
that no site is discordant because 1.96 is less than 3.0.

(6)

∑(

2

)

⎫⎪⎤
− N simβ 24 ⎬⎥
⎪⎭⎥⎦

1

TABLE 1 - Brief information about the
19 stream-gauging stations in the Ceyhan Basin

2

(7) Station

Number
20-002

where, Nsim = number of simulated regional data sets 20-004
20-005
generated using a Kappa distribution,
20-007

m = index denoting the simulated region. The fit is 20-006
considered to be suitable if ZDIST is sufficiently close to 20-008
zero, a reasonable criterion being: Z DIST ≤ 1.64 .
Identification of Homogeneous Regions

Annual maximum stream discharge values are used
which are recorded by Electric Works Research Authority
(EIEI) and State Water Works (DSI) of Turkey [26]. Some
characteristic information about the Ceyhan Basin is given
in Table 1. The index flood procedure and L-moments are
used for identification of homogeneous regions. According to these tests, any region should have two properties:

(8)

(n j )

where, Fij : is the estimate of Pnex of the i’th element
in increasing-order j’th sample series, and nj is the number of elements in j’th sample series.

m =1

⎡
⎧⎪Nsim ( m)
σ 4 = ⎢(N sim − 1)−1 ⎨
t4 − t4
⎢⎣
⎪⎩ m =1

(i − 0.35)

20-013
20-016
20-036
2001
2004
2005
2006
2007
2008
2009
2010
2015
2022

2618

Drainage
Area (km2)
197.1
178.0
94.4
2084
174.9
131.1
105.1
291.0
150.8
8484.0
20466.0
4202.0
739.2
620.0
444.0
1387.2
3498.8
915.2
428.0

Elevation
Record
Qaverage
above MSL
length,
(m3/s)
(m)
(year)
895
35.72
24
217
39.14
25
265
46.46
35
1150
54.52
26
340
54.39
18
255
40.90
25
205
56.38
29
1386
25.14
27
1250
46.78
18
450
559.32
50
13
1117.10
20
1114
107.97
36
1324
52.38
46
35
62.85
34
75
155.93
30
1040
94.70
36
414
300.62
29
1160
46.36
39
1340
73.15
18

N
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FIGURE 1 - Locations of Gauging Stations in the Ceyhan River Basin.
TABLE 2 - L-Cv, L-Cs, L-Ck and Di values at various gauging stations in the Ceyhan Basin
Site No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

N
24
25
35
26
18
25
29
27
18
50
20
46
34
30
36
28
39
18
36

Gauging Stn. No
20-002
20-004
20-005
20-007
20-006
20-008
20-013
20-016
20-036
2001
2004
2006
2007
2008
2009
2010
2015
2022
2005
Weighted Means

L-Cv
0.3299
0.4470
0.3948
0.4001
0.2901
0.4053
0.3093
0.2611
0.3049
0.2680
0.2185
0.2956
0.2003
0.3418
0.3685
0.2609
0.4218
0.4347
0.2528
0.3237

Heterogeneity measures computed by carrying out
500 simulations using the data of 19 sites are given in
Table 3. Both H(1) and H(2) are greater than 1.0. Because
the results of the heterogeneity tests indicated that the
Ceyhan Basin as a whole cannot be considered as a homogeneous region, it was divided into two subregions as
in Tables 4 and 6. Next, the heterogeneity test was applied

L-Cs
0.3040
0.4049
0.3483
0.4735
0.1962
0.3042
0.0859
0.1572
0.1394
0.2081
0.0951
0.1831
0.1836
0.3105
0.4205
0.2240
0.4726
0.3357
0.1880
0.2682

L-Ck
0.3292
0.2380
0.2100
0.4285
0.1276
0.2312
0.0974
0.3037
0.1066
0.1691
0.2523
0.1510
0.3332
0.2048
0.3135
0.2325
0.3891
0.1050
0.1566
0.2337

Di
0.45
0.93
0.36
1.61
0.66
1.02
1.96
1.51
0.72
0.78
1.31
0.26
1.62
0.39
0.96
0.55
1.30
1.55
1.06

to these subregions, whose results, which are given in
Tables 5 and 7, revealed that these subregions may be
considered homogeneous, individually. Most of subregion
2 lies in the northern part of the Ceyhan Basin which
includes higher elevations, and a small portion of it continues southwards at the eastern flank of subregion 1.

TABLE 3 - Heterogeneity measures for the Ceyhan Basin
HETEROGENEITY MEASURES
(NUMBER OF SIMULATIONS = 500)
OBSERVED ST. DEV. OF GROUP L-Cv
= 0.0719
SIMULATED MEAN OF ST. DEV. OF GROUP L-Cv = 0.0494
SIMULATED ST. DEV. OF ST. DEV. OF GROUP L-Cv = 0.0096
STANDARDIZED TEST VALUE H(1)
= 2.35 **
OBSERVED AVERAGE OF L-Cv / L-Cs
SIMULATED MEAN OF AVERAGE L-Cv / L-Cs
SIMULATED ST. DEV. OF AVERAGE L-Cv / L-Cs
STANDARDIZED TEST VALUE H(2)
OBSERVED AVERAGE OF L-Cs / L-Ck
SIMULATED MEAN OF L-Cs / L-Ck
SIMULATED ST. DEV. OF AVERAGE L-Cs/L-Ck
STANDARDIZED TEST VALUE H(3)
** H≥2 the region is definitely heterogeneous
* 1≤H<2 the region is possibly heterogeneous

= 0.1264
= 0.1067
= 0.0096
= 1.12 *
= 0.1350
= 0.1311
= 0.0217
= 0.18

TABLE 4 - L-Cv, L-Cs, L-Ck and Di values at various gauging stations of Region 1
SITE
1
2
3
4
5
6
7
8
9
10

N
18
18
50
46
28
20
34
27
29
30

St.No.
20-006
20-036
2001
2006
2010
2004
2007
20-016
20-013
2008

Elevation
above MSL (m)
340
1250
450
1324
414
13
35
1386
205
75
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L-Cv
0.2901
0.3049
0.268
0.2956
0.2609
0.2185
0.2003
0.2611
0.3093
0.3418

L-Cs
0.1962
0.1394
0.2081
0.1831
0.224
0.0951
0.1836
0.1572
0.0859
0.3105

L-Ck
0.1276
0.1066
0.1691
0.151
0.2325
0.2523
0.3332
0.3037
0.0974
0.2048

D(i)
0.61
0.54
0.72
0.13
0.36
0.94
1.34
1.69
1.46
2.21
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Weighted Means
0.2749
0.1845
TABLE 5 - Heterogeneity measures for Region 1

0.1989

HETEROGENEITY MEASURES
(NUMBER OF SIMULATIONS = 500)
OBSERVED ST. DEV. OF GROUP L-Cv
= 0.0398
SIMULATED MEAN OF ST. DEV. OF GROUP L-Cv
= 0.0391
SIMULATED ST. DEV. OF ST. DEV. OF GROUP L-Cv = 0.0099
STANDARDIZED TEST VALUE H(1)
= 0.07
OBSERVED AVERAGE OF L-Cv / L-Cs
SIMULATED MEAN OF AVERAGE L-Cv / L-Cs
SIMULATED ST. DEV. OF AVERAGE L-Cv / L-Cs
STANDARDIZED TEST VALUE H(2)

= 0.0582
= 0.0941
= 0.0212
= -1.69

OBSERVED AVERAGE OF L-Cs/L-Ck
SIMULATED MEAN OF AVERAGE L-Cs/L-Ck
SIMULATED ST. DEV. OF AVERAGE L-Cs/L-Ck
STANDARDIZED TEST VALUE H(3)

= 0.0872
= 0.1142
= 0.0245
= -1.10

TABLE 6 - L-Cv, L-Cs, L-Ck and Di values at various gauging stations of Region 2
SITE
1
2
3
4
5
6
7
8
9

N
24
25
35
26
25
36
39
18
36

St. No.
20-002
20-004
20-005
20-007
20-008
2009
2015
2022
2005
Weighted Means

Elevation
above MSL (m)
895
217
265
1150
255
1040
1160
1340
1114

L-Cv
0.3299
0.4470
0.3948
0.4001
0.4053
0.3685
0.4218
0.4347
0.2528
0.3791

L-Cs
0.3040
0.4049
0.3483
0.4735
0.3042
0.4205
0.4726
0.3357
0.1880
0.3633

L-Ck
0.3292
0.2380
0.2100
0.4285
0.2312
0.3135
0.3891
0.1050
0.1566
0.2731

D(i)
1.11
0.47
0.15
0.89
1.38
0.99
0.61
1.35
2.04

TABLE 7 - Heterogeneity measures for Region 2
HETEROGENEITY MEASURES
(NUMBER OF SIMULATIONS = 500)
OBSERVED ST. DEV. OF GROUP L-Cv
SIMULATED MEAN OF ST. DEV. OF GROUP L-Cv
SIMULATED ST. DEV. OF ST. DEV. OF GROUP L-Cv
STANDARDIZED TEST VALUE H(1)
OBSERVED AVERAGE OF L-Cv / L-Cs
SIMULATED MEAN OF AVERAGE L-Cv / L-Cs
SIMULATED ST. DEV. OF AVERAGE L-Cv / L-Cs
STANDARDIZED TEST VALUE H(2)

= 0.0936
= 0.1140
= 0.0293
= -0.70

OBSERVED AVERAGE OF L-Cs/L-Ck
SIMULATED MEAN OF AVERAGE L-Cs/L-Ck
SIMULATED ST. DEV. OF AVERAGE L-Cs/L-Ck
STANDARDIZED TEST VALUE H(3)

The L-Cv↔L-Cs diagrams for the stations in subregions 1 and 2 are shown in Figures 2 and 4, respectively.
The sample L-Cs↔L-Ck diagrams for these regions as
well as the theoretical L-Cs↔L-Ck relationships for the
three-parameter distributions considered in this study are
shown in Figures 3 and 5. Visual inspection of these figures indicates that the Generalized Logistic distribution is
closer to the regional average value for both subregions.

= 0.0589
= 0.0584
= 0.0190
= 0.03

= 0.1202
= 0.1415
= 0.0374
= -0.57

Quantitatively, the goodness-of-fit value (ZDIST) was
computed for the distributions of: Generalized Logistic
(GLO), Generalized Extreme Values (GEV), Generalized
Normal, Pearson Type III, and Generalized Pareto.
From Table 8, it can be seen that the ZDIST is smaller than
1.64 for two of these distributions, which are: GEV, and
GLO. Further, the ZDIST is found to be the lowest for the
GLO distribution for both sub-regions. Thus, the GLO distribution is the robust distribution for these sub-regions.
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The values of regional parameters for the GEV and
GLO distributions as well as for the 5-parameter Wakeby
distribution are given in Table 9. The Wakeby distribution
is also included in Table 9 because it is advocated in a relevant report by the World Meteorological Organization [1]

sites
mean

0,40

GPAR
GLOG
GEV

0,30

L-Ck

P-III

0,40

2008

0,30

GNOR

0,20

0,10

L-Cs

2010

0,20

2001 20-006
2007

0,10

0,00

sites

2006
20-016

0,00

mean

20-036

0,05

0,10

0,15

0,20

0,25

0,30

0,35

L-Cs

2004

20-013

FIGURE 3 - L-Ck - L-Cs ratio diagram for sub-region 1.
2020

0,00
0,15

0,20

0,25

0,30

0,35

0,40

L-Cv

FIGURE 2 - L-Cv - L-Cs Moment ratio diagram for Region 1.

sites
mean

0,50

2015

0,40

20-004

20-005
20-002

2022
20-008

P-III

0,30
sites

0,20

mean

2005

GNOR

0,20
0,10

0,10

0,00
0,15

0,00
0,15

GEV

20-017

L-Ck

0,30

GPAR
GLOG

2009

0,40

L-Cs

0,50

20-007

0,25

0,35

0,45

0,55

0,20

0,25

0,30

0,35

0,45

0,50

FIGURE 5 - L-Ck - L-Cs ratio diagram for sub-region 2.

FIGURE 4 - L-Cv - L-Cs Moment ratio diagram for sub-region 2.

TABLE 8 - Values of the ZDIST Statistic of various distributions for sub-regions 1 and 2
Subregion 1
GEN. LOGISTIC
GEN. EXTREME VALUE
GEN. NORMAL
PEARSON TYPE III
GEN. PARETO
Subregion 2
GEN. LOGISTIC
GEN. EXTREME VALUE
GEN. NORMAL
PEARSON TYPE III
GEN. PARETO
*Absolute Z-statistic value lower than 1.64

0,40

L-Cs

L-Cv

L-Ck = 0.195
L-Ck = 0.156
L-Ck = 0.149
L-Ck = 0.134
L-Ck = 0.069

Z VALUE = -0.55 *
Z VALUE = -1.91
Z VALUE = -2.14
Z VALUE = -2.68
Z VALUE = -4.95

L-Ck = 0.276
L-Ck = 0.255
L-Ck = 0.226
L-Ck = 0.177
L-Ck = 0.190

Z VALUE = -0.59 *
Z VALUE = -1.09 *
Z VALUE = -1.78
Z VALUE = -2.96
Z VALUE = -2.64

TABLE 9 - Regional parameters for various frequency distributions in sub-regions 1 and 2
Region 1
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GEN. LOGISTIC
ξ=0.918
α=0.260
k=-0.184
WAKEBY
ξ=0.188
α =2.209
β=3.932
γ=0.302
δ=0.172
Region 2
GEN. LOGISTIC
ξ=0.788
α=0.302
k=-0.363
GEN. EXTREME VALUE
u=0.626
α =0.391
k=-0.280
WAKEBY
ξ=0.150
α =1.384
β=3.690
γ=0.385
δ=0.306
TABLE 10 - Values of dimensionless growth factors (QT/Qave) for various return periods in sub-regions 1 and 2
T (Return Period Year)
y (Gum. Red. Value)
Nonexc. probability
Region 1
y (Gum. Red. Value)
GLO
WAKEBY
y (Gum. Red. Value)
Observed Value
Region 2
y (Gum. Red. Value)
GLO
GEV
WAKEBY
y (Gum. Red. Value)
Observed Value

1.1111
-0.834
0.1

1.25
-0.476
0.2

2
0.367
0.5

5
1.500
0.8

10
2.250
0.9

25
3.199
0.96

50
3.902
0.98

100
4.600
0.99

200
5.296
0.995

500
6.214
0.998

1000
6.907
0.999

-0.834
0.449
0.410
-1,215
0,309

-0.476
0.600
0.584
-0,727
0,454

0.367
0.918
0.935
-0,254
0,684

1.500
1.328
1.308
0,246
0,896

2.250
1.622
1.602
0,744
1,043

3.199
2.041
2.047
1,441
1,319

3.902
2.397
2.434
2,410
1,625

4.600
2.797
2.869
3,074
1,874

5.296
3.248
3.360
3,743
1,990

6.214
3.939
4.105
4,363
2,703

6.907
4.544
4.753
4,916
2,802

-0.834
0.331
0.336
0.312
-1,249
0,242

-0.476
0.459
0.452
0.450
-0,740
0,352

0.367
0.788
0.777
0.794
-0,245
0,549

1.500
1.332
1.355
1.325
0,233
0,716

2.250
1.803
1.852
1.812
0,726
0,960

3.199
2.594
2.650
2.635
1,443
1,305

3.902
3.375
3.395
3.430
2,468
1,882

4.600
4.370
4.295
4.413
3,278
2,556

5.296
5.644
5.385
5.627
3,930
2,666

6.214
7.899
7.190
7.683
4,261
4,513

6.907
10.177
8.898
9.669
4,641
4,384

as it has five parameters with a wider range of distributional
shapes than most other distributions. And, the Wakeby distribution is useful for simulating synthetic data for use in
studying the robustness of other candidate distributions
[14].
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Using the GEV, GLO, and Wakeby distributions,
standardized quantiles have been computed at the selected
return periods of T = 1.11111, 1.25, 2, 5, 10, 25, 50, 100,
200, 500, and 1000 years and plotted against the respective
return periods. Table 10 contains the numerical values and
the regional growth (frequency) curves developed as such
are shown in Figures 6 and 7. The rate of increase of quantiles for high return periods, like: T > 10 years, for subregion 2 turned out to be greater than that for subregion 1.
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FIGURE 6 - Growth Curve for Sub-Region 1.
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FIGURE 7 - Growth Curve for Sub-Region 2.

A regional regression expression has been developed
relating the mean annual flood peak to the catchment area
and elevation to be used for any ungauged catchments in
that subregion. Hence, for ungauged sites, the mean annual flood peak for subregions 1 and 2 can be computed by
Equations (9) and (10), respectively.
Q = 84.157 + 0.05191A − 0.0420E
(R2=0.988) (subregion 1)
(9)
Q
ln(q) = ln( ) = 2.667 − 0.770 ln(A) − 0.0128 ln(E)
A
(R2=0.941) (subregion 2)
(10)

2

0,0

6

-‐2,0

t:Return
Period (year)

-‐2,0

8

0

4

0

GLO
GEV
WAK
observed value

1000
8,0

As seen from Eq.(10), The regression analysis resulted
in a log-log relationship for subregion 2 with a higher determination coefficient (R2) than a linear one.
The outcome of the Z test revealed that GLO can be
considered as the best fit distribution for both subregions,
whose regional parameters (ξ, α, k) for each subregion are
given in Table 9. The flood peak quantile by the GLO distribution having a probability of non-exceedence of F can
be computed by Eq. (11) below.
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[10] Hosking, J.R.M., Wallis, J.R., and Wood, E.F. (1985). Estimation

(11)

of the generalized extreme value distribution by the method of
probability weighted moments. Technometrics, 27(3), 251-261.

[11] Hosking, J.R.M. (1986). The Theory of Probability Weighted
Moments. Research Rep. RC 12210, 160 pp., IBM Research Division, Yorktown Heights, NY.

CONCLUSIONS
In this study, the hydrological homogeneity of the
Ceyhan River Basin in Turkey from the standpoint of annual flood peaks frequency was analyzed by the index flood
procedures and L-moments. The relevant conclusions can be
summarized as follows.
• The Ceyhan Basin has been found to be heterogeneous
but not to contain any discordant data.
• The Ceyhan Basin has been divided into two homogeneous subregions.
• The regional parameters of various distributions have
been estimated using the L-moments approach. Based
on the Z test, the GLO distribution has been identified
as the robust distribution for both of the two subregions.
• The flood peak quantiles for different return periods at
any ungauged site in either subregion can be estimated
with the help of Eq. (11) where Q is computed beforehand either by Eq. (9) or by Eq. (10).

[12] Hosking, J.R.M. (1990). L-Moments:Analysis and Estimation of
Distributions Using Lineer Combinations of Order Statistics. J.
Royal Statistical Society, 52(2), 105-124.

[13] Hosking, J.R.M. and Wallis J.R. (1993). Some Statistics useful in
Regional Frequency Analysis. Water Resources Research, 29(2),
271-281.

[14] Hosking, J.R.M. and Wallis J.R. (1997). Regional Frequency
Analysis - an Approach based on L-moments. Cambridge University Press, New York.

[15] Jaiswal, R.K., Goel, N.K., Singh, P. and Thomas, T. (2003). Lmoment based Flood Frequency Modelling, The Institution of
Engineers (India), 84, 6-10.

[16] Kumar, R., Chatterjee, C., Panigrihy N., Patwary, B.C., and
Singh, R.D. (2003). Development of Regional Flood Formulae
using L-moments for Gauged and Ungauged Catchments of
North Brahmaputra River System. The Institution of Engineers
(India), 84, 57-63.

[17] Rao R. and Hamed, K.H. (1997). Regional Frequency Analysis of
Wabash River Flood Data By L-moments. Journal of Hydrologic
Engineering, 2(4), 169-179.

[18] Parida, B.P., Kachroo, R.K., and Shrestha, D.B. (1998). Regional
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ABSTRACT

KEYWORDS: Sewage sludge-based activated carbons; Heavy
metal; Adsorption; NH4Cl addition

Sewage sludge disposal is a bottleneck problem in the
development of urban wastewater treatment plant. The beneficial use of sewage sludge to produce sewage sludge-based
activated carbons (SBAC) is discussed in this article. The
performance of SBAC is evaluated by removal of Cu2+ and
Ni2+ from aqueous solution. The effects of the NH4Cl addition on the adsorption of heavy metal ions are studied. The
results show that the heavy metal ion adsorption capacity is
increased on SBAC with NH4Cl addition. The adsorption
of Cu2+ is 71% increment, while the adsorption of Ni2+ has
a 148% elevation after addition of NH4Cl. XPS and elemental analysis show that the NH4Cl addition is successful
to increase N content and nitrogen-containing functional
groups, which facilitate adsorption of heavy metal ions.
The data from BET analysis indicates that adding NH4Cl
improves the surface character and formation of mesoporous structure, and the mean radius is increased with rising NH4Cl addition in a certain range (0-25%). In terms
of FTIR, NH4Cl addition also makes great changes in
composition and number of functional groups on SBAC,
e.g. increment of -OH, Si-O and Si-O, decrement of C=C,
and appearance of -NH2. It can be concluded that NH4Cl
addition to SBAC in the preparation process can greatly
enhance the performance of SBAC for heavy metal removal.

INTRODUCTION
Sewage sludge is substantially produced with rapid urbanization and strict effluent criteria in recent decades, and
disposal of sewage sludge becomes a world-wide problem
[1,2]. Various ways of sewage sludge utilization have been
proposed, like cements addition, fertilizer production, road
building materials, incineration, production of ceramics,
and adsorbents [3-5]. If improperly treated, sewage sludge
can cause severe secondary pollution in the environment
[1,6]. Thus the way of changing sewage sludge to adsorbents attracts much attention. Adsorption capacities of
sludge derived materials are demonstrated to be comparable to those classic adsorbents, and they achieve the aim
of waste control through waste and waste resource [7,8].
Various methods have been proposed to increase adsorption capacity of adsorbents, i.e. chemical or physical
activations, acid treatment or formation of composite adsorbents with polymers, activated carbons, sludge or other
industrial and municipal wastes [9-11]. In previous
researches, materials with broad range of surface areas
(100-1000 m2g-1) and different surface chemistries, are obtained and tested [11,12].

2625

Fresenius Environmental Bulletin

The chemical functional groups on activated carbon
are mainly oxygen- and nitrogen-containing functional
groups, and they have principal impact on the properties
of activated carbon materials [16,17]. Nitrogen-containing
functional groups can be combined with metal ions [1820]. Nitrogen on the surface of activated carbon material
can be introduced in two ways: one is prepared adsorbents
by nitrogen-containing raw material; and the other way is
to react with nitrogen-containing reagent like ammonia
[21].
In this study, activated carbons were prepared from
sewage sludge using ZnCl2 activation. NH4Cl was supplemented to the sludge precursor to raise the content of nitrogen-containing functional groups. The activated carbon
preparation conditions and the chemical and physical characterization of SBAC products with and without NH4Cl
supplement were investigated. The adsorbents were applied
in heavy metal removal from aqueous solutions, and the
adsorptive performance of SBAC and the adsorption mechanism were also studied. It was aimed to evaluate the influence of NH4Cl supplement on the properties of SBAC and
its adsorptive behavior for heavy mental removal. It was
expected that this work could be useful for a better understanding about the role of NH4Cl in SBAC improvement.

SBAC adsorption experiments were carried out with 500
mg adsorbent stirred in 50 mL aqueous solutions (300 rpm,
20 °C). The initial pH was adjusted to around 4.0 [24-26]
to avoid the precipitation of heavy metal ions, the initial
concentration of Cu2+ and Ni2+ were 400mg·L-1 and the
adsorption equilibrium time was 4 h. The concentration of
Cu2+ and Ni2+ was determined by atomic absorption spectrophotometer (AAS, TAS-990).
RESULTS AND DISCUSSION
Preparation of SBAC

Sewage sludge from wastewater treatment plants was
used as raw material for the production of SBAC by
ZnCl2 activation method. 6g dried and milled sludge sample were treated in a tube furnace at 700°C for 60 min
under 5 mol·L-1 ZnCl2 impregnation. The change of Cu2+
and Ni2+ adsorption was investigated when the NH 4Cl
addition was augmented during adsorption process. The
profile of the adsorption capacity vs NH4Cl addition (the
amount of NH4Cl addition was noted: the value of NH4Cl
addition included the mass of NH4Cl discarded in supernatant, which was about 4% of the total NH4Cl) is shown
in Fig. 1.

25
-1

So far, the most promising application of sludge derived materials have already been used in air pollution
control [9,12] and wastewater treatment [7,13]. In preparation of activated carbon from sewage sludge, ZnCl2 activation is the most commonly method. ZnCl2 can accelerate
dehydrogenation and is helpful for formation of
macropore and mesopore [8,14,15].

adsorption/mg·g
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MATERIALS AND METHODS
The sludge sample was first dried at 105°C for 48 h,
then crushed and sieved through a 2.0 mm sieve. 6 g mixture of sewage sludge and a certain amount of NH4Cl (030% wt.) was impregnated into 15 mL ZnCl2 (5mol·L-1)
solution for 48 h at room temperature. Then the solid particles were dried at 105 °C for 36-48 h and subsequently
pyrolyzed in a tube furnace with purified nitrogen at flow
rate of 300 cm3·min-1 (activated time: 60 min, activated
temperature: 700 °C).The pyrolyzed product was then
washed in a series of 70-90 °C distilled water, 1:3 HCl
solution and 70-90 °C distilled water till the pH of the
washing liquid was 6-7. Finally, the particles were dried at
105 °C for 24 h to a constant weight. The heavy metal ions
were undetected in the aqueous phase for all the activated
carbon samples after immerged in deionized water for
24h.
Two heavy metal ions were used to test the adsorption capacities of the produced SBAC: Copper (Cu2+) and
Nickel ions (Ni2+). These two pollutants were chosen for
their difficult removal from industrial wastewater [22, 23].

Cu2+

20

Ni2+

15
10
5
0
0

10

20

30

addition/%
FIGURE 1 - Impact of NH4Cl addition on the SBAC adsorption.

The SBAC adsorption increased with the rising NH4Cl
addition to a peak value (25% NH4Cl addition). When the
NH4Cl addition was above 25%, the adsorption declined.
The Cu2+ adsorption was obviously higher than Ni2+. The
radius of Cu2+ and Ni2+ were 0.072nm and 0.083 nm, respectively and thus Cu2+ was related easy to reach the
surface and internal of SBAC [23]. The hydrated Cu2+
ions could cross more easily into SBAC than the hydrated
Ni2+ ions by the influence of radius. So Cu2+ adsorption
on SBAC was better than Ni2+ adsorption under same initial
concentrations. This was consistent with other researches
[23, 27]. It was hypothesized that NH4Cl crystallization and
sublimation had a relationship with the pore formation,
and the excessive NH4Cl led to a pore collapse, thus reduced the adsorption of Cu2+ and Ni2+. When the NH4Cl
addition increased to 25%, the Cu2+ adsorption was signif-
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icantly 70.7% increased from 13.0 mg·g-1 (0% NH4Cl) to
22.2 mg·g-1 (25% wt.), and 148% increment for Ni2+
adsorption from 3.3 mg·g-1 to 8.2 mg·g-1. It demonstrated
that NH4Cl supplement in the preparation of SBAC had
an obvious positive effect on Cu2+ and Ni2+ removal from
aqueous solutions.
Characterization of the adsorbents
Elemental analysis

The raw sludge and two samples, which pyrolyzed at
700°C for 60min without NH4Cl addition and with 25%
wt. NH4Cl (named as SBAC0 and SBAC25, respectively),
were analyzed by elemental analysis. As shown in Table 1,
C content of two produced adsorbents has little difference
compared with the raw material, and the contents of H and
N were decreased due to the dehydrogenation during activation process. Nitrogen functional groups are closely
related to the adsorption of heavy metal ions, and the more
N, the more adsorption of heavy metal [18-20]. In spite of
higher N content, the raw sludge had the disadvantage of
amorphous and hard to separate and recycle, thus it can
not be used in industrial application. It was also noticed
that N in SBAC25 was higher than that of SBAC0. However, it was only 1.1% N in SBAC25 and most NH4Cl
additive was lost in the process of preparing adsorbents
for the NH4Cl’s sublimation and decomposition. The S
content was decreased after preparation cause S was reduced to H2S in reducing atmosphere.
TABLE 1 - Contents of C, H, N, S of
sewage sludge and activated carbon (wt. %)

Raw sludge
SBAC0
SBAC25

Carbon

Hydrogen

Nitrogen

Sulfur

15.70
15.165
14.541

2.41
1.043
0.988

2.54
0.368
1.100

2.42
-

BET

BET(S), total pore volume (V), and average pore radius (R) value of the samples with different NH4Cl addition were investigated, as shown in Table 2. It could be
seen that the specific surface area was decreased as NH4Cl
addition increased, while the mean pore radius increased
and the total pore volume changed insignificantly. It showed
that the specific surface area had a negative correlation to
the Cu2+ and Ni2+ adsorption. The mean pore radius had a
positive correlation to the adsorption and the total pore
volume had insignificant correlation. It presented that if
the pore volume was unchanged, the specific surface area
would decrease with the mean radius increasing, while the
mean radius increasing was beneficial to heavy metal adsorption.

This result proves that the NH4Cl addition had a remarkable effect on the formation of mesoporous structure.
The surface characteristics during absorption of heavy
metals in water treatment were found to be related to
mesoporous structure [9,28]. In water treatment process,
the BET of activated carbon was relatively smaller, but
having more transition pores and larger average pore diameter than traditional activated carbons [28]. In the adsorption process, the adsorbate passed through the pore
openings of adsorbent and got into the adsorbent pores,
and then was adsorbed on the pore surface. If the adsorbent pores were smaller than the adsorbate molecule, the
adsorbate could not enter the pores and not to be adsorbed
[29, 30]. The rising in mean radius might be the possibility of etching carbonaceous skeleton, which was attributed
to the physical properties of sublimation. Although BET
surface area was significantly decreased by modification,
the mean pore radius was increased. NH4Cl, as an activating chemical, acted in two ways: (1) speeded up carbonization, reinforced activation of the sludge, and accelerated
dehydration and dewatering, thus improved the surface
structure of the carbon; (2) It was easy for NH4Cl to decompose at 340°C, which is conducive to the pore formation of the carbon.
XPS and FTIR characterization

XPS is used to analyze the surface functional groups
and elements on the material surface. Table 3 shows the
XPS analysis results of SBAC0 and SBAC25. SBAC25
has higher C and N while with less O than that of SBAC0.
The chemical functional groups of activated carbon are
mainly oxygen-containing and nitrogen-containing functional groups, which have principal impact on the activated
carbon materials [16,17]. Nitrogen-containing functional
groups can be combined with metal ions. From the results
of XPS analysis, both for SBAC0 and SBAC25, -C-N is
twice as much as NH, and adding NH4Cl (SBAC25) produces more C-N groups. The nitrogen-containing functional
groups are mainly in the tertiary amine and secondary
amine. For the coordination capability with the heavy metals of the neutral nitrogen is more than other nitrogen group,
the tertiary amine and secondary amine absorb more heavy
metal [21, 31, 32]. So the tertiary and secondary amine increment is helpful for the SBAC to adsorb heavy metal ions.
The changes in functional groups with NH4Cl addition are also investigated though FTIR spectrum. As shown
in Fig.2. SBAC present absorption capacity at wavelength
3420.1cm -1, 1617.5cm -1, 1084.1cm -1, 778.1cm -1 and
465.8cm-1. The absorbance at 3500-3200cm-1 can be associated with the presence of hydroxyl functional groups (-OH),

TABLE 2 - Textural characterization of the SBAC with different NH4Cl addition.
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NH4Cl addition

Preparation Conditions

0

S(BET)/ m2·g-1
V(BJH)/ mL·g-1
V mesoporous//
mL·g-1
R(BET)/A

7

%

.7%

1
68.93
0
.424
0
.349
5
0.2

1
44.63
0
.414
0
.351
5
7.3

1
3.3%
1
09.96
0
.347
0
.299
6
3.1

2
0%

2

2
9.4%
1
01.12
0
.356
0
.313
7
0.5

5%
9

8.86

9
9.32

0
.378

0
.391

0
.333

0
.347

7
6.5

7
8.7

Correlation
C
N
u2+
i2+
0.915
0.969
0.574
0.681
0.277
0.384
0
0
.971
.933

TABLE 3 - The analysis results of XPS (%).

SBAC0
SBAC25

C

O

N

80.93
82.88

16.41
12.75

2.66
4.37

C
CH
73.27
71.43

-C-O
19.2
20.14

N
C=O
4.37
5.32

COO
3.16
3.11

-C-N
62.69
67.61

NH
37.31
32.39

FIGURE 2 - FTIR spectrum of the SBAC with different NH4Cl addition

and 1100-1000 cm-1 with Si-O absorbance, 896~690cm-1
with Si-C absorbance. The NH4Cl supplement makes great
changes in the composition and quantity of functional
groups in SBAC. The contents of –OH and Si-O are increased. The 1620 cm-1 absorption peak is the stretching
vibration band of C=C, which is obviously weakened and
significantly red-shifted after NH4Cl augment. This shows
that NH4Cl has potential to reduce the C=C groups. Also,
the emergence of C-O stretching vibration band at 1050 cm-1
shows that NH4Cl augment can increase the C-O group,
which is also beneficial for the heavy metal ion adsorption for its chemisorption effect. 1640-1560 cm-1 and 900650 cm-1 are assigned to primary amine (-NH2) double
peak of the bending vibration, and the group of -NH2 is increased after NH4Cl augment. Therefore, the NH4Cl sup-

plement is useful for adsorption of heavy metal ions by
the produced SBAC with improved surface chemistry.
CONCLUSIONS
It was feasible to convert surplus sludge from
wastewater treatment into activated carbon using ZnCl2
activation with NH 4Cl as an activator. SBAC prepared
with NH4Cl augment had improved both Cu2+ and Ni2+
adsorption as compared with ordinary SBAC. Results of
elemental and XPS analysis showed that the NH4Cl addition increased the contents of N and nitrogen-containing
functional groups, which were beneficial for the absorption of heavy metal ions. The BET data indicated that the
NH4Cl supplement had principal impact on the surface
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character and the formation of mesoporous structure. Addition NH4Cl to sludge precursor also led to great changes in
the composition and number of functional groups during
pyrolysis with increase of -OH, Si-O and Si-O, decrease of
C=C and appearance of -NH2.
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ABSTRACT
The changes in growth, superoxide dismutase (SOD),
guaiacol peroxidase (GPX), catalase (CAT), and phenylalanine ammonia-lyase (PAL) activities in Luffa cylindrica embryos exposed to 0 - 0.4 mM of cadmium (Cd 2+)
for 7 days in in vitro culture were investigated. Growth
inhibition was observed for all tested Cd2+ levels. SOD
activities in the cotyledons, hypocotyls and radicles were
significantly induced in almost all treatments. GPX and
their isoenzyme activities showed a significant increase
compared to the control. CAT activities in the cotyledons
and hypocotyls increased gradually with rising Cd2+ concentrations up to 0.4 mM, but the highest activity in the
radicles was observed at 0.3 mM. PAL activity in the hypocotyls had a positive correlation to Cd2+ concentrations,
where-as the activities in the cotyledons and radicles
showed peaks at 0.3 and 0.2 mM, respectively. Enhanced
activities of antioxidant enzymes and PAL in Cd-treated
plants suggested that they have some additive function
in the defensive mechanism of metal tolerance in Luffa
cylindrica plants.

KEYWORDS: Cadmium toxicity, in vitro embryo culture, Luffa
cylindrica, antioxidant responses

INTRODUCTION
Heavy metals have disastrous effects on plant productivity and threaten human and animal health through the
food chain [1]. It is known that excessive heavy metal exposure may increase the generation of reactive oxygen species
(ROS) in plants, and oxidative stress would arise if the
balance between ROS generation and removal was broken.
ROS is a main part of free radicles, which can lead to oxidative stress. They can react with lipids, proteins, pigments,

and nucleic acids and cause lipid peroxidation, membrane
damage and inactivation of enzymes, thus resulting in dramatic reduction of growth and productivity, eventually causing the death of plants [2, 3]. Moreover, ROS may be efficiently eliminated by enzymatic and non-enzymatic antioxidants in order to protect themselves from oxidative stress.
Enzymatic antioxidants mainly include superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), etc.
Non-enzymatic antioxidants involve α-tocopherol, ascorbic acid and glutathione, etc [4].
Amongst heavy metals, cadmium (Cd2+) is a major pollutant in soil and water generated from industrial and agricultural activities. In plants, Cd2+ is a non-essential micronutrient and can induce various symptoms of phytotoxicity. These symptoms of Cd2+ toxicity in plants include chlorosis, reduction of biomass, and inhibition of root elongation, as well as alterations of anatomical, morphological,
physiological and/or biochemical properties in different
tissues [1, 5-7]. Unlike copper or iron, Cd2+ is a non-redox
metal unable to participate in Harber–Weiss and Fenton
reactions, but it leads to the formation of ROS that might
cause oxidative damage in various plants [1, 8, 9]. Accordingly, Cd2+ may also stimulate the changes in antioxidant
enzymes activity before any visible symptoms of toxicity
appear in many plant species. These responses of antioxidant enzymes to Cd2+ can vary among plant species and
among different tissues. There are a number of publications on ROS-scavenging enzymes and protection mechanisms in Miscanthus sinensis, soybean, and maize exposed
to Cd2+ toxicity [10-12]. Thus, ROS-scavenging enzymes,
including SOD, GPX and CAT, are believed to increase the
antioxidant response of plants in order to uphold the regular
physiological status in tissues, directly or indirectly affected
by biotic or abiotic stress.
Luffa cylindrica L., known as sponge gourd, is a daily
vegetable, which is cultivated in the tropical and subtropical Asian regions. Its seeds and sponge of the old fruits are
also used in traditional Chinese medicine as an anthelmin-
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tic, stomachic, and antipyretic phytomedicinal drug [13].
Although much supporting evidence on the role of antioxidant enzymes exposed to Cd2+ toxicity has been reported,
little information is available concerning the growth and
antioxidant responses in Luffa cylindrica plant exposed to
Cd2+ toxicity. Thus, the present study may provide a system
for studying Cd-induced changes of growth, antioxidant
enzymes and PAL activities in Luffa cylindrica seedlings.
MATERIAL AND METHODS
Plant materials and chemicals

Luffa cylindrica seeds were obtained from a Traditional
Chinese medicine market, Chengdu, China. Seeds were selected and stored at 4 °C in a plastic box labeled as (No.
20090915) until use. Nitroblue tetrazolium (NBT) and tetramethylenediamine (TEMED) were purchased from Sigma
(St. Louis, MO, USA). The other chemicals used were of
reagent-grade or higher.
Embryo germination and seedling growth

Seeds were sterilized with 70% ethanol for 30-60 s,
and then soaked in 0.1% HgCl2 solution for 6-8 min, followed by 4 rinses with sterilized distilled water and soaked
in sterilized water at 30 °C for 36-48 h. The sterilized seeds
were separated into seed coats and embryos in a clean
bench, and the embryos were placed in 250-ml wide-neck
bottles containing about 80 ml Murashige and Skoog (MS)
media with 6 g/L agar powder and 30 g/L sucrose. These
media were separated into 6 lots. One lot, MS medium, was
used as control. The other 5 lots were supplemented with
Cd2+ added as Cd(Ac)2 in concentrations of 0.05, 0.1, 0.2,
0.3 and 0.4 mM, respectively. These lots were adjusted to
about pH 5.7 and autoclaved for 15-20 min at 121 ± 2 °C.
Germination and growth (3 embryos per bottle) were carried out in a 12-h light and dark cycle at 25 ± 2 °C for 7 days.
The experiments were arranged in a completely randomized design with 3 replicates per treatment. In each experiment, cotyledons, hypocotyls and radicles of seedlings were
selected for analysis.
Plant growth and leaf morphological observations

The seedlings were harvested after 7-day treatment.
After that, seedlings were washed thrice with distilled water and, finally, with de-ionized water. Lengths of hypocotyls and radicles, as well as thickness of cotyledons were
recorded, different plant parts were separated and their fresh
weights were noted. Area of cotyledons was determined
using digital image analysis [14]. In brief, images of approximately 10–15 cotyledons from seedlings of different
treatment groups and objects of known area were collected
using a flatbed scanner (AcerScan 620U, Suzhou, China)
at 600 dpi resolution. All cotyledons were carefully placed
on the scanner to avoid overlap and fully expand bent or
contracted cotyledons. Then, the pixel value of cotyledons
in different treatment groups and objects of known area
was obtained using image processing software (Adobe

Photoshop, Abode Photoshop, Inc., San Jose, CA, USA).
The area of cotyledons was obtained according to the objects of known area.
Antioxidant enzyme extraction

All biochemical analyses were performed at 4 °C. The
fresh cotyledons, hypocotyls and radicles of seedlings (about
0.5 g) were homogenized using a chilled pestle and mortar
under liquid nitrogen, and then were extracted in 5 ml of
20 mM sodium phosphate buffer (pH 7.0) including 0.5 mM
EDTA and 0.15 M NaCl. The crude extract was centrifuged
at 12,000 rpm and 4 °C for 5 min, and then the supernatant
was used for assaying of antioxidant enzyme activity.
Polyacrylamide gel electrophoresis (PAGE)

Samples of crude enzyme extracts were electrophoresed in 10 % (w/v) polyacrylamide slab gel under nonde-naturing conditions. Enzyme extracts were electrophoresed at 4 °C and 80 V in the stacking gel, followed by
120 V in the separating gel. Isoenzymes of antioxidant
enzymes were visualized in gels by the Ros Barcelo methods for GPX [15].
Assay of antioxidant enzymes

SOD assay was performed according to Beauchamp
and Fridovich method with some slight modifications [16].
The 3-ml reaction mixture contained 50 mM sodium phosphate buffer, pH 7.8, 13 mM methionine, 75 µM NBT, 2 µM
riboflavin and 50 µl of enzyme extract. The reaction mixtures were incubated at 25 °C for 15 min in light. Absorbance was read at 560 nm using a UV/VIS spectrophotometer (Purkinje General Instrument Co. Ltd., Beijin, China).
Non-illuminated mixtures without enzyme extract served
as control. The enzyme volume corresponding to 50% inhibition of the reaction (one unit) was calculated. The activity was expressed in U/g fresh weight.
Guaiacol peroxidase (GPX) activity was determined
according to Sakharov and Bautista method by measuring
the increase in absorbance at 470 nm due to the formation
of tetraguaiacol [17]. The reaction mixture (3 ml final volume) consisted of 2.8 ml 3 % guaiacol in 50 mM Tris-HCl
(pH 7.0) and 0.1 ml 2 % H2O2. The reaction was started by
adding 0.1 ml enzyme extract (the dilution ratio of the extract depended on the protein concentration of the extract),
and the absorbance increase at 470 nm was measured. One
unit of enzyme activity was defined as the amount of enzyme which produces 1 absorbance change at 470 nm per
min under the above assay conditions.
CAT activity was measured following the method of
Aebi [18]. One unit of CAT is defined as the amount causing the decomposition of 1 µmol of H2O2 per min under the
experimental conditions. The activity was expressed in
U/g fresh weight.
Enzyme extraction and PAL activity assay

For PAL assay, cotyledons, hypocotyls and radicles
tissues of 0.5 g were ground in ice-cold 100 mM Tris-HCl
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buffer (pH 8.8) containing 1% polyvinylpolypyrrolidone
and 0.5 mM EDTA. The homogenate was centrifuged at
12,000 rpm at 4 °C for 10 min and tested for PAL activity. PAL activity was determined by monitoring the reaction product trans-cinnamate at 290 nm [19]. The reaction
mixture of 3 ml contained 100 mM Tris-HCl, pH 8.8,
20 mM L-phenylalanine, and enzyme extract. The reaction
was allowed to proceed for 30 min at 30 °C, and was stopped
by the addition of 10 % trichloroacetic acid (0.5 ml). One
unit of enzyme activity was defined as the amount of enzyme that increased the absorbance by 0.01/min under
assay conditions. The activity was expressed in U/g fresh
weight.
Statistical analysis

We performed 3 independent experiments for each
condition. Data are reported as means ± SD. Statistical significance was evaluated with Student's t-test, and considered
to be significant when the P value was less than 0.05.

RESULTS AND DISCUSSION
After 7 days of germination and growth in in vitro culture, growth inhibition was observed for all tested Cd2+
contents in MS media. The growth of cotyledons was gradually and significantly inhibited with increasing Cd2+ concentrations up to approximately 67.2% at 0.4 mM Cd2+, compared to the control. Similarly, maximum growth inhibitions of the hypocotyls and radicles (81.9% and 69.7%) at
Cd2+ levels of 0.4 mM were achieved within a 7-d treatment, respectively (Table 1). Cd2+ has been shown to
affect growth and metabolism of plants to varying degrees
depending on the concentration and status of Cd in the
environment. Other general symptoms of Cd2+ toxicity in
plants also include chlorosis and necrosis of cotyledons,
as well as anatomical, morphological alterations in different tissues [7, 8, 20]. In the present study, higher Cd2+
concentrations result in toxic symptoms in Luffa cylindrica seedlings during germination and growth, such as reduction in the area of cotyledons, increase in thickness of
cotyledons, shortening in length of hypocotyls and radicles, etc (Table 1). The surface area of cotyledons was

gradually reduced with increasing Cd2+ concentrations, but
the thickness increased progressively compared to the control. Inhibition of root elongation is among the most sensitive responses to Cd2+ toxicity, and the length of radicles in
Luffa cylindrica seedlings declined gradually with increasing Cd2+ concentration in the growth medium. The length
of hypocotyls showed no significant changes at tested Cd2+
concentrations of 0.05 and 0.1 mM compared to the control, while they were adversely affected at higher Cd2+ concentrations. Parameters, such as fresh weight of different
tissues as well as length of stem and root, were used as useful indicators of metal toxicity in plants. Based on the
above results, the present results showed a negative response
of Luffa cylindrica seedlings exposed to Cd2+ toxicity, and
the changes in anatomical and morphological parameters
lend further support to the reduction in fresh weight of
different plant tissues.
Numerous reports have shown that heavy metal toxicity to plants is positively correlated with concentrations
in soil and water. Cd, one of major heavy metal pollutants
in the environment, also leads to the formation of ROS
that may damage plant tissues [2, 3]. Thus, plants defend
against ROS by induction of activities of certain antioxidant enzymes, such as SOD, POD and CAT, which scavenge ROS under environmental stress conditions. In plants,
SOD plays important roles in scavenging O2- radicals generated in various physiological processes, thus preventing
the oxidation of biological molecules, either by the radicals
themselves, or by their derivatives [4]. Thus, SOD is considered as one of several important antioxidant enzymes,
which protect cells and tissues from oxidant damage. As
shown in Figure 1, SOD activity in Luffa cylindrica cotyledons was improved by the treatment with different Cd2+
levels, and the peak activity at 0.3 mM Cd2+ concentration
was 1.69-fold that of the control. Similarly, treatment of
hypocotyls and radicles with Cd2+ also increased the activity of SOD compared to control. The highest levels of increase of SOD in the hypocotyls and radicles were 159.4 %
and 69.4% with regard to control, respectively. Our results
were in accordance with those observed for plants like Triticum aestivum [8], Miscanthus sinensis [10], soybean [11]
and maize [12], in which SOD activity was significantly in-

TABLE 1 - Changes in growth parameters and fresh weight of cotyledons, hypocotyls and radicles in Luffa cylindrica seedlings
exposed to various cadmium concentrations for 7 days (data points and error bars represent means ± S.D. of three replicates (n = 3)).
Growth parameters
Cotyledon area (mm2)
Cotyledon thickness (mm)
Hypocotyl length (cm)
Radicle length (cm)
Fresh weight of
cotyledon (mg)
Fresh weight of
hypocotyl (mg)
Fresh weight of

0
654.5±28.7
0.612±0.01
3.32±0.13
17.9±0.75

0.05
596.7±23.5
0.636±0.02
3.14±0.14
12.6±0.43

Cd2+ concentrations (mM)
0.1
0.2
528.6±21.9
244.9±10.3
0.64±0.02
0.653±0.03
3.12±0.12
2.72±0.09
6.04±0.22
2.68±0.11

0.3
227.5±9.34
0.704±0.03
1.73±0.06
1.65±0.05

0.4
217±8.65
0.724±0.02
0.25±0.01
1.09±0.04

44.4±2.05

39.4±1.68

31.2±1.26

17.1±0.69

16.2±0.73

14.6±0.65

43±2.05

40.3±1.81

32.8±1.64

13.6±0.58

10.5±0.45

7.78±0.32

22.9±0.92

19.4±0.77

14.9±0.65

8.4±0.35

7.16±0.28

6.93±0.31
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radicle (mg)

duced by increasing Cd2+ concentrations. Cd2+ stress may
lead to enhanced SOD activity within plant tissues, and
plants are believed to rely on SOD to maintain normal
physiological conditions and cope with stress [1]. In addition, induction in the levels of SOD activity was positively
correlated with the concentration of Cd2+, within a certain
range. Based on the above results, SOD, together with
POD and CAT, might provide plant cells with highly
efficient machinery for detoxifying ROS.

enzymes, like SOD, GPX and CAT, are activated synchronously in Luffa cylindrica plant when stimulated by Cd2+

FIGURE 2 - Changes in GPX activity of cotyledons, hypocotyls and
radicles in Luffa cylindrica seedlings exposed to various cadmium
concentrations for 7 days (data points and error bars represent
means ± S.D. of three replicates (n = 3)).

FIGURE 1 - Changes in SOD activity of cotyledons, hypocotyls and
radicles in Luffa cylindrica seedlings exposed to various cadmium
concentrations for 7 days (data points and error bars represent
means ± S.D. of three replicates (n = 3)).

As shown in Figure 2, there were increases of GPX
activity in the cotyledons compared to the control, and the
highest value was observed at 0.3 mM Cd2+ treatment
group with respect to the control. Increased GPX activities
were also found in the hypocotyls and radicles compared to
the control, and the peak activities increased by 135.2%
and 263.6%, respectively. Scavenging of ROS can also be
mediated in plants by GPX using a range of reductants.
These enzymes are encoded by a large gene family, involved in several important physiological and developmental processes, such as lignification, suberisation, auxin metabolism, cross-linking of cell wall proteins, defense against
heavy metal, salt tolerance and oxidative stress [4, 21]. Thus,
GPX may be considered to be useful markers for environmental stresses, since their activity is affected by various
kinds of biotic and abiotic stressors. GPX had been assessed
and significantly stimulated in Triticum aestivum [8], Miscanthus sinensis [10] and maize [12] plants by various concentrations of Cd exposure. The present study observed
that GPX in different tissues of Luffa cylindrica increased
significantly with tested concentrations of Cd2+ in culture
conditions (Figure 2). These increases in GPX activity in
the cotyledons, hypocotyls and radicles with the exposure
to different Cd2+ levels paralleled the increase in SOD and
CAT activity (Figures 1, 2 and 4). Thus, these protective

FIGURE 3 - Non-denaturing PAGE patterns of GPX isoenzymes
present in the cotyledons, hypocotyls and radicles of Luffa cylindrica
seedlings exposed to cadmium toxicity. A: patterns of GPX isoenzymes in the cotyledons; B: patterns of GPX isoenzymes in the
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hypocotyls; C: patterns of GPX isoenzymes in the radicles. Lanes
from 1 to 6 were 0, 0.05, 0.1, 0.2, 0.3 and 0.4 mM Cd2+, respectively.
About 20 µl of each sample was loaded.

toxicity. A new paragraph of soluble GPX isoenzymes from
the cotyledon, hypocotyl and radicle extracts was ob-tained
by non-denaturing PAGE (Figure 3). As shown in Fig. 4, at
least 4-5 bands of GPX isoenzymes in the cotyledons, hypocotyls and radicles were detected, but in different patterns. The staining density of isoenzymes (I, III and IV)
was enhanced with increasing Cd2+ levels up to 0.3 mM,
but isoenzyme II showed a different trend. In the hypocotyls, these isoenzymes (II, III and IV) showed a similar
pattern compared to those in the cotyledons. The staining
density of isoenzymes (II, IV and V) in the radicles was
gradually induced with increasing Cd2+ concentration, but
the isoenzyme (III) was inhibited. Results of the isoenzyme pattern lend further support to the changes of GPX
activity as assayed in plant tissue. Multiple isoenzymes of
GPX have been found in different tissues of many plant
species including barley, and are regulated differentially in
response to changes in either developmental phase or environmental conditions [21]. Evidences have indicated that
differential regulation of POD genes can be activated by
specific factors, such as heavy metals, salts and other stress
factors [22-24]. The expressions of POD genes have been
studied in an amazing variety of stress conditions. Fourteen
POD genes in Arabidopsis thaliana are related to metal
stresses. Thirteen, two and one of these genes are associated with aluminum, arsenic and cadmium stresses, respectively. These genes were induced by heavy metals and other
stresses, possibly indicating the action of these proteins in
general defensive mechanisms of the plant [25]. Thus, the
present results again suggested the existence of common
mechanisms of defense/tolerance to different stresses, but
also the existence of a complex regulation through different signal pathways of an individual POD gene.
Figure 4 shows the relation between CAT activity and
concentrations of Cd2+ in Luffa cylindrica seedlings in
growth media. CAT activity in the cotyledons increased
significantly in a concentration-dependent manner up to
0.4 mM Cd2+. At a concentration of 0.4 mM Cd2+, CAT
activity was 4.06-fold that of the control. The activity in the
hypocotyls and radicles in presence of Cd2+ showed a similar trend compared to that in the cotyledons. The greatest
activities in the hypocotyls and radicles were observed at
0.4 and 0.3 mM Cd2+, being 5.36-fold and 6.41-fold that of
the control, respectively. Increased CAT activity in rice
and Miscanthus sinensis plants exposed to Cd2+ toxicity has
been reported [2, 10]. As a part of antioxidant response
system, CAT plays an important role in the protection
against oxidative damage by ROS that increase following
biotic and abiotic stresses. Thus, various environmental
factors, including heavy metals, salt and drought, have been
shown to influence CAT activity in different tissues of many
plant species [4]. The present study observed that the
peaks of CAT activities in the cotyledons, hypocotyls and
radicles appeared when Cd2+ concentrations in MS media
were 0.4, 0.4 and 0.3 mM, respectively. The induction of

CAT is considered to be a general response to heavy metal
stress in plants [1, 8]. Thus, increased CAT activity in the
plants might be a typical reaction of plants to the presence
of oxidative stress, and be involved in detoxification of
ROS.

FIGURE 4 - Changes in CAT activity of cotyledons, hypocotyls and
radicles in Luffa cylindrica seedlings exposed to various cadmium
concentrations for 7 days (data points and error bars represent
means ± S.D. of three replicates (n = 3)).

In the present study, PAL was also significantly induced by treatments of Luffa cylindrica seedlings with Cd
(Figure 5). The activity in the hypocotyls continuously increased with increasing Cd2+ treatment up to 0.4 mM, which
caused a 164.8% increase in comparison to control. However, the highest activity in the cotyledons and radicles was
observed at 0.3 and 0.2 mM Cd2+ exposure levels, where
the activity was increased by 644.6 % and 113.5 %, respectively. Then, a further increase in Cd2+ concentration decreased the activity in hypocotyls and radicles. In plants,
PAL plays a key role in linking primary metabolism to
phenylpropanoid metabolism. PAL has been widely studied in plant tissues, especially with regard to its induction
by biotic and abiotic stresses, such as heavy metals, salts
and light, etc [26, 27]. These results suggest that PAL plays
an essential role in modulating the resistance of plant tissues to such stresses. Studies indicated that reduced PAL
activity is directly correlated with lower levels of phenylpropanoids in transgenic tobacco plants, whereas increased gene expression and enzyme activity are correlated
with the accumulation of phenylpropanoid [28]. In addition, the in-creased expression levels of PAL genes lead to
the synthesis and accumulation of PAL isoenzymes and
phenolic com-pounds in different tissue and sub-cellular
compartments under stress condition [26, 27]. These results
suggested that PAL may modulate the resistance to stresses by regulating the biosynthesis of phenolic and phenylpropanoid compounds. Recent studies indicated that
increased PAL activity which occurs as primary defense
reaction in Helianthus annuus plant tissues may be due to
the generation of H2O2 in response to stress [29]. In the
present study, PAL activity was significantly induced in the
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plants exposed to Cd2+ toxicity. Thus, the present results
indicated that increased PAL activity in Luffa cylindrica
seedlings might be involved in the defensive mechanisms
of the plant.

[7]

John, R., Ahmad, P., Gadgil, K. and Sharma, S. (2008) Effect
of cadmium and lead on growth, biochemical parameters and
uptake in Lemna polyrrhiza L., Plant, Soil and Environment,
54, 262–270.

[8]

Lin R.Z., Wang X.R., Luo Y., Du W.C., Guo H.Y. and Yin
D.Q. (2007) Effects of soil cadmium on growth, oxidative
stress and antioxidant system in wheat seedlings (Triticum
aestivum L.), Chemosphere, 69: 89–98.

[9]

Ranieri, A., Castagna, A., Scebba, F., Careri, M., Zagnoni, I.,
Predieri, G., Pagliari, M. and di Toppi, L.S. (2005) Oxidative
stress and phytochelatin characterisation in bread wheat exposed to cadmium excess, Plant Physiology and Biochemistry, 3, 45–54.

[10] Scebba, F., Arduini, I., Ercoli, L. and Sebastiani, L. (2006)
Cadmium effects on growth and antioxidant enzymes activities in Miscanthus sinensis, Biologia Plantarum, 50, 688–
692.
[11] Ferreira, R.R., Fornazier, R.F., Vitória, A.P., Lea, P.J. and
Azevedo, R.A. (2002) Changes in antioxidant enzyme activities in soybean under cadmium stress, Journal of Plant Nutrition, 25, 327–342.
FIGURE 5 - Changes in PAL activity of cotyledons, hypocotyls and
radicles in Luffa cylindrica seedlings exposed to various cadmium
concentrations for 7 days (data points and error bars represent
means ± S.D. of three replicates (n = 3)).

In conclusion, the present findings indicated that
growth inhibition is a toxic response of Luffa cylindrica
exposed to Cd2+ toxicity. Furthermore, Cd2+ toxicity might
cause the imbalance in the reactive oxygen scavenging
system that induced oxidative stress. Thus, increased antioxidant enzyme (SOD, GPX and CAT) activities and PAL
might be involved as part of the defensive mechanism
against oxidative stress in Luffa cylindrica seedlings.

[13] Yang, Y., Ma, X., Wu, W. and Guo, P. (1999) Biological
characters of the different varieties for Luffa cylindrica.
Zhong Yao Cai, 22, 165–167.
[14] O’Neal, M.E., Landis, D.A. and Isaacs, R. (2002) An inexpensive, accurate method for measuring leaf area and defoliation through digital image analysis, Journal of Economic Entomology, 95, 1190–1194.
[15] Ros Barcelo, A. (1987) Quantification of lupin peroxidase
isoenzymes by densitometry, Anales de Biologia, 14, 33–38.
[16] Beauchamp, C. and Fridovich, I. (1971) Superoxide dismutase: improved assays and an assay applicable to acrylamide gels. Analytical Biochemistry, 44: 276–287.
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ABSTRACT
In order to study the mechanisms responsible for
cadmium (Cd) detoxification in Kenaf (Hibiscus cannabinus L), the growth and antioxidative responses of the plant
grown on a Cd polluted soil were investigated. Kenaf seeds
were grown in artificially contaminated soils containing increasing concentrations of Cd as CdCl2 (0, 150, 300, 450
and 600 mg Cd kg-1) for 14 weeks in a screenhouse.
Growth parameters (plant height and stem girth), Cd concentration, oxidative lipid peroxidation, glutathione (GSH)
content, activity of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase
(APX) were measured using established techniques. Cd inhibits growth as shown by decrease in plant height and
stem girth at all concentrations used compared with control. Plant Cd concentrations increased with soil Cd concentrations, with maximum Cd uptake being 73.37±8.82
mg kg-1 dry weight at 600 mg Cd kg-1. The content of
malondialdehyde (indication of lipid peroxidation) showed
a significant (p<0.05) increase in Kenaf shoots at 150 and
300 mg Cd kg-1 level of treatment, while the content of
non-enzymatic antioxidant, GSH, showed a significant (p<
0.05) depletion at all treatment levels compared with control. Activity of SOD was increased while the activities of
CAT and APX were inhibited at all Cd concentrations used.
Results show that Cd induces oxidative stress in Kenaf and
that both enzymatic and non-enzymatic antioxidants play
significant roles in Cd detoxification in Kenaf.

KEYWORDS: Antioxidant enzymes, cadmium, kenaf, non-enzymic
antioxidants, oxidative stress.

INTRODUCTION
Cadmium (Cd) is an extremely toxic metal without
any metabolic or physiologic significance and its presence

in the environment is of concern in terms of health for man
and biosphere. It enters the environment mainly from industrial processes and phosphate fertilizers and is then
transferred to the food chain [1]. Studies in different plant
species have revealed that Cd causes various phytotoxic
symptoms including chlorosis, growth inhibition, water imbalance, phosphorus and nitrogen deficiency and accelerated senescence [2-4]. However, the mechanisms involved in
the toxicity of cadmium are not completely understood
yet. Some authors have reported that cadmium produces
alterations in the functionality of membranes by inducing
lipid peroxidation [3]. Also disturbances in chloroplast metabolism by inhibiting chlorophyll biosynthesis and reducing the activity of enzymes involved in CO2 fixation have
all been mentioned as possible mechanisms [3, 5, 6].
Cd causes oxidative stress either by inducing oxygen
free radical production or by decreasing enzymatic and nonenzymatic antioxidants [3, 7, 8]. Oxygen free radicals which
includes superoxide (O2•)־, hydroxyl radicals (OH•), and
hydrogen peroxide (H2O2) are amongst the most reactive
compounds known to be produced during heavy metal
stress. These reactive compounds can lead to multifold
effects such as membrane peroxidation, loss of ions, protein cleavage, inactivation and damage, and even DNA
strand breakage [9, 10]. To control the level of reactive
oxygen species (ROS) and protect cells under stress conditions plant tissues have evolved antioxidant defense systems comprising of enzymes superoxide dismutase (SOD,
EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), ascorbate peroxidase (APX, EC 1.11.1.11) and the non-enzymic constituents, α-tocopherol, ascorbate and reduced glutathione
(GSH) which remove, neutralize and scavenge ROS [9- 11].
Phytoremediation offers a great potential as a method
for removing metals, especially Cd from contaminated
soil [12, 13]. For efficient remediation of Cd contaminated soil, plants that accumulate high Cd concentrations and
also have a high biomass must be used. Kenaf (Hibiscus
cannabinus L.) is such a plant which exhibits a relatively
high Cd concentration and biomass [14]. Previous studies
in our laboratory have also indicated that Kenaf can ac-
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cumulate lead to a reasonable extent from lead contaminated soil (unpublished result). However the mechanisms
responsible for Cd accumulation and detoxification in
kenaf remain unknown. To better understand the mechanisms of cadmium detoxification by kenaf, this study
therefore examined the physiological and biochemical
responses of kenaf under high level of Cd stress.
MATERIALS AND METHODS

um concentration was estimated using an atomic absorption spectrophotometer.
Growth analysis

The effect of Cd on growth of Kenaf was studied in
terms of plant height and stem girth. Plant height and stem
girth were measured using a metre rule and vernier caliper
respectively starting from sixth week after planting at two
weeks interval until harvest.
Plant extract preparation

Soil Sampling, Preparation and Planting

The screenhouse experiment was carried out in the
University of Agriculture, Abeokuta (UNAAB), (Latitude
70 9' N and longitude 300 21' E) Ogun State, Nigeria. Top
soil (0-15 cm) was collected from UNAAB Teaching and
Research Farm, mixed thoroughly by a mechanical mixer
and passed through 4 mm sieve to remove fibre and non
soil particulate in the sample. The chemical and physical
properties of the soil were determined prior to planting.
Ten-litre plastic pots were filled with 10kg soil that passed
through a 4 mm sieve. Five Cd levels, applied as Cadmium
chloride (0, 150, 300, 450 and 600 mg Cd kg-1 soil) were
introduced and the pots arranged in Randomized Complete
Block Design (RCBD), with 5 replicates per treatment. The
soil in the pots were thoroughly mixed for even distribution of the contaminant and watered to field capacity. Three
seeds of kenaf (Cuba 108) obtained from the Institute of
Agricultural Research and Training (IART), Ibadan, Nigeria were planted and thinned to one plant per pot two
weeks after germination. 60 kg N/ha of N.P.K. (20:10:10)
fertilizer was applied third week after planting. The plants
were protected against insects by spraying with Nuvacron
at sixth week after planting and this continue at two weeks
interval until when harvested.
Soil properties analysis

Soil pH was determined using a glass electrode pH meter (Rent Model 720) in distilled water according to Thomas [15]. Soil organic carbon was determined by the chromic
acid digestion method of Walkley and Black as reported by
Sparks [16]. The total N concentration was determined by
Macro-kjeldahl method according to Bremner [17], available P was determined by Bray-I method as described by
Kuo [18]. Exchangeable Ca, Mg, K and Na were extracted
with neutral normal ammonium acetate buffer according
to Helmke and Sparks [19]. K and Na were determined
using Flame Photometer (Gallenkamp Model FH 500) and
exchangeable Ca and Mg by Atomic Absorption Spectrophotometry (AAS).

The extraction was carried out according to the procedure of Rani et al. [20]. Briefly, kenaf shoots were thoroughly washed and homogenized in 50 % ethanol (1:2,
w/v) in a pre-chilled mortar and pestle. The homogenates
were then centrifuged at 5000 g for 10 minutes. The supernatant obtained for each sample was used within 72 hours
for lipid peroxidation, protein content, and various enzymatic as well as non-enzymatic antioxidants assays.
Biochemical assays

The extent of lipid peroxidation was estimated in terms
of thiobarbituric acid reactive substances (TBARS), using
malondialdehyde (MDA) as standard by method of Beuge
and Aust [21]. Catalase (EC 1.11.1.6) activity was measured following the procedure of Clairborne [22], in which
the disappearance of H2O2 was monitored spectrophotometrically at 240nm. Superoxide dismutase (EC 1.15.1.1)
activity was assayed according to the procedure of Das et al.
[23]. The activity of ascorbate peroxidase (EC 1.11.1.11)
was determined according to the procedure of Nakano and
Asada [24] by estimating the rate of ascorbate oxidation
(extinction coefficient 2.8 mM-1 cm-1). GSH concentration
was determined in samples according to the method of
Boyne and Ellman [25]. Protein content of the extract
was determined according to the method of Bradford [26]
using bovine serum albumin as standard. All chemicals
used in the enzymatic and non-enzymatic activity determinations were of analytical purity and were obtained from
Sigma Aldrich Chemicals.
Statistical analysis

The values were presented as mean ± SD. Differences
between group means were estimated using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) and Duncan test for multiple comparisons.
Results were considered statistically significant when p<
0.05. All the statistics were carried out in SAS (The SAS
system for windows, v8; SAS Institute Inc., Cary, NC).

Cadmium accumulation

Harvested plants were thoroughly washed in distilled
water and the leaves and stems (shoot) removed and then
oven dried at 80oC for 48 hours. About 2 g of dried plant
materials was powdered and digested in 10 mL of HNO3
at 100oC until the solution turned clear. The final volume
was adjusted to 25 ml with double distilled water. Cadmi-

RESULTS
The soils chemical and physical properties prior to planting are shown in Table 1. The pH of the soil was slightly acidic [27]. The soil was low in nutrient when compared
to the nutrient ratings for soil fertility classes in Nigeria and
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the Cd content of the soil was within the range (0.01-2.4
mg kg-1) of Cd in agricultural soil [28].
TABLE 1 - Chemical and physical
properties of the soil before planting
Parameters
pH (H2O)
Sand (g/kg)
Clay (g/kg)
Silt (g/kg)
Texture
Exch. Ca (cmolkg-1)
Exch.Mg (cmolkg-1)
Exch.K (cmolkg-1)
Exch.Na (cmolkg-1)
Organic matter (g/kg)
Available P. (mg/kg)
Total N. (g/kg)
Cd (mg/kg)

soil
6.30
755.00
75.00
170.00
Sandy loam
1.38
1.10
0.18
0.12
16.30
7.50
1.20
0.07

ment. Figures 1 and 2 show the plant height and stem
girth respectively as affected by Cd concentrations from
sixth week after planting (6WAP) to fourteenth week after
planting (14WAP). Plant height and stem girth increased
from 6WAP to 14WAP at every concentration level. However, compared with control, plant height and stem girth decreased as cadmium concentration increased. At 150 mg
Cd kg-1 level of treatment, the decrease in plant height
was not statistically significant (p<0.05) compared with
control, but at other Cd treatment level, the reduction in
plant height was significant (p<0.05) when compared
with control.
Lipid peroxidation

Cadmium concentration and growth parameters

Table 2 shows the cadmium concentrations in kenaf
shoots after harvesting. Kenaf shoots showed a dosedependent accumulation of Cd. This could be seen in the
significant positive correlation between Cd treatment in
soil and Cd concentration in the shoot of kenaf (r = 0.982,
p = 0.001, in Table 3). Treated plants accumulate up to
73.37 mg Cd kg-1 DW at 600 mg Cd kg-1 soil level of treat-

Malondialdehyde (MDA) content was measured as an
indication of lipid peroxidation. Cd treatment significantly
(p<0.05) increased the content of MDA in the shoots of
kenaf at 150 and 300 mg Cd kg-1 soil level of treatment,
with the increase being about 156 and 209% respectively.
However, treatment at 450 mg Cd kg-1 soil level significantly (p<0.05) reduce the MDA content by about 16%.
At 600 mg Cd kg-1 soil treatment level, the MDA content
was statistically similar (p<0.05) to the observed value for
control (Table 2).

TABLE 2 - Effect of Cd at different concentrations on Cd content, lipid peroxidation (LPO), GSH content as well as SOD, CAT and APX
activities in kenaf shoot (Hibiscus cannabinus)
Treatments
Cd content in leaves
LPO
SOD
CAT
APX
GSH
(mg Cd kg-1)
(mg kg-1 DW)
(µmol MDA g-1 FW) (U mg-1 protein)
(U mg-1 protein) (U mg-1 protein) (µmol g-1 FW)
0
0.02 ± 0.002e
0.73 ± 0.05c
0.036 ± 0.005b
1.47 ± 0.03a
0.70 ± 0.03d
14.50 ± 0.47a
150
19.63 ± 0.20d
1.87 ± 0.01b
0.068 ± 0.008a
0.88 ± 0.03b
2.19 ± 0.15c
10.83 ± 0.57b
300
33.79 ± 2.08c
2.26 ± 0.17a
0.066 ± 0.011a
0.72 ± 0.14c
4.33 ± 0.67a
8.54 ± 0.31d
b
d
a
c
b
450
42.63 ± 0.11
0.61 ± 0.05
0.074 ± 0.002
0.78 ± 0.03
2.67 ± 0.15
9.07 ± 0.09c
600
73.37 ± 8.82a
0.71 ± 0.04c
0.072 ± 0.008a
0.38 ± 0.03d
2.74 ± 0.20b
9.16 ± 0.34c
Values are means ± SD of five replicates. Different superscript in the same column indicate significant differences at p<0.05 (DMRT).

TABLE 3 - Relationship between Cd treatment in soil and biochemical parameters.
Cd Treatment Pearson Correlation
Sig. (2-tailed)
N
Cd in shoot
Pearson Correlation
Sig. (2-tailed)
N
MDA
Pearson Correlation
Sig. (2-tailed)
N
SOD
Pearson Correlation
Sig. (2-tailed)
N
CAT
Pearson Correlation
Sig. (2-tailed)
N
APX
Pearson Correlation
Sig. (2-tailed)
N
GSH
Pearson Correlation
Sig. (2-tailed)
N

Cd Treatment
1

Cd in shoot
.982(**)
.003
5
1

MDA
-.267
.664
5
-.217
.726
5
1

SOD

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).
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.794
.109
5
.763
.134
5
.173
.781
5
1

CAT
-.910(*)
.032
5
-.937(*)
.019
5
-.112
.858
5
-.893(*)
.041
5
1

APX
.554
.332
5
.536
.352
5
.588
.298
5
.700
.188
5
-.721
.169
5
1

GSH
-.807
.099
5
-.771
.127
5
-.296
.629
5
-.924(*)
.025
5
.899(*)
.038
5
-.902(*)
.036
5
1
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Enzymic and non-enzymic antioxidants level

The changes in enzymic and non-enzymic antioxidants
are shown in Table 2. SOD activity showed a significant
increase at all treatment level compared with control. However, the increase at all the cadmium concentrations was
not dose-dependent (r = 0.794, p = 0.109, Table 3). The
maximum increase occurs at 450 mg Cd kg-1 soil treatment
level and it is about 106% of the control. CAT activity
showed a steady but significant (p<0.05) decrease at 150 mg
Cd kg-1 soil level of treatment when compared with control.
The steady decrease was sustained in the 300 and 450 mg
Cd kg-1 soil treatment level. At 600 mg Cd kg-1 soil level
of treatment, there was a sharp decrease amounting to 74%
of the control value. This showed that there is a significant
negative correlation between Cd treatment in soil and CAT
activity in the shoot of kenaf (r = 0.910, p = 0.032, Table 3).
APX activity showed a significant (p<0.05) increase at all
cadmium treatment levels compared with control. The increases are 212, 519, 281 and 291% of the control at 150,
300, 450 and 600 mg Cd kg-1 soil treatment levels respectively. The level of GSH indicated a significant (p<
0.05) depletion at all Cd concentrations in comparison to
the control, although the depletions are not dose-dependent.
The maximum decrease of 41% occurs at the 300 mg Cd
kg-1 soil level of treatment. We also analyzed our data to
see whether any correlation existed among the biochemical
parameters investigated. As shown in Table 3, we observed
that a significant negative correlation existed between (1)
Cd concentration in the shoot and CAT activity (2) SOD
and CAT activity (3) SOD activity and GSH level and (4)
APX activity and GSH level, while a significant positive
correlation was observed between CAT activity and GSH
level.
DISCUSSION
The aim of this study was to evaluate the mechanisms
responsible for Cd detoxification in kenaf. This was done

by investigating the growth and antioxidative response of
the plant grown in a Cd polluted soil. In this study, the Cd
concentrations used (up to 600 mg kg-1) are higher than
those normally observed in most polluted soils, but we
chose these concentrations after preliminary work in our
laboratory have confirmed them to be suitable. Increasing
Cd concentrations significantly enhanced Cd concentration
in the shoot of kenaf in a dose dependent manner. This is
expected because accumulation of Cd from soil depends on
Cd concentration in the soil and its bioavailability, modulated by other factors such as presence of organic matter,
pH, redox potential, temperature and concentrations of
other elements [3].
Cd produces a significant inhibition in the growth of
kenaf as seen in the reduction of plant height and stem
girth of treated plants in comparison to control (Figures 1
and 2, respectively). Several workers have reported growth
inhibition in Cd-exposed plants [3, 8, 29, 30]. Reasons
adduced for this growth inhibition includes inhibition of
cell division and elongation rate of cells [29], as well as
degradation of chlorophyll or the inhibition of its biosynthesis [3, 8, 30].
Lipid peroxidation is one of the main manifestations
of oxidative damage which plays important role in the
toxicity of many xenobiotics. Intoxication with metals induces oxidative stress because they are involved in several
different types of ROS generating mechanisms. Cd has been
found to produce oxidative stress [3, 31], but in contrast
with other heavy metals such as Cu, it does not seem to
act directly on the production of ROS via Fenton and / or
Haber Weiss reactions. However, it enhances prooxidant
status by reducing the GSH pool and / or blocking the photosynthetic electron transport chain [3], as well as activating
calcium-dependent systems and affecting iron-mediated
processes [32]. In this study, there was a significant increase
in MDA level at the 150 and 300 mg Cd kg-1 soil level of
treatment compared with control (Table 2) which in accordance with many authors [30, 33, 34] is an indication of
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FIGURE 1 - Plant height of kenaf as affected by cadmium concentration
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FIGURE 2 - Stem girth of kenaf as affected by cadmium concentration

oxidative stress. However, the MDA content became less
in the 450 and 600 mg Cd kg-1 levels of treatment. This
may presumably be due to scavenging mechanisms [31].
SOD is the first enzyme in the ROS detoxification
process. It converts superoxide radicals to H2O2 at very
fast rate [9]. In this study, we observed an enhanced SOD
activity at all treatment levels compared with control
(Table 2). This is consistent with previous reports in which
other plant species were treated with Cd [2, 11, 30, 33].
The increase in SOD activity observed may be attributed
to increased production of active oxygen species and/or
increased expression of gene encoding SOD [35].
As a result of the action of SOD, H2O2 concentration
is expected to increase in the cell. The control of this
buildup is essential to prevent oxidative damage to membranes and proteins. The enzymes CAT and APX under
most circumstances are responsible for this detoxification.
CAT activity of kenaf shoots was reduced by increasing
concentrations of Cd in the soil in this study. Several
researches using different plant species have reported that
CAT activity often decreased following exposure to elevated Cd concentration as observed [8, 30, 36]. This observed decrease in CAT activities may be as a result of
enzyme inhibition, since Cd is known to bind to the thiol
group of this enzyme thereby inactivating it [3, 37, 38].
Also in this study, there is an increase in the APX activities at all the Cd levels used compared with control. This
observation is similar to result obtained by Gratao et al. [9]
in green barley seedlings, Markovska et al. [34] in Brassica
juncea plants and Romero-Puertas et al. [39] in leaves of
pea. Report have shown that the equilibrium of SOD, APX,
and CAT activities is essential in order to determine the
steady-state level of O2•‾ and H2O2 [40]. Therefore the increase in the activity of APX observed may be a compensatory mechanism for the inhibition of CAT earlier noticed [9,
41-43].

The fact that GSH is involved in defense reactions
against oxidative stress as an antioxidant is widely
acknowledged. GSH is the predominant non-protein thiol
in fungal, plant and animal tissues and it possess strong
antioxidative properties and consequently able to counteract oxidative stress [3, 44]. In this study, we observed a
significant depletion in the level of GSH at all Cd treatments used compared with control. Several researches have
reported Cd-induced depletion of GSH in several plant
species [45, 46]. The depletion of GSH observed might be
caused by an increased rate of phytochelatin (PC) synthesis
induced by Cd ions [47]. The decline might also be attributed to a decreased glutathione reductase (GR) activity
[46], an increased utilization for ascorbate synthesis or for
a direct utilization with Cd [48].
It can be concluded from the present study that Cd concentrations as used, strongly inhibit growth in kenaf as
shown by decrease in stem height and girth. Also, exposure
to Cd for 14 weeks is associated with induction of oxidative stress evidenced by increase in MDA production as
well as with marked alterations of enzymatic (SOD, CAT,
APX) and non enzymatic (GSH) antioxidant components.
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ABSTRACT
An experimental-scale technological process for flue
gas desulfurization by strong ionization discharging coupled with the desulfurizer system is done. The desulfurization efficiency is greatly improved by adding ionization
discharging coupled with the desulfurizer system. The surface area, pore volume and particle size of the sorbents
(Ca(OH)2 and CaO) are enhanced by strong ionization discharging. Compared with the original removal efficiency
of about 35% of SO2, the desulfurization efficiency is more
than 90% using strong ionization discharging coupled with
the desulfurizer system. It is also found that the SO2 removal efficiency decreases with increasing initial SO2 concentration. The desulfurization efficiency increases with
increasing Ca/S molar ratio, and then tends to level off as
Ca/S molar ratio becomes larger.

KEYWORDS: strong ionization discharging; flue gas desulfurization; desulfurizer

INTRODUCTION
Recently, control of SO2 emission is required for the
environmental protection. The harmful effects of SO2 have
been recorded with respect to human health, vegetation,
and materials [1-3]. The wet, semidry and dry flue gas desulfurization (FGD) processes are effective methods to reduce SO2 emission [4]. Many FGD technologies have been
developed to remove SO2 using calcium-based sorbents.
The wet FGD process is the most widely used one due to
its high desulfurization efficiency and its wide applicability to various coals [4]. However, the wet process needs
large amounts of water, large facilities and investments [5].
The semidry FGD process has many advantages, such as
low water consumption, small space requirements, and low
costs, which makes this technology very attractive. How-

ever, the process has several problems, such as low desulfurization efficiency and poor operating stability [6, 7]. Dry
FGD process is among many methods which have been
widely used by reason of being simple with less equipment
and lower capital and operating costs, limited secondary
waste generation, and fewer problems of corrosion and scaling-up [8-10]. Nevertheless, acid gas sorption capacities
are generally lower than those achieved with wet control
technologies. Therefore, enhancing the sorption capacities
of dry sorbent for SO2 has been a vital problem for dry
FGD process. There are a number of dry-type sorbents that
have been considered in the literature for usage in desulfurization processes, such as Ca(OH)2 [11], CaO [12], or
Al2O3 [13].
The pulsed corona discharges and dielectric barrier discharges (DBD) can also be used as efficient approaches to
remove SO2 [14, 15]. Ma et al. [16] studied dielectric barrier
discharge (DBD) non-thermal plasma reactors built with
three different dielectric materials for SO2 removal. So, the
DBD is also a useful method for FGD.
The aim of this work is to develop a more efficient
approach for flue gas desulfurization by strong ionization
discharging coupled with the desulfurizer (Ca(OH)2 and
CaO) system. It is found that strong ionization discharging
is crucial for enhancing desulfurization efficiency. The
effects of strong ionization discharging on the structure of
the desulfurizer are investigated. The desulfurization efficiency is studied for various operating parameters, including the SO2 initial concentration and the Ca/S molar ratio.
Another objective of this study is to examine coupling effects between strong ionization discharging and the desulfurizer.
MATERIAL AND METHODS
Experimental principle and technological process

Fig. 1 shows a schematic diagram of the technological process for the flue gas desulfurization. Experimental
technology system includes gas distribution unit, plasma
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FIGURE 1 - Schematic diagram of the technological process of flue gas desulfurization (1. distributing air chamber; 2. plasma source; 3.
plasma chamber; 4.f low instrument; 5. electrostatic precipitator; 6. fan; 7. gasification unit; 8. peristaltic pump; 9. flue gas composition detector;
10. high frequency high voltage power; 11. high voltage Q meter; 12. feeder; 13. high voltage dc power; 14. wet temperature detector).

source unit, desulfurization-activated unit, electrostatic dust
removal unit and flue gas section. Flue gas is simulated
using water and SO2 at certain concentrations. Firstly, the
SO2 in flue gas is oxidized into H2SO4 by plasma generated in plasma reactor. Then, the H2SO4 droplets flow into
the reaction chamber while the desulfurizer (CaO or
Ca(OH)2) is sent by a feeder into the electrical activation
device. The activated desulfurizer gets into the plasma
reaction chamber and reacts with H2SO4 droplets to generate CaSO4. Finally, the dust in the flue gas is collected
by the electrostatic precipitator.
In the study, SO2 removal efficiency was defined as

η = (1 −

Cout
) × 100%
Cin

where Cin and Cout are the inlet and outlet SO2 concentrations, respectively.
All commercial Ca(OH)2 and CaO samples were supplied by Zibo Gong Mao Company. The samples were
sieved to produce different particle sizes, as shown in
Table 1. The initial SBET values of the desulfurizers A, B,
C, D and E are also shown in Table 1.

Ca(OH)2
CaO

number
A
B
C
D
E

BET specific
surface area (m2/g)
2.77
2.90
3.14
10.75
11.80

RESULTS AND DISCUSSION
XRD analysis

The XRD patterns of the sorbents (CaO or Ca(OH)2)
reacting with SO2 for 40 min are shown in Fig. 2. The result
indicates that the main peaks of the original sorbent are
those of Ca(OH)2 and CaO. In Fig. 2, the presence of CaCO3
in the sample is due to the CO2 contamination during the
process. It is found that the desulfurization products are
CaSO3 and CaSO4. The main peaks of CaSO3 can be observed at 2θ = 18.20º, 20.45º, 14.41º and 42.82º. The diffraction peaks at 2θ ＝	
 25.5º, 30.3º, 39.6º and 51.1º corresponding to the planes of CaSO4 are detected. It is also found
that the intensities of the characteristic peaks of CaSO3 and
CaSO4 increase with duration of reaction time.
The influence of strong ionization discharging on the surface
properties of the desulfurizer

TABLE 1 - Physical properties of Ca(OH)2 and CaO.
desulfurizer

the range of 2θ = 10–80°. The specific surface area of a
sorbent was determined by the BET standard method, and
the pore size distribution was determined from the nitrogen desorption isotherm (NOVA 2000e surface Area &
Size Analyzer, USA).

particle size(µm)
0-74
74-250
250-500
74-150
150-350

Chemical and physical analysis

XRD patterns of the powders were recorded on a Bruker
D8 diffractometer with Cu Ka radiation (λ = 1.54 Å) in

The surface area of sorbent Ca(OH)2 and CaO powder changing with the strong ionization discharging excitation voltage is shown in Fig. 3. Desulfurizer samples are
treated by strong ionization discharging for 2 min. The
activation voltages are 3200, 3400, 3600, 3800 and 4000 V,
respectively. It is found that the SBET of the samples activated by strong ionization is higher than in un-treated
Ca(OH)2 and CaO powder. It can be seen that the surface
areas of different desulfurizers increase in the region of
3200-3400 V, but decrease with higher activation voltages
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(3400-3800 V). It is also found that the surface area decreased when the excitation voltage exceeds 3800 V. The
above-mentioned results can be explained as follows: the
activity particles, such as free radicals produced by the

strong ionization discharging maybe continuously impact
Ca(OH)2 and CaO powder particles at the low excitation
voltage; meanwhile, the collision of the desulfurizers due
to strong ionization discharging may lead to particle sur-

a

b
FIGURE 2 - XRD patterns of desulfurization products using different sorbents reacting with SO2 for 40 min: a Ca(OH)2; b CaO.
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FIGURE 3 - The effect of activation voltage on the surface area of the desulfurizer: a Ca(OH)2; b CaO.

2647

4000

© by PSP Volume 19 – No 11a. 2010

Fresenius Environmental Bulletin

face cracking or new holes, thus enhancing the surface area
of sample. However, when the excitation voltage is higher
(≥3800 V), the Ca(OH)2 or CaO could split to smaller particles due to fiercer collision, which may decrease surface
area.

age is higher (≥3800 V), Ca(OH)2 or CaO may split to
smaller particles by higher collision, which may decrease the
surface area, however, smaller particles can enhance the
pore volume.
The effect of strong ionization discharging on particle size
distribution of desulfurizer

When comparing Figs. 3a and 3b, it is concluded that
the surface area of CaO has a bigger change than that of
Ca(OH)2 with increasing excitation voltage.

Fig. 5 shows the effect of strong ionization discharging on particle size distribution of the desulfurizer. It can
be seen that the average pore diameter of the desulfurizers
Ca(OH)2 and CaO change with activation time (Fig. 5a,
activation voltage 3600 V). It is found that the average diameter of the desulfurizers increase with enhancing strong
ionization discharging, indicating that the strong ionization discharging is beneficial to enhance the particle size
of the powders. It is presumed that when the excitation
voltage is higher, the Ca(OH)2 or CaO particles may agglomerate together due to the electrostatic interaction generated by the strong ionization discharging [17]. Therefore, the
average diameters of the desulfurizers were enlarged with
the increasing strong ionization discharging.

The effect of strong ionization discharging on the pore volume of desulfurizer

Figure 4 shows the effect of strong ionization discharging on the pore volume of different desulfurizers. It is found
that the pore volumes of Ca(OH)2 and CaO enlarge with
increasing excitation voltage. When the excitation voltage
is 3200 V, pore volumes of samples A, B and C are 0.2393,
0.2060 and 0.2296 cc/g, respectively. When the excitation
voltage increased to 4000V, the pore volumes are 0.3417,
0.3489, and 0.4431 cc/g, respectively. Accordingly, the
pore volumes of samples D and E increase from the initial
values (0.1808 and 0.2258 cc/g) to 0.2854 and 0.3409cc/g,
respectively. It is presumed that when the excitation volt0.46

0.36

0.44

Total POre Volume(cc/g)

0.42
0.40

Total POre Volume(cc/g)

desulfurizer A
desulfurizer B
desulfurizer C
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b

0.24
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FIGURE 4 - The effect of activation voltage on the pore volume of the desulfurizers: a Ca(OH)2; b CaO.
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FIGURE 5 - The effect of activation time (a) and activation voltage (b) on the particle size of the desulfurizers.
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FIGURE 6 - The effect of SO2 concentration on the desulfurization efficiency: a Ca(OH)2; b CaO.

The effect of SO2 concentration on the desulfurization efficiency

The experiment about the effects of SO2 concentration
on the desulfurization efficiency is performed as follows:
the temperature is 20±1 °C; the flue gas flow-rate is 100
m3/s; the oxygen content of flue gas is about 21% (v/v); the
water content is 7.2% (v/v); the Ca/S ratio is 1.6, and the
flue gas residence time is 2.2 s. The effects of the SO2
concentration on desulfurization efficiency are depicted in
Fig. 6.
It can be seen that the activation voltage is crucial for
enhancing desulfurization efficiency. When activation voltage is supplied, desulfurization efficiency increases significantly in the case of Ca(OH)2 or CaO as desulfurizer. It is
found that SO 2 concentration increased from 1200×10 -6
(v/v) to 2000×10-6 (v/v), and the SO2 desulfurization efficiency of different sorbents is gradually reduced by about
10%. Fig. 6b shows the effect of SO2 concentration on
desulfurization efficiency in the case of desulfurizers D and
E, under the same conditions. It is indicated that the changing patterns are similar to those under the conditions of
Ca(OH)2 (desulfurizers A, B and C). The desulfurization
efficiency also gradually diminishes with increasing of SO2
concentration. The reactions involved in SO2 reduction
by plasma may include:
SO2+O*→SO3+M
SO3+H2O*→H2SO4
SO2+OH*→HSO3
HSO3+OH*→H2SO4
This is in accordance with Ma’s reports [14]. Strong
ionization discharging can induce plasma, then generate the
OH* free radical. Therefore, if the activation voltage does
not change, the OH* free radicals remained unchanged.
Therefore, the results can be explained as follows: When
SO2 concentration is increased, the activation voltage and

the number of •OH free radical active species remained
unchanged. Therefore, the probability of the active particles
colliding with calcium decreased, thus decreasing desulfurization efficiency.
In Fig. 6, the results show that: (1) the desulfurization
efficiency of Ca(OH)2 as sorbent is much better than that
of CaO; (2) among the three kinds of Ca(OH)2, sample A
(particle size range 0-74 µm) presents the highest desulfurization efficiency under the same conditions, and sample
B (74-250 µm) takes the second place, whereas sample C
(250-500 µm) is the lowest. However, in the two kinds of
selected CaO samples, the sample D (particle size range
74-150 µm) shows a higher desulfurization efficiency compared with E (150-350 µm) under the same conditions; (3)
when the activation voltage is not supplied, SO2 removal
efficiency is very low, and the largest value is only about
35%, while the desulfurization efficiency is more than 90%,
and desulfurization efficiency gained significantly with activation voltage. In this case, the enhanced desulfurization
efficiency by strong ionization discharging and the desulfurizer can be explained as follows: On one hand, the surface area of sorbent Ca(OH)2 or CaO powder is increased
with the strong ionization discharge excitation voltage.
Generally, a high surface area would be beneficial to increase desulfurization efficiency. On the other hand, the
pore volume of Ca(OH)2 or CaO enlarges with increasing
excitation voltage. The bigger pore volume can absorb
more SO2 molecules. On the basis of the above analysis, it
is indicated that the enhanced desulfurization efficiency in
this system could be a synergetic effect of many factors,
including larger surface area of the sorbent and bigger pore
volume of the sorbent. In fact, it is a synergetic effect between strong ionization discharging and the desulfurizer.
Effect of Ca/S molar ratio on desulfurization efficiency

Experimental conditions are as follows: the temperature is 21.5 °C; gas flow rate is 100 m3/s; the SO2 concen-
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tration in the flue gas is 1600×10-6 (v/v); the oxygen content is about 20.8% (v/v); the water content is 7.2% (v/v);
the gas residence time is 2.2 s. Fig. 7 shows the effect of
Ca/S molar ratio on desulfurization efficiency. It can be seen
that desulfurization efficiency increases with increasing Ca/S
molar ratio and then tends to level off as Ca/S molar ratio
becomes larger. When Ca/S molar ratio is over 1.8, desulfurization efficiency is approximately fixed at 90% and
80% for samples A and D, respectively, since the absorption process is completely controlled by gas phase mass

90

not add the activation voltage
desulfurizer C
desulfurizer B
desulfurizer A

not add the activation voltage
desulfurizer E
desulfurizer D

80

desulfurization efficiency %

desulfurization efficiency %

80

transfer resistance [15]. The increasing Ca/S ratio increases
the concentration of desulfurizer, which makes more calcium participating in SO2 capture and reaction with SO2, so
the desulfurization effect is higher. On the other hand, the
increasing Ca/S ratio would increase the operating costs of
the desulfurization process. In terms of the integrated desulfurization efficiency, this experimental condition of Ca/S
ratio should be controlled to be within 1.6-1.8. It is also
found that when the activation voltage is not supplied,
the desulfurization efficiency is very low.
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FIGURE 7 - The influence of SO2 removal efficiency by Ca/S ratio: a Ca(OH)2; b CaO

CONCLUSIONS
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ABSTRACT
The effect of temperature on the equilibrium adsorption of Methylene Blue dye from aqueous solution using
rectorite was investigated. The equilibrium adsorption data
were analyzed using three widely applied isotherms; Langmuir, Freundlich, and Redlich-Peterson isotherm. A nonlinear method was used for comparing the best fitting of
the isotherms. Best fits were found to be Redlich-Peterson
isotherm. Thermodynamic parameters, such as ∆G°, ∆H°,
and ∆S°, were calculated using adsorption equilibrium
constant obtained from the Langmuir isotherm. Results
suggested that the Methylene Blue adsorption on rectorite
was a spontaneous and endothermic process.

KEYWORDS: sorption; Methylene Blue; trial-and-error method;
rectorite; thermodynamic parameters

NOMENCLATURE
qe is the equilibrium adsorption capacity;

qe is the average of qe;
qm is the maximum adsorption capacity;
C0 is the initial concentration of Methylene Blue solution;
Ce is the concentration of Methylene Blue at equilibrium;
CAe is the amount adsorbed on solids at equilibrium;
Kd is the distribution coefficient;
Ka is adsorption equilibrium constant of Langmuir
isotherm;
KF is adsorption value, one of empirical constant of
Freundlich isotherm;
n is empirical constant of Freundlich isotherm;
A, B and g are isotherm constants of Redlich-Peterson
isotherm;
KR is a dimensionless separation factor;
∆G° is the Gibb’s free energy change;

∆H° is the enthalpy change;
∆S° is the entropy change;
R is the universal gas constant, 8.314 J/mol K;
T is the absolute temperature, K;
r2 is the coefficient of determination.
INTRODUCTION
There are several methods which can be used to treat
dye wastewater. The technologies can be divided into three
categories: biological, chemical and physical [1]. Among
those methods, adsorption is widely used for its maturity
and simplicity. In different adsorbent materials, activated
carbon is the most popular for the removal of pollutants
from wastewater. However, its widespread use is restricted
due to high cost [2]. As such, numerous alternative materials have been investigated to adsorb dyes from aqueous
solution, using Methylene Blue as the model basic dye,
such as guava leaf powder [3], dehydrated wheat bran
carbon [4], diatomaceous silica [5], wheat shell [6], NaOHtreated pure kaolin [7], bamboo charcoal [8], silver fir
(Abies amabilis) sawdust [9], and activated carbon from
sugar beet molasses [10].
In the study of adsorption isotherm, linear regression
is frequently used to determine the best-fitting isotherm.
The linear least-squares method with linearly transformed
isotherms has also been widely applied to confirm experimental data, and isotherms using coefficients of determination. However, such transformations of non-linear isotherms to linear forms implicitly alter their error structure,
and may also violate the error variance and normality
assumptions of standard least squares [11, 12]. It has been
reported that bias results from deriving isotherm parameters from linear forms of isotherms, for example, Freundlich parameters producing isotherms which tend to fit
experimental data better at low concentrations and Langmuir isotherms tending to fit the data better at higher
concentrations [13]. Moreover, it has been also presented
that using the linear regression method for comparing the
best-fitting isotherms is not appropriate [12]. The advantage of using the non-linear method is that there is
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no problem with transformations of non-linear isotherms
to linear forms, and also they had the same error structures when the best-fitting isotherms are compared [14].
In this study, rectorite, one kind of natural mineral
material, was used as the adsorbent for its low-cost and convenient acquisition in local markets. A non-linear method of
three widely used isotherms, the Langmuir, Freundlich and
Redlich-Peterson, were compared in an experiment examining Methylene Blue adsorption onto rectorite. The thermodynamic parameters were also calculated.
MATERIALS AND METHODS
Materials

The dye used in this study, Methylene Blue, has many
uses in different fields, such as biology, chemistry, and
textile industry [3]. The relative molecular mass of Methylene Blue is 373.9, with three groups of water. The molecular formula is C16H18ClN3S·3H2O. The structure of
Methylene Blue is shown as below:

N
CH3

N
S

CH3

qe =

(C0 − Ce )V

(1)

m

where qe is the equilibrium adsorption capacity of
Methylene Blue adsorbed on unit mass of the rectorite (mg
g-1); C0 and Ce are the initial Methylene Blue concentration
(mg L-1) and Methylene Blue concentration (mg L-1) at
equilibrium, respectively; V is the volume of the Methylene
Blue solution (L); and m is the weight of the rectorite (g).
A non-linear method of three widely used isotherms,
the Langmuir, Freundlich, and Redlich-Peterson, were compared in an experiment examining Methylene Blue adsorption onto rectorite with a trial-and-error procedure, using the
solver add-in with Microsoft’s spreadsheet, Microsoft Excel
[14, 15].
RESULTS AND DISCUSSION
Properties of Rectorite

The result of XRF analysis is shown in Table 1. The
particle size distribution is 720 – 883 nm (76.5%), 883 –
1058 nm (23.5%), and the average size is 827.2 nm. The
BET surface area of rectorite is 28.69 m2 g-1.

N

H3 C

The amount of Methylene Blue adsorbed onto rectorite
was calculated by using the following expression:

CH3
Cl

TABLE 1 - Chemical compositions of rectorites.

The basic dye, Methylene Blue, was used without further purification. A stock solution of 2000 mg L-1 was prepared by dissolving a weighed amount of Methylene Blue
in 1000 ml distilled water. The experimental solution was
prepared by diluting the stock solution with distilled water
to different concentrations from 80-200 mg L, and each of
them was stored in 500-ml reagent bottles, respectively.
Rectorite used is a commercial product from the Yangzha ore deposit in Zhongxiang, Hubei Province, China. It
was stored in the desiccator with silica gel and oven-dried
at 150 °C for 2 h before experiments.
Methods

The rectorite was determined by X-Ray Fluorescence
Spectrometry (Bruker AXS S4 Pioneer), Laser Diffraction
Particle Size Analysis (ZetaSizer 3000, Malvern), and Surface Area and Pore Size Analysis (Gemini V, Micromeritics).
A 50-ml volume of Methylene Blue solution with a
con-centration ranging from 90 to 200 mg L-1 was placed
into 150-ml conical flasks. A weighed amount (0.1 g) of
the rectorite was added to the solution. The conical flasks
were then shaken at a constant speed of 150 rpm in a shaking water-bath with temperatures 288, 293, 298, 303, and
308 K, respectively. After shaking the flasks for 6 h, the
rectorite was separated by centrifugation. The solution was
analyzed for the remaining Methylene Blue concentration
by a spectrophotometer (λmax = 664 nm).

Composition
SiO2
Al2O3
CaO
Fe2O3
TiO2
SO3
K2 O
Na2O
P2 O5
MgO

Percent (%)
44.9
37.1
5.56
2.89
2.81
2.78
1.4
1.24
0.477
0.349

Composition
SrO
V2 O5
ZrO2
Cr2O3
Cl
MnO
ZnO
CuO
Y2 O3
Nb2O5

Percent (%)
0.143
0.116
0.0839
0.071
0.0309
0.0219
0.0166
0.0137
0.0127
0.0111

Equilibrium Isotherm

The isotherm usually describes the adsorption system
with some important information from which we can develop an equation representing the results and we can use
the equation for certain purposes. In order to investigate
the adsorption isotherm, three equilibrium isotherms were
analyzed: the Langmuir, the Freundlich, and the RedlichPeterson isotherms. The Langmuir adsorption isotherm is
perhaps the best known of all isotherms describing adsorption [16]. The theoretical Langmuir isotherm is often used
to describe adsorption of a solute from a liquid solution as
follows [16, 17]:

qe =

q m K a Ce
1 + K a Ce

(2)

where qe is the equilibrium adsorption capacity (mg g-1),
Ce is the equilibrium liquid phase concentration (mg L-1), qm
is the maximum adsorption capacity, (mg g-1), Ka is adsorption equilibrium constant, (L mg-1).
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The Freundlich isotherm is the earliest known relationship describing the adsorption isotherm [18]. This fairly
satisfactory empirical isotherm can be used in adsorption
from diluted solutions. The ordinary adsorption isotherm
is expressed by the following equation:

q e = K F C e1 n

(3)

where Ce is the equilibrium concentration in the solution (mg L-1), qe is the equilibrium adsorption capacity
(mg g-1), KF and 1/n are empirical constants. KF is the
adsorption value, the amount adsorbed at unit concentration, that is, at 1 mg L-1. It is characteristic for the adsorbent and the adsorbate adsorbed.
The Redlich-Peterson isotherm contains three parameters and incorporates the features of the Langmuir and
the Freundlich isotherms [19]. It can be described as follows:

qe =

AC e
1 + BC eg

(4)

It has three isotherm constants, namely, A, B, and g (0
< g < 1).

where qm is the equilibrium capacity obtained from
the isotherm model, qe is the equilibrium capacity obtained from experiment, and qe is the average of qe.
Effect of Temperature on Equilibrium Isotherm

In order to assess different isotherms and their ability
to correlate with experimental results, the theoretical plots
from each isotherm have been shown with the experimental data for adsorption of Methylene Blue on rectorite
at five various temperatures from 288 to 308 K in Fig. 1.
The graph is plotted in the form of Methylene Blue adsorbed per unit mass of rectorite, qe, against the concentration of Methylene Blue remaining in solution, Ce. A comparison of coefficient of determination for three isotherms
has been made and listed in Table 2. Redlich-Peterson
isotherm was most suitable for the data, followed by
Langmuir and then Freundlich isotherm. The Langmuir
and the Redlich-Peterson isotherms have best fitted for
the adsorption of Methylene Blue on rectorite at various
temperatures, but Redlich-Peterson might be the better
fitting isotherm because of its higher r2 value. However, at
293 K, the coefficients

Due to the inherent bias resulting from linearization,
alternative isotherm parameter sets were determined by nonlinear regression. This provides a mathematically rigorous
method for determining isotherm parameters using the
original form of the isotherm equation [12, 20]. To compare the three isotherms, a trial-and-error procedure was
applied to obtain the isotherm parameters. The method is
using an optimization routine to maximize the coefficient
of determination r2, between the experimental data and
isotherms in the solver add-in with Microsoft’s spreadsheet, Microsoft Excel [14, 21].

qe (mg/g)

Error Analysis

The coefficient of determination r2 was as follows:
2

r =

∑ (q

∑ (q
2

)

m

− qe

2

)

;

(5)

Ce (mg/dm3)

2

+ ∑ (qm − qe )
m − qe

FIGURE 1 - Langmuir isotherms3 obtained using the non-linear
Ce (mg/dm )
method for the adsorption of Methylene Blue onto rectorite at different temperatures.

TABLE 2 - Isotherm parameters obtained using the non-linear method for
the adsorption of Methylene Blue onto rectorites at different temperatures.
Isotherm
Langmuir

Freundlich

Redlich-Peterson

T (K)
qm, mg/g
Ka, dm3/mg
ΔG°, kJ/mol
r2
1/n
KF, (mg/g)(dm3/mg)1/n
r2
g
B, (dm3/mg)g
A, dm3/g

288
79.3
11.9
-20.1
0.946
0.108
63.2
0.897
0.965
18.0
1326
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293
82.8
17.9
-21.4
0.973
0.0859
74.6
0.841
1.000
17.9
1484

298
83.2
25.5
-22.8
0.953
0.0850
77.3
0.886
0.959
51.8
4157

303
81.2
40.1
-24.1
0.918
0.0605
74.6
0.904
0.970
80.1
6243

308
89.4
51.2
-25.4
0.936
0.0356
83.7
0.920
0.984
93.5
8118
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r2

0.957

0.980

0.991

0.974

essential features of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation
factor or equilibrium parameter KR, which is defined by
the following relationship:

KR =

1
;
1 + K a C0

(6)

where KR is a dimensionless separation factor, C0 is
initial concentration (mg L-1) and Ka is Langmuir constant
(L mg-1). The parameter KR indicates the shape of the
isotherm accordingly:
Values of KR
KR > 1
KR = 1
0 < KR < 1
KR = 0

Type of isotherm
Unfavourable
Linear
Favourable
Irreversible

A figure with a relationship between KR and C0 was
presented to show the essential features of the Langmuir
isotherm [17]. Figure 3 shows the values of KR for Methylene Blue at different temperatures. The KR values indicate that adsorption is more favourable for the higher initial
dye concentration and higher temperature than the lower
ones.

qe (mg/g)

KR

of determination of Redlich-Peterson and Langmuir isotherm is the same (r2 = 0.973). Figure 2 shows the plots
comparing the theoretical Langmuir, empirical Freundlich,
and the Redlich-Peterson isotherm with the experimental
data for the adsorption of Methylene Blue onto rectorite at
a temperature of 293 K. The Redlich-Peterson and Langmuir isotherms overlapped and seemed to be the bestfitting iso-therms for the experimental results. By using
non-linear method, there was no problem with transformation of non-linear isotherm equation to linear forms, and
also they had the same error structures [12]. The adsorption
capacity of Methylene Blue increases with temperature
which is typical for the adsorption of most dyes from their
solution. When the system is in a state of equilibrium, the
distribution of Methylene Blue between the rectorite and
the Methylene Blue solution is of fundamental importance
in determining the maximum adsorption capacity of rectorite for the Methylene Blue from the isotherm. The Langmuir, Redlich-Peterson, and Freundlich isotherm constants
are shown in Table 2. The maximum adsorption capacity,
qm, and the adsorption equilibrium constant, K a, were
found to increase from 79.3 to 89.4 mg g-1 and 11.9 to
51.2 L mg-1 for an increase in the solution temperatures
from 288 to 308 K, respectively. The increase in Ka values with temperature indicates a higher heat of adsorption
with increasing temperature. It is clear that the adsorption
of Methylene Blue on rectorite is an endothermic process.
In addition, the values of g were close to unity (>0.959),
which means that the isotherms are approaching the Langmuir form and not the Freundlich isotherm.

0.973

C0 (mg/dm3)
3
FIGURE 3 - Plot of KR against
initial
Ce (mg/dm
) Methylene Blue concentration
at various temperatures.

Thermodynamic Studies
Ce (mg/dm3)

FIGURE 2 - Isotherms obtained
using the non-linear method for the
Ce (mg/dm3)
adsorption of Methylene Blue onto rectorite at a temperature 293 K.

The effect of isotherm shape can be used to predict
whether an adsorption system is “favourable” or “unfavourable” both in fixed-bed systems [22] as well as in
batch processes [23]. According to Hall et al. [24], the

Thermodynamic considerations of an adsorption process are necessary to conclude whether the process is
spontaneous or not. Gibb’s free energy change, ΔG°, is the
fundamental criterion of spontaneity. Reactions occur spontaneously at a given temperature if ΔG° is a negative value.
The thermodynamic parameters of Gibb’s free energy
change, ΔG°, enthalpy change, ΔH°, and entropy change,
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ΔS°, for the adsorption processes are calculated using
the following equations:

ΔG o = − RT ln K a ;

(7)

and

ΔG o = ΔH o − TΔS o ;

sorption reaction is endothermic. Entropy has been defined
as the degree of chaos of a system. The positive value of ΔS°
suggests that some structural changes occur on the adsorbent,
and the randomness at the solid/liquid interface in the adsorption system increases during the adsorption process [28].
T (K)

(8)

Ce (mg/dm3)

The thermodynamic parameter, Gibb’s free energy
change, ΔG°, is calculated using Ka obtained from Langmuir Eq. (2) and shown in Table 2. A plot of Gibb’s free
energy change, ΔG°, versus temperature, T, was found to
be linear (Fig. 4). The enthalpy change, ΔH°, and the entropy change, ΔS°, for the adsorption processes were obtained from the intercept and slope of Eq. (8) and found to
be 54.8 kJ mol-1 and 0.260 kJ mol-1 K-1, respectively. The
negative values of ΔG° confirm the feasibility of the process and the spontaneous nature of adsorption with a high
preference of Methylene Blue by rectorite. The decrease in
the negative value of ΔG° with an increase in temperature
indicates that the adsorption process of Methylene Blue
on rectorite becomes more favorable at higher temperatures
[25]. There are consistencies with the adsorption of Methylene Blue by other adsorbents, for example, guava leaf
powder [3], dehydrated wheat bran carbon [4], diatomaceous silica [5], wheat shell [6], and NaOH-treated pure
kaolin [7]. However, a negative value for ΔS° was also reported for the adsorption of Methylene Blue by cereal
chaff [26] and fallen phoenix tree’s leaves [27]. In most
cases, adsorption of Methylene Blue is found to have negative values of ΔG° (Table 3). The positive value of ΔH°
indicates that the ad-

ΔG° (kJ/mol)
g)

where R is universal gas constant (8.314 J mol-1 K-1)
and T is the absolute temperature in K.

FIGURE 4 - Plot of Gibbs free energy change, Δ G° , versus temperature, T.

TABLE 3 - A comparison of thermodynamic parameters for the adsorption of Methylene Blue by different adsorbents.
Adsorbent

References
ΔG°
ΔH°
ΔS°
(kJ/mol)
(kJ/mol)
(kJ/mol K)
Guava leaf powdera
Negative
33.20
0.193
[3]
Dehydrated wheat bran carbona
Negative
53.24
0.272
[4]
Dehydrated peanut hulla
Negative
20.05
0.155
[29]
b
Fallen phoenix tree’s leaves
Negative
7.77
−0.040
[27]
Cereal chaffb
Negative
2.41
−0.034
[26]
Diatomaceous silicab
Negative
9.61
0.0376
[5]
Wheat shella
Negative
33.41
0.185
[6]
b
NaOH-treated pure kaolin
Negative
6.03
0.0697
[7]
Thermodynamic parameter ΔG° calculated from a: Ka, adsorption equilibrium constant of Langmuir isotherms (Eq. 2)
b: Kd, the distribution coefficient. Kd = CAe/Ce, where CAe is the amount adsorbed on solids at equilibrium and Ce is the equilibrium concentration [26].

CONCLUSION
The Methylene Blue in aqueous solutions can be adsorbed by rectorite. The removal of Methylene Blue using
rectorite is affected by the temperature: The adsorption
capacity increases with rising temperature. By comparing
coefficient of determination, using the non-linear method,
the Redlich-Peterson and the Langmuir isotherms have

higher coefficients of determination than that of Freundlich
isotherm. The Redlich-Peterson coefficient of determination might be the best fitting isotherm. By using the adsorption equilibrium constant obtained from Langmuir isotherm, thermodynamic parameter ΔG°, was calculated to tell
the spontaneity of the adsorption reaction. The values of
ΔH° and ΔS° were also obtained from a slope and intercept
of the relationship between ΔG° and reaction temperature.
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The negative values of ΔG° and the positive value of ΔH°
indicate the spontaneous nature of adsorption with a high
preference of Methylene Blue on rectorite, and that the adsorption reaction is endothermic, respectively. The positive
value of ΔS° suggests increasing randomness at the solid/
liquid interface during the adsorption of Methylene Blue
on rectorite in the aqueous solution.
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ABSTRACT

KEYWORDS: constructed wetlands; Typha angustifolia; metabolic properties; BIOLOG; functional diversity

The metabolic properties of carbon sources and potential functional diversity of the microbial community in
horizontal subsurface flow-constructed wetlands (HSSF)
was analyzed through the sole-carbon-source utilization
profiles using BIOLOG-ECO microplates. This constructed
wetland (CW) was treating rural eutrophic water in China.
The plants used in the CW were Typha angustifolia. This
study showed that the metabolic activities of upper and
front substrate microorganisms were greater than those of
rear substrate microorganisms in the constructed wetland.
The substrate microorganisms in the front and upper part
of CW showed 58.9%, 11.8%, and 41.4% higher growth
rates of integrated areas under average well color development (AWCD) curves than in the front and lower part,
the rear and upper part, and the rear and lower part of the
CW, respectively. By principal component analysis (PCA),
it was shown that there existed significant differences in
community structure and metabolic properties of carbon
sources between substrate microorganisms from different
sampling sites. Carbon source utilization of polymers, carbohydrates, carboxylic acids and amino acids were greater
in all sampling sites, but that of amines and phenolic compounds were very different. The richness, evenness and
diversity of upper substrates in microbial communities were
significantly higher than those of lower substrate. The lower
front substrate microbial communities had lower evenness
than the other sampling plots, and the lowest richness of
substrate in microbial community was found in the lower
back-end part of the constructed wetlands.

INTRODUCTION
To protect the environment, especially water resources,
large and small cities are equipped with wastewater treatment plants based on activated sludge or bacterial beds processes [1, 2]. However, these processes are not economically
adapted for dispersed population in rural areas, mainly due to
the construction cost of sewage collectors [3]. In China,
irrational sewage irrigation, fertilization and pesticide application were the main origins for non-point pollution,
which is the major pollution form now. In rural areas, constructed wetlands (wetland treatment systems) could be used
as an alternative technology to treat wastewater [4]. CWs
are wetlands designed to improve water quality [5, 6]. They
use the same processes that occur in natural wetlands but
have the flexibility of being constructed. Contaminated water
flows through a biologically active porous medium designed
by researchers [7]. In CWs, the removal of organic pollutants mainly depended on biological degradation of a mixed
microbial community. Microorganisms are involved in numerous activities, such as organic matter decomposition and
nutrient recycle. Classical microbiological techniques indicate the predominance of bacteria and fungi in medium,
but also the presence of yeasts, actinomycetes and higher
organisms [8].
Constructed wetlands are an effective and low-cost way
to treat water polluted with organic compounds [9, 10]. But
there is a lack of knowledge on the detailed removal path-

2658

© by PSP Volume 19 – No 11a. 2010

Fresenius Environmental Bulletin

ways for most of the contaminants. Sometimes, there is a
need for a rapid set up of a CW, and there is no time for lab
studies. For some contaminants, e.g. heavy metals, pathogens, recalcitrant organics, there are still no data available
on removal rates. Therefore, there is a great need to publish
data on process rates so that they are available and can be
used for design purposes. Particular attention should be
given to the improvement of the effectiveness of microbial and molecular biological methods to measure microbial
reaction rates. As part of the treatment system, microorganisms have key functions in the decomposition of organic contaminants within the soil-root-microbes interactions. In order to study the CW ecosystem and mechanisms of pollution degradation, it is essential to characterize the bacterial communities. Also there is a great need
to lighten the black box “constructed wetland” to obtain
performance data for both microbial activity and the contribution of the plants to the overall removal process.
Numerous techniques are employed for the analysis
of substrate in microbial communities. Due to the great
diversity of microbial communities [11], these methods
are generally time-consuming or complex to carry out. An
alternative method for describing microbial diversity is to
use sole-carbon-source-utilization (SCSU) patterns obtained
on Biolog micro-plates (Biolog Inc. Hayward, California).
SCSU is a rapid method to assess the immediate carbon
source utilization of samples by avoiding the isolation and
culturing of microbes [12-14]. Since the original paper of
Garland and Mills [13], the BIOLOG identification system
has become an increasingly important tool for the analysis
of microbial communities via their capability to utilize a set
of 95 sole-carbon-sources. Fluorescence in-situ Hybridization (FISH), Epifluorescence Microscopy (EFM) and 16S
ribosomal DNA polymerase chain reaction amplificationdenaturing gradient gel electrophoresis (PCR-DGGE) also
have been used to determine microbial communities and
predominant microbial populations in water samples collected from a pilot-scale constructed wetland system, which
can examine the structure of the bacterial communities [1517].
Few studies，however, have used ECO-Biology to assess microbial communities in CWs. The aim of our study
was to demonstrate that the technique is applicable to indicate the carbon metabolic properties and functional diversity of the bacterial communities in constructed wetlands,
and to suggest that its use may have applications both in
the laboratory and full-scale constructed wetland systems.
MATERIALS AND METHODS
Pilot scale HSSF set-up and operation

Figure 1 shows the structure of HSSF reactor. The
length, breadth and height of the reactor were 150 cm,
40 cm, and 80 cm, respectively. This HSSF reactor was
constructed from 8-mm polyvinyl chloride (PVC) broads
and packed with gravel. The packed bed height was 60 cm

with washed pea-sized gravel (4-6mm dia.), which are conventionally used in subsurface flow constructed wetlands.
The porosity of the media was 0.41. Total working volume was 0.36 m3.
Neighboring sampling ports were in 15-cm distance
apart along the height and 40-cm distance apart along the
length of the reactor. A 10-cm diameter pipe was screwed
into each sampling port and fitted with a stopple.
Typha angustifolia (T. angustifolia) were gained from
a field wetland, and planted to the HSSF reactor in March
2006. The reactor was fed with eutrophic water (Table 1)
from a Chinese rural pond with a hydraulic retention time
(HRT) of 3 days (flow-rate = 48 L/d) since March 2006.
The water level was maintained 55 cm below the upper
surface of the reactor (Fig. 1). The plants had grown well
and formed their new shoots and roots. Therefore, it was
believed that the plants had fully developed.

Typha angustifolia
Sampling ports
Influent

Effluent
FIGURE 1 - Structure of pilot scale HSSF reactor, sampling ports
are UF, LF, UB, LB (UF ＝ upper forepart substrates, LF = lower
forepart substrates, UB = upper back-end substrates, LB = lower
back-end substrates).
Sampling and microbial extraction

Samples were collected in Oct, 2006. Samples of substrate were removed from side access ports at upper and
bottom of the reactor (4 sampling ports in Fig. 1). All
samples were kept at 4 °C from field to laboratory, and
analyzed about 3 h after collection.
In the first mechanical procedure, 40 g of wet sample
was added to 100 ml saline water (0.85% NaCl) and
shaken in an incubator shaker for 30 min at 200 rpm/min
and 25 °C;, in the second, the solution was centrifuged for
5 min in a low speed centrifuge at 4000 rpm, and in the
third, the solution was shaken for 3 min on a vortex mixer
at maximum speed.
Inoculation of Biolog microplates

Suspensions of microorganisms were prepared from
substrate samples: 40 g of fresh substrate in 100 ml sterile
NaCl solution (0.85%) was homogenized in a centrifuge
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tube (50 ml) by vortexing for 3 min at maximum speed.
The substrate suspension was diluted with sterile NaCl
solution (0.85%) to a final volume of 20 ml for each mi-

croplate. The dilutions were adjusted to obtain a predefined concentration of microbial cells.

TABLE 1 - Hydrochemistry of the water from inflow of the wetlands.
Index
Range

COD (mg/L)
62.7-177.8

TN ( mg/L )
2.87- 6.64

NH4+-N ( mg/L )
0.15- 0.69

All samples were inoculated in triplicate on ECO plates.
Each well in the ECO-BIOLOG plates was inoculated
with 0.15 ml sampling The ECO plates were incubated at
25 °C for 96 h, and the OD590nm was read for each well at
8-h intervals over a period of 96 h.

AWCD jt =

Chla (mg/m3)
33.2-256.4

1 31
∑ ODijt
31 i =1

pH
7.3-7.8

(1)

where OD (i, k, t) denotes the corrected OD for well i
of plate j measured at time t, and hence the adjusted OD is

Statistical methods

According to the procedure described by Glimm et a.l
[18], principle components (PC) analysis was applied to
statistical analysis of the BIOLOG-ECO microplate data.
Each 96-well plate consists of three replicates, each comprising 31 sole carbon sources and a blank. All ODs590nm
were read with an ELIASA (Multiskan MK3, Thermo Corporation, American). The OD590nm of the control well (A1
containing no carbon source) was subtracted from the
OD590nm of each of the other wells in order to prevent
coloration due to the samples or to autophagia, and standardized by dividing with the average well color development (AWCD) for the replicate, in line with the recommendations of Garland [19]. If ODijt represents the corrected optical density (OD) for well i of replicate j at time t,
then the AWCD for replicate j at time t is given as follows:

TP ( mg/L )
0.76- 1.64

OD =

ODijt
AWCD jt

(2)

These adjusted ODs are the basis for the subsequent
analysis.
Principal component analysis was then performed on
the data, using SPSS 13.0 on a personal computer, at the
selected time point using the covariance matrix (so that
scale is maintained). The number of components to analyze was determined using a screen plot.
Normalized absorbance reading was analyzed to give
substrate richness (the number of substrates used) [20],
substrate evenness (the distribution of color development
between substrates) and diversity index (a composite measure of richness and evenness). They are calculated as shown
in Table 2.

TABLE 2 - Expressions for richness, evenness and diversity of microbial communities.
Index
RI
H′
EI

Definition
Richness
Diversity, measure of richness and evenness, calculated from Shannon – Weaver Index
Evenness

RESULTS AND DISCUSSION
Variation of AWCD and analysis of catabolism of carbon
source

Average well color development (AWCD) values represented carbon source utilization of microbial communities. The microbes in different depths had different AWCD
values, and Fig. 2 indicates the variation of AWCD. AWCD
for metabolism of microbial communities substrate has close
nonlinear correlation with incubation time, and the process
of AWCD variation is similar to kinematic model of microbial population growth (S-curve). Therefore, modified
logistic equation (y = y0+a/(1 + exp(-(x-xc)/k) was used to
realize the fitting of variation of AWCD with ORIGIN 6.0
in this paper, where a is the maximum value of absorb-

Formula
RI＝(S－1)/lnR
H′＝－∑[(Ri/R)]ln(Ri/R)
EI ＝∑[R(R－1)/ Ri(Ri－1)]/ eH′

ance in Biolog test, 1/k represents variability index of the
mean absorbance values, and xc is incubation time at half of
optical density. As shown in Fig. 2, variation of AWCD
values was fitting well with incubation time. The detailed
values of curve-integration were obtained and listed in
Table 3.
Approaches of analysis of Biology data include an average well color development (AWCD) method, a curve
integration (CI) method, a value, and xc value [21]. In the
present study, a curve-integration approach was found to
represent the capacity of communities in utilization of C
source much better than others. Therefore, a curve integration method was performed in analysis of Biolog data,
and the integrated areas under AWCD curves were used to
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assess the capacity of carbon-source consumption with the
incubation time ranging from 0 to 96 h. For principal component analysis (PCA), data were transformed by dividing
the trapezoidal area of each well by the mean trapezoidal
area of all wells.
There were 31 kinds of carbon sources in the BIOLOGECO plates. For each plate, bacteria utilized the substrates in
approximately 95% of these combinations. As shown in
Fig. 2, average well color development (AWCD) values in
1.6

The variation of AWCD explained that the carbon metabolic activity of upper substrate microorganisms was greater
than that of lower substrate microorganisms. The carbon
metabolic activity of lower forepart substrate microbial
communities is the lowest.
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the first 16 h showed little variation. Samples developed sigmoid AWCD curves. UF samples showed highest AWCD,
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FIGURE 2 - Variation in average well color development (AWCD) over time in Biolog ECO plates (UF ＝	
  upper forepart substrates, LF =
lower forepart substrates, UB = upper back-end substrates, LB = lower back-end substrates, see Fig. 1)

TABLE 3 - Integrated parameters of AWCD curves.
UF
LF
UB
LB

a
1.459
1.238
1.407
1.265

1/k
0.088
0.053
0.080
0.061

1/xc
0.028
0.019
0.025
0.021

At the constructed wetland, 96-h AWCD data successfully distinguished among the 4 substrate samples’ expression of heterotrophic bacterial activity in ECO plates
(Fig. 2). The result of comparison of integrated areas under

Integrated areas under AWCD curves
87.36
54.98
78.12
61.77

AWCD curves of the 4 substrate samples was UF> UB >
LB > LF, and the proportion of areas was 1.59:1.42:1.12:1.
The same tendency was found in comparison of a, 1/k and
1/xc that the values of upper substrates were higher than
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Plant material is known to be the the dominant factor
determining microbial biodiversity for most rhizosphere
systems [22]. In our study, the difference of metabolic activity of the organic substrate utilization of bacteria in the upper
and lower layers may be induced by different substrate environments in CW. Metabolic activity is also influenced
by a multitude of factors like the concentration of dissolved
oxygen (DO) and dissolved organic matter, the intensity of
root penetration and oxidation redox potential (ORP) [23].
The release of oxygen through roots and rhizomes (transported by the aerenchyma helophytes into the rhizosphere)
contributes to a complex environment of aerobic, anoxic
and anaerobic microzones in the subsurface of the HSSFCW [24]. Some studies show ammonia and organic carbon
are mainly removed by aerobic pathways due to the availability of oxygen from atmospheric diffusion (first 5 cm) in
the upper level of HSSF-CW [25-27]. However, the oxygen release in this source is rapidly consumed by aerobic
microorganisms in the biofilm attached to roots and rhizomes, due to the presence of high oxygen demand compounds. Therefore, in the lower layers, there is a complex
environment of aerobic and anaerobic removal pathways
since the release of oxygen in the rhizosphere contributes
for the maintenance of aerobic both heterotrophic and autotrophic species around roots and rhizomes [28, 29]. The observed differences in microbial diversity between the different substrate layers may reflect variation in the presence
of carbon substrates as well as differential use of the substrates by microorganisms.
It is known that higher levels of soil nutrients can result in higher growth rates of plants which lead to enhanced rates of nutrient cycling [30]. The difference of
metabolic capability of the microbial communities in the
same layers responded to impacts of changing nutrients’
level. As described in Fig. 3, the removal of contaminants
including COD, TP, TN, PO43--P (orthophosphate) and
NH4+-N (ammonia) significantly reflected in forepart of
on-way length (before 25% of length). Because contaminants in rural eutrophic water were mainly from plankton
(the amount of Chla in water was higher than 200 mg/m3
in autumn, in this study) and suspended solids (SS). Subsurface flow constructed wetland (SSF) has proved to be
effective in wastewater treatment, particularly for total suspended solids (TSS) [31]. Plankton and SS were mainly
filtered in the interval 0-25% and then, the higher decrease in COD and TN removal appeared.

COD(mg/l)

those of lower substrates in vertical direction, whereas in
horizontal direction, the value of forepart substrates was
higher than that of back substrates in the upper layer, and
the result was opposite in the lower layer (see Table 3).
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ammonian
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FIGURE 3 - Variation of contaminants concentration at on-way
length.

In the upper layer, metabolic activity of bacteria was
UF>UB described with AWCD after curve integration because microorganisms in UF had sufficient nutrients to
utilize. In the lower layer, however, microbial function was
LB>LF in reverse, which may be induced by changing of
microbial communities. A number of factors may concomitantly cause the differentiation of microbial communities in CWs, but resource availability is the primary control on microbial community composition within the substrate profiles [32]. In our study, COD, N and P decreased
with depth, which are essential factors in the formation of
many nutrients. From the data, we also found that the proportions of different microbial communities changed with
depth. They showed that the composition and structure of
microbial communities changed to adapt to the special environment. It is in agreement with others that subsurface
microbial communities are distinct in composition from
surface communities [33-35]. All studies imply that microbial communities contained in deeper layer are specialized for their environment, and are fundamentally distinct
from surface communities.
AWCD mainly reflected the species metabolic activity and the ability of the bacterial community to respond to
the substrates in HSSF. The reduction of the microbial
activity as shown by AWCD was mainly due to the reduction in the numbers and species diversity of the biota. Our
study showed that AWCD values in the Biolog ECO plates
were closely related to the soil microbial biomass.
Principal Component Analysis (PCA) of carbon source utilization patterns

PCA, using all 31 carbon sources, revealed a separation of substrate samples, indicating the different patterns
of potential C utilization and different microbial communities. The time selected for analysis using the method described above was 96 h. Five PCs were selected to be retained from a screen plot The first two PCs explained 73.2%
of the total variance in the data and are plotted against each
other (Fig. 4, for illustration). The microbial community
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composition of each ecosystem was clearly separated by
PC1 and PC2. Analysis of the data with the data point included gives very similar results. Figure 4 indicated some
interesting trends in the CW microbial community development over time.

FIGURE 4 - PCA of SCSU results for substrate samples in CWs
after 96 h of incubation at 25 °C on ECO-Biolog plates for all four
sites (each data point is average of three replicates); PC1 against PC2
generated by Principal Component analysis showing the different
pattern of substrate utilization by substrate microbial communities.

2.0

PC2

1.0

0.0
UB
LB
UF
LF

-1.0

-2.0
-2.0

-1.0

0.0
PC1

1.0

TABLE 4 - Relative utilization of carbon sources in HSSF stated by ODs after 96 h of Plate incubation, R96
Sampling ports
UF
LF
UB
LB

Polymers
1.252
1.376
1.777
1.541

Carbohydrates
1.354
1.178
1.358
1.521

Carboxylic acids
1.400
0.992
1.165
1.052

As shown in Figure 4, samples isolated from upper
layer were in the negative side of PC1, and near to the zero
of PC2. While samples isolated from lower layer were both
in the positive side of PC1, and LF and LB samples were in
the different sides of PC2. Then, the 4 samples were differentiated by each other, which reflected structure and
characteristics of microbial communities were different in
different places of CWs. Samples from the four ports
appeared to have markedly different metabolic activities
(Fig. 4). Therefore, the technique appears to show promise as a monitoring tool for HSSF at the community carbon metabolic level.
Relative utilization of carbon sources

To gain a better understanding of microorganism metabolism in the HSSF, Biolog ECO was used to characterize microbial community function based on sole carbon
source utilization patterns. Biolog ECO plates consist of
31 different carbon sources with 4 kinds of polymers,
10 kinds of carbohydrates, 7 kinds of carboxylic acids, 6
kinds of amino acids, 2 kinds of amines and 2 kinds of
phenolic compounds, respectively. Table 4 shows a full list
of the carbon sources in the Biolog ECO plates and their
frequency of utilization in the 4 samples. Interestingly, the
analyses of the response patterns revealed carbon source
utilization of polymers, carbohydrates, carboxylic acids and
amino acids were greater in all sampling sites, but that of

Amino acids
1.594
1.028
1.422
1.039

Amines
1.478
0.961
1.503
0.185

Phenolic compounds
1.507
0.372
0.913
0.638

amines and phenolic compounds were very different. The
mean R96 of the first four carbon sources was higher than
1.0. The utilization of carbon sources in different sites
were mutative, which was mainly related to microbial
types and substrate-root-microbes interactions.
Diversity indices analysis of community carbon metabolic

Richness is generally defined as the number of different groups of microorganisms occurring together. Significantly lower richness was observed in LB, and no significant differences among measures of carbon source utilization richness in the three other sampling ports (see Table 5).
The upper sampling ports had higher Shannon indices of
diversity measures of carbon substrate utilization compared to the lower layer. The detailed result was UF > UB
> LF > LB, which has the similar discipline as described
before. Evenness is the expected distribution of microbial
groups within the community. The upper layer was higher
than the lower layer as well, and the detailed statement
was UF > UB > LB > LF, which may be induced by accumulation of a great amount of organic pollutants. Thus,
microbial communities showed a strong interest in some
carbon sources.
TABLE 5 - Means and standard deviations (n = 3) for Shannon
indices of functional diversity and measures of richness and evenness of carbon source utilization in four sampling ports in HSSF
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after 96 h of incubation at 25 °C using a set of 31 Biolog microplate
wells that correspond to substrate on Biolog Eco plates.
Sampling
Ports
UF
LF
UB
LB

Richness (RI)

Diversity (H′)

Evenness (EI)

2.807
2.787
2.817
2.487

3.398
3.232
3.340
3.219

0.979
0.904
0.948
0.934

The application of BIOLOG to describe microbial community structure may have some limitations, such as organisms that can use the carbon sources in BIOLOG wells may
not represent all microbial communities in substrates. Present researches indicated molecular biotechnology or advanced biochemical technique can analyze the structure
and diversity of microorganism. Krasnits [36] used fluorescent in situ hybridization (FISH) to characterize major
microbial groups at the beginning, center and end of a well
established subsurface horizontal flow constructed wetland
and at different depths including the root zone.
Nevertheless, the relationship between structure of organisms and functional microbial diversity were not obvious. Therefore, studies on direct determination of functional microbial diversity have significant effects on present
researches of community function for carbon source metabolism. Biolog is suitable to be used in investigating
functional microbial diversity based on the community
function for carbon source metabolism. Further research is
required to learn about the relationship of functional substrate microbial diversity to ecosystem function.

SAS or SPSS, can differentiate community structure and
characteristics of carbon sources metabolism of every sampling port in HSSF effectively. This difference was related
to variation of bed environment and distribution of nutrient substances
3. Biolog application on functional microbial diversity showed microorganisms in different places of HSSF
had different functional diversity, which reflected the difference in the capacity and the function of microbial community in treating pollutants in different places of CWs.
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ABSTRACT
The aim of this study was to examine the effect of chloride ions on nitrobenzene oxidation. Fluidized-bed experiments were performed to investigate the effects of pH, Fe2+,
H2O2 and chloride concentration on the oxidation reaction.
The results show the optimum pH for nitrobenzene oxidation was 2.8. The inhibition caused by chloride ions can
be overcome by extending the reaction time if the concentration of chloride ions is low. At a high concentration of
chloride ions, however, the oxidation of nitrobenzene was
inhibited, and actually ceased due to the complexation of
Fe–Cl. The inhibition effect of chloride ions on the nitrobenzene reaction depended on the reaction pH; the extent
of inhibition decreased with increases in the initial pH.
Also, increasing the hydrogen peroxide concentration had
no clear effect on the degradation on nitrobenzene in the
presence of chloride ions. In this study, hydrogen peroxide was not the key factor in overcoming the inhibition
effect of chloride ion on nitrobenzene degradation. Moreover, the fluidized-bed Fenton process has higher removal
efficiency than the Fenton process on the degradation of
nitrobenzene in the presence of chloride ions.

KEYWORDS: Nitrobenzene, Chloride ions, Fenton’s reagent,
Fluidized-bed Fenton process.

INTRODUCTION
Nitrobenzene is widely used in several industries such
as dye manufacturing, pesticides, rubber chemicals, pharmaceuticals and resin. However, it is believed to be a human carcinogen [1]. Therefore, powerful oxidation methods are needed for an efficient treatment [2]. The Fenton
process is one of the advanced oxidation processes (AOPs)
using hydrogen peroxide and ferrous ions to form hydroxyl
radicals that are able to efficiently degrade many kinds of
pollutants into harmless compounds [3-5]. However, the
major drawback of the Fenton process is the generation of
ferric hydroxide sludge requiring further handling and

disposal [6]. To deal with this problem, a fluidized-bed reactor in which the carriers can initiate the iron precipitation
through the crystallization process is used [7]. In the fluidized-bed Fenton process, several important processes occur
simultaneously including: (1) homogeneous chemical oxidation (H2O2/Fe2+), (2) heterogeneous chemical oxidation
(H2O2/iron oxide), (3) fluidized-bed crystallization, and (4)
reductive dissolution of iron oxides. By these processes, the
oxidation will be improved and sludge can be reduced.
The inorganic ions such as chloride ion are very common in most wastewaters [8] and the accumulation of chloride ions might inhibit the Fenton’s reaction [9]. Some
wastewater, such as industrial dye manufacturing
wastewater, may display a high concentration of chloride salts. Therefore, the effect of chloride ions on the
degradation of nitrobenzene by fluidized-bed Fenton process was explored in greater detail.
MATERIALS AND METHODS
Nitrobenzene was obtained from the Aldrich Company. Ferrous sulfate and 35% hydrogen peroxide were purchased from the Merck Company. Sodium chloride was obtained from the Showa Company. The rest of the reagents
used were at least of reagent grade. Al2O3 serving as the
main carrier in the FBR is white with a circular shape and
2.50 mm in average particle diameter. A 1.35-L fluidizedbed reactor was operated in all experiments performed.
The FBR was a cylindrical glass vessel consisting of outlet,
inlet and recalculating sections, as shown in the Figure 1.
Nitrobenzene and chloride ion solutions were prepared
with DI water at room temperature and then poured into a
circulating fluidized-bed reactor. The recycle pump was
turned on to mix the solution at the desired bed expansions.
Then, the desired pH was adjusted by H2SO4, taking about
10 minutes before the pH reading was stable. The pH was
controlled during the reaction time with error range ±0.2.
Pre-calculated ferrous solution was added at the 5th minute after the recycle pump had been switched on. The solution was rechecked before adding H2O2 solution and the
reaction was simultaneously started. At selected time
intervals of 0, 2, 5, 10, 20, 30 and 60 minutes, samples
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were taken from the FBR. The Fenton’s reaction was
stopped instantly by adding NaOH to the reaction mixture
after sampling [10]. The samples were then filtrated on
cellulose acetate membranes with 0.45 µm pore size to remove the precipitates. For traditional Fenton process, same
procedure was taken but without using carriers in the reactor. Nitrobenzene was analyzed using an HP 4980II gas
chromatograph with a flame ionization detector and an HP5 column (0.53 mm in inside diameter, 15 m long).

Nitrobenzene remaining (C/C 0)

5.5 cm

strong oxidant attacks the aromatic hydrocarbon to initiate
ring opening in the oxidation reaction (2). However, in
the presence of a solid carrier, the ferric hydrolysis product of Fenton’s reaction can also crystallize and grow on
the surface of the carriers, therefore, decreasing the precipitation in puffy ferric hydroxide forms [11]. Simultaneously, the synthesized ferric oxide can also serve as a
catalyst for hydrogen peroxide decomposition in a heterogeneous reaction. When considering iron oxide on the
surface carriers, it can also re-dissolve by reductive dissolution or heterogeneous reaction to reach the Fe2+ form.
Further, the Fe (III) hydrolysis product of Fenton’s reaction can crystallize and grow on the surface of this carrier
to reduce the precipitation of Fe(OH)3 [12].

3.5 cm
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FIGURE 2 - Nitrobenzene oxidation in the presence of chloride ions
by fluidized-bed Fenton process. ([NB] = 1.0 x 10-2 M, [H2O2] = 5.0 x
10-2 M, [Fe2+] = 2.5 x 10-4 M, Al2O3 = 100 g/l, pHi = 2.8, Temp = 30 °C).

FIGURE 1 - Fluidized-bed reactor (FBR) compartments.

RESULTS AND DISCUSSION
Oxidation of nitrobenzene in the presence of chloride ions

This part of study investigated the effect of chloride
ions on the oxidation of nitrobenzene under different conditions. Figure 2 shows the chloride ions influenced the nitrobenzene oxidation. When the concentration of chloride ions
was 0.2 M, the oxidation reaction of nitrobenzene had almost stopped after 10 min. However, when chloride ions
were 1.5 x 10-3 to 2.0 x 10-1 M, a slight inhibition was
noted in the first 2 min, then, the effect of chloride ions on
the reaction gradually increased.

The Fenton’s reaction is extremely sensitive to chloride ions remaining in the solution. This inhibition might
be due to complexation and radical scavenging reactions.
Equation (3) shows chloride ions can react with hydroxyl
radicals, so chloride ions compete with organic compounds for hydroxyl radicals, and therefore slow the oxidation rate [13].
·OH + Cl− + H+ → HOCl−· + Cl· + H2O

According to the effect of complexation, Cl may undergo a complex reaction with ferrous and ferric ions,
hindering the reaction causing hydroxyl radicals to be
produced. The complex reactions are shown in equations
(4-8) [14-15].
Fe2+

•

Organic compound + OH

→ products

(1)
(2)

The Fenton’s reagent can produce the non-selective
oxidant, OH•, by the homogeneous reaction (1). Then, this

+ Cl-

↔
+
FeCl + Cl ↔
Fe3+ + Cl- ↔
FeCl2+ + Cl- ↔
FeCl2+ + Cl- ↔

For homogenous chemical oxidation or the Fenton
process, it uses hydrogen peroxide and ferrous ions to
form hydroxyl radicals able to efficiently degrade many
kinds of toxic compounds.
Fe (II) + H2O2 → Fe (III) + •OH + OH-

(3)

−

FeCl+

log K1 = 0.90

(4)

0

log K2 = 0.04

(5)

2+

log K1 = 3.92

(6)

FeCl2

+

log K2 = 5.42

(7)

FeCl3

0

log K3 = 1.13

(8)

FeCl2
FeCl

Based on the reactions above, the Fenton reaction has
been inhibited because the ferrous and ferric complexes
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FIGURE 3 - Effect of pH on (a) nitrobenzene removal efficiency and (b) pseudo second-order rate constants on the nitrobenzene degradation
by fluidized-bed Fenton process. ([NB] = 1.0 x 10-2 M, [Fe2+] = 2.5 x 10-3 M, [H2O2] = 5.0 x 10-2 M, Al2O3 = 100 g/l, Temp = 30 °C, Reaction
time = 120 min).

cannot catalyze hydrogen peroxide to produce hydroxyl
radicals as efficiently as their free types. However, there
was almost no difference in the amount of nitrobenzene
remaining after 60 minutes of reaction time when the
chloride ion concentrations were in the range of 0 – 1.5 x
10-3 M. This reveals the inhibition can be overcome by
extending the reaction time if the concentration of chloride ions is less than 1.5 x 10-3 M. Therefore, subsequent
experiments were carried out at high chloride ions concentrations.
Effect of initial pH

pH is an important parameter for fluidized-bed Fenton’s reaction. The typical range for the Fenton process is
in the acidic range [16]. Thus, it is essential to determine
the optimum pH for the fluidized-bed Fenton process
which can provide the best performance. In this scenario,
the solution pH was operated initially at 2.0, 2.8, 3.5, 4.0,
5.0 and 6.0. In the Figure 3(a), the oxidation of nitrobenzene increased with a decreasing concentration of chloride
ion. There was no significant difference in the oxidation
rate in the presence of 0.02 M of chloride ions. When the
chloride concentration increased to 0.2 M, a slightly higher
inhibition was noted.The effect of initial pH is followed the
pseudo-second order, as shown in Figure 3(b).
As expected, the nitrobenzene oxidation at high pH
was not efficient; therefore, no significant difference was
found when the reactions began at an initial pH of 3.5.
Under the conditions of pH less than 3.5, the rate of nitrobenzene oxidation increased with an increasing initial reaction pH regardless of chloride ions. As discussed above, the
inhibition effect by chloride ions should depend on the
concentrations of Cl− and H+. The results show that rate
constant increased at pH 2.8 and then dropped again at pH
2.0. Figure 3(b) shows the difference in the rate constant
between the curves for 0.02 M Cl−, 0.2 M Cl− and Cl−-free
was clear, and then it was reduced when increasing the
initial pH. Also, the curve for 0.2 M Cl− is almost parallel

to that for 0.02 M, indicating the inhibition effect depended
on the chloride ion concentration as well as the pH.
Higher pH value slows the process. The decrease in activity detected for pH values below the optimum is understandable considering Fe(III) forms different complex species (Fe(OH)2+) in the solution. The Fe(OH) 2+ reacts more
slowly with hydrogen peroxide and produces less hydroxyl
radicals. On the contrary, the low activity detected for high
pH values can be explained by the formation of ferric and
ferric hydroxide complexes, which have low activity and will
not react with hydrogen peroxide. Ferrous ions are unstable
at a pH > 4.0 and they easily form ferric ions, which have
a tendency to produce ferric hydroxo complexes or ferric
oxyhydroxides [17].
The inhibition effect of chloride ions increased with
increasing chloride ion concentration ranging from 0 to
0.2 M. The oxidation efficiency of nitrobenzene by the Fenton process at an initial pH of 2.80 was the highest. This
research examined the oxidation rate of nitrobenzene, with
a chosen pH was 2.80. For the next scenario, the initial pH
of 2.80 was used through all experiments in the system of
the fluidized-bed Fenton process.
Effect of ferrous ion concentration

Fe2+ played an important role in catalyzing H2O2 to
produce the OH through the Fenton reaction. Figure 4(a)
shows the removal efficiency of nitrobenzene in the fluidized-bed Fenton process with different initial ferrous ion
concentrations ranging from 2.5×10−4 M to 1.0×10−3 M.
The amount of nitrobenzene in the reaction mixtures decreased with increasing initial ferrous concentration. When
2.5×10−4 M of ferrous ions were mixed with 0.2 M of chloride ions, the removal of nitrobenzene was 40%.
•

The pseudo-second-order rate constants obtained under different experimental conditions are compared in Figure 4(b) and Table 1; the reaction time for these experiments
was 30 minutes. The good fit of the linear model to the
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FIGURE 4 - Effect of ferrous ion concentration on on (a) nitrobenzene removal efficiency and (b) pseudo second-order rate constants on the
nitrobenzene degradation by fluidized-bed Fenton process.. ([NB] = 1.0 x 10-2 M, [H2O2] =5.0 x 10-2 M, [Cl-] = 0.2 M, Al2O3 = 100 g/l, pHi =
2.8, Temp = 30 °C).

data (R>0.97 in all cases) provides strong evidence the
reaction is pseudo-second order with respect to the nitrobenzene concentration. The rate constant of nitrobenzene
degradation decreased with increased chloride ion concentrations. When the ferrous ion concentration was 2.5×10−4
– 5.0 ×10−4 M, the inhibition of chloride ion on nitrobenzene oxidation was clear, as shown in Table 1. However,
when the ferrous ion concentration increased to 1.0×10−3
M, the rate constant was higher than the others and the
inhibition effect of chloride ion was not significant.
TABLE 1 - Pseudo-second order rate constants of nitrobenzene
removal under different ferrous ion concentration. [NB] = 1 x 10-2
M, [H2O2] = 5 x 10-2 M, Al2O3 = 100 g/L, pH 2.8
Cl(M)
0
0.0015
0.02
0.2

1.0×10−3 M
of Fe2+
34.0
30.4
28.7
25.5

k x 10-2
(M-1min-1)
5.0×10−4
3.75×10−4
M of Fe2+
M of Fe2+
27.4
25.9
22.7
13.5
19.2
9.03
11.2
4.96

2.5×10−4
M of Fe2+
7.91
5.95
3.24
2.19

The Fenton reaction is extremely sensitive to chloride
ions remaining in the solution. This inhibition may be due
to complexation and radical scavenging. As shown in equations 3 to 8, chloride ions create competition between hydroxyl radicals and organics, leading to the inhibition of
oxidation. According to the effect of complexation, Cl− may
undergo a complex reaction with ferrous and ferric ions,
impeding the reaction and causing hydroxyl radicals to be
produced [3]. At the initial stage of the Fenton reaction,
the iron species is ferrous ion. The values of log K1 and
log K2 for the ferrous ions complex with the chloride ions
are much lower than those for the ferric type. This suggests free ferrous ions still exist in the solution and the
production of hydroxyl radicals can indeed be carried out.
When the Fenton reaction was at the Fe3+/H2O2 stage,
according to equation 6 to 8, it was found most ferric ions
formed the Fe–Cl complex. Therefore, at this stage, the

oxidation rate of nitrobenzene decreased as the chloride ion
concentration increased. Therefore, the subsequent experiments were carried out at high chloride concentrations.
Effect of hydrogen peroxide concentration

Fenton’s chemistry involves a complex collection of
reaction pathways. Its utility as an oxidizing system relies
on the formation of hydroxyl radical (OH •) from H 2O 2,
through the reduction and oxidation (redox) cycles of iron
(Fe) and a series of radicals propagation and termination
reactions. In this part, various H2O2 concentrations of 2.5 x
10-2, 5.0 x 10-2, 7.5 x 10-2 and 1.0 x 10-3 M were used to
observe the effect of hydrogen peroxide on the removal
efficiency and degradation rate of nitrobenzene.
The effects of H2O2 dosage on the degradation of nitrobenzene are shown in Figure 5(a). The removal efficiency
of nitrobenzene in the fluidized-bed Fenton process for the
effects of H2O2 at 2.5 x 10-2, 5.0 x 10-2, 7.5 x 10-2 and
1.0 x 10-3 M were 42.50%, 43.00%, 41.30% and 41.20%,
respectively. The results show increasing the hydrogen
peroxide concentration was not significant. The nitrobenzene removal efficiency was almost the same in all experiments. Further, analysis of the initial rates showed a lineardependent relationship with the initial hydrogen peroxide
concentration, as shown in Figure 5(b). The experimental
results showed that the effect of H2O2 was quite similar
throughout the reaction time. However, there were some
differences at the first 5 minutes of the reaction time. Therefore, the initial degradation rate was used in this part of
experiment in order to see the different between each H2O2
concentration. Increasing the hydrogen peroxide concentration was not the key factor in overcoming the barrier of
chloride ion inhibition. Only a slight increase in the oxidation rate was found in these experiments. The extent of
inhibition by chloride ions was still very high regardless
of the hydrogen peroxide concentration. Moreover, the ferrous ion concentration was insufficient to react with hydrogen peroxide and to compete with chloride ion. Therefore,
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the hydroxyl radicals were not able to produce continuously, then, the degradation was inhibited.
Comparison between traditional Fenton and Fluidized-Bed
Fenton processes

To compare the performance of traditional Fenton and
fluidized-bed Fenton processes, the optimum conditions
from previous sections have been employed. Figure 6 shows
the effect of chloride ion on the nitrobenzene removal efficiency by various processes.
Figure 6 compares the nitrobenzene oxidation between
the fluidized-bed Fenton process and the traditional Fenton
process. Within the first 2 minutes, the characteristics of
nitrobenzene oxidation were quite similar. The nitrobenzene
rapidly disappeared in the first 5 minutes. Nitrobenzene
removal efficiency by the fluidized-bed Fenton process was
higher than by the traditional Fenton process and the nitrobenzene removal efficiency decreased with increasing chlo-

ride concentrations. The removal efficiency of nitrobenzene
in the fluidized-bed Fenton process, in the presence of chloride ions at free, 0.0015M, 0.02M at 0.2M were 93.70%,
92.40%, 93.00% and 91.80% respectively. With the traditional Fenton process, the removal efficiencies of nitrobenzene in the presence of chloride ions at free, 0.0015M,
0.02M at 0.2M were 66.80%, 88.00%, 86.70% and 79.00%
respectively.
The rate constants between the Fenton process and
the fluidized-bed Fenton process followed the same trend
as nitrobenzene removal efficiency. The pseudo-secondorder rate constants obtained under different experimental
conditions are compared in Table 2; the reaction time for
these experiments was 30 minutes. The good fit of the linear
model to the data (R>0.92 in all cases) provides strong
evidence the reaction is pseudo-second order for nitrobenzene concentration. The rate constants decreased with increasing chloride ion concentration, as shown in Table 2.
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FIGURE 5 - (a) Effect of hydrogen peroxide concentration on nitrobenzene removal efficiency and (b) Relationship between nitrobenzene
removal rate and H2O2 concentration by fluidized-bed Fenton process. ([NB] = 1.0 x 10-2 M, [Fe2+] = 2.5 x 10-4 M, [Cl-] = 0.2 M, Al2O3 = 100 g/l,
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TABLE 2 - Pseudo-second order rate constants of nitrobenzene removal under different process between Traditional Fenton and Fluidizedbed Fenton Processes.
Cl(M)
0
1.5 x 10-3
2.0 x 10-2
2.0 x 10-1

%Nitrobenzene
removal
93.7
92.4
93.0
91.8

FBR
k
(x 10-2 M-1min-1)
34.0
30.4
28.7
25.5

R

%Nitrobenzene
removal
90.0
88.0
86.7
79.0

0.99
0.99
0.99
0.95

However, it was clear the rate constant of nitrobenzene
degradation by the fluidized-bed Fenton process was much
higher than the Fenton process. This was due to the complex reactions occurring in the fluidized-bed Fenton process that can improve the degradation ability, for instance,
(a) the production of hydroxyl radicals from homogenous
chemical oxidation or the Fenton process, (b) the ferric
hydrolysis product of Fenton’s reaction can also crystallize and grow on the surface of the carriers, therefore, decreasing the precipitation in puffy ferric hydroxide forms
[11]. Simultaneously, the synthesized ferric oxide can also
serve as a catalyst for hydrogen peroxide decomposition in
a heterogeneous reaction which will produce more hydroxyl
radicals that can destroy nitrobenzene. The results show the
fluidized-bed Fenton process has higher degradation ability
than the Fenton process, and therefore, it should be used for
the degradation of nitrobenzene.
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ABSTRACT
In this study, the usage of pumice ores as filtration
raw material was investigated to remove phenol and reduce chemical oxygen demand (COD) from olive-mill
wastewater (OMW). Some properties covering physical,
chemical, mineralogical, microscopic and structural characteristics of pumice ores received from Menderes-Izmir
were determined. A relationship between these properties
and filtration recovery was investigated. The removal of
phenol and COD from olive-mill wastewater increased
with the use of different Menderes pumice ore samples. Pa
sample containing larger pores gave better results than Pb
sample. The removal of phenol and COD from OMW
increased as the dosages of Pa were raised. The removal
from OMW with the use of 30% Pa was 41.49% for phenol and 65.52% for COD.

KEYWORDS: Pumice ore, Olive-mill wastewater, Filtration, Adsorption, Phenol and COD.

INTRODUCTION
The environmental pollution problem caused by olive
mill wastes (OMW) is growing especially in the Mediterranean region because of the rapidly increasing demand of
olive oil worldwide [1]. OMW is seasonally a heavily polluting by-product in all olive oil producing countries [2,
3]. It is characterized by high organic matter, suspended
solids, phenols and oil grease [1, 4]. Maximum biochemical and COD concentrations in OMW can reach 100 g L-1
and 220 g L-1, respectively [3, 5]. The concentration of phenolic compounds in OMW varies greatly from 0.5 to 24 g
L-1 [3]. They contain a wide range of toxic compounds,
hazardous to the environment as well as to human health,
and need special treatment procedures to remove this toxicity [6, 7].

Several methods have been proposed for treating OMW,
such as physicochemical, biological, oxidation-advanced
oxidation by means of the ozone, hydrogen peroxide or
Fenton’s reagents in the presence and absence of UV
radiation, and combined processes [3, 8, 9]. Physicochemical processes have also been applied to OMW treatment including flocculation, coagulation, filtration, integrated centrifugation-ultrafiltration, electrochemical oxidation, sedimentation, electro-coagulation and combined physicochemical processes [10, 11].
Adsorption is an effective and economical process for
the removal of various contaminations in wastewaters. Activated carbon is one of the most effective adsorbent for organic and phenolic compounds because of its high surface
area [12]. Recently, numerous investigations have focused
on the use of natural materials as adsorbents to treat
wastewaters due to the high cost of activated carbon. Researches have indicated that chemically modified clay
minerals, such as bentonite, montmorillonite, kaolinite,
smectite, sepiolite and zeolites, represent an innovative
and promising class of sorbent materials [4, 6, 12-14].
Also, the removal of phenolic compounds has been obtained effectively with lime treatment of OMW [2, 8]. In
recent years, modified pumice stones have been used effectively for the adsorption of phosphate, phenolic compounds and dyes from various wastewaters [12, 15-17].
Pumice is an industrial mineral with low cost due to
its large reserves and its environmental friendliness. Pumice ores are formed based on volcanic activities and possess many micro and macro size pores because of sudden
cold and sudden gas abandon of the structure during formation [18-20]. Nearly all the pores do not have connections. The pumice ores have very light weight, low permeability due to their porous structure and non-connected
pores, very high sound and heat insulation [21]. Pumice
maintains its thermal stability up to approximately 900 oC
[19, 22]. Pumice has a negative charge in the 1.8-11.4 pH
range [22].
In this study, the effects of different Menderes pumice samples depending on their filtration properties were
investigated for the removal of COD and phenol from
OMW.
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MATERIALS AND METHODS

tained from Merck, Germany. The phenol was analyzed
with a Hach Lange DR 5000 spectrophotometer.

Materials

Menderes pumice ore is mined by Pomza Export Mining Co. in Menderes from Izmir/Turkey. The thickness of
the pumice veins having many layers in the mine is about
30 m, and they are situated with 300 slopes in the northeast direction. Pumice ore samples were removed from
the bottom and top layers of the deposit separately, and
named Pa and Pb, respectively. Menderes pumice ores
with a size fraction of 0.5x0.1 mm were used in all filtration experiments. The OMW was obtained from a commercial firm in Izmir, Turkey.
Methods

The mineralogical features of pumice ore samples are
investigated using a Joel JSDX-100S4 brand x-ray diffraction (XRD) instrument. An Olympus SZ61 was used for
microscopic studies. Scanning electron microscopy (SEM)
images were taken using a Jeol JXA-733 Superprobe. Cation
exchange capacities were determined using an Eppendorf
Elex 6361 brand flame photometer. The specific surface
areas of pumice samples were measured using BET method
with nitrogen adsorption. The samples were analyzed by a
standard wet chemical analysis and a Perkin-Elmer Atomic
Adsorption Spectrophotometer. Cation exchange capacities
of Menderes pumice samples were measured with Naacetate solution containing Na at pH 8.2. With this method,
samples were saturated with Na+ cations, and treated with
ammonium-acetate, thus, exchanging Na+ cations with NH4+
cations.
Filtration tests were carried out with an Ika Eurostar
Power digi-b type high speed mixer in standard cell [23]. A
400 ml aliquot of olive-mill wastewater was used for each
experiment. Initially, this solution was agitated at 2000 rpm
for 5 min. After adding pumice samples, the suspension
was agitated at 2000 rpm for 5 min, and then the same
process was maintained at 500 rpm for 15 min by the
mixer. All the tests were carried out in natural pH (4.5)
and temperature (23.5 oC) of OMW. After removing the
pumice particles from the solution by a filter paper in the
vacuum (VacuumBrand RS8 type), the phenols and COD
of supernatant were determined. The phenol and COD tests
were performed with direct photometric and open reflux
methods, respectively. Reagents used in the test were ob-

RESULTS AND DISCUSSION
Characterization of Menderes pumice samples
Mineralogy

Mineralogical characterizations of Menderes pumice
samples (Pa and Pb) were performed with X-ray diffraction (XRD). Pa sample contains quartz, orthoclase, and little
amounts of plagioclase, chlorite, biotite and kaolinite. Pb
sample contains quartz, orthoclase, plagioclase, and little
amounts of biotite and montmorillonite.
Microscopic Images

Microscopy studies were performed to see the surface
properties and pore structures of the Menderes pumice ores.
Micrographs of a pumice particle are presented in Figs. 1
and 2 with binocular microscope and SEM.

FIGURE 1 - Microscopic micrograph of Menderes pumice ore (x90).

As seen from Figs. 1 and 2, Menderes pumice ores
are made up of glassy, porous, and different shaped pores.
Fig. 2a shows pores with orderless, spherical and oval
structures, and Fig. 2b shows oval, oriented and channelized structures. In addition, above the amorphous structure situated outside the coarse size pores in pumice ore,
rather small porous structures were observed (Fig. 2c). It
was found that the pores of pumice were less than 1 mm
in size and they usually have spherical, oval, and rod-like
shapes [24].

FIGURE 2- Scanning electron micrographs (SEM) of Menderes pumice sample in size fraction of 2x1 mm (x1).
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Chemical Analysis and Densities

The results of chemical analysis of Menderes pumice
ores are presented in Table 1. As seen, all samples show
similar results.
TABLE 1 - Chemical analysis of Menderes pumice ores.
Content, %
SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2 O
TiO2
LOI

Pa
74.10
13.00
1.28
0.64
0.26
1.76
3.85
4.99

Pb
73.00
12.53
1.44
0.61
0.31
2.19
4.36
5.53

Pa
Pb

Cation exchange and variable cation exchange capacities of Menderes pumice ore samples are presented in Tables 2 and 3, respectively.
As shown in Tables 2 and 3, the cation exchange capacities of Pa and Pb samples are 5.6 and 6.6 me/100 g,
respectively. The cation exchange capacities of Pb are slightly higher than that of Pa due to their little elevated clay content. It was found that cation exchange capacity of pumice
is 5 me/100 g, and soluble cation exchange capacity is low
[26-28].
TABLE 2 - Cation exchange
capacities of the Menderes pumice ores.
Cation Exchange Capacity
me/100 g
5.60
6.60
TABLE 3 - Variable cation exchange
capacities of the Menderes pumice ores.
Variable Cation Exchange
Capacitiy; me/100 g
K+
Na+
Ca+
Mg+

Pa

Pb

0.4
0.6
0.9
0.8

0.3
0.2
1.2
0.7

Particle Size,
mm
0.5x0.1
0.5x0.1

Pore Diameter, oA
22.15
18.43

BET Surface
Area, m2/g
2.86
1.85

The effects of Menderes pumice ores for the filtration of
OMW

Cation Exchange Capacities of the Menderes Pumice Ores

Pa
Pb

TABLE 4 - BET surface areas and
pore diameter of Menderes pumice ores.
Samples

True densities of all three pumice samples were measured with picnometer, after all the samples were first ground
to particle size of ≤106 µ. True densities were measured
as 2.34 g/cm 3 for P a and 2.38 g/cm 3 for P b sample. Bulk
densities for P a and Pb samples were 1.02 g/cm3 and
1.15 g/cm 3, respectively. It was found that the bulk density of acidic pumice, formed based on volcanic activities,
was 0.5-1.0 g/cm3 [21], and the true density of pumice is
2.5 g/cm3 [25].

Samples

pores in Pa is larger than that in Pb. It was found that the
porosity of pumice ranged from 45 to 70% [21, 29].

Porosity and Specific Surface Areas

The specific surface areas and pore diameters of Menderes pumice samples at 0.5x0.1mm size fractions are presented in Table 4. As seen from Table 4, the diameter of

In order to investigate the effect of different pumice
samples as sorbent on the removal of phenol and COD, a
series of experiments was performed at various pumice
dosages. Pumice dosages used in the experiments were 10,
20 and 30% w/v. The results of the removal of phenol and
COD from the OMW solution are presented in Table 5.
As seen from Table 5, the phenol and COD values of
OMW are 116000 mg L-1 and 940 mg L-1 before filtering,
but are 62000 mg L-1 and 800 mg L-1 after filter paper
vacuum filtration. Phenol and COD are removed from the
OMW with recoveries of 14.89 and 46.55%, respectively.
The effect of pumice dosages (10%, 20% and 30%
w/v) for removing phenol and COD from the OMW was
investigated using Pa and Pb pumice samples. The results
are shown in Figs. 3 and 4.
The adsorption experiments indicate that Menderes
pumice samples (Pa and Pb) are effective in removing phenol and COD from OMW. The results in Figs. 3 and 4 reveal that the adsorption behaviors of phenol and COD on
pumice samples are quite similar. Akbal [12], on the other
hand, found that experiments with unmodified pumice
showed negligible sorption of phenol and 4-chlorophenol.
Also, the results of this study showed that the removal of
phenol and COD from OMW raised with increase of pumice sample (Pa and Pb) dosages. As shown in Figs. 3 and 4,
the adsorption of phenol and COD on Pa sample is more than
that of Pb sample. The removal rates of phenol and COD
from the OMW using 30% Pa sample are 41.49 and 65.52%,
respectively. Akbal [12] also found that an increase in sorbent concentration caused a decrease in the residual amount
of phenol and 4-clorophenol in the final solution. Similarly, the adsorption of methylene blue and crystal violet,
phosphate removal efficiency and the removal of COD
from textile wastewater raised with increasing of pumice
dosage [15-17]. As the number of sorbent particles surrounding the phenol and 4-clorophenol increased, more of
both were adsorbed by these particles [13, 30]. Al-Malah
et al. [4] explained this behavior as follows: as the concentration of activated clay was increased, the total surface area of activated clay was also increased, and more
molecules could adsorb onto the surface.
The photographs of Menderes pumice sample (Pa) after filtering are shown in Fig. 5. It is observed that organic
compounds increasing COD value of the solution cover
the pumice particles (Fig. 5a), and the pores of pumice
particles are filled with various contaminants (Fig. 5b).
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TABLE 5 - The filtration results of olive-mill wastewater (OMW) using Menderes pumice ore samples.
COD,
mg L-1
116000
62000

Filtration Type
OMW
Filtration of OMW by filter paper

Without Pumice

Removal of
COD, %
46,55

Phenol,
mg L-1
940
800

70
C OD
P henol

60

R em ov al,	
  %

50
40
30
20
10
0
B y	
  F ilter	
  P a per

10

20

30

P um ic e	
  D os ag e,	
  %
FIGURE 3 - Effect of Pa dosage on the removal of both phenol and COD.
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FIGURE 4 - Effect of Pb dosage on the removal of both phenol and COD.
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FIGURE 5 - Microscopic views of Menderes pumice sample (Pa) after filtering (80x).

CONCLUSIONS

phenols raised with increasing pore diameter of Menderes
pumice, independently on its cation exchange capacities.

In this study, pumice samples taken from MenderesIzmir have been characterized for their filtration properties, and removal of COD and phenol from the OMW by
filtering was tested. The results of this investigation are
presented as below:
1. It has been found that Menderes pumice samples
received from the different layers of the deposit have similar physical, chemical, mineralogical, microscopic and structural properties.
1.a. Pa sample contains quartz, orthoclase and little
amounts of plagioclase, chlorite, biotite, kaolinite. Pb sample consists of quartz, orthoclase, plagioclase, and little
amounts of biotite and montmorillonite.
1.b. Both of the Menderes pumice ore samples show
very similar chemical composition. True densities of Menderes pumice ores range from 2.34 to 2.38 g/cm3 and bulk
densities at 0.5x0.1 mm size fractions are between 1.02
and 1.15 g/cm3.
1.c. Menderes pumices contain many pores and their
shapes are spherical, oval and rod. The pore diameter of
Pa and its surface area is bigger than Pb. Cation exchange
capacities of Menderes pumices are low, and also close to
each other in values.
2. The phenol and COD values of OMW were measured as 116000 mg L-1 and 940 mg L-1, respectively. After
filtering by vacuum, the phenol and COD values decreased
to 14.89 and 46.55%, respectively.
3. The adsorption experiments indicated that Menderes
pumice samples (Pa and Pb) were found to be effective in
removing phenol and COD from OMW. The removal of
phenol and COD from OMW increased as the dosages of
pumice samples were raised. It was demonstrated that the
adsorption of phenol and COD on Pa sample was more than
that of Pb sample. Phenol and COD were removed from
the OMW using 30% Pa sample with recovery rates of
41.49 and 65.52%, respectively. It was found that the removal of some contaminants like organic compounds and

2678

REFERENCES
[1]

Evcil, H. (2005) Pretreatment of olive oil mill wastewater.
Master’s Thesis, Graduate School of Natural and Applied
Sciences, Dokuz Eylul University, p.86, Izmir.

[2]

Aktas, S.E., Imre, S. and Ersoy L. (2001) Characterization
and lime treatment of olive mill wastewater. Water Research,
Vol.35, No.9, p.2336-2340.

[3]

Paraskeva, P. and Diamadopoulos, E. (2006) Technologies
for olive mill wastewater (OMW) treatment: a review. J
Chem Technol Biotechnol, 81: 1475-1485.

[4]

Al-Malah, K., Azam, O. J. M. and Abu-Lail, I. N. (2000) Olive mills effluent (OME) wastewater post-treatment using activated clay. Separation and Purification Technology, 20:
225–234.

[5]

Achak, M., Mandi, L. and Ouazzani, N. (2009) Removal of
organic pollutants and nutrients from olive mill wastewater
by a sand filter. Journal of Environmental Management, 90:
2771-2779.

[6]

Santi, A. C., Cortes, S., D’Acqui, P. L., Sparvoli, E. and
Pushparaj, B. (2008) Reduction of organic pollutants in olive
mill wastewater by using different mineral substrates as adsorbents. Bioresource Technology, 99: 1945–1951.

[7]

Yesilada, O., Sık, S. and Sam, M. (1999) Treatment of olive
oil mill wastewater with fungi. Tr. J. of Biology, 23: 231240.

[8]

Ugurlu, M. and Kula, I. (2007) Decolourization and removal
of some organic compounds from olive mill wastewater by
advanced oxidation processes and lime treatment. Env. Sci.
Pollut. Res. 14 (5) 319 – 325.

[9]

Hanci-Olmez, T., Dulekgurgen, E., Alaton-Arslan, I. and
Orhon, D. (2008) Effect of chemical treatment on the aromatic carbon content and particle size distribution-based organic matter profile of olive mill wastewaters. Fresenius Environmental Bulletin 17 (11a) 1790-1795.

© by PSP Volume 19 – No 11a. 2010

Fresenius Environmental Bulletin

[10] Lucas, S. M and Peres, A. J. (2009) Removal of COD from
olive mill wastewater by Fenton’s reagent: kinetic study.
Journal of Hazardous Materials, 168: 1253–1259.

[27] Sahin, U., Hanay, A. and Anapali, O. (1997) An investigation
on the usability of pumice in soilless culture in greenhouses.
Proceedings of the 1. Isparta Pumice Symposium, Isparta (in
Turkish).

[11] Ugurlu, M., Kula, I. and Gurses, A. (2006) Removal of some
organic compounds and color from olive mill wastewater by
electrocoagulation. Fresenius Environmental Bulletin 15 (10)
1256-1265.

[28] Anapali, O. and Ors, S. (2005) Pumice and zeolite mixture
for soilless vegetable cultivation. Proceedings of the 2. Pumice Symposium, Isparta (in Turkish).

[12] Akbal, F. (2005) Sorption of phenol and 4-chlorphenol onto
pumice treated with cationic surfactant. Journal of Environmental Management, 74: 239-244.

[29] Sezgin, M., Davraz, M. and Gunduz, L. (2005) The sectoral
view to pumice industry. Proceedings of the 2. Pumice Symposium, Isparta (in Turkish).

[13] Ugurlu, M. and Hazirbulan, S. (2007) Removal of some organic compounds from pre-treated olive mill wastewater by
sepiolite. Fresenius Environmental Bulletin 16 (8) 887-895.

[30] Al Asheh, S., Banat, F. and Abu-Aitah, L. (2003) Adsorption
of phenol using different types of activated bentonites. Separation and Purification Technology, 33: 1-10.

[14] Ugurlu, M. and Kula, I. (2007) The removal of colour, carotene
and acidity from crude olive oil by using sepiolite. International
Journal of Food Science and Technology 42, 359-365.
[15] Akbal, F. (2005) Adsorption of basic dyes from aqueous solution onto pumice powder. Journal of Colloid and Interface
Science, 286: 455-458.
[16] Onar, A. N. and Ozturk, B. (1993) Adsorption of phosphate
onto pumice powder. Environmental Technology, 14: 10811087.
[17] Sapci, Z. and Ustun, B. (2003) The removal of color and COD
from textile wastewater by using waste pumice. EJEAFChe
2(2) 286-290.
[18] Sariiz, K. and Nuhoglu, I. (1992) Industrial raw material deposit and its mining. Anadolu University, The Faculty of Engineering and Architecture Publishings, No 62, p.448,
Eskisehir (in Turkish).
[19] Aksay Kilinc, E. (2005) Determination of the technological
properties of the Izmir-Menderes pumice ores as an industrial
mineral. PhD Thesis, The Graduate School of Natural and
Applied Sciences, Dokuz Eylul University, p.278, Izmir (in
Turkish).
[20] Aksay Kilinc, E., Akar, A., Cocen, I. and Kaya, E. (2009)
Technological properties of Menderes-Izmir pumice ores.
The Journal of Ore Dressing, Vol 11, Issue 21, p.1-13.
[21] Gunduz, L., Sariisik, A., Tozacan, B., Davraz, M., Ugur, I.
and Cankiran, O. (1998) Pumice Technology. Vol 1, p.285,
Isparta (in Turkish).
[22] Ersoy, B., Sariisik, A., Dikmen, S. and Sariisik, G. (2010)
Characterization of acid pumice and determination of its electroknetic properties in water. Powder Technology 197, 129135.
[23] Holland, F. A. and Chapman, F. S. (1966) Liquid mixing and
processing stirred tanks. Reinhold Publishing, Newyork, NY.
[24] Geitgey, R. P. (1994) Industrial minerals and rocks. Society
for Mining, Metallurgy and Exploration, Inc. Littleton, 6.th
Edition, p.803-813, Colorado.
[25] Chang, L. L.Y. (2002) Industrial mineralogy, minerals, processes and uses. Prentice-Hall, Inc., New Jersey.
[26] Gur, K., Zengin, M. and Uyanoz, R. (1997) The importance of
pumice in terms of agriculture and environment. Proceedings
of the 1. Isparta Pumice Symposium, Isparta (in Turkish).

2679

Received: February 22, 2010
Revised: May 05, 2010
Accepted: May 19, 2010

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 19/ No 11a/ 2010 – pages 2672 – 2677

© by PSP Volume 19 – No 11a. 2010

Fresenius Environmental Bulletin

LAND SUITABILITY EVALUATION FOR REDUCING
SOIL LOSSES IN KAHRAMANMARAS, TURKEY
Recep Gündoğan1*, Abdullah Emin Akay2, Arslan Okatan3, Alaaddin Yuksel4 and Erkan Arif Oguzkan1
2

1
Department of Soil Science, Faculty of Agriculture, Kahramanmaras Sutcu Imam University, 46060 Kahramanmaras, Turkey.
Department of Forest Engineering, Faculty of Forestry, Kahramanmaras Sutcu Imam University, 46060 Kahramanmaras, Turkey.
3
Department of Forest Engineering, Faculty of Forestry, Karadeniz Technical University, 61080 Trabzon, Turkey.
4
Department of Soil Science, Faculty of Agriculture, Bingol University, Bingol, , 12000, Turkey

ABSTRACT

INTRODUCTION

To indicate the effect of land evaluation in reducing
erosion, the amount of soil loss developed under the conditions of current land use was compared with those under
suitable land use in Karacasu district of Kahramanmaras.
To compute soil losses, the method of Universal Soil Loss
Equation integrated with Geographic Information Systems techniques have been implemented. First, the classification of land suitability was performed according to the
Framework for Land Evaluation of Food and Agriculture
Organization. In the process of determining land suitability, not only physical suitability assessment but also economic and environmental assessments were performed. The
soil loss was estimated according to Universal Soil Loss
Equation for both current and suitable land use conditions. The Universal Soil Loss Equation parameters included rainfall erosion factor, soil erodibility factor, topographic factor derived from digital elevation model, covermanagement factor, and support practice factor. The raster
layers with the pixel size of 30 meters were generated for
each parameter using Geographic Information Systems
tools. Cover-management factor and support practice factor
factors were evaluated while other factors remained constant for both conditions. The cover-management factor for
current land use type) and for suitable land use type) were
determined using digital image processing methods and the
classification of land suitability, respectively. The support
practice factor was determined based on the traditional erosion practices for each individual land use type. The results indicated that suitable land use type was the primary
factor that reduced soil losses by approximately 64% in the
study area. The irrigated agricultural areas were more suitable for irrigated orchard usage, while dry farming and
rangeland areas were more suitable for forest usage.

KEYWORDS:
Soil loss; Land use; USLE; Land suitability; GIS.

The importance of erosion problem has been emphasized in many studies [1-4] where the soil erosion was indicated as the major factor that significantly reduces the agricultural productivity [5, 6]. Soil erosion is directly affected
by the variations of land-use patterns [7]. Elwell and Stocking [8] indicated that the vegetation covers linearly decrease the soil erosion. Besides, vegetation cover reduces
the erosive effects of rainfall by reducing its kinetic energy and preventing surface flow. However, vegetation cover
declines soil erodibility by increasing infiltration rate and
improving soil structure [9]. Therefore, degradation of the
vegetation cover can dramatically increase the amount of
soil losses [7]. According to the study conducted by
Erksine et al. [10], soil losses in agricultural lands were
twice more than those in forestry and rangeland.
In previous studies, several models have been developed
to estimate soil loss at wide range of temporal and spatial
scales including measuring individual farms, evaluating
small watersheds, and long-term monitoring and planning
large regional areas and major drainage basins [11]. The
Universal Soil Loss Equation (USLE) model, primarily
developed to estimate soil loss in agricultural lands, has
been the most commonly used method to estimate possible soil loss [12,13]. The simple structure of the USLE
formula allows a user to easily formulate transparent policy
scenarios by altering the land use types, considering local
ecological conditions [14].
The soil losses models integrated with Geographic Information System (GIS) can effectively estimate the amount
and spatial distribution of soil loss [15-18]. The values of
USLE parameters can be transferred to the areas with similar characteristics by using GIS techniques. It is also possible to develop soil loss and sediment models for individual subunits by defining spatial subunits of relatively
uniform properties using USLE and GIS techniques [1921]. By identifying spatially distributed sediment source
areas, conservation efforts can be effectively implemented
on these areas [22].
By using GIS techniques, the watersheds can be divided into grids (pixels or cells) of desired size to gener-
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ate small and homogeneous areas with the same attributes
[23]. Then, the values of specified USLE parameters for
these areas can be determined to estimate the soil loss for
each grid by using various calculations [24, 25]. The results
from the studies that implemented USLE and GIS techniques to estimate soil loss were satisfactory for the areas
of 50 km2 or less [26]. Also, both land cover and topography relevant to the Universal Soil Loss Equation's (USLE)
cover crop management and topographic factors were obtained from remotely sensed data. In a study, where topographic factors were obtained from a DEM and plant management factors were obtained from SPOT images [27],
the erosion risk for the upper north of Ewasso Watershed in
Kenya by generating an erosion risk map of the watershed
was successfully determined.
In some parts of the world, especially in developing
countries, vegetation has been greatly degraded due to looking for short-term solutions for food, clothing, and fire-wood
needs, without considering land use suitability [28, 29]. In
order to reduce degradation of the vegetation cover, the
pressure on the vegetation should be diminished and land
use types should be classified in terms of their suitability
for defined uses [30]. Land use suitability can be determined through a land evaluation process which commonly
employs the land suitability classification method in which
suitability refers to the use on a sustained basis [31]. Various studies have been conducted and some computer programs, using GIS techniques, have been developed to
solve land evaluation problems [32-36].
Despite there have been many studies dealing with
the effects of land use on soil [10, 25, 37-39], there are
limited, if any, reports on the effects of suitable land use
on soil erosion control. In this study, first, current land
use types, and suitable land use types which meet the
FAO [31] principles were determined for Karacasu district

of Kahramanmaras, by using both GIS techniques and
classification of the land suitability as a semi-qualitative
method. Then, GIS and USLE were implemented to compare the amount of soil losses from the current land use
types with those from the suitable land use types.

MATERIAL AND METHODS
Study area

The study area of 4268.7 ha is located in the Karacasu
district, 8 km south of Kahramanmaras City (Figure 1).
Karacasu consits of five small communities with a total
population of 6,319. The climate, showing the typical
characteristics of the Mediterranean region, is hot and dry
in summers and cool and humid in winters. In the study
area, the annual average temperature is about 22 oC and the
annual average precipitation reaches up to 709 mm [40].
There are three main soil types in the area; brown soils
formed from ofiolite rocks without carbonate, colluvial
soils mainly transported brown soils, and alluvial soils [41].
Topographically, the study area consists of undulating hill
slopes surrounding flat lands. Elevation tends to rise from
north to south, ranging between 450 and 875 meters [42].
Current land use

To determine the current land cover/land use in the
study area, the Landsat 5 TM image, acquired in August
2000, was obtained from the Ministry of Agriculture after
radiometric corrections. First, one of the most common
remote sensing tools, ERDAS Imagine 8.5 [43], was used to
capture the study area from the whole image and to generate data set containing images of the study area in bands 1,
2, 3, 4, 5, and 7. Then, using 1:25,000 scale topographic map
of the study area as a reference, geometric corrections [44] of

FIGURE 1 - The study area, Karacasu district of Kahramanmaraş.
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the images in the data set were completed considering
UTM projection and EUROPE 50 datum (37 N Zone). In
the process of geometric corrections, 21 ground control
points were selected from the study area and the total accuracy was found to be 0.46.
In the image analysis processing, enhanced images
were generated by classifying the images into 100 clusters
performing the clustering method, where each cluster was
defined based on NDVI values, ground truthing, and
1:35,000 scale aerial photos. Then, the current land use of
the study area was determined by comparing the specified
clusters with the data from irrigation project and the forest
management plan of the area [45].
Land suitability classification

The land suitability map was generated through the following three steps.
Step 1: In this step, the suitability level of each mapping unit was determined by comparing the land requirements of each land use type (LUT) with the land characteristics of mapping unit [46]. First, the alternative land
use types under consideration were identified, and the land
requirements of each LUT were defined to ensure that the
land characteristics of each mapping unit in the study area
meet the land requirements of the LUTs.
The studies on determining land requirement mostly
do not include numerical criteria except the studies on salinities [47]. Based on previously published studies [48-57],
experimental reports, and regional experiences, for land
use requirement selected, severity levels were to be distinguished for the corresponding land characteristic by considered decreasing yield approach [31]. The land requirements were determined by considering the indicator plant
for each LUT, which is the most common cultivated or
grown plant in the study area. Table 1 indicates the indicator plant for each LUT. Land characteristics including soil
depth, slope, drainage, texture, salinity, rockiness, lime content, cation exchange capacity, and organic material content
were considered in this study. The major characteristics of

soil mapping units in the study area were generated based
on a soil map produced by Topraksu [41], laboratory analysis and field observations (Table 2).
TABLE 1 - Indicator plants for each LUT.
LUTs
Irrigated field crops
Dry field crops
Irrigated Orchard
Dry Orchard
Rangeland
Forest
Non-Agriculture Uses

Symbols
IFC
DFC
IOR
DOR
RNG
FRS
RIA

Indicator plant
Cotton, Maize
Wheat and Barley
Peach
Olive
Griminea and Leguminae spes.
Pinus Brutia spes.
Residential and Industrial Areas

Then, by comparing the land characteristics of mapping units with land requirement of each LUT, the suitability level of each soil mapping unit using maximum
limitation approach was determined [58]. The suitability
levels of land characteristics were divided into two groups;
suitable (S) and unsuitable (N). Land suitability classes depend on possible reduction rate on optimal productivity due
to limitations of land characteristics [59]. Suitable classes
were divided into three groups; 1) very suitable (S1),
2) medium suitable (S2), and 3) low suitable (S3). Unsuitable classes were divided into two groups; 1) currently unsuitable (N1) and 2) continuously unsuitable (N2).
Step 2: This is an economic assessment step. Considering estimated costs and revenues for LUTs, relative profit
indices were determined [54]. Then, the economic assessment values of LUTs were computed by multiplying profit
indices by coefficients of the suitability classes of LUTs.
The coefficients of the suitability classes were created by
considering limitation level of suitability classes. For each
mapping unit, the LUT with the highest economic assessment values was selected for suitable (S) land uses.
Step 3: This is an environmental assessment step. By
considering positive and negative environmental effects
of LUTs, the environmental risk indices for each land use
type were determined. Then, environmental assessment
values of LUTs were computed by multiplying these indices by economic assessment values. The land use type

TABLE 2 - Land characteristics of the soil mapping units (No salinity encountered).
Soil
Mapping Units
A1.1
K1.1
K13.2
K14.2
U10t.2
U15t.3
U16r.3
U16t.3
U20r.4
U24r.4
Riverbeds
Residential

Slope
Nearly level
Nearly level
Nearly level

Depth

Very deep
Deep
Moderately
deep
Moderately steep Moderately deep
Moderately steep Moderately deep
Steep
Shallow
Steep
Very shallow
Steep
Very shallow
Steep
Very shallow
Very steep
Very shallow
-

Texture class Stoniness

Drainage

Medium fine Medium fine Medium fine -

Moderately well High
Moderately Well Medium
Well
Medium

Low
Low
Medium

Cation Exchange
Capacity
High
High
High

Medium fine
Medium fine
Medium fine
Medium fine
Coarse
Medium fine
Medium fine
-

Well
Well
Well
Well
Well
Well
Very well
-

Medium
Medium
Medium
Medium
Medium
Medium
Medium
-

High
High
High
High
Medium
High
High
-

Slightly
Slightly
Slightly
Moderately
Slightly
Moderately
-
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Medium
Slightly
Slightly
Slightly
Slightly
Slightly
Slightly
-
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with the highest environmental assessment value for each
mapping unit was selected as the suitable LUT. Therefore,
considering sustainable development model, the environmental effect was assessed for each mapping unit and finally a land suitability map was generated [31].
Parameters of the Universal Soil Loss Equation

The amount of soil loss is computed based on USLE
developed by Wischmeier and Smith [12]:
A = RxKxLSxCxP

(1)

A = Average annual soil loss (t ha־¹ yr ־¹)
R = Rainfall erosion factor (MJ mm ha-1 h-1 yr-1)
K = Soil erodibility factor ( t h MJ-1 mm-1 )

Rainfall erosivity factor (R):

The rainfall erosivity index is equal to the kinetic energy (Eg) of each rainstorm multiplied by the maximum
30-minute intensity of the storm (Im). Dividing this value
by 100 gives the potential erosion of a rainfall as shown
in the following equation:
R (MJ mm ha-1 h-1 yr-1) = Eg*Im/100

(2)

There is a strong relationship between the soil loss
and rainfall [12]. The kinetic energy and intensity of the
rainfall are two parameters playing a significant role in
soil erosion. Also the kinetic energy is influenced by the
height of the area [21, 61]. The R factor of the study was
calculated by Dogan [62] using equation (2).

LS = Topographic factor

Soil erodibility factor (K):

C = Cover management factor

The soil erodibility factor, K, is the average soil loss
in tons within a unit of land characterized by a 9% hillslope
radiant and 22.1 m length [12]. The soil erodibility is dependent on physical and chemical properties of soil that
resist against erosive forces. Hence, while some soils are
highly resistant and less influenced by erosion, others may
dramatically be lost under erodibility forces. The soil persistence to erosion and its stability is mainly determined by
its. Soils with highly stable aggregates are also resistant to
erosion. On the other hand, soils with lower permeability
reduce the potential erosive capacity of rainfalls.

P = Supporting practice factor
The specified parameters used for determining soil
loss of the study area were computed in GIS environment
where raster data layers were generated for each parameter using 30 by 30 meters pixels. The amount of soil loss
in each pixel was computed using USLE. Then, the total
amount of annual soil loss form all the pixels was determined by converting the area of pixels from square meters
to hectare. In this study, GIS analysis was performed by
using Ilwis 2.2 [60].
The flowchart indicating the process of predicting
soil losses is given in Figure 2. The parameters used in
USLE equation (Equation 1) were determined in the following section.

The soil erodibility factor was determined based on
the following equation [12], by using the values from the
analysis of soil samples from the study area:
K = 2.8 x10-7 x M1.14x (12-O) + 4.3 x10-3x (S-2) +
3.3x10-3x(P-3)
(3)
K = Soil erodibility factor (t ha h MJ-1 ha-1 mm-1)
M = (% silt + % very thin sand) x (100-% clay)
O = Percent Organic material
S = Soil structure class (1 = very small size granular;
2 = small size granular; 3 = medium and large size granular; 4 = block, platy or massive)
P = Permeability class (1 = fast (<1 cm per day); 2 =
fairly fast (1-10 cm per day); 3 = moderately fast (10-40 cm
per day); 4 = fairly slow (40-100 cm per day); 5 = slow
(100-300 cm per day); 6 = very slow (>300 cm per day)).
Topographic factor (LS):

FIGURE 2 - Flowchart showing the process
of soil loss computation using GIS techniques.

A counter map with a scale of 1/25, 000 was employed
to determine topographic characteristics of the study area.
This map was drawn based on 10-m contour lines of
hillslope gradients. Using counter map and interpolation
technique we created a DEM map, which was later used
to estimate elevation values in the study area.
Topographic factor was computed by using the following equations [12].
SL = (L/72.6)*(65.41 * sin (S)+4.56*sin(S)+0.065),
S<21%
(4)
0.7
0.79
SL = (L/22.1) *(6.432* sin(S )* cos (S)), >21 % (5)
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SL = Topographic factor
S = Slope steepness (%)
L = Slope length (m),
where slope length was computed based on slope in
percent (Sp), using the following equation [63];
L= 0.4* Sp + 40
(6)
Cover-management factor (C) and Supporting practices
factor (P)

Current land cover and land use was determined using Landsat image of the region captured in the year of
2000. Suitable land use was determined based on land
suitability classification. Cover management factors were
assigned to land use types according to the previous studies [12, 13, 64]. Current soil protection precautions of the
study area were determined based on field observations and
then soil protection factor was assigned to these precautions (Table 3).
RESULTS AND DISCUSSION
The land use/land cover

The study area consisted of six various land use/land
cover types; 1) irrigated field crops, 2) dry field crops, 3)
rangeland, 4) forests, 5) residential and industrial area, and
6) riverbeds. In the study area, flat and near-flat areas with
deep soil were agricultural lands, while inclined areas with
shallow and very shallow soil were forest and rangeland
lands (Figure 3). The areal information on the current land
use/land cover in the study area was indicated in Table 3.
About 29.2% of the study area was covered with forest
land where almost all of the area was calabrian pine (Pinus burtia plantation. In the rangeland, there were poor
vegetation covers, consisting of oaks and shrubs with low
density.
Agricultural lands were located in the north and east
parts of the study area. Almost all of the agricultural land

FIGURE 3 - Land use map of the study area.

TABLE 3 - Current land use/land cover in the study area.
Land use/ land cover Type
Irrigated Field Crop
Dry Field Crop
Rangeland
Forest
Residential and Industrial
Area
Riverbed
Total

Area (ha)
1684.0
20.3
963.0
1239.6

Area (%)
39.5
0.5
22.5
29.0

297.0

7.0

64.7
4268.7

1.5
100.0

was irrigated (Table 1). The area was planted with, cotton,
corn, wheat and vegetables including primarily red pepper. There was no commercial fruit production.
Residential areas were essentially studied in two groups.
In the study area, there were seven residential areas. The
most recent residential area, which was developed next to
the Kahramanmaraş– Gaziantep Highway in the 1990’s, is
the fastest growing residential area. The Karacasu campus
of Kahramanmaraş Sütçü İmam University is also located
in this area. Industrial areas are mostly located surrounded
the Kahramanmaraş–Gaziantep Highway.
Land suitability classification
Land characteristics and land requirement

The results show that the soils in the study area have
neutral characteristic and their pH values were from 6.78
to 7.8. There was no salinity problem in the soil and the
total salinity values ranged from 0.031 % to 0.047 %. Organic material content of the soils were of medium level
and their values were from 1.8 % to 3.0 %. Carbonate contents of the soils were of low level, except in alluvial soils.
The carbonate contents in alluvial soils were high, 29.3 %.
The percentages of coarse sand, very fine sand, silt, and
clay in the study area was 17-45 %, 8.6-18.6 %, 19.3-31.8
%, and 23.5-40.0 %, respectively. Soil texture was divided into two groups including coarse and medium fine.
Alluvial and colluvial soils were very deep, deep, and moderately deep, while other soils were shallow or very shallow. Erosion rate was from slightly to very severely. There
was no stoniness in alluvial and colluvial soils, while generally there was a medium level stoniness in the other
soils. There was no drainage problem in any soil mapping
unit. Soil slope varied from nearly level to very steep slope
in the study area.
Based on the current land use of the study area and
field observations, six major kinds of land use types including irrigated field crops (IFC), dry farming crops
(DFC), irrigated orchard (IOR), dry orchard (DOR), forest
(FRS), rangeland (RNG), and residential and industrial area
(RIA) were determined. By determining the ability of LUTs
of the land characteristic on satisfying the land requirements, relative comparison are made considering complex soil properties, called land qualities [58]; rooting,
aeration, water quantity, nutrient availability, erosion
risk, toxicities e.g. [51]. For example, it is assumed that very
deep soils (S1) are very suitable for rooting of the garden
plants; therefore, decrease in soil depth causes relative re-
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duction in suitability class. Shallow soils (N) are considered to be unsuitable since they are not sufficient for the
rooting of fruit trees. Since soil depth is a soil characteristic that can not be improved, it is considered to be continuously unsuitable (N2).
Physical suitability assessment

After comparing the land characteristics of the mapping units and land requirements of the LUTs in the study
area by using matching tables called maximum limitation
table [32], suitability level of LUTs were determined (Table 4). Riverbed and current residential area were not considered.
TABLE 4 - The suitability levels of soil mapping units for LUTs.
Soil
Mapping
Units
A1.1
K1.1
K13.2
K14.2
U10t.2
U15t.3
U16r.3
U16t.3
U20r.4
U24r.4
Riverbeds
Residential
Area

Suitability levels
IOR

DOR

IFC

DFC

FRS

RNG

RIA

S1
S2
S3
S3
S3
N2
N2
N2
N2
N2
-

S1
S2
S3
S3
S3
N2
N2
N2
N2
N2
-

S2
S2
S3
S3
S3
N2
N2
N2
N2
N2
-

S2
S2
S3
S3
S3
N2
N2
N2
N2
N2
-

S2
S2
S2
S2
S2
S2
S3
S3
S3
S3
-

S1
S1
S1
S1
S1
S2
S3
S3
S3
S3
-

S3
S3
S3
S3
S2
S2
S3
S3
S3
S3
-

-

-

-

-

-

-

-

For each land characteristic which expresses attribute
that can be measured or estimated, a land use suitability class
was drawn based on land use requirements of the land use
type in the question. After the assessment of land characteristics of each map unit, their suitability for land use type
was determined.
The final stage was made based on the principles of
the limiting factor in land characteristics. So, whether a
map unit was suitable for a land use type was determined
by the most limiting land characteristic [58].
In order to perform an economic assessment in the
next stage, the physical suitability classes are rated from 1
to 5 based on the optimum yield range of each suitability
class [53]. The expected yield reductions for each product,
whether based on qualitative or quantitative indices, showed
variation.
Expected values of yield reduction for each land suitability classes are given as proportions. Table 5 demonstrates the proportions of the optimum products met by
each land use suitability class.
TABLE 5 - Rating of land suitability.
Suitability Class
S1
S2
S3
N1, N2

Limitation levels
>80%
80-61%
60-21%
<20%

Rating of land suitability
5
4
3
1

Economic and environmental assessment

The quantitative economic assessment of a land use is
based on comparison of net revenues of land use types [65].
The qualitative economic assessments should be implemented in a case where there is insufficient information
about yield, costs, and prices [58]. In such a case, the relative profitability of each land use type is determined based
on comparisons of land characteristics. In this study, we
first assigned a land yield index to each land use suitability class to determine equal yields within map units of LUTs.
The coefficients that formed the yield index were progressively decreasing based on expectations from yield capacity of each land use suitability classes [58].
In this stage, indices showing the relative profitability
were assigned to each LUT based on further analyses of
the field observations and personal interviews conducted
with the Provincial Agricultural Directorate. In this assignment, 5 characterizes the highest profitability, whereas 1
the lowest profitability. The economic assessment results
were obtained by multiplying physical suitability coefficients with relative profit indices and then selecting those
with the highest values (Table 6).
The results from the assessment showed that map units
of A1.1, K1.1, K13.2, and K14.2 were most suitable to
IOR‘s use, those of U10t.2, U15t.3, U16r.3, U20r.4, U24r.4
to RIA, while that of K14.2 was most suitable to uses in
both IOR and RIA.
Environmental assessment is basically conducted in
terms of positive and negative impacts the land uses impose
on the nature [31]. Negative impacts resulting from the
potential natural disasters, erosion, and threats to water quality and positive attributes such as carbon, oxygen and aesthetic needs were carefully analyzed by assessing each land
use type. Outcomes from this analysis were later translated
into risk indices in the environmental assessment (Table 6).
TABLE 6 - Economic and environmental assessment indices of LUTs.
LUTs

Relative Profit Indices

IOR
DOR
IFC
DFC
FRS
RNG
RIA

5
4
4
3
2
1
5

Environmental
Risk Indices
4
4
4
4
5
5
1

By multiplying the environmental assessment scores
with those of economic assessment ratings, we calculated
environmental assessment values shown in Table 7. By
generating a land suitability map, the land use types with
the highest assessment values were selected as the most
suitable land use for a given map unit (Figure 4). According
to this map, except river bend and current residential and
industrial area, 1782 ha (41.8 %) was suitable for Irrigated Orchard (IOR) and 2122 ha (49.8 %) was suitable for
Forest (FRS).
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TABLE 7 - Economic assessment rating and the
most profitable economic uses for soil mapping units.
Soil
Economic Assessment Values
Economic
Mapping
Assessment
IOR DOR IFC DFC FRS RNG RIA
Units
Results
A1.1
25
20
16
12
8
5
15
IOR
K1.1
20
16
16
12
8
5
15
IOR
K13.2
15
12
12
9
8
5
15
IOR
K14.2
15
12
12
9
8
5
15
IOR, RIA
U10t.2
15
12
12
9
8
5
20
RIA
U15t.3
5
4
4
3
8
4
20
RIA
U16r.3
5
4
4
3
6
3
15
RIA
U16t.3
5
4
4
3
6
3
15
RIA
U20r.4
5
4
4
3
6
3
15
RIA
U24r.4
5
4
4
3
6
3
15
RIA
Riverbeds
Riverbeds
Residential
RIA

water, wind, icebergs, or oceanic waves. The USLE is the
most comprehensive and useful equation in estimating
surface soil erosions occurring as a result of run offs and
surface runs in land or water recharge areas.
Soil erosion resulting from hydrological factors include
rainfall erosivity index (R), soil erodibility index (K), topographic factor (LS), which is made up by hillslope length
factor (L) and the hillslope-gradient factor (S), the cover
management factor (C) and finally the erosion-control practice factor (P). These factors can be used to estimate soil
erosion.
The erosivity factor (R)

Based on these two factors, annual and monthly average rainfall erosion indices have been estimated for major
meteorological stations across Turkey [62]. For this study,
we used annual indices from İslahiye’s Station, which is
the closest station to the area of our interest. The annual
average erosion index (R) for the entire study area was
71.7 J mm.m־² h־¹ [62].
Soil erodibility factor (K)

FIGURE 4 - Land suitablity map of study area.

Based on this evaluation, map units of A1.1, K1.1,
K13.2, K14.2, and U10t.2 were found to be suitable to
IOR use, whereas those of U15t.3, U16r.3, U20r.4, and
U24r.4 were most suitable to FRS use (Table 8).
Parameters of the Universal Soil Loss Equation (USLE)

Soil losses take place as a result of erosion of top soils
through removal of soils by atmospheric factors including

Based on soil properties that affect erodibility nomographs have been developed. As Wischmeier and Smith
[12] point out, K values can also be estimated through
regression analyses. Therefore we used a regression analysis to obtain K values within GIS environment (see Equation 2). It has been suggested that K values obtained in
this way are more sensitive [67]. The map showing K values were obtained using as Wischmeier and Smith’s equation [12] and field observationin the study area. Soils in
the study area were developed on the offiolite. They are
weakly resistant to soil erosion due to low structure stability [67]. In this study the estimated K values ranged form
0.30 to 0.46, which fit agreeably within the ranges of a
study conduced by Doğan et al. [66]. According to this
study, estimated K values for major soil groups in Turkey
ranged between 0.01 and 0.6 [66]. In this study residential
areas and riverbeds were excluded for estimations of K
values. On the other hand, there is a need to confirm these
values through further field experiments.

TABLE 8 - Environmental assessment ratings and final LUTs for soil mapping units.
Soil Mapping
Units
A1.1
K1.1
K13.2
K14.2
U10t.2
U15t.3
U16r.3
U16t.3
U20r.4
U24r.4
Riverbeds
Residential

IOR
100
80
60
60
60
20
20
20
20
20
-

DOR
80
64
48
48
48
16
16
16
16
16
-

Environmental assessment scores
IFC
DFC
FRS
64
48
40
64
48
40
48
36
40
48
36
40
48
36
40
16
12
40
16
12
30
16
12
30
16
12
30
16
12
30
-
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RNG
20
20
20
20
20
16
12
12
12
12
-

RIA
15
15
15
15
20
20
15
15
15
15
-

Environmental assessment
Results
IOR
IOR
IOR
IOR
IOR
FRS
FRS
FRS
FRS
FRS
Riverbeds
RIA
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tain conditions to that of the same land left bare soil [64]. In
other words, it is a measure of the effect of vegetation
cover on the land [68]. The C factor is the density of the
crops that take place within a given time span. In our study,
the cover management factor was determined based on the
current land use and suitable land use conditions. In our
study, cover management factor, C, was estimated based
on crop cover/ land use classes criteria provided by Doğan
and Güçer [64] and previous estimations provided by other
studies [12,13]. These values are shown in Table 9.
TABLE 9 - The values of cover-management (C)
and supporting practices factor (P) [12-13, 64] .
Land use and
cover
FIGURE 5 - The slope map of the study area.
Topographic factor (LS)

The study area has two distinctive topographic characteristics. In the south and southeastern parts of the study
area there are moderately steep or steep slopes, whereas in
the north and east lie nearly level and gently sloping lands.
In general, 42% of study area was covered by nearly level
land or gently sloping, and 58% by moderately steep or
steep slopes.
Topographic factor (LS) was calculated based on slope
gradients and slope length that were obtained from digital
elevation model. LS factor ranged from 0.1929 to 9.9553
in the study area.
Cover management factor (C) and supporting practices factor (P)

Factor C can simply be defined as the ratio of the soil
loss of the land that is under agricultural production in cer-

Forest
Rangeland
Irrigated field
crops
Dry field crops
Irrigated Orchard
Riverbeds
Residential

C factor
0.004
0.15

No Supporting Practice
1.0
1.0

0.20

-

0.40
0.10
-

-

P factor
Contouring
0-2 %
2-7 % 7-12 %
0.60
0.50
0.60
0.60
0.60
-

0.50
0.50
-

0.60
0.60
-

Supporting practice factor (P) is the relative amount
or ratio of soil losses under erosion control practices to
that of the same land that is left bare soil under similar
conditions. Accordingly, this ratio is expected to decline
under cultural and mechanical techniques such as contour
cultivation, strip cropping, and terracing.
Currently, countering cultivation is the only erosioncontrol practice within irrigated lands in the study area.
Therefore, assuming that the same practice would be implemented for suitable land use conditions, P values (Table 9)
were computed for each land use type considering various
slope classes [12-13, 64].

FIGURE 6- The estimated soil losses in current land use condition.
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FIGURE 7 - The estimated soil losses in suitable land use condition.

Predicted Soil loss

Using ILWIS 2.2, we prepared separate raster themes
for R, K, LS, C and P factors, later used to estimate potential soil erosions under current and suitable conditions based
on USLE (Figure 6 and 7). These estimations exclude current riverbeds, residential and industrial areas.
The predicted annual soil loss under current land use
condition ranged from 0.12 to 66.81 t ha־¹ yr־¹., with an
average of 6.75 t ha־¹ yr־¹ (Table 10). Efe et al. [69] and Karaburun [70] found similar results in different region of Turkey. Total annual soil losses in whole study area (4262.6
ha) is 169655 t yr־¹. Under the conditions of the suitable
land uses, the estimated total soil loss was 60513 t yr־¹. The
predicted soil losses ranged from 0.03 to 27.20 t ha־¹ yr־¹,
with an average of 1.07 t ha־¹ yr־¹. These results show that
there would have been 64 % reduction in the soil losses, if
the land within the study area had been used in a proper
manner rather than the current conditions. Ma et al. [71]
and Erksine et al. [10] state that land uses have detrimental impacts on the soil loss. According to some estimates, agricultural areas make up 69 to 80% of source of
the total soil losses within study area. Indeed, 60% of the
reduction in soil erosion in China can be contributed to
forestation and plantation of areas with over 47 %
hillslopes [72].
TABLE 10 - The results of soil losses
in current and suitable land uses.

Condition
Current land uses
Suitable land use

Min
(t ha־¹ yr־¹)
0.12
0.03

Soil Losses
Max
Average
(t ha־¹ yr־¹) (t ha־¹ yr־¹)
66.81
6.75
27.20
1.07

Total
(t yr־¹)
169655
60513

In irrigated field crops under current conditions, the
soil loss was between 0.6 and 35.7 t ha־¹ yr־¹ with average
8.2 t ha־¹ yr־¹. In comparison, if this land had been used in

a proper manner to land suitability classification , irrigated
orchard, there would have been 4.5 t ha־¹ yr־¹ (Table 11).
Accordingly, altering the current use of irrigated areas from
irrigated field crops to irrigated orchard will reduce soil
erosion by 45%. Under the current conditions of the forestry land use, the soil loss amounted between 0.12 and
55.51 t ha־¹ yr־¹. This use caused an average of 0.8 t
ha־¹ yr־¹. According to Mati et al. [27], soil loss in the
areas where more than 70% is covered by plants rarely
reaches to 1 t ha־¹ yr־¹ .
TABLE 11 - Soil Losses in Current LUTs and suitable LUTs.
IFC

Soil Losses (t ha־¹ yr־¹) for LUTs
DFC
FRS
RNG

IOR

Current
LUTs
Min
Max
Avr
Suitable
LUTs
Min
Max
Avr

0.6
35.7
8.2

4.6
66.8
25.4

0.12
55.5
0.8

1.2
49.2
16.7

-

-

-

0.03
1.3
0.4

-

0.3
27.2
4.5

These results show that the highest soil losses took
place in dry field crops (25.4 t ha־¹ yr־¹) and rangelands
(16.7 t ha־¹ yr־¹). Erosion in dry field crops that have
generally been cultivated for the production of grain can
mainly be contributable to steep slopes covering this type
of the land. In fact, 54.8% of the study area was covered
by medium slopes and 45.2% by very steep or sharp slopes
(Table 12). Mati et al. [27] point out that soil erosion in
sloppy areas is relatively higher compared to that in level
area. The results indicated that replacing current land use
types (i.e. Rangelands with low density vegetation covers and dry field crops on moderately sloping and steep
slope areas) with forestry reduced average soil loss to
0.4 t ha־¹ yr  ־¹.
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TABLE 12 -The distribution of slope
classes of current land uses and LUT’s.
IFC
Current LUTs
Nearly level (0-2%)
Gently sloping (2-6%)
Strongly sloping (6-12%)
Moderately steep (12-20%)
Steep (20 > %)
Suitable LUTs
Nearly level (0-2%)
Gently sloping (2-6%)
Strongly sloping (6-12%)
Moderately steep (12-20%)
Steep (20 > %)

DFC

52.7
37.4
7.4
2.2
0.3
-

Slope Class (%)
FRS RNG IOR

9.6
45.2
28.4
16.8
-

RIA

1.4
8.5
18.8
71.3

0.3
7.9
25.3
34.3
32.2

-

0,2
2,4
13,2
26,8
57,4

-

47,5
36,6
12.0
3,3
0,6

17.4
25.5
4.0
14.1
39.0

CONCLUSIONS
The potential soil loss in the study area was estimated
through utilization of the USLE model. The USLE’s parameters, soil erodibility factor (K), and slop factor (LS)
were estimated using GIS techniques. In this context, the
rainfall index, soil erodoblity, slope, vegetation cover, and
soil conservation practices were assessed in terms of their
influence on soil loss through assignment of numerical values. The estimations showed that under current land use
condition, the average annual soil loss was 6.75 tons per
hectare per year, while the total soil loss in the overall
study areas was 169655 tons.
However, under suitable land use conditions, the average annual soil loss was 1.07 tons per hectare per year
with the total soil loss of 60513 tons. These results indicated that replacing current land uses with their suitable
counterparts reduces the total soil loss by 64 %. Our study
also clearly showed that agricultural land use type in steep
slope areas has a considerable impact on the overall soil
erosion.
The results imply that there was a need for considerable changes in current land use types. Those lands that
were currently under irrigated agriculture were more suitable to produce orchard, while those lands were currently
under rangeland and dry field crops were more suitable to
forest.
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TOXIC AND TRACE METAL CONTENTS IN SIX SPECIES
OF FISH FROM ISTANBUL BOSHPHORUS, TURKEY
Lale Meyancı Özer 1,* and Adnan Aydın1
1

Marmara University Faculty of Science and Arts, Department of Chemistry, 34722, İstanbul, Turkey

ABSTRACT
Toxic and essential metal content of six different fish
species from İstanbul Bosphorus were determined by ICPMS after microwave digestion method. The validation of
the presented procedure was performed by the analysis of
standard reference materials (NRCC-DORM 2 Dogfish
Muscle). The relative standard deviations were found to
be lower than 10%. Toxic metal contents in fish samples
were 0.123-0.312 mg/kg for lead, 0.029-0.065 mg/kg for
arsenic, and 0.085-0.113 mg/kg for mercury. Trace metal
content in fish samples was 0.303-1.343 mg/kg for copper, 4.761-13.016 mg/kg for zinc and 0.438-0.596 mg/kg
for selenium. Cadmium could not be found in any fish samples. The lead level in M.surmuletus was found to be higher
than defaulted by the Turkish Food Codex. Generally, copper, zinc, mercury , arsenic and selenium levels in analysed
fish samples were found to be in agreement with the literature values.

KEYWORDS: Fish, Toxic metals, Digestion, Trace metals, ICPMS, İstanbul Boshphorus.

INTRODUCTION
The heavy metal pollution of the marine environment
has long been recognized as a serious environmental concern [1,2]. Marine pollution by organic and inorganic
chemicals has been identified as one of the most important factors in the poisoning of marine organisms
including fish [3].
In the sea, pollutants are potentially accumulated in
marine organisms and substantially transferred to human
through the food chain [4]. Fish generally accumulated with
contaminants from aquatic environments, have been largely
the subject in food safety studies. Heavy metals discharged
into the marine environment can damage both the marine
species diversity and the ecosystems, due to their toxicity
and accumulative behavior [5].
Heavy metals can be classified as potentially toxic (arsenic, cadmium, lead, mercury, nickel etc.), and as essen-

tial (copper, zinc, iron, manganese, selenium) [6,7]. Toxic
elements can be very harmful even at low concentration
when ingested over a long time period. The essential metals
can also produce toxic effects when the metal intake is
excessive [8-11].
Fish is one of the major parts in human diets and it is
not surprising that numerous studies have been carried out
on metal accumulation in different fish species [12-14].
Levels of heavy metals in fish samples have been widely
reported in the literature [15-18].
There is limited information on trace and toxic metal
contents of fish from the İstanbul Bosphorus. The İstanbul
Bosphorus is a very important place in terms of consumption of sea products for people living in the Marmara
Region. Therefore the aim of this study was to determine
the toxic metal (Hg, Pb, Cd, As) and trace metal ( Cu, Zn,
Se) contents that can be found in popular fish species
consumed in İstanbul Bosphorus.
MATERIALS AND METHODS
Sampling

Six different fish species (60 samples) were collected
from random commercial catches; mackerel (Scomber
scombrus), small blue fish (Pomatomus saltatrix), solnette
(Solea solea), horse mackerel (Trachurus trachurus) whiting (Merlangius merlangius) and red mullet (Mullus surmuletus) from İstanbul Boshphorus caught during winter
2009.
Analytical procedure

Samples were washed with clean sea water at the
point of the collection, classified, placed on ice, brought
to the laboratory on the same day and then frozen at -15ºC
until dissection.
The muscle samples of each fish were separated for
metal analysis with a plastic knife, homogenized and then
one gram of the sample was digested with 6.5 ml of concentrated HNO3 (65% Suprapure, Merck) and with 1.5 ml
of concentrated H2O2 (Merck) in a microwave digestion
system. A Milestone Ethos D microwave closed system
(maximum pressure 1450 psi, maximum temperature
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300 ºC) was used for digestion. The advantages of microwave digestion against the classical methods are the
shorter time, less consumption of acid and keeping the
volatile compounds in solution [19, 20]. The completely
digested samples were allowed to cool down to room temperature, and then filtered and diluted to 50 ml in volumetric
flasks with double distilled water. All digested samples
were analyzed three times for the metals (lead, copper, arsenic, mercury, selenium, cadmium, zinc) using inductively
coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer
Elan Drc). Analytical blanks were prepared in the same way
as the samples and the concentrations were determined
using standard solutions which were also prepared in the
same way. The accuracy of the microwave digestion/ICPMS method was verified by the analysis of certified reference materials (NRCC-CNRC-DORM-2). The results obtained were in good agreement with certified values (Table 1).
TABLE 1 - Trace metal concentrations in certified reference
material (NRCC-CNRC-DORM-2 Dogfish muscle) N=3.
Metal

Certified
value(mg/kg)
Pb
0.065
Cu
2.34
Zn
25.6
As
18
Hg
4.64
Cd
0.043
* Mean ± standard deviation

Our value

Recovery(%)
*

0.062±0.003
2.28 ±0.25
24.5 ±1.4
17.6 ±1.2
4.62 ± 0.76
0.042 ± 0.004

95
97
96
98
100
97

in fish species were found to be in the range of 0.1230.312 mg/kg for lead, 0.303-1.343 mg/kg for copper,
4.761-13.016 mg/kg for zinc, 0.438-0.596 mg/kg for selenium, 0.029-0.065 mg/kg for arsenic and 0.085-0.113 mg/kg
for mercury. Cadmium was not determined in any analyzed
fish species. According to these data zinc has the highest
concentration, followed by selenium, copper, lead, mercury, arsenic. The results are shown in Table 2.
The lowest and highest lead contents in fish species
were determined as 0.123 mg/kg in P.saltatrix and 0.312
mg/kg in M.surmuletus (Fig.1). Lead is known to induce
reduced cognitive development and intellectual performance in children as well as increased blood pressure and
cardiovascular disease in adults [21].
The maximum lead level permitted for sea fish is 0.3
mg/kg according to the Turkish Food Codex [22]. The
maximum permitted lead level is 2.0 mg/kg according to
WHO [23], 0.5 mg/kg according to FAO[24] and 2.0 mg/kg
according to MAFF [25]. Lead contents in the literature
have been reported to be in the range of 0.09-6.95 µg/g dry
weight in fish species from Iskenderun Bay, Northern East
Mediterranean Sea Turkey [15] and 0.33-0.86 µg/g in seafoods from Marmara, Aegean and Mediterranean seas in
Turkey [26].
The lead level in M .surmuletus was found to be higher
than allowed by the Turkish Food Codex. The other lead
levels found in this study are in agreement with legal limits.

Statistical Analysis

The whole data were subjected to statistical analysis
and correlation matrices were produced to examine the
inter-relationships within the investigated trace metal concentrations of the samples. The Student’s t-test was employed to estimate the significance of the values.
RESULT AND DISCUSSION
A summary of trace and toxic metals of six species of
fish is given Table 2. The contents of determined metals

The minimum and maximum copper levels observed
were 0.303 mg/kg in M. merlangius and 1.343 mg/kg in
S. scombrus (Fig.1). Copper is essential for good health
but very high intake can cause adverse health effects such
as liver and kidney damage [27].
In the literature copper levels in fish samples have
been reported in the range of 0.11-0.97 µg/g in Northeast
Atlantic [15], 0.065-4.360 µg/g [14], 0.04-5.43 µg/g in
İskenderun Bay, Northern East Mediterranean Sea, Turkey [18] and 0.32-6.48 µg/g in seafood from the Marmara,
Aegean and Mediterranean seas in Turkey [26]. The maximum copper level permitted by the FAO and WHO is 30
mg/kg [20, 21] and 20 mg/kg by MAFF [25].

TABLE 2 - Trace metal contents of fish species from Istanbul Boshphorus(mg/kg) mean of 3 analysis
Fish Species
Solenette
(Solea solea)
Whiting
(Merlangus merlangus)
Red Mullet
(Mullus surmaletus)
Horse Mackerel
(T. trachurus)
Small Blue Fish
(P.saltatrix)
Mackerel
(Scomber scrombrus)
n.d = not detected

Pb

Cu

Zn

Se

As

Hg

Cd

0.217± 0.023

0.758± 0.074

6.235± 1.115

0.553± 0.020

0.058± 0.015

0.085 ± 0.015

n.d

0.124± 0.012

0.303± 0.016

4.761± 1.109

0.438± 0.016

0.029± 0.010

0.113 ± 0.027

n.d

0.312± 0.018

0.607± 0.065

8.139± 1.310

0.474± 0.012

0.065± 0.018

0.092 ± 0.024

n.d

0.221± 0.014

1.335± 0.530

13.016±2.120

0.543± 0.017

0.056± 0.012

0.097 ± 0.020

n.d

0.123± 0.012

1.172± 0.420

11.996±1.200

0.509± 0.014

0.065± 0.014

0.100 ± 0.006

n.d

0.156± 0.019

1.343± 0.507

6.461± 0.708

0.596± 0.018

0.061± 0.012

0.103 ± 0.010

n.d
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Pb

0.3

0.25

0.1

0.08

0.2

0.06

0.15

0.04

0.1

0.02

0.05

0

0
1

2

3

4

5

1

6

2

4

5

6

0.7

Concentration of Se(mg/kg)

0.6

12

0.5

10

0.4

8

0.3

6

0.2

4

0.1

2

0

0
1

2

3

4

5

1

6

2

As
Concentration of Cu (mg/kg)

3

4

5

6

4

5

6

Cu

1.6

0.07

Concentration of As(mg/kg)

3

Se

Zn

14

Concentration of Zn (mg/kg)

Hg

0.12

Concentration of Hg (mg/kg)

0.35

Concentration of Pb (mg/kg)
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1.4

0.06

1.2

0.05
0.04

1

0.8

0.03

0.6

0.02

0.4

0.01

0.2
0

0
1

2

3

4

5

1

6

2

3

FIGURE 1 - Copper, zinc, selenium, mercury, arsenic and lead concentrations in (1) Solnette (Solea solea), (2) Whiting (Merlangius merlangius), (3) Red mullet (Mullus surmuletus), (4) Horse Mackerel (Trachurus trachurus),(5) Small blue fish (Pomatomus saltatrix), (6) Mackerel
(Scomber scombrus).

Zinc is known to be involved in most metabolic pathways in humans and zinc deficiency can lead to loss appetite, growth retardation, skin changes and immunological
abnormalities.
The lowest and highest zinc contents in fish species
were found as 4.761 mg/kg in M. merlangus and 13.016
mg/kg in T. trachurus (Fig. 1). Zinc contents in the literature have been reported in the range of 0.6-11.57 µg/g dry
weight in fish species from İskenderun Bay, Northern East
Mediterranean seas in Turkey [26]. The maximum permitted zinc level for fish is 50mg/kg according to the Turkish
Food Codex [28]. The maximum permitted zinc level is
30 mg /kg according to FAO [24] and 50 mg/kg according
to MAFF [22].

Toxic levels of mercury cause growth deficiency and
affect fish organs. In humans, mercury is toxic to the development of the fetus and considered a possible carcinogen [29]. Mercury is a known human toxicant and the primary way of mercury contamination is through eating fish
[30].
The minimum and maximum mercury levels observed
were as 0.085 mg/kg in S. solea and 0.113 mg/kg in M.
merlangius (Fig.1). The maximum mercury level permitted
for fish is 0.5 mg/kg according to the Turkish Food Codex
[22]. In the literature mercury levels in fish samples have
been reported in the range of 0.01-0.50 µg/g in marine
fish of Malaysia [31].
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The lowest and highest arsenic contents in fish species were found as 0.029 mg/kg in M. merlangius and
0.065 mg/kg in M. surmuletus and in P. saltatrix (Fig.1).
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ABSTRACT
In this study, we have evaluated the possible genotoxicity of iron and copper sulphate by using wing spot test
of Drosophila melanogaster. So third-instar larvae transheterozygous for two recessive markers located to left arm
of chromosome 3 [multiple wing hairs (mwh) and flare-3
(flr 3)] were fed chronically with different concentrations of
the sulphate compounds, positive and negative control. Somatic mutation and recombination test (SMART) is based
on the loss of heterozygosity which may occur through
various mechanisms, such as mitotic recombination, mutation, deletion, half-translocation, chromosome loss and nondisjunction. If a genetic alteration occurs in somatic cells of
the wing’s imaginal discs, it brings about the formation of
mutant clones on the wing blade. Deletion, point mutation
and non-disjunction induce single spots (small and large
single spots). Mitotic recombination induces both single
spots and twin spots. According to the results obtained from
this study, iron and copper sulphate have genotoxic effects
on concentrations of 2 mM and above.

KEYWORDS: Drosophila melanogaster, Wing spot test, Genotoxicity, Iron sulphate, Copper sulphate, Genetic toxicology

INTRODUCTION
Heavy metals are natural and persistent environmental
contaminants. It is known that many heavy metals cause
DNA damage and their carcinogenic effects in animals and
man are probably related to their mutagenic activities [1].
Iron is a micronutrient metal required for almost all
organisms because of its key role in biological systems. If
iron is present in the cell at elevated concentrations, it
may catalyze the production of highly reactive hydroxyl
radicals, which can initiate lipid peroxidation and cause cell
membrane injury by changing membrane lipid organization and producing toxic products such as oxygen free ra-

dicals and aldehydes [2]. A high content of iron has also
been associated with several pathological cases, including
liver and heart disease, cancer, neurodegenerative disorders,
diabetes, hormonal abnormalities and immune system abnormalities [3]. The mutagenicity of iron compounds in bacteria was examined and positive mutagenic responses were
reported like ferrous sulfate in Salmonella typhimurium
strains TA1537 and TA1538 [2].
Copper, generally hazardous at high levels, is also an
essential metal for almost all organisms. It is necessary as a
co-factor for many enzymes that catalyze oxidation/ reduction
reactions, including those of the electron transport, antioxidant enzymes, melanin and collagen biosynthetic pathways
and hormones. The accumulation of large amounts of copper in cells and organs can be destructive [4].
It has been found that copper compounds have positive
genotoxicity, mainly in vitro experiments. For instance,
positive results were reported for the Syrian hamster embryo cell transformation/viral enhancement assay and for
HL-60 cells. At the same time, copper compounds are the
most likely catalyst for the conversion of H2O2 to OH¯ (or
similar reactive Species). It has also been shown in freshwater planarian, using the comet assay and clastogenic on
the bone-marrow chromosomes of mice in vivo [5-8].
Furthermore, it has been reported that chromosomal aberrations were induced in isolated rat hepatocytes when incubated with copper sulphate [9]. In addition to this, chromosomal aberrations in mouse spermatocyies, and morphological sperm abnormalities were observed in mice. Thus
these findings indicate that copper sulhate have genotoxic
effects [10].
More data on genotoxicity are needed in order to assess, since these compounds are widely used. The aim of
this study was to assess the possible genotoxicity of iron
and copper sulphate. We have used the wing spot test of
Drosophila melanogaster with the standard (ST) cross, to
provide further data on the genotoxicity of the Ferrous
sulfate and copper sulphate.
Somatic Mutation And Recombination Test (SMART)
is an one-generation test based on the principle that the
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loss of heterozygosity of suitable recessive markers (mwh
and flr3), due to different genotoxic events (i.e., mitotic
recombination, mutation and chromosomal aberration), can
lead to the formation of mutant clones of cells in the proliferating imaginal discs of larvae that are then expressed as
spots on the wings of the adult flies [11]. The extensive
knowledge of the genetics of Drosophila melanogaster and
the long experimental experience with this organism has
made it of unique usefulness in mutation research and
genetic toxicology. The development of somatic mutation
and recombination tests (SMART) has provided sensitive,
rapid and cheap in vivo assays for investigations of mutagenic and recombinogenic properties of chemicals [12]. The
assays with the insect Drosophila may be viewed as a link
between microorganismal in vitro and mammalian in vivo
genotoxicity test systems [13].
MATERIALS AND METHODS
Chemicals

Ferrous sulphate-7-hydrate (FeSO 4 .7H 2 0) (100%
purity; CAS 7782-63-0) was purchased from Riedel-de
Haën (Seeize, Germany). Copper sulphate-5-hydrate
(CuSO4.5H2O) (99% min. Purity; CAS 7758-98-7) was obtained from Merck (Darmstadt, Germany). Ethyl methanesulfonate (EMS) (100% purity; CAS No. 62-50-0),
used as a positive control, was obtained from Sigma (St.
Louis, MO, USA). All compounds were dissolved in distilled water. Distilled water was used as negative control.
Drosophila Instant Medium (Formula 4–24) was purchased
from Carolina Biological Supply (Burlington, North Carolina, USA).
Strains

For this work, two Drosophila strains were used: The
multiple wing hairs strain (mwh/mwh) and the flare-3 strain
(flr3/In (3LR), TM3 Bds). Both strains were obtained from
Professor F.E. Würgler (University of Zurich, Switzerland).
Detailed information on the genetic markers is given by
Lindsley and Zimm [14].
Treatments

Trans-heterozygous larvae were obtained by crosses
between flr3 virgin female with mwh male. These individuals were obtained from stock cultures. Eggs were collected
optimally at 8-h periods and stored culture bottles containing Standard Medium. When the larvae were 72 ± 4 h, they
were placed into glass tube containing 4.5 g of Drosophila
instant medium with 7 ml of the respective test solutions
(copper sulphate, iron sulphate, distilled water for negative control and 1 mM EMS for the positive control). The
larvae were fed on this medium with different concentrations of the test compounds for the rest their development.
All experiments were carried out at 25 ± 1 0C and approximately 60 % of relative humidity. The surviving flies were
stored in 70 % ethanol solution at +4 0C. For observation of
mutant clones, wings were removed and mounted on slides

in Faure’s solution (gum arabic 50 mg, chloral hydrate 30 g,
glycerol 30 ml, water 50 ml). Both dorsal and ventral surfaces of the wings were scanned at 400X magnification. The
mutant clones were classified into three types: small single
spots (one or two cells), large single spots (three or more
cells) or twin spots (adjacent mwh and flr3 cells). Graf et al.
[15] have explained that spot-initiating events change the
genetic information in one of the continuously dividing
primordial wing cells in the larva stage.
Statistical analysis

In order to decide whether the result is positive, negative or inconclusive, the data were evaluated according to
a multiple-decision procedure of Frei and Würgler [16].
This procedure is based on two alternative hypotheses.
The first hypothesis assumes that there is no difference in
the mutation frequency between control and treated series.
The second hypothesis postulates a priori that the treatment results in an increased mutation frequency that is m
times the spontaneous frequency. Statistical differences
between the frequencies of each type of spot in treated and
concurrent negative control flies were calculated by using
the conditional binomial test described by Kastenbaum and
Bowman [17]. Frequency clone formation per 105 cells was
calculated based on the number of clones showing the mwh
phenotype (i.e. mwh single spots and the mwh part of twin
spots). This frequency was obtained as the number of mwh
clones divided by the number of wings analyzed divided by
24,400 (which is the number in the area of the wing inspected for the presence spots) [18, 19].
RESULTS AND DISCUSSION
In this study, we used somatic mutation and recombination test (SMART) which is an in vivo test method and
capable of detecting the mutagenic effect of a great variety of chemical classes [20]. It has been reported that this
test is based on the loss of heterozygosity which may occur
through various mechanisms, such as mitotic recombination, mutation, deletion, half-translocation, chromosome
loss and non-disjunction [21].
What obtained from examining genotoxic effects of
sulphate compounds has been given Tables 1 and 2, respectively. The treated series (four different concentrations) and
the positive control (1 mM EMS) were compared with
data from the concurrent negative controls. EMS showed
positive results in all types of spots. These results clearly
indicate that EMS has strong mutagenic and recombinogenic effects [15].
As can be seen from the data presented in the table 1,
not only a negative results but also a positive results were
not concluded from small single spots, large single spots
and total mwh spots in marker heterozygous wings. As for
Twin spots, the negative results were observed at the concentration of 1 mM, while inconclusive results were observed at the concentrations of 2, 5 and 10 mM. Total
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spots are positive in the marker heterozygous wings at the

concentrations of 2, 5 and 10 mM.

TABLE 1 - Summary of results obtained with the Drosophila wing spot test (SMART)
in the marker-heterozygous and balancer-heterozygous after iron sulphate treatment

TABLE 2 - Summary of results obtained with the Drosophila wing spot test (SMART) in
the marker-heterozygous (MH) and balancer-heterozygous after copper sulphate treatment

In balancer heterozygous markers, small single spots
were positive at 2 mM concentration. Large single spots
were negative at 2 and 10 mM concentrations. Taking the
balancer heterozygous marker into consideration, however, many results become inconclusive. This means that iron
sulphate does not have a result as meaningful as genetoxicity up to 10 mM concentration in heterozygous marker.
Iron sulphate showed genotoxic effect according to
marker heterozygous wings; producing significant increases
in the frequency of total spots on concentrations of 2 mM
and above. In the wings of Balancer heterozygous wings

(mwh/TM3), only mwh single spot can be recovered. These
spots are due to mutational formations because recombination is suppressed in inversion-heterozygous cell with
the multiply-inverted TM3 balancer chromosome [15, 22,
23]. Therefore, it appears that all or nearly all spots recovered in marker heterozygous wings are due to homologous
recombination [13]. A number of studies were carried by
considering only marker heterozygous wings [13, 24-26].
In the terms of copper sulphate, a noteworthy increase in the total spots, total mwh spots and small single
spots has been detected in the marker heterozygous wings
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at the concentrations above 2mM (Table 2). But in the concentration of 1 mM, data were inconclusive. Positive results were obtained from exposure to the concentration of
10 mM for large single spots. It is also possible to see this
increase in the heterozygous marker part. Because positive
results were observed from exposure to the concentrations
of 2, 5 and 10 mM for small single spot and the concentrations of 5 and 10 mM for total mwh and total spots. Taking
into account of this data, we can say that copper sulphate
has a genotoxic effect on concentrations of 2 mM and
above.
Heavy metals are one of the most important factors
that lead to environmental pollution. These substances can
cause many adverse effects in living organisms. Therefore,
it is critically important to examine the possible effects of
these substances. In this context, we used the Drosophila
melanogaster wing spot test in order to show the possible
genotoxic effects of iron and copper sulphate.
Recently, the genotoxicity of iron sulphate has been also studied in many mammalian animals [4, 27]. It was
reported that Iron and iron compounds induce oxidative
DNA damage, increase lipid peroxidation [2, 28-30]. Iron
compounds induced DNA damage was demonstrated in
human leucocytes, rat leucocytes [31], human colon cancer
cells [32] and in primary rat hepatocyte culture [33]. Although iron is a micronutrient required for almost all organisms, it has been described that there is an association between high amounts of iron in the body storage and the risk
of chronic diseases as well as diabetes mellitus, cancer and
cardiac failure in patients with hemochromatosis [34].
The genotoxicity of copper sulphate has been indicated in freshwater planarian [8], mammalian animals [2, 4,
24, 35] and Salmonella typhimurium [2]. Copper and
copper compounds cause a lot of DNA damage. Banu et
al. [35] has shown that all the doses of copper sulphate induced significant DNA single strand breaks in mice. Besides, copper ions mediate generation of reactive oxygen
radicals which are capable damaging DNA [36].

Using wing spot test, some heavy metal compounds
were investigated according to mutagenic and recombinagenic activity. For example Ogawa et al. [38] was claimed
that Cobaltous chloride was clearly effective in inducing
large spots. But chromium(III) chloride, iron(II) chloride
and iron(III) chloride were negative results. Furthermore,
it has been seen that mercury (II) chloride and methyl
mercury (II) chloride show high toxicity. However these
compounds have not genotoxic activity in the wing spot
assay of Drosophila melanogaster [39].
CONCLUSION
The SMART assay in Drosophila melanogaster has
been designed to detect genotoxic damage in one generation in a rapid and inexpensive way [40]. Furthermore, for
antigenotoxicity studies, this test offers a great variety of
and also flexibility in the protocols for the application of
the test compounds [11, 41]. The SMART assay is a sensitive in vivo system that allows identification of metabolic mechanisms of Drosophila cells that are similar to
those of mammalian cells [42]. The results in present
study contribute to increase the database on the genotoxicity of iron and copper sulphate. These results indicate
that these compounds have genotoxic effects on concentrations of 2 mM and above. In addition, this study shows
that Somatic mutation and recombination test in Drosophila melanogaster are suitable in vivo test system for examining genotoxicity of chemical compounds.
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According to the data obtained in this study, we can
say that iron and copper sulphate have genotoxic effects
on concentrations of 2 mM and above. If the frequency of
clone formation per 105 cells is higher than 2.0, this is
indicative of genotoxic activity as a result of a particular
treatment [37]. While the frequency of clone formation for
distilled water group was 0.46 for Marker heterozygous
wings (Balancer heterozygous wings and 0.51 for balancer heterozygous wings; the highest clone frequency was
observed 10 mM concentrations of copper sulphate in both
marker heterozygous wings and balancer heterozygous
wings 1.33 and 1.64, respectively. Tables 1 and 2 show that
copper sulphate induced more genotoxic activity than iron
sulphate according to frequency of clone formation. The
results of the present study are in line with those previously reported by other researchers. Prá et al. [4] has showed
copper induced more DNA damage than iron in the neutral
comet assay.
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ABSTRACT
In order to evaluate the interaction between sulfite
and sulfate bio-reduction, batch tests with constant initial
total sulfur concentration (1150mg.L-1), but different ratios
of sulfite to sulfate concentration were carried out. An
obvious inhibition of sulfite on sulfate reduction was observed. The experiments for the inhibition of sulfite on sulfate reduction under different values of chemical oxygen
demand (COD) and sulfite concentrations were investigated to model the inhibition of sulfite. Complete inhibition
of sulfite on sulfate reduction was found at sulfite concentration of 154.34 (mgSO32-.L-1). The interaction between
the sulfite and sulfate bio-reduction in expanded granular
sludge bed (EGSB) reactors as well as the effect of the
fluctuation of sulfate and sulfite on desulphurization efficiency of EGSB reactors were also studied by analyzing
pH value as well as concentration of various sulfur components and COD in the effluent of the EGSB reactor. When
the sulfate in the influent of EGSB reactor was replaced by
sulfite, the sulfur components reduction efficiency of the
EGSB reactor was unaffected. While instantaneously replacing sulfite with sulfate decreased the sulfur components
reduction efficiency immediately, and the sulfur components reduction efficiency gradually resumed in the following days.

KEYWORDS: Sulfate reduction, Anaerobic processes, Kinetics,
Inhibition, Sulfite

Anaerobic reduction of sulfate is one of the key steps
in the process of biological desulphurization. Comprehensive understanding of the anaerobic reduction process is
crucial for the optimization of the desulphurization process. In the previous studies, many influential factors have
been investigated [3-8]. In these factors, inhibitory substances such as sulfide [9-10], heavy metals [11] and salinity [12], etc are recognized as the reasons of the upset and
failure of anaerobic sulfate reduction. Sulfite is an important sulfur compound in desulphurization. Compared
with sulfate reducing to sulfite, the free Gibbs energy of
sulfite reducing to sulfide is lower (Table.1), which means
sulfite reduction is easier to proceed [13, 14]. It induces
that the sulfite remains a low concentration throughout the
sulfate reduction process with sulfate as the sole electron
acceptor. However, sulfite commonly appears along with
sulfate in sulfur-containing waste water, and sulfite is toxic
to some anaerobic bacteria [15-17]. To our knowledge, the
effects of sulfite on sulfate bio-reduction have not been
systematically studied. A comprehensive study on the interaction be-tween sulfite and sulfate is necessary for controlling the de-sulphurization process more efficiently and
accelerating the commercialization of biological desulfurization for water treatment.
The objectives of this work were to study the interaction between sulfite and sulfate bio-reduction, quantify the
influence of sulfite on sulfate reduction, and investigate the
effect of the fluctuation of sulfate or sulfite concentration in
sulfur containing waste water on its sulfur reduction efficiency in EGSB reactors.
MATERIAL AND METHODS

INTRODUCTION

Source of inoculums

Sulfate is a common constituent of many industrial and
natural wastewaters, and desulphurization is one of the most
important steps during water treatment [1]. Compared to
chemical desulphurization, biological process-based desulphurization with many advantages such as low overall
costs and no gypsum waste has become a major concern in
recent years [2].

The sulfate reducing bacteria (SRB) from the family
of Desulfovibrio was used in this study. It was obtained
from an EGSB reactor that had treated an effluent with
high sulfate and ethanol concentrations for two years, and
was successively transferred to oxygen-free sterilized vessels containing the modified Postgate medium C [3] which
was summarized in Tables 2 and 3. The inoculation pro-
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TABLE 1 - The main stages of sulfate metabolism of sulfate-reducing bacteria
N

ΔG0' (kJ .mol −1 )

reaction

o.

process

1

SO42− + 2 H + ATP → APS [ AMP - SO 4 ] + PPi 3−

+46

2

PPi 3 − + H 2O → 2 Pi 2 − + H +

-33

activation of sulfate by ATP
sulfurylase
hydrolysis of pyro- phosphate

3

APS [ AMP - SO 4 ] → HSO3− + AMP + H +

-69

formation of bisulfite

4

3H 2
HSO3− ⎯⎯
⎯→ HS − + 3H 2O

-171

formation of hydrogen sulfide

TABLE 2 Chemical composition of the modified Postgate medium
Concentration(g.L-1)
0.5
0.06
1.5
3ml.L-1

Composition
KH2PO4
CaCl2
Na2SO4
Ethanol
* see Table 3

Concentration(g.L-1)
1.0
1.5
1.0
1ml.L-1

Composition
NH4Cl
MgSO4.7H2O
yeast extract
trace element solution*

TABLE 3 Chemical composition of the trace element solution in modified Postgate medium.
Concentration(mg.L-1)
1500
70
36
17
7ml.L-1

Composition
FeCl2.4H2O
ZnCl2
Na2MoO4.2H2O
CuCl2.2H2O
HCl(37%)

Concentration(mg.L-1)
100
62
24
500

Composition
MnCl2.4H2O
H3BO3
NiCl2.6H2O
EDTA

cess was repeated for 3 times. Each cultivation procedure
lasted 10 days to ensure that the SRB grows sufficiently.
After the enrichment cultivation, the concentration of
SRB in the inoculums was around 2×107cfu.mL-1.
Analytical methods

The COD and sulfide concentration were measured
according to the standard methods [18]. The pH value was
determined by a Delta 320 (Mettler-Toledo, Switzerland)
pH meter.
Sulfate and sulfite concentrations were measured by a
DX-500 ion chromatography (Dionex, USA). The eluent
was NaOH (30mmol.L-1). The flow rate was 1.5ml.min-1.
The column was IonPac AC11, and the detector was ED50
Electrochemical detector. The working current of suppressor was 100mA.
The adenosine 5'-phosphosulfate (APS) reductase
was assayed by measuring the AMP-dependent reduction
of ferricyanide (ε420=1090cm-1M) with sulfite [19, 20].

lums as noted above. 100ml modified Postgate’s C media[3] with different sulfite and sulfate concentration was
added in each vial. The concentrations of Na2SO3 and
Na2SO4 (Table.4) varied but the total sulfur concentration
was set constant at 1150 mg-S/L. pH was maintained at
7.5 by automatic pH control with 0.01mol L-1NaOH and
0.01mol L-1 HCl. Ethanol as the only organic substance
was added to adjust the COD concentration to 5000 mg.L-1.
After all the substrates were added, the vials were filled
with deionized water to ensure that the experiments were
carried out under the anaerobic condition. The vials were
then placed in a water bath with shaking (150 rpm) at 35℃.
TABLE 4 sulfur concentrations in each vial for batch tests
1#

2#

3#

4#

5#

6#

2500

2000

1500

1000

500

0

450

1050

1650

2250

2850

3450

2-

SO3
(mg.L-1)
SO42(mg.L-1)

ratios on sulfate and

Batch test for the effect of COD concentration on inhibition
of sulfite

In order to investigate the interaction between sulfite
and sulfate bio-reduction, batch experiments were carried
out in 150 ml vials containing 5ml enriched SRB inocu-

In order to determine whether the inhibition of sulfite
on sulfate reduction was caused by competition for electron donors, five batch experiments with different initial
COD concentration were carried out. The initial COD

2-

Batch test for the effect of SO3 /SO4
sulfite reduction

2-
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concentrations in the vials were set to 1000, 2000, 3000,
4000, 5000mg.L-1, respectively. The initial concentrations
of sulfate and sulfite were 1000mg-SO42-.L-1 and 500mgSO32-.L-1, respectively. Other conditions were same as
batch tests for different SO32-/SO42- ratios.

started-up with about 1.5L of inoculums sludge, corresponding to approximately 50g of volatile solids (VS) per
reactor. The detailed operation conditions of these two
reactors were demonstrated in Table 5 and Table 6.
TABLE 5 - The operational conditions in the EGSB-a reactor

Batch test for mathematical description of the inhibition of
sulfite on sulfate reduction

In order to mathematically describe the influence of sulfite on sulfate reduction, ten batch experiments with constant sulfate concentration and different sulfite concentrations were carried out in 150 ml vials. The SO42- concentration was 2000mg-SO42-.L-1. The SO32- concentrations
were 0, 25, 50, 75, 100, 125, 150, 200, 250, 300mg-SO32-.L-1,
respectively. Since the sulfite would be metabolized, Na2SO3
was added at times to maintain sulfite concentrations constant during the whole experimental process. The initial
COD concentration was 3000mg.L-1. Ethanol was added
along with the addition of Na2SO3 to supply COD, and the
dosing quantity of COD was 1.5 times as much as the supplementary sulfite. 10 ml enriched SRB inoculums was
added in each vial to make sure that the concentration
of SRB was enough to eliminate its effect on each batch
test. Since the sulfite could also be metabolized by SRB,
which promotes the propagation of SRB, it was difficult to
distinguish the SRB propagation from the metabolism of
sulfate or sulfite. Therefore, in this study, the sulfate concentrations profile was used to evaluate the sulfate reduction, instead of the specific growth rate of SRB. The sulfate reduction rate was calculated from the slope of the
curve of sulfate concentration versus time.
Continuous reactor tests for fluctuation of sulfite and sulfate
concentrations on the desulphurization efficiency in the
EGSB reactor

In real sulfur-containing waste water, the sulfate and
sulfite concentrations usually fluctuate, which could affect the desulphurization efficiency. In order to evaluate
the interaction between sulfate and sulfite bio-reduction in
the continuous reactors which are used in treating actual
waste water, and investigate the effect of the fluctuation
of sulfate and sulfite on the treatment efficiency of sulfur
containing waste water, two EGSB reactors (EGSB-a and
EGSB-b) with an internal diameter of 5.0cm and a height
of 1.5m were operated. The effective volumes of the EGSB
reactors were 3.0L. EGSB-a was operated with gradually
replacing sulfate with sulfite and then instantaneously replacing sulfite with sulfate in the influent, while reactor
EGSB-b was operated with instantaneously replacing sulfate with sulfite in the influent. The EGSB reactors were
both operated at the temperature of 35℃.The flow rate
was maintained to 0.5L.h-1, and the effluent was recirculated (reflux ratio equal to 5) to obtain an upflow velocity
of 3m.h-1. The pH value of the influent was maintained at
7.0±0.2. Both EGSB reactors were inoculated with granular sludge grown in another mesophilic (35℃) lab-scale
(7.0L) EGSB reactor, which have treated sulfate and
ethanol-rich wastewater for two years. Each reactor was

parameter
days
influent flow(L.d-1)

period 1
0-15

period 2
16-35

period 3
36-53

15 ± 0.24

15 ± 0.15

15 ± 0.33

pH of influent
HRT (h)
recirculation factor
SO42- (g SO42-.L-1)
SO32- (g SO32-.L-1)
COD (g.L-1)

6.98 ± 0.02
11.2 ± 0.18
5.0
4.90 ± 0.10
0
4.0 ± 0.11
period 4
54-64
15 ± 0.23
6.98 ± 0.03

7.00 ± 0.03
11.2 ± 0.11
5.0
3.80 ± 0.07
0.90 ± 0.03
4.0 ± 0.08
period 5
65-83
15 ± 0.05
6.99 ± 0.02

6.95 ± 0.02
11.2 ± 0.24
5.0
2.74 ± 0.11
1.80 ± 0.05
4.0 ± 0.09
period 6
84-95
15 ± 0.15
7.00 ± 0.03

11.2 ± 0.17
5.0
1.54 ± 0.04
2.80 ± 0.03
4.0 ± 0.15

11.2 ± 0.04
5.0
0.82 ± 0.02
3.40 ± 0.07
4.0 ± 0.13

11.2 ± 0.11
5.0
4.9 ± 0.08
0

parameter
days
influent flow(L.d-1)
pH of influent
HRT (h)
recirculation factor
SO42- (g SO42-.L-1)
SO32- (g SO32-.L-1)
COD (g.L-1)

4.0 ± 0.13

TABLE 6 - The operational conditions in the EGSB-b reactor
parameter
days
influent flow(L.d-1)
pH of influent
HRT (h)
recirculation factor
SO42- (g SO42-.L-1)
SO32- (g SO32-.L-1)
COD (g.L-1)

period 1
0-25
15 ± 0.14
6.99 ± 0.02

period 2
26-35
15 ± 0.17
6.97 ± 0.03

11.2 ± 0.10
5.0
5.0 ± 0.15
0

11.2 ± 0.13
5.0
0.5 ± 0.03
3.5 ± 0.12
4.0 ± 0.09

4.0 ± 0.14

RESULTS AND DISCUSSION
2-

2-

Effect of SO3 /SO4 ratios on sulfate and sulfite reductions

The results of sulfur oxides reduction with different
SO32-/SO42- ratios were demonstrated in Fig.1. As shown
in Fig.1A, sulfite concentrations decreased with time in
each batch test, and no obvious lag stage appeared with
the increase of sulfate concentration. However, in Fig.1B,
only the sulfate concentration in the vial #6 had no lag
stage. In other vials, an obvious lag stage of sulfate reduction was observed. The higher the original sulfite concentration was, the longer the lag stage lasted. As shown in
Fig.1C, the sulfide concentration increased with the increase of the sulfite proportion in the sulfur oxide. To
evaluate the reduction efficiency of sulfur oxide, the ratio
of produced sulfide to the consumed sulfur oxides in each
batch test were calculated and listed in Table 7. The sulfur
oxides reduction efficiency increased with the increase of
sulfite proportion in the sulfur oxides. The enzyme activities of APS reductase, a key enzyme in the process of sul-
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fate reducing to sulfite, was demonstrated in Fig.1D. In

vials #5 and #6, the enzyme activity was increased at first

FIGURE 1Batch tests with different SO32-/SO42- ratios: (A) sulfite concentration; (B) sulfate concentration;
(C) sulfide concentration; (D) APS reductase activity; The concentrations for 1#~6# tests were listed in Table 4.

TABLE 7 - The ratio of generated sulfide to the consumed sulfur oxide

sulfite proportion in the sulfur oxide(%a)
ratio of generated sulfide to the consumed
sulfur oxide(%a)
a: molar percentage

1#
86.9

2#
69.6

3#
52.2

4#
34.8

5#
17.4

6#
0

94.7

93.4

92.2

91.3

91.0

85.0

and decreased afterwards, while in other batch tests the
enzyme activity was low and a lag stage was observed
during the initial stage of the experiments. The time of the
lag stage prolonged with the increase of initial sulfite
concentration in each tests.
From the results of Fig.1, it can be concluded that sulfate had no influence on sulfite reduction, since the sulfite
reduction was not affected by the increase of sulfate concentration. Sulfite had an inhibition on sulfate reduction,
due to the low enzyme activity of the APS reductase at
high sulfite concentration. The observation was in agreement with the results of Renze et al[21], who reported
that sulfite was the preferred electron acceptor when both
sulfite and sulfate were present. As shown in Fig.1B, the
inhibition of sulfite on sulfate reduction was not irreversible. When the sulfite was reduced and its concentration
was lower enough, the sulfate could be reduced. According to the result of Table 7, the ratio of produced sulfide
to consumed sulfur oxide increased with the increase of

sulfite proportion in the sulfur oxides, which indicated
that sulfite was reduced to sulfide more efficiently.
Effect of COD concentration on inhibition of sulfite

The results of sulfate and sulfite reductions under different COD concentrations were demonstrated in Fig.2. In
all the tests, the evolutions of sulfite concentrations were
almost the same, suggesting that the sulfite reduction rate
was not affected by COD concentration. Due to the inhibition of sulfite, an obvious lag stage about 40 hours for
sulfate reduction appeared in each test, and the lag stage
did not change with the increase of COD concentration.
After 40 hours, sulfate reduction occurred, and the reduction rate increased with the increase of initial COD concentration until COD concentration exceeded 3000mg.L-1.
This result was in agreement with early reports. Choi and
Rim [22] reported that at COD/SO42- ratios exceeding 2.7,
a negative effect on the SRB activity can be observed
because methanogenic archaea (MA) can compete with
SRB for hydrogen and acetate. Bayoumy et al.[23] suggested that COD/SO42- ratios between 1.5 and 2.25 were
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enough to attain the highest hydrogen sulfide production
when lactate or acetate was used as carbon and electron
sources.

The inhibition of sulfite on sulfate reduction could be
described mathematically using modified Monod equations [10,24], which is designed based on Monod equation
and takes into account inhibition effects caused by high
concentration of either substrate, or cell, or product, or
other inhibitory substance, as follows:
CSO2−
CSO2− ⋅ Cc
(1)
4
rc = k (1 − * 3 ) n
CSO2− m
CSO2−
3
CSO2− + CM (1 − * 3 )
4
CSO2−
3

rc is the rate of sulfate reduction; k is the re-

Where

action rate constant; C

C SO 2 −

is the sulfate concentration;

SO42 −

is the sulfite concentration;

4

centration;

CM

C C is

is the Monod constant;

the SRB con-

*
C SO
2 − is the criti4

cal sulfite concentration above which the reaction of sulfate reduction stopped; n and m are constants. Since the
original SRB concentration was high enough, the change
of the concentration was neglectable, hence the effect of
inoculums on each batch test was eliminated and the C C
was taken as a constant in the whole experiment process.
k and C C were combined into one new constant k’. The
constants in Eq.(1) could be evaluated from a Lineweaver-Burk plot of 1 vs 1 . Thus inverting Eq.(1) gave:
rc
C SO 2−
4

FIGURE 2 - Batch tests with different COD concentrations: (A)
sulfite concentration; (B) sulfate concentration.

1
=
rc

From the results of Fig.2, enhancing the organic loading could not alleviate the inhibition of sulfite on sulfate
reduction, because that the lag stage did not decrease with
the increase of COD concentration. Since the inhibition of
sulfite was independent on COD concentrations, it indicated that the inhibition of sulfite on sulfate reduction was
not caused by the competition for electron donors.

CM (1 −

CSO2−
3

*
CSO
2−

)m

3

k ' (1 −

CSO2−
3

*
CSO
2−

⋅
)n

1
CSO2−

+
k ' (1 −

4

3

1
CSO2−
3

*
CSO
2−

(2)
)n

3

Mathematical description of the inhibition of sulfite on sulfate
reduction

The result of sulfate reduction under different sulfite
concentrations was shown in Fig.3. When the sulfite concentration was higher than 200mg.L-1, the sulfate reduction was completely inhibited, since the sulfate concentration had almost no change in the whole process. When the
sulfite concentration was lower than 200mg.L-1, the rate
of sulfate reduction increased with the decrease of sulfite
concentration in the batch test. The results indicated the
existence of the threshold concentration of sulfite. When
the sulfite concentration was higher than the value, sulfate
reduction was almost completely inhibited. After the
sulfite concentration was decreased lower than the value,
the sulfate was gradually reduced.

FIGURE 3 -Sulfate reductions under different sulfite concentrations.

The plots of 1 vs 1 under different sulfite conrc
C SO 2−
4

centration were shown in Fig.4. The X-axis intercepts of
the curves were almost the same, which meant
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) m did not change with sulfite concentra-

tion. Therefore, m was equal to 0, and the Eq.(2) was
simplified to Eq.(3). And it also represented that the inhibition of sulfite on sulfate reduction was noncompetitive
inhibition [24], which agreed with the result of COD
concentration effect on the inhibition of sulfite.
1
CM
1
1
=
⋅
+
C
CSO2−
rc
C 2−
SO2−
k ' (1 − * 3 ) n SO4
k ' (1 − * 3 ) n
CSO2−
CSO2−
3
3
(3)
From Eq.(3), the X-axis intercept of the curve of 1
rc
vs

1
C SO 2−

TABLE 8 - M values under different sulfite concentration
2-

3

[SO3 ] mg SO32-.L-1 0
25
50
75
100
M (mgSO42-.L-1.h-1) 14.49 14.08 10.87 10.20 8.77

125
7.14

150
2.49

is − 1 . CM was then calculated as 917.43

4

CM

(average value under different sulfite concentration). The
Y-axis intercept of the curves is

k ' (1 −

1
C SO 2 −
4

*
C SO
2−

, which

)n

4

was changing with the sulfite concentration. Defining 1

M

as the Y-axis intercept of the curves, the relationship of M
and sulfite concentration can be described as Eq.(4).

M = k ' (1 −

CSO2−
3

*
CSO
2−

FIGURE 5 - Velocity of sulfate reduction versus sulfite concentration.

According to the result noted above, it is concluded
that the inhibition of sulfite on sulfate reduction was noncompetitive. Sulfite inhibited the enzyme activity of APS
reductase, thus leading to the inhibition on sulfate reduction. The inhibition of sulfite on sulfate reduction could
be described as follows:

)n

(4)
The value of M under different sulfite concentration
was obtained from Fig.4 and listed in Table 8. When the
concentration of sulfite was 0, M equaled to k’. Therefore,
k’ was calculated as 14.49. After iteration several times,
the inhibitory concentration C * 2− of 154.34mg.L-1 was

rc = 14.49(1 −

3

SO3

obtained, n was 0.4839. The full curve which depicted the
Eq.(4) was presented in Fig.5, with R2=0.988.

FIGURE 4 - Plot of 1/rc versus 1/CSO42- under different sulfite concentrations.

CSO2−
3

154.34

)0.4839

CSO2−
4

.

CSO2− + 917.43
4

Effects of fluctuation of sulfite and sulfate concentrations on
the desulphurization efficiency in EGSB reactor

EGSB-a reactor performance with gradually replacing sulfate with sulfite in influent (Period 1 to period 5)
As shown in Fig.6A, the sulfate concentration in the
effluent of EGSB reactor-a was almost constant of
500mg.L-1 from period 1 to period 5. The sulfite concentration in the effluent of the EGSB-a reactor was lower
than the detection limit for all periods. The sulfide concentration in the effluent gradually increased from period
1 to period 5. It illuminated that the sulfate and sulfite
reduction in the EGSB reactor were not affected by gradual replacement of the sulfate with sulfite, since the concentrations of sulfate and sulfite in the effluent remained
almost the same values from period 1 to period 5. As
shown in Fig.6B, the pH values fluctuated around 8.3 in
the whole experiment process. The COD concentration in
the effluent of the EGSB reactor increased from period 1
to period 5 when gradually replacing sulfite with sulfate.
Compared with sulfate reduction, sulfite reduction needed
less COD, as the theoretical ratio of COD to SO42- for
complete reduction of sulfate was 0.667 and the theoretical ratio of COD to SO32- for complete reduction of sulfite
was 0.6. In order to evaluate the COD utilization and the
reduction efficiency of sulfur oxides, the ratio of the experimental data to the theoretical value was calculated and
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shown in Fig.6C. The COD consumption ratio varied
slightly, and the value remained around 1.4. It illuminated

that the COD utilization was unaffected by replacing sulfate
with sulfite in the influent. Since the value was higher

FIGURE 6 - Process performance of the EGSB reactors: (A) Evolution of the sulfate, sulfite and sulfide concentrations in the EGSB-a reactor; (B) Evolution of COD and pH values in the influent and effluent of EGSB-a reactor; (C) The ratio of real value to theoretical value about
sulfide and COD consumption; (D) Evolution of COD, sulfite and sulfate concentrations in the EGSB-b reactor. The sulfite had not been
detected out in the effluent and not be described in the figures. The COD concentration in the influent of EGSB-b reactor was kept as
4000mg.L-1

than 1, it indicated that some organic substances were
metabolized by some non-desulphurization bacteria. The
generated sulfide ratio gradually increased from period 1
to period 5, suggesting the efficiency of sulfur oxide reduction increased with the replacement of sulfate with
sulfite. The result agreed with that of batch tests, and it also
indicated that sulfur-containing wastewater with higher
sulfite ratio could be treated more efficiently.

also gradually increased to 900 mg/L within 5 days. As
shown in Fig.6B the COD consumption showed the same
trend as sulfate reduction, while the pH value was almost
unaffected due to high buffer capacity in the EGSB reactor.

EGSB-a reactor performance with instantaneously replacing sulfite with sulfate in influent (Period 6)
As shown in Fig.6A, the sulfate concentration in the effluent of EGSB-a reactor suddenly increased from 500mg.L-1
to 900mg.L-1 when instantaneously replacing sulfite with
sulfate in the influent at the beginning of the period 6. The
sulfide concentration in the effluent decreased from
1150mg.L-1 to 600mg.L-1 at the same time. It showed that
instantaneously replacing sulfite to sulfate decreased the
sulfur oxide reduction efficiency of the EGSB reactor. The
sulfate concentration in the effluent gradually decreased
to 500mg.L-1 and the sulfide concentration in the effluent
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FIGURE 7 - The activity of APS reductase in the effluent of EGSB
reactor-a in period 5 and 6.

From the result of APS reductase activity in the effluent of the EGSB-a reactor in period 5 and period 6, as
shown in Fig.7, it was found that the activity of APS
reductase was low in period 5 due to the inhibition of
sulfite and the low sulfate concentration in the influent. It
increased in period 6, since the sulfite in the influent was
replaced with sulfate. The low activity of APS reductase
resulted in low sulfate reduction rate at the beginning of
period 6. After continuing treatment of sulfate for about 5
days, the activity of APS reductase in the reactor increased gradually, and the sulfate reduction efficiency of
the reactor also resumed.
EGSB-b reactor performance with instantaneously
replacing sulfate with sulfite in the influent
As shown in Fig.6D, the sulfate concentration in the
effluent was around 500mg.L-1 in period 1, and it was decreased to 300mg.L-1 with the instantaneously replacing
sulfite with sulfate in influent. The sulfite concentration in
the effluent was lower than the detection limit in the
whole experiment period, which indicated the sulfite had
been reduced completely. The COD and sulfate concentrations in the effluent varied slightly, which induced that
replacing sulfate with sulfite instantaneously did not affect the sulfur oxide reduction efficiency of EGSB reactor.

for a certain period of time, and the sulfate reduction
efficiency resumed in several days, subsequently. In the
EGSB reactor, when the sulfur loading of waste water
was kept constant, the sulfur oxide reduction efficiency
for treating sulfur-containing waste water was not dependant on the fluctuation of sulfate and sulfite concentration in the waste water.
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Since the sulfur oxides reduction efficiency resumed
in a short time after instantaneously replacing sulfite with
sulfate (period 5 to 6 in EGSB-a reactor) and it did not decrease when replacing sulfate with sulfite gradually (period 1 to 5 in EGSB-a reactor)or instantaneously (period 1
to 2 in EGSB-b reactor), (it indicated that the treatment
efficiency of sulfur-containing waste water in EGSB reactor was not dependant on fluctuation of sulfate or sulfite
concentration in the influent when the sulfur loading was
kept constant.
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ABSTRACT
In this study, the comparative analysis of occurrence,
concentrations and possible sources of polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs) and dioxin-like polychlorinated biphenyls (dlPCBs) in the bottom sediment collected from 6 reservoirs of
different types of anthropopression were determined using
isotopically labelled internal standards and HRGC/HRMS.
The total concentration of analyzed compounds ranged from
126.72 ng kg-1 d.w. in a large agricultural reservoir represented by the Koka Reservoir (KR) to 11351.30 ng kg-1
d.w. in the small, urban pond represented by Pabianka
Reservoir (PR). Concentration measured as WHO-TEQ
ranged from 1.73 ng TEQ kg-1 d.w. in a large agricultural
Sulejów Reservoir (SR) to 211.95 ng TEQ kg-1 d.w. in a
small industrial pond situated below a textile factory (TF).
Obtained results, in reference to size and main human
impact on reservoirs, showed that the smallest reservoir –
Pabianka Reservoir (PR) situated in a highly urbanized
catchment and textile factory pond (TF) with a high impact
of industrial effluents had the highest potential for PCDDs,
PCDFs and dl-PCBs accumulation.

on POPs. Its main intention is to reduce and eliminate the
POPs from the environment and, in consequence, protect
the humans and animals against these chemicals. Poland
and Ethiopia signed and ratified the Stockholm Convention on POPs on 4th September 2002, and on 17th May 2004
the treat entered into force [2]. From the above-mentioned
time, countries are legally obliged to abide by the objectives
of the treaty, and encouraged to support research on POPs.
In Poland, some studies have been conducted on the
levels and distribution in the environment of selected POPs,
such as PCDDs, PCDFs and dl-PCBs. Nevertheless, despite
many years of measuring quantitative information on environmental sources and transport of PCDDs, PCDFs and
dl-PCBs remains limited and subject to significant uncertainties [3-5]. Moreover, there is lack of information regarding PCDD, PCDF and dl-PCB levels in Ethiopia. In
consequence, limited data for the above compounds in countries of different climate types, can be considered as a key
knowledge gap in the understanding of the overall environmental distribution and fate of these chemicals. Thus, the
main objectives of this study were 1) to compare the PCDD,
PCDF and PCB levels in bottom sediments collected from
Polish and Ethiopian water ecosystems, and 2) to determine the main sources of obtained concentrations.

KEYWORDS:
PCDDs, PCDFs, dl-PCBs, sediments, reservoirs

MATERIALS AND METHODS
Study sites

INTRODUCTION
POPs are among the most toxic chemicals for humans
and a variety of animals. Their physico-chemical characteristics, which include liphophilicity and resistance to degradation, make them a challenge to control [1].
Currently, many countries impose strict controls on the
use and release of POPs. One of the most important document regulating these issues is the Stockholm Convention

Sampling sites were classified into one of three categories:
- small reservoirs with urban and/or industrial impact
(Pabianka Reservoir in Poland and sedimentation pond
below the Awassa Textile Factory in Ethiopia);
- large reservoirs with mixed agricultural/industrial impact (Włocławek Reservoir in Poland and Lake Awassa in
Ethiopia);
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- large reservoirs with agricultural/rural impact (Sulejów
Reservoir in Poland and Koka Reservoir in Ethiopia) (Fig. 1;
Table 1).
Poland

The small reservoir of urban impact - represented
by Pabianka Reservoir (PR) (drainage area 45.4 km2) is
situated in a highly urbanized and industrialized area, contaminated with heavy metals and organic compounds due
to sewage and storm water disposal (Fig. 1). The river length
from the spring to the estuary is 13.4 km, with 13.0 km on
the territory of the City of Łódź. The main channel was
shaped by concrete slabs, to straighten the course and deepen

the bed for the purpose of storm water detention. PR is
placed on the outskirts of the city, in the middle section of
the river valley which has maintained a semi-natural character. Additionally, this reservoir is a recipient for waters
from Sokołówkas’s tributary – the Brzoza River (Fig. 1),
which is also a storm water receiver [4].
The large reservoir of mixed agricutural/ industrial
impact - represented by Włocławek Reservoir (WR). The
Włocławek Reservoir is the biggest man-made lake in Poland situated in the middle course of the Vistula River, on
670 km of the river length (Fig. 1). The surface of this reservoir is about 75 km2, maximum capacity 408 million m3,
length 58 km, width 2.4 km, and average depth 5.5 km [6].

WR
PR
SR

Sampling

KR
TF
LA

FIGURE 1 - Map indicating the study area in Poland (PR – Pabianka Reservoir - representing small urbanized pond; WR – Włocławek Reservoir – representing large reservoir of mixed agricultural/industrial impact; SR – Sulejów Reservoir – representing large reservoir of agricultural/rural impact) and Ethiopia (TF – Textile Factory pond representing small pond of industrial impact; LA – Lake Awassa representing large
reservoir of mixed agricultural/industrial impact; KR – Koka Reservoir representing large reservoir of agricultural/rural impact).
TABLE 1 - Concentration of sum of PCDDs, PCDFs and dl-PCBs (ng kg-1 d.w.), concentration of PCDDs, PCDFs and dl-PCBs calculated as
TEQ (ng TEQ kg-1 d.w.) and sediment organic matter content (%) in sediments collected from Polish and Ethiopian reservoirs.
Country
Reservoir size

Small

Main impact

Urban

Reservoir symbol (full
name of reservoir)
Concentration
[ng kg-1 d.w.]
WHO-TEQ
[ng TEQ kg-1 d.w.]
Sediment Organic
Matter (OM) [%]

Poland
Large

Ethiopia
Large

Large

Small

Agricultural/
industrial

Agricultural/
rural

Industrial

Agricultural
/industrial

Agricultural/
rural

PR
(Pabianka
Reservoir)

WR
(Włocławek
Reservoir)

SR
(Sulejów Reservoir)

TF
(Textile
Factory pond)

LA
(Lake Awassa)

KR
(Koka
Reservoir)

11351.30

1011.59

282.25

4752.45

295.25

126.72

18.89

10.20

1.73

211.95

23.78

4.04

14

9

8

21

8

7
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The large reservoir of agricultural/rural impact represented by Sulejów Reservoir (SR). The Sulejów Reservoir is a shallow, lowland reservoir situated in the middle
course of the Pilica River (Fig. 1). The maximum length of
the reservoir is 15.5 km, and the maximum width is 2.1 km.
At maximum capacity (75 × 106 m3), the reservoir covers
22 km2, with a mean depth of 3.3 m, and a maximum depth
of 11 m. SR was constructed in 1973 as a drinking water
supply reservoir for about 1 million inhabitants. The reservoir has also been used as a recreational area for sport
activities, such as swimming, sailing or canoeing [7].
Ethiopia

Small reservoirs of industrial impact – represented
by a textile sedimentation pond (TF) situated below the
Awassa Textile Factory Polycotton Fabrics, Yarn & Cotton Fabrics on the Tikur Wuha River, 275 km from Addis
Ababa (Fig. 1). The factory is the largest industrial unit
around Tikur Wuha River, and has a capacity of 24,288
spindles, 124 shuttle rapier looms and a finishing plant
with a capacity to dye, print and finish 36.1 million m2 of
fabrics per year. The factory discharges an average of 50 m3
of wastewater per hour, rinsing to 120 m3 at full capacity.
The sedimentation pond that was studied receives sewage
contaminated by high amounts of nitrogen, phosphorus and
heavy metals as well as organochlorine compounds [8].
Large reservoirs of mixed agricultural/industrial
impact – represented by Lake Awassa (LA), located at an
altitude of 1680 m in the central part of the Ethiopian Rift
Valley (6°33′–7°33′N and 38°22′–38°29′E), 275 km south
of the capital, Addis Ababa (Fig. 1). The lake has a surface
area of 90 km2, a catchment area of 1250 km2, a maximum
depth of 22 m and a mean depth of 11 m, although these
values are subjected to seasonal variation. Lake Awassa is
situated in a dry, sub-humid climate with a mean annual
rainfall of 1154 mm in the long eight rainy months (MarchOctober). The annual potential evapotranspiration for the
area is between 1100 and 1250 mm. Lake Awassa is topographically a closed basin, where there is no known outflow. The lake is primarily fed by a small river (Tikur Wuha)
that flows from Shallo Swamp and also from the rivers
(streams) on the north and west caldera walls, which are
ephemeral [9].
Large reservoirs of mixed agricultural/rural impact - represented by Koka Reservoir (KR) (also known
as Lake Gelila). The Koka Reservoir is located in the
Misraq Shewa Zone of the Oromia Region, close to the
capital and largest city of Ethiopia, Addis Ababa (Fig. 1).
The reservoir was created by the construction of the Koka
Dam (in 1960) across the Awash River. The reservoir has
an area of 180 km2 with the capacity of about 1840 Mm3.
The Koka Dam consists of concrete with a length of 458 m
and a maximum height of 47 m. The head utilized is 3242 m. The Koka Reservoir is popular with tourists and
city-dwellers [10].

Sampling

The sediment samples (10-25 cm thickness) from
Polish reservoirs were collected four times during the
spring and autumn periods of 2007 and 2008 using a gravity core sampler. Samples were collected from three stations (inlet part, medium part and dam part) in each reservoir. Sediments from Ethiopian reservoirs were collected
once during the dry season of 2008. Samples were stored
in an icebox at 4 °C in black glass jars (to avoid sunlight).
The glass jars were previously cleaned with detergent,
rinsed with ultra-pure water, followed by heating at 450
°C overnight. Before being used in the field they were
rinsed with acetone and hexane. The jar teflon caps were
also cleaned with detergent, rinsed with ultra-pure water,
and before being used rinsed with acetone and hexane.
After collection, sediment samples were transported to the
laboratory directly freeze dried (-40 °C, 1 mba, 72 h; Edwards Freeze Dryer) and sieved trough a 2-mm mesh
sieve. Obtained results presented the average concentration of the reservoir sediments.
Organic matter analysis

Organic matter (OM) was determined by gravimetrical method [11]. Briefly, 10 g of sediment samples were
placed in crucibles in a drying oven at 105 oC overnight.
Then, sediments were weighted and dried in a muffle
furnace at 500 oC overnight. The determination of organic
matter content was calculated as follows:
Mom = (M105-M500)/M0
where Mom is mass of organic matter, M105 mass of
sample after drying at 105 oC, M500 mass of samples after
drying at 500 oC, M0 mass of samples before drying.
PCDD, PCDF and PCB analysis
Extraction and clean-up

The method of sample pretreatment was according to
PN-EN 1948-3 [12]; EPA Method 1613 [13], and EPA
Method 1668 [14]. For each sediment sample, 2 g were
spiked with isotopically labelled standards (Cambridge
Isotopes Laboratories, USA) and extracted by ASE (Automatic System Extraction) 200 Dionex at 150 atm (11 Mpa),
and the oven was heated to 175 oC with toluene. The extracts were purified with multilayer silica columns packed
with neutral, acidic and basic silica gel and eluted with
200 ml of hexane. The hexane extracts were further concentrated to 5 ml by rotary evaporation and concentrated
to 100 µl under a gentle stream of nitrogen, replacing the
n-hexane with nonane.
Identification and quantification

Identification and quantification of 7 congeners of
PCDDs, 10 congeners of PCDFs and 12 dioxin-like PCB
congeners, recommended to analysis as toxic by WHO,
were performed by HRGC/HRMS: HP 6890N Agilent
Technologies GC coupled to a high resolution mass spectrometer (AutoSpec Ultima). The HRMS was operated in
the splitless injection mode with perfluorokerosene (PFK)
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as a calibration reference. Separation of PCB congeners
was achieved using a DB5-MS column (60 m x 0.25 mm
i.d., film thickness 0.25 µm).
The oven temperature program was 150 oC for 2 min,
20 C min-1 to 200 oC (0 min), 1 oC min-1 to 220 oC for
16 min and 3 oC min-1 to 320 oC for 3 min. The injector
temperature was 270 °C. The MS was operated under positive EI conditions: 34.8 eV electron energy at a resolving
power of 10,000 with an ion source temperature of 250 °C.
Helium was used as carrier gas at a flow-rate 1.60 ml min-1.
Samples were quantified with an isotope dilution method
[12-14].
o

standards. The recovery coefficient was taken into account
for calculating the final concentrations of analytes. Additionally, to assess the method correctness, Standard Reference Materials, 1939a Polychlorinated Biphenyls in River
Sediment A and Fly Ash BCR, were used.
Statistics

All data were subjected to statistical analyses using
“Statistica” software for Windows. Kruskal-Wallis ANOVA
by Ranks and Mann-Whitney U tests were used to compare
treatment levels. The statements of significance were based
on a probability level of P≤0.05

WHO-TEQ concentration

WHO-TEQ is an acronym for 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) equivalents. It is a means
of expressing the net toxicity of a complex mixture of different PCDDs, PCDFs and dl-PCBs.
In our study, we used this term to evaluate the toxicity
of sediment sample polluted by PCDDs, PCDFs and dlPCBs. Each of individual 7 congeners of PCDDs, 10 congeners of PCDFs and 12 congeners of dl-PCBs have been
assigned a toxic equivalency factor (TEFs) based on its
toxicity relative to that of 2,3,7,8-TCDD, which is universally assigned a TEF of 1. Multiplication of the concentration of PCDDs, PCDFs and dl-PCBs by its assigned TEF
gives its concentration in terms of WHO-TEQ calculated
for all PCDDs, PCDFs and dl-PCBs congeners [15].

RESULTS AND DISCUSSION
Sediment organic matter content

The content of OM in analyzed sediments ranged from
7% in the KR to 21% in the TF site. The highest percentage
participation of organic matter was observed in sediments
from reservoirs of high urban/industrial impact represented
by PR and TF (14% and 21%, respectively) (Table 1). This
confirms that these kinds of reservoirs receive higher content of organic matter by sewage sludge from the textile
factory (TF) or surrounding housing estates (PR), which
can increase the OM content in water and, in consequence,
also in sediments. Reservoirs of prevailing agricultural impact showed no significant differences between organic
matter content ranging from 7 to 9% (Table 1).

Chemicals

Hexane, nonane and toluene used for extraction and
cleanup of sediment samples were purchased from Bujno
Chemicals (Warsaw, Poland). Na2SO4, H2SO4 and silica
gel were purchased from Sigma-Aldrich Co (Poznań, Poland). The silica gel was heated overnight at 450 oC to
reduce background levels of PCDDs, PCDFs and dl-PCBs.
All solvents were of Pesticide Residue Analysis grade.
The PCDD, PCDF and dl-PCB standards were all obtained
from LGC Promochem, CIL Cambridge (Łomianki, Poland).
Quality assurance/Quality control

The analytical method used for PCDD, PCDF and dlPCB analysis was properly validated on the basis of internal reference materials, and the analytical laboratory involved in 2005 successfully passed the accreditation procedure.
All glassware and bottles used in field and laboratory
were cleaned with detergent, rinsed with ultra-pure water,
followed by heating at 450 °C overnight. Before using, the
glassware was rinsed with acetone and hexane.
Each analytical batch contained a method blank, a
matrix spike, and duplicate samples. A reagent blank was
used to assess artifacts, and precision was verified by duplicate analyses. Sample spikes were used as an additional
check of accuracy. Analyte recoveries were determined by
analyzing samples spiked with PCDD, PCDF and dl-PCB

PCDD, PCDF and dl-PCB concentrations

Total PCDD, PCDF and dl-PCB concentrations are
given in Table 1 and Fig. 2, and revealed that studied
Polish reservoirs vary with values ranging from 282.25 ng
kg-1 d.w. in a large agricultural reservoir represented by (SR
to 11351.30 ng kg-1 d.w. in the small, urban pond represented by PR (Table 1 and Fig. 2). Obtained values for
Ethiopian reservoirs were much lower with values ranging
from 126.72 ng kg-1 d.w. in the large, agricultural Koka
Reservoir (KR) to 4752.45 ng kg-1 d.w. in the textile factory pond (TF) (Table 1 and Fig. 2). In contrast, obtained
concentrations measured as WHO-TEQ were several times
higher in Ethiopian (ranging from 4.04 to 211.95 ng TEQ
kg-1 d.w.) compared to Polish reservoirs (ranging from 1.73
to 18.89 ng TEQ kg-1 d.w.) (Table 1). This situation can
be related to the composition of PCDDs, PCDFs and dlPCBs in collected samples, with predominance of PCDD
congeners (constituting 55.40, 75.49 and 91.87% in WR,
SR and PR) and low contribution of PCDFs (constituting
1.45, 7.88 and 8.81% in PR, WR and SR) in sediment
from Polish reservoirs (Table 2 and Fig. 2). The composition of analyzed compounds in Ethiopian reservoirs was
much more aligned (Table 2). Nevertheless, the KruskalWallis ANOVA by Ranks and Mann-Whitney U tests
showed no significant differences between examined sediment pollution levels in Polish (H=3.8; p=0.15) and Ethiopian (H=5.6; p=0.06) reservoirs.
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FIGURE 2 - Concentration of sum of PCDDs, PCDFs and dl-PCBs in sediments collected from Polish (PR – Pabianka Reservoir representing small urbanized pond; WR – Włocławek Reservoir – representing large reservoir of mixed agricultural/industrial impact; SR – Sulejów
Reservoir – representing large reservoir of agricultural/rural impact) and Ethiopian reservoirs (TF – Textile Factory pond representing
small pond of industrial impact; LA – Lake Awassa representing large reservoir of mixed agricultural/industrial impact; KR – Koka Reservoir representing large reservoir of agricultural/rural impact).

TABLE 2 - Composition (%) of PCDD, PCDF and dl-PCB concentrations in sediments collected from Polish (PR – Pabianka Reservoir
representing small urbanized pond; WR – Włocławek Reservoir – representing large reservoir of mixed agricultural/industrial impact; SR –
Sulejów Reservoir – representing large reservoir of agricultural/rural impact) and Ethiopian reservoirs (TFP – Textile Factory Pond representing small pond of industrial impact; LA – Lake Awassa representing large reservoir of mixed agricultural/industrial impact; KR – Koka
Reservoir representing large reservoir of agricultural/rural impact).
Country
Reservoir symbol
PCDD [%]
PCDF [%]
dl-PCB [%]

PR
91.87
1.45
6.69

Poland
WR
55.40
7.88
36.73

SR
75.49
8.81
15.69

Obtained concentrations of PCDDs, PCDFs and dlPCBs in studied reservoirs were more or less comparable
to the values observed in other reservoirs worldwide (Tables 2 and 4). Differences between presented levels may
result in variety of PCDD, PCDF and dl-PCB sources to
the reservoirs including atmospheric deposition, industrial
and domestic effluents, storm water, spills, and others as
well as climate type (temperate/warm) of examined areas.
Reservoirs of urban/industrial impact

The highest potential for PCDD, PCDF and dl-PCB
accumulation was observed in the reservoir of urban/industrial impact – represented by PR in Poland and TF in
Ethiopia (Tables 1 and 4).
The obtained results indicated that the average concentration of total PCDDs, PCDFs and dl-PCBs in PR
was more that two times higher compared to that in TF,
nevertheless, the Mann-Whitney U test also showed no
significant differences between them.
Obtained results may be considered as an outcome of
the presence of the domestic and industrial wastewater
discharge into the PR. It frequently happens that

TF
43.03
35.16
21.82

Ethiopia
LA
40.93
50.66
8.42

KR
29.43
20.42
50.15

wastewater input by storm-water outlets contributes to higher PCDD, PCDF and dl-PCB contaminations in the river
and, in consequence, in reservoir sediments with the predominance of PCDD congeners in the total concentrations
of PCDDs, PCDFs and dl-PCBs [16], similar to results
obtained for PR (Table 3). Thus, point-sources pollution
may cause appreciable differences in the obtained results.
Moreover, the textile industry, which was developed
in Łódź from the 1830s to the end of the 1980s, may have
discharged some amounts of PCDDs, PCDFs and dl-PCBs
from pigments to the sewer system and, subsequently, to the
river and deposited them in PR sediments. The major
source of pollutants in textile processing is primarily associated with wet processes such as sizing, fabric preparation,
dyeing, printing and finishing. During these processes,
chemicals are used and produced, such as heavy metals
and POPs. The main sources of analyzed contaminants in
the effluents can be related to processes of bleaching, during which Cl2 is used, and processes of dyeing and printing
in which pigments containing high amounts of PCDDs,
PCDFs and dl-PCBs are used [17-18]. Pigments like
chloranil, or dyes, produced on the basis of chloranil,
may contain from 300.00 to 2900.00 and from 2.00 to
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200.00 µg TEQ kg-1 of PCDDs, PCDFs and dl-PCBs,
respectively. For this reason, the textile industry can be
listed as one of the PCDD, PCDF and dl-PCB sources in
the examined PR and TF reservoirs [17-18]. This thesis
may be confirmed by the simulations presented by Ghir et
al. [19] and Lexen et al. [20].
Reservoirs of mixed agricultural/industrial impact

The results for reservoirs of mixed agricultural/ industrial impact, represented by WR in Poland and LA in
Ethiopia, showed that the total concentration of PCDDs,
PCDFs and dl-PCBs in WR was about 3 times higher than
that in LA site (1011.59 and 295.25 ng kg-1 d.w., respectively) (Table 1 and Fig. 2). Nevertheless, concentrations
calculated to WHO-TEQ presented adverse levels with a
value 2 times higher in LA than in WR (23.78 and 10.20 ng
TEQ kg-1 d.w., respectively) (Table 1 and Fig. 2). This situation can be related to the high percentage content of toxic
PCDD and PCDF congeners in LA site – 91.58% (especially high toxic PeCDD/HxCDD and PeCDF), whereas
in the WR, this value was accounted to be 63.27% (Tables
2 and 3). The percentage content of dl-PCB accounted
36.73% in WR and 8.42% in LA. In consequence, higher
contribution of high TEF value PCDD and PCDF conge-

ners resulted in accelerated WHO-TEQ concentration in
LA compared to WR (Table 3). Moreover, presented results can be connected with the hydrology of the examined
sites. WR presents a large reservoir constructed on the
biggest Polish river – the Vistula, with the water retention
as the main purpose; LA, in turn, is a closed basin lake
with no known outflow, thus PCDD, PCDF and dl-PCB
loads reaching the LA with the Tikur Wuha River (polluted by textile industry contaminants) are almost at large
retained in lake sediments.
Reservoirs of mixed agricultural/rural impact

The lowest PCDD, PCDF and dl-PCB levels were
noted in SR and KR (282.25 and 126.72 ng kg-1d.w., respectively) (Table 1 and Fig. 2), representing reservoirs of
mixed agricultural/rural impact. In a similar manner to the
reservoirs described previously, the WHO-TEQ values
showed adverse levels compared to total concentrations and
were 2 times higher in KR than in SR (4.04 and 1.73 ng
TEQ kg-1 d.w., respectively) (Table 1). The higher concentration of total PCDDs, PCDFs and dl-PCBs in SR may
have resulted from high contaminant loads transported by
Pilica, Luciąża and Strawa rivers and by surface runoff
from the direct reservoir catchment area. The recreational

TABLE 3 - Composition (%) of 7 PCDD, 10 PCDF and 12 dl-PCB congener concentrations in sediments collected from Polish (PR – Pabianka Reservoir representing small urbanized pond; WR – Włocławek Reservoir – representing large reservoir of mixed agricultural/industrial impact; SR – Sulejów Reservoir – representing large reservoir of agricultural/rural impact) and Ethiopian reservoirs (TFP –
Textile Factory Pond representing small pond of industrial impact; LA – Lake Awassa representing large reservoir of mixed agricultural/industrial impact; KR – Koka Reservoir representing large reservoir of agricultural/rural impact).
Country
Reservoir symbol
2378-TCDD
12378-PeCDD
123478-HxCDD
123678-HxCDD
123789-HxCDD
1234678-HpCDD
OCDD

PR
0.00
0.00
0.01
0.07
0.05
7.05
92.82

Poland
WR
0.72
0.12
1.48
3.51
1.87
6.84
85.47

SR
0.02
0.22
0.47
0.27
0.45
8.38
90.19

TF
0.07
3.73
5.63
7.85
6.11
10.73
65.88

Ethiopia
LA
1.76
5.28
9.91
13.01
10.00
14.61
45.44

KR
1.28
6.24
0.00
0.00
6.54
13.07
72.87

2378-TCDF
12378-PeCDF
23478-PeCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
1234678-HpCDF
1234789-HpCDF
OCDF

0.00
0.00
0.53
4.37
0.00
30.41
0.00
35.82
0.11
28.76

1.80
1.92
3.91
33.65
4.21
16.03
2.92
7.38
4.54
23.66

2.96
5.37
9.92
7.30
2.98
8.51
1.59
26.14
4.77
30.48

0.39
4.99
5.97
7.13
6.85
7.85
8.16
16.85
4.13
37.68

2.94
8.13
10.03
8.51
7.47
10.87
10.06
8.48
9.96
23.55

0.00
0.00
1.63
3.88
3.27
11.83
8.05
11.43
24.32
35.59

PCB-81
PCB-77
PCB-123
PCB-118
PCB-114
PCB-105
PCB-126
PCB-167
PCB-156
PCB-157
PCB-169
PCB-189

3.40
6.26
0.93
0.00
5.56
0.16
38.33
5.26
0.68
0.45
38.86
0.00

6.07
0.62
0.53
0.10
17.59
1.08
54.90
5.40
4.55
1.83
5.93
1.43

12.00
0.83
0.77
0.66
10.11
3.52
49.08
6.10
6.77
2.70
4.90
2.56

0.80
17.57
19.67
26.35
1.18
12.44
4.42
8.95
1.84
5.90
0.00
0.90

0.00
0.00
9.96
65.59
0.00
0.00
0.00
15.94
5.86
0.00
0.00
2.67

25.09
0.00
0.00
49.23
0.00
0.00
0.00
8.83
8.67
6.88
0.00
1.30
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TABLE 4 - Levels of PCDDs, PCDFs, dl-PCBs and WHO-TEQ concentrations measured in worldwide reservoirs, lakes and river sediments
of different catchment characteristics.
Country
Germany

Site
Small dam reservoirs

Main Impact
Urban/industrial

Compound
Σ PCDDs and PCDFs

Concentration
19 - 20000 ng kg-1 d.w

Ref.
21

Holland

Ren River

Urban/industrial

Σ dl-PCBs

200000 ng kg-1 d.w

22

Great
Britain

Shallow lake

Urban/industrial

Σ PCDDs and PCDFs
WHO-TEQ concentration

590 ng kg-1 d.w
6 ng TEQ/kg d.w.

23

Great
Britain

Small dam reservoir

Urban/industrial

Σ PCDDs and PCDFs
WHO-TEQ concentration

2000 ng kg-1 d.w
92 ng TEQ/kg d.w.

24

USA

Detroit River

Urban/industrial

Σ PCDDs and PCDFs
WHO-TEQ concentration

69 ng/kg d.w.
3.99 ng TEQ kg-1 d.w.

24

USA

Lower Rouge River

Urban/industrial

Σ PCDDs and PCDFs
WHO-TEQ concentration

1415 ng kg-1 d.w
62 ng TEQ kg-1 d.w.

24

USA

Tittabawssee River

Urban/industrial

Ontario Lake

Urban/industrial

59 - 120 ng kg-1 d.w
2400 - 53600 ng kg-1 d.w
728.6 - 2712 ng kg-1 d.w

25

USA

Σ PCDDs
Σ PCDFs
Σ PCDDs and PCDFs

-1

26

USA

Erie Lake

Urban/industrial

Σ PCDDs and PCDFs

778.8 ng kg d.w

26

USA

Housatonic River

Urban/industrial

Σ PCDDs, PCDFs and dl-PCBs

160 - 5400 ng kg-1 d.w. (max.
82000 ng kg-1 d.w.)

27

Korea
Northern
Taiwan

Masan Bay
Small dam reservoir

Urban/industrial
Urban/industrial

Σ PCDDs and PCDFs
WHO-TEQ concentration

102 - 6493 ng kg-1 d.w
0.95 - 14.4 ng TEQ/kg d.w.

27
28

South
Africa

Rivers

Urban/industrial

Σ PCDDs,
Σ PCDFs
Σ dl-PCBs
WHO-TEQ concentration

2.8. -170 ng kg-1 d.w
0.86 – 13 ng kg-1 d.w
130 - 1300 ng kg-1 d.w
0.2 to 1.4 ng TEQ kg-1 d.w.

1

Poland

Urbanized cascade reservoirs
on Sokołówka River

Urban/industrial

Σ dl-PCBs

79.75 - 3741.34 ng kg-1 d.w.

3

Poland

Urbanized cascade reservoirs
on Sokołówka River

Urban/industrial

Σ PCDDs and PCDFs
WHO-TEQ concentration

22.98 - 254.56 ng kg-1 d.w
0.52 - 4.91 ng TEQ kg-1 d.w.

27

USA

Kentucky Lake

Agricultural/industrial

Σ PCDD and PCDF
Σ dl-PCBs

120-2400 ng kg-1 d.w
580-1300 ng kg-1 d.w

28

Poland

Włocławek Reservoir

Agricultural/industrial

Σ PCDDs
Σ PCDFs
Σ dl-PCBs
WHO-TEQ concentration

1154 ng kg-1 d.w
77.41 ng kg-1 d.w
164 ng kg-1 d.w
10.45 ng TEQ kg-1 d.w.

1

Poland

Włocławek Reservoir

Agricultural/industrial

Σ PCDDs and PCDFs

515.30-764.85 ng kg-1 d.w

3

Poland

Jeziorsko Reservoir

Agricultural/industrial

Σ dl-PCBs

121.36 ng kg-1 d.w

29

Poland

Sulejów Reservoir

Agricultural/rural

Σ PCDDs and PCDFs

175.95 – 224.15 ng kg-1 d.w

30

Poland

Barycz Reservoir

Agricultural/rural

Σ PCDDs and PCDFs
WHO-TEQ concentration

213.727 ng kg-1 d.w
2.323 ng TEQ kg-1 d.w.

31

Poland

Barycz Reservoir

Agricultural/rural

Σ dl-PCBs

350.06 ng kg-1 d.w

32

use of the reservoir may also contribute to the contaminant loading. Another important contribution to the environmental pollution of Sulejów Reservoir originates from
domestic and municipal sources. Some amount of contami-

nants, such as PCDDs, PCDFs and dl-PCBs, are being released as an untreated sewage from cities situated along
Pilica River (Pilica, Szczekociny, Koniecpol and
Przedbórz). Moreover, favorable geographical conditions,
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including mild climates and fertile soils resulted in the
agricultural use of reservoir and river catchments (50%
arable land, 13% meadows and pastures, 1% orchards)
[7].
The catchment land-cover of KR is mainly dominated
by moderately to intensively cultivated subsistence based
cropland, grazing land, settlement areas and eucalyptus
trees. The highland part is covered by shrubs and grass.
KR is constructed on the Awash River and transports
contaminants from Addis Ababa – the biggest city in
Ethiopia. Thus, the pollution level in KR may be considered to be a result of agricultural impact of its catchment as
well as disposal of municipal sewage to the Awash River.
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ABSTRACT
Effects of incubation time (5-150 days) and moisture
(75% field capacity, wetting-drying cycle and flooding)
on the redistribution of copper (Cu), lead (Pb), cadmium
(Cd) and mercury (Hg) in a loessial soil of China were studied. The amounts of metals spiked were 100 mg·kg-1 for
Cu and Pb, 2 mg·kg-1 for Cd and Hg, respectively. Metals
in the incubated soil samples were fractionated termly from
5 to 150 days by the sequential extraction procedure, where
the speciation of metals were experimentally defined as exchangeable, carbonate-, Fe-Mn oxide-, organic matterbound and residual fractions. The heavy metals spiked in the
soil were time-dependently transferred from the easily extractable fractions (the exchangeable and carbonate-bound
fractions) into less labile fractions (Fe-Mn oxide- and the
organic matter-bound fractions). No significant changes were
found in the residual fractions during the whole incubation.
The decreases of metals in exchangeable fraction during
the incubation could be simulated by a diffusion equation,
and the decrease rates were applied to reflect the transformation rates of metal speciation among varying moisture treatments. For Cu, Pb and Cd, the transformation rate
generally followed the order: flooding
wetting-drying
cycle 75% field capacity. The soil under flooding treatment had higher metal reactivity for Cu, Pb and Cd, resulting in the more complete movement of these metals
toward stable fractions. However, such phenomena for Hg
were not observed. It seemed that moisture effect on Hg
speciation was not as significant as on Cu, Pb and Cd.
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been commonly utilized in China arid and semi-arid zone
areas [1-5]. However, prolonged irrigation with treated sewage effluents resulted in the accumulation of heavy metals
in the top 0-20 cm layer of soils, leading to increased uptake of heavy metals by crops and their possible introduction to animals and humans through the food chain [6-8].
Anthropogenic heavy metals in soils are gradually transferred and repartitioned among the solid-phase components of the soils [9-14]. The time influence on the metal
transformation is attributed to reactions between metals
and soils mainly including adsorption/desorption, dissolution/precipitation and complexation of metal ions on the
soil particle surfaces, as well as metal diffusion into soil
mesopores and micropores [15-18].
Soil moisture is one of the most important factors in
controlling the physical, chemical, and biological properties of soils. It influences pH, redox potential (Eh), organic
matter and CaCO3 content of soils, which are related to the
transformation of metal fractions, and hence indirectly affect
the mobility and bioavailability of heavy metals [19-21]. In
irrigated soil, the metal speciation is likely to undergo
changes among various moisture conditions. These situations frequently occur under different irrigation regimes.
The redistribution of anthropogenic heavy metals added to
semi-arid zone soil under varying moisture conditions is
not well understood. Thus, this study was designed to assess solid-phase redistribution of Cu, Pb, Cd and Hg spiked
in a loessial soil (one of the main typical semi-arid soils in
northwest and north China) during 150-day period of incubation under three moisture treatments, and to further
evaluate the extent of moisture effect on the fractionation
of heavy metals.
MATERIALS AND METHODS

INTRODUCTION
Soil properties

Irrigation with reclaimed sewage water or wastewater
is the most readily available and economically feasible way
to supplement fresh water for agricultural lands, which has

The loessial soil is characterized by its yellow color,
absence of beddings, silty texture, macroporousness, loosely
cemented calcium carbonate, and wetness-induced collapsi-
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bility, and it is one kind of typical semi-arid soils in China
that covers a total area of over 62,000 km² in the upper
and middle Yellow River Basin [22].
In this study, the soil samples (topsoil, a depth of 020 cm) were collected from Changwu Agroecological
Station of Chinese Academy of Sciences, Shaanxi Province, China, where it is in a semi-arid climate, with a mean
annual rainfall of about 437 mm, most of which falls in
intense storms from June to September. The tested loessial
soil is a Calcaric Regosol (FAO-UNESCO), developed from
low fertility loess.
Soil samples were air-dried, ground and sieved through
a 2-mm sieve. Some basic physical and chemical properties
of the soil are shown in Table 1. Soil pH was measured in a
1:2.5 (w/v) ratio of soil to water with a glass electrode [23].
Soil organic matter was determined by oxidation with
K2Cr2O7-H2SO4 [23], CaCO3 by gasometric method [23].
Particle-size distribution was analyzed using the micropipette method [24]. Cation-exchangeable capacity (CEC)
was measured as described by Chapman [25].
Incubation experiment

The incubation experiment was performed with 0.5 kg
(oven-dry weight) soil in plastic beakers. Nitrate salts of
heavy metals Cu, Pb, Cd and Hg in aqueous solution were
added and then mixed with soils thoroughly. The amounts
of metals spiked were 100 mg·kg-1 for Cu and Pb, 2 mg·kg-1
for Cd and Hg (metal/soil), respectively, which represented
the medium contaminated level according to the classifications defined by Samsoe-Petersen et al. [26] and Chinese
Environmental Protection Agency [27]. Then the soil samples were stored at 25 ℃ for equilibration. After 14 days,
tested soil samples were subjected to three moisture treatments:
1. 75% field capacity (75% FC): Incubated in a moisture treatment of 75% field capacity, the soil sam-

ples were weighted every day, and deionized water
was added to keep the soil humidity constant.
2. Wetting-drying cycle (WDC): The soil samples were
incubated under a moisture treatment entailing periodic wetting-drying cycles. Each cycle lasted for 30
days, including 5 days of wetting (field capacity)
and a subsequent 25 days of air-drying.
3. Flooding (FD): Deionized water was added to the
soil samples to form a 5-cm layer of water over the
soils.
During the incubation process, the plastic beakers were
covered with the porous plastic membrane and placed in an
incubator under the constant temperature (25 ℃) and humidity (75%). Each treatment was replicated in triplicate.
At different incubation times, 5th, 30th, 60th, 90th and 150th
days, subsamples were taken from each beaker for the
measurement of total content and speciation of heavy metals. Prior to sampling, each soil sample was mixed completely to ensure homogeneity and representativeness. Besides, a part of the subsample from each beaker was used to
determine the moisture content in order to present the data
on an oven-dry weight basis.
Sequential extraction procedure

The sequential extraction proposed by Tessier [28]
was employed in the current study, except that water was
not used as an extractant because the water soluble fraction was very little in most cases. The chemical reagents,
extraction conditions and corresponding fractions are defined in Table 2.
Extractions were conducted in 100 ml polypropylene
centrifuge tubes. Between each successive extraction, the
supernatant was centrifuged at 4000 rpm for 30 min and
then filtered.

TABLE 1 - The basic physical-chemical properties of the tested loessial soil*

pH

CEC
(cmol·kg-1)

CaCO3
(g·kg-1)

8.460
21.76
198.2
* Data are the means of three replicates.

Organic
matter
(g·kg-1)
13.71

Particle-size distribution
(g·kg-1)
Clay
Silt
Sand
249.6
462.4
288.0

Concentration of metals (mg·kg-1)
Cu
28.95

Pb
29.90

Cd
0.1994

Hg
0.1862

TABLE 2 - Sequential extraction procedure and the corresponding fractions
Step
1
2

Fraction
Exchangeable (EXC)
Carbonate-bound (CAR)

3

Fe-Mn oxide-bound (OX)

4

Organic matter-bound (OM)

5

Residual (RES)

Extraction procedure
2 g of soil sample (oven-dry weight), 16 ml 1.0 mol·l-1 MgCl2, pH 7, shake 1h, 20 ℃
16 ml of pH 5, 1.0 mol·l-1 sodium acetate, shake 5 h at 20 ℃
40 ml of 0.04 mol·l-1 NH4OH·HCl in 25% (v/v) acetic acid at pH 3 for 5 h at 96 ℃ with occasional
agitation
6 ml of 0.02 mol·l-1 HNO3 and 10 ml of 30% H2O2 (pH adjusted to 2 with HNO3), water bath, 85℃
for 5 h with occasional agitation. 10 ml of 3.2 mol·l-1 NH4OAc in 20% (v/v) HNO3, shake 30 min.
Dried in a force-air oven at 40 ℃, 24 h. Subsamples after sieving with 0.15 mm openings were
used for determining Cu, Pb, Cd and Hg contents.
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TABLE 3 - Sum of metals extracted by the sequential procedures over incubation
compared with the total metal concentration in the soils during the whole incubation period
Measured total a
Sum of fractions b
Recovery c
Mean ± SD
CV
Mean ± SD
CV
%
mg·kg-1
%
mg·kg-1
%
75% FC
125.0±8.6
6.9
125.0±8.8
7.0
101.7
Cu
100.0
WDC
137.9±7.7
5.6
149.5±6.9
4.6
112.2
FD
121.2±8.2
6.8
133.5±6.8
5.1
98.6
75% FC
131.6±12.4
9.4
139.0±5.9
4.2
98.1
Pb
100.0
WDC
130.5±9.0
6.9
121.5±11.3
9.3
97.3
FD
150.8±15.4
10.2
137.4±6.8
4.9
112.4
75% FC
2.2±0.1
5.9
1.9±0.2
10.5
98.7
Cd
2.0
WDC
2.4±0.1
1.2
2.3±0.3
13.0
107.6
FD
2.4±0.1
3.6
2.4±0.2
8.3
107.6
75% FC
2.2±0.1
5.9
2.4±0.1
4.2
101.0
Hg
2.0
WDC
2.0±0.2
9.5
2.1±0.1
4.8
91.8
FD
2.3±0.2
10.1
2.5±0.3
12.0
105.6
a
Measured total: the measured total metal concentration in soil samples during the incubation
b
Sum of fractions: the sum of the metal concentration in individual fractions extracted by the sequential procedures during the incubation
c
Recovery (%) = Measured total / (metal in native soil＋added metal) × 100.
d
RE (relative error) (%) = (Sum of fractions – Measured total) / Measured total × 100.
Metal

Addition
mg·kg-1

Moisture
treatment

RE d
%
0.0
8.4
10.1
5.6
-6.9
-8.9
-13.6
-4.2
0.0
9.1
5.0
8.7

RESULTS AND DISCUSSION

Metal determination and quality control

Total contents of Cu, Pb and Cd in soils and residual
fractions were determined by digesting 0.5000 g soil samples (oven-dry weight) with HNO 3-HF-HClO 4 (1: 1: 1)
mixture followed by elemental analysis [29, 30], while Hg
was measured after digestion with H2SO4-HNO3-KMnO4
(1: 1: 2) mixture [31]. The concentrations of Cu, Pb and
Cd in all solutions were analyzed by an atomic absorption
spectrophotometer (AA800, PerkinElmer, USA), and Hg
was detected by an atomic ﬂuorescence spectrometer
(AFS9130, Titan, China) equipped with a mercury hollow-cathode lamp.
All the reagents used for analysis were of analytical
grade or better. All containers were soaked in 10% HCl,
rinsed thoroughly in deionised water and dried out before
use. The standard substances (geochemical standard reference sample soil in China, GSS-1) were used to examine
the precision and accuracy of determination. As a check
for the reliability of sequential extraction procedure, the
relative errors (REs) between the sum of the metal concentration in individual fractions and the measured total
metal concentration in soil samples were calculated and
ranged from -13.6% to 10.1%, and the sums of extracted
metal fractions over the experimental period were fairly
constant (coefficients of variation, CV 13%) (Table 3).
Therefore, it is more convenient to use fractional distribution patterns to study the transformation of metals with
time, and the percentages of metals in different fractions
were used to reflect the metal redistribution in the incubated soil samples.
Statistical Analysis

Statistical analysis and data regression were performed
using the software of SPSS 17.0 for Windows.

Long-term transformation of spiked metals

Fig.1 shows the time-dependent fraction changes of Cu,
Pb, Cd and Hg in the loessial soil incubated from 5 to
150 days. Results revealed that incubation time affected
the fraction distribution of heavy metals significantly (P
0.05).
After 5-day incubation, the proportions of exchangeable Cu among three moisture treatments ranged from
14.85-20.23% and relatively less proportions ( 18%) of
exchangeable Pb were observed, whereas almost 22% Cd
and Hg presented in the EXC fractions. As the incubation
time prolonged, metals in the EXC fractions decreased
significantly and consistently (P
0.05). From 5 to 150
days, more than 20% exchangeable Cu, Pb and Cd transformed into other fractions, respectively, and the decline
of EXC fractions were more noticeable under flooding
treatment. The proportions of Hg in the EXC fractions
diminished by approximate 25% and had almost the same
decline under three moisture treatments.
Metal bounded to carbonate occupied the greatest
proportion among fractions. During the whole incubation
period, 33-40% Cu and Pb together with 40-50% Cd and
Hg occurred in the CAR fractions. The changes of this
fraction with time were inconsistent among three moisture
treatments. In general, the proportions of CAR fractions
ascended at the beginning, reached the maximum during
the incubation time of 30-60 days and then declined slightly
under 75% field capacity and wetting-drying treatments,
whereas they (except for Hg) monotonically decreased
throughout the whole incubation period under flooding
treatment.
Metals in the OX and OM fractions had remarkable
growth during the incubation. After 150-day incubation,
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FIGURE 1 - Metal distribution into separate fractions in the loessial soil during the incubation process.

the proportions of Cu, Pb, Cd and Hg bound to Fe-Mn
oxide fluctuated in 19-27% among varying moisture treatments. Compared with OX fractions, the OM fractions
accounted for a low percentage among the sum and varied
from 6-17%. Moreover, the proportions of Cu, Pb, Cd and
Hg in RES fractions were less than 17%, 14%, 5% and 8%,
respectively, and remained almost unchanged during the
incubation.
The above results indicated that, through the incubation period, spiked heavy metals transformed slowly from
the EXC fraction and a small extent of CAR fraction into
the OX and OM fractions. Accordingly, the metals added
in soluble form were gradually transferred from the more
labile fractions into the more stable fractions. These metals might be retained by soil components in the near surface soil horizons or could precipitate and/or co-precipitate
as sulphides, carbonates, oxides or hydroxides with Fe, Mn
and Ca. No significant differences in the metal concentrations of the RES fraction were observed in soil samples,
which meant the added metals hardly entered the crystalline lattice over 150-day incubation.
Throughout the whole incubation period, spiked metals acquired a distribution dominated by their presence in
the CAR fraction. It could be concluded that in this study,
the spiked metals were preferentially bound to the carbonate fraction, which was probably ascribed to high pH

and the existence of abundant carbonate in the loessial soil.
Carbonate minerals in soils can have direct or indirect influences on metal solubility: direct through their surface interactions and indirect through their pH effect on other soil
constituents [32]. It was suggested that CaCO3 surfaces provided sites for metal surface interactions via specific adsorption or precipitation reactions [33], and the presence
of metal in this fraction might indicate a pH suitable for
metal precipitation [34]. Similar behaviors of metal distribution were observed in arid-zone soils fortified with soluble salts under the saturated regime [35] and in sludgeamended soils in the field [11].
Transformation rate among moisture treatments

Most of the anthropogenic heavy metals are adsorbed
rapidly on the soil surfaces as the exchangeable form and
then slowly transformed into stable forms with time [36].
Generally, the exchangeable form is considered readily
mobile and easily bioavailable, and thus it deserves a serious concern.
As mentioned above, it was clear that the exchangeable metal concentrations decreased consistently with incubation time. By plotting the natural logarithm of the
metal concentration in EXC fraction against the incubation time, a linear regression equation could be simulated
as follows:
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centration is constant, the diffusion equation (3) in the early
stages can be expressed as follows:

(1)

ln Cm = A + BT

where Cm is the metal concentration (mg·kg-1) in the
EXC fraction, A and B are constants relate to the properties of soil and heavy metals, and T is incubation time
(Days). As illustrated in Fig. 2, the coefficients of determination (R2) were from 0.9217 to 0.9977 (n=5, P
0.05),
which manifested the linear fits were satisfactory.

⎡
6
C
= a + b t , ⎢b =
Ct
π
⎢⎣

(2)

which is one of the solutions for the diffusion equation [37, 38]:

∂C
∂ 2C 2 ∂C
= D( 2 +
)
∂t
∂r
r ∂r

Obviously, the change of metal in the EXC fraction
was related to the transformation of metal speciation during
the incubation period. We defined that the absolute value
of the constant B in equation (1) as the transformation rate,
which was used to compare metal distribution behaviors
under three moisture treatments. Seen from Fig.2, transformation rates of Cu, Pb and Cd were in the order: flooding
wetting-drying cycle
75% field capacity, while
little changes of transformation rates were observed for Hg
among different moisture treatments.

(3)

where C is the concentration of diffusing substance, t
is contact time, D is the diffusion coefficient and r is the
radius of the spherical particle. The equation (3) demonstrated that the overall decrease rate of the exchangeable
metal was mainly controlled by the metal diffusion into soil
mesopores and micropores. Additionally, if the surface con-
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(4)

where C is the concentration of heavy metals which
diffuse into micropores, Ct is the total concentration of
heavy metals added to soils, t is time, a is a constant which
may present the proportion of the heavy metals tightly retained by surface complexation but unextractable with
MgCl2 extraction, and D/r2 represents the relative diffusion
rate coefficient.

The equation (1) can be expressed in another way:

Cm = A exp( BT )

⎛ D ⎞ ⎤
⎜ 2 ⎟ ⎥
⎝ r ⎠ ⎥⎦
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FIGURE 2 - Decrease of Cu, Pb, Cd and Hg in EXC fraction as a function of the incubation time.
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FIGURE 3 - Effect of soil moisture on fraction distribution of Cu, Pb, Cd and Hg after 150-day incubation. Bars within a fraction with the
same letter are not significant at the 0.05% level. Error bars denote standard deviation (n=3).

Effect of soil moisture on the metal speciation

After 150-day incubation, the distribution of heavy
metals in five fractions a shown in Fig. 3. It was obvious
that, among three soil moisture treatments, Hg in five
fractions did not differ significantly (P 0.05). The proportions of Cu, Pb and Cd in the EXC fractions under three
moisture treatments were in the order: 75% field capacity
wetting-drying cycle
flooding. Besides, there were
notable increases of OM and OX fractions along with decreases of CAR fractions under flooding treatment, whereas no significant differences in the RES fractions presented
among moisture treatments.

On the other side, with decrease of Eh in flooded soil,
the solubility of Fe and Mn increases by a reductive dissolution process [41]. As a result, the breakdown of Fe and
Mn occurred and created surfaces with high adsorptive capacity for metals [42, 43], and hence, this process decreased
their concentrations in the EXC fraction and increased their
OX fractions correspondingly (Fig.3). Furthermore, the
microbiological immobilization and the antagonistic effect
of increased concentration of extractable iron, manganese
and phosphorus have also been suggested as the possible
reasons for the observed decrease of the content of extractable metals in flooded paddy soil [44].

The effect of moisture treatments on the redistribution of heavy metals in the loessial soil might be mainly
related to the changes of pH, Eh and hydrous oxides in
varying soil-water systems. When oxidized alkaline loessial
soil samples were submerged, they become anaerobic and
reduced, and the pH tends to converge to neutrality via the
H2CO3-HCO3- reaction [39]. Carbonate compounds dissolve
easily by lowering the pH of soil-water system, so that
metal bound to carbonate in calcareous soil is more susceptible to pH decrease [40], which could explain the metal
concentrations of CAR fractions decreased under flooding
treatment.

In addition, the OM fractions of Cu, Pb and Cd in
flooded soil increased significantly (Fig.3), perhaps due to
the metal-organic complex formation. As known, metals are
more tightly bound by organics under anoxic conditions,
compared with oxic conditions where degraded sediment
material has a tendency to decrease and the humic materials
may become structurally less complex [45, 46]. Moreover,
insoluble sulfide forms of metals would generate in reductive conditions driven by flooding, which could be one of
the reasons why heavy metals exhibit low mobility in waterlogged soil. Most metal sulfides are highly insoluble,
and under the indirect effects of flooding conditions (low
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Eh), sulfate ions are reduced to the sulfide form, which
might form a complex with heavy metals and immobilize
them as sulfide salts [46, 47].
However, influences of moisture treatments on Hg
fraction distribution were not as significant as on Cu, Pb
and Cd. Possibly, the extent by which the above processes
proceeded was too limited to be detectable, or the experimental variations might have masked the differences among
moisture treatments.
CONCLUSIONS
Heavy metals Cu, Pb, Cd and Hg added to a Chinese
loessial soil in soluble form under 75% field capacity,
wetting-drying cycle and flooding treatments were transformed slowly from the exchangeable and carbonate-bound
fractions into more stable fractions (Fe-Mn oxide- and organic matter-bound), whereas their residual fractions barely
changed. Metals in exchangeable fraction decreased with
time and such decreases could be simulated by a diffusion
equation. Besides, the transformations of Cu, Pb and Cd
from the EXC fraction into other fractions during the
incubation period was relatively easier in the flooded soil
compared with other two moisture treatments, resulting in
the more complete movement of these metals toward stable
fractions. However, moisture effect on Hg fraction distribution was not significant.
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IRON ELECTROCOAGULATION MECHANISM
FOR ARSENIC REMOVAL FROM AS-CONTAMINATED
GROUNDWATER USING IRON ELECTRODES
Tanga Lafouet Nadège, Yanxin Wang*, Xianjun Xie and Mupenzi Jean de la Paix
MOE Key Laboratory of Biogeology and Environmental Geology & School of
Environmental Studies, China University of Geosciences, 430074 Wuhan, PR China

ABSTRACT
The suitability of electrocoagulation using iron electrodes (Fe0 EC) for arsenic (As) removal from real groundwater was tested. Many previous works on As removal via
Fe0 EC have been investigated using As-synthetic solutions. However, their results can differ from those conducted using real groundwater because of the presence of
various water species that can interfere with As removal
as well as with the end-product formed. The impacts of (i)
the initial pH value (4.0 - 8.0), (ii) the applied voltages (5 25 V) and (iii) the duration of the experiment (5 - 30 min)
were investigated to access the efficiency of Fe0 EC for
As removal from groundwater. It was observed that As
removal was quantitative (> 99 %) under all tested experimental conditions. Accordingly, the lowest voltage
(5 V), and shortest process time (5 min) were sufficient
for quantitative As removal with low power consumption (0.42 kWh/m 3). Analysis of the electrochemically
generated flocks by SEM/EDAX and XRD revealed high
weight percent of As in the flocks (2.64 wt %) and the
presence of feroxyhyte {Fe3+O(OH)}. These results confirmed adsorption and co-precipitation as fundamental
mechanism of aqueous arsenic removal by Fe0 EC.

KEYWORDS: Arsenic removal; electrocoagulation; iron electrodes; groundwater

INTRODUCTION
The acute scarcity of safe water supply and improper
water resource management has resulted in the consumption of highly arsenic-contaminated groundwater throughout the world. In Datong basin of Shanxi province, located
in the arid/semiarid region of North China, more than ten
thousand of its population was exposed to dangerously
high-arsenic poisoning emanating from the use of arsenic-

contaminated groundwater for drinking and irrigation
purposes. Thorough investigations conducted at different
locations in this area showed elevated arsenic concentration
in groundwater up to 1820 µg/L, with significant average
concentration of 300 µg/L, exceeding very far the Chinese
national standard of 50 µg/L and much higher than the
World Health Organization (WHO) arsenic level of 10 µg/L
[1-3]. Therefore, efficient and affordable technologies are
necessary to solve the arsenic crisis at rural scale.
In recent years several works have been published on
As removal and technologies at small scales as well as
household levels have been reported [4-9]. Among them,
filtration on Fe0-based materials has been established as a
very efficient, affordable and sustainable technology [10,
11]. Electrocoagulation (EC) for As-water decontamination has nowadays attracted great attention in the scientist
community as an environmental friendly, efficient, costeffective and easy to operate treatment method. EC has been
extensively used to treat various types of water/wastewater
[12-17]. However, Fe0 EC is a complex process based on
the continuous in situ generation of chemical coagulants
in the contaminated influent. Most research works on As
removal via Fe0 EC have been focused on the removal
efficiency of the noxious element and the investigation of
parameters reported to hinder As removal, whereas up to
date the mechanisms implicated in the Fe0 EC process are
not obviously understood. Large ambiguities still exist in
the literature about the mechanisms involved in an electrocoagulation process using iron electrodes while wealth
knowledge about aluminum EC exists in literature [18-23].
Moreover, very dearth knowledge about As removal from
real groundwater using Fe0 EC exists in the literature. Most
investigations have been performed using As-synthetic
solutions. However, their results can differ from those
conducted using real groundwater because of the presence
of various water species that can interfere with As removal
as well as with the end-product formed. The present study
aims at testing electrocoagulation using iron electrodes
(Fe0 EC) for As removal at community level from groundwater intended for human consumption, as well as contributing to the Fe0 EC mechanism.
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MATERIAL AND METHODS
Reagents

The groundwater sample used in this work was collected from Datong basin and its characteristics are summarized in Table1. The pH of the solution was adjusted to
the desired value by adding minimum amounts of 0.2 M
NaOH and/or H2SO4. The ionic conductivity of the solution was increased by adding 0.5 M Na2SO4 in order to
facilitate the passage of current, therefore minimizing the
energy consumption.
TABLE 1 - Chemical composition
and characteristic of raw groundwater.
Parameters
Alkalinity
pH
Eh
Ec
Fluoride
Chloride
Nitrate
Sulfate
Potassium
Sodium
Calcium
Magnesium
Copper
Cobalt
Arsenic
Iron
Manganese
Chromium
Aluminum

Concentrations
249 mg HCO3- /L
7.97 - 8.05
-134.4 mV
432 µS/cm
0.10 mg/L
13.2 mg/L
<0.1 mg/L
1.40 mg/L
0.12 mg/L
34.4 mg/L
13.6 mg/L
18.7 mg/L
3.3 mg/L
0.10 mg/L
349 µg/L
125 µg/L
78.1µg/L
80 µg/L
62.7µg/L

Equipments

Electrocoagulation experiments were performed in a
250 mL glass beaker, equipped with a pair of iron plate
electrodes spaced by 2 cm, both having the same dimensions of 30 mm x 110 mm x 15 mm. The EC experimental
setup is shown in Fig.1. The applied current and cell voltage in the EC unit was monitored by means of a high precision direct current (DC) power supply characterized by

the ranges 0.1-10 A for current and 0-30 V for voltage. A
magnetic stirrer was used to homogenize the solution and
the stirring speed was set at 200 rpm. The pH and conductivity of the working solutions and filtrates were measured using respectively a pH meter (HI 98128) and conductivity meter (HI 8733). Filtration was done with a
vacuum pump using 0.22 µ pore size filter papers.
Experimental protocol

At the beginning of each EC run, 200 mL of the
groundwater sample with known concentration was fed into
the reactor. The pH of the solution was adjusted to the
desired value by adding minimum amounts of 0.2 M NaOH
and/or H2SO4. In order to increase the ionic conductivity
of the solution, 0.5 M Na2SO4 was added to the solution,
which not only minimized the energy consumption, but
also prevented the formation of oxide layer on the anode,
therefore reducing the passivation of the electrodes. At the
end of each experiment, the electrolyzed solution was
settled for 30 minutes and then filtered prior to analysis to
eliminate sludge formed during electrolysis, which was
further dried. Experiments were performed at room temperature of 23±2ºC. In order to reach the objectives, different parameters (initial pH, applied voltage and EC time)
were varied during the experiments.
Two sets of experiments were conducted: the first one
by varying the groundwater’s initial pH from 4.0 to 8.0,
whilst the applied voltage was held at 20V; and the second
one by varying the applied voltage from 5 to 25 V, whilst the
solution’s pH was maintained at 4.0 and throughout these
experiments the EC time was varied from 5 to 30 min, and
the conductivity of the solution set at 2.90 mS/cm. Moreover, during this treatment process filtration was operated 4
times/experiment since oxidation continuously occurred
in the electrolyzed solution.
Analytical procedures

Total arsenic concentration in the raw groundwater
and filtrate was analyzed via hydride generation atomic
fluorescence spectrometry (HG-AFS). The detection limit

FIGURE 1 - Electrocoagulation experimental set-up
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for As was 0.1µg/L. The analysis of total iron concentration generated by the EC unit and other elements present
in the groundwater were conducted using inductively coupled plasma-atomic emission spectrometry (ICP-AES). The
detection error was <5%. The flocks obtained at the end of
EC process were dried in a Freezer Dryer ALPHA 1-2 LD
plus CHRIST company (Germany) and analyzed by scanning electron microscopy coupled with energy dispersive
spectroscopy (SEM/EDAX) to determine their morphology and chemical composition. Additional characterization
was conducted by X-ray powder diffraction (XRD) to
determine their crystallinity.

photeric nature of Fe(OH)3 (s), the species Fe(OH)4- is
likely to be formed at pH > 9 and is unable to form flocks,
hence ineffective in As removal [28]. Nevertheless, this
arsenic percent dropped is quite negligible as compared to
the groundwater initial As concentration of 349 µg/L.
Therefore it is likely to say as Kumar et al., [13] that there
is no significant effect of initial pH on arsenic removal via
Fe0 EC (at pH > 4.0).

RESULTS AND DISCUSSION
Arsenic removal efficiency

Generally, an increase of the solution pH with increasing experimental duration was observed at all tested
initial pH values. The pH increase was ascribed to the
well-documented increased alkalinity at the cathode due
to the formation of hydroxyl ions as shown in eq. (1) [12,
13, 24]. With the application of cell current, these ions
will migrate to the anode, thus raising the pH at the anode
which becomes higher than that of the bulk solution and
favoring the formation of ferric hydroxides [25] (Formation of ferric hydroxides is quantitative for pH > 4.0).

−
−
2 H 2O (l ) + 2e → H 2( g ) + 2OH (aq)

(1)

Fig.2 depicts changes in the pH of raw groundwater
after electrocoagulation at different initial pH values and
electrolysis times. A slight increase in pH might also be
expected owing to the sorption reactions of As (V) and As
(III) [26]. The increasing rate was remarkably faster when
the system was allowed to run for 15 min, whereas it
slowed down at lower pH (4.0 and 5.6) and even dropped
a bit at pH 7.0 and 8.0; when the system was left for 30
min as compared to that observed at 15 min EC. The
reason for this pH decrease when the EC time was 30 min
may be related to the consumption of some hydroxyl ions
to form iron hydroxides [27] as the treatment time was
left too long.
Table 2 displays the result of As removal efficiencies
obtained in the initial pH range 4.0 – 8.0 and final pH
range 6.0 – 9.7. As it can be seen from this table, at initial
pH 4.0 and 5.6 and for all treatment periods, complete As
removal (100 %) was achieved, which could be explained
by the extremely high amount of coagulants dissolved
from the iron electrodes to successfully destabilize the
metallic hydroxide species during EC process. However,
the removal efficiency slightly decreased to 99.99% for
the experiments performed at initial pH values of 7.6 and
8.0. This is probably due to that, at these initial pH values,
the solution pH increased reaching a maximum of 9.7
which is a threshold pH medium suitable for the formation of Fe(OH)4- complex. In fact, because of the am-

FIGURE 2 - pH changed during electrocoagulation process (initial
As concentration, 349 µg/L; applied voltage, 20V; conductivity,
2.90 mS/cm)
TABLE 2 - As removal efficiencies obtained in the initial pH range
4.0 – 8.0 and final pH range 6.0(1)
– 9.7 at different EC times
Initial pH
4.0
5.6
7.0
8.0

EC time
(min)
5
15
30
5
15
30
5
15
30
5
15
30

As removal
efficiency (%)
100
100
100
100
100
100
99.9966
99.9997
99.9997
99.9923
99.9991
100

Final pH
6.0 ± 0.4
7.1 ± 0.2
7.2 ± 0.1
6.5 ± 0.2
7.5 ± 0.3
7.7 ± 0.1
8.4 ± 0.3
9.5 ± 0.1
9.3 ± 0.1
8.9 ± 0.5
9.7 ± 0.2
9.6 ± 0.2

It was observed that complete As removal from
groundwater was obtained at all tested applied voltages and
EC duration. Table 3 illustrates the removal efficiencies
of As from groundwater as a function of EC time for the
tested applied voltages. These results imply that neither the
applied voltage nor the EC treatment time has any influence on arsenic removal from groundwater using iron electrodes, since complete arsenic removal was observed at
both low and high voltages, applied for both short and long
EC treatment times. Accordingly, the lowest voltage (5 V),
and shortest process time (5 min) are sufficient for quantitative As removal. Previous works by other authors reported
almost similar results that the applied current density (or
voltage) has no significant effect on arsenic removal efficiency [13, 16, 29]. So, it is credible to say as Kumar et
al. [13] that As (III) might be oxidized into As (V) during
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electrocoagulation process. Dinesh and Pittman [30] reported that dissolved oxygen causes partial oxidation of
As (III) during Fe2+ oxidation. Moreover in this treatment
process, the electrolyzed solution was filtered 4 times after
each EC run as oxidation continuously occurred in the
solution; and in view of the As removal percentage obtained, it might therefore be said that filtration also promoted arsenic removal from the groundwater.
TABLE 3 - As removal efficiencies obtained at different
applied voltages, EC times, and at the final pH range 6.8 – 7.9
voltage
(V)
5

10

15

25

EC time
(min)
5
10
20
30
5
10
20
30
5
10
20
30
5
10
20
30

As removal
efficiency (%)
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Final pH
7.9 ± 0.1
7.5 ± 0.1
7.3 ± 0.1
7.2 ± 0.1
7.1 ± 0.1
7.0 ± 0.1
7.1 ± 0.1
7.2 ± 0.1
7.0 ± 0.1
6.9 ± 0.1
6.9 ± 0.1
6.9 ± 0.1
6.8 ± 0.1
6.8 ± 0.1
6.8 ± 0.1
6.8 ± 0.1

prismatic morphology. The elemental composition by weight
and atomic percents of the flocks, determined by energy
dispersive X-rays analysis is presented in Table 4. As
shown in Fig.3, the EDAX spectrum points out the presence of iron, arsenic, aluminum, silicon and copper coated
at the surface of the EC generated flocks. The presence of
Al, Si, and Cu in the sludge may originate from the adsorption of scrap impurities of the iron electrode materials
and the sand paper used to polish these electrodes. The
high concentration of Fe confirms its dissolution from iron
anode. Another possible source of Fe, Al, and Cu was the
groundwater sample. The result shown by EDAX analysis
reveals that the wt. % ratio between Fe and O is 30.91:36.26,
thus confirming the possible formation of iron hydroxide/
oxyhydroxide compounds. The weight percent of arsenic
(2.64 wt. %) provides direct evidence that arsenic was
highly entrapped on the surface of these iron hydroxides/
oxyhydroxides, thus revealing its removal from groundwater via electrocoagulation by sorption/co-precipitation
mechanism.
TABLE 4 - EDAX result of the elemental
composition of the flocks in weight and atomic percents
Element
C
O
Cu
Al
Si
Fe
As

Characterization of the EC generated flocks
Scanning electron microscopy and energy dispersive spectroscopy (SEM/EDAX)

The micrograph in Fig.3 shows the morphology of
the Fe0EC generated flocks and it can be observed that the
aggregates formed present continuous flake-shaped prismatic appearances with diameters of about 1 µm, indicating that the final crystallographic feature of the flocks is

Wt%
14.61
36.26
14.68
0.37
0.53
30.91
2.64

At%
28.06
52.28
5.33
0.32
0.44
12.77
0.81

X-ray powder diffraction (XRD)

The XRD analyses were carried out with a Philips X’
Pert MPD system operated at 40 kV and 40 mA and the
diffractogram is shown in Fig.4. The diffractogram depicts

FIGURE 3 - SEM morphology of the EC generated flocks coupled with EDAX spectrum (initial As concentration, 349 ug/L; conductivity, 2.90 mS/cm; initial pH 4.0; applied voltage; 15V and EC time, 30 min)
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FIGURE 4 XRD diffractogram of the EC generated flocks (initial As concentration,
349 µg/L; conductivity, 2.90 mS/cm; initial pH 4.0; applied voltage; 15 V and EC time, 30 min)

four major broaden peaks at 30, 40, 53, and 63 degrees
2θ, respectively, with different d-spacing values, all corresponding to iron oxyhydroxide known to be feroxyhyte,
{Fe3+O(OH)}.This observation shows that the samples
were pure, so far as no particular impurity that could affect
the final nature of the iron EC by-product was detected.
Arsenic should have been removed from the groundwater
by sorption/co-precipitation on the surfaces of the formed
iron oxyhydroxides.
0

Fe EC mechanism for As removal

Fe0 EC is a complex process based on the continuous
in situ generation of chemical coagulants in the contaminated influent. Up to date the mechanisms implicated in
Fe0 EC process are not really understood while wealth
knowledge about aluminum EC exists in literature. Large
ambiguities still exist in the literature about the mechanisms involved in the electrocoagulation process using
iron electrodes. A sympathetic knowledge of the form of
iron that dissolves from the anode in an electrochemical
cell is quite complex due to the two oxidation states of
iron species (ferrous Fe2+ and ferric Fe3+) that can be present in solution. It is obvious to be sure of the dissolved
form of iron into the electrolyzed solution that might
determine the by-product formed at the end of the EC
process. Some authors presumed that iron dissolution
from anode releases Fe2+, while others asserted that the
iron form that dissolves be Fe3+ [21, 23]. Recent works by
Heidmann and Calmano [31] demonstrated that the voltage is decisive for Fe2+ or Fe3+.
Based on our observations in the present study, it was
found that the form of iron dissolved from the anode is
Fe2+ and the following mechanism can be assigned to the
formation of the iron hydroxides responsible for the re-

moval of arsenic from groundwater using iron EC. Generally, there are two major reactions governing the entire iron
EC:
(1) Cathodic reduction: At the cathode, hydrogen gas
is evolved with the production of hydroxyl ions (OH-).
−
−
2 H 2O (l ) + 2e → H 2( g ) + 2OH (aq)

(1)

(1)

(2) Anodic dissolution: Once a current is applied at
the DC power supplied, Feo(s) dissolves from the iron electrode. When the experiment is conducted in open air, the
atmospheric oxygen dissolves into the solution, thus acting
as an oxidant, and oxidizes Feo(s) into ferrous ions Fe2+.
o
→ Fe 2 + + 2e −
(aq )
Fe ( s )

(2)

In the vicinity of the medium possible oxidation of ferrous ions (Fe2+) may take place releasing ferric ions (Fe3+)
into the solution. This step was observed at the first 2-3 min
of our experiment with the formation of light-orange precipitate.
In alkaline solution:
+ +1 O
3+ +2
−
+
→
2 Fe(2aq
)
2 2 (g) H 2O(l ) 2 Fe(aq) OH (aq)

(3)

(3)

In acidic solution:
2 Fe2+ + 1 O2 (g)+2 H + → 2 Fe3+ + H 2O(l )
(aq)
(aq)
(aq)
2

(4)

As EC reaction proceeds over time, the two ions (Fe2+
and Fe3+) co-exist in the medium, but the oxidation evolution over time will affect the formation of Fe3+. Fe2+ will
thereafter combine with OH- ions produced at the cathode
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to form ferrous hydroxide Fe(OH)2(s) as green-dark flocks
instead of ferric hydroxide Fe(OH)3(s) deposition as redorange flocks.
2+
−
Fe (aq) + 2OH (aq) → Fe(OH ) 2( s)

(5)

The overall mechanism is:
0
Fe (aq) + 2H 2O (l ) → Fe(OH ) 2( s) + H 2( g )

(6)

However, Fe(OH)2 (s) obtained at the end of iron EC
(eq.(6)) is highly soluble in water having no sorption capacity and needs to be oxidized to insoluble Fe(OH)3(s) capable to sorb/co-precipitate arsenic from water. With the presence of DO, its oxidation is very slow and occurs continuously, requiring enough time for complete oxidation to
occur.
Fe(OH )2(s) + 14 O2 (g) + 12H O(l ) → Fe(OH )3(s)
2
(7)
The ferrous ions and its hydroxides may not only
form Fe(OH)3(s), but other hydroxyl complexes such as
Fe+3O(OH) (feroxyhyte) may be formed as co-products
(eq. (8)).
Fe(OH )2(s) + O2 (g) +H 2O(l ) → Fe(OH )3(s)+FeO(OH )(s)
3+

(8)

Note that Fe O(OH) has been identified in the flocks
by XRD analysis. Many investigators studied the removal
of arsenic from water and reported that As(V) is removed
by co-precipitation with or adsorption on the surface of
Fe(OH)3 (s), hence forming a stable arsenate complex [13,
25, 32, 33]. Kumar et al. [13] and Daneshvar et al. [28] for
instance, stated that As(III) is removed by its oxidation to
As(V) and subsequent adsorption of As (V) on the in situ

generated iron hydroxides.
3−
Fe(OH ) 3( s) + AsO 4(aq) → [ Fe(OH ) ∗ AsO 3−]
4 ( s)
3

(9)

(5)

Iron electrode and energy consumption

The lack of a systematic approach for electrocoagulation reactor design/operation has limited its implementation and some(6)studies have also reported the disadvantages of electrocoagulation process including the issue
of electrodes’ passivation, the loss of electrodes due to
continuous in-situ electro-dissolution, and the high electrical energy cost [19, 21, 34, 35]. In this study, the passivation of the electrodes was resolved by a periodical
alteration of the polarity of the electrodes. However, the
weight of iron electrodes dissolved into the solution was
evaluated using the following Faraday’s law:
ItM
m = (7)
ZF

(10)

(10)

Where, m is the mass of dissolved iron (g); I is the
current (A); t is the contact time (s); M is the molecular
weight of iron (M= 55.85 g/mol); Z is the number of electrons involved in the redox reaction (Z=2); and F is the
Faraday’s (8)
constant (96500 C/mol of electrons).
Fig.5 shows the electrode consumption with respect
to EC treatment time at different applied voltages. It can
be seen from the figure that the amount of iron generated
by the system followed Faraday’s law and increased with
increasing EC time and applied potential. After 5 min the
weight of dissolved iron into the solution was 0.08 g at 5
V; when the DC power supply was set at 25V, it increased
to 0.08 g. After 30 min, it was 0.10 g and 0.79 g at 5 V
and 25 V respectively.

FIGURE 5 - Effect of applied voltage on iron electrode consumption
(initial As concentration, 349 µg/L; initial pH 4.0; conductivity, 2.90 mS/cm)
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FIGURE 6 - Effect of applied voltage on electrical energy consumption
(initial As concentration, 349 µg/L; initial pH 4.0; conductivity, 2.90 mS/cm)

Similarly, the electrical energy consumption was calculated with the commonly used equation:
E = UIt EC

v

(11)

Where E is the electrical energy consumption (kWh/m3),
U the cell voltage (V), I the current intensity (A), tEC is
the time of EC process per second, and v the volume of
the groundwater (m3).
Fig.6. summarizes the variation of electrical energy consumptions with applied potential, corresponding to 100 %
arsenic removal efficiency. It can be seen that an increase
in applied voltage and EC time caused the system to consume more energy as would be expected in any electrolytic processes. This can be ascribed to the increases in the
current intensity passing through the circuit. As shown in
Fig.6, at low voltage the energy consumption was very little
and did not increase much as the electrolysis proceeded. The
energy consumptions were 0.42, 0.94, 1.67 and 2.50
kWh/ m3 at 5 V after 5, 10, 20 and 30 min, respectively.
When the electrical potential was increased to 10 and 15
V the energy consumption increased steadily with increasing EC time. At 25 V the energy consumption lifted up
substantially: the system consumed about 9.38, 21.88,
44.78 and 95.31 kWh/m3 at 25 V after 5, 10, 20 and 30 min,
respectively. These values are too high compared to those
consumed by the same system at the same EC times when
5V was applied. We noticed that during this experiment
high current passing through the system led to heat generation, when high potential and EC treatment time were
applied. And for all the applied potentials, the same arsenic removal efficiency was obtained. Therefore for the
sake of lowering treatment cost and avoiding excessive
heat generation, it is advisable to limit the applied voltage

and also the electrocoagulation time. For this study 5 V of
applied voltage and 5 min could be the optimum conditions to achieve complete arsenic removal with low power
(11) (0.42 kWh/ m3).
consumption
CONCLUSIONS
The study of arsenic removal from groundwater collected at the Datong basin using iron electrocoagulation
method showed its applicability as a cost-effective technology for mitigating As from groundwater. A complete
As removal was achieved at all tested initial pH values,
applied voltages and EC treatment times. Despite the fact
that the initial pH has no significant influence on the removal efficiency, findings show that As removal efficiency
was not affected by the applied voltages and the EC experimental duration. It was also observed that the amount of
electrode dissolution increased with increasing EC time
and as the EC time progressed the system has consumed
higher energy when the initial pH was maintained at 7.0
and 8.0 than that of initial pH of 4.0 and 5.6. For economical reason 5 V of applied voltage and 5 minutes could be
the optimum conditions to achieve complete arsenic
removal. The XRD analysis designates that the EC by-products were amorphous or poorly crystalline in nature showing the presence of feroxyhyte {Fe3+O(OH)}in these flocks.
SEM/EDAX study reveals the presence of As in the flocks,
confirming its removal from groundwater by sorption/coprecipitation mechanism. Also, filtration process operated
4 times/experiment in this study might promote arsenic
removal from contaminated groundwater.
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ABSTRACT
Degradation of a diazo dye of C.I. Reactive Black 5
by photo- Fenton process has been investigated. Response
surface methodology was applied to evaluate the interactive effects of process variables considered as initial concentration of dye, H2O2 and Fe2+ on the process efficiency
in terms of % COD removal, and to optimize the process.
Experimental design using central composite design allowed the development of a second-order model for RB5
degradation. The experimental results satisfactorily fitted
the model predictions. The optimum reaction conditions
to obtain maximum % COD removal were found to be
13.236 mM H2O2, 0.5 mM Fe2+ and 0.1008 mM RB5. The
results suggest that photo- Fenton process is a promising
solution for the degradation of RB5 under both UV and
sunlight.

KEYWORDS: Advanced oxidation processes; Photo-Fenton; Azo
dye; Reactive Black 5; COD removal

INTRODUCTION
A large volume of wastewater generating from dyeing
and finishing processes of textile industry is considered as
one of the most detrimental pollutants to the aquatic environments due to its highly toxic and coloured character.
Textile effluents contain a significant amount of chemicals and unfixed dyes, resulting in aesthetic pollution and
eutrophication in the receiving water-bodies [1, 2]. Reactive dyes, widely used in textile industry to dye cotton,
wool and polyamide fibres, have relatively low dye-fixation
rate in comparison with other dyes, and can react with water
causing dye hydrolysis. As a result, almost 50% of them are
lost in a dyeing process and released into the environment.
Reactive dyes have a variety of functional groups such as
azo, anthraquinone, phthalocyanine, formazin, and oxazine as chromophore [3, 4]. Azo dyes, characterized by the
presence of –N=N– azo bond linking aromatic rings, constitute one of the largest groups of dyes used widely in
dyeing of natural and synthetic materials. Since they have

a complex chemical structure and stability, most of them
are not biodegradable in aerobic treatment condition [5, 6],
and aromatic amines which are more toxic than dye molecules are formed as intermediates under anaerobic conditions by reductive cleavage of the azo bond [7, 8]. Thus, extensive work should be carried out to improve as well as to
develop more effective treatment technologies for the elimination of azo dyes from water-bodies. Besides, growing environmental concerns forced countries to establish stringent
regulations for wastewater discharges. Treatment technologies of dye effluent have long been a basic concern and,
apart from biological treatment, phase transfer and oxidation processes have also been developed [9-11]. But, phase
transfer processes are non-destructive and based on the transfer of contaminants from the water to the adsorbent [12-14].
Among oxidation processes, as recent studies have demonstrated, Advanced Oxidation Processes (AOPs), such as
photocatalysis [15-21], ozonation [2, 22, 23], H2O2/UV photolysis [24] and Fenton as well as photo-Fenton type reactions [25-36], have been successfully applied to treat azo
dyes. AOPs are based on the generation of highly reactive
and non-selective hydroxyl radicals (OH.) which are capable of oxidizing a wide range of organic pollutants. Nonbiodegradable organic compounds can either be mineralized completely or degraded to biodegradable products by
AOPs [37-40]. Among AOPs, photo-Fenton has become a
promising method due to its low treatment cost and the
possibility of using solar light [30].
The combination of Fenton reaction (Eq.(1)) with irradiation by UV light reducing Fe3+ to Fe2+ continuously,
is called photo-Fenton process which yields new OH. radicals (Eq.(2)), and proceeds with these oxidation and reduction reactions to degrade the dye molecules. Thus, sludge
generation due to Fe3+ in Fenton reaction was eliminated.
OH. radicals can also be generated by the photolysis of
H2O2 as given in Eq.(3).
Fe2+ +
Fe

3+

H2O2 → Fe3+ + OH- + OH.

+ H2O + hν → Fe

H2O2 + hν → 2OH

.

2+

.

+ OH + H

(1)
+

(2)
(3)

The objective of this study was to investigate the degradation of a diazo dye, C.I. Reactive Black 5 (RB5), which
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is one of the most widely used reactive dyes for dyeing of
cottons by photo-Fenton process. The interactive effects
of process variables including initial concentration of dye,
H2O2 and Fe2+ on the process efficiency in terms of % COD
removal and optimization of the process were studied by
employing Response Surface Methodology (RSM) which
is a statistical method to optimize the system by considering the relationship between a set of controllable input
variables and the response of interest [41].

% RB =

Co − C
x100
Co

(4)

CODo − COD
(5)
x100
CODo
In these equations, Co and C are the concentrations of
RB5 at t = 0 and t, as well as CODo and COD are the chemical oxygen demand at t = 0 and t.
%COD =

Analytical Methods

MATERIAL AND METHODS
Materials

A commercially available RB5 from DyStar was used
as received and its structure is given in Fig. 1. H2O2 (35 %,
w/w) was obtained from Merck and FeSO4 5H2O (Surechem Products) was used as iron catalyst. NaOH (Sigma)
and H2SO4 (96 % w/w, Merck) were used for pH adjustment. All chemicals were of analytical grade and used without further purification.

Samples of 10 ml were withdrawn at specific time intervals and analyzed to determine the decolourization and
the COD removal efficiencies. The concentration of RB5
was determined by means of a UV-VIS spectrophotometer (Shimadzu UV-VIS 2100S) at λmax = 596.5 nm where
maximum absorbance was obtained. COD of the samples
taken from reaction medium was determined with commercially available test kits (Matriks) by oxidation of samples
with K2CrO7 in H2SO4 and heating for 2 h at 421 K in a
COD reactor (Lovibond ET 108). Then, COD measurements
were carried out by using a photometer (Lovibond PC
Multidirect).
Response Surface Methodology Approach

In this study, a 23 full factorial central composite design (CCD), currently the most popular method of RSM,
with 6 axial points (α = 1.682) and 6 replicates at the
center point was used for response surface modeling. The
expression of 2n + 2n + 6 gives the total number of experiments as 20 for three independent variables (n) chosen as
initial concentration of dye (X1), H2O2 (X2) and Fe2+ (X3),
and five levels (-α, -1, 0, 1, +α ) of them. The response
(Y) was expressed as % COD removal given by Eq. 5.
Experimental range and levels of independent variables
are given in Table 1. For statistical calculation, these variables were coded according to the following equation:

FIGURE 1 - Structure of C.I. Reactive Black 5 (λmax = 596.5 nm,
Mw = 991.82).
Experimental Procedure

The photodegradation of RB5 was carried out in a
stirred batch photoreactor made up of glass. It was an open
jacketed rectangular reaction vessel with 10 cm height
and 20 cm length, and placed on two magnetic stirrers to
ensure continuous and effective stirring. A lamp of 6 W
(Philips TUV) with a wavelength of 254 nm was placed
horizontally over the photoreactor. The batch experiments
were performed by using 1 L RB5 solutions of appropriate
concentrations prepared with distilled water. During photoFenton experiments, predetermined amounts of FeSO45H2O
and H2O2 were added into the RB5 solution, the pH of the
solution was adjusted to 3 by using diluted NaOH or H2SO4
solutions and measured by a digital pH-meter (Hanna pH221). Then, the UV light turned on to initiate the reaction
for 120 min. Solar photo-Fenton experiment was performed
between 12:00 and 14:00 h, on a sunny day in July at Inonu
University in Malatya (38°19′ E, 38°21′ N), Turkey. All the
experiments were carried out at 20±2 °C. The decolourization efficiency and the chemical oxygen demand (COD)
removal efficiency of the samples were calculated from the
equations given below, respectively.

xi =

X i − X i*
ΔX i

(6)

where xi refers to the coded value of independent variable, Xi* is the uncoded value of independent variable at
the center point, Xi is the uncoded value of independent
variable, ΔXi is the step change value and i = 1, 2, 3.
TABLE 1 - Experimental range and levels of independent variables.
Independent Variables
Dye concentration
(X1, mM)
Initial H2O2 concentration
(X2, mM)
Initial Fe2+ concentration
(X3, mM)

-α
0.03202

-1
0.1008

Level
0
0.2017

1
+α
0.3025 0.3712

1.403

4.412

8.824

13.236 16.245

0.0690

0.1786

0.3393

0.5

0.6096

A quadratic equation used to express the behaviour of
the system was given as follows:
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Y= A0 +

k

k

k

i =1

i =1

i =1

∑ Ai xi +∑ Aii xi2 +∑ Aij xi xij +ε

(7)
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where Y is the predicted response, Ao is a constant,
Ai, Aii and Aij are the linear, cross product and quadratic
term coefficients, respectively, and ε is the error. A multiple regression analysis was performed to determine the
coefficients and equation giving predicted response.
The planning of experimental runs was made by using CCD. The quadratic equation and response surfaces
were obtained by using The Design Expert software (Version 8, Stat-Ease Inc., Minneapolis, USA).
RESULTS AND DISCUSSION
Decolorisation of RB5

As shown in Fig. 1, the dye molecule is characterized
by the presence of two –N=N– azo bonds linking aromatic
rings of benzene and naphthalene. The chromophore of
RB5 dye absorbs in visible region (596.5 nm) and aromatic
groups have absorption in UV region. Figure 2 presents the
UV-visible spectrum of RB5 recorded between 200 and
800 nm at different irradiation times. The disappearance of
the characteristic absorbance peak at 596.5 nm demonstrates
that decolourisation of RB5 was complete within 5 min, indicating the breakdown of the chromophore group. Besides,
a significant decrease occurred in the absorption region
below 300 nm [42].

ues are given in Table 2. It can be seen that the values
predicted by the second-order model fit the experimental
values. The application of multiple regression analysis on
experimental data to obtain coefficients yielded the following model equation giving an empirical relationship between
% COD removal (Y) and independent variables in coded
values.
Y=63.84-6.55 x1 + 9.77x2 + 5.56x3 + 5.50x2x3 - 5.47x32 (8)
Table 3 shows the analysis of variance (ANOVA)
which tests the significance and adequacy of the model. The
model F-value of 8.24 revealed that the model is significant,
and there is only 0.14 % chance that a model F-value this
large could occur due to noise. Values of Prob > F less
than 0.0500 indicate that model terms are significant, and
those >0.1000 are insignificant. Thus, x1, x2, x3, x2x3 and
x32 are statistically significant model terms.

Response Surface Optimization

The predicted versus experimental values are shown in
Fig. 3. The multiple coefficient of determination (R2) value
of model is 0.8812, indicating that 88.12 % of the total variation in % COD removal can be explained by the model and
attributed to the experimental variables studied. The interactive effects of design variables upon response, i.e. % COD
removal for photo-Fenton treatment of RB5 were investigated by the 3-D response surfaces and 2-D contour plots
with Design-Expert software. These plots are used to estimate the effects of any two variables when the other one
is held at its center level, and are presented in Figs. 4-6.

The planning of experimental runs made by CCD and
responses based on experimental runs and predicted val-

Figs. 4(a) and (b) indicate the interactive effect of initial H2O2 concentration and initial Fe2+ concentration on

FIGURE 2 - UV-visible spectrum of RB5.
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TABLE 2 - CCD matrix and results.
Experiment Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

X1
(mM)
0.1008
0.3025
0.2017
0.3025
0.1008
0.2017
0.03202
0.3025
0.2017
0.2017
0.2017
0.1008
0.2017
0.2017
0.2017
0.2017
0.1008
0.3712
0.3025
0.2017

X2
(mM)
13.236
4.412
8.824
4.412
13.236
8.824
8.824
13.236
8.824
8.824
8.824
4.412
1.403
8.824
16.245
8.824
4.412
8.824
13.236
8.824

X3
(mM)
0.5
0.1786
0.3393
0.5
0.1786
0.3393
0.3393
0.1786
0.3393
0.3393
0.069
0.1786
0.3393
0.6096
0.3393
0.3393
0.5
0.3393
0.5
0.3393

x1

x2

x3

-1
+1
0
+1
-1
0
-α
+1
0
0
0
-1
0
0
0
0
-1
+α
+1
0

+1
-1
0
-1
+1
0
0
+1
0
0
0
-1
-α
0
+α
0
-1
0
+1
0

+1
-1
0
+1
-1
0
0
-1
0
0
-α
-1
0
+α
0
0
+1
0
+1
0

Y (%)
experimental
79
43
65
52
61
62
80
49
65
64
36
66
29
55
81
64
57
53
75
64

Y (%)
predicted
86
42
64
42
64
64
75
51
64
64
39
55
47
58
80
64
55
53
73
64

TABLE 3 - ANOVA result of the quadratic model.
Source
A0
X1
X2
X3
X1 X2
X1 X3
X2 X3
X1 2
X2 2
X3 2
Model
Residual
Lack of fit
Pure error
Total

Coefficients
63.84
-6.55
9.77
5.56
1.50
3.25
5.50
1.96
-2.11
-5.47

Sum of
Squares (SS)

Degrees of
Freedom (DF)

Mean Square
(MS)

585.34
1304.09
422.43
18.00
84.50
242.00
55.24
64.05
430.71
3225.15
434.85
428.85
6.00
3660.00

1
1
1
1
1
1
1
1
1
9
10
5
5
19

585.34
1304.09
422.43
18.00
84.50
242.00
55.24
64.05
430.71
358.35
43.49
85.77
1.20

F-Value

Prob.>F

13.46
29.99
9.71
0.41
1.94
5.57
1.27
1.47
9.90
8.24

0.0043
0.0003
0.0109
0.5345
0.1935
0.0400
0.2860
0.2528
0.0104
0.0014

71.48

% COD removal. It can be seen that highest % COD removal was obtained at high initial concentrations of H2O2
and Fe2+. The initial concentrations of H2O2 and Fe2+ play
an important role in Fenton and photo-Fenton processes.
As can be observed from the results of experiments 1 and
17, given in Table 2, at higher Fe2+concentration, % COD
removal was increased with increasing H2O2 concentration due to enhancement of the formation of OH- radicals,
thus leading to higher rate of COD removal. However, as
it is evident from the results of experiments 12 and 5, at
lower Fe2+ concentration, % COD removal was increased
upon decreasing H2O2 concentration relatively, emphasizing the inhibitory effect of H2O2 by scavenging the OH.
radicals, being in agreement with others reported in the
literature for RB5 and other dyes [33-34, 43].
FIGURE 3 - The actual and predicted % COD removal rates of
RB-5.

Figs. 5(a) and (b) illustrate the interactive relationship
between initial H2O2 and RB5 concentration and % COD
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(a)

(a)

(b)

(b)

FIGURE 4 - 3-D Response surface (a) and 2-D contour plot (b) of
% COD removal showing interactively the effect of initial concentration of Fe2+ and H2O2 (other variable is held at zero level, t = 120 min)

FIGURE 5 - 3-D Response surface (a) and 2-D contour plot (b) of
% COD removal showing interactively the effect of initial concentration of H2O2 and dye (other variable is held at zero level, t = 120 min).

removal. It is noteworthy that % COD removal increased
with increasing H2O2 concentration but decreasing RB5
level. Photochemical processes significantly depend on the
light absorption of dye solution, limiting the penetration of
light in high absorption solutions, i.e. dyes. As the initial
dye concentration increases, the internal optical density rises
and, as a result, the solution becomes impermeable to UV
radiation, yielding a low degradation efficiency [44].

The optimization of % COD removal for photo- Fenton treatment of RB5 was performed by using the optimization module in Design-Expert software numerically. The
desired goal of response was set to be maximized, while the
process variables H2O2 and Fe2+ concentrations were selected to be maximized and RB5 concentration was defined
as minimized to obtain highest treatment performance. The
goals are combined into an overall desirability function. The
optimal values to maximize % COD removal were found to
be 13.236 mM H 2O 2, 0.5 mM Fe2+ and 0.1008 mM RB5
according to a selected highest desirability from the software (Fig. 7). Under these conditions, the model resulted in
80.84 % of COD removal which is in good agreement with
the experimental value (79 %)

It is clearly evident from Figs. 6(a) and (b) that %
COD removal was found to increase upon decreased initial
dye but and increased initial Fe2+ concentration. As expected,
an increase in the applied Fe2+ concentration caused to form
more OH- radicals by Fenton reaction, thus providing a
higher % COD removal [45].
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(a)

FIGURE 7 - Desirability function.
Solar Photo-Fenton Process

Solar energy, which is an abundant natural energy,
can be used as alternative irradiation source in degradation of azo dyes by AOPs. Among them, TiO2 photocatalysis (λ< 380 nm) and photo-Fenton process (λ< 580 nm)
have the possibility of using solar energy [38]. Solar photo-Fenton experiment was performed between 12:00 and
14:00 h on a sunny day in July under optimal conditions.
As can be seen from Fig. 8, 73 and 79 % removal rates of
COD were obtained after 120 min of reaction time with
sunlight and UV light in photo-Fenton process, respectively. The results reveal that solar driven photo-Fenton
process can be employed for the degradation of RB5, and
can decrease the operating cost of the process. Thus, the
industrial application of such a process could be possible.

(b)
FIGURE 6 - 3-D Response surface (a) and 2-D contour plot (b) of
% COD removal showing interactively the effect of initial concentration of Fe2+ and dye (other variable is held at zero level, t = 120 min).

100
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FIGURE 8 - Effect of light source on % COD removal (t = 120 min)
1. Sunlight/ Fe2+/ H2O2 2. UV/ Fe2+/ H2O2
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CONCLUSIONS
In this study, degradation of RB5 by photo-Fenton
treatment has been investigated using response surface
methodology (RSM) to evaluate the interactive effects of
initial concentrations of dye, H2O2 and Fe2+ on % COD removal and to optimize the process. A 23 full factorial central composite design was performed for experimental design, and a quadratic model was developed. The optimal
conditions were found to be 13.236 mM H2O2, 0.5 mM Fe2+
and 0.1008 mM RB5 resulting in 79 % of COD removal.
The results reveal that photo-Fenton process could be effectively employed for the degradation of RB5. The applicability of RSM to optimize the photo-Fenton treatment
of RB5 could also be demonstrated in this study. The
applicability of solar light was evaluated, and it was found
that solar driven photo-Fenton process is significantly
efficient.
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THE EFFECT OF SOME MEMBRANE-ACTIVE COMPOUNDS ON
THE WATER AND IONIC PERMEABILITY OF PLASMALEMMA
OF Vicia faba AND Elodea cаnadensis
Anna A. Ratushnyak*
State Budgetary Establishment Research Institute for Problems of Ecology and Mineral Wealth Use of Tatarstan Academy of Sciences, Kazan, Russia

ABSTRACT
A possibility for applying the EPR method for study of
micro-viscosity of hydrophobic regions of plasmalemma of
plant tissues of a mesophyte and a hydrophyte was shown
in this research. It was found that a lipid component of
cell membrane of plant tissues plays a significant role. Alterations caused by the nitric lead, pipolphen and calcium chloride are analogous for a macrophyte and a hydrophyte.

KEYWORDS: plasmalemma, water and ionic permeability, mesophyte, hydrophyte.

INTRODUCTION
Plant associations play a significant role in the functioning of the terrestrial and aquatic ecosystems. Investigating mechanisms of physiological regulation of the plant
life activities in the polluted environment seems very actual
since it opens a possibility to manage plant adaptation. The
specific water retention of plants is an integral feature of
meso- and hydrophytes [1]. This feature mediates plant
adaptation to the environmental conditions. The barrier
functions of plant plasmalemma plays an important role
in the regulation of water retention in cells of meso- and
hydrophytes [2]. However, the exact mechanisms of plasmalemma permeability for water and ions remain unclear.
This study was intended to reveal the influence of some
membrane-active compounds on the barrier features of plasmalemma of Vicia faba and Elodea cаnadensis using a
method of the electron spin resonance.
MATERIALS AND METHODS
Roots Vicia faba and Elodea cаnadensis (cut at a distance of 1 cm from the tip of a root) with the length of 2 cm
grown in the tap water were used in this study. To study a

condition of some areas of plasma membrane, the lipidsoluble iminoxi-radicals at a concentration of 3x10-4М (in
the alcohol-water solution, 1:99, respectively) was used.
The distribution coefficient of the probe in the heptanewater system at a temperature of 22о±0.5оС was detected
in this study. The aliquation of a mix was performed in the
metrical capillary tube. The electron spin resonance (EPR)
spectra were obtained at the sequential location of various
parts of the probe in the unitary displacement of the resonator. The distribution coefficient was detected as a correlation of the amplitudes of the similar components of the
spectra. It was found to be equal to 94.
The roots were incubated in the alcohol-water solution
with the above-mentioned residual for 30 min. The unabsorbed probes were washed with the 1% alcohol-water
solution and water. The purity of the cleaning was controlled with EPR. The EPR spectra had 3 components with
the constant correlation of the amplitudes (in high and low
fields) for 1 h. This allowed suggesting the absence of the
probe restoration due to metabolism during the experiment.
The obtained spectra allowed calculating α-parameter.
The parameter characterizes the speed of rotating of the
probe (the local microviscosity) according to a formula (30):

α=

In
−1
Ib

where In,b are the intensities of EPR lines in high and
low fields, respectively.
The following membrane-active chemicals were used:
nitric lead (10-3М), strophanthine “K” (10-4М), pipolphen
(10-3М), calcium chloride (5x10-3М). The roots were incubated in with the following chemicals and probe. pH of
the solutions was 5.8 – 6.2.
The investigation of the solution conductance was performed using Р577 a.c. bridge. The root water permeability
was detected calculating the water exit into the 4% sac-
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charose solution and 4% solution of polyethylene glycol
(molecular weight 4000) using refractometric method.
Experiments were performed in triplicate. The data
on figures are presented as mean±standard deviation.
RESULTS AND DISCUSSION
Up to now, it is not clear how the barrier function of
the plasma membrane of the plant cells is regulated. The
lipid layers and the density of its packing, flexibility of
their tails and energetic features were suggested to be responsible for transport of water and ions through plasmalemma [3]. Some authors suggested that the membrane
contractile proteins are responsible for regulating the barrier and transport function of plasmalemma [4]. In this study,
it was suggested that changes in the protein-protein and
protein-lipid interactions expressed in the redistribution of

hydrophobic and ionic linkages are occurred while deformations in the protein component. The heavy metal lead
(in the form of the nitric lead) was used to block the protein component. The metal invades the cell during 2-3 h.
It is clear from Figure 1 and 2 that treatment of the plant
roots with the nitric lead resulted in the reduction of the
plasmalemma resistance towards water and ionic streams.
The level of the signal anisotropy (the increased αparameter) was enhanced.
Strophanthine “K” is a specific inhibitor of Na-KATPase. The chemical do not invade a cell and acts at the
level of cell membrane. The local microviscosity of the hydrophobic areas of plasmalemma was also increased under
the action of strophanthine “K” (Fig. 1). The action of strophanthine “K” is more moderate in comparison to the
nitric lead.

FIGURE 1 - Influence of the membrane-active compounds on water and ionic permeability and microviscosity of plasmalemma of the plants
under study. Note: α=local microviscosity (relative units), R=resistance (kOhm), S=saccharose, PG=polyoxyethylene glycol (water amount
absorbed by the chemicals is indicated in %); A,B: 1- control, 2 – probe + strophanthine “K”, 3 – probe + nitric lead; C,D: 1 – control, 2 probe + nitric lead.
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FIGURE 2 - The water yield and microviscosity of plant plasmalemma. Note: 1 – probe, 2 – probe + calcium chloride, 3 – probe +pipolphen,
probe + pipolphen + calcium chloride.

It is known from the literature data [5] that calcium
takes place in the process of stabilization-destabilization
of the membrane density. In this connection, the effect of
calcium chloride and its antagonist pipolphen were tested
in this study. Figure 2 confirms on the reduction of density
of the lipid areas of membranes and induction of water loss
due to treatment with pipolphen. Introduction of calcium
resulted in the increase of the signal anisotropy of EPR
probe.
According to a suggestion of some authors [6], there
are two categories of chemicals that influence the water
exchange: 1. substances that act on the activity of Na-KATPase; 2. substances that act on the permeability of cell
membranes via changing its structure.
Blocking SH-groups of apoprotein component of the
membrane lipoprotein frame is the most probable mechanism of the heavy metal action. In this connection, suggestions by Kuiper [7] on the role of lamellar-globular
transactions in membranes for water transport seem interesting. It is possible to propose that a dissociation of the
lipoprotein complex may result in the enhancement of the
lipid-lipid and protein-protein interactions and transforming the lamellar state of the membrane into the globular
one. This should lead to increase of local microviscosity
of hydrophobic areas of the membrane and may facilitate
the water and ionic transport between globules. It should be
noted here that changes in the plasmalemma density under
the lead action has a local character and do not distribute on
the whole membrane.

expressed in the reduction of a local microviscosity and
water loss.
Strophanthine “K” inhibits Na-K-ATPase, and destroys
hydrolysis of ATP in membranes and active transport of
ions through them [7]. We detected a slight increase in the
water exit from roots of beans cultivated in a solution with
the strophanthine “K”. Some authors reported on the increase of water absorption by muscle and brain tissues of
rats [6]. The enhancement of the water-retentive features
of cells in the wheat roots and cells of the onion ecderon
was shown during inhibition of the plasmalemma Na-KATPase [9].
Thus, EPR analysis confirmed a significant role of hydrophobic regions of plasmalemma in processes of water
and ionic exchange of plant tissues of mesophytes and hydrophytes. Modification of plasmalemma with the membrane-active compounds resulted in changing its permeability for water and ions. The more prominent alterations in
the barrier functions were detected after treatment with pipolphen, nitric lead and calcium chloride. Chemicals that influence cell energetics (strophanthine “K”) caused less expressed alterations.
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The effect of pipolphen and calcium on the water permeability is likely mediated by changes in the membrane
structure. It is known that topical anesthetics may change a
conformation of the globular proteins of a membrane: this
may result in the enhancement of the calcium binding [8].
Therefore, these chemicals may loose a membrane that is
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EFFECTS OF PHOSPHORUS APPLICATION
METHODS ON NUTRITION UPTAKE AND SOIL
PROPERTIES OVER 12-YEAR FIELD MICRO-PLOT TRIALS:
I. PHOSPHORUS UPTAKE AND SOIL TEST PHOSPHORUS
Muqiu Zhao1,2, Xin Chen1*, Yi Shi1, Caiyan Lu1
1 Key Laboratory of Pollution Ecology and Environmental Engineering,
Institute of Applied Ecology, Chinese Academy of Sciences, 110016 Shenyang, China
2 Qiong Zhou University, 572022 Sanya, China

ABSTRACT
A 12-year field micro-plot trial with meadow brown
soil (silty loam Hapli-Udic Cambisols in Chinese soil taxonomy) and corn (Zea mays) was conducted in Shenyang,
Northeast China to examine the effects of phosphorus
application at a rate of 25 and 75 kg P hm-2 annually, or of
150 and 450 kg P hm-2 once every six years, on P uptake
and soil test P. No significant differences were observed
in the grain yield and stalk biomass of test crop between
no P application and P applications, no matter what the P
application rate or frequency was. However, P uptake and
soil test P increased with increasing P application rate.
When the P was applied once every six years, both P uptake and the soil test P were higher in the first years, but
decreased gradually over time. In sum, P application rate
and frequency less affected the 12-year average crop yield
and soil test P, suggesting that for the corn production on
Northeast China meadow brown soil, chemical P fertilizer
could be applied at a proper rate once for several years,
though the environmental risk of soil P loss needed to be
carefully considered under the application of higher P
amount.

KEYWORDS: Phosphorus application rate, Phosphorus application frequency, Phosphorus uptake, Soil test phosphorus

INTRODUCTION
Phosphorus (P) is one of the most important nutrient
elements limiting agricultural production in most regions
of the world, and a vital nonrenewable natural resource.
Chemical P fertilizer, due to the imbalance in its demand

and production, often has a fluctuating price. The applied
fertilizer P in soil is somewhat immobile, and thus, less
likely to be lost unless the soil itself erodes away [1, 2].
However, many evidences indicated that over-P application
could cause the applied P lost from fields by surface or subsurface transport processes, and P loss of agricultural soils
has been one of the key factors of water-body eutrophication [3-6]. To reserve P resource, save labor input, and protect eco-environment, a 12-year field micro plot trial was
made to study the effects of P application rate and frequency
on the crop uptake and soil test P. This paper summarized
and analyzed the results of this trial.
MATERIALS AND METHODS
Study site and trial management

The study site is at the Shenyang Experimental Station of Ecology (41°22′N 123°32′E) (Fig. 1) under Chinese Academy of Sciences, which is located at the lower
reaches of Liaohe River Plain in Northeast China. It has a
dry-cold winter and a warm-wet summer. The mean annual temperature is 7.0-8.0 °C, cumulative temperature
(>10 °C) is 3100-3400 °C, annual precipitation is 650-700
mm, and non-frost period is 147-164 days. The test soil is
meadow brown soil (silty loam Hapli-Udic Cambisols in
Chinese soil taxonomy), a main soil type for agricultural
production in Northern China. Its physical and chemical
characters before trial are shown in Table 1. The test crop
is corn (Zea mays variety Fuyou 1).
The field micro plot trial was conducted in two 6-year
periods (1997-2002 and 2003-2008). It had 6 treatments,
i.e., T1 (no fertilization), T2 (150 kg N hm-2 annually), T3
(150 kg N hm-2 and 25 kg P hm-2 annually), T4 (150 kg N
hm-2 annually and 150 kg P hm-2 once every 6 years), T5
(150 kg N hm-2 and 75 kg P hm-2 annually), and T6 (150 N
kg hm-2 annually and 450 kg P hm-2 once every 6 years).
Each treatment had three replicates, and each plot (1m×1m)
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P (TP) was determined by molybdenum-ascorbic acid
method [7] after digestion with H2SO4 and H2O2.
Surface (0-20 cm) soil samples were collected annually after harvest, using a 3-cm diameter soil auger. All the
samples were air-dried and ground to <2 mm prior to P
analysis. Olsen-P was determined by Olsen method [8],
and the extract P was analyzed colorimetrically, using the
method of Murphy and Riley [7].
All data were subjected to statistical analysis of variance (ANOVA) in the SPSS 13.0 statistical package.
RESULTS AND DISCUSSION
Grain yield and stalk biomass

Applying N alone, increased the average grain yield
and stalk biomass in 1997-2008 significantly, compared
with no fertilization, whereas the P applications based on
N application, no matter what the P application rate or frequency was, had lesser differences with no P application in
the increment of the average grain yield and stalk biomass
(Table 2), which implied that the test crop was limited by
soil N but not likely by soil P.
FIGURE 1 - Sketch diagram of study site.

Crop P uptake

was bordered with concrete walls (depth 1 m) to prevent
lateral flow of water and nutrients. Triple superphosphate
was broadcasted before soil harrowing, and urea was
applied as top dressing at elongating stage. Single cropping system was adopted. Four corn seeds were planted in
each plot in May, every year.
Samples collection and analysis

Plants were harvested annually in late September, and
separated into stalk and grain. The samples were dried at
105 °C for >72 h, weighted for biomass determination,
and ground to pass 1-mm screen for P analysis. The total

Phosphorous application increased the crop P uptake,
compared with no P application, and the increment was
higher under high P application rate, compared with that
under low P application rate. Applying P once every 6 years
induced a higher crop P uptake, compared with applying P
annually (Table 3), but the crop P uptake was decreased
gradually over time (Figs. 2 and 3). Due to the insignificant differences in the grain yield and stalk biomass between P application treatments (Table 2), the temporal pattern of the crop P uptake between P treatments (Figs. 2 and
3) could be ascribed to the luxury P uptake by the crop [911].

TABLE 1 - Soil physical and chemical characters.

0-20 cm
20-40 cm

Total N
g kg-1
1.01
0.83

Total P
g kg-1
0.41
0.39

Organic C
g kg-1
10.65
7.98

Olsen-P
mg kg-1
6.99
4.76

Available K
mg kg-1
103.53
97.38

pH
7.02
7.06

TABLE 2 - Grain yield and stalk biomass from 1997 to 2008.
Treatments
N(kg hm-2)
P application
Grain (kg hm-2)
T1
0
0
88833b
T2
150
0
121000ª
T3
150
25 kg hm-2 per year
120072ª
T4
150
150 kg hm-2 per 6 years
120533ª
-2
T5
150
75 kg hm per year
122378ª
T6
150
450 kg hm-2 per 6 years
120900ª
Different letters following the numbers in a column represent a significant difference at P< 0.05.
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/T1(%)
100
136
135
136
138
136

Stalk (kg hm-2)
89867b
110319a
110035a
108306a
109980a
110856a

/T1(%)
100
123
122
121
122
123
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TABLE 3 - Effects of N and P applications on crop P uptake from 1997 to 2008.
P uptake (kg hm-2)
Grain
Stalk
T1
275.35e
110.02c
T2
344.97d
130.31bc
T3
373.38cd
145.68ab
T4
380.68bc
134.84abc
T5
419.49a
158.54ab
T6
411.54ab
170.80a
Different letters following the numbers in a column represent a significant difference at P< 0.05.
Treatments

Sum
385.37c
475.28b
519.06b
523.10b
586.53a
582.33a

70
T1

T2

T3

T4

T5

T6

Grain P uptake (kg/ha)

60
50
40
30
20
10
0
1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

Year

FIGURE 2 - Grain P uptake as influenced by different treatments.
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FIGURE 3 - Stalk P uptake as influenced by different treatments.

Soil test P (Olsen-P)

In the treatments with no P fertilization, the soil Olsen-P content had less change over time (Fig. 4). Similar
results were reported by Rehm [12] and Zhang [13], but in
some cases, long-term no P fertilization caused a decrease
of soil Olsen-P [14, 15].
Both the P application rate and its frequency affected
the soil test P. Overall speaking, high P application rate
and applying P once every 6 years induced a higher soil
test P, compared with low P application rate and applying

P annually. When the P was applied annually, the soil
Olsen-P content was lower in the first years but increased
gradually after then. In contrast, when the P was applied
once every 6 years, the soil Olsen-P content was the maximum in the 1st year after P application, and decreased
thereafter (Fig. 4). Soil Olsen-P content has definite effects on the P concentration in land drainage water and
overland flow [16], and thus, applying P once every 6 years,
especially applied with high rate, would threaten waterbody safety in the first years after P application.
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FIGURE 4 - Soil test P in the topsoil (0-20 cm) as affected by different treatments.

CONCLUSIONS
Phosphorous application had lesser effects on the grain
yield and stalk biomass of test crop, but increased the crop
P uptake and soil test P, with the increment being higher
under high P application rate. When the P was applied once
every 6 years instead of annually, the crop P uptake and
soil test P were higher in the first years of each 6-year period but decreased gradually over time. Soil test P tended to
be increased over time when P was applied annually, but
decreased rapidly when the P was applied once every 6
years. In the 12-year experiment, the average crop P uptake and soil test P were less affected by P application rate
and frequency, suggesting that for the corn production on
Northeast China meadow brown soil, chemical P fertilizer
could be applied at a proper rate once for several years to
save P fertilizer and labor, though the environmental risk
of soil P loss needed to be carefully considered under the
application of higher P amounts.
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