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IMPORTANCE OF SPATIAL DISTRIBUTION
IN RECLAMATION OF BORON TOXIC SOILS
FROM CENTRAL ANATOLIA OF TURKEY
Abdulkadir Surucu1,*, Hikmet Günal2 and Nurullah Acir2
2

1
Bingöl University, Faculty of Agriculture, Soil Science and Plant Nutrition Department, Bingöl, Turkey
Gaziosmanpasa University, Faculty of Agriculture, Soil Science and Plant Nutrition Department, Tokat, Turkey

ABSTRACT
High boron content is a key factor limiting the reclamation of arid region soils. The objective was to determine spatial variability of soil properties in a boron-toxic
field irrigated by pivot sprinklers prior to the development
of a proper management strategy. Top soils (0-30 cm) and
sub-soils (30-60 cm) were separately sampled at each of
56 predetermined sampling points based on 100*100 m
regular grid in 43 ha area. Soil samples were analyzed for
physical and chemical properties to determine the spatial
distributions. The major constraints in plant production
were high pH and boron content. Soil pH showed the
lowest variability (CV=3.60%), and boron concentration
showed the highest variability (CV=67.94%) in surface
soils. Boron concentration in surface soils had high significant positive correlations with EC (r=0.737, P<0.01)
and clay content (r=0.520, P<0.01), but negative correlations between sand content (r=0.575, P<0.01) and aggregate stability (r=-0.378, P<0.01), whereas no significant
correlation occurred between boron and any of the textural components in subsurface soils. The results indicated
that geostatistical methods are useful in understanding the
heterogeneous nature of soil salinity as well as soil boron
levels, and developing site-specific reclamation techniques for the purpose of increasing crop yields on arid
zone soils.

KEYWORDS: Boron, spatial distribution, geostatistics, Anatolia,
variability, management

1. INTRODUCTION
Soil physical properties, crop growth, sufficiency and
toxicity of nutrients are affected by salt concentration of
soils. Thus, management of salt-affected soils is a challenge, and a practice designed to address a single issue
* Corresponding author

might adversely affect other processes [1]. Identifying and
mapping soil factors that influence within-field variations
in crop yield are needed to take necessary precautions to
increase the crop yield [2], and to correct other problems
affecting the agricultural production.
Spatial heterogeneity of soil properties is a general
characteristic in arid and semi-arid ecosystems [3]. Exchangeable sodium, electrical conductivity, soil pH and
boron concentration in salt- and sodium-affected soils display high spatial variability [4]. Shallow groundwater,
micro topography, seasonal changes in ground water level,
and human activities are possible external factors causing
heterogeneity as well as temporal and spatial variations in
arid and semi-arid regions [5]. Variability in soil properties causes variation in crop growth, confounds treatment
effects in field experiments, and lowers the effectiveness
of uniformly applied fertilizer on a field scale [6].
Differences in soil and ecosystem functions cause spatial patters of soil properties which are quantifiable attributes of a system, and may provide additional information
about soil processes [7, 8]. Understanding spatial variability within individual field may offer insight leading to more
precise and, therefore, successful management. The complex relations between soil features and the environment
can be better understood by characterization of soil spatial
variability [9] that helps to determine appropriate soil use
practices [10].
Assessment of the areas affected within a field and
the extent of salinization as well as sodizitation are necessary to use cost inputs appropriately. Mapping soil salinity
is an essential component of a reclamation scheme [11].
The integrated information, appropriately adjusted for the
effects of scale, improves our ability to accurately evaluate soil quality across landscapes, and to assess the concomitant effects on surface and groundwater water quality
[12]. The non-homogeneity of soil salinity, sodicity and
boron toxicity complicates the development and utilization, ecological reconstruction as well as sustainable development. Therefore, quantitative description and explanation of problems are very important for site-specific
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management. The spatial prediction of soil boron content
has special importance for the determination of the most
appropriate management strategies and species adapted to
soil salinity [13].

rather wet winter. The annual precipitation only fortuitously exceeds 300 mm. As annual evaporation considerably exceeds precipitation, salts collect in many soil places or on its surface.

Soils containing toxic levels of boron (>4 ppm) occur
primarily under restricted drainage or leaching, or both
conditions of arid and semiarid environments [14]. Boron
in soil can be either derived from the weathering of minerals found in igneous or metamorphic rocks, precipitated
from evaporating brines, or altered or in situ formed clay
minerals. Solubility or dissolving of minerals containing
boron depends on the origin, and primary minerals dissolve very slowly, while hydrated boron minerals are very
soluble and dissolve rapidly [15].

2.1 Soil Sampling

The excess irrigation water is needed to leach the
salts out of the root zone to reduce the build-up of soluble
salts. Sub-surface drainage systems to facilitate leaching
and prevent water-logging is necessary to complete the
reclamation [16]. Goldberg and Suarez [17] stated that
reclamation of boron-toxic soils depends on soil pH, the
quantity and affinity of adsorption sites, and due to a
stronger retention mechanism for boron than for soluble
salts, reclamation of high-boron soils requires about three
times as much leaching water as reclamation of saline
soils [18]. Therefore, Peryea et al. [14] reported that regeneration of soluble boron should be taken into consideration during reclamation processes. Boron regeneration
during leaching of soluble salts might be another reason for
higher leaching water requirement of boron-toxic soils.
Emen Plain in Central Anatolia of Turkey has extensive areas of boron-affected soils. Soluble boron content
must be reduced to nontoxic level prior to the use of a highboron soil for crop production. Leaching the soil with lowboron water, either sprinkled or ponded onto the surface, is
the usual method to reclaim boron-toxic soils. Boron in soil
dissolves, percolates through soil profile, and moves out
of the root zone in the drainage water. Leaching process
continues until the boron concentration in soil solution is
sufficiently low for crop production [14]. This study was
conducted to determine spatial variability of boron concentration in a field irrigated by pivot sprinklers, and to
develop a management strategy based on spatial variability of boron content and related soil properties.
2. MATERIALS AND METHODS
The study area is located within the Great Konya Basin which is in the Central Anatolian Plateau, at a latitude
of 37° and between longitudes 33° and 35° East (Fig. 1).
The Basin covers about 1 million ha, and is enclosed by
uplands and mountains which prevent any superficial
drainage to the sea. Altitude of the study area ranges from
1044 to 1058 m, and average slope is around 0.6 %. The
climate is semi-arid with a dry warm summer and a cool

Study site was a center pivot irrigated field with a radius of 350 m. The field was divided into 100 m x 100 m
grids (Fig. 1), and the surface (0-30 cm) and subsurface
(30-60 cm) soil samples were collected on the corners of
each of the grid points.
2.2 Soil Characterization

Soil samples were hand-sieved through a 2-mm screen.
Particle size distribution was determined by the hydrometer
method in a sedimentation cylinder, using sodium hexamethaphosphate as the dispersing agent [19]. The soil reaction
(pH) and electrical conductivity (EC) were measured in
saturated paste [20]. A part of each sample was analyzed
for organic C by the Walkley–Black dichromate oxidation
procedure [21]. The concentration of boron extracted by
CaCl2/mannitol method was determined as described by
Cartwright et al. [22].
2.3 Spatial Analyses

Spherical, exponential, or linear models were fitted to
the semivariograms, and their selections were based on
visual best fit and the corresponding coefficient of determination, i.e., r2. The parameters of the model - nugget
semivariance, range, and sill, or total semivariance - were
calculated. Nugget semivariance is the variance at zero
distance and represents field and experimental variability,
or random variability, which is undetectable at the sampling scale. Sill is the lag distance between measurements
at which one value for a variable does not influence
neighboring values. Range is the distance at which values
of one variable become spatially independent of another.
Furthermore, the ratio of the nugget to sill indicates the
degree of randomness in the data's spatial variability. This
ratio was used to define three classes of spatial dependence
for the measured soil variables [23], i.e., (i) when the ratio
was <0.25, the measured variable was considered to be
strongly spatially dependent; (ii) when the ratio was between 0.25 and 0.75, the soil variable was considered to
be moderately spatially dependent; and (iii) if the ratio
was >0.75, or the slope of the semivariogram was 0, the
variable was considered to be random or non-spatially
correlated (pure nugget).
Spearman’s correlation coefficient was used to characterize the strength of the relationships. Descriptive
statistics, correlation and paired t‐test analyses were
conducted using SPSS 13·0® statistical software (SPSS,
Inc., Chicago, IL). Modeling of isotropic experimental
semivariograms and mappings were performed with GS+
(version 7) ® statistical software (RockWare, Inc., Golden,
CO).
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FIGURE 1 - Location of study area and distribution of sampling points

3. RESULTS AND DISCUSSION
The descriptive statistics for some physical and chemical properties of soil characteristics studied are presented in
Tables 1 and 2. The most serious departure from normality
encountered with soil data is positive or negative skewness [24]. Large coefficients of skewness (≥ 0.5) suggested an abnormal distribution of data set, and data were
further tested for normality using Kolmogorov–Smirnov
testing. Thus, the shapes of parameter distributions that
are described by skewness are accepted as the indication
of normality. For variables without normal distributions,
those with positive or negative skewness values >0.5 were

subjected to square‐root transformation whereas those
with values >1.0 were subjected to log transformation in
order to satisfy the requirements of normality for parametric and geostatistical analyses.
Clay content at soil surface varied from 24.1 to 46.8%
averaging 34.9%, and sand content ranged from 34.5 to
57.2% averaging 47.6%. Soil EC values were lower than
the critical levels for agricultural crops and ranged from
0.31 to 1.45 dS/m at 0-30 cm, and 0.34 to 2.56 dS/m at 3060 cm soil depths. Soils in study area were high in native
boron which causes B toxicity in the field and decreases
crop yields. The average available soil boron content was
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24.61 mg kg-1 at 0-30 cm and 56.29 mg kg-1 at 30-60 cm
soil depths. Budak [25] reported higher B content at the
surface (mean B content was 35.13 mg kg-1) of the same
soil series studying 10 soil samples. Budak [25] indicated
that soils in Cobul Series have a platy structure below A
horizon. Platy structure is flattened that impedes water
movement through the soil and results in water stagnation
on the soil surface. Soils in study area have been ripped
and ploughed for the last three years, and platy structure
was disturbed at the time of sampling. Lower boron content of soil surface compared to the findings of Budak [25]
is probably resulting from increased leaching of soluble
salts and boron following the disturbance of platy structure.
Comparing uniform and variable rate of gypsum for
reclamation of salt-affected soils, Bhatti et al. [26] stated
that variable rates of gypsum application were more effective in reclaiming soil than a single uniform rate. Gypsum
application for successful reclamation requires understanding of spatial characteristics of exchangeable sodium
percentage; thus, a significantly lower rate of gypsum was
adequate in the variable management strategies than uniform rate application. In this case, boron content of surface soils changed from 6.7 to 80.01 mg kg-1 averaging
24.61 mg kg-1 depending on soil characteristics indicating
highly heterogeneous soil boron distribution (Table 1).
Ameliorating high-B soils is extremely difficult. Extensive
leaching with low B water is the commonly used method of
reclaiming high-B soils [27]. However, high variability of
boron in pivot area requires variable rates of leaching
water application. Shouse et al. [16] reported that in some
irrigated regions, the disposal of agricultural drainage waters poses significant environmental challenges. Therefore,
the efforts are underway to develop irrigation water man-

agement practices that reduce the volume of drainage
generated. Application of variable rate of leaching water
would certainly help to reduce drained water. Coefficient
of variability (CV) is an important parameter in describing the variability of a soil property.
The relatively large CV values of soil properties indicate the high variability at local scale, and that variables
are not distributed evenly over the area. The CVs for the
plant available boron contents in surface and subsurface
soils were high enough to be considered as highly variable according to the classification of Cambardella et al.
[23]. Therefore, leaching requirement to remove excess
boron from soil surface will vary in study area. Variable
rate application of leaching water will lower the potential
complication of upward groundwater flow which may
salinize the soil and increase concentrations of phytotoxic
elements, such as B. Ayars et al. [28] warned that accumulation of B may be more a limiting factor than the total
salt concentration.
High boron (B) content in soils is usually associated
with high soil salt concentrations in arid regions [16]. Soil
boron content in study area is significantly associated
(P<0.01 for 0-30 cm and P<0.05 for 30-60 cm) with EC
(Tables 1 and 2). However, electrical conductivities of
soils were lower than the threshold values hazardous to
agricultural crops. The correlation between salinity and B
in this field (r=0.737 for 0-30 cm and r=0.308 for 3060 cm) probably exists because they share a common
origin. The salts as well as boron in the region are derived
from marine sediments, volcanic deposits, and weathering
of rocks [29]. Nable et al. [27] also stated that the highest
naturally occurring concentrations of soil B are in soils
derived from marine evaporites and marine argillaceous

TABLE 1 - Descriptive statistics of physical and chemical properties of surface soils
0-30 cm
Clay
Sand
pH
EC
Boron
Org Mad
Agg Stab
CaCO3

Unit
%

dS/m
mg kg-1
%
%

Minimum
24.1
34.5
7.75
0.31
6.70
0.91
24.36
23.95

Maximum
46.8
57.2
9.02
1.45
80.01
2.72
94.01
50.89

Mean
34.9
47.6
8.29
0.71
24.61
1.70
69.77
33.74

Std. Deviation
5.20
5.18
0.30
0.21
16.72
0.43
13.87
4.66

CV
14.90
10.89
3.60
30.17
67.94
25.14
19.88
13.81

Skewness
0.25
-0.44
0.72
1.04
1.51
0.41
-0.72
0.86

Kurtosis
-0.56
-0.07
0.09
1.91
2.00
-0.35
0.77
2.73

TABLE 2 - Descriptive statistics of physical and chemical properties of subsurface soils
30-60 cm
Clay
Sand
pH
EC
Boron
Org Mad
Agg Stab
CaCO3

Unit
%

dS/m
mg kg-1
%

Minimum
26.80
33.20
7.98
0.34
13.03
0.32
8.50
26.94

Maximum
49.30
58.40
9.35
2.56
90.28
2.16
83.00
49.39

Mean
37.37
47.09
8.82
1.09
56.29
1.16
30.29
35.44

3114

Std. Deviation
5.81
5.98
0.31
0.44
19.59
0.38
13.99
4.77

CV
15.54
12.69
3.48
39.80
34.80
32.91
46.19
13.46

Skewness
0.08
-0.35
-0.73
1.38
-0.29
0.61
1.34
1.20

Kurtosis
-0.57
-0.03
0.32
2.41
-0.34
0.79
2.69
1.78
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sediment. Positive correlations of boron and salinity indicated a common origin in the study area.
Though used successfully, leaching may not be a
permanent solution and causes difficulties with the disposal of the leachates. Due to the lack of enough leaching
water and difficulties in constructing drainage channels to
remove the leachates, the use of soil amendments (e.g.
lime, gypsum, organic matter) to alleviate the high boron
content of soils needs to be considered in the area. Goldberg and Su [30] stated that organic matter is an important
constituent affecting the availability of B in soils. Therefore, B content in surface soils had significant negative
correlations with organic matter (P<0.01 and r=-0.765)

soils. Significant negative correlation of B content in
surface soils is an important indication to use of organic
amendments in alleviating the B toxicity in soils and
reducing B uptake by plants.
Since adsorbed B is dependent on soil texture, and increases with increasing clay content, positive correlation
of native B was reported with soil clay content [31]. Boron content in surface soils had significant positive correlation with clay (P<0.01 and r=0.520) and negative correlation with sand content (P<0.01 and r=-0.575) (Table 3).
Similar negative correlation between B and sand content
was obtained for subsurface soils, where clay and B content did not have any correlation (Table 4).

TABLE 3 - Correlations among properties of surface soils
0-30 cm

Boron

Aggregate

Organic
Matter
-0.248
0.411**
1

Clay

Sand

Boron
1
-0.378**
0.520**
-0.575**
Aggregate
1
-0.207
0.113
Organic Matter
-0.124
-0.031
Clay
1
-0.765**
Sand
1
pH
EC
CaCO3
* Correlation is significant at the 0.05 level ** Correlation is significant at the 0.01 level

pH

EC

CaCO3

0.488**
-0.289*
-0.272*
0.419**
-0.270*
1

0.737**
-0.322*
-0.224
0.428**
-0.515**
0.316*
1

0.170
-0.207
-0.193
0.134
-0.093
0.108
0.160
1

TABLE 4 - Correlations among properties of subsurface soils
30-60 cm

Boron

Aggregate

Organic
Matter
0.015
0.332*
1

Clay

Sand

Boron
1
-0.108
0.078
-0.139
Aggregate
1
0.265*
-0.216
Organic
0.412**
-0.531**
Matter
Clay
1
-0.770**
Sand
1
pH
EC
CaCO3
* Correlation is significant at the 0.05 level ** Correlation is significant at the 0.01 level

pH

EC

CaCO3

0.230
0.066
-0.158

0.308*
-0.005
0.122

-0.013
-0.114
0.175

0.040
0.138
1

0.226
-0.186
-0.063
1

0.237
-0.254
0.020
-0.072
1

TABLE 5 - Semivariogram parameters for spatial analyses of soil properties
Sampling
Depth (cm)
0-30

30-60

Soil Characteristics

Model

Boron
Aggregate
Organic Matter
Clay
Sand
pH
EC
CaCO3
Boron
Aggregate
Organic Matter
Clay
Sand
pH
EC
CaCO3

Exp
Exp
Exp
Sph
Exp
Exp
Exp
Exp
Exp
Exp
Exp
Exp
Sph
Exp
Exp

Nugget (Co)
0.036
Pure Nugget Effect
0.115
3.56
9.05
0.0464
0.003
4.77
0.0076
0.021
83.7
12.23
0.0547
12.23
4.4
2.37
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Sill (Co+C)

Spatial Dependency

0.406

Range
(m)
239.4

0.432
27.32
30.16
0.0938
0.0794
17.72
0.0922
0.1390
343.5
38.75
0.1564
38.75
37.76
17.69

4533
50.4
279.9
244.2
141.9
40.8
168.9
567
248.4
801.2
745.2
267.2
625.5
183.6

26.6
13.0
30.0
49.5
3.8
26.9
8.2
15.1
24.4
31.6
35.0
31.6
11.7
13.4

8.9
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3.1 Spatial Distributions of Soil Properties

The experimental semivariogram measuring the spatial autocorrelation between data pairs as a function of the
displacement between the pairs was calculated, and the
scatter plot of vs. lag distance was regressed. Then, different theoretical semivariance models were used to fit the
calculated values, and the model with the best fitting value
and the smallest nugget value was selected [32]. Parameters belonging to theoretical semivariance models are shown
in Table 5. Since boron content and EC are influenced by
several soil properties, information on spatial distribution
of boron content, soil EC and other soil properties are useful
prior to the reclamation. A semivariogram for each of the
soil properties was developed to quantify the spatial variation of soil characteristics. Spatial correlation ranges varied
from 50.4 for clay content to 4533 for organic matter. Clay
content had strong spatial dependence in topsoil, whereas

only moderate spatial dependence occurred in subsoil.
Spatial dependence classes of other soil properties evaluated did not change with depth (Table 5).
Spatial distribution maps of soil properties based on
block kriging are shown in Figs. 2 and 3. The maps are
consistent with the preceding statistical discussions in the
heterogeneity of soil properties within a single pivot area
(Figs. 2 and 3). High variability of boron shown in CV
was also depicted in the distribution map. The variability
of B and salinity are higher at surface compared to the
distribution of B at subsurface soil. Although EC of soils
do not exceed the threshold values of plant growth, the
locations of high and low EC values in the field are similar to that of boron contents which appeared in high EC
and B correlations (Tables 3 and 4). Corwin et al. [2] also
found that boron and salinity occur together in the landscape on the west side of the San Joaquin Valley, USA.
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FIGURE 2 - Spatial distribution maps of soil properties (0-30 cm) evaluated.
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FIGURE 3 - Spatial distribution maps of soil properties (30-60 cm) evaluated.
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Clay

Sand

pH

EC

Boron

Organic Matter

CaCO3

FIGURE 4 - Experimental semivariograms of soil properties (0-30 cm)
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Clay

Sand

pH

EC

Boron

Organic Matter

CaCO3

FIGURE 5 - Experimental semivariograms of soil properties (30-60 cm)
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Shouse et al. [16] indicated that the observed spatial
and temporal variability in B and salinity was largely a
product of soil textural variations within the field and the
associated variations in salt leaching. In this case, spatial
variation of B in surface soil is highly dependent on soil
textural variations within the pivot area. The highest boron
concentrations at surface soils being in areas that are low
in sand but high in clay and calcium carbonate contents
(Fig. 2). Shouse et al. [16] indicated that the water movement through clayey areas is slower, and B adsorption of
clay mineral is higher in these areas.

tial distribution of boron and other factors affecting the
availability of boron in soils. Spatial distribution of boron
and other related soil properties help to understand management practices required to control excess boron for
successful agricultural production. The results presented
in this study indicated that variable rates of leaching water
and organic matter applications would probably have
prominent effects on reducing soil B content and B uptake
by plants.

The results indicated that where boron content is limited to some portions of a field, the field should be separated to different management units to efficiently apply
necessary precautions to increase crop yield. Reclaiming
of high-B soils is extremely difficult. A commonly used
method of reclaiming high B soils is to extensively leach
with low B water [27]. Although leaching will effectively
eliminate soluble boron and the sources of regenerable
boron; however, this procedure requires large volumes of
water, which create costs as well as drainage and disposal
problems [14]. Application of variable rate of leaching
water in different management zones will certainly lower
the cost, amount of drainage water, and increase the efficiency of reclamation. The results presented herein and
previous studies [30, 33] indicated that organic matter also
plays an important role in controlling B concentration in
soil solution, and that it has a prominent effect on effects
of toxic levels of B in soils. Thus, application of compost
and manure might also alleviate the negative effects of
soil boron. However, as in leaching water requirement,
increasing the organic matter content of the whole field
may not be necessary to lower the boron toxicity in the
area. Variable rate of organic matter application would be
more practical to overcome the toxicity problem.
Figures 4 and 5 show the experimental semivariograms
of soil properties for soil surface and subsurface. The
semivariance increases with lag distance, indicating that
closer sampling points are similar and that there is some
structure to the variance. The steep slopes of variograms
at short lag distances indicate the similarity at short lags
whereas the transition to dissimilarity at longer lags is
fairly abrupt [34].
4. CONCLUSIONS
Characterizing the spatial variability of soil properties
allowed locating the distribution of soil properties influencing crop yield for site-specific crop management applications. Although most soils containing high concentrations
of B are also affected by salinity, mean electrical conductivity values of surface and subsurface soils were lower
compared to the hazardous levels of soluble boron. Because many factors are involved in successful management of boron-affected soils, designing a successful management program requires understanding of precise spa-
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ABSTRACT

1 INTRODUCTION

Twenty nine sterile and twenty six lignite samples collected perpendicular to the bedding of the Kardia lignite
field (Ptolemais, Greece) were chemically analyzed using
INAA (Instrumental Neutron Activation Analysis), TDICP (Total Digestion - Inductively Coupled Plasma), FUSICP (Fusion - Inductively Coupled Plasma) and FUS-MS
(Fusion - Mass Spectrometry) analytical techniques. CaO
and SiO2 are the dominant oxides both in lignite and sterile samples. A relative decrease of SiO2 and Al2O3 as well
as an increase of CaO was noticed in the deeper lignite
samples.
Sr, Cr, Ni, and Ba were found to be the most abundant
in both lignite and sterile samples. Sr displays a relative
increase while Ni, V and Cr decrease with depth in the
lignite samples. In sterile samples, Cr, Ni, and Ba, show a
decrease with depth and a main increase in certain intermediate layers of marl. Compared to crustal average, As, Cr,
U, Ni and Br show enrichment or high concentrations
either in all or in many samples of both the sterile and
lignite. The rest of the elements show low concentrations
or depletion. A very close similarity of the enrichment or
depletion degree is observed for all the trace elements between sterile and lignite samples, revealing a strong influence between them. The geochemical signature of regional
limestones and metamorphic rocks on lignites and steriles
is conditioned by the sedimentary processes affected the
lignite basin evolution.

KEYWORDS:
trace elements; lignite; Kardia, Ptolemais; Greece
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Greece is the second largest European producer of soft
brown coal or lignite. The main coal mining area in Greece
is the Lignite Centre of Western Macedonia, in PtolemaisFlorina area, Northern Greece. The lignites exploited in the
four big opencast mines (Southern, Kardia, Main and Amyntaion lignite fields) are used to generate a total power of
4,438 MW in the power plants of Agios Dimitrios, Kardia,
Liptol, Ptolemais, Aminteo-Filotas and Florina. The lignite
production in 2010 reached 49.30 million tons in the Lignite Centre of Western Macedonia. The mean lower calorific value of the Ptolemais lignite reaches 1300 kcal/kg-1.
The distribution and concentration of elements in coals
are controlled by different geological parameters being the
mining exploitation and the combustion in the coal-fired
power plants of environmental concern for the broader area
of Kozani-Ptolemais-Florina. Therefore, the chemical monitoring of the lignite used as well as of the steriles contributes
to the control of the environmental quality in the area. Lignite combustion in Greece as well as environmental impact
has been the subject of several studies [1-9].
Since coals contain both organic and inorganic constituents, the related trace element concentrations may vary
considerably. This relation has been discussed in various
previous works [3, 10-14]. Additionally, the elemental composition of a coal deposit is affected, among others, by the
geological setting, the composition of the country rocks, as
well as their weathering and transportation conditions [1113, 15-19].
The lignite deposit in Ptolemais Neogene basin is
characterized by multiple intermediate sterile layers consisting mainly of marly limestones and carbonaceous marls,
clays and sands. As a result of this type of formation, lignite is co-excavated with the intermediate sterile layers
reducing lignite quality.
This study concerns the investigation of the chemical
composition (major and trace elements) of steriles and lig-
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nite from Kardia lignite field (Sector-6) in the Lignite
Centre of Western Macedonia, in Ptolemais-Florina area,
Northern Greece. This lignite field is active since 1990 and
constitutes the main supplier for the Kardia power plant
with an annual production of more than 21 million tons.
This lignite is a low energy fuel with a lower calorific
value of 1469 kcal kg-1 and an upper calorific value of
4094 kcal kg-1 [20].
2 MATERIALS AND METHODS

ments and have a lacustrine origin while the superimposed
Quaternary sediments derive from the erosion of the surrounding limestones and metamorphic rocks [21, 22].
The sediments of the basin are divided into the lower
(Upper Miocene to Lower Pliocene) formation, the Pliocene middle formation and the Quaternary upper formation
[21, 23]. The Pliocene middle formation contains the upper
and lower lignite seams. The lignite seams alternate with
clays, marls, sandy marls and sands [24, 25]. The thickness
both of the lignite seams and the intermediate steriles is
variable from some decimeters to several meters

2.1. Geological features

2.2 Sampling

The Kardia lignite field is situated in the south central
part of the Neogene-Quaternary lignite basin of Ptolemais
(Fig. 1). The lignite seams are hosted in the Neogene sedi-

For the purposes of this investigation, 29 samples of
steriles and 26 samples of lignite were used. The sampling
was carried out during November and December 2005 in

FIGURE 1 - Simplified geological map of the Ptolemais basin, showing the Kardia field lignite mine.
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Kardia (Sector-6) lignite mine. The samples were collected
according to ASTM D 4596 standards perpendicular to the
bedding and covering the whole stratigraphic series (Fig. 2).
The sampling columns of sterile and lignite are 84.2 m and
42.3 m long, correspondingly. The thickness of the sterile
layers ranges from 0.2 m to 7.0 m and of the lignite seams
from 0.4 m to 4.5 m.

lower and upper lignite band and consist of marls which
contain the fossil neritina. The chemical composition of the
sterile samples is presented in Tables 1 and 2 and Figures 3
and 4.

2.3 Analytical techniques

The samples were homogenized, dried in room temperature for three days and then further dried in an oven at
106 oC until constant weight was achieved. Afterwards, the
samples were ground and underwent dry sieving to pass
2 mm sieve. A quantity of 5-7 g was taken from the treated material of each sample.
Ten major elements and 51 trace elements (16 of which
are presented in Tables 2 & 4) were determined in both
29 sterile and 26 lignite samples. Laboratory analyses were
performed at the Activation Laboratories, Ontario, Canada, utilizing INAA, TD-ICP, FUS-ICP and ICP-MS analytical techniques.
A fusion technique was used for analyses of major elements and selected trace elements (Tables 1-4). The major
oxides and the trace elements V, Co, Rb, Sr, Zr, and Ba
were accurately determined by FUS-ICP method and La,
Ce and U by FUS-MS. The samples were mixed with a
flux of lithium metaborate and lithium tetraborate and
fused in an induction furnace. The molten melt is immediately poured into a solution of 5% nitric acid containing
an internal standard, and mixed continuously until completely dissolved (~30 minutes). The samples were analysed using a Thermo Jarrell-Ash ENVIRO II ICP and a
Perkin Elmer Sciex Elan.
The elements Cu, Ni, Pb, Zn were determined by TDICP using a Perkin Elmer Optima 3000 ICP. A 0.25g quantity of each sample were digested with four acids beginning
with hydrofluoric, followed by a mixture of nitric and perchloric acids and after heated and dryness, samples were
brought back into solution using hydrochloric. An in-lab
standard (traceable to certified reference materials) was
used for quality control.
As, Br and Cr were measured by INAA using a polyethylene vial and irradiated with flux wires and an internal standard (1 for 11 samples) at a thermal neutron flux.
After a 7-days decay to allow Na-24 to decay the samples
are counted on a high purity Ge detector.
FIGURE 2 - Stratigraphic log column of Kardia mine (Sector-6).
Neritina and characteristic sand layers are two specific horizons
used for determining faults in Kozani-Ptolemais basin.

3 RESULTS AND DISCUSSION
3.1 Chemical composition of steriles

The majority of the thin intercalated sterile layers in
Kardia field mine are petrologically characterized as marly
limestones. The layer represented by sample S49 is referred
as the horizon of characteristic sand (Fig. 2) and is indicative of the lowest parts of lignite seams. Neritina layer is
another characteristic horizon that is found between the

CaO and SiO2 are the dominant compared to all other
major oxides in sterile samples. CaO appears with the higher
concentration having a value of more than 30% in the majority of the samples. The lowest value of CaO and the highest value of SiO2 and Al2O3 are observed in the characteristic sand horizon sample S49. Al2O3 values display a posi-
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tive correlation with SiO2. Al2O3 is enriched because of the
appearance of mica+clay minerals. A relative increase of
Fe2O3 is observed only for some samples.

S iO 2

Concerning the trace elements, the most abundant is
Sr with a mean value of 238 µg/g. Especially in the sample of characteristic sand (S49) the value reaches up to
1139 µg/g. Increased values are observed (especially for
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FIGURE 3 - Concentration of SiO2, Al2O3, Fe2O3 and CaO (%, m/m) in sterile samples.

TABLE 1 - Major elements (%, m/m) of the Kardia sterile samples

Detection Limit
S1
S2
S4
S6
S8
S10
S12
S14
S16
S18
S20
S22
S24
S25
S27
S29
S31
S33
S35
S37
S39
S41
S43
S45
S47
S49
S51
S53
S55
Mean
Standard Deviation

SiO2
0.01%
39.65
35.58
1.70
3.79
3.46
1.06
3.49
2.27
15.89
4.34
4.49
2.30
3.23
3.76
2.94
1.26
1.69
1.40
0.64
1.99
4.97
9.93
2.98
4.93
2.70
59.73
0.79
2.28
0.59
7.72
13.44

Al2O3
0.01%
10.27
6.32
0.62
1.39
1.48
0.43
1.42
1.04
7.76
2.11
1.42
1.08
1.01
1.07
0.85
0.45
0.59
0.63
0.34
0.75
1.98
2.85
1.18
1.95
1.06
19.15
0.38
1.00
0.22
2.44
3.89

Fe2O3(T)
0.01%
4.70
4.00
1.85
2.70
1.42
1.03
2.30
1.30
4.16
4.28
1.75
0.86
0.87
0.69
0.85
0.77
0.77
0.78
0.88
1.10
0.89
2.17
0.88
0.87
0.84
2.77
0.44
0.75
0.34
1.62
1.23

MnO
0.001%
0.16
0.04
0.09
0.03
0.03
0.03
0.03
0.04
0.06
0.10
0.04
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.04
0.02
0.04
0.02
0.02
0.02
0.05
0.02
0.02
0.02
0.04
0.03

MgO
0.01%
2.36
1.67
0.96
1.95
1.01
1.39
1.27
1.12
1.41
0.97
1.07
0.98
1.21
1.26
1.39
1.48
1.74
1.02
1.18
1.29
0.93
1.34
0.99
0.95
0.90
1.46
0.89
0.88
1.18
1.25
0.34
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CaO
0.01%
16.49
19.63
48.93
42.80
31.23
48.71
39.05
38.20
28.78
44.07
43.31
31.55
48.21
47.54
45.61
48.13
47.34
35.54
36.26
47.18
30.42
31.32
31.40
25.51
26.90
3.54
31.18
31.10
50.09
36.21
11.13

Na2O
0.01%
0.61
0.62
0.06
0.05
0.08
0.05
0.11
0.13
0.15
0.07
0.09
0.05
0.05
0.05
0.04
< 0.01
0.02
0.04
0.03
0.02
0.07
0.21
0.05
0.06
0.08
2.59
0.04
0.05
0.03
0.19
0.48

K2 O
0.01%
1.49
0.99
< 0.01
0.17
0.20
0.07
0.19
0.09
0.33
0.13
0.20
0.09
0.07
0.09
0.03
0.09
0.11
0.05
0.09
0.11
0.21
0.30
0.07
0.23
0.16
3.68
0.03
0.07
0.10
0.33
0.71

TiO2
0.001%
0.52
0.36
0.02
0.06
0.06
0.01
0.06
0.03
0.28
0.06
0.06
0.04
0.04
0.04
0.03
0.02
0.02
0.02
0.01
0.03
0.10
0.13
0.06
0.10
0.05
0.44
0.01
0.04
0.00
0.09
0.13

P2 O5
0.01%
0.08
0.09
0.10
0.04
0.09
0.06
0.09
0.08
0.53
0.11
0.07
0.06
0.04
0.03
0.04
0.05
0.04
0.05
0.06
0.05
0.07
0.09
0.09
0.08
0.07
0.45
0.03
0.07
0.04
0.09
0.11

LOI
0.01%
23.91
30.96
45.94
47.93
59.48
47.54
51.71
54.80
39.20
44.56
47.42
61.54
45.80
45.89
48.05
46.47
46.49
58.94
59.06
46.83
59.03
50.57
60.81
64.03
66.04
6.80
65.70
62.60
46.43
49.27
12.78

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

ΤABLE 2 - Trace elements (µg/g) of the Kardia sterile samples
As
Br
Detection Limit
0.5
0.5
S1
12
2
S2
16
2
S4
14
3
S6
2
4
S8
5
5
S10
4
4
S12
5
4
S14
6
4
S16
44
5
S18
13
3
S20
5
3
S22
4
6
S24
2
4
S25
2
4
S27
2
4
S29
1
2
S31
2
2
S33
4
5
S35
5
6
S37
3
2
S39
2
5
S41
12
5
S43
3
4
S45
2
4
S47
3
6
S49
17
< 0.5
S51
2
5
S53
5
5
S55
< 0.5
2
Mean
7
4
Standard Deviation
8
1
Earth’s Crust*
1.8
2.5
* From Mason and Moore (1982) [26]

Cr
5
390
680
25
60
44
17
39
15
310
76
58
29
37
39
29
18
26
18
12
33
25
153
17
18
23
<5
8
39
6
77
144
100

Cu
1
24
20
5
7
7
3
7
2
33
7
5
5
4
3
3
3
3
3
2
4
5
10
4
8
5
28
2
5
3
8
8
55

Ni
1
187
242
47
36
45
15
28
24
700
101
55
84
30
29
31
16
22
21
21
32
19
109
19
17
24
42
24
77
6
73
129
75

Zn
1
60
33
<1
2
<1
<1
2
<1
44
9
<1
2
<1
<1
<1
<1
<1
<1
<1
<1
5
11
<1
7
2
63
<1
1
<1
8
22
70

Pb
5
24
12
<5
<5
7
<5
6
7
18
6
<5
<5
6
<5
<5
<5
<5
<5
<5
<5
6
7
<5
<5
5
104
<5
<5
<5
7
27
13

V
5
80
98
9
10
28
6
13
5
68
19
14
16
9
7
6
<5
<5
6
9
7
16
46
13
13
14
45
5
11
<5
20
24
135

Ni

Rb
1
89
41
3
9
8
3
7
5
21
14
10
5
6
6
5
3
4
4
2
5
11
17
7
10
6
140
2
4
1
15
29
90

Sr

Sr
2
138
144
240
245
167
252
218
247
194
224
222
187
212
233
224
230
254
211
245
201
213
202
217
209
150
1139
163
169
139
238
174
375

Zr
4
145
108
9
10
15
4
16
7
53
11
14
9
11
8
5
<4
7
<4
<4
<4
13
30
9
14
10
202
<4
7
<4
25
50
165

Ba
3
346
228
72
77
89
66
89
126
233
88
82
60
58
67
51
51
59
72
64
58
77
108
65
69
53
1650
38
53
39
144
292
425

La
0.05
28
18
2
3
5
1
4
3
21
5
3
3
2
3
2
1
1
2
1
2
6
7
4
6
4
80
1
3
1
8
15
30

Ce
0.05
57
33
5
6
10
2
7
6
40
9
7
5
5
5
4
2
3
4
1
4
13
15
8
12
9
154
2
6
1
15
29
60

U
0.01
2
3
2
0.4
8
0.5
2
2
18
1
1
3
0.5
1
1
0.4
1
2
3
4
2
3
2
2
4
11
3
4
1
3.0
3.6
1.8

Ba

55
S

51
S

47
S

43
S

39
S

35
S

31
S

27
S

24
S

20
S

16
S

S

12

8
S

S

S

4
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1
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Cr

Co
1
18
19
1
1
2
<1
2
1
32
6
2
2
<1
<1
<1
<1
<1
<1
<1
<1
1
8
<1
<1
1
9
<1
3
<1
4
9
25

S te rile 	
  sa m ple s
FIGURE 4 - Concentration of Cr, Ni, Sr and Ba with depth in sterile samples

some samples) for Ba with a mean value of 144 µg/g, Cr
with a mean value of 77 µg/g and Ni with 73 µg/g. The
mean values of As, Br, Cu, Zn, Pb, V, Co, Rb, Zr, La, Ce,

and U range between 3 and 25 µg/g. Sc, Ga, Y, Nb, Cs,
Pr, Nd, Sm and Th gave concentrations with mean values
of 1 to 5 µg/g, while S, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
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Lu Hf, and Ta display concentrations <1 µg/g, being below
detection limits in some samples, thus they were not included in Table 2. Sb, Ag, Be, Ge, Mo, Sn, W, Tl and Bi were
found only in some samples while Au, Ir, Se, Cd and In were
not traced. Cr, Ni, and Ba, show a decrease with depth and a
main increase in certain intermediate layers of marl.

CaO and SiO2 display the highest concentrations
among the major oxides followed by Al2O3 and Fe2O3.
Calcite, quartz and feldspars (main minerals in the lignite)
are responsible for the above chemical composition. Loss
on ignition shows also high values. No systematic change
of the major element concentrations with depth was observed, however, a relative decrease of SiO2 and Al2O3 as
well as an increase of CaO was noticed in the deeper samples.

The trace element concentrations were compared to
average crustal abundances (Table 2) in order to find out if
there is any enrichment or not. The enrichment factor of an
element is defined as the ratio of an element concentration
to that of the crustal average. Elements with enrichment
factor >2.00 are considered enriched and <0.50 depleted.

Among the trace elements, the most abundant is Ni
with an average concentration of 127 µg/g. Sr, Cr, Ba and
V follow with average values of 99 µg/g, 77 µg/g, 71 µg/g
and 40 µg/g, correspondingly. The trace elements As, Br,
Cu, Zn, Pb, Co, Rb, Zr, La, Ce and U display average
mean values between 5 and 14 µg/g with the concentrations of Pb, Co and Zr being below detection limits in
some samples. Determinations were also made for Sc, Sb,
S, Ga, Y, Nb, Cs, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Hf, Ta, W, Tl and Th, all of which gave
values <5 µg/g and in some samples were not detectable,
thus they were not included in Table 4. Finally, the trace
elements Au, Ir, Se, Cd, Ag, Be, Ge, Mo, In, Sn and Bi
gave all concentrations below detection limits.

The results indicate that arsenic displays low concentrations or depletion in about one third of the samples. The
rest samples are enriched with enrichment factors from 2.2
to 24. Br displays low concentrations (not exactly depleted)
in all samples except S49 in which it is enriched (2.4
times). Cr was found enriched only in three samples with
enrichment factors 3 to 7; the rest samples have low concentrations or are depleted. Ni ranges from depletion to
relatively high concentrations, with enrichment in three
samples by 3 to 9 times. Cu, Zn, Pb (except sample S49),
V, Co, Rb, Sr (except sample S49), Zr, Ba (except sample
S49), La (except sample S49) and Ce (except sample S49)
appear depleted or with low concentrations. Finally, U shows
enrichment only in four samples (enrichment factors 2.1 to
6), being either depleted or with low concentrations in the
rest samples.

Correlation of the trace element concentrations with
depth showed that the lignite samples of the deeper seams
contain lower concentrations of all the trace elements (except Sr) compared to the samples of the upper and intermediate lignite seams. Sr seems to display a relative increase
with depth. Especially Ni and Cr show a distinguished increase in the samples of the upper lignite seams.

It is notable that the layer of characteristic sand (sample S49) was found to display the highest enrichment factors or the highest concentrations for most trace elements.

Compared to the crustal abundances it resulted that As
is enriched in all samples with enrichment factors from 2 to
19. Equally, Br is enriched in all samples with enrichment
factors from 2.6 to 5. Cr is enriched in two samples by 2.4
and 4.2 times. Cu appears depleted or with low concentra-

3.2. Chemical composition of lignite

The chemical composition of the lignite samples is presented in Tables 3 and 4 and Figures 5 and 6 [see also 27].

A l2O 3

F e2O 3

C aO

25
20
15
10
5

L ig nite 	
  sa m ple s
FIGURE 5 - Concentration of SiO2, Al2O3, Fe2 O3 and CaO (%, m/m) in lignite samples
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FIGURE 6 - Concentration of Cr, Ni, V, Sr and Ba with depth in lignite samples

tions. Ni displays enrichment in six samples (enrichment
factors 3 to 5) while in the rest samples it shows low
concentrations but not depletion. Zn, Pb, V, Co, Rb, Sr,
Zr, Ba, La and Ce display low concentrations or depletion
in all samples. Finally U is enriched in nearly all samples
with enrichment factors from 2 to 5.6.

The lignite layer corresponding to sample L7 was
found to be the most enriched or with high concentrations
for most of the elements.
Comparing the concentrations of trace elements in
steriles and lignites, it results that there is a considerable
dependence of the concentration and enrichment degree
between them. Thus, enrichment or high concentrations of

TABLE 3 - Major elements (%, m/m) of the Kardia lignite samples (from Adamidou et al. 2007) [27]
Detection Limit
L3
L5
L7
L9
L11
L13
L15
L17
L19
L21
L23
L26
L28
L30
L32
L34
L36
L38
L40
L42
L44
L46
L48
L50
L52
L54
Mean
Standard Deviation

SiO2
0.01%
4.86
4.79
21.95
8.66
3.08
4.46
3.75
17.67
8.37
9.81
8.45
5.33
3.47
5.71
3.46
9.59
1.27
1.44
2.10
1.73
1.95
3.19
2.37
0.91
4.4
1.2
5.54
4.92

Al2O3
0.01%
2.23
2.29
10.17
4.15
1.34
1.96
1.99
7.88
4.03
4.35
3.32
2.77
1.93
2.66
1.76
4.49
0.73
0.70
1.14
0.75
0.97
1.61
1.06
0.54
2.16
0.59
2.60
2.22

Fe2O3(T)
0.01%
1.41
1.79
4.54
2.95
0.89
1.36
3.56
4.24
0.90
1.09
3.06
1.35
0.97
1.70
1.86
4.21
0.82
0.70
1.12
0.71
0.83
0.90
0.79
0.61
0.84
0.54
1.68
1.22

MnO
0.001%
0.02
0.01
0.02
0.02
0.00
0.01
0.02
0.02
0.00
0.00
0.00
0.01
0.00
0.01
0.01
0.03
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01

MgO
0.01%
0.67
0.76
1.80
1.16
0.64
0.82
0.85
1.42
0.76
0.84
0.97
0.98
0.89
0.75
0.86
1.04
0.96
0.81
1.04
0.80
0.82
0.87
0.87
0.85
0.78
0.86
0.92
0.23
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CaO
0.01%
9.59
4.66
4.88
8.29
3.33
5.73
7.47
2.89
3.39
3.63
7.68
8.28
3.84
3.53
13.22
4.91
14.45
19.04
11.93
9.41
15.52
4.62
4.36
9.41
4.35
8.65
7.58
4.23

Na2O
0.01%
0.06
0.06
0.12
0.07
0.07
0.06
0.07
0.13
0.25
0.24
0.12
0.05
0.04
0.06
0.04
0.05
0.03
0.04
0.06
0.08
0.07
0.04
0.04
0.04
0.20
0.09
0.08
0.06

K2 O
0.01%
0.20
0.10
0.69
0.18
0.17
0.17
0.13
0.45
0.29
0.39
0.24
0.09
0.09
0.20
0.16
0.27
<0.01
0.07
0.14
0.06
<0.01
0.13
0.05
0.03
0.24
0.03
0.18
0.15

TiO2
0.001%
0.11
0.10
0.40
0.16
0.06
0.09
0.09
0.34
0.16
0.19
0.15
0.09
0.06
0.13
0.08
0.21
0.03
0.03
0.05
0.03
0.04
0.07
0.05
0.02
0.08
0.02
0.11
0.09

P2 O5
0.01%
0.08
0.05
0.18
0.17
0.04
0.05
0.17
0.13
0.08
0.09
0.05
0.09
0.06
0.04
0.10
0.09
0.07
0.05
0.04
0.05
0.06
0.05
0.06
0.05
0.11
0.07
0.08
0.04

LOI
0.01%
79.25
84.18
54.20
72.69
88.92
83.93
80.42
63.59
81.19
78.91
74.70
80.23
87.28
84.32
76.93
74.86
81.60
75.62
81.02
85.49
78.78
87.07
88.71
86.11
8.25
8.69
80.07
7.67
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ΤABLE 4 - Trace elements (µg/g) of the Kardia lignite samples [27]
As
Br
Detection Limit
0.5
0.5
L3
11
8
L5
16
9
L7
27
10
L9
21
9
L11
14
9
L13
20
10
L15
34
13
L17
20
9
L19
11
7
L21
6
7
L23
10
8
L26
11
12
L28
10
14
L30
7
11
L32
14
9
L34
7
12
L36
5
8
L38
5
7
L40
8
7
L42
5
8
L44
5
8
L46
7
11
L48
7
10
L50
4
9
L52
9
12
L54
5
8
Mean
12
9
Standard Deviation
7
2
Earth’s Crust*
1.8
2.5
* From Mason and Moore (1982) [26]

Cr
5
39
61
423
189
25
44
162
243
26
24
38
117
99
60
54
77
28
16
53
29
22
38
40
25
40
21
77
89
100

Cu
1
6
7
38
16
4
6
11
25
7
9
7
11
9
8
7
14
4
3
7
3
3
7
11
4
9
3
9
7
55

Ni
1
34
110
664
266
75
229
294
396
28
30
57
210
147
70
95
85
34
24
65
32
32
73
65
49
78
52
127
143
75

Zn
1
7
14
64
24
8
11
13
39
15
18
12
14
20
11
8
22
3
1
5
6
3
8
10
3
9
1
13
13
70

Pb
5
6
5
22
9
<5
5
6
19
19
15
5
<5
7
6
6
8
<5
<5
<5
<5
<5
<5
<5
<5
9
<5
6
6
13

As, U and Ni in lignites is strongly influenced by the high
values of these elements in steriles. The same correlation is
also observed for the rest of the elements. Additionally, the
sedimentary processes occurring during the basin evolution
superimposed the regional geochemical signature of limestones and metamorphic rocks playing an important role on
the concentrations of certain elements, e.g. limestones for
Sr and Ba and metamorphites for Cr and Ni
4 CONCLUSIONS
The 29 sterile samples collected perpendicular to the
bedding of the Kardia lignite field, display high values in
CaO and SiO2. CaO is the most abundant oxide displaying
an increase in the samples of the marl beds while SiO2 as
well as Al2O3 increase in the clay and sand beds.
Concerning the trace elements, Sr is the most abundant followed by Cr, Ni and Ba. Some trace elements display increasing concentrations in certain samples of clay,
sand and marls. Cr, Ni and Ba show a decrease with depth
and an increase in some intermediate layers of marls. Compared to the crustal average, As appears enriched in many
samples, Cr and Ni are enriched in three samples and U in
four samples. The rest of the elements have low concentrations, compared to the Earth’s crust, or are depleted. The
layer of characteristic sand displays the highest enrichment

V
5
33
44
170
79
22
36
114
87
34
36
29
36
38
28
35
38
13
8
32
14
16
29
23
11
36
11
40
35
135

Co
1
2
7
32
13
5
8
14
16
3
4
4
14
6
4
5
6
<1
<1
7
2
1
3
2
1
4
1
6
7
25

Rb
1
10
12
48
20
8
10
6
28
20
20
16
10
8
10
7
14
4
3
5
4
4
8
6
2
9
2
11
10
90

Sr
2
105
88
82
85
67
84
76
71
120
124
87
81
65
64
101
74
132
119
115
116
129
98
97
125
139
130
99
23
375

Zr
4
12
12
55
22
9
12
19
43
33
31
15
7
6
17
12
24
<4
<4
7
<4
12
6
5
<4
9
<4
14
13
165

Ba
3
93
64
191
99
49
61
63
169
178
168
61
40
27
45
57
66
32
36
34
32
38
34
31
31
92
45
71
49
425

La
0.05
5
6
23
11
3
4
7
16
11
11
7
4
3
6
5
10
2
2
2
2
3
4
4
1
6
1.28
6
5
30

Ce
0.05
11
11
42
21
5
8
12
31
22
22
14
7
6
11
9
20
3
4
4
4
6
8
9
2
12
2
12
9
60

U
0.01
7
8
10
6
3
9
9
9
6
6
6
6
5
5
7
6
3
2
6
3
3
4
4
1
5
1
5
2
1.8

factors or the highest concentrations for the most of the
trace elements.
The 26 lignite samples display, equally, high percentages of CaO and SiO2 among the major elements. No systematic change of the major element concentrations with
depth was observed, however, a relative decrease of SiO2
and Al2O3 as well as an increase of CaO was noticed in
the deeper samples.
Concerning the trace elements of the lignite samples,
Ni was found to be the most abundant while Sr, Cr, Ba
and V follow. The rest of trace elements contributes with
low values being some of them below their detection limit.
The lignite samples of the deeper seams contain lower
concentrations of all trace elements (except Sr). Strontium
seems to display a relative increase with depth while Ni
and Cr show a distinguished increase in the samples of the
upper lignite seams. Compared to the Earth’s crust, As, Br
and U are enriched in nearly all the samples, Cr is enriched in two samples, Ni in six samples, while the rest of
the elements show low concentrations or depletion.
A very close similarity of the enrichment or depletion
degree is observed for all the trace elements between sterile
and lignite samples, revealing a strong influence between
them. The influence of the superimposed geochemical signature of limestones and metamorphic rocks on the concentrations of certain elements in lignites and limestones is
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drived by the sedimentary processes affected the basin
during its formation.

[13] Swaine, D.J. (1990) Trace Elements in Coal. Butterworths, London, 278.
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ABSTRACT
The sorption of phenol and Cu2+ and their interactive
effects on the loess were studied by batch experiments.
Results indicated that the sorption rate of Cu2+ was faster
than that of phenol on the basic of the dependence of
sorption on time. The quasi-stationary state was achieved
within 4 h and 13 h for Cu2+ and phenol, respectively. The
kinetic data was best described by the pseudo-first-order
equation for either phenol or Cu2+. According to the isotherms and interactive effects of the two contaminants on
the sorption, the presence of Cu2+ suppressed the sorption
of phenol onto the loess. In contrast, phenol enhanced Cu2+
sorption onto the loess. Four isotherm models were tested
to fit the sorption data in single or binary sorbate systems.
The Sips model, with higher determination coefficients and
lesser difference between Qe theoretical value and Qe
experimental value, provided the best fit for the phenol
experimental data, while the data of Cu2+ fit better to the
Freundlich, Temkin and Sips models than to the Langmuir
model.

KEYWORDS:
loess; heavy metal; phenol; sorption; interaction

1. INTRODUCTION
Loess is an aeolian sediment that is formed by the accumulation of wind-blown silt, typically in the 20–50 µm
size range, and lesser and variable amounts of sand and
clay that are loosely cemented by calcium carbonate. It is
usually homogeneous and porous. The soil is widely distributed throughout northwestern China, Middle Asia,
Russia, the Middle East and North America, covering approximately 10% of the Earth’s land surface [1]. Loess is
rather abundant in China, covering an area of approximately 640,000 km2 [2] and blanketing the Shaanxi,
Shanxi, Gansu and Ningxia regions of China [3].
* Corresponding author

However, with the development of industry and agriculture, the loess is now being polluted with anthropogenic
contaminants, a situation that is most severe in developing
countries [4]. In northwestern China, acid-mining drainage and atmospheric deposition are major sources of
contamination to the loess. The simultaneous contamination of loess with organic contaminants and heavy metals
has especially become a serious environmental problem.
For example, heavy metal and phenolic contaminations
have aroused considerable public concern with respect to
the potential damage to food safety, human health and
ecosystems [2,5-7]. The sorption of these pollutants by
loess can minimize their harmful effects by reducing their
bioavailability and mobility in loess, thus reducing their
potential for plant uptake or groundwater contamination
[8,9]. It is particularly important to investigate the sorption of organic compounds and heavy metals onto loess
both to assess the environment fate, transport and transformation of contaminants and to increase the understanding of the interactive mechanisms between organic compounds and heavy metals. Compared with the extensive
individual studies on the sorption of heavy metals or organic chemicals onto soils, there is a dearth of information
on the effects of heavy metals on the sorption of organic
chemicals onto loess in China and vice versa [4, 7].
Meng et al. [5] investigated the simultaneous sorption
of phenol and cadmium on amphoteric-modified loess by
duodalkylbetaine. Their results showed that amphotericmodified loess had the ability to simultaneously adsorb
Cd2+ and phenol. For the unmodified soil, the total sorption in the Cd2+-phenol treatment was slightly lower compared with the treatments that contained only Cd2+ or
phenol. This indicated an antagonistic effect between the
sorption of Cd2+ and phenol sorption. Yan et al. [7] observed that Pb2+ largely diminished the sorption of phenol
onto Na+- or Ca2+-montmorillonites, while phenol had
little effect on the sorption of Pb2+ onto sorbents. Other
researchers [10,11] studied the mutual influence of
glyphosate and Cu2+ sorption on montmorillonite. Cu2+
was shown to decrease the glyphosate sorption on montmorillonite. This was attributed to the formation of Cu–
glyphosate complexes, which have a lower tendency to be
adsorbed onto montmorillonite than free glyphosate.
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Phenol, an ionizable organic compound, is an important raw material and product of many chemical and
allied industries and is also an environmentally relevant
contaminant [7, 12, 13]. It is included in the U.S. Environmental Protection Agency’s (EPA) and the European
Union’s (EU) lists of priority pollutants. Phenol can enter
soil through a variety of pathways, including chemical
coagulation and flocculation and co-precipitation with
clays or particulate matter.
In agriculture, Cu2+ has been used extensively as a
fungicide. Concurrently, the element can be introduced
into soil as an undesired component of fertilizers, liming
agents, sewage sludge, irrigation with wastewater, domestic wastes and other urban and industrial wastes that contain significant copper content [10, 11, 14]. The ingestion
of Cu2+ leads to various health consequences in human
beings. The permissible limit for Cu2+ in drinking water
that is approved by the World Health Organization (WHO)
is 2 mg/L [15]. One of the most important factors influencing
the transport and environmental fate of chemicals in soil
and sediment is the adsorption–desorption process. Among
the various classes of chemicals, heavy metals display a
unique behavior in that their bioavailability, mobility, toxicity, and fate are directly related to the sorption capacities of
soils [9,16,17].
Taking into account the above, the overall objective
of this study was to investigate the interaction between
phenol and Cu2+. The specific goals were as follows: (1)
to obtain equilibrium times, including kinetics, for the
prediction of sorptive behaviors, (2) to identify sorption
isotherms of the sorbates, involving all types of isotherm
fittings, in single and binary sorbate systems, and (3) to
provide theoretical guidance for their risk assessments.
2. MATERIALS AND METHODS
2.1. Materials and reagents
2.1.1. Chemicals

Methanol used was HPLC grade. Double deionized
water from a MilliQ-element purification system (MilliQelement, USA) was used for all experiments and for the
preparation of the stock solutions. The adjustment of pH
was performed using 0.1 mol/L NaOH and 0.1 mol/L
HNO3. All other chemicals, including phenol (C6H5OH),
Cu(NO3)2·3H2O, CaCl2, NaOH and HNO3, were analytical
grade. They were used without further purification.
2.1.2. Soil sample

The loess used in this study was sampled from the
suburbs of Lanzhou, China. The region that was selected
for the soil sample has no history of any application of
herbicides or other chemicals. The soil samples were
collected at depths of 0-20 cm from several different points
and were mixed to compose a sample. The soil was airdried and ground to pass through a No. 60-mesh nylon
sieve. Approximately 2 kg was stored in an amber glass

bottle for subsequent experiments at room temperature.
Heavy-metal content in the loess soil was measured by
atomic adsorption spectrophotometry (AAS, Spectr
AA220FS, USA). The pH was determined in a 1:1 suspension of solid and water [18]. The specific surface area was
measured by the N2 -BET method with an ASAP 2020M
analyzer (Micromeritics Co., UAS). The cation exchange
capacity (CEC) was determined by the method of Polemio
and Rhoades[19]. The organic matter (OM) was determined using the Walkley-Black method [20]. The phenol
was monitored by high performance liquid chromatography (HPLC, Finnigan Surveyor, USA). The basic properties of the loess are listed in Table 1.
TABLE 1 - Physical and chemical properties of the loess soil sample
pH
CEC (cmol(+)/ kg)
BET surface area (m2/g)
Pore volume (cm3/g)
OM (g/kg)
Sand (%)
Silt (%)

8.11
25.9
9.759
0.023
27.37
18.65
52.85

Clay (%)
Pb (mg/kg)
Cd (mg/kg)
Cu (mg/kg)
Ni (mg/kg)
Zn (mg/kg)
Phenol

28.50
2.071
0.043
0.087
0.215
0.510
-

2.2. Sorption experiments
2.2.1. Sorption kinetic experiments

To obtain the equilibrium time, monocomponent solutions of Cu2+ and phenol were prepared at 50 and 40 mg/L,
respectively. For the monocomponent kinetic experiments,
1 g loess was added to a 50-mL glass Erlenmeyer flask
with a well-fitted glass stopper. The loess was equilibrated
with 20 mL of a solution containing 0.01 mol/L CaCl2, to
maintain a constant ionic strength, 100 mg/L NaN3, to
inhibit the microbial activity[21], and the given solution
concentration of Cu2+ or phenol at an initial pH of 6, at
which the maximal sorption occurred for either phenol or
Cu2+[22]. The suspensions were agitated on a rotary shaker (THZ-82, Jintan, China) at 25°C at 120 rpm. After
equilibration for the desired time, each suspension was
centrifuged (80-2, Shanghai, China) at 1667g for 30 min.
Afterwards, the Cu2+ and phenol concentration in each
supernatant was determined with AAS and HPLC, respectively. The amount that was adsorbed (Qt) during the
contact time by the loess was calculated using Eq. (1).
Meanwhile, a blank for each soil without sorbate and a
control without soil for each sorbate concentration were
also conducted to evaluate any solute losses due to volatilization and uptake by the glass walls of the flasks under
identical conditions. The losses of phenol and Cu2+ during
the period of the experiment were found to be negligible.
All the tests were conducted in duplicate.
The amount of phenol or Cu2+ that was sorbed during
the contact time by the loess was calculated according to
the mass balance, which is expressed by Eq. (1).
(1)
where Qt (mg/kg) is the amount of sorbate that was
sorbed by the loess, C0 and Ct (mg/L) are the initial and
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final sorbate concentrations in the solution, respectively,
V (L) is the volume of the solution, and m (kg) is the mass
of the soil.
2.2.2. Sorption isothermal experiments

Phenol and Cu2+ sorption isothermal experiments were
conducted in duplicate using the batch method in 50-mL
glass Erlenmeyer flasks with a well-fitted glass stopper. A
total of 1.0 g of loess was transferred to the glass Erlenmeyer
flasks before adding sorbate solution. The initial concentrations ranged from 0 to 100 mg/L for phenol and from 0 to
200 mg/L for Cu2+. The solution contained 0.01 mol/L CaCl2
to maintain a constant ionic strength and 100 mg/L NaN3
to inhibit the microbial activity at pH 6. Batch single
sorption experiments were conducted using a constant
volume of 20 mL sorbate solution. All flasks were agitated in
a shaker for 16 h at 120 rpm at 25 °C. Afterwards, all suspensions were centrifuged to separate the liquid from the
solid phases at 1667 g for 30 min, and the supernatant
liquid was then analyzed for residual concentration of
phenol or Cu2+.
The batch experiments of interaction of Cu2+-phenol
sorption were conducted with a similar procedure as the
single solute sorption experiments at 25°C. A binary solute sorption system was designed in which phenol was
used as the primary solute with concentrations ranging
from 0-100 mg/L, and the concentration of Cu2+ was fixed
at an initial concentration of 200 mg/L. Alternatively, Cu2+
was used as the primary solute with concentrations ranging
from 0-200 mg/L, and concentration of phenol was fixed
at an initial concentration of 100 mg/L.
2.3. Sorption models
2.3.1. Sorption kinetic models

Many soil chemical processes are time-dependent. To
understant the kinetic interactions of heavy metals and
ionizable organic compounds (IOC) with the loess and
predict their fate with time, a knowledge of the kinetics of
their sorption onto the loess is important from the point of
view that it controls the sorption efficiency. Three kinetic
models, pseudo-first-order, pseudo-second-order, and
Elovich equation, were applied to the experimental data.
A simple kinetic analysis of sorption is the pseudofirst-order equation, which is expressed by Eq. (2).
(2)

where k2 (kg/(mg·h)) is the rate constant of the pseudo-second-order sorption.
Another kinetic model that was used to describe the
sorption in the soil was the Elovich equation, which is
expressed by Eq. (4).
(4)
where α(mg/(kg·h)) is the initial sorption rate,
β(kg/mg) is the desorption constant, Q0 (mg/kg) is the
amount of sorbate that is adsorbed at time zero and Q t
(mg/kg) is the sorption of sorbate at time t (h).
2.3.2. Sorption isothermal models

Langmuir, Freundlich, Temkin, and Sips models were
chosen for the equilibrium of the liquid-solid systems to
fit the data for phenol and Cu2+ sorption onto loess. The
modeling calculations were performed using OriginPro. 8.5
(Microcal Software, Inc.) by nonlinear regression.
The Langmuir model [23] assumes a monolayer sorption onto a homogenous surface where the binding sites
have the same sorption affinity, and no interactions between
sorbates are considered. The Langmuir model is expressed
by Eq. (5).
(5)
where Qe (mg/kg) and Ce (mg/L) are equilibrium
sorption capacity and the equilibrium concentration of the
sorbate, respectively, Qm (mg/kg) is the maximum sorption capacity of the sorbent, and KL (L/mg) represents a
coefficient that is attributed to the affinity between the
sorbent and sorbate.
The Freundlich model[24] predicts the sorption on a
heterogeneous surface without saturation of sorbent binding sites and is expressed by Eq. (6).
(6)
where Qe and Ce are defined earlier, KF (L/kg) is a
unit capacity coefficient, and nF is the Freundlich parameter that is related to the degree of system heterogeneity,
describing the degree of nonlinearity. The Freundlich
isotherm can be interpreted as the sorption onto surfaces
that support sites of varied affinities.
The statistical parameters of the Temkin model [25],
which takes into account the interactions between the
adsorbing species and adsorbent, are expressed by Eq. (7).

where Qt (mg/kg) is the amount of sorbate that is
sorbed at time t (h), Qe (mg/kg) is the amount of sorbate
that is sorbed at equilibrium, and k1 (1/h) is the rate constant of the first-order sorption.

where Qe and Ce are defined previously, KT (L/kg), BT
(mg/kg) and CT (mg/L) are Temkin model constants.

The sorption kinetics can also be described by the
pseudo-second-order equation, which is expressed as Eq. (3).

The Sips model [26] is a hybrid of the Langmuir and
the Freundlich isotherms and is expressed by Eq. (8).

(3)

(8)

(7)
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2.4. Analytical methods

The concentrations of phenol were determined by an
HPLC system with a Photodiode Array Detectors (PDA,
Finnigan Surveyor, USA). An Thermo scientific Carbon-18
reversed phase column (2.1 mm × 100 mm, 1.9 µm,
Hypersil GOLD) was used for the separation. Isocratic
elution was performed at a flow rate of 0.2 mL/min with
methanol-water (80/20, V/V) as the eluent. The injection
volume was 10 µL, the column temperature was 30°C, and
the detector wavelength was 275 nm[27]. The concentrations
of Cu2+ were determined by AAS with flame atomic absorption spectrometry (Spectr AA220FS, USA). Based on the
obtained calibration curves, the amount of phenol, Cu2+
adsorbed was calculated from the difference in concentrations between the initial and equilibrium solutions.
3. RESULTS AND DISCUSSION
3.1. Sorption kinetics of phenol and Cu

2+

onto loess

The effects of contact time on the sorption of phenol
and Cu2+ by the loess are depicted in Fig. 1a and 1b, respectively. A quasi-stationary state was achieved within 4
h and 13 h for Cu2+ and phenol, respectively. For practical
consideration, a contact time of 16 h was selected for all
subsequent experiments to ensure equilibrium.
With Cu2+, Fig 1b has indicated that the sorption rate
is initially rapid followed by slow reactions, and finally
reached an equilibrium level. The rapid reaction step can
be ascribed to formation of outer-sphere complex (If a
water molecule is present between the surface function
group and the bound ion or molecule, the surface complex
is termed outer-sphere complex. Conversely, if there is
not a water molecule present between the ion or molecule
and the surface functional group to which it is bound, this
is an inner-sphere complex)[28]. Outer-sphere complexes
involve electrostatic coulombic interactions and are thus
weak compared to inner-sphere complexes in which the
binding is covalent or ionic. Outer-sphere complexation is
usually a rapid process that is reversible, and adsorption
occurs only on surfaces of opposite charge to the adsorbate. Subsequently, slower sorption step can be due to innersphere complexation. Inner-sphere complexation is usually
slower than out-sphere complexation, it is often not reversible, and it can increase, reduce, neutralize, or reverse the
charge on the sorbent regardless of the original charge.
However, it should be pointed out that outer- and innersphere complexation can often occur simultaneously. In
addition to the above chemical reaction processes, the

formation of cupric hydroxide surface precipitates can
greatly affect Cu2+ sorption rate. At pH 6, cupric hydroxide
precipitates can form on phyllosilicates and metal oxides
in the loess [16]. It has generally been thought that the
kinetics of formation of surface precipitates was slow [16,
28-30].
Similarly to Cu2+, Fig. 1a has shown that sorption of
phenol onto the loess is characterized by rapid followed
by a much slower[28]. The rapid phase has been ascribed
to retention of the phenol in a labile form that is easily
desorbed. However, the much slower sorption reaction
phase involves the entrapment of phenol in a nonlabile form
that is difficult to desorb. This slower sorption reaction has
been ascribed to diffusion of phenol into micropores of
organic matter and inorganic soil components [31,32]. Some
researchers consider soil organic matter (SOM) to contain a
mixture of glassy and rubbery components. It is commonly
accepted that sorption of organic compounds to soils/ sediments consists of adsorption in glassy domain and partition
in rubbery domain. The partition in rubbery is characteristic of rapid rate while the adsorption in glassy is slow [33].
a

Amount Sorbed (mg/kg)

where Qe and Ce are defined previously, KS (L/mg) is
the Langmuir equilibrium constant, and nS is the Freundlich
heterogeneity factor. The Sips isotherm behavior is the
same as that of the Freundlich equation with the exception
that it possesses a finite saturation limit when the concentration is sufficiently high. This isotherm is usually applicable when both the Langmuir and the Freundlich models fail.
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FIGURE 1 - Kinetics of the sorption of (a) phenol and (b) Cu onto
loess.

To analyze the kinetic sorption of phenol and Cu2+
onto the loess, pseudo-first-order, pseudo-second-order
and Elovich rate equations were used to simulate the
kinetic sorption (Fig. 1a, 1b and Table 2). The coefficients
of determination of the three rate equations were 0.9917,
0.9696 and 0.9583 for phenol, and 0.9942, 0.9658 and
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TABLE 2 - Kinetic parameters for the sorption of phenol and Cu2+ onto loess
Kinetic Model

Phenol
R2

Parameters

Cu
R2

Value
Pseudo-first
k1 (1/h)
0.39
c
0.9917
-order
Qe (mg/kg)
403(407) a
Pseudo-second
k2 (kg/(mg·h))
4.0×10-3
c
0.9696
-order
Qe (mg/kg)
418(407) a
α (mg/(kg·h))
3.3×104
Elovich
β (mg/(kg·h))
0.9583 c
2.3×10-2
logKeq=α/β
6.16
a
Figures in the parentheses indicate experimental values for Cu2+ adsorbed on loess
b
Figures in the parentheses indicate experimental value for phenol adsorbed on loess
c
Indicates the statistical significance at probability level of P<0.01

2+

onto loess

The sorption isotherms of phenol and Cu2+ and their
interaction with each other are shown in Fig. 2. The fitting
curves and corresponding parameters are given in Fig. 2
and Table 3, respectively.
With phenol, although the sorption isotherms onto the
loess in the absence and presence of 200 mg/L Cu2+ could
be well described by the Langmuir, Temkin and Sips
models, the Sips model was found to show the best-fit to
the test data with the highest coefficient of determination.
Based on the analysis with the Sips isotherm model, the
maximum theoretical sorption capacity of phenol onto the
loess without and with Cu2+ were determined to be 385
and 306 mg/kg, respectively, which were very close to the
corresponding experimental values, 378 and 301 mg/kg.
Evidently, the presence of Cu2+ decreased the sorption of
phenol onto the loess. Pei et al. [34] also observed that
Pb2+ markedly diminished the sorption of 2,4,6-trichlorophenol (2,4,6-TCP) onto soil and peat. This behavior
could be due to the competition for the sorption sites or to
the decrease in free phenol in solution due to the formation of Cu-phenol complexes, which had a lower tendency to be sorbed than the free phenol. In general, the
sorption of phenol on soils was attributed to (1) hydrogen
bond between phenolic hydroxyl group, as hydrogenbonding donor, of phenol and functional groups, such as
carboxyl, phenolic hydroxyl group, and hydroxyl

a

Amount Sorbed (mg/kg)

3.2. Sorption isotherms of phenol and Cu

0.9942
0.9659
0.9455

group on silanol(SiOH) and aluminal(AlOH), as hydrogen acceptors, on soil surface[7,34], and (2) hydrophobic
interaction between phenol and soil organic matter. For
the former, the phenolic hydroxyl group of phenol permits orientational interactions with H-bonding sites of
soil organic matter and clay mineral surface. However,
Cu2+ can also form coordination bonds with these functional groups. The overlapping of sorption sites implies
that Cu2+ could suppress the sorption of phenol on the Hbonding sites of organic matter and clay minerals. Yan et
al. [7] thought that this behavior was due to the fact that
heavy metal cation with positive charge has stronger
sorption
400

350

300

b
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0.9455 (P<0.01) for Cu2+, respectively. According to the
good coefficients of determination, whatever the kinetic
equation used, the description of sorption kinetics seemed
to be satisfactory. However, comparing Qe theoretical
value (obtained from the fitted value of Fig. 1a and 1b) to
Qe experimental value, it was found that the tendency of
the pseudo-second-order equation raised the quantity of
the phenol and Cu2+ sorption. While the Qe theoretical
values, obtained from the first-order kinetic, were 403 and
2480 mg/kg for phenol and Cu2+, in good agreement with
the Qe experimental value, 410 and 2473 mg/kg for phenol and Cu2+, respectively. Thus, the sorption data for
phenol or Cu2+ on the loess was best described by the
pseudo-first-order equation with the highest coefficient of
determination (R2>0.99) and the least difference between
Qe theoretical values and Qe experimental value.

Value
1.14
2480(2473) b
2.3×10-3
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8.4×1014
1.3×10-2
16.82
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FIGURE 2 - Adsorption isotherms for phenol and Cu sorption onto
loess. (a) Effect of Cu on the phenol sorption and (b) effect of phenol
on the Cu sorption.
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TABLE 3 - Isotherm parameters for the sorption of Cu and phenol onto loess
Model
Langmuir
Freundlich

Temkin

Sips

Parameters
Qm (mg/kg)
KL (L/mg)
R2
KF (L/kg)
nF
R2
BT (mg/kg)
KT (L/kg)
CT (mg/L)
R2
Qm (mg/kg)
KS (L/mg)
nS
R2

phenol
Single
468
0.07
0.9156
109.99
3.33
0.7863
52.09
26.54
-10.17
0.9582
385
0.08
2.20
0.9918

Combined
343
0.13
0.9136
135.87
5.12
0.7411
24.22
4977.80
-10.52
0.9587
306
0.11
2.14
0.9926

affinity than phenol for sites of soil. This implies that the
addition of Cu2+ would release the sorbed phenol from
loess. As for the hydrophobic interaction, when Cu2+ are
adsorbed on surface of soils, this makes soil surface
hydrophilic, and consequently they are quite ineffective in
sorbing nonionic organic compounds from aqueous solution.
Compared to phenol, the sorption isotherms of Cu2+
onto the loess with or without 100 mg/L phenol fit the
Freundlich, Temkin and Sips models well with determination coefficients higher than 0.99. As shown from Fig 2b
and Table 3, more Cu2+ was sorbed onto the loess with
phenol than without phenol. The maximum sorption values
are 2.9×105 mg/kg and 2.7×105 mg/kg in the presence and
absence of phenol, respectively, based on the Sips model.
The cause of the increase in the sorption of Cu2+ onto the
loess with the addition of phenol may be the presence of
Fe3+ and Al3+, desorbed from the loess, in solution, forming
complexes with phenol, this also being the cause of the
decrease in the sorption of phenol. These complexes have a
lower tendency to to be sorbed than the free phenol. As
Fe3+ and Al3+ are desorbed from loess, due to their high
capacity of complex formation with phenol, some of the
positions that they occupied on the loess be taken by Cu2+
present in solution. The higher the concentration of phenol in solution, the greater the number of vacant positions
on the loess, and, therefore, higher is the mount of Cu2+
sorbed. The mechanism is necessary studied in future
research. Gagnon et al. [35] thought that adsorbed phenols
with anionic ionized groups may give additional sites for
the fixation of heavy metal cations on the surface of the
clay minarals favouring the sorption by electrostatic attraction. There would be formation of a clay-phenolmetals association on the clay surface area.

Cu
Single
4169
1.88
0.8427
1924.65
3.10
0.9961
1216.13
2.50
0.82
0.9936
2.7×105
2.6×10-7
0.33
0.9954

Combined
4174
0.72
0.8673
2631.73
3.53
0.9958
1018.37
10.69
0.23
0.9939
2.9×105
7.4×10-8
0.29
0.9950

metals in soils, but their interactions are not well understood and, in many case, no direct environmental sorption
data are available. Based on the results of this study, the
following conclusions can be drawn. (1) The sorption rate
of Cu2+ is rapider than that of phenol onto the loess. The
quasi-stationary state was achieved within 4 h and 13 h
for Cu2+ and phenol, respectively. The kinetic data was
best described by the pseudo-first-order equation for either phenol or Cu2+. (2) The Sorption isothermal experiments has shown that the ability of loess to sorb phenol
and heavy metals and has obviously brought out the importances of the interactive effects which are involved.
Over the examined concentration range, the presence of
Cu2+ suppressed the sorption of phenol onto the loess. In
contrast, phenol enhanced the sorption of Cu2+ onto the
loess. The equilibrium data obtained from single or binary
sorbate systems was interpreted based on a set of four
isotherm models. The best description of the adsorption was
assigned to the Sips model for phenol sorption, whereas
the Freundlich, Temkin, and Sips models were credited
for the Cu2+ sorption.
Experimentations were carried out under laboratory
conditions similar to those prevailing in the natural environment of loess. The results obtained in present paper
can also bring a significant contribution to elucidate some
natural global processes that take place in the loess between heavy metals and phenol. Investigated phenol and
Cu2+ are representative of phenolic compounds and heavy
metals, respectively, in the soil environment or other environmental mediums. The data of interactive effects between the two pollutions on the sorption provide envidence that sorption is not simple. The future studies are
needed to better understand processes and factors affecting the sorption of metals and organic compounds.

4. CONCLUSIONS
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OF OPERATIONAL PARAMETERS AND KINETIC MODELING
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ABSTRACT
Application of ultraviolet activated persulfate for degradation of Reactive Orange 122 (RO122) as a model organic pollutant in water was studied. Almost no dye degradation is achieved by UV and persulfate alone. However, 97% of the dye content is eliminated using UV illumination and peroxydisulfate simultaneously within 30 min.
The effect of different parameters, such as UV irradiation,
peroxydisulfate concentration, dye concentration, light intensity and temperature on the removal of RO122 was investigated. Influence of temperature on UV/ S2O82- process was
examined in the range of 10-70 ºC, and a simple kinetic
power law model joint with Arrhenius equation was introduced for prediction of the degradation rate. The degradation rate of RO122 is described by a pseudo first order
kinetic model, including temperature parameter.

KEYWORDS: Homogenous catalysis, Reactive Orange 122,
peroxydisulfate, kinetics, photodegradation

1. INTRODUCTION
Effluents from textile, leather, dyeing, cosmetics, paper, and dye manufacturing industries are not easily degradable and removed from wastewater by conventional
wastewater treatment systems because they contain several recalcitrant compounds while the wastewaters generated at the various stages of the dyeing process considerably differ in composition. The high-pollution loading is
mainly caused by spent dyeing baths (unreacted dye; dispersing agents (surfactants)); salts and organics washed out
of the material which undergoes dyeing [1, 2]. As some
dyes and their breakdown products may be toxic towards
living organisms [3], the degradation of dyes is a critical
aspect of wastewater treatment before discharging.
* Corresponding author

Conventional treatment methods are often chemically,
energetically and operationally intensive, focused on large
systems, and thus require considerable infusion of capital,
engineering expertise and infrastructure, all of which precludes their use in most parts of the world. Furthermore,
intensive chemical treatments (such as those involving ammonia, chlorine compounds, hydrochloric acid, sodium
hydroxide, ozone, permanganate, alum and ferric salts, coagulation and alteration aids, anti-scalants, corrosion control
chemicals, and ion exchange resins and regenerants) and
residuals resulting from treatment (sludge, brines, toxic
waste) can be added to the problems of contamination and
salting of freshwater sources [4-7].
Advanced oxidation processes (AOPs) are alternative
techniques of destruction of dyes and many other contaminating organics [8]. These processes generally involve
UV/ H2O2, UV/O3 or UV/Fenton’s reagent for the oxidative
degradation of contaminants [9-11]. It has been concluded
that AOPs are useful in treating dyes and giving a more
effective performance than using single oxidants. However, the information regarding the decay of organics by a
new approach, UV/peroxydisulfate or sulfate radicals, is
limited. It has been reported that the reaction rate constants of UV/S2O82- and UV/H2O2 (the most common processes) are the same [12]. Moreover, peroxydisulfate
has some advantages to the similar approaches such as:
(i) peroxydisulfate ions seem to be more promising because of the potential quenching effect of using H2O2
when the process is not well controlled (such as overdosing) [12], (ii) since peroxydisulfate is a solid oxidant, it
would be more capable for industrial uses in comparison
to liquid oxidants such as H2O2 [13], (iii) peroxydisulfate
salts are much cheaper than other oxidants like hydrogen
peroxide and ozone [14], (iv) oxidants like KMnO4 have
selective reactivity toward unsaturated compounds [15].
Due to high reactivity of UV/ S2O82- and high solubility of
peroxydisulfate as well as other mentioned advantages,
their application in wastewater treatment has been recently the focus of attention [16-18]. Persulfate anions (S2O82-)
can be thermally, chemically, or by transition metal ions
activated to produce sulfate-free radicals ( SO •4− ) which are
very powerful oxidants capable of degrading numerous
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organic contaminants [18, 19]. In this study, the usage of
UV photo-reactor and persulfate for degradation of dye
pollutions in contaminated water is investigated. Moreover, the kinetic degradation of RO122 was studied under
UV/S2O82- process as well as the effect of different parameters, such as UV irradiation, peroxydisulfate concentration, dye concentration, temperature and light intensity.
2. MATERIALS AND METHODS
2.1. Materials

The commercial azo dye, Reactive Orange 122
(RO122), was provided by Boyakhsaz, Tabriz, Iran, and
used without further purification. The dye characteristics are
given in Table 1. Potassium peroxydisulfate was obtained
from Merck (98% purity). The solution was immediately
prepared before the measurements to avoid the change of
concentration because of self-decomposition. All solutions were prepared in distilled water. Experiments were
carried out in a UV batch reactor. A holder of ultraviolet
lamps (Philips 30W) was placed above the reactor. The
distance between sample and the UV source was adjusted
with a mechanical jack. Temperature was kept constant at
certain points using a thermostat (Lauda-RE 104).
2.2. Procedure

The photoreactor was operated with an initial working
volume of 100 ml. Solutions were prepared by dissolving
the necessary quantity of the dye and S2O82- in distilled
water and feeding into the photoreactor. Peroxydisulfate
and dye concentration were varied from 0.1-15 mM and
5-40 ppm, respectively. The solution in the beaker was
continuously stirred to prepare homogenous mixing of the
degrading dye solution. UV lamp was turned on and the
dye solution samples were taken at desired time intervals
and analyzed with a UV/VIS spectrophotometer (Shimadzu 160) at ëmax = 490 nm, using a calibration curve
based on the Beer-Lambert's law. For each experiment,
operating conditions are summarized in the corresponding
figure legends.
3. RESULTS AND DISCUSSION
3.1. Effect of UV irradiation and peroxydisulfate on degradation of Reactive Orange 122.

Degradation of Reactive Orange 122 (20 ppm) was
investigated in presence of UV irradiation, S 2O 82- (with-

out UV radiation), and both UV radiation and S2O82- ions;
with 3mM solution of peroxydisulfate and 20 ppm of dye.
In the first case, no color removal is evidenced in absence
of peroxydisulfate or UV light. The result of 97% dye
removal was obtained with peroxydisulfate under UV
irradiation for 30 min (Fig. 1). In general, this is due to
the formation of more powerful hydroxyl and sulfate
oxidizing radicals under UV radiation. Reactions of peroxydisulfate are slow at room temperature. Hence, as
summarized in equations 1-5, thermally or photochemically activated decomposition of S2O82- ions to SO •4− radical is proposed for acceleration of the process [20]:
S2O82- + photons or heat → 2 SO •4−

(1)

SO • − + RH → SO 2 − + H + + RH •
4
2
4
RH • + S 2 O 82− → R + SO 24− + H + + SO •4−

(2)

2−
4

SO + RH → R + SO + H
•−
4

•

+

(3)
(4)

2R • → RR(dimer)

(5)

(R is an organic reagent)
Once SO •4− is formed, it can produce a rapid attack on
any oxidizable agent including organic contaminants
(e.g., RO122) [21]. Also, available oxidants in the solution and their corresponding intermediates are indicated in
equations 6-12:

SO•4− + H2O → HSO−4 + OH• (k = 500 ± 60s−1 )
HSO −4 → H + + SO 24−

(6)

1
OH • + S2 O82− → HSO −4 + SO •4− + O 2
2
1
•−
•
−
SO 4 + OH → HSO 4 + O 2
2
•
(except
in
alkaline solution)
2OH → H 2 O 2

(8)

(7)

(9)
(10)

1
H 2O2 → H 2O + O2 (mostly in acidic solution)
2

(11)

S2O82 − + H 2O 2 → 2H + + 2SO 24 − + O 2

(12)

Both SO •4− and OH • are possibly responsible for the
destruction of organic contaminants and either radicals
may predominate over the other depending on pH conditions. SO •4− and OH • react with organic compounds through
3 main mechanisms: hydrogen abstraction, hydrogen addition, and electron transfer. In general, SO •4− is more likely
to participate in electron transfer reactions than OH •
which is more likely to participate in hydrogen abstraction
or addition reactions [22].

TABLE 1 - Characteristics of Reactive Orange 122.
Structure
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Type

Chemical class

Mw (g mol-1)

Anionic

Monoazo

971.5
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3.3. Effect of initial dye concentration

FIGURE 1 - Effect of UV radiation and peroxyldisulfate on oxidative decolorization of RO122 (RO122)0=20 ppm, (S2O82-)0 = 5 mM,
X = C/C0, T = 25±1 0C.

The initial dye concentration has a remarkable influence on photocatalytic degradation of RO122. To study
the effect, dye concentration is changed from 5 to 40 ppm
while keeping the peroxydisulfate concentration constant
(5 mM) at room temperature (25±1 °C). As in Fig. 3, the
higher the dye concentration is, the lower the degradation
rate would be. One possible reason may be that as the dye
concentration increases, in the hydroxyl radical, dye ratio
decreases and the process efficiency is reduced. Furthermore, while the rate of photolysis of S2O82- is strongly
dependent on the UV light, highly absorbing solutions
like dyes may act as alters limiting the penetration of light
through the solution [23]. At high concentration of dye,
most of the UV light will be absorbed by the dye molecules instead of S2O82-, thus decreasing the generation of
OH • and SO •4− radicals available for photodegradation of
RO122.

3.2. Effect of initial peroxydisulfate concentration

Initial S2O82- concentration is shown to have promising effect on degradation of RO122. Investigations are
made by varying S2O82- concentration from 0.1 to 15 mM at
fixed initial dye concentration of 20 ppm, and room temperature of 25±1 °C in 30 min (Fig. 2). Studies revealed that
increase in the amount of S2O82- leads to enhanced dye
degradation. The observation may be explained by the fact
that by increasing the peroxydisulfate concentration, more
hydroxyl and sulfate radicals are generated. In concentrations above 5 mM, the dependence of degradation efficiency
on concentration is decreased. The trend is totally acceptable as hydroxyl radicals recombine in high concentrations, forming less reactive H2O2 species (Eq. 10),
known as quenchers of OH • radicals (Eq. 13). However,
such a recombination effect is not much significant due to
the lower steady-state concentration of the radicals and
high RO122 decay rates are still expected at higher S2O82concentrations [10, 14].

OH• + H2O2 → H2O + HO•2

FIGURE 3 - Effect of initial concentration of RO122 (ppm) on
oxidative decolorization of dye. (S2O82-)0 = 5 mM, X = C/C0, T =
25±1 °C.

(13)

FIGURE 4 - Effect of temperature (°C) on oxidative decolorization
of dye. (S2O82-)0 = 5 mM, (RO122)0=20 ppm, X = C/C0, T = 25±1 °C.
3.4. Effect of temperature

FIGURE 2 - Effect of initial concentration of peroxydisulfate (mM)
on oxidative decolorization of RO122. (RO122)0 = 20 ppm, X =
C/C0, T=25±1 °C.

Effect of temperature on decolorization and degradation of RO122 is summarized in Fig. 4. Results revealed
that the removal increases steadily as the temperature
increases (a standard Arrhenius behavior). Furthermore, it
is found that reaction rates increased with increasing the
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temperature, and RO122 is almost completely degraded after
30 min of reaction at 70 °C. These experiments demonstrated that high temperature is needed for effective destruction of RO122. The activation of persulfate with heat
results in the homolytic cleavage of the peroxide bond, and
the formation of SO •4− and OH • (Eqs. (1) and (6)) [24-26].
3.5. Kinetic study

Due to the practical applications, the kinetic degradation of RO122 was investigated under UV/ S2O82- process,
under the conditions of 5 mM S2O82- , up to 30 min for the
temperature range of 10- 70 °C.
Herein, a power law kinetic model was chosen for
modeling the experimental data, as follows:

r=

− dC
= k Cn
dt

(14)

where, r, C and t represent the rate of degradation,
concentration of RO122, and time, respectively. Also k
and n are the rate constant and reaction order.
According to the Arrhenius equation, the rate constant of reaction is related to temperature by the following
equation:

k = Ae

− Ea

RT

(15)

In the Arrhenius relation, A, Ea and R are frequency
factor, activation energy and the universal constant of
gases, respectively.
By replacing eq. (14) into e eq. (15) and applying
logarithmic function, the rate of the reaction will be introduced as a function of temperature and the RO122 concentration according to eq. (16):

ln r = ln A −

Ea 1
+ n ln C
R T

(16)

The differential method of analysis, based on the data
of concentration versus time, was employed for finding
the rate at each appropriate time. The goodness of fitting
in agreement with eq. (16) is shown in Fig. 5 for the case
of UV/ S2O82- process. In this figure, experimental data
has been marked with bold dots, and the fitted 3D equation with a meshed plane. In the 3D equation in Fig. 5,
variables z, x and y are attributed to the lnr, 1/T and lnC,
respectively, and from the coefficients of a, b and c, kinetic parameters can be obtained. The estimated coefficient
of determination, R2, and the standard deviation for this
fitting are 0.955 and 0.28, respectively. Activation energy
and kinetic parameters of the degradation processes are
presented in Table 2.

TABLE 2 - Obtained kinetic parameters for the processes.
∆H(J/ppm)

∆G(J/ppm

∆S (J/ ppmdeg)

1417

74420.74

-257.963

-1
k min
0.108127

k0 (ppm/min)

n

t (0C)

3770

0.536

1.0585

10

As it is obtained for the value of n, a pseudo first order
(considering the constant peroxydisulfate concentration)
reaction rate can be attributed to the degradation of RO122
with UV/ S2O82- process under optimum conditions. The
pseudo first order reaction was in agreement with the results of other related researches [27-29]. Therefore, kinetics
of photocatalytic degradation with peroxydisulfate, during
the first 30 min can be presented as follows:

Z=a+bx+cy
a=-0.6229 b=1.0585 c=-453.2384
R2=0.9538

2

⎡ 3770 ⎤ 1.0585
r [ mg L.min] = 0.536 exp⎢−
⎥ C
⎣ 8.314 T ⎦

1
0

3.6. Spectral change of the dye at different times
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FIGURE 5 - Correlation diagram for experimental data.

Changes in the absorption spectra of RO122 solution
are studied during the process of destruction (Fig. 6). The
visible spectrum of RO122 exhibits a main band at 490
nm. The absorption band diminishes, and approximately
disappears during the reaction course which is indicative
of the rapid dye degradation. Besides, after 60 min, the
band intensity at 320 nm started to decrease and nearly
disappeared after 105 min. As can be seen in this figure,
complete decolorization of RO122 solution was observed
after 90 min of UV/peroxydisulfate process.
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the solution at optimum levels of dye concentration, peroxydisulfate concentration, and temperature within 30 min.
Degradation rate of RO122 is shown to be dependent on
the dye and peroxydisulfate concentration, temperature,
and irradiation intensity. The higher the concentration of
dye, the lower the decolorization percentage would be. The
increase in peroxydisulfate concentration enhances the
degree of photodegradation; however, at con-centrations
higher than 5 mM of peroxydisulfate, the degradation efficiency decreases. A pseudo first order kinetic model, including temperature parameter, can adequately describe
the degradation rate for the processes. The provided kinetic
model can be used for design purposes.
FIGURE 6 - UV–VIS spectra of RO122 after different times for UV/
S2O82- process. (S2O82-) =5 mM, (RO122)0=20 ppm, T=25±1 °C.
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The impact of UV-light intensity on the decolorization of RO122 has been monitored by varying the UVlight intensities from 5 to 40 m (UV lamp and sample
distance). The results are shown in Fig. 7. It appears that,
with increasing the light intensity, the decolorization rate
increases. This increase is due to the enhanced production
of sulfate and hydroxyl radicals. At low UV power, the
rates of photolysis of S2O82- are limited but at high UV
power, more hydroxyl radicals are formed, upon the photodissociation of S2O82-, hence decolorization rate increases
[30, 31].
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FIGURE 7 - Effect of UV-light intensity on oxidative decolorization
of RO122. (RO122)0 =20 ppm, (S2O82- ) 0 =5 mM, X = C/C0.

4. CONCLUSION
Application of peroxydisulfate, along with UV irradiation, introduces an efficient and safe method for oxidative
removal of Reactive Orange 122 at laboratory scale. Spectral changes during the process showed that the absorption peak decreased significantly during 15 min and
disappeared completely after 105 min. No significant
destruction is observed with separate UV illumination.
Over 97% removal is obtained by adding peroxydisulfate to
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PHYTOACCUMULATION OF SOME METALS
BY THREE SPECIES OF GENUS ALYSSUM ON
ONE SERPENTINE LOCALITY (SERBIA)
Snežana Branković1,*, Radmila Glišić1, Dragana Pavlović-Muratspahić1, Marina Topuzović1 and Vera Đekić2
1

University of Kragujevac, Faculty of Science, Institute of Biology and Ecology, 34000 Kragujevac, Serbia;
2
Agriculture Research Institute Serbia, Small Grains Research Centre, 34000 Kragujevac, Serbia

ABSTRACT

ABBREVIATIONS

Plant species have variety of capacity in removing and
accumulating metals. Some of them can accumulate very
high concentrations of metals to levels which far exceed
the soil levels. The aims of this study were: (1) to determine the contents of eleven metals (Ca, Mg, Fe, Mn, Cu,
Zn, Ni, Pb, Cd, Co, and Cr) in species Alyssum markgrafii
O.E. Schulz., Alyssum murale Waldst. & Kit. and Alyssum montanum L., as well as in serpentine soil where they
grow; (2) to assess the difference in metal concentration
between plant species and soil, and (3) to estimate the
phytoaccumulation of mentioned metals by the species of
genus Alyssum.
According to the results of this study, the mean concentrations of investigated metals were higher in soil than
in plant samples (except for: Ca in all species; Zn and Ni
in A. markgrafii and A. murale and Pb in A. markgrafii). In
soil samples metal concentrations had the following order:
Mg>Fe>Ca>Ni>Cr>Mn>Co>Zn>Pb>Cu>Cd. Metal concentration in investigated plant species depended on kind of
metals and plant species. The general trend of metal accumulation in plants was: Ca>Mg>Ni>Fe>Mn>Cr>Zn>Pb>
Co>Cu>Cd. Also, all investigated species showed BCA>1
for Ca, as well as species A. markgrafii had BCA for Zn,
Ni and Pb, and A. murale BCA for Ni and Zn above 1. Our
results also presented different metal accumulation among
species from genus Alyssum and confirmed that species A.
markgrafii and A. murale are nickel hyperaccumulators.

KEYWORDS: metals,
genus Alyssum.

* Corresponding author

phytoaccumulation,

serpentinophytes,

AMA - Alyssum markgrafii O.E. Schulz.; AMU - Alyssum murale Waldst. & Kit.; AMO - Alyssum montanum L.;
BCA - Biological Absorption Coefficient.
1 INTRODUCTION
Ultrabasical magmatic stones of different chemical
compounds that changed under atmospheric influence are
known under the term “serpentinit”. Also, serpentine is a
metamorphic rock, composed partly of the phyllosilicate
serpentine ((Mg,Fe)3Si2O5(OH)4, magnesium iron silicate
hydroxide). Serpentine substrates cover quite large areas
in the Balkans, more than in other parts of Europe [1].
Serpentine soils in Serbia occur in the hilly and mountain
regions, covering a large area of about 250 000 ha.
The serpentine flora of the Balkans is characterized
by a relatively high degree of endemism. Biodiversity in
this area is high, with a great number of interesting local
and regional endemics. In Balkan peninsula, serpentine endemics represent 19% of Balkan endemic plants [2]. According to Stevanović et al. [3] there are 335 Balkan endemic
vascular plant taxa growing on serpentine, of which 123 are
obligate serpentinophytes.
In spite of the fact that ultramafic soils cover substantial areas at many locations in Serbia, there is little information on their flora and biogeochemistry in small outcrops or in small serpentine sites. Some researchers showed
that species A. markgrafii is a metal hyperaccumulator,
which thrives on nickel rich soil of mountain Goč in Central Serbia [4]. On the other side, A. murale and A. montanum are cosmopolite species growing through most of the
Europe on various soil types, but on serpentine soil A. murale is a metal hyperaccumulating species [1].
The aims of this study were: (1) to determine the contents of eleven metals in species A. markgrafii, A. murale
and A. montanum, as well as in their serpentine background; (2) to assess the difference in metal concentration
between plant species and soil, and (3) to estimate the
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phytoaccumulation of investigated metals by mentioned
species of genus Alyssum.
2 MATERIAL AND METHODS
2.1 Study locality

The researched area is located in the village Kamenica
(Central Serbia) (Figure 1). This site presents a part of a
much larger part of serpentine substrate, which is located
in Western and Central Serbia, and extends towards North,
Central and South-Eastern parts of Albania.
The investigated site is at 359 m above sea level, and
on 74° 76’ 284” N, 48° 29’ 864” E (read by GPS Garminetrex, vista HCx).
2.2 Soil and plant sampling and analysis

The field work was conducted during March-August
2011, when three species of genus Alyssum, together with
their associated soils, were collected. Six soil replications
near roots of researched plants were collected from 1 to
10 cm depth. This depth corresponds to the major rooting
zone of the herbs and small shrubs [5]. Soil samples were
initially air-dried and stone pieces were removed, sieved
to 2 mm, and stored at 4 °C until analysis. Sub-samples of
10 g were ground to pass a 70-mesh sieve (< 215 µm) and
then oven-dried at 105 °C for 24h.

Identification of plant material was performed in the
laboratory of the Institute of Biology and Ecology, Faculty of Science in Kragujevac, in according to standard keys
for determination: Javorka and Csapody [6], Flora of the
Republic of Serbia [7] and Flora Europaea [8]. Identified
plant material was elutriated in distilled water, then dried
at room temperature and in dryer (Binder/Ed15053), at
105ºC for 24 hours and prepared for chemical analysis by
standard procedures.
After drying on l05°C to constant mass, soil and plant
materials (3 g of soil sample and 2 g of plant samples with
accuracy of ± 0.01g) were measured on analytic scale. The
measured samples were transferred in Kjeldahl's balloon
and perfused with 10 ml of concentrated HNO3. Reaction
mixture was heated carefully by flame, until the solution
became dry. The treatment was repeated until clearing up
of the solution, and stopping of releasing of nitric vapours.
After that, samples were cooled, and content in the Kjeldahl's
dish was perfused with 6 ml of concentrated HCIO4 and
than was heated. The heating was stopped at solution volume of approximately 3 ml in Kjeldahl's balloon, when
solution has become clear and achromatic. Also, the solution was cooled and distilled water was added. The content from Kjeldahl's dish was filtered through a moistened
Whatman No. 40 filter paper into a 50 ml volumetric flask.
These solutions were used for determination of metals in
soil and plant materials.

FIGURE 1 - Study area
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Eleven metals (Ca, Mg, Fe, Mn, Cu, Zn, Ni, Pb, Cd,
Co and Cr) were analyzed in soil and whole plants. Chemical analysis of soil and plant samples were done by SRPS
EN 13656:2008 methods [9], at the Institute of Public
Health Division of Hygiene and Medical Ecology in Kragujevac. The metal concentrations in soil and plant samples were determined by inductively coupled plasmamass atomic emission spectrometry (ICP-OES iCAP
6500, ICP-20100908), directly from the solution. The
detection limits for Ca, Mg, Fe, Mn, Cu, Zn, Ni, Pb, Cd,
Co and Cr in plant material were: 0.0087, 0.007, 0.0053,
0.0051, 0.0056, 0.0055, 0.006, 0.003, 0.0027, 0.0054
and 0.0053 mg kg-1, respectively. The detection limits
for Ca, Mg, Fe, Mn, Cu, Zn, Ni, Pb, Cd, Co and Cr in soil
were: 0.009, 0.007, 0.0056, 0.0065, 0.0076, 0.0051, 0.0059,
0.0089, 0.003, 0.0079 and 0.0092 mg kg-1, respectively.
The six replications of one sample were prepared for both,
soil and all plants. The mean values of metal concentrations
were obtained by calculation. Biological Absorption Coefficient (BAC) was calculated for each metal by dividing
the total content of metal in plant by its total content in
soil [10]. The contents of metals in soil and plant materials were expressed in mg kg-1 of dry matter (mg kg-1
d.m.).
2.3 Data analysis

Soil and plant metal concentrations data were subjected to analysis of variance. Differences in metal concentrations among plant species and among soil and plants
were examined using one-way ANOVA. The differences at
p≤0.05, p≤0.005 and p≤0.001 were considered as significant. The Pearson correlation coefficient analysis was done
to check if differences existed between different combination of investigated plant species and soil/plants [11]. The
product of Pearson correlation coefficient analysis, the correlation coefficient (r) was evaluated as follows: 0-0.3: no
correlation; 0.3-0.5: low correlation; 0.5-0.7: medium correlation; 0.7-0.9: high correlation; 0.9-1.0: very high correlation. In this study, the statistical analysis of data was performed using the computing package called Statistical Package for Social Science (SPSS 10 for Windows).
3 RESULTS AND DISCUSSION
Metal content of soil is dependent on natural and anthropogenic sources in the local ecosystems. The concentration of metals in uncontaminated soil is primarily related to the geology of the parent material from which the
soil was formed. The determination of metals in soils and
plants is very important in monitoring of environmental
pollution. Therefore, specific plants species (with their
selective absorption of certain ions and sedentary nature)
and sometimes even selected genotypes can be used as
biological monitors in ecosystem quality studies.
In this study, the mean concentrations of 11 metals in
soil and investigated plants are shown in Table 1.

TABLE 1 - The mean concentrations1 of Ca, Mg, Fe, Mn, Cu, Zn,
Ni, Pb, Cd, Co and Cr (mg kg-1 d.m.) in soil and A. markgrafii, A.
murale and A. montanum
Metals SOIL
AMA
AMU
AMO
Ca
1109±6.1
10767±39.4
12588±33.1
8385±46.3
Mg
59604±312.0
7927±33.9
6115±38.7
5401±30.3
Fe
35710±320.9
2049±44.2
2891±36.6
1245±17.2
Mn
289±6.4
81±0.5
108±1.3
177±0.9
Cu
6±0.3
1±0
3.5±0.1
1.5±0
Zn
23±0.1
25±0
50±0.4
13±0.1
Ni
931±23.7
3732±14.5
3882±10.9
71±0.9
Pb
13±0.1
21±0.1
4±0
2.6±0
Cd
1.4±0
0.2±0
0.4±0
0.2±0
Co
34±0.1
9±0
9.5±0.1
4±0
Cr
485±10.7
52±0.6
56±0.8
30±0.4
1
The mean value (n=6) ± standard deviation, AMA - A. markgrafii;
AMU – A. murale; AMO – A. montanum.

Generally, these results showed that the mean concentrations of investigated metals were higher in the soil
than in plant (with the exception of: Ca in all species; Zn
and Ni in AMA and AMU, and Pb in AMA). In soil samples, metal concentrations had the following order: Mg>Fe>
Ca>Ni>Cr>Mn>Co>Zn>Pb>Cu>Cd. The results also revealed that the content of investigated metals in plants
depended on plant species. The general trend of metal
accumulation in plants was: Ca>Mg>Ni>Fe>Mn>Cr>Zn>
Pb>Co>Cu>Cd.
Analysis of variance was used to establish different relationships between soil and tested plant in content of metals as well as between investigated species in uptake of
metals, and the differences at p≤0.05, p≤0.005 and p≤0.001
were considered as significant. Obtained results showed
that only very high statistically significant differences (p≤
0.001) in the content of metals exist between soil samples
and investigated species, as well as in the uptake of metals between pair of species from genus Alyssum (Table 2).
A little number of sample as well as the high difference in
concentration of metals among soil and plants and among
plant species could be probably the most important factor
in perfect linear correlations.
The results obtained from the Pearson correlation coefficient analysis indicated that very high positive or negative correlation exists between plants, and results for soil/
plant pairs depended on analyzed combination of plant and
soil (Table 3). The results showed that very high positive
correlations exist between following pairs of soil/plant: soil
and all plant species for Ca; SOIL/AMA for Zn, Ni and Pb
and SOIL/AMU for Zn and Ni. Also, obtained data indicated that a very high positive correlation exists between the
following pairs of species: AMA/AMO in uptake of Mn
and Cu; AMA/AMU in metal-uptake of all investigated
metals (except Mg and Pb) and AMU/AMO in metaluptake of Mn.
The soil contained 1109 mg Ca kg-1 d.m., and Ca content in plant species ranged 8385-12588 mg kg-1 d.m. Species A. murale showed the highest content of Ca. The results of this study are in accordance with previous findings
of some other researches [5, 12, 13]. According to some
authors the adequate concentrations of Ca in plant tissue
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TABLE 2 - The difference in metal concentrations between soil and plant, and between plants examined using Analysis of Variance

p-level

p-level

p≤0.001

SOIL/AMO
F-value
145827.1
179387.3
69011.6
1815.1
1397.7
20173.1
7844.4
87680.6
175987.5
620715.0
10687.2
AMU/AMO
F-value
32754.7
1264.0
9926.6
11232.5
2657.8
50219.5
725793.8
6912.7
8870.2
21023.2
4788.1

p-level

p≤0.001

p≤0.001

p-level

p≤0.001

p≤0.001

p≤0.001

SOIL/AMA
SOIL/AMU
F-value
p-level
F-value
350420.6
696995.1
162670.4
173664.0
64786.4
61948.8
6363.4
4626.1
1778.8
432.8
586.5
24483.7
60696.1
76310.9
22260.7
53054.8
142850.6
120515.1
465797.8
257919.0
9655.1
9458.9
AMA/AMU
AMA/AMO
Metals
F-value
p-level
F-value
Ca
7496.8
9202.0
Mg
7416.3
18458.1
Fe
1289.5
1723.0
Mn
2305.2
53618.6
Cu
5231.7
470.4
Zn
24340.7
69345.6
Ni
405.5
380741.2
Pb
145529.3
198243.7
Cd
5046.5
101.6
Co
100.4
85828.5
Cr
88.0
5057.7
F – value: p≤0.001; AMA - A. markgrafii; AMU – A. murale; AMO – A. montanum.
Metals
Ca
Mg
Fe
Mn
Cu
Zn
Ni
Pb
Cd
Co
Cr

TABLE 3 - The Pearson correlation coefficient (r) analysis of metal concentrations between soil and plant species, and between plant species
Metals
Ca
Mg
Fe
Mn
Cu
Zn
Ni
Pb
Cd
Co
Cr
SOIL/AMA
1.00
-1.00
-0.99
-0.99
-0.99
0.99
0.99
0.99
-1.00
-1.00
-0.99
SOIL/AMU
1.00
-1.00
-0.99
-0.99
-0.98
0.99
0.99
-0.99
-1.00
-1.00
-0.99
SOIL/AMO
1.00
-1.00
-0.99
-0.99
-0.99
-0.99
-0.99
-0.99
-1.00
-1.00
-0.99
AMA/AMO
-0.99
-0.99
-0.99
0.99
0.98
-0.99
-1.00
-1.00
-0.95
-0.99
-0.99
AMA/AMU
0.99
-0.99
0.99
0.99
0.99
0.99
0.98
-1.00
0.99
0.95
0.94
AMU/AMO
-0.99
-0.99
-0.99
0.99
-0.99
-0.99
-1.00
-0.99
-0.99
-0.99
-0.99
r - correlation coefficient (0-0.3: no correlation; 0.3-0.5: low correlation; 0.5-0.7: medium correlation; 0.7-0.9: high correlation; 0.9-1.0: very high correlation), AMA - A. markgrafii; AMU – A. murale; AMO – A. montanum

is 5 g kg-1 [13]. Calcium is an essential plant nutrient and
it is required for structure of the cell wall and membranes,
as a counter-cation for inorganic and organic anions in the
vacuole, and as an intracellular messenger in the citosol
[10]. The results showed that concentrations of Ca in
plants were 7-11 times higher than in soil, which is in
accordance with obtained data from analysis of variance
and correlation analysis. In this study, Ca concentration in
plant tissue of investigated plants was higher than Mg
concentration, in spite of the fact that the concentration of
Mg in soil was 50 times higher than the concentration of
Ca. According to Walker et al. [14] the serpentine-tolerant
species survive on soils with depleted levels of Ca, because they are still able to absorb Ca without taking up
excessive quantities of Mg.

favourable substrates for plant growth, the low Ca:Mg
quotients (commonly about 0.1) was very important [15].
Our results showed the low Ca:Mg (0.019) ratio in soil.
Similar results were described by many authors [12, 13].
Generally, the serpentine soils are rich in Mg, but defi-

Figure 2 shows that the ratio of Ca to Mg in soil samples was 0.019 and in plant samples varied from 1.358 to
2.059.
The findings of some researches showed that among
the limiting, stress factors that make ultramafic soils un-
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cient in Ca. However, our results showed the low Ca:Mg
ratio and also the high value of Ca biological absorption
coefficient for all investigated species, which is in agreement with the existence of very high positive correlation
between soil and all plant species for Ca (Table 4). O’Dell
et al. [16] suggested that the ability to maintain high leaf
Ca:Mg ratio by selective translocation of Ca and/or inhibited transport of Mg from roots is a key evolutionary
change needed for survival on serpentine soils. The uptake
of Mg comes at a cost to the plant so that the uptake of
other element nutrients is forfeited (Fe, Co and Mn). The
heightened level of Mg in serpentine soils and its antagonistic behaviour toward other elements could be the most
important factor in serpentine syndrome [17]. Perhaps, it
is a key for relatively low concentration of Mg in all investigated species.
The Biological Absorption Coefficient (BAC), also
known as the plant uptake factor, is widely used for comparing of different plants. In our study, the value of BCA
varied from 0.035 to 11.350 (Table 4). Generally, the BCA
were below 1. However, all investigated species showed
BCA>1 for Ca (A. murale had the maximum value of
BCA, 11.350). In addition, the species A. markgrafii had
BCA for Zn, Ni and Pb, and A. murale BCA for Ni and
Zn above 1 (that is in accordance with the existence of
very high positive correlation between soil and these plants
as well as very high positive correlation between species in
concentration of mentioned metals).
In this study, Fe concentration in the soil was 35710
(mg kg-1 d.m.), which is in agreement with earlier findings
that serpentine soils contain high amounts of iron [5, 18].
According to Allen [19], 40-500 mg kg-1 and to Market
[20], 5-200 mg kg-1 concentrations of Fe are considered as
toxic to plants. However, in this study, the Fe concentrations found in the investigated plants were much higher
than the previous cited. The species A. montanum had
lower (about twice) concentration of Fe than other species
(which is in agreement with the existence of negative
correlation between A. montanum and other species in Fe
uptake). The phytoavailability of metals and metal-tolerance
of plants may be both phenotypically and genotypically
acquired [10, 21]. The metal phytoavailability depends on
the form of the element in soil, on the considered plant
species and on genotype properties within the same taxa.
However, even in the case of testing of the same species,
the metal uptake does not necessarily correlate with metal
content in the soil [22]. This is probably due to diverse
metal uptake mechanisms and to some disparities in their
transport properties, as well as because of existence of antagonism in uptake among metals.

According to Adriano [23], regular Mn content for
most of soil types ranges from 500-1000 mg kg-1. The
results of this study showed lower concentration of Mn
(289 mg kg-1 d.m.) in soil samples. However, to fulfill its
metabolic functions, Mn is only necessary at low concentration (20 mg kg-1 d.m.). The manganese has a range between 20 and 300 mg kg-1 in most plants, while its level
may be as high as 1500 mg kg-1, without harm to some
plant [24]. On the other hand, Allen [19] reported that
concentration 50-500 mg Mn kg-1, and Markert [20] that
over 700 mg Mn kg-1 is toxic for plant. Therefore, comparing our data with the previous cited, we could say that
investigated species contained lower concentration of Mn.
However, at the base of results of correlation analysis we
can say that species from genus Alyssum have the ability
to uptake Mn. In addition, A. montanum showed higher
concentration of Mn than A. markgrafii and A. murale.
This is probably due to antagonism in uptake between Fe
and Mn, as well as in the existence of negative correlations between soil and plant species in uptake of Mn (just
like Ca, Zn, Ni, Pb).
Kabata-Pendias [10] reported that Cu levels of various soils ranged 1-200 mg kg-1. In this study, the mean
concentration of Cu in soil samples was 6 mg kg-1 d.m.
The Cu mobility seemed to be dependent on mineral fractions, since carbonates contents were positively correlated
with Cu total fraction and negatively correlated with Cu
mobile fraction [25]. Cu and Zn are essential elements for
plant and easily taken up by roots, but they are toxic in
excess concentrations. Kabata-Pendias [10] reported that
Cu levels of various plants from unpolluted regions in
different countries changed between 2.1 and 8.4 mg kg-1.
According to results of our study, concentrations of Cu in
two investigated species were below limits of mentioned
concentrations. Also, positive correlation in content of Cu
between A. markgrafii and other investigated species as well
as statistical significant difference among soil and plants
were established. However, these results are in accordance
with literature data that copper availability to plants might be
reduced due to high Fe content in soil solution [26]. In
well-aerated soil Fe occurs mostly in the form of Fe3+ oxides or hydroxides, which are known as efficient sorbents
for inorganic cations such as Cu.
Kabata-Pendias [10] reported that the regular Zn content for most soil types ranges from 1-800 mg kg-1. Therefore, by comparing our data with the findings of other researches [13, 18, 27], it can be concluded that the zinc
content in the analyzed soils is higher than in our soil
samples (23 mg kg-1 d.m.). Some authors [25] reported that
the normal Zn contents in plants (15-150 mg kg-1) and the

TABLE 4 - The Biological Absorption Coefficient (BCA)
Metals
Ca
Mg
Fe
Mn
Cu
Zn
Ni
Pb
AMA
9.71
0.13
0.06
0.28
0.16
1.07
4.01
1.60
AMU
11.35
0.10
0.08
0.37
0.57
2.15
4.17
0.32
AMO
7.56
0.09
0.03
0.61
0.25
0.56
0.08
0.20
AMA - A. markgrafii; AMU – A. murale; AMO – A. montanum; BCA – The Biological Absorption Coefficient
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Cd
0.14
0.26
0.12

Co
0.27
0.28
0.13

Cr
0.11
0.12
0.06

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

maximum value (300 mg kg-1) of Zn limits in foodstuff
were not exceeded. In our study, all investigated species
had lower concentration of Zn than previous cited, and
species A. murale and A. markgrafii showed higher Zn
concentration than in soil (BCA - 2.153 and 1.067, respectively). These plants reflect the Zn content in soil,
which is in accordance with the existence of very high
correlation between mentioned plant and soil, as well as
between plant species in Zn uptake. Furthermore, the
family Brassicaceae had the largest number of taxa (11
genera and 87 species) which are hyperaccumulators of
different metals (Ni, Zn, Pb, Cd, Sr), and among them Zn
hyperaccumulation is reported in 3 genera and 20 species
[21].
The total Ni concentrations of serpentine soils are
generally in the range 500-8000 mg kg-1 [28]. Therefore,
our data are in accordance with the previous findings of
some other researches [5, 13]. Some authors reported that
the normal plants and crop species generally contain 1-5 mg
Ni kg-1 [29, 30] and suffer significant phytotoxicity below
100 mg Ni kg-1. The concentrations of Ni in the leaves of
plants on serpentine soils are slightly elevated, usually to
about 10-100 mg kg-1, compared to plants growing on
normal soils (0.2-5 mg kg-1) [30]. In our study, the species
A. montanum showed lower (more than 50 times) concentration of Ni than other investigated species which is in
accordance with the existence negative correlation between mentioned plant and other species in Ni uptake. In
addition, species A. markgrafii and A. murale are nickel
hyperaccumulators due to the fact that the content of Ni in
their tissues (3732 and 3882 mg kg-1, respectively) is
higher than 1000 mg kg-1. Furthermore, very high positive
significant correlations between A. markgrafii and A.
murale as well as between mentioned species and soil in
content of Ni were shown. All mentioned facts are in
agreement with earlier findings that Alyssum is genus with
the greatest number of Ni hyperaccumulators [1], as well
as that all Alyssum hyperaccumulators of Ni are serpentine plants from the section Odontarrhena. However, the
uptake and accumulation of pollutants vary from plant to
plant and also from species to species within a genus.
According to Chaney et al. [29], Ca addition to high Mg
serpentine soils with very low Ca:Mg ratio may reduce Ni
phytotoxicity and improve annual Ni phytoextraction by
Alyssum hyperaccumulator species. These observations
agree with those obtained by other authors [31] who
found that Ca:Mg quotient is a relatively important factor
in Ni uptake. As a general rule, Ca increasing solution
inhibits plant uptake of Ni and other divalent cations, and
also Ca and Mg were expected to strongly interact in both
uptake and phytotoxicity of Ni. However, a number of
serpentine plants are able to accumulate extraordinary
concentrations of Ni in their above-ground parts, especially the leaves [28]. The upper and lower leaf surface of
Alyssum species are covered with an overlapping network
of branching, stalked bifurcate or stellate trichomes. Nickel
is mainly stored in the leaves, and is particularly concen-

trated in epidermal cell vacuoles, trichome bases, and the
lower parts of the trichome pedicle [32].
On average, the earth’s crust is estimated to contain
about 15 ppm of Pb, with parent rocks contributing the
natural content [18]. Kabata-Pendias [10] reported that Pb
levels of various soils ranged 2-200 mg kg-1. Our results
are in accordance with previous cited data [5, 12, 18].
Kabata-Pendias [10] also reported that Pb contents in
plants grown in uncontaminated areas varied in between
0.05 and 3.0 mg kg-1. Some authors reported that Pb concentration in plants ranged from 10 to 25 mg kg-1 [33].
The results obtained in our study showed that investigated
species had concentration of Pb in normal range for plants
and only endemic, obligate serpentine species A.
markgrafii had BCA for Pb higher than one (1.604)
(which is in accordance with the existence positive correlation between A. markgrafii and soil as well as negative
correlations between mentioned plant and other investigated species in uptake of Pb). Lead is the least mobile
among the other trace metals in soil and only about 0.0050.13% of Pb in soil solution is available to plants. The Pb
uptake by plants depends on several soils properties (such
as soil organic matter, granulometric composition, cation
exchangeable capacity, pH), as well as genetic plant factors, root surface area, and root exudates [10]. However,
the mobility of Pb seemed to be less influenced (compare
with Zn and Ni) by physico-chemical soil properties and
perhaps is more related to the availability of metals like
Ca, Cd or Zn, maybe due to competition processes between metallic cations [10, 23]. Mohtadi et al. [33]
showed dominant role for Ca in Pb toxicity (Ca effectively counteracts Pb toxicity, most probably through inhibiting the uptake and the accumulation of Pb in the root).
Kabata-Pendias [10] reported that Cd levels of various soils ranged 0.001-2.5 mg kg-1. Our results showed
concentration of 1.4 mg Cd kg-1 d.m in soil. The cadmium
is considered to be toxic in the environment at low levels.
The low concentration of Cd in investigated plant species
is probably due to antagonism in uptake among metals, and
the existence of very high negative correlation between
plant and soil, as well as plant species for Cd. Several
elements (Zn, Mg, Cu, Ca, Mn, Ni, Fe) are known to interact
with Cd in both, element uptake by plants and their biological roles. The adsorption of Cd was more affected by the
presence of Ca, Zn and Cu, and the mobility of Cd probably may be greatly increased due to such competition.
The results obtained in this study showed 34 mg Co
kg-1 d.m. in soil samples. Also, serpentine-obligate species
A. markgrafii and species A. murale concentrated about
2 times Co more than A. montanum. (which is in accordance with the existence negative correlations between mentioned plants in uptake of Co). Similar results were described
by some authors [5, 12]. Cobalt frequently interacts antagonistically with Ni, Fe and Mn in plants and antagonistic interaction between Ni and Co are observed for Alyssum species under specific experimental conditions [35].
These factors could be the reason for different Co accumu-
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lation and concentration in investigated plant species, as
well as the fact that metal concentrations in plants vary
with plant species.
The results obtained in this study showed 485 mg Cr
kg-1 d.m. in soil. According to Brunetti et al. [25], in the
soil samples Cr concentrations ranged from 36.18 to
115.15 mg kg-1. The chromium is the pollutant with highest total contents in soils, but it showed only average
extractability of 0.008% because of the fact that all the
soil Cr was in a more resistant fraction (less soluble forms)
[31]. Not all metals provide the same bioavailability and it
depends on the mineralogy of the soil. For example, the
high-Cr concentrations in the serpentine soils often are in
the form of chromite, an unalterable mineral, and so Cr
remains not bioavailable. This is just one factor that affects the uptake of Cr. Chromium is a toxic, nonessential
element for plants; hence, there is no specific mechanism
for its uptake. Possible pathway could involve the carriers
used for the uptake of essential metals for plants metabolism. According to Reeves and Baker [36], the normal
value of Cr in plants is 2-5 mg kg-1. However, our findings showed that Cr concentrations in plants ranged from
30 to 56 mg kg-1, which is in accordance with some published data [26]. Also, serpentine-obligate species A.
markgrafii and species A. murale concentrated Cr about
two times more than A. montanum (which is in accordance with the existence negative correlations between mentioned plant in uptake of Cr).
Soils are preferred monitoring tools, and they show
less variation in time and space, allowing more consistent
assessment of spatial and temporal contamination [37].
The contents of metals in the soil depend on numerous
factors, such as: specific ability of some plants to overaccumulate various toxic metals, chemical and physical
characteristics of soil and metal interactions [38]. It is generally regarded that the bioavailability of metals is closely
related to their chemical speciation, rather than total concentration in soils. Also, metals in soils occur in different
geochemical forms, which have distinct mobility, biological toxicity and chemical behaviours.
An organism is expected to reflect environmental pollution if it has the ability to take up elements proportionally to their concentration in the environment [39]. However, metal bioavailability of plants is influenced by various
factors, such as pH, temperature, redox potential, chemical
speciation, seasonal changes, soil type, salinity, and organic
matter.
Our study exhibited different metal concentration in
investigated plant species, depending on kind of metals
and plant species. In spite of the fact that very high correlation in metal uptake exists between plants, as well as
plan and soil, it seems that serpentine-obligate plants and
serpentine-facultative plants have different mechanisms
of metal uptake, accumulation and concentration. Metal
uptake by plants depends on the bioavailability of the
metal in soils, which in turn depends on the retention time
of the metal, as well as the interaction with other elements

and substances. However, metal accumulation by plants is
affected by many factors. In general, variations in plant
species, the growth stage of the plants and characteristics
of element control absorption, accumulation and translocation of metals [40]. The plant communities on serpentine soils are adapted to toxic concentrations of metals.
The adaptive responses of plants to metals contaminated
environments are efficient processes that include many
physiological, molecular, genetic and ecological traits. These
features give certain species the ability to survive or hyperaccumulate the toxic metals.
Our results presented different metal accumulation
among species from genus Alyssum. The species A. murale showed better phytoaccumulation of almost all investigated metals (except Mg and Pb) than A. markgrafii.
Also, the species A. montanum showed higher concentration of Mn in its tissues than other species, as well as
higher concentration of Cu than A. markgrafii. The endemic,
obligate serpentinophytes A. markgrafii and facultative serpentinophytes A. murale showed better phytoaccumulation of Ca, Zn, Ni and Pb than species A. montanum.
However, plants reveal a variable and sometimes specific
ability to absorb elements from soil. The response of
plants to the chemistry of the environment is controlled by
several external and biochemical factors and accumulation,
indication and exclusion are three general uptake characteristics which can be distinguished in plants. In spite of the
fact that a huge difference in metal uptake exists between
plant species, and also between genotypes of a species,
the chemical analysis of plants is a promising tool to
study chemical properties and changes in the biosphere.
4 CONCLUSIONS
The results of this study showed that the mean concentrations of investigated metals were higher in the soil
samples than in plant samples (except for: Ca in all species; Zn and Ni in A. markgrafii and A. murale and Pb in
A. markgrafii). Furthermore, the metal uptake does not
necessarily correlate with metal content in the soil. Also,
the results exhibited different metal accumulation among
species from genus Alyssum, depending on kind of metals
and plant species. The species A. murale showed better
phytoaccumulation of almost investigated metals (except
Mg and Pb) than A. markgrafii. Also, the species A. montanum showed higher concentration of Mn in its tissues
than other species, as well as higher concentration of Cu
than A. markgrafii. The endemic, obligate serpentinophytes
A. markgrafii and facultative serpentinophytes A. murale
showed better phytoaccumulation of Ca, Zn, Ni and Pb
than species A. montanum. This study also confirmed that
species A. markgrafii and A. murale are nickel hyperaccumulators.
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THE INTERACTION EFFECTS OF Cu (II), Cd (II) AND
Cu (II) + Cd (II) IN THE PRESENCE OR ABSENCE OF EDTA
(ETHYLENEDIAMINETETRAACETATE) ON THE GROWTH OF
GREEN ALGAE CHLORELLA VULGARIS (CHLOROPHYTA)
Selin Sayin*
Faculty of Marine Science and Technology, Mustafa Kemal University, 31200 Iskenderun, Hatay, Turkey

ABSTRACT
The Cu (II), Cd (II) and Cu (II) + Cd (II) ions bioaccumulation properties of Chlorella vulgaris were investigated using a batch culture as a function of in the presence/
absence of EDTA and the mean growth was observed
timely for 96 hours. Growth parameters of Chlorella vulgaris which are cell density, chlorophyll-a, dry-wet weight
and pH values were determined for 96 hours. While the
highest cell density (828.20±4.095 x 104 cell mL-1), chl a
(0.42±0.017 µg mL-1), dry weight (0.54±0.008 g L-1) and
pH (10.35±0.028) were found in control group, the lowest
cell density (185.89±4.509 x 104 cell mL -1), chl a
(0.16±0.046a µg mL-1) was in the fifth group, dry weight
(0.07±0.011g L-1) in 30th and pH (5.57±0.054) in second
group were found in all treatments on 24th and 48th hour
of the study. Results indicated that algal growth and metal
toxicity of C. vulgaris were significantly affected by the
presence of EDTA, metal compounds of copper (Cu) and
cadmium (Cd).
KEYWORDS:
2+
2+
Chlorella vulgaris, growth, toxicity, Cu , Cd , interaction.

1. INTRODUCTION
Pollution of the environment by toxic contaminants
such as heavy metal ions arises as a result of many activities, largely industrial. Since the number of health problem associated with environmental contamination continuous to rise, the removal of these pollutants from waste
waters has received great attention. Using microorganisms including algae, bacteria and fungi as biosorbents for
heavy metals offers a potential alternative to existing methods for detoxification and recovery of these components
from industrial waste waters [1]. The most important heavy
* Corresponding authors

metals from the point of view of water pollution are zinc,
copper, lead, cadmium, mercury, nickel, cobalt and chromium [2]. Some of these metals for instance Cu, Zn and
Co are essential trace elements for living organisms like
microalgae but become toxic at high level concentrations.
Furthermore other pollutant metals which are non-essential
and widespread in estuarine and coastal waters are relatively toxic even at low concentrations to marine organisms,
including phytoplankton.
The survival capacity of cells often depends on the
presence of specific responses which, in algae, generally
follow two biochemical mechanisms: 1) exclusion of the
toxic elements outside the plasma membrane; 2) biosynthesis of specific ligands and formation inside the cell of
complexes entrapping heavy metals in an inert form. The
first mechanism may require the presence on the cell surface
of ligands having a high affinity with the metal that must be
detoxified [3]. The second biochemical process is well represented by the non-transcriptional controlled synthesis of
phytochelatins (or class III metallothioneins), which
are polypeptide metal ligands, rich in cysteins, constituting a widely distributed response to the presence of
heavy metals and proline accumulation [4]. Cd and Cu
were selected for this study because they play a relevant
role in aquatic pollution and are potentially toxic to freshwater organisms. The detailed mechanisms for the toxic
effects of cadmium are still largely unknown. However, it
is thought to involve interferences with antioxidant enzymes, alteration in thiol proteins [5]; inhibition of energy
metabolism, alteration in DNA structure and affectation of
some enzyme activities [6].
The phytoplankton growth enhancing effects of
EDTA can be explained by detoxification to bind with
toxic metal ions (such as cupric ions) or by increasing the
availability of essential metals (such as iron) to form
water-soluble complexes [7]. Most of the research has been
performed in laboratory cultures using a single species of
phytoplankton in either a synthetic medium or filtered
natural sea water, where EDTA had been added in order
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to buffer the medium. EDTA has a fairly high affinity for
transition metals and was introduced as a trace metal
buffering reagent for cultures by Hutner et al. [8]. EDTA
was used in order to detoxify the medium with respect to
high metal concentrations and to obtain a constant and
controlled supply of iron. Another major advantage of
adding EDTA or other chelators are that is possible to
calculate and manipulate the speciation and thus the ionic
metal concentrations [9].
Chlorella vulgaris is a unicellular microalgae displaying a high growth rate under autotrophic and heterotrophic
conditions is one of the earliest forms of life isolated in pure
culture. It has been considered as a rich source of biologically active constituents, and as a supplemental food containing a wide spectrum of nutrients (e.g., chlorophyll, carotenoids, and proteins). Numerous studies have focused on the
ability of the algae to sequester heavy metals from the
environment [10]. Heavy metals can cause adverse effects
on aquatic plant growth, cell division, respiration, photosynthesis and degeneration of the main cell organelles
[11].
The ability of Chlorella vulgaris, a green alga to remove and accumulate heavy metals has been recognized
and studied to a certain degree for its biosorption capability [12]. However simultaneous biosorption of metal ion
mixtures by the biomass have not been investigated extensively. In fact, no detailed studies related to this topic
have been reported up to date. There is a lack of data on
the relationship between Cu2+ and Cd2+ metals and ligand
effect in Chlorella vulgaris which can provide direct
evidence for the effects of the different metals and availability on growth of algae.
For this reason, the effects of two different metals
(Cu2+and Cd2+) and an artificial ligand; EDTA (Ethylenediaminetetraacetate) on the growth parameters of Chlorella
vulgaris (Chlorophyta) was examined.

All chemicals were of analytical grade. All the experiments were carried out in triplicate under aseptic conditions.
TABLE 1 - The Composition of test mediums [Jaworsky Medium].
Stock solution
1. Ca(NO3) 2. 4H2O
2. KH2PO4
3. MgSO4.7H2O
4. NaHCO3
5. EDTA FeNa
EDTA Na
6. H3BO3
MnCl2. 4H2O
(NH4 )6 Mo7O24. 4H2O
7. Cyanocobalamin
Thiamine HCl
Biotin
8. NaNO3
9. Na2HPO4. 12H2O

200 ml
4.00 g
2.48 g
10.00 g
3.18 g
0.45 g
0.45 g
0.496 g
0.278 g
0.20 g
0.008 g
0.008 g
0.008 g
16.0 g
7.2g

2.2. Toxicity Tests

To examine the effect of heavy metal stress on the test
organism (C.vulgaris), Cd (CdCI2.H2O) and Cu (CuSO4)
were added to the (fresh) growth medium (Jaworsky Medium) in calculated amount to obtain the final concentration
of 30 ppm. Algal culture at exponential growth phase was
then used as inoculums for subsequent toxicity testing.
Stock solutions were prepared in trace metal free distilled
water (TMF-DW) [13]. Each test was carried out in 500
ml polyetilene bottles. The initial pH value of the solution
was adjusted between 7.00±02 and 8.02 by adding nitric
acid (0.1M) or sodium hydroxide (0.1M). Culture samples (10 ml) were collected by centrifugation (3000
rpm) at intervals of 24h and 48h. The composition of the
test mediums, EDTA amounts, the chemical form and
amounts of copper and cadmium were used as shown in
Table 2. All vessels were washed with 3M HCI and
then rinsed with distilled water at least three times.
2.3. Analytical procedures

2. MATERIALS AND METHODS
2.1 Chlorella vulgaris cultures

Chlorella vulgaris culture was obtained from the collection at Plankton Laboratory of Mustafa Kemal University, Turkey. It was grown at 24±2 °C in Jaworsky Medium (Table 1) for 96 hours under white fluorescent lights
(200µmol m-2 s-1) with 24 h illumination.

The chlorophyll-a samples (5ml) were filtered through
0.45 µm (GF/6 Schleicher & Schuel). Concentrations were
measured on a UV-VIS Spectrometer (SHIMADZU-1240)
after extraction in 90% acetone and held at 4°C 24h in the
dark. The amounts of cellular chl a content were calculated using the highest cell abundance and chl a values
(chlorophyll-a concentration; µgL-1) divided by cell abundance (x 104cell/ml).

TABLE 2 - Experimental designs of Chlorella vulgaris cultures.

200 µmol photons
m−2 s−1

Group’s Symbols
1
2
3
4
5
6
7

Metals
Cu2SO4.H2O
Cu2SO4.H2O
CdCI2.H2O
CdCI2.H2O
Cu2SO4 + CdCI2.H2O
Cu2SO4 + CdCI2.H2O
Control

Cu2+
amounts
30ppm
30ppm
30ppm
30ppm
-
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Cd2+
amounts
-

30ppm
30ppm
-

EDTA amounts
100µM
100µM
100µM
10 µM

Initial pH
values
7.02
7.01
7.00
7.01
7.02
7.00
8.02
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Dry weight was determined by filtering of certain volumes of algal culture through Whatman GF/C glass fibre.
Algae biomass was dried at 105°C for two hours and
weighed [14]. All measurements were carried out in triplicate.
2.4. Statistical analysis

Data were analyzed statistically using one way analysis of variance (ANOVA). When significant treatment
effects were detected, Duncan’s multiple range test was
used to identify specific differences among treatment means
at a probability level of 5% (SPSS ver. 15.0).
3. RESULTS AND DISCUSSION
The effects of two metals (Cu+2 and Cd+2) and artificial ligand (EDTA) on cell density (x 104cells mL-1), chl
a concentration (µg L-1), dry weight (mg L-1) and pH of
Chlorella vulgaris cultures in all treatments at 24th hour
and 48th hour of experiment are shown in Table 3 and
Table 4 .
3.1 Effects of metals on algal growth
4

-1

3.1.1 Cell density (x 10 cells L )

The results clearly show that the inhibitory and/or stimulatory effects of two heavy metals used depend on presence
of EDTA. The highest cell density (665.91±16.35 x 104 cell
mL-1) was detected in control group when cell density values were compared at 24th hour of the experiment (Table 3).

The interaction of Cu2++Cd2+ without EDTA caused a
significant decrease in the cell density of C. vulgaris in
group 5 (Table 3).
The highest cell densities (828.20±4.095 x 104 cell mL-1
and 459.38±17.213 x 104 cell mL-1) were determined in
control and second group at 48th hour of the experiment
(Table 4). The lowest cell number (185.89±4.509 x 104 cell
mL-1) was detected in group 5.
These results indicated that there was a high connection between the presence of ligand (EDTA) and increased
cell number when the numbers of cells were compared at
both 24th and 48th hour of experiment. Variance analysis
of cell density between groups indicated that all groups
were significantly different from each other and from the
control group (P<0.05).
The effect on copper toxicity was tested on various
organisms with several organic compounds (NTA, EDTA,
fulvic acid, amino acids, extracellular polypeptides, algal
exudates, humic acid, sewage, glycine, chelators in pulp
mill effluent, and TRIS). Chelation complexes are expected to be relatively non-toxic. However, some of the
copper-organic complexes were still toxic [15].
The presence of organic chelators generally decreased
the toxicity of copper to aquatic organisms. McCrady and
Chapman [16] suggested that EDTA reduces the activity
(concentration) of the toxic Cu2+ species.
Copper toxicity was reduced by organic chelators for:
bacteria Pseudomonas [17], algae Anabaena, photosynthesis, Chlorella, Nostoc and Chlamydomonas [18].

TABLE 3 - Cell Density (x 104cell/ml), Chl a (µg mL-1), Dry weight (g L-1) and pH of S.platensis cultures in all treatments on 24th hour.
PARAMETERS
GROUPS
Cell Density
Chl a
Dry weight
pH
b
ab
1
490.49±15.96
0.23±0.022
0.18±0.031a
5.90±0.125b
2
584.52±25.52c
0.26±0.035ab
0.23±0.062ab
5.57±0.054a
3
560.71±14.13c
0.18±0.026ab
0.31±0.073ab
6.75±0.032d
4
597.71±24.96cd
0.23±0.011ab
0.17±0.007a
6.57±0.033c
a
a
ab
5
343.60±16.69
0.16±0.046
0.25±0.066
6.75±0.009d
6
648.18±10.84de
0.21±0.027ab
0.23±0.072ab
6.58±0.021cd
C
665.91±16.35e
0.26±0.008c
0.36±0.010b
10.27±0.035e
1:Cu2SO4.H2O, 2:Cu2SO4.H2O+EDTA, 3:CdCI2.H2O, 4:CdCI2.H2O+ETA, 5:Cu2SO4 + CdCI2.H2O, 6:Cu2SO4 + CdCI2.H2O+EDTA, C: Control.
p<0.05, there is a difference among the means, single- factor ANOVA. x ± S.E. (mean± standard error), Values are means and different letters in the
same line denote significant differences.

TABLE 4 - Cell Density (cell/ml x 104), Chl a (µg mL-1), Dry weight (g L-1) and pH of S.platensis cultures in all treatments on 48th hour.
PARAMETERS
GROUPS
Cell Density
Chl a
Dry weight
pH
1
345.32±11.672d
0.18±0.026a
0.24±0.031b
6.79±0.017b
2
459.38±17.213f
0.23±0.021a
0.25±0.004b
6.64±0.026a
3
309.52±1.282c
0.22±0.011a
0.20±0.014b
6.80±0.005b
4
405.07±1.872e
0.25±0.035a
0.25±0.033b
6.79±0.008b
a
a
5
185.89±4.509
0.16±0.046a
0.17±0.011
6.79±0.006b
6
276.68±1.869b
0.21±0.026a
0.24±0.032b
6.81±0.012b
C
828.20±4.095g
0.42±0.017b
0.54±0.008c
10.35±0.028c
1:Cu2SO4.H2O, 2:Cu2SO4.H2O+EDTA, 3:CdCI2.H2O, 4:CdCI2.H2O+ETA, 5:Cu2SO4 + CdCI2.H2O, 6:Cu2SO4 + CdCI2.H2O+EDTA, 7:Control.
p<0.05, there is a difference among the means, single- factor ANOVA. x ± S.E. (mean± standart error), Values are means and different letters in the
same line denote significant differences.
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-1

3.1.2. Effects of metals on chlorophyll a concentrations (µg L )
-1

The highest chl a concentration (0.26±0.008 µg L )
was determined in the control group while the lowest chl
a concentration was detected in group 5 at 24th hour of the
experiment (Table 3). The value of chl a was expected to
be high in group three but it was quite low and this result
was the opposite of the expected value. On the basis of
the present results, chl a values suggested that Cu2+ and
Cd2+ interaction was decreased chl a synthesis and cell
number when EDTA wasn’t added in culture.
The highest chl a value (0.42±0.017 µg L-1) were determined in control group at 48th hour of experiment (Table 4). Variance analysis of chl a concentration values
between groups indicated that all groups were significantly different from the control group (P<0.05).
The inhibitory effects of heavy metals on pigment accumulation, observed in this investigation particularly at
Cu2+ and Cd2+ interaction, may be attributed to inhibition
of reductive steps in their biosynthetic pathway. Qian et
al., [19] reported that the combination of Cu + Cd caused
a decrease in chl b and total-chl content, to levels much
lower than those seen after other treatments.
-1

3.1.3. Dry weight (g L )

The highest dry weight value (0.36±0.010 µg L-1) was
determined in control group. The lowest dry weight values (0.18±0.031 µg L-1 and 0.17±0.007 µg L-1) were detected in group 1 and group 4 at 24th hour of the experiment (Table 3). In the first group, which were included
Cu without EDTA, dry weight was decreased. Furthermore added EDTA in the fourth group was not found to
have any effects on toxicity of Cd. Consequences the value
of dry weight was decreased. However, the combined
treatment of Cu and Cd without or with EDTA (Group 5,
6) has no any affect of the dry weight.

The lowest cell density, chl a concentration and dry
weight of C.vulgaris was found at pH 6.79±0.006 in fifth
group at 48th hour of the experiment (Table 4). This obtained results show that the effect of metal toxicity process in interaction of Cu2+ and Cd +2 at this pH value was
higher than other metal groups.
In the present study, pH values were significantly decreased by all heavy metal treatments. We indicated that
heavy metal stress is correlated with pH levels. EDTA
was not found to have any affects on pH values of C.
vulgaris cultures.
pH is a variable influencing biochemical reactions and
possibly affecting species distributions of algae [20]. pH
also affects trace metal speciation and potentially trace
metal toxicity or limitation [21]. It has well been recognized that metal toxicity was significantly influenced by
chelating agents.
4. CONCLUSION
The aim of the present study was to investigate the effects of two different metals (Cu2+and Cd2+) and of artificial ligand; EDTA (Ethylenediaminetetraacetate) on the
growth parameters of Chlorella vulgaris (Chlorophyta).
In conclusion, our results indicate that algal growth and
metal toxicity of C.vulgaris were significantly affected by
the presence of EDTA and the metal compounds of copper (Cu) and cadmium (Cd). Thus, further studies should
consider different metals (Cu2+and Cd2+) concentrations
of speciation for C.vulgaris.

The highest dry weight value (0.54±0.008 µg L-1) was
determined in control group while the lowest dry weight
values (0.17±0.011 µg L -1) were detected in group 5 at
48th hour of the experiment (Table 4).
All heavy metal groups affected growth parameters
such as cell density, chl a concentration and dry weight in
this experiment. The results also show that the inhibitory
effect of Cu2+ + Cd 2+ without EDTA interaction on algal
growth is more pronounced than that of the other metal
groups. It has well been recognized that metal toxicity
was significantly influenced by chelating agent.
3.1.4. pH Values

The results obtained show that the pH is the main parameter in the metal toxicity process.
The maximum pH value (10.27±0.035) was determined in control group. pH values in the other groups were
detected 5.90±0.125, 5.57±0.054, 6.75±0.032, 6.57±0.033,
6.75±0.009 and 6.58±0.021 at 24th hour of the experiment,
respectively (Table 3). Differences were considered significant at P<0.05 when pH values were compared.
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ABSTRACT
In order to determine the relationships between aquatic
Oligochaeta and larval Chironomidae assemblages (species
and individual numbers) and environmental variables, sampling was made at 9 different stations of Kovada Channel
and its linked lakes (Lake Eğirdir and Lake Kovada) at
monthly intervals during 1 year, between July 2010 and
June 2011. Canonical correspondence analysis (CCA) was
used to characterize the relationships between OligochaetaChironomidae fauna and the environmental variables. As
a result, 23 taxa belonging to Oligochaeta and 20 taxa to
Chironomidae were determined. Also, it was found that the
main environmental parameters influencing composition of
organisms were NO3-N, ∑P, BOD, and DO. Stations were
clustered using the unweighted pair-group method with
arithmetic mean (UPGMA) based on organisms of Oligochaeta and Chironomidae. Stations 7 and 9 were found to
be most similar to each other. According to ShannonWeaver and Simpson diversity indices, station 5 (located
at Kovada Channel) was found to have the highest diversity while station 1 (located at Lake Eğirdir) had the lowest one.
The evaluation of the data obtained from the stations
revealed that Lake Eğirdir is mesotrophic while Kovada
Channel and Lake Kovada are eutrophic according to the
indicator species pointed out.
KEY WORDS:
Lake Eğirdir, Lake Kovada, CCA, aquatic organisms, Turkey

ing environmental (trophic) conditions. Benthic macroinvertebrates are found in most habitats and are relatively
easy to sample quantitatively [1]. Moreover, they form
stable communities that integrate and reflect conditions of
both pelagic and benthic regions over relatively long periods of time [2]. Since macroinvertebrates are confined to a
habitat that continually receives autochthonous and allochthonous material, they integrate both autotrophic and heterotrophic processes in lakes [3]. Oligochaeta and Chironomidae have a worldwide distribution. Both groups have
species with an ability to adapt to every kind of water body,
such as brackish water, fresh water, or salt water. In the
muddy bottoms of lakes, oligochaetes are generally one of
the dominant components of the macrobenthos, as is chironomid larvae. They are used in biodiversity studies, pollution surveys, environmental assessment, and they have
economic importance [4, 5].
The studies to determine the water quality by examining benthic invertebrates and environmental variables in
our country have been especially centered on streams [6,
7], and in recent years, the number of the studies done in
the lakes has been increasing [8-12]. Some researchers
have studied Lake Eğirdir and Lake Kovada from faunistic or ecological points of view at different times [8, 13-15].
The aim of this study is to evaluate the diversity and
distribution of Oligochaeta and Chironomidae of Kovada
Channel and the lakes linked with it, with particular emphasis on the relationship between the structure of macroinvertebrate community and the physicochemical features.
2 MATERIALS AND METHODS

1 INTRODUCTION

2.1 Study area

Composition of the benthic macroinvertebrate community is widely considered to be an effective tool for evaluat* Corresponding author

Lake Eğirdir is an “A class wetland” according to international criteria and in terms of the protection of biological diversity [16]. It has a tectonic origin and is 929 m
above sea level. It is located at latitude 38°15′ N and
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longitude 30°52′ E in The Lake District, Southwest Turkey. It has a surface area of approximately 482 km2 and
the fourth largest lake of Turkey. Lake water is used for
irrigation and as drinking water for the city of Isparta and
Eğirdir county. The lake connects to Lake Kovada via a
regulator and channel system, and water of the lake flows
to Lake Kovada which is one of the most important Nature Conservation Areas in Turkey. The deepest part of
the lake is about 7 m. It is located at an altitude of 900 m
and has a 40 km2 surface area. The different 9 sampling
stations were sampled monthly during a year between

July 2010 and June 2011 for benthic fauna and physicochemical parameters (Fig. 1).
2.2 Sampling procedures and environmental variables

All water samples were analyzed within 24 h after
sampling. Water temperature, pH, dissolved oxygen (DO)
and conductivity were measured during sampling in situ.
Other variables (Mg+2, Ca+2, Cl-, NH4+-N, NO2--N, NO3--N,
PO4--P, ∑P, COD, BOD and total hardness) were measured in the laboratory following the standard methods [17].
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FIGURE 1 - Study area and sampling stations.
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Benthic samples were collected twice from each station
using an Ekman-Birge grab (15×15 cm 2 ) and washed
through a sieve series (0.5, 1 and 2 mm mesh net sieves).
Benthic samples fixed with formaldehyde (4%) were identified to genera and species levels under the stereomicroscope in the laboratory. The Oligochaete and Chironomidae were preserved in 70% alcohol. Larvae of Chironomidae were identified according to Şahin [18, 19], Epler
[20], Klink and Moller Pillot [21]; Oligochaete species
were identified using Brinkhurst and Jamieson [22], Kathman and Brinkhurst [23], Timm [24], Timm and Veldhuijzen van Zanten [25] methods. Samples were examined
qualitatively and quantitatively in accordance with
Langler’s [26] method.
2.3 Data analyses

Faunistic and environmental data were analyzed by canonical correspondence analysis (CCA). Shannon-Weaver
[27] and Simpson [28] diversity indices were calculated for
each station to determine diversity of the macroinvertebrate
species. To detect the relationship between communities
and the environmental factors, the Sorensen’s Coefficient
test of unweigthed pair group mean averages (UPGMA)
method was used. Statistical analyses and UPGMA were
conducted using the Multivariate Statistical Package
(MVSP), version 3.1 [29].

3 RESULTS
3.1 Physicochemical parameters

The minimum, maximum and optimum values of
measured physical and chemical parameters are represented
in Table 1.
3.2 Biological results

During our survey, 43 taxa were found, of which
23 taxa belonged to Oligochaeta [(21 taxa from Naididae,
18 of which are in the subfamily Tubificinae (according
to Erséus et al. [30]), 2 taxa from Enchytraeidae)]; 20 taxa
to Chironomidae (9 taxa from Chironominae, 5 taxa from
Tanypodinae, and 6 taxa from Orthocladiinae). Distributions along with a list of the Oligochaeta and Chironomidae species recorded are given in Table 2.
Tubifex tubifex, Limnodrilus hoffmeisteri, Chironomus tentans in Lake Eğirdir, L. hoffmeisteri, Tubifex tubifex
C. tentans, C. riparius, Procladius (Holotanypus) sp. in
Channel Kovada, and T. tubifex, C. tentans, C. plumosus in
Lake Kovada were determined as dominant species.
According to Shannon Weaver and Simpson diversity
indices, the lowest diversity at station 1 and the highest
diversity at station 5 were determined (Table 3).

TABLE 1 - Physicochemical variables at the stations during the study period.
Sta.1.
Average±SE
Min.-Max.
15.90±2.38
Temp. (°C)
4.5-27.1
7.80±0.28
DO (mg/L)
6.76-9.5
8.87±0.11
pH
8.3-9.66
309.34±8.61
EC (µS/cm)
261.7-343.7
28.37±1.41
++
Ca (mg/L)
23.56-40.64
31.93±0.30
++
Mg (mg/l)
30.32-33.46
8.42±0.53
Cl- (mg/L)
6.33-11.80
0.08±0.01
NH4-N (mg/L)
ULA -0.13

Sta.4.
Sta.5.
Sta.6.
Average±SE Average±SE Average±SE
Min.-Max.
Min.-Max. Min.-Max.
16.17±2.08
16.15±2.13 16.29±2.16
6.3-25.1
6.3-25.6
5.9-25.3
3.87±0.26
4.59±0.30
5.23±0.33
2.63-4.80
3.27-6.8
3.92-7.3
8.41±0.12
8.49±0.15
8.56±0.13
7.62-9.10
7.98-9.3
7.97-9.23
428.68±26.20 386.04±5.18 378.11±9.47
363.9-644
359.00-422.5 322.1-422.7
53.11±5.77
52.58±4.34 51.47±4.60
26.75-87.28 28.24-68.57 28.41-67.55
29.20±1.19
27.41±1.62 26.94±1.52
19.00-32.22 18.40-32.14 18.90-33.18
13.75±0.99
12.11±0.69 11.15±0.64
7.62-18.00
7.89-16.30
8.34-14.60
1.20±0.31
0.92±0.21
0.77±0.17
0.17-3.00
0.17-2.09
0.10-1.53
0.02±0.01
0.02±0.00
0.03±0.01
NO2-N (mg/L) ULA*
ULA *
ULA *
ULA -0.07
ULA -0.05
ULA -0.05
1.15±0.12
1.22±0.13
1.28±0.19
1.95±0.73
1.47±0.40
1.55±0.29
NO3-N (mg/L)
ULA -2.10
ULA -2.10
ULA -2.6
ULA -9.20
ULA -5.40
ULA -4.20
0.05±0.01
0.06±0.02
0.05±0.00
0.33±0.10
0.19±0.04
0.24±0.12
PO4-P (mg/L)
ULA -0.10
ULA -0.22
ULA -0.05
ULA -0.99
ULA -0.45
ULA -1.42
∑P
0.06±0.01
0.07±0.01
0.06±0.02
0.44±0.11
0.28±0.04
0.29±0.13
(mg/l)
ULA -0.10
ULA -0.15
ULA -0.21
0.05-1.07
0.12-0.57
0.09-1.54
COD
21.27±2.04 25.09±2.37 20.18±2.28 32.36±3.25
25.64±2.26 21.91±3.15
(mg/L)
10.00-36.00 13.00-41.00 10.00-30.00 10.00-42.00 10.00-38.00 10.00-39.00
1.64±0.31
1.55±0.25
1.36±0.24
3.45±0.79
2.73±0.54
3.00±0.43
BOD (mg/L)
1.00-4.00
1.00-3.00
1.00-3.00
1.00-9.00
1.00-7.00
1.00-5.00
12.00±0.21 12.37±0.20 12.00±0.16 15.76±0.84
14.66±0.55 14.75±0.58
TH (°dH)
11.09-13.10 11.09-13.10 11.09-13.10 12.10-20.16 12.10-17.14 12.10-18.14
* The measured values for all analyses are under the limits of analysis (ULA: Under Limit Analysis).
Parameter

Sta.2.
Average±SE
Min.-Max.
15.77±2.34
4.5-26.7
7.58±0.28
6.1-8.98
9.07±0.12
8.51-9.71
311.97±9.47
261.7-357.5
28.38±1.75
23.24-44.20
32.04±0.27
30.92-34.07
8.47±0.90
5.80-16.30
0.09±0.01
ULA -0.18

Sta.3.
Average±SE
Min.-Max.
15.82±2.34
4.7-26.7
7.54±0.23
6.5-8.79
9.2±0.14
8.6-9.95
310.84±8.76
261.1-345.9
28.3±1.18
24.54-38.44
31.86±0.27
30.75-33.2
8.01±0.48
6.38-11.2
0.06±0.01
ULA -0.11
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Sta. 7.
Average±SE
Min.-Max.
15.21±2.13
3.6-24.4
7.61±0.21
6.57-8.66
8.72±0.14
7.72-9.58
259.42±5.89
230.6-290.2
31.59±2.64
16.46-42.07
19.98±0.54
17.46-23.96
7.75±0.41
6.08-10.70
0.13±0.02
0.07-0.23
0.01±0.00
ULA -0.02
1.16±0.12
ULA -2.20
0.11±0.03
ULA -0.37
0.13±0.04
ULA -0.42
23.64±2.59
13.00-41.00
2.45±0.41
1.00-5.00
9.71±0.53
7.06-12.10

Sta. 8.
Average±SE
Min.-Max.
15.21±2.09
3.7-23.9
8.18±0.39
7.09-11.38
8.88±0.14
8.26-9.60
250.80±8.55
204.9-290.4
29.34±3.09
16.22-43.11
19.60±0.62
15.76-23.49
8.27±0.49
6.15-11.20
0.13±0.02
0.06-0.28
ULA *
1.25±0.17
ULA -2.80
0.16±0.06
ULA -0.73
0.13±0.03
ULA -0.31
26.45±3.86
10.00-52.00
2.36±0.24
2.00-4.00
9.26±0.63
6.05-12.10

Sta. 9.
Average±SE
Min.-Max.
15.28±2.12
3.9-24.1
7.96±0.21
7.19-9.15
8.65±0.15
7.9-9.46
264.45±6.63
231.1-291.8
31.92±2.69
15.87-43.73
20.63±0.65
18.26-24.66
8.13±0.49
6.12-12.10
0.13±0.02
ULA -0.22
0.01±0.00
ULA -0.02
1.22±0.15
ULA -2.30
0.29±0.21
ULA -2.42
0.32±0.21
ULA -2.45
22.27±2.80
10.00-43.00
2.18±0.30
1.00-4.00
9.90±0.47
7.06-12.10
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TABLE 2 - List and mean density of individuals (ind. m-2) of Oligochaeta and Chironomidae samples in the study area.
LAKE EĞİRDİR
Sta.1. Sta.2. Sta.3.
OLIGOCHAETA
Naididae
Naidinae
Ophidonais serpentina
Dero digitata
D. dorsalis
Tubificinae
Tubifex tubifex
T. nerthus
T. ignotus
Limnodrilus sp.
L. udekemianus
L. claparedianus
L. profundicola
L. hoffmeisteri
L. hoffmeisteri f. parvus
Spirosperma nikolskyi
Potamothrix hammoniensis
P. moldaviensis
P. bavaricus
P. bedoti
Psammoryctides deserticola
P. albicola
Aulodrilus limnobius
A. pigueti
Enchytraeidae
Fridericia sp.
Mesenchytraeus sp.
CHIRONOMIDAE
Chironominae
Chironomus plumosus
C. tentans
C. riparius
C. viridicollis
Cryptochironomus defectus
Endochironomus tendens
Polypedilum convictum
P. nubeculosum
Paratanytarsus lauterborni
Tanypodinae
Tanypus kraatzi
T. punctipennis
Clinotanypus nervosus
Procladius (Holotanypus) sp
Macropelopia nebulosa
Orthocladiinae
Cricotopus intersectus
Cricotopus annulator
Eukiefferiella claripennis
Psectrocladius (A) platypus
Psectrocladius limbatellus
P. sordidellus
TOTAL
Sta. = station

CHANNEL KOVADA
Sta.4.
Sta.5.
Sta.6.

LAKE KOVADA
Sta. 7.
Sta. 8.
Sta. 9.

-

-

-

2

-

-

2
-

2
-

-

169
4
19
15
-

222
26
11
11
98
9
2
32
-

115
6
32
22
2
2
-

109
4
2
41
2
22
243
4
7
2
50
13
-

41
41
43
6
22
4
2
2
-

19
7
35
2
-

106
2
54
2
35
2
-

285
63
83
-

183
39
2
15
-

7
19
-

13
50
2
-

33
-

9
87
-

43
46
2

32
-

126
132
-

178
152
-

126
152
-

9
-

4
6
-

2
19
-

2
-

7
2
104
-

7
50
-

4
56
26

13
7
22

4
35
11

242

2
488

2
235

2
601

74
439

152

547

805

567

TABLE 3 - Shannon-Weaver (H') and Simpson (D ) diversity index values of the stations.

H'
D

Sta.1.
1.208
0.514

Sta.2.
1.747
0.738

Sta.3.
1.572
0.708

Sta.4.
1.751
0.760
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Sta.5.
2.071
0.847

Sta.6.
1.681
0.781

Sta. 7.
1.933
0.829

Sta. 8.
1.660
0.772

Sta. 9.
1.649
0.766
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According to Sørensen’s similarity index, stations 7
and 9 (95%), 1 and 2 (90%), as well as 4 and 5 (87%) are
most similar to each other for the dynamics (distribution

both in terms of species and the number of individuals) of
macrobenthic organisms (Chironomidae and Oligochaeta)
in the study area (Fig. 2).

FIGURE 2 - UPGMA dendrogram for nine stations.

FIGURE 3 - The relationships between environmental factors and Oligochaeta-Chironomidae species according to CCA.
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The relationship between environmental factors and
the species belonging to Oligochaeta and Chironomidae
were determined by using CCA. According to this analysis, first axis describes 44% and second axis describes
30.5% of the relationship between species and environmental factors (Fig. 3).
According to the first axis, distribution of species is
mostly related to NO3-N, ∑P and BOD, and the most
important variable effecting the distribution is NO3-N. Ca
is a variable having second degree importance and DO (dissolved oxygen) is a variable situated on the negative side of
the axis, having third degree importance. In other words,
distribution of many species showed inverse relationship

with oxygen. P. deserticola and P. albicola are the species that have the highest rate of relationship with NO3-N.
DO and pH showed a negative effect in terms of the distribution of these species (not being effective in the distribution). The most effective variable in the distribution of
L. hoffmeisteri was determined as COD (chemical oxygen
demand). Mg is a variable that had second degree effect.
L. udekemianus had the highest rate of relationship with
∑P. Moreover, it was also affected by BOD and Ca. But it
had a negative relationship with DO and pH. The distribution of L. claparedianus had a positive relationship with
NO2-N but a negative relationship with DO and pH (Fig. 3).

FIGURE 4 - Seasonal variations of Oligochaeta and Chironomidae in Lake Eğirdir.

FIGURE 5 - Seasonal variations of Oligochaeta and Chironomidae in Kovada Channel.
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FIGURE 6 - Seasonal variations of Oligochaeta and Chironomidae in Lake Kovada.

According to the second axis, while L. udekemianus,
L. claparedianus, P. deserticola, Procladius (Holotanypus) sp., and Tanypus punctipensis had a positive relationship with NO2-N, Ca, BOD and ∑P, they had a negative relationship with DO, pH, Mg and COD. L. hoffmeisteri, L. hoffmeisteri f. parvus and P. albicola are in a
positive correlation with NO3-N, COD and Mg;
Macropelopia nebulosa, Potamothrix hammoniensis and
Tubifex tubifex are in a positive correlation with DO and
pH but a negative one with NO2-N, Ca, BOD, and ∑P
(Fig. 3).
Also, seasonal variations of Chironomidae and Oligochaeta were examined; in general, negative correlation
was observed between Chironomidae and Oligochaeta
species (Figs. 4-6).
4 DISCUSSION
When the physicochemical parameters measured during the study are reviewed in general, it can be seen that,
at the stations situated on the channel, the changes occurring as a result of environmental effects were more rapid
than those in the lakes. These rapid changes result from
the fact that the channel is a streaming system. As the
stream ecosystems are open systems, they are affected by
environmental effects more easily.
In this study, members of Oligochatea in Lake Eğirdir
and Kovada Channel; and of Chironomidae in Lake Kovada, were determined as the most dominant groups.
Similar results had been found in studies of this area in
previous years [31-33].
Tubifex tubifex is the most dominant organism in
Lake Kovada, and this species reached maximum domi-

nance in this lake. Tubifex tubifex is a cosmopolitan species [13, 34]; along with this, it has been reported to be
more tolerant against organic pollution and lack of oxygen [22, 24]. It is mainly known as a species characteristic
of heavily polluted waters, where it can reach very high
densities [35]. Milbrink [36] claims that T. tubifex occurs
in these environments where competition or predation is
weak [37].
Limnodrilus hoffmeisteri (31.87 %) and Psammoryctides
deserticola (6.57 %) reached their maximum dominance at
station 4, L. udekemianus (7.24 %) at station 5, and Procladius (Holotanypus) sp. at stations 5 and 6 situated on the
channel.
Since Procladius (Holotanypus) sp. has some morphological adaptations that serve to enhance the absorption and
transportation of DO from the water-sediment interphase
[38], it may tolerate the low oxygen level of the water [39].
The relevant abundance of these organisms can be associated with high trophic level environmental conditions, such
as sediment nutrient accumulations and low DO concentrations in the water [40]. Especially at 4th station, oxygen
value was low while BOD value was high (Table 1). However, the individual number of organisms was found at a
high level in the station. These results were supported by
other studies.
Limnodrilus hoffmeisteri is found in large numbers in
densely polluted waters [4, 22], and Potamothrix hammoniensis is a reliable indicator of eutrophy or local organic
enrichment when occurring in considerable densities [41].
This species is probably the commonest tubificid species
in eutrophic lowland lakes in Europe. On the other hand,
Lang [42] suggests an intermediate position of the species
between tolerant and sensitive species [41].

3169

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

Wetzel et al. [5] indicated that the subfamily Tubificinae and several of its genera (e.g., Limnodrilus and
Tubifex) are considered to be cosmopolitans; other genera
(e.g., Potamothrix, Rhycodrilus) are widely distributed
throughout the world. In the present study, 18 Tubificid
species were identified in the littoral zone of the lake, and
3 of them, Potamothrix hammoniensis, Tubifex tubifex and
Limnodrilus hoffmeisteri, were the most abundant species
in the study area. Our findings seem to be in agreement
with this knowledge.
According to Epler [20] these species are generally
found in contaminated waters, or in waters which are rich
in nutrients but have a low oxygen level. According to the
CCA in this study, it was determined that L. hoffmeisteri
had a negative relationship with O2 and pH, and a positive
relationship with NO3-N, COD and Mg.
But while Tubifex tubifex and Potamothrix hammoniensis species were detected in the areas that are intensely polluted, they were also detected widely in Lake
Eğirdir which has less pollution. In the CCA, it was seen
that these species were also found in the areas that have
more O2 content. These species being cosmopolitans can
be thought to be the reason of this [13, 34].

three habitats in the study area increased. When evaluating
dominant species detected during the study, together with
their ecological situation, it is seen that Kovada Channel
and Lake Kovada were eutrophic. Although organisms
representing the eutrophic structure were dominant in Lake
Eğirdir, organisms that can live in water with low contamination and fresh water with high oxygen content were also
detected. When the dominance and distribution of these
organisms are taken into consideration, it can be said that
Lake Eğirdir, which was reported to be oligotrophic in
previous studies, has lost its oligotrophic structure but has
gained a mesotrophic structure.
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According to seasonal distribution of the remaining
organisms, it can be said, that there is a negative relationship between the dominance of Oligochaeta and Chironomidae groups. During the periods when the number of Oligochaeta individuals decreased, Chironomidae individuals
increased, and when they increased, Chironomidae individuals decreased. There is known to be a correlation between ecological demands and distributions of Chironomidae and Oligochaeta species, and they are sources of
nutrients for each other [43]. In this study, where members of Chironomidae are densely distributed, it was observed that the variation of oligochaete species decreased.
Similar results were also found by several researchers [44,
45].
Chironomus plumosus and C. tentans are regarded as
the most common species of eutrophic lakes [46, 47]. It
was determined that these species are highly dominant in
Lake Kovada, and C. riparius which is a pollution indicator [4, 22] was found only to be dominant at Channel
station 4.
According to the UPGMA, high similarity values were
determined in the stations of similar habitats, and these
results were also supported by physico-chemical parameters. Moreover, high similarity values are expected in similar water-bodies and the stations with similar ecological
properties.
5 CONCLUSIONS
When the data acquired in this study is compared with
the data acquired by several other researchers in previous
years, it can be observed that pollution load of each of the
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ABSTRACT
In the present study, alternative control possibilities
were investigated against mushroom scatopsid flies,
Scatopse spp. (Diptera: Scatopsidae), which have recently
been an important cause of pest problems in mushroom
growing cellars in the Antalya-Korkuteli district, an important place in the mushroom production of Turkey. For
this purpose, the essential oils extracted from pennyroyal
(Mentha pulegium L.), sage (Salvia tomentosa Miller),
wild thyme (Thymbra spicata L. var. spicata) and savory
(Satureja thymbra L.) and their main components
(pulegone, β-pinene, carvacrol and thymol, respectively)
were tested for their fumigant activity against the adults of
mushroom scatopsid flies. Various concentrations (0.5, 1, 5
and 10 µl/l air) and exposure periods (0.5, 1, 2 and 4 h)
were used to determine the fumigant activity of the test
materials. According to the results from the study, all the
essential oils and their components showed a fumigant
toxicity in varying degrees, M. pulegium essential oil and
its major component, pulegone, being the most active (after
0.5 h, LC50 = 0.17 and 0.13 µl/l air, respectively). After a 4h exposure period, both the oil and the component produced 100% mortality at all the concentrations tested. Even
after a shorter exposure period (2 h), they achieved the
same mortality at level as all the concentrations, except for
the lowest dose (0.5 µl/l air). All the responses were found
test material- exposure period- and concentrationdependent. Our overall results suggest that the essential oils
and their major components tested may be potential alternatives (as fumigants) to synthetic insecticides for the control of mushroom scatopsid flies.
KEYWORDS: Mushroom scatopsid flies; Scatopse spp.; essential
oil; component; fumigant activity

1. INTRODUCTION
Globally, commercial production of the cultivated
mushroom, Agaricus bisporus (Lange) Imbach, is affected
* Corresponding author

by a number of fly pests wherever the crop is grown [1]. In
general, there are three fly groups most commonly encountered in mushroom growing cellars: namely, the cecid flies
[Heteropeza pygmaea Winnertz and Mycophila speyeri
(Barnes)], the phorid fly [Megaselia halterata (Wood)] and
the sciarid flies (Lycoriella spp.), and these fly pests are a
consistent problem for growers all over the world [2-6]. All
these groups of mushroom flies generally occur together in
a mushroom culture. Damage may results directly from fly
larvae feeding on mycelia or mushrooms, or indirectly
from the adult flies acting as vectors for the introduction of
disease agents, nematodes, mites, and other contaminants
[3, 7-9]. In addition, adult flies are a constant nuisance to
picking staff.
In Turkey, mushroom flies have received attention as
pests over the past two decades, and six species of mushroom-infesting flies were reported during this period [6,
10, 11]. Among them, Lycoriella ingenua Dufour (Diptera:
Sciaridae), and M. halterata (Diptera: Phoridae) are the
most common fly pests of the commercial mushroom industry in the Antalya-Korkuteli district (southwestern Turkey), where >50% of the total compost production and ≈45%
of the fresh mushrooms sold in the entire country are produced [6, 11, 12]. However, a serious new threat has recently arisen in this district, namely mushroom scatopsids,
Scatopse spp. (Diptera: Scatopsidae). It is surmised that
approximately 70% of mushroom growing cellars in the
district has been affected by the infestation of this fly
pest group (Korkuteli Mushroom Growers' Association).
In a survey study carried out in the district, several species of mushroom scatopsids were determined (Basbagci
and Erler, unpublished). Although all these scatopsid species generally occur together in a mushroom culture,
Scatopse notata L. (Black compost fly) is by far the most
common species of mushroom scatopsids, approximately
40% of the total scatopsid fly population captured in the
surveys (Dr. Paul Beuk, Personal communication).
Scatopsid flies, also known as "minute black scavenger
flies" or "dung midges", are generally small, sometimes
minute, dark flies (from 0.6 to 5 mm), generally similar to
black flies (Simuliidae) but usually lacking the humped
thorax characteristic of that family [13]. The larvae of most
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species are unknown, but the few that have been studied
have a rather flattened shape and are terrestrial and saprophagous. S. notata is a cosmopolitan species whose
larval stages are found in decaying plant and animal material [14]. Although the larvae of scatopsids generally
prefer to feed on the compost itself, they nibble on developing mycelium, damage primordia and sometimes tunnel
into the stipes of young sporophores [15]. Probably, the
most important damage of mushroom scatopsids is that the
adult flies are a constant nuisance to maintenance staff
and act as vectors for some mushroom diseases arising
from bacteria, viruses, viroids and other pathogens (Personal observations). The tolerance is zero for mushroom
scatopsids, due to their high reproductive potential at
temperatures from 24°C to 30°C [16]. Therefore, most
mushroom growers in the Antalya-Korkuteli district find
mushroom scatopsid flies to be the most challenging fly
pest group in warmer air temperatures and more humid
conditions in the substrate (from April to October).
Because mushroom scatopsids are a new fly pest group
for mushroom cultivation in Turkey, there is no control
method or material for their effective control. However,
some growers choose to use chemicals from various
groups of insecticides including organophosphates, pyrethroids, carbamates, neonicotinoids, etc., although none of
them are approved insecticides for the control of these
insects. There are environmental and human health concerns with synthetic pesticides, and there is a trend to
replace these with "biological" or "botanical" (at least
"selective" or "soft") pesticides [17-19]. In this respect,
plant essential oils and their components may provide
potential alternatives to currently used mushroom scatopsid fly control agents. In the search for alternatives to
conventional chemical pesticides, essential oils extracted
from various aromatic plants and their components have
been widely investigated. Their toxicities (fumigant, contact etc.), arresting and repellent effects to various arthropod pests, especially stored-product insects and greenhouse pests, have been of special interest during the last
two decades [20-26]. The aim of this study was to evaluate fumigant activity of essential oils extracted from four
different plant species [pennyroyal (Mentha pulegium L.),
sage (Salvia tomentosa Miller), wild thyme (Thymbra spicata L. var. spicata) and savory (Satureja thymbra L.)],
commonly found in the Turkish flora, and their main components (pulegone, ß-pinene, carvacrol and thymol, respectively), commercially available, against the adults of
mushroom scatopsids under laboratory conditions.
2. MATERIALS AND METHODS
2.1. Insect culture

Flies used in the present study were obtained from a
laboratory culture of Scatopse spp. maintained by the
method described by Erler et al. [18], with some modifications. Although there are only a few species of scatopsid flies in the Antalya-Korkuteli district, it is impossible

to separate their adults without examining the features
from dead insect material that are used for identification,
under a stereo-microscope. That is why a mix-culture of
scatopsid flies was maintained and used in the fumigation
assays. As a matter of fact, all the scatopsid species generally occur together in a mushroom culture, and growers
take aim at them together in spray applications. Firstly,
adults of Scatopse spp. were collected by use of aspirators
from commercial mushroom-growing cellars in the Antalya-Korkuteli district. They were then transferred into plastic jars with 5-liter capacity and transported to the insectary
in the Plant Protection Department of Akdeniz University
(Antalya). Because the Scatopse species generally prefer
the compost itself and their larvae feed on decaying materials [14, 15], collected flies were directly introduced into
the plexiglass cages (40 x 40 x 50 cm) including sterile
humid compost and mushroom waste (stalk and cap pieces)
remaining after harvesting the mushrooms. Each cage had
two large square openings covered with a nylon mesh for
ventilation on both sides. Fifty pairs (25♀ : 25♂) were
introduced into each cage, and females were allowed to lay
eggs for 96 h at 26 ± 1oC in darkness. The adults were
subsequently removed by aspiration, and the compost material was sprayed with tap water every other day to maintain humidity in the cages at a level similar to that of commercial mushroom-growing cellars. New cultures were
initiated by introducing newly emerged adults of Scatopse
spp. into the other new cages at 26 ± 1oC for 4 days, after
which time the adults were removed and the cages were
incubated at 26 ± 1oC in darkness. Adult flies of the subsequent generation emerged in ≈21 days. All flies used in
bioassays were collected two days after emergence.
2.2. Plant materials, extraction of essential oils and essential
oil components

Aerial parts (leaves and succulent stems) of M.
pulegium, S. tomentosa, T. spicata var. spicata and S.
thymbra were collected from their natural habitats in Antalya. The choice of collection time was based on previous
studies [27-29], which had indicated that the most appropriate time to collect them taking into consideration their
essential oil level and its composition was from mid-Jun
to the end of July. Taxonomic identification was performed by botanists from the Biology Department, Faculty
of Science, Akdeniz University, Antalya, where voucher
specimens of collected species have been deposited.
All the collected plant materials were shade-dried at
room temperature for seven days.	
  Dried materials were
then subjected to hydro-distillation with a Clevenger-type
apparatus [25]. To extract essential oils by distillation, 50 g
of air-dried plant material was put into water (1:12 w/v) for
4 h. Extracted essential oils were stored in a refrigerator at
4ºC in glass vials until use for biological tests. The vials
were covered with aluminum foil to avoid exposure to
light. Pure essential oils were employed in all the tests.
The components used in the present study were purchased from various manufacturers. Their purity and source
was as follows: pulegone (97%, Merck Group, Antalya,
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Turkey); β-pinene (98%, Merck Group, Antalya, Turkey);
carvacrol (99%, Sigma-Aldrich, Istanbul, Turkey) and
thymol (99%, Merck Group, Antalya, Turkey). The choice
of these components for inclusion in the study was based
on previous studies [22, 23, 29], indicating that the main
components of essential oils from M. pulegium, S. tomentosa, T. spicata var. spicata and S. thymbra were pulegone,
β-pinene, carvacrol and thymol, respectively.

only one compost bag, which was counted as one replicate. The bags were exposed to the highest concentration
(10 µl/l air) of each test material applied with an automatic
pipette on a blotting paper strip (3 × 8 cm) attached to the
lower side of the desicccators' lid and the longest exposure
period (4 h) used in the fumigation assays. After the exposure, they were observed over a 4-day period for any
mycotoxicity. There were two replicates for each test
material and the control (untreated).

2.3. Fumigant toxicity assays

Fumigation assays were conducted in the laboratory of
Plant Protection Department, Akdeniz University. Experiments were carried out according to the method described
by Erler et al. [25]. To determine the fumigant toxicity of
tested essential oils and their major components, 1-liter
glass jars with screw lids were used as test chambers.
Twenty adults of Scatopse spp. were placed in each jar,
along with a small piece of folded paper towel that keeps
insects from moving, which was counted as one replicate.
Three replicates were used for each concentration X exposure time combination, and experiments were repeated
twice, thus the total number of replicates for each concentration X exposure time was six. Each replicate set contained one control jar containing untreated insects. Each
concentration was applied with an automatic pipette on a
blotting paper strip (3 × 8 cm) attached to the lower side of
the jar's lid, and then the lid was tightly fitted. Initial tests
were performed to establish appropriate concentration and
exposure time ranges. Application concentrations for each
test material were 0.5, 1, 5 and 10 µl/l air. Taking into
consideration some previous findings on relative toxicity of
various organic solvents which are generally used in screening plant products for insecticidal activity [30, 31], no organic solvent was used in the preparation of treatment
concentrations of tested essential oils. Thus, no material
was applied to the control jars. Four different exposure
times (0.5, 1, 2 and 4 h) were used for each concentration
of each treatment. All bioassays were conducted at 22 ±
1ºC and a relative humidity of 85-90% in darkness. After
the various exposures, mortality counts were made for each
concentration X exposure time combination, and then the
insects (dead and living) were transferred to clean jars and
incubated for 24 h at the same conditions. Mortality was
then reassessed for each concentration X exposure time
combination. The insects were considered dead when they
displayed no observable motion when prodded. Mortality
was expressed as a percentage of the initial number of
flies in each jar. The results of linear regressions of Scatopse
spp. mortality data were also given in this paper.
2.4. Mycotoxicity tests

Mycotoxic effects of the test materials were also evaluated by using small compost bags, each including approx.
2 kg of standard pasteurized and spawned compost. Mycotoxicity tests were carried out when the bags contained
different developmental stages of sporophores (pins, young
and old buttons). Desiccators with a 12 liter capacity were
used as test chambers. Each of the desiccators contained

2.5. Statistical analysis

All mortality data were corrected using Abbott's formula [32]. The data were also transformed to arcsine squareroot values for analysis of variance (ANOVA). Untransformed means are presented here. Duncan's multiple range
test (DMRT; P = 0.05) was used to test for differences
among the treatment means. It was also used simple linear
regression to describe a linear relationship between the variables. The slope parameters, coefficients of determination
(R2), F-statistic and p-values were calculated using the
POLO-PLUS program version 2.0 (LeOra Software, Petaluma, CA, USA).
3. RESULTS
3.1. Fumigant toxicity of extracted essential oils

The results of fumigation assays in the laboratory revealed that all the essential oils tested had fumigant activity against the adults of Scatopse spp. (Table 1). M.
pulegium essential oil was more toxic than the other three
essential oils tested, and the mortality was neither generally concentration- nor exposure time-dependent. For the
other three essential oils, responses varied with essential
oil, exposure time and concentration. At two higher concentrations (5 and 10 µl/l air) of M. pulegium essential oil,
there was no signiﬁcant variation in the responses of
adults of Scatopse spp. (DMRT; P = 0.05). With the exception of S. tomentosa essential oil, the other three essential oils at all concentrations caused 100% mortality
after an exposure period of 4 h (the longest exposure
tested). Both T. spicata var. spicata and S. thymbra essential oils were highly toxic against the adults of Scatopse
spp.; and mortality rates at the higher concentrations (5
and 10 µl/l air) after the exposure periods of 2 and 4 h did
not differ signiﬁcantly from each other (DMRT; P =
0.05). Fumigant action of essential oil extracted from S.
tomentosa was slower, but 100% mortality was achieved
at 4 h after treatment only at the concentrations of 5 and
10 µl/l air. There was no mortality in the untreated controls 0.5 h after treatment at all the concentrations tested.
The results showed that there were positive and linear
significant relationships between percent mortality of adult
scatopsids and duration of exposure to the essential oils
within all concentration levels. The R2 values indicated
that between 11-83% of the variation in the rates of adult
mortality was explained by duration of exposure to the
oils (Table 2).
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3.2. Fumigant toxicity of essential oil components

Responses varied generally according to test material, exposure time and concentration (with the exception of 4 h
exposure). Of the 4 essential oil components tested, pule-

Table 3 shows the fumigant toxic effects of essential
oil components tested against the adults of Scatopse spp.

TABLE 1 - Fumigant toxicity of 4 essential oils against adults of Scatopse spp. at various concentrations and exposure periods (mean mortality % ± SEM)
Concentration
(µl/l air)

Exposure period (h)
0.5

1

2
4
Mentha pulegium
0.5
81.7±1.1 axBy
86.0±1.8 bB
93.0±1.1 cB
100±0.0 dB
1
87.6±1.1 aC
92.1±1.2 bC
100±0.0 cC
100±0.0 cB
5
100±0.0 aD
100±0.0 aD
100±0.0 aC
100±0.0 aB
10
100±0.0 aD
100±0.0 aD
100±0.0 aC
100±0.0 aB
Control
0.0±0.0 aA
5.0±0.0 aA
5.0±0.0 aA
10.0±0.0 aA
Salvia tomentosa
0.5
5.8±1.5 ax By
14.0±1.8 bB
14.0±2.2 bB
13.9±1.3 bB
1
11.7±1.1 aC
21.1±1.9 bC
22.0±1.6 bC
24.1±1.9 bC
5
18.3±2.1 aD
49.1±2.2 bD
83.3±2.5 cD
100±0.0 dD
10
26.7±3.1 aE
78.1±2.5 bE
99.1±0.9 cE
100±0.0 cD
Control
0.0±0.0 aA
5.0±0.0 aA
5.0±0.0 aA
10.0±0.0 aA
Thymbra spicata var. spicata
0.5
0.0±0.0 ax Ay
57.0±3.2 bB
66.7±4.6 cB
100±0.0 dB
1
0.0±0.0 aA
58.8±1.6 bB
87.7±1.8 cC
100±0.0 dB
5
34.2±1.5 aB
85.1±1.6 bC
100±0.0 cD
100±0.0 cB
10
50.0±1.8 aC
100±0.0 bD
100±0.0 bD
100±0.0 bB
Control
0.0±0.0 aA
5.0±0.0 aA
5.0±0.0 aA
10.0±0.0 aA
Satureja thymbra
0.5
0.0±0.0 ax Ay
66.7±1.8 bB
76.3±1.2 cB
100±0.0 dB
1
4.2±0.8 aB
77.2±2.2 bC
92.1±1.2 cC
100±0.0 dB
5
13.3±1.7 aC
90.4±1.6 bD
100±0.0 cD
100±0.0 cB
10
42.5±2.1 aD
100±0.0 bE
100±0.0 bD
100±0.0 bB
Control
0.0±0.0 aA
5.0±0.0 aA
5.0±0.0 aA
10.0±0.0 aA
x
: For each of the materials tested, means within a line followed by the same lower-case letter are not significantly different (DMRT; P = 0.05).
y
: For each of the materials tested, means within a column followed by the same capital letter are not significantly different (DMRT; P = 0.05).

TABLE 2 - Analysis results of linear regressions of Scatopse spp. mortality data on exposure periodsA in various concentrations of four essential oilsB
Concentration
(µl/l air)

Slope
(±SEM)

R2
(adjusted)

0.5
1
5
10

5.093(±0.471)
3.353(±0.544)
*
*

0.834
0.616
*
*

0.5
1
5
10

1.529(±0.767)
2.705(±0.763)
21.525(±2.130)
16.685(±3.210)

0.114
0.334
0.814
0.530

3.974
12.561
102.112
27.010

0.0587
0.0018
0.0001
0.0001

0.5
1
5
10

23.783(±2.843)
23.934(±3.439)
14.410(±3.037)
9.565(±2.793)

Thymbra spicata var. spicata
0.749
69.936
0.673
48.431
0.483
22.505
0.317
11.723

0.0001
0.0001
0.0001
0.0024

0.5
1
5
10

22.989(±3.317)
21.294(±3.994)
18.075(±4.285)
11.107(±3.175)

0.671
0.543
0.421
0.328

F-statistic
(df=1, 22)
Mentha pulegium
116.752
37.969
*
*

p-value
0.0001
0.0001
*
*

Salvia tomentosa

Saturejathymbra

*: Could not be determined.
A
: Mortality data at each exposure period was a mean of six replicates.
B
: Oil applied to 3x8 cm paper strips held in 1 liter jars. Exposure periods were 0.5, 1, 2 and 4 h.
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TABLE 3 - Fumigant toxicity of 4 major essential oil components against adults of Scatopse spp. at various concentrations and exposure
periods (mean mortality % ± SEM)
Concentration
(µl/l air)

Exposure period (h)
0.5

1

2

4

93.0±1.1 bB
100±0.0 cC
100±0.0 aC
100±0.0 aC
5.0±0.0 aA

100±0.0 cB
100±0.0 cB
100±0.0 aB
100±0.0 aB
10.0±0.0 aA

0.0±0.0 aA
2.7±1.2 aAB
7.0±1.1 bC
28.9±2.6 bD
5.0±0.0 aBC

2.8±1.3 bA
13.9±1.3 bC
26.9±1.7 cD
36.1±1.3 cE
10.0±0.0 aB

79.8±1.6 cB
89.5±1.4 cC
100±0.0 cD
100±0.0 cD
5.0±0.0 aA

100±0.0 dB
100±0.0 dB
100±0.0 cB
100±0.0 cB
10.0±0.0 aA

Pulegone

0.5
1
5
10
Control

85.8±1.5 ax By
89.2±1.5 aC
100±0.0 aD
100±0.0 aD
0.0±0.0 aA

90.4±1.6 bB
93.9±1.6 bC
100±0.0 aD
100±0.0 aD
5.0±0.0 aA

0.5
1
5
10
Control

0.0±0.0 ax Ay
0.0±0.0 aA
0.0±0.0 aA
4.2±0.8 aB
0.0±0.0 aA

0.9±0.9 abA
0.9±0.9 aA
1.8±1.1 aA
22.8±2.9 bB
5.0±0.0 aA

0.5
1
5
10
Control

0.0±0.0 ax Ay
8.3±1.7 aB
39.2±1.5 aC
75.8±1.5 aD
0.0±0.0 aA

64.1±1.6 bB
71.9±1.8 bC
75.4±1.8 bC
81.6±1.2 bD
5.0±0.0 aA

β-pinene

Carvacrol

Thymol
0.5
0.0±0.0 ax Ay
62.3±1.6 bB
87.7±1.1 cB
100±0.0 dB
1
17.5±1.1 aB
71.1±1.2 bC
93.0±1.1 cC
100±0.0 dB
5
48.3±1.7 aC
90.4±1.6 bD
100±0.0 cB
100±0.0 cB
10
80.8±1.5 aD
100±0.0 bE
100±0.0 bD
100±0.0 bB
Control
0.0±0.0 aA
5.0±0.0 aA
5.0±0.0 aA
10.0±0.0 aA
x
: For each of the materials tested, means within a line followed by the same lower-case letter are not significantly different (DMRT; P = 0.05).
y
: For each of the materials tested, means within a column followed by the same capital letter are not significantly different (DMRT; P = 0.05).

TABLE 4 - Analysis results of linear regressions of Scatopse spp. mortality data on exposure periodsA in various concentrations of four major
essential oil componentsB
Concentration
(µl/l air)

Slope
(±SEM)

R2
(adjusted)

F-statistic
(df=1, 22)

p-value

Pulegone
0.5
1
5
10

3.762(±0.466)
3.14(±0.592)
*
*

0.735
0.540
*
*

0.5
1
5
10

0.720(±0.289)
4.048(±0.405)
7.845(±0.504)
7.601(±1.219)

0.184
0.810
0.912
0.622

0.5
1
5
10

23.155(±3.352)
20.772(±3.553)
14.630(±2.476)
6.869(±0.974)

0.670
0.590
0.595
0.679

0.5
1
5
10

23.506(±3.553)
19.184(±3.139)
11.058(±2.477)
3.666(±1.098)

0.650
0.612
0.451
0.306

65.102
28.104
*
*

0.0001
0.0001
*
*

6.195
99.612
241.994
38.873

0.0209
0.0001
0.0001
0.0001

47.713
34.167
34.907
49,724

0.0001
0.0001
0.0001
0.0001

43.752
37.350
19.926
11.148

0.0001
0.0001
0.0002
0.0030

β-pinene

Carvacrol

Thymol

*: Could not be determined.
A
: Mortality data at each exposure period was a mean of six replicates.
B
: Oil applied to 3x8 cm paper strips held in 1 liter jars. Exposure periods were 0.5, 1, 2 and 4 h.

gone, the main component of M. pulegium essential oil,
was the most toxic component to the adults of Scatopse
spp., followed by thymol and carvacrol, major components

of the essential oils of thyme and savory, respectively. At
the concentrations of 5 and 10 µl/l air, 100% mortality was
achieved only at 0.5 h after treatment with pulegone. Even,

3177

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

the component produced >85% mortality at the lowest
concentration (0.5 µl/l air) and the shortest exposure period
(0.5 h) used in the tests. Potent fumigant activity (100%
mortality) was observed 1 h after treatment, with the highest concentration (10 µl/l air) of thymol and 2 h after treatment with a lower concentration (5 µl/l air) of carvacrol. βpinene, the major component of S. tomentosa essential oil,
was the least toxic essential oil component, with a mortality
of 36.1% at the highest concentration (10 µl/l air) and the
longest exposure period (4 h) used in the fumigation tests. At
0.5, 1 and 2 h after treatment, weak or no activity was produced from β-pinene at the concentrations of 0.5, 1 and 5
µl/l air. No mortality was observed in the untreated controls 0.5 h after treatment at all the concentrations tested.
The results of linear regression analysis indicated that
there were positive and linear significant relationships
between percent mortality of adult scatopsids and duration of exposure to the essential oil components within all
concentration levels. Variation in the rates of adult mortality by duration of exposure to the components was
between 18-91% (Table 4).
3.3. Mycotoxicity of essential oils and their components

When compared with untreated controls, only thymol
and β-pinene were mycotoxic to pins and some young
sporophores, but not to old buttons. The most obvious
mycotoxicity symptoms were burning of pins and necrotic
spots on young sporophores. This level of mycotoxicity
could be a major concern for mushroom growers because
more than 50% of the young sporophores was damaged
by these two components.
4. DISCUSSION AND CONCLUSION
Although cultivated mushrooms are the most valuable
protected crop grown in Turkey, mushroom growing is
the only major horticultural commodity lacking an alternative to chemical control of pests. In fact, the global availability of crop protection products for use in mushroom
growing is limited. Although there are no registered pesticides available to control mushroom flies in Turkey, most
mushroom growers use products registered for other agricultural pests [11, 33]. Direct or chronic toxicity to applicators; or to consumers caused by unacceptable residues
in food is an important problem in mushroom fly control
with conventional pesticides. Increasingly stringent government regulations of pesticides and consumer pressure
groups discourage their use in view of the associated human health concern and imply that alternative fly control
agents must be adopted by mushroom producers. In this
respect, essential oils and their major components may play
an important role, as they are safer than the conventional
pesticides used. Many plant essential oils and extracts,
including those tested in the present study, are commonly
used in the food and beverage industry as ﬂavourings, in
the cosmetic and perfume industry for fragrances and in
the pharmaceutical industry for medicinal purposes. They

are therefore considered to have limited or less harmful
effects on human health than most conventional pesticides.
Plant essential oils and their derivatives are of great
interest to many, for they are perceived as ‘natural’ pesticides. There are numerous reports on fumigant activity of
various essential oils and their components, including those
tested in this study, but many of them are used on storedproducts pest control rather than mushroom fly control [22,
25, 34]. A review of the literature concerning mushroom
fly control indicates that there is comparatively little work
on the fumigant effect of essential oils and their components against mushroom flies. Furthermore, all the reports
are on mushroom sciarid flies [Lycoriella spp. (Diptera:
Sciaridae)], but not on mushroom scatopsids or on any
other fly groups related to mushrooms. In a study by Choi
et al. [35], various essential oils and their volatile components were tested for their fumigant toxicity against the
mushroom sciarid fly, Lycoriella mali Fitch, and the most
potent fumigant toxicity was found in essential oil from
thyme followed by the oils of sage, eucalyptus and clove
bud. α-Pinene was the most toxic fumigant compound
found in thyme essential oil (LD50 = 9.85 µl/l air) followed
by β-pinene (LD50 = 11.85 µl/l air) and linalool (LD50 =
21.15 µl/l air). They also reported that a mixture of α- and
β-pinene exhibited stronger fumigant toxicity than α- or
β-pinene itself against the mushroom fly adults and therefore, thyme essential oil, α- and β-pinene could be potent
fumigants to control mushroom flies during mushroom
cultivation. Park et al. [36] tested plant essential oils from
40 plant species for their insecticidal activities against
larvae of Lycoriella ingénue (Dufour) using a fumigation
bioassay, and good insecticidal activity against larvae of
L. ingénue was achieved with essential oils of Chenopodium ambrosioides L., Eucalyptus globulus Labill, Eucalyptus smithii R. T. Baker, horseradish, anise and garlic at 10
and 5 µl/l air. They reported that horseradish, anise and
garlic oils showed the most potent insecticidal activities
among the plant essential oils; at 1.25 µl/l air, horseradish,
anise and garlic oils caused 100, 93.3 and 13.3% mortality,
but at 0.625 µl/l air this decreased to 3.3, 0 and 0%, respectively. Park et al. [37] also evaluated fumigant activity of
plant essential oils from 21 plant species against larvae of
L. ingénue and reported that good insecticidal activity
against larvae of L. ingénue was achieved with essential oils
of Acorus gramineus Solander, Schizonepeta tenuifolia Briquet and Zanthoxylum piperitum De Candolle at 25 µg/ml
air. S. tenuifolia oil showed the most potent insecticidal
activity among the plant essential oils. At 12.5 µg/ml air
concentration, S. tenuifolia oil caused 96.6% mortality,
but mortality decreased to 60% at 3.125 µ/ml air. They
also tested three major components of S. tenuifolia essential oil for their insecticidal activities against larvae of L.
ingenua and found pulegone was the most toxic, followed
by menthone and limonene with LC50 values of 1.21, 6.03,
and 15.42 µg/ml, respectively. In another study by Park et
al. [38], plant essential oils from 20 plant species were
tested for their insecticidal activity against larvae of L.
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ingénue by using a fumigation bioassay, and >90% mortality against larvae of L. ingénue was achieved with
essential oils of caraway seed [Carum carvi (L.)],
lemongrass [Cymbopogon citratus (D.C.) Stapf.], mandarine (Citrus reticulate Blanco), nutmeg (Myristica fragrans Houtt), cade (Juniperus oxycedrus L.), spearmint
(Mentha spicata L.), cumin (Cuminum cyminum L.) and
thyme red [Thymus vulgaris (L.)] at 30 x 103 mg/l air.
They also identified 4, 9, 8, and 17 components from
caraway seed, spearmint, cumin, and thyme red oils, respectively, by gas chromatography-mass spectrometry, and
tested these components individually for their insecticidal
activities against larvae of L. ingénue. Carvacrol, thymol,
linalool, cuminaldehyde, p-cymene, terpinen-4-ol and carvone were effective at 10 x 103 mg/l.
Because the current study was the first to test essential oils and their components against mushroom scatopsid flies as fumigants, we could not compare our results
with those of previous studies. Although the results by
Choi et al. [35] and Park et al. [36-38] are not directly
comparable with those from our study because their assays
used different mushroom fly group (sciarids versus scatopsids), different plant derivatives and different biological
stage of insect development [larvae versus adults; in Park
et al. [36-38], their and our results are reasonably consistent.
Although there are a number of pest control strategies
to deal with agricultural pests, fumigation is one of the
most efficient and widely used pest control methods in
protected areas such as warehouses, museums, historical
buildings, etc. Because mushroom cellars are protected
areas like them, mushroom flies including scatopsid species may be controlled applying fumigants. In this respect,
we tested four essential oils extracted from commonlyfound plant species in the Turkish flora and their commercially-available major components by fumigation against
the adults of mushroom scatopsids. Our results showed that
the fumigant actions of essential oils from M. pulegium, T.
spicata var. spicata and S. thymbra and their major components (pulegone, carvacrol and thymol, respectively) were
similar, but S. tomentosa essential oil had a higher toxic
action than its major component, β-pinene. We think other
components in the oil may have an important role in its
fumigant action. The results from the present study suggest that the concentration of 1 µl/l air and the exposure
period of 2 h for M. pulegium essential oil were the most
applicable and practical parameters in controlling mushroom scatopsid flies. The appropriate concentrations and
exposure periods for the rest of essential oils were as
follows: 5 µl/l air and 4 h for S. tomentosa, 0.5 µl/l air and
4 h for T. spicata var. spicata and S. thymbra. The results
also suggest that 1 µl/l air and 2 h for pulegone, 0.5 µl/l
air and 4 h for carvacrol and thymol were the most applicable and practical parameters in the control of mushroom
scatopsid flies. The component, β-pinene, was not applicable in controlling mushroom scatopsids, even at the
highest concentration (10 µl/l air) and the longest expo-

sure period (4 h) tested. Besides, the component at the
highest concentration and the longest exposure period was
already found to have mycotoxic effect to pins and some
young sporophores in the mycotoxicity tests.
Another important point is that any of the essential
oils or components tested does not influence the flavour
of the mushrooms. This result has been confirmed by our
previous study with plant extracts [18].
Considering the traditional uses of the plants tested in
this study as flavouring and folk medicine, their essential
oils and components are therefore considered less harmful
to humans than most conventional insecticides. Although
pennyroyal extracts are used as a traditional herb and folk
remedy, there have recently been some reported cases of
pennyroyal oil toxicity, usually arising within a few hours
of ingestion; a particular use was to stimulate menstruation
and, in higher concentrations, to induce abortion. However,
pennyroyal tea and leaf extracts have been used without
serious side effects [39]. The toxic principal in pennyroyal oil appears to be pulegone which is the major component of the oil (at 85%) and can cause acute multiorgan
injury, including acute hepatic necrosis in experimental
animals [40]. Pennyroyal oil is not recommended for oral
intake, but cases of hepatotoxicity continue to be reported,
largely from accidental or suicidal intake of the oil or its
use as an abortifacient [39].
In conclusion, the plant essential oils and their major
components (except for β-pinene) examined in this study
offer great potential as new materials (fumigants) against
mushroom flies. The results obtained from the study may
be useful in the search for new botanical insecticides. The
use of botanical derivatives in mushroom fly control instead of synthetic insecticides can reduce unacceptable
residues in mushrooms and preserve both human health
and environmental quality.
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DETERMINATION OF SOME HEAVY METAL CONTENTS
IN PM1 AND PM10 AIRBORNE PARTICULATE MATTERS
BY AAS ANALYSIS
Mustafa S. Dundar*, Huseyin Altundag, Ozlem Yilmazcan and Sinem Kaygaldurak
Sakarya University, Faculty of Arts and Science, Chemistry Department, 54187 Sakarya, Turkey

ABSTRACT
In the present study, airborne particulate matters based
on particle sizes were aimed to be investigated experimentally. Sample solutions were FAAS-analyzed for Cd, Cr,
Cu, Fe, Mn, Ni, Pb and Zn elemental contents. According
to the data obtained, the highest values of PM1 for Fe and
Pb in Yeşiltepe region were 2.918 and 0.153 µg/m3 in August, respectively. In the Campus area, Cr was measured as
0.049 µg/m3 in October, and Zn as 4.805 µg/m3in June. Cu,
Mn and Ni had high values of 0.88, 11.03 and 3.19 µg/m3,
respectively, for PM1 in November found in Ozanlar region. In November, 21.73 and 6.07 µg/m3 were recorded
for Mn and Ni, respectively. The highest values of PM10 for
Fe and Zn were 5.460 and 7.245 µg/m3 in June, in the
Campus area, respectively. Pb was found as 0.750 µg/m3
in November, and Cr as 0.106 µg/m3 in June, both in the
Campus area. Cu was measured to be 2.09 µg/m3 in PM10
particles, also being highest in June at Campus region.
KEYWORDS: Particulate matter (PM); PM1; PM10; heavy metal;
AAS; Adapazarı.

1. INTRODUCTION
Heavy metal analyses in environmental samples are
very significant for health [1-3]. Many researchers are interested in elemental content of airborne dust particulate
matters based on particle size [4]. Air quality standards are
developed for particulate matters of 2.5 and 10 µm sizes
in Europe. But according to the analysis results, particulate matter with 2.5-µm size cannot provide enough information [5]. The latest data published by European
Union Environmental Agency indicated that very fine
road vehicle emissions of particulate matter (PM2.5 and
PM10) still constitute the most important resources [4-6].
Particle sizes of 2.5 and 10 µm related to the works can be
seen but 1 µm is limited to studies with only particle size
concern. The limit values for PM10 are given in Table 1.
* Corresponding author

Particulate matter is a pollutant of great concern due to
its negative effects on human health and environment [7].
Heavy metal analyses are vital to the understanding of the
properties at trace levels present in waters, air, dusts,
soils, sediments and their responses to the important role
in human life [8, 9].
Dust contains particulate matter, which can be inorganic, organic or a mixture of both types. Among the inorganic elements present in PM, heavy metals and other toxic
elements, which arise from various environmental sources,
are an important group to be considered [10]. In terms of
toxicity and human health effects, a separate classification
is recommended for PM [11]. Particulate matter on health
and the environment under the influence of particle number, size or surface of the particle, chemical composition
and physical properties plays an important role [12]. Aerodynamic 10-µm dusts (PM10) are ingested through the respiratory tract. So, aerodynamic diameter 2.5-µm (PM2.5) particles can enter the alveolar region of the lung. Data on
levels and speciation of PM1 in Europe are very scarce,
especially in Southern Europe [13]. The results of the PM
components in the range of 1 and 10 µm in the study area
may help to yield further insight into the influence of mineral matter on the different PM sizes, and to provide evidence of possible interactions of mineral matter with other
pollutants [14]. The most common methods applied for
the determination of heavy metals in environmental samples are FAAS and ICP-OES [15-18].
In this work, it was aimed to collect the 1 and 10 µm
PM1 and PM10 particles in the district of Adapazari (City
Center, Ozanlar, Yeşiltepe) and Serdivan (The University
Campus) for the determination of Cd, Cr, Cu, Fe, Mn, Ni,
Pb and Zn elements, and to obtain heavy metal loads showing the collected particles hazardous to health or not.
2. MATERIALS AND METHODS
2.1. Description of the study area

The city of Sakarya is found in the northwest part of
Anatolia, Turkey, which is situated close to the biggest
and highly industrialized city of Istanbul, Turkey. Its adja-

3182

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

TABLE 1 -The average monthly meteorological data collected from the samples [19].
Average Temperature
(°C)
June
32.3
July
32.3
August
31.3
September
22.8
October
27.5
November
25.3
N: North W: West E: East
Months (in 2009)

Average Wind
Speed
(km/h)
11.5
16.3
12.3
9.0
9.3
9.3

Average
Humidity
(%)
94.3
92.5
95.3
90.0
92.3
90.3

Wind
Direction

Sky

NNE
NNE
NNW
NNE
NNW
NNW

Sunny
Sunny
Partly cloudy - Sunny
Partly cloudy
Foggy - Partly cloudy
Partly - Very cloudy

TABLE 2 -Instrumental and experimental parameters for the metals.
Element
Cr
Cu
Fe
Mn
Ni
Pb
Zn

Wavelength
(nm)

Slit width
(nm)

357.9
324.8
248.3
279.5
232.0
288.3
213.9

0.5
0.5
0.2
0.2
0.2
0.5
0.5

Lamp
current
(mA)
10
6
12
10
10
10
8

Gas flow-rate
(L/min)
2.8
1.8
2.2
2.0
2.0
2.0
2.0

cent provinces are Kocaeli to the west, Bilecik to the
South, Bolu to the southeast, and Duzce to the east. The
weather conditions of the city are characterized as hot and
humid summers but mild and rainy winters. Temperature
typically ranges between -5 and 37 °C [2].
2.2. Dust sampling, preparation and analyses

A total of 96 samples were collected between June
and November 2009 period by using an Isleworth MRE
113A dust sampler with 1-µm (Whatman 1242) and 10-µm
(Whatman 1246) filters in the four regions of the province
of Sakarya (Campus, City Center, Ozanlar and Yesiltepe).
The average of monthly meteorological data was collected
(Table 1) and stored [19]. Particulate matter was collected
on filter paper in plastic boxes and stored in airtight containers until analysis. Particulate matters of 1 and 10 µm
pore sizes were used during the collection of samples. In
the 4 regions of the province of Sakarya, dust samples were
collected for the analysis of airborne particulate matters (1
and 10 µm) and digested with nitric and perchloric acid
(4:1, HNO3:HClO4) by heating to 90 °C for 1 h after filtering with blue band filter paper. After filtering, solutions
were filled up to 25 ml with 0.5 M HNO3.
2.3. Apparatus and chemicals

Determinations of Cr, Cu, Fe, Mn, Ni, Pb and Zn
have been performed by using a Shimadzu AA6701F
model (Tokyo, Japan) flame atomic absorption spectrometer. The instrumental and experimental parameters used for
each element are shown in Table 2. All glass and plastic
ware were soaked overnight in 10 % HNO3, then rinsed
three times with deionized water, and dried in an oven. A
Milli-Q Plus water system (Millipore, Bedford, MA, USA)
was used to produce distilled deionized Ultra High Qual-

Number of
replication

Number of
duplication

Slopes of the
calibration curves

3
3
3
3
3
3
3

2
2
2
2
2
2
2

0.99985
0.99952
0.99985
0.99951
0.99905
0.99950
0.99989

ity water during the experimental works. All chemicals
were purchased from Merck (Germany) and of analytical
reagent grade.
2.4. Quality Control

In order to assess the accuracy of the results obtained
in this study, a validated method was used to measure Cr,
Cu, Mn, Ni, Pb and Zn concentrations by using a certified
reference material (Light Sandy Soil - Trace Elements
CRM No. 7001, dry weight). This certified reference
material was obtained from the National Institute of
Standard and Technology, Canada. Blank solution was
also run for both total and extraction experiments. The
results of the observed metal concentrations were in close
agreement with the certified values, (see Table 3).
TABLE 4 - Results of the certified standard reference material
Light Sandy Soil (CRM No. 7001 dry weight) by FAAS analysis.
Elements
Cr2O3
CuO
MnO
NiO
PbO
ZnO

Certified Values
(µg/g)
71.9±5.9
28.9±0.8
479±18
31.8±1.2
24.1±1.7
108.0±3.5

Observed Values
(µg/g)
72.6±2.1
28.3±0.8
473±13
30.0±1.2
24.8±1.9
106.5±3.2

Recovery
(%)
101
98
99
94
103
99

3. RESULTS AND DISCUSSION
3.1. Particulate matter according to regions and months

PM1 particle concentration values of metals were analyzed on the basis of months. Highest levels of Mn, Cu
and Ni (6.430, 0.430, 1.920 µg/m3) were observed in
November, that for Pb and Fe (0.087, 1.619 µg/m3) in
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August, and for Zn and Cr (1.710, 0.021 µg/m3)in June. It
was not observed any Cr metal in the months of July,
August and September. When considering the average
heavy metal concentrations of particulate matter (PM1) on
the basis of months, Mn was observed at the highest level
(1.750 µg/m3) but Cr at the lowest (0.007 µg/m3).

While the highest level of Mn (9.060 µg/m3) was recorded in November, the highest of Zn (2.593 µg/m3) was
found in June. Cr was recorded only in June (0.027 µg/m3)
but found to be below limit of determination during the
other months. On the basis of months, the highest concentration of Mn was recorded as 1.915 µg/m3 and the lowest
of Cr as 0.004 µg/m3.

FIGURE 1- Samples ofPM1 dust concentration of heavy metals on a month basis.

FIGURE 2- Samples of PM10 dust concentration of heavy metals on a month basis.
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The averages of months on the basis of regions
showed highest levels in Ozanlar region as PM1 and PM10.
The averages of months on the basis of regions indicate
that PM1 and PM10 levels were measured to be highest in
September. PM1 and PM10 particulate matter values based
on months of sample collection as heavy metal dust are
given in Figs .1 and 2. All the metal concentrations in the
4 studies in November were much higher than in the other
months. For this reason, during the winter months in the
city of Sakarya, the main source of air pollution was
thought to be due to fuels used for heating [20]. Comparison of studies in the literature dealing with PM10 composition of Cr, Cu, Fe, Mn, Ni, Pb and Zn elements are indicating that the levels obtained herein seem to be generally
higher than those measured in other countries.
The 24-h limit value of particulate matter set for Turkey was two times higher than U.S. standard, 3 times
higher than Japans standard, 6 times higher than E.U. and
WHO standards, and 2.5 times higher than Canada's
standard (Table 4) [21].

of PM1 and PM10 particulate matters are caused from
heavy traffic, dusty road conditions, constructional and
industrial activities, and, therefore, reducing the amount
of dust should be targeted.
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TABLE 4 - Limit values for PM10.
Countries
Turkey
WHO
EPA
Australia
AQPR(General)
(Air Quality Protection
Regulation)
AQPR (Industry)
U.S.A.
Japan
United Kingdom
European Union Countries
Canada

24 Hour Average
Boundary Value
(µg/m3)
300
50
150
50

Annual Average
Limit Value
(µg/m3)
150
20
-

300

150

400
150
200
50
50
120

200
50
100
40
40
70

PM1 and PM2.5 particles studied in the regions are
dominated by residential, industrial, agricultural, combustion exhaust as possible sources of all kinds assigned to
pollution, PM10 particles are dominant in street and soil
dust, construction dust, and also pollen may be signed as its
sources. Sakarya province is situated in the northwestern
part of Turkey. Especially in recent years, increased rates
of PM pollution and poor air quality have been observed in
Turkey's northern and north-west part. This level of PM
pollution in Europe and across the Black Sea is carried by
winds from the west and north-western parts of Europe [22].
4. CONCLUSIONS
This study was performed to determine the effects of
different sizes of particulate matter. The wind direction of
Sakarya province is north-west and north-east. These winds
resulted in burning of hazardous solid wastes transported
by particulate matter possibly leading to the increase of
pollution in Sakarya province. High mass concentrations
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SEQUENTIAL EXTRACTION SPECIATION OF
HEAVY METALS IN SEDIMENTS BASED ON GRAIN SIZE
Mustafa S. Dundar*, Huseyin Altundag, Volkan Eyupoglu, Can Serkan Keskin and Çagla Tutunoglu
Department of Chemistry, Faculty of Arts and Sciences, Sakarya University, Sakarya, Turkey

ABSTRACT
Surface sediments collected from the bottom of the Lower
Sakarya River were analyzed for their metal levels based
on their grain size. For this purpose, a three-step sequential extraction procedure was used to elucidate the amount
of metals released at each stage. Some studies using a
three-stage sequential extraction procedure for the determination of extractable heavy metals in sediments of various rivers in Turkey were mainly focused on sediments
without mentioning grain size. However, this study directly focused on the sediments having different grain sizes. In
this work, the sediment samples were collected from the
bottom surface of the river for a 10-month time period
and analyzed each month for their metal contents. The
metals in sediments were fractionated as acid soluble,
exchangeable, reducible, and oxidisable. Determination of
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn metals was performed by flame atomic absorption spectrometry.

KEYWORDS: Sakarya river, sequential extraction, sediment,
grain size, F-AAS analysis.

1. INTRODUCTION
The Lower Sakarya River is located in the northwest
of the Marmara region and defined as one of the most
important river basin areas in Turkey. The river consists
of three parts: upper, middle, and lower Sakarya. The
lower part of the river is subject of this study focusing on
environmental issues. Heavy metals are considered as
serious inorganic pollutants because of their toxic effects
on life in aquatic system, having a high enrichment factor,
and slow removal rate [1, 2]. Sediments function as a sink
for heavy metals from diverse sources, reflecting the
natural soil composition of the surrounding areas, as well
as human activities [3]. In an aquatic environment, heavy
metals are subjected to precipitation, complexation, adsorption and solubilization reactions, depending on the physical
* Corresponding author

and chemical characteristics of the water body [4]. Mobility of heavy metals in aquatic systems establishes a basic
factor to determine their potential toxicity as well as their
ecological consequences [5]. Evaluation of these processes is important because a number of aquatic physicochemical parameters and chemical agents can affect metalsediment interaction, favouring the leaching and mobility
of heavy metals and their introduction into the water column [6]. Many separation and pre-concentration techniques
for the determination of heavy metals have been proposed
[7-10].
Sequential extraction procedure is applied to soils and
sediments to characterize their respective metal fractions
by selectively targeting and releasing metals bound in
certain geochemical phases, such as carbonate, iron and
manganese oxides/hydroxides, sulfides, organics, and silicates [11-14]. Iron concentrations in sediment appeared to
be an important factor controlling substrate toxicity. When
Fe levels increased or exceeded relative to the combined
total of other metals, toxicity is reduced. Iron chemistry of
sediments is known to control heavy metal bioavailability.
Research has shown that Fe oxide precipitate can adsorb
heavy metals [15], and that sulfides can exchange Fe for
other toxic metals. Based on their heavy metal content,
sediments should be toxic. A critical factor for sediment
toxicity is contaminant bioavailability, the degree to which
contaminants can be taken up by plants and animals [16,
17]. Sediment parameters that affect heavy metal bioavailability include cation exchange capacity, iron (Fe) and
manganese (Mn) oxides. Cation exchange capacity is based
on the surface area of sediment grain particles available for
binding cations, such as hydrogen (H+) and free metal
ions (e.g., Mn2+).
Iron and Mn are major heavy metal components of
both soil and sediment, and can exist as dissolved ions or
various precipitates, such as oxyhydroxides (oxides) and
sulfides. Both Fe and Mn oxides can remove other heavy
metals from solution, thus making them less bioavailable
[18]. One way they do this is by precipitating heavy metals
from solution during oxide formation [15]; another possibility is direct adsorption onto preformed oxides [19]. Sulfide is known to interact with Fe under anaerobic conditions to form a solid iron sulfide (FeS). Other heavy met-
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als, such as copper (Cu), lead (Pb), nickel (Ni), and zinc
(Zn), can be removed from solution by displacing Fe and
binding to the sulfide [20].
The study we present herein is evaluating the elemental fractionation of surface sediments from the Lower
Sakarya River basin based on their grain size. For this
purpose, a three-step sequential extraction procedure (BCR
protocol) was used to elucidate metal amounts released at
each stage as acid soluble, exchangeable, reducible, and
oxidizable. Studies using a three-stage sequential extraction procedure for the determination of extractable heavy
metals in sediments of various rivers in Turkey [21-23]
were mainly focused on sediments without indicating grain
sizes. However, this study directly focused on the sediments with different grain sizes. In this work, sediment
samples were taken along the river for a 10-months period
and analyzed monthly for their metal content. The main
goals of the present study were: (1) to evaluate the grain
size effect on metal levels (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb
and Zn) in sediments, (2) to assess the degree of pollution
in the surface sediment from the Lower Sakarya River.

2. MATERIALS AND METHODS
2.1. Sampling and analysis

The studied area of the river, Lower Sakarya, is passing through Sakarya province located in the north-western
part of Turkey (Fig. 1). There are many industrial plants in
Sakarya province. Although some plants have their own
waste disposal units, some of them discharge and pollute
Sakarya river [25]. The study area contained 10 sampling
sites (Fig. 1 and Table 1), and duplicate samples were collected from each location. A total of 200 sediment samples
were collected between February 2007 and January 2008
using a Birge-Ekman type bottom sampler which is a light
weighted equipment (5–10 kg) to obtain an accurate representative sample. Sediment samples were not collected
in July and August due to losing of an Ekman grab bottom
sampler.
Immediately after collection of sediment samples from
each station, they were air-dried at room temperature.
After removing stones and plant fragments, dried sediment samples were sieved using Nylon sieves (to avoid

	
  

	
  
FIGURE 1 - The sampling sites of the Lower Sakarya River [24].

TABLE 1 - Coordinates of the sampling sites in the Lower Sakarya River [26].
Sampling stations
Coordinates (° ' ")

East
North

1
30 09 34
40 28 09

2
30 17 49
40 32 06

3
30 19 52
40 37 29

4
30 22 44
40 40 16
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5
30 25 20
40 44 22

6
30 26 12
40 47 76

7
30 30 32
40 57 52

8
30 36 08
41 01 30

9
30 38 38
41 04 51

10
30 38 47
41 07 08
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metal contamination of stainless steel sieves) through three
different-sized sieves with 2000 µm (10 mesh - coarse
fraction), 149 µm (100 mesh - sand fraction) and 63 µm
(230 mesh - silt/clay fraction) pore sizes. Then, a BCR
sequential extraction procedure which consists of three
stages was applied to sediment samples. After each extraction, supernatants were taken to analyse metal contents by
using a flame atomic absorption spectrometer. The precision
of the method was controlled by including triplicate samples,
blanks, and the method of standard addition. The relative
standard deviations of the means of three replicate measurements were less than 5% which was regarded as a satisfactory precision. The analytical procedure was controlled by the
analysis of certified reference material (BCR 701).
The sediment samples taken from sampling sites were
also analysed for their water content, volatile compounds
(organic material content), and pH levels. Sediment samples were dried in an oven at 105 °C and the percentages
of water were calculated from weight difference. For percentages of volatile compounds, the dried sediment samples were ashed and weight. The percentage of volatile
compounds was found from the weight difference. The pH
levels of sediments were calculated by measuring the pH
of solution accumulated on sediments [27]. Determination
of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn metals was performed by F-AAS.

distilled deionized Ultra High Quality water (chemical
resistivity: 18 MΩ cm-1 at 25 °C) were used during the
experimental works. All chemicals purchased from Merck
(Germany) were of analytical reagent grade. BCR 701
Standard Reference Material was used to certify the experimental results obtained and to evaluate the reliability
of the method [28].
2.3. Chemical fractionation of sediment samples

The BCR method, proposed by a European working
group coordinated and supported by the Community Bureau of Reference, is faster and simpler than the methods
which mimic Tessier et al.’s sequential extraction procedure, because it consists of three stages [11]. The BCR
protocol involves successive treatments of 1 g sample
with 0.11 mol L-1 acetic acid, 0.10 mol L-1 hydroxyl ammonium chloride at pH 2, and hydrogen peroxide, followed by 1.0 mol L-1 ammonium acetate at pH 2. At the
second step, the concentration of hydroxyl ammonium
chloride is 0.5 mol L-1 and the pH of the extractant is 1.5.
This step provides better attack on the iron-based components of the reducible matrix for a wide range of soils and
sediments.
A three-step BCR sequential extraction technique applied to river sediment samples is summarised in Fig. 2.
1 g of sediment, sample shaking 16 h
with 0.11 mol L -1 acetic acid at 200 rpm.
After shaking, solution was centrifuged
at 4000 rpm for 15 min.

2.2. Apparatus and chemicals

Determinations of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn elements have been performed by using a Shimadzu
AA6701F model (Tokyo, Japan) flame atomic absorption
spectrometer. Background correction was used for measurements. The pH of solutions was adjusted with a Schott
CG 840 pH-meter. The instrumental parameters used for
each element are shown in Table 2. Calibration graphs were
obtained using 5 different mixtures of standard solutions in
the range of 0.05 - 0.80 µg/ml for lead, copper and chromium, 0.20 - 1.60 µg/ml for zinc, iron, cobalt and nickel, 0.01 0.80 µg/ml for cadmium in 5 % (v/v) HNO3. Standard
solutions were aspirated into the flame using the nebulizer,
and the elemental concentrations recorded by F-AAS.

Fraction 1
Exchangeable +
acid-and watersoluble

Residue	
  

16-h shaking with 0.5 mol L-1 hydroxyl
ammonium chloride, pH 2 at 200 rpm. After
shaking, solution was centrifuged at 4000 rpm
for 15 min.

Supernatant

Fraction 2
Reducible

Residue

Digestion with H202 at room temperature,
evaporation, re-digestion and evaporation,
then 16-h shaking with 1.0 mol L-1 ammonium acetate at 200 rpm. After shaking,
solution was centrifuged at 4000 rpm for
15 min.	
  

TABLE 2 - Instrumental and experimental parameters for the metals.
Element Wavelength Slit width Number of Number of
(nm)
(nm)
duplication replication
Cd
228.8
0.7
2
3
Co
240.7
0.2
2
3
Cr
357.9
0.7
2
3
Cu
324.8
0.7
2
3
Fe
248.3
0.2
2
3
Mn
279.6
0.2
2
3
Ni
232.0
0.2
2
3
Pb
283.3
0.7
2
3
Zn
213.9
0.7
2
3

Supernatant	
  

r

Fraction 3
Supernatantna-

Oxidisable

tant	
  

Residue	
  

0.9999
0.9999
0.9972
0.9999
0.9993
0.9995
0.9995
0.9999
0.9996

Digestion with aqua regia, evaporation, redigestion, evaporation, and, finally, filtration
with blue ribbon filter paper.

Supernatant	
  

Pseudototal
Residual

	
  
FIGURE 2 - A 3-stage sequential extraction technique [29].

A Nuve NF 400 brand centrifuge for complete separation of the extract from the residue, a clifton shaker with
end-over-end type, an electrical heater, and a Milli-Q Plus
water system (Millipore, Bedford, MA, USA) to produce

3. RESULTS AND DISCUSSION
The results of determined and certified values for Certified Reference Material (BCR 701) are given in Table 3.
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In this study, 4 types of sediments (2 mm, 149 µm, 63 µm,
44 µm) were obtained from the bottom of river but three
of them were used for this study because there was not
enough sediment for 44 µm. Therefore, they were separated into three size fractions: 2 mm (10 mesh-coarse fractions), 149 µm (100 mesh-sand fractions) and 63 µm (230
mesh - silt/clay fraction). The mass percents of each frac-

tion are shown in Figs. 3, 4, and 5. Most of the previous
studies reported on fine fractions neglecting the other
sediment sizes. Aloupi [30] investigated coastal sediments
in Aegean Sea (Greece) and Alomary [31] studying three
different sizes of Algerian Mediterranean Sea sediments.
Therefore, in this study, three different sizes of sediments
were considered and analyzed.

TABLE 3 - The results of determined and certified values for Certified Reference Material BCR 701 (means (µg g-1±RSD%), N=3).

Pb
Cd
Cu
Zn
Ni
Cr

Determined
2.92±0.13
7.26±0.13
48.69±0.12
208.68±0.18
15.18±0.13
2.20±0.10
	
  
	
  

F1
Certified
3.18±0.20
7.34±0.40
49.30±1.70
205.00±6.00
15.40±0.90
2.26±0.16

Recovery %
91.82
98.91
98.76
101.79
98.57
97.35

Determined
120.66±0.25
3.76±0.13
124.77±0.17
109.86±0.18
26.05±0.14
46.37±0.18

Fractions
F2
Certified
126.00±3.00
3.77±0.30
124.00±3.00
114.00±5.00
26.60±1.30
45.70±2.00

Recovery %
95.76
99.73
100.62
96.37
97.93
101.47

Determined
8.76±0.21
0.26±0.08
55.63±0.17
45.42±0.24
15.27±0.23
142.14±0.20

F3
Certified
9.30±2.00
0.27±0.06
55.20±4.00
45.70±4.00
15.30±0.90
143.00±7.00

Recovery %
94.19
96.30
100.78
99.39
99.80
99.40

FIGURE 3 - The sediment samples for the schemes with 4 steps FIGURE 4 - The sediment samples for the schemes with 4 steps
in sediment grain size of 2000 µm.
in sediment grain size of 149µm.
Legend of fractions:

FIGURE 5 - The sediment samples for the schemes with 4 steps
in sediment grain size of 63µm.
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2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63

Pb

Cd

Cu

Co

Zn

Ni

Cr

Mn

Fe

Earth Crust

Grain
Size
(µm)

Element

TABLE 4 - The mean results of sequential extraction analysis of trace elements in Lower Sakarya River sediments (µg g-1 as dry weight).

Mean
55.34
16 119.02
4.49
0.63
0.2
0.55
0.70
304.74
70 414.39
40.83
2.62
30
2.85
2.30
119.15
132 130.93
25.87
3.86
80
4.66
1.71
3.15
200
3.60
16.47
297.90
900 321.30
371.98
122.36
50.000 257.15
40.27

F1
±RSD
0.21
0.19
0.13
0.11
0.03
0.15
0.20
0.24
0.17
0.16
0.06
0.17
0.17
0.06
0.10
0.20
0.29
0.15
0.18
0.08
0.08
0.26
0.13
0.11
0.17
0.05
0.19

F2
Ratio%
31.99
47.22
7.77
22.34
19.30
18.92
28.43
35.13
21.74
22.63
19.52
12.57
33.91
33.48
18.85
7.40
7.83
3.08
6.98
6.38
18.15
52.33
60.52
56.13
7.76
12.55
1.82

Mean
48.43
108.32
9.03
0.61
0.56
0.86
558.90
609.92
98.03
2.53
4.07
4.02
141.64
160.46
53.95
10.88
22.82
6.82
3.41
6.44
6.41
159.78
104.92
134.62
423.42
710.56
716.46

±RSD
0.22
0.13
0.09
0.17
0.04
0.11
0.27
0.19
0.12
0.20
0.12
0.09
0.17
0.06
0.15
0.25
0.31
0.22
0.23
0.13
0.16
0.21
0.24
0.21
0.17
0.06
0.21

F3
Ratio%
27.99
42.98
15.63
21.63
19.65
23.24
52.14
51.71
52.19
21.85
27.90
21.97
40.32
41.03
39.30
20.85
38.34
12.29
7.55
11.41
7.06
28.07
19.76
20.31
26.84
34.68
32.30

Mean
36.20
8.91
22.09
0.77
0.85
1.11
139.68
110.99
27.61
1.51
2.13
4.34
53.63
65.39
17.13
3.97
4.36
6.30
3.55
7.70
10.74
29.22
7.16
33.10
80.63
72.56
171.30

The results in Table 4 and Fig. 5 indicate that Cd, Co,
and Mn elements showed highest concentration in the grain
size of 63 µm. According to Fytianos [32], analysis of the
fraction <63 µm is recommended in sediment studies
because clay and silt particles generally contain the highest
concentrations of pollutants, and are most readily suspended
and transported in natural waters. Sediments with a high
percentage of small grains, such as silt and clay, have high
surface to volume ratios and can adsorb more heavy metals
than sediments composed of large grains, such as sand. It
can also contain heavy metals accumulated by plants that
have been exposed to contaminated sediment during their
lifetimes [33, 34]. High percentages of organic matter and/or
small grains in sediment are generally associated with
reduced heavy metal bioavailability and toxicity [4, 16].
The highest levels were obtained in the first fraction for
sediment grains of 149 µm size (Fig. 4).
In the second reducible fraction, Pb, Cu, Zn, and Ni
showed highest levels for sediment grain sizes of 149 µm.
Other elements indicated highest amounts for grain sizes
< 63µm. In Fraction 3 of sequential extraction analysis,
Pb, Cu, and Zn elements were recorded for sediment grain
sizes > 63 µm as highest levels whilst the other elements
showed highest levels for grain sizes < 63 µm.
According to Table 4, Pb in the first fraction as well as
Zn and Cu in second fraction showed the highest levels in

±RSD
0.16
0.18
0.11
0.18
0.09
0.15
0.28
0.24
0.13
0.23
0.15
0.12
0.18
0.10
0.21
0.17
0.23
0.15
0.21
0.25
0.15
0.15
0.39
0.18
0.16
0.08
0.14

Residual
Ratio%
20.92
3.54
38.23
27.30
29.82
30.00
13.03
9.41
14.70
13.04
14.59
23.72
15.27
16.72
12.48
7.61
7.33
11.35
7.86
13.65
11.83
5.13
1.35
4.99
5.11
3.54
7.72

Mean
33.3
15.79
22.17
0.81
0.89
1.03
68.66
44.24
21.36
4.92
5.55
7.64
36.90
34.34
40.31
33.47
27.68
40.68
35.03
38.69
57.13
82.32
97.53
123.01
951.22
1008.58
1289.78

±RSD
0.19
0.13
0.09
0.14
0.08
0.12
0.17
0.11
0.14
0.25
0.10
0.15
0.12
0.17
0.14
0.22
0.22
0.12
0.24
0.27
0.19
0.18
0.38
0.31
0.19
0.12
0.17

Ratio%
19.09
6.26
38.37
28.72
31.23
27.84
6.40
3.75
11.37
42.49
38.00
41.75
10.50
8.78
29.37
64.14
46.51
73.28
77.60
68.56
62.95
14.46
18.37
18.56
60.29
49.23
58.16

∑ (F1+F2+F3+Residual)
Mean
173.00
252.04
57.78
2.82
2.85
3.70
1071.98
1179.54
187.83
11.58
14.60
18.30
351.32
391.12
137.26
52.18
59.52
55.51
45.14
56.43
90.75
569.22
530.91
662.71
1577.63
2048.85
2217.81

±RSD
0.55
0.49
0.33
0.44
0.20
0.41
0.65
0.59
0.43
0.64
0.30
0.44
0.47
0.33
0.46
0.59
0.74
0.42
0.63
0.60
0.43
0.60
0.90
0.60
0.52
0.25
0.49

Ratio%
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100,00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

149 µm grain size. However, Mn, Cd (F1 and F3, respectively), Co, Ni, Cr, and Fe showed the highest levels in
residual fraction. Pb, Ni, Fe, Zn (F3 fraction), and Cu (residual fraction) were found in 63 µm grain size in fraction 1.
Grain size of 149 µm contained Cd in F1 fraction and Mn in
F3 fraction. Similarly, Cr and Co were found in fractions 1
and 3, respectively, for grain size of 2000 µm.
The high percentage of Ni (73%) > Fe (58%) > Co
(42%) > Pb (38%) > Zn (29%) > Mn (18%) > Cu (11%)
in 63-µm sediment grain size of the residual phase indicated that these elements have a high environmental availability. Sequential extraction revealed a high potential
mobility of Mn in sediments from the size below 63 µm.
The environmental metal contamination risk from river
sediments cannot be assessed only on the basis of total
contents but also in the association with the sediment.
The preferential association of Pb and Cd to the oxidizable phase indicated that most of those metals could be
temporarily retained in the sediments, and bound to organic
matter. However, changing hydrodynamic conditions associated with heavy rainfall events could result in resuspension and oxidation of the bottom sediments with a
subsequent release of Pb and Cd to the aqueous phase, or
transformation at the solid phase to a more bioavailable
form [34]. Mn showed the highest potential of mobility,
followed by Cr, Zn, Cu, and Pb. In general, most of the
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TABLE 5 - pH, water (%), and volatile compunds (%) of Lower Sakarya River sediments (10-months analysis results).
River Observation Stations (ROS)
pH
Water%
Volatile
Compounds%

Mean
Min
Max
Mean
Min
Max
Mean
Min
Max

1
7.30
6.45
8.03
24.62
10.75
44.66
0.90
0.09
3.33

2
7.31
6.33
8.05
49.28
11.95
66.57
5.25
0.46
11.43

3
7.02
6.10
7.80
37.64
12.61
75.82
3.71
1.15
12.41

4
7.29
6.40
7.83
47.86
25.46
84.58
5.16
1.07
16.76

5
7.14
5.64
7.81
42.43
2.98
59.44
6.51
2.48
18.33

6
7.21
6.48
7.97
48.89
25.43
72.36
8.45
1.66
35.14

7
7.21
6.55
7.92
37.37
20.26
60.92
3.39
0.82
7.32

8
7.03
6.12
7.71
21.85
5.22
34.35
2.16
0.67
7.77

9
7.07
6.15
7.69
41.14
23.55
74.02
12.79
1.54
49.49

10
7.04
5.75
7.75
52.07
23.09
65.88
4.73
1.83
11.37

TABLE 6 - The range concentrations (µg/g) for heavy metals of the studied sediments compared to those from various rivers around the
world.
Concentration range (µg/g)
Odiel River [6]
512-5777
0.20-8.50
52-2843
1264-4204
15.2-63.5
11.3-155
140-5482
5805-50218

elements causing pollution were found in sediments having grain sizes of 63 µm. Highest levels were recorded in
the residual fraction whereas lowest levels were found in
the first fraction.
In Table 5, pH, percentage of water, and percentage of
volatile compounds found in river sediments were recorded. Most of the stations on the river presented pH levels
around 7. The highest pH levels were recorded in the first
sampling site although the lowest level of pH was noted at
the 10th sampling station. River sediments contained
21.85% water in 8th station as the lowest level and
49.28% as the highest one in 2nd station. Percentages of
volatile compounds were recorded to be lowest (0.90%) at
the 1st station and highest (12.79%) at the 9th station.
The comparison of the obtained results with those reported for other river sediments is shown in Table 6. It is
shown that the pollution levels of river sediments are moderate.
In order to quantify metal accumulation in the sediments, and represent their contamination degree, the geoaccumulation index (Igeo) was calculated. This index is
expressed by Equation (1), where Cn is the total concentration of metal n in the silt/clay fraction, Bn is the geochemical background value of element n, and 1.5 is a
correction factor due to lithogenic effects. The Igeo is classified with seven grades (0 to 6), ranging from no pollution
to very high pollution [35, 38, 39]. According to Table 6,
Ni, Cr, and Mn did not show any pollution signs. However, iron gives a sign of pollution for river sediments.
Based on the Igeo values obtained for Pb and Cu, sediment

Pearl River [37]
40.9–92.4
18.9–87.2
100–289
21.9–46.5
74.1–123
-

Feitoria River [35]
1.29-74.2
7.2-110
1.12-69.2
0.26-151
0.16-1.99
0.02-86.3

TABLE 7 - Quality levels of Lower Sakarya River sediments based
on their grain size.
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Sediment
Grain Size
(µm)
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63
2000
149
63

Pb

Cd
Cu

Co

Zn

Ni

Cr

Mn

Fe

173.00
252.04
57.78
2.82
2.85
3.70
1071.98
1179.54
187.83
11.58
14.60
18.30
351.32
391.12
137.26
52.18
59.52
55.51
45.14
56.43
90.75
569.22
530.91
662.71
1577.63
2048.85
2217.81

±RSD

Danube River [36]
0.13-37.1
0.01-1.07
0.04-21.4
0.03-68.5
0.13-20.8
0.01-17.5
0.21-216
0.30-24447

Mean

This Study
4.49-119.02
0.55-1.11
21.36-609.92
1.51-7.64
17.13-160.46
1.71-40.68
3.15-57.13
7.16-371.98
40.27-1289.78

Element

Metal
Pb
Cd
Cu
Co
Zn
Ni
Cr
Mn
Fe

0.55
0.49
0.33
0.44
0.20
0.41
0.65
0.59
0.43
0.64
0.30
0.44
0.47
0.33
0.46
0.59
0.74
0.42
0.63
0.60
0.43
0.60
0.90
0.60
0.52
0.25
0.49

World
Surface
Rock
Average

Igeo

20

1.75
2.13
0.66

-

-

32

3.10
3.20
1.36

-

-

-

-

49

97

720

3.59

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.68
5.94
6.02
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grain size was decreased as Igeo values were decreased.
River sediments were found to be not polluted to moderately polluted. On the other hand, sediments were polluted
with Cu at moderately polluted to strongly polluted levels.
Table 7 indicates that quality of Lower Sakarya River
sediments is between 0-1 which indicates a moderately
polluted river.

I geo = ln

Cn
1.5Bn [39]

(1)
6 – Extremely polluted >5
5 – Strongly polluted to extremely polluted >4 to 5
4 – Strongly polluted >3 to 4
3 – Moderately polluted to strongly polluted >2 to 3
2 – Moderately polluted >1 to 2
1 – Not polluted to moderately polluted >0 to 1
0 – Practically not polluted
4. CONCLUSIONS
Contaminants enter the rivers mainly by two pathways. These are firstly points that are identifiable sources,
such as municipal or industrial wastewater effluents. The
second pathway is called “diffuse sources” which are
closely related to meteorological factors. The applicability
of the BCR method is easy, reasonably rapid and inexpensive. The method was found to be both repeatable and
sufficiently reproducible for environmental monitoring
purposes. The method of sequential extraction can be
used in the analysis of various environmental samples like
soil, street dusts, airborne particulate, biological materials,
and bottom sediments etc. for further studies. As a result,
early warning system (e.g. sensors) of pollution may be
installed and speciation analyses of heavy metals for
sediments may be used for identification further to characterize the contamination and its resources.
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ABSTRACT
Large reservoirs always influence water environment,
the change of which in turn has direct impacts on biogeochemical cycles. In this study, we measured dissolved
organic carbon (DOC) and dissolved organic nitrogen
(DON) in the water of the Three Gorges Reservoir Region (TGRR) from February to September of 2008 at
seven sites, in order to understand the spatiotemporal
features of DOC and DON in this region after the dam
impoundment. The concentration of DOC in water collected at all sites ranged from 0.02 to 54.48 mg·L-1 (average 3.85 mg·L-1), and for DON the range was 0.01 to 2.60
mg·L-1 (average 0.88 mg·L-1). The concentration of DOC
was the highest at Sandouping, immediately before the
dam, ranging from 1.65 to 54.48 mg·L-1 (average of 11.41
mg·L-1), much higher than the average value for several
other reservoirs. It is probably because a large amount of
organic matter from upstream erosion was accumulated at
the reservoir. Through measurement of the DOC, DON
and total carbon (TC) along the TGRR, we did not find
vertical variation except for DON. However, we noticed
a fluctuation of DOC and DON with time. Moreover,
we found DOC concentration for the drawdown area was
markedly lower than that of the permanently flooded
sites. This was partly because the drawdown area provided a relatively long retention time for the microbial community to decompose the soluble carbon substrate. These
results were consistent with our previous study reporting a
high CH4 emission in the drawdown area of the TGRR.

KEYWORDS: Carbon dynamics; nitrogen cycling; hydrology;
aquatic ecosystems; reservoir
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1 INTRODUCTION
Reservoirs are constructed on the large lowland rivers
or in mountainous regions for managing water resources.
They can generate electricity, control flood consequences
and sustain river flow during low water [1]. However,
their dams also impact over half of the world’s large river
systems [2], and such impact triggers some ecological
consequences such as algal blooms [3, 4] or emission
of greenhouse gases to the atmosphere [5, 6]. These
were probably associated with increased concentration of
organic matter dissolved in the water after large dam impoundment [7, 8].
Dissolved organic matter (DOM) is generated by the
partial decomposition of, or exudation from, living organisms including plants, animals, and soil microorganisms
[9]. As a major form of organic matter, DOM plays an
important role by increasing light attenuation, influencing
nutrient supply, acidity, and thus water treatment strategies in most aquatic systems [10-12]. It was reported that
0.4×1015 g of organic carbon are transported annually into
the oceans by rivers, about 55% of which is in the dissolved form [13]. About DOM, the dissolved organic
carbon (DOC) and dissolved organic nitrogen (DON)
have been widely measured [14]. The concentration and
export fluxes of DOM are found to be positively correlated with discharge in most rivers [15, 16], determined by
the physical characteristics of the ecosystem, and always
fluctuating through times [17]. Much of the research on
DOM flux focuses on natural rivers [9, 18, 19], only a few
studies paying attention to the reservoirs [20, 21]. Therefore, more data from reservoir will help to better estimate
the global biogeochemical cycles.
As one of the largest reservoirs in the world, the
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Three Gorges Reservoir (TGR) is 185 m high and 2300 m
in length, covering 1080 km2 of drainage area and with a
total water storage capacity of 39.3 billion m3 [22]. With
the impoundment of the reservoir, the water regime of the
Yangtze River has been changed greatly: driven up water
levels, dramatically slowed down water flow, and about
350 km2 drawdown zone established as a new ecotone [4,
23]; large amount of nutritive substance is yielded by the
submerged soil, which causes increment of nutrient contents in the water body [19]; vertical gradient of temperature and density could be formed which could inhibit
transport of suspended solids, solutes, nutrients, and organisms, which in turn affects the hydrodynamic characteristics of the reservoir, as well as chemical and biological processes [24]; This TGRR also has lots of agricultural activity (8445 kt of livestock manure) (Ministry of
Environmental Protection of China, 2009). People believe
all these changes will impact the water environment and
aquatic systems, but do not know how the dam impacts the
spatiotemporal trophic state of the water, or whether the
DOM increases after the damming. Trying to answer
these questions, we set for the present study two main
objectives: (1) to understand the spatiotemporal features
of the trophic state and its possible trend in the TGRR;
and (2) to explore its implication for the TGR and other
large dam reservoirs.
2 MATERIALS AND METHODS
2.1 Sampling site

mean annual precipitation of 1250 mm, and relative humidity of 76%.
The field survey was carried out from February 15 to
September 15, 2008. To understand the role of water table
fluctuation, we took three campaigns of measurement when
TGR was partially drained in the spring (February 15, March
15 and April 15) and two campaigns when the water level
of TGR was 145 m in the summer (June 15 and September
15). In each sampling site we collected six paralleled water
samples every water layer. For spatial variability, the
sampling was done at seven sites, including four along the
reservoir in the river channel (Sandouping, Jiangjin, Fulin,
and the River Delta in Kaixian), two in the drawdown zone
(Wuxi and Kaixian) and one site after the dam (Fig.1),
Sampling sites were abbreviated as San (Sandouping), Jiang
(Jiangjin), Fu (Fuling), Kai (Kaixian), Wu (Wuxi), DK
(Delta of Kaixian), and AD (after dam). For vertical variability, samples of each site were collected from surface to
the depth of 100 m if the water table was available (at surface, 5 m, 10 m, 20 m, 40 m, 80 m, ≥100m respectively).
2.2 Sample collection and treatment

Water samples beneath the water surface were collected using deep water sampler (XCJ, Chongqing
Youpeng STL, CO., LTD, China). All water samples were
analyzed for DOC, DON, and TC after filtering to 0.45µm,
using multi N/C 2100 (Analytik Jena, Germany). Samples
were stored at 4 ºC for between 24 h and 1 week prior to
analysis.

Figure 1 shows a map of the sampling sites in the
TGR, which is built on the Yangtze River in south-central
China. This region has a humid subtropical monsoon
climate, with a mean annual temperature of 15-19 °C,
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FIGURE 1 - Location of sampling sites along the TGRR
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2.3 Data analysis

Analysis of variance (ANOVA) and general linear
models (GLM) were performed to explore the effects of
sampling site, water depth, sampling month and their
interactions on TC, DOC and DON of the water body in
TGRR. Data analysis was done with SPSS 18.0 statistical
package and graphs were drawn with Sigmaplot 10.0.
Differences were considered significant with P < 0.05.
3 RESULTS AND DISCUSSION
3.1 DOC and DON concentrations

From February 15 to September 15, 2008, the concentration of DOC in water collected at all sites ranged
from 0.02 to 54.48 mg·L-1 (average 3.85 mg·L-1 ); for DON
the range was 0.01-2.60 mg·L-1 (average 0.88 mg·L-1); for
TC the range was 9.94-57.42 mg·L-1 (average 23.82 mg·L-1).
At Sandouping immediately before the dam, the concentration of DOC was 1.65-54.48 mg·L-1 (average 11.41 mg·L-1),
much higher than the average value for several other
reservoirs (Table 1) except the Siemianówka reservoir in
Poland (with valley mires covering most of the catchment) [7]. This site also had highest TC concentration
(57.42 mg·L-1). The higher DOC concentrations could
be attributable to upland environments with their considerable accumulations of organic carbon (C) in soil [25]. DOC
in river is generally from autochthonous DOC and allochthonous DOC, and is typically dominated by terrestrial
(allochthonous) compounds [26]. Allochthonous DOC
concentration and its variation are strongly constrained
by ecological, geomorphic, and hydrological processes, as
well as land-use and intensity of human activity within
the drainage basin [19]. For its important role in agriculture, water supply and livestock production [27], TGRR
had 8445 kt of livestock manure generated in 2008, besides 12.54 kt of chemical fertilizers estimated in the
runoff for the same year (Ministry of Environmental Protection of the China, 2009). Dams also efficiently trap
particles. Such trapping, together with the above-mentioned
hydrological alterations, may affect the riverine DOM
loads and quality in the aquatic systems [21]. Phytoplankton production and submerged plant leaching are also one
of the primary terrestrial inputs of DOC in this region. In
light of such understanding, we considered that the amount
of organic matter from upstream accumulation at the reservoir, as well as its further degradation and release, is a main
cause of the higher DOC concentration in the TGR.
In contrast to DOC, less is known about how DON concentrations change after reservoir impoundment. The average concentration of DON (0.88 mg·L-1 equal to 63 µM·L-1)
in our study seems higher than other rivers around the
world [28] and the DON in sandouping site immediately
before the dam was also higher than other sites. It is consistent with the higher DOC in this region, which suggesting that factors controlling DOC concentrations are controlling DON concentrations and/or that C and N components of the DOM pool are the same molecules [29]. The

higher concentration in this region also suggests that
TGRR may become a DOC and DON source to the downstream after the dam.
TABLE 1 - DOC (dissolved organic carbon) concentration from
different reservoir.
Reservoir
The Rophemel Reservoir, France
Rímov Reservoir, Czech Republic
Sau Reservoir, Spain
Foix Reservoir , Spain
Brownlee Reservoir , USA
Pueblo Reservoir, USA
Siemianówka Reservoir,Poland
Lake Soyang, Korea
Eight Colorado Reservoirs, USA
Three Gorge Reservoir, China
ND stands for no data.

DOC
mg·L-1
7.2
5.4
4.1
6.3
4.5
2.5
19.3
ND
ND
11.41

Range
mg·L-1
3.0-26.0
ND
ND
ND
ND
ND
8.4-41.7
1.5-9.2
1.77-8.69
1.65-54.48

Reference
[42]
[43]
[44]
[44]
[44]
[44]
[25]
[20]
[45]
This study

3.2 Spatiotemporal distribution of DOC and DON

Through measurement of the DOC, DON and TC
along the TGRR, we did not found vertical variation except in DON (Table 2, Figure 4). However, we noticed
that DOC and DON fluctuated through time (Table 2,
Figure 3). Moreover, we observed that the trophic state
accumulated in the Sandouping immediately before the
dam (Table 2, Figure 2). We also found DOC concentration from the drawdown area was markedly lower than
the permanently flooded sites (Table 2, Figure 2).
TABLE 2 - P-values of analysis of variance (ANOVA) for the effects
of sampling site (S), month (M), water depth (D) and their interactions on TC (total carbon), DOC (dissolved organic carbon) and
DON (dissolved organic nitrogen) in TGRR (Three Gorges Reservoir Region).
Source of variance

TC

DOC

DON

Site (S)
Month (M)
Depth (D)
S×M
S×D
M×D
S×M×D

0.004
0.000
0.599
0.001
0.674
0.452
0.987

0.010
0.000
0.081
0.009
0.576
0.086
0.999

0.000
0.000
0.000
0.000
0.150
0.000
0.468

Bolded number indicates a significant difference at P < 0.05. S×M
means the combined effect of sampling site and month; S×D means the
combined effect of sampling site and depth; M×D means the combined
effect of sampling month and depth; S×M×D means the combined
effect of sampling site, month and depth.

In our study, DON concentration was found to be
sensitive to water depth, significantly lower at water depth
beneath 10 m at the sites of San, Fu, Kai, Wu and AD
(Fig.4.). According to previous studies, reservoir impoundment has significant impacts on the ecological factors [30].
Take Miyun reservoir for example, the multi-year regulating of storage water forms a big vertical gradient of temperature and density, which inhibits transport of suspended solids, solutes, nutrients, and organisms, affecting water
chemical and biological processes [30].
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FIGURE 2 - Mean TC, DOC and DON of TGRR in different sample sites. The different letters above the box indicated significant difference
(P < 0.05) of the trophic state in different sample sites.

FIGURE 3 - The interactive effect of sample site and month on TC, DOC and DON
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FIGURE 4 - The interactive effect of sample site and water depth on TC, DOC and DON. Sur, 5, 10, 20, 40, 80, ≥100 are water depth in
meters.

Our research found vertical variation in DON concentration, which was negatively correlated to water depth,
ie. the deeper in the water, the lower DON concentration.
Such negative correlation proved that DON is produced
by organisms as part of the euphotic zone nutrient cycle,
and degraded by organisms, primarily bacteria, in deeper
waters [31]. The correlation between water depth and
DON may also be the result of remineralized N being more
readily mixed into the epilimnion in shallower waters [32].
Traditionally, DON was considered as a low bioavailable component, but recently it was proved to be a
source of bioavailable nitrogen for phytoplankton [33].
In our study, DON displayed a slowly increasing trend
from 0.47 mg·L-1 (February) to 1.25 mg·L-1 (June) and
then turned down in September (1.08 mg·L-1) (Fig.3).
This is consistent with the findings of Dai et al. [24] that
DON concentration was higher in June and July after
impoundment in the TGR (2003 - 2004). This was partly
due to the high discharge in June is probably not suitable
for the growth of phytoplankton, which is considered as a
main DON consumer. [28]. As for DOC, the average
concentration showed a maximum value of 8.97 mg·L-1 in
February, which was dramatically higher than in the other
months (Fig.3). This result was similar with the report by

Lin et al. [34] where DOC was higher in dry than in flood
season, with the highest concentration appearing in January. This is probably caused by the soil vadose zone at
higher elevations. As snowmelt starts, DOC is washed out
of the vadose zone and the first flush is high in DOC,
which makes the DOC highest in January [35].
Large spatial variability was found in TC, DOC and
DON. It was apparent that a much higher trophic state
accumulated in Sandouping immediately before the dam,
which further proved that the reservoir could accumulate
nutrients. Spatial variations of nutrients are proved to be
dependent on land use practices and urban development
[36], as well as catchment characteristics such as topography and surficial geology [37]. The TGRR has several
carbon sources, including carbon input from upstream,
surrounding terrestrial ecosystems in the watershed, remained biomass, carbon stock in flooded soils and phytoplankton [8]. The 15.9 million populations in the enormous area (58,000 km2) of TGRR [38] makes more than
10 million tons of industrial wastewater and domestic
sewage, directly discharged into the upstream of TGR
[39]. As mentioned before, in 2008, the TGRR generated
8445 kt of livestock manure and poured 12.54 kt of chemical
fertilizers in the runoff (Ministry of Environmental
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Protection of the China, 2009). After damming, the currency
velocity was dramatically reduced. With the slowing down
of water flow, carbon could not be diluted and flushed to
the sea as quickly as in the past thousands of years before
damming [40]. Most of nutrients flow to the reservoir and
accumulated, inducing higher nutrient state.
In terms of DOC from river channel and drawdown
zone, we found that the DOC concentration in river channel was higher than that in the drawdown zone. This was
probably correlated with the retention time of DOC and
the microbial activity. It was reported that DOC consists
partly of sugars and amino acids that are readily amenable
to microbial uptake [41]. The drawdown area provided a
relatively long retention time for the microbial community
to decompose the soluble carbon substrate, which emits as
CH4 and CO2. This result provides an evidence for our
previous estimation of a high CH4 emission in the drawdown area [8].
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ABSTRACT
This study investigated 14 lakes situated in the
Borecka Forest, and the analyzed data covered a period
of 10 years. The examined water bodies are aquatic ecosystems at low risk of eutrophication, characterized by a good
qualitative and quantitative status. Four factors explaining
68.3% of total variability in the analyzed natural lakes
were identified: morphometry – use of catchment area
(mean depth, max. depth, area covered by forests and farmland), 2 - water chemistry (TP, TN, chlorophyll a), 3 lake/catchment area (lake area and catchment area), 4 bog woodland (percentage cover of bog woodlands in the
lake catchment, and pH). Those factors supported the determination of the effects of the type of lake and pressure
factors on macrophyte parameters and species distribution
patterns in lakes. The variables applied in the CCA ordination plot explained around 79% of total variability in
plant distribution patterns in the studied lakes. Bog woodland (lambda=0.37, p=0.02, F=2.36) and pH (lambda=
0.29, p=0.02, F=2.09) were statistically significant parameters (Monte Carlo permutation test, p<0.05) which explained 16.3% and 12.8% of total variability in plant distribution patterns, respectively. In natural lakes, macrophyte
distribution models are determined by lake-type-specific
variables, and based on the adopted criteria, the results of
the analyses supported the identification of lake groups
which are habitats of the Natura 2000 network with classification codes 3150, 3140 and 3160.

occurrence of species is more likely determined by biological and stochastic factors than by simple environmental
determinism [5,6]. The main environmental factors affecting
macrophyte abundance in lakes are general water chemistry [7-9], the trophic status of a lake [10, 11] and light
availability [8]. Macrophytes affect the physical, chemical
and biological parameters of lakes, and they reflect the
impact of various environmental factors such as lake morphometry, water chemistry and biotic interactions [12, 13].
The structure of aquatic vegetation can be used to determine the diversity of flora and lake habitats [14], and,
above all, the factors that change with the depth gradient
[15]. The pattern of macrophyte distribution in lakes is
determined by water mixing type [16]. Many authors have
demonstrated that in contrast to dimictic (deep) lakes,
macrophytes have habitat-forming effects in polymictic
(shallow) water bodies [17, 18]. The combined, long-term
effects of those factors diversify aquatic vegetation along
the environmental gradient [15].
The aims of this study were to: (a) determine factors
which affect macrophyte distribution in natural lakes, (b)
define the effect of the type of lake and pressure factors
on macrophyte parameters, with particular emphasis on
the type of lake catchment. The research hypothesis was
as follows: macrophyte distribution patterns in natural
lakes are determined by lake-type-specific variables.
2 MATERIALS AND METHODS
2.1 Study sites

KEYWORDS: macrophytes; natural lake; spatial structure;
catchment; CCA

1 INTRODUCTION
Similarly to most sessile organisms, macrophytes show
a long-term response to changes in environmental conditions [1-3]. The discriminating power of macrophytes along
lake size and depth gradients is complex [3,4], and the
* Corresponding author

The analyzed lakes are situated in the Borecka Forest
(geographic coordinates E 22008.54`; N 54007.31`) in the
north-eastern part of the Masurian Lakeland. This large
forest complex occupies a total area of 25,340.1 ha. In 2008,
it was designated by the European Commission as a Special Area of Conservation (code number PLH 280016,
Ostoja Borecka refuge) within the Natura 2000 network.
The area is characterized by low anthropogenic pressure.
Agriculture and forestry represent the main types of human activity in the investigated area. Tourism pressure is
low, and there are no industrial plants and cities within a
20-kilometer radius. All of the 14 analyzed lakes (Figure 1,
Table 1) are protected habitats of the Natura 2000 net-
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work. The studied lakes have a regular shape (ratio of
max. length / max. width < 6.0, SLD – shore line devel-

opment < 2.3). Land use in the lakes’ catchment areas is
presented in Table 1.

2.
9.

11.
10.

14.

Borecka Forest

1.
3.

8.

13.

7.

12.

6.
5.

4.

FIGURE 1 - Geographical distribution of the analyzed lakes in the Borecka Forest (Poland). lake types are marked with numbers; stratified
lakes: 1 – Zabinki, 2 – Krzywa Kuta, 3 – Lekuk, 4 – Litygajno, 5 – Lazno, 6 – Szwalk Maly, 7 – Szwalk Wielki, 8 – Wolisko; non-stratified
lakes: 9 – Biala Kuta, 10 – Smolak, 11 – Kacze, 12 – Dubinek, 13 – Pilwag, 14 – Ciche

TABLE 1 - Characteristic features of the analyzed lakes and their catchments; for physico-chemical parameters – mean of the selected years
as indicated in the text

Lake
Biala Kuta
Ciche
Dubinek
Kacze
Krzywa
Kuta
Lazno
Lękuk
Litygajno
Pilwag
Smolak
Szwalk
Maly
Szwalk
Wielki
Wolisko
Zabinki

Morphometry
No of Surface Mean Max SLD
tran- area
depth depth
sect
2
km
m
m

SD

pH

m

Water quality indicators
TP TN chl a Ca
TOC

Cond. Catch

Forest

Catchment
Hornbeam Bog
Alluvial
forests
woodland forests

Maedows Water

Agricultural

mg/l mg/l µg/l

mg/l

mg/l

µS/cm km2

4
4
2
2

0.266
0.160
0.182
0.018

1.4
1.0
2.5
0.3

3.2
2.6
6.2
0.8

1.48
1.81
1.10
1.07

1.4
0.5
0.4
0.4

9.00
6.83
7.55
6.80

0.024 1.32
0.132 2.49
0.022 2.04
0.032 1.72

0.06
63.85
4.79
3.74

27.85
59.98
32.13
5.71

15.83
17.33
11.82
57.31

188
343
204
40

1.53
0.98
1.11
0.22

%
73.0
74.0
70.3
0.0

%
0.0
0.0
4.2
0.0

%
0.0
0.0
6.4
91.9

%
6.4
8.5
2.1
0.0

%
3.2
1.2
0.6
0.0

%
17.4
16.3
16.4
8.1

%
0.0
0.0
0.0
0.0

15
24
3
19
14
3

1.352
5.712
0.220
1.668
1.423
0.063

6.0
5.7
4.6
6.0
1.5
1.7

26.5
18
12.5
16.4
3.6
5.1

2.07
2.10
1.14
2.33
1.88
1.34

2.1
4.1
1.5
1.3
0.6
0.5

8.00
7.75
8.05
7.78
8.05
7.66

0.072 1.82
0.058 1.40
0.056 1.65
0.050 1.60
0.070 2.25
0.026 1.39

35.62
26.70
18.60
17.20
33.50
7.70

41.41
54.98
57.12
52.84
49.98
2.87

12.67
12.46
18.41
12.19
18.92
15.76

248
350
326
339
299
27

4.13
142.63
14.09
16.04
9.48
0.93

30.5
32.3
74.0
44.2
49.6
34.2

0.0
22.3
4.6
4.5
26.2
0.0

0.0
1.2
0.0
3.4
1.4
59.0

1.6
0.4
6.3
0.2
3.6
0.0

7.1
6.2
6.2
11.2
4.2
0.0

32.7
4.0
1.6
10.4
15.0
6.8

28.1
33.6
7.3
26.1
0.0
0.0

9

0.711

4.3

6.7

1.64

0.8

7.66 0.043 2.15 23.70 45.70 12.29 302

9.67

12.0

33.2

4.6

6.2

2.2

7.3

34.5

15
2
5

2.356
0.182
0.385

4.9
4.5
9.1

11.0
8.6
42.5

1.72
1.18
1.26

1.1
1.1
3.2

8.02 0.082 1.90 19.10 53.55 15.51 312
7.74 0.030 2.24 33.40 51.41 11.88 305
7.93 0.022 0.87 9.41 60.69 13.22 380

25.35
2.56
24.29

46.0
26.8
21.1

9.6
9.2
0.0

0.6
0.0
2.1

16.2
2.6
0.0

12.1
28.2
12.6

9.3
7.1
1.6

6.2
26.1
62.6

No. of transect –number of transects in macrophyte survey; SLD - shore line development, SD - Secchi depth, TP -total phosphorus, TN - total nitrogen, Chl a - chlorophyll
a concentrations, TOC - total organic carbon , Cond. - conductivity, Stan.dev – standard deviation, Catch. area – surface area of the catchment.
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The lakes were characterized by various water mixing
patterns – eight of them were classified as stratified (Zabinki,
Krzywa Kuta, Lekuk, Litygajno, Lazno, Szwalk Maly,
Szwalk Wielki, Wolisko) and six as shallow, non-stratified
water bodies (Biala Kuta, Smolak, Kacze, Dubinek, Pilwag, Ciche). The different water mixing patterns in the
lakes were taken into account in the analyses.
2.2 Data collection

Water samples were collected below a depth of 1 m.,
from the central part of the thermocline region, twice a
year during the summer stagnation period which coincided
with the time of macrophyte sample collection. Three samples were collected each time, and the results are means of
three replicates. Each lake was sampled for water quality
for a period covering from seven to 12 years and water
samples were taken in the following years: Lake Krzywa
Kuta 2000–2002, 2008–2012; Lake Lekuk 2000–2001,
2008–2012; Lakes Litygajno and Lazno 2001–2004, 2008–
2012; Lakes Szwalk Maly, Szwalk Wielki, Wolisko, Biala
Kuta, Smolak, Kacze, Ciche and Zabiniki 2000–2006,
2008–2012; Lakes Dubinek and Pilwag 2001–2004,
2008–2012.
Physical and chemical analyses of water samples were
performed by standard methods [19]. Total phosphorus,
nitrogen and iron content were determined colometrically
using the Shimadzu UV 1601 spectrophotometer. Chlorophyll was analyzed by the acetone extraction method [20]
and corrected for pheophytin. Total organic carbon (TOC)
concentrations were determined by high-temperature combustion (HTC) using the Schimadzu TOC 5000 analyzer
[21]. Water transparency was measured with the Secchi disc.
Conductivity and pH were determined in situ using the
YSI 6600-meter (Yellow Spring Instruments USA).
Aquatic vegetation was investigated in the period of
2002-2012, every year each. Field studies were carried out
at the peak of every growing season (from the second half
of June to the end of August) over the ten-year period, in
all lakes. Vegetation was examined from boats along shorelines using a scaled rope with a grapnel end. The location
of the surveyed objects (plant communities, species) was
marked on bathymetric maps with the use of a GPS navigation device (Garmin 60CSx). The experiment involved
inventories of plant communities (phytosociological surveys) in the entire phytolittoral zone and mapping of
plant communities in the littoral zone. Plant communities
in the investigated lakes (including Characeans, submerged
vascular plants, floating-leaved and emergent rush and
sedge rush phytocenoses) were identified. The following
parameters were also determined: maximum colonization
depth, total colonized area, percentage share of every
identified community the in total phytolittoral area. Plant
communities were identified and classified following a
phytosociological approach which is widely applied in
Polish studies of aquatic ecosystems [22]. The abundance
of the species was based on the Braun-Blanquet [22] scale
that was modified by dividing it into five units, where: 1 =

very rare, 2 = rare, 3 = common, 4 = frequent and 5 =
abundant. Aquatic vegetation was classified based on the
system proposed for Poland by Brzeg and Wojterska [23]
and Matuszkiewicz [24]. Macrophyte diversity was described using the phytocenotic diversity index (H) calculated based on the Shannon-Wiener index modified by
Ciecierska [16].
The species composition of macrophytes in the syntaxonomics groups in the analyzed lakes was studied in
transects. Two to 24 transects were established in each
lake depending on its size and perimeter (Table 1). Transects were mapped in accordance with the method proposed by Jensen [25] to ensure that survey results were
representative. Transects were uniformly distributed along
the shoreline. They had a width of 100-200 m, and their
length was determined based on the maximum reach of
macrophyte communities.
The catchment areas of the studied lakes varied from
0.22 to 142.63 km2 [26]. Catchment areas were classified
into categories based on the predominant type of land use
determined using the results of inventories (shown on
topographic maps in GIS) carried out within Special Area
of Conservation PLH 280016 Ostoja Borecka refuge. The
area within catchment boundaries was analyzed. The
following categories of land use in lake catchments were
adopted: forest – coniferous forest, tree crops, habitat not
classified in the Natura 2000 network; hornbeam forests;
bog woodlands - Vaccinio uliginosi-Betuletum pubescentis,
Vaccinio uliginosi-Pinetum, Pino mugo-Sphagnetum,
Sphagno girgensohnii-Piceetum; alluvial forests – Fraxino-Alnetum, Salicetum albo-fragilis, Ficario-Ulmetum;
meadows - semi-natural hay meadows, dry grasslands,
pastures, etc. (land principally occupied by agriculture,
with significant areas of natural vegetation); agricultural arable land, permanent crops, homogeneous agricultural
areas etc.; aquatic. Catchment groups were mapped and
their percentage cover was determined. The area of catchment groups is given in square kilometers. The percentage
share of forests, meadows and aquatic catchments is shown
in Table 1 (square kilometers were used in analyses).
2.3 Statistical analysis

Data were analyzed using factor analysis and nonparametric Spearman’s correlation analysis in the STATISTICA 10 package [27]. A factor analysis of 20 environmental indices (morphological, physico-chemical and
catchment area variables) was performed using the ‘Varimax-normalized’ rotation method. Only statistically significant values were used in further analyses. A preliminary
detrended correspondence analysis (DCA) revealed the
first gradient length of 2.88 SD, indicating that models
based on linear species response models were appropriate
for the data structure [28,29]. A canonical correspondence
analysis (CCA) was performed to relate macrophyte species composition to environmental variables in CANOCO
[28,30]. The composition of aquatic macrophytes in lakes
was determined based on the percentage share of species

3205

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

which were reported from more than 5% of transects (i.e.
from more than 6 out of the 121 analyzed transects). Statistical significance tests were carried out using Monte
Carlo permutation tests. A Monte Carlo test was used to
examine the significance of axis eigenvalues generated in
the analysis and the species–environmental correlation
(using 5000 unrestricted iterations).
3 RESULTS
The trophic status of the studied lakes, classified based
on the methods proposed by Wetzel [31], OECD [32] and
Nürnberg [33], ranged from oligotrophic to hypertrophic.
The majority of the investigated lakes (12) are hard-water
bodies with a high calcium content and high alkalinity. In
the summer, the average total phosphorus concentrations
were lower in stratified lakes (0.051±0.035 mg P dm-3)
than in shallow lakes (0.059±0.064 mg P dm-3) (Table 1).
The average total nitrogen concentrations were also lower
in stratified water bodies (1.71±0.77 mg N dm-3) than in
non-stratified lakes (1.87±0.73 mg N dm-3) in the summer
season (Table 1). The average TN/TP ratio in the summer
epilimnion was higher in shallow lakes (54) than in deep
stratified lakes (38). In the summer, chlorophyll concentrations were relatively high (>25 µg dm -3 in 6 lakes),
ranging from 0.006 ±0.003 µg dm-3 (Lake Biala Kuta) to
63.9±0.17 µg dm-3 (Lake Ciche) on average (Table 1).
Secchi disc visibility was determined in the range of 1.4 ±
3.7 m, and it was higher in deep lakes. Total organic carbon (TOC) concentrations did not exceed 20 mg dm-3 in
most lakes (13).

In the survey of aquatic vegetation performed in
2002–2012, a total of 123 macrophyte taxa in the syntaxonomics groups were observed in 14 lakes, including 68
emergent [12 species from 9 associations with Phragmition
(Scirpetum lacustris, Typhetum angustifoliae, Phragmitetum,
Equisetetum limosi, Typhetum latifoliae, Sparganietum
erecti, Glycerietum maximae, Acoretum calami, Thelypteridi-Phragmitetum), 15 species from 10 associations with
Magnocaricion (Phalaridetum arundinaceae, Caricetum
gracilis, Caricetum acutiformis, Caricetum ripariae,
Caricetum rostratae, Caricetum paniculatae, Caricetum
vesicariae, Iretum pseudoacori, Cicuto-Caricetum pseudocyperi, Caricetum appropinquatae) and 39 other amphyphyte species], six floating-leaved species from 5 associations with Nymphaeion (Nuphaeo albae-Nupharetum
luteae, Nymphaeetum albo - candidae, Nupharetum pumilae, Potametum natantis, Polygonetum natantis), seven
free-floating species from 5 associations with Lemnetea
(Lemno-Spirodeletum polyrrhizae, Lemnetum minoris, L.
trisulcae, Lemno-Hydrocharitetum morsus-ranae, Stratiotetum aloidis) and 42 submerged plant species [five
species from 1 associations with Utricularietea intermedio–minoris (Sphagno-Utricularietum intermediae), five
species from 3 associations with Characeae (Nitellopsidetum obtusae, Charetum tomentosae, Ch. delicatulae and
32 species from 10 associations with Potamion (Potametum lucentis, P. perfoliati, P. pectinati, P. graminei, P.
compressi, Elodeetum canadensis, Ceratophylletum demersi, Myriophylletum spicati, M. verticillati, Ranunculetum circinati)], although only 19 to 44 macrophyte
taxa were determined per lake (Figure 2). The average
value of the phytocenotic diversity index (H) was determined at 1.3±0.62 in stratified lakes and at 1.7±0.34 in nonstratified lakes.
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FIGURE 2- The total number of macrophyte species from different ecological groups in the investigated lakes of the Borecka Forest (Poland).
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FIGURE 3 - Phytosociological diversity of lake vegetation in the Borecka Forest (mean of a 10-year period).

TABLE 2 - ’Varimax-normalized’ rotated factor loadings of abiotic variables (abs>0.7) and the direction of their influence in the analyzed
lakes.
Variable

Factor 1:
Morphometry – use of catchment area

Surface area
Depth mean
0.896
Depth Max
0.802
TP
TN
chl a
pH
Catch. area
Bog woodlands
Agricultural
0.868
Percent of variability
22.4%
abs – absolute values of parameters; explanations as in Table 1

Factor 2:
Water chemistry

Factor 3:
Lake/catchment area
0.949

Factor 4:
Bog woodlands

0.853
0.797
0.872
0.764
0.796
-0.790
17.7%

Plant communities of the alliances Phragmition and
Potamion had the largest combined share of the phytolittoral zone in most lakes (10). A significant contribution of
Charetea communities (approximately 60%) was observed
in lakes Biala Kuta and Dubinek, and a high share of
Utricularietea intermedio–minoris communities was noted
in lakes Smolak and Kacze (Figure 3).
During factor analysis, abiotic variables (Table 1)
were divided into four groups of factors which explained
68.3% of total variability (Table 2). Factor 1 was the morphometry – use of catchment area (mean depth, max.
depth, farmland), factor 2 was water chemistry (TP, TN,
chlorophyll a), factor 3 was lake/catchment area (lake area
and catchment area), and factor 4 was bog woodland

14.9%

13.3%

(percentage cover of bog woodlands in the lake catchment, and pH).
A canonical correspondence analysis (CCA) was performed to relate macrophyte species composition to statistically significant environmental variables (Figures 4 and 5).
The variables applied in the CCA ordination plot explained
78.9% of total variability in plant distribution patterns in
the studied lakes. The variables are correlated with the first,
second and third canonical axes. The first axis explains
19.19% of total variability, the second axis – 14.29% and
the third axis – 13.5%, which accounts for 46.98% of
explained variability (with 78.9% total variability). The
test of significance of all canonical axes revealed a significant gradient that determines differences in plant distri-
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1.0

bution patterns in the analyzed lakes (p=0.05). The first
axis is strongly correlated with TN (-0.87), TP (-0.81) and
Chl a (0.86), followed by Agricultural (-0.66) and Bog
woodland (0.58). The second axis is strongly correlated
with Mean depth (-1.64), Bog woodland (-1.42), pH (-1.37)
and Max depth (1.16). Bog woodland (lambda= 0.37,
p=0.02, F=2.36) and pH (lambda=0.29, p=0.02, F=2.09)
were statistically significant parameters (Monte Carlo permutation test, p<0.05) which explained 16.3% and 12.8%

Spir_pol

of total variability in plant distribution patterns in the examined lakes, respectively. In Figure 5 presented synthesis of
results a canonical correspondence analysis (CCA) that
addressed a group of studied lakes.
The correlations between environmental factors and the
share of phytosociological groups in stratified and nonstratified lakes were also examined (Table 3). Spearman's
correlation analysis of macrophyte metrics and environ-
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FIGURE 4 - CCA Ordination diagram of species and morphometry, water quality indicators and catchment parameters of the analyzed
lakes, plotted along the 1st and 2nd ordination axes (mean of a 10-year period).
The composition of aquatic macrophytes in lakes was determined based on the percentage share of species which were reported from more than 5% of
the sampling sites: Phr_aust - Phragmites australis, Sc_lac - Scirpus lacustris, Ir_pseud - Iris pseudoacorus, Eleo_pal - Eleocharis palustris,
Men_aq - Mentha aquatica, Car_rost - Carex rostrata, Typh_ang - Typha angustifolia, Peuc_pal - Peucedanum palustre, Ac_cal - Acorus calamus,
Typh_lat - Typha latifolia, Phal_aru - Phalaris arundinaceae, Car_rip - Carex riparia, Eq_fluv - Equisetum fluviatile, Sparg_er - Sparganium
erectum, Cic_vir - Cicuta virosa, Glyc_max - Glyceria maxima, Rum_hydr - Rumex hydrolapathum, Sch_tab - Schoenoplectus tabernaemontani,
Men_trif - Menyanthes trifoliata, Thel_pal - Thelypteris palustris, Cal_pal - Calla palustris, Scol_fest - Scolochloa festucacea, Lys_thyr -Lysimachia
thyrsiflora, Sc_silv - Scirpus silvaticus, Car_ves - Carex vesicaria, Hot_pal - Hottonia palustris, Nuph_lut - Nuphar lutea, Nym_alba - Nymphaea
alba, Nuph_pum - Nuphar pumilum, Nym_cand - Nymphaea candida, Pol_amph - Polygonum amphibium f. natans, Pot_nat - Potamogeton natans,
Pot_luc - Potamogeton lucens, Pot_pec - Potamogeton pectinatus, Pot_perf - Potamogeton perfoliatus, Pot_frie - Potamogeton friesi, Pot_alp Potamogeton alpinus, Pot_comp - Potamogeton compressus, Pot_fil - Potamogeton filiformis, Pot_obt - Potamogeton obtusifolius, Pot_trich - Potamogeton trichoides, Pot_crisp - Potamogeton crispus, Cer_dem - Ceratophyllum demersum, Myr_spic - Myriophyllum spicatum, Myr_vert Myriophyllum verticilatum, Ran_circ - Ranunculus circinatus, Elod_can - Elodea canadensis, Char_tom - Chara tomentosa, Char_ac - Chara aculeolata, Char_del - Chara delicatula, Char_rud - Chara rudis, Char_fra - Chara fragilis, Nit_obt - Nitellopsis obtusa, Hydr_mor - Hydrocharis morsus
- ranae, Str_alo - Stratiotes aloides, Sp_em - Sparganium emersum, Sp_min - Sparganium minimum, Sag_sag - Sagittaria sagittifolia, Lem_min -
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Lemna minor, Spir_pol - Spirodela polyrhiza, Utric_vul - Uricularia vulgaris, Utric_int - Uricularia intermedia, Utric_min - Uricularia minor,
Aldr_ves - Aldrovanda vesiculosa, Fon_ant - Fontinalis antipyretica, Sph_sp - Sphagnum sp., Sph_cusp - Sphagnum cuspidatum.
Circles denote lakes, and triangles denote macrophyte species. Explanations as in Table 1.

FIGURE 5 - CCA Ordination diagram grouping the analyzed lakes according to their classification as of habitats of Natura 2000, plotted
along the 1st and 2nd ordination axes (mean of a 10-year period). Solid line – eutrophic lakes (3150), dashed line – dystrophic lakes (3160),
dotted line – hard oligo-mesotrophic waters with benthic vegetation of Chara spp. (3140); circles denote lakes

TABLE 3 - Spearman's rank correlation between abiotic variables and aquatic vegetation metrics in two types of lakes in the Borecka Forest
Macrophyte metrics

Stratified lakes (n=8)
No of species
H

Factor 1:
Morphometry – use of catchment area
Depth
Depth Agricultural
mean
Mean

-0.52

-0.38

Proportion of phytocenoses in different syntaxonomic groups
%Chara
-0.39
%Pota
%Nymph
-0.59
-0.67
0.40
%Phra
0.52
%Mcar
%Lemn
%Utric
Non-stratified lakes (n=6)
No of species composition
H

Factor 2:
Water chemistry
TP
TN
Chl a

-0.51
-0.59

Factor 3:
Area catchment-lake
Lake
Catchment
area
area

Factor 4:
Bog woodlands
pH
Bog
woodlands

-0.38
0.38

0.54

-0.61

-0.52
-0.61
0.38

0.66

-0.91

Proportion of phytocenoses in different syntaxonomic groups
%Chara
-0.62
-0.63
-0.23 -0.71
-0.54
%Pota
0.80
0.39
%Nymph
-0.61
-0.49
0.39
0.45
0.55
%Phra
0.39
0.38
0.58
0.66
0.56
%Mcar
0.44
%Lemn
0.88
0.78
%Utric
-0.61
-0.51
0.68
0.67
0.55
0.55
Only abiotic variables from factor analysis are listed (p<0.05).
No. of species - Number of species of macrophytes in the syntaxonomics groups; H - Shannon index; Cl. - class, All. - alliance; proportion of phytocenoses: %Chara –class Charetea %, Pota – alliance Potamion, %Nymph –alliance Nymphaeion, %Phra – alliance Phragmition, %Mcar – alliance
Magnocaricion, %Lemn – class Lemnetea, %Utric – class Utricularietea intermedio–minoris; TP - total phosphorus, TN - total nitrogen, Chl a chlorophyll a; Cl. - class, All. - alliance; empty cell—no relationship, correlation values.

3209

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

mental indices showed that the number of species present
in all ecological zones was correlated with nutrient concentrations (TP, TN) in stratified lakes and with agricultural catchments in non-stratified lakes. Biological diversity described by Shannon's index in stratified lakes increased with a decrease in depth, a decrease in the share
of agricultural areas in the catchment and a drop in TP
levels. The percentage cover of forests in the catchment
was correlated with biological diversity in non-stratified
lakes. The share of phytocenoses of the class Charetea
decreased with a drop in TP concentrations in stratified
lakes and a decrease in TP, TN and Chl a levels and the
percentage cover of bog woodland in non-stratified lakes.
In those lakes, CCA revealed the presence of species
characteristic of the class Charetea, and correlations with
Sparganium emersum were also noted in the phytolittoral
zone. In non-stratified lakes, plants of the class Charetea
were significantly correlated with factor 1 (morphometry
– use of catchment area), but only in reference to catchment use, and factor 2 (water chemistry) and factor 4 (bog
woodland), which confirms the presence of the above
relationships. The distribution of nympheids in stratified
and non-stratified lakes was correlated with depth (Mean
depth, Max. depth), lake area (Area) and the percentage
cover of forests in the catchment only in stratified lakes.
A correlation with TP, TN and Chl a was observed in
non-stratified lakes. In stratified and non-stratified lakes,
the share of Phragmitetea class communities was correlated with Mean depth, TP and Chl a. In stratified lakes,
no significant correlations were noted between the analyzed environmental factors and plant communities of the
alliance Magnocaricion, class Lemnetea or class Utricularietea intermedio–minoris. In non-stratified lakes, an
increase in the share of agricultural catchment area was
accompanied by a higher contribution of pleustophytes in
aquatic vegetation, and it was correlated with an increase
in chlorophyll a concentrations. The highest number of
significant correlations was observed between plants of
the class Utricularietea intermedio–minoris in shallow,
non-stratified lakes. The share of those plant communities
increased with the percentage cover of bog woodland in
the catchment as well as nutrient and chlorophyll a concentrations, and it decreased with depth.
4 DISCUSSION
All of the studied lakes (14) were classified as habitats of the Natura 2000 network based on Habitat Directive criteria [34, 35]. The main criterion for classifying
water bodies as Natura 2000 habitats is the type of aquatic
vegetation (plant communities) in lakes. The results of
CCA (Figure 5) supported the identification of eutrophic
lakes (Natura 2000 code 3150–1: Litygajno, Żabinki,
Szwalk Maly, Lekuk, Szwalk Wielki, Wolisko, Krzywa
Kuta, Lazno; Natura 2000 code 3150-2: Pilwag, Ciche).
Based on trophic status evaluation criteria [33,34], Lake

Ciche was classified as a hypertrophic water body. The
above assessment was further confirmed by the results of
CCA (Figure 4 and 5), which revealed that Lake Ciche
had a predominance of pleustophytes (Lemna minor,
Spirodela polyrhiza) and submerged vegetation
(Myriophyllum verticilatum, Stratiotes aloides, Hydrocharis morsus-ranae, Utricularia vulgaris) which are
characteristic of highly fertile waters [36].
Lakes Biala Kuta and Dubinek are hard oligomesotrophic waters with benthic vegetation of Chara
spp. (Natura 2000 code 3140), whereas lakes Smolak and
Kacze were classified as dystrophic water bodies (Natura
2000 code 3160). The variations in plant distribution in
the above lakes were positively correlated with the first
cardinal axis. Lakes Biala Kuta and Dubinek were characterized by low phosphorus concentrations (Table 1). Dense
stonewort meadows act as nutrient traps by blocking internal sources of biogenic substances, limiting sediment resuspension and impairing phytoplankton growth [37, 38,
39]. They secrete growth inhibitors and exert allopathic
effects on vascular plants and phytoplankton [a synthetic
overview in 40]. Stoneworts are important regulators of
water quality [38, 39], which was also observed in the
present study of lakes located in the Borecka Forest. Similar correlations were noted by other authors [38, 41, 42].
They are characteristic of oligotrophic or mesotrophic
waters with low phosphorus concentrations and high calcium levels [42], and lakes Biala Kuta and Dubinek fit the
above description. It is believed that stoneworts have a
stabilizing effect when stonewort beds cover more than
30% of the lake's littoral zone [43, 44]. This condition
was met by lakes Biala Kuta and Dubinek.
The catchments of the analyzed dystrophic lakes
(Smolak and Kacze) are largely occupied by raised bogs
(<70%) which are a source of humic substances. Most
humic substances dissolved in surface waters originate
from catchment areas [45], and only a small fraction has
autochthonic origin [31,46]. In general, humic substances
stain water, they affect the quality and quantity of light in
aquatic ecosystems, increase sedimentation, bind calcium,
nitrogen and phosphorus, and neutralize oligotrophic and
acidic water bodies [47]. Dissolved humic substances
support the formation of complex phosphorus compounds
[46], they accelerate and stabilize calcite precipitation. In
acidic environments, humic substances limit the solubility
of silica [48,49], and similar activity is observed in lakes
colonized by stonewort meadows [39]. Humic substances
react with water and sediment components to regulate the
quantity and availability of nutrients for plants [50]. The
above mechanisms explain the CCA results reported in
this study (Figure 5 and 6). The species identified in lakes
Smolak and Kacze are typical of dystrophic waters
(mainly species of the class Utricularietea intermedio–
minoris), and the positive correlation with the percentage
cover of forests in the catchment confirms that the type of
land use in catchments affects plant distribution patterns
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in those lakes. In non-stratified lakes, significant correlations between plants of the class Utricularietea intermedio–minoris and factor 1 (morphometry – use of catchment area), factor 2 (water chemistry) and factor 4 (bog
woodland) further attests to the presence of the above
relationships. The results of the study demonstrate that
plant communities of the class Utricularietea intermedio–
minoris can be used as biomarkers of catchment parameters and water quality attributes in both lake types. The
ecology of plant communities representing the class Utricularietea intermedio–minoris remains poorly investigated.
The existing studies suggest that this group of plants is a
good indicator of habitat quality, in particular humic substance concentrations in lakes [51,52]. Plant communities
of the class Utricularietea intermedio–minoris were also
found to be correlated with water pH and conductivity [52].
The results of this study expand our knowledge about the
discussed group of aquatic vegetation.
The proportion of agricultural land in the catchment
area was correlated with biological diversity indicators in
the examined lakes (Table 3; stratified lakes – agricultural
use vs. H, non-stratified lakes – agricultural use vs. number
of species). The surface area of stonewort meadows was
also found to decrease with an increase in the share of
agriculturally used land in the catchment (Table 3). In
stratified lakes, the proportion of floating-leaved vegetation
increased with the share of agriculturally used land in the
catchment. In shallow, non-stratified lakes, an increase in
the share of agriculturally used land in the catchment was
accompanied by a higher contribution of submerged plants
and pleustophytes. These results corroborate the findings of
Cheruvelil and Soranno [12] as well as Kolada [11] who
demonstrated that the type of land use in the catchment is
an important indicator of macrophyte distribution patterns
in lakes.
Only the percentage cover of bog woodlands in the
catchment was an indicator of plant structure and diversity
in the analyzed lakes. These results are consistent with the
findings of Kolada [11]. The values of coefficients of correlation between plant parameters and the percentage cover
of bog woodlands in the catchment were higher in shallow
lakes (Table 3). A similar trend was reported by Kolada
[11] in 83 lakes situated in Polish lowlands, where a strong
relationship was found between the proportion of arable
land and forests in the catchment (r = 0.83). The effect of
bog woodlands on nutrient distribution in catchment areas
was also described by Zaimes et al. [53].
Most lakes had a considerable share of rush plants of
the alliance Phragmition (>20% of the phytolittoral zone
in 9 lakes). The four identified factors (Tables 2 and 3)
were correlated with plants of the alliance Phragmition. A
similar correlation was observed by Kolada [11].
Submerged and floating-leaved plants are an indicator
of local environmental conditions [6, 54]. By supplying
nutrients and directly influencing habitats, aquatic vegetation also determines abiotic conditions [55, 56] and the

flora and fauna of wetlands at various trophic levels [e.g.
56]. Yet an analysis of the correlations between submerged vascular plants (all. Potametea) and the parameters described by factor 1 (morphometry – use of catchment area) and factor 2 (water chemistry) revealed that
submerged and floating-leaved plants play a minor indicative role. They influenced plant distribution patterns in
eutrophic lakes classified under code 3150 in the Natura
2000 network (Figure 5). The alliance Potametea is composed mainly of Ceratophyllids, Myriophyllids and Potamida. Other authors have demonstrated that this highly
varied alliance is represented by plant communities with a
broad ecological amplitude [e.g. 36, 57, 58]. Vascular
plants have very different trophic requirements [57, 58].
Therefore, the indicative role of communities representing
the alliance Potamion seems to be very limited, as demonstrated by the results of this study. A positive correlation
with TP was noted in stratified lakes, whereas an inverse
relationship and a positive correlation with agricultural use
of catchment area was observed in non-stratified lakes
(Table 3). Floating-leaved plants of the alliance Nymphaeion
have less diverse environmental requirements than submerged vegetation representing the alliance Potametea [9,
59]. In both lake types, floating-leaved plants were more
robust environmental indicators than submerged vegetation of the alliance Potamion. Significant positive correlations were determined between floating-leaved plants and
the morphometric parameters of the studied lakes (Mean
depth, Max. depth). In stratified lakes, floating-leaved plants
were additionally correlated with agricultural use of the
catchment and were negatively correlated with lake area.
Positive correlations with all parameters described by factor
2 (water chemistry) were reported in non-stratified lakes.
Other authors [60, 61] have observed that nympheids
are highly tolerant of increased turbidity. In this study,
this group of plants was a good indicator of water quality
in shallow lakes. Similar results were reported by
Scheffer and van Nes [17] who emphasized the growing
role of the analyzed plants in shallow lakes and ponds.
CCA revealed a strong correlation between plant distribution patterns and the concentrations of nutrients and
chlorophyll a in lakes. Plant distribution patterns were
also correlated with agricultural use of catchments and the
percentage cover of bog woodland in the catchment area
[9, 11, 62]. The effect of agricultural catchments on nutrient concentrations in lakes [11] and the habitat-forming
role of bog woodlands have been thoroughly analyzed [9,
53, 63]. A significant correlation between the analyzed parameters and plant communities shown in Tables 2 and 3
and Figure 3 suggests that those parameters are important
drivers of plant distribution patterns in the examined lakes.
Those relationships are manifested by different plant zones
in lakes with varied trophic status. Similar observations
were made by Spence [64], Szmeja [47] and Murphy [58].

3211

The author has declared no conflict of interest.

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

by the macrophytoindication method (MPhI). Hydrobiologia,
270, 141–146.
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ABSTRACT
Heavy metals in sediments from Zhelin Bay and its
vicinity, the biggest mariculture base of eastern Guangdong Province in South China, were investigated. The results
demonstrated that the concentration (mg/kg) ranges were
0.04-0.14 for Cd, 14.00-167.00 for Pb, 35.00-97.33 for
Cr, and 20.67-52.67 for Ni, respectively. These metals exhibited great spatial variations with the most serious contaminations found in or very close to the Han River. A
principal components analysis (PCA) coupled with correlation analysis revealed that Pb and Cr levels might originate from lithogenic source, whereas Cd and Ni may have
an anthropogenic origin related to industrial and agricultural sources. In general, surface sediments of Zhelin Bay
and its vicinity had a 21% probability of toxicity based on
the mean effects range-median quotient.

KEYWORDS: Heavy metals; spatial pattern; mariculture sediments; risk assessment

1 INTRODUCTION
Many coastal ecosystems have been increasingly impacted by heavy metals released from human activities [1,
2]. Sediments are an effective sink for heavy metals in
marine and estuarine ecosystems, but also serve as a source
of metals for aquatic organisms [3-5]. Cadmium (Cd), Pb,
Cr and Ni are among the most common heavy metal pollutants [6]. These metals can enter estuaries and coastal
waters via the discharge of industrial and municipal
wastewaters, storm run-off, dust deposition, waste incineration, mine discharge, and other diffuse sources [4, 7]. When
heavy metals enter the aquatic environment, they are incorporated

* Corresponding author

into complexes, and ultimately accumulated in sediments
[8, 9]. This process, however, can be reversed when the
equilibrium changes between sediments and the overlying
water are disturbed, making sediments progressively contributing toxic heavy metals to the food web, and resulting
in fundamental alterations of the ecosystems that may endanger human health [2, 10, 11].
China has the word’s largest mariculture industry, with
mariculture production of 20.52 million tons in 2005 accounting for 38% of the global total aquaculture production
[12, 13]. Thus, China plays a decisive role in promoting
aquaculture development worldwide. In addition, China has
been the world’s largest exporter of fishery products since
2002 [14, 15]. Therefore, the quality of Chinese aquatic
products, which is directly affected by production environment, bears substantial implications for global consumers’ health safety, and must be adequately evaluated.
The investigation of sediment metal distribution and
their influencing factors in surface sediment could provide an efficient means to monitor and assess the pollution
of sediment itself, and the overall environmental quality.
Therefore, numerous extensive investigations of heavy metal
contamination in coast sediments have been conducted in
many bays and estuaries, such as Daya Bay (China) [16],
western Xiamen Bay (China) [17], Bohai Bay (China) [18],
Sado Estuary (Portugal) [19], and Izmit Bay (Turkey) [20].
Our study area (Zhelin Bay and its vicinity) includes
Zhelin Bay, Nan’ao coast and Dacheng Bay, and is located at the junction of northeastern Guangdong Province
and southeastern Fujian Province. The terrestrial discharge
comes from four major rivers (Fig. 1). The Zhelin Bay,
situated in Raoping County, has an area of 68-70 km2 and a
mean water depth of 4.8 m with a maximum depth of 12 m.
This bay is the biggest mariculture base of eastern Guangdong, and one of most intensively managed estuaries in
China, and half of seawater area (34.6 km2) was occupied
by oyster or cage-fish farms [21, 22]. Aquaculture industry is the main driver of local economic growth, and its
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output value was over 2 billion Chinese Yuan in 2011 [23].
Nan’ao Island lies on the Tropic of Cancer and is 3.22–
8.05 km off the coast. It is the main territory of the
Nan’ao County, an area of 108 km 2 with a population
of 90,000 people. The Nan’ao coast was mainly used for
seaweed cultivation (Gracilaria lemaneiformis), and the
cultivation area in 2006 reached 10.67 km2. The Dacheng
Bay covers an area of 32.5 km2 with water depths ranging
from 2.5 to 9.2 m. As a part of the Chinese White Dolphin
Conservation Zone, mariculture in this bay is prohibited.
Wild resources are mainly demersal seashell (e.g., Hiatula
chinensis, Coelomactra antiquate etc.).
The industry development and population increase
have consequently raised the risk of pollution by heavy
metals. Previous studies have shown that Zhelin Bay and
Nan’ao coast were contaminated by heavy metals [24-26].
However, these studies focused on smaller areas (Zhelin
Bay or Nan’ao coast), little effort was made to identify the
sources of heavy metals, and no work has been conducted
on the heavy metal content in sediments from Dacheng
Bay. The main objectives of this study were (1) to determine the concentration and distribution of heavy metals in
sediments of Zhelin Bay and its vicinity; (2) to identify

the possible sources of heavy metals; and (3) to evaluate
the heavy metal risk.
2 MATERIALS AND METHODS
2.1 Sampling

In November 2011, surface sediment samples were
collected by Peterson grab from 18 sites, including 8 sites
in Zhelin Bay, 4 sites in Nan’ao coast, and 6 sites in
Dacheng Bay (Fig. 1). Triplicate sampling was implemented at each site, and the top 3-cm surface sediments
were taken with a polyethylene spatula. The triplicate
sediment samples were mixed and placed in a self-sealing
polyethylene bag, refrigerated at -20 °C immediately, and
transferred to the laboratory. Samples were dried in an
oven at 50 °C until constant weight, ground gently with
agate pestle and mortar, sieved with a 63-µm mesh sieve
for homogenization, and stored in self-sealing polyethylene bags for heavy metal analysis.
2.2 Analytical methods

Organic matter (OM) content was analyzed from losses
on ignition to constant mass (about 6 h) at 550 °C [27].
Microwave digestion procedure for Cd followed EPA
Methods 3050B using an Ehos plus microwave lab station,
and its concentration was determined by atomic absorption
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FIGURE 1 - Study area and monitoring sites in Zhelin Bay and its vicinity of Guangdong coast.
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spectrophotometry (AAS). The concentrations of Pb, Cr,
Ni and Al were analyzed by X-ray fluorescence spectroscopy (XRF). Pressed powder tablets were prepared from
ground sediment samples (<63 µm), followed by direct
elemental determination of the sample [28].
The reagent banks were monitored throughout the
analysis, and were applied to correct the analytical results.
The Chinese national standard material (Offshore Marine
Sediment, GW 07314) was used along with the samples
to check recovery. The recoveries for the five metals were
between 86 and 114%.
2.3 Statistical analyses and interpolation

This study used correlation analysis and principal
components analysis (PCA). Prior to analyses, the normal
distribution of selected heavy metal contents was checked.
The values of Cd, Cr, Ni, Al and OM showed a quasinormal distribution, and log-transformed Pb values fit a
normal distribution, sufficing the prerequisite on data distribution for correlation analysis and PCA. The statistical
analyses were performed on IBM SPSS 19.0 package. The
interpolation was implemented using ArcGSI 10.0 for Desktop.

age concentrations of most heavy metals in sediments of
Zhelin Bay and its vicinity are higher than Coastal Bohai
Bay, Jiaozhou Bay, Daya Bay, but lower than the Pearl
River Estuary (Table 1).
3.2 Spatial distribution of heavy metals

Regionalized variables are characterized by the spatial
features of randomness and structure which can be represented by a variable function [32]. The spatial distributions
of heavy metals in our study area are shown in Fig. 2.
Similar spatial distribution patterns, as characterized by
relatively high spatial variability, were observed for the
four heavy metals. The most serious heavy metal contaminations occurred in or very close to the Han River, the
second largest river by volume and watershed that flows
through the Meizhou and Chaozhou Cities. It appears that
the Han River carrying waste discharge has contributed
metallic elements to the sediments in study area. Previous
studies showed that heavy metal concentrations in sediments from Han River Estuary had dramatically increased
since 1980s [33]. Meanwhile, high values occurred in the
sea areas close to the Shantou City, indicating that some
pollutants originate from this city [34].
3.3 Correlation analysis

3 RESULTS AND DISCUSSION
3.1 Heavy metal contamination

The contents of Cd and Ni exhibited significant
variations among the three areas, while variation in Pb
and Ni values was not as distinct (ANOVA, p<0.05). The
mean concentration in decreasing order is Cr>Pb>Ni>Cd
(Table 1). In order to determine the degree of enrichment,
the results were compared with the background values of
continental shelf sediments of South China Sea [24]. The
mean concentrations of all selected heavy metals were
significantly different from their corresponding background
levels using a one-sample t test (p < 0.01), likely suggesting an anthropogenic contribution.
The results from current study were also compared
with those from other bays/estuary in the China. The aver-

There always exist complicated relationships among
heavy metals in sediments. It has been shown that numerous factors control their relative abundance, such as original concentrations in rocks and parent materials, various
processes of sediment formation, and anthropogenic pollution [2, 32].
The Pearson’s correlation coefficient matrix is shown
in Table 2. Significant positive correlations were observed
between Cd and Ni, organic matter (OM) and Cd, OM
and Ni, Pb and Cr, Al and Pb, as well as Al and Cr
(p<0.01, in all cases). The strong correlations between
sediment metals may reflect similar levels of contamination and/or same sources of pollution [35]. Cadmium, Ni
and OM were grouped together, but Pb, Cr and Al were in
another group, indicating that these heavy metals may
originate from two different sources.

TABLE 1 - The mean (±SD) concentration of heavy metals in sediments of Zhelin Bay and its vicinity as well as from other bays/estuaries
(mg/kg dry weight).
Location
Cd
Pb
Cr
Ni
Reference
Zhelin Bay
0.29a±0.08
50.54 a±12.21
67.46 a±10.01
37.04 ab±8.63
This study
Nan’ao coast
0.27 a±0.03
44.83 a±8.78
72.50 a±5.36
41.67 a±8.16
This study
Dacheng Bay
0.16 b±0.08
50.33 a±57.97
59.00 a±22.44
31.28 b±2.90
This study
Overall average
0.25**±0.09
49.20**±32.70
65.76**±14.92
36.15**±7.80
This study
Coastal Bohai Bay
0.22
34.7
101.4
40.7
[18]
Jiaozhou Bay
0.101
24.2
79.3
29.2
[29]
Daya Bay
0.049
32.7
75.6
24.7
[16, 30]
Pearl River Estuary
1.9
57.9
106
36.7
[16, 31]
Background Values
0.034
6.4
4.45
6.1
[24]
The lowercase letters (a and b) stand for statistical significant at the 0.05 level with Duncan multiple comparison among three bays/coasts; **p＜0.01
significance level.
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FIGURE 2 - Heavy metal spatial distributions in Zhelin Bay and its vicinity (Cd, Cr, and Ni maps were produced by ordinary kriging, Pb
was produced by lognormal ordinary kriging).

TABLE 2 - Correlation coefficients between different heavy metal
elements (n=18).
Cd
Pb
Cd
1
Pb
0.06
1
Cr
0.15
0.83**
Ni
0.59**
0.43
Al
0.10
0.59**
OM
0.87**
0.01
Significant levels: *p＜0.05; **p＜0.01.

Cr

Ni

1
0.45
0.62**
0.09

1
0.05
0.67**

TABLE 3 - Loadings of variables on VARIMAX rotated factors of
different datasets.
Parameter
Cd
Pb
Cr
Ni
Al
OM
Eigen value
Percentage of total variance
Cumulative percentage variance

3.4 Principal component analysis (PCA)

PCA is an effective method to indicate the degree of
pollution by heavy metals from lithogenic and anthropogenic sources [32, 36]. The PCA (VARIMAX rotation
mode) results showed that concentration variations in Cd,
Pb, Cr, Ni, Al and OM can be explained by two components (eigenvalue >1), which accounted for 81.53% of the
total variance (Table 3). The communalities of variables
ranged from 75.5 for Ni to 92.0% for Al.

PC1
0.01
0.92
0.92
0.33
0.80
-0.07
2.45
40.81
40.81

PC2
0.92
0.09
0.17
0.81
-0.04
0.96
2.44
40.72
81.53

The component matrix indicated that Pb, Cr and Al
were associated, all displaying strong positive loadings on
PC1 (40.81% of total variance), while Cd, Ni, and OM had
a strong positive loading, respectively (40.72% of total
variance). Numerous studies have been carried out to examine heavy metals and their contributing sources [2, 3639]. Ni is corrosion-resistant and extensively used in alloys
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and manufacture of coins, magnets and common household utensils [2]. Al is a conservative element in earth’s
crust, and therefore was commonly chosen as a normalizer
to compute heavy metal enrichment in sediments or soils
[17, 40, 41]. Meanwhile, previous studies showed that Pb,
Cr and Al in this area are derived from lithogenic sources
[33, 42]. Consequently, PC1 can be explained as a lithogenic component, as variation of the elements seems to be
controlled by parent rocks. The chemistry of Cd in the
sediment is closely related with organic matter rather than
alumino-silicates or Fe forms. Furthermore, Cd may have
an anthropogenic origin related to fertilizers in agriculture. Therefore, PC2 appears to be an anthropogenic component and may originate from industrial sources and agricultural activities, such as electroplating, metal smelters
and processing, combustion of fossil fuels, alloys and fertilizers [2, 34, 43].
3.5 Risk assessment

Numerous sediment quality guidelines (SQGs) have
been developed to cope with environmental problems, and
three of them were applied to evaluate the pollution level
of individual metals in sediments of Zhelin Bay and its
vicinity (Table 4).
TABLE 4 - Metal guideline values of various criteria used to determine marine sediment quality (mg/kg).
Class I upper limit
Class II upper limit
Class III upper limit
Targeta
Triggerb
Actionc
ERL guidelined
ERM guidelinee

Cd
0.5
1.5
5
0.4
1.0
1.5
1.2
9.6

Pb
60
130
250
35
65
75
47
218

Cr
80
150
270
25
50
80
81
370

Ni
NA.
NA.
NA.
20
35
40
20.9
51.6

Reference
[44]
[44]
[44]
[45]
[45]
[45]
[46]
[46]

NA: not available; a: Target indicates the desired quality for fairly clean
sediment that is close to benchmark values; b: Trigger indicates that the
sediment is moderately contaminated; c: Action indicates heavily polluted
sediments; d: ERL (Effects Range-Low) guideline values indicate concentrations below which adverse effects on biota are rarely observed; e: ERM
(Effects Range-Low) guideline values indicate concentrations above which
adverse effects on biota are frequently observed.

higher than the “target” values. The concentration of Pb
(77.77%), Cr (22.22%) and Ni (55.56%) also met the criterion, higher than the upper ceiling value for fairly clean
sediments but lower than the threshold values for moderately contaminated sediments. The contents of Pb, Cr and
Ni in sediments showed that 0%, 72.22% and 16.66% of
all sites were moderately contaminated, respectively; heavy
pollution by Pb, Cr and Ni occurred in sediments from
5.56%, 5.56% and 27.78% of all sites.
Our data further demonstrated that no site exceeded the
Effects Range-Low (ERL) guideline [46] for Cd. In addition, 55.56% of sites were below the ERL guideline for Pb,
94.44% for Cr, and 5.56% for Ni. Lead and Cr at all sites
were below the Effects Range-Median (ERM) guideline
[46], whereas Ni at one site was slightly higher than the
ERM, indicating a potential jeopardy for benthic organisms.
All the SQGs applied above were achieved through
comparing the content of each individual chemical with
its corresponding limit. Because heavy metals always
occur in sediments as complex mixtures, the mean ERM
quotient method has been used to determine the possible
biological effect of combined toxicant groups. To compute mean quotients for a large rang of contaminants, the
following formula is used [47]:
Mean ERM quotient = ∑(Cx/ERMx)/n
where, Cx is the sediment content of component x,
ERMx is the ERM for compound x, and n is the number
of components. Based on the analyses of matching chemicals and toxicity data from more than 1000 sediment
samples of Florida (USA) estuaries, the mean ERM quotients <0.1% are associated with a 9% probability of being toxic, quotients of 0.11-0.5 with a 21% probability,
quotients of 0.51-1.5 with a 49% probability, and those
>1.50 with a 76% probability [48]. As shown in Fig. 3,
the mean ERM quotients of sediments analyzed in this
study ranged from 0.17 to 0.43, indicating that the combination of the 4 heavy metals has a 21% probability of
being toxic.
0.5

In Hong Kong, a stricter criterion has been used to
classify sediment quality [45]. According to this standard,
Cd concentration at all sites (100% of all sites; similarly
hereinafter) and Pb concentration (16.67%) were below
the “target” values, suggesting no sign of contamination.
Meanwhile, concentrations of Cr and Ni at all sites were

0.4

0.3

ERMQ

The China National Standard for Marine Sediments
(CNSMS) GB18668-2002 [44] has classified three grades
of marine sediments, in which the contents of Cd, Pb and
Cr are adopted to determine marine sediment quality. According to this criterion, the first-grade sediment is suitable
for mariculture, natural reserve, endangered species reserve,
and human recreation and sports; the second-grade sediment can be used for general industry and coastal tourism;
and the third-grade sediment is only allowed for harbors.
Accordingly, all heavy metals at all the sites met the firstgrade sediment quality, except for Pb at sites Z6, Z7 and D6.

0.2

0.1

0.0
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FIGURE 3 - The spatial distribution of mean ERM quotient values
in surface sediments of Zhelin Bay and its vicinity.
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4 CONCLUSIONS
The investigation of 18 sediment samples from
Zhelin Bay and its vicinity revealed a clear accumulation
of Cd, Pb, Cr and Ni. The concentrations of Cd, Pb, Cr
and Ni showed significant variations. The spatial distributions demonstrated that the most serious heavy metal contaminations occurred in or very close to the Han River.
PCA coupled with correlation between heavy metals indicated that Cd and Ni pollution in Zhelin Bay and its vicinity
were from industrial and agricultural sources.
Though sediments from nearly all sites met the firstgrade sediment quality, except according to the Chinese
standard, the contents of Cr and Ni in sediments from
72.22% and 16.66% of all sites were moderately contaminated according to the Hong Kong criterion. The values of
mean ERM quotient suggest that the combination of the 4
heavy metals had a 21% probability of being toxic.
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EFFECTS OF DELTAMETHRIN ON PRIMORDIAL
GERM CELLS OF ZEBRAFISH (Danio rerio) EMBRYOS
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ABSTRACT
In sexually reproducing organisms, primordial germ
cells (PGCs) give rise to the cells of the germ line, the
gametes. In many animals, PGCs are set apart from somatic cells early during embryogenesis. This study explores the effects of deltamethrin on primordial germ cells
(PGCs) of the zebrafish embryos, and examines their morphology during early development (1st-15th day). Different
doses of deltamethrin gave to the medium of zebrafish
embryos and effects of this pesticide on primordial germ
cell structure and migration were detected with histological stainings. PGCs have been selectively stained by the
alkaline phosphatase histochemical reaction and viewed
by light microscopy from the time they are first detectable
in the yolk sac endoderm. PGCs moved to between blastoderm and yolk sac, and were transferred to the dorsal
mezentery where they formed gonadal anlage with mesodermal cells. PGCs were easily distinguished from somatic
cells by their morphology and their distinct cytoplasmic
membrane.

KEYWORDS:
Primordial germ cell, zebrafish, deltamethrin, embryo, histology

1 INTRODUCTION
In many different organisms, primordial germ cells
(PGCs) are specified early in development in a position that
is distinct from that of the gonad, the location where they
differentiate into gametes [1-3]. Therefore, the cells have
to reach the somatic part of the gonad in a process that, in
addition to its crucial role in the propagation of the species, serves as a general model for long-range cell migration. PGC migration has been studied in diverse vertebrate and invertebrate species.
In embryonic period, germ cells are derived from primordial germ cells which are known as germ cell precursors.
Many references can be found about structural and histological features of primordial germ cells (PGCs) [3-10].
* Corresponding author

Gonads begin to develop as precursors at adjacent to
mesonephros channels in the embryonic period at vertebrates. Primordial germ cells migrate from the region near
allantois of yolk sac endoderm to gonad precursors with
ameboid movements [11-13]. If this migration does not
ocur, gonads cannot develop and remain as tumefaction.
At the first stages of embryonic development gonads do
not differentiate but according to genotype are capable of
creating either male or female gonads. Gonads consist of a
set of somatic and germ cells. Germ cells migrate to gonad
precursors, and at this stage, these germ cells are named as
PGCs. These cells which are embryonic stem cells, are the
pioneer cells of germ cell lineage (sperm and egg). Primordial germ cell migration is a useful model for cell motility
studies. These cells, which follow a predetermined path of
development, are interesting for migration, differentiation
and cell lineage determination studies. Negative effects on
the migration route of primordial germ cells can prevent
the development of gonads, and also can cause structural and
functional disorders. Germ cell development was studied in
different model organisms [4, 14, 15]. Zebrafish model was
chosen for embryonic development studies because it has
many advantages. Embryos of this species are transparent so
they can be clearly visible. It is easy to follow cell movements by using a simple stereo microscope; the cells can
be observed with higher magnifications. The studies
which are made by zebrafish help us to understand the
structural and behavioral characteristics of PGCs, differentiation of gametes, protection of PGCs position and
programmed cell migration towards gonads. In this study,
a pesticide, deltamethrin was added to the living environment of embryos. Low dose of deltamethrin is used in
warfare of external parasites of the fish but a high dose of
it is highly toxic for them. This type of pesticide was chosen because it accumulates in fish tissues and creates tissue
metabolism disorders. In our study, changes in PGC histology and migration of zebrafish was investigated at embryonic stages after deltamethrin application.
2 MATERIALS AND METHODS
2.1 Model Organism

The zebrafish (Danio rerio) is a small fish about 6 cm
in length, characterized by a series of five pigmented
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stripes running the entire length of each side of its body.
The hardiness of zebrafish makes them excellent stress
test subjects, as they can survive fairly severe environmental changes without succumbing, surviving long enough to
show developmental defects. Finally, zebrafish are easy and
inexpensive to raise, requiring only filtered water, and a
minimal investment in fish food, making them an ideal
animal model for research labs with limited funding. All
of these characteristics have contributed to making
zebrafish the model of choice in this study.
2.2 Embryo Production

tion, decrease in number and in size of primordial germ
cells was observed. The average cell size (10-20 µm under normal circumstances) was reduced by about 5 µm
depending on pesticide dosage and exposure time.
The control group of light microscopy studies, the primordial germ cell samples which were taken from zebrafish embryos and larvae, were platy or oval depending on the
direction of cross-section. It was observed that the nucleus
covered a large portion of cytoplasm and had irregular
boundaries. Chromatine dispersed homogeneously at nucleus
cytoplasm and nucleolus was distinct (Fig. 1).

Wild type adult zebrafish raised in a computercontrolled incubation chamber. Ideal breeding conditions
were maintained to ensure a maximum yield. The zebrafish
received fourteen hours of daylight and ten hours of darkness every night. The temperature and humidity were kept
at 28.5 °C and 61%, respectively. After they lay eggs,
fertilized eggs were separated under a stereo microscope.
2.3 Exposure

We set 4 groups (n = 50), one for control and 3 for experiments. In experimental groups, deltamethrin [0.4 µg/L
(low dose), 0.8 µg/L and 1 µg/L (high dose)] was given to
embryo medium. Deltamethrin ≥98% was purchased from
Sigma-Aldrich.
2.4 Histological Process

After exposure, the zebrafish embryos and larvae were
fixed in Bouin’s solution for 8 h. Fixed embryos and larvae
were dehydrated and embedded in paraffin wax and sectioned transversely at 5-7 µm thickness and stained with
hematoxylin & eosin, alkaline phosphatase, periodic acid
Schiff (PAS), and toluidine blue. Samples were evaluated
by examining them under the light microscope.
3 RESULTS
3.1 General Findings

Zebrafish embryos exposed to the impact of pesticides could not fulfill development which was prolonged
during duration of dechorionation was observed. This effect was increased depending on the dose of pesticide.
Under normal circumstances, the third day after fertilization, the embryos dechorionated but at deltamethrin-treated
groups, this period was prolonged by one day.
In high-dose deltamethrin treatment group (1 µg/L),
zebrafish larvae died at the end of 5th day. In 0.8-µg/L
deltamethrin treatment group, zebrafish larvae lived until
the 9th day. Under low dose (0.4 µg/L), larvae lived until
the 12th day. Effects of pesticide on embryonic development were observed. In addition, shrinking in size of
embryos was detected (control group 3.5 mm on 3rd day,
in 0.4 µg/L group 3.1 mm on 3rd day, in 0.8 µg/L group
2.8 mm on 3rd day; in control group 3.9 mm on 5th day, in
0.4 µg/L group 3.2 mm on 5th day, in 0.8 µg/L group 3.0 mm
on 5th day was measured). As a result of pesticide applica-

FIGURE 1 - PGCs between yolk sac and somites, control group.
Primordial germ cell (PGH), somites (s), muscle layer (k), PAS
staining, x100.
3.2 3-Days post fertlization

Disturbances of primordial germ cell structure of deltamethrin applied zebrafish embryos and larvae were
shown with histological studies. According to exposure
time, structural deformities and expanses at the nuclear and
cell membrane were seen at primordial germ cells. Nuclei
were large, and both cell and nucleus borders were irregular. Nucleolus could not be seen clearly. When compared
with control group morphologically, in 0.4 µg/L deltamethrin-exposed zebrafish embryos, too much macroscopic
change could not be observed 3 days post fertilization
(dpf). In microscopic observations, oval-shaped and large
nucleated cells with nebulous structure (nuage material)
were significantly seen although a non-significant decrease
in cell size was observed. Glycogen particles clustered
around the nucleus. As a result of alkaline phosphatase
staining, black-brown reaction at primordial germ cells
was detected. This staining proved that PGCs have granular cytoplasm (Fig. 2). PGCs to be seen in the region
between somites and yolk sac (Fig. 3) and granular structure of cells were clear. (Fig. 4).
3.3 5-Days post fertilization

In 5 days old zebrafish prelarvae exposed to 0.8 µg/L
deltamethrin, clusters of PGCs between somites and yolk
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sac (Fig. 5) were detected with alkaline phosphatase staining. In 5 days old zebrafish prelarvae exposed to 1 µg/L
deltamethrin, decrease in the number of PGCs was significantly observed (Fig. 6). Cells can be selected in the
bottom of somites near the yolk sac.

FIGURE 2 - 0.4 µg/L deltamethrin-exposed 3-day old zebrafish
embryos (primordial germ cell (PGH), body cavity (vb), alkaline
phosphatase staining, x4 (b), x100 (a)).

FIGURE 5 - 0.8 µg/L deltamethrin-exposed 5-day old zebrafish
prelarvae (PGCs (PGH) are near yolk sac boundary, muscle layer
(k), alkaline phosphatase staining (a) x4, (b) x40).

FIGURE 3 - 0.4 µg/L deltamethrin-exposed 3- day old zebrafish
embryos (PGCs between somites and yolk sac; Yolk sac (vk), somites
(s), muscle layer (m), hematoxylin & eosin (HE) staining, x40).

FIGURE 6 - PGCs at 1 µg/L deltamethrin-exposed 5 days old
zebrafish prelarvae (Primordial germ cell (PGH), muscle layer (k),
PAS staining, x100).
3.4 9- and 11-Days post fertlization

In 0.4 µg/L deltamethrin-exposed group, on 9th day,
PGCs were detected with PAS and alkaline phosphatase
stainings, and vacuolisation at cytoplasm was also detected
(Fig. 7). In addition, cells were seen particularly not in the
form of clusters (Fig. 8). On 11th day, decrease of the number of PGCs was observed significantly (Fig. 9). Some of
PGCs could not be seen at the sections (Fig. 10). Cells were
big and there was vacuolisation at their cytoplasm.

FIGURE 4 - 0.4 µg/L deltamethrin-exposed 3-day old zebrafish
embryos (PGCs (PGH) between somites and yolk sac; glycogen
granules in cytoplasm of PGC; HE x40).

As a result, depending on decrease and increase of
dose, structural deformities and decrease in the number of
PGCs were detected. As a result of high-dose deltamethrin application, the number of primordial germ cells was
decreased and PGCs were shrinked.
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FIGURE 7 - Primordial germ cell at 0.4 µg/L deltamethrin-exposed
9 days old zebrafish larvae (Primordial germ cell (PGH), muscle
layer (k), toluidine blue staining, x100).

FIGURE 10 - Primordial germ cells were not observed at 0.4 µg/L
deltamethrin-exposed 11 days old zebrafish larvae (Muscle layer (k),
somite (s), alkaline phosphatase staining, x 100).

4 DISCUSSION AND CONCLUSION

FIGURE 8 - Primordial germ cell at 0.4 µg/L deltamethrin-exposed
9 days old zebrafish larvae (Primordial germ cell (PGH), body
cavity (vb), alkaline phosphatase staining, x100).

FIGURE 9 - Primordial germ cell at 0.4 µg/L deltamethrin-exposed
11 days old zebrafish larvae (Primordial germ cell (PGH), somites
(S), body cavity (vb), muscle layer (k). alkaline phosphatase staining, x40).

The classical studies of embryonic germ cells in fish
[16-20] are related to proliferation and migration of these
studies at the larval period. Recently, some studies were
also found about PGC migration of bony fish species. Migration of PGC characteristics was compared with these
studies. It was seen that studies about PGCs generally used
molecular techniques, and studies describing structural
characteristics of these cells were limited. As a result of
deltamethrin effect, a part of zebrafish embryos could not
fulfill their development, duration of dechorionation was
prolonged and development of larvae limited. These effects increased depending on the dose of pesticide. When
compared with control group, much morphological changes
could not be observed at low-dose pesticide exposure
group of zebrafish embryos. Depending on exposure time
and increase of dose, structural deformities and decrease
in the number of PGCs were observed.
Willey and Krone [21] investigated effects of endosulfan and nonylphenol on distrubution of PGCs in
zebrafish. Locations of PGCs were detected with in situ
hybridization by using 2 different probes. High doses of
nonylphenol and endosulfan caused increased death rates,
movement abnormalities, such as weakness, and also edema
have been reported. After 22-24 h of zebrafish embryos in
the control group, it was shown that a part of the primordial germ cell migration completed and cells spread into
clusters. As a result of nonylphenol and endosulfan application, which caused changes of location of the primordial germ cells in embryos positioned along the anterior
posterior axis, described with using markers like vasa and
hsp90α. In nonylphenol-exposed experimental groups,
decrease in the number of PGCs was detected. In endosulfan-exposed experimental groups, decrease in the number
of PGCs until the first 6-somites stage was detected. An
increase in the number of primordial germ cells in 7-
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8 somites stage was observed. The highest level of primordial germ cells of control and experimental groups
was seen at 7-somites stage. In 9-13 somites stage, any
differences in PGC number between control and experiment groups were not found.
In another study, effects of deltamethrin were investigated on trout larvae [22]. At the concentration of 0.5 and
12 µg/L, reduction in the number of newly hatched trout
fry was indicated. Due to the increased concentration, an
increase in the number of juvenile mortality was described.
Koc et al. [23] observed the histological changes in
ovaries of zebrafish (Danio rerio) following administration of deltamethrin, and they found that deltamethrin has
significant negative effects on oogenesis in zebrafish.
Moreover, in another study, Koc et al. [24] observed that,
depending on increasing doses, numbers of mature sperm
were significantly reduced, and degenerative changes in
seminiferous tubules in testis tissue of swordtail fish
(Xiphophorus helleri) exposed to deltamethrin were observed [24]. Mise Yonar et al. [25] showed that deltamethrin significantly increased malondialdehyde and glutathione levels but decreased catalase activity in deltamethrin-exposed rainbow trout fry (Oncorhynchus mykiss).
Calta et al. [26] investigated acute toxicity of the synthetic pyrethroid deltamethrin to young mirror carp (Cyprinus
carpio), and they determined the 24, 48, 72 and 96-h LC50
values for young mirror carp as 9.41 (7.13-13.70), 4.47
(3.40-6.14), 2.37 (1.84-3.06), and 1.65 (1.32-2.07), respectively. Velisek et al. [27] examined haematological,
biochemical and histological effects of deltamethrin on 12 year old trouts. Increment at total plasma protein and
hematocrit, decrease at the number of erythrocytes and
rate of alanine, aminotransferase and cholinesterase were
observed. Although a number of studies about toxic effects
of pesticides on aquatic organisms was carried out, studies
examining the impact of different life stages of these animals are not numerous. The effects of 4 different pesticides (carbaryl, carbofuran, malathion, phoshamidon) on
Cyprinus carpio’s eggs and larvae was investigated by
Kaur and Dhawan [28]. According to the increase of
pesticide concentration, reduction at the rate of fertilization and hatching rate but increase at the rate of mortaility
was observed.
According to these results, it is obviously proven that
low doses of deltamethrin caused slow down of PGC movement, and high doses of deltamethrin caused changes in cell
morphology and stopped cell migration. It was thought that
changes that may occur in the structure of the primordial
germ cells and germ cell migration interfere with gonad
formation and differentiation. Our findings supported this
opinion.
The authors have declared no conflict of interest.
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ABSTRACT

mune system suppression and the risk of cancer in later
life [2].

Heavy metals present in urban road dusts are hazardous to human health as well as environment. Although
there are many reports of such pollution, remediation process
for urban road dusts has not been studied. In the present
study, road dusts were collected from different parts of
Shanghai, China and were analyzed for the presence of
heavy metals. A novel concept of microbially induced
calcite precipitation (MICP) was employed in the remediation process. Shewanella oneidensis VA6 a river isolate,
with multiple metal resistant abilities, was identified based
on 16S rDNA sequencing and used in this study. This bacterium remediated more than 90% of six different heavy
metals (Zn, Cr, Pb, Cu, Cd, and Co) from urban road
dusts. Further the efficiency of MICP was analyzed by XRay Diffraction (XRD), which plays a role for various biomineralization products such as calcite, aragonite, vaterite
and gwihabaite in the process of remediation. This is the
first extensive study where remediation of heavy metals
from road dusts was studied.

KEYWORDS: Dusts; Shewanella oneidensis; Heavy metals;
Calcite; Bioremediation

1 INTRODUCTION
Particulates accumulated on sides of the roads due to
any factor are generally called as “road dusts”. With rapid
industrialisation and random urbanisation, road dusts have
become a serious and common problem throughout the
world. Road dusts are significant pollutants in the urban
environment as they contain heavy/toxic metals such as
Pb, Hg, Co, Cu, Cr, Zn, As, Ni and Cd [1, 2]. These heavy
metals or pollutants present in road dusts are responsible
for many negative consequences both for human health and
the environment [3]. The adverse effects of heavy metals
in road dust include respiratory system disorders, nervous
system interruptions, endocrine system malfunction, im* Corresponding author

Numerous studies are available addressing the concentration and associated distribution of heavy metals in
road dusts in different cities worldwide. According to the
Integrated Pollution Index (IPI), approximately 65% of all
the cities in China have high or extremely high contamination levels of heavy metals in urban road dusts with
their background values higher than in soil of China [4].
This indicates that the urban road dusts in the cities have
been significantly impacted by heavy metals derived from
anthropogenic activities and urgently needed to solve this
major problem.
Microbially induced calcite precipitation (MICP) has
been proved to some extent as a promising technique to
remediate heavy metals from contaminated environments
based on the activities of urease producing calcifying bacteria [5, 6]. In addition, the advantages of such biotreatment
processes are their cost effectiveness and the techniques
used in their application are environmentally friendly compared to other techniques [7].
In the present study, the ability of urease producing
Shewanella oneidensis has been investigated in the remediation of heavy metals from road dusts of Shanghai,
China. The heavy metals from bioremediated road dusts
were measured in both exchangeable and carbonate bound
fractions.
2 MATERIALS AND METHODS
2.1 Isolation and identification of bacterial strain

The urease producing bacteria were isolated from water sample of the Yangtze River, Chongming County,
Shanghai, China. Bacteria were enumerated using serial
dilution technique by total plate count method on nutrient
agar plates. To evaluate the multiple metal resistance of
the isolated bacteria, strains were grown in media supplemented with maximum tolerance level of six different
metal ions viz. Zn2+, Cr3+, Pb2+, Cu2+, Cd2+ and Co2+. Out
of 22 bacterial strains, VA6 was selected for further
study.
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This bacterial strain was identified by molecular
characteristics. Genomic DNA was extracted from overnight grown bacterial cells by alkaline lysis. The 16S rRNA
gene from the genomic DNA was amplified by PCR using
the following primers: 5´-AGA GTTTGA TCC TGG CTC
AG-3´ and 5´-AAG GAG GTG ATC CAG CCG CA-3´
corresponding to the forward and reverse primers of 16S
rDNA, respectively. PCR amplification was performed
using a thermocycler as described by Achal and Pan [5].
16S rRNA amplicon was gel eluted and ligated into the
pTZ57R/T vector as per manufacturer’s instruction (Fermentas, USA). The sequences were generated by chain
termination method using an Applied Biosystems 3730xl
DNA Analyzer at Sangon Biotech (Shanghai) Co. Ltd.,
China. The 16S rDNA gene sequence was compared with
Ribosomal Database Project II (RDP-II) and with those
from GenBank using the BLASTN program [8]. A phylogenetic tree was constructed by the neighbor-joining
method using MEGA 4.0 software package [9].
2.2 Road dusts sampling

The sampling was conducted in Shanghai which is
the largest city in China, located at the tip of the Yangtze
River (31.23N, 121.48E). It is China’s most developed
and highly populated economic city. Road dust samples
from different roads were collected from side of roads and
minimum of 150 g dusts were taken into polyethylene bag
using a clean plastic dustpan and a brush. The samples
were collected from two commercial downtown areas
(Zhongshan Park, S1 and People’s Square, S2), the Educational Institute located in the sub-urban area (East China
Normal University, Minhang Campus, S3) and two suburban areas (Jianchuan Road, S4 and West Jiading, S5).
Samples were collected in triplicate, transported to the
laboratory, crushed into fine powder, stored at room temperature and treated within 24 h.
2.3 Bioremediation experiments

The bioremediation of heavy metals from road dusts
were performed in liquid culture. The isolated bacterial
strain VA6 from nutrient agar plates were inoculated into
NBU (Nutrient Broth-Urea) medium [10] and incubated
at 30°C on an orbital shaker at 140 rpm till OD600 reaches
up to 1.0. One hundred gram road dusts samples collected
from different roads of Shanghai were mixed with 100 mL
of grown bacterial cells in a beaker separately. The beakers
with road dust samples and bacterial culture were incubated
at 30°C. Control experiments were performed in similar
way excluding addition of bacterial culture. The experiments were terminated at the end of 7 days of incubation.
2.4 Analytical methods

After termination of bioremediation experiments, road
dusts samples were firstly air-dried followed by drying at
45°C. The samples were analyzed for different metal concentrations. The toxicity of any metal is generally associated with metal bioavailability in the soluble-exchangeable
fraction, so heavy metals were estimated in this fraction

using MgCl2 (1 M, pH 7.0) from the road dust samples
according to Tessier et al. [11]. To confirm the MICP in
remediation, carbonate-bound fraction was also analyzed
for heavy metals content. The different heavy metal concentrations were analyzed by inductively coupled plasma
mass spectroscopy (ELANDRC II, PerkinElmer).
2.5 XRD analysis

The calcite induced by bacterial strain VA6 in remediated road dust samples was analyzed by XRD to confirm biomineralization. XRD spectra were obtained using
a Bruker D8 diffractometer with a Cu anode (40 kV and
30 mA) and scanning from 5 to 90˚ 2 θ. The components
of the samples were identified by comparing them with
standards established by the International Center for Diffraction data.
2.6 Statistical analysis

All the experiments were performed in triplicates. Error bars on graphs show the standard deviation. The data
were analyzed by analysis of variance (ANOVA) and the
means were compared by Tukey’s test (p<0.05) using
GraphPad Prism software (version 5.0).

3 RESULTS AND DISCUSSION
3.1 Isolation and identification of multiple metal resistance
bacterial strain

Out of 22 bacterial strains, VA6 was selected for further study based on higher urease production on urease
selective medium. This bacterial strain was able to grow
on nutrient agar supplemented with various metal ions
such as Zn2+, Cr3+, Pb2+, Cu2+, Cd2+ and Co2+, and showed
it’s multiple metal resistance ability (data not shown).
Such ability of strain VA6 suggests that it may have developed metal resistance systems in an attempt to protect
sensitive cellular components. Generally, the activity of
microbial cells, those grow at high metal concentration, is
found coupled with a variety of specific mechanisms of
resistance and environmental factors [12].
The nucleotide BLAST and RDP-II analysis showed
that the isolate VA6 belongs to the phylum Gammaproteobacteria and the family Shewanellaceae. Eight sequences
were included in the dataset, Psychromonas antarcticus
was used as outgroup taxon for rooting purposes. Phylogenetic analysis revealed that VA6 showed 88-99% similarity
with three different strains but same species of Shewanella, i.e., S. oneidensis. The phylogenetic analysis identified
VA6 as S. oneidensis (Fig. 1). The 16S rRNA gene sequence for the same was deposited in GenBank of NCBI
under the accession number KC594645.
3.2 Bioremediation of heavy metals from urban road dusts

The identification and quantification of the forms in
which a metal is present in dusts helps to establish its potential and actual mobility and toxicity in dusts. To provide
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FIGURE 1 - Neighbor-joining tree of isolate VA6 based on 16S rRNA gene sequences, rooted with Psychromonas antarcticus as an outgroup
taxa. Numbers at nodes indicate levels of bootstrap support (%) determined from 1000 resampled data.

a comprehensive picture of heavy metals bioavailability
and other potential risks, the concentration of heavy metals from exchangeable fraction was first determined. All
of the tested heavy metals had their significant concentration in the exchangeable fraction. In dusts, this fraction is
most likely to cause a release into the solution due to ion
exchange and also is highly mobile phase.
To reduce heavy metals from such fraction, road dust
samples were treated with S. oneidensis VA6. A visible
crust like layer on the surface of urban road dusts was
formed during experimentation. The results indicated a great
reduction in heavy metals from exchangeable fraction of
dusts after bioremediation. The concentrations of all of six
tested heavy metals (Zn, Cr, Pb, Cu, Cd, and Co) reduced
significantly (p<0.05) in the exchangeable fraction of bioremediated dust samples (Fig. 2). The heavy metals were
present in higher amounts in the commercial downtown
areas followed by both sub-urban areas while the concentrations of the heavy metals were comparatively lower in the
area of the Educational Institute. This is a common observation reported by other researchers where also high metal
concentrations in urban dusts from commercial areas were
found [13-15]. The higher amount of heavy metals in the
commercial area is attributed to heavy traffic and severe
anthropogenic sources. The Educational Institute area in
the sub-urban locality recorded less concentration of such
heavy metals due to restricted traffic and sources of anthropogenic origin. The other two sub-urban area also showed
lower metal amounts in road dusts due to less population
thus lesser human activities.
Among all heavy metals, Zn had higher concentrations in exchangeable fractions followed by Cr and Pb. In
China, the concentrations of Zn, Cr, and Pb in urban road
dusts are commonly known as elevated [14-16]. The exchangeable fraction of control contained 38-65 mg Kg-1
Zn in road dust samples collected from different parts of

Shanghai which was reduced in the range of 1.2-3.2 mg Kg-1
Zn (Figs. 2a-j). There was significant difference (p<0.05) in
the amount of Zn in carbonate fraction after bioremediation.
The very high concentration of Zn in all samples might be
associated with traffic activities. Zn compounds are used
extensively as antioxidants (e.g., zinc carboxylate complexes and zinc sulphonates) and as dispersant improvers for
lubricating oils [17]. The tire wear also contributes significantly to Zn in urban dusts.
The amount of Cr in exchangeable fraction was very
high in all road dusts and was reduced by more than 90%
after bioremediation (Fig. 2). The higher amount of chromium in exchangeable fraction was in agreement with
other reports [13, 18]. Upon microbially induced calcite
precipitation, Cr concentration was significantly (p<0.05)
increased in carbonate bound fraction (Fig. 2) which confirms its immobilization. The strong chromium-calcite complex precipitation leads to obstruction in Cr release in to the
dusts. Chromium is known as heavy metal of strong anthropogenic sources [15] such as traffic emission, industrial activities, mining activities, and so forth. As it is
highly toxic to humans and environment, MICP provides
an efficient way for its reduction from road dusts.
Lead (Pb) is a leading pollutant of urban road dusts
with harmful effects on all forms of life. All of road dust
samples from different part of Shanghai showed very high
amount of exchangeable Pb. The dominance of Pb in exchangeable fraction is in broad agreement with other studies
[18, 19]. High Pb concentrations in street dusts have been
recognized for a long period as linked mainly to traffic activities due to the utilization of leaded gasoline [17]. The
remediation process using S. oneidensis VA6 reduced 3041 mg Kg-1 Pb from exchangeable fraction to 1.4-3.4 mg
Kg-1 Pb from different road dust samples (Fig. 2). Simultaneously, the microbial process enhanced four times Pb
in carbonate bound fraction compared to the control. MICP
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FIGURE 2 (a-j) Concentrations of different metal species present in urban road dusts of Shanghai, a comparison of control with bioremediated (biorem) samples. Error bars represent the standard error (n = 3). (S1 = Zhongshan Park, S2 = People’s Square, S3 = East China Normal University, Minhang Campus, S4 = Jianchuan Road, and S5 = West Jiading)
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FIGURE 3 - XRD spectra of control and bioremediated urban dusts confirming calcite precipitation after bioremediation (Q-quartz,
H-halite, G-gwihabaite, C-calcite, A-aragonite, V-vaterite)

process has shown evidence of transforming Pb minerals
into geochemically stable calcite species in addition to
substitution of Pb oxyanions for the carbonate group in
the calcite structure [20].
The amount of exchangeable Cu, Cd and Co was also
significantly reduced from road dusts after bioremediation. The different forms of carbonate crystals are proved
to remove Cu and other heavy metals from contaminated
soil using bacterial cells such as Kocuria flava [6]. The
consequences of metals uptake by calcite formed due to
ureolytic bacteria action could be of considerable relevance because of its stability in a variety of geologic
environments; therefore, calcite could represent an effective agent for metals immobilization.

dust samples. The majority of carbonate crystals were
identified as calcite in urban road dusts treated with bacterial cells while other carbonates were present as aragonite,
and vaterite. A less known form of carbonate, gwihabaite
[(NH4,K)NO3] was also found in bioremediated dusts
which has been reported previously and was formed due
to bacterial action [21]. There was not any form of carbonate crystals present in control dust samples.
Presence of carbonates in remediated samples suggest
that heavy metals can be immobilized by precipitation or
co-precipitation with it and also some of ions from metals
may substitute for the carbonate group in the calcite structure [22, 23]. Similar results were reported previously by
other researchers also [6, 24].

3.3 Evaluation of MICP process analyzed by XRD

To confirm microbially induced calcite precipitation
process in metal remediation from urban road dusts, samples were analyzed by XRD. One of the samples (S1),
from the commercial area of Shanghai, containing higher
amounts of heavy metals is shown in Fig. 3 along with
control. Quartz and halite which dominated in the mineralogy were present in both control and bioremediated road

4 CONCLUSIONS
The results of present study demonstrated that the urban road dusts from the downtowns are more seriously
contaminated mainly due to traffic and industry activities
than those from sub-urban area. Further the microbial
process based on MICP was employed to reduce heavy
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metals such as Zn, Cr, Pb, Cu, Cd, and Co from urban
road dusts. XRD analysis confirmed the presence of different forms of carbonate as MICP products.

[15] Wei, B., Jiang, F., Li, X. and Mu, S. (2010) Contamination levels
assessment of potential toxic metals in road dust deposited in different types of urban environment. Environ. Earth Sci. 61, 11871196.
[16] Han, Y.M., Du, P.X., Cao, J.J. and Posmentier, E.S. (2006) Multivariate analysis of heavy metal contamination in urban dusts of
Xi’an, Central China. Sci. Tot. Environ. 355, 176–186.
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EFFECT OF DIFFERENT DOPED RARE EARTH ELEMENTS ON
THE ADSORPTION AND PHOTOCATALYTIC ACTIVITIES TIO2
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ABSTRACT
TiO2 doped with rare earth elements (REEs) have been
widely studied, however, the enhancement mechanisms of
TiO2 photocatalytic activities when being doped with
different REEs still remain unclear. In this study, TiO2
doped with different REEs, including Eu3+, Nd3+, Sm3+,
Ce3+, Er3+, and Gd3+, were prepared to investigate the different enhancement mechanisms. Adsorption and photocatalytic activities of the photocatalysts were evaluated
using Orange I as the target dye pollutant. Overall, appropriate contents of all the doping rare earth elements in
TiO2 can efficiently extend the light absorption properties
to the visible region and accordingly enhance the activities for photocatalytic degradation of Orange I compared
with pure TiO2. The enhancements of photoactivities were
determined to be attributed to the higher adsorption, red
shifts to a longer wavelength, and the increase in the interfacial electron transfer rate. Among the different REEs,
Sm3+-doped TiO2 showed the highest photocatalytic activity for degradation of Orange I due to the specific characteristics of Sm. For all the studied REEs, the doping dosage was an important factor affecting the photocatalytic
activities of REE/TiO2, and the optimum REE doping
dosages for all the REEs was 1.5 wt%, at which REE/TiO2
photocatalyts showed the highest photocatalytic activities
for Orange I degradation.

KEYWORDS: rare earth elements; TiO2; absorption; photocatalytic degradation; azo dye.

1 INTRODUCTION
Titania exhibits a wide range of attractive characteristics,
such as chemical stability, non-toxicity, low cost, and the
highest oxidative reactivity among many photoactive
metal oxides investigated [1–3], and intensive attentions
* Corresponding author

have been attracted on the research and explanation of
TiO2-mediated photocatalytic process for degradation and
mineralization of organic pollutants over the past two decades. Although TiO2 is the most widely used photocatalyst,
the near-UV light have to be introduced for activating this
photocatalyst due to its large bandgap (Eg = 3.2eV). Unfortunately, only 3% of the solar light can be absorbed by TiO2 in
solar energy applications. Consequently, modification of
TiO2 is necessary to enhance the efficiency of TiO2 photocatalysis and to improve the photocatalytic activity of TiO2
under solar or visible light [4-5]. In recent years, various
transition metal ions were investigated to be doped in
titanium dioxide for reducing the recombination of photogenerated electrons and holes on TiO2, and also extending
its light absorption into the visible region, which largely
enhanced the photocatalytic degradation rates of the target
organic pollutants [6-11].
Rare earth ions have strong complex ability to adsorb
various organic pollutants and facilitate the degradation of
organic pollutants [12]. Moreover, rare earth ions doping
can reduce the crystallite size but increase the surface area
of TiO2, which also contribute to the enhancement of adsorption capacity of TiO2 for organic pollutants [13, 14]. It
is reported that rare earth ions doping can lead to the red
shift of absorption edge of TiO2, which is one of the ways to
improve visible light photocatalytic activity of TiO2 effectively [15]. The transitions of 4f electrons of rare earth ions
can also improve photocatalytic activity of TiO2 with UV
or visible light by increase of separated rate of photogenerated charges [16, 17]. Thus, it is suggested that rare
earth doping can provide TiO2 with better adsorption abilities and better photocatalytic performances. However, up to
now, all the previous studies were related to only one single
rare earth ion for enhancing the photocatalytic activity of
TiO2, and the systematic investigations of preparation and
their photocatalytic properties of different rare earth
doped TiO2 have been little reported, especially for the
mechanisms of differentiated activities when with different doped rare earth.
Therefore, in the present study, we presented a mechanism study on the photocatalytic efficiency and adsorption
ability of pure TiO2 and TiO2 doped with different rare
earth elements (REEs). Experiments were conducted to (i)
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obtain the photocatalyts TiO2 doped with different REEs
(REE/TiO2) and characterize their structural properties; (ii)
determine the different photocatalytic activities of the
different REE/TiO2 for degradation of Orange I; and (iii)
evaluate the optimal dosage of the different REEs for achieving the highest photocatalytic activities.
2 MATERIALS AND METHODS
2.1 Materials

Orange I was purchased from the Special Chemical
Corporation of Shanghai, P. R. China and used without
further purification. The pure TiO2 and rare earth ion-doped
TiO2 catalysts were prepared with the raw materials of
analytical grade. The raw materials included tetra-n-butyl
titanium [Ti(O-Bu)4], Sm(NO 3)3, Er(NO 3)3, Eu(NO 3)3,
Nd(NO3)3, Gd(NO3)3, Ce(NO3)3, acetic acid (99.8%),
absolute ethanol, and ethanol (95%), all of which were
purchased from Aldrich and used without purification.
Deionized water was used for preparing solutions in the
experiments.
2.2 Preparation of REEs/TiO2 catalysts

REEs/TiO2 particles were prepared by the sol–gel route
with the following procedure: firstly, 17 mL of tetra-n-butyl
titanium (Ti(O-Bu)4) was dissolved in 80 mL of absolute
ethanol, and then the Ti(O-Bu)4 solution was added dropwise
under vigorous stirring to 100 mL of the mixture solution
containing 84 mL of ethanol (95%), 1 mL of 0.1 mol/L
REE(NO 3)3, i.e. Sm(NO 3)3, and Er(NO 3)3), Eu(NO 3)3,
Ce(NO 3)3, Gd(NO3)3, or Nd(NO3)3, and 15 mL of acetic
acid. The resulting transparent colloidal suspension was
stirred for 2 h before being aged for 2 days till the formation of gel. The gel was dried at 80 oC under vacuum
and then ground into powder. The obtained powder was
calcined at 500 oC for 2 h and the product REE/TiO2 powder catalyst was eventually obtained in a nominal atomic
doping level of 1.5%, named as 1.5% REE/TiO2. Accordingly, Pure TiO2 and other REE/TiO2 samples containing
different rare earth ion were prepared in the same way.
2.3 Characterization of catalysts

The crystal phase of the powers were analyzed by Xray power diffraction (XRD) using a Rigaku D/max 2500
diffractometer using Cu Ka radiation, in which the accelerating voltage was 40 kV and the emission current was
100 mA. The particle size was determined from the diffraction peak broadening with the Scherrer formula D =
0.89 λ/β cos θ (24). Unit cell volume was obtained by
using Bragg’s Law. To study the optical absorption of the
catalysts, the diffuse reflectance spectra (DRS) of the
catalysts in the wavelength range of 200-900 nm were
obtained using a UV-vis reflectance spectrophotometer
(Shimadzu UV-2101PC), with BaSO4 as a reference. The
surface areas of all samples were measured by N2 adsorption at 77 K using the dynamic BET method using a Carlo
Erba (Model 1800) sorptometer.

2.4 Photocatalytic activity evaluation experiments

A Pyrex cylindrical photo-reactor was used to conduct
photocatalytic oxidation experiments, in which an 8-W
UVA lamp (Westbury, New York) with a special emission peak at 365 nm was positioned at the centre of the
cylindrical vessel and was used for photoreaction under
UV irradiation, while a 70-W high-pressure sodium lamp
(Shanghai, China) with main emission in the range of 400800 nm was used for photoreaction under visible light
irradiation. This cylindrical photo-reactor was surrounded
by a Pyrex circulating water jacket to control the temperature during the reaction. The reaction suspension was prepared by adding 0.25 g of REE/TiO2 powder into 250 mL
of aqueous Orange I solution, with the initial concentration of Orange I of 0.06 mM. Prior to photoreaction, the
suspension was magnetically stirred in the dark for 30
min to reach adsorption/desorption equilibrium. The aqueous suspension containing Orange I and REE/TiO2 power
was aerated with a constant air flow to provide oxygen
and for complete mixing of reaction solution. At the given
time intervals, the analytical samples were taken from the
suspension and immediately centrifuged at 4500 rpm for
30 min, a then filtered through a 0.45 µm Millipore filter
to remove the particles. The filtrate was stored in the dark
for needed analysis.
2.5 Adsorption of Orange I in dark

To investigate the adsorption behavior of pure TiO2
and REE/TiO2 catalysts, a set of adsorption isotherm tests
were performed in the dark. A fixed amount of the adsorbent (0.1 g) was added to 10 mL of Orange I solution with
varied concentrations taken in stoppered glass tubes, which
were agitated for 24 h at 180 rpm in a thermostatic shaker
bath and maintained at a temperature of 25 ±1 oC until equilibrium was reached. At time t = 0 and equilibrium, the
Orange I concentrations of the solutions were measured
by UV-vis spectrometer and the adsorbed amount of Orange I on pure TiO2 or RE3+-TiO2 catalysts were calculated based on a mass balance.
2.6 Analytic methods

To measure orange І concentration of centrifuged
samples, a UV-Vis spectrophotometer (UV-Vis TU-1800,
Purkinje General, Beijing) was used to determine the absorbance of orange І at a wavelength of 481 nm. The absorbance set at 481 nm is due to the color of the dye solution and it is used to monitor the degradation of dye.

3 RESULTS
3.1 Property characterization of catalysts

The XRD patterns of all 1.5% RE3+-TiO2 and pure
TiO2 samples showed that all samples had a similar pattern
dominated by anatase (Figure 1). The relative intensity of
101 peaks were broadened and reduced by rare earth ion
doping. The crystallite sizes of the REE/TiO2 samples were
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calculated using the Scherrer formula (Table 1), from
which it can be found that the crystallite size was reduced
by rare earth ion doping. From Table 1, it can be also observed that there was no obvious difference between pure
TiO2 and REE/TiO2 powders in terms of the lattice parameters ‘a’ and ‘c’, which indicates that rare earth ions
do not enter the lattice of anatase. It was concluded that
rare earth ion doping could hinder crystal transformation
and decrease crystallite size. The decreased crystallite size
resulted from rare earth ion doping further lead to relatively larger surface area (Table 1).

3.2 Analysis of diffuse reflection spectra (DRS)

To study the optical absorption properties of the catalysts, DRS in the range of 200-900 nm were investigated,
and the results are shown in Figure 2. The results show
that pure TiO2 had no adsorption in the visible light region (> 400 nm) whereas 1.5% REE/TiO2 catalysts displayed a wide absorption band or adsorption peak in the
visible light region. The light adsorption abilities with red
shifts to the visible range were obviously owned by TiO2
doped with each of the rare earth elements. The absorption and red shifts of the catalyst were attributed to the
charge-transfer transition between the rare earth ion f electrons and the TiO 2 conduction or valence band [1, 18].
Moreover, with the increased content of rare earth elements, the absorbance of catalysts for visible light would be
accordingly increased [19].
3.3 Adsorption isotherms of orange I on REE/TiO2

FIGURE 1 - The XRD patterns of pure TiO2 and1.5% REE/TiO2
catalysts.

Adsorption of pollutants on the semiconductor surface is an important parameter in heterogeneous photocatalysis in affecting the degradation rates of the target pollutants. A set of isothermal adsorption experiments was carried out to evaluate the adsorption equilibrium constants
and the extent of saturated adsorption. The isothermal adsorption curves of Orange I on different REE/TiO2 catalysts are shown in Figure 3. The adsorption equilibrium
constants (Ka) and the maximum saturated adsorption (Qmax)
obtained from the adsorption experiments were fitted to the
linear form of the rearranged Langmuir equation as follows:

Ce
C
1
=
+ e
Qe K a Qmax Qmax

FIGURE 2 - The UV-vis diffuse reflectance spectra of TiO2 and
REE/TiO2 catalysts.

(1)

A plot of Ce/Qe versus Ce furnished a straight line and
the Langmuir adsorption parameters were obtained from
the slope and intercept of the line (Table 2). The results
show that the adsorption equilibrium constants (Ka) and
the maximum saturated adsorption (Qmax) of Orange I in
all REE/TiO2 samples were obviously higher than that with
pure TiO2, in which Ka was obtained to be 14.96×103 L/mol
and Q max of 10.89×10-6 mol/g. Among the REE/TiO2
photocatalysts with different rare earth, catalyst of 1.5%
Ce/TiO2 showed the highest maximum saturated adsorption Qmax (43.1×10-6 mol/g) and highest adsorption equilibrium constant Ka (39.33×103 L/mol). With the different
doped rare earth elements, the Ka and Qmax increase in the
order of Ce3+ > Sm3+ > Eu3+> Nd3+> Gd3+ > Er3+.

TABLE 1 - Crystal parameters of different catalysts with REE dosages of 1.5%.

Structure type
Crystallite size(nm)
Lattice parameter a (nm)
Lattice parameter c (nm)
101 peak relative intensity
BET surface area (m2/g)

Pure TiO2
Anatase
30.3
0.380
0.956
473
73.42

Eu/TiO2
Anatase
12.8
0.382
0.960
324
105.85

Ce/TiO2
Anatase
16.6
0.382
0.960
354
109.87
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Nd/TiO2
Anatase
13.3
0.381
0.964
322
105.28

Er/TiO2
Anatase
15.4
0.382
0.960
343
102.95

Gd/TiO2
Anatase
10.4
0.381
0.960
345
104.72

Sm/TiO2
Anatase
17.3
0.380
0.954
352
106.93
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FIGURE 3 - Adsorption isotherms of Orange I on pure TiO2 and REE/TiO2 catalyst: (a) Gd/TiO2, (b) Sm/TiO2, (c) Eu/TiO2, (d) Nd/TiO2, (e)
Er/TiO2, (f) Ce/TiO2.

TABLE 2-Langmuir adsorption equilibrium constant (Ka) and saturated adsorption amount (Qmax × 10-6 mol/g) for Orange I on REE/TiO2
catalysts doped with 1.5% REEs.
Catalysts
Pure TiO2
Eu/TiO2
Ce/TiO2
Nd/TiO2
Er/TiO2
Gd/TiO2
Sm/TiO2

Ka (103 L/mol)
14.96
26.86
36.14
20.04
15.34
18.51
33.31

Qmax (10-6 mol/g)
10.89
20.12
43.10
20.80
14.35
12.72
14.95

R2
0.973
0.988
0.972
0.943
0.975
0.979
0.995

FIGURE 4 - The photoreaction kinetic constant kr vs dosages of doped rare earth elements in TiO2 under (a) UV light and (b) visible light.
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3.4 Evaluation of photocatalytic activities of the REE/TiO2

The photocatalytic activity of REE/TiO2 and pure
TiO2 catalysts were evaluated under UV light and visible
light. A set of experiments were conducted with 1.0 g/L
REE/TiO2 and 0.06 mM Orange I. To study the kinetics of
Orange I photocatalytic degradation in the aqueous suspension, we applied the Langmuir-Hinshelwood (L-H) model
to describe the experimental data as follows:

−

K aC
dC
= kr
dt
1 + K aC

(2)

Where (-dC/dt) is the photo-degradation rate of Orange I, kr is the reaction rate constant, and C is the concentration of Orange I in the solution. Ka is the adsorption
coefficients that obtained from equation (1), and t is the
reaction time. The results with UV or visible light irradiations are shown in Figure 4(a) and Figure 4(b), respectively.
From the results we can see that the photocatalytic activities
of REE/TiO2 with different rare earth elements were all
significantly higher than that with pure TiO2 under both
UV light and visible light. The photocatalytic activity of
REE/TiO2 for Orange I degradation under both UV light
and visible light irradiation was enhanced with the increase of REEs dosages initially, but decreased while the
REEs content reached a certain higher level. Obviously,
REE/TiO2 with 1.5% of REEs achieved the best photocatalytic performance for Orange I degradation. Among the
different doped REEs Ce/TiO2 showed the lowest photocatalytic efficiency for Orange I degradation, which was
just the reverse that Ce/TiO2 possessed the highest adsorption ability.
4 DISCUSSION
The ionic radii of Sm3+, Ce3+, Er3+, La3+, Nd3+, and Gd3+
are 0.96, 1.03, 0.89, 1.01, 1.15, 0.99, and 0.94 A°, respectively, which are much larger than that of Ti4+ (0.68 A°) [1].
There was no obvious difference of the lattice parameter
‘a’ and ‘c’ between the pure TiO2 and REE/TiO2 powders
from XRD analyses, which indicated that these rare earth
ions did not enter into the lattice of TiO2 to replace the
Ti4+ ion. Xu et al. [1] proposed that rare earth salts were
changed to rare earth oxides during the calcination processing, and these oxides were uniformly adsorbed on the
surface of TiO2 and may favor separating the charge carriers efficiently. Moreover, Ti4+ ion could be substituted
by rare earth ions in the lattice of rare earth oxide to form
tetrahedral Ti sites, which created a charge imbalance.
Therefore, more hydroxide ions would be adsorbed on the
surface for charge balance. These hydroxide ions on the
surface can accept holes generated by UV irradiation to
form hydroxyl radicals [20]. Therefore, the photo-induced
charge carrier recombination can be restrained.
DRS spectra of REEs doped catalysts show that the
range of photo-response increases and there exist red shifts

in the doped samples, and the degree of red shift is different. As shown by Fig. 2, optical adsorption peak of Er3+doped sample, Pr3+-doped sample, Nd3+-doped sample,
and the largest red shift of Ce3+-doped sample were observed, which were attributed to the transitions of 4f electrons of REE3+ [21-23]. It is well known that the photocatalytic activities of the photocatalysts are strongly depended
on the better adsorption of organic substrate and the improvement of the interfacial charge transfer reaction [1].
Interfacial charge transfer possible occurs only when the
donor or acceptor is pre-adsorbed before the photocatalytic
reaction. The preliminary adsorption of the substrates and
the amount of adsorbed substrates are very important prerequisites for highly efficient degradation. From the above
results, we can find that all doped catalysts showed the
stronger adsorption capacities than pure TiO2. The enhanced
adsorption capacities of REE/TiO2 were resulted from the
change of the physical or chemical properties of the catalysts owing to rare earth ion doping, among which the
surface area was found to be the key factor that determining the adsorption ability. As shown in our results, with the
doped different rare earth elements, the Ka and Qmax increased in the same order with that of surface area of Ce3+
> Sm3+ > Eu3+> Nd3+> Gd3+ > Er3+.
The smaller crystal size and larger specific surface area
of REE/TiO2 catalysts would be beneficial to achieve better
adsorption of Orange I on catalysts in the aqueous suspensions. Moreover, it was reported that lanthanide ions could
complex with azo dyes to form solid complexes [24, 25].
Thus, there might be another important enhancement
mechanism for the adsorption of Orange I on REE/TiO2
by forming a chemical complex between REEs and Orange
I in the aqueous suspension. The transitions of 4f electrons
of REEs led to the enforcement of the optical adsorption of
catalysts and favored the separation of photo-generated
electron-hole pairs. In addition, the red shift of the optical
adsorption edge of TiO2 by rare earth ion doping was
helpful in improving the visible light photocatalytic activities of doped TiO2. Therefore, the transitions of 4f electrons
of REEs and red shifts of the optical adsorption edge of
TiO2 by rare earth ion doping and dye sensitization both
enhanced the visible light photocatalytic activities of
REE/TiO2. From Figures 2 and 4, it can be found that the
REE/TiO2 with the relative higher red shift extent obtained the higher photocatalytic degradation rates of Orange I.
One interesting point among the different REEs doped
TiO2 was that Ce/TiO2 catalysts showed the highest adsorption capacities among all the REE/TiO2 with different
REEs, while the same catalyst of Ce/TiO2 possessed the
relatively low photocatalytic efficiency for Orange I degradation, which might be ascribed to that the over strong
absorption of Orange I on Ce/TiO2 covered most of the
catalyst, and the contact between light and catalyst would
be inhibited so as to decrease the photocatalytic efficiency.
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5 CONCLUSIONS
In conclusion, REE/TiO2 doped with rare earth ions in
TiO2 could stabilize thermally anatase phase of TiO2 and
inhibited the increase of the crystallite size, so as to significantly increase the adsorption amounts of orange I on
the photocatalysts. The transitions of 4f electrons of REEs
and the red shift of the optical absorption edge of TiO2
after being REE doping were important for enhancing the
photocatalytic activities for Orange I degradation under
visible light. The photocatalytic degradation rates of orange I under both UV light and visible light radiation
were obviously increased in REE/TiO2 compared with
pure TiO2, The highest photocatalytic activity for Orange
I degradation was obtained when with 1.5 wt% of doped
REEs, which was attributed the most separation efficiency
of the charge carriers at this doping dosage. Sm3+ doped
TiO2 obtained the highest activity for Orange I degradation, while Ce3+ doped TiO2 obtained the lowest efficiency, among all the investigated REEs doped samples. The
activity differences were ascribed to the change of the
amount of surface hydroxyl groups resulting from the
interaction between the rare earth oxides and titania.
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ABSTRACT
Effect of priming by 17β-estradiol (E2) and
nonylphenol (NP) on vitellogenin (VTG) synthesis was
studied in the Mozambique tilapia, Oreochromis mossambicus. The vitellogenic response to secondary E2 and NP stimulation was assessed by VTG production from the cultured hepatocytes of mature males (in vitro) and by VTG
levels in the plasma of fry (in vivo). Amount of VTG in
the culture medium and plasma samples was determined
by enzyme-linked immunosorbent assay. VTG was induced
in the blood circulations of both treatment groups when the
fish were primed with low NP (2.5 mg kg-1) and high NP (25
mg kg-1), but was undetected in control during the experimental period. Addition of NP (10-4, 10-5 and 10-6 M) or E2
(10-5 and 10-6 M) to media resulted in VTG synthesis in
the hepatocytes of the low NP but not in those of the high
NP and control in vitro experiment. Higher VTG induction was observed in the plasma of fry tilapia, which were
immersed twice in NP solution (5 mg L-1) than once. The
vitellogenic response was enhanced when the fish were
secondarily immersed with NP after 80 days. These results
suggest that the primary exposure of estrogenic compounds
boosted the response of VTG induction after secondary
exposure.

that male and immature fish are also susceptible to estrogenic compounds, resulting in the production of VTG.
Dichlorodiphenyl trichloroethane (DDT, organochlorine
pesticide), nonylphenol (NP, surfactant), bisphenol-A (plasticizer), ethynylestradiol (contraceptive), and soy genistein
(phytoestrogen) are well known xenoestrogens or endocrinedisrupting chemicals (EDCs) [2-5]. Estrogenic activity of
those compounds is expressed by binding to the estrogen
receptor (ER) [6]. Therefore, detection of VTG appearing
in male and immature fish has been used as a useful biomarker for exposure to exogenous estrogens [7-9]. For
many years, surface waters have been shown to be contaminated by EDCs, which can cause adverse effects on human
and wildlife growth, development, and reproduction [10,
11]. Those effects of estrogenic compounds are believed to
be mediated through their interaction with ER [6].

Vitellogenin (VTG) is a yolk precursor that is produced in the liver under stimulation of estrogens. VTG is
normally detected in the blood circulation of sexually matured female fish. VTG is undetectable in the blood circulation of male and immature fish under physiological conditions, but can be induced by exogenous estrogens [1]. Evidence from both laboratory and field experiments indicate

The induction of hepatic vitellogenesis in male fish
required a preliminary exposure to xenoestrogen or E2 in
rainbow trout, Oncorhynchus mykiss [12], European eel,
Anguilla anguilla [13], channel catfish, Ictalurus punctatus
[6], Atlantic salmon, Salmo salar [14], gilthead sea bream,
Sparus aurata [15], carp, Cyprinus carpio [4], Mozambique tilapia, Oreochromis mossambicus [16], clam,
Ruditapes philippinarum, and crab, Carcinus aestuarii [17]
and Lake Van fish, Chalcalburnus tarichi [18]. These studies indicated that the in vitro synthesis of VTG is an imprint of in vivo estrogenic stimulation. An influence of in
vivo estrogen exposure on VTG synthesis in the subsequently isolated hepatocytes is evident from priming studies, where intact fish receives estrogen exposure before cell
isolation [19]. A rapid and greater magnitude of the secondary induction of vitellogenesis has been described in
amphibians [20], aves [21] and teleosts [4, 6, 13, 22].
While VTG was induced in the blood of male fish from
primarily injection with exogenous estrogen, the hepatocytes
were assayed for the secondarily xenoestrogen exposure in
the experimental conditions of all above. In the present
study, however, VTG was not induced in the blood of
male tilapia when the hepatocytes assay was performed.

* Corresponding author

The aim of the present study is to determine effect of
priming with xenoestrogens on VTG synthesis in vitro

KEYWORDS: vitellogenin, xenoestrogen, tilapia, hepatocyte,
primary response, secondary response

1 INTRODUCTION
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and in vivo. Mature male and fry tilapia were primed with
NP and reared under natural conditions without contamination until plasma VTG returned to undetectable levels.
Secondary response to xenoestrogen exposure was assessed
by in vitro secretion of VTG in the culture medium for the
mature male tilapia and in vivo induction of VTG in the
blood circulation for the fry tilapia.
2 MATERIALS AND METHODS
2.1 Fish

Adult male Mozambique tilapia, Oreochromis mossambicus (300–600 g in body weight) were obtained from
the freshwater river in the Okinawa Prefecture, Japan,
using the cast net. The fish were acclimated to polystyrene tanks, 1 ton capacity each, in freshwater with an
aeration system for 2 weeks prior to starting the experiments at the Sesoko Station, Tropical Biosphere Research
Center, University of the Ryukyus, Okinawa, Japan. Onethird of water was changed everyday. They were fed daily
with a commercial tilapia pellet (Zenno, Tokyo, Japan).
All experiments were conducted in compliance with
the Animal Care and Use Committee guidelines of University of the Ryukyus and with the regulations for the
care and use of laboratory animals in Japan.

ture. The perfusion was continued with hepatocyte buffer
containing collagenase (Wako Pure Chemicals) at a concentration of 0.3 mg ml-1 for 10 min. The liver was aseptically minced with stainless-steel blades and filtered through
200 and 50 µm nylon meshes. Cells were collected in a
buffer, centrifuged at low speed and washed three times in
hepatocyte buffer containing 1.5 mM CaCl2. The viability
of cells was determined by the trypan blue dye exclusion
method. The remaining of cells was re-suspended in 6multiwell plates (Falcon; Becton Dickinson, Franklin Lakes,
NJ) with Leibovitz-15 culture medium (Sigma-Aldrich,
St. Louis, MO, USA) containing 5 mM NaHCO3 and supplemented by penicillin (70 mg ml-1), polymixin B (50 mg
ml-1) and amphotericin (2.5 mg ml-1). Cells were incubated at 25°C under atmospheric air with saturated humidity.
The media were replaced every 2 days until the monolayer formation is maintained 6 days after culture. Cells were
daily checked by visual inspection under microscope.
Cells were subsequently exposed to estradiol-17β (E2;
10-5, 10-6 and 10-7 M) and NP (10-3, 10-4 and 10-5 M) while
refreshing the culture medium sixth day after isolation. E2
and NP were dissolved in pure ethanol, adjusted to 1M
and diluted with ethanol to necessary concentrations. The
media were collected from the plates at 12, 24, 48 and 96 h
and stored at 4°C for short time period. Subsequent media
changes and chemical re-exposes occurred at 48 h interval
for additional 2 days.

2.2 In vitro experiment

Nonylphenol (NP, Wako Pure Chemicals, Osaka, Japan, Lot No: HCN9822) was dissolved in ethanol. After
anesthetization with 100 mg L-1 2-phenoxyethanol (Kanoto Pure Chemicals, Tokyo, Japan), NP was injected into
males (n = 10) intraperitoneally at two concentrations of
2.5 mg NP kg-1 and 25 mg NP kg-1 body weight. The
effect of NP injection on the induction of VTG in male was
assessed by comparing it to that in ethanol-injected controls. The fish were kept in the tanks for two months with
running freshwater.
On days beginning from 0 to 50 for every 10 days,
blood samples were collected from the caudal vein with a
heparinized needle and syringe. After collection, each sample was centrifuged at 5000 x g for 10 min. Plasma were
separated from blood and stored at -80°C until analysis.
Fish were sacrificed and their hepatocytes were cultured in vitro according to Takemura and Kim [23]. All
glassware and instruments were autoclaved before use
and solutions were sterilized by filtration (0.22 µm). Fish
were anaesthetized in 0.05% 2-phenoxyethanol, sacrificed
and cleaned sequentially with 70% ethanol prior to perfusion. The liver was then carefully removed by cutting from
near the cloaca to the heart and placed on a sterile culture
plate. Three micro cannula-tube were inserted into the hepatic vein and connected to the peristaltic pump with a flow
rate of 2.5 ml min-1. Perfusion was performed with Ca2+free hepatocyte buffer (136.9 mM NaCl, 5.4 mM KCl,
0.81 mM MgSO4, 0.44 mM KH2PO4, 0.33 mM Na2HPO4,
5.0 mM NaHCO3, pH 7.6) for 15 min at room tempera-

2.3 In vivo experiment

One-month-old fry Mozambique tilapia (1-2 g in body
weight, 2-3 cm in length) were collected from adult stock
tank at the Sesoko Station. Fish were randomly divided to
three groups (single exposure, double exposure and control, n = 100), placed into 50 L glass aquariums and acclimated for a week prior to the start of the experiment in
the laboratory. Each aquarium was supported by charcoal
filter with aeration. All fish were transferred to aerated
treatment units at day 0. Before stocking them to units,
only double exposure group, for the first time, exposed
with 5 mg L-1 NP for 24 h. Since NP was dissolved in
pure ethanol and adjusted to the desired concentration,
single exposure and control groups received only the
same volume of ethanol (solvent solution for NP) at the
same duration. After exposure, they were transferred back
to aquariums and cultured for 80 days. Fish were maintained at 27 ± 1°C and fed daily with a fry feed (C1000,
Zen-no, Japan).
Eight fish were then sampled at days 0, 1, 3, 7, 14 and
28 from the each group. In each sampling day, eight fry
were individually transferred into 1 volume (w/v) of a
medium containing 100 IU ml-1 heparine with 150 mM
NaCl and 0.01% 2-phenoxyethanol (Kanto Chemical Co.,
Inc, Japan) in a cell culture plate. After the fry were
slightly anaesthetized, their tails were cut while in the
medium with a scalpel and left the bleeding. The medium
was collected after the bleeding ceased, centrifuged at
5000 x g for 5 min and the supernatant fluid was stored at
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-20°C for the VTG analysis. Blood collection procedure
was done with minor modifications, according to the methods of Takemura and Takano [24]. Since no true blood
could be taken from that size of fish, total protein was also
measured from the medium. The protein concentration in
the medium was determined according to the Bradford
method using bovine serum albumin as a standard [25].
The double exposure group, for the second time, and
single exposure group, for the first time, exposed with 5
mg L-1 NP for 24 h at day 80. Ethanol exposure was also
applied second time to control group. By the end of the
80-day experiment, the fingerlings grew to 21.5 g average
weight. Therefore blood was sampled directly by the
puncture of the heart with the help of syringe after anaesthetizing them with 0.05% 2-phenoxyethanol. The blood
samples were then centrifuged at 5000 x g for 5 min and
the plasma was stored at -20°C for the VTG analysis.

dows, Version 15.0) and multiple comparisons were made
using Duncan’s Post Hoc test.
3 RESULTS AND DISCUSSION
The effect of single NP injection with low (2.5 mg kg-1)
and high (25 mg kg-1) doses on induction of VTG in male
tilapia plasma is shown in Figure 1. Both doses of NP
induced vitellogenin with lower dose being more effective
than the higher dose. No VTG was detected in the ethanolinjected males over the experimental period. Plasma VTG
levels peaked at day 20 following NP injection and gradually decreased reaching undetectable levels by day 50.

2.4 Enzyme-linked immunobsorbent assay

VTG measurement of plasma and medium was determined with a sandwich enzyme-linked immunobsorbent
assay (ELISA) using polyclonal tilapia VTG antibody and
purified VTG protein for the tilapia. VTG antibody and
protein were previously purified by Dr. Takemura at the
Department of Biology at the University of the Ryukyus.
The ELISA protocol was similar to that described in detail by Takemura and Kim [23]. Anti-tilapia VTG antibody for coating, purified VTG for standards and horseradish peroxidase anti-tilapia VTG for conjugation were
used for the ELISA. Briefly, to measure the VTG from
the medium, the plates were washed thrice at each step
with 0.01 M phosphate-buffered saline containing 0.05%
Tween 20 using a plate washer type 1575 (Bio-Rad, Hercules, CA, USA). Color development was obtained in each
well by adding 0.1M citrate buffer containing o-phenylenediamine dihydrochloride (Sigma) and 0.04% H2O2. The
reaction was stopped by the addition of 2N H2SO4 to the
wells. Absorbance of each well was measured at 492 nm
using a plate reader model 550 (Bio-Rad).

FIGURE 1 - Effect of NP injection on induction of VTG in the
plasma of male tilapia on days after NP injection. Control represents vehicle solution (ethanol) injection. Values were expressed as
mean ± SEM (n = 5). All means are significantly different (P<0.05)
among treatment except day 0 and 50.

2.5 Statistical analysis

The liver of the fish was subjected to primary hepatocyte culture while VTG was not induced in the blood
within all experimental groups. In the case of the hepatocytes from the control fish (ethanol-injected males), VTG
was only induced in the culture medium when E2 was
added to the medium at concentrations of 10-5 and 10-6 M
(Table 1). NP, however, did not affect the hepatic VTG
synthesis in any tested concentrations (10-3, 10-4 and 10-5
M) in this group.

The VTG concentrations in the culture media was
represented as a relative value to the average concentration obtained from related group in vitro experiment. The
effect of various treatments upon mean VTG concentrations was analyzed by one-way ANOVA in SPSS® (Win-

Table 2 shows VTG induction in the low dose NPinjected fish hepatocytes. VTG induction resulted higher
and faster than control group (ethanol-treated hepatocyte)
after treating with E2 at all concentrations except 10-5 and
10-6 M at 48 h and 10-6 M at 96 h (Table 2). Its response

TABLE 1 - Effect of E2 doses on the induction of VTG in the medium of primary cultured hepatocytes from vehicle solution (ethanol) primed
male tilapia for 96 h assay period after hormone treatment. VTG was undetectable in culture media when treated with NP doses (10-3, 10-4
and 10-5 M). 0 M represents solvent solution (ethanol) among the treatment in the hepatocyte culture. Numbers were expressed as relative
value with mean ± SEM (n = 3).
E2 (M)
0
10-5
10-6
10-7

12h
0.000
0.000
0.000
0.000

±
±
±
±

24h
0.000
0.000
0.000
0.000

0.000
0.337
0.387
0.000

±
±
±
±

48h
0.000
0.065
0.043
0.000
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0.000
1.303
1.911
0.000

±
±
±
±

96h
0.000
0.207
0.379
0.000

0.000
2.361
1.702
0.000

±
±
±
±

0.000
0.063
0.031
0.000
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TABLE 2 - Effect of E2 and NP doses on inductions of VTG in the medium of primary cultured hepatocytes from 2.5 mg NP kg fish-1 primed
male tilapia for 96 h assay period after hormone treatment. 0 M represents solvent solution (ethanol) among the treatment in the hepatocyte
culture. Numbers were expressed as relative value with mean ± SEM (n = 3). All means are significantly different (P<0.05) from the vehicle
solution (ethanol) primed male tilapia, except indicated with *.
E2 (M)
0
10-5
10-6
10-7

12h

24h

48h

0.000
0.023
0.131
0.000

±
±
±
±

0.000
0.007
0.029
0.000

0.000
0.808
0.826
1.081

±
±
±
±

0.000
0.117
0.078
0.123

0.000
1.448
1.627
2.361

±
±
±
±

0.000
0.000
0.000
0.000

±
±
±
±

0.000
0.000
0.000
0.000

0.000
0.535
0.341
0.000

±
±
±
±

0.000
0.024
0.083
0.000

0.000
2.735
2.395
0.000

±
±
±
±

96h
0.000
0.030*
0.072*
0.115

0.000
1.720
1.417
0.557

±
±
±
±

0.000
0.731
1.264
0.000

±
±
±
±

0.000
0.083
0.009*
0.068

NP (M)
0
10-3
10-4
10-5

0.000
0.378
0.300
0.000

0.000
0.047
0.106
0.000

TABLE 3 - Effect of E2 doses on inductions of VTG in the medium of primary cultured hepatocytes from 25 mg NP kg fish-1 primed male
tilapia for 96 h assay period after hormone treatment. VTG was undetectable in culture media when treated with NP doses (10-3, 10-4 and 10-5
M). 0 M represents solvent solution (ethanol) among the treatment in the hepatocyte culture. Numbers were expressed as relative value with
mean ± SEM (n = 3). All means are significantly different (P<0.05) from the vehicle solution (ethanol) primed male tilapia, except indicated
with *.
E2 (M)
0
10-5
10-6
10-7

12h
0.000
0.000
0.000
0.000

±
±
±
±

24h
0.000
0.000
0.000
0.000

0.000
0.535
0.000
0.000

±
±
±
±

48h
0.000
0.028*
0.000
0.000

seemed to be dose-dependent. When hepatocytes were
exposed to NP in the culture medium, VTG was detected
in the media in higher NP treatment at concentrations of
10-3 and 10-4 M (Table 2). In the case of the high NPinjected fish (25 mg kg-1), VTG synthesis was only induced
in the medium when hepatocytes were treated with E2 at
10-5 and 10-6 M (Table 3). Addition of NP into the
hepatocyte medium could not induce VTG (data not
shown).
Exposure of NP at 10-5 M to the hepatocytes did not
induce VTG in any treatment group. VTG was also not
induced when ethanol, solvent solution for chemicals, was
used in the media of all control group hepatocytes culture
throughout the experiments. When hepatocytes from control (ethanol-injected) tilapias were used, VTG was undetectable in the culture media even with the highest doses
of E2. It is possible that the synthesized and secreted
amount of VTG could be too low to be detected by ELISA.
The double exposure group induced VTG synthesis in
fry tilapia when they were exposed first time to 5 mg/l NP
about two weeks after day 0 (Figure 2A). Fries, however,
did not show any VTG presence in their plasma at single
exposure and control groups when they were immersed
with ethanol only during the observation period (Figure
2A). Fish sampled at day 0 did not show any VTG presence in their plasma in all treatment groups.
Induction of VTG at the second immersion with 5 mg/l
NP after 80 days was significantly higher in double exposure
fry group than single exposure group (first time NP

0.000
1.507
1.770
0.000

±
±
±
±

96h
0.000
0.049*
0.063*
0.000

0.000
1.958
2.229
0.000

±
±
±
±

0.000
0.032
0.122
0.000

immersed) and control (ethanol immersed) (Figure 2B).
Fry remained healthy after immersion with NP and ethanol

FIGURE 2 - Effect of NP (5 mg L-1) immersion on induction of VTG
in the plasma of fry tilapia at the beginning (A) and end of experiment period (B) with single, double exposure and control group.
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Values were expressed as mean ± SEM (n = 8). Different letters indicate statistical differences at P<0.05 among the treatment groups in
each sampling day.

throughout the experiment and no mortality was observed
in any treatment groups during 80 days growing period.
In the present in vitro study, the higher mortality was
observed in the group treated with the high-dose of NP
(25 mg kg-1) than the low-dose (2.5 mg kg-1) and control
group. NP at all concentrations also did not induce a hepatic
response following high concentration of NP with intraperitoneal exposure. The lack of VTG induction by high level
NP may be explained by acute toxicity. Cortisol is known to
down-regulate the estrogen receptors (ER) and reduce
plasma VTG levels in fish [26, 27]. Although NP induced
VTG in the plasma in both concentrations, high NPprimed male group probably had very high levels of cortisol under this condition and stress is therefore likely to
have caused no response in hepatic vitellogenesis.
Previous work has demonstrated that NP exerts estrogenic effects in the Mozambique tilapia in vivo [3]. The
VTG induction after exposure to NP in adult male and fry
tilapia in the in vitro and in vivo study is consistent with
its estrogenic effect. VTG was not detected in the plasma
and hepatocytes of the control group (ethanol-injected males
and ethanol-treated fry).
After a long interval between the injection and in vitro
secondary induction, the hepatic vitellogenesis response to
xenoestrogens is faster and higher with all E2 doses especially at first 24h and NP doses, except 10-5 M, at all time
period in 2.5 mg NP kg-1 treated male tilapia. This result
corroborated the finding of Vaillant et al. [12] that the
primary stimulation with estrogen induced higher vitellogenesis in the secondary stimulation in the primary culture
of rainbow trout hepatocytes. In vivo experiment with fry
tilapia also showed that the vitellogenic response in the
secondary immersion was much higher than response in
the primary immersion. Similarly, repeated pretreatment
of rainbow trout with estrone elevated plasma VTG level
in vivo situation [28]. The response of eel hepatocytes to
E2 during the culture under prolonged E2 stimulation and
induction of plasma VTG in the flounder in relation to
NP-priming were suggested as de novo synthesis by the
increase of VTG amount [29, 30]. These findings are consistent with our data which indicated the estrogenic effect
of secondary NP exposure measured by de novo induction
of the VTG in the male and fry tilapia.
The induction of male tilapia vitellogenesis in vitro requires a preliminary exogenous estrogen-priming via injection, contamination or feeding. For example, the stimulation of hepatic VTG primed by E2 injection [3], E2 or o,p’DDT injection [2] or EDCs contamination [31, 32]. On
the other hand, Davis et al. [33] reported the stimulation
of plasma VTG primed by E2 feeding with enriched diet.
In these observations, VTG was undetectable from tested
male tilapia when the exogenous estrogen was absent in
the blood, in the hepatocytes medium or in the tested environment. VTG was only induced and stimulated in the

blood and hepatocytes medium after E 2 or any EDCpriming. Those exogenous primers must be present right
before VTG induction. However, in the first part of this
study, in vitro experiment, we demonstrated that the effect
of exogenous estrogen on the VTG induction in the blood
was not present right before hepatocyte culture (Figure 1).
Hepatocytes were only stimulated secondarily in the medium
by adding xenoestrogen, i.e., E2 and NP, during culture.
The data of the secondary xenoestrogen stimulation
on male and fry tilapia provided both in vitro and in vivo
support for the memory effect hypotheses originally developed from in vitro experiments. Since E2 induction is
up-regulated by ER which is highly related to enhanced
VTG synthesis in oviparous vertebrates including many
fish species [21], it has been hypothesized that ER induction is responsible for the memory effect in estrogenprimed blue tilapia, Oreochromis aureus [34], channel
catfish, Ictalurus punctatus [6], common carp, Cyprinus
carpio [4] and river lampreys, Lampetra fluviatilis [35]. The
primary exposure to E2 and NP increased the number of
estrogen binding sites compared to control in rainbow
trout, eel and catfish in vivo experiments, respectively [5,
36, 37]. The enhancement of VTG synthesis could be that
primary treatment with NP at a low dose up-regulates the
ER. Therefore, subsequent exposure of NP to NP-primed
male TLP-HEP or fry tilapia would induce vitellogenesis
to a greater level than without primary exposure.
4 CONCLUSION
We provide, for the first time, an evidence for the
memory effect that primary exposure to xenoestrogen enhances the VTG production in response to secondary exposure without current induction of VTG in male TLP-HEP
and fry plasma as a combination of in vitro and in vivo
experiments. On the basis of this finding, it was suggested
that high VTG synthesis in male and fry fish was due to
the secondary exposure of xenosestrogenic environmental
contaminants. Therefore, additional exposure to environmental estrogens may have a bio-accumulative potential
and induce susceptibility to estrogenic activity in aquatic
environment.
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RELATIONSHIPS BETWEEN TOTAL
DISSOLVED GAS AND DISSOLVED OXYGEN IN WATER
Qian Ma, Ran Li*, Jingjie Feng and Lele Wang
State Key Laboratory of Hydraulics and Mountain River Engineering,
Sichuan University, 24#, South Section No. 1, Yihuang Rd., Chengdu 610065, P.R. China

ABSTRACT
Supersaturated dissolved gas can cause gas bubble disease in fish, potentially increasing their mortality. Previous
studies have indicated that total dissolved gas (TDG) has a
more serious impact on fish than other dissolved gases, such
as dissolved oxygen (DO) or dissolved nitrogen. However,
for many reasons, dissolved oxygen (DO) concentrations
are generally used as a proxy for determining total dissolved
gas (TDG) concentrations. Here, the relationships between
TDG and DO concentrations are discussed relative to laboratory experiments and field TDG concentrations
downstream of the dam projects in China. The relationship between TDG and DO varied with time and space,
and no clear or fixed relationship was observed between
TDG and DO. Therefore, using DO concentrations to
predict TDG supersaturation may result in large errors, and
it is thus not appropriate to use DO concentrations as a
predictor of TDG concentrations.

KEYWORDS: dissolved gas; total dissolved gas; dissolved oxygen; field observation

1 INTRODUCTION
The supersaturation of dissolved gases in the discharge
from dams can cause gas bubble disease in fish, potentially
killing them. Indeed, the supersaturation of dissolved gases
and their subsequent effects on fish are becoming serious
concerns because more dams are being constructed [1].
Many studies have been conducted regarding the
pathogenic impacts of bubble disease. For example, total
dissolved gas (TDG), dissolved nitrogen, and dissolved
oxygen (DO) concentrations have been studied, with the
results indicating that these factors can negatively affect
fish. However, the degree of injury from these gases var* Corresponding author

ies. For example, Person et al. [2] discovered that rainbow
trout could survive for 10 days in water with a DO saturation of 220%; the same conclusion was reached by Barret
and Taylor [3] and Höbe et al. [4]. Rocker [5] reported that
TDG had the greatest influence, followed by dissolved
nitrogen and DO that indicated TDG had a more significant effect on fish. Accordingly, TDG concentrations should
be considered when studying supersaturated dissolved gases
downstream of hydropower dams.
Gas bubble disease due to elevated dissolved gas concentrations was first observed in 1906. In the 1960s, research regarding supersaturated dissolved gases from hydroelectric dam spillway discharge was triggered by an
event that was observed in the Columbia River System [6].
Supersaturated TDG studies were initiated relatively early
in the United States [7], and many research has been carried out to study the effects of TDG supersaturation on
fishes [8, 9]. TDG studies in China did not begin until the
late 1980s, and these studies mainly focused on dams
with a height of less than 100 m. Although some
achievements have been made regarding the TDG generation and dissipation processes, affecting factors, empirical prediction formulas, and numerical simulation models [10, 11], such techniques are still in development.
Due to this lack of progress and scarcity of devices to
measure TDG, DO is typically used as a proxy for determining TDG concentrations. Thus, many research
studies have only addressed DO supersaturation. Chen et
al. [12] analyzed the relationships between the downstream
DO, water depth, and flow rate using prototype observation data from Three Gorges Dam.
Furthermore, research on the relationships between
TDG and DO concentrations is limited to date, and the
rationality and feasibility of substituting DO concentrations
for TDG concentrations or for relating these two concentrations must be considered. Previously, Li et al. [13] indicated that no fixed relationships occurred between TDG and
DO concentrations during dissipation in laboratory experiments.
This research systematically discussed the relationships between TDG and DO concentrations based on field
observations of dam projects in China and laboratory
experiments.
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2 MATERIALS AND METHODS
2.1 Devices of TDG and DO measurement

The characteristics of the DO and TDG measurement
devices that are widely used in China are provided in
Table 1 and Table 2. Compared to TDG measurement
devices, DO measurement devices feature a faster response
time and better stability. In addition, multiple types of DO
measurement devices are available in practical monitoring. Thus, many researchers have attempted to determine
the relationships between TDG and DO concentrations,
and these comparisons have been used to determine TDG
concentrations from DO concentrations and to compare
their concentrations to evaluate and predict TDG concentrations in the discharge from high dams. However, the
rationality and feasibility of this approach remains theoretical and requires additional research.

ter, tap water, and a natural river, were monitored to explore the relationships between TDG and DO. The TDG
and DO saturation levels in the water were measured
using a Oxi3210 DO probe and an ITRACKER, respectively.
(2) Laboratory experiments

Sichuan University conducted a series of experiments
to study the production and release of supersaturated
TDG. The TDG and DO concentrations in sediment-laden
flow were measured [14]. The experimental setting is
shown in Fig.1. The experimental open channel which is
made of organic glass is 18m in length, 0.15m in width
and 1m high. TDG Supersatured Water is generated by
the autocave which is shown in Fig.2. The TDG and DO
saturation levels in the water were measured using an
Oxi3210 DO probe and an ITRACKER, respectively.

2.2 Observation methods in different water bodies

water inlet

To study the relationships between TDG and DO in
different water bodies, monitoring of normal water bodies, laboratory experiments and a series of field observations downstream of dam projects were launched in the
paper.

water oulet

air inlet

(1) Monitoring of different kinds of normal water bodies

air compressor

TDG and DO saturation in different kinds of normal
water bodies, including an artificial lake, demonized wa-

FIGURE 2 - Autoclave for generating TDG supersaturated water

TABLE 1 - Characteristics of DO measurement devices
Device name

Operating principle

Saturation degree range (%)

Sensitivity (%)

Response time (s)

Oxi3210
LDO
YSI5200A
YSI6600V2

Film-electrode method
Fluorescence method
Film-electrode method
Optical method

0 - 200
0 - 200
0 - 500
0 - 500

±0.50
±0.05
±2.00
±0.10

10
90
17
5

TABLE 2 - Characteristics of TDG measurement devices
Device name

Operating principle

Saturation degree range (%)

Sensitivity (%)

Response time (s)

YSI5200A
ITRACKER
TDG Sensor

Pressure stress method
Pressure stress method
Pressure stress method

0 - 500
0 - 200
0 - 200

±2.00
±1.00
±1.50

17
560
300

water tank
air compressor
downstream observation section

upstream observation section
valve

flow direction
autoclave

17m
18m

underground pool

FIGURE 1 - Sketch of experiment facility of supersaturated TDG and DO in open channel
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Changsha

Guiyang

FIGURE 3 - Field observation projects’ locations

TABLE 3 - Characteristics of the dam projects used for field observation
Maximum dam
height (m)
Etran
Yalong River Concrete hyperbolic arch dam 240
Zipingpu
Minjiang River Concrete deck rock-filled dam 156
Manwan
Lancang River Concrete gravity dam
132
Dachaoshan Lancang River Roller-compacted concrete dam 110
Tongjiezi
Daduhe River Concrete gravity dam
79
Three Gorges Yangze River Concrete gravity dam
185
Gezhouba
Yangze River Concrete gate dam
47
Project

River

Dam type

(3) Field observation downstream of high dams

Since 1996, Sichuan University has conducted a series of field observations of TDG and DO concentrations
in the discharge flow from high dams. The locations of
these observations are provided in Fig. 3, and the characteristics of these projects are listed in Table 3. The energy
dissipation of the Ertan, Zipingpu, Manwan, and Three
Gorges dams are of the ski-jump type, whereas the energy dissipation of the Tongjiezi and Gezhouba dams
shows underflow properties.
During the field observations, the TDG and DO saturation levels, water depth, and water temperature were
measured at each site. The TDG and DO saturation levels were measured using a YSI6600 DO probe and an
ITRACKER, respectively;.
3 RESULTS AND DISCUSSION
3.1 Monitoring results of different kinds of normal water bodies

TDG is a gas mixture with the same composition as atmospheric gas, which is a mixture of nitrogen, oxygen, argon, carbon dioxide, and other gases [6]. The partial pressures of the atmospheric gases present in TDG are approximately 78% nitrogen, 21% oxygen, 0.94% noble gases,
0.03% carbon dioxide, 0.03% other gases and impurities.
Oxygen is a biologically active gas, and the saturation
level of dissolved oxygen in water varies with water qual-

Release structure
Surface, middle, and bottom discharge orifices, discharge tunnel
Discharge tunnel, spillway
Surface and middle discharge orifices, discharge tunnel
Surface and bottom discharge orifices
Discharge tunnel
Surface and bottom discharge orifices
Sluices

ity, which is generally defined by chemical, physical and
biological variables [15]. In contrast, nitrogen, noble
gases, and other gases are biologically inert and are not
consumed in water. The monitoring results from the artificial lake are listed in Table 4. It is observed that the species
and quantity of the plants were different at different monitoring points in the lake, resulting in great differences in
oxygen consumption and reaeration. Thus DO concentration showed large spatial changes while TDG was relatively stable. In addition, Fig. 4 provides the data regarding the
TDG and DO saturation in different water systems. Zhao
et al. [16] studied the spatial distributions of bacterioplankton communities among different lakes in China.
The results indicated that bacterial composition is clustered by the individual living environment. Different organisms have different effects on water quality. Hence, due to
different water quality, aquatic ecosystem and confined
condition of water, large difference between TDG and DO
concentrations in various water bodies exist. These results
show that the saturation level of TDG poorly correlated
with that of DO. Furthermore, the TDG and DO concentrations tend to vary independently.
3.2 Experimental results in laboratory

The saturation levels of TDG and DO were measured
in sediment-laden flow and coal ash water in laboratory. As
inferred from Fig. 5 and Fig. 6, the TDG and DO saturation
in partial sections presented the same trend of change in
the same water body, showing a certain linear correlation;
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however, the relationship was not fixed. Moreover, the
TDG and DO saturation showed different variation patterns in different water bodies. Therefore, no clear or
fixed relationship exists between TDG and DO concentrations.

3.3 Field observation results downstream of high dams

The TDG and DO concentrations varied with temperature: the TDG saturation decreased gradually with increasing of water temperature, whereas the DO saturation
fluctuated (Fig. 7), with the DO saturation fluctuating
more obviously than the TDG saturation.

TABLE 4 - Characteristics of the observations in this study
Monitoring point
1#
2#
3#
4#
5#
6#

Temperature/°C
28.3
29.8
29.2
29.1
29.2
28.7

TDG/%
96
101
95
97
94
92

TDG Level(%)

150

Data Point

130

DO/%
22
26
30
60
37
51

Fitted curve

y = 0.2104x + 85.797
R2 = 0.4359

110
90
0

50

100

150

DO Level(%)
FIGURE 4 - Relationship between TDG and DO concentrations in different water bodies

TDG Level(%)

130
y = 0.471x + 63.865
R2 = 0.8319

120
110

Data Point
Fitted Curve

100
70

80

90
100
DO Level(%)

110

120

130

FIGURE 5 - Relationship between TDG and DO concentrations in coal ash water

TDG Level(%)

140
y = 0.4641x + 67.544
2
R = 0.767

130
120

Data Point
Fitted Curve

110
100
60

70

80

90
100
DO Level(%)

110

120

130

FIGURE 6 - Relationship between TDG and DO concentrations in sediment-laden flow
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Saturation(%)

120
110

TDG

DO

10.5

Temperature

100
90
80
70
60

9.5

8.5

11:24

11:31

11:38

11:45 11:52 12:00
Time

Temprature( ℃)
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12:07 12:14

FIGURE 7 - Relationship between the saturation level and the water temperature downstream of Tongjiezi Dam

Saturation(%)

120

TDG

DO

110
100
90
80
0

1

2
Water Depth (m)

3

4

FIGURE 8 - Relationship between the saturation level and water depth

Saturation (%)

125

TDG

DO

120
、
115
11:45

12:14

12:43

13:12
13:40
14:09
Time
(a) TDG and DO concentrations at Santan Bridge

14:38

Saturation(%)

135
TDG

130

DO

125
120
115

c
9:36

12:00

14:24
16:48
19:12
21:36
Time
(b) TDG and DO concentrations at the confluence of Yalong River and
Jinsha River
FIGURE 9 - Relationship between the TDG and DO concentrations in Jinsha River downstream of Ertan Dam

The inflow water quality has great effect on DO. The
inflow water quality caused sudden changes of DO during
the observation time, which is decreased from 110% to
about 70% in just about half an hour. On the contrary,

concentration of TDG remains relatively stable during the
whole process. It confirms the fact that TDG and DO
have poor relationship.
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TDG Level(%)

Fig. 8 shows the relationships between the saturation
levels and water depths. Although both the TDG and DO
concentrations both decreased with the water depth below
the surface, no fixed relationship was found between them.
The TDG and DO saturation values downstream of
Ertan Dam are given in Fig.9. The observed locations involve the Santan Bridge and the confluence of Yalong River
and Jinsha River. The TDG and DO concentrations varied
similarly with time at the certain observation points; however, the amplitude of the DO fluctuation was significantly
different and greater than that of the TDG fluctuation.
Thus, no fixed relationship was found between the TDG
and DO saturation levels.
Fig. 10 shows curves that relate to the TDG and DO
concentrations downstream of Manwan Dam discharge;
panels (a) and (b) provide the data observed at the ports of
Dachaoshan and Xincun, which are 18 km and 44 km, re-

spectively, downstream of the dam. No significant correlations were found between the TDG and DO concentrations.
Indeed, a comparison of these curves revealed that the
changing trends of TDG and DO were different at different locations and were not consistently related.
3.4 Significance analysis of observation results

The probability value method (P-value method) was
used to analyze the different TDG and DO saturation levels. The significant difference level was set at P<0.05.
The significant differences between the observed TDG
and DO concentrations under different conditions are listed
in Table 5. Except for Ertan, all the projects had significant
differences of less than 0.01, which indicated that the
TDG and DO concentrations were significantly different.
Thus, no clear or fixed relationship between the TDG and
DO saturation levels was identified.

y = 1.024x + 25.931
R2 = 0.8562

120
110

Data Point
Fitted Curve

100
75

80

85
90
DO Level(%)
(a) TDG and DO concentrations at Xincun port

95

TDG Level(%)

123
Data Point
Fitted Curve

118

y = 1.0818x + 14.804
R2 = 0.8894

113
90

95
DO Level(%)
(b) TDG and DO concentrations at Dazhuanwan port

100

FIGURE 10 - Relationship between TDG and DO concentrations in Lancang River

TABLE 5 - Significant differences between the observed TDG and DO concentrations under different conditions
Condition
Natural water
Sediment-laden flow
Coal ash water
Discharge of Zipingpu
Discharge of Ertan
Dazhuanwan port downstream of Manwan
Xincun port downstream of Manwan
Discharge of Tongjiezi
Residue disposal upstream of Three Gorges
Discharge of Gezhouba

Correlation coefficient (R2)
0.44
0.77
0.84
0.80
0.70
0.88
0.86
0.88
0.04
0.80
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Variance test value
(P)
3.30E-06
8.93E-03
3.66E-05
0.00E+00
3.36E-01
4.00E-02
8.43E-02
4.70E-01
0.00E+00
1.97E-01

Significant difference
(P)
2.06E-03
3.03E-03
1.06E-05
2.33E-06
2.37E-01
3.92E-172
8.85E-174
4.17E-02
1.69E-04
3.00E-02
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4 CONCLUSIONS
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AIR-BORNE MICROFUNGUS FLORA DETERMINED
IN THE DIFFERENT UNITS OF THE DEPARTMENT OF
INTERNAL DISEASES, EGE UNIVERSITY HOSPITAL
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ABSTRACT
In the Medical Faculty of Ege University, indoor airborne fungal concentrations and the types of fungi have
been determined in the two parts and the intensive care
unit where patients who are admitted to the Department of
Internal diseases, Department of Endocrinology, Department of Hematology, Department of Immunology, Department of Nephrology, Department of Rheumatology, Department of Oncology, Department of Gastroenterology
and Department of Geriatrics, are treated. For this purpose, air samples were collected in 19 different locations,
each month for 6 months, with the Merck MAS 100.
Upon the identification of isolates obtained from 3,167
microfungus colonies counted, 43 different species belonging to 13 genera were determined. Of them, the most
frequent genera were Aspergillus, Penicillium, Cladosporium and Alternaria. Concentrations of air-borne fungi in
several wards of the intensive care unit ranged between
120 and 2,100 cfu/m3. In another part of wards, fungal
load was found to be between 20 and 2,280 cfu/m3. When
the fungal loads in the intensive care unit and in the other
units were compared, no significant difference was found
(P = 0.266> 0.05). According to the descriptive statistics
kept in April, May and June, there was a large increase in
maximum values compared to the other months.
KEY WORDS:
Hospital environment, airborne fungal flora

1 INTRODUCTION
Exposure to airborne fungal particles leads to respiratory diseases, such as allergic rhinitis, asthma and hypersensitivity pneumonitis. In medical application practices,
* Corresponding author

fungal infections are an increasing problem in immunosuppressed patients, particularly due to AIDS, solid organ
and hematopoietic stem cell transplantation (HSCT), and
cancer treatments. Mortality rate (30-50%) and the costs
of patient care due to opportunistic fungal infections are
high [1-3].
Opportunistic fungal infections develop mainly due to
Aspergillus species, particularly A. fumigatus. The source
of invasive aspergillosis is exogenic. Abundant sporulation, small spore size (2.5-3.5 µm) and the ability to survive in a wide range of temperature allow them to easily
access to pulmonary alveoli [4-7]. However, in recent
years, there has been an increase in this type of fatal infections caused not only by the members of the genus Aspergillus, but also by the members of Zygomycetes and dematiaceous moulds [7, 8].
So far, studies have especially been carried out to determine the fungal spore concentrations, or the presence
of one single species like A. fumigatus in places, such as
intensive care units and/or operating rooms, where patients
are at high risk [2, 3, 6, 9-13]. Recognizing the amount and
types of air-borne fungi is of great importance while obtaining information about the environmental hygiene and
while identifying the types of infections and allergies
caused by fungi. In order to determine the air quality in
different hospital units, conducting of quantitative studies
is also of great importance, while obtaining information
about the epidemiology of other opportunistic pathogens,
especially in these areas.
Therefore, in our study, we aimed to determine indoor
airborne fungal concentrations and types of fungi existing
in the two wards where normal patients are treated, and in
the intensive care unit where high-risk patients who were
admitted to the Department of Internal diseases, Department of Endocrinology, Department of Hematology, Department of Immunology, Department of Nephrology,
Department of Rheumatology, Department of Gastroenterology, Department of Oncology and Department of
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Geriatrics in the Medical Faculty of Ege University, are
treated.

counted after 5 days of incubation at 25 °C, and CFUs
per m3 were calculated.
2.4. Identification

2 MATERIALS AND METHODS
2.1. Sampling areas

This study was carried out in the Department of Internal Diseases, Ege University Hospital, which is located
in the centre of İzmir. The study was conducted at 19 different points in 3 wards in the Department of Internal Diseases. The intensive care unit includes one 14-bed intensive
care room, two agony rooms, one storage room, one utility
room, one staff room, one intern room, ten 2-bed private
patient rooms, one resident room, one examination room,
and one nurses’ room. Air samples were collected from
six different points in the intensive care unit: the intensive
care unit corridor, the intern room, two different points in
the intensive care room, the intensive care private room, the
agony room where terminal patients stay. The 1st internal
diseases service includes one corridor, one storage room,
one ECG room, toilets, one apheresis room, one nurses’
room, one chemotherapy room, eight private patient rooms
where visitors are not allowed, six patient rooms (one with
five beds and five with three beds). In this service, air
samples were collected from the main entrance, the corridor, the apheresis room in which the blood of a donor is
passed through an apparatus that separates out one particular constituent needed and returns the remainder to the
donor’s circulation, the room 18 where six patients stay,
and the room 20 where eight patients stay. The 2nd internal
diseases service includes one corridor, nine patient rooms
(three with 6 beds, one with 1 bed, five with 3 beds), one
kitchen, one dining room, toilets, one nurses’ room, one
head nurse room, one room for doctors on duty, and the
chemotherapy room. In this service, air samples were collected from eight different points: both ends of the corridor,
the chemotherapy room, rooms 24 and 26 where no visitors
are allowed, and rooms 21, 27 and 35 where visitors are
allowed. In the internal diseases service, 761 inpatients
were treated during the study period (141 in January, 112
in February, 143 in March, 117 in April, 130 in May and
118 in June).
2.2. Air sampling

During each monitoring period, air sampling was carried out for the determination of microscopic fungi in the
air. During each monitoring period, 50 L of air were taken
from 19 sites. A Merck MAS-100 air sampler was used
for air sample collection. Samples were taken between
11:00 a.m-13:00 p.m. Air sampling machine was generally located in the center of the room, away from open
windows or doors at 1.40 m above floor level.
2.3. Isolation methods

Rose-Bengal chloramphenicol medium was adopted
for the collection of fungi. The number of CFUs were

The spores of each colony were picked and placed
under the high-resolution microscope for identification of
genus according to references available from Barnett and
Hunter [14].
Cultures were identified to species level using the following literature: Penicillium link species were identified
using colony diameters, macro- and micromorphology
according to the standardised conditions in the monograph
by Pitt [15]. So, Czapek Yeast Extract Agar (CYA), Malt
Extract Agar (MEA), 25% glycerol nitrate (G25N) and
Creatine Sucrose agar (CSN) were used for the cultivation
of Penicillium species. CYA culture was inoculated in
triplicate and incubated at three different temperatures (5,
25, 37 °C) for a period of 7 days in the dark at which time
the colony diameters of all the Penicillium species were
measured.
The identification of Aspergillus species was based on
Klich [16]. The Cladosporium Link and Alternaria Nees
conidia present, and the other structures on the microscope
slides, were identified according to Hasenekoğlu [17].
2.5. Statistical analysis

Time differences were tested for statistical significance by Friedman test. Mann-Whitney U test was used to
compare for units. All statistical analyses were performed
using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL,
USA). Statistical significance was defined as P < 0.05.
3 RESULTS
In our study, the sampling procedure was carried out
each month between January and June, for 6 months. Viable fungi present in the air in different areas of the department of internal diseases were studied. The number of
fungal spores recovered from the air varied from month to
month (Table 1 and Figure 1).
A total of 3,167 fungal colonies in 114 Petri dishes
were counted. All of the colonies were identified to genus
level, and different colonies were isolated from each Petri
dish, and then identified to species level. Some 43 fungal
species could be identified which belonged to 13 genera.
The most prevalent genera were the common moulds; Aspergillus
(5.02±1.08),
Penicillium
(27.86±5.45),
Cladosporium (43.15±6.27), and Alternaria (5.59±1.30)
(Tables 2 and Figure 2). When the genera determined
in the intensive care unit and other units were compared, the difference was statistically insignificant (P =
0.995> 0.05). When the fungal loads in the intensive care
unit and in the other units were compared, no significant
difference was found (P = 0.266> 0.05) but there was a
significant increase in the fungal concentration in May
(1,781 ±70.08) (P = 0.0 <0.05).
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TABLE 1 - Monthly counts of airborne fungi determined in the department of internal diseases (cfu/m3).
January

February

March
Intensive care unit
260

April

May

June

Corridor

380

220

360

2 100

480

Intern room
Intensive care 1st unit
Intensive care 2nd unit

760
240
180

180
120
140

120
260
180

360
320
320

2 020
2 060
1 880

220
560
580

Intensive care unit private
patient room
Agony

160

180

480

460

1 620

120

320

220

260

420

2 020

660

Main entrance

1st corridor
680

220

160

440

1 720

680

Corridor
Apheresis
Room 18 (6 beds)

320
280
640

300
140
180

280
140
240

460
200
180

1 640
960
1 640

940
580
840

Room 20 (8 beds)

520

160

180

1 680

740

One end of the corridor

280

280

220
2nd corridor
260

340

1 740

840

OTHER END OF THE
CORRIDOR
Chemotherapy room
Room 24 *
Room 26 *

320

260

120

600

2 280

1 100

680
280
360

200
180
460

40
340
200

500
280
1 420

1 780
1 920
1 520

720
1 280
900

Room 21
Room 27
Room 35

540
560
620

220
240
20

300
140
120

320
360
540

1 320
1 960
1 980
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FIGURE 1 - Distribution of the microfungi by months.

FIGURE 2 - Distribution of the genera by months

TABLE 2 - Distribution of the genera
Genus
Alternaria
Aspergillus
Cladosporium
Penicillium
Other Fungi
Yeast

Minimum
0.00
0.00
7.68
1.54
0.28
0.97

Maximum
17.55
16.00
93.79
63.46
38.40
21.00

Mean
5.59
5.02
43.15
27.86
13.02
5.29
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Std. Error
1.30
1.08
6.27
5.45
2.95
1.17
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TABLE 3 - List of fungal species isolated from the Department of Internal Diseases, sampling time and sampling points.
Species
Emericella nidulans
Aspergillus alliaceus
A. flavus

Time (number of the colonies-station)
IV(1C)
I(1C)
IV(2A), II(1B), II(2C), III(2D), IV(1D), VI(1F), I(3G), II(1G), I(2H), IV(1H), VI(1J), II(2C), III(1C), I(2H), VI(1J),
I(2N), III (2O), VI (1O), II (2T), III(3T).
A. japanicus
I(1B),
A. niger
V(1A), IV(1B), VI(1B), IV(2C), I(1F), IV(1H), VI(2H), IV(2I), VI(1I), I(1J), III(1J), IV(2K), V(1K), I(1L), I(1N), II
(1N), VI(1O), VI(1P), I(1R), II(2S)
A. melleus
III(1T)
A .ochraceus
VI(2E), I(1T)
A .parasiticus
I(3H), III(2P), III(1R), III(1S)
A. sydnowi
III(1A), IV(1A), IV(1C), III(1F), III(2J), IV(2J), III(1N), I(1O), III (1P), IV(1P), III(1S), IV(1T)
A.wentii
I(1C), II(1E), III(1M)
A.ustus
VI(2C), III(3E)
Penicillium.aurantiogriseum II(5F), I(1S), II(4S), III(3S), IV(2S)
P .brevicompactum
IV(3B), V(2J), VI(2J), III(8L)
P. chrysogenum
III(5E), IV(61), V(3E), III(1O), IV(6O), I(8P), IV(8P), VI(2P), III(3R), IV(6R), V(5R)
P. citrinum
V(3F)
P. commune
III(3A), III(9B), I(3C), II(2C), III(2C), II(5D), III(4D), IV(4D)
P. corylophilum
VI(2K), III (1R)
P. decumbens
IV(1A), IV(5I), IV(2N), V(3N), I(2O), II(2O), IV(2O), VI(1O), VI (3P), III(1S), VI(1S)
P. expansum
I(4B), II(7B), V(2B), I(4E), II(12E), VI(5E), I(3F), II(7F), III(10F), IV(10F), I(4G), II(4G), IV(4G), VI(2G), I(3H),
IV(19H), II(3I), III(2I), IV(7I), V(10I), VI(5I), II(3K), I(2L), II(6L), I(2M), II(4M), III(7M), IV(4M), V(2M), II(1N),
III(9N), IV(4N), VI(2N), III(2O), IV(2O), II(7P), III(3P), IV(4P), I(4R), II(5R), I(1S), III(4S), IV(7S), III(4T), IV(9T)
P. glandicola
I(3G)
P .italicum
III(5K), IV(7K), III(7T), V(1T), VI(1T)
P. janthinellum
VI (2A)
P. purpurogenum
I(3D), IV(1L), V(1L), VI(1L), I(1T), III(2T), IV(3T)
P. requoforti
V (1A)
P. spinulosum
IV(4B), III(1C), IV(1G), I(4K)
P. viridicatum
I(3A), II(3A), IV(15C), V(1C), VI(2C), III(5D), IV(2D), VI(3D), III(2G), IV(2G), I(3J), II(10J), III(10J), IV(11J),
V(1M), II(3T)
Phaecilomyces clavisporus
I(2E)
Alternaria alternata
I(3J), IV(2J), I(1N), V(3N), VI(3N), I(2O), V(7O), VI(4O), VI(4P),I(5R), V(1R), VI(2R), V(1S), VI(5S)
A. longipes
II(1E), V(2J), VI(5J), I(2M), V(12M), VI(2M)
A. citri
I(4A), II (1A), V(2A), VI (1A), I (2B), V (3B), VI (5B), I(2C), III(2C), V (3C), VI (VI(17C), VI(10D), VI(9E),
V(3F), I(1G), II(1G), IV(2G), VI(1G), V(5H), VI(7H), VI(4I), I(4K), V(1K), VI(5K), I(4L), IV(1L), V(4L), VI(6L),
IV(1M), VI(2N), V(2P), V(2T), VI(2T)
A .tenuissima
I(1D), I(2E), IV(1E), V(3E), I(6F), II(1F), IV(1F), I(1G), V(2N), I(1P), V(2P), I(3R), V(6R), V(5S)
A. pleuriseptata
I(1E), II(1F)
Cladosporium oxysporium
I(13A), II(6A), III(3A), IV(14A), V(82A), VI (28A), II(2B), II(2B), IV(6B), IV (6B), V(79B), VI(29B), I(3C), II(7C),
IV(8C), V(103C), VI(27C), 1(7D), II(3D), III(5D), IV(6D), V(96D), VI(45D), II(7E), III(2E), IV(8E), V(69E),
VI(29E), I(15F), II(7F), III(2F), IV(1F), V(59F), VI(39F), I(12G), II(4G), III(3G), IV(9G), V(98G), VI(35G),
I(21H), III(2H), III(3H), IV(2H), V(94H), VI(41H), I(33I), II(5I), IV(9I), V(77I), VI(22I), II(3J), V(75J), I(3K),
II(3K), IV(1K), V(36K), I(10L), II(1L), III(1L), IV(3L), V(74L), VI(30L), II(2M), IV(3M), V(68M), I(2N), II(2N),
III(2N), IV(3N), V(89N), VI(15N), I(3O), II(IO), III(4O), IV(5O), V(83O), VI(17O), I(4P), III(3P), IV(2P), V(97P),
VI(13P), I(18R), II (4R), III(1R), IV(7R), V(89R), VI(7R), I(7S), II(3S), IV(11S), V(95S), VI(20S), I(1T), II(1T),
III(2T), IV(7T), V(77T), VI(3T)
C. herbarum
I(3B), I(7J), IV(8J), VI(35J), I(14M), I(4N), III(1N), IV(6N), I(2P), II(3P),IV(2R),
Trichoderma aureviride
I(1N), II(2N), I(1O), IV(1O), V(2O), VI(1O), 1(4P), III(2P), IV(1P), I(1S), VI(2S), I(2T)
Trichoderma hamatum
VI(1I)
Helminthosporium acaciae
III (1A), VI (2A), II(2F), IV(2F), V(1F), I(1N), V(3N), II(2O), II(1P), I(7R), I(4S), I(1T)
Cunninhemella elegans
II(1S)
Rhizopus oryzae
V(1E), VI(1F), II(1H), I(1I), IV(1N), IV(1S)
Sclerotiorum sclerotium
II(1O), III(2P), IV(1R)
Phoma
I(1G), VI(2R),I(1T), II(2T)
Mycelia sterilia
I (14A), II (1A), IV(1A), II(2B), III(3B), IV (1B), V (2B), VI (4B), I(2C), IV(2C), V(1C), VI(1C), II(1D), VI(2D),
I(2E), II(2E), V(1E), I(1F), I(3F), III(1F), IV(2F), V(1F), II(1G), III(2G), VI(2G), III(1H), VI(4H), II(2I), IV(1I),
V(2I), II(1J), V(3J), VI(2J), I(3K), III(2K), V(1K), VI(22K), I(15L), III(1L), IV (3L), V(3L), VI(3L), I(5M),
II(2M), III(1M), VI(35M), V(3P), I(2R), III(3S), III(4T), IV(3T)
Yeast
IV(3A), VI(1A), I(4B), II(2B), III(1B), IV(2B), V(1B), VI (3B), I(4C), II(1C), III(1C), IV(1C), V (1C), VI(6C),
I(3D), IV(1D), VI(4D), I(3E), IV(1E), I(1F), III(1F), IV(2F), VI(1F), I(3G), II(1G), VI(2G), I(3H), IV(2H), VI(7H),
IV(1I), VI(3I), II(1J), III(1J), VI(2J), V (4K), II(2L), III(1L), VI(1L), I(3M), III(2M). IV(1M), V(1M), II(1N),
V(3N), VI(6N), II(1O), V(2O), VI(4O), IV(2P), V(1P), IV(2R), I(2S), II(1S), VI(5S), II(1T), III(1T), V(1T)
(A) Main entrance, (B) PK one end of the corridor, (C) PK the other end of the corridor, (D) PK room 24, (E) PK room 26, (F) PK room 21, (G) PK
room 27, (H) PK room 35, (I) PK chemotherapy, (J) MK corridor, (K) MK Apheresis, (L) MK 6 beds, (M) MK 8 beds, (N) intensive care 1st section,
(O intensive care 2nd section, (P) intensive care Corridor, (R) intensive care Intern room, (S) intensive care Agony room, (T) intensive care private
patient room.

3260

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

Table 3 shows the species identified at 19 sampling
points at Ege University, Faculty of Medicine, Department of Internal Diseases, the number of the species, and
the times they were isolated.
4 DISCUSSION
It is well-known that the main source of fungal infections is the inhaling of live fungal particles such as conidia. Therefore, it is considered that, in a hospital environment,
not only dominant species but also airborne fungal loads
and fluctuations affect the incidence of nosocomial fungal
infections [18, 19].
This study was performed in different corridors of endocrinology, hematology, immunology, nephrology, rheumatology, geriatrics, oncology, gastroenterology clinics where patients were referred to for treatment. The study
aimed to determine the concentration and diversity of different genera of airborne fungi in the internal diseases service, and in its intensive care unit. For sampling, a Merck
MAS-100 air sampler was used. This method is suitable for
the detection of living or viable fungal propagules only. In
order to standardize the sampling time, samples were
collected on the first day of the first week of each month.
Samples were collected between 11 a.m. and 1 p.m. when
the daily activities were at their highest. In a study conducted by Rainer et al. [18] in 2000, they collected samples three times at 6 am, 11 am and 6 pm. They found the
highest concentration of fungi at 11 am, when most of the
intense human activities were achieved [18]. In our study,
important mycosis agents were identified.
Among the areas where we carried out the study, especially the intensive care unit, where critically ill patients stayed, was of great importance. Fungal density
determined in different sections of the intensive care unit
varied between 120 and 2 100 cfu/m3 (Table 1). In the
literature, it is emphasized that the concentration of fungal
spores in special care units should be less than that in ordinary patient care rooms (<100 cfu/m3) [18]. In another
study, it was suggested that saprophyte counts should be
less than 15 cfu/m3 and concentrations of opportunistic
fungal pathogens should be kept at 0.1 cfu/m3 in the operating rooms and patient isolation rooms, which are supposed to be the cleanest sections of a hospital [20, 21].
According to the results of the study conducted by
Rainer et al. [18], an average of 124-360 cfu/m3 fungal
spores were determined in an intensive care unit. In another study performed to detect the bio-aerol concentration in an intensive care unit, Li and Hou [11] determined
0-319 cfu/m3 fungal spores. Gniadek and Macura [6] also
reported that the concentration of fungal spores varied
between 12 and 172 cfu/m3 in an intensive care unit.
In the other two corridors, not the intensive care unit
but the patient rooms opened onto, fungal load was between 20 and 2,280 cfu/m3 (Table 1). These are the areas
occupied by a large number of patients, visitors and staff.

In addition: the food, fruits, flowers, house flora etc.
brought by visitors led to the contamination of the rooms.
In several studies, it is reported that, if the number of Aspergillus spores alone exceeds 50 cfu/m3, the prevalence of
sick building syndrome increases in individuals exposed to
these spores [22]. In our study, when fungal loads in the
intensive care unit and other units were compared, the
difference was not significant (P = 0.266> 0.05). In addition, when the genera determined in the intensive care unit
and other units were compared, the difference was statistically insignificant (P = 0.995> 0.05).
Especially isolation of fungi, such as Cladosporium
and Alternaria, specific to the outer environment, in the
intensive care unit indicates that the ventilation system
in this section did not work effectively, the filters were
clogged, and there was not an effective barrier between
the intensive care unit and the outer environment. This may
be due to not taking necessary precautions when entering
or leaving the intensive care unit. In their study, Rainer et
al. [18] determined no difference between the fungal loads
of the intensive care unit and of the corridor onto which
rooms open.
Besides this relatively high number of contaminants
in the intensive care unit, the species spectrum is also
important. The mortality rate due to systemic aspergillosis
is higher compared with the mortality rate due to other
systemic mycoses in the intensive care units [13]. Most
often, Aspergillus infection is acquired via inhalation. Due
to their small diameters (2.5-3.5 µm), Aspergillus spores
can easily reach the pulmonary alveolar spaces [4, 5, 7].
Aspergillus spp. cause a broad spectrum of human diseases
ranging from colonization of the bronchial tree to rapidly
invasive and disseminated infections. Invasive aspergillosis is primarily an infection of severely immunocompromised patients i.e. patients with haemotological malignancies and bone marrow and organ transplants, and is difficult
to diagnose and treat [7].
Several authors suggested that the number of Aspergillus was 5 cfu/m3 but the recommended number is 0.1
cfu/m3 [4]. In our study, the concentration of Aspergillus
spores varied between 0 and 80 cfu/m3 in special care unit
(average of 16.7 cfu/m3). Among the human pathogenic
species of Aspergillus, A. fumigatus is the primary causative agent of human infections, followed by A. flavus, A.
terreus, A. niger, and A. Nidulans [7]. In our study, A.
flavus and A. niger were isolated from every area including the intensive care unit during every sampling period.
However, while A. fumigatus and A. terreus were never
isolated, E. nidulans was isolated only in one end of the
second corridor during the fourth sampling period. This was
the section where the activities of staff and visitors were
very intense.
In our study, in addition to A. flavus and A. niger,
Penicillium species, known to cause respiratory diseases
due to their allergenic characteristics and toxin-producing
capabilities, were frequently isolated (27.86%). In several
studies, an increase in chronic fatigue syndrome has been
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reported in houses where intensive of P. brevicompactum
is detected (Sarica et al 2002 [23]). When the relationship
between invasive infections and Penicillum genus is considered, Penicillium marneffei is mostly isolated as an invasive infectious agent; however, Lyratzopoulos et al. [24]
reported that they also isolated invasive infections due to P.
chrysogenum and P. decumbens. Penicillium species identified in our study were P. aurantiogreum, P. chrysogenum,
P. corylophilum, P. decumbens, P. expansum, P. italicum,
P. purpurogenum and P. viridicatum. Like Aspergillus
species, Penicillum species are generally isolated from
indoor air and spread into the air due to factors present in
the environment [25]. These conditions observed might be
related to variations in operating personnel and activities.
The number of the infections caused by genus Rhizopus
is increasing, especially in patients hospitalized in intensive care units. This organism is transmitted to a patient
both through patient care equipment and through the air
inhaled [6]. In our study, genus R. oryzae was isolated in
the second area of the intensive care unit only during the
4th sampling period. The fact that this genus was rarely
isolated from the air in the intensive care unit suggests
that there was no colonization in the unit, but spread into
the air in the main entrance and exit, or through the ventilation system, the house flora carried by the staff, or the
equipment used in the treatment. Like Rhizopus, Cunninhamella elegans is another member of Zygomycetes,
and was isolated only at one place in the intensive care
during the 2nd sampling period (Table 3).
In previous studies, it has been shown that indoor and
outdoor fungal load varies seasonally. In their study,
Dutkiewicz and Augustowa [22] obtained the highest number of fungi in November. In several studies, it has been
reported that the number of fungal spores increase especially in the winter, since the leaves falling in the autumn
decay create nutrient-rich waste. The hospital building
where we carried out our research is in the campus where
there are a lot many deciduous trees. Dutkiewicz and
Augustowa [22] determined also a decrease in lung function parameters of 9 of the 24 inpatients with asthma
when there was an increase in the airborne bacteria and /
or fungal load.
There are some studies suggesting that the concentration of airborne fungi in a hospital environment varies
from country to country with warm climates. In hospitals
in Greece where they conducted their study, Panagopoulou et al. [26] determined the highest fungi concentration
during the summer and autumn. Martins-Diniz et al. [12]
demonstrated that the concentration of airborne fungi and
the prevalence of Cladosporium genus increased in hospital rooms in Brazil in July. In our study, when the concentration of fungi by months was examined, according to the
descriptive statistics, a significant increase was observed
in the maximum values in April, May and June compared
to the other months (P=0.00<0.05). The most significant

increase in the concentration of fungi was observed especially in May.
In England, Corden and Millington [27] checked the
number of fungal spores day-to-day and determined that
especially the concentration of Alternaria spores was highest at the highest temperatures. Cladosporium and Alternaria live as saprophytes on plants dying and/or on herbaceous plants and other organic material, and their existence
in an indoor environment is completely due to the outdoor
environment [25, 28]. During our study, especially
Cladosporium concentration was determined at high levels. Cladosporium concentration was particularly high in
May (90.7±1.76) and June (60.13±4.33), when the air
temperature was highest (Table 3). There are many studies indicating that construction and repair works lead to
an increase in fungal load in the air [10, 29]. During our
study period, the hospital underwent extensive renovation
for the implementation of new units, which coincided with
an increase in propagule counts, especially of Cladosporium spp. In May, there were also infrastructure and repair
works on the roads around the hospital. Therefore, the
highest values in our study were determined in this month
(Table 2 and Figure 2). Compared with the data in the
literature, high counts obtained were consistent with the
factors which contributed to them. It is most probable that
construction activities caused the dispersion of fungi to
the nearby ward. In many studies, it has been stated that
the increase observed in the prevalence of aspergillosis,
especially in immunosuppressed patients, is due to
maintenance and repair activities and poor air filtration
processes in a hospital [30]. Accordingly, it has been
stated that inhalation of live fungal particles such as conidia is the main source of infection, and that the construction and repair activities lead to an increase in the
concentration of fungal particles in the air. Moulds belonging to the Alternaria and Cladosporium genera play a
role in hypersensitivity reactions. The presence of those
fungi in the indoor air may lead to allergy, such as rhinitis, conjuctivitis and dermatitis [18, 19].
Although climate is an important factor affecting the
fungal concentration, there should not be variations in the
fungal load in areas such as the intensive care unit, the
apheresis room and the agony room, which are supposed
to be constantly controlled (Table 1). Because no outdoor
air should be allowed into these clean areas, the conditions in them should be checked constantly and be kept
the same as much as possible throughout the year.
Providing constant permanent hygienic conditions inside a hospital is of great importance. Indoor air in a hospital can affect not only the health of the patients but also
that of the hospital staff who are in touch with the patients. Controlling the quality of indoor air in health-related
organizations has become a prerequisite for the prevention
of hospital-acquired infections. It is well-known that microbial flora in a hospital environment is mainly composed
of filamentous fungi and that there has been a remarkable
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increase in the number of hospital-acquired infections
caused by fungi. Although there are no established standards regarding the quality of the air in hospital rooms in
terms of fungal spore load, specified values are the recommended ones. Since the risk for the development of
fungal infections depends completely on the type and the
severity of immunosuppressivity, we believe that fungal
infection risks can be reduced by constantly controlling
the number of fungal spores, and by taking and preserving
the necessary ventilation measures in the environment
where immunosuppressed patients stay.
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ABSTRACT

1 INTRODUCTION

Calamintha nepeta L., a perennial aromatic plant,
which belongs to the Lamiaceae family, has also been
widely used against insomnia, depression, convulsion and
cramps, and also because of its antiseptic and diuretic properties. In the present study, we aimed to determine the
chemical composition and in vitro antigenotoxic and antioxidant activity of the essential oil of Calamintha nepeta L.
from Turkey. The main components of essential oil of C.
nepeta (CNE) were accounted by using GC analysis. Antigenotoxic activity was evaluated by sister chromatid exchanges (SCEs) and micronucleus (MN) tests. In addition
to, investigating protective role of essential oils of C. nepeta (CNEs) against the oxidative stress of aflatoxin B1 in
vitro, the oxidative status was assessed by measuring following oxidative stress markers: super oxide dismutase
(SOD), glutathione peroxidase (GPx), and malondialdehyde
(MDA). The 13 GC-identified components accounted for
98.56%. Major components of the oil were cis-piperitone
epoxide (48.66%), piperitenone oxide (22.08%), limonene
(13.51%), and terpinen-4-ol (4.55%). In both tests systems,
it was observed that essential oils of C. nepeta (CNEs)
suppressed the mutagenic effects of aflatoxin B1 (AFB1).
Essential oils of C. nepeta (CNEs) were observed to modulate the adverse effects of aflatoxin B1 (AFB1). The
results of the present study have clearly shown that
essential oils of C. nepeta (CNEs) have strong antioxidative and anti-genotoxic effects, which are probably
related to its action on the enzymatic activation system,
and resulting from the role of cis-piperitone epoxide,
piperitenone oxide and limonene compounds.

KEYWORDS: Aflatoxin B1 (AFB1), anti-genotoxicity, antioxidant
enzymes, Calamintha nepeta (CN)

* Corresponding author

Calamintha nepeta L. is a perennial aromatic plant
which belongs to the Lamiaceae family [1]. Some of Calamintha species have been used in folk medicine in diverse
traditions, as antiseptics, spasmolytics, stimulants, diuretics, carminatives and tonics [2].
In the folk medicine of different countries of the world,
C. nepeta has also been widely used against insomnia,
depression, convulsion and cramps. C. nepeta and its essential oils have also antimicrobial, antifungal and antioxidative activities [3-8]. Especially pulegone, a main
constituent of C. nepeta, has shown strong antimicrobial
activity on different microorganisms [3, 7, 9-16].
Previous studies reported that several metabolites isolated from C. nepeta show a wide range of a variety of biological activities, including anti-microbial and anti-oxidant
effects [2, 7, 12, 14, 17-19].
Aflatoxin B1 (AFB1) is known to cause hepatotoxicity, teratogenicity, immunotoxicity, genotoxicity, and even
death in animals and humans [20, 21]. Although the
mechanism of cellular damage caused by aflatoxin B1
(AFB1) has not been fully elucidated [22], reactive oxygen
species (ROS), lipid peroxidation (LPO), and direct binding to DNA have been considered to be main mechanisms
in B1 toxicity. [23]. ROS damage membrane proteins causing lipid peroxidation in membranes by attaching to unsaturated fatty acids, which causes a decrease of membrane permeability, enzymes and receptor activities, and
activation of cells. When free radicals attack DNA, cancer-causing mutations may occur. Therefore, antioxidants
have attracted much interest with respect to their protective effect against the free radical damage that may be a
reason for many diseases, including cancer [23].
Thus, antioxidant molecules may also play an important role in the prevention of genotoxic damage. In this
study, the anti-genotoxic effect of essential oil of C. nepeta (CNE) was investigated against aflatoxin B1 (AFB1) by
using sister chromatid exchange (SCE) and micronucleus
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(MN) tests, which provide sensitive and rapid monitoring
of induced genetic damage as primary DNA damage in
human lymphocyte cell culture in vitro. Additionally, the
superoxide dismutase (SOD) and glutathione peroxidase
(GPx) activities and the malondialdehyde (MDA) levels in
the human blood culture were measured to determine the
role of enzyme systems on the basis of anti-genotoxic
effects.

to the cultures. The experiments were performed in 7 groups
as follows.
Culture 1: Control
Culture 2: 5 µM AFB1
Culture 3: 5 µM AFB1 + CNE 0.1 µl (CNE1)
Culture 4: 5 µM AFB1 + CNE 0.5 µl (CNE2)
Culture 5: 5 µM AFB1 + CNE 1.0 µl (CNE3)
Culture 6: 5 µM AFB1 + CNE 1.5 µl (CNE4)
Culture 7: 5 µM AFB1 + CNE 2.0 µl (CNE5)

2 MATERIALS AND METHODS
2.1 Plant material

Calamintha nepeta L. plants were collected during
the flowering stage in July 2009, from the eastern part of
Erzurum city in Turkey. Identification of plants was conducted by a plant taxonomist (Assist. Prof. Dr. Meryem
Sengul; Department of Biology, Ataturk University, Erzurum, Turkey). Plant samples were stored in the herbarium
of Science Faculty, Atatürk University, Erzurum, Turkey.
2.2 Isolation of the essential oil

The air-dried and ground aerial parts of plants collected were submitted to water distillation for 3 h using a
clevenger-type apparatus (yield 1.98%, v/w). The obtained
essential oil was dried over anhydrous sodium sulfate,
filtered, and stored at 4 °C until tests and analyses.
2.3 GC-MS analysis conditions

The analysis of the essential oil was performed using
a Hewlett-Packard 5890 II GC, equipped with a HP-5 MS
capillary column (30 m x 0.25 mm i.d., 0.25 µm) and a
HP 5972 mass selective detector. For GC-MS detection,
an electron ionization system with ionization energy of
70 eV was used. Helium was used as carrier gas at a
flow-rate of 1 ml/min. Injector and MS transfer line temperatures were set at 220 and 290 °C, respectively. The
oven temperature program was programmed as in the GCMS analysis. Diluted samples (1/100, v/v, in acetone) of
1.0 µl were injected manually and in split-less mode. The
components were identified based on the comparison of
their relative retention time and mass spectra with those
of commercial standards (for the main components),
NBS75K library data of the GC-MS system, and literature
data. The results were also confirmed by the comparison
of the compound elution order with their relative retention
indices on nonpolar phases reported in the literature.
2.4 Cytogenetic analysis

Peripheral blood lymphocytes were taken from 4 (2 men
and 2 women) non-smoking healthy individuals. Lymphocyte cultures were set up by adding 0.5 ml of heparinized
whole blood to RPMI-1640 chromosome medium supplemented with 15% heat-inactivated fetal calf serum,
100 IU/ml streptomycine, 100 IU/ml penicillin and 1% Lglutamine. Lymphocytes were stimulated to divide by 1%
phytohaemaglutinin. AFB1 (5 µL) and CNEs were added

For SCE demonstration, the cultures were incubated
at 37 °C for 72 h, and 5-bromo 2-deoxyuridine was added
at 8 mg/ml at the initiation of culturing. All cultures were
kept in the darkness, and then, 0.1mg/ml of colcemid was
added 3 h before harvesting to arrest the cells at metaphase. The cultures were centrifuged at 800 x g for 10 min.
Cells were harvested and treated for 30 min with hypotonic solution (0.075M KCl) and fixed in a 1:3 mixture of
acetic acid/methanol (vol/vol). Bromodeoxyuridine- incorporated metaphase chromosomes were stained with the fluorescence plus Giemsa technique as described by Perry and
Evans [24]. In the SCE study, by selecting 30 satisfactory
metaphases, the results of SCE were recorded on the
evaluation table. For each treatment condition, wellspread second division metaphases containing 42–46
chromosomes in each cell were scored, and the obtained
values were calculated as SCEs per cell.
For MN analysis, cytochalasin B was added 44 h after
PHA stimulation to a ﬁnal concentration of 3 g/ml. After
28 h later (i.e after a total of 72 h of culturing), the cells
were harvested by centrifugation (900 x g, 10 min). The
supernatant was removed, the cells were mixed thoroughly, and 5 ml of cold hypotonic solution (0.05M KCl) was
added. The cells were subsequently incubated at 37 oC for
20 min and centrifuged again (900 x g, 10 min). The pellet was mixed thoroughly and 5 ml fresh fixative (1:3
acetic acid/methanol) was added dropwise. This ﬁxation
procedure was repeated 3 times and the tube was centrifuged again. The cell pellet was then resuspended in 1 ml
of fresh ﬁxative, dropped onto a clean microscope slide,
incubated at 37 oC or at room temperature overnight, and
stained with Giemsa dye. Coded slides were scored blind
by 2 independent individuals. Only binucleated cells were
scored for MN analysis. For each subject, at least 2000
binucleated cells, were analyzed for the presence of MNs.
For the MN scoring, the micronucleus criteria described
by Countryman and Heddle [25] were used: a diameter less
than one-third of the main nucleus, non-refractility, not
touching, and with the same colour as the nucleusor lighter.
2.5 Biochemical Analysis

The cell homogenates were prepared at a 1:10 (w/v)
dilution in 10 mM potassium phosphate buffer, pH 7.4.
Samples were centrifuged at 3000 rpm for 10 min at 4 °C,
and the supernatants were collected and immediately
assayed for enzyme activities. Cu, Zn-SOD and GPx ac-
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tivity and MDA levels in the cell culture supernatant were
measured by the methods of Paglia and Valentina (1967),
Sun et al. (1988) and Ohkawa et al. (1979), respectively
[26-30]. All samples were measured 6-fold.
2.5.1 SOD assay

Cu, Zn-SOD activity in the cell culture supernatant was
detected by the method of Sun et al. [28]. First, 2.45 ml of
assay reagent [0.3 mM xanthine, 0.6 mM Na2EDTA,
0.15 mM nitro blue tetrazolium (NBT), 0.4 M Na2CO 3,
1 g/L bovine serum albumin] was combined with 100 µl
of the sample. Then, 50 µl of xanthine oxidase, 167 U/L,
was added to initiate the reaction, and the reduction of
NBT by superoxide anion radicals, which are produced by
the xanthine-xanthine oxidase system, was determined by
measuring the absorbance at 560 nm. Cu/Zn-SOD activity
was expressed in units of SOD per mg of protein, where
1 U is defined as the amount of enzyme causing the halfmaximal inhibition of NBT reduction.
2.5.2 GPx assay

GPx activity in the cell culture supernatant was measured by the method of Paglia and Valentine [29]. Briefly,
50 µl of sample was combined with 100 µl of 8 mM
NADPH, 100 µl of 150 mM reduced GSH, 20 µl of glutathione reductase (30 units/ml), 20 µl of 0.12 M sodium
azide solution, and 2.65 ml of 50 mM potassium phosphate buffer (pH 7.0, 5 mM EDTA), and the tubes were
incubated for 30 min at 37 °C. The reaction was initiated
with the addition of 100 µl of 2 mM H2O2 solution, mixed
rapidly by inversion, and the conversion of NADPH to
NADP was measured spectrophotometrically for 5 min at
340 nm. The enzyme activity was expressed as units per g
of protein using an extinction coefficient for NADPH at
340 nm of 6.22 × 10−6.
2.5.3 MDA assay

MDA levels in the cell culture supernatant were determined spectrophotometrically according to the method
described by Ohkawa et al. [27]. A mixture of 8.1% sodium dodecyl sulfate, 20% acetic acid, and 0.9% thiobarbi-

turic acid was added to 0.2 ml of sample, and distilled
water was added to the mixture to bring the total volume
up to 4 ml. This mixture was incubated at 95 °C for 1 h.
After incubation, the tubes were left to cool under cold
water, and 1 ml of distilled water with 5 ml of nbutanol: pyridine (15:1, v/v) was added, followed by
mixing. The samples were centrifuged at 4000 × g for 10
min. The supernatants were removed and absorbances
were measured with respect to a blank at 532 nm.
1,1,3,3-Tetraethoxypropane was used as the standard.
Lipid peroxide levels were expressed as µmol/L of MDA.
Protein concentrations in the cell culture supernatant were
determined by Bradford method [29]. All photometric
measurements were performed with an ELISA reader.
2.6 Statistical analysis

The statistical analysis of MN frequencies was performed by use of the chi-square test. For statistical analysis of biochemical parameters and analysis of SCE values,
the Mann-Whitney U test was used. P < 0.05 was accepted
as statistically significant. Results were expressed as means
± SD. For these procedures, SPSS 11.5 for Windows
(SPSS Inc., Chicago, Illinois, USA) was used.
3 RESULTS
GC analysis of the chemical composition of the essential oil of C. nepeta is presented in Table 1 (the 13 identified components accounted for 98.56% of the total oil).
Major components of the oil were cis-piperitone epoxide
(48.66%), piperitenone oxide (22.08%), limonene (13.51%)
and terpinen-4-ol (4.55%). According to the obtained GCMS results, monoterpenes represented 89.19 % of the
total oil while sesquiterpenes were found only in small
quantities.
AFB1 caused significant SCE and MN formations on
peripheral lymphocytes, as seen in Table 2. SCE and MN
frequencies increased progressively with increased aflatoxin AFB1 concentration. This increase was found to be
statistically significant (P < 0.001). On the other hand, the

TABLE 1 - Essential oil content of C .nepeta.
No
1
2
3
4
5
6
7
8
9
10
11
12
13

Retention Index
995
1037
1106
1172
1178
1190
1255
1296
1313
1369
1419
1486
1579

Retention time
13.21
14.29
18.07
21.59
21.87
22.82
25.65
27.46
28.33
30.43
32.24
34.87
39.59

Components
3-Octanol
Limonene
Linalool
Borneol
Terpinen-4-ol
α-Terpineol
cis-Piperitone epoxide
Carvacrol
Dihydrocarveol acetate
Piperitenone oxide
β-Caryophyllene
Germacrene D
Caryophyllene oxide
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(%)
0.70
13.51
0.51
0.14
4.55
0.38
48.66
2.13
1.24
22.08
2.21
0.42
0.80

Identification methods
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
GC, MS, RI
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numbers of SCE and MN were reduced by CNE3, CNE4
and CNE5 addition (P < 0.001 and P < 0.05).
TABLE 2 - The frequencies of SCE and MN in blood lymphocytes
exposed to AFB1 and CNE.
Groups
SCE/Cell
MN/Cell
Control
5.60 ± 0.11
2.20 ± 0.002
AFB1
7.43 ± 0.29a
3.55 ± 0.001d
a
AFB1 + CNE 1
7.27 ± 0.23
3.52 ± 0.003d
AFB1 + CNE 2
7.10 ± 0.35b
3.20 ± 0.002d
AFB1 + CNE 3
6.45± 0.87c
2.90 ± 0.003
AFB1 + CNE 4
6.08 ± 0.58c
2.48 ± 0.002
AFB1 + CNE 5
5.86 ± 0.70c
2.22 ± 0.001
For SCE ap<0.001 compared with control group, bp<0.005 compared
with contol group, cp<0.005 compared with AFB1 group; for MN
d
p<0.05.

Table 2 represents the results of the biochemical part
of the present study, including the SOD and GPx activities as well as the MDA level in control and experimental
groups. Decreases in the activities of SOD and GPx but
increases in the MDA level were observed after treatment
with different concentrations of AFB1. However, the observed effect of AFB1 at higher concentrations decreased
after treatment with different concentrations of CNE. Statistical analysis showed a significant difference in SOD and
GPx activities and MDA level between all groups treated
with AFB1, either combined with or separately from
CNEs (p < 0.001 and 0.05) (Table 3).
TABLE 3 - The effects of AFB1 and CNE on MDA, SOD and GPX
enzyme activities.
MDA
SOD
GPx
Groups
(nmol/ml)
(U/mg protein) (U/g protein)
Control
21.44 ± 1.94
1.65 ± 0.02
26.25 ± 3.27
AFB1
86.82 ± 9.49a
0.42 ± 0.27a
8.41 ± 1.96a
AFB1+CNE 1
80.32 ± 3.56a
0.71 ± 0.40b
11.52 ± 10.48ac
AFB1+ CNE 2
47.68 ± 8.01ad
0.98 ± 0.61b 16.61 ± 13.70bc
AFB1+ CNE 3
25.28 ± 6.18c
1.59 ± 0.02c
16.34 ± 6.28c
c
c
AFB1+ CNE 4
18.02 ± 1.57
1.63 ± 0.03
36.44 ± 9.35c
AFB1+ CNE 5
23.36 ± 4.32c
1.60 ± 0.03c
42.87 ± 6.83c
a
b
p<0.001 compared with control group, p<0.05 compared with control
group, cp<0.001 compared with AFB1 treatment group, cp<0.05 compared with AFB1 treatment group.

it was observed that essential oil of C. nepeta (CNE) has
relatively higher amounts of cis-piperitone epoxide
(48.66%), piperitenone oxide (22.08%), and limonene
(13.51%). As emphasized before research, essential oil
content can be affected by the influence of several local,
climatic, and seasonal factors.
The anti-genotoxic activities of essential oil of C.
nepeta (CNE) against aflatoxin AFB1 in the present study
were assessed evaluating MN and SCE frequencies as
shown in Table 2. Essential oil of C. nepeta (CNE) was
found to be effective against genotoxic effects of AFB1.
The activity observed in the anti-genotoxicity can be
attributed to the essential oil composition. Anti-genotoxic
activity of the essential oils may be apparently related to
their high cis-piperitone epoxide (48.66%), piperitenone
oxide (22.08%) and limonene (13.51%) levels.
Several studies have indicated that the anti-genotoxicity mechanisms of terpenes are associated with their
antioxidant capacity [32, 33]. On the other hand, studies of
Vukovic-Gacic et al. [34, 35] have reported that the antigenotoxic activity of monoterpenes against UV-induced
mutations has been performed in Escherichia coli and
Saccharomyces cerevisiae. It has been determined that the
suppression of SOS has been induced by the activity of
monoterpenoids in the umu test system using Salmonella
typhimurium TA1535/pSK1002. Anti-mutagenic potential
of terpenes can be associated with antioxidant activity.
Therefore, in the present study, SOD and GPx activities
and MDA level were measured to determine the antioxidant effect of CNEs. Our results showed that AFB1 treatment caused a decrease in SOD and GPx activities but an
increase of MDA level. The effects of AFB1 on enzymes
were decreased after treatment with CNEs.
Previous researches have reported that essential oils
of C. nepeta (CNEs) have antioxidant capacity, and the
antioxidant effect of essential oils of CNEs has been linked
to their contents, such as piperitone oxide, piperitenone
oxide, carvacrol and limonene [36-38]. Mechanism of this
anti-mutagenic effect may be due to its antioxidant nature
as reported earlier [39, 40].

4 DISCUSSION

5 CONCLUSION

GC-MS analysis of the crude oil isolated from dried
aerial parts of C. nepeta resulted in the identification of
13 compounds. In previous studies, the essential oils from
different C. nepeta have been found to differ qualitatively
and quantitatively [3, 6, 9, 10, 14, 17, 19, 31].
The essential oil C. nepeta plant has been observed to
be rich in pulegone (50%), menthone (9.4%), limonene
(7.0%), menthol (4.6%), piperitenone oxide (4.6%), piperitone oxide (3.9%), and piperitenone (3.4%) [2, 7, 12, 14,
17-19]. Sarer et al. (1996) [9] have reported that pulegone
(40.5%) and menthone (23.6%) are major constituents of
the oil isolated from C. nepeta. On the other hand, herein

Briefly, anti-genotoxic effect of essential oils of C.
nepeta (CNEs) may be, at least in part, attributed to antioxidant activity of the mentioned compounds. Due to
their anti-genotoxic effects and the antioxidant activity of
essential oils of CNEs, they can be used as natural preservative ingredients in the food or pharmaceutical industry.
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ABSTRACT
A novel molecular imprinted polymer was prepared
using β-cyclodextrin (β-CD) and methacrylic acid as monomers on the surface of MgO/Fe3O4. Thymol was used as
template and β-CD was allowed to self-assemble with the
template through hydrogen bonding and hydrophobic interaction. Polymerization was carried out in the presence of
methacrylic acid as an assistant monomer, which resulted
in a novel molecular imprinted polymer. Batch mode adsorption studies were carried out to investigate the specific
adsorption equilibrium, kinetics and selective recognition.
The Freundlich isotherm model fitted to the equilibrium
data better than the Langmuir model, and the adsorption
capacity of MMIPs was 217.39 mg g−1 at 298 K. The kinetic properties of MMIPs were well described by the
pseudo-second-order equation, indicating that the adsorption process was controlled by chemisorption. The selective
recognition experiments demonstrated a high affinity and
selectivity towards thymol over structurally related phenolic compounds. In addition, MMIPs could be regenerated, and their adsorption capacity in the fifth use was about
13.4% loss in pure thymol solution, about 21.3% loss in
coexisting phenolic compound solution. The MMIPs prepared were successfully applied to the separation of Thymol from environmental samples.

KEYWORDS: molecular imprinted polymer, β-cyclodextrin, magnetic, selective adsorption

1. INTRODUCTION
Thymol can be found as component of many essential
oils extensively used as fragrances in cosmetics, flavoring
food additives, scenting agents in a variety of household
products, active ingredients in some old drugs and intermediates in the synthesis of perfume chemicals [1]. Because
of its harmful effects on both the cellular cytoplasmic
* Corresponding author

membrane (perforation) and the generation of ATP, monitoring of thymol has been giving rise to worldwide concern
[2, 3]. In general, samples containing thymol are of complicated matrices, and thymol exists in very low concentration. Thus, a solid adsorbent with specific recognition property for sample preparation would be the feasible way to
solve those problems.
Molecularly imprinted polymers (MIPs), as new solid
adsorbents, have been developed rapidly in recent years
because of their easy preparation, thermal and chemical
stability and highly selectivity [4]. The imprinted technique
is applied to form selective rebinding sites in a polymer
matrix, exhibiting a molecular memory towards the template. The selectivity of MIPs depends on shape recognition, hydrogen bonding, and hydrophobic interactions.
However, traditional MIPs exhibit high selectivity but
low rebinding capacity and poor site accessibility to target
species [5, 6] because the hydrogen bonding between the
template and functional monomer are easily destroyed in
aqueous media. Previous studies have shown that an imprinted polymer prepared based on hydrogen bonding interactions lost its molecular recognition ability in aqueous
systems or organic solvents with high polarity [7, 8].
Various attempts have been made to improve the preparation method of the imprinted polymers [9, 10]. The preparation and application of MIPs in aqueous media would be
of great potential for the use of the imprinted polymer
[11, 12]. However, preparing imprinted polymer in aqueous media has been proven to be a difficult task since water
generally destroys the polar interaction between the functional monomer and the template molecule. Recently, βCD and its derivatives have been chosen as functional
monomers to achieve molecular imprinting in aqueous solution. β-CD is an interesting molecule because it forms
inclusion compounds with hydrophobic guest through
hydrophobic interaction and hydrogen bonding [13]. The βCD as monomer was successfully employed to small
molecules [14, 15].
A great deal of research has been made on the magnetic nanoparticles which can be easily isolated from samples
by using an external magnetic field without the need of
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complicated centrifugation steps or filtration. This technology provides a relatively rapid and easy way for removal of
magnetic polymers from sample matrices by applying
appropriate magnetic field [16, 17]. When magnetic components are encapsulated into MIPs, the magnetic MIPs
will have both magnetically susceptible property and
selectivity to the target molecular. Studies about the preparation of magnetic MIPs (MMIPSs beads) have been reported [18–22].
Recently, in order to avoid leakages of magnetic nanoparticles (MNPs) and fragility of the resultant magnetic
composites, special attention has been directed to the combination of iron oxide nanoparticles and conventional solid
support substrates. Zhu's group [23] published a study
where kaolin and γ-Fe2O3 nanoparticles were entrapped in
chitosan beads by a microemulsion process. Vasilios's
group [24] attached magnetite nanoparticles on carbon
nanotubes by means of an interlinker molecule. Wang et
al. [25] prepared silica-coated core–shell magnetite nanoparticles. Therefore, when combining MNPs with conventional solid support substrates, the resultant magnetic
composites could be a promising multifunctional candidate
for the surface imprinting process.
In this work, a highly selective molecular imprinting
polymer for thymol was synthesized by the molecular imprinting technique using β-CD and MAA as monomers on
the supporter of MgO/Fe3O4. The characteristics of the
MMIPs and its binding properties were investigated. The
efficacy of MMIPs beads was evaluated by batch adsorption studies.

of 20–80o at a scanning rate of 0.02 deg s-1. Thermogravimetric analysis (TGA) was performed for powder samples (about 10 mg) using a Diamond TG/DTA instruments (PerkinElmer, USA) under a nitrogen atmosphere
up to 600 oC with a heating rate of 5.0 oC min-1. The magnetic properties of the prepared MMIPs beads and MNIPs
beads were investigated with vibrating sample magnetometry (JDM-13, China). Sample analysis was performed using
an Agilent 1200 liquid chromatograph (Palo Alto, USA)
equipped with a UV-vis detector (set at 276 nm for all phenolic compounds). The injection loop volume was 20 µL,
and the mobile phase consisted of deionized water and
methanol with a volume ratio of 40:60. The flow rate of the
mobile phase was 1.0 mL min-1. The oven temperature
was set at 25 oC.
2.3 Synthesis of MgO/Fe3O4 magnetic particles

The synthetic process of MgO/Fe3O4 magnetic particles was followed a modified coprecipitation method
[26]. As follows: FeCl3⋅6H2O (4.72 g) was added into 180
ml of deionized water, and 2.0 g MgO was dispersed into
the mixture in ultrasonic bath for 30 min. Next, the mixture
was stirred for 3.0 h, and a stable suspension was obtained.
Then FeCl2⋅4H2O (1.72 g) was dissolved in the suspension
with vigorous stirring (800 rpm) under nitrogen. When
the solution temperature was increased to 80℃, 10 mL of
NH4OH (25%, w/w) added drop by drop under stirring,
and the reaction was maintained for 30 min. The black
precipitate was separated by putting the vessel on Nd-FeB permanent magnet, and washed several times. Finally,
the black product MgO/ Fe3O4 was dried in the vacuum.
2.4 β-CD/MgO/Fe3O4 magnetic particles

2. MATERIALS AND METHODS
2.1. Reagents and chemicals

Thymol, methacrylic acid (MAA), oleic acid, βcyclodextrin (β-CD), polyvinylpyrrolidone (PVP), N,Ndimethylformamide (DMF), azobisisbutyronitrile (AIBN),
γ-glycidoxypropyltrimethoxysilane (KH-560), 3-methylacryloxypropyltrimethoxysilane (KH-570), NaH, iron(II)
chloride tetrahydrate (FeCl2·4H2O) and iron(III) chloride
hexahydrate (FeCl3·6H2O) were purchased from Chemical Reagent Co. Ltd of the Country Medicine Group
(Shanghai, China). Ethylene glycol dimethacrylate (EGDMA) was purchased from Sigma–Aldrich Chemical Company (St. Louis, USA). All other chemicals used were of
analytical grade and obtained commercially. Deionized
water used throughout the experiments was obtained from
laboratory purification system.
2.2. Instruments

The MMIPSs beads were characterized by scanning
electron microscopy (JEM-6700F, JEOL, Japan) and Fourier-transform infrared spectrometry (FT-IR 360, Nicolet,
USA). The identification of crystalline phase was performed
using a Rigaku D/max-γ X-ray diffract meter (XRD) with
monochromatized with Cu Kα radiation over the 2θ range

The β-CD/MgO/Fe3O4 magnetic particles were prepared following the literature [27]. β-CD (2.29 g) was
dissolved in 50.0 ml of anhydrous DMF to which 0.25 g
of NaH was added. The mixture was stirred at room temperature until no gas was emitted. Excessive NaH was
removed by filtration. 1.0 ml of GOTMS was added to the
filtrate, which was allowed to react at 90 oC under nitrogen protection for 5 h. After this process, β-CD moiety
was bonded to the epoxy group of KH-560. The following
step was that 2.5 g of MgO/Fe3O4, 50.0 ml of DMF and
1.0 ml of KH-570 were dispersed to the first step’s product. After the mixture was stirred at 110-120 oC for 24 h
under nitrogen protection, the β-CD/MgO/Fe3O4 was collected and washed several times successively with anhydrous DMF, methanol, distilled water and acetone. Finally,
the β-CD/MgO/Fe3O4 was dried under vacuum at 110 oC.
The MgO/Fe3O4 only modified with vinyl group was prepared according to the second step (no KH-560 and β-CD
added).
2.5 Synthesis of thymol imprinted MIPs (MMIPs)

A series of molecularly imprinted and non-imprinted
polymers were prepared in aqueous media according to
the amounts presented in Table 1. The MMIPs beads were
prepared followed the the literature [28] with a few modi-
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fications. Thymol (1.0 mmol), MAA were dispersed into
the 10 mL of DMSO in ultrasonic bath for 1.0 h. This step
was to preparation of the preassembly solution. The FMgO/Fe3O4 (1.5 g) was mixed with 1.0 mL of oleic acid
and stirred for 10 min. Then 20 mmol of EGDMA and the
preassembly solution were added into the mixture of the
β-CD/MgO/Fe3O4 and oleic acid. This mixture was stirred
(300 rpm) continually for 30 min to obtain the prepolymerization solution. Moreover, the PVP (0.4 g) used as
dispersant was dissolved into 100 mL of DMSO: water
(9:1, v/v) in a three-necked round-bottomed flask under
stirring. Then the prepolymerization solution was added
into the three-necked flask, and then 0.1 g of AIBN was
also added into it. The mixture was stirred at 300 rpm and
purged with nitrogen gas to displace oxygen while the
temperature increased to 60 oC. The reaction was allowed
to proceed at 60 oC for 24 h. After the polymerization, the
obtained polymers were washed with the mixture solution
of methanol/acetic acid (95:5, v/v) using soxhlet extraction to remove the template molecules. Finally, the obtained MMIPs beads were dried at 50 oC under vacuum.
In comparison, the magnetic non-imprinted polymers
(MNIPs beads) were also prepared as a blank in parallel
but without the addition of thymol.

MMIPs
MMIPs (2)
MMIPs (3)
MNIPs
MNIPs (2)
MNIPs (3)

Thymol
(mmol)
1.0
1.0
1.0

MAA
(mmol)
4.0
4.0
4.0
4.0

β-CD
(µmol)
62.5
62.5
62.5
62.5

EGDMA
(mmol)
10.0
10.0
10.0
10.0
10.0
10.0

2.7 Selectivity of MMIPs beads

A mixture standard solution of thymol, 2-isopropylphenol and sesamol with initial concentration of 100 mg
L−1 was incubated with MMIPs or MNIPs beads beads, and
the adsorption procedure was then conducted as described
earlier in Section 2.6. The interrelated absorbed coefficient was evaluated by the following equations:
Static distribution coefficient:

Kd =

AIBN
(g)
0.1
0.1
0.1
0.1
0.1
0.1

Cp
Cs

(2)

Where Cp is the concentration on the absorbed medium and Cs is the final free concentrations of the solution.
For comparison of the obtained MMIPs beads selectivity,
the selectivity coefficient k and relative selectivity coefficient k ʹ′ values were calculated as the following formula:
Selectivity coefficient:

k=

K d ( temple)

(3)

K d ( non)

Where Kd(temple) and Kd(non) are the static distribution
coefficients of template and referent molecules, respectively. Relative selectivity coefficient:

TABLE 1 - The preparative composition of different polymers.
Polymer

and W (g) are the solution volume and the weight of
MMIPs or MNIPs beads, respectively.

k ʹ′ =

KM
KN

(4)

Where kM and kN represent selectivity coefficient of
MMIPs and MNIPs beads, respectively.
3. RESULTS AND DISCUSSION
3.1. Characterization studies

2.6 Batch experiment

All batch adsorption experiments were carried out by
mixing 0.01 g MMIPs or MNIPs beads with 10 mL aqueous solution of thymol with the desired concentration and
shaking for 12h at 298K. For equilibrium adsorption experiments, 10 mL various initial concentration (from 10 to
500 mg L-1) of thymol solution was mixed with 0.01 g
MMIPs or MNIPs beads, then shaked at 298K until the
equilibrium was established. Batch kinetic experiments
were carried out by mixing 0.01 g MMIPs or MNIPs
beads with 10 mL thymol solution and shaking at 298K for
predetermined intervals of time.

The crystalline structures of the nanoparticles were
identified with XRD. Figure 1 compares the XRD patterns
of β-CD/MgO/Fe3O4 and MMIPs beads which display sev-

The thymol solution was separated from the adsorbent by Nd-Fe-B permanent magnet. Both the initial and
the final concentrations of thymol in the solution were
measured by HPLC. The adsorption capacity of the composites for thymol was calculated through the following
equation:

Qe =

(C0 − Ce )V
W

(1)

Where C0 (mg L-1) and Ce (mg L-1) are the initial and
equilibrium concentration of thymol, respectively. V (mL)
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FIGURE 2 -SEM of MMIPs (left) and MNIPs (right).

eral relatively strong reflection peaks in the 2θ region of
10-80°. In the 2θ range of 10°-80°, six characteristic
peaks for Fe3O4 (2θ=30.2°, 35.6°, 43.3°, 53.5°, 57.2°, and
62.8°) were observed [29]. The same set of characteristic
peaks was also observed for MMIPs beads, indicating the
stability of the crystalline phase of Fe3O4 nanoparticles after
polymerization.
The SEM images of MNIPs and MMIPs beads are
shown in Figure 2. The shape of the polymer MNIPs
beads was more uniform, compact and smooth than the
shape of polymer MMIPs beads, which had an irregular
rough morphology. The regular structure of the nonimprinted polymer is probably due to no specific binding
sites having been created for the templates.
The infrared spectra of the β-CD/MgO/Fe3O4 and
MMIPs beads were measured and shown in Figure 3,
respectively. The main functional groups of the predicted
structure can be observed with corresponding infrared absorption peaks. A broad absorption band at 3400cm−1 was
corresponded to the stretching vibration of O-H bonds of
the hydroxyl groups of β-CD. The absorption bands at
527 cm -1 of MMIPs beads corresponded to the Fe-O
bond for Fe3O 4 particles, which was also obtained for
β-CD/MgO/Fe3O4 [26]. Furthermore, MMIPs beads showed
the strong absorption bands around 1730, 1260 and
1150 cm-1, which were assigned to C=O stretching vibration of carboxyl (MAA), C–O symmetric and asymmetric
stretching vibration of ester (EGDMA), respectively [30].
The peaks at 2985 cm-1 and 2960 cm-1 of MMIPs beads,
which were absent in MgO/Fe3O4, indicated the presence
of C–H stretching bands of both -CH3 and -CH2 groups.
All the results confirmed that the co-polymerization of
MAA and EGDMA on the surface β-CD/MgO/Fe3O4 in
the presence of AIBN has been initialed.
The TGA curves of the β-CD/MgO/Fe3O4 and MMIPs
beads were given in Figure 4. Figure 4 illustrated that in the
range of 180-370oC, the rate of weight loss for MgO/Fe3O4
increased owing to the dehydration in the layer of MgO,
while weight loss above 600oC is associated with the release

FIGURE 3 - FT-IR spectra of β-CD/ MgO/Fe3O4 and MMIPs.

Temperature (°C)

FIGURE 4 - TGA curves of β-CD/MgO/Fe3O4 and MMIPs.

of the structure water. It is noted that MMIPs beads had a
rapid weight loss rate between 230 and 400oC, which was
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originated from the imprinted polymer on the surface of
MgO/Fe3O4. Hence, the results fully demonstrated the
existence of imprinted polymer.
VSM was employed to study the magnetic properties
of β-CD/MgO/Fe3O4 and MMIPs beads. The magnetic
hysteresis loop of the sample is illustrated in Figure 5. The
saturation magnetization of MMIs beads was 4.79 emu g-1
in comparison with that of β-CD/MgO/Fe3O4 (saturation
magnetization are 10.0 emu g -1 ). MMIPs beads and
MgO/Fe3O4 possessed of similar saturation magnetization, indicating that they had similar morphological structure and size distribution. Moreover, the results from Figure 5 strongly suggested that the remained magnetic force
in MMIPs beads could be attracted by an external magnetic field effectively. The results also illustrated that
MMIPs beads were a feasible magnetic separation carrier.

FIGURE 6 - a: Effect of pH on adsorptive removal of thymol.
b: Effect of initial pH on equilibrium pH.
3.3 Binding isotherm

Binding isotherm is a measure of the concentration
dependent recognition behavior of a system. Binding
isotherms were plotted by the adsorption capacity (Qe) of
adsorbate bound to the polymer versus initial concentration of the adsorbate (Figure 6). The adsorption capacity
to thymol increased with the increase of initial concentration of thymol. When the polymer was saturated and all
the sites were filled, the adsorption capacity leveled off
and remained constant.

FIGURE 5 - The hysteresis loop of MMIPs. The insert shows the
separation and redispersion process of a solution of MMIPs in the
absence (left) and presence (right) of an external magnetic field.
3.2 Effect of pH

Optimization of pH value for adsorption medium plays
a vital role in the adsorption studies. The pH of the solution
affects the degree of ionization and speciation of dichlorophenols which subsequently leads to a change in adsorption kinetics and equilibrium characteristics [31]. Then the
effect of pH on the adsorption of thymol and the effect of
initial pH on final pH were shown in Figure 6. It was
observed that adsorption capacity for MMIPs and MNIPs
were approximately constant over the pH range of 2.0-5.0
and then declines in the pH range of 5.0-9.0 as thymol
becomes ionized (Figure 6a). Moreover, adsorption of thymol at low pH 2.0-5.0 did not cause a significant change in
pH (Figure 6b), indicating that the greater adsorption at
this pH range may be due to the predominant species of
neutral thymol. At pH > 5.0, the repulsion of the negatively charged thymol species and the dissociation of functional groups of adsorbents may decrease the interaction of
adsorption system. Thus, pH 5.0 for adsorption medium
was selected in the following studies. And the initial pH
had the same effects for MMIPs and MNIPs, but the adsorption capacity for MMIPs was more than that of MNIPs,
strongly indicating the imprinting effect.

FIGURE 7 - Adsorption isotherms of MMIPs, MMIPs (2) and
MMIPs (3).

It can be seen from Figure 7 that the adsorption efficiencies of these three MMIPs beads were in the order of
MMIPs > MMIPs (2) > MMIPs (3). MMIPs had the highest adsorption efficiency (Qe was 217.39 mg g−1) due to the
combination of bonded β-CD and AA. The adsorption
capacity of MMIPs (2) was better than that of MMIPs (3).
MMIPs (2) recognized the template mainly based on hydrophobic effect, while MMIPs (3) recognized the template
mainly depending on hydrogen-bonding interaction which
was easily destroyed in aqueous media. MMIPs beads and
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TABLE 2 - Adsorption isotherm constants for thymol adsorption onto the MMIPs and MNIPs beads
Adsorption isotherm
models

Constants
2

Langmuir equation
Freundlich equation

R
Qm, c (mg g-1)
KL (L mg-1)
R2
KF (mg g-1)
n

298 K
0.9850
217.4
2.885× 10-3
0.9954
1.057
1.239

MMIPs
308 K
0.9914
303.1
2.609× 10-3
0.9960
1.205
1.194

MMIPs beads (2) all employed bonded β-CD, so it was
concluded that in aqueous media the adsorption properties
of the polymers were governed mainly by hydrophobic
effect [24].
The Langmuir [32], Freundlich [33] isotherm models
for thymol adsorption onto MMIPs beads are illustrated in
Figure 7. Moreover, the adsorption isotherm constants at
three temperatures are listed in Table 2.
The Langmuir isotherm model assumes uniform adsorption on the surface and is used for describing monolayer
adsorption on a surface containing a finite number of identical sites. The linear form is expressed by the following
equation:

Ce
1
C
=
+ e
Qe K LQm Qm

(5)

where Ce is the equilibrium concentration of adsorbate
in solution (mg L-1), Qe is the equilibrium adsorption capacity (mg g-1), Qm is the maximum adsorption capacity of the
sorbent, KL represents the affinity constant.
The Freundlich equation based on sorption on a heterogeneous surface is given by:

1
ln Qe = ln K F + ln Ce
n

298 k
0.9720
121.9
4.214× 10-3
0.9943
1.136
1.386

MNIPs
308 K
0.9763
178.6
3.524× 10-3
0.9937
1.185
1.301

318 K
0.9872
270.3
2.569× 10-3
0.9965
1.091
1.203

in Table 2 ranging between 0 and 1 represents a favorable
adsorption condition [34].
From Table 2, when the equilibrium concentration increased, the equilibrium adsorption capacity (Qe) for thymol increased tardily in the whole process. Furthermore,
with temperature increased from 298 K to 318 K, Qe for
thymol were both elevated obviously, it is probably because
high temperature provided more chances for thymol to pass
the external boundary layer, and produced the enlargement
of pore volume and surface area enabling thymol to penetrate further [35]. As seen from Figure 8, Freundlich isotherm model fitted the equilibrium data for thymol adsorption significantly better than the Langmuir isotherm model.
The fact may be due to heterogeneous distribution of active
sites on the adsorbent surface, since the Freundlich equation assumes that the surface is heterogeneous.
3.4 Adsorption kinetics

To evaluate the adsorption kinetics of thymol, two
kinetic models were used in this case, assuming that the
measured concentrations are equal to adsorbent surface
concentrations. The pseudo-first-order rate expression of
Lagergren model [36] is generally expressed as follows:

ln (Qe − Qt ) = ln Qe − k1t

(6)

where KF is an indicative constant for adsorption capacity of the sorbent (mg g-1) and the constant 1/n indicates the intensity of the adsorption. Values of 1/n listed

318 K
0.9847
416.7
2.258× 10-3
0.9970
1.321
1.155

(7)

Where t is the rebinding time (min), Qt (mg g-1) is the
adsorption capacity of different time, Qe (mg g-1) is the
equilibrium rebinding capacity, k1 (min-1) is the first-order
rate constant.

FIGURE 8 - The isotherm models of MMIPs (A) and MNIPs (B).
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The pseudo-second-order kinetic rate equation [37]
is expressed as:

t
1
t
=
+
2
Qt K 2Qe Qe

(8)

Where k2 is the rate constant of second-order adsorption (g(mg min)-1).
Figure 9 shows the adsorption kinetic curves of thymol onto MMIPs and MNIPs beads. Compared with
MNIPs, it is evidential that a much higher adsorption capacity was achieved on MMIPs beads. The pseudo-firstorder and pseudo-second-order models were injudged to

describe the sorption kinetic data. The results of Table 3
show that the second-order mechanism is applicable (Qe
values calculated are nearly to the Qe values measured).
These results also suggest that the pseudo-second-order
mechanism is predominant and that chemisorption might
be the rate-limiting step that controls the adsorption process [38].
3.5 Selectivity of MMIPs beads

The selectivity of the MMIPs and MNIPs beads was
investigated by measuring amounts of thymol and competitive molecules with mixed standard solution at 100 mg L−1.
The results of the study are shown in Figure 10. For MMIPs

FIGURE 9 - The kinetic model of MMIPs (A) and MNIPs (B).

TABLE 3 - Kinetic constants for the Pseudo-first-order equation and Pseudo-second-order equation

Adsorbates

C0
(mg L-1)

MMIPs

100

MNIPs

100

T (K)

Qe,exp (mg
g-1)

298
308
318
298
308
318

34.27
36.57
41.74
26.85
30.86
34.61

Pseudo-first-order equation
Qe,c
k1 (min−1)
R2
(mg g-1)
-3
15.94
2.5× 10
0.9926
16.22
1.7× 10-3
0.9824
17.95
2.5× 10-3
0.9981
-3
10.63
2.9× 10
0.9945
11.27
3.4× 10-3
0.9880
15.07
2.7× 10-3
0.9966

Pseudo-second-order equation
Qe,c
k2
R2
(mg g-1)
(g mg−1 min−1)
-4
34.13
9.638× 10
0.9910
36.36
1.451× 10-3
0.9960
41.67
1.202× 10-3
0.9958
-3
26.88
1.879× 10
0.9970
31.06
1.854× 10-3
0.9979
34.48
1.251× 10-3
0.9948

FIGURE 10 - The selectivity of the MMIPs (left) and MNIPs (right) beads.
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TABLE 4 - Adsorption selectivity of MMIPs and MNIPs.
Phenolic
compounds
Thymol
2-Isopropylphenol
Sesamol

Ce
(mg L-1)
10.02
43.24
87.32

MMIPSs
Kd
(L g-1)
8.98
1.31
0.145

Ce
(mg g-1)
35.80
45.65
65.05

k
6.85
61.93

beads, the thymol loadings were obtained at 100 mg L−1,
while much lower thymol loading of 100 mg L−1 was observed for MNIPs beads. This high selectivity mainly
owns to the molecular size recognition, the hydrogen
bonding and hydrophobic interactions between polymeric
matrix and template. On the other hand, the adsorption of
MMIPs beads for the competitive molecules (2-isopropylphenol and sesamol) was not obviously different to those of
MNIPs beads. This showed that, in the case of competitive
molecules, the adsorption was likely depended on the
mechanism of non-specific interaction. The values of the
selectivity parameters (Kd, k and k´) are calculated in Table 4.
The static distribution coefficient (Kd) is defined as the ratio
of the concentrations of the solution at the two phases under equilibrium state, and is calculated to be 100 mg L−1 of
thymol for MMIPs beads and 100 mg L−1 for MNIPs beads.
The selectivity coefficient (k) indicated the cross-selectivity
between the reference compound and the target molecule. It
can be seen from Table 4 that significantly high k´ value of
4.57 and 18.60 of MMIPs beads had been achieved, which
indicated high discrimination property of the MMIPs beads
between the template and other compounds.

MNIPs
Kd
(mg L-1)
1.79
1.19
0.537

k
1.50
3.33

k´
4.57
18.60

increased at initial time and reached to equilibrium after
8.0h.
To test the regeneration of the MMIPs beads, five regeneration cycles were conducted with Thymol. The mixture of methanol and acetic acid (9.0: 1.0, V/V) was used
as a eluant. After the supernatant solution was discarded,
the MMIPs beads were washed with 2×2.5 mL of eluant
under ultrasonic bathe for 30 min. From the results in
Figure 12, after five cycles of regeneration, the adsorption
capacity of MMIPs beads for Thymol was about 13.4%
loss in pure Thymol solution, about 21.3% loss in coexisting phenolic compound solution, suggesting good retention of the activity of the MMIPs beads.

FIGURE 12 - Regeneration of the MMIPs after five cycles.

4 CONCLUSIONS

FIGURE 11 - The desorption kinetic of the MMIPs.
3.6 Desorption kinetic and Regeneration of MMIPs beads

In a typical desorption experiment, 0.01 g MMIPs beads
with 5.0 ml of the desorption solution (methanol and acetic
acid (9.0: 1.0, V/V)) were shaking at 298K for predetermined intervals of time. The thymol solution was separated
from the adsorbent by Nd-Fe-B permanent magnet. Both
the initial and the final concentrations of thymol in the
solution were measured by HPLC. The results of desorption kinetic (Figure 11) indicted that the desorption ratio

In this study, magnetic molecular imprinted polymer
was prepared using β-CD and MAA as monomers. The
prepared MMIPs beads exhibited excellently specific
recognition, thermal stability and saturation magnetization.
It could be easily separated from the suspension by an
external magnetic field, leading to a fast and selective
recognition thymol from aqueous solutions. We believe
that magnetic molecular imprinted beads can be one of
the most promising candidates for environmental pollutants.

3279

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

ACKNOWLEDGMENTS

Tryptophan (D -, L - and DL -Trp). J. Incl. Phenom. Macrocycl. Chem., 54 221-232.

This work was financially supported by the National
Natural Science Foundation of China (No.21077046, No.
30970309) and Ph.D. Programs Foundation of Ministry of
Education of China (No. 20093227110015).

REFERENCES
[1]

Gomes Carneiro M.R., Felzenszwalb I., Paumgartten F.J.
(1998) Mutagenicity testing (+/-)-camphor, 1, 8-cineole, citral, citronellal (-)-menthol and terpineol with the Samonella/microsome assay. Mutat. Re., 416 129-136.

[2]

Shapiro S., Guggenheim B. (1995) The action of thymol on
oral bacteria. Oral. Microbiol. Immunol, 10 241-246.

[3]

Ogaard B., Larsson E., Glans R., Henriksson T., Birkhed D.
(1997) Orofacial J.. Antimicrobial effect of a chlorhexidinethymol varnish (cervitec) in orthodontic patients. A prospective, randomized clinical trial. Orthopedics, 58 206-213.

[4]

Zhang H.Q., Mosbach L. Ye, K. (2006) Non-covalent molecular imprinting with emphasis on its application in separation
and drug development. J. Mol. Recogn, 19 248-259.

[16] Liu Y., Jia L. (2008) Analysis of estrogens in water by magnetic octadecylsilane particles extraction and sweeping micellar electrokinetic chromatography. Microchem. J., 89 7276.
[17] Liu Y., Li H., Lin J. (2009) Magnetic solid-phase extraction
based on octadecyl functionalization of monodisperse magnetic ferrite microspheres for the determination of polycyclic
aromatic hydrocarbons in aqueous samples coupled with gas
chromatography–mass spectrometry. Talanta, 77 1037-1042.
[18] Ansell R.J., Mosbach K. (1998) Magnetic Molecularly Imprinted Polymer Beads for Drug Radioligand Binding Assay.
Analyst, 123 1611-1616.
[19] Zhang Y., Liu R., Hu Y., Li G. (2009) Microwave Heating in
Preparation of Magnetic Molecularly Imprinted Polymer
Beads for Trace Triazines Analysis in Complicated Samples.
Anal. Chem., 81 967-976.
[20] Lu S., Cheng G., Zhang H., Pang X. (2006) Preparation and
characteristics of Tryptophan-imprinted Fe3O4/P(TRIM)
composite microspheres with magnetic susceptibility by inverse emulsion–suspension polymerization. J. Appl. Polym.
Sci., 99 3241-3250.
[21] Tan C.J., Tong Y.W. (2007) Preparation of Superparamagnetic Ribonuclease A Surface-Imprinted Submicrometer Particles for Protein Recognition in Aqueous Media. Anal.
Chem., 79 299-306.

[5]

Baggiani C., Anfossi L., Giovannoli C. (2007) Solid phase
extraction of food contaminants using molecular imprinted
polymers. Anal. Chim. Acta, 591 29-39.

[6]

Yoshida M., Hatate Y., Uezu K., Goto M., Furusaki S. (2000)
Chiral-recognition polymer prepared by surface molecular
imprinting technique. Colloid Surf. A., 169 259-269.

[22] Chen L., Liu J., Zeng Q., Wang H., Yu A., Zhang H., Ding L.
(2009) Preparation of magnetic molecularly imprinted polymer for the separation of tetracycline antibiotics from egg
and tissue samples. J. Chromatogr. A., 1216 3710-3719.

[7]

Alexiadou D.K., Maragou N.C., Thomaidis N.S., Theodoridis
G.A., Koupparis M.A. (2008) Molecularly imprinted polymers for bisphenol A for HPLC and SPE from water and
milk. J. Sep. Sci., 31 2272-2282.

[23] Zhu H.Y., Jiang R., Xiao L. (2010) Adsorption of an anionic
azo dye by chitosan/kaolin/γ-Fe2O3 composites. Appl. Clay
Sci., 48 522-526.

[8]

Xu Z.F., Liu L., Deng Q.Y. (2005) Preparation and binding
characteristic of bisphenol a imprinted polymers Acta. Sci.
Natur. Univer. Sun., 44 53-57.

[24] Georgakilas V., Tzitzios V., Gournis D., Petridis D. (2005)
Attachment of Magnetic Nanoparticles on Carbon Nanotubes
and Their Soluble Derivatives. Chem. Mater., 17 1613-1617.

[9]

Lettau K., Warsinke A., Laschewsky A., Mosbach K., Yilmaz E., Scheller F.W. (2004) An Esterolytic Imprinted Polymer Prepared via a Silica-Supported Transition State Analogue. Chem. Mater., 16 2745-2749.

[25] Wang J.H., Zheng S.R., Shao Y., Liu J.L., Xu Z.Y., Zhu D.Q.
(2010) Amino-functionalized Fe3O4@SiO2 core–shell magnetic nanomaterial as a novel adsorbent for aqueous heavy
metals removal. J. Colloid. Interface. Sci., 349 293–299.

[10] Yang H.H., Zhang S.Q., Tan F., Zhuang Z.X., Wang X.R.
(2005) Surface Molecularly Imprinted Nanowires for Biorecognition. J. Am. Chem. Soc., 127 1378-1379.

[26] Liu Y.S., Liu P., Su Z.X., Li F.S. (2008) Wen F.S., Attapulgite–Fe3O4 magnetic nanoparticles via co-precipitation
technique. Appl. Surf. Sci., 255 2020-2025.

[11] Guo T.Y., Xia Y.Q., Wang J., Song M.D., Zhang B.H. (2005)
Chitosan beads as molecularly imprinted polymer matrix for
selective separation of proteins. Biomaterials., 26 5737-5745.

[27] Qin L., He X.W., Li W.Y., Zhang Y.K. (2008) Molecularly
imprinted polymer prepared with bonded β-cyclodextrin and
acrylamide on functionalized silica gel for selective recognition of tryptophan in aqueous media. J. Chromatogr. A, 1187
94–102.

[12] Nishino H., Huang C.S., Shea K.J. (2006) Selective Protein
Capture by Epitope Imprinting. Angew. Chem. Int. Ed., 45
2392-2396.
[13] Yu C., Mosbach K. (2002) Influence of mobile phase composition and cross-linking density on the enantiomeric recognition properties of molecularly imprinted polymers. J. Chromatogr. A., 888 63-72.
[14] Hishiya T., Akiyama T., Asanuma H., Komiyama M., Molecular imprinting of cyclodextrins leading to synthetic antibodies. J. Incl. Phenom. Macrocycl. Chem., 44 365-367.
[15] Song L.X., Teng C.F., Yang Y. (2006) Preparation and Characterization of the Solid Inclusion Compounds of α-, βCyclodextrin with Phenylalanine (D -, L - and DL -Phe) and

3280

[28] Georgakilas V., Tzitzios V., Gournis D., Petridis D. (2005),
Attachment of Magnetic Nanoparticles on Carbon Nanotubes
and Their Soluble Derivatives. Chem. Mater., 17 1613-1617.
[29] Yang T.Z., Shen C.M., Gao H.J. (2005) Highly Ordered SelfAssembly with Large Area of Fe3O4 Nanoparticles and the
Magnetic Properties. J. Phys. Chem. B, 109 23233-23236.
[30] Yoshimatsu K., Reimhult K., Krozer A., Mosbach K., Sode
K., Ye L. (2007) Uniform molecularly imprinted microspheres and nanoparticles prepared by precipitation polymerization: The control of particle size suitable for different analytical applications. Anal. Chim. Acta., 584 112-121.

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

[31] Sathishkumar M., Binupriya A.R., Kavitha D., Selvakumar
R., Jayabalan R., Choi J.G., Yun S.E. (2009) Adsorption potential of maize cob carbon for 2,4-dichlorophenol removal
from aqueous solutions: Equilibrium, kinetics and thermodynamics modeling. Chem. Eng. J., 147 265-271.

School of Chemistry and Chemical Engineering
Jiangsu University
Zhenjiang 212013
P.R. CHINA

[32] Mazzotti M. (2006) Equilibrium theory based design of simulated moving bed processes for a generalized Langmuir isotherm, J. Chromatogr. A., 1126 311-322.

E-mail: lcx@ujs.edu.cn

[33] Allen S.J., Mckay G., Porter J.F. (2004) Adsorption isotherm
models for basic dye adsorption by peat in single and binary
component systems, J. Colloid Interf. Sci., 280 322-333.
[34] Li K.Q., Wang X.H. (2009) Adsorptive removal of Pb(II) by
activated carbon prepared from Spartina alterniflora: Equilibrium, kinetics and thermodynamics, Bioresour. Technol., 100
2810-2815.
[35] Al-qodah Z. (2000) Adsorption of dyes using shale oil ash,
Water Res., 34 4295-4303.
[36] Ho Y.S., McKay G. (1999) The sorption of lead(II) ions on
peat, Water Res., 33 578-584.
[37] Ho Y.S., McKay G. (1999) Pseudo-second order model for
sorption processes, Process. Biochem., 34 451-465.
[38] Meng M., Wang Z., Ma L., Zhang M. Wang J., Dai X., Yan
Y. (2012) Selective Adsorption of Methylparaben by Submicrosized Molecularly Imprinted Polymer: Batch and Dynamic Flow Mode Studies, Ind. Eng. Chem. Res., 51 14915 −
14924

Received: January 28, 2013
Revised: March 11, 2013
Accepted: May 24, 2013

CORRESPONDING AUTHOR
Chunxiang Li

3281

FEB/ Vol 22/ No 11/ 2013 – pages 3264 - 3273

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

SUBJECT INDEX
A

H
AAS
absorption
Adapazarı.
aflatoxin B1 (AFB1)
airborne fungal flora
Anatolia
anti-genotoxicity
antioxidant enzymes
aquatic ecosystems
aquatic organisms
azo dye

3179
3229
3179
3258
3251
3111
3258
3258
3192
3160
3229

heavy metals
hepatocyte
histology
homogenous catalysis
hospital environment
hydrology

3223
3236
3217
3140
3251
3192

interaction
interaction.

3132
3155

Kardia
kinetics

3123
3140

Lake Eğirdir
Lake Kovada
lignite
loess

3160
3160
3123
3132

macrophytes
magnetic
management
mariculture sediments
metals
molecular imprinted polymer
mushroom scatopsid flies

3199
3264
3111

natural lake
nitrogen cycling

3199
3192

particulate matter (PM)
peroxydisulfate
phenol
photocatalytic degradation
photodegradation
phytoaccumulation
PM1
PM10
primary response
Primordial germ cell
Ptolemais

3179
3140
3132
3229
3140
3146
3179
3179
3236
3217
3123

rare earth elements
reactive Orange 122
reservoir
risk assessment

3229
3140
3192
3210

Sakarya river

3184

I

K

B
β-cyclodextrin
bioremediation
boron

3264
3223
3111

L

C
Calamintha nepeta (CN)
calcite
Carbon dynamics
catchment
CCA
CCA
Cd2+
Chlorella vulgaris
component
Cu2+

3258
3223
3192
3199
3160
3199
3155
3155
3170
3155

deltamethrin
dissolved gas
dissolved oxygen
dusts

3217
3243
3243
3223

M

D

3146
3264
3170

N

P

E
embryo
essential oil

3217
3170

F-AAS analysis
field observation
fumigant activity

3184
3243
3170

genus Alyssum
geostatistics
grain size
Greece
growth

3146
3111
3184
3123
3155

R

heavy metal
heavy metal
heavy metals

3132
3179
3210

S

F

G

H

3282

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

AUTHOR INDEX
S

A
Scatopse spp.
secondary response
sediment
selective adsorption
sequential extraction
serpentinophytes
Shewanella oneidensis
sorption
spatial distribution
spatial pattern
spatial structure

3170
3236
3184
3264
3184
3146
3223
3132
3111
3210
3199

Abaci Gunyar, Ozlem
Achal, Varenyam
Acir, Nurullah
Adamidou, Kalliopi
Agar, Guleray
Ahmadi, Reza
Alpsoy, Lokman
Altundag, Huseyin
Altundag, Huseyin
Amanatidou, Elisavet
Ates, Mustafa

3251
3223
3111
3123
3258
3140
3258
3179
3184
3123
3251

Basbagci, Gurkan
Baydal, Başak
Boyacioglu, Hayal
Branković, Snežana

3170
3251
3251
3146

Ceker, Selcuk
Chen, Huai

3258
3192

Đekić, Vera
Du, Fei-Yan
Dundar, Mustafa S.
Dundar, Mustafa S.

3146
3210
3179
3184

Erler, Fedai
Ertan, Ömer Osman
Eyupoglu, Volkan

3170
3160
3184

Feng, Jingjie

3243

Georgakopoulos, Andreas
Glišić, Radmila
Grzybowski, Mirosław
Gu, Yang-Guang
Gulbahar, Okan
Günal, Hikmet

3123
3146
3199
3210
3251
3111

Haliki-Uztan, Alev

3251

Jiang, Lei
Jiang, Shi-Jun

3229
3210

Kalyoncu, Hasan
Kaygaldurak, Sinem

3160
3179

B

T
tilapia
TiO2
total dissolved gas
toxicity
trace elements
Turkey

3236
3229
3243
3155
3123
3160

C

V
variability
vitellogenin

3111
3236

xenoestrogen

3236

zebrafish

3217

D

X

Z

E

subject-index

F

G

H

J

K

3283

© by PSP Volume 22 – No 11. 2013

Fresenius Environmental Bulletin

K

Y
Keskin, Can Serkan
Kizil, Hamit Emre

3184
3258

Li, Chunxiang
Li, Ran
Liang, Chunhua
Lin, Qin
Luo, Hongyu

3264
3243
3229
3210
3264

Ma, Qian

3243

Nardemir, Gokce
Nartey, Obemah D.

3258
3132

L

Yilmazcan, Ozlem
Yön, Nazan Deniz
Yuan, Xingzhong
Yüce, Rikap

3179
3217
3192
3217

Zeybek, Melek
Zhang, Dajie
Zhang, Haizhou
Zhang, Lin-Bao
Zhang, Qiuzhuo
Zhao, Baowei
Zhong, Jinkui
Zhu, Dan
Zhu, Kun
Zhu, Qiuan

3160
3229
3229
3210
3223
3132
3132
3192
3132
3192

Z

M

N

author-index

P
Pavlović-Muratspahić, Dragana
Pekridis, George
Peng, Changhui

3146
3123
3192

Ran, Jingyuan
Rasoulifard, Mohammad Hossein

3132
3140

Sayin, Selin
Si, Naichao
Surucu, Abdulkadir

3155
3264
3111

Takemura, Akihiro
Tian, Jianqing
Topuzović, Marina
Trikoilidou, Eleni
Tsikritzis, Lazaros
Turker, Hakan
Tutunoglu, Çagla

3236
3192
3146
3123
3123
3236
3184

Vahedpour, Morteza

3140

Wang, Duanchao
Wang, Lele
Wei, Xiao
Wu, Jianghua

3223
3243
3264
3192

Xiang, Wei-Ning

3223

Yang, Gang

3192

R

S

T

V
W

X
Y

3284

