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GEOCHEMICAL DISTRIBUTION OF POTENTIALLY
HARMFUL ELEMENTS IN PERIURBAN SOILS OF A
MEDITERRANEAN REGION: MANRESA (CATALONIA, SPAIN)
Jaume Bech1, Pedro Tume2,*, Núria Roca1 and Ferran Reverter3
1
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1. INTRODUCTION

ABSTRACT
The contents for six elements (Ba, Cu, Ni, Pb, V and
Zn) have been assayed in soils of Manresa, an area famous
for its environmental sceneries in Central Catalonia region.
This area is affected by a rapid transition from a traditionally agricultural-based economy to an increasingly industrial-based economy, and has formed a complete industrial
structure. Twenty-seven soils (topsoil and subsoil) were
sampled and heavy metals concentrations were analysed
with an inductively coupled plasma-mass spectrometer
(ICP-AES) after acid digestion with HNO3 and HCl and Xray fluorescence (XRF). The background values, calculated
after the removal of concentrations above the upper
whisker for studied metals were in mg·kg-1: Ba: 904, Cu:
43.9, Ni: 38.7, Pb: 35.4, V: 110 and Zn: 131. The enrichment factor also shows enriched samples for Cu, Pb and
Zn. The degree of soil contamination was assessed on the
basis of geoaccumulation index and upper whisker method.
Five percent of the soils was contaminated by at least one
trace metal. The heavy metal showing the greatest number
of samples with slight enrichment anomalies was Pb. The
following data sets were influenced mainly by natural element dispersion and accumulation processes. Only Cu and
Pb should be associated to anthropogenic pollution. However, Cu, Pb and Zn are grouped in very similar way with
a general pattern increase in the NE direction for Pb and Zn
and N for Cu. The relationships between the X-ray fluorescence and aqua regia methods were highly significant for
Cu, Ni, Pb and Zn.

KEYWORDS: soil geochemistry, background values, trace elements, Soil contamination indices

* Corresponding author

The chemical reactions occurring in the pedosphere
during the soil formation determine the mobilization and
redistribution of elements within the soil profile, and a significant correlation is generally recorded between the total
concentration of elements in soils and parent material [1].
Besides the close relationship between the parent material
and the derived soils, the presence of heavy metals in soils
is related to both the natural evolution of parent material
and the possible pollution of anthropogenic origin [2].
Concentrations of trace metals in the soil-water-air ecological system are of great concern because of possible influences on the food chain. In the last four decades, the Central Mediterranean area has undergone a rapid transition
from a traditionally agricultural-based economy to an increasingly industrial-based economy, and has formed a complete industrial structure. The topsoil layer is of particular
interest, as degradation may occur due to atmospheric deposition or anthropogenic activities.
The demand for geochemical data is increasingly being driven by environmental legislation. Studies and evaluations of heavy metal concentrations (natural variations
and pollution) require knowledge of their baseline concentrations. There are different analytical methods to investigate
heavy metal content in soils. Total values based on XRF or
near total based on aqua regia have been used in earlier potential harmful elements (PHE) studies [3 - 10]. Both total
and aqua regia extractable metal concentrations have been
assessed in the Geochemical Atlas of Europe [11] and in geochemical mapping of the Baltic Sea region [12], as well as
in the Itä-Uusimaa and Pirkanmaa regions, Finland [13]. In
recent years, separating background values from baseline
values to discriminate between anthropogenic contamination and natural (geogenic) sources has arguably become
crucial [14]. The term “geochemical baseline” indicates the
actual content of an element in a superficial environment
at a given point in time, as defined by [15]. The determination of background values (as geogenic natural content), in
contrast to baseline values, is crucial when defining the ex-
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tent of contamination in areas where environmental legislation has not yet established intervention limits for all environmental matrices [14].
There is a practical reason for defining the border between the concentration of a chemical element or component that naturally occurs and the concentration of the same
analyte when present as a result of anthropogenic activities.
Furthermore, the evaluation of contamination degree can
have serious implications for plant growth and animal
and/or human health. Different approaches have been used
to assess the contamination classes of heavy metal in soils
after background levels were determined (including index
of the upper whisker value [16], and geoaccumulation index [17]). Moreover, to examine the relationship between
soil and parent material it is interesting to compare the values of heavy metals in soils with a reference element as Zr
(including heavy metal enrichment factor (EF) [18]).
The objectives of this study were (1) to determine the
concentration of heavy metals and their variability in the
top soil; (2) to evaluate the background levels of potentially
harmful elements (Ba, Cu, Ni, Pb, V and Zn) in soils of
Manresa, an area famous for its environmental sceneries in
Central Catalonia region; (3) to establish the degree of site
contamination; and finally (4) to determine whether there
was a significant relationship between aqua regia extractable and XRF analysed metal levels.

2. MATERIAL AND METHODS
2.1 Description of the study area

The study area comprises 485.6 km2 in central Catalonia, NE Spain between longitude x = 401.250-429.000 m
(Greenwich meridian; UTM coordinates, European datum)
and latitude y = 4.614.650-4.632.150 m (Equator) with a varied physiography and geology, maximum height (1,057 m of
Montcau Mountain in Pre-Littoral Range) and lowest altitude
(150 m) in Llobregat valley. The studied region consists of a
Paleocene sedimentary rock depression. This Central Depression is made up mainly of early and middle Paleocene
red continental facies (red sandstones, conglomerates and argillites) in the south, grey marls, conglomerates and gypsum
of the Lutetian-Bartonian and Priabonian (Eocene), and finally the Rupelian (Oligocene) in the north. The SE sector of
the study area also has a small Triassic outcrop with material
from the Buntsandstein (siliceous sandstones, red lutites),
lower and upper Muschelkalk (limestones, dolomites), and
the middle Muschelkalk (sandstones and red lutites) [19].
The study area’s varied vegetation included a predominance of holm oak forests with Buxus sempervirens, Quercus rotundifoliae, Q. pubescens and Q. faginea. The lower
areas are populated with Pinus halepensis and P. pinea,
whilst P. silvestris is restricted to higher areas. The climate
of the study area presents a transition between two warm
temperate climate types, Csa and Cfb in the Köppen-Geiger
classification [20]. Local features are modulated by the topography and contintentality [21]. Normal temperature in Man-

resa averages 13.4º C and yearly precipitation is 600 mm.
High rainfall rates with considerable erosion potential are not
rare in the study area [22].
The most frequent soil types are Calcaric Cambisols,
Rendzic Leptosols, and Calcaric Regosols. Nonetheless,
Leptosols, Luvisols, and some Gleysols occur at specific
sites. For example, Luvisols can be found over hard limestones and sandstones with high levels of CaCO3 cement
[23]. Land use is primarily forest (58%) and agricultural
(31%), followed by urban/industrial (9%) and grasslands
(2%). Manresa, the principal urban area in the study area,
has 75 000 inhabitants and is an industrial city, especially
in metallurgy. Sallent, a neighboring city, has potash
mines.
2.2 Soil sampling and analytical methods

Sampling was implemented using a square grid with
sampling points at intervals of 5 by 5 km intervals. A topographic map (scale 1:50 000) was used to locate the samples (Fig. 1). Soil parameters were recorded for two depths:
topsoil (TS; 0-10 cm) and sub-surface soil (SS; 10-20 cm).
Soil pH was measured with a glass electrode in a 1:2.5 suspension of soil in deionized water. Soil particle-size analyses was estimated by the pipette method, organic carbon
(OC) by dichromate oxidation with the Walkley Balck
method, electrical conductivity (EC) was determined in a
1:5 soil/water suspension using a conductivity meter. Total
carbonates (CaCO3) were also measured through the acidneutralization method [24].
Soil samples were ground in a tungsten carbide mill,
prior to trace element analysis. The total content of Ba, Cu,
Ni, Pb, V and Zn was determined by means of X-ray fluorescence (XRF). Five grams of each sample were mixed
with the resin “Elvacite 2044” dissolved in acetone (20%)
and, once the acetone had evaporated, the sample was put
in an aluminium capsule with powdered boric acid on the
bottom. Samples were compacted in a Herzog press with a
pressure of 200 kN for 60 s. The fluorescence was measure
with a spectrophotometer Axios advanced-Panalytical,
with an Rh anode. For the quantification, a straight line was
plotted with 60 geochemical international standards. The
interferences were corrected for each element. The possible effects of the matrix were corrected with the Panalytical
Protrace programme.
The pseudototal heavy metal contents were determined
by inductively coupled plasma-atomic emissions spectrometry (ICP-AES, Poliscan 61 E Spectrometer) after acid
extraction [25]. Quality control was assured by the use of
duplicate analyses performed on all samples, the use of reagent blanks and standard reference soil (CRM 141R,
BCR, Brussels).
2.3 Data analysis

The arithmetic mean (AM) and arithmetic standard deviation (ASD) were used to calculate the central tendency
for an element’s geochemical abundance. However, the
geometric mean (GM) and geometric standard deviation
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FIGURE 1 - Soil sampling locations in the study area

(GSD), were more apppropriate for estimating the maximum probability of frequency distribution of the data
skewed positively. The median and median absolute deviation (MAD) were also used, since they are inherently stable
against outliers and deviations and usually result in highly
realistic location and spread values [26]. After removal outliers (values > upper whisker) the mean concentrations and
the standard deviation (SD) were calculated to established
the background levels in Manresa soils, following the mean
+ 2·SD method [27-29]. A linear regression model was used
to investigate the relationship between metal concentrations
measured using conventional aqua regia extractable analysis
and X-ray analysis. The analysis produced a linear model,
which minimizes the square of the differences between the
dependent variable and the regression line. Data of Cu and
Pb were log transformed, prior to analysis, to satisfy the assumptions of the linear regression. The relative standard deviation (RSD) for each model was also calculated. RSD is
the size of the residual standard error relative to the mean
(i.e. (σ/µ) 100) [30]. SPSS [31] was used to calculate the descriptive statistics (range, AM, ASD, GM, GSD, median,
MAD) and to assess the elements’ correlations with some
soil parameters and linear regressions.
The EF was defined as the concentration ratio of a considered trace metal to a reference element in a given sample,
divided by the same ratio in a reference material, Eq. (1).
The chosen reference element was Zr because it is a semiconservative element that has been used in previous studies
[18]. Deep soil layer values are considered the most convenient on-site reference of the same soil profile (33, 34).

EF = (trace metal/Zr)sample/(trace metal/Zr)reference material (1)
We calculated the ratio in the deepest horizon of the 27
soil plots, and the median reference material ratios found
were used in the EF calculation. Enrichment factors are
generally less than 2 for the same natural source [35].
Additionally, two methods of data analysis were then
applied in order to detect the presence of metal contaminations across Manresa: Upper whisker value and geoaccumulation index (Igeo). Upper whisker value (=3rd quartile +
1.5IQR) calculated from the basic statistics of the soil data
was used as a limit to define the contamination. Concentrations observed above this limit can indeed be considered as
abnormally high compared with the whole dataset [32].
The geoaccumulation index is computed using the following equation (Eq. 2):
Igeo = log2 (Cn/1.5Bn),
(2)
where Cn is the measured content of the element in soil,
and Bn is the background value in soil. According to [36],
the Igeo for each metal is calculated and classified as: uncontaminated (Igeo ≤ 0); slightly contaminated (0 < Igeo ≤ 1);
moderately contaminated (1 < Igeo ≤ 2); moderately to heavily contaminated (2 < Igeo ≤ 3); heavily contaminated (3 <
Igeo ≤ 4); heavily to extremely contaminated (4 < Igeo ≤ 5);
extremely contaminated (Igeo > 5).
2.4 Pedogeochemical mapping

In order to show the soil trace metals concentrations on
a contour map, kriging of geostatistical analysis tool of
ArcGIS 9.3 was used. The model was chosen using the
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Akaike Information Criterion [37] in VESPER1.6 software
(Variogram Estimation and Spatial Prediction with Error)
developed by the Australian Center for Precision Agriculture (38) for spatial prediction. Variogram parameters were
used for ordinary kriging interpolation.

3. RESULTS AND DISCUSSION
3.1 Soil properties and contents of potentially toxic elements

pH values of the dominant soils studied are above 8.4,
in agreement with the elevated content of CaCO3 observed
(25-30% and exceptionally 57% in some pedons). Organic
matter content generally decreases with depth, yet it remains
slightly high at depth of 20 cm. The supply of humus is good
(43 % of soil samples have more than 4 % of organic matter)
because there is dominance of forest soils. The soil is mostly
sandy clay loam (Table 1), however 9.3% of soil samples
have more than 40% of clay content. Although some studied
plots are close to potash mines, the soils are not saline.
Table 2 present a summary of Ba, Cu, Ni, Pb, V and Zn
total concentrations statistical selected parameters for topsoil

and subsoil. As median concentrations are less influenced by
extreme values, the small difference between the mean and
median concentrations indicates that extreme values are not
present or are scarce. Exploratory data analysis (EDA): frequency histograms, cumulative distributions and box plots
for each PHE (Fig. 2) indicate that some distributions are
both asymmetrical and skewed with tails for higher concentrations. In case of Cu and Pb, the box plots show a number
of outliers (values falling below P25-1.5IQR or above
P75+1.5IQR) due to the presence of a relatively small fraction of high values (Table 2). The interquartile range IQR
(difference between percentile 75 or P75 and percentile 25 or
P25) were 248 mg kg-1, 15 mg kg-1, 10 mg kg-1, 10 mg kg-1,
28 mg kg-1 and 43 mg kg-1 for Ba, Cu, Ni, Pb, V and Zn,
respectively. IQR is a more robust descriptor for scatter than
absolute range, as it is not affected by outliers. The mean +
2SD method, calculated after removal of outliers (concentrations above the upper whisker), defined the background values. The background values were in mg·kg-1: Ba: 904, Cu:
43.9, Ni: 38.7, Pb: 35.4, V: 110 and Zn: 131. Once the background upper limit was established, few points with slight
enrichment anomalies were observed (Table 3).

TABLE 1 - Statistical summary of selected properties for the 27 studied plots (topsoil and subsoil). For any given element within a row, values
followed by the same letter do not differ at p=0.05 (nonparametric Wilcoxon test).
Topsoil
Range
AM ± ASD *
GM ± GSD **
Range
%Sand
11.7 – 71.6
48.2 ± 17.2
64.6 ± 2.5
a
18.3 - 75.2
%Silt
6.2 – 75
28.2 ± 15.0
22.4 ± 3.1
a
6.8 – 65
%Clay
13.4 – 63.5
25.7 ± 11.1
15.5 ± 2.5
a
2.1 – 60.3
% OM
1.7 – 12.1
5.4 ± 2.8
6.5 ± 2.5
a
0.44 – 4.8
EC
0.1 – 1.6
0.21 ± 0.28
0.11± 1.6
a
0.10 – 2.1
0.3 – 53.6
22 ± 12.7
14.1 ± 4.7
a
0.34 – 57.2
CaCO3
7.3 - 8.8
8.4 ± 0.30
a
7.9 – 8.9
pHH2O
* Arithmetic mean ± standard deviation, ** Geometric mean ± geometric standard deviation,
OM = Organic matter, EC = electrical conductivity

Subsoil
AM ± ASD *
46.9 ± 15.9
29.2 ± 14
25.1 ± 12.4
2.3 ± 1.2
0.20 ± 0.37
24.7 ± 13.8
8.5 ± 0.21

GM ± GSD **
64.6 ± 2.5
20.4 ± 3
15.5 ± 3.1
1.7 ± 2.7
0.14 ± 1.7
18.6 ± 4

a
a
a
b
b
b
b

TABLE 2 - Statistics summary of total concentrations (mg kg-1) of Ba, Cu, Ni, Pb, V and Zn of the soil samples.
Ba
Cu
Ni
Pb
V
562 ± 122
21.5 ± 8
26.0 ± 5
23.0 ± 4
74.5 ± 2
536 ± 184
23.6 ± 11.6
25.1 ± 6.8
25.0 ± 10.6
71.6 ± 19.1
500 ± 1.5
20.9 ± 3.0
24.0 ± 1.0
23.3 ± 1.1
69.0 ± 1.0
5
224
8
14
14
46
25
400
14
20
18
56
Percentiles
75
637
29
30
28
84
90
811
40
34
39
95.5
95
867
46.5
38.3
54
109
Skewness
-0.14
0.921
0.131
1.808
0.301
Range
861-147
46-8
39-13
61-14
121-38
Topsoil
AM ± ASDb
525 ± 181
24.2 ± 11.3
25 ± 7.1
26.9 ± 10.7
72.2 ± 19.9
(0-10 cm)
Median
546
22
26
25
75
Range
954-224
61-7
39-14
60-11
116-43
Subsoil
AM ± ASDb
546 ± 189
23 ± 12.1
25.2 ± 6.7
23.1 ± 10.5
71.1 ± 18.5
(10-20 cm)
Median
575
21
26
21
73
Background value
904
43.9
38.7
35.4
110
Upper whisker
993
51.5
45
43
126
Sites > upper whisker
0
1
0
4
0
a
Median ± Median absolute deviation, bArithmetic mean ± standard deviation, cGeometric mean ± geometric standard deviation
Median ± MADa
AM ± ASD b
GM ± GSD c

4382

Zn
70.0 ± 22
72.9 ± 29.0
67.0 ± 1.0
28
51
94
120
125
0.387
137-28
77.1 ± 30.4
77
124-28
68.6 ± 27.4
66
131
159
0
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FIGURE 2 - Graphical description of Ba, Cu, Ni, Pb, V and Zn contents (mg kg-1) through EDA diagrams: histogram, box plot and CDF
diagram.
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TABLE 3 - Proportion (%) of contaminated samples identified following the four tools used in this study.

Mean ± 2 Standard deviation
Upper whisker method
Enrichment factor
Geoaccumulation index

Ba
2
0
2
0

Cu
8
2
5
0

A box-plot representation of the EF values calculated
for the studied samples is shown in Fig. 3. The median EF
values varied between 1 and 1.1 for all studied trace elements. Samples exhibiting an EF above 2 were considered
as anomalous values. Among these enriched samples, there
are 5 plots for Cu, 3 plots for Pb and 5 plots for Zn. No
plots were detected with Ba and Ni. The soil sample 12,
topsoil and subsoil, showed the great index value (EF=3).
Plots 23, 24 and 36 show extremely high Cu and Pb in relation to the surrounding horizon. This confirms that different natural processes (as erosion processes, truncation,
transportation, colluviation or burial) or anthropic processes occur.

Ni
4
0
0
0

Pb
12
8
4
4

V
4
0
0
0

Zn
2
0
10
0

It was very difficult to compare our results with those
reported by other authors, because of the different extracting procedures of the soil trace elements. Other authors
[11] determined the background with the XRF in mg·kg-1
of Ba (1762), Cu (145), Ni (82.6), Pb (91.2), V (183) and
Zn (326) in soils of an agro-industrial area near Barcelona
(NE Spain). The concentrations reported by [11] were
slightly higher than those found in this study. The median
concentrations of Ba, Cu, Ni, Pb, V and Zn in Manresa are
higher than European soils [14]. Therefore, there will have
to be an agreement about the difference between the background values for soils, characterised by regional variability [39].
3.2 Relationships among total metal content and soil properties

FIGURE 3 - Box plot representation of the enrichment factor (EF) of
Ba, Cu, Ni, Pb, V and Zn calculated for the samples of Manresa soils.

Anthropogenic influences lead to the enrichment of individual compartments or parts of natural systems. Distributions are disturbed and skewed towards higher values.
Lower values should, therefore, be free from anthropogenic influences. Additionally the upper whisker method
and geoaccumulation index were applied in order to detect
the contamination degree and to facilitate the best diagnosis of contamination. The proportion of anomalous concentrations (> upper whisker) in the studied samples were for
Cu (2%) and Pb (8%). This method revealed no contamination by Ba, Ni, V and Zn. According to the Igeo ranking,
the level of Pb pollution in the topsoil and subsoil of 12
plot are slightly contaminated (Table 3). Therefore, the following data sets were predominantly influenced by natural
element dispersion and accumulation processes; and only
Cu and Pb anomalous values should be associated to anthropogenic sources.

Clay and organic matter (OM) content are generally
considered important factors when evaluating the trace element content of soils [40]. In this study, a strong association between Ba, Ni, V and Zn with clay content was found
(Table 4). The same result was described by [41]. Lead is
generally considered a fairly immobile element and a common pollutant, resulting from the long-range transport of
aerial contaminants [42, 43] and exhaust fumes [44]. The
limited mobility and strong complexation of Pb by organic
matter results in the bioaccumulation of this element in humus-rich surface soil horizons. A strong association with
Pb could be seen in Manresa soils. Moreover, [45] concluded that the weak correlation between the organic matter and heavy metal content of some soils is probably due
to weak soil development. The study of the relationship between pH and the PHE reveals there is negative significant
correlation with Cu, Ni, Pb V and Zn. Because low soil pH
is associated with the strong leaching of some elements, the
relatively high pH of the studied soils could explain the
weak correlation between pH and heavy metals [45]. The
direct relationship between basic pH in soils and the quantity of carbonates present is evident in the studied soils, explaining why the correlations responded more to the indirect effect of carbonate content than to variations in pH
[41]. No significant correlations, except to Pb, have been
found between electrical conductivity and total heavy
metal concentrations. Although there was low salinization
in studied soils, the results of this study suggests that the
distribution of almost all heavy metals is unrelated to salinity [46].
3.3 Spatial distribution of Cu, Pb and Zn

In order to know the distribution pattern of Cu, Pb and
Zn in topsoils, kriging interpolation was used to obtain the
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filled contour maps (Fig. 4). High values of Cu and Zn, and
especially Pb, are grouped in very similar way. The general
pattern indicates a gradual increase in the NE direction for
Pb and Zn and N for Cu. Plots 9, 10 and 11 have the most
elevated concentrations of Pb; plots 9, 10, 12 and 17 have
the most elevated concentration of Zn, and finally, plots 10,
11, 12 and 13 have the most elevated concentrations of Cu.
Plot 12 is clayey and OM rich. The significant concentrations of clay and OM probably play a role in binding Cu,
Pb and Zn. Plot 9 is near to a road, and its concentrations
could be the result of metallurgical industries and a controlled landfill in Moià. High concentrations in the others
plots are probably related to auto-mobile exhausts and urban and industrial activities, as observed by [47] in Central
Catalonia surface soils.
Comparison of XRF and aqua regia methods.

The background values obtained by aqua regia in
mg·kg-1 were: Ba: 458, Cu: 45, Ni: 45, Pb: 28.2, V: 67.6,
Zn: 125 (Table 5). Except for Cu and Ni, the concentrations
heavy metals found in this study were slightly lower than
those reported by XRF. [48] described concentrations of 65
mg kg-1 for Cu, 58 for Ni, 69 for Pb and 132 for Zn as an
upper limit of background values in Vertisols of Malaga.

[49] described lower values in Madrid in mg kg-1: 14 for
Cu, 8 for Ni, 22 for Pb and 52 for Zn. In Central Catalonia,
[47] estimated background upper limit in mg kg-1 in 425
for Ba, 33.5 for Cu, 35.6 for Ni, 27.3 for Pb, 61.4 for V and
115 for Zn.
The aqua regia extractable fraction of the six trace metals reached on average 82% of the XRF detectable content.
The trace metal specific medians of the six PHE ranged
from 40% Ba to 96% Zn. Graphs showing the data, linear
regression models correlation between aqua regia extractable and XRF metal concentrations for all the PHE studied
are shown in Figure 5. The distribution of data points for
Zn, Ni and Pb demonstrated the very good correlation between the XRF and the aqua regia extraction. The values
are very close to the line in which, theoretically, all the represented points should be (y=x), a line starting at 0 with a
slope of 1. The element-specific regression models of the
Zn, Ni and Pb contents between aqua regia and XRF detection were all highly significant, with r2 values between 98%
and 95%. The element-specific regression models of Ba
und Cu were less close, with r2 values 79% and 71%, but
highly significant. The element-specific regression model
of V was less close, with r2 value 35%, but still highly significant.

TABLE 4 - Spearman´s correlations coefficients of elemental content with soil properties of soils
Sand
Silt
Ba
-0.453**
0.109
Cu
-0.540**
0.456**
Ni
-0.608**
0.382**
Pb
-0.354**
0.211
V
-0.605**
0.286*
Zn
-0.619**
0.427**
* Correlations is significant at the 0.05 level
** Correlations is significant at the 0.01 level

Clay
0.513**
0.384**
0.534**
0.445**
0.579**
0.504**
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OM
-0.032
0.188
0.214
0.573**
0.382**
0.407**

pH
-0.158
-0.393**
-0.395**
-0.510**
-0.409**
-0.465**

EC
-0.003
0.169
0.095
0.457**
0.196
0.243

CaCO3
-0.248
-0.028
-0.399**
-0.411**
-0.682**
-0.407**
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FIGURE 4 - Geochemical pattern of Cu, Pb and Zn distribution of topsoil studied area

TABLE 5 - Statistical summary of aqua regia extractable concentrations (in mg kg-1) of Ba, Cu, Ni, Pb, V and Zn in studied soils.
Median ± MADa

AM ± ASD b

GM ± GSD c

Background

Upper whisker

Proportion (%) of
polluted samples

Ba

222 ± 91.3

230 ± 115

201 ± 1.7

458

552

0

Cu

20.3 ± 7.2

23.5 ± 12.6

20.2 ± 1.8

45.0

54.8

2

Ni

23.5 ± 4.8

23.1 ± 7.1

21.9 ± 1.4

45.0

42.4

0

Pb

18.6 ± 4.3

21.6 ± 11.2

19.8 ± 1.5

28.2

35.6

13

V

50.8 ± 5.0

51.9 ± 8.7

51.2 ± 1.2

67.6

74.5

2

Zn

67.4 ± 17.9

72.0 ± 26.6

67.2 ± 1.5

125

143

0

a

b

c

Median ± Median absolute deviation, Arithmetic mean ± standard deviation, Geometric mean ± geometric standard deviation

4386

© by PSP Volume 24 – No 12a. 2015

Fresenius Environmental Bulletin

FIGURE 5 - Linear relationship between XRF data and Aqua regia extractable of Ba, Cu, Ni, Pb, V and Zn.

To compare total and near-total concentrations of elements in soil within Manresa region, the ratio between aqua
regia concentrations and concentrations determined by
XRF as a percentage was investigated. The studied ratios
were in percentage: Ba: 42, Cu: 103, Ni: 91, Pb: 84, V: 71
and Zn: 99 (Figure 6). The Wilcoxon test shows that as expected, the difference between element concentrations defined by aqua regia and XRF is significant for all studied
elements.

The much lower Ba concentrations obtained by aqua
regia than by XRF suggest that Ba is bonded to crystalline
areas (feldspar, which contain much of the Ba, does not
dissolve in aqua regia) [15]. This agrees with the lower ratio AR/XRF. The median Cu content after Aqua regia extraction is 20.3 mg kg-1 in topsoil and 20 mg kg-1 in subsoil.
Those values are similar to the total Cu median values in
the topsoil and in the subsoil. This should mean that nearly
all Cu is extractable with Aqua regia [15]. This corresponds
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with the ratio AR/XRF circa 100%. The ratio AR/XRF of
Ni is 91%, which means that most of the Ni is extractable.
The ratio AR/XRF of Pb is 84%. The ratio AR/XRF of V
is 71%. It can be concluded that only three quarters of the
vanadium was extracted with aqua regia. The ratio
AR/XRF of Zn is 99%, meaning that nearly all Zn is extractable with aqua regia.

FIGURE 6 - Box plots for the ratios of Aqua regia digestion to XRF
detection.

4. CONCLUSIONS
The background values were in mg kg-1: Ba: 904, Cu:
43.9, Ni: 38.7, Pb: 35.4, V: 110 and Zn: 131. The studied
soils were predominantly influenced by natural element
dispersion and accumulation processes, but there are a few
points with an anthropic influence. In general, Ba, Ni and
V appear to be non-contaminant elements in all top soils.
Anomalous values of Cu and Zn, and especially Pb, are
grouped in very similar way. Lead shows the greatest number of samples with slight enrichment anomalies. The relationships between XRF and aqua regia methods were
highly significant for Cu, Ni, Pb and Zn.
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ABSTRACT

1. INTRODUCTION

One of the pollutants leading to heavy metal pollution
is the lead element. The studies on exposure of fish to lead
have shown that this exposure leads to negative effects on
body weight, and digestive enzymes and lipase. In humans,
the symptoms of chronic lead toxicity are renal malfunction, anemia, brain and liver damage, cancer, hyperactivity,
and general psychological impairment. For struggling with
this heavy metal contamination, we have a useful tool named
“Zeolite”. Zeolites are used in many fields such as agriculture, metal industry, energy sector, manufacturing industry,
water treatment, animal husbandry, struggling with environmental pollution, and etc.
In this study, we utilized the biochemical parameters of
carp fish (Cyprinus carpio) in order to reveal the effects of
zeolite on fish health and production. The experiments were
performed within 100 L glass aquariums with 85x40x30 dimensions. The study was planned for 3 different durations
as 35 days, 90 days, and 120 days. The subjects were divided
into 4 groups for each of experiment durations. The groups
were named Pb(NO3)2 group, Pb(NO3)2 + Zeolite group,
Zeolite group, and control group. At the end of each of the
experiment period (on 35th, 90th, and 120th days), the fish in
groups were weighed, and the average growth rates of each
of the groups were calculated. The parameters used in blood
analyses are glucose (GLU), blood urea nitrogen (BUN), total protein (TP), albumin (ALB), globulin (GLB), creatinine
(CR), total bilirubin (TBIL), uric acid (UA), and direct bilirubin (DBIL).

Heavy metal contamination is observed in many domains such as soil, water, and etc. Many of the pollutants
leading to heavy metal pollution cannot be degraded biologically, and they accumulate within the bodies of living
creatures. This accumulation leads to many diseases such
as carcinoma.
One of these pollutants leading to heavy metal pollution
is the lead element. It has different effects on different species [1]. The studies on exposure of fish to lead have shown
that this exposure leads to negative effects on body weight
[2, 3], and on digestive enzymes and lipase [4].
In humans, the symptoms of chronic lead toxicity are
renal malfunction, anemia, brain and liver damage, cancer,
hyperactivity, and general psychological impairment [5]. According to the data of World Health Organization (WHO), the
weekly lead intake of a human having weight of 60 kg must
never exceed 300 µg [6]. While struggling with this heavy
metal contamination, we have a useful tool named “Zeolite”. The chemical formula of clinoptilolite is seen in Figure 1.

KEYWORDS: Carp fish, lead exposure, heavy metal contamination, fish biochemistry, blood analysis
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FIGURE 1 - Chemical formula of clinoptilolite

Some of the biological implementations of zeolites can
be summarized as ammoniac removal from the waste waters and animal manure, air filtration and deodoration, soil
amelioration, and fertilization [7]. The researches on zeolite usage in diets in animal husbandry have shown that the
zeolite addition leads to yield increase in fisheries, increase
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in body weights of chickens, improvement in animal product quality, reduction in bacterial contamination, and etc.
[7]. These important contributions of zeolites to animal
husbandry make the zeolites very useful in industrial animal production.
In this study, we utilized the biochemical parameters of
carp fish (Cyprinus carpio) in order to reveal the effects of
zeolite on fish health and production.

The parameters used in blood analyses were glucose
(GLU), blood urea nitrogen (BUN), total protein (TP), albumin (ALB), globulin (GLB), creatinine (CR), total bilirubin (TBIL), uric acid (UA), and direct bilirubin (DBIL).
The differences among the growth rates of the fish
groups were tested with the variance analyses, and the averages of the groups were analyzed using Duncan's test [9].
The data obtained from blood analyses were subjected to
non-parametric analysis of variance by using the SPSS package program. A value of P<0.05 was considered significant.

2. MATERIALS AND METHODS
This study has been carried out in newly established
Toxicology Institute of Hafik Vocational School of Cumhuriyet University. The experiments have been performed
within 100 L glass aquariums having dimensions of
85x40x30 cm. 10 fish have been placed in each of aquariums. Each of work has been carried out with 4 repetitions. Before starting the experiment, the fish have been
acclimatized to laboratory conditions for 15 days. It has
been planned for 3 different durations as 35 days, 90 days,
and 120 days. The fish in aquariums have been fed with
extruded carp pellets in mornings and evenings, and the
amount of the feeds was enough to saturate them. The
maintenance of the aquariums has been carried out on daily
basis. The waters have been renewed daily.
The mean temperature of the water during experiment
was 22 ± 1°C, while the pH value of the water varied between 7.8 and 8.1 during the experiment. The pH value has
been measured to be 8.1 in last week of the experiment.
The hardness value of the water has varied between 234
and 240 mg/L CaCO3. While alkalinity of the water varied
between 238 and 240 mg/L CaCO3, the dissolved oxygen amount in the water has varied between 5.9 mg/L
and 6.2 mg/L. The amount of the dissolved oxygen has
shown decrease in last 15 days of the experiment in proportion to first weeks.
The subjects have been grouped under four groups for
each of experiment durations. The groups were Pb(NO3)2
group, Pb(NO3)2+ Zeolite group, Zeolite group, and control
group. At the end of each of experiment periods (at 35th,
90th, and 120th days), the fish in groups were weighed, and
the average growth rates of each of groups were calculated.
At the end of each period, necropsy was implemented on
fish taken from each treatment, and gross clinical signs
were recorded.
After 35th, 90th and 120th days, blood analysis was conducted on 30 fish in each group. The objective of this operation was to determine the changes in characteristics of
blood parameters in presence of lead nitrate. Approximately 2 mL blood sample was drawn from the caudal vein
by puncture and each sample was immediately transferred
into individual silicone coated Vacutainer Tubes (Becton
Dickinson and Company, Belgium; not containing EDTA).
Blood samples were centrifuged promptly at 3,100g for
10 min, and the serum was removed with a disposable
transfer pipette.

3. RESULTS
Although there was no significant change in proportion
to beginning of the experiment, it was observed that the
fish in Pb(NO3)2group have started to swim and move
slower than fish in Control and Pb(NO3)2 + Zeolite group.
The fish in Pb(NO3)2 have started to accumulate generally
on the edges of the aquarium. The carp fish in Zeolite group
have not shown distinguishing behaviors significantly different from the fish in Control and Pb(NO3)2+Zeolite
groups. Although the pellet intake of fish in Pb(NO3)2
group has shown no difference in proportion to fish in
Control, Pb(NO3)2 + Zeolite and only Zeolite groups, their
willingness and behavior of feeding have decreased after
72th day in proportion to beginning of the study.
The mean weight of the fish at the beginning of the study
was 37.8 ± 0.01 g. At the end of 35 day trial period, the mean
weights of the fish in groups were 44.2 ± 0.01g in control
group, 43.8 ± 0.01 g in lead and zeolite group, 41.9 ± 0.01 g
in zeolite group, and 41.7 ± 0.01 g in lead nitrate group.
At the end of 90 day trial period, the mean weights
of the fish in groups were 51.3 ± 0.01g in control group,
48.6 ± 0.01 g in lead and zeolite group, 45.7 ± 0.01 g in
zeolite group, and 44.9 ± 0.01 g in lead nitrate group.
At the end of 120-day trial period, the mean weights
of the fish in groups were 59.6 ± 0.01g in control group,
55.3 ± 0.01 g in lead and zeolite group, 49.9 ± 0.01 g in
zeolite group, and 47.8 ± 0.01 g in lead nitrate group.
The results of performed blood analyses are presented
in Table 1, and expressed in mean values.
The results in glucose (GLU) analyses in Pb(NO3)2 group
were 83.88 mmol/l in 35 days trial period, 73.93 mmol/l in
90 days trial group, and 65.43 mmol/l in 120 days trial group.
As a result of analyses in Pb(NO3)2+Zeolite group, the same
values were found to be 122.40 mmol/l, 116.90 mmol/l, and
120.23 mmol/l, respectively. During the examinations in Zeolite group, the same values were found to be 193.92 mmol/l,
159.07 mmol/l, and 98.93 mmol/l, respectively. In analyses
performed in Control group, the glucose values were found
to be 135.36 mmol/l, 135.53 mmol/l, and 138.40 mmol/l in
35th, 90th and 120th days of trial periods respectively. As a
result of performed statistical analyses, it was found that the
differences among the groups were statistically significant
(P<0.05). While the lowest glucose value at the end of 35-
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day trial period was observed in Pb(NO3)2 group, the lowest
values in 90-day and 120-day trial periods were also observed
in Pb(NO3)2 group. And the highest glucose value at the end
of 120-day trial period was observed in Control group.
The results in blood urea nitrogen (BUN) analyses in
Pb(NO3)2 group were 2.64 µmol/l in 35 days trial period,
2.10 µmol/l in 90 days trial group, and 2.38 µmol/l in
120 days trial group. As a result of analyses in Pb(NO3)2+
Zeolite group, the same values were found to be 2.69 µmol/l,
2.31 µmol/l, and 2.46 µmol/l, respectively. During the examinations in Zeolite group, the same values were found to
be 2.61 µmol/l, 2.21 µmol/l, and 2.24 µmol/l, respectively.
In analyses performed in Control group, the BUN values
were found to be 2.31 µmol/l, 2.07 µmol/l, and 2.08 µmol/l
in 35th, 90th and 120th days of trial periods respectively. As
a result of performed statistical analyses, it was found that
the differences among the groups were statistically significant (P<0.05). While the lowest BUN values at the end of
35-day, 90-day and 120-day trial periods were observed in
Control group, the highest BUN value at the end of 120-day
trial period was observed in Pb(NO3)2 group.
The total protein (TP) analyses in Pb(NO3)2 group indicated the results of 0.62 g/l at the end of 35 days trial period, 1.00 g/l at the end of 90 days trial group, and 0.88 g/l
at the end of 120 days trial group. As a result of analyses in
Pb(NO3)2+Zeolite group, the mentioned values were found
to be 3.49 g/l, 4.11 g/l, and 2.74 g/l, respectively. During the
examinations in Zeolite group, these values were found to be
5.01 g/l, 2.88 g/l, and 3.77 g/l, respectively. In analyses performed in Control group, the total protein values were found
to be 4.36 g/l, 4.11 g/l, and 4.08 g/l in 35th, 90th and 120th
days of trial periods respectively. As a result of performed
statistical analyses, it was found that the differences among
the groups were statistically significant (P<0.05). While
the lowest total protein values at the end of 35-day, 90-day
and 120-day trial periods were observed in Pb(NO3)2
group, the highest TP value at the end of 120-day trial period was observed in Control group. As seen in Figure 2,
this result indicates that the Pb(NO3)2 implementation decreases the total protein content of blood.

As a result of analyses in Pb(NO3)2+Zeolite group, the mentioned values were found to be 1.53 mmol/l, 1.60 mmol/l, and
1.77 mmol/l, respectively. During the examinations in Zeolite group, these values were found to be 1.63 mmol/l,
1.54 mmol/l, and 1.64 mmol/l, respectively. In analyses
performed in Control group, the albumin values were
found to be 1.44 mmol/l, 1.75 mmol/l, and 1.37 mmol/l in
35th, 90th and 120th days of trial periods respectively. As a
result of performed statistical analyses, it was found that
the differences among the groups were statistically significant (P<0.05). While the lowest albumin values at the end
of 35-day, 90-day and 120-day trial periods were observed
in Control, Zeolite, and Control groups, respectively, the
highest albumin value at the end of 120-day trial period
was observed in Pb(NO3)2 group. This result indicates that
the Zeolite usage has effects on albumin content of blood.
Also the globulin (GLB) analyses were performed on
groups. The Pb(NO3)2 group results were found to be
3.86 mmol/l at the end of 35 days trial period, 3.74 mmol/l
at the end of 90 days trial group, and 3.82 mmol/l at the
end of 120 days trial group. As a result of analyses in
Pb(NO3)2+Zeolite group, the mentioned values were
found to be 1.97 mmol/l, 1.94 mmol/l, and 2.11 mmol/l,
respectively. During the examinations in Zeolite group,
these values were found to be 3.06 mmol/l, 2.96 mmol/l,
and 2.97 mmol/l, respectively. In analyses performed in
Control group, the globulin values detected were found to
be 1.73 mmol/l, 1.70 mmol/l, and 1.71 mmol/l in 35th, 90th
and 120th days of trial periods, respectively. As a result of
performed statistical analyses, it was found that the differences among the groups were statistically significant
(P<0.05). As seen in Figure 3, while the lowest globulin
values at the end of 35-day, 90-day and 120-day trial periods were observed in Control group, the highest albumin
value at the end of 120-day trial period was observed in
Pb(NO3)2 group.

FIGURE 3 - Globulin analyses in different trial periods

FIGURE 2 - Total protein analyses in different trial periods

35 days trial period, 1.77 mmol/l at the end of 90 days
trial group, and 1.92 mmol/l at the end of 120 days trial group.

The creatinine (CR) analyses performed on Pb(NO3)2
group indicated the results of 0.41 µmol/l at the end of 35 days
trial period, 0.38 µmol/l at the end of 90 days trial group, and
0.41 µmol/l at the end of 120 days trial group. As a result
of analyses in Pb(NO3)2+Zeolite group, the mentioned values
were found to be 0.27 µmol/l, 0.29 µmol/l, and 0.28 µmol/l,
respectively. During the examinations in Zeolite group, these
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TABLE 1 - Blood analysis results by experiment groups for trial periods of 35 Days, 90 Days, and 120 Days
Pb(NO3)2

GLUCOSE (GLU) (mmol/l)
BLOOD UREA NITROGEN
(BUN) (µmol/l)
TOTAL PROTEIN (TP) (g/l)
ALBUMIN (ALB)
GLOBULIN (GLB)
CREATINE (CR) (µmol/l)
TOTAL BILIRUBIN (TBIL)
(µmol/l)
URIC ACID (U.A) (µmol/l)
DIRECT BILIRUBIN
(DBIL) (µmol/l)

Pb(NO3)2+Zeolite

Zeolite

Control

35
Days
83.88
2.64

90
Days
73.93
2.10

120
Days
65.43
2.38

35
Days
122.40
2.69

90
Days
116.90
2.31

120
Days
120.23
2.46

35
Days
193.92
2.61

90
Days
159.07
2.21

120
Days
98.93
2.24

35
Days
135.36
2.31

90
Days
135.53
2.07

120
Days
138.40
2.08

0.62
1.72
3.86
0.41
0.96

1.00
1.77
3.74
0.38
1.30

0.88
1.92
3.82
0.41
1.42

3.49
1.53
1.97
0.27
0.76

4.11
1.60
1.94
0.29
0.92

2.74
1.77
2.11
0.28
0.80

5.01
1.63
3.06
0.33
0.67

2.88
1.54
2.96
0.25
0.68

3.77
1.64
2.97
0.30
0.64

4.36
1.44
1.73
0.23
0.57

4.11
1.75
1.70
0.21
0.50

4.08
1.37
1.71
0.21
0.36

6.02
0.61

5.72
0.78

5.81
0.86

1.62
0.51

1.45
0.56

1.56
0.54

3.40
0.36

3.22
0.43

3.22
0.46

1.29
0.31

1.32
0.32

1.33
0.30

values were found to be 0.33 µmol/l, 0.25 µmol/l, and
0.30 µmol/l, respectively. In analyses performed in Control group, the creatinine values were found to be 0.23 µmol/l,
0.21 µmol/l, and 0.21 µmol/l in 35, 90 and 120 days of trial
periods respectively. As a result of performed statistical
analyses, it was found that the differences among the groups
were statistically significant (P<0.05). While the lowest creatinine values at the end of 35-day, 90-day and 120-day trial
periods were observed in Control group, the highest creatinine value at the end of 120-day trial period was observed
in Pb(NO3)2 group.
The total bilirubin (TBIL) analyses were also performed
on subjects. The analyses performed on Pb(NO3)2 group indicated the results of 0.96 µmol/l at the end of 35 days trial
period, 1.30 µmol/l at the end of 90 days trial group, and
1.42 µmol/l at the end of 120 days trial group.

and 3.22 mmol/l, respectively. In analyses performed in Control group, the uric acid values were found to be 1.29 mmol/l,
1.32 mmol/l, and 1.33 mmol/l in 35, 90 and 120 days of trial
periods respectively. As a result of performed statistical analyses, it was found that the differences among the groups were
statistically significant (P<0.05). While the lowest uric acid
values at the end of 35-day, 90-day and 120-day trial periods were observed in Control group, the highest uric acid
value at the end of 120-day trial period was observed in
Pb(NO3)2 group. As seen in Figure 5, these results indicate
that the Zeolite is useful in controlling the uric acid increase due to Pb(NO3)2.

As a result of analyses in Pb(NO3)2+Zeolite group, the
mentioned values were found to be 0.76 µmol/l, 0.92 µmol/l,
and 0.80 µmol/l, respectively. During the examinations in Zeolite group, these values were found to be 0.67 µmol/l,
0.68 µmol/l, and 0.64 mmol/l, respectively. In analyses
performed in Control group, the total bilirubin values were
found to be 0.57 mmol/l, 0.50 mmol/l, and 0.36 mmol/l in
35th, 90th and 120th days of trial periods respectively. As a
result of performed statistical analyses, it was found that
the differences among the groups were statistically significant (P<0.05). As seen in Figure 4, while the lowest total
bilirubin values at the end of 35-day, 90-day and 120-day
trial periods were observed in Control group, the highest
total bilirubin value at the end of 120-day trial period was
observed in Pb(NO3)2 group.
The uric acid (UA) analyses performed on Pb(NO3)2 group
indicated the results of 6.02 mmol/l at the end of 35 days trial
period, 5.72 mmol/l at the end of 90 days trial group, and
5.81 mmol/l at the end of 120 days trial group. As a result
of analyses in Pb(NO3)2+Zeolite group, the mentioned values
were found to be 1.62 mmol/l, 1.45 mmol/l, and 1.56 mmol/l,
respectively. During the examinations in Zeolite group,
these values were found to be 3.40 mmol/l, 3.22 mmol/l,
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The direct bilirubin (DBIL) analyses were also performed on the subjects, and the analyses on Pb(NO3)2 group
indicated the results of 0.61 µmol/l at the end of 35 days trial
period, 0.78 µmol/l at the end of 90 days trial group, and
0.86 µmol/l at the end of 120 days trial group. As a result of
analyses in Pb(NO3)2+Zeolite group, the mentioned values
were found to be 0.51 µmol/l, 0.56 µmol/l, and 0.54 µmol/l,
respectively. During the examinations in Zeolite group,
these values were found to be 0.36 µmol/l, 0.43 µmol/l, and
0.46 µmol/l, respectively. In analyses performed in Control group, the direct bilirubin values were found to be
0.31 µmol/l, 0.32 µmol/l, and 0.30 µmol/l in 35th, 90th and
120th days of trial periods respectively. As a result of performed statistical analyses, it was found that the differences
among the groups were statistically significant (P<0.05).
While the lowest direct bilirubin values at the end of 35-day,
90-day and 120-day trial periods were observed in Control
group, highest direct bilirubin value at the end of 120-day
trial period was observed in Pb(NO3)2 group. As seen in Figure 6, these results indicate that the Zeolite is useful in controlling the direct bilirubin in presence of Pb(NO3)2.

FIGURE 6 - Direct bilirubin analyses in different trial periods

4. DISCUSSION
The total protein content of the blood in Pb(NO3)2
group increased from 0.62 g/l at the end of 35 days of trial
to 0.88 g/l at the end of 120 days of trial. But the total protein content of the blood in Zeolite group decreased from
5.01 g/l on 35th day to 3.77 g/l at the end of 120th day of
trial. The low concentrations of total protein in Pb(NO3)2
group might occur due to nephritic syndrome [9] or liver
disorder [10].
The serum globulin content of the blood in Pb(NO3)2
group decreased from 3.86 at the end of 35 days of trial to
3.82 at the end of 120 days of trial. But the globulin content
of blood in Zeolite group decreased from 3.06 on 35th day
of trial to 2.97 on 120th day of trial. The toxicity of the lead
leads to increase in globulin level of the blood. The heavy
metal exposure of fish leads to harmful effects on immunologic responses of fish [8]. The higher concentrations of
globulin in fish in Pb(NO3)2 group indicates that the lead
exposure has led to toxicity.

The total bilirubin level of blood in Pb(NO3)2 group increased from 0.96 µmol/l at the end of 35 days of trial to
1.42 µmol/l at the end of 120 days of trial. But in Zeolite
group, the level of total bilirubin in blood decreased from
0.67 µmol/l on 35th day to 0.64 µmol/l on 120th day of trial.
The direct bilirubin is an amount of the soluble bilirubin in
the water. The direct bilirubin level of blood in Pb(NO3)2
group increased from 0.61 µmol/l on 35th day to 0.86 µmol/l
at the end of 120 days of trial. But the direct bilirubin level
in Zeolite group increased from 0.36 on 35th day of trial to
0.46 on 120th day of trial. The higher levels of bilirubin in
blood indicate the presence of toxic effects.
The creatinine level of the blood in Pb(NO3)2 group
didn’t change from the end of 35 days of trial to the end of
120 days of trial. But the creatinine level of blood in Zeolite
group decreased from 0.33 µmol/l on 35th day of trial to
0.30 µmol/l on 120th day of trial. The level of Blood Urea
Nitrogen (BUN) in the blood in Pb(NO3)2 group decreased
from 2.64 µmol/l on 35th day of trial to 2.38 µmol/l on 120th
day of trial. But the BUN level of blood in Zeolite group decreased from 2.61 µmol/l on 35th day of trial to 2.24 µmol/l
on 120th day of trial. And the uric acid level of the blood in
Pb(NO3)2 group decreased from 6.02 µmol/l the end of
35 days of trial to 5.81 µmol/l the end of 120 days of trial.
But the uric acid level of blood in Zeolite group decreased
from 3.40 µmol/l on 35th day of trial to 3.22 µmol/l on 120th
day of trial. The toxicity of the lead leads to increase in
globulin level of the blood. The heavy metal exposure of
fish leads to harmful effects on immunologic responses of
fish [8]. The higher concentrations of globulin in fish in
Pb(NO3)2 group indicates that the lead exposure has led to
toxicity. The higher levels of uric acid, BUN and creatinine
in Pb(NO3)2 group indicate the toxic effect of Pb(NO3)2,
because the studies have shown that the exposure to copper
[11], pesticides [10], and other heavy metals and nitrate
[12] leads to increase in their levels. The higher concentrations of blood urea nitrogen and creatinine have shown to
be indicators of gill and kidney dysfunction [12, 13].
The glucose level of the blood in Pb(NO3)2 group decreased from 83.88 mmol/l at the end of 35 days of trial to
65,43 mmol/l at the end of 120 days of trial. But the level
of glucose in the blood in Zeolite group decreased from
193.92 mmol/l on 35th day to 98.93 mmol/l at the end of
120th day of trial. The low concentrations of glucose in
Pb(NO3)2 group might occur due to hypoglycemia occurring as a result of increases or decreases in liver enzymes’
activity under the stress created by lead exposure [8].
Zeolites were discovered by Freiherr Axel Fredrick
Cronstedt in year 1756. They are characterized with their
ability to lose and gain water reversibly, and to exchange
some of their constituent elements without major change of
structure. There are more than 40 known zeolite species. It
is known that natural and synthetic zeolites can adsorb the
metal ions from the environment. For this reason zeolites are
used in many fields such as agriculture, metal industry, en-
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ergy sector, manufacturing industry, water treatment, animal
husbandry, struggling with environmental pollution, and etc.

tract, and thereby prevent the buildup of ammonia to toxic
levels throughout the system.

The pronounced selectivity of clinoptilolite for large
cations, such as ammonium and potassium, has also been
exploited in the preparation of chemical fertilizers that improve the nutrient-retention ability of the soils by promoting the slow release of these elements by plants.

Due to the lack of studies investigating the exact features and effects of the zeolite minerals, the dietary and antibiotic effects of zeolites are not understood sufficiently.
The studies investigating the biological and biochemical
properties and effects of the zeolites are needed.

In the 1960s, the initial usage experiments of zeolites
have been started with soil implementations in Japan. In Japan, the zeolite rocks have been used for increasing the
productivity of volcanic soils by controlling the water content, and increasing the pH level. Clinoptilolite is one of the
zeolites used for this purpose. The low concentration of clinoptilolite addition in diets has been shown to increase the
body weight of animals and to improve the general health status [8]. By means of these important advantages of zeolites,
they have attributed increasing attention of researchers. There
are dozens of researches and experiments aiming to reveal the
role and importance of zeolite use in agricultural production.

The authors have declared no conflict of interest.

5. CONCLUSION
In order to ensure the food security, commercial fish
breeding draws attraction as a protein resource in many
countries. But, on the other hand, many of fish species are
sensitive to even small fluctuations in water, such as temperature, pH, O2, H2S, and NH4+. In order to prevent the negative effects on the aquaculture, it is required to keep the parameters of production medium within a certain interval.
The experiences [7] performed have shown that clinoptilolite treatment can protect the carp fish against lead toxicity by decreasing the adverse effects of the lead. The experiments, which have been carried out by adding the clinoptilolite into the water in which the fish were fed, have
never shown any adverse or negative effect of the clinoptilolite. The high cation capacity of the clinoptilolite removes the lead load within the water, and decreases the
fish’s exposure to lead [7].
Despite that the zeolites are widely used in industry, agriculture, animal husbandry and environmental protection,
their effects in appropriate animal models and possible
medical applications await detailed studies [14]. In many
studies performed, it has clearly been shown that the addition of zeolite minerals into the feeds has contributed to the
health status, feed efficiency, and growth rates. Moreover,
when zeolites are part of the diet, it is seen that the intestinal disease incident throughout the young animals shows
the tendency towards decreasing [8]. During a study carried out in Japan, it has been observed that 2-5% of zeolite
addition into the feeds of cattle has led to increases in body
weights and decreases in diarrhea incidence throughout the
animals. In their study [15], Pond et al. have shown that the
zeolite minerals bound the free ammonia in gastrointestinal
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TEMPERATURE SENSITIVITY OF SOIL RESPIRATION (Q10)
IS EFFECTED BY FOREMOST ENVIRONMENTAL FACTORS
IN TYPICAL FORESTS OF THREE GORGES AREA, CHINA
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ABSTRACT
The effects of soil temperature, moisture, and nitrogen
deposition on temperature sensitivity of soil respiration
(Q10) in four forests types within the Three Gorges area of
China were studied. We measured soil respiration (Rs) and
soil temperature (T5), and moisture (W5) at 5 cm soil depth
and experimentally added three levels of soil nitrogen.
The Rs of typical forests during the growth period had
a curve with a single peak and values that were significantly related to soil temperature (p < 0.05). Different forest types had Q10 values ranging from 2.27–3.01. There
was a significant negative correlation (p < 0.05) between
Q10 and T5, but no relationship between Q10 and W5. The
Rs and Q10 of the different forest types responded differently to N treatment levels. Nitrogen deposition influenced
changes in Rs and Q10.Soil temperature was the main factor
significantly affecting Q10; the relationship between W5
and Q10 was not significant.

KEYWORDS: Q10; soil respiration; nitrogen deposition; soil temperature; soil moisture

1. INTRODUCTION
The global terrestrial ecosystem is a huge carbon pool
with forests contributing 86% of the vegetation carbon and
73% of the soil carbon [1]. Soil respiration is the major pathway by which CO2, fixed in plants within forest ecosystem
carbon pool is returned to atmosphere. Small changes in soil
respiration can lead to changes in regional or global carbon
dioxide concentrations [2-3]. Thus forest soil respiration is
an important part of the study of the carbon cycle of terrestrial ecosystems and the study of global climate change.
Soil respiration temperature sensitivity is measured by
Q10, which is the quotient of respiration rate change caused
* Corresponding author

by a 10°C increase in temperature. Higher values of Q10
indicate that soil respiration is more sensitive to temperature. Q10 reflects carbon cycle responses of ecosystems experiencing global climate change [4]. Soil temperature is
an important influence on Q10. Some studies have demonstrate that Q10 values can range from 2.5–8.0, and that Q10
shows a negative linear correlation with soil temperature
[5-6]. However, other studies have shown little change in
Q10 with increased soil temperatures [7]. These data suggest that soil respiration can be affected by factors other
than temperature. Soil moisture, nitrogen (N) deposition,
soil organic matter, soil microorganisms, soil pH, and spatial differences can all strongly affect Q10. Tan found that
Q10 increased when soil moisture was 8–10%, but outside
of this range Q10 decreased, indicating that Q10 can differ
in different ranges of soil moisture [8]. Other studies show
that although soil moisture is not clearly related to Q10 soil
moisture may still exert subtle effects on Q10 [9, 10].
N levels can influence soil respiration sensitivity. An
increase in human activities has been accompanied by an
increased concentration of atmospheric carbon dioxide and
increased N deposition. Economic development has led to
yearly increase in soil N. The amount of N deposition in
Asia in the 1960s was only 20% the level during the year
2000, and it is forecast that N increases will reach 105 TgN
y–1 by 2030 [11]. China is one of the world’s three largest
areas of concentrated N deposition [12] and it faces an increasingly serious N problem. N is an important nutrient of
forest soils and N deposition can influence soil respiration
by promotion or suppression [13-15]. Different parts of
forest systems can have variable Q10 responses to nitrogen
deposition: Mo [15] found that a tropical broadleaf forest
responded positively to nitrogen deposition while Tu [16]
found that a tropical bamboo system was unresponsive.
In this study, we analyzed factors affecting soil respiration sensitivity to temperature and its mechanisms of response to N deposition in four forest types: evergreen
broad leaved, mixed broadneedle leaf, evergreen needle
leaved and bamboo forests. The primary aims were to: (1)
compare the annual variation of soil respiration Q10 in four
typical forests; (2) determine the main factors influencing
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Q10 and the relationship between the 5 cm soil temperature
moisture and the soil respiration Q10; (3) compare soil respiration and Q10 responses in the four forest types to supplemental amounts of nitrogen.

2. MATERIALS AND METHODS

Jinyun Mountain National Nature Reserve has well
preserved vegetation typical of the Yangtze River basin,
including 246 families, 992 genera and 246 species. In the
four sites the dominant species were Cunninghamia lanceolata, Pinus massoniana, Adinandra bockiana, Cinnamomum camphora, Castanopsis fargesii, Gordonia acuminata, Phyllostachys pubescens, Symplocos setchuensis
and Neolitsea velutina.

2.1 Site description

Chongqing Jinyun Mountain National Nature Reserve
(106°17'–106°24 'N, 29°41'–29°52'E) is located in the end
of the Yangtze River Three Gorges Project, Beibei District,
Chongqing, China (Fig. 1). The total area of the reserve is
7600 ha, with altitudes range from 350–951.5 m. The protected area has a humid subtropical monsoon climate. The
annual temperature is 13.6 °C; January is the coldest month
with minimum average temperature of 3.1 °C; August is the
hottest month which daily maximum temperature > 30 °C,
and an average of 24.3 °C. The average yearly relative humidity is 87%. The average annual precipitation is 1611 mm
and average annual evaporation is 777 mm.
Jinyun Mountain National Nature Reserve forest coverage range up to 96.6%, and there is variety of vegetation
types. The main vegetation types include evergreen broadleaf forest, mixed broad needle leaf, evergreen needle leaf
and bamboo forests. We selected four representative plots
at the same altitude in protected areas (Table 1). The Jinyun
Mountain terrain is gentle, and the soil deep profile is deep.
Yellow and paddy soils are distributed on the ridge and the
two side of the mountain, where the zonal soil is the acid
yellow soil. Phosphorus levels are low in these soils, which
are characterized as clayey or sandy and are readily eroded
(Table 1).

2.2 Experimental design

One sample plot was established for each forest type
(Table 1): evergreen broad leaved forest (EBF), mixed
broad needle leaf forest (BNMF), evergreen needle leaf
forest (ENF), and bamboo forest (BF). Each sample plot
was divided into 15 quadrats (each 1 m × 1 m), three were
used to measure soil respiration and 12 for the simulated N
deposition experiments. Soil temperature and moisture at 5
cm depth were measured when soil respiration rate was
measured (Fig.2). Observations were made during growing
seasons (April–September) for 2010–2012.
2.3 Soil respiration measurements

According to the slope from high to low, three quadrats
were chosen within each sample plot and in each quadrat
one PVC ring was set. The diameter of the PVC ring was
20 cm and the height 15 cm. To avoid damage to the soil
structure, PVC rings were inserted into soil and protruded
about 2 cm above the ground. After PVC rings stood for at
least 48 h the measurements began. Before the experiments,
any branches or plant litter blocking the PVC rings were removed to eliminate the influence on soil respiration. Soil respiration was measured with LI-8100 Automated Soil CO2
Flux System (LI-COR, Lincoln, NE, USA). Observations

FIGURE 1 - Study site location in Jinyun Mountain National Nature Reserve, Chongqing, China
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TABLE 1 - Site information of the four typical forests (EBF: evergreen broadleaf forest; BNMF: mixed broad needle leaf forest; ENF: evergreen needle leaf forest; BF: bamboo forest; MWHC: maximum water holding capacity)
Site factors
Forest
types

Altitude
(m)

EBF

869.7

BNMF

864.5

ENF

868.3

BF

855.2

Slope
aspect
northwest
northwest
northwest
northwest

Forest stands

Litter

Crown Thickness Dry storage
density
(cm)
(t/hm2)

Physical properties
Chemical properties
(0-15cm)
(0-15cm)
Soil bulk Total soil
MWHC Available N Total N
density
porosity
pH
(%)
(mg/kg)
(g/kg)
(g/cm3)
(%)

Slope
(°)

Origin

Age
class

13

natural

VI

0.90

3.4

17.84

1.00

0.62

0.56

85.7

2.18

4.13

12

natural

VI

0.90

3.0

14.32

1.03

0.61

0.59

112.0

2.42

3.96

26

natural

VI

0.90

3.5

17.44

0.97

0.63

0.59

91.6

1.88

4.10

11

natural

V

0.85

1.4

16.21

0.96

0.64

0.58

97.0

2.55

4.20

FIGURE 2 - Plot diagram for 15 quadrats within each forest type.

were initiated April 2010 and continued through April–
September for 2010–2012. During the observation periods,
in the first, the middle and the last 10 d of each month, 4 d
were randomly chosen to make observations were made on
rainy days. In each observation day, from 6:00 am to 18:00
pm, measurements were made hourly and each observation
lasted about 2.5 min – all measurements were repeated.
Soil temperature and moisture at 5 cm depth were measured by DDTWS-II type of soil temperature and moisture
logger.
2.4 Simulated N deposition experiments

To minimize the influence of atmospheric wet deposition on the experiments [17-19], four N addition treatments
were established: control (no N added) and low-N, medium-N and high-N (5, 10 and 15 g·m–2 y–1, respectively).
In each sample plot, 12 quadrats were established; three
quadrats were treated respectively as low-N, medium-N,

high-N and controls. A buffer strip of > 3 m width was established between each quadrat to avoid interference. The
low-N quadrats were set above the high-N quadrats to
avoid N flowing from a high-N quadrat to a low-N (Fig.2).
To form solutions of different N concentrations, 5, 10 and
15 g of NH4NO3 were separately added to 1 L of water.
Then the different concentrations were sprayed evenly on
the corresponding quadrats, while an equal volume of water was sprayed evenly on control quadrats to eliminate the
effect of the extra water applied with N treatments. The
sprays were applied once at the beginning of the month of
the measurement period. After standing for 48 h following
N application, soil respiration was measured.
2.5 Statistical analyses

Exponential models were fitted to soil respiration and
soil temperature. We used the following equation [20, 21]
to analyze their relationship:
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(1)

where RS is the soil respiration rate (μmol·m–2 s–1), T
is the soil temperature (°C), R0 is the soil respiration rate at
a reference temperature of 0°C and β is the temperature response coefficient.
Due to its sensitivity, we used Q10 to reflect the relationship between soil respiration and temperature. Q10 can
be expressed as the increased multiple of soil respiration
rate per 10°C increment of temperature,

Q10 

RT 10
RT

(2)

where RT and RT+10 are RS rates (μmol·m–2 s–1) at temperatures T and Tt+10, respectively.
Based on equations (1) and (2), Q10 was calculated as:

Q10  e10 

(3)

All study, data were analyzed using SPSS 20 [16].
Analysis of variance (ANOVA) was used to analyze soil
respiration, temperature and moisture of soil. Correlation

analysis was used to compare the relationship between soil
respiration Q10 and soil temperature, and Q10 and soil moisture.
3. RESULTS
3.1 Soil temperature and soil moisture at 5 cm depth

Temperature gradually increased and precipitation was
centralization during April–September in the growing season. T5 of the four plots reached a maximum in August, W5
reached a minimum because precipitation decreased in July
and August (Fig. 3). The mean T5 values for 2010–2012
was 19.4 ± 0.2, 19.9 ± 0.2, 20.4 ± 0.3 and 19.8 ± 0.2°C for
EBF, BNMF, BF and ENF, respectively, and the corresponding means for W5 were 20.3 ± 0.3, 20.7 ± 0.3, 20.1 ±
0.2 and 18.9 ± 0.3 cm3 H2O cm–3.
3.2 Soil respiration

Soil respiration measurements during 2010–2012
showed that the RS of forests (i.e. EBF, BNMF, BF and
ENF) ranged from 1.84–3.12, 1.1–2.74, 1.35–3.99 and

FIGURE 3 - Variation of soil temperature and soil moisture from April 2010 to September 2012.(a) Soil temperature at 5 cm depth.(b) soil
moisture in the 0–5 cm depth
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1.47–2.82 μmol·m–2·s–1, respectively, in 2010; and correspondingly 1.79–2.85, 1.03–2.4, 1.51–3.66 and 1.45–
2.37 μmol·m–2·s–1 in 2011. There were no differences in
the RS variation during 2012 compared with 2010 and 2011,
with a single peak curve trend, and corresponding ranges of
1.85–4.64, 0.83–3.09, 1.42–4.14 and 1.43–3.01 μmol·m–2·s–1.
The forest RS values reached a maximum during July in
2010 and 2012 but in 2011 the EBF soil respiration was
greatest in July, while Rs values of the other three forests types
reached their maxima in June (Fig. 4). In addition, the
three-year average soil respiration rates of BNMF (1.97 ±
0.42 μmol·m–2·s–1) and EBF (2.68 ± 0.32 μmol·m–2·s–1) were
significantly different. However, the RS of EBF was not significantly different from ENF (2.06 ± 0.28 μmol·m–2·s–1), and
there was equivalent to that of BF (2.66 ± 0.42 μmol·m–2·s–1)
(Fig. 5).

FIGURE 5 - Mean soil respiration values (One-way analysis of variance (ANOVA) was used to compare mean soil respiration values related to forest type. Bars labeled with the same letter are not significantly different]
3.3 Relationship between RS and T5

RS of the four forest types increased exponentially with
increased soil temperature and the correlation was significant (p < 0.05) (Fig. 6, Table 2). The relationship between
RS and T5 was strongest for BNMF [coefficient of determination (R2) = 0.88] and weakest for BF (R2 = 0.50), indicating that soil temperature explained changes in soil respiration rate in the range of 50–88% (Table 2). Moreover, soil
respiration Q10 values, among the four forest types were
different. The Q10 of BF in 2010 was the highest measured
(3.6). The lowest mean Q10 value was EBF (1.88 ± 0.21),
and the highest for BF (3.01 ± 0.17).
3.4 Relationship of Q10 to T5 and W5

We conducted our studies during the growing season
whose hydrothermal conditions are superior to the remainder of the year. Regression analysis between Q10 and T5,
and Q10 and W5, demonstrated that Q10 was more closely
related to T5 than W5 in all four forest types. The R2 values
for the Q10 and T5 regressions were > 0.50 for all four forests. These R2 values were considerably greater than those
for Q10 and W5 (Fig. 7).
Correlation analysis also showed a significant relationship between the mean Q10 value and T5 (p < 0.05) but the
relationship between Q10 and W5 was not significant. T5
was clearly the main factor influencing the changes in Q10
value, with W5 having a lesser affect.
3.5 Soil respiration in response to N deposition

FIGURE 4 - Seasonal changes of soil respiration rate in four test areas (a: 2010 b: 2011 c: 2012 EBF: evergreen broadleaf forest; BNMF:
mixed broad needle leaf forest; ENF: evergreen needle leaf forest;
BF: bamboo forest;)

Nitrogen addition in low the low-N treatment increased the
average RS of EBF and ENF compared to the untreated control value (2.73 ± 0.17 μmol·m–2·s–1). The treatment values
were 3.39 ± 0.22 and 3.165 ± 0.31 μmol·m–2·s–1, respectively. The medium-N treatment increased the average RS
of BF and BNMF compared to controls to, 9.13 ± 0.12 and
2.78 ± 0.21 μmol·m–2·s–1, respectively; The RS of BF was
significantly greater than the control value (Fig.8). The highN treatment inhibited the average RS relative to controls for
EBF and ENF (2.20 ± 0.24 and 1.86 ± 0.23 μmol·m–2·s–1,
respectively). In contrast, the high-N treatment promoted
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the average RS of BNMF and BF (2.39 ± 0.18 and 2.67 ±
0.23 μmol·m–2·s–1, respectively), and the significe level
was not obviously (p <0.05) than medium-N treatment. (p
<0.01).

3.6 Effect of N deposition on soil respiration Q10

Equations (1) and (3) indicate that, at stable soil temperature change in the temperature coefficient β can lead
to change in Q10. The Q10 value of the four forest types re-

FIGURE 6 - Relationship between soil respiration and soil temperature in 4 kinds of typical forest (○：2010 ●：2011 ：2012 a:EBF
b:BNMF c:BF d:ENF)

TABLE 2 - Equations fitting soil respiration and soil temperature. R2 is the degree of fit. p is the significance test.
Year

2010

2011

2012

Forest type
EBF
BNMF
BF
ENF

Relation equations
RS = 0.729e0.0648T5
Rs = 0.1866e0.1157 T5
Rs = 0.1911e0.129 T5
Rs = 0.3978e0.0841 T5

P-value
<0.05
<0.05
<0.05
<0.05

R2
0.7248
0.8803
0.5049
0.6031

Q10
2.05
2.29
3.6
2.31

EBF
BNMF
BF
ENF

RS = 1.1287e0.04 T5
Rs= 0.3237e0.0833 T5
Rs= 0.339e0.0959 T5
Rs = 0.3993e0.0757 T5

<0.05
<0.05
<0.05
<0.05

0.5919
0.6543
0.5202
0.5463

1.49
2.22
2.6
2.13

EBF
BNMF
BF
ENF

Rs = 0.6663e0.0747 T5
Rs = 0.2757e0.0992 T5
Rs= 0.2938e0.1031 T5
Rs = 0.3441e0.0868 T5

<0.05
<0.05
<0.05
<0.05

0.6854
0.5788
0.6809
0.7763

2.11
2.70
2.8
2.38
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FIGURE 7 - Relationships between Q10 and soil temperature and soil moisture at 5 cm depths ( a:EBF b:BNMF c:BF d:ENF)

FIGURE 8 - Soil respiration response to different concentrations of nitrogen ( a:EBF b:BNMF c:BF d:ENF)
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FIGURE 9 - Q10 response to different concentrations of nitrogen treatment ( a:EBF b:BF c:BNEF d:ENF)

sponded differently to the four N treatments (Fig. 9), the
EBF and ENF responded similarly to the different N treatments. The low-N treatment on the two forests resulted in
Q10 (2.24 and 2.55, respectively) values that were greater
than the controls (2.11 and 2.38, respectively). In contrast,
EBF and ENF exposed to high-N treatments had Q10 values
(1.75 and 2.05, respectively) less than the controls. Q10 values were initially increased by medium-N treatment of
EBF and ENF, but after three months fertilization Q10 values were significantly less (Fig. 9a and d). BNMF and BF
had different responded to N treatments compared to EBF
and ENF. Q10 values of BF and BNEF were greater than
controls for the medium-N and high-N treatments, and significantly larger for the medium-N Q10 (Fig. 9b and c); The
Q10 values the low-N and high-N treatments in BF were not
significant.

deciduous forest was significantly greater than the coniferous forest because plant activities and phenophase were
more seasonally variable [23].
Another reason for Q10 differences may involve differences in microbial communities and soil organic carbon in
different forest types [24]. Stable carbon is less sensitive to
temperature than ctivated carbon [25-26]. Ou Yang et al.
showed that the amount and chemical composition of plant
litter differed among different types of forest vegetation.
These differences led to difference in quality and amount
of soil organic matter and soil organic carbon constituents;
the soil microorganism community and soil microbial activity were indirectly influenced by forest vegetation type.
They also found that during the evolutionary process of
vegetation types, the storage and stability of soil organic
carbon gradually increased. [27].
4.2 Soil temperature and humidity influences on Q10

4. DISCUSSION
4.1 Influences of forest types on Q10

The mean value of Q10 differed among forest types, BF
had the highest values (3.01) followed by BNMF (2.40),
ENF (2.27) and EBF (1.88). Griffis found that the plant
phenology of deciduous forests in cold temperate regions
was greater than for evergreen forests in warm regions, especially at the start of the growth season when the activities
of soil microorganisms around root systems intensified
[22]. Under similar climate and soil conditions, Q10 of the

There was a negative correlation between the Q10 and
T5 (Fig. 7) for all four forest types. Soil temperature was
the main factor influencing Q10, as also documented in previous studies [15, 16]. Li et al. [28] found that Q10 decreased 3.3% for each 1°C increase in soil temperature.
Chen et al. [29] using controlled temperature experiments,
found that the value of Q10 in litter of coniferous forest root
systems decreased with increased temperature. McInerney
[30] found a negative correlation between Q10 and soil temperature. Soil respiration is clearly dependent upon soil
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temperature. Soil respiration involves the activities of soil
microbes and the decomposition of the organic matter which
are both influenced by soil temperature. Zheng et al. [31, 32]
found that soil temperature was the main factor influencing
root and soil microbes activity, thus influencing the soil carbon dioxide flux, and as a result influencing Q10. As soil temperature increased the soil respiration rate increased and the
value of Q10 decreased in Ailao Mountain suggesting that in
subtropical regions soil temperature benefits the activities of
roots and soil microbes and that there are few restrictions
from soil temperature on their activities.
Many studies suggested that soil humidity influence
Q10. However, in this study correlations between soil humidity and Q10 for the four forests were not significant, so
soil humidity had at most, only a minor effect on Q10. The
influence of soil humidity on Q10 is complex. Reichstein
suggested that Q10 decreased with increased drought because the sample plots were located in a region with a large
carbon storage [33]. Peng et al. [34] suggested that some
forests in China have negative correlation between Q10 and
average annual precipitation. Tan et al. [8] found that Q10
initially increased and then decreased under the influence
of variable soil moisture, indicating that Q10 reached a
maximum at a certain level of soil humidity then decreased
as humidity continued to increase. The present study was
performed in a relatively humid subtropical region so we
found little influence of soil humidity on Q10. In drier or
colder regions, soil humidity and precipitation are likely to
have a greater influence on Q10.

treatments, and between a medium-N treatment and controls, but the differences between high-N treatment and
controls were not significant in the Bambusa pervariabilis
× Dendrocala mopsi of Sichuan [15].
These results may indicate that a minimal increase of
N is sufficient to stimulate soil microorganisms that decompose organic matter or to increase the amount of small
roots in soil [38, 39]. In N treatment research on spruce
forests in Denmark, Gundersen [40] found no change in the
soil respiration and Q10. Their results may be caused by the
strong regulating capacity of spruce forests in Denmark interfering with N deposition, and also adjustment by plants
and soil organisms to the long-term N input. The forest
ecosystem cannot easily adapt to the short and intensive nitrogen input because of the relatively short duration of the
nitrogen treatment.

5. CONCLUSION
We analyzed the relationship between soil respiration
Q10 and T5 and W5 in four forests typical of the Three
Gorges area of China. Soil temperature was the main factor
affecting changes in Q10. The relationship between soil
moisture and Q10 was not significant. The results from simulated N addition indicated that N addition can either suppress or promote soil respiration and Q10.
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ABSTRACT
China is facing the threat of severe soil water erosion
and the pressure from the second largest poor population in
the world. The spatial relationship between the poor regions and soil water erosion would help us to identify the
link between poverty and soil erosion. The spatial nexus
between the administrative region of 592 national poor
counties (NPCs) and soil water erosion in China were analyzed in the present study. The results showed that most of
NPCs were closely distributed. The spatial pattern of NPCs
implied the effects of drastic hazards on the poor could be
regional and widespread. The large area of China is suffering from light water erosion and only the Loess Plateau was
severely eroded. There were 51.7%, 41.6%, 14.7%, and
9.3% of NPCs, which had light water erosion, medium water erosion, intense water erosion, and serious (more intense and severer) water erosion, respectively. Similarly,
69.8% of the NPCs had environmental problems because
of soil water erosion. The results showed that there is correlation between the distributions of soil water erosion and
poverty in China. The linear regression between the mean
income of farmers and the proportion of soil erosion area
showed a negative relationship at a significant level
(p<0.001). Further studies should pay more attention to the
linkage between poverty and soil erosion for efficient soil
erosion and poverty reduction.

KEYWORDS: Poor region; Poverty reduction; Soil Water Erosion;
Spatial Relationship.

1. INTRODUCTION
Soil erosion is the most widespread form of environmental problem and remained so during the 21st century,
especially in the developing countries. Globally, land area
affected by erosion is 10.94 million km2 by water erosion,
and 5.49 million km2 by wind erosion [1]. China has seri* Corresponding author

ous and extensive soil erosion both by water and wind. According to the soil erosion survey, there are 3.57 million
km2 of land in China suffering from soil erosion, which accounts for 37.2% of the whole national land area [2]. Water
has eroded more than 1.5 million km2 of that territory. The
on-site and off-site damages raised by soil erosion have farreaching economic, political, social and environmental implications in China [3-5]. The serious soil losses has not
only reduce productivity by removing nutrients and reducing water availability, but also the sediments and nutrients
with runoff and sediments decrease the storage capacity of
the reservoirs and the quality of water. The effects of erosion on productivity reduction and non-point source pollution are widely recognized in China [2]. The rapid population growth as well as decreased productivity forced farmers to cultivate more easily eroded hill slope farmland, intensive tillage and application of more inorganic fertilizers
on the farmlands. The 1992 World Development Report
also explicitly stated that, “poor families who have to meet
short term needs mined the natural capital by excessive cutting of trees for firewood and failure to replace soil nutrients” [6]. As a result, deforestation, soil erosion, non-point
pollution, and fertilizer input increased rapidly and widely
in China.
China has maintained a high growth rate on economy
development in the world over the past 30 years. However,
the report from the United Nations (UN) said that the number of poor population in China still ranks second in the
whole world [7]. Therefore, poverty and soil erosion are
both the current and significant problems affecting China’s
development and environment. Many studies have conceptualized the link between poverty and environment as a
‘downward spiral’ [8]. As evidenced in the Northern Hemisphere, environmental problems of agriculture such as soil
erosion are hardly confined to impoverished areas [9].
There is also a hypothesis that the poverty is the main
source of soil erosion [10]. By taking consideration of the
serious consequences of soil erosion, there is a consensus
which admitted the existence of feedback loops from soil
erosion to poverty. In view of the serious soil erosion and
the second largest poor population of the world in China, a
hypothesis was proposed that the poor region may be ascribed to the serious soil erosion according to the conclusions made by the above mentioned studies.
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A few studies focused on the relationship between soil
erosion and poverty. Ogunlela and Ogungbile [9] concluded that land degradation caused by human-induced soil
erosion accounts for much of rural poverty in Negiria. Di
et al. [11] found that there was a kind of coupling relationship between the region of soil erosion and the distribution
of poverty population on the provincial scale in China. Heerink et al. [12] assessed the impact of soil and water conservation investments on poverty reduction in Chinese Provinces and found that an investment of 1538.5$ (6.5RMB=
1$) in soil and water conservation by local governments
lifted 0.21 persons out of poverty. Consequently, there seems
to have relationship between soil erosion and poverty. However, Swinton and Quiroz [9] argued that soil erosion, soil
nutrients loss, and overgrazing are not correlated with poverty by the multiple regression analysis of farm survey data
from the Peruvian Altiplano. Deforestation is the only case
of a clear poverty-environment link results. As a consequence, there is a contradiction about the relationship between soil erosion and poverty. Scherr [8] stated that micro-scale empirical research proved the striking heterogeneity for the link between poverty and environment due to
different local conditions. Moreover, the study which is focused on the provincial scale cannot provide us the spatial
distribution and detailed information about soil erosion and
poverty. It is well known that the soil erosion showed spatial characteristics for the climatic conditions, soil texture,
terrain, and farmland management practices in different regions. As we know, however, the study about the detailed
spatial relationship of soil erosion and poverty is lacking.
The spatial nexus of soil erosion and poor region is
helpful to identify causality links, if any, between environmental degradation and poverty. China in fact has one of
the most decentralized fiscal systems in the world. County
is the basic administrative unit which is the foundation of
the national economics and is an important road to alleviate
poverty. The central government of China determined 592
national poor counties (NPCs), as the poor regions and need
to develop them with more efforts. According to the statistics, these NPCs included more than 72% rural poor population in China [13]. The poor population is highly dense
in these counties and scattered in other regions. These 592
NPCs are the main source of poverty data monitored by the
central government of China for serving poverty reduction.
Consequently, the administrative region of 592 NPCs represents the geographic features of the poor region of China.
The regions which are suffering from soil erosion and poverty were susceptible to the dramatic climate change [14].

Consequently, the analysis of the relationship between
poor regions and soil erosion is also helpful to cope with
climate change. It also have important implication for future reform for China’s soil conservation and poverty reduction policies, and investments in soil conservation and
poverty reduction institutions [15]. Otherwise, greater investment will be required to overcome soil erosion and
poverty. In China, there is an estimate that 76% NPCs and
74% poor population lived in the region with soil erosion
[2]. However, this result could be a political number not a
scientific number. According to the present literature, there
is no literature to support or discuss this point further. In
fact, there is also little literature that has discussed the spatial relationship between soil water erosion and poor regions from a national scale.
In this study, we focused on how many NPCs are located in the region with soil water erosion. Only the soil
water erosion was considered in this study for the available
data set and the significant effects of this kind of erosion.
The specific objectives of this paper are to examine: 1) the
spatial pattern of NPCs in China; 2) how many NPCs are
located in the region with soil water erosion in China; 3)
the relationship between the farmer’s income and the proportion of soil water erosion area in the poor counties.

2. MATERIALS AND METHODS
The spatial distribution of the soil water erosion in
China was based on the second national soil erosion survey. This was the newest published database which covered national scale soil erosion information by far. The
main source of information was from 1:100000 Landsat 5
TM image combined with field investigation and GIS technology. The quantifying of soil water erosion degree was
based on the national standard of soil water erosion classification (Table 1). The soil water erosion was divided into
six levels according to the standard.
The qualification of NPC is determined by the method
of 631 index: the poor population accounts for 60% of the
weight (including absolute poverty and low-income population account for 80% and 20%, respectively); the number
of the county, in which the farmers have lower per capita
net income, accounts for 30% of the weight; the number of
the counties with low per capita GDP and low per capita
revenue accounts for 10% of the weight [16]. The criterion
of low per capita income is 200$ per year. However, the

TABLE 1 - The state-level standards for classification of soil erosion in China
Severity of erosion
Slight erosion
Light erosion
Medium erosion
Intense erosion
More intense erosion
Severe erosion

The average erosion modulus (t/km2/a)
<200, 500, 1 000
200, 500, 1000~2500
2500~5000
5000~8000
8000～15000
>15000
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The average loss thickness (mm/a)
<0.15, 0.37, 0.74
0.15, 0.37, 0.74-1.9
1.9~3.7
3.7~5.9
5.9~11.1
>11.1
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criterion is 230.8$ per year for the old revolutionary base
areas and ethnic minority border areas. The criterion is
415.4$ per year for the low per capita GDP and 18.5$ per
year for the low per capita revenue. According to the
above-mentioned principle and methods, 592 counties
were determined to be the NPCs and the central government would develop them with greater efforts.
The proportion of soil water erosion area was drawn
from a national complication of studies quantitatively confirms the soil water erosion area of the counties in 2003.
Total of 135 counties were considered in this research. Correspondingly, the mean income of the farmers in the 135
counties was collected from the published data by the
County Bureau of Statistics in 2005. The area of soil water
erosion was assumed to be little changed in two years. The
different time scale of soil water erosion and the mean income of the farmers were only due to the data which is
available for most of the counties.
3. RESULTS AND DISCUSSION
3.1 Spatial distribution of National Poor Counties

Figure 1 shows the spatial distribution of 592 NPCs in
China. It is obviously shown that most of NPCs border
each other closely except some counties in Xinjiang, Jilin,

and Guangxi provinces. The poor counties are highly concentrated in the south-west and north-west part of China.
Except that, some poor counties can also be found in north
eastern (e.g. Neimenggu Province) and western (e.g. Xinjiang) of China, respectively. For all the NPCs, there are 44
counties located at the national boundary of China which
are remote areas with bad traffic condition. There are 258
Minority Autonomous Counties and account for 43.6% of
the total NPCs. Usually the ethnic minority lives in the
mountainous areas with bad traffic conditions and adverse
natural conditions which strongly restrict the economic development. On the other hand, the ethnic minority usually
lives in the traditional agriculture society with their own
culture and lack-of-education. Their income mainly depends on agriculture which could strongly be affected by
climate and natural environment. The industry and service
are much undeveloped. The lack of infrastructure is also
the reason of slow economic development in this region.
The spatial patterns of NPCs showed that the effect of
drastic hazards on the poor could be widespread and regional. For example, the serious drought happened in
Southwest of China in 2010 affected a wide region in Guizhou, Guangxi, Yunnan province where the NPC are dominant. In the NPCs, a very severe debris flow happened in
Zhouqu County and 7.1 earthquake in Yushu County both
in 2010 proved that the drastic climate change on the poor

FIGURE 1 - Spatial distribution of 592 national poor counties (NPCs) in China
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Legend
Light water erosion

FIGURE 2 - Spatial distribution of light water erosion in China (adapted from Xu et al. 2003)

Legend
Medium water erosion
Intense water erosion

FIGURE 3 - Spatial distributions of medium and intense water erosion in China (adapted from Xu et al. 2003)
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Legend
Serious water erosion

FIGURE 4 - Spatial distribution of serious (more intense and severe) water erosion in China (adapted from Xu et al. 2003)

region could be irreversible and disastrous. Moreover,
there are 558 NPCs suffered from natural disaster such as
drought, flood, and debris flow in 2010 [17]. Consequently,
the central government of China should consider the regional characteristics in the poor region when the strategies
were applied to cope with the poverty. The succeeded experience to deal with poverty and environmental degradation in one NPC should also be mirrored by the neighbored
NPCs with similar conditions.
3.2 Spatial patterns of soil water erosion

Water erosion is the most prevalent and harmful type
of erosion in China. Figures 2, 3 and 4 are the spatial distributions of light, medium and intense, and serious (more
intense and severe) water erosion in China, respectively.
The areas for light, medium, intense, and serious water erosion are 829.5, 527.7, 172.0, and 82.9 × 103 km2, respectively [18]. The light water erosion has the largest area and
the serious soil water erosion has the smallest area in
China. From Fig. 2, it is clear that widespread regions of
China suffer from light erosion, especially in northeast,
northwest, and southwest. Xu et al. [20] stated that the spatial distribution of light water erosion was in consistent
with the main mountain landscape of China. Sixty five percent of China’s total area is classified as mountains, hilly
or plateau regions which is vulnerable to erosion. Consequently, topography was the main reason for the wide existence of light soil water erosion in China. Figure 3 shows
that the spatial distribution of medium water erosion is sim-

ilar with the trend of light soil water erosion but in smaller
area. Its distribution is also due to the mountain landscape
of the main ridge in China. The intense water erosion region mainly locates in the Loess Plateau and the east of Tibet Autonomous Region. Figure 4 shows the spatial pattern
of serious soil water erosion including more intense and
severe water erosion region together with the smallest area
compared with other erosion classes. Obviously, such region mainly located in the Loess Plateau where the most
serious water erosion in the world is happening. Loess,
which is the main soil type in the Loess plateau, is a highly
erosion-prone soil. In addition, the climatic condition, population growth, and conventional cultivation exacerbated
the soil water erosion in this region [19].
For the different soil water erosion classes, the proper
soil conservation measures should be taken according to
the local conditions. The check-dams, which is proven to
be a good measure to control soil loss, should be widely
built on the serious and intense soil water erosion regions.
For the light and medium soil water erosion region, reforestation, grass planting, and sustainable agriculture should
be applied to control soil water erosion by considering the
cost for applying on the widespread area.
3.3 Spatial relationship between soil water erosion and NPCs

Compared to Fig. 1, the spatial pattern of light water
erosion has the similar trend with that of NPCs. One by
one, all the NPCs are checked to figure out the number of
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county located in the region with soil water erosion (Fig. 5).
However, we found that it is more convinced to find out
which NPC had the soil water erosion area because the distribution of soil water erosion was scattered in some regions. Firstly, 306 NPCs are found to be in the region with
light water erosion. The number accounts for 51.7% of the
total NPCs. This means that more than half of the NPCs suffered from light water erosion. Moreover, there is a large
variability of the light erosion area among the 306 counties.
The poor county in the Loess Plateau has more area of light
erosion than other counties. Secondly, there are 246 NPCs,
which accounts for 41.6%, have the medium water erosion
region. Thirdly, the number of NPCs is 87 and 55 for the
intense water erosion and serious water erosion level, respectively. Correspondingly, the proportion is 14.7% and
9.3%, respectively. Overlay the NPCs together, we found
that there were 413 NPCs which have the region with the
light erosion and more than light erosion level. Similarly,
69.8% of the NPCs have the soil loss problem due to water
erosion. According to the estimation, there are 76% poor
counties located in the region with soil and water losses,
the result is very close to present study [2].
Water erosion is one of the dominant types of erosion
that has significantly increased the poverty in China other
than wind erosion or gravitational erosion. The result
showed that there is spatial link between poor regions and
soil water erosion in China. Aggrey et al. [21] concluded
that environmental problems such as forest and wetlands
degradation exhibit a spatial correlation with poverty.
Therefore, the correlation between poor regions and soil

water erosion showed that the happening of any degree erosion could lead to poverty in China regardless of soil water
erosion level. This finding also implied that the policy
makers should consider their mutual effects when the policies aim to control soil water erosion and reduce poverty
were constituted.
3.4 The relationship of the income of farmers and soil water
erosion

In order to figure out the relationship between soil water erosion and poverty, the mean income of farmers and
proportion of soil water erosion area in 135 counties was
surveyed. Figure 6 shows the linear fitting between the
mean income of the farmers and proportion of soil water
erosion area for 135 counties. It is obvious that more land
suffer from soil water erosion, less income is got by the
local farmers. From this result, the decrease of soil water
erosion area may be helpful to increase the farmer’s mean
income. Collins and Headley [22] has found that soil water
erosion not only affected farmland area, but also decreased
the farmer income. Heerink et al. [12] also argued that an
investment of 1538.5 $ in soil and water conservation by
local governments lifted 0.21 persons out of poverty. In
this study, the decrease 10% of the proportion of soil water
erosion area in the county can increase 24.9$ for the mean
income of the local farmers in 2005.
The correlation of poor counties and soil water erosion
and the negative relationship between soil erosion areas of
farmer income both proved the close relationship between
the poverty and soil water erosion in China. The rural poor

FIGURE 5 - Spatial distributions of NPCs within soil water erosion in China (LE, light erosion, ME, Medium erosion, IE, Intense erosion,
MSE, More intense erosion and Severe erosion)
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FIGURE 6 - The linear fitting of the farmers’ mean income and the proportion of soil erosion area for representative counties in China

people mainly depend on the agricultural income which
could be significantly affected by the soil water erosion.
Moreover, conventional agriculture was also blamed to induce the soil water erosion and environmental degradation.
Therefore, there could exist a vicious cycle between soil
water erosion and poverty. In order to reduce poverty, agricultural structure reform should be conducted in the
NPCs which are suffering from soil water erosion. For example, converting farmland to forest should be conducted
in such regions. For example, after converting farmland to
forest, under-forest economy can be developed, such as
breeding, planting herbs and mushroom and so on. It has
been proven to be a better way to reduce poverty and conserve soil well. Besides that, sustainable agriculture should
also be widely developed in the poor region having soil water erosion. These measures were also believed to be helpful to mitigate the effects from the climate change and to
increase the carbon dioxide sequestration and protection of
valuable natural resources. In addition, the research on the
relationship between environmental degradation and poverty should also be more endeavored and concerned for reducing poverty and protecting environment in China.

4. CONCLUSIONS
The spatial distributions of the poor region and soil water erosion can reveal the link between poverty and environmental degradation. It is also helpful to make environmental laws and proper use of relief fund. In China, the 592
national poor counties (NPCs), where the poor population
is highly concentrated, bordered each other in space. This
implied that the effect of environmental problems on the
poor people could be regional and widespread. In China, extensive regions suffered from light and medium soil water
erosion, and the serious soil water erosion mainly happens
in the Loess Plateau. Despite of the soil water erosion class,

69.8% of the NPCs had the region with soil water erosion.
The correlation existed between the distributions of the soil
water erosion and NPCs in China. The result showed that
the mean incomes of the farmers have a negative relationship with the proportion of soil water erosion area in 135
counties. Consequently, soil water erosion had close relationship with the poverty in China. Those counties superimposed soil water erosion and poverty could be more fragile to climate change. The policy makers and environmental scientists should pay more attention to such regions.
This work had several limitations that call for additional work. Firstly, it is based on data from only soil water
erosion. Work using data from other soil water erosion
ways such as wind erosion, gravitational erosion, and
freeze-thaw erosion is necessary to figure out the spatial
relationship between soil water erosion way and poverty.
Secondly, the study focuses on the NPCs. The spatial distribution of poor population and soil water erosion in China
will help us to understand more detailed information about
the poverty and soil water erosion. Finally, the area of soil
water erosion and the number of poor population have continued to change in recent years. The most recent data is
more accurate to assess the link between soil water erosion
and poverty.
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concluded that the ecological risk due to non-point source
is wider than that due to point source.

ABSTRACT
The main objective of this study was to evaluate the
spatial distribution and ecological risk of the heavy metals
in soils around the industrial non-point source in the western town of Yixing city, an area with intensive industrialization in Yangtze River Delta of China. Investigated were
the elements of Cd, Cr, Cu and Pb in topsoil with different
distances in all the four directions from the industrial town
(east, west, south, and north direction, respectively). Results show that Cd, Cr, Cu and Pb element are slightly accumulated, appreciably higher than the background values.
The heavy metals concentrations in the west direction evidently exceed in the other three directions. The mainly reason is due to the subtropical monsoon climate and a large
amount of discharged waste situated in the west of industrial town. This study also finds that almost all heavy metals show low correlation with the distance in the westward
direction but significantly correlation with the increasing
distance in the east direction. It is because of a combined
effect of heavy metals in soils around non-point source.
However, compared with point source, a decreasing trend
with increasing distance due to non-point source is not evident, but the polluted territorial scope is wider. By means
of correlation analysis, trace metals source in different directions is different around the industrial non-point source.
Pb and Cu contaminants are the mainly polluted source in
all four directions, especially in the western and eastern direction. Moreover, there are many industrial Cr contaminants in the northward direction and Cd contaminant at the
south side of the industrial town is one of mainly contamination sources. The ecological risk assessment results
show that all the soil heavy metals around non-point source
are at low or moderate risk by the use of catastrophe progression method. Due to the combined effect of soil heavy
metals, the ecological risk indices do not evidently change
with the increasing distance in all the four directions. It is
* Corresponding author

KEYWORDS: soil heavy metals; spatial distribution; ecological risk
assessment; industrial non-point source

1. INTRODUCTION
The rapid industrialization and urbanization during the
last two decades witnesses the contamination of soil by industrial/domestic effluents [1]. It is a particular problem in
soil heavy metals because such contamination is persistent
and is of irreversible nature [2]. The connection between
pollution, particularly pollution by heavy metal elements,
and various health problems is now well-documented and
reasonably well known by the general public [3]. These elements can bio-accumulate in plants and animals eventually making their way to humans through food chain [4, 5].
Soil is the ultimate and most important sink of trace elements in the terrestrial environment [6]. Therefore, analysis of heavy metals in soil offer an ideal means not only to
monitor the pollution of soil itself, but also to quantity the
overall environment, as reflected in soil [3,5].
Spatial variability characteristic of soil heavy metals in
typical regions is well documented [2,7]; and methods of
multivariate analysis have been widely used in geochemical investigations to identify pollution sources and to apportion natural vs. anthropogenic contribution [3,8]. A number
of recent work [9-11] has also studied the ecological risk assessment of soil heavy metals because such assessment has
been frequently integrated as one of the essential processes
for sound environmental management [12-13]. The spatial
distribution of soil heavy metals in industrial development
area have also been studied [14-15], nevertheless much
work has only concentrated on the heavy metals distribution in soils around industrial point source. Especially,
heavy metals distribution in soils around industrial nonpoint source has rarely been studied.
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In view of this, the main objectives of this study were
(1) to describe the spatial variability characteristic of heavy
metals in soils with distances in different directions (east,
west, south and north) from industrial non-point source in
Yixing, an area with intensive industrialization in Yangtze
River Delta of China; (2) to do ecological risk assessment
of soil heavy metals by using the catastrophe progression
method; and (3) to provide a scientific basis for pollution
control and sustainable use of soil resource.

2. MATERIALS AND METHODS
2.1 Study area

The study area, Yixing city in the south of Jiangsu
Province, locates in the Yangtze River Delta of China. It
extends between easting of 111°30' to 120°03' longitude
and northing of 31°07' to 31°37' latitude. The Yixing city
spreads over an area of 2177.43km2, surrounded by low hill

in the southern part and by plain in the northern part. The
area situates in the west of the Taihu Lake, the second largest
freshwater lake of China. The climate is of north subtropical
monsoon with cold, dry winter and hot, rainy summers. The
average precipitation in this region is about 1158 mm/year
and the mean annual temperature is 15.7 . The Yixing city,
currently one of the most rapidly developing cities in China,
has evolved from a small town to a big modern city due to
the rapid industrialization and urbanization of China. As of
2006, the city had registered 934 industrial enterprises,
whose gross product reached to 115 billion Yuan. This rapid
industrialization prospers this economic of the city, but the
contaminations from these enterprises also potentially risk
the ecosystem of this city.
2.2 Sampling and analysis

Sampling was conducted in the heavy metals polluted
area around non-point source of an industrial town located
in the west of Yixing City (Figure.1). This town is mainly

FIGURE 1 - Study area and sampling sites.
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surrounded by the flat cropland. At the polluted site, the
sampling sites were selected in all the four directions from
the industrial town (east, west, south, and north direction,
respectively) up to 3 km. Figure 1 shows the sampling locations. The total number of sampling points was 55 (15,
15, 12 and 13 samples in the east, west, south, and north
direction, respectively) for the polluted site. According to
the sampling design, the distance between each sample was
about 200 m. Within the 20 m range of each site, three to
six topsoil (0-20 cm depth) samples were sampled with a
stainless steel shovel and then the homogenized soil sample were taken by the quartation in the field. The samples
were air-dried in clean plastic trays at room temperature
after being taken to the laboratory. In the sample, tiny
roots, gravel portion and another residue were removed before the soil samples were ground and sieved. Then these
soils were finely powered in a mortar by a pestle and were
screened through 20-mesh, 60-mesh and 100-mesh standard sieves, respectively.
The powdered soils were firstly digested in three acids
of HF-HNO3-HClO4 before the Cd, Cr, Cu and Pb concentration was analyzed. The Cd concentration was measured
by graphite furnace atomic absorption method and the others were determined by inductively coupled plasma massspectrometry (ICP). National geochemical standard samples were used for the quality control to ensure the quality
of analysis.
The significance of differences of soil heavy metals
concentrations in different directions is tested by the independent sample’s T testing method in SPSS16.0 software.
Trend testing and Pearson correlation analysis of heavy
metals concentrations in soils in different directions are
also performed by SPSS16.0 software.
2.3 Catastrophe progression method

Ecological risks of heavy metals in soils around a nonpoint source can be deemed as a fuzzy dynamic system, in
which different elements play different roles. A dynamic
system can be described by system state and control parameters, both of which are the variables of a potential
function. On the basis of potential function, catastrophe
theory is a powerful tool to assess the role of different elements in a fuzzy system [16, 17]. The assessment is described as follows:
(1) Catastrophe model: The ecological risk assessment
is considered as a dynamic system, in which the ecological
risk index is the state variable and Cd, Cr, Cu and Pb are

deemed as control variables. This system contains one state
variable and four control variables. So, according to catastrophe theory, the ecological risk assessment system is a butterfly catastrophe model. The importance of the control variables in the catastrophe model is determined according to
the metal toxic response order of Cd>Pb>Cu>Cr [18, 19].
(2) Standardization of Data: To compare the contribution of each variable to others, one must transform the concentrations of the heavy metals into a 0~1 dimensionless
value using the formula: U=Ci/Ri, where U is the dimensionless value; Ci is the concentration of heavy metal element; and Ri is the third grade value of Chinese soil environmental quality standards [20].
(3) Calculation process: Using the normalized formula
of butterfly model, one can calculate the control variable
value according to the relation between the state variables
and control variable in the catastrophe model. The medial
decision-making values were computed by the formula as
follows: XCd=UCd½, XPb=UPb⅓, XCu=UCu¼, XCr=UCr1/5,
where XCd represents the medial decision-making value;
and UCb denotes the normalized value of heavy metal element. The minimum value of their medial values was selected as the ecological risk index according to catastrophe
progression method, because Cd, Cr, Cu and Pb are noncomplementary in the ecological risk assessment system.
Using the same process mentioned in the above paragraph, the ecological risk classification standards were also
determined according to the grade value of Chinese soil environmental quality standards [20]. Four categories of the
ecological risk indices are showed in Table 1.
TABLE 1 - Category standards of the ecological risk of soil heavy
metals
Grades of ecological risk
of soil heavy metals
Low risk
Moderate risk
Considerable risk
Very high risk

Ecological risk indices
0.000~0.412
0.412~0.548
0.548~0.707
0.707~1.000

3. RESULTS AND DISCUSSION
3.1 Statistical analyses of soil heavy metals concentration

Statistical analyses for Cd, Cr, Cu and Pb contents in
these topsoil samples around the industrial town are shown in
Table 2, including the minimum, maximum, mean, standard
deviation (SD), and coefficient of variation (CV).

TABLE 2 - Statistical features of heavy metals concentrations in soils around industrial town
Maximum
Mean
SD
Reference 2
Number
Minimum
Reference 1
CV
/mg kg-1
/mg kg-1
/mg kg-1
/mg kg-1
of samples
/mg kg-1
/mg kg-1
Cd
55
0.09
0.37
0.16
0.071
0.44
0.20
0.126
Cr
55
43.34
67.83
62.61
25.70
0.41
90
77.80
Cu
55
15.31
38.11
20.55
3.76
0.18
35
22.30
Pb
55
35.56
53.66
44.55
4.03
0.09
35
26.20
Reference 1: Background value in Chinese soil environmental quality standards (National Environmental Protection Agency of China [20]).
Reference 2: Mean value of soil heavy metals in Jiangsu Province, China [21]
Element

4418

© by PSP Volume 24 – No 12a. 2015

Fresenius Environmental Bulletin

Soil Cd concentrations vary widely from 0.09 to 0.37
mg kg-1. The highest value of Cd contents (0.37 mg kg-1)
exceeds the lower limit value of the second grade. Although the mean value of the topsoil Cd concentration is
less than the background value, it is larger than the mean
value in Jiangsu Province, China. Moreover, results from
the contaminated soil indicate that Cd concentrations in
about 7 percent and 24 percent of the samples are larger
than the upper limit value of the second grade and the background value, respectively. The CV (0.44) is significantly
large. It means that soil Cd level among these samples indicates a relatively high variability in the polluted site.
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Soil Cr concentrations fluctuate ranging from 43.34 to
67.83 mg kg-1, with a mean value of 62.61 mg kg-1. The
mean value of Cr concentrations is less than the background value. The CV is 0.41, suggesting a great variation
of the distribution around the industrial town.
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Cu contents in soil samples fluctuate between 15.31
and 38.11 mg kg-1, with a mean value 20.55mg kg-1. This
is less than the background value and the mean value of
Jiangsu Province but the largest value exceeds the background value. In addition, results from the polluted soil
show that Cu concentrations in 24 percent of the samples
exceed the background value.
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The distribution of soil Cd, Cr, Cu and Pb concentrations around the industrial town are illustrated by Figure 2.
As shown in Figure 2, the highest concentration of Cd element in the topsoil is found in the eastward direction, fluctuating ranging from 0.10 to 0.37 mg kg-1 with a mean
value of 0.17 mg kg-1. Cd contents along the eastward direction are 0.10-0.18 mg kg-1 about higher than that along
the southern direction according to the paired T testing results of the significance of difference (Table 3). Moreover,
Cd concentration in the westward direction varying from
0.11 to 0.32mg kg-1 also evidently exceeds that in the
northward and southward direction. Figure 2 shows that Cr
concentrations on the west and south side of the non-point
source vary widely from 55.19 to70.75 mg kg-1 and from
57.90 to 67.67 mg kg-1, respectively. Their mean values are
65.12 and 62.74mg kg-1, respectively. In the western and
southern direction, Cr concentrations are significantly
higher than that in the northern and eastern direction, respectively (Table 3). In the two directions, the mean values
of Cr contents in topsoil are only 55.04 and 54.70 mg kg-1,
respectively. Figure 2 illustrates that in the westward and
southward direction, soil Cu concentrations vary widely from
20.09 to 28.11mg kg-1 and from 20.52 to 25.13mg kg-1, respectively. The average Cu concentration values in these two
directions are 23.88 and 22.24 mg kg-1, respectively. They
significantly exceed that in the other two directions. No obvious differences of Pb contents in the topsoil between all
four directions are illuminated in Figure 2 and Table 3.
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FIGURE 2 – Cd, Cr, Cu and Pb concentration in soils with different
directions at different distances from non-point source
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TABLE 3 - Results of independent sample’s T testing on the significance of difference of heavy metals concentrations in soils between different
directions
Significance level of T test on independent sample
Homogeneity of
Non-homogeneity of
variance
variance
N&S
4.39
0.030
0.466
－
N&W
9.52
0.005
0.12
－
N&E
0.833
0.370
0.194
－
Cd
S&W
36.89
0.000
0.002
－
S&E
6.13
0.020
0.042
－
W& E
2.19
0.150
0.202
－
N&S
3.94
0.059
0.134
－
N&W
0.10
0.757
0.000
－
N&E
2.67
0.114
0.880
－
Cr
S&W
4.69
0.040
0.428
－
S&E
3.83
0.06
0.104
－
W& E
3.53
0.071
0.000
－
N&S
0.002
0.968
0.000
－
N&W
2.53
0.124
0.000
－
N&E
4.11
0.053
0.365
－
Cu
S&W
2.24
0.147
0.217
－
S&E
3.32
0.080
0.000
－
W& E
0.421
0.522
0.000
N&S
2.11
0.16
0.78
－
N&W
4.20
0.051
0.097
N&E
5.77
0.024
0.837
－
Pb
S&W
11.93
0.002
0.322
－
S&E
1.67
0.209
0.977
－
W& E
15.57
0.000
0.385
－
** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level.
Element

Pair of
directions

Levene test on homogeneity of variance

F value

Significant level

Significance
－
－
－
**
*
－
－
**
－
－
－
**
**
**
－
－
**
**
－
－
－
－
－
－

TABLE 4 - Results of trend test of heavy metals concentrations in soils in different directions
Element

Direction

Number of samples

Test statistics

Significance

N
13
2.4216
S
12
1.8696
Cd
W
15
1.1606
E
15
2.3012
N
13
0.7199
S
12
2.2382
Cr
W
15
1.7373
E
15
2.7327
N
13
1.1291
S
12
2.9383
Cu
W
15
1.9983
E
15
0.8197
N
13
2.9963
S
12
1.1468
Pb
W
15
1.4995
E
15
0.4832
Test statistics is the ratio of the samples’ mean square deviation to their variance.
Critical value of trend test: V0.01(12)=0.8280; V0.01(13)=0.8618; V0.01(15)=0.9221; V0.05(12)=1.1276; V0.05(12)=1.1558; V0.05(15)=1.2053.
** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level.

The investigation has revealed that the heavy metals
concentrations in the topsoil on the west side of the polluted site are higher than that on the other three sides (Figure 2 and Table 3). The main reason may be that during the
last two decades a large amount of industries in the west of

－
－
－
－
*
－
－
－
*
－
－
**
－
－
－
**

industrial town manufacture copper products, linen textiles,
wire and cable, machinery and electronics products, fine
chemicals, and new materials. Treated or untreated waste
discharged from these factories enriches the heavy metals
in the topsoil on the west side of the industrial town [22].
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Additionally, subtropical monsoon climate in this region
might be also one reason. The wind predominantly from
southeast in summer and from northwest in winter will
transport the trace metal from the other directions to the
west [23, 24].

64
62

Y=356.59-33.55ln(x+6688.38)
2
(R =0.5065)

-1

Cr concentration (mg kg )

60
58
56

No decreasing change trend is found in the southern and
western direction (Table 4). We tested if the heavy metal
concentration correlates with the distance in northern and
eastern. In the eastward direction, Cu and Pb concentrations
(Y) display an significantly exponential decreasing trend
with increasing distance from the industrial town (x):
YCu=15.82+9.1e-0.00104x (R2=0.79016), YPb=-80.08+133.87e0.00005x
(R2=0.81593) (Figure 3). This correlation may be
mainly because that a number enterprises located in the
west of non-point source discharge different types of waste
(Cd, Cr, Cu, Pb) and these contaminations have a combined
effect on soil heavy metals [18]. Thus, almost all heavy
metals show low correlation with distance in westward direction, whereas there is a significant correlation between
heavy metals and the increasing distance from the nonpoint source in the opposite direction (east direction). A
similar result of the exponential correlation between and
Pb concentrations and the increasing distance was observed around Shenyang smelter, located in the Shenyang
city of China [23, 25]. However, it is characterized by a
steep decrease of Pb concentration with distance from the
smelter. Pb concentration in 1000 m distance is only about
40% of that at the smelter [23, 25]. In our study, Pb concentration in the same distance, however, is over 85% of
that at industrial non-point source according to above-mentioned fitted equation. This high concentration means that
compared with point source, the polluted territorial scope
due to non-point source is wider.
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3.3 Source identification of soil heavy metals contamination
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FIGURE 3 - Correlations between Cr, Cu concentrations and distance from non-point source in the northern direction and between
Cu, Pb concentrations and distance from non-point source in the eastern direction

Table 5 illustrates the result of the correlation analysis
on soil heavy metals in the four different directions, revealing the inter-element relationships of the investigated
heavy metals. According to the values of Pearson correlation coefficient (Table 5), Pb and Cu element show evidently or significantly relationship in all four directions,
demonstrating that the industrial non-point source is
mainly contaminated by Pb and Cu element. The town is in
the developing stage of accelerated industrialization. A
large number of enterprises producing electronics products, copper products, wire and cable, fine chemicals
mainly result in the enrichment of Pb and Cu element in
the topsoil, especially in the western and eastern direction.
Moreover, in the northward direction, Cr element displays
an obviously correlation with Cu element, indicating that
there are many industrial Cr contaminants on the north side
of the town, besides Pb and Cu contaminants. Table 5 also
reveals a significantly relationship between Cd and Cu, Pb
in the southern direction. The result suggests that in addition to Pb and Cu contaminants, Cd contaminant from paper mill and chemical plant located in the south of the industrial town is one of mainly contamination sources.

4421

© by PSP Volume 24 – No 12a. 2015

Fresenius Environmental Bulletin

TABLE 5 - Pearson correlation coefficient of heavy metals concentrations in soils in different directions
Direction

Element

Cd

Cr

Cd
1
Cr
-0.136
1
N
Cu
-0.024
0.656*
Pb
0.232
0.325
Cd
1
Cr
0.031
1
S
Cu
0.736**
0.381
Pb
0.822**
0.093
Cd
1
Cr
-0.480
1
W
Cu
-0.477
0.350
Pb
-0.019
0.036
Cd
1
Cr
0.097
1
E
Cu
0.159
0.465
Pb
0.217
0.082
** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level.

Figure 4 shows the ecological risk indices of soil heavy
metals around non-point source. According to category standards of the ecological risk of soil heavy metals (Table 1), all
the soil heavy metals around non-point source are at low or
moderate risk because the maximum value of ecological
risk indices does not exceed the upper limit value of the
moderate risk. As illustrated in Figure 4, the ecological risk
indices of soil heavy metals in the western direction vary
from 0.324 to 0.463, obviously higher than that (ranging
0.313-0.422) in the southern direction. In addition, Figure 4
shows that the ecological risk indices of soil heavy metals on
the east side of the industrial town fluctuate ranging from
0.309 to 0.475 with an average of 0.387. In this direction,
the ecological risk indices evidently exceed that in the
southern direction, with a mean value of 0.354. There is not
decreasing trend of the ecological risk indices of soil heavy
metals with increasing distance from the polluted region in
all the four directions (east, west, south and north direction,
respectively), as shown in Figure 4. This situation is accordant with the above-mentioned reason of spatial distribution in section 3.2. Because different types of waste discharged by enterprises have a combined effect on heavy
metals in soils around non-point source, the ecological risk
indices in four directions don’t significantly change with
the increasing distance. Therefore, the ecological risk due
to non-point source is wider than that due to point source.
What the spatial variations of the soil heavy-metal
concentration around the non-point source tell us?
We cannot expect to deal with the heavy-metal pollution around a non-point source as we deal with the pointsource induced pollution. For the point source induced pollution, an effective method such as bio-degradation used
along the anticipated polluted route may be adequate to
remedy the pollution. For the non-point source issue, such
a route does not exist so that a direct decreasing measure
of the heavy-metal content containing in discharged efflu-

Pb

1
0.686**

1

1
0.613*

1

1
0.724**

1

1
0.841**

1

ent is mandated. A pre-process to the industrial exhaust is
also needed in order to lower the carried heavy elements.
This would be particularly the case in the windy regions.
The wind transports the exhaust to a far distance, resulting
in a more widespread distribution of the polluted element
and making more soil being contaminated.
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3.4 Ecological risk assessment of soil heavy metals
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FIGURE 4 - Ecological risk indices of soil heavy metals with different
directions at different distances from non-point source

5. CONCLUSIONS
Cd, Cr, Cu and Pb element are accumulated in topsoil
around the industrial town in the west of Yixing city, an
area with intensive industrialization in Yangtze River Delta
of China. And these element concentrations are much
higher than the background values of Chinese soil environmental quality standards.
The heavy metals concentrations in the west direction
evidently exceed in the other three directions. The mainly
reason is due to the subtropical monsoon climate and a
large amount of discharged waste situated in the west of
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industrial town. Moreover, almost all heavy metals show
low correlation with the distance in the westward direction
but significantly correlation with the increasing distance in
the east direction. It is because of a combined effect of
heavy metals in soils around non-point source. However,
compared with point source, a decreasing trend with increasing distance due to non-point source is not evident,
but the polluted territorial scope is wider.
By means of correlation analysis, trace metals source
in different directions is different around the industrial nonpoint source. Pb and Cu contaminants are the mainly polluted source in all four directions, especially in the western
and eastern direction. Moreover, there are many industrial
Cr contaminants in the northward direction and Cd contaminant at the south side of the industrial town is one of
mainly contamination sources.
The ecological risk assessment results show that all the
soil heavy metals around non-point source are at low or
moderate risk by the use of catastrophe progression
method. Due to the combined effect of soil heavy metals,
the ecological risk indices do not evidently change with the
increasing distance in all the four directions (east, west,
south and north direction, respectively). It is concluded that
the ecological risk due to non-point source is wider than
that due to point source.
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ABSTRACT
Non-point source phosphorus (P) is a major limiting
factor for freshwater eutrophication, it has attracted more
and more attention in China. This study investigated P
sorption and desorption of 10 soils P runoff from the headwater watershed of the Miyun reservoir. The results show
that the rapid sorption of P from soil (with an average 49%
occurring in the initial 30 min of reaction). P sorption capacity were influenced by soil organic matter, metal hydroxides, calcium, and clay contents. Calculated Langmuir
parameters EPC0 and K, indicated a propensity for soil to
release P. Erosion material derived from soils with a low
EPC0 (<0.02 mg P L-1) acted as a sink for P and that derived
from soils with a large EPC0 acted as a source of P. Rainfall
– runoff experiment were conducted to monitor soil erosion
in June to September 2008 (wet season) from 22 plots in
the Shixia watershed. Soils derived from different land-use
types have varied P sorption capacities with that of soil
from corn fields and riverbed was significantly higher than
that from forest and grass areas. This study showed that soil
properties can determine of a specific soil can be a sink or
source of P to runoff and that actual P runoff can be described by these properties.

Most of this information has been obtained for soils in U.S,
with less information to date on P sorption reactions in agricultural soils in China[5]. Thus, a more detailed understanding of P sorption behavior of soil from important agricultural regions and how this is coupled with soil management is needed to aid improved management of P runoff [3].
Characterization of soil P sorption from different land
use provides an insight into the mechanism of P retention
capacity and release into the overlying water [6-8]. Some
studies indicate that the behavior of P sorption is partially
influenced by the physicochemical properties of eroded
soil or deposited sediment [9], which are in turn influenced
by the land use types [10, 11]. Clearly, P sorption and desorption process were a complex function of many factors.
There are significant differences in soil P sorption-desorption chemistry among various land uses, but this has not
been well documented [9, 12, 13].
The objective of this study was to: 1) evaluate P sorption and desorption properties of soils from the headwater
watershed of Miyun Reservoir, 2) establish the relationships between the P sorption and desorption capacity and
related physiochemical properties of the soil form different
land use; 3) determine the effect of rainfall and soil slope
on sorption and desorption controlled P runoff.

KEYWORDS:
Phosphorus, sorption, nonpoint source pollution, Miyun Reservoir

2. MATERIALS AND METHODS
1. INTRODUCTION

2.1 Study site

Phosphorus (P) is one of the essential nutrients required for life, and occurs naturally in the environment, but
excess P will significantly impair water quality by accelerating the growth of algae and aquatic plants [1, 2]. The mobilization and transport of P in runoff from agricultural
soils and associated increased risk of eutrophication have
been extensively reviewed and indicate that the mobility,
transformation and dynamics of soil P were a function of
sorption, desorption, and precipitation reactions in soil [3, 4].
* Corresponding author

This study was conducted in Shixia watershed (33 km2
area), a subwatershed in the headwaters of upper watershed
of the Miyun Reservoir, Beijing, China. Annual precipitation is 662 mm, of which 77% occurs in June through September. The major soil type in the watershed is brown
earth. Based on the remote sensing images obtained in
2012, forest and orchard combine to account for 81% of the
watershed, with 17% as farmland [14]. The remaining 2%
is urban and water. The landscape properties in the Shixia
subwatershed are representative of the larger Miyun watershed (Figure 1 and Table 1).
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FIGURE 1 - Map of the study area

TABLE 1 - General information of the sampling sites in Shixia
Site

Standard
Runoff plot

Shixi Small
watershed

Slope (%)

Slope length (m)

Slope width (m)

Exposure

Land use

S07

17

10

5

Half shady slope

Hawthorn

S12
S16
S20
S22

31
34
11
26

10
10
10
20

5
5
5
5

Half shady slope
Half shady slope
Half sunny slope
Half sunny slope

Mixed forest
Grass land
Corn field
Bare land

R1

N/A

N/A

N/A

N/A

Slope corn field

R2
R3
R4
R5

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

Riparian zone
Forest land
Apricot forest
Riverbed

2.2 Soil sampling

2.3 Physiochemical properties analysis

In this paper, there are ten surface soil samples (0~10
cm) were collected from different land use types based on
the multipoint mixing method with a core sampler (10-cm
diameter) from the surface runoff plots and Shixia watershed on May 2008 [15]. Five sampling sites (S07, S12,
S16, S20 and S22) ranging in slope from 11 to 34% (Table
1). A further five samples were collected from the area
with little slope and close to the stream (R1, R2, R3, R4,
and R5) (Figures 1 and 2). Soil samples were stored in airsealed plastic bags at 4 ◦C. upon delivery to the laboratory,
soils were then air-dried at room temperature and ground
to pass through 2-mm, 1-mm, 20-mesh, 60-mesh and 100mesh sieve and stored for analysis.

Soil pH, organic matter, CaCO3, total P, Olsen-P, particle-size fractions and inorganic P forms were determined
on each soil sample using the following methods. Soil pH
was measured at a water/soil ratio of 5:1 suspensions. Acid
neutralization and potassium dichromate methods were
used to measure CaCO3 and organic matter, respectively
[16]. Olsen P was extracted using a ratio of 1:20 sediment
to 0.5 M NaHCO3 (pH 8.5) for shaking 30 min, and total
P (TP) was determined by the standard HClO4 digestion
methods [17], All P forms were determined by the colorimetric molybdenum-blue method [18]. Total P (TP) was
estimated by perchloric acid digestion (HClO4) and Mo-Sb
antispetrophotography method [16]. Particle-size analysis
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FIGURE 2 - Distributions of standard runoff plots in Shixia small watershed

FIGURE 3 - Schematic diagram of runoff collecting device

(<0.002 mm) was used by X-ray sedigraphy using a Malvern Mastersizer 2000e Particle Analyzer (0.02–2000 μm,
R.S.D. <3%) (Malvern, U.K). A sequential fractionation of
soil inorganic P was conducted by a sequential extraction
procedure with 1) 0.25 mol L−1 NaHCO3 solution at pH
7.5 to remove Ca2-P, 2) 0.5 mol L−1 NH4Ac at pH 4.2 to
remove Ca8-P, 3) 0.5 mol L−1 NH4F at pH 8.2 to remove
Al-P, 4) 0.1 mol L−1 NaOH-0.1 mol L−1 Na2CO3 to remove Fe-P, and 5) 0.25 mol L−1 H2SO4 to remove Ca10-P
[16, 19].
2.4 Sorption characterization
2.4.1 Sorption kinetics experiment

Duplicate 1g samples of air-dried soil were equilibrated
with 50 ml of 0.01 M KCl solution containing 5.0 mg P L−1 of
KH2PO4. Two drops of 0.1% chloroform were added to inhibit microbial activity. Soil – solution mixtures were
shaken end-over-end for 1, 2, 4, 8, 16, and 24 h. Suspensions were centrifuged at 4000 rpm for 10 min, and the su-

pernatants filtered through a 0.45 μm membrane. Phosphorus in solution was determined using the molybdenum-blue
method [18]. The difference between P concentration in the
equilibrium solution and initial P added to the soil represented the amount of P sorbed by soils.
2.4.2 Isothermal sorption experiment

Air-dried soil (1.0 g) was equilibrated in 100 mL acid
washed centrifuge tubes and then equilibrated with 50 ml of
0.01 M KCl solution containing 0.5, 1.0, 2.0, 5.0, 10.0, 16.0,
25.0 mg P L-1 as KH2PO4. Two drops of 0.1% chloroform
were added to inhibit microbial activity. The centrifuge
tubes were capped and shaken for 24 h at 25±1°C on an endover-end shaker at 150 oscillations per min [20]. The suspensions were centrifuged at 4000 rpm for 10 min, then filtered (0.45 μm membrane). Phophorus in solution was determined by the molybdenum-blue method [18]. Phosphorus
sorbed by soil was calculated from the difference between
initial and final concentrations of P in solution.

4427

© by PSP Volume 24 – No 12a. 2015

Fresenius Environmental Bulletin

2.5 Rainfall-Runoff experiment

There are 22 runoff plots used to monitor soil erosion
in the Shixia watershed. In June to September 2008 (wet
season), five runoff plots (Table 1) were selected to compare P runoff with soil P sorption-desorption properties under 27 rainfall-runoff events (Table 7). The soil and natural
rainfall-runoff from the five plots was collected by a XYZIII sampler developed by the Northeast Institute of Geography and Agricultural Ecology, Chinese Academy of Sciences (Figure 3). Rainfall duration, runoff volume, suspended sediment, and vegetation cover were recorded by
the XYZ-III sampler. Suspended sediment was determined
by gravimetric analysis, along with total dissolved P (TDP)
following potassium persulfate oxidation [16, 19].
2.6 Statistical analysis

Sorption isotherms of P were fitted with Langmuir and
Freundlich isotherm equation and desorption isotherms
were fitted with power function and simple Elovich models
respectively [21]. Based on all above fitted analysis, we
can obtain the feature parameters about the sorption and
desorption of P.
The relationship between all of the measured soil data
were analyzed through the Pearson correlation analysis and
regression analysis, the level of probability for determining
whether differences/correlations were significant was set at
P<0.001. All the statistical analyses and the fit mathematical models were performed by software SPSS 17.0 and
Origin 8.0.

were in the decreasing order: R1 > R4 > R3 > R2 > S7 >
S20 > S16 > S12 > R5 > S22. Due to the high specific surface of the hydroxides, the content of metal oxides (Fe, Al
and Ca) has been considered to be the main factor that determines capacity for P retention. From table 2, we can see
that the sum of Ca-P, Fe-P and Al-P followed the order of
R1 > R4 > R3 > S7 > R2 > S20 > S16 > S12 > R5 > S22,
which may be the reason that R1 showed higher retention
capacity for P than other sites. Another factor affecting P
retention is grain size. The clay ranged from 4.7%-34.8%.
CaCO3 content ranged from 1.3%~16.2% [23]. The R4
sample showed the higher clay content and at the same time
possessed higher values at contents of organic matter and
TP, indicating that with an increase of clay fraction and the
larger specific area, P sorption and desorption increased
[24].
Sorption of P by the soils was initially rapid, followed
by a slower (Figure 4) more prolonged sorption Figure 5).
This is mainly attributed to rapid ligand-exchange reactions between the hydroxy-OH or hydration base-OH2 and
P in solution, which chemisorption carried out at surface of
the soil particles for the easily sorption process, and then
the capacity of sorption point and the inorganic phosphate
ions were reduced and lead to the slowly of reactions and
gradually achieve balance level.

3. RESULTS AND DISCUSSION
3.1 Soil phosphorus sorption characteristics

Physical and chemical properties of the 10 soils are
given in Table 2. Soils were alkaline (7.3 to 8.5) with site
20 having a pH of 6.9 (Table 2). Organic matter was lowest
at site S22 (1.1%) and highest at site S12 (3.0%). The high
soil organic matter content at site S12 is attributed to an
accumulation of organic material derived from the forestland area [22]. Total P contents in different soil samples

FIGURE 4 - P sorption kinetics on the different site at the initial P
concentration (5.0 mg-P/L)

TABLE 2 - The physical and chemical properties of soils
Site

pH

S7
S12
S16
S20
S22
R1
R2
R3
R4
R5

7.4
7.3
7.5
6.9
7.4
7.4
8.5
8.1
8.0
8.5

O.M
(g·kg-1)
1.8
3.0
1.4
1.8
1.1
1.8
1.9
1.4
2.5
1.7

T.P.
(mg·kg-1)
565
435
462
543
337
1240
588
944
1109
374

Olsen-P.
(mg·kg-1)
1.1
1.5
14.9
8.3
1.1
37.5
2.5
2.0
36.9
2.3

CaCO3
(g·kg-1)
1.7
1.6
1.6
1.6
1.3
1.9
11.5
1.7
1.9
16.2

Clay
(g·kg-1)
13.0
14.5
4.7
6.8
17.8
26.6
21.62
31.5
34.8
16.7
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Ca-P
(mg·kg-1)
369
255
260
308
202
725
361
595
686
226

Al-P
(mg·kg-1)
3
5
25
15
3
58
6
8
49
3

Fe-P
(mg·kg-1)
9
11
13
19
7
45
6
9
27
4

(Ca+Al+Fe)-P
( mg·kg-1)
382.5
270.9
299.1
342.1
212.0
827.6
372.6
613.0
762.0
233.4
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FIGURE 5 - Percentage of sorbed P at different time step

TABLE 3 - The correlation coefficient of soil P sorption kinetic equation (p< 0.001)
Site

zero-order function

first-order equation

S07
S12
S16
S20
S22
R1
R2
R3
R4
R5

0.9411*
0.9748**
0.9768**
0.9780**
0.9393*
—
0.9350*
—
—
0.9143*

0.9462*
0.9767**
0.9770**
0.9801*
0.9467*
—
0.9384*
—
—
0.9278*

second order equation
0.9507*
0.9785**
0.9771**
0.9819**
0.9529*
—
0.9473*
—
—
0.9377*

dual constant equation

Elovich model

0.9912**
0.9981**
0.9990**
0.9967**
0.9951**
—
0.9854**
—
—
0.9906**

0.9958**
0.9821**
0.9706**
0.9828**
0.9933**
—
0.9987**
—
—
0.9968**

Note: * p＜0.01, ** p＜0.001

In this paper, several mathematic models were employed to test the P sorption kinetic analysis included the
zero-order function, first-order, second-order, and dual
constant equation and simple Elovich model[25, 26].
Based on R2 values, the dual constant equation and simple
Elovich model best described adsorption kinetics of P (Table 3). The zero-order function, first-order, and second order equations did not fit the kinetics data of all the sediments used in this study (Table 3).
3.2 Phosphorus Sorption under different land use type

Phosphorus sorption can be divided into three sections
to representing different sorption mechanisms . The change
points were achieved at 2.5 h. Results from the isothermal
sorption experiment indicate that the samples from site R1,
R3 and R4 desorbed P even when 5 mg P L-1 was added
(Fig.6). Except for soils R5 and R2, there were at least two
distinct mechanisms represented by the isotherms. For R5
and R2, there were obvious change point when the P sorption were 37.51 mg·L-1 and 14.38 mg·L-1, it indicating a
strong affinity to sorb P. The isothermal sorption curve
with a sharp rise at site S7, S12, S16, S20 and S22, when
the concentration of equilibrium liquid within 7-10 mg·L-

1

, while due to the effect of the difference of the sorption
type and binding energy, when sorption reached a certain
level, continue to increase the adding P into isothermal solution, the previous isothermal condition will be broken,
and then reached another isothermal level. At low initial P
concentrations, will release P, while at high initial P concentrations P was adsorbed. That is, P will be exchanged
on the soil-water interface until a dynamic equilibrium is
reached. The Langmuir, Freundlich, and linear isothermal
the Langmuir model had a best fit with the experimental
data for the seven soil (R2 > 0.97) (Table 4).
The obtained Langmuir and Freundlich P sorption characteristics are presented in Table 5. The binding energy of P
sorption on soil were represented by K, when the value of
K was increased, the binding energy of P sorption on soil
were decreased rapidly, it will lead to the difficult of the Padsorbed release from solid and will decrease the P concentration of the solutions, which makes the soil with the
strongly adsorb ability for P[27]. Phosphorus sorption by
soil in decreasing order R5 > S22 > R2 > S20 > S12 >S16
> S7 (Table 5). Theoretically, the maximum adsorption
amount (Qmax) was 345 mg P kg-1 for R5 soil, 294 mg P kg-1
for S22 soil, 278 mg P kg-1 for R2 soil, 256 mg P kg-1 for
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S20 soil, 250 mg P kg-1 for S12 soil, 238 mg P kg-1 for S16
soil, 213 mg P kg-1 for S7 soil.
EPC0, the zero-equilibrium phosphate concentration,
presented by the x-intercept of the model, was defined as

the P equilibrium concentration in equilibrium liquid, at
which there was no sorption or desorption of P. This parameter is important as it can be used to describe the direction of soil – solution P transfer[28]. When a soil or sediment EPC0 is greater than the concentration of P in the sup-

FIGURE 6 - Soil P sorption isotherm on different sample

TABLE 4 - The conformabilities of soil absorption curves and isotherms
Langmuir
1/Q=1/(Kl·Qm·C)+1/Qm
Regression
R2
equation
1/Q = 0.1408·1/C
S7
0.9961**
+ 0.0047
1/Q = 0.1850·1/C
S12
0.9756**
+ 0.004
1/Q = 0.4607·1/C
S16
0.9196**
+ 0.0042
1/Q = 0.1304·1/C
S20
0.9730**
+ 0.0039
1/Q = 0.0713·1/C
S22
0.9863**
+ 0.0034
1/Q = 0.0726·1/C
R2
0.9737**
+ 0.0036
1/Q = 0.0503·1/C
R5
0.9807**
+ 0.0029
Note: * p＜0.01, ** p＜0.001

Freundlich
lgQ=1/n·lgC+lgKf
Regression
R2
equation
lgQ = 0.9361
0.9902**
lgC + 0.8195
lgQ = 1.1963
0.9715**
lgC + 0.7029
lgQ = 1.2203
0.9490**
lgC + 0.1814
lgQ = 0.9713
0.9590**
lgC + 1.9675
lgQ = 1.0201
0.9867**
lgC + 1.1094
lgQ = 0.8751
0.9794**
lgC + 1.0971
lgQ = 0.8888
0.9850**
lgC + 1.2478

Site

S2
0.0500
0.1214
0.0549
0.1329
0.1054
0.1452
0.1363

S2
0.1448
0.2397
0.2211
0.2952
0.1671
0.2135
0.1834

liner isothermal equation
Q=Kd·C-S0
Regression
R2
equation
Q = 5.8223 C 0.9822**
0.0603
Q = 9.2943 C 0.9542**
4.0744
Q = 3.4237 C 0.9691**
5.9094
Q = 7.3443 C 0.9225**
1.0387
Q = 13.881 C 0.9483**
0.1294
Q = 9.6793 C 0.9844**
0.0291
Q = 14.221 C 0.9881**
0.1553

TABLE 5 - Adsorption characteristic parameters

S7

Qmax
(mg∙kg‐1)
212.766

Kl
(L∙mg‐1)
0.0334

MBC
(L∙kg‐1)
7.102

EPC0
(mg∙L‐1)
0.01036

S12

250.000

0.0216

5.405

0.43838

Site

R2

S2

0.9961**

0.0500

0.9756**

0.1214

S16

238.095

0.0091

2.171

0.72603

0.9196**

0.0549

S20

256.410

0.0299

7.669

0.14143

0.9730**

0.1329

S22

294.118

0.0477

14.025

0.00932

0.9863**

0.1054

R2

277.778

0.0496

13.774

0.00301

0.9737**

0.1452

R5

344.828

0.0577

19.881

0.01092

0.9807**

0.1363

Note: We cannot described the R1, R3, R4 in table 5 as there with desorption reaction for P

4430

S2
1.0842
1.6438
1.4992
2.2101
1.6193
0.9531
0.7747
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porting solution, the soil or sediment will release P. Conversely, when EPC0 was less than solution P, P will be
sorbed. That is, EPC0 can determine whether a soil or sediment will act as a sink or a source of P when exposed to
overlying water. For the soils of this study, EPC0 ranged
from 0.003-0.726 mg L-1 within various soil samples, and
the EPC0 of S12 S16 and S20 were higher than the 0.02 mg
L-1, which is an threshold concentration can lead to the eutrophication in the receiving water, indicating possible release of sediment P to water column. Especially, EPC0 at
the S16 site (0.726 mg L-1) was much high that its overlying water P concentration. In addition, Olsen-P was much
higher at S16 site than the other sites (Table 2), the reasons
for this phenomena properly was the unregularly grazing
activities in this area [29, 30], and while sediment EPC0 of
eight samples at same site of the Black water river (UK)
for various seasons, six sediments in the Taihu lake
(China), six sediments in Three-Gorges reservoir (China),
and 22 selected Ozark streams in northwest Arkansas (US)
was 0.09-0.61 mg L−1, 0.02-0.12 mg L−1, 0.04-0.67 mg L−1,
and 0.001-0.33 mg L−1 [25, 31-33].
3.3 Effect of soil compositions

Obviously, soil physical and chemical properties can
serve as a major factor to impact the P sorption on soil
based on the above discussion. Therefore, a sequential
chemical extraction experiment was designed to further
clarify the effect of different composition. Phosphorus
sorption capacity has been related to soil characteristics,
such as contents of iron (Fe), aluminium (Al), calcium
(Ca), organic matter (O.M) and the ratios of P/(Fe+Al) [25,
34, 35]. For the soils in this study, P sorption maximum
(Qmax) was related to CaCO3 content. Similarly, MBC was
positively correlated with CaCO3, clay and pH, but was
negatively related to the Fe-P; and while the Kl was positively correlated with Clay and CaCO3, but it was negatively related to the Fe-P, Al-P and Olsen-P.
Clay soils with a larger specific surface area, anion
exchange capacity and surface negative charge, can effec-

tively retain P [14]. The EPC0 was significantly and positively correlated with the Ca-P, Al-P and Olsen-P (Table 6).
3.4 Comparison of simulated rainfall runoff and EPC0 under
different land use type

Studies from different runoff plots indicated that, the
mechanism of the P sorption by this method were in good
agreements with those from indoor experiment (Table 7).
In site S16, the concentrations of the P from three runoff
events were less than the value of EPC0 (0.726 mg L-1), desorption reaction will theoretically occur. We found that
the P concentration of runoff was greater than of rainfall,
indicating that the above theory is correct. For the site S20,
there totally with 9 runoff events and the P concentration
of the rainfall from 7 events were less than the EPC0 (0.141
mg L-1), and the P concentration of runoff were higher than
the P from rainfall, this indicated that it probably occur desorption reaction, and coincidence with the hypothesis.
However, there are two rainfall events with concentration
of P greater than EPC0, which means P sorption will occur,
but we find the concentration of P from runoff were higher
than in rainfall suggesting that the higher capacity of P-enriched, fine sediments in these two runoff events, could
desorb P to runoff. In the site S22, P concentration of rainfall were also greater than the EPC0 (0.009 mg L-1) in 15
runoff events, but the P concentration were higher than in
rainfall for 13 runoff events, only two value of P were
lower than it in rainfall. The reasons may be the result from
the higher concentration sediment in runoff at S22 (8.26194.42 kg m-3) than the other sites (2.57-14.57 kg m-3) due
to site S22 having a steeper slope without vegetative cover.
This will enhance erosion, and the higher capacity of sediment will contribute to the P desorption and result the
greater concentration of P in runoff. Moreover, for the
other two runoff events, with the lower concentration of P,
we observed that the sediment capacity were under 10 kg
m-3 in runoff, it is similar to the other runoff plots. The results from the validation experiment indicated that the
sorption and desorption for P will potential occurred in the
process of runoff transition not only in the soil.

TABLE 6 - The correlation coefficients of adsorption characteristic parameters and physicochemical properties of soils
Parameters

pH

O.M.
（%）

T.P.
（g·kg-1）

Olsen-P
（mg·kg-1）

CaCO3
（%）

Clay
（%）

Ca-P
(mg·kg-1)

Al-P
(mg·kg-1)

Fe-P
(mg·kg-1)

Qmax

0.649

-0.215

-0.599

-0.273

0.758**

0.498

-0.203

-0.346

-0.589

Kl

0.654

-0.255

-0.201

-0.680*

0.726*

0.799**

-0.614

-0.735*

-0.748*

MBC

0.711*

-0.265

-0.354

-0.572

0.800**

0.729*

-0.488

-0.641

-0.757**

n

0.586

-0.234

0.309

-0.490

0.678*

0.569

-0.517

-0.535

-0.484

Kf

0.688*

-0.252

-0.342

-0.601

0.780**

0.743*

-0.527

-0.666

-0.748*

EPC0

-0.200

-0.079

-0.066

0.857**

-0.342

-0.690*

0.939**

0.864**

0.410

Kd

0.446

-0.096

-0.629

-0.670*

0.538

0.729*

-0.598

-0.716*

-0.674*

Q0

-0.327

0.275

-0.115

0.694*

-0.424

-0.635

0.745*

0.724

0.473

Note: * p＜0.01, ** p＜0.001
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TABLE 7 - Results of the out-door runoff experiments

3.3
1.6
5.9

TP in rainfall
(mg·L-1)
0.04
0.09
0.13

TP in runoff
(mg·L-1)
0.55
0.67
1.43

Sediment
(kg·m-3)
5.26
2.47
0

10 h
14 h
9 h 10 min
13 h 10 min
20 h 25 min
2 h 40 min
19 h 15 min
6 h 25 min
3 h 50 min

1.2
17.8
3.2
5.4
1.2
1.7
11.8
10.5
12.6

0.42
0.12
0.21
0.08
0.13
0.10
0.04
0.09
0.11

0.85
0.98
0.71
0.94
1.32
1.65
0.43
0.93
1.54

14.57
9.30
3.67
10.81
0.91
0.86
0.20
0
0

10 h
14 h
9 h 10 min
13 h 10 min
50 min
20 h 25 min
2 h 40 min
12 h 30 min
17 h
19 h 15 min
2 h 55 min
6 h 25 min
1 h 56 min
17 h
3 h 50 min

4.0
32.3
4.7
6.8
9.0
16.0
3.0
9.0
16.1
20.2
4.5
25.0
4.4
9.0
24.2

0.02
0.03
0.01
0.01
0.01
0.36
0.01
0.01
0.42
0.01
0.04
0.01
0.01
0.02
0.02

0.52
0.49
0.66
0.68
0.57
0.94
0.87
0.63
0.33
0.16
0.48
1.00
0.28
0.85
1.93

106.72
84.85
109.19
194.42
163.36
8.26
65.73
47.05
9.45
35.15
58.68
21.42
22.54
74.85
43.16

Site

Date

runoff (m3)

Duration

runoff depth (mm)

S16

2008/6/29
2008/8/11
2008/9/7

0.2
0.1
0.3

14 h
19 h 15 min
3 h 50 min

S20

2008/6/25
2008/6/29
2008/6/30
2008/7/4
2008/7/14
2008/8/8
2008/8/11
2008/8/18
2008/9/7

0.1
0.9
0.2
0.3
0.1
0.1
0.6
0.5
0.6

S22

2008/6/25
2008/6/29
2008/6/30
2008/7/4
2008/7/11
2008/7/14
2008/8/8
2008/8/8
2008/8/10
2008/8/11
2008/8/14
2008/8/18
2008/8/24
2008/8/29
2008/9/7

0.4
3.2
0.5
0.7
0.9
1.6
0.3
0.9
1.6
2.0
0.5
2.5
0.4
0.9
2.4

these soils, the selectivity process decreases with increasing slope and runoff energy transporting larger
particles, less enriched with P. Depending on the P status of the soil, the eroded material can either act as a
sink (retaining P) or source of P (releasing P) to overlying waters.

4. CONCLUSIONS
The ten soils samples were collected at the Shixia
small watershed and runoff plots of the upper watershed of
the Miyun Reservoir for P sorption were investigated using
indoor and outdoor experiments.
1. In addition to the three samples with higher initial P, P
sorption by all remaining soils exhibited an initial rapid
and subsequent slow sorption. Sorption kinetics of P by
the studies soils were best described by zero-order
function, first-order, second order, dual constant, and
simple Elovich equations.
2. The P adsorption kinetics and the adsorption isotherm
of each soil samples were also in good agreement with
the Langmuir equation, which accurately described P
sorption by all soils. Phosphorus sorption capacity was
influenced by soil organic matter, metal hydroxides,
calcium, clay contents, with buffer capacity (MBC) correlated with CaCO3, clay and pH. EPC0 was significantly and positively correlated with Ca-P, Al-P and
Olsen-P. Further, P sorption was a good descriptor of
differences in P transport during natural rainfall-runoff
from these soils.
3. Even though erosion is a selective process carrying material enriched with fine particles and sorbed-P from

4. Soils derived from different land-use types have varied
P sorption capacities with that of soil from corn fields
and riverbed was significantly higher than that from
forest areas and grass. This indicates that land-use
clearly affects P fate and transport in the Miyun reservoir watershed. Therefore, increasing the vegetative
cover of soils and converting farmland in critical areas
of P loss near streams, can be effective in limiting erosion and P loss in the Miyun reservoir.
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COMPARING GROWTH PHASE OF
THREE MICROALGAE SPECIES UNDER DIFFERENT
ILLUMINATION SOURCES IN A PHOTO-BIOREACTOR (PBR)
Caner Koc
Ankara University, Faculty of Agriculture, Department of Agricultural Machinery, 06110 Diskapi-Ankara-Turkey

ABSTRACT
The aim of this research was to determine the effects
of LED and fluorescent lights on micro-algal growth in a
photo-bioreactor (PBR). All parameters and the illumination source (wavelength) were kept the same for the growth
of Chlorella kessleri (UTEX 398), Botryococcus braunii
(UTEX 572), and Synechococcus leopoliensis (UTEX B
625) microalgae in closed PBRs. Red LED, blue LED and
white fluorescent lights were used as the illumination
sources for the PBRs. Each light source was used to grow
all three algal species. The data collected from the experiments were analyzed using ANOVA. The results, after a period of eight days of growth, showed that red LED light was
the most efficient illumination source for producing the
highest number of cells with the highest weight. However,
additional trials should be carried out in the light dark/cycle
to define the most effective illumination sources.

KEYWORDS: Micro-algae, LED, fluorescent, photo-bio-reactor,
bio-mass, light

1. INTRODUCTION
Increased worldwide demand for energy makes scientists investigate new, clean and reliable energy sources.
Due to its potential to produce biomass and biofuel, high
lipid content microalgae production has become prominent
in recent years [1-4]. In addition, microalgae can be used
for wastewater treatment, and contribute to the preservation of the ecological balance by producing oxygen from
CO2. Micro-algae species with high lipid content prefer for
producing biodiesel. However, their growth rate is relatively slowly [5]. Microalgae can be produced in open or
closed photo-bio-reactors (PBRs). The most important factor affecting microalgae production is the light source. The
ability of open photobioreactors to produce high density
micro-algal cultures is limited because of the limited depth
of light penetration and variations in the light intensity of
the sun, evaporation losses, release of unabsorbed CO2 into

the atmosphere and pollution [6-8]. Therefore, an ideal environment for the production of high density microalgae is
a closed photobioreactor [9, 10]. The advantages of closed
photobioreactors are the ability to create high-density cultures, to have stable rates of high volume and high quality
biomass production, to culture only the desired species, to
transfer a high rate of CO2 into the growth medium, and to
reduce the loss of CO2 from the PBR. If the closed PBR is
outdoors, then solar energy can be utilized to offset the need
for artificial light, and accumulated oxygen can be removed
easily [11-13]. In addition, the better circulation of a culture
in the medium provides precise control of temperature and
lighting [14].
In spite of the advantages of growing microalgae in a
closed photobioreactor, a major obstacle for commercial
use is the high operating costs associated with lighting [1517]. To have widespread commercial use, photobioreactors
are required to be cheap, durable, and reliable and have an
efficient light source. When choosing a light source, the
spectral characteristics of light flux and the wavelength
range are important. The structure of the microalgae and
the way the microalgae uses light is complicated [18]. If
the light intensity is too low (i.e. because of shading), then,
photosynthesis will be slow and biomass production will
be low. Excessive or inadequate illumination, on the other
hand, may cause problems through the depth of the culture
medium [19].
LED light sources are suitable for use in photobioreactors. LED lights have advantages, such as high luminous
efficiency, low energy consumption, and long life span
compared to other light sources [20]. LEDs have relatively
narrow wavelength bands allowing them to produce a more
specific wavelength (color), which can provide significant
benefits. These lights have the potential to reduce stress
from excessive light on living organisms (algae). LEDs
compared to other lights are easy to obtain, and they are
more environmentally friendly due to the fact that they are
small and can be easily installed. LED lights do not produce as much heat as other types of lights [21].
The objectives of this research were to determine the
effects of LED and fluorescent lights on microalgae growth
in a photobioreactor. All environmental conditions, except
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for the light source and light intensity, were kept constant
when growing Chlorella kessleri (UTEX 398), Botryococcus braunii (UTEX 572), and Synechococcus leopoliensis
(UTEX B 625) microalgae. In the experiments, red and
blue LEDs and fluorescent lights were used as illumination
sources.

2. MATERIALS AND METHODS
Three photobioreactors made from Plexiglas were
used in the experiments. In an attempt to mix the microalgae and growth medium in the PBR, tubes placed at the
bottom of the photobioreactor were used to inject air into
the PBR. The air passing through the tubes was from an air
compressor in which CO2 (95% CO2 and 5% nitrogen) was
added as needed. Flow-meters were used to measure and
adjust CO2 and air flows (Cole Palmer Inc.). For illumination, 270 x 270mm (10.67 x 10.67 inch) LED panels obtained from DAKTRONICS (Brookings, SD) were used.
The LED panels had 59 blue and 384 red LED lights. The
experiments were conducted with a constant current power
supply (2.6 A) for each LED panel. For measuring the wavelength and intensity of the light sources, a three-channel fiber
optic spectrometer (Avantes Inc.) was used. The properties
of the illumination sources are shown in Table 1.
Light is the main source of energy for algae to produce
food using the photosynthetic process. Light propagates
through a medium both as waves and discrete packets
called photons. Each photon has a discrete energy. Microalgae are very efficient at absorbing light energy. But light
sources should be positioned at a proper distance. Use of
high intensity light to increase the depth of light penetration in the PBR can cause micro damage to the algae from
overheating or photo-oxidation [22]. For the experiments,
in this research, the light sources were placed 2 cm away
from the PBRs.
Mixing is another important factor to obtain high cell
density cultivation of microalgae within the growth medium in the photobioreactor. Algae cells cannot benefit
from the light sources and nutrients without effective mixing. In addition, mixing prevents algae from sinking to the
bottom in the PBR. In the experiments, mixing was accomplished with air supplied from a 5.5 HP compressor (Coleman Power, U.S.). The air was sent through tubes with a
porous membrane (PENN PLAX). The tubes were placed
at the bottom of photo-bio-reactors so that the bubbles rose
up through the PBRs and escape from the top of the PBRs.

The size of air bubbles and the frequency were adjusted by
the porous membrane openings and the air flow-rate.
2.1. Culture Medium

To grow different kinds of microalgae, three growth
media were obtained from UTEX (The Culture Collection
of Algae at the University of Texas at Austin). UTEX N-8
growth medium for Chlorella kessleri (UTEX 398), modified 3-N Bold medium for Botryococcus braunii (UTEX
572), and BG 11 growth medium for Synechococcus leopoliensis (UTEX B 625) were used. Culture medium with
9 L capacity was prepared with distilled water, and 3 L culture medium was used in each PBR to grow the algae under
the different illumination sources. In order to avoid bacterial contamination, the water used in PBRs was treated by
a RO/DI device (Thermo Fisher Scientific Inc.) which uses
UV light to destroy bacteria in the water. The initial cell
concentrations for the experiments were 1.1 x 106 cells ml-1
for Chlorella kessleri (UTEX 398), 1.02 x 105 cells mL-1 for
Botryococcus braunii (UTEX 572), and 1.04 x 107 cells ml-1
for Synechococcus leopoliensis (UTEX B 625). These concentrations were kept the same for each illumination sources
(blue, red and fluorescent).
2.2. Data collection

During the experiments, pH, temperature, ORP, and gaseous CO2 were monitored (Cole-Parmer Instrument Company). All the data obtained from the sensors were stored on
a computer via a data acquisition system. A program was developed in the G-programming code of Labview 8.5 software
(National Instruments). In addition, the sensors were powered by a constant 13 VDC power supply.
2.3. Cell analysis

Cell analysis was performed with a microscope and hemocytometer. The 10-ml samples taken from the PBR were
coated with 1 ml of isotonic diluents (Fisher Scientific)
which increased the visibility of microalgae. Next, three 1ml samples were mixed and counted. A microscope (Electron Microscopy Sciences) was used to count the microalgae cells. A picture was taken by a digital camera mounted
on the microscope. The picture was transferred to a computer with the aid of Infinity 2 software. The measurements
were repeated every 24 h. Three samples were taken each
time and the average cell concentration was recorded. The
number of cells in an area of 0.01 mm2 on the hemocytometer was multiplied by 10 000 to calculate the total number
of cells per 1 ml.

TABLE 1 - The properties of illumination sources.

Blue LED
Red LED
Fluorescent

Voltage
(V)
6.5
11
110

Input Power
(W)
16.9
28.6
Line source

Constant Current (2.6 A)
Wavelength
Light Intensity
(nm)
(μW/cm2/nm )
467
557
659
272
163
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Intensity
(lux)
3019
1389
2936

Energy of Photon
(J)
4.25x10-19
3.01x10-19
3.97x10-19

PAR
(µmol.m-2.s-1)
217
123
71
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To measure biomass mass, filter paper with a 10-μm
pore size was used. The filter paper was weighed before the
algae solution was placed on it. A 10-ml sample was placed
on the filter paper and drained. Next, the filter paper was
placed in a vacuum drying oven (Cole-Parmer) and dried
for 5 h at 75 °C. The filter paper with dried algal biomass
was reweighed on a precision balance. The filter paper
weight was subtracted from the algae/filter paper weight to
determine the weight of the microalgae in the sample. The
results were then recorded.

3. RESULTS AND DISCUSSION
All results evaluated in this research were the effects
of the illumination sources on biomass dry weight and cell
count yield of the three kinds of microalgae: Chlorella
kessleri, Botryococcus braunii, and Synechococcus leopoliensis. The results also compared among the three algae
species. For different lighting experiments, temperature
was kept around 23 °C, and the intensity of illumination
sources was stabilized at a current of 2.6 A during the ex-
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FIGURE 1 - Evaluation of pH for each microalgae species.
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periments. Because of the different growth media, pH was
different for each algal species. The beginning pH values
for Chlorella kessleri, Botryococcus braunii, and Synechococcus leopoliensis were 6.02, 6.16 and 6.80, respectively.
If the growth medium became more basic as indicated by
pH values, CO2 was added to the photobioreactor. Figure 1
shows that the pH after 8 days increased throughout the experiments. During the 8 days, pH ranged from 6.0-7.2 for
Chlorella kessleri and Botryococcus braunii, whereas pH
ranged from 6.8-8.5 for Synechococcus leopoliensis. The
pH reached the highest level during the 4th and 5th days under red and fluorescent illumination sources. However,
only atmospheric carbon dioxide was used as the carbon
dioxide source until the 4th day at which time CO2 was
added into the PBRs. The rising pH indicated that carbon

dioxide was being consumed by the algae faster than it was
supplied, or possibly the algae were producing a metabolite
that tended to be a base. In treatments, the highest pH was
found with the red LED lights indicating that the algae in
these two PBRs were consuming more carbon dioxide.
The highest increase in cell concentration obtained under fluorescent light illumination sources (3.5x106 cells
ml-1) was for Chlorella kessleri. Cell concentration increased during the experiments under fluorescent and red
illumination sources whereas there was not any increase in
cell concentration under blue light. The red illumination
source was the most effective for the growth of Botryococcus braunii (1.27x106 cells ml-1), very closely followed by.
fluorescent light and then the blue illumination source

FIGURE 2 - Cell concentrations of the three species.
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FIGURE 3 - Evaluation of cell mass concentrations during the experiments.

There was only a small increase in cell concentration under
blue illumination sources. For Synechococcus leopoliensis,
the highest cell concentration increase was obtained on the
6th day under the fluorescent illumination source (9.07x107
cells ml-1). After the 6th day, the cell concentration began
to decrease under all illumination sources. The reason for
that was due to the addition of CO2 to reduce pH in the
PBRs illuminated with the fluorescent and red illumination
sources. The concentration might have affected the pH
level. Blue illumination sources did not have any effect on
the growth of Synechococcus leopoliensis. The concentration was almost stable during the experiments. Figure 2
shows the cell concentrations of the three species.

Cell mass is another important parameter that shows
the algae biomass potential. The measured data related to
the cell mass concentrations are shown in Fig. 3. In the experiments, red LED lights showed the highest increase in
cell mass for the three kinds of algae. The highest cell
weight (2.7 g L-1) was obtained on the 7th day of the experiments with red illumination of Chlorella kessleri. Fluorescent light also affected the cell weight positively, and cell
weight continued to increase from the first day to the end
of the experiment. Blue light did not increase affecting the
cell weight of Chlorella kessleri. In fact, cell weight decreased under blue illumination. For Botryococcus braunii,
cell weight increased under all illumination sources. The
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highest cell mass obtained from the PBR under red light
was 2.3 g L-1. Cell mass of the Synechococcus leopoliensis
decreased, and then increased back to the beginning cell
weight. Red and fluorescent illumination sources showed
similar effects on the cell mass. The highest cell weight obtained under red and fluorescent lights was 1 g L-1. Blue
light affected cell mass from the 3rd day to the 6th day. After
6 days of the experiments, cell mass decreased. Under red
LED light, the PBR was significantly more affective at producing biomass than for the other illumination sources

(Fig. 3). However, the cell mass concentration was less
than for the fluorescent lit PBR growing Chlorella kessleri
and Synechococcus leopoliensis cultures.
Figure 4 shows the variation of the oxidation-reduction
potential (ORP). During the experiments, the highest OPR
change was measured under fluorescent lights for all species. ORP ranged from 329 to 365 for Chlorella kessleri,
219 to 286 for Botryococcus braunii, and 326 to 387 for
Synechococcus leopoliensis.
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FIGURE 4 - Evaluation of ORP during the 8 days of experiments.
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FIGURE 5 - Evaluation of CO2 concentrations during the experiments.

Because of photosynthesis, CO2 is a very important parameter of microalgae cultivation. In the experiments, gaseous CO2 was added to PBRs depending on the pH value.
In the PBRs, exhaust gases from the experiments are shown
in Fig. 5. The rate of CO2 gas exchange was quite high under all illumination sources. CO2 concentration in the exhaust air from the PBRs in the experiment ranged from
1200 to 2300 ppm. The largest exhaust air carbon dioxide
concentration change was found for Chlorella kessleri
(over 2226 ppm on the 7th day). The growth rate for all algae species grown under blue light remained very low
which indicates that more CO2 was passing through the
PBR and not being used by the algae.
In the experiments, dissolved oxygen levels ranged
from 6.8 to 8.2%. The highest dissolved oxygen level
(8.0%) was obtained on the 4th day of the experiment for
Chlorella kessleri under red illumination. The level was

8.02% on the 3rd day of the experiment under the red illumination for Botryococcus braunii. 7.88% was measured
on the 4th day of the experiment under blue illumination for
Synechococcus leopoliensis. Figure 6 shows the measured
DO levels and changes in DO over the course of the experiments. The amount of DO can be seen as an indication of
the photosynthetic activity in a PBR.
3.1. Doubling Time

Doubling time is an important parameter for estimating the biomass in a growing microalgae culture. The doubling time was calculated by the formula as given by Richmond [14]:
N t

C2 /

(1)

N(t): The number of objects (cells or quantity of biomass) at time t
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d: Doubling period (time it takes for the object to double in number)

The calculated data for the doubling time are given in
Table 2 for cell numbers. Statistical significance levels of
treatments and interactions are summarized in Table 3.

C: Initial number of objects (number of cells or quantity of biomass per unit volume)

The effect of treatment method and illumination colours
on the weight gain and cell count of microalgae samples was

t: Time
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FIGURE 6 - Evaluation of the dissolved oxygen content.

TABLE 2 - Doubling time evaluation of three microalgae species during growth phase (8 days).
Illumination source
Blue LED
Red LED
Fluorescent

Chlorella kessleri
907
103
86

Doubling time (h)
Botryococcus braunii
62
39
40
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Synechococcus leopoliensis
221
37
31
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TABLE 3 - The effects of treatment methods, illumination colours and their interactions with pH, ORP, temperature and CO2 on weight gain
and cell count.
N
Experiment
UTEX398
UTEX572
UTEXB625
Color(C)
Blue (B)
Fluorescent (F)
Red (R)
Day
1
2
3
4
5
6
7
8

Weight
**
1.741±0.0864 Aa
1.313±0.0792 Bb
0.671±0.0397 Bb
**
1.088±0.083 Aa
1.333±0.131 Ab
1.304±0.122 Ab
**
0.978±0.180 Aa
1.022±0.175 ACac
1.122±0.098 ABacd
1.122±0.143 ABacd
1.122±0.133 ACac
1.422±0.217 ABbc
1.522±0.215 BCbd
1.622±0.234 Bb

24
24
24
24
24
24
9
9
9
9
9
9
9
9

determined using ANOVA. The effects of treatment methods on weight gain were statistically significant (P<0.05) as
the effects of treatment methods on cell count (P<0.01).
The effects of illumination color on weight gain were statistically significant between each species (P<0.05). The
effect of blue-red light and blue-fluorescent light on weight
gain were also statistically significant (P<0.05).
The effects of the different treatment methods, different illumination sources and their interactions with pH,
ORP, temperature and CO2 on weight and cell count were
determined using Covariance Analysis (ANCOVA) [23].
The analysis results showed that the effect of treatment
method, illumination source and their interactions with pH,
ORP, temperature and CO2 on weight gain were statistically insignificant. However, the effect of ORP on cell
count was statistically significant (P<0.05).
Most microalgae species are photosynthetic, and therefore, they need light and carbon dioxide as a source of energy. Microalgae, contain chlorophyll that allows them to
perform photosynthesis [24] if they are illuminated with
light in the vicinity of the absorption peaks of Chl a and
Chl b (approximately 650 nm). Chl a and Chl b are the most
important photosynthetic pigments [25, 26]. Carotenoids
are very important pigments for the photosynthesis too. Carotenoids are able to transfer the excitation energy of photons absorbed by it to the chlorophylls. Carotenoids absorb
light in the blue region (400-500 nm). This feature of carotenoids makes the cell photosynthesis more efficient over a
wider range of light wavelengths. In the treatments, the highest weight gain was obtained from red lit PBRs (2.1 g L-1
Chlorella kessleri, 1.0 g L-1 Synechococcus leopoliensis, and
2.3 g L-1 Botryococcus braunii). The red LED wavelength
range from 620 and 750 nm covers the Chl a and Chl b
peaks in the absorption spectrum. The blue LED wavelength pick value is around 420 nm which is shorter than
the peak of chlorophyll b absorption spectrum wavelength.
This is logical, since microalgal cells absorb red light through
the green pigment chlorophyll [25]. Hence, the red LED

Cell Count
N.S.
1.493750±165.810
431.500±66.829
28.556.250±4.599.219
NS
4.002.167±1.117.223
14.093.833±4.890.221
12.385.500±3.947.131
N.S.
3.867.333±1.639.507
7.088.889±3.314.954
6.742.222±3.281.568
7.780.000±4.586.482
15.395.556±8.807.040
18.848.889±11.310.924
12.985.556±6.711.579
8.575.556±3.647.840

light would be expected to be the most effective for photosynthesis [27]. Table 1 shows that the number of photons
was greater for the blue LED light than for the red LED or
fluorescent lights. A greater percentage of the red LED
photons were absorbed for photosynthesis than blue photons yielding more cell mass and a greater number of cells.
The fluorescent light, with the least number of photons per
unit area and unit time, produced as much or more biomass
and cell numbers as the red LED lights (Figs. 2 and 3). The
wide spectrum may account for the good yield on a cells or
biomass per photon. Although the cell mass concentration
for the red lit PBRs was the highest, the increase in biomass
over the fluorescent light was not large. The light intensity
does not increase algal cell concentrations consistently, because beyond the saturation point, the light intensity emitted from the light sources may damage cells which reduces
the rate of algal growth. In order to reduce cells damage, a
light-dark cycle or flashing illumination should be used
[28]. In addition, in the dark period, algae cells are able to
metabolize their organic carbon from growth without photosynthesis [7].
There is a complex relationship between pH and CO2
concentration that can be seen in the PBRs. Increasing carbon dioxide concentration can lead to higher biomass
productivity. Increasing pH (Fig. 1) shows that CO2 was
being consumed by the algae faster than it was supplied
[29]. In the treatments, the highest pH was measured in
PBRs illuminated with red LED and fluorescent light
sources indicating that the algae in these two PBRs were
consuming more carbon dioxide, thereby growing as
shown by the increase in the number of cells and the quantity of biomass (Figs. 2 and 3). The CO2 concentration in
the exhaust air with constant current lighting was reasonably steady (Fig. 5), even though the pH was increasing
which would tend to allow for more CO2 to remain in solution as H2CO3, HCO3-, and CO32- and not be off gassed.
Oxidation reduction potential (ORP) is characterized
by the ability of a molecule to loose an electron (oxidation)
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or the gain of an electron by a molecule (reduction) [30].
Many mineral ions can be absorbed and properly assimilated by algae. So, it is very important to control ORP in
the PBRs [31, 32]. In the treatments, ORP values dropped
while cell concentrations increased. The highest changes in
ORP were in the red and fluorescent lit PBRs which paralleled an increase in cell mass. The relationship between
ORP and dissolved oxygen (DO) is very strong and linear
when plotted on semi-log scales [30, 33]. This linear relationship between ORP and the log (base 10) of DO indicates that ORP is sensitive to small changes in DO levels
which is not the case for direct DO measurements.
Photo-trophic processes, which control the motion of
plant organs in response to light and ensure optimization of
biophysical and biochemical reactions, are triggered by
light with wavelengths in the range of 400–500 nm. In the
treatments, the highest cell concentration increase was
found with red lit PBRs. Red light causes mother cells to
divide at the smallest plausible size [34, 35]. Blue light has
been observed to lead to larger cell sizes [16, 35, 37, 38].
The larger cell size is a result of delayed cell division [39].
The baby cells need to complete their enzymatic completion resulting in a delay of cell division that can be as long
as two hours greater than with red light [35].
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ABSTRACT
It has been evidenced that micro-RNAs, a class of
small non-coding RNAs, are key regulators responding to
heavy metal stress. Up to date, identification and characterization of micro-RNAs responding to heavy metal stress
in gonads of sea urchin have not been fully elucidated. In
this study, the expressional variation of micro-RNAs between normal sea urchin gonads and that stressed by 0.1
mM ZnSO4 for 12 h was compared utilizing microarray assay. The results showed 279 micro-RNAs were detected in
control gonads, while 103 in Zn-stressed sample, indicating that Zn treatment decreased the expression level of micro-RNAs. In addition, 36 micro-RNAs expressed significantly varied between control and Zn-treated gonads including 16 down- and 20 up-regulated micro-RNAs. Prediction and functional annotation of targets of these 36 micro-RNAs uncovered that micro-NAs play roles in a broad
range of physiological processes under Zn stress, such as
Zn transporter, DNA methylation and histone modification, as well as the chaperones binding to unfold proteins,
highlighting the potential roles of sea urchin micro-NAs in
responding to heavy metal stress.

For decades, several species of sea urchins have been
used to sensor seawater pollution and to elucidate the mechanism of heavy metal toxicity [3]. However, the biological
roles of micro-RNAs under heavy metal challenging in sea
urchin are absent yet. In this study, ZnSO4 was used as poisoning metal source to investigate the roles of micro-RNAs
under heavy metal stress, since Zn becomes toxic when elevated concentrations are introduced into the environment [4].
Recently, a total of 415 micro-RNAs were identified from
mixed tissues of S. nudus using solexa sequencing [5]. Based
on these results, we constructed a micro-RNA chip that contained probes according to 460 micro-RNAs including 415
identified in S. nudus and 45 in S. purpuratus; then, we carried out a micro-RNA micro-array assay to determine which
micro-RNAs alerted their expression under Zn stress in female gonads. Finally, we predicted the targets of microRNAs that varied significantly between control and Zn stress,
and discussed their potential functions under stress, providing
the first clue on roles of micro-RNAs in response to heavy
metal stress.

2. MATERIALS AND METHODS
2.1 Sample collection and ZnSO4 treatment

KEYWORDS:
MicroRNA, sea urchin, gonad, zinc stress, micro-RNA array

S. nudus samples with about 5 cm in diameter were
collected along the coast of Dalian city (38°54'45" N,
121°36'09" E), Liaoning province, China. The animals were
acclimated in the laboratory for one week, and then treated
with ZnSO4 at 0.1 mM for 12 h.

1. INTRODUCTION
Micro-RNAs (miRNAs) are endogenous, small noncoding RNAs, with approximately 22 nucleotides in length
[1]. Increasing body of evidence revealed that micro-RNAs
are involved in a variety of biological processes including
development, cell proliferation and death, apoptosis and fat
metabolism, cell differentiation, and diseases [2], supporting the notion that micro-RNAs are indispensable players
in the controlling of eukaryotic life.
* Corresponding author

2.2 RNA isolation and microarray assay

Total RNA was extracted from female gonads using
Trizol reagent (Invitrogen, CA, USA). A μ-Paraflo(TM) miRNA micro-array experiment was used to compare the expression of mi-RNAs in female gonads between normal and
Zn treatment (LC Sciences, Houston, USA). Briefly,
460 complementary probes (in triplicate) against mi-RNAs,
according to 415 identified in S. nudus (prefixed with “PN” and “PC-”, respectively), and 45 to know S. purpuratus
mi-RNAs [6], were designed and in situ synthesized using
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PGR (photo-generated reagent) chemistry. Then, mi-RNA
micro-array experiments were conducted according to Gao
[17] and Bolstad [18].

Orthologous Groups (KOG) database. To estimate the specifics of our target prediction, we performed a signal-tonoise analysis using shuffled miRNAs [20].

2.3 Real time PCR validation

Real-time PCR was performed utilizing SYBR Green I
protocol described by Feng et al. [19], on a Chromo4 System
(Bio-Rad). The threshold cycle (CT) was calculated using
the 2-ΔΔCq method, where ΔΔCq = (Cq target-Cq control)control-(Cq target-Cq control)treatment. All statistical data were
presented as means±SD, followed by Student's t test. Differences were considered to be statistically significant at
p<0.05.
Prediction and functional annotation of target genes:
We used S. nudus mi-RNA mature sequences as custom
sequences to search S. purpuratus UTR library to perform
targets prediction using Miranda v1.0 software with parameter settings as follows: SC≥100, MFE cut-off as ≤-20
kcal.mol-1 and z-score≥5 [6]. The target genes were annotated in Gene Ontology (GO) database and Eukaryotic

3. RESULTS AND DISCUSSION
3.1 Mi-RNA expression change under Zn stress

Among 460 tested probes, 279 were detected in control
gonads, indicating that gonads of sea urchin are miRNAenriched tissues. Zinc treatment significantly alerted their
expression profile and, in most cases, decreased the expression, resulting in 103 miRNAs, detectable in Zn-treated female gonads. After log2 transformation and t-tests, 36 miRNAs including 7 homologous to S. purpuratus miRNAs and
29 novel miRNAs identified in S. nudus [5], were found to
express significantly different between controls and stressed
gonads (Fig.1A). Among these 36 miRNAs, 16 were found to
be down-regulated and 20 up-regulated (Fig.1A). According
to clustal W and BLAST clust analyzing, these 36 miRNAs

FIGURE 1 - Clustering and sequences alignment of miRNAs expressed differently between control and Zn treatment group (a: Hierarchical
Clustering miRNAs expressed different between control and Zn treatment；b: sequences alignment of miRNAs expressed differently between
control and Zn treatment).
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FIGURE 2 - Expressional changes of three miRNAs under real time PCR and miRNA chip conditions (values on Y axis represent the expressional changes of miRNAs under normal conditions compared to Zinc stressed conditions).

could be divided into 27 families (Fig. 1B). Interestingly, the
majority of down-expressed miRNAs were clustered in genomes, of which PC-3p-6658, PC-3p-12972, PC-5p-4087,
PC-3p-2775, miR-739, PC-3p-6677, PC-5p-55119, PC-3p29066 and PC-3p-4725 were located in a region of 5000-nt
in scaffold 78427, while PC-3p-1562 and PC-5p-6321 clusters were in a 200-nt region in scaffold 82954. This suggested that these miRNAs were transcribed under controlling with similar mechanisms. MiRNA* was observed in
down-expressed miRNAs, PC-3p-2775 and PC-5p-55119
were transcribed from one and same pre-miRNA sequence,
commonly recognized as miRNA and miRNA*, and appeared almost as equal signals both in control and Zn2+
treated samples (Fig. 1A). These results suggested that a
number of miRNAs including those, conserved and urchinspecific, mediate the physiological response to heavy metals.
Stem-loop real time PCR was then used to further express validation of PC-5p-7561, PC-3p-2775 and PC-5p55119 under Zn stress. The qPCR results showed that a
similar expression profile to that obtained from miRNA
chip assay (Fig. 2). For PC-3p-2775, quantitative PCR
showed a decreasing expression to 4.35±0.74 folds (counted
as ΔΔCq), and miRNA chip showed a decreasing trend at
2.15±0.09 folds. For PC-5p-55119, corresponding values
were 3.76±1.61 folds and 1.99±0.15 times, while 6.01±2.33
folds and 5.15±0.14 were recorded times for PC-5p-7561.
These results demonstrated that our miRNA chip assay
could reflect the expressional changes of miRNAs with relatively high accuracy.

3.2 Targets of different expressional miRNAs

The expressional level of miRNA is tightly correlated
with target mRNA stabilization and target protein activities. Thus, up-regulation of a miRNA is making sense to
enhance the silencing of target mRNAs. From this point of
view, changed expressions of miRNAs would result in decreased or increased activities of targeted genes.
Potential targets of 36 miRNAs were identified with
specific value at 0.80 and signal-noise value at 6.34 [6].
This process identified 1383 targets for 33 miRNAs,
providing a ratio of average of 30 targets per miRNA.
Among them, 986 targets were annotated in GO and KOG
databases with E value below 1e-10, and the results showed
that the targets play roles in a broad range of physiological
processes, and the signal transduction mechanism was the
maximum category of KOG annotations (Fig. 3).
In general, the targets of up- and down-expressed miRNAs were markedly different. Specific to the category of
inorganic ion transport and metabolism, entirely different
targets were observed. Among them, a putative Zn transporter with ZIP type of Zn transporter domain was predicted to be complemented by spu-mir-2004, which showed
a miRNA up-expression pattern under Zn stress conditions.
This maybe implied that under Zn stress, sea urchin cell
restricted Zn uptake to mitigate its toxicity. However, a
specific type of Zn transporter like Drosophila ZnT1
showed Zn efflux activity under Zn poisoning [7]; therefore, the exact function of this protein needs further investigation.
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FIGURE 3 - KOG categories of predicted targets of differently expressed miRNAs.

TABLE 1 - Targets related to unfold protein binding.
Up expressed
miRNAs

KOG Functional annotation

GO terms

Down expressed
miRNAs

KOG Functional annotation

GO terms

PN-31-5p-22108

chaperone (DnaJ superfamily)

n

PC-5p-4087

TCP-1 alpha subunit (CCT1)

0051082

PN-92b-3p10619

Multifunctional chaperone
(14-3-3 family)

0003688

PC-3p-29066

mortalin/PBP74/GRP75

0051082

Spu-miR-125

chaperone of the GrpE family

0051082

PC-5p-55119

AAA+-type ATPasea

0005524

PC-3p-6677

chaperone (DnaJ superfamily)

0051082

PC-5p-6321

chaperones GRP78/BiP/KAR2

0042623

PC-5p-55119

chaperone Prefoldin, subunit 3

0051082

PC-5p-55119

chaperone Prefoldin, subunit 2

0051082

PC-3p-13592

Predicted pilin-like transcription
factor

n

PC-3p-1562

co-chaperone STI1

0051082

PC-5p-55119

Mitochondrial chaperonin

0051082

PC-3p-13592

Thiol-disulfide isomerase and
thioredoxin

n

a
AAA+ proteins are involved in protein degradation, membrane fusion, DNA replication, microtubule dynamics, intracellular transport, flagellar and
ciliary beating, disassembly of protein complexes and protein aggregation
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3.3 Targets related to chaperones

It has been well established that chaperones mediate
disaggregation and refolding of stable aggregates of heavy
metal-denatured proteins [12]. Herein, several types of chaperons were putatively regulated by miRNAs with down-expression in Zn-treated gonads, suggesting that chaperons
would be up-regulated under Zn stress in urchin gonads,
which inevitably contributed to restore denatured proteins to
the nature status. In the functional category of posttranslational modification, targets functionally related to chaperones were intensively regulated by miRNAs which were
down-expressed under Zn treatment. The targets included
TCP-1 alpha subunit (CCT1) of chaperonin complex,
Cpn60/Hsp60p (mitochondrial chaperonin), AAA-type
ATPase, chaperones of DnaJ super-family, sub-units 2 and 3
of molecular chaperone pre-foldin, molecular co-chaperone
STI1, thiol-disulfide isomerase and thioredoxin, mitochondrial chaperonin, proprotein convertase (PC) 2 chaperone, as
well as chaperones GRP78/BiP/KAR2 and mortalin/PBP74/
GRP75 of HSP 70 super-family. These genes were targeted
by PC-5p-4087, PC-3p-29066, PC-5p-55119, PC-5p-6321,
PC-3p-6677, PC-3p-13592 and PC-3p-1562, respectively,
which were down-expressed under Zn treatment. By contrast, only two types of chaperones were regulated by upexpressed miRNA (Table 1).
Pan [12] observed that mutation of yeast CCT (also
called TRiC in yeast) resulted in hypersensitivity to heavy
metal stress. Moreover, AAA-type ATPase, involved in protein transport across membranes, was conducive to heavy
metal resistance. Thus, our target prediction results disclosed
the potential functions of various chaperons participating in
Zn resistance in sea urchin gonads. However, this hypothesis
is conflicting with Yildirim’s [13] observation that a group
of chaperons were down-regulated under 20-100 μmol lead
stress. Thus, the expression profile of sea urchin chaperons
under Zn stress needs additional investigation.
3.4 Targets related to epigenetic modification

CPS60/ASH2/BRE2 of histone H3 (Lys4) methyl-transferase complex was targeted by PN-31-5p-22108 and PC-3p443, respectively. PN-31-5p-22108 and PC-3p-443, up-expressed under Zn stress, resulted in inhibition of expression
of these two genes. Therefore, this result may be beneficial
for maintaining of transcription. The results provided evidence for the first time that exposure of sea urchin to high
concentrations of Zn causes epigenetic modification in female gonads.

4. CONCLUSIONS
Based on miRNA chip assay, the expressional profiles of
460 miRNAs were compared between normal female gonads
of S. nudus to that stressed by ZnSO4 at 0.1 mM for 12 h. The
results showed that the majority of miRNAs decreased their
expression under Zn treatment, namely 36 miRNAs including
29 S. nudus specific ones. In addition, down-expressed miRNAs seems to be clustered in two genomic regions. Functional
annotation of targeted genes of 36 different expressed miRNAs showed a putative Zn trans-porter with ZIP type of Zn
trans-porter domain was complemented with a up-regulated
miRNA, suggesting a restrict controlling by this miRNA. Furthermore, targets relevant to chaperones benefiting for refolding of denaturized proteins were predicted for several downexpressed miRNAs. Importantly, the results also showed
miRNAs which play roles in epigenetic modification under
Zn stress. The results provided the first clue on roles of
miRNAs in response to Zn stress in gonads of sea urchin.
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Recent findings support that miRNA is one of the key
factors for epigenetic regulation of cellular response to environmental pollutants [8, 14, 15]. In this paper, several targets were annotated to join two types of epigenetic regulation termed DNA methylation and histone modification under Zn treatment. One target gene encodes homocysteine
S-methyltransferase, a key enzyme participating in methionine biogenesis as well as epigenetic regulation [9], and it
was targeted by spu-mir-71. The expression of this miRNA
under stress conditions increased approximately 0.9 times
than control, thus indicating a likely strengthened repression of this target. The results supposed that Zn stress
maybe decreased by DNA methylation, thereby triggering
the complex epigenetic regulation on gene expression [10],
but this although needs also experimental validation.
In addition, several targets were annotated to be relevant to processes of histone modification, another key epigenetic mechanism [11]. For example, the catalytic component RPD3 of histone deacetylase complex and subunit
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THE EFFECT OF WET AND MICROWAVE
DIGESTION METHODS ON MULTI ELEMENT
DETERMINATION IN SOME EDIBLE MUSHROOM
SAMPLES FROM SAKARYA, TURKEY BY ICP-OES
Huseyin Altundag
Sakarya University, Faculty of Arts and Sciences, Department of Chemistry, 54187, Sakarya, Turkey

ABSTRACT
The aim of this study was to evaluate the effect of wet
and microwave digestion methods on multi elements determination by inductively coupled plasma - optical emission
spectroscopy in mushroom samples collected from selected regions of Sakarya, Turkey during 2011. Trace elements levels such as Ba, Cd, Co, Cu, Fe, Mn, Mo, Ni, Pb,
Sb, Se, V and Zn in six edible mushroom species (Agaricus
bisporus, Agaricus subrufescens, Hygrocybe sp., Lactarius
delicious, Lepiota bruneoincarneta and Pleurotus eryngii)
were determined after wet and microwave digestions. Apple leaves standard reference material (NIST SRM 1515)
was used for validation of the proposed method. The microwave digestion method well prevents sample from the
secondary contamination, provides a more accuracy and
needs a shorter time than wet ashing. The contents of the
hazardous trace elements are well below the prescribed
limits of World Health Organization.
KEYWORDS: Mushrooms, microwave digestion, wet ashing, trace
element, ICP-OES.

1. INTRODUCTION
Mushrooms are valuable health foods, vitamins and
minerals. They are healthy foods because rich in proteins,
minerals and vitamins [1,2]. The contents of trace elements
accumulated in mushrooms are related to species of mushroom, the locations where the samples are collected/geochemical composition of a parent rock and its distance from
the source of pollution or a rate of aerial deposition in case
of airborne metals, e.g. such as Hg or 137Cs [3,4]. Many
mushroom species have ability to accumulate different trace
elements at concentrations exceeding their content in soil
[5]. Some of trace elements are essentials but some of them
are non-essentials and toxic. Very little information is available on trace and macro elements losses during preservation
of mushrooms [6] and in culinary treatment [7].

Toxic heavy metals contained in mushrooms can cause
a danger to human health when high mushroom ingestion.
Therefore, the concentrations of trace elements in edible
wild mushrooms must be investigated. Mushrooms can accumulate different trace elements such as Ag, As, Cd, Cr,
Cu, Hg, Fe, Mn, Ni, Pb, Sb, V and Zn [8-14]. The trace
elements are distributed at different concentration within
the morphological parts of fruiting body of the mushroom
and caps are usually richer in e.g. Cu, Hg, Mn, Pb, Zn than
stems, which contain more Ba, Ca, Na, Sr [15-19].
Many studies carried out to evaluate the heavy metal
concentrations in edible mushrooms foraged from a wild in
various regions of the world [20-22]. Microwave [23] and
wet digestions was used for the digestion of mushroom
samples. Wet ashing method is time consuming and can be
cause contamination of samples. Microwave digestion is
simple, faster and environmentally friendly.
The purpose of the present study was to determine and
evaluate trace element level of the mushroom species including Agaricus bisporus, Agaricus subrufescens, Hygrocybe sp., Lactarius delicious, Lepiota bruneoincarneta,
Pleurotus eryngii collected from different localities in
West Black Sea region of Sakarya, Turkey (Fig.1) in 2011.
Their trace element concentrations were determined by
ICP-OES after wet and microwave digestion. Accuracy
and precision of the results is a key question in trace analysis of mineral compounds [24]. The accuracy of procedure was confirmed by examination of a certified reference
material and the results were satisfactory. Habitat, family,
and edibility of mushroom species are listed in Table 1.

2. MATERIAL AND METHODS
2.1. Instruments and chemicals

A Spectro Arcos ICP-OES (SPECTRO Kleve, Germany) was used for the determination of all elements. The
milestone start D microwave (Sorisole-Bg Italy) closed
system was used in the mushroom digestion. All solutions
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FIGURE 1 - Location of mushroom species collected from Sakarya, Turkey.

TABLE 1 - Habitat, families and edibility of mushroom species.
No
01
02
03
04
05
06

Name of mushroom
Agaricus bisporus
Agaricus subrufescens
Hygrocybe sp.
Lactarius delicious
Lepiota bruneoincarneta
Pleurotus eryngii

Habitat
Kayalar Köyü
Limandere
Pamukova
Pamukova
Geyve
Arifiye

were prepared using ultrapure water obtained from MilliQ water purification system (Millipore, Bedford, MA,
USA). All glassware and polypropylene flask were immersed in 10% nitric acid (Merck, Darmstadt, Germany)
for 24 h rinsed with ultrapure water prior to use. Reference
solutions were prepared after successive dilutions from
1000 mg L-1 element stock solutions.
2.2. Digestion procedures

Wet ashing and microwave digestion two procedures
were applied for the digestion of mushroom samples.

Edibility
Edible
Edible
Edible
Edible
Edible
Edible

Family
Agaricaceae
Agaricaceae
Hygrophoraceae
Russulaceae
Agaricaceae
Pleurotaceae

was filtered through Whatman filter paper and then the
sample was diluted to 25 mL with distilled water. The
blank digestions were also carried out in the same way.
2.2.2. Microwave digestion

In the cavity microwave oven decomposition, a 0.25 g
sample was digested using 6 mL of 65% HNO3 and 2 mL 30%
H2O2. After digestion the solutions were diluted to 25 mL with
ultrapure water. Digestion conditions for microwave system
were applied as 2 min. for 250 W., 2 min. for 0 W., 6 min. for
250 W., 5 min. for 400 W., 8 min. for 550 W. ventilation:
8 min. A blank digest was carried out in the same way.

2.2.1. Wet ashing

Mushroom samples were performed by using mixtures
of acid, namely, HNO3 (65%) and H2O2 (30%) (6:2). Sixteen millilitres of each mixture was used for a 1.0 g mushroom sample. This mixture was heated up to 150 °C for 4 h
on the hot plate and then diluted to 10 mL with distilled
water. Then, acid mixtures were added again. The residue

2.3. Analytical quality control and assurance

Standard reference material Apple leaves NIST-SRM
1515 (National Institute of Standards and Technology,
USA) was analyzed in order to check the accuracy of the
proposed method. Concentration data for Ba, Cd, Co, Cr,
Cu, Fe, Ni, Pb, Se, V and Zn determinations of CRM
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Barium is never found in nature as a free element because of its high chemical reactivity. The levels of barium
in the samples ranged from 0.4 to 1.3 µg g-1 (dry weight)
and the highest barium levels were obtained in Pleurotus
eryngii and Lactarius delicious.

drawn against certified values. It is indicate that observed
values correlate well with certified values. Four replicates
were performed for each sample of CRM (Table 2).

3. RESULT AND DISCUSSION

Cadmium is a ubiquitous environmental contaminant
that represents hazard to humans and wildlife. Mean cadmium was 2.1-4.1 µg g-1 in the samples and the highest
cadmium levels were obtained in Lepiota bruneoincarneta
and Lactarius delicious.

All trace element concentrations are provided and discussed based on a dry weight basis. The relative standard
deviations (RSD) were less than 10% for all elements. The
microwave digestion procedure was chosen for the samples
because of more accuracy with respect to both time and recovery than wet digestion. Student’s t-test was employed
to estimate the significance of values. The performances of
the two digestion procedures were compared by t-test
(p<0.05). The order of the levels of trace elements in the
mushroom samples was found as Fe > Zn > Cu > Mn > Ni
> Pb > Cr >V > Cd > Co > Se > Ba.
Trace element concentrations of all elements of the
mushroom species are given in Table 3.

Cadmium contents of mushroom samples in the literature have been reported in the range of 0.81-7.50 µg g-1 dry
weight [25], 0.14-0.95 µg g-1 [26], 0.28-1.6 µg g-1 [8], 0.122.60 µg g-1 [27], 0.9-2.5 µg g-1 [28]. Trace element contents
in Agaricus subrufescens samples after microwave and wet
digestion methods are given in Table 4.
Accumulation capability of heavy metals is specific
[29]. We have restricted comparisons strictly related to A.
bisporus muhrooms (Table 5) from the literature [23,30-32].

TABLE 2 - Certified and observed values (µg g-1) of trace elements in the standard reference material (NIST SRM 1515- Apple leaves), N=4.
Elements

Certified Value

Ba
Cd
Co
Cu
Fe
Mn
Ni
Pb
Se
V
Zn

Wet Ashing
47.9±1.8
0.011±0.001
0.07±0.02
5.41±0.08
80.4±1.2
50.4±1.1
0.87±0.08
0.449±0.025
0.045±0.003
0.22±0.04
11.9±0.4

49
0.013
(0.09)
5.64
83.0
54.0
0.91
0.470
0.050
0.26
12.5

Recovery %
98
85
78
96
97
93
96
96
90
85
95

Observed Values
Microwave Digestion
48.1±2.1
0.011±0.001
0.08±0.01
5.48±0.09
81.5±1.4
51.7±1.5
0.88±0.06
0.440±0.013
0.048±0.002
0.24±0.06
12.1±0.5

Recovery %
98
85
89
97
98
96
97
94
96
92
97

TABLE 3 - Concentrations (µg g-1 (dry weight)) of all elements of the mushroom species analyzed (mean±SD), N=5.
Mushroom
species
Hygrocybe sp.
Lactarius
delicious
Lepiota
bruneoincarneta
Agaricus
bisporus
Agaricus
subrufescens
Pleurotus
eryngii

Ba

Cd

Co

Cr

Cu

Fe

Mn

Ni

Pb

Se

V

Zn

0.4±0.1

2.1±0.1

2.6±0.2

2.8±0.9

35.6±2.1

271.2±9.4

48.3±3.6

5.9±1.1

5.2±0.4

1.5±0.2

3.6±0.2

12.6±1.5

0.9±0.2

3.8±0.3

1.2±0.4

4.7±0.7

38.2±1.5

240.9±4.6

19.3±2.3

11.9±2.3

8.8±1.2

0.9±0.1

4.9±0.4

193.2±1.8

0.8±0.2

4.1±1.6

1.5±0.3

3.7±0.6

132.1±6.9

179.5±9.8

57.8±1.9

9.1±1.6

9.2±2.4

3.0±0.4

5.1±0.6

56.6±2.7

0.7±0.3

2.5±0.1

1.6±0.3

6.2±0.7

116.7±8.4

368.8±0.5

31.4±2.4

8.5±0.7

3.3±0.6

1.1±0.8

4.2±0.6

69.4±7.4

0.4±0.1

1.9±0.4

2.0±0.7

4.9±0.4

12.0±1.5

278.6±10.4

18.5±3.1

6.4±1.1

7.4±1.6

1.7±0.6

3.9±0.1

89.3±2.7

1.3±0.3

2.1±1.5

2.1±0.4

5.7±0.1

118.6±9.8

416.2±13.7

47.7±4.4

9.1±2.8

6.9±1.4

1.9±0.6

5.2±0.8

58.3±0.4

TABLE 4 - Trace element contents with wet and microwave digestion methods in Agaricus subrufescens sample (mean±SD), N=4.
Method
Microwave
Digestion
Wet Ashing

Elements Concentration (µg g-1 (dry weight))
Fe
Mn
Ni

Ba

Cd

Co

Cu

Pb

Se

V

Zn

0.4±0.1

1.9±0.4

2.0±0.7

12.0±1.5

278.6±10.4

18.5±3.1

6.4±1.1

7.4±1.6

1.7±0.6

3.9±0.1

89.3±2.7

0.3±0.1

1.7±0.3

1.8±0.4

12.4±1.7

261.4±13.4

17.7±2.8

6.1±0.9

7.2±1.0

1.5±0.7

3.5±0.6

91.1±4.7
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TABLE 5 - Heavy metal concentrations (µg g-1) in the Agaricus bisporus reported from the literature and in the present study.
References

Elements Concentration
Ba

Cd

Co

Cu

Fe

Mn

Ni

Pb

Se

V

Zn

[23]

-

0.152±0.060

0.582±0.072

6.926±0.342

1322.4±70.8

14.3±0.6

1.472±0.062

0.738±0.050

-

-

47.32±3.80

[30]

-

0.35±0.02

N.D.

14.8±1.1

190±13

28.8±2.1

0.92±0.06

2.21±0.13

-

-

81.4±6.4

[31]

-

0.62±0.14

N.D.

18.13±2.90

N.D.

30.63±3.77

1.94±0.46

1.06±0.23

-

-

43.21±5.91

[32]

-

0.10±0.01

N.D.

11.9±1.0

332±23

20.9±1.3

8.2±0.6

6.9±0.3

-

-

51.8±4.6

2.5±0.1

1.6±0.3

116.7±8.4

368.8±0.5

31.4±2.4

8.5±0.7

3.3±0.6

1.1±0.8

4.2±0.6

69.4±7.4

This study
0.7±0.3
N.D.: Not Detected

Cobalt has both beneficial and harmful effects on human health [33]. Minimum and maximum concentrations
of cobalt were 1.2 and 2.6 µg g-1. The highest cobalt levels
were obtained in Hygrocybe sp. and Pleurotus eryngii. The
ability to accumulate cobalt appears to be low. Cobalt values in the literature have been reported in the ranges: 0.281.32 µg g-1 [34], 0.12-0.62 µg g-1 [35] and 0.15-6.03 µg g-1
[36], 0.47-1.51 µg g-1 [26] (dry weight) respectively
Copper is an essential trace element for various biological and physiological functions and structural integrity of various tissues in animals and humans [37]. Copper concentrations were between 12.0 and 132.1 µg g-1 in the samples. Copper concentrations have been reported to be 71.1 mg kg-1,
96.2 µg g-1, 95.9 mg kg-1 [8,34,36].
Iron is an essential mineral and an important component of proteins involves in oxygen transport and metabolism [38]. The iron levels in the mushroom samples were
higher than the levels of the other metals. The levels of iron
in the samples ranged from 179.5 to 416.2 µg g-1, and the
highest iron levels were obtained in Pleurotus eryngii and
Agaricus bisporus. Iron concentrations has been reported
to be 180-407, 56.1-7162, 146-835 and 211-628 mg kg-1 in
the literature [8,32,34,36] (dry weight) respectively.
The levels of lead in the samples ranged from 3.3 to
9.2 µg g-1 and the highest lead levels were obtained in Lepiota bruneoincarneta and Lactarius delicious. The Pb concentrations in previous studies was found as 2.86-6.88 mg
kg-1 and 2.71-7.5 mg kg-1 and 5.8-9.7 mg kg-1 [8, 34-36], respectively.
Manganese is an essential trace element required for
metabolism of amino acids, proteins, carbohydrates, and lipids in mammals [39]. The highest and lowest levels of Mn
were found in Lepiota bruneoincarneta and Htgrocybe sp.
Mn contents of mushrooms were lower than other studies
[8,34,36,40]. The reported manganese values in the literature
for mushrooms were 14.2-69.7 µg g-1, 21.7-74.3 µg g-1, 7.181.3 µg g-1, 5-60 µg g-1 (dry weight) [26,34,40-42], respectively.
Nickel is a metallic element that is naturally present in
the earth’s crust [43]. The highest and lowest nickel levels
were found in Hygrocybe sp. (5.9 µg g-1) and in Lactarius
delicious (11.9 µg g-1). Nickel concentrations accumulated by
the mushrooms were low, which indicates that these mushroom species have no tendency to accumulate nickel. Nickel
values have been reported in the ranges: 1.18-5.14 µg g-1

[34], 8.2-21.6 µg g-1 [32] and 0.4-5.19 µg g-1 [40], 1.7224.1 µg g-1 (dry weight) [26] respectively. All values of Ni
in mushrooms are agreement with previous studies [44,45].
Selenium is a naturally occurring trace element that is
essential for animal and human nutrition, but the range between dietary requirements and toxic levels is relatively
narrows [46]. Minimum and maximum concentration s of
selenium was found as 0.9 µg g-1 and 3.0 µg g-1. The highest and lowest levels of Se were found in Lepiota bruneoincarneta and Pleurotus eryngii. In the literature, selenium
contents of mushroom samples have been reported in the
range of 0.05-37 mg kg-1 [28], 1.30-21.5 and 1-367 mg kg-1
[6,7,34], 18.7-67.10 mg kg-1 [47].
Vanadium compounds exert preventive effects against
chemical carcinogenesis on animals, by modifying, mainly,
various xenobiotic enzymes, inhibiting, thus, carcinogen-derived active metabolites [48]. The levels of vanadium in the
samples ranged from 3.6 to 5.2 µg g-1 and the highest vanadium levels were obtained in Pleurotus eryngii and Lepiota
bruneoincarneta.
Zinc is necessary for the functioning of over 300 different enzymes and plays a vital role in an enormous number of biological processes [49]. The highest zinc content
was 193.2 µg g-1 in Lactarious delicious. However, the Zn
levels of other mushrooms were found as 12.6, 193.2, 56.6,
69.4, 89.3 and 58.3 µg g-1. Mushrooms are known as zinc
accumulators and sporophores: substrate ratio for Zn
changed from 1 to 10 mg g-1 [8, 34, 36, 50]. Zinc concentrations of mushroom samples in the literature have been
reported in the range of 33.5-89.5 µg g-1 [26], 29.3-158 µg
g-1 [36], 45-188 µg g-1 [34], 44.7-198 µg g-1 [28], 30-150
µg g-1 [6], respectively.

4. CONCLUSION
The levels of Ba, Cd, Co, Cu, Fe, Mn, Ni, Pb, Se, V
and Zn in edible mushroom samples collected from Sakarya regions in the northwest of Turkey were investigated.
Microwave digestion procedure was chosen for the samples because of more accuracy with respect to both time
and recovery than wet digestion. The relative standard deviations were found below 10%. Some species are accumulated trace elements as high ratio. The contents of the trace
elements are well below the prescribed limits of World
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Health Organization. The results obtained for trace elements in analyzed mushroom samples were acceptable to
humans consume produce toxins at levels.

[12] Niedzielski, P., Mleczek, M., Magdziak, Z.,Siwulski, M. and
Kozak, L. (2013) Selected arsenic species: As(III), As(V) and
dimethylarsenic acid (DMAA) in Xerocomus badius fruiting
bodies. Food Chemistry 141, 3571-3577.
[13] Borovička, J., Řanda, Z. and Jelínek, E. (2006) Antimony content of macrofungi from clean and polluted areas. Chemosphere 64, 1837-1844.
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ABSTRACT
In this study, a straw-based, environmental friendly
and low-cost adsorbent was used to remove sulfur dioxide
(SO2) from flue gas. We investigated the effects of preparation conditions, such as catalyst dosage, the amine agent,
and amine agent concentration on SO2 adsorption performance. Regeneration performances were also explored.
Experimental results indicated that modified Straw-NH
had a high SO2 adsorption capacity (~130 mg/g) which was
very close to activated carbon and can be regenerated at
120 ◦C in a nitrogen atmosphere. Additionally, after five
adsorption/regeneration cycles, the SO2 adsorption capacity remained at a relatively high level. Adsorbent properties
were characterized using Brunauer-Emmett-Teller (BET),
elemental analysis, Fourier transform infrared spectroscopy (FT-IR), and X-ray diffraction (XRD). This study indicated that modified Straw-NH may be an attractive practical alternative for SO2 removal.

KEYWORDS: Rice straw; Modification; Tetraethylenepentamine;
Sulfur dioxide; Adsorption.

1. INTRODUCTION
Sulfur dioxide (SO2) is a major air pollutant and significantly impacts human health [1]. In addition, SO2 emissions are a precursor for acid rain and atmospheric particulate accumulation [2, 3]. Therefore, there is great interest
in either desulfurizing fossil fuels, or removing SO2 directly from emission sources.
SO2 from flue gases is currently mostly removed using
flue gas desulfurization (FGD) processes. These include
limestone scrubbing, ammonia scrubbing, and organic solvent absorption. However, these processes have a number of
disadvantages, such as equipment corrosion, high energy requirements, and excessive wastewater production [4, 5]. Adsorption of SO2 by adsorbents has been proposed as an alternative, because they are less corrosive to equipment, simple
* Corresponding author

to operate, and consume little or no water [6, 7]. However,
commonly used adsorbents such as activated carbon, carbon fibers, and zeolites are very expensive. Therefore, it is
important to find inexpensive adsorbents with simple pretreatment steps; examples include agricultural byproducts
and industry waste [8, 9].
Rice straw is an abundant lignocellulosic agricultural
residue. Because there are few cost-effective treatment and
recycling methods, most straws are burned or discarded in
the field, triggering environmental problems [10]. Developing methods to manufacture straw-based, environmentally friendly, and low-cost adsorbents could benefit both
the environment and the economy [11].
Previous research about straw-based adsorbents has focused on applying adsorption to treat metal ions [12, 13],
dyes [14], anions [15] or oils [16] in wastewater. There are
few studies on the adsorption of SO2 from gas using modified straw. Yang et al. [17] used potassium permanganate
and ethylenediamine as an oxidant and amine agent, respectively, to modify rice straw. The product showed excellent
SO2 adsorption capacity; however, this research did not
study the regeneration performance of the modified straw.
Building on this past work, this paper presents a new
synthetic route, by introducing an amine group to remove
SO2. The study investigated the effects of preparation conditions, such as catalyst dosage, the amine agent, and amine
agent concentration on SO2 adsorption performance. The
physicochemical properties of modified Straw-NH were
investigated using Brunauer-Emmett-Teller (BET), elemental analysis, Fourier transform infrared spectroscopy
(FT-IR), and X-ray diffraction (XRD).
2. MATERIALS AND METHODS
2.1. Materials

Rice straw (Straw-RS) was collected from a county
farmland in the Sichuan province in China. Study reagents,
including dimethyl formamide (DMF), epichlorohydrin
(ECH), boron trifluoride-diethyl etherate (BF3•OEt2), sodium
hydroxide, ethylenediamine (EDA), triethylenetetramine
(TETA), tetraethylenepentamine (TEPA), cyclohexylamine
(CA), and ethanolamine (MEA) were purchased from Ke
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Long Chemical Reagent Company (Chengdu, China). All
chemicals were analytical grade without further purification.
Gaseous SO2 was supplied by Tian Yi Co. Ltd. (Chengdu,
China).
2.2. Modification of rice straw

Rice straw was crushed to pass through a 40 mesh
sieve. The straw was pretreated by immersing it DMF for
4 h at room temperature; this was followed by extensive
washing with distilled water. The material was then dried
at 70 ◦C for 24 h. Figure 1 shows the three stages of the
straw-based adsorbent modification process, with cellulose
used as an example. First, 5 g of the pretreated rice straw
(Straw-PRE) was combined with 50 mL ECH in a 150 mL
round bottom flask; BF3•OEt2 was added as a catalyst to
facilitate the reaction, and the mix was continuously magnetically stirred at 90 ◦C for 4 h. The resulting product
(Straw-ETH) was then washed with acetone and distilled
water.
Second, the Straw-ETH and 50 mL sodium hydroxide
solution (1%) were added into the 150 mL round bottom
flask, and again continuously magnetically stirred at 30 ◦C
for 2 h. After the reaction, the product (Straw-EPO) was
washed with distilled water. Finally, Straw-EPO and 50
mL amine agent were added in the 150 mL round bottom
flask, and continuously magnetically stirred at 90 ◦C for 2
h. The product was then extensively washed with distilled
water, and dried at 70 ◦C for 24 h.

The adsorption column was filled with 2 g straw (200% moisture content). A gas mixture of SO2 and N2 (initial SO2 concentration of ~3000 ppm) entered the reactor at 0.4 L/min.
When the adsorption phase of the experiment was finished,
the gas mixture was switched to N2 at a flow rate of 0.2 L/min
and the temperature was raised to 120 ◦C. It remained at that
level for 120 min to allow regeneration. The reactor was
then cooled to the room temperature for the next adsorption/regeneration cycle. Figure 2 is a flow chart demonstrating the SO2 adsorption and desorption process.
The residual exported gas was absorbed using 3% H2O2,
and the absorbing liquid was titrated using a 0.01 mol/L
NaOH solution to calculate the export concentration. The
breakthrough time was defined as the working time when
the desulphurization rate dropped to 20%. The SO2 adsorption capacity at breakthrough time was calculated using the
following expressions:

η 

c0  c t
c0
t 20%

Cs 



0

(1)

Q  η  c0 dt

In these equations,

c0

and

ct

are the initial concen-

tration (mg/L) and the export concentration (mg/L), respectively, at time t; η is the desulphurization rate; Q is
the gas flow (L/min);

2.3. Adsorption and regeneration procedure of SO2

SO2 adsorption was conducted in a glass adsorption
column, 30 mm high with an internal diameter of 300 mm.

(2)

m

min;

Cs

t20%

is the SO2 adsorption capacity (mg/g); and

the quantity of straw (g).

FIGURE 1 - The modification process for the straw-based adsorbent.
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FIGURE 2 - Flow chart of SO2 adsorption: Gas supply system (1. SO2/N2; 2. N2; 3. Pressure reducing valve; 4. Rotameter; 5. Three-way valve);
Heating system (8. Oil bath); Adsorption system (7. Fixed reactor); Detection system (6. H2O2 absorption tube); Tail gas absorption system (9.
NaOH absorption bottle).

2.4. Characterization

Specific surface area, pore volume, and average pore diameter were measured using an automatic Brunauer–Emmett–Teller (BET) surface area analyzer (Micromeritics
ASAP 2460). All samples were degassed at 80 ◦C for 12 h in
a vacuum before BET measurements. The elemental composition (C, H, N) of rice straw were analyzed before and
after modification using an element analyzer (Italian Elementar Analysen-systeme GmbH, EURO EA3000). XRD
was measured using a Philips-3KWX Rigaku wide angle Xray diffractometer (WAXD) at a scan speed of 9° min-1. FTIR analyses were conducted using an FT-IR spectrometer
(Nicolet Co.Ltd., Nicolet 6700). Approximately 2 mg of
straw was mixed with 200 mg of spectroscopic grade KBr,
and the FT-IR spectra was recorded using a detector at 4 cm1
resolution and 16 scans per sample.

3. RESULTS AND DISCUSSION
3.1. The modification mechanism

DMF is a polar aprotic solvent, which plays an important role in polymer synthesis and processing. Immersing Straw-RS in the DMF increased straw accessibility, by
acting as a swelling agent. This increased the extent of the
reaction of the hydroxyl group with ECH [18].
Figure 1 shows the three-stage modification process
for the straw-based adsorbent, including etherification, cyclization, and amination (using cellulose as an example).
First, the cellulose ether is obtained through etherification

between the hydroxyl groups and ECH, with BF3•OEt2 as
a catalyst. Then, through Williamson ether synthesis, hydroxide ions displace a chloride atom within the same molecule. Finally, a graft process is used to incorporate an
amine group, based on the nucleophile ring-opening reaction between amine group and epoxy group. This yields
Straw-NH.
3.2 Effect of BF3•OEt2

Figure 3a shows how the BF3•OEt2 dose affects modification. The experiment shows that the SO2 adsorption capacity increases as the catalyst dosage increases, up to a
maximum value. At optimal catalyst levels (1 mL), the SO2
adsorption capacity reaches 122 mg/g; this capacity is three
times greater than without the catalyst. SO2 adsorption capacity decreases when catalyst volume exceeds 1 mL; this
may be because excess catalyst leads to side effects and
increased viscosity. This side reaction may be represented
by equation (3), as the cellulose ether continues reacting
with ECH and generated a complex polymer. This complex
polymer has high viscosity and fewer epoxy groups, therefore the subsequent reactions (cyclization and amination)
are difficult to occur.
3.3 Effect of the amine agents

This study assessed the effects of excess concentrations of different amine agents on adsorption behavior;
agents included: ethylenediamine (EDA), triethylenetetramine (TETA), tetraethylenepentamine (TEPA), cyclohexylamine (CA) and ethanolamine (MEA). Figure 3b shows

(3)
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After graft reactions between the amine group and
epoxy group, the available amine sites on Straw-NH followed this order: TEPA > TETA > EDA > CA ≈ MEA.
This order is consistent with the order of SO2 adsorption
capacity. The Straw-NH-TEPA has four secondary amines
and one primary amine site, whereas the Straw-NH-EDA
has only one secondary amine site and one primary amine
site. This explains why the SO2 adsorption capacity of
Straw-NH-TEPA is better than Straw-NH-EDA. The following three reactions represent the desulfurization mechanism of the Straw-NH:

(a)

SO2  H 2 O  H 2 SO3  H   HSO3

(4)

Straw NH2  HSO3  Straw NH3 SO3

(5)

Straw NH  HSO3



 Straw NH SO

2


3

(6)

3.4 Effect of the concentration of TEPA

Figure 3c shows the effect of TEPA concentration,
demonstrating that the SO2 adsorption capacity of modified
Straw-NH increased sharply as TEPA concentration increased, up to 15%. Capacity leveled off when the TEPA
concentration of TEPA exceeded 15%. This can be explained by the fact that there is a lower concentration of
available epoxy groups in the Straw-EPO. An increase in
TEPA concentration led to an increase in the N in StrawNH. This correspondingly raised adsorption capacity.
However, at higher TEPA concentrations (above 15%), the
excess amine agent was useless, because the accessible
epoxy group of Straw-EPO has been depleted.

(b)

3.5 Maximum adsorption capacity

The maximum SO2 adsorption capacity of 122 mg/g
was achieved at a dosage of BF3•OEt2 1 mL, with tetraethylenepentamine (TEPA) as the amine agent, and a
TEPA concentration of 15%. The Straw-NH modified by
TEPA had a higher adsorption capacity for SO2 compared
with the original straw at 21 mg/g. This demonstrates that
after the TEPA modification, the SO2 adsorption capacity
of straw greatly improved. Table 1 compares the maximum
adsorption capacity of SO2 using different adsorbents under similar experimental conditions. Table 1 show that the
adsorption capacity of Straw-NH is very close to activated
carbon, and as such, may be an attractive and practical alternative for SO2 removal.

(c)
FIGURE 3 - Effect of preparation conditions on SO2 adsorption
(0.3% SO2/N2, 0.4 L/min, room temperature, 200% moisture content): (a) effect of the BF3•OEt2, (b) effect of the amine structure, (c)
effect of TEPA concentration.

the SO2 adsorption capacity of the different products. These
results suggest that amine structure greatly influences SO2
adsorption characteristics. The graph shows that MEA and
CA have a similar SO2 adsorption capacity (61 mg/g and
64.7 mg/g, respectively). Polyethylene amines EDA, TETA,
and TEPA remove SO2 even better than MEA and CA.
TEPA shows the best SO2 adsorption capacity.

3.6 Regeneration performances

Figure 4 presents the cyclical analyses of Straw-NH,
over five adsorption cycles at 25 °C and regeneration cycles at 100 °C. Figure 4a shows the desulphurization rate
curves of SO2. Comparing the figures shows the breakthrough point occurs at almost the same time, and the desulphurization rate of Straw-NH maintains a high value
(>80%) after 60 min. Figure 4b shows that over five cycles,
the SO2 adsorption capacity of the sorbent gradually drops
to 77 mg/g and maintains approximately the same SO2 adsorption capacity through the four cycles. Most of the ad-
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TABLE 1 - Comparison of SO2 adsorption capacity with other adsorbents.
Nature
Activated carbon
Activated carbon
Y zeolite
Straw-NH

Cs
(mg/g)

Q
(mL/min)

140
147
170
122

100
200
135
400

SO2
0.47
0.1
1.85
0.3

Gas composition (vol%)
O2
CO2
Balance
0
0
Ar
0
0
Air
0
0
N2
0
0
N2

T
(°C)
20
-25
Room temperature

Ref
[19]
[20]
[21]
This work

TABLE 2 - Analysis of the physical properties and element content
Sample
Physical properties

Element content

Straw-RS
3.6964
0.0094
101.4156
35.793
5.141
1.281

Surface area (m2/g)
Pore volume (cm3/g)
Average pore diameter (Å)
C%
H%
N%

Straw-NH
1.5650
0.0033
83.7812
38.842
6.722
3.089

(a)

(b)
FIGURE 4 - SO2 adsorption (room temperature) and regeneration (120 ◦C) cycles for Straw-NH (0.2% SO2/N2, 0.4 L/min, 200% moisture
content). (a) The desulphurization rate curves of SO2 (the numbers 1, 2, 3, 4, 5 refer to the adsorption/ regeneration cycles); (b) The SO2
adsorption capacity after desorption.
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sorbed SO2 can be desorbed in the nitrogen atmosphere and
at the same heating conditions. As a result, the Straw-NH
is regenerated, and in consecutive adsorption/ regeneration
cycles, SO2 adsorption capacity gradually decreases.
3.7 Characterization
3.7.1 Physical properties and elementary analysis

This study includes assessing the physical properties
(specific surface area, pore volume, average pore diameter)
and element content of the Straw-RS and Straw-NH. Table
2 presents the parameter characteristics. The BET surface
areas obtained from N2 adsorption isotherms for Straw-RS
and Straw-NH were 3.6964 and 1.565 m2/g, respectively.
After amine grafting, there was a decrease in specific surface area and micropore volume; this results is consistent
with Namasivayam and Tan’s research [22, 23]. After modification, N increased significance, from 1.21% to 3.09%.
Physical property and element content tests indicate an absence of pore structure in the Straw-NH, and illustrate that the
amine group was grafted on the straw. Sulfur dioxide adsorption was primarily dominated by chemical adsorption.

3.7.2 XRD

Figure 5 shows the XRD patterns of the Straw-RS and
Straw–NH. The Straw-RS has 2  diffraction peaks at 14.7◦,
22.5◦, and 34.5◦; this can be attributed to the typical crystalline form of rice straw. After etherification and amination,
the crystallinity of straw markedly declined. The –OH group
in the texture of the straw reacted with the ECH, reducing
hydrogen bond density and partially destroying the crystalline structure [24]. This improved the accessibility and reactivity of functional groups, facilitating the reaction between the SO2 and amine group.
3.7.3 FT-IR

The FT-IR technique is important in identifying characteristic functional groups; Figure 6 presents the FT-IR spectra of Straw-RS and Straw-NH. These spectra show a substantial increase in a number of bands. The spectrum of the
Straw-RS exhibited O–H stretching absorption at approximately 3427 cm-1, C–H stretching absorption at approximately 2927 cm-1, and C=O stretching absorption at approximately 1635 cm-1 [25]. The band at 607 cm−1 is associated
with the special vibration of chloric alky groups. The peaks
at 1452 and 1645 cm-1 were assigned to the deformation and
bending vibrations, respectively, of the N-H bond in StrawNH [26]. Further, the C-N stretching vibration at approximately 1120 cm-1 increased significantly. These resulted
from introducing amine. The FT-IR spectrums of Straw-RS
and Straw-NH indicated that the largest changes in the straw
were the decrease in the hydroxyl group and the increase in
the amino groups serving as SO2 removal adsorption sites.
4. CONCLUSIONS

FIGURE 5 - XRD patterns of (a) Straw-RS, (b) Straw-NH.

For this study, straw-based, environmentally friendly,
and low-cost adsorbents were prepared to remove SO2. Experiments show that Straw-NH was effective in adsorbing
SO2, with a saturated sulfur capacity reaching ~130 mg/g.
This is comparable to activated carbon. SO2-saturated adsorbents could then be regenerated at 120 ◦C; the SO2 adsorption capacity maintained at a relatively high level, even
after five adsorption/regeneration cycles. The physicochemical analysis showed that the amine group was introduced onto the straw; the adsorption of sulfur dioxide was
mainly dominated by chemical adsorption. This demonstrates the effectiveness and efficiency of the synthetic
route, and that straw has the potential to be a practical alternative for removing SO2.
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ABSTRACT
In order to further elucidate vegetation patterns under
land-ocean interactions, to protect and restore the coastal
wetland alternatively and effectively, spots were set in a
new-born coastal wetland, serving as the perfect example
for a vegetation survey in the Yellow River Delta. The
new-born coastal wetland was formed in 1996, without any
effects of human activities since then. Plant communities
composed by herbaceous plants and few woody plants
characterized the zonal distribution from the river to the
sea. The herbaceous plants emerged from the river bank or
the sea beach to the inner upland, while the woody plants
changed with opposite trends. Most plants near the river
were not halotolerant, while plants near the sea were
mainly halophytes. Species richness and Shannon-Wiener
index coincided with this similar trend. Species diversity in
the upland was larger than that near the river or the sea. The
upstream seed bank was responsible for vegetation species.
In spite of stable water tables, salinity governed by the Bohai Sea tide and water-sediment regulation of the Yellow
River had measurable effects on vegetation composition
and distribution.
KEYWORDS: Composition structure, species diversity, spatial distribution, influenced factors

ble ecological structures were particularly crucial to form
and maintain wetland function. In this respect, formation,
distribution and succession of plant communities were
pre-requisites in the new-born wetland. Therefore, vegetation patterns herein and their affecting factors are paramount to evaluate wetland functions of the whole wetland
ecosystems. Despite extensive studies on vegetations in
matured wetlands (natural status or degraded status or restored status) [3-11], examination studies in young wetlands were few.
The Yellow River Delta (YRD), covering 18,000 square
kilometers [3], is one of the youngest deltas in the world.
Cumulative and rapid expansion is a result of sediment accretion, which represents 6% of the global river-derived sediment [12]. Shoreline length and delta area in 1989-2009
were increasing at rates of 1.26 km/yr [13] and 8.69 km2 /yr
[14, 15], respectively. Vegetation patterns varied obviously
but much less facts are known on potential influence factors
in facing of land-ocean interaction. Continuously young
wetlands without human activities afford ideal template to
answer this question. In 2011, we conducted an in situ survey in the new-born coastal wetland in the YRD, attempting 1) to indicate vegetation patterns in the new-born
coastal wetland, and 2) to probe the potential influencing
factors which result in these patterns.

2. MATERIALS AND METHODS
1. INTRODUCTION
2.1 Study area

With a view to global wetland degradation and disappearance, coastal wetlands, formed continuously in the estuary, are vital to maintain ecosystem health. The new-born
wetland cannot only compensate wetlands loss, but also
provide habitats for the flora and fauna. However, under
the ocean-atmosphere interactions [1], coastal wetlands are
subjected to frequent but regular flood and ebb; thereby,
coastal wetlands are mutable and vulnerable, involving
highly variable material exchange and energy flux [2]. Sta* Corresponding author

The study area lies in the east of the Yellow River
Delta Nature Reserve (YRDNR) (Fig. 1), and is formed
since 1996 by the diversion of Qingbacha River, which is
the watercourse of the Yellow River. The YRDNR covered
by natural saline vegetation is the largest newly formed
wetland in the coastal area of China, whose vegetation coverage is 55.1%. It offers an over-wintering and breeding
habitat for migrating birds in the Northeast Asian Inland
and the Western Pacific Rim [8]. Climate here is a warm
temperate continental monsoon, with the distinctive seasons and a rainy summer. The annual average temperature,
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rainfall and evaporation is 12.1 °C, 551.6 mm and 1962
mm, respectively. Frost-free period lasts 196 days per year.
Tide regime in this region is regular. Underground water is
seasonally changed but relatively stable [16]. Current surface water is governed by precipitation and upriver water.
2.2 Data collection and calculation

Supported by the RS technology, pre-observation of
vegetation with nine obvious bounds were found in the
new-born wetland from the river to the sea. Therefore, we
choose a 500m-width belt transect which was perpendicular to the river channel (Fig. 1). Ten quads were set randomly
at each community; their geographic coordinates and elevation were marked by GPS. A-H spots are less than H-J spots
but more diverse. Survey routes are the straight-line in A-H
quads and “S”-line in H-J spots. Monthly plant coverage,
density, height and species in each quad were recorded constantly from May to November. The total data were collected
from 700 quads, which were 1m×1m in the herbaceous community and 5m×5m in the woody community.
Previous studies suggested that soil roperty transformed over the long time (more than 20 years). Soil in
quads has the uniformed properties; so, we only collected
soil at each quad to analyze its salinity, often been affected
by the tidewater.

Importance value (IV) was used to indicate the importance of species in a community. Richness Index and
Shannon-Wiener index were used to describe the species
diversity. They were calculated as follows:
1) Importance Value (IV)
(1)
IV  ( RH  RC  RF ) / 3
where: IV as the importance value, RH for the relative
density, RC for the relative coverage, and RF for the relative frequency.
2) Richness Index (R)

RS

(2)

3) Shannon - Wiener Index (H)
n

H   ( Pi  log Pi )

(3)

i 1

where: S as total number of species, Pi as relative abundance of species "i", and n is the number of individuals of
species "i".
All statistical analyses were performed using the SPSS
software version 13.0 (SPSS Inc., Chicago, Illinois). The
analysis of variance (ANOVA) and the LSD (Least Square
Difference) post-hoc test of significance were used to compare SOC within and across different groups. The mean
values are reported with 95% confidence intervals.

FIGURE 1 - Sample distribution in the Yellow River Delta.
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3. RESULTS
3.1 Community structure from the river to the sea

Although the investigated wetland was young, vegetation was obviously in zonal distribution. In order to identify
the domain species, we defined species with importance
value larger than 0.5 as the dominant and 0.2~0.5 as the subdominant ones. The dominant species varied greatly from
the river to the sea. Plant community evolved with the water
and salt condition accordingly. More halophytes emerged
near the sea and not-halophyte types mostly settled close to
the river.
20 species were found in a field investigation. From
river bank to sea beach, communities were Mudflat (A),
Typha laxmannii Lepech Community (B), Calamagrostis
pseudophragmites Community (C), Ciralummaackii MaximMiscanthus sacchariflorus Community (D), Miscanthus sacchariflorus Community (E), Salix matsudana Koidz.-Phragmites australis Community (F), Phragmites australis Community (G), Tamarix chinensis-Phragmites australis Community (H), Tamarix chinensis-Suaeda salsa Community
(I), and Suaeda salsa Community (J), respectively (Fig. 2).
They were described as follows in detail.
A. Mudflat close to the Yellow River
Large area mud-flat appeared when freshwater level
was low. The mudflat is about 40 m in width. Lots of plants
grow rapidly at the mudflat but fragmented and undersized
distributed. Involved species were S. salsa, Polygonum
lapathifolium, Salicornia europaea, Chenopodium album,
Sonchus arvensis, Calamagrostis pseudophragmites, P.
australis, Typha laxmannii Lepech., Potentilla supina
Linn., and Carex phacota Spr.. The community changed
seasonally due to regular hydro regimes of the Yellow
River. All plants would be washed away at the flooding
season.
B. Typha laxmannii Lepech Community
It was about 10 m in width, and 90% was covered
by plants. Average plant height was 100~120 cm. T. laxmannii, P. australis and C. pseudophragmites are found in
this community. IV of T. laxmannii was the greatest (0.848),
while IV of the other two species was lower than 0.2. So, this
community was a pure T. laxmannii Community, which was
often flooded by the spring tide of the Yellow River. Only
three species could survive from the lower salinity condition.
C. Calamagrostis pseudophragmites Community
It was 5-7 m in width, with 80-90% plant average
coverage, and the average plant height was 100-140 cm.
Species found in this community were C. pseudophragmites, T. laxmannii, Glycine soja, P. australis, Tamarix
chinensis and Apocynum venetum, respectively, of which
C. pseudophragmites was the most important one. This region was less flooded by the Yellow River than community
B. Therefore, C. pseudophragmites, suitable under these water conditions dominated the whole community.

D. Ciralummaackii Maxim- Miscanthus sacchariflorus
Community
It was 12-15 m in width, with 89-90% plant coverage, and the average plant height was 80-140 cm. More
species emerged in this community like Ciralummaackii
maxim, Miscanthus sacchariflorus, G. soja, T.laxmannii., P.
australis, Sonchus arvensis, Artemisia annua L., Tamarix
chinensis, Salix matsudana Koidz., and C. pseudophragmites. There was no dominant species, but two sub-dominant
species governed the whole community: C. maxim and M.
sacchariflorus.
E. Miscanthus sacchariflorus Community
It was 6-15 m in width, with 90-100% plant coverage, and average plant height was 120-160 cm. Plants in
this community included M. sacchariflorus, C. maxim, T.
laxmannii, G. soja and S. arvensis. M. sacchariflorus was
predominant in this community.
F. Salix matsudana Koidz.- Phragmites australis Community
As the third largest community in the new-born wetland,
it was about 71 m in width. There were S. matsudana, P. australis, T. chinensis, A. venetum, G. soja, C. maxim, Cynanchum chinense, Imperata cylindrica (L.) Beauv. and Miscanthus sacchariflorus in this community. IV of S. matsudana
(0.466) was the largest but still lower than 0.5. Therefore, S.
matsudana and P. australis are the dominant plants in this
community.
G. Phragmites australis Community
It was about 10 m in width, with 90-100% average,
and plant heights ranged from 120 to 160 cm. P. australis, A. venetum, S. salsa, C. maxim, S. arvensis and G. soja
were found in the community. P. australis had the highest
IV value (0.758), and the community was thereby considered to be a pure P. australis community.
H. Tamarix chinensis- Phragmites australis Community
It was about 15 m in width, with 90-100% plant coverage. T. chinensis (IV, 0.502) was the dominant species in this
community and P. australis (0.498) was the sub-dominant
species. Average height of T.chinensis was 150-200 cm,
while P. australis was 80-120 cm high.
I. Tamarix chinensis- Suaeda salsa Community
It was 660 m in width and the second largest one in the
newly-born wetland. Average plant coverage was 70-80%.
T. chinensis, S. salsa (150-200 cm height) and P. australis
(20-40 cm height) were found there, and the average height
of P. australis was 60 cm. T. chinensis was the dominant
species and S. salsa was the sub-dominant species.
J. Suaeda salsa Community
It was the largest community extending to the sea in
the new-born wetland. T. chinensis, S. salsa and P. australis were found herein. S. salsa was the most important species. P. australis plants were patches while T. chinensis
was found accidentally.
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FIGURE 2 - Distribution of vegetation community in the new-born wetland: A, mudflat; B, Typha laxmannii Lepech Community; C, Calamagrostis pseudophragmites Community; D, Ciralummaackii maxim - Miscanthus sacchariflorus Community; E, Miscanthus sacchariflorus
Community; F, Salix matsudana Koidz. - Phragmites australis Community; G, Phragmites australis Community; H, Tamarix chinensis - Phragmites australis Community; I, Tamarix chinensis - Suaeda salsa Community, and J, Suaeda salsa Community.

sea. Species richness of the riverside mudflat had the largest species richness though its Shannon-Wiener index being zero, due to plants' short life. In sea beach, no species
but Suaeda salsa was found, leading also to a zero Shannon-Wiener index.

3.2 Species diversity (from river bank to sea beach)

Species richness and Shannon-Wiener index were used
to depict species diversities. Species richness and Shannon-Wiener index had similar trends (Fig. 3), which were
larger in inland community than those near the river or the
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FIGURE 3 - Shannon-Wiener (A) and richness (B) index of the community from river to sea.
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FIGURE 4 - Plant resources left by tide in a new-born coastal wetland in the Yellow River Delta.

FIGURE 5 - Soil salinity of each community

3.3 Main influence factors

Many factors like climate, rainfall, topography, slope,
soil type, and groundwater could affect vegetation types
and distribution. To our knowledge, soil moisture and salinity were the most powerful drivers in the YRD [16].
As a new-born wetland, seed banks (including seed,
root and stem) provide possibility for original vegetation
development. The spring tide of the Yellow River brings a
lot of seeds, roots and stems of plants (Fig. 4), which would
colonize when environment is satisfied, and then, plant
communities will be formed gradually by colonization and

seed germination. However, this lack of knowledge related
to spread, deposition and composition of seed banks makes
it difficult to interpret plant succession here.
Hydrological regime changes of the Yellow River
and tide regime dominate the vegetation patterns obviously. From winter to the next June, mudflat was exposed
as a result of lower water tables. Plants occupy mudflats
rapidly on this bad status, but, typically in C-G communities, will be washed away completely at the end of the Yellow River flood in June. However, plants colonizing higher
terrain grow better than A and B communities. Vegetations
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not suitable for water logging died when they were flooded
for over one week. Communities H-I were affected by both
sea and fresh water, but the sea tide was in predominant
position. Most plants herein, like Tamarix chinensis and
S. salsa, could endure higher salinity conditions. Community J was affected particularly by the sea tide. The beach
was flooded for a long time during spring, and most S.
salsa died, while, when tide retrieved and the beach was
exposed again, seed residues in soil would germinate again
until the next spring tide. All S. salsa nearby the Bohai Sea
grew periodically with hydro-period of the sea.
Soil salinity increased obviously from river to sea in
this region (Fig. 5). Vegetation structures show significant
response to salinity trend. Near the river, plants were not
halo-tolerant. At the shoreline, only salinity-tolerant plants
survived, for instance, T. chinensis, S. salsa and P. australis. Especially salinity tolerance of S. salsa was at its maximum in the YRD; thus, it leads the whole shoreline to be
almost a pure community.

4. DISCUSSION
Many factors can affect vegetation formulation, composition structure and distribution, such as resources of
seeds [17, 18], water regime [19, 20], salinity [21], presentday life [22-24], elevation, etc. [10]. Vegetation in delta
could rapidly respond to the alterations in environmental
conditions [25], and the fluctuating hydrological regime
and salinity have been termed as the major factors controlling plant distribution patterns [26].
Seed bank is often used to predict the early vegetation
establishment and the secondary succession in wetlands, as
proven in previous studies. However, species composition
of the aboveground vegetation may be sometimes different
from the seed banks [27]. In the new-born wetland, the
spring tide brings a lot of seeds as colonization sources, if
the environment is appropriate. Nevertheless, how the seed
bank supports vegetation patterns is still poorly understood.
Water regime herein is characterized by a pattern of
flooding, drying, or water level changes [28, 29]. These
changes are described according to when water level
changes occur, how much, how fast and how long [5, 30].
Hydro regimes govern the establishment and composition
variations of the wetland to a vital extend [31].
As the most commonly studied components, water
depth and hydro-period had pronounced effects on vegetation growth, composition structures and diversities [7, 23,
30, 32-34]. Studies in James Bay coastal marshes implied
that vegetation close to river or sea changed dramatically
because the water regime varied frequently. In the inner
land area of the delta, growth and community structure of
vegetation were more stable due to fewer effects by the water regime [35]. It is almost identical to our present work.
In this paper, plant communities were in zonal distribution from the river to the sea. The herbaceous plants changed

from the river or sea to the inner upland, while the succession trend of woody plant changed from the inner upland
to the river or sea. Plants near the river were not halotolerant, while plants near the sea were mainly halophyte. Species richness and Shannon-Wiener indexes also showed
similar trends. Species diversities of the community at upland were larger than those near the river or sea. At the
mudflat, the Shannon-Wiener index was zero due to their
short life. The Shannon-Wiener index near the sea shore
was also zero for few plants. Plant communities were more
stable when the communities were distributed far from the
river or the sea.
In addition, only 20 plant species, much fewer than
those recorded in a matured wetland in this region, were
found though we surveyed hundreds of quads in this study.
Three factors were potentially responsible for this phenomenon. Firstly, the study area was formed since 1996. There
was not enough time for some species to spread or develop.
Secondly, the seed bank did not germinate completely because of the unsuitable environmental conditions. Thirdly,
human activities had fewer impacts on this new area; therefore, some human crops are not found.
In order to illustrate mechanisms of vegetation formulation, distribution and succession in a new-born wetland,
continuously in-situ observation on plants, soil and water
regime were a must to differentiate solely or to demonstrate
co-effects of each factor on vegetation formulation, distribution and succession. At the same time, laboratory experiments were essential in a greenhouse to ascertain potential
plant species carried by the tidewater (river or sea), and explicit suitable conditions for the germination and establishment of these potential species.
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PCDD/FS EMISSION AND CONTROL CHARACTERISTICS FOR
COMBUSTION OF HEAVY METAL HYPER-ACCUMULATORS IN
A VERTICAL ENTRAINED FLOW TUBULAR REACTOR
Shengyong Lu*, Longjie Ji, Yingzhe Du, Tong Chen, Xiaodong Li, Jianhua Yan and Alfons Buekens
State Key Laboratory of Clean Energy Utilization, Institute for Thermal Power
Engineering of Zhejiang University, Hangzhou, 310027, People's Republic of China

ABSTRACT
Heavy metal hyper-accumulators (HMHs) have been
widely used to treat soils highly contaminated with heavy
metals using phyto-extraction. Although it is a promising
remediation technique, the resulting HMHs need themselves further safe disposal to avoid arising of secondary
pollution. Incineration is an efficient approach for dealing
with waste, but waste incineration releases PCDD/Fs as undesirable and toxic by-products. Sedum alfredii is one of
the HMHs capable to accumulate zinc, cadmium and lead.
Based on the combustion of Sedum alfredii in a vertical entrained flow tubular reactor, the influence of different
burning temperatures and additives is examined on the
PCDD/Fs' fingerprint. The concentration of PCDD/Fs in
flue gas (FG), fly ash (FA), and bottom ash (BA) was determined by high-resolution gas chromatography, coupled
with high-resolution mass spectrometry (HRGC/HRMS).
The results revealed that PCDD/Fs tend to enrich in flue
gas and are mainly formed by de novo synthesis. Especially, the concentration of PCDD/Fs in flue gas could be
reduced effectively by adding activated carbon at 850 °C.

KEYWORDS:
Hyper-accumulators, incineration; PCDD/Fs, HRGC/HRMS

gies, a series of studies could be found [6, 7]. Utilizing different types of heavy metal hyper-accumulators (HMHs)
are the focus of recent numerous soil remediation technologies. Research has revealed that some plants also have
characteristics of super accumulation of organic compounds,
such as polycyclic aromatic hydrocarbons (PAHs) [8]. However, the harvested HMHs are likely to cause secondary pollution to the environment without appropriate treatment.
Incineration is a feasible, economic and environmental-friendly treatment method [9]. The thermal treatment
on HMHs is currently only in a small test level [10, 11]. In
addition to HMs emission, dioxins are considered as other
pollutants during waste incineration. Polychlorinateddibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and dioxin-like polychlorinated biphenyls
(dl-PCBs), are collectively called dioxins or PCDD/Fs
[12, 13]. Dioxins are the by-products of combustion and
solid waste incineration and ubiquitous in all major environmental matrices (atmosphere, soil, sediment, etc.) [14].
HRGC/HRMS has always been considered as the "gold
standard" in methods for dioxins analysis [15, 16].
Sedum alfredii is a perennial herb, with deciduous
leaves and top or tip branched stems capable to phyto-accumulate zinc, cadmium and lead [17, 18]. This paper studied its thermal treatment in an entrained flow tubular reactor, to identify the order of magnitude of flue gas dioxins
and heavy metals. A mutual influence between both pollutants was also investigated.

1. INTRODUCTION
Soil quality in China suffers from the rapid growth of
industrialization, population and environmental deterioration. This resulted in large increases of the heavy metal
(HM) content in soil [1-3]. HMs in soil have the characteristics of long residual time and the potential to elicit negative effects on humans and wildlife. In the past 20 years,
extensive researches about influences on the ecological environment from HM pollution have been done [4, 5]. In view
of the heavy metal-contaminated soil remediation technolo* Corresponding author

2. MATERIALS AND METHODS
2.1. Sample Preparation

Sedum alfredii (mixed leaves and stems) was collected
from Fuyang City (Zhejiang Province, East China). It was
cleaned by distilled water and kept in a dark and ventilated
place until being dry. After crushing and drying to constant
weight at 85 °C, it was thoroughly mixed and sealed in
plastic bags as feed for further experiments. Ultimate,
proximate and other elemental analyses of Sedum alfredii
biomass are listed in Table 1.
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TABLE 1 - Ultimate, proximate and other elemental analyses of Sedum alfredii biomass.
Ultimate analysis
Proximate analysis
Other elemental analysis
Component
Value
Component
Value
Component
Value
C (%)a
36.8
Ash (%)b
13.3
Cd (ppm)c
16.9
H (%)a
3.65
Moisture (%)b
9
Zn (ppm)c
869
35
Volatile Carbon (%)b
46.8
Cu (ppm)c
20.2
O (%)a
2.02
Fixed Carbon (%)b
30.9
Pb (ppm)c
3.52
N (%)a
0.25
S (%)a
a
Ultimate analysis data were expressed on air-dry (ad) basis; b Proximate analysis data were expressed on the air-dry (ad) basis, and the total mass
percentages of ash, moisture, volatile carbon, and fixed carbon equal to 100%; cAnalysis performed by Flame Atomic Absorption Spectro-photometry
(Varian Spectr AA 220FS).

FIGURE 1 - Schematic diagram of the entrained flow tubular reactor.

2.2. Vertical Entrained Flow Tube Furnace Experiments

Figure 1 schematically shows the entrained flow combustion equipment. The reactor is electrically heated by a
three-stage alloy resistance wire and 1100 mm in height,
and 300 mm and 60 mm in outer and inner diameter, respectively. Thermocouples and a temperature controller
automatically measure and adjust the combustion temperature. Dried and crushed bio-mass was fed into the furnace
by a water-cooled screw feeder. A speed-adjustable electromagnetic motor automatically controlled the feed-rate.
The furnace was heated to reaction temperature at the primary air flow-rate of 1.4 m3/h (linear velocity). A GASMET DX 4000 Fourier Infrared Gas Analyzer was used to
measure the oxygen concentration in the flue exhaust pipe.

All flue gas samples were acquired isokinetically with
a sampling flow fluctuating between 0.8 and 1 L/min. The
fly ash was collected from the cyclone separator and the
bottom ash by emptying the bottom of the furnace. Two
absorption bottles with 5% HNO3 + 10% H2O2 solution
were used to gather heavy metals, referring to the U.S. EPA
method 29 [19]. Flue gas flowed through XAD-2 resin and
toluene in sequence, and dioxins were collected based on
U.S. EPA method 23 [20].
Experimental conditions are shown in Table 2. Kaolin
and activated carbon were added as additives to the feed.
In every experiment, the primary air flow-rate was 1.4 m3/h
and the average oxygen content in the off-gas ranged from
6 to 7.5 %.
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TABLE 2 - Key parameters used for the incineration experiments in
entrained flow tubular reactor.
No.
1
2
3
4
5
6

Average oxygen content
（Vol. %）
6
7
6.5
6.8
6.7
7.5

Temperature
(°C)
750
800
850
900
850
850

Additives
None
None
None
None
Kaolin
Activated Carbon

2.3. Analysis of heavy metals

All solid samples (plants, fly ash, bottom ash) were digested with a solution of HNO3 and HCl (3:1 by volume)
in a CEM MARS 5 closed microwave digestion instrument
before heavy metal analysis. Thereafter, an inductively
coupled plasma emission spectrometer (Thermo Fisher
iCAP-6300, USA) was used to determine the concentrations of Cd, Zn, Pb and Cu.
2.4. Analysis of PCDD/Fs with HRGC/HRMS

For HRGC/HRMS analysis, 2 g (dry matter) of fly ash
or bottom ash samples were soaked for one hour in 20 volumes solution of hydrochloric acid. The mixed solution
was filtered and the filtrate was then liquid-liquid extracted
by dichloromethane. The filter and filter residue was extracted by Soxhlet extraction for 24 h in 250 ml toluene,
after being spiked with a mixture of 13C-labeled PCDD/Fs
internal standard. The extracts obtained by liquid-liquid
and Soxhlet extraction were mixed and concentrated to 12 ml by rotary evaporation. The extract was purified using
a multilayer silica gel column and activated carbon column
following U.S. EPA method 1613 [21]. The extracts were
concentrated to 20 μl in a pressure blowing concentrator and
internal standard solution was added before samples were
subjected to PCDD/Fs analysis by using HRGC/HRMS
(JEOL JMS-800D) with a DB-5MS column (60 m×0.25 mm×
0.25 µm). The GC temperature program and mass spectrometry were described by Chen et al. [22].

increased from 0.14 ng-TEQ/Nm3 to 0.87 ng-TEQ/Nm3
when temperature was raised from 750 to 900 °C (without additives). Emission concentration of PCDD/Fs was 0.57 ngTEQ/Nm3 without additives at 850 °C. When the active carbon was added to flue gas, PCDD/Fs concentration was reduced to 0.08 ng-TEQ/Nm3, with a removal efficiency of
86%. The ability of absorbing PCDD/Fs by activated carbon in flue gas is mainly due to its large specific surface
area [23]. Activated carbon also has a strong adsorption
ability to heavy metals [11]. The literature showed the effective control of dioxins in flue gas by applying bag filter
and activated carbon adsorption method simultaneously
[24]. If operation parameters are optimized, the removal efficiency of dioxins will be 97-98%, reducing the PCDD/F
emissions in flue gas below 0.1 ng-TEQ/Nm3. However, the
concentration of PCDD/Fs increased by 150% (1.43 ngTEQ/Nm3 ) when kaolin was added. This may be due to the
composition of kaolin, promoting the formation of more
toxic 1,2,3,4,6,7,8-HpCDD [25]. In terms of total recovery,
kaolin was the most effective additive for recovery of the
heavy metals and control of the heavy metal content in the
flue gas from combustion [11]. However, activated carbon
would be a more efficient adsorbent, when considering and
controlling both heavy metals and PCDD/F emissions in flue
gas.

FIGURE 2 - Characteristics of heavy metal and PCDD/Fs emission in
flue gas (FG) under different experiment conditions (AC represents
activated carbon, and KL represents kaolin).

3. RESULTS AND DISCUSSION
3.1. Elemental analysis of Sedum alfredii

Sedum alfredii is rich in volatiles and ash (Table 1) and
has high accumulating capability; yet, this sample is still rather lean in Zn (869 ppm) and Cd (16.9 ppm), respectively.
Cu (20.2 ppm) is reputed to be the best catalyst for forming
dioxins, and its typical content in municipal solid waste fly
ash is definitely higher (>0.06 wt. % or >600 ppm) than in
these tests.
3.2. Characteristics of HMs and PCDD/Fs emissions in flue gas

Figure 2 shows the outlet concentration of HMs and
PCDD/Fs in off-gas generated for different combustion
conditions of Sedum alfredii in the vertical entrained flow
tubular reactor. The concentration of PCDD/Fs gradually

The concentration of zinc in flue gas is one or two orders of magnitude higher than copper, lead and cadmium,
as in Sedum alfredii plants. Heavy metals are carried over
in flue gas both by entrain-ment and volatilisation. Temperature has a significant impact, by raising the vapour
pressure of HM chlorides and enhancing the rates of diffusion [26, 27]. The levels of Cu and Pb show a rising trend
from 750 to 900 ºC, while the levels of Cd and Zn vary
erratically. In line with Cu, the dioxins emissions escalate
with temperature. Metals and oxygen are necessary conditions for de novo synthesis of PCDD/Fs, and Cu2+ was recognized as the most effective catalyst of promoting dioxins
formation [28].

4474

© by PSP Volume 24 – No 12a. 2015

Fresenius Environmental Bulletin

TABLE 3 - PCDD/Fs homologue patterns in flue gas samples (I-TEQ percentage, %).
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF

750 °C
10.26
10.69
1.24
2.32
1.81
0.54
0.04
2.18
2.02
46.15
4.20
4.45
9.62
3.39
0.90
0.15
0.05

800 °C
7.82
8.13
1.25
2.59
1.56
0.94
0.09
2.00
1.61
44.08
5.28
6.62
12.01
3.53
2.06
0.31
0.10

850 °C
2.12
3.76
0.80
2.04
1.35
0.93
0.09
1.02
1.21
47.46
5.32
7.33
18.14
4.40
3.01
0.67
0.35

Two major pathways have been proposed to explain
the formation of PCDD/Fs during incineration: (1) de novo
synthesis, i.e. formation from macro-molecular carbon and
organic or inorganic chlorine present in the fly ash matrix
at low temperature (250-350 °C); (2) precursor route, over
chloro-phenols of polychlorinated diphenyl ethers [29].
Principal component analysis (PCA) has been widely
applied to analyse the congener profiles of PCDD/Fs in various environmental media and the original sources of various
PCDD/F congeners [30, 31]. The ratio of PCDDs to PCDFs
is suggestive of the dominant route of PCDD/Fs produced.
The ratios of PCDDs to PCDFs for all flue gas samples in
this experiment are less than 1 (0.11-0.51), implying that
de novo synthesis is always dominant [32]. Table 3 shows
the PCDD/Fs congener profiles of flue gas samples and reveals 2,3,4,7,8-PeCDF is the major I-TEQ value contributor of the 2,3,7,8-PCDD/F congeners. Even though consistent homologue distribution tendency existed between
the added activated carbon sample and the other five samples, several significant differences still can be seen from
the diagram. For example, 2,3,4,7,8-PeCDF content is obviously lower than that of other contents, and 1,2,3,7,8PeCDF and 2,3,7,8-TCDD are apparently higher than other
contents. This may indicate that activated carbon has different adsorption effects on PCDD/Fs congeners, which
means degradation or generation reaction may occur during the process of activated carbon adsorption.
Three characteristics divide the flue gas samples into
two distinct groups: the first group is samples from the incineration conditions of 850, 900 °C without additives and
850 °C with kaolin, and the second group is samples from
the incineration conditions of 750, 800 °C without additives
and 850 °C with activated carbon. For the first group, the
percentages of 2,3,4,6,7,8-HxCDF and 1,2,3,6,7,8-HxCDF
are in the second place. However, 1,2,3,7,8-PeCDD and
2,3,7,8-TCDD are the second abundant congeners for the
second group samples, and TEQ values of the first group
samples are much higher than those of the second group.
The ratios of [PCDDs]:[PCDFs] of the first group samples

900 °C
1.14
4.13
0.69
1.66
1.09
0.90
0.09
0.83
1.52
39.01
7.13
10.63
19.97
5.70
4.36
0.74
0.42

850 °C+AC
13.26
11.29
2.20
2.84
2.92
0.96
0.18
8.03
7.49
30.65
3.02
5.39
5.91
3.49
1.56
0.53
0.26

850 °C+KL
1.70
5.84
0.94
1.56
1.21
0.69
0.05
1.36
1.86
48.08
7.92
9.05
14.18
2.74
2.49
0.26
0.07

(0.11-0.14) are much lower than those of the second group
(0.29-0.51).

FIGURE 3 - Characteristics of PCDD/Fs emission in FA and BA under different experimental conditions.
3.3. Characteristics of PCDD/F distribution in fly ash (FA) and
bottom ash (BA)

Figure 3 shows the relationship between PCDD/F concentration and temperature in FA and BA during combustion
process in the vertical entrained flow tubular reactor. The
concentration of PCDD/Fs in FA ranged from 0.03 ngTEQ/g to 0.45 ng-TEQ/g, increasing with rising temperature. That was nearly two orders of magnitude lower than fly
ash from medical waste incineration (6.9-67.3 ng-TEQ/g)
[33], and one order of magnitude lower than living waste incineration (0.78-2.86 ng-TEQ/g) [34]. However, the concentration of PCDD/Fs varying from 0.008 ng-TEQ/g to 0.011
ng-TEQ/g is extremely low in BA. That is about one order
of magnitude lower than FA, implying that dioxins tend to
be enriched in FA. Two generating ways of dioxins, regardless of the precursor synthesis or de novo synthesis, can be
summarized to low temperature heterogeneous catalytic re-
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TABLE 4 - PCDD/F homologue patterns in solid samples (I-TEQ percentage, %).

2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF

FA1
30.72
20.32
2
2.5
1.03
0.36
0.08
3.71
0.54
23.04
4.82
4.32
1.06
4.49
0.9
0.07
0.04

FA2
19.6
12.62
2.65
2.77
3.19
1.16
0.08
3.59
1.35
31.14
5.74
6.71
2.49
5.63
1.11
0.13
0.04

FA3
46.37
13.29
1.35
1.56
0.62
0.21
0.07
2.34
0.73
14.01
4.4
6.8
3.01
4.16
0.79
0.25
0.06

action on the surface of fly ash. The surface of fly ash is the
main reaction place of dioxins formation.
According to literature, the PCDD/Fs content in BA is
in the part per trillion (ppt) order of magnitude due to high
temperature [35]. Thus, BA does not belong to hazardous
waste in assessment of PCDD/Fs.
Table 4 shows the PCDD/F fingerprint characteristics
in the solid phase. The low chlorinated congeners (2,3,7,8TCDD, 2,3,4,7,8-PeCDF, and 1,2,3,7,8-PeCDD) were the
three major I-TEQ contributors. In weight values, OCDD
was the dominant congener in PCDD and HxCDF, and the
major congener in PCDF. The PCDF/PCDD ratios varied
from 1.11 to 2.04, and PCDF led over PCDD in the whole
temperature range. The results have been critically evaluated and indicate that de novo synthesis is the dominant
mechanism. In general, given the design of the furnace
structure and '3T' principle (high temperature, long residence time and fully turbulent flow) for ensuring the stable
combustion, de novo synthesis will dominate in the cooling
process of flue gas. The ratio of (PCDF)/(PCDD) is usually
above 2 in advanced incineration system. However, the ratios are basically less than 2 in this experiment. Therefore,
this burning system can only be called a small experimental
incineration system. Furnace structure, flue gas purification system and other aspects need to be further improved.

FA4
11.88
6.19
2.3
2.37
0.75
0.36
0.02
2.31
3.03
46.85
7.5
6.11
3.75
5.21
1.18
0.17
0.04

BA1
38.08
17.63
3.06
4.68
1.17
0.47
0.05
1.79
0.94
21.31
4.54
2.05
1.38
2.06
0.45
0.31
0.03

BA2
15.28
27.89
1.49
2.53
1.55
0.44
0.09
2.49
0.94
33.49
2.56
2.62
5.29
2.06
0.93
0.27
0.07

BA3
24.73
25.83
1.41
4.28
5.55
1.39
0.48
4.05
1.39
12.78
2.84
4.48
6.97
2.46
0.69
0.35
0.33

BA4
35.8
29.75
1.36
1.47
0.9
0.35
0.05
2.02
0.99
10
3.13
7.89
0.41
5.5
0.3
0.05
0.05

1 illustrating that de novo synthesis is the dominant mechanism in HMHs combustion process. T4CDD, 2,3,4,7,8PeCDF, and 1,2,3,7,8-PeCDD are the major I-TEQ value
contributors in both the BA and FA samples. This may illustrate that low chlorinated homologues make greater contribution to the TEQ. The removal efficiency of PCDD/Fs
when adding activated carbon is obviously higher than adding kaolin. Considering the common goal of inhibiting the
emission of PCDD/Fs and heavy metals simultaneously, activated carbon is the most effective adsorbent.
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ABSTRACT
The nanotechnology industry, a rapidly growing industry, can have substantial impacts on economy, society
and environment. Silica nanoparticles (SNPs) are used as
food additive in many processed foods, in pharmaceutical
drug tablets, glass, electronics and as hydrophobic anticancer drug. Studies on the genotoxic risk related with the
new emerging nanomaterials are of increasing interest,
mainly on those compounds with limited information on
their potential genotoxic risk. In this study, we have evaluated the genotoxicity of different concentration of both the
microparticulated form (silicon dioxide, SMP) and nanoparticles (15nm) of Silica on Allium cepa root meristem cells.
Onion bulbs were exposed to SNP/SMP in solution. Our results show that the DNA damage in the cells exposed to all
concentrations of SNP are statistically significant in comparison to the control cells, while the DNA damage in the cells
exposed to only the highest concentration (100 μg/mL) of
microparticulated silica is statistically significant in comparison to the control cells. We can conclude that the microparticulated silica were not able to increase the DNA damage in
low concentrations, but all applied doses of SNP are capable
of inducing high levels of DNA damage.

properties of nanomaterials have led to increasing concerns
about their potential toxicological risk. For that reason,
nanotoxicology and nanogenotoxicology are increasing as
a novel field, looking for the potential toxicity of nanomaterials as well as for their mechanisms of action [2-4].
Silica NPs induces inflammatory and oxidative stress
responses both in vivo and in vitro [5-7], but cytotoxicity
are only observed at high concentrations [8-9]. Respirable
crystalline Silica NPs has been classified as a human lung
carcinogen [10]. Ultrafine Silica NPs may be important in
carcinogenesis. Wang et al. [10, 11] demonstrated that ultrafine Silica NPs are cytotoxic and genotoxic in cultured
human cells. Silica NPs also have an impact on nuclear integrity by forming intranuclear protein aggregates that can
lead to inhibition of replication, transcription and cell proliferation [12].
The aim of this study is to assess genotoxicity of different concentrations of both microparticles and nanoparticles (15 nm) of silica on root meristem cells of Allium cepa
by comet assay.

2. MATERIALS AND METHODS
2.1. Chemicals

KEYWORDS: Comet assay, Silica nanoparticle, DNA damage, Allium cepa, Genotoxicity

1. INTRODUCTION
Manufactured nanomaterials have interesting physicochemical properties, so their industrial applications are rapidly increasing in the world. Wide expansion of applications area of nanomaterials implies the growing existence of
such materials around us. Today, although some people are
exposed to different nanoparticles (NPs), a very dramatic increase in the number of exposed people is expected in the
near future [1].
The important biological reactivity of nanometals, in
comparison with their corresponding bulk materials, may
also suppose an increased toxicity, both systemic and on
the genetic material. Thus, the ultra-small size and unique

Silicium dioxide (SiO2) or silica (CAS No: 7631-86-9,
All characteristic properties of SMP are given in Table 1),
low melting-point agarose (LMA), normal melting-point
agarose (NMA), trisma base, ethidium bromide (EtBr),
EDTA disodium salt dehydrate, phosphate-buffered saline
solution without Ca+2, Mg+2 (PBS), HEPES, potassium chloride (KCl), triton X-100, sodium chloride (NaCl), and sodium hydroxide (NaOH) were obtained from Sigma Chemical Co. (St. Louis, MO) and ethyl methanesulfonate (EMS)
were purchased from Sigma-Aldrich (St Louis, MO, USA).

* Corresponding author
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TABLE 1 - Characteristic properties of silica microparticules
Related Categories
Form
Purity
pH
Boiling Point
Melting point
Density
Molecular weight

Colloidal
99 %
9.9
2230 oC (L)
> 1600 oC (L)
1.356 g/mL at 25 oC
60.08 g/mol
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2.2. Nanoparticle characterization

The physical characteristics of 15 nm SNP, according
to the manufacturer, is: for 15 nm, density (1.205 g/cm3),
and surface area (200 m2/g). To confirm such characteristics, further characterization of SNP was carried out by using transmission electron microscopy (TEM), dynamic light
scattering (DLS) and laser Doppler velocimetry (LDV) methodologies. TEM methodologies used were carried on a JEOL
JEM-2011 instrument to determine size and morphology.
DLS and LDV were performed on a Malvern Zetasizer
Nano-ZS zen3600 instrument for the characterization of
hydrodynamic size and zeta potential, for these measures
SNP was dispersed in distilled water.
2.3. Cell viability assay

The viability of cells was evaluated as quickly as possible with a mix of fluorescein diacetate (FDA) and ethidium bromide (EtBr) [13]. Cells were stained with a 1:1
solution of 80 μg/mL FDA plus 50 μg/ mL EtBr and observed under a fluorescence microscope (Nikon Eclipse
E200) with an excitation filter of 488 nm (blue light). Living cells were stained green, while dead cells exhibited
their nuclei stained orange. Two hundred cells were
scored for viability in each treatment. More than 70% of
cells were viable in the applied treatments, and this agrees
with the conditions required for the comet assay [14].
2.4. Plant material and chemical treatment

To test the genotoxic potential of several mutagens, A.
cepa is the most relevant model organism [15-19]. A. cepa
(2n = 16) onion bulbs (5–10 g, 25–30 mm diameter), without treatment, were purchased from a local supermarket.
Healthy onion bulbs were grown in the dark in a cylindrical
glass beaker at room temperature (25 ± 1 °C) and given a
renewed water supply every 24 h. When the roots reached
2–3 cm in length, the 4 best growing bulbs were treated
with three different concentrations (1, 10, and100 μg/mL)
of both SMP and SNP suspensions dispersed in distilled
water for 18 h at room temperature in the dark. For dispersion, SMP and SNP were subjected to ultrasonication (S250D, Branson Sonifier, USA) at 20 kHz for 16 min in an
ice-cooled bath. Selection of the concentrations of tested
chemicals was based on the results of cell viability assay
and previously published data [16-20]. Distilled water and
EMS (4 mM) were used as negative and positive controls,
respectively.
2.5. Isolation of Nuclei of Allium cepa Root Meristem Cells and
Comet Assay

The comet assay was carried out on isolated nuclei of
A. cepa as previously described [15, 17, 20, 21] with slight
modifications. After the treatments with SMP, SNP, the
negative control, and the EMS, we isolated the nuclei of
the excised root meristem cells separately for each treatment in order to prepare the slides [22]. Twenty milligrams of root tips (from 15 to 30 root tips) were placed in
a 60-mm petri dish kept on ice and spread with 1 mL of
ice-cold Tris-MgCl2 buffer (0.2M Tris, pH 7.5; 4 mM

MgCl2-6H2O; 0.5% w/v TritonX-100). The roots were immediately and gently chopped using a fresh razor blade,
and isolated root nuclei were collected in the buffer. The
plate was kept tilted on the ice so that the isolated nuclei
would collect in the buffer. The nuclei were filtered through
a 60 μm nylon net filter and precipitated by centrifugation at
200 g (~1000 rpm) for 5 min (4 °C) in a swinging bucket
rotor. The pellet was then resuspended in 200 μL of TrisMgCl2 buffer. The integrity of the nuclei was checked under a microscope (100×magnification) after staining with
ethidium bromide (60μg/mL). Two comet slides were prepared for isolated nuclei from each treatment. One hundred microliters of the nuclear suspension were mixed
with 100 μL of 0.8% LMA prepared in PBS. The nuclei
and agarose were gently mixed by repeated pipetting using a cut micropipette tip and then layered onto microscope slides precoated with1% NMA (dried for 25 min).
The slides were immediately covered with cover slips and
kept on ice for 5 min to solidify the agarose. After solidification, the cover slips were removed, and 100 μL of molten
8% LMA prepared in PBS was spread on the slides. The
slides were again covered with cover slips and kept on ice
for 5 min. Then the cover slips were removed, and the
slides were placed in a horizontal gel electrophoresis tank
filled with freshly prepared, chilled electrophoresis buffer
(1 mM Na2EDTAand 300 mM NaOH, pH ≥13) and incubated for 30 m into allow DNA unwinding. Electrophoresis
was conducted in the same buffer for 30 min at 25 V (1 V/cm)
and 300 mA. To avoid additional DNA damage, all these
steps were performed under dimmed light. Unwinding and
electrophoresis were done in an ice bath. After electrophoresis, the slides were gently rinsed 3 times at intervals of
5 min in fresh chilled 400 mM Tris buffer (pH 7.5) stained
with 50 μL of ethidium bromide (EtBr) solution (60 μg/mL)
for 10 min and covered with a coverslip. For visualizing
DNA damage, slides were examined at 400× magnification
using a fluorescence microscope (Nikon Eclipse E200)
connected to a CCD camera and an image analysis system
(Comet assay IV version 4.11, Kinetic Imaging, UK). In
this study, 2 independent experiments were conducted,
and 100 randomly selected cells (50 cells on each of the
2 replicate slides) were analysed for each experiment. All
the values were obtained from the mean± standard error
of 2 independent experiments: in total 200 cells for each
concentration. The cells with no head or a dispersed head
were regarded as apoptotic cells and were not included in
the analysis.
2.6. Statistical Analysis

The statistical analysis was performed using SPSS
21.0 software. The percentage of DNA in the tail (% DNA
tail) and tail moment (μm) were measured as comet parameters. All data were presented as arithmetic mean ± standard error. The statistical approach was Student’s t-test,
which was used to evaluate the significance of the difference in DNA damage between the control and treated cells.
Results were considered statistically significant at P < 0.05.
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3. RESULTS AND DISCUSSION
In this study, three different concentrations (1, 10, 100 μg/
mL) of 15 nm sized SNP and SMP were tested in Allium
cepa root meristem cells by Comet assay. Each treatment
was performed in duplicate, and the results were gathered
for the purpose of statistical analyses. Once established,
these concentrations were subjected to a test for cytotoxicity in root meristem cells, with the aim of evaluating the

survival percentage of individuals treated with the different
doses. All the survival percentages, however, were within
the established limit of 70%.
To characterization of the 15 nm SNP we used TEM
for determination, size distribution and morphology of selected size SNP. The obtained result from TEM is indicated
as figure (Fig. 1) showing that the majority of SNP were in
spherical shape and no marked agglomerations were ob-

A.

B.

15 ± 0.9 nm

C.

-69.9 mV

FIGURE 1 - Characterization of SiO2 NPs (15 nm). (A) Typical Transmission electron microscopy (TEM) images. (B) and (C) represents size
distribution and zeta potential, by DLS and LDV characterization.
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FIGURE 2 - Genotoxic effects of SNP and SMP in Allium cepa meristematic cells as measured by tail moment in the comet (* P < 0.05 versus
control (water) using Student’s t-test, ** P < 0.01 versus control (water) using Student’s t-test, *** P < 0.001 versus control (water) using Student’s
t-test)
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FIGURE 3 - Genotoxic effects of SNP and SMP in Allium cepa meristematic cells as measured by % DNA in the comet (* P < 0.05 versus control
(water) using Student’s t-test, ** P < 0.01 versus control (water) using Student’s t-test, *** P < 0.001 versus control (water) using Student’s t-test)
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FIGURE 4 - Time dependent changes at the intensity of SNP

served following the dispersion protocol used. The observed average size of SNP agrees with the reported by the
supplier. The average hydrodynamic diameter and zeta potential of the different SNP suspensions were determined
by DLS and LVD. DLS values were 15 ± 0.9. The obtained
Zeta potential value was −69.9 mV.
The results obtained in the comet assay show that all
concentrations of SNP are genotoxic on the root meristem
cells of A. cepa in terms of both the percentage of DNA in
tail and tail moment for all tested concentrations, while
only highest concentration (100 mM) of SMP is genotoxic
(Figures 2-3). The results obtained from SNP application
showed that there is no dose dependent increased in DNA
damage for both categories. On the other hand, the results
from SMP showed dose dependent increase for % DNA
and tail moment categories.
Mu et al [23] showed silica NPs can easily penetrate to
cytoplasm but not within membrane bound vesicles. Many
in vitro studies have demonstrated that Silica NPs are cytotoxic and cause oxidative stress [5-7, 23-25]. Polar compounds and NPs are tightly-bound physically to plasma
membrane and induce oxidative stress, potentially change
permeabilization of cell membranes that is the most important feature of cell membrane [23]. Silica NPs are used
in many processed foods as food additive, in pharmaceutical drug tablets, glass, electronics and hydrophobic anticancer drug [26]. Widespread production and use of silica
nanoparticles are increased in term of their toxic and genotoxic mechanisms. Demir et al. [27] also reported that different nanosized Silica (6, 15, 30 and 55 nm) have high
ability to interact with DNA and to cause primary DNA

damage in an in vitro model as human peripheral blood
lymphocytes and HEK293 cells. In contrast, the microparticulated silica was not able to increase the DNA damage
[27]. Demir et al. [28] were tested different sized Silica
NPs by Drosophila wing somatic mutation and recombination test and Comet assay with Drosophila haemocytes, and
they showed that size is important for the level of Oxidative
damage and DNA damage level [28]. The presence of cell
wall in plant cells makes it challenging to extent the NP
delivery methods available for animal cells.
Although there are very limited studies on potential effects of NPs in plant cells, Kumari et al [29] reported the
potential genotoxic risk of different nanoparticles on the
root meristem cells of Allium cepa are available in the literature. Ag NPs reduced mitotic index from 60% to 28%
on the root meristem cells of A. cepa [29]. TiO2 NPs also
reduced mitotic index from 70% to 21% and increased
chromosomal aberrations on the root meristem cells of A.
cepa [30]. Different sized of ZnO NPs and TiO2 NPs induced DNA damage at (% DNA tail and tail moment categories in A. cepa root meristem cells [31]. On the other
hand, in plants, an increasing interest for the comet assay
was shown in the last decade [32-34]. This versatile technique appears to be promising to detect the genotoxic effect
of pollutants and to monitor the environment.
According to our results, SMPs increased both % DNA
tail and tail moment values as dose-dependent, but this increment is only significant at highest concentration. However increased DNA damage (% DNA tail and tail moment) by SNPs are not dose-dependent, but all concentrations are statistically significant from control values. It has
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been noted previously that silica NPs show fast agglomeration which directly influences the uptake into the cell [35,
36]. We also showed the time dependent changes at the radius and intensity of SNP (Figure 4, Table 2). As shown at
Table 2; all the particles are sized at 15 nm at time 0 but
the radius of SNP getting increase dependent on the time.
Majority of SNP reached the 135 nm radius at 18 h, this
results show that in the treatment of the highest concentrations of SNPs (100μg/mL) to the cells, SNPs agglomerated
and therefore its penetration into the cell might be decreased. So, low amount of penetration of SNP into the
cells may be eliminated by plant cell's own defence system.
For this reason, further studies should be carried out to determine molecular mechanisms of cellular defence system
in plant cell exposed to SNPs. Also, the threshold dose for
genetic response should be determined for more safe use of
SNPs.

4
18

Percentage (%)
100
24
76
13
87

Lin, W., Huang, Y.W., Zhou, X.D. and Ma, Y. (2006) In vitro
toxicity of silica nanoparticles in human lung cancer cells.
Toxicol Appl Pharmacol. 217:252–259.

[7]

Sayes, C.M., Reed, K.L. and Warheit, D.B. (2007) Assessing
toxicity of fine and nanoparticles: comparing in vitro measurements to in vivo pulmonary toxicity profiles. Toxicol Sci.
97:163–180.

[8]

Chang, J.S., Chang, K.L., Hwang, D.F. and Kong, Z.L. (2007)
In vitro cytotoxicitiy of silica nanoparticles at high concentrations strongly depends on the metabolic activity type of the
cell line. Environ Sci Technol. 41:2064–2068.

[9]

Jin, Y., Kannan, S., Wu, M. and Zhao, J.X. (2007) Toxicity of
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Toxicol. 20: 1126-1133.
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TABLE 2 - Time dependent changes at the radius of SNP
Time (hours)
0

[6]

Radius (nm)
15
6
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ABSTRACT
The chemical fraction of Heavy metals (Cu, Fe, Mn,
Ni, Zn, Cd, Cr and Pb) in surface sediments from Yinchuan
section of Yellow River in China were measured by a sequential extraction to evaluate the distribution and pollution level of heavy metals. The metals in sediments were
found to be in the range of Fe, 21240.0~29143.3 mg/kg,
Mn, 485.27~674.83 mg/kg; Cr, 5.66~15.86 mg/kg; Ni,
29.25~53.40 mg/kg; Pb, 0.32~4.55 mg/kg; Cd, 0.73~
1.11 mg/kg; Zn, 75.87~89.33 mg/kg, and Cu, 18.83~
28.89 mg/kg. The arrangement of metal contents from
higher to lower was: Fe>Mn>Zn>Ni>Cu>Cr>Pb>Cd. Fe,
Mn and Cu performed common origin according to their
correlations. The quantity of immobile fraction (residual)
was observed to be higher when compared with mobile
fraction (acid soluble, reducible, and oxidizable) of Fe, Zn,
Cd and Cr. The highly enrichment factors of Cd, Cr and Pb
could create a high environmental risk. The order of contamination level for heavy metals in sediment was Cr>Pb>
Cd>Cu>Fe>Ni>Mn>Zn on the basis of performance of enrichment factor, geo-accumulation index and pollution
load index.
KEYWORDS:
Heavy metals, surface sediments, fraction, pollution assessment

1. INTRODUCTION
River sediments play an important role to provide a
reasonable history of pollution in the river. Sediments act
as both carriers and sinks for contaminants in aquatic environments. Trace elements, especially heavy metals, are
among the most common and significant environmental
pollutants [1]. Due to rapid urbanization and industrialization, heavy metals have been continuously introducing into
the aquatic environment [2]. Heavy metals are added to an
aquatic ecosystem by natural or anthropogenic sources [3].
* Corresponding author

Natural sources mainly include weathering of soil and
rock, erosion, forest fires and volcanic eruptions; whereas
urban and industrial discharge, mining and refining and agricultural drainage cause by anthropogenic activities produced overloading metals into the rivers. Knowledge of the
distribution and concentrations of the heavy metals in the
sediments can help to detect the source of pollution in the
aquatic systems. Over the past few decades, the pollution
of rivers with toxic metals had been attracting considerable
public attention [4-6].
It is accepted that total heavy metal content itself was
not a good measurement of bioavailability and not a very
useful tool to determine the potential risks from soil and
sediment contamination. The environment impact of heavy
metal contaminants strongly depended on the metals fraction, mobility, and bioavailability [7-11]. Sequential extraction method, based on the process known as fractionation
where a sequential series of selective extraction methods
were employed to selectively dissolve or solubilize the different solid phase forms or mineralogical fractions, had often
been used to study the fraction and possible associations between metals and soil or sediment components [12]. The
early methods proposed by Tessier et al (1979) [13], and
many modified procedures including the BCR method, were
developed with the different sequences of reagents or the
modified operational conditions [14-19]. The chemical
fractions of heavy metals in surface sediments which collected from Yingchuan section of Yellow River were investigated to analyze the bioavailability by a five-step sequential extraction procedure, and the contamination level
was assessed were assessed using the enrichment factor
(EF), geo-accumulation index (Igeo) and pollution load index (PLI).

2. MATERIALS AND METHODS
2.1. Study area

Yingchuan was the largest city in Ningxia province of
China and a hub of industrial activity. The coastal zone of
Yellow River in Yingchuan was extended up to 80 km that

4485

© by PSP Volume 24 – No 12a. 2015

Fresenius Environmental Bulletin

was exposed to heavy pollution load of both domestic and
industrial origins. The Yingchuan section of Yellow River
covered a range of 55 km long, including industrial area,
domestic inhabitation area, and landscape area.
2.2. Sampling procedure and samples preparation

Sediment samples were taken in April 2012 from 5 locations in Yingchuan section of Yellow River (Table 1).
The surface sediment samples (5~10cm) and soil samples
on natural riverside were collected from shallow bottom
sediments using a grab sampler. A plastic spoon was used
for collecting samples from grab in order to avoid metal
contamination. Immediately after collection, the samples
were placed in a polyethylene bag and preserved at a low
temperature. Samples were transported to the laboratory,
freeze dried and ground with a mortar and pestle then
passed through a sieve with 1mm opening. The metals concentration of soil samples was measured as background,
and the contents and chemical partitioning of metals in sediments were determined by following the modified BCR
sequential extraction procedure.
TABLE 1 - Geological locations of sediment sampling points at
Yingchuan section of Yellow River, China
Stations
YC1
YC2
YC3
YC4
YC5

Location

Latitude

Longitude

Tongguixiang of
Helanxian
Hanmuqunyizhi of
Anxingqu
Linhezhen of
Yongningxian
Hongliuzhen of
Yongningxian
Wanghongzhen of
Yongningxian

38°30′42"

106°32′56″

38°27′39"

106°31′57″

38°21′28"

106°24′45″

38°16′53"

106°19′41″

38°30′42"

106°32′56″

2.3. Sequential extraction procedure

The BCR three step sequential extraction procedure
was followed, which divided the heavy metals into acid extractable (F1), reducible (F2), and oxidizable (F3) fraction.
The sediments were introduced into 50 mL Teflon centrifuge tubes containing 20 mL of acetic acid (0.11 mol/L)
and then shaken for 16 h at 25℃. The solution and solid
phases were separated by centrifugation at 3000 rpm for 20
min. Subsequently, the suspension was filtered through a
0.45 μm membrane filter and the solid residues were preserved for the subsequent extractions. The acid soluble
fraction of metals was obtained by measurement of supernatant fluid. The residues from F1 extracted were slurried
with a portion of 20 mL of pH 1.5, 0.5 mol/L hydroxylamine hydrochloride for 16 h at 25℃, to gain the reducible
fraction. The residues from F2 extracted were dispersed in
5 mL volume of pH 2, 8.8 mol/L hydrogen peroxide and
digested at 25℃ for 1 h with occasional shaking in a covered vessel, and then extracted with the hydrogen peroxide
for 1 h at 85 ℃ with occasional shaking to reduce the volume to <3 ml in an uncovered vessel, an additional 5 ml of
the hydrogen peroxide is added and the solution occasionally

agitated for 1 h at 85 ℃ to reduce the volume to <1 ml in
an uncovered vessel, and then 20 ml of pH 2, 1 M ammonium acetate was added, and the solution agitated continuously for 16 h at 25 ℃, the oxidizable fraction was obtained. The residue from F3 was transferred to beakers and
digested using the aqua regia on a hot plate and evaporated
to near dryness. After cooling down, the residues were dissolved in 5% HNO3 to measure the residual fraction. The
concentrations of metals in all of the solutions were subsequently used to determine the content of heavy metals using ICP-MS. Each experiment was conducted with six replicates.
2.4. Pollution assessment

Enrichment factor (EF) was employed to assess the degree of contamination and to understand the distribution of
the elements of anthropogenic origin from sites by individual elements in sediments [20]. Fe was chosen as the normalizing element while determining EF values since in
wetlands it was mainly supplied from sediments and is one
of the widely used reference element.
EF  C n Fe sample C n Fe background
(1)
Where, Cn is the concentration of the element “n”.
Geo-accumulation index (Igeo) was used to assess
heavy metal accumulation in sediments to measure the degree of metal pollution in aquatic sediment studies [21].
(2)
I geo  log 2 Cn 1 .5  Bn 
Where, Cn is the measured concentration of a heavy
metal in surface sediments, Bn is the geochemical background value in average shale of element n, and 1.5 is the
background matrix correction due to terrigenous effects.
Pollution load index (PLI) for each site was evaluated
heavy metal contamination [22]:
C
(3)
CFi  i
C0i
PLI 

n

CF 1  CF 2  CF 3    CF n

(4)

Where, n is the number of metals and CF is the contamination factor. Coi is background concentration. Ci is
metal i concentration in sediments. The degree of contamination can be determinate by pollution load index.

3. RESULTS AND DISCUSSION
3.1. Distribution of heavy metals

Metal contents were ranging over the following intervals:
Cu, 18.83~28.98 mg/kg; Fe, 21240.00~29143.33 mg/kg; Mn,
485.27~674.83 mg/kg; Ni, 29.25~53.40 mg/kg; Zn, 75.87~
89.33 mg/kg; Cd, 0.73~1.11 mg/kg; Cr, 5.66~15.86 mg/kg;
Pb, 0.32~4.55 mg/kg; The mean contents of the metals studied
were: Cu, 24.85, Fe , 25822.6 mg/kg; Mn, 591.86 mg/kg; Ni,
41.00 mg/kg; Zn, 81.20 mg/kg; Cd, 0.95 mg/kg; Cr,
10.51 mg/kg; Pb, 1.93 mg/kg. The mean values of the
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TABLE 2 - Distribution of heavy metals in sediments from 5 sites at Yingchuan section of Yellow River
Metal (mg/kg)

Cu

Fe

Mn

Ni

Zn

Cd

Cr

Pb

YC1
YC2
YC3
YC4
YC5
Maximum
Minimum
Mean
Standard deviation
Background value

28.37
24.59
23.48
28.98
18.83
28.98
18.83
24.85
4.11
13.5

27920.0
26786.6
24023.3
29143.3
21240.0
29143.3
21240.0
25822.6
3185.64
17655.8

624.20
609.70
565.30
674.83
485.27
674.83
485.27
591.86
71.26
582.9

47.19
38.30
53.40
29.25
36.86
53.40
29.25
41.00
9.41
38.05

89.33
83.98
80.01
75.87
76.83
89.33
75.87
81.20
5.54
78.36

0.98
1.11
0.88
1.05
0.73
1.11
0.73
0.95
0.15
0.93

9.78
12.19
9.07
5.66
15.86
15.86
5.66
10.51
3.79
8.24

3.17
4.55
0.97
0.32
0.65
4.55
0.32
1.93
1.84
1.12

TABLE 3 - Correlations for heavy metals in sediments collected from 5 sites at Yingchuan section of Yellow River (* P<0.05, ** P<0.01, *** P<0.001)
Metal
Fe
Mn
Ni
Zn
Cr
Pb
Cd

Cu
0.971**
0.964**
-0.116
0.372
0.762
-0.854
0.200

Fe

Mn

Ni

Zn

Cr

Pb

0.988**
-0.267
0.343
0.877
-0.785
0.314

-0.265
0.233
0.869
-0.858
0.219

0.522
-0.245
0.055
0.186

0.368
0.034
0.801

-0.565
0.595

0.210

heavy metal contents were arranged in the following decreasing order: Fe>Mn>Zn>Ni>Cu>Cr>Pb>Cd. Comparing the background value, the Cu, Cd and Pb presented
higher pollution levels, Mn, Ni, Zn and Cd did not performed evident pollution tendency.
3.2. Correlation analyses

There were significant positive relations among some
metals. The metal pairs Cu-Fe, Cu-Mn, Mn-Fe showed
highly significantly positive correlation at 99 % confidence
level. High correlation coefficient among Cu, Fe and Mn
indicated their common sources, mutual dependence and
identical behavior during transport (Table 3). The absence
of strong correlation among other metals suggests that the
concentrations of these metals are not controlled by a single factor, but a combination of geochemical support
phases and their mixed associations [23, 24]. The results in
this study indicate that most examined metals don’t have
common sources, that is, they may originate from various
sources, and their behavior during the transport may be varied. These metals are not associated with each other, and
they might have different anthropogenic as well as natural
sources [25]. However, a relatively weaker correlation was
found between the elemental pairs between Pb and Ni, Zn
and Pb (Table 3).
3.3. Chemical fraction of heavy metals

Metals in the sediments are bound to various geochemical fractions. The major mechanisms of accumulation of
heavy metals in the sediments lead to the existence of four
basic categories: acid soluble, reducible phase (bound to
iron and manganese hydroxides, oxidizable phase (bound

to organic matter and sulphides), and residual. These categories have different behaviour with respect to remobilization under changing environmental conditions such as temperature, pH, redox potential, salinity, distribution of particle size and hydrodynamic conditions [26]. The metal
forms present, therefore, give an indication of sediment reactivity, which in turn assesses the risk associated with the
presence of these metals in the sediments. For evaluating
the mode of binding of metals in the sediments, sequential
extraction studies have been conducted.
A sizeable fraction of Cu and Zn were present in the
residual fraction and the rest was more or less evenly distributed in all the three non-residual fractions. The Fe and
Cr content in different fractions followed the order: residual, acid soluble, oxidizable and reducible. In the case of
Mn and Pb, the residual fractions were the most dominant
followed by acid soluble, reducible and oxidizable fraction.
The Cd and Ni content in different fraction followed the
order: residual, acid soluble, oxidisable and reducible fraction (Fig. 1).
The metal concentrations present in acid soluble, reducible and oxidisable fraction were most likely to mobilize from the sediments if oxygen or the geochemical conditions change in the surface water [27] and hence were
more available for the food chain [28]. On the other hand
metals present in the residual fraction were strongly bound
to the crystal lattice of minerals and consequently had a low
mobility. Therefore, if the sum of all the three non-residual
fraction was taken as total available metal against the residual fraction, it is observed that in the studied lake system
more than half of every metal was in remobilisable fraction
and can be made available to biota with the change in the
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FIGURE 1 - Percentage of fractions for heavy metals in sediments from 5 sites at Yingchuan section of Yellow River

environmental conditions. The data thus indicates towards
the serious pollution level of the present lake system, which
is being used for both drinking and agriculture.
3.4. Assessment of heavy metals contamination

The Enrichment factor was an effective method for
distinguishing between natural and anthropogenic sources
of pollutions, and it has been widely used since it was first
proposed. According to Judgment standard of contamination degree by enrichment factor, Enrichment factor can be

classified into the following levels [20]: (1) EF≤1.5: no enrichment; (2)1.5<EF≤3: minor enrichment; (3)3<EF≤5:
moderate enrichment; (4)5<EF≤10: moderate severe enrichment; (5)10<EF≤25: severe enrichment; (6)25<EF≤50:
very severe enrichment; (7) EF﹥50: extremely severe enrichment. Based on these EF values, the concentrations of
heavy metals in the surface sediments had increased as follows: Cu, Mn, Cr and Ni were no pollution. Zn was minor
pollution, Pb was minor pollution in station YC5, Cd was
minor pollution in stations YC1 and YC2. The EFs for Zn
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and Cu were particularly high, which could be interpreted
as a situation of contamination due to siltation (Table 4).

risk assessment. According to the RAC, sediment which
can release the metal in acid soluble fraction less than 1%
of the total metal could be considered safe for the environment. On the contrary sediment releasing the metal more
than 50% of total metal in this fraction was considered to
be severely dangerous and can easily enter the food chain.
RAC of Mn appeared to pose medium risk at YC1, YC2
and YC4 sites of the system but high risk at sites YC3 and
YC5. However, Ni and Zn pose medium risk. Others metals are low risks or no risk (Fig. 2).

Sediments which can act as secondary source of pollutants were generally taken as a medium for the assessment
of the risk posed by the pollutants. There was several sediment quality assessment methodologies used for the said
purpose. One of the methods was the risk assessment code
(RAC) criteria, which was based on the percentage of metal
present in acid soluble fraction [24]. Although the RAC
was arbitrary and classical still it was very popular for the

TABLE 4 - Enrichment factors (EF) of heavy metals in sediments from 5 sites at Yingchuan section of Yellow River
Metal

Cu

Mn

Ni

Zn

Cd

Cr

Pb

YC1
YC2
YC3
YC4
YC5

1.06
0.95
1.02
1.03
0.92

0.98
0.99
1.03
1.01
1.00

1.06
0.90
1.40
0.63
1.09

1.02
1.00
1.06
0.83
1.15

0.95
1.13
0.99
0.98
0.94

0.86
1.12
0.93
0.48
1.83

1.52
2.27
0.54
0.15
0.41

TABLE 5 - Geo-accumulation index (Igeo) and pollution load index (PLI) of heavy metals in sediments from 5 sites at Yingchuan section of
Yellow River
Metal

Cu

Fe

Mn

YC1
YC2
YC3
YC4
YC5
Mean

0.49
0.28
0.21
0.52
-0.11
0.30

0.08
0.02
-0.14
0.14
-0.32
-0.04

-0.49
-0.52
-0.63
-0.37
-0.85
-0.56

Ni
-0.27
-0.58
-0.10
-0.96
-0.63
-0.48

Zn

Cd

Cr

Pb

PLI

-0.40
-0.49
-0.55
-0.63
-0.61
-0.53

0.91
1.44
-0.80
-2.41
-1.37
0.20

-0.50
-0.32
-0.66
-0.41
-0.92
-0.54

-0.34
-0.02
-0.45
-1.13
0.36
-0.23

1.43
1.48
1.15
0.95
1.02
1.27
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FIGURE 2 - The percentage of acid soluble fraction of heavy metals in sediments from 5 sites at Yingchuan section of Yellow River
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4. DISCUSSION
Metal pollution could be assessed with respect to
world surface rock averages [29] or the widely used average shale [1] with reference to the degree of contamination.
The source of pollution was therefore determined through
the normalization of geo-accumulation values to the reference element. The degree of pollution in sediments could
be assessed by determining the enrichment factor and indices such as the pollution load index and geo-accumulation
index [23]. According to the Muller scale [21], the calculated results of Igeo indicate that only Cd and Cu could be
considered as from unpolluted to moderately polluted at
some of the study stations (0<Igeo<1). Cd was moderately
polluted at YC2 site. All other metals show unpolluted or
moderately polluted situation for other stations (Igeo<0). This
was the contamination order on the basis of the mean Igeo
values in the following: Cu>Cd>Fe >Pb >Ni>Zn>Cr>Mn.

the knowledge and rational management of the river. Additionally, they could serve as a reference database to assess the future impacts of human activities for Yellow
River.
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PLI could reflect the extent of heavy metals and the
changing extent in time and space [30]. The result of the assessment showed that expect for the unpolluted to moderately polluted region of site YC4, others sites belonged to
moderately polluted. The sequence of pollution extent from
high to low of heavy metals was: Cu>Cd>Fe>Pb>Ni>
Zn>Cr>Mn. The maximum of PLI was at site YC2, while
the minimum was at site YC4 (Table 5).

5. CONCLUSIONS
This study pointed to the heavy metals estimation as
well as the sediment quality criteria of surface sediments
along the Yellow river coast. The mean determined heavy
metals concentrations were in order of Fe>Mn>Cr> Zn>
Ni> Cu>Pb>Cd order. The statistical analysis reflected the
insignificant correlations among most determined heavy
metals. The significant correlation among Fe, Mn and Cu
indicated that these three metals could have common
origin. The absent relation among most heavy metals and
different anthropogenic and nature sources may lead to this
insignificant. Pb, Zn, Cd and Cr performed less proportion
of mobile fraction (acid soluble, reducible, and oxidizable)
comparing with immobile fraction (residual) demonstrated
their stronger stability and lower environmental risk which
could result in negative impacts on the aquatic biota of Yellow River.
The sediment quality was achieved by the geo-accumulation index, enrichment factor, pollution load index
and risk assessment code. The results indicated that Cd and
Cu performed moderate pollution or strongly pollution
along most studied area. Accordingly, except for Cd, Cr
and Cu, all studied heavy metals concentrations in
Yingchuan section of the Yellow River are unpolluted or
moderate pollution. Actually, in spite of the rapid recreational and human developments taken place in Yellow
River coast, the Yellow River have been facing to seriously
threatened. These results could be used as a contribution to
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ABSTRACT
This research presents the very first experimental data
for the extraction of heavy metal ions (Cu and Zn) using
SC-CO2 with dithizone as a chelating agent from aqueous
samples. Extractions by SC-CO2 have been performed at
120 bar & 50⁰C and 72 bar & 30⁰C in dynamic and static
mode. During dynamic extraction, after adding the CO2 on
the aqueous metal solution, the pressure and temperature
were set and extraction was performed in three time periods: 30, 60 and 120 min at constant temperature and pressure, with a flow rate of CO2 2ml/min. Static extractions
were performed near critical conditions (72 bar, 30⁰C) and
in SC conditions (120 bar, 50⁰C). Methanol was used as a
modifier (v/v) 10% and the pH value was set at 10. Metal
content in the solution before and after the extraction was
analyzed by atomic absorption spectrophotometer (AAS).
During dynamic extraction, percentage extraction is increased as a function of time for the two studied metal ions:
Cu (61.12-73.52%, RSD = 2.694, n = 3) and Zn (78.3387.00 %, RSD = 1.243, n = 3). During static extraction, better results were obtained in SC condition (120 bar, T=50 ⁰C),
94.80% for Zn and 93 % for Cu.
KEYWORDS:
Supercritical CO2, heavy metals, extraction, AAS

1. INTRODUCTION
Chelating combined with solvent extraction is one of
the most widely used techniques for pre-concentration and
separation of metal ions from aqueous samples for analytical purposes [1]. In many cases, solvent extraction requires
the use of toxic organic liquids, giving rise to different environmental problems. The technology of supercritical fluid
extraction (SFE) offers the opportunity to efficiently ex* Corresponding author

tract both relatively non-polar analytes as well as ionic materials (such as metal ions) that can be mobilized with the
addition of complexing agents [2]. The SFE method is becoming a popular alternative technique for the extraction
of a wide range organo-metallic and inorganic analytes.
The high diffusivity, low viscosity and variable solvent
strength as a function of density (P, T) are some of the attractive features of SF [3]. Their main advantage lays in the
possibility of separating and drying the product by simple
expansion, while the gas can be recovered, recycled and
reused without the need of purification steps. The environmental benefits of using SFE in industrial processes, such
as low energy consumption during operation, show their
potential of replacing the far more environmentally damaging conventional organic solvents. Carbon dioxide is the
most commonly used solvent as SFE, due primarily to its
low critical parameters (Tc = 31.1⁰C, Pc = 7.38 MPa), being inexpensive, non-toxic, non-flammable, readily available and recycling capability[4-6].
Direct extraction of metal ions by SC-CO2 is known to
be highly inefficient because of the charge neutralization requirement and the weak solute-solvent interactions [7]. CO2
is a non-polar gas and is suitable for solubility of non-polar
substances. In order to increase the solubility of polar species
in SC-CO2, the polarity of SCF must be increased via utilization of co-solvents such as methanol, ethanol [8-10].
Various experiments have been conducted by several
researchers for the extraction of heavy metals using SCCO2 from different sources. In 1992, Laintz, K.E [11]
demonstrated Cu extraction from liquid and solid samples
using SC-CO2 in the presence of ligand bi's (trifluoroethyl)
dithiocarbamate (FDDC). A variety of chelate agents, including dithio-carbamates, β-diketone, reagents organophosphorus compound, macrocyclic compounds and surfactants, are used for metal complexity in SC-CO2.
The main objective of this study was to develop the
SC-CO2 extraction procedure for metal ions in liquid samples and to further elucidate the parameters linked to the
SFE extraction process. The coordination of metal ions was
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achieved through the use of Dithizone. Irving and Andrew
[12] have studied Dithizone as an acid, and they have found
the first dissociation constant. They also concluded that the
extraction of metal-dithizone complex is influenced by pH
value. Based on the literature data [13], higher extraction
efficiency for the Cu (II) and Zn (II) ions was observed in
the pH range from 8-10.
Dithizone is a well-known and widely used ligand as
photometric reagent [14]; it forms complexes with various
metal ions (Figure 1). So far no data is available on usage
of Dithizone as a ligand for the extraction of heavy metals
with SC-CO2.

CO2 pump, bath circulation, oven and vessels were
supplied by “Applied Separation” company. Tubes, valves,
and accessories were obtained from “Nova Swiss” company. For analysis of the extracted metal ions, AAS was
used.

FIGURE 2 -Apparatus for extraction with SC-CO2
2.4 Procedure
FIGURE 1 - Reaction of metal ions with dithizone to form metal-dithizone complex.

2. MATERIALS AND METHODS
2.1 Reagents

ICP standard solutions of copper and zinc were procured from Fluka. Dithizone (MERCK) was used as the
chelating agent. The reagents used were all analytical grade
and of ultra-pure quality. De-ionized water was used in all
our experiments.
2.2 Atomic Absorption Spectrometry (AAS)

Flame Atomic absorption spectrometer (Solaar M6TJA
Solutions) equipped with cathode “hollow” lamps were used
for determining the concentration of Cu and Zn metals. The
burner system air-acetylene was used with a flow rate of nebulizer, 5ml min-1 and wavelengths of Cu: 324.8 nm (0.5 nm)
and Zn: 213.9 nm (0.5 nm).
Calibration of the instrument was made by using
1000 mg/L standard solution of these metals. Concentration of metals is expressed in parts per million (ppm).
2.3 Apparatus

All experiments were carried out in SFE equipment
shown in Figure 2. The experimental setup consists of CO2
tank, pumps, extractor vessel, oven, valves, flow meter, pressure and temperature controller.

During our research, we used both dynamic and
static techniques of SC-CO2 extraction. The dynamic
extractions were performed in three different time periods: 30min, 60min and 120min with the CO2 flow rate
of 2ml/min and process conditions (p=120 bar and
T=50 0C). The static extraction was performed, near
critical conditions (p=72 bar and T=300C) and in SC
conditions (p=120 bar and T=500C). In each case, the
solution to be extracted contained either Cu (II) or Zn
(II) ions.
2.5 Procedure adopted for extraction studies

The desired values of temperature and pressure were
set in the temperature and pressure indicator controller, respectively. After filling the extractor with 20ml of 10mg/L
metal solution of Zn (II) and Cu (II) ions, chelating agent
(Dithizone) was added. Extractions were performed
with/without the addition of modifier (Methanol 10% at
pH=10).The pH was increased by adding NaOH solution).
CO2 was introduced from cylinder (~ 53bar).
During dynamic extraction, liquid CO2 was pumped by
opening the suction valve 2 and valves 7 & 8 in the discharge line of the pump. After reaching the desired temperature and pressure, experiments were performed either in
static or dynamic mode. A metering valve –valve 13 was
always heated during the dynamic extraction to obtain the
desired flow. Measurement of flow rate was done by the
flow meter (14). After the extraction, solution was removed
from the extraction vessel and was digested for 20 minutes
in a microwave with 65% HNO3 at a temperature of 180°C.
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The subsequent solutions were analyzed with AAS (atomic
absorption spectrometry). The extraction efficiencies were
calculated based on the amount of the metal ion in the aqua
sample before and after the extraction.
Static experiments are performed by keeping the extractor contents in the static condition (constant stirring for
30 min) followed by depressurization from the set conditions to ambient.

plexes from water using near critical extraction conditions
was 85.30 % for Zn and 78.80% for Cu. The low recoveries
in extraction efficiency of chelates in near critical conditions can be explained by the change of the CO2 density as
a function of pressure.
TABLE 2 –Percentage extraction of Zn in the presence of modifiers
at temperature and pressure (30°C, 72 bars) and (50°C, 120 bars)

Metal
Zn1
Zn2
Zn3

3. RESULTS AND DISCUSSION
The results of our research are presented in tables and
charts.
TABLE 1 - The mean percent recoveries of Cu and Zn from the SCCO2 using Dithizone as chelating agent
Time

Cu% Recovery [%RSD]

Extraction %

90%
85%
80%
75%
70%
65%
60%
55%
50%

Cu
Zn

30 min

60 min

120 min

Extraction time (min)
FIGURE 2 - Extraction percentage of Zn and Cu in different time
periods at 120bar and 500C

The pH value in the aqueous phase during the extraction process could have decreased (approximately to
pH=3) due to the solubility of pressurized CO2 and formation of carbonic acid. On the other hand, metal-dithizone complex is unstable in an acidic environment. The increase of the pH value of the solution was achieved through
the addition of NaOH (pH=10).
During dynamic extraction, the extraction performance increased with time (Table 2). This increase is linear
in terms of pressure and temperature.
Static extraction efficiency of Zn (II) and Cu (II) dithizone complexes from the aqueous solution were obtained
at two different pressures (72 and 120 bar). Table 2 and 3
present the percentages of each of the studied analytes at
different pressures. Recovery of Zn–dithizone and Cu-dithizone from water at SC condition in the presence of a modifier was higher than 90% while recovery of these com-

P=72 bar ,
T=30 0C
51.80
85.30
53.50

P=120 bar,
T=50 0C
55.00
94.80
62.90

TABLE 3 –Percentage extraction of Cu in the presence of modifiers
at temperature and pressure (30°C, 72 bars) and (50°C, 120 bars)

Zn% Recovery [%RSD]

30min
61.12[2.732]
78.33[1.253]
60min
68.65[1.447]
81.40[1.833]
120min
73.52[2.694]
87.00[1.243]
Notes: Flow rate of supercritical CO2: 2ml/min; Overall % Recovery is
the average of the 3 individual % recoveries; Overall % RSD is the average of the 3 individual %

Percentage recovery of Zn
pH
Modifier
CH3OH
4
CH3OH
10
No modifier
10

Metal
Cu1
Cu2
Cu3

Percentage recovery of Cu
pH
Modifier
CH3OH
4
CH3OH
10
No modifier
10

P=72 bar ,
T=30 0C
71.70
78.80
52.70

P=120 bar,
T=50 0C
89.10
93.00
81.20

The operation pressure is an important variable on the
extraction efficiency, since the pressure has a significant
influence on the solubility of metal-dithizone in the CO2
phase, as well as in the availability of dissolved CO2 and
the pH in the aqueous phase.
Our results show that the increase of pressure from 72
to 120 bars improves the extraction efficiency in all of the
cases.
Increasing the pressure in the extraction experiments
represents a significant density increase in the CO2 phase,
from 268.5 kg/m3 at 72 bar to 510.56 kg/m3 at 120 bar. The
density increase can be associated with an important increase of the complex solubility in the CO2 phase, explaining the large improvement of the extraction efficiency at
120 bar.
Other parameters in this study include the effect of the
modifier in efficiency of extraction. Based on our results,
modifier (methanol) increases the rate of extraction (Tables 2
and 3). Methanol was chosen in this experiment due to its
high polarity and ability to facilitate the transfer of analyte
from aqueous solution to CO2 phase and to increase the polarity of CO2 phase.

4. CONCLUSIONS
SFEof Cu(II) an Zn(II) ions by using Dithizone as chelating agent was studied in this work. The study was conducted by the use of static and dynamic SC-CO2 extraction
techniques. The effect of pH (4 and 10), use of modifiers
(MeOH), T and P were studied for achieving best extraction efficiency. In this context, the extraction efficiency,
which is expressed as a percentage of extraction at three
different operation times (30, 60 and 120 minutes) varies
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(from 61.12 to 73.52 for Cu%; and 78.33 to 87.00 for Zn%)
in fixed values of pressure and temperature (P=120 bar and
T = 500C). During static extraction, better results were obtained in SC condition (120 bar, T=50 0C), 94.80% for Zn
and 93 % for Cu.
From the obtained results, as expected for dithizone
ligand, the best extraction efficiency was obtained at
pH=10. The additionof methanol as a modifier further enhances the extraction efficiency of process.
In conclusion, the use of SC-CO2 can be considered as
a very suitable method for the extraction of heavy metal
complexes.
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ABSTRACT
In the present study an attempt has been made to assess
the chemical quality of groundwater in the vicinity of Mulakalacheruvu area to evaluate its suitability for drinking
and irrigation. Forty groundwater samples were collected
and analyzed for various physico - chemical parameters
(pH, EC, total dissolved solids, carbonates, bicarbonates,
alkalinity, chlorides, sulphates, fluoride, calcium, magnesium, sodium, and potassium). The results indicate that
these parameters are spatially inhomogeneous and all of the
groundwater samples except for one can be classified to be
Ca-Na-HCO3 types. In comparison with international and
national standards, most of the samples can meet the requirement for drinking. Moreover, according to the sodium
absorption ratio (SAR), percentage sodium (% Na) and
permeability index (PI), residual sodium carbonate (RSC),
Kelly’s ratio and magnesium ratio, most of the samples are
suitable for irrigation. Moreover, Gibbs diagram and
Chloro - alkaline indices suggest that water-rock interaction is the main process controlling the hydrochemistry of
the groundwater in the study area.
KEYWORDS: Groundwater, quality evaluation, drinking, irrigation,
hydrogeochemistry, water-rock interaction.

1. INTRODUCTION
Water is considered absolutely essential to sustain life,
especially the water in underground, because it is one of the
major sources of drinking water all over the world [1]. However, the subsurface water table level is being flinching in all
the continents over the world. Groundwater experiencing difficulties from recent climate change, due to natural variability
and to anthropogenic activity. Climate change has the potential to impose additional pressures on water availability and
accessibility [2].
* Corresponding author

The frequency of occurrence of extreme rainfall events
in many parts of Asia has increased, while the number of
rainy days and total annual precipitation has decreased [3,
4]. Apart from this Earlier, water quality concerns studied
were few because good quality water supplies were plentiful
and readily available. The importance of water quality has
recently paying attention because water is required in all facets of life, because about 80% of all diseases are directly related to poor drinking water and unsanitary conditions [5].
The groundwater quality has being impaired by a variety of
factors such as inadequate agricultural, mining practices and
incompetent management of water resources [6].
The groundwater quality depends on various factors
such as general geology, rate of chemical weathering; quality of recharge water and inputs from sources other than
water-rock interaction [7-9]. In India, underground water
has a major role to satisfy the needs of domestic and agriculture purposes because India has an agricultural based
economy. In India, groundwater constitutes about 53% of
the total irrigation potential of the country [10] and about
50% of the total irrigated area is dependent on groundwater
irrigation [11]. About 95% of rural population living in India depends on groundwater for domestic use [12, 13]. This
all leads to overexploitation and pollution of water sources
in India. Control of water pollution and monitoring of water quality has become a global issue of concern as human
populations grow, industrial and agricultural activities expand, and climate change threatens to cause major alterations to the hydrological cycle.
A knowledge on hydrogeochemical processes that
control its chemical composition leads to improved understanding of hydrochemical systems. Further, this can contribute to effective management and utilization of the
groundwater resource by clarifying relations among many
hydrogeological parameters. Therefore, an attempt has
been made in this study to monitor the water quality of Mulakalacheruvu area, Chittoor District, Andhra Pradesh. The
goals of the study include: (1) evaluating the quality of the
groundwater for drinking and irrigation; (2) identifying the
major mechanism controlling the hydrochemistry of the
groundwater.
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2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

2.1 Study area

3.1. Descriptive statistics

The study area occupies north-western part of Chittoor
district in Andhra Pradesh and lies between north latitudes
13˚ 40' and 13˚ 48' and east longitudes 78˚ 15' and 78˚ 25'
(Figure 1). Farmers in the study area are mostly depending
on groundwater for irrigation. The general altitude of the
area varied between 600 m and 900 m. The climate of the
area is dry sub- humid with hot summer and mild winter.
The mean temperature ranges from 22.5 to 31.4ºC. The
area receives moderate rainfall with an average of 800 mm.
In Mulakalacheruvu the water deficit is found from January to September. The total water deficit from January to
September is 714 mm. Red sandy soil is predominant in the
study area over the granites and gneisses of peninsular
gneissic complex.

The analytical results and summary statistics for each
groundwater parameter are summarized in Table 1, respectively. The pH value in groundwater ranges from 7.10 to
8.10 with a mean value of 7.40, indicating an alkaline nature. TDS concentrations of the groundwater range from
473 to 2126 mg/l with an average value of 973 mg/l, the
concentrations of TDS in most groundwater samples are
<1000 mg/l, similar to the fresh water [15].

2.2 Sampling and analysis

To assess the groundwater quality a total of 40 groundwater samples were collected during May 2014 from the
study area (Figure 1). Electrical conductivity (EC) and hydrogen ion concentration (pH) were measured in the field
at the time of sampling. Samples were then collected and
filled up to the brim and were immediately sealed. The
samples were analyzed in the laboratory for various physicochemical parameters such as total dissolved solids
(TDS), total alkalinity, total hardness, and major cations
like calcium, magnesium, sodium, potassium, and anions
like bicarbonate, carbonate, chloride, and sulphate, by using standard methods as suggested by APHA [14].

The groundwater samples have Cl-, SO42-, HCO3- and
CO32- concentrations range from 63.0 to 603, 30.0 to 117,
492to 1512 and 101 to 262 mg/l, with mean concentrations184, 60.9, 922 and 164 mg/l, respectively. The relative
concentrations of the anions occur in the order of HCO3->Cl>CO32->SO42-.As to the cations, the Na++K+, Mg2+ and Ca2+
concentrations of the groundwater range from 81.0 to 337,
24.0 to 195 and 81.0 to 343 mg/l, with averaged 167, 66.9
and 151 mg/l, respectively. The relative concentrations of
the cations occur in the order of Na++K+> Ca2+> Mg2+.
Previous environmental studies revealed that a low coefficient of variation (< 10%) indicates the low degree of
spatial variation, whereas a high coefficient of variation (>
90%) indicates high degrees of spatial variation [16]. In
this study, the groundwater samples have the lowest coefficient of variation of pH values (CV = 0.04) relative to
major ion concentrations (CVs range from 0.17 to 0.62),
indicating that the pH values of the groundwater are spatially homogeneous, whereas major ion concentrations are

FIGURE 1 - Map of the study area with sample locations
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TABLE 1 - Descriptivestatisticsofanalytical results (unit: mg/l, CV-Coefficient of variation).
pH

Ca2+

Mg2+

Na++K+

HCO3-

CO32-

Cl-

SO42-

F-

TDS

EC

Min

7.10

81.0

24.0

81.0

492

101

63.0

30.0

0.53

473

780

Max

8.10

343

195

337

1512

262

603

117

1.50

2126

2720

Median

7.40

136

60.0

145

872

162

152

53.5

1.23

940

1445

Mean

7.40

151

66.9

167

922

164

184

60.9

1.19

973

541

CV

0.04

0.38

0.48

0.37

0.29

0.27

0.62

0.40

0.17

0.40

0.37

p-value

<0.01

<0.01

<0.01

<0.01

<0.01

0.07

<0.01

<0.01

<0.01

0.01

0.01

FIGURE 2 - Trilinear diagram for representing the analyses of groundwater quality (Piper diagram)

inhomogeneous. Moreover, only the CO32- concentrations
can pass the normality test (Table 1) (p-value > 0.05), implying that other ions may have multi-sources.

type. Evaluation of the water types using piper plot suggests
that there is a clear indication of the contribution from the
weathering of pyroxenes and amphibole in the hard rocks.

3.2 Hydrogeochemical facies

3.3 Evaluation of water quality for drinking

A Piper plot [17, 18] is constructed from two ternary
diagrams, one of the major cations on the left and one of
the major anions on the right. The points on the two ternary
diagrams are projected upward to a diamond diagram. This
diagram is used to evaluate the hydrogeochemical characteristics of Mulakalacheruvu area (Figure 2). These trilinear diagrams are very useful in bringing out chemical relationships among groundwater in more definite terms than
the other possible plotting methods [19]. The plot shows
most of the groundwater samples (87.5%) are falling in the
field of Ca-HCO3 type and 4 samples in the field of Ca-NaHCO3 type and one sample under the field of Ca-Mg-Cl

Quality of groundwater depends upon the total quality
dissolved solids present in it. The dissolved solids help to
find out the utility of the water for irrigation, industrial and
for drinking purposes. In general the pH of the study area
varies from 7.1 to 8.1. The pH in all the groundwater samples observed from the study area is within the safe limit
(Table 1). The Total dissolved solids (TDS) varied from 473
to 2126 mg/l. 95% of the samples are exceeding the desirable limit of 500 mg/l (water containing more than 500 mg/l
causes gastrointestinal and irritation) and remaining 5 %
samples are falling in safe limits. [20]. The concentration
of Na+ and K+ ranges between 62 to 321 mg/l and 1 to 19 mg/l.
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About 10% of the groundwater samples have higher Na+
concentrations than that of the recommended limit (200 mg/l
for safe water) [15]. In case of potassium 85% of the total
groundwater samples exceeds permissible limit (12 mg/l)
[15].
Dissolved calcium and magnesium in water is the two
most common mineral that make water “hard”. The concentration of Ca2+ and Mg2+ observed from the study area
vary from 81 to 343 mg/l and 24 to 195 respectively. 75.0%
(Ca2+) and 97.5% (Mg2+) of the groundwater samples can
meet the permissible limits (200 and 150 mg/l for Ca2+ and
Mg2+, respectively) of WHO [15]. In the study area, sulphate is present at high concentrations (30 – 117 mg/l), and
all of the groundwater samples have sulphate concentrations lower than the desirable limit (200 mg/l) of WHO
[15]. The concentration of chloride ranged from 63 to 603
mg/l, and 70% and 97.5% of the samples are lower than the
desirable and permissible limits (200 and 600 mg/l, respectively) of WHO [15]. The fluoride ion concentrations vary
from 0.53 to 1.50 mg/l, and all the samples are within permissible limits according to BIS (2012).

3.4 Evaluation of water quality for irrigation

The important parameters that influence the water quality for irrigation were sodium absorption ratio (SAR), percentage sodium (% Na) and permeability index (PI), residual
sodium carbonate (RSC), Kelly’s ratio and magnesium ratio.
All of the calculated results are listed in Table 2.
3.5 Sodium absorption ratio (SAR)

The index used is the Sodium Adsorption Ratio (SAR)
that expresses the relative activity of sodium ions in the exchange reactions with the soil. This ration measures the relative concentration of sodium to calcium and Magnesium.
SAR is an important parameter for determining the suitability of groundwater for irrigation. Excess sodium concentration can reduce the soil permeability and soil structure
[21]. Irrigation using water with high sodium adsorption
ratio may require soil amendments to prevent long-term
damage to the soil (22). SAR is a measure estimated
by2×Na+/ (Ca2+ + Mg2+) (in meq/l). The calculated value
of SAR in this area ranges from 1.20 to 5.39 (Table 2). All the
samples were within permissible limits (<10). A more de-

TABLE 2 -Key parameters about quality for irrigation
ID.

SAR

RSC

PI

KR

MR

%Na

S.N 1
S.N 2
S.N 3
S.N 4
S.N 5
S.N 6
S.N 7
S.N 8
S.N 9
S.N 10
S.N 11
S.N 12
S.N 13
S.N 14
S.N 15
S.N 16
S.N 17
S.N 18
S.N 19
S.N 20
S.N 21
S.N 22
S.N 23
S.N 24
S.N 25
S.N 26
S.N 27
S.N 28
S.N 29
S.N 30
S.N 31
S.N 32
S.N 33
S.N 34
S.N 35
S.N 36
S.N 37
S.N 38
S.N 39
S.N 40

2.96
3.69
2.72
3.18
3.19
2.73
2.52
1.56
2.23
4.36
2.23
2.22
2.46
1.87
2.98
1.20
1.32
2.95
2.13
1.89
1.74
2.53
2.47
1.62
2.71
2.97
3.88
1.71
1.87
3.26
3.03
1.58
2.17
2.69
1.89
2.04
1.85
5.39
5.14
5.39

8.52
8.88
8.15
8.90
11.48
8.40
8.10
6.40
12.2
4.57
11.5
0.54
8.39
11.1
6.20
5.10
10.8
4.05
2.06
0.73
1.38
-0.21
5.37
6.81
8.77
6.24
14.8
12.6
13.1
13.4
17.8
1.44
6.91
9.90
6.74
6.34
6.28
11.4
2.99
0.13

59.0
61.4
57.6
64.3
65.7
68.0
61.8
57.1
64.8
77.4
71.4
48.3
62.0
61.4
62.0
46.1
59.3
47.2
35.9
40.6
38.9
41.9
44.0
43.2
48.6
50.7
69.7
46.2
52.1
52.4
57.1
35.7
47.4
59.4
54.8
56.4
45.7
69.0
62.0
62.5

0.62
0.75
0.58
0.71
0.73
0.71
0.61
0.39
0.54
1.41
0.59
0.46
0.58
0.45
0.69
0.27
0.32
0.48
0.29
0.32
0.29
0.40
0.39
0.28
0.44
0.50
0.87
0.31
0.37
0.54
0.56
0.27
0.41
0.60
0.43
0.47
0.35
1.32
1.01
1.04

45.1
44.9
44.3
48.1
47.9
32.0
42.5
35.4
51.6
44.1
42.5
57.3
48.1
53.0
42.0
50.6
43.5
10.5
57.3
41.8
44.7
42.8
45.7
43.9
47.0
42.6
29.9
47.4
53.5
50.0
38.8
47.6
40.5
49.4
50.4
42.9
27.1
24.7
21.7
24.3

39.6
44.0
38.0
42.9
43.8
43.6
39.6
30.8
36.7
59.4
39.8
33.2
38.4
33.4
42.3
24.1
27.2
33.2
23.0
25.7
23.7
28.9
28.1
22.2
31.2
33.9
46.9
24.9
28.4
35.3
36.4
22.4
30.0
38.0
32.1
34.1
27.6
53.1
51.1
51.8

Chloroalkaline Indices 1
-0.68
-1.35
-0.63
-1.22
-1.16
-0.86
-0.50
-0.05
-0.12
-1.88
-0.32
-0.69
-0.64
-0.93
-1.67
-0.19
0.27
0.18
0.28
-0.05
0.01
-0.15
-0.45
0.14
-0.53
-2.92
-2.54
-1.40
0.70
-0.06
0.13
0.42
0.19
0.17
-1.60
-1.00
0.24
-2.82
-6.15
-2.17
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Chloroalkaline
Indices 2
-0.14
-0.23
-0.12
-0.19
-0.16
-0.13
-0.09
-0.01
0.02
-0.28
-0.04
-0.15
-0.11
-0.10
-0.25
-0.03
0.06
0.08
0.10
-0.01
0.00
-0.04
-0.08
0.03
-0.10
-0.25
-0.22
-0.09
0.42
-0.01
0.03
0.15
0.05
0.05
-0.14
-0.13
0.07
-0.31
-0.61
-0.57

Gibbs Ratio I

Gibbs Ratio II

0.23
0.21
0.23
0.19
0.19
0.22
0.26
0.24
0.22
0.24
0.19
0.30
0.20
0.13
0.19
0.21
0.22
0.40
0.32
0.29
0.27
0.35
0.21
0.22
0.19
0.10
0.12
0.09
0.47
0.28
0.29
0.47
0.35
0.38
0.13
0.17
0.34
0.25
0.17
0.32

0.54
0.59
0.52
0.59
0.60
0.53
0.53
0.41
0.43
0.54
0.53
0.54
0.55
0.52
0.56
0.39
0.40
0.36
0.41
0.37
0.36
0.41
0.42
0.34
0.46
0.47
0.56
0.39
0.46
0.52
0.48
0.36
0.42
0.55
0.49
0.47
0.34
0.64
0.57
0.59
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tailed analysis for the suitability of water for irrigation can
be made by plotting the sodium absorption ratio and electrical conductivity (Figure 3) data on the US Salinity Laboratory (USSL) diagram (23). Accordingly, 92.5% fall in
the category of C3S1, indicating high salinity and low alkali water type, and remaining samples (7.5%) are falling
in the zone of C4S1.

neen [28] and Ragunath [29] evolved a criterion for assessing the suitability of water for irrigation based on permeability index (PI = 100× (Na++ √ HCO3-)/ (Ca2+ + Mg2+
+ Na+), unit in meq/l). As per the Doneen’s chart waters
can are classified as Class I, Class II, and Class III. Class I
and Class II represent waters which are good for irrigation
with 50–75% or more of maximum permeability. Class III
waters are unsuitable with 25% of maximum permeability.
In the study area, the observed PI values varied from 35.7
to 77.4 with an average value of 55.2, which suggest that
all of the groundwater can be used for irrigation.

FIGURE 3 - The quality of groundwater samples in relation to salinity and sodium hazard
3.6 Percent sodium (%NA)

Percent sodium is widely used for evaluating the suitability of water quality for irrigation (24). High percentage
sodium water for irrigation purpose may stunt the plant
growth and reduces soil permeability (25). The sodium Percentage was calculated by 100× (Na+ + K+)/ (Ca2+ + Mg2+ +
Na++ K+)(in meq/l) (26). The percent sodium in the study
area ranged between 22.2 and 59.4. All the groundwater
samples observed in the study area fell within limits of BIS
[27]. Wilcox [24] used percent sodium and specific conductance in evaluating irrigation waters using Wilcox diagram.
An appraisal of the Wilcox diagram (Figure 4) shows that
most of the samples from the study that most of the points
fall in the good to permissible zone (82.5%), indicative of
that the water is suitable for the irrigation purposes and the
remaining points (17.5%) fall in the doubtful to unsuitable
zone indicating that the water is unsuitable for irrigation.
3.7 Permeability index (PI)

The permeability of the soil is affected by the long term
use of water influenced by Na+, Ca2+, Mg2+, and HCO3-. Do-

FIGURE 4- The quality of groundwater in relation to electrical conductivity and percent sodium
3.8 Residual Sodium Carbonate (RSC)

RSC exists in irrigation water when the carbonate
(CO3) plus bicarbonate (HCO3) content exceeds the calcium (Ca2+) plus magnesium (Mg2+) content of the water.
An excess value of RSC in water leads to an increase in the
adsorption of sodium in soil [30]. The results of this include direct toxicity to crops, excess soil salinity (EC) and
associated poor plant performance, and where appreciable
clay or silt is present in the soil, loss of soil structure and
associated decrease in soil permeability. RSC is a measure
employed by calculating (CO32- +HCO3-)-(Ca2++ Mg2+)
[29].RSC value < 1.25 meq/l indicates good water quality.
If the value of RSC is between 1.25 and 2.5 meq/l, the water
is slightly suitable while a value >2.5 the water is considered
as unsuitable for irrigation.RSC values in the study area ranging from -0.21 to 17.8 and about 75% of the observed groundwater samples in the study area exceeds recommended limit,
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7.5% of the groundwater samples fell under marginal suitable and remaining water is suitable for irrigation.
3.9Kelly’s ratio (KR)

It is the ratio of sodium ion to calcium and magnesium
ion in epm [31] and expressed as Na+/ (Ca2 + + Mg2+). The
KR ≤1 is indicative of good quality of water for irrigation
while above one is indicative of unsuitability for agricultural purpose due to alkali hazards [32]. In the study area,
the KRs range from 0.27to 1.41 with a mean value of 0.56,
indicating that most of the samples can be used for agricultural purpose.
3.10Magnesium ratio (MR)

Excess of magnesium in water adversely affect the
quality of soils which is the cause of poor yield of crops
[25], and the magnesium ratio can be calculated by
100×Mg2+/ (Ca2+ + Mg2+). MR >50 is considered harmful
and unsuitable for irrigation purposes [33]. In the present
study, the samples have MRs vary from 10.5 to 57.3, and
20% of the samples exceed the acceptable limit.
3.10 Mechanisms controlling groundwater hydrochemistry
3.10.1 Gibbs diagrams

Gibbs [34] proposed a diagram to understand the relationship of the chemical components of waters from their respective aquifer lithologies. Various factors controlling
groundwater chemistry are analysed by the diagram. Gibbs
diagram consists of three distinct fields namely precipitation
dominance, evaporation dominance and rock dominance. Further, the Gibbs ratios are calculated by: Gibbs ratio I= (Cl-/Cl+HCO3-) and Gibbs ratio II= (Na++K+)/ (Na++K++Ca2+) (unit
in meq/l). In the present study, Gibbs ratio I values varied

from 0.09 to 0.47 and Gibbs ratio II values varied from 0.34
to 0.64 (Table 2). From Figure 5, it is clear that all the samples are falling under rock dominance area. This indicates
that the water-rock interaction plays an important role in
controlling the groundwater chemistry of this area.
3.10.2 Chloro-alkaline indices

The ion exchange between the groundwater and its environment during residence or travel has been studied by
Schoeller [35, 36]. The ion exchange between the groundwater and its host environment during residence or travel
is well understood by studying the chloro-alkaline indices
(CAI 1 and CAI 2). Most of the groundwater samples
(72.5%) have negative values and remaining groundwater
samples have positive values (Table 2). If CAI is negative,
there will be an exchange between Na++K+ with calcium
and magnesium (Ca2 + + Mg2+) in rocks. If the ratio is positive, there is no base change in CAI. The positive value
indicates the absence of Base Exchange. The negative
value of the ratio indicates Base Exchange between sodium
and potassium in water with calcium and magnesium in the
rocks. The chloro-alkaline indices calculated for the ground
water of the study area shows that 63% samples show negative indices and 37 % samples fall in the direct exchange
category.
Additionally, in this study, Ca2+ and Mg2+ were mainly
provided by calcite, dolomite and gypsum, but could be replaced by Na from a source other than halite. Because Cl,SO42-and HCO3-record dissolution of halite, gypsum and
carbonate minerals (calcite and/or dolomite), the (Na+-Cl-)
represented the Na+ gained or lost relative to that provided
by halite dissolution, whereas the (Ca2++Mg2+-SO42- -HCO3-)
represented the Ca2+ and Mg2+ gained or lost relative to that

FIGURE 5 - Gibbs diagram
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provided by calcite, dolomite and gypsum dissolution.
Based on this consideration, cation exchange between Na+
and Ca2+ and/or Mg2+ was refused by the bad correlation
between (Na+-Cl-) and (Ca2++Mg2+-SO42- -HCO3-) in Figure 6.
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4. CONLCUSIONS
Based on the physico - chemical parameters (pH, EC,
total dissolved solids, carbonates, bicarbonates, alkalinity,
chlorides, sulphates, fluoride, calcium, magnesium, sodium, and potassium) of groundwater in the vicinity of Mulakalacheruvu area, the following conclusions have been
made:
(1) The values of physico - chemical parameters of the
groundwater samples vary significantly according to their
concentrations and coefficients of variations. The type of
water that predominates in the study area is Ca- HCO3 type
during based on hydrochemical facies.
(2) In comparison with the drinking water standards
from world health organization and India, most of the parameters can meet the requirement for drinking. In addition, SAR, %Na, PI, RSC, KR and MR suggest that most
of the groundwater samples can be used for irrigation. In
addition to water quality, other factors like soil type, crop
type, crop pattern, frequency and recharge (rainfall), climate, etc. have an important role to play in determining the
suitability of water.
(3) Gibbs diagram and CAI s suggest that water-rock
interaction is responsible for the hydrochemistry of the
groundwater in the study area.
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ABSTRACT
The seedling growth, Cd uptake and accumulation and
toxic effects on leaves in Hordeum vulgare exposed to different concentrations of Cd were investigated by means of
coupled plasma atomic emission spectrometry, electron
microscopy with Energy dispersive X-ray analysis
(EDXA), fluorescence labeling and propidium iodide
staining. The results indicated that Cd inhibited the seedling growth of H. vulgare significantly (P < 0.05) at the
concentrations of Cd from 1 to 100 μM during the whole
experiment (15 d) except for the groups exposed to 1 μM
Cd for 5 d. H. vulgare had the ability to accumulate Cd
primarily in its roots, and transported and concentrated it
in its shoots in much lesser concentrations. Mn accumulation was reduced significantly (P < 0.05) in roots and
shoots treated with 100 μM Cd. Fe accumulation was
greater and lower in roots and in shoots, respectively when
compared with control. Data from Leadmium™ Green AM
dye and EDXA showed that the levels of Cd in stomata,
veins and stomata near necrotic spots in the leaves exposed
to Cd were high. The accumulation of Cd and the cell death
have obvious relevance in the leaves exposed to Cd.
KEYWORDS: Hordeum vulgare; cadmium (Cd); stomata; necrotic
spots; cell damage

1. INTRODUCTION
Cadmium (Cd) is a widespread heavy metal released
into the environment by natural sources, agriculture and
manifold industrial uses [1]. Cd has no known function as
a nutrient and is a particularly dangerous pollutant due to
its high toxicity and solubility in water [2, 3]. Cd is one of
the most important factors limiting normal plant growth
and can be readily absorbed by plants and accumulated in
the human body through the food chain [4]. Once entering
plant cells, Cd, even at low concentrations, influences
many important physiological processes, either directly or
indirectly. The toxic effects of Cd in plants are well demon* Corresponding author

strated concerning with inhibiting chlorophyll synthesis,
decreasing the activity of enzymes and generating oxidative stress, which results in poor growth and low biomass
[5-7]. Therefore, there is an urgent need to elucidate the
mechanisms of Cd toxicity and tolerance in plants.
Higher plants provide a useful genetic system for
screening and monitoring environmental pollutants. Barley,
the fourth most important cereal in the world, is considered
as an ideal model for genetic and physiological study [8].
The aim of our study was try to provide evidence of Cd toxic
effects on the root and shoot growth, Cd localization, cell
damage in leaves of H. vulgare under Cd stress by means
of inductively coupled plasma atomic emission spectrometry (ICP-AES), EDXA, fluorescence labeling and propidium iodide (PI) staining. The data obtained here is very
useful to understand better the mechanisms of Cd-induced
cell toxicity.

2. MATERIALS AND METHODS
2.1 Culture condition and cadmium treatment

H. vulgare L. was used for the experiments. Healthy
seeds and equally-sized seeds were collected and soaked
in distilled water for 24 h before starting the experiments.
The seeds were germinated in moistened gauze in the dark
at 23 °C for 12 h. The seedlings were grown in plastic containers at 23 °C for 24 h, producing roots reaching about
0.6 cm length. Then the seedlings were grown in containers
with 2 L Hoagland’s nutrient solution adding different concentrations of Cd solutions (1, 10, and 100 μM) for 5, 10,
and 15 d respectively in a greenhouse where relative humidity (60%) and supplementary lighting (14 h photoperiod)
were controlled. The Hoagland's solution consisted of 5 mM
Ca (NO3)2, 5 mM KNO3, 1 mM KH2PO4, 50 μM H3BO3,
1 mM MgSO 4, 4.5 μM MnCl2, 3.8 μM ZnSO 4, 0.3 μM
CuSO4, 0.1 mM (NH4)6 Mo7O24, and 10 μM FeEDTA. Cd
was provided as cadmium chloride manufactured by Sigma.
Cd stock solution was prepared in distilled water. The solutions were aerated by pump, which connected the containers with pump lines and changed regularly every 5 d. The
control grew in Hoagland's nutrient solution. In treatment
groups, seedlings were examined for determinations of H.
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vulgare root length at the end of each time interval (5 d).
All treatments were done in three replicates.

2.4 Sample preparation for scanning electron microscope

Elemental distribution and composition of experimental plants was determined from samples of freeze-dried
leaf materials. Ten leaf samples of 1 cm length were cut
from the leaves of H. vulgare exposed to 100 μM Cd for
15 d and rapidly frozen in liquid nitrogen and lyophilized.
The energy dispersive X-ray microanalytical studies were
carried out using scanning electron microscopy (FEI Nova
NANOSEM 230, Oregon, USA) provided with EDXA
(Genesis Apollo 10, EDAX, USA). The spectra were collected by 20 KV and X-ray detector equipped with a super
ultra thin window. The collection time of spectra was 3040s.

2.2 Sampling procedure and Cd determination

Ten seedlings from each treatment and control were
harvested based on uniformity of size and colour (removing the greatest and the smallest seedlings and then selected
randomly) at the end of each time interval (5 d). The seedlings were removed from solution and washed thoroughly
with running tap water for 30 min and then with deionized
water to remove traces of nutrients and Cd ions from root
surfaces. Seedlings were divided into roots and shoots. The
samples were dried to a constant weight (for 3 d at 45°C,
for 1 d at 80°C, and for 12 h at 105°C). All dried plant
samples were prepared using a wet-digestion method [9].
The contents of Cd, Mn and Fe were determined with ICPAES (Leeman Labs Inc., New Hampshire, USA).

2.5 Statistical analysis

Each treatment was triplicated for statistical validity.
Results here were analyzed with standard statistical softwares (SPSS) and SigmaPlot 8.0 using means ± standard
error (SE). Any differences between treatments were determined using one-way analysis of variance (ANOVA). For
equality of averages the t-test was applied. Results were
considered statistically significant at P < 0.05.

2.3 Fluorescence labeling of Cd and propidium iodide staining

H. vulgare leaves from the seedlings treated with or
without 100 μM Cd for 15 d were stained using the Cd specific probe Leadmium™ Green AM solution (Molecular
Probes, Life Technologies, California, USA). The methods
are described in more detail [10]. To visualize damaged
leaf cells induced by Cd, leaves from plants exposed for the
same treatment groups mentioned above were stained with
PI (PI, P4170; Sigma, Sigma-Aldrich, Buchs, Switzerland), according to Koyama et al. [11]. These leaves were
double stained with fluorescence labeling of Cd and PI. Intact cells exhibit green fluorescence due to Cd specific
probe Leadmium™ Green AM, and PI provides red fluorescence of nuclei in damaged cells, as PI has very low
penetrability across intact membranes [12]. The fluorescence density was analyzed using “Analyse and Measure”
function of the Image J software (NIH, Bethesda, MD,
USA) to evaluate distribution in the leaves of H. vulgare
seedlings treated with or without 100 μM Cd.

Leaf length (cm)

25

The effects of Cd on H. vulgare root and shoot growth
varied with Cd concentration and treatment time. The
leaves treated with 1 μM Cd for 5 d showed the same
growth trend as to control. At the 10 to 100 μM Cd dose,
the leaf growth was inhibited significantly (P < 0.05) during the entire experiment, especially at 100 μM Cd concentration, the leaf growth almost completely stopped during
the whole course of treatment (Fig. 1a). Root growth under
Cd stress (1 to 100 μM) during the entire experiment was
significantly (p < 0.05) inhibited as compared with the con-
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FIGURE 1 - Effects of different concentrations of Cd on root growth of H. vulgare. Vertical bars denote SE. Values with different letters
differ significantly from each other (P < 0.05).
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trol (Fig. 1b). The toxic effect of Cd on root length increased with increasing Cd concentration and prolonged
treatment time (Fig. 1b). There was hardly any root growth
at high concentration of 100 μM Cd during the 10 and 15 d
period of treatment.
Leaves of control plants showed green in colour during
the whole experiment. The leaves exposed to Cd for 15 d
appeared chlorosis, necrotic and drying (Fig. 2), the leaves
exposed to 10 and 100 μM Cd for 3 d began to appear weak
chlorotic and necrotic, and the leaves treated with 1 μM Cd
for 7 d had the same symptoms.

lation by roots and shoots increased with significantly (P <
0.05) with increasing Cd concentration and duration of
treatment, except for the shoots exposed to 100 μM Cd for
15 d. The roots of plants exposed to 100 μM Cd for 15 d
accumulated large amounts of Cd, and the Cd level was
approximately 914 times the control. Also, the Cd contents
in roots of plants treated with 10 and 1 μM Cd were approximately 447 and 110 times the control, respectively.
The Cd level in the roots was also approximately and 8
times, respectively, in comparison with root Cd of plants
grown 10 and 1 μM Cd. Data from Table 2 also indicated
that the Cd ions were accumulated mainly in roots and only
small amounts of Cd were translocated to shoots. In the
roots, there was an increasing trend in Cd content with increasing Cd concentration. Cd content in leaves showed a
decreasing trend.
3.3 Cd effect on Mn and Fe uptake

FIGURE 2 - Toxic symptoms in leaves of H. vulgare exposed to different concentrations of Cd for 15 d.
3.2 Cd accumulation

The uptake and accumulation of Cd amount in H. vulgare roots and shoots varied with Cd concentration and
treatment time. As shown in Table 1, levels of Cd accumu-

H. vulgare exposed to Cd solution substantially affected the uptake and distribution of Mn and Fe in plants
(Table 1). The results from this study indicated that the
contents of Mn in roots and shoots varied with Cd concentration and treatment period, relative distribution of Mn between root and shoot showed that Mn mainly accumulated
in the roots. At 1 and 10 μM Cd, Mn content in roots increased significantly (P < 0.05) when compared with control, except for the group treated with 10 μM Cd for 15 d.
At 100 μM Cd, the Mn content decreased significantly (P
< 0.05) in comparison with control and other treatment
groups. In shoots, the level of Mn in the group treated with
100 μM Cd declined significantly (P < 0.05) had the same

TABLE 1 - Cd, Mn and Fe uptake and accumulation by Hordeum vulgare roots and shoots*
Roots (μg/g DW±SE)
Shoots (μg/g DW±SE)
Treatment
(μM)
Cd
Mn
Fe
Cd
Mn
Control
3.59±1.05a
83.41±1.23a
138.76±2.45a
0.00±0.00a
35.74±1.76a
1
237.94±0.83b
134.65±0.92b
146.26±1.27b
11.80±0.15b
38.56±0.76a
5
10
834.58±1.06c
102.39±0.89c
234.69±2.32c
30.04±0.28c
32.35±0.21b
100
2912.66±0.34d
47.73±0.09d
336.40±0.55d
41.67±0.98d
26.24±0.17c
Control
3.11±0.54a
118.19±3.02a
147.99±2.67a
0.00±0.00a
41.12±3.66a
1
298.01±0.86b
156.66±0.76b
188.84±1.57b
12.39±0.54b
45.63±3.14b
10
10
1246.26±2.79c
129.25±0.84c
262.11±5.39c
45.83±0.68c
43.27±4.31b
100
3103.00±3.65d
52.88±0.08d
474.70±2.28d
49.08±1.73d
25.20±0.64c
Control
3.52±0.62a
241.89±2.93a
209.19±0.73a
0.00±0.00a
40.23±0.50a
1
388.81±3.04b
283.36±1.70b
260.77±4.72b
16.13±1.42b
43.69±0.96b
15
10
1572.42±1.24c
232.44 ±1.09c
280.43±9.79c
49.92±0.23c
44.02±0.23b
100
3215.83±8.77d
40.37±0.27d
496.99±5.99d
50.70±0.55c
22.34±0.17c
*
Values followed by same letters are not significantly different (P < 0.05). Means ± SE, n=10.
Time (d)

Fe
119.08±1.83a
104.46±1.54b
98.74±2.08c
87.01±1.73d
114.07±1.14a
103.66±0.38b
83.55±5.13c
81.27±3.38c
104.39±0.15a
80.59±0.57b
63.28±1.81c
63.26±0.41c

TABLE 2 - Distributive changes of Cd in roots and shoots of H. vulgare after treatment with different Cd concentrations and treatment time
Treatment
(μM)

Control
1
10
100

5d
3.59
249.74
864.62
2954.33

Total amount
（ μg /g DW）
10 d
3.11
310.40
1292.09
3152.08

15 d
3.52
404.94
1622.34
3266.53

Root
（ μg /g DW） （ %）
5d
10 d
15 d
100
100
100
95.28
96.01
96.02
96.53
96.45
96.92
98.59
98.44
98.45
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Shoot
（ μg /g DW） （ %）
5d
10 d
0
0
4.72
3.99
3.47
3.55
1.41
1.56

15 d
0
3.98
3.08
1.55
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FIGURE 3 - Micrographs of the leaves from H. vulgare exposed to 100 μM Cd for 15 d using LeadmiumTM Green AM dye and PI. a. Showing
no green fluorescence (Cd) in control leaf. b. Showing strong green fluorescence in tiny necrotic spots and stoma. c. Showing the status of cell
death after Cd treatment. d. Showing the leaf exposed to the same dose of Cd and for the same treatment time followed by staining with PI and
LeadmiumTM Green AM dye. EC=Epidermal cells. S=Stomata. NS=Necrotic spots. SNS=Stomata near necrotic spots. V=vein. Bars=10 µM.

3.4 Cd distribution and its effects on cell damage

The investigation on Cd absorption and distribution in
the leaves of H. vulgare exposed to 100 µM Cd for 15 d
was carried out using Cd specific probe Leadmium™
Green AM dye (Fig. 3). There was no green fluorescence
(Cd) information in control leaf cells (Fig. 3a). The fluorescent dye was loaded into the leaf epidermal cells, showing different fluorescence intensities when compared with
control. Where, Strong intense fluorescence labeling Cd
were observed in tiny necrotic spots, stoma, trichomes and
veins, indicating that Cd ions entered and were accumulated in these zones (Fig. 3b). Weak green fluorescence
was also noted in some epidermal cells.

60

TM

Leadmium Green AM
Propidium iodide

50

Fluorescence density (rel)

trend in roots. The levels of Mn increased significantly (P <
0.05) after exposure to 1 and 10 μM Cd for 10 to 15 d. The
contents of Fe in the roots increased significantly (P < 0.05)
with increasing Cd concentration and prolonged treatment
time when compared with control. While the contents in
shoots revealed the significant decreased trend (Table 1).
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FIGURE 4 - Distribution of Cd and PI fluorescence density in the
different zones of leaves of H. vulgare treated with 100 µM Cd for 15 d.
E=Epidermal cells. S=Stomata. NS=Necrotic spots. SNS=Stomata
near necrotic spots. V=vein.
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FIGURE 5 - EDXA spectra taken from the site of the SEM micrographs, showing Cd localization in different zones of leaf cells in H. vulgare
exposed to 100 µM Cd for 15 d. a. Leaf exposed to Cd. b. Showing the Cd content in the epidermal cells in necrotic spots. c. Showing the Cd
content in the stomata near necrotic spots. d. Showing the Cd content in the epidermal cells (FIGURE 5d). Red “*”site of the analysis; x-axis energy [keV].
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To visualize damaged leaf cells induced by Cd, the leaf
cells of H. vulgare exposed to 100 µM Cd for 15 d were
stained with PI. Due to PI entering cells, red fluorescence
is an indicator of cell damage. Different fluorescence intensities could be exhibited in the different zones in the leaf
of H. vulgare after Cd treatment. The high level of fluorescence intensity was observed in the necrotic spots and
stoma (Fig. 3c-d). The fluorescence density analysis of Cd
and PI was analyzed by Image J software, confirming the
findings mentioned above. Data revealed that levels of Cd
in different zones of H. vulgare leaves exposed to 100 µM
Cd for 15 d had significant difference and they were in the
order: veins ≥ stoma near necrotic spots ≥ necrotic spots >
stomata > epidermal cells (Fig. 4). Data from PI also
showed the significant difference: stoma near necrotic
spots > necrotic spots > stomata > veins > epidermal cells
(Fig. 4). We suggest that the sites of Cd accumulation are
consistent with the distribution of death cells in the leaves
of H. vulgare.
3.5 Subcellular localization of Cd

Data from EDXA revealed subcellular localization of
Cd on the surface of leaf cells in H. vulgare exposed to 100
µM Cd for 15 d. The levels of Cd in different zones of H.
vulgare leaves showed different. As could be seen from
Fig. 5, the Cd level in the epidermal cells in necrotic spots
areas was the highest (Fig. 5b) and in the stomata near necrotic spots was less (Fig. 5c). There were no Cd ions observed in the normal epidermal cells (Fig. 5d). EDXA results confirmed the phenomena observed by PI and the Cd
specific probe Leadmium™ Green AM dye, suggesting
that the decrease of Mn and concentrations in leaves under
Cd stress was the key reason for the restraint of leaf photosynthesis, even leading to formation of necrotic spots.

4. DISCUSSION
Roots in Cd-treated plants undergo visible alterations,
such as root thickening, no lateral root development, or
browning of root tissue [13]. These changes mean that the
potential of roots to absorb water and mineral elements is
very limited, leading to a disturbance of the main physiological processes of photosynthesis and transpiration in
leaves [14].
Data from the present investigation indicate that Cd inhibits the seedling growth of H. vulgare significantly (P <
0.05) at the concentrations of Cd from 1 to 100 μM during
the whole experiment except for the groups exposed to 1
μM Cd for 5 d. Normally, Cd ions are mainly retained in
the roots, and only small amounts are transported to the
shoots except for hyperaccumulators [15]. In the present
investigation, about 98.59% of Cd accumulated is strongly
retained by roots, and 1.41% is transportd to the shoot system only, which is similar to the findings of Prasad [16].
Ouariti et al. [17] also showed that 98% of total Cd was
retained in the roots of Phaseolus vulgaris with only 2%

translocated to the shoot, suggesting that much of the Cd in
the root was in the apoplast or the vacuoles. H. vulgare has
the ability to accumulate Cd primarily in its roots, and
transport and concentrate it in its shoots in much lesser concentrations. This distribution is due to the mobilization of
the protective mechanisms of plants, which inhibits the
transport to further tissues and organs. Poor translocation
of Cd to the shoots could be due to sequestration of most
of the Cd in the vacuoles of the root cells to render it nontoxic, which might be a natural toxicity response of the
plant [18]. Recent research reported that retention of Cd in
barley roots could be explained by accumulation of Cd at
the endodermis, comparatively higher amounts of Cd sequestered in the symplast of cortical cells and binding to
xylem cell walls [19].
The mechanism affected by Cd are involved in uptake
and transport of Fe, Mg and Mn, causing damage to the
plant photosystem, not only due to the lack of substrate for
CO2 fixation, to start the synthesis of pheophytin and, the
formation of chlorophyll but also the uncoupling of electron transport [20]. Cd can alter the uptake of minerals by
plants through its effects on the availability of minerals
from the soil, or through a reduction in the population of
soil microbes [15]. Availability of Mn to plants decreases
in the presence of Cd in soil [21]. The results from this
study showed that Mn accumulation was reduced significantly (P < 0.05) in H. vulgare roots and shoots treated
with 100 μM Cd. The decrease of Mn concentration in
leaves under Cd stress was the key reason for the restraint
of leaf photosynthesis [21]. Verbruggen et al. [22] indicated that reduction of Mn in leaves might result from the
inhibition of the activity of iron-regulated transporter 1
(IRT1) by Cd. Therefore, Cd induces Mn absence, leading
to problems in the water oxidizing system on the donor site
of photosystem II, promoting uncoupling of the electron
transport system of photosynthesis. Consequently, the
chlorosis appears in Cd-treated plants [20], which also reduce Mn transport [15]. Iron (Fe) is an essential metal that
plays a central role in many plant processes, being required
as a cofactor for many cellular functions [20]. Some researches reported that under Cd stress the accumulation of
Fe decreased in plants [23, 24]. In the present investigation,
Fe accumulation was greater and lower in roots and in
shoots, respectively when compared with control. This is
in agreement with the findings of Wang et al. [25]. Recent
study revealed that Cd exposure decreased Fe concentration in both shoots and roots of barley seedlings, suggesting that Cd interferes with the Fe acquisition and transport
mechanism [20]. It is well known that Fe deficiency in
leaves limits the action of the gene that encodes the enzyme
ALA synthetase, which catalyzes the reaction of glycine
with succinyl CoA to form 5-aminolevulinic acid (ALA).
It results in inhibition of the synthesis of chlorophyll molecules by the plant [20, 26].
Leadmium™ Green AM dye has higher affinity for Cd
than internal proteins [27] and is not sensitive to other divalent ions except for lead, which is only rarely used in
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plant studies. Green fluorescence representing the binding
of the dye to Cd was observed in leaves of H. vulgare exposed to Cd in the present study, suggesting that Cd ions
are absorbed by roots and transported to the shoots. Data
here showed that strong intense fluorescence appeared in
tiny necrotic spots, stomata and veins, indicating that more
Cd ions were accumulated in these zones. Cd promotes disturbances in several vital physiological processes when
taken up, resulting in visible symptoms, such as stunting,
chlorosis, necrosis and desiccation in foliage [15, 28, 29],
which was observed in this investigation. In barley plants
that belong to the Cd-sensitive group, areas presenting
chlorosis and necrosis in most of their leaves at high concentration of Cd were observed during the treatment period. The results here suggest that necrotic spots, veins and
stomata are primary sites of Cd accumulation in leaves. PI
is an intercalating agent and a fluorescent molecule with a
small molecular mass of 668.4 Da that can be used to stain
DNA, which is an alternative agent to study cell membrane
damage [30]. Here, we can confirm that Cd has toxic effect
on the cell membrane damage in the leaf cells of H. vulgare
using PI staining, which is in good agreement with the evidence obtained from Cd accumulation in the leaves. We
suggest that the accumulation of Cd and the cell death have
obvious relevance in the leaves exposed to Cd. Necrosis
spots and foliar chlorosis between the veins induced by Cd
was critical. This is important because the Cd appears to
mainly damage the mesophyll tissue between the veins.
Such effects reduce the production and phloem loading of
photosynthates [31].
Photosynthesis is very sensitive to heavy metals in
higher plants [32]. Many functions of living cells and tissues are tightly related to photosynthesis [33]. Barcelo et
al. [34] and Prasad [16] reported that the inhibition of stomata opening in plants exposed to Cd depends on several
factors, such as metal concentration and period of exposure. The stomatal closure and reduced stomatal pore dimensions have been related to decrease in net photosynthesis and inhibition of transpiration [35, 36, 37]. Evidence
from the investigation indicated the levels of Cd in the stomata and stomata around necrotic spots in the leaves exposed to Cd showed higher, suggesting that Cd might cause
ultrastructural change in stomata leading to distortion of
guard cells, which would lead to alteration in stomatal
functioning [38]. The presence of Cd within the leaf tissue
was shown to promote a disorganization of the middle lamella ultrastructure mainly in the grana stacks of chloroplasts [39]. In addition, Cd causes a decrease in stomatal
density and conductance to CO2 [40] and reduces the number of open stomata [34, 41], which would further affect
the rate of photosynthesis.

The authors have declared no conflict of interest.
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ABSTRACT
One hundred and eighty human milk samples were collected in 2008, and one hundred samples were collected in
2012 from five districts in southern Jordan to monitor chlorinated pesticide residues. The results showed that total average residues of HCHs (α, β, γ) were relatively decreased
in 2012, compared to those in 2008 in all five districts. The
average residues of HCHs were 0.15 mg/kg in 2012, compared to 0.13 mg/kg milk fat in 2008. Total average of
DDT residues were decreased slightly in 2012 in the five
districts. The average residues were 0.28 mg/kg in 2008,
compared to 0.26 mg/kg milk fat in 2012. The total average
of cyclodien residues in the analyzed mother’s milk samples were slightly decreased from 0.01 mg/kg in 2008 to
0.007 mg/kg in 2012 in the five districts. The most common pollutants found in the human milk in the southern
districts of Jordan were HCB, α-HCH, β-HCH, p,p΄-DDE,
but their residues were acceptable compared with other international countries.

KEYWORDS:
Comparative study, pesticides, human milk, Jordan

1. INTRODUCTION
Chlorinated pesticides are widely used since the middle of the last century to control agricultural and public
health insects. These pollutants are persistent in the environment, highly lipophilic and non-polar, and accumulating in the fat tissues of living organisms, particularly human breast milk. The increase of these POP chemicals in
* Corresponding author

the food-chain does increase the serious hazardous damages to health. For example, thyroid functions in infants
might be affected [1]. Contamination of food with chlorinated pesticides might lead to decrease in sperms number,
new born defects and increase of cancer cases in tests and
other reproductive systems [2]. Chlorinated pesticides,
such as DDT, endosulfan, heptachlor, aldrin, endrin, dieldrin, or HCH were used in Jordan since the middle of the
last century to control ectoparasites on farm animals, agricultural pest and public health insects, such as mosquitoes,
house flies and coack roaches. In addition to that, the bad
effects of these pollutants on wildlife led to ban their uses
in USA and many other countries in the 1970s and 1980s
[3, 4], including Jordan [5]. Comparative studies for chlorinated pesticides in human breast milk in Jordan have been
achieved previously [6, 7].
The ministry of Environment in Jordan has asked several authorities, specially the University of Jordan and the
Royal Scientific Society of Jordan, for monitoring pesticides residues in the main environmental components including human breast milk in the southern districts of Jordan, in 2008 and 2012. The aim of this comparative study
is to monitor the status of the chlorinated pesticides,
namely, DDT, cyclodien compounds, HCH, HCB and their
main metabolites, and also isomers in human breast milk
samples in five districts located in South Jordan in 2008
and 2012, to have a data baseline in the five southern districts, to develop research regulations and policy making,
and to improve the use of pesticides, pesticide monitoring,
public health and safety.

2. MATERIALS AND METHODS
2.1 Sampling and sample handling

One hundred and eighty human milk samples were
gathered in 2007/2008 from five southern districts of Jordan as follows: 32 samples from Karak, 40 samples from
Tafilah, 38 samples from Ma’an, 30 samples from Aqaba,
and 40 samples from Ghore-Esafi.
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FIGURE 1 -Map of Jordan with sampling locations.

One hundred human milk samples were collected from
five southern districts in Jordan in 2012/2013 as follows:
25 samples from Karak, 20 samples from Tafilah, 20 samples from Ma’an, 20 samples from Aqaba, and 15 samples
from Ghore-Esafi (Fig. 1).
25-30 ml of mothers’ milk were taken from each volunteer woman and placed in a 50-ml well-cleaned and dry
glass bottle, transferred in cooling boxes to the laboratory,
and stored at –20 °C until analysis. Data concerning age,
body weight, delivery number, last delivery date, fatty food
intake, exposure to pesticides and sampling date for each
lady were gathered in a prepared questionnaire. The human
milk samples were collected in cooperation with the Ministry of Health. The number of samples which were gathered from the cities, towns and villages in the five southern
Jordanian districts were proportional to the population density [7].

2.2 Chemicals, solvents and gases

The used solvents (acetone, dichloromethane, petroleum ether (40-60°C)) were all of the p.a. quality, whereas
n-hexane used was of GC-quality. Standards of the individual
chlorinated pesticides were of a purity between 99.5-99.9%
and purchased from Dr. Ehrenstorfer GmbH (Germany). Anhydrous sodium sulfate (p.a. quality) was heated at 550 °C for
2 h. Florisil (p.a. quality, 60-100 mesh) was heated at 550 ºC
overnight, mixed with distilled water to give 3% (w/w),
mixed well and kept for 12 h in a closed container prior to
use. Helium (99.99% purity) and make-up gas argon/methane (95+5%; 99.9% purity) were used. Elution mixture
was petroleum ether + dichloromethane (80:20%, v/v) [7].
2.3 Methods and GC analysis

Extraction, cleanup and determination were carried out
according to DFG-method [8], with the following details.
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Glassware was dried at 110 ºC after washing with water,
soap, distilled water, acetone and n-hexane. The GC used
was a PU-304 instrument, equipped with a 63 Ni-electron
capture detector, a split injector and a SPB-608 capillary
column (L = 30 m, I.D. = 0.25 mm, film thickness = 0.25 µm).
The GC was used under the following operating conditions:
injector (250 °C), detector (300 °C), column temperature program: 150 °C (5 min), 150-220 °C (10 ºC/min), 220 °C
(20 min), 220-290 °C (20 ºC/min), and 290 °C (10 min).
Carrier gas (He): 1.1 ml/min, make-up gas: 40 ml/min, and
split ratio (1:50). For the confirmation of the results, a SPB5 capillary column (L = 30m, I.D. = 0.25 mm, film thickness = 0.25 µm) was used [7].
2.4 Determination of fat content

The fat content (%) was determined according to [8,
10]. Ten g of each milk sample were weighed and mixed
thoroughly in a separatory funnel with 2 ml of 25% ammonia,
25 ml diethyl ether and 25 ml petroleum ether (40-60 °C).
The organic solvents layer was separated and the previous
extraction steps were repeated twice. The pooled organic
extracts were filtered through an anhydrous sodium sulphate layer into a weighed round bottom flask. The solvents were evaporated at 30 °C and 200 mbar. The round
bottom flask with the residues was placed overnight in a
desiccaror. The round bottom flask with residues was reweighed, and from the weight difference, the % milk fat
content was calculated.
2.5 Pesticide extraction

25 g Florisil were added to a chromatography column
(50 x 2 cm with Teflon stopcock) containing 100 ml petroleum ether. Ten g milk sample were mixed with 25 g Florisil (3% water), added to the column, and the excess solvent was collected in a 500-ml round bottom flask. The column was eluted with 300 ml of the elution mixture. The
elutes were evaporated nearly to dryness using the rotary
evaporator at 35 ºC and 12 mbar. The remaining solvent
was evaporated using a stream of nitrogen gas. The residues were dissolved in 2 ml n-hexane containing 0.3 µg/ml
aldrin as internal standard (I.S.), and 2 µl of this final extract were injected onto the GC column [7].
2.6 Recovery test and detection limits

Extraction and clean-up method were evaluated by
spiking blank milk samples with known concentrations of
each of the studied chlorinated pesticides, and each of these
samples was extracted and cleaned-up according to the
above-mentioned method. The experimentally found concentration was related to the theoretically added concentration, in order to calculate the % recovery. The detection
limit for each compound was calculated as signal to noise
(S/N) ≥3 from the chromatogram of the standard mixture
of the sixteen studied pesticides after diluting several
times. Each solution was injected twice. The results of recovery and detection limits are shown in Table 1.

TABLE 1 - Recovery range (%) and average detection limits for the
studied chlorinated pesticides in mother’s milk samples from Jordan
in 2008 and 2012.

Pesticide

HCB
α-HCH
β-HCH
γ-HCH
Heptachlor
α-Endosulfan
β-Endosulfan
Aldrin
Dieldrin
Endrin
p,p΄-DDT
o,p΄-DDT
p,p΄-DDD
o,p΄-DDD
p,p΄-DDE
o,p΄-DDE

Average detection limit
(mg/kg)
2008
2012

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

Average of recovery
(%)
2008
2012
(Range)
(Mean)
90-95
79.3
85-95
94.8
90-95
91.9
100-110
94.1
90-95
99.0
90-95
94.5
90-95
99.2
90-95
99.0
90-95
87.8
80-90
79.9
90-95
90.3
85-90
94.7
90-95
90.3
85-90
86.9
90-95
98.7
85-90
94.8

3. RESULTS
Table 2 shows a comparison between results of mother
milk samples collected from Karak district in Jordan in
2008 and 2012. ß-HCH residues decreased from 50% in
2008 to 36% in 2012. The samples contained p,p΄-DDE residues decreased from 88% in 2008 to 56% in 2012. The
average residues of β -HCH decreased from 0.30 mg/kg in
2008 compared to 0.13 mg/kg milk fat in 2012. The average residues of p,p΄-DDE decreased from 0.32 mg/kg milk
fat in 2008 to 0.21 mg/kg in 2012. However, α-HCH, βHCH, Heptachlor and p,p΄-DDE were detected in 2008 samTABLE 2 - Average and maximum residues of chlorinated pesticides
(mg/kg fat) in mother milk samples gathered from Karak district /
Jordan in the studies of 2008 and 2012.
Residues (mg/kg milk fat)
Average
Maximum
Pesticide
2012 2008
2012
2008
2012
(N = 32) (N = 25)
Aldrin
Dieldrin
Endrin
HCB
α-HCH
3
0.28
0.28
β-HCH
50
36
0.30
0.13
0.49
0.83
γ-HCH
Heptachlor
3
0.18
0.18
α-Endosulfan β-Endosulfan o,p΄-DDE
o,p΄-DDD
o,p΄-DDT
p,p΄-DDD
p,p΄-DDE
88
56
0.32
0.21
0.84
1.43
p,p΄-DDT
16
0.04
0.35
Total
0.90
0.38
Total DDTs
0.32
0.25
N (%) = samples contained residues higher than the lower detection limit;
means not detected
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ples while only β-HCH, p,p΄-DDE and p,p΄-DDT were detected in 2012 samples.

TABLE 4 - Average and maximum residues of chlorinated pesticides
(mg/kg fat) in mother milk samples from Ma’an district / Jordan in
the studies of 2008 and 2012.

Table 3 shows a comparison between results of mother
milk samples collected from Tafilah district in Jordan
(2008 and 2012), and ß-HCH residues decreased from 40%
in 2008 to 25% in 2012. The samples contained p,p΄-DDE
residues decreasing from 93% in 2008 to 30% in 2012. The
average residues of β-HCH in 2008 were 0.28 mg/kg, compared to 0.1 mg/kg milk fat in 2012. Maximum residue of
β-HCH was 0.56 mg/kg milk fat (2008) while it was 0.64
mg/kg in 2012 samples. Averaged residues of p,p΄-DDE in
2008 were 0.23 mg/kg milk fat, compared to 0.07 mg/kg
milk fat in 2012. In 2008 samples, β-HCH and p,p΄-DDE
were detected, while α-HCH, ß-HCH, heptachlor and p,p΄DDE were detected in 2012 milk samples.

Residues (mg/kg milk fat)
Average
Maximum
Pesticide
2012 2008
2012
2008
2012
(N=38)
(N=20)
Aldrin
Dieldrin
5
0.02
0.56
Endrin
5
0.21
0.21
HCB
5
0.12
0.20
α-HCH
45
10
0.37
0.04
0.83
0.72
β-HCH
γ-HCH
5
0.007 Heptachlor
α-Endosulfan β-Endosulfan o,p΄-DDE
o,p΄-DDD
o,p΄-DDT
p,p΄-DDD
p,p΄-DDE
89
55
0.29
0.14
0.88
0.97
p,p΄-DDT
15
0.01
0.11
Total
0.99
0.22
Total DDT’s
0.29
0.15
N (%) = samples contained residues higher than the lower detection limit;
- means not detected

TABLE 3 - Average and maximum residues of chlorinated pesticides
(mg/kg fat) in mother milk samples from Tafilah district / Jordan in
the studies of 2008 and 2012.
Residues (mg/kg milk fat)
Average
Maximum
Pesticide
2012
2008
2012
2008
2012
(N = 40) (N = 20)
Aldrin
Dieldrin
Endrin
HCB
10
0.008
0.08
α-HCH
40
25
0.28
0.1
0.56
0.64
β-HCH
γ-HCH
5
0.004
0.08
Heptachlor
α-Endosulfan β-Endosulfan o,p΄-DDE
o,p΄-DDD
o,p΄-DDT
p,p΄-DDD
p,p΄-DDE
93
30
0.23
0.07
0.60
0.77
p,p΄-DDT
Total
0.51
0.18
Total DDT’s 0.23
0.07
N (%) = samples contained residues higher than the lower detection limit;
- means not detected
N%
2008

Table 4 shows a comparison between results of mother
milk sample collected from Ma'an district in Jordan (2008
and 2012). samples contained ß-HCH residues decreased
from 45% in 2008 to 10% in 2012. Samples contained p,p΄DDE residues decreased from 89% in 2008 to 55% in 2012.
The average residues of β -HCH were 0.37 mg/kg milk fat
in 2008, with regard to 0.04 mg/kg milk fat in 2012. Maximum residue of β-HCH was 0.83 mg/kg milk fat in 2008
while it was 0.72 mg/kg milk fat in 2012. The average residues of p,p΄-DDE were 0.29 mg/kg in 2008, compared to
0.14 mg/kg milk fat in 2012. Maximum residue for p,p΄DDEwas 0.88 mg/kg in 2008 while it was 0.97 mg/kg milk
fat in 2012. HCB, α-HCH, β-HCH, p,p΄-DDE and p,p΄DDT were detected in 2008 but endrineβ-HCH, heptachlor,
p,p΄-DDE and p,p΄-DDT were not found in 2012 samples.

N%
2008

TABLE 5 - Average and maximum residues of chlorinated pesticides
(mg/kg fat) in mother milk samples from Aqaba district / Jordan in
the studies of 2008 and 2012.
Residues (mg/kg milk fat)
Average
Maximum
2012
2008
2012
2008
2012
(N = 30) (N = 20)
Aldrin
Dieldrin
Endrin
3
0.09
0.09
0.59
HCB
α-HCH
47
30
0.26
0.13
0.55
0.59
β-HCH
γ-HCH
Heptachlor
α-Endosulfan β-Endosulfan o,p΄-DDE
o,p΄-DDD
o,p΄-DDT
p,p΄-DDD
p,p΄-DDE
93
65
0.17
0.18
0.46
0.77
p,p΄-DDT
Total
0.52
0.31
Total DDT’s 0.17
0.18
N (%) = samples contained residues higher than the lower detection limit;
- means not detected
N%
2008

Table 5 shows comparison between results of mother's
milk sample collected from Aqaba district in Jordan in
2008 from and 2012. The % samples contained β -HCH
residues decreased from 47% in 2008 to 30% in 2012 samples. The % samples contained p,p΄-DDE residues decreased from 93% in 2008 to 65% in 2012.The average residue of β-HCH was 0.26 in 2008 compared to 0.13 mg/kg
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milk fat in 2012. Maximum residue for β -HCH was 0.55
in 2008 while it was 0.59 mg/kg milk fat in 2012.The average residue of p,p΄-DDE was 0.17 in 2008 compared to
0.18 mg/kg milk fat in 2012. Maximum residue for p,p΄DDE was 0.46 in 2008 while it was 0.77 mg/kg milk fat in
2012. HCB, β -HCH, p,p΄-DDE were detected in 2008
while p,p΄-DDE, β –HCH were detected in 2012 samples.

1.62 mg/kg milk fat in 2012. The average residue of p,p΄DDE was 0.54 mg/kg in 2008, compared to 0.73 mg/kg milk
fat in 2012. Maximum residue for p,p΄-DDE was 2.89 mg/kg
in 2008 while it was 1.50 mg/kg milk fat in 2012. α-HCH, β
-HCH, heptachlor, and p,p΄-DDE were detected in 2008
samples, and α-HCH, β HCH,p,p΄-DDE and p,p΄-DDT were
detected in 2012 samples.

TABLE 6 - Average and maximum residues of chlorinated pesticides
(mg/kg fat) in mother milk samples from Ghore El-Safi district / Jordan in the studies of 2008 and 2012.

Table 7 shows a comparison between the results of
mother milk samples in the five districts in southern Jordan
in 2008 and 2012 studies, according to the total average of
each chemical pesticide group. Total average of HCH (α, β,
γ) residues in the analyzed mother milk samples were
slightly decreased in 2012, compared with those in 2008
samples in the five districts. In fact, the average was
0.13 mg/kg in 2012, compared to 0.15 mg/kg milk fat in
2008 in the five districts. Total average of DDT residues in
the analyzed mother milk samples were decreased in 2012,
compared with those in 2008 in the five districts. In fact, the
average was 0.13 mg/kg in 2012, compared to 0.28 mg/kg
milk fat in 2008 in the five districts. Total average of cyclodien residues in the analyzed mother milk samples were
slightly decreased in 2012 compared to those in 2008, in the
five districts. In fact, the average was 0.007 mg/kg in 2012
compared to 0.01 mg/kg milk fat in the five districts.

Residues (mg/kg milk fat)
N (%)
Average
Maximum
2008 2012 2008
2012
2008
2012
(N=40)
(N=15)
Aldrin
Dieldrin
Endrin
HCB
8
27
0.3
0.04
0.32
0.15
α-HCH
45
53
0.4
0.21
0.82
1.68
β-HCH
γ-HCH
18
0.30
0.45
Heptachlor
α-Endosulfan
β-Endosulfan
o,p΄-DDE
o,p΄-DDD
o,p΄-DDT
p,p΄-DDD
p,p΄-DDE
90
100 0.54
0.73
2.89
1.50
p,p΄-DDT
20
0.09
0.88
Total
1.54
1.07
Total DDT’s
0.54
0.82
N (%) = samples containing residues higher than the lower detection limit;
- means not detected

Table 6 shows a comparison between results of mother
milk sample collected from Ghore El-safi district in Jordan,
in 2008 and 2012. The samples contained β-HCH residues
increased from 45% in 2008 to 53% in 2012 .The samples
contained p,p΄-DDE residues increased from 90% in 2008 to
100% in 2012. The average residue of β-HCH was 0.41 mg/kg
milk fat in 2008, with respect to 0.21 mg/kg in 2012. Maximum residue for β-HCH was 0.82 in 2008 while it was

4. DISCUSSION
Environmental pollutants including chlorinated pesticides are able to be carried through air, water, and food
from country to another country including Jordan. Mother
milk is still an important biological system to gather environmental pollutants coming from the food-chain. Mother's
infants and new- borns exposed to environmental pollutants might severely be affected. Ministry of Agriculture in
Jordan has banned the use of chlorinated pesticides since
the last century. Ministry of Environment in Jordan has requested the University of Jordan and the Royal scientific
society in Jordan and other Jordanian authorities to monitor
the residues of chlorinated pesticides in different environ-

TABLE 7 - Comparison between chlorinated pesticide residues in mother milk samples of the 2008 and 2012 studies in the five districts/southern Jordan.
2012

2008

Total average residues of chemical group
(mg/kg milk fat)
Total number of
Total number of
HCHs1
Cyclodiens
DDTs
HCHs
Cyclodiens3
DDTs2
analyzed samples
analyzed samples
Karak
0.24
0.13
25
0.006
0.28
0.16
32
Tafilah
0.004
0.07
0.11
20
0.006
0.21
0.11
40
Ma’an
0.03
0.15
0.04
20
0.26
0.18
38
Aqaba
0.18
0.13
20
0.16
0.12
30
Ghore El-Safi 0.81
0.25
15
0.05
0.49
0.20
40
Average
0.007
0.26
0.13
100
0.01
0.28
0.15
180
(-) = under the detection limit (α,β,γ)-HCH; HCHs1 = o,p-DDT, p,p'-DDT, o,p'-DDE, p,p-DDE, o,p- DDD, and p,p'-DDD; DDTs2 = (aldrin, dieldrin,
endrin, heptachlor, heptachlorepoxide); Cyclodiens3
District

Total average residues of chemical group
(mg/kg milk fat)
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TABLE 8 - Average of chlorinated pesticide residues (mg/kg milk fat) in mother milk from various countries.

Pesticide

HCB
p,p΄-DDE
p,p΄-DDT
p,p΄-DDD
∑ DDTs
α-HCH
β-HCH
γ-HCH
∑ HCHs

Iran
1991
(n = 40)
[4, 18]

Mexico
1997
(n = 60)
[15]

Indonesia
2000
(n = 70)
[16, 18]

Turkey
2003
(n = 37)
[4, 18]

Germany
2001/02
(n = 39)
[19, 21]

0.061
1.701
0.302
n.a.
2.199
0.022
0.399
0.182
0.603

0.025
3.997
0.651
0.002
4.696
0.001
0.061
0.002
0.064

0.03
0.28
0.06
n.a.
ND
n.a.
0.09
0.01
0.1

0.02
1.522
0.065
n.a.
1.595
<0.001
0.149
0.003
0.152

0.042
0.148
0.005
<0.005
0.152
<0.005
0.021
<0.005
0.021

mental components including human breast milk in different parts of Jordan.
The present results show that there is a decline in the
total average of pesticide residues for the HCH group
members (α, β, γ–HCH) in the human milk samples analyzed in 2012, compared to those analyzed in 2008, and
being collected from the five districts located in the south
of Jordan. The HCH residues decreased from 0.15 in 2008
to 0.13 mg/kg milk fat in 2012. Alantary et al. [9] shows in
a previous study (2012/2013) in Jordan that the average in
the three districts in the middle of Jordan was 0.17 mg/kg
milk fat. Al-Targi et al. [13] found that the total mean for
HCH in El-Gabal Al-Akhdar/Libya in mother milk was
0.145 mg/kg milk fat which is higher than those values obtained in the present investigation in both studies.
The present results from the mentioned tables show
that there was a decline in the total means of pesticide residues for the DDT members (o,p-DDT, p,p-DDT, o,pDDD, p,p-DDD, o,p-DDE, and p,p-DDE) in the human
milk samples analyzed in t 2012, compared to those analyzed in 2008, and collected from the five districts located
in the south of Jordan. The DDT residues declined from
0.28 in 2008 to 0.26 mg/kg milk fat in 2012. Several researchers [6, 7] in Jordan showed similar trends in different
regions of Jordan in previous years. The present study also
showed that there was a decline in the total average of pesticide residues for cyclodiens (aldrin, dieldrin, endrin, heptachlor, and heptachlorepoxide) in human milk samples analyzed in 2012 compared to 2008 samples, collected from
the five districts located in the south of Jordan. The cyclodien residues declined from 0.01 in 2008 to 0.007 mg/kg
milk fat in 2012. Former studies [6, 7] showed a decline in
cyclodien residues in human milk in different regions of
Jordan. In Libya [13], residues of some cyclodiens, such as
dieldrin, aldrin, heptachlor, and heptachlorepoxide) in human breast milk were studied. These residues were 0.009,
0.003, 0.002 and 0.002 mg/kg milk fat, respectively.

Jordan
2006
Northern
district
(n = 80)
[7]
0.025
0.194
0.026
ND
0.216
0.005
0.017
<0.005
0.022

Jordan
2008
Southern
district
(n = 180)
[this study]
0.26
0.13

Jordan
Southern
district
2012
(n = 100)
[this study]
0.28
0.15

southern Jordan. In addition, the decline is clear when comparing the results with other countries (Table 8) in breast
milk. Total average of DDT residues in human milk, in the
studied districts of south of Jordan in 2008 and 2012 were
lower than those in Iran, Mexico and Turkey but higher than
those in Indonesia, Germany, and northern Jordan.

5. CONCLUSIONS
In conclusion, in the five south districts of Jordan, the
residues of chlorinated pesticides in human breast milk
samples were declining from 2008 to 2012. The most common pollutants found in the human breast milk in the southern districts of Jordan were α-HCH, β-HCH, heptachlor,
p,p΄-DDE, and HCB but their residues were acceptable
compared with international countries. It is recommended
to continue pesticide monitoring in human milk for the necessity to increase the data base, to help decision makers to
eliminate the residues in the environment, and to safe use
of pesticides. A national campaign should be established to
monitor pesticide residues in all parts of Jordan, in order to
control and minimize them in human breast milk.
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MICROBIOLOGICAL AND BIOCHEMICAL PROPERTIES
OF SOIL CONTAMINATED WITH ZINC AND FERTILIZED
WITH FERMENTED BARK, KERATIN AND CELLULOSE
Jadwiga Wyszkowska*, Edyta Boros-Lajszner and Jan Kucharski
Department of Microbiology, University of Warmia and Mazury in Olsztyn, Plac Łódzki 3, 10-727 Olsztyn, Poland

ABSTRACT
In a pot experiment, the effect of innovative substances
(fermented bark, keratin, cellulose) in restoring the microbial balance of soil contaminated with zinc, was analysed.
Soil samples were contaminated with zinc (ZnCl2) at doses
of 0, 150, 300, 600, and 1200 mg Zn2+ kg-1, and then, with
an organic substance in the form of fermented bark, keratin
and cellulose. The study was conducted in two series: in
the first one, the soil was sown with oats, and in the second
one, it was left without sowing.
Increasing doses of zinc resulted in a decreased resistance of organotrophic bacteria, actinomycetes and
fungi, and in the pots with keratin, in an almost complete
disappearance of Azotobacter. An organic substance added
to the soil mitigated the negative effects of the heavy metal.
The resistance of Azotobacter, organotrophic bacteria and
actinomycetes was highest in the pots containing fermented
bark and cellulose, while the resistance of fungi was highest
in the pots containing keratin. Zinc also reduced the resistance index (RS) of enzymes, such as: arylsulfatase, βglucosidase and catalase. The greatest enzyme stability was
found in the soil fertilized with fermented bark and cellulose.
In the soil sown with oats, a higher resistance of the investigated microbial groups and soil enzymes to the negative
effects of the heavy metal was observed, in comparison to
the unsown soil. The yield of oats was negatively correlated with increasing doses of zinc, and the addition of fermented bark and of cellulose, in contrast to keratin, compensated this undesirable phenomenon.
KEYWORDS:
microorganisms, enzymes, zinc, organic substance, soil

1. INTRODUCTION
Soil microorganisms are an important factor of environmental pollution, because they exhibit a high sensitivity
to contaminants introduced into the soil. As compared with
* Corresponding author

other organisms living in the soil, microorganisms are
characterized by an excellent adaptation to life under new
conditions. This happens mainly thanks to their ability of
converting organic matter into energy and building blocks
for their own cellular structures [1]. However, microorganisms are not always able to resist to contaminants, such as,
for example, heavy metals. Some of these elements negatively affect microorganisms, reducing their biomass and
count, and thereby limiting the enzyme activity [2, 3].
Heavy metals present in the soil may also significantly
modify the activity of soil catalytic proteins by affecting
the synthesis of enzymes by soil microorganisms or underground plant organs, as well as by an indirect impact on
extracellular biocatalysts. The reactions of enzymes to
heavy metals are very clear and proportional to the level of
intensity of changes provoked by the presence of these elements. Therefore, the level of soil enzyme activity can
serve as a sensitive indicator to determine the biological
condition of the pedosphere [4-6].
The most commonly monitored soil microorganisms
include bacteria and fungi [2]. On the other hand, in enzymatic assays of soil quality, the indicators whose activity
reflects the most soil fertility are considered to be the most
desirable ones [7, 8]. To this end, in the present study, the
activity of arylsulfatase, β-glucosidase and catalase was
used. Soil contamination with zinc leads to a distortion of
the biological stability of the soil ecosystem [9, 10]. Therefore, it is necessary to undertake activities which would
limit the scope of heavy metal adverse effects. It is reasonable to employ for this purpose organic fertilization, as it
constitutes a reservoir of nutrients necessary for the proper
growth of soil microorganisms [11]. Moreover, the content
and the type of organic matter largely determine the pH of
the soil environment, which, in turn, significantly shapes
the assimilation of elements [12]. Regular and proper use
of organic fertilization, e.g. in the form of post-harvest residues, is a major source of organic carbon compounds in
the soil environment [4, 13]. While the impact of classic
mitigating substances [8, 14] on the negative effects of zinc
is fairly well recognized in the literature, there are no reports on innovative substances, such as fermented bark,
keratin or cellulose. That is why an experiment in the plant
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growth facility was performed to determine the effect of
the use of fermented bark, keratin and cellulose, which potentially reduce the range of negative zinc impact on the
count of Azotobacter, organotrophic bacteria, actinomycetes and fungi, and on the activity of arylsulfatase, β-glucosidase, catalase and yield of oats.

2. MATERIALS AND METHODS
2.1 Soil

In order to avoid environmental pollution with zinc,
the experiment was conducted under controlled conditions
in a plant growth facility at the University of Warmia and
Mazury in Olsztyn, Poland. In the study, soil samples from
the arable and humus level were collected in the Experimental Centre in Tomaszkowo belonging to the UWM in
Olsztyn (NE coordinates in Poland: 53.7161°N, 20.4167°E).
This soil in its natural condition is classified as a typical
brown soil formed from light loam [15]. The soil contained
57% sand, 22% dust and 21% loam. Its pHKCl was 7.00, its
hydrolytic acidity was 14.55 mmol+ kg-1, and the sum of exchangeable cations was 196.00 mmol+ kg-1. One kg of the
soil DM contained 14.33 g of Corg.
2.2 Experimental design

The experiment was set in plastic pots, which contained 3 kg of soil each. Variable factors included the degree of soil contamination with zinc: 0, 150, 300, 600, and
1200 mg of Zn2+ kg-1, fertilization with organic matter (fermented bark, keratin and cellulose) at a dose of 0 and 10 g
kg-1, and the date of microbiological and enzymatic analyses
on days 30 and 60. Zinc was used in the form of ZnCl2.
Fermented bark of coniferous trees was supplied by Athena
Bio-Produkty Sp. z o.o., Poland, keratin by Wytwórnia
Natutalnych Białek S.C. Proteina, and microcrystalline cellulose by Alfa Aesar GmbH & Co, Germany.
The experiment was conducted in two series: for soil
sown with oats and for unsown soil. Before sowing oats and
in unsown soil, one level of fertilization with macro- and microelements was applied, at the following rates (pure component per mg kg-1 soil): N – 120 [CO(NH2)]2, P – 44 [KH2PO4],
K – 83 [KH2PO4 + KCl], Mg – 20 [MgSO4 ·7H2O], Cu – 5
[CuSO4 · 5H2O], Zn – 5 [ZnCl2], Mn – 5 [MnCl2 · 4H2O], Mo
– 5 [Na2MoO4 ·2H2O], and B – 0.33 [H3BO4]. After the addition of mineral fertilizers to all pots, zinc chloride and organic substance to the selected pots, the soil was thoroughly
mixed and placed in plastic pots, and only then, its moisture
content was adjusted to the level of 60% of the capillary
water capacity, using tap water. After 24 hours, half of the
pots were sown with the Kasztan oat variety (12 plants per
one pot). The soil water content was systematically monitored throughout the duration of the experiment.
2.3 The number of microorganisms and enzyme activities

For the determination of the microbial count in soil
samples, the following media were used: Fenglerowa’s

[16] medium for Azotobacter bacteria, Bunta and Roviry
[17] medium for organotrophic bacteria, the medium described by Küster and Williams, supplemented with antibiotics: nystatin and actidion for actinomycetes [18], and glucose peptone agar according to Martin [19] for fungi, while
the activity of arylsulfatase (EC 3.1.6.1), β-glucosidase
(EC 3.2.1.21) and catalase (EC 1.11.1.6) was determined
using the method of [20].
The bacterial count was expressed as colony forming
units (cfu), which were established after 3 days for the Azotobacter bacteria, after 5 days for fungi, and after 7 days
for organotrophic bacteria and actinomycetes. The test microorganisms were incubated in an incubator at 28 °C. All
enzymatic assays, with the exception of catalase, were performed using a Lambda 25 Perkin-Elmer spectrophotometer. As substrates for the respective enzymes, the following
compounds were used: potassium 4-nitrophenyl sulphate
(PNS) for arylsulfatase, 4-nitrophenyl-β-D-glucopyranoside
(PNG) for β-glucosidase, and hydrogen peroxide for catalase. The enzymatic activity was expressed as mmoles or
moles of the product, in terms of 1 h and 1 kg of soil DM,
which means that arylsulfatase and β-glucosidase were expressed in mmoles of 4-nitrophenol (PNP), and catalase, in
moles of O2.
In this study, due to the small impact of time on the
microbial count (from 1.02% for fungi to 10.06% for actinomycetes) and enzyme activity (from 3.25% for arylsulfatase to 8.82% for catalase), which results from the percentage share of factors of the observed variability η2 (Table 1),
average results of days 30 and 60 of the study were reported.
The resistance index (RS) [21] to zinc was calculated
on the basis of the count (expressed as log cfu kg-1 DM) of:
bacteria of the Azotobacter (Az), organotrophic bacteria
(Org), actinomycetes (Act) and fungi (Fun), and activities
of: arylsulfatase (Aryl), β-glucosidase (Glu) and catalase
(Cat).
2.4 Statistical analysis

The results were statistically analysed using the Statistica 10.0 software package [22]. Homogeneous subsets
were determined using Tukey’s test. Significant differences were reported at a significance level of p = 0.05. The
impact of zinc on the microbial count and enzyme activity
was analysed using principal component analysis (PCA),
with multidimensional exploration techniques. Additionally, Pearson’s simple correlation coefficients between variables were calculated. The percentage of variation for the
analysed variables was determined by calculating the η2
coefficient using the Anova analysis of variance.

3. RESULTS
Contamination with zinc resulted in a biological imbalance in the soil. The change in the count of microorganisms and soil enzyme activity was dependent not only on
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the level of contamination with this metal, but also on the
addition of organic matter and the use of the soil.
The count of the study groups of microorganisms was
determined by increasing the doses of zinc. The percentage
share of this factor indicates that increasing zinc contamination reduced the count of bacteria of the Azotobacter, organotrophic bacteria, actinomycetes and fungi by 17.21,
10.76, 13.67 and 4.10%, respectively (Table 1).
The resistance of the study groups of micro-organisms
decreased with increasing soil contamination with zinc, re-

gardless of the organic substance addition and sowing oats
(Table 2).
In the pots without the addition of organic substance,
it was observed that the resistance index (RS) of bacteria
of the Azotobacter, organotrophic bacteria, actinomycetes
and fungi was lowest in the unsown soil after using a dose
of 1200 Zn kg-1. and it equalled 0.706, 0.544, 0.539 and
0.342, respectively. A similar situation was observed in the
pots with organic substance. This was particularly evident
in the case of bacteria of the Azotobacter in the pots con-

TABLE 1 - Percentage share of observed variability factors η2

Variable factors

Microorganisms*
Org
Act

Az

Fun

Aryl

Enzymes*
Glu

Dose of Zn2+

Cat

17.21
10.76
13.67
4.10
21.86
27.12
Organic substance
63.18
19.19
35.44
80.17
57.02
42.67
Soil use
7.15
28.41
21.94
3.75
8.02
16.70
Soil incubation time
3.06
2.71
10.06
1.02
3.25
6.52
*Az - Azotobacter, Org - organotrophic bacteria, Act - actinomycetes, Fun – Fungi, *Aryl - arylsulfatase, Glu - β-glucosidase, Cat – catalase

36.45
16.15
20.68
8.82

TABLE 2 - Microbial resistance to soil contamination with zinc (RS)

Dose of
Zn2+
(mgkg-1 soil)

Azotobacter

unsown soil
(u)

sown soil
(s)

Organotrophic bacteria
unsown soil
(u)

150
300
600
1200

x

0,940a
0,906ab
0,760cde
0,706de
0,828

0,948ab
0,934abc
0,862c
0,741d
0,871

0,849bc
0,803cde
0,733ef
0,544h
0,732

r*

-0,936

-0,997

-0,998

sown soil
(s)
Control (0)
0,952a
0,949a
0,835bc
0,730d
0,867

-0,982
Fermented bark (B)

Actinomycetes
unsown soil
(u)

Fungi

sown soil
(s)

unsown soil
(u)

sown soil
(s)

0,871bcd
0,760f
0,641g
0,539h
0,703

0,940bcd
0,924cd
0,875e
0,722g
0,865

0,845a
0,589cd
0,540de
0,342e
0,579

0,844cde
0,803def
0,625g
0,501h
0,693

-0,953

-0,991

-0,919

-0,972

150
300
600
1200

x

0,858abc
0,790cde
0,689e
0,498f
0,709

0,969a
0,931abc
0,876bc
0,706d
0,871

0,834cd
0,821cde
0,793cde
0,618gh
0,767

0,925a
0,863b
0,688de
0,600f
0,769

0,967a
0,957a
0,899b
0,836de
0,915

0,939cd
0,925cd
0,883e
0,824f
0,893

0,928a
0,919a
0,886a
0,805ab
0,885

0,947ab
0,832cde
0,793def
0,759ef
0,833

r*

-0,998

-0,996

-0,970

-0,951
Keratin (K)

-0,991

-0,997

-0,995

-0,838

150
300
600
1200

x

0,000g
0,000g
0,000g
0,000g
0,000

0,254f
0,183f
0,083g
0,000h
0,130

0,936ab
0,800cde
0,759def
0,736def
0,808

0,941a
0,827bc
0,801c
0,709d
0,820

0,831e
0,875bc
0,773f
0,650g
0,782

0,916d
0,976a
0,874e
0,746g
0,878

0,932a
0,865a
0,856a
0,769abc
0,856

0,989a
0,938abc
0,899bcd
0,756ef
0,896

r*

0,000

-0,964

-0,789

-0,926

-0,950

-0,926

-0,957

-0,994

0,984a
0,972ab
0,956abc
0,870e
0,946

0,805ab
0,769abc
0,627bcd
0,471de
0,668

0,884bcd
0,821de
0,702fg
0,637g
0,761

-0,995
-0,953
-0,836
-0,938
-0,960
-0,981
r*
The same letters in the columns indicate homogeneous groups, *r – coefficient of correlation significant at p=0.05

-0,991

-0,948

150
300
600
1200

x

0,820bc
0,806bcd
0,704de
0,560f
0,723

0,936abc
0,925abc
0,895abc
0,601e
0,839

0,961a
0,797cde
0,692fg
0,663fg
0,778

Cellulose (C)
0,866b
0,792c
0,716d
0,661e
0,759
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and Azotobacter was formed around the other main component. The results show that the applied organic substance
mitigated the negative effects of zinc on the growth of selected groups of microorganisms. The counts of organotrophic bacteria and fungi were mostly shaped by keratin, while in the case of actinomycetes, the largest effect
of cellulose was observed.

taining keratin in the unsown soil. The highest value of the
RS index for organotrophic bacteria was observed in the
unsown soil, and for actinomycetes and fungi, in the soil
sown with oats containing cellulose (RS = 0.961 and 0.81),
and keratin (RS = 0.989), respectively. The applied organic
substance increased the resistance of microorganisms to
the heavy metal introduced into the soil. Figure 1 shows
the distribution of objects in a system of two main components. The vertical axis explains 29.55% of the total variance of variables, while the horizontal axis is responsible
for 55.21%, which explains 84.76% of variation of the
original variables. Based on the first main component, it
can be concluded that one homogeneous group consisting
of fungi and organotrophic bacteria was formed around it.
Another homogeneous group composed of actinomycetes

-4

-2

Soil enzymes, similarly to microorganisms, also reacted to the contamination of soil with zinc. This metal
shaped the activity of arylsulfatase, β-glucosidase and catalase by 21.86, 27.12 and 36.45%, respectively (Table 1).
The resistance (RS) of arylsulfatase, β-glucosidase and catalase decreased with the dose of the metal, regardless of the
organic substance addition (Table 3).

0

2

4

1Cs

1

2Cs
Act

2

Az
1Bs

4Cs
5Cs
Org

PCA 2: 29.55%

0

2Ks

Fun

2Bs 10s

3Cs

1Ks

5Ks
1Ku
4Ks

3Ks
5Ku

4Bs 3Bs
20s
1Cu
1Bu
10u
5Bs
2Bu 40s
2Cu
20u
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50s
4Bu4Cu
3Bu 30u
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5Bu
40u
50u

0

2Ku
4Ku

3Ku

-2

-1
-1

0

1

PCA 1: 55.21%
FIGURE 1 - Microbial count in the soil contaminated with zinc presented using the PCA method (Dose of Zn2+ mg kg-1 of soil: 1 - 0 mg; 2 - 150 mg;
3 - 300 mg; 4 - 600 mg; 5 - 1200 mg; supplement of a fertilizing agent: 0 - control; B - fermented bark; K - keratin; C – cellulose;
fertilization of the soil: u - unsown soil; s - sown soil; soil microorganisms: Az - Azotobacter, Org - organotrophic bacteria, Act - actinomycetes, and
Fun – fungi.
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TABLE 3 - Resistance of enzymes to soil contamination with zinc (RS)

Dose of Zn2+
(mgkg-1soil)

arylsulfatase
unsown soil
(u)

β-glucosidase

catalase

sown soil
(s)

unsown soil
sown soil
unsown soil
(u)
(s)
(u)
Control (0)
150
0.789ab
0.877a
0.723bcd
0.772cd
0.928a
300
0.706c
0.768cd
0.706cd
0.747de
0.823ab
600
0.479de
0.534fg
0.651ef
0.632ghi
0.775bc
1200
0.435ef
0.405hi
0.617f
0.541jk
0.756bcd
0.602
0.646
0.674
0.673
0.807
-0.899
-0.951
-0.964
-0.979
-0.894
r*
Fermented bark (B)
150
0.824a
0.854ab
0.757b
0.942a
0.701cde
300
0.730bc
0.774cd
0.644ef
0.740def
0.664de
600
0.540d
0.561f
0.621f
0.660fgh
0.628e
1200
0.381fg
0.458ghi
0.499g
0.560ijk
0.520f
0.619
0.662
0.630
0.726
0.628
-0.975
-0.947
-0.949
-0.891
-0.997
r*
Keratin (K)
150
0.668c
0.863ab
0.639f
0.689efg
0.761bcd
300
0.523d
0.784bc
0.544g
0.661fgh
0.647e
600
0.440ef
0.702de
0.525g
0.589hij
0.634e
1200
0.363g
0.397i
0.503g
0.483k
0.352g
0.499
0.687
0.553
0.606
0.599
-0.907
-0.994
-0.792
-0.998
-0.972
r*
Cellulose (C)
150
0.727bc
0.901a
0.850a
0.887ab
0.834ab
300
0.538d
0.677e
0.753bc
0.831bc
0.644e
600
0.414efg
0.478gh
0.730bcd
0.793cd
0.602ef
1200
0.242h
0.409hi
0.693de
0.753cde
0.521f
0.480
0.616
0.757
0.816
0.659
-0.953
-0.878
-0.847
-0.934
-0.832
r*
The same letters in the columns indicate homogeneous groups, *r – coefficient of correlation significant at p=0.05

sown soil
(s)
0.956a
0.874ab
0.776bcd
0.627ef
0.805
-0.993

x

0.853abc
0.832abc
0.720cde
0.595ef
0.750
-0.992

x

0.850abc
0.833abc
0.660def
0.459g
0.701
-0.991

x

0.934a
0.767bcd
0.621ef
0.552fg
0.696
-0.939

x

In the pots without the addition of organic substance,
the most resistant to the soil contamination with zinc was
catalase, followed by β-glucosidase and arylsulfatase. Considering the mean values, the highest resistance index of
arylsulfatase and catalase was observed in the pots containing fermented bark, while the highest index of β-glucosidase was observed in the pots with cellulose. The organic
substance (Table 1) had the greatest impact on the activity
of arylsulfatase (57.02%), followed by β-glucosidase
(42.67%) and catalase (16.15%). The use of soil was also
relevant. The resistance index of the study enzymes was
generally higher in the soil sown with oats, in comparison
to the unsown soil. In Figure 2, the activity of soil enzymes
is shown using the PCA method. The presented data indicate that the first two main components explain 89.34% of
the total variability. Catalase, arylsulfatase and β-glucosidase were negatively correlated with the first main component. The distribution of cases on the chart indicates a
mitigation of zinc’s negative impact by the applied organic
substances. This was particularly evident in the pots with
cellulose in the case of arylsulfatase and β-glucosidase activity.
Oat yield decreased with increasing soil contamination
with soil, which is indicated by negative correlation coefficients (Table 4). The organic substance introduced into

the soil mitigated the negative impact of the heavy metal.
The highest yield of oats was observed in the pots with the
addition of cellulose and fermented bark. On the other
hand, keratin only intensified the negative impact of zinc
on the growth and development of plants.
TABLE 4 - Oat yield (g d.m. pot-1) in the soil contaminated with zinc

Dose of Zn2+
(mgkg-1 soil)
0
150
300
600
1200

x

Control
(0)

Fermented
bark (B)

Keratin
(K)

Cellulose
(C)

14.74bc

15.38ab

3.50d

16.48a

14.42bc

14.39bc

3.47d

15.85ab

bc

bc

d

15.83ab

d

14.20

c

14.31

bc

3.46

13.65

14.18

3.37

15.36ab

13.64c

14.18bc

3.28d

15.27abc

14.13

14.488

3.416

15.758

*

r
-0.886
-0.648
-0.991
-0.862
The same letters indicate homogeneous groups, *r – coefficient of correlation significant at p=0.05

4. DISCUSSION
The formation of the count and specific richness of microorganisms inhabiting the soil ecosystem is determined
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FIGURE 2 - Enzyme activity in the soil contaminated with zinc using the PCA method (Dose of Zn2+mg kg-1 of soil: 1 - 0 mg; 2 - 150 mg; 3 - 300
mg ; 4 - 600 mg; 5 - 1200 mg; supplement of a fertilizing agent: 0 - control; B - fermented bark; K - keratin; C – cellulose; fertilization of the soil: u unsown soil; s - sown soil; soil enzymes: Aryl - arylsulfatase, Glu - β-glucosidase, and Cat – catalase.

largely by its abundance in nutrients, its pH, and its hydration level [23]. Moreover, heavy metals, excessively accumulated in the soil, have a major impact on their growth
and development [24]. The reaction of microorganisms to
the surrounding trace elements is primarily determined by
the type of the compound and its amount in the growth environment.
The stability and resistance of the soil environment to
interference resulting from various stress factors can be determined on the basis of the soil resistance index [21]. In
the present study, it was found that increasing doses of zinc
negatively affected microorganisms and soil enzymes. Soil
resistance is a good indicator providing information about
its condition, which is determined by contaminants, including heavy metals [8, 21]. There are few literature data on

the effect of heavy metals on soil resistance, and therefore,
the results can widen the scope of knowledge concerning
the resistance of soil contaminated with zinc.
In order to reduce the adverse effect of heavy metals
on soil biological life, it is necessary to undertake necessary steps, e.g. to fertilize with an organic substance [25].
The results of the experiment indicate that fertilizing with
fermented bark, keratin and cellulose played a significant
role in the formation of biological activity in the soil contaminated with zinc, which resulted in an increase in the
resistance of the study microorganisms, with the exception
of bacteria of the Azotobacter in the pots with keratin and
soil enzymes. The stimulating effect of organic fertilizers
on the microbial count is confirmed by the studies of Zaborowska et al. [26] and Wyszkowska et al. [4]. The results
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of the experiment conducted by Dong et al. [27] indicated
that the use of organic matter largely stimulates the proliferation of actinomycetes. Zaborowska et al. [26] claimed
that the growth of oligotrophic bacteria was stimulated by
the addition of barley straw, and to a lesser extent, of pine
sawdust.
Studies by Wyszkowska et al. [8] have shown that the
reduction of the negative impact of heavy metals on the activity of arylsulfatase, β-glucosidase and catalase is influenced by a fresh supply of organic matter into the soil. In
the present study, fermented bark stimulated the activity of
soil enzymes most. This organic matter improves the quality of the soil, because, besides nitrogen, it contains many
components which enrich the soil with organic compounds
and humus which, at the same time, is favourable for microbial growth. Tannins contained in the fermented bark
form compounds chelating heavy metals, which allows for
the reduction of their mobility in the soil and, at the same
time, binds nitrogen compounds, preventing their rapid
degradation and leaching [28]. In former studies by Boros
et al. [25] on other enzymes, cellulose not only mitigated
the impact of zinc on dehydrogenase, urease, and acid and
alkaline phosphatase to a greater extent, but it improved the
biochemical properties of uncontaminated soil. This is
probably associated with its favourable impact on the biological properties of the soil. This results from the fact that
cellulose is the main component of tissues in plant litter,
and it enriches the soil with polysaccharides which, in turn,
are a carbon source for microorganisms [13]. Keratin’s
mitigation of the negative impact of zinc on the study enzymes was the smallest. This probably results from the fact
that this organic substance belongs to insoluble proteins,
with high resistance to physical and chemical factors, as
well as to the typical proteolytic enzymes. It is also characterized by the high content of sulphur-containing amino
acids [29].

5. CONCLUSIONS
1.

2.

3.

4.

5.

6.

Sowing the soil with oats is a factor determining soil
biological activity. The present study confirms the beneficial effect of plants on the microbial and biochemical activity of the soil. This was reflected by RS values for the
microbial count and enzyme activity. Based on the distribution of microorganisms in the soil ecosystem according
to the literature, it was found that its surface layers and the
rhizosphere, a zone around the roots of plants, are characterized by their greatest abundance [30]. Organic substances secreted by plants have a beneficial effect on microorganisms, which is reflected by the quantity of produced enzymes [31]. In turn, Castaldi et al. [32] emphasizes that plants, along with a substance of an organic and
inorganic nature, can be used in the soil detoxification of
heavy metals. Plants need many components for their
proper development and for conducting a series of internal
processes. The supply of appropriate substrates depends
mostly on the root zone and, to a lesser extent, on the leaves
and stem. The rhizosphere assimilates numerous mineral
and organic compounds and supplies the plant with energy
and nutrients [33].
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The effect of zinc of soil microbial count and enzyme
activity was dependent on the degree of pollution with
zinc, fertilization with fermented bark, keratin and cellulose, and sowing the soil with oats.
Increasing doses of zinc resulted in a decrease of the
resistance RS of the study groups of microorganisms
and soil enzymes.
Organic matter added to the soil increased the resistance (RS) of microorganisms and enzymes to zinc.
The highest resistance of bacteria of the Azotobacter,
organotrophic bacteria and actinomycetes was observed in the pots with fermented bark and cellulose,
while the resistance of fungi was highest in the pots
with keratin. In turn, the highest resistance of arylsulfatase, β-glucosidase and catalase was found in the
soil fertilized with fermented bark and cellulose.
Sowing soil with oats stimulated the multiplication of
microorganisms and the activity of soil enzymes; however, it did not eliminate the toxic effects of zinc on
biological life.
Oat yield decreased with increasing contamination
with zinc, and the addition of an organic substance,
with the exception of keratin, compensated for this
negative impact.
Organic fertilization with, e.g. fermented bark and cellulose, can be used for the restoration of the biological
balance of soil contaminated with zinc. Keratin is not
suitable for this purpose.
The authors have declared no conflict of interest.
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ABSTRACT
In this study, we evaluated the genotoxic and cytotoxic
effects of dodine, a fungicide extensively used to control
scab on apples, pears and pecans, brown rot on peaches and
several foliar diseases of cherries, strawberries, peaches and
black walnuts. For this purpose the Allium cepa test was carried out exposing roots to dodine for 24, 48 and 72 h at the
concentrations of EC50/2, EC50 and 2xEC50. The mitotic index was calculated as the number of dividing cells per
number of 3000-4000 observed cells and the mitotic aberrations also were scored at each concentration. The results
showed that dodine induced significant increases of mitotic
aberrations such as C-mitosis, polar shifting, laggard chromosome and chromosome fragments. In addition, mitotic
index decreased significantly with increasing of concentration and the exposure time as compared to their controls.
Hence dodine should be used under control in agricultural
fields due to its possible toxic effects.

KEYWORDS:
Allium cepa, dodine, cytotoxic, genotoxic, mitotic aberrations.

higher plants for the assessment of chromosomal damages
and disorders in mitosis [7,8]. This test is highly sensitive,
reliable and capable of detecting mutagens, carcinogens
and clastogens [9,10].
Dodine (1-dodecylguanidinium acetate) is an aliphatic
fungicide and bactericide used to control scab on apples,
pears and pecans, brown rot on peaches and several foliar
diseases of cherries, strawberries, peaches, sycamore trees
and black walnuts [11]. In vitro, dodine severely affects the
metabolism of fungal cells. Low concentrations of dodine
inhibit growth, respiration on glucose and acetate and active transport of phosphor, glucose, acetate, and phenylalanine in fungal cells [12-16]. Low concentrations of dodine
also resulted in leakage of potassium and cell death in
Pseudomonas syringae [17]. Dodine has been generally
used at 100 mL/100 L concentration for quince and pistachio, at 80 mL/100 L concentration for apricot and apple,
at 175 mL/100 L concentration for peach in the fields.
There has been no study, to our knowledge, on the genotoxic and cytotoxic effects of dodine in plant test systems. The
aim of this study is to evaluate genotoxic and cytotoxic effects
of dodine (1-dodecylguanidium acetate) for the first time.

2. MATERIALS AND METHODS
1. INTRODUCTION
Modern agriculture and industry base on a wide variety
of synthetically produced pesticides including fungicides,
insecticide and herbicides. Especially fungicides are most
commonly used to improve crop yields against diseases of
crops in many countries [1-3]. But these chemicals or their
derivatives can accumulate in the organisms and cause risk
of mutagenicity, carcinogenicity or teratogenicity [4-6].
The increased use of pesticides have paid attention to develop several bioassays by several researchers in order to
evaluate the genotoxic effects induced by these agents in
living organism. Short-term genotoxicity tests are widely
employed to evaluate the genotoxicity of many chemicals,
including pesticides, to people, animals and plants. Allium
cepa has been considered as an encouraging system among
* Corresponding author

Equal-sized bulbs (25–30 mm in diameter) of a commercial variety of A. cepa L. (2n=16) were used as the test
plant and they were purchased from a local supermarket.
The length of the roots of 5 bulbs at each concentration
(0.02, 0.03, 0.04, 0.06, 0.08, 0.12, 0.16, 0.24 and 0.32
mL/L) of dodine were measured after 72 hours. The mean
value of 10 measurements of each onion bulbs, i.e. 50 roots
for each concentration, was expressed as a percent of the
control value. This measurement was used to calculate the
EC50 value, which is the concentration where root growth
is reduced by 50% compared with the control [18]. Bulbs
were placed over the test tubes filled with distilled water at
room temperature (20±2°C). When the roots reached 1.5-2
cm in five days, they were treated with 0.04 mL/L (EC50/2),
0.08 mL/L (EC50) and 0.16 mL/L (2xEC50) concentration
of dodine for 24, 48 and 72 hours. Ten bulbs were used for
each concentration, treatment period and control groups.
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Root tips were cut after treatment and immediately
placed overnight at 4°C in the dark in the Farmer fixation solution containing ethanol and glacial acetic acid (3:1), freshly
prepared before use. Root tips were rinsed with distilled water and hydrolyzed with 1N HCl at 60°C for 10 min as described by Souguir et al. [19]. The root cap was removed before squashing root tissues, and samples were stained with
2% (w/v) aceto-carmine. To determine the effect of dodine
on mitotic index (MI) and chromosomal aberration index
(CAI), at least 1000 cells were scored in each slide, for both
control and treatment groups. During slide preparation,
only one root tip was used per slide. Totally at least three
slides (at least 3000 cells) were prepared per treatment and
control. The slides were assessed by observing the cells in
interphase, prophase, metaphase, anaphase, telophase and
aberrations by light microscopy at 1000x.
Cytotoxicity was assessed based on the MI, which was
characterised by the total number of dividing cells in the
cell cycle and was calculated by the formula MI = (number
of dividing cells/total number of observed cells)x100 as the
number of dividing cells per number of 3000-4000 observed cells and compared with the control. Genotoxicity
was evaluated based the CAI which was calculated by the
formula CAI = (number of cells with CA/total number of
observed cells) x100 at each concentration and compared
with the control.
Statistically significant differences between the groups
were compared using Student’s -t test for mitotic index and
mitotic aberrations. The data are displayed as means ±
standard error (SE) and p values less than 0.05 is considered statistically significant.

3. RESULTS AND DISCUSSION
3.1 Effects of dodine on mitotic index

The cytotoxic effect of dodine was investigated in A.
cepa root tip cells in this study. The mitotic index was calculated in A. cepa root tip cells after expose to dodine to
0.04 mL/L, 0.08 mL/L and 0.16 mL/L after 24, 48 and 72
h and compared with negative control.
We found that while more than 45% of cells in division
were in prophase over all the different treatments, including controls, up to 20% of dividing cells were observed in
metaphase, anaphase or telophase.
Our data have showed that the mitotic index significantly
decreased with the increase of concentration and duration of
time as compared to their controls (p<0.05) (Table 1). This
decrease was occurred depending on dodine concentration at
24 h, 48 h and 72 h (r=-0.93, r=-0.87, r=-0.75, respectively).
At all treatment periods, the lowest mitotic activity (2.10±
0.22 %) was observed at the highest concentration of dodine
(0.16 mL/L for 72 h). Data on MI clearly have showed that
the increasing times of exposure dramatically inhibit the
proliferative capacity of root cells and that even the lowest
dose is cytotoxic already after 24 hours of exposure.

According to our data, since dodine decreased the mitotic index in root tip cells of A. cepa, dodine can be accepted as a cytotoxic agent.
3.2 Effects of dodine on chromosomes

The genotoxic effects of dodine on A. cepa roots have
been determined on the basis of chromosomal aberrations.
The aberrations were observed in each concentration of
dodine and control was evaluated in metaphase, anaphase
and telophase phase by counting separately. All of the observed chromosomal aberrations in each phase were calculated as the percent incidence in each concentration of
dodine and control. According to the CAI, there was a statistically significant difference in the frequency of chromosomal aberrations between the control and treatment groups
in all concentrations and treatment periods (Table 1). All of
the concentration of dodine, especially increasing concentration and treatment period, was induced chromosomal aberrations. This increase was concentration dependent at 24 h,
48 h and 72 h (r=0.97, r=0.88, r=0.88, respectively).
The observed aberrations in each concentration of
dodine were C-mitosis, polar shifting, laggard chromosome, equatorial plate shifting, chromosomal bridge, stickness, vagrant chromosome, chromosomal disruptions, nonidentical condensation, delayed anaphase, chromosome
fragments and multipolarity (Fig 1). The frequently observed aberrations were C-mitosis, polar shifting and laggard chromosome. Additionally, at all treatment periods, the
most resultant aberrations were observed at the highest concentration of dodine (0.16 mL/L for 72 h, 72.41±4.47 %).
An inverse ratio was observed between the percentage of mitotic aberrations and mitotic index.
Our results have showed that dodine decreased the mitotic cell division frequency and induced chromosomal aberrations, especially increasing concentration and time.
These results are in agreements with those obtained after
treating the A. cepa root tips with different fungicides, such
as Azzuro®[4], benomyl [20], raxil [21], thiabendazole
[22], fenbuconazole [23], flusilazole [24], 4, 6-Dinitro-οcresol [25] and some others. In parallel to our result, it was
reported that these fungicides caused several chromosomal
aberrations in the mitotic cell divisions and decreased the
mitotic cell division frequency, depending on the treatment
concentrations and period. When our study evaluate together with previous studies about this topic, the reduction
of mitotic activity might be due to inhibition of the DNA
synthesis [26].
Dodine caused many mitotic aberrations especially Cmitosis. C-mitosis may occur as a result of the defect on
mitotic spindle formation or function. So it can be concluded that the inhibition of growth is due to a mutagenic
effect. It can eventually be inferred the possibility of a prevailing clastogenic or mitoclastic effect, on the basis of the
frequency of C-mitosis. Mann [27] was reported that C mitosis formation was result of the inactivation of spindle apparatus connected with delay in division of centromere. In
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TABLE 1 – Mitotic index and chromosome aberrations in root meristem cells of A. cepa after exposure to 0.04, 0.08, 0.16 mL/L dodine for 24,
48 and 72 h.

FIGURE 1 - Effects of Dodine on root tip cell division in A. cepa a) Fragments, b) C-mitosis, c) Laggard chromosome, d) Chromosome bridge,
e)Polar shifting in telophase, f) Polar shifting in anaphase, g) Fragments, h) Vagrant chromosome, i) Multipolar anaphase
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addition the aberrations may be due to defective functioning of some specific proteins which are needed for chromosome organization. Chromosome fragments result from
multiple breaks of the chromosome in which there is a loss
of chromosome integrity [28]. Chromosome bridges result
from chromosome and/or chromatid breakage and fusion,
whereas laggard chromosomes increase the risk of aneuploidy [29, 30]. Laggard chromosomes, formed as the result of one or more chromosomes fall behind, may occur
improper functioning of spindle apparatus [23, 31, 32]. Polar shifting, another frequently observed abnormalities in
this study, might have resulted as a consequence of disturbed metaphase or anaphase [32].

[7]

Fiskesjo, G. (1985) The Allium test as a standard in environmental monitoring. Hereditas 102, 99-112.

[8]

Evseeva, T.I., Geraskin, S.A. and Shuktomova, I.I. (2003)
Genotoxicity and toxicity assay of water sampled from a radium production industry storage cell territory by means of Allium-test. J Environ Radioactivity 68(3), 235-248.

[9]

Feretti, D., Zerbini, I., Zani, C., Ceretti, E., Moretti, M. and
Monarca, S. (2007) Allium cepa chromosome aberration and
micronucleus tests applied to study genotoxicity of extracts
from pesticide-treated vegetables and grapes. Food Addit Contam 24 (6), 561-572.

As a result, since dodine increased the mitotic aberrations in root tip cells of A. cepa, dodine can be accepted as
a genotoxic agent.

[11] EPA (2005) Reregistration eligibility decision for dodine. 738R-05-013.

[10] Grant, W.F. (1999) Higher plant assays for the detection of
chromosomal aberrations and gene mutations-a brief historical
background on their use for screening and monitoring environmental chemicals. Mutat Res 426(2), 107–112.

[12] Brown, I.F. and Sisler, H.D. (1960) Mechanisms of fungitoxic
action of n-dodecylguanidine acetate. Phytopathology 50(11),
830-839.
[13] De Waard, M.A. and Van Nistelrooy, J.G.M. (1983) Negatively
correlated cross-resistance to dodine in fenarimol-resistant isolates of various fungi. Neth. J. Plant Pathol 89, 67-73.

4. CONCLUSION
Our results have point out that A. cepa is a sensitive
test in assessing the cytotoxicity and genotoxicity of
dodine. Our data have showed that dodine has potentially
genotoxic and cytotoxic effects. For this reason, it is very
necessary to confirm that the using of dodine should be under control because it may has toxic effects on farmers and
humans consumed the plants. The use of pesticides on
farmland must further reduce or choose less toxic pesticides for a safe habitat.
The authors have declared no conflict of interest.

[14] Miller, R.W. and Barran, L.R. (1977) The effect of ionic surface-active agents on macroconidial plasma membrane of
Fusarium sulphureum. Can J Microbiol 23(10), 1373-1383.
[15] Solel, Z. and Siegel, M.R. (1984) Effect of the fungicides
guazatine and dodine on growth and metabolism of Ustilago
maydis. Z. Pflanzenkr. Pflanzenschutz 91(3), 273-285.
[16] Yoder, K.S. and Klos, E.J. (1976) Tolerance to dodine in Venturia inaequalis. Phytopathology 66, 918-923.
[17] Cabral, J.P. (1991) Damage to the cytoplasmic membrane and
cell death caused by dodine (dodecylguanidine monoacetate)
in Pseudomonas syringae ATCC 12271. Antimicrob Agents
Chemother 35(2), 341-344.
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